
Higher Order Modes and Dampers
for the LHC Double Quarter Wave

Crab Cavity

James Alexander Mitchell
Department of Engineering

University of Lancaster

A thesis submitted for the degree of Doctor of Philosophy

10th October 2019



Declaration

This thesis has not been submitted in support of an application for
another degree at this or any other university. It is the result of my
own work and includes nothing that is the outcome of work done in
collaboration except where specifically indicated. Many of the ideas in
this thesis were the product of discussion with my supervisors G. Burt
and R. Calaga.

...........................................................................
James Alexander Mitchell

jamitche
Stamp



For my parents.



Abstract

This thesis initially investigates the DQW crab cavity HOM couplers
manufactured for tests in the Super Proton Synchrotron (SPS) at
CERN and proposed for the HL-LHC upgrade. The coupler’s are
modelled using equivalent circuit analysis and ‘test-boxes’ are used
to measured each of the six HOM couplers for the SPS test.

The DQW crab cavity’s impedance spectra and resulting HOM power
generation as a result of excitation by the high-current HL-LHC beam
is quantified. Following this, HOM measurements are used to char-
acterise the deviations from the simulated case. Evaluation of the
DQW’s impedance spectra and stochastic analysis of the foreseeable
HOM power generation in the HL-LHC highlights potential issues with
the HOMs. To mitigate the issues, a re-design of the HOM coupler is
presented; The impedance and HOM power are quantified and bench-
marked. In parallel, a new ‘quarter wave’ rejection filter is designed
and evaluated. The operation of the HOM couplers in the presence
of the operating electromagnetic field is assessed, quantifying thermal
and multipacting behaviour.

Finally, first measurements of crab cavity HOMs with proton bunches
are presented and compared with simulations. The measurements
are used to evaluate the accuracy of the methods used to calculate
impedance and HOM power. Several conclusions feed-back into ancil-
lary design and acceptance criteria for future manufacture.
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Chapter 1

Project Introduction

1.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is the world’s largest particle collider. Located
at the European Organisation for Nuclear Research (CERN), the LHC accelerates
protons to extremely high energies in order to generate proton-proton collisions as
well as collisions with lead ions.

The driving force behind the construction of the LHC was to create a machine
which would allow an investigation into the standard model of particle physics at
previously undiscovered energies and collision rates [1]. The LHC would provide
a means of searching for the Higgs boson [2, 3].

The proposal for a high energy proton collider, to reside in the 27 km long
tunnel built for the Large Electron-Positron (LEP) collider [4], was first made in
1977 [5]. Due to the scale of the project, the design phase of the LHC took place
in parallel with the commissioning of the LEP collider. The first proton beam was
successfully steered around the LHC in September 2008 [6].

In the following years, the LHC was able to provide record breaking collision
energies and, most famously, allowed the independent identification of the Higgs
boson by both the ATLAS and CMS experiments [7, 8]. This was presented at a
CERN seminar [9] on the 4th July 2012.

The LHC continued to run until 2013 subsequently leading to the start of the
first upgrade stage of the LHC, referred to as Long Shut-down One (LS1). The

1



1. PROJECT INTRODUCTION

goal of LS1 was to allow the proton-proton collision design energy of 14 TeV to
be reached [10]. The main upgrade needed to achieve this was the replacement
of over ten thousand high-current interconnections between the superconducting
magnets [11].

A ‘time line’ for past and present events associated with the LHC is available
on the CERN website [12].

1.1.1 LHC Operation

A chain of accelerators are used to create a 450 GeV proton beam suitable for
injection into the LHC. This chain is composed of four main stages [1]. Firstly,
as of the time this thesis was written1, Linear Accelerator Two (Linac2) allows an
energy of 50 MeV to be reached. Following this, a multi-ring booster synchrotron
accelerates to 1.4 GeV and this beam is sent into the Proton Synchrotron (PS)
where it reaches 26 GeV. Finally, the Super Proton Synchrotron (SPS) is used to
accelerate the protons to the LHC injection energy of 450 GeV.

Once the protons are injected into the LHC, the two beams circulate the 27 km
circumference, passing through eight interaction regions (IRs). IR1, IR2, IR5
and IR8 are home to the experiments ALICE, ATLAS, CMS, LHCb, LHCf and
TOTEM. IR4 is the location of the Radio Frequency (RF) acceleration equipment.
IR3 and IR7 house collimation and machine protection equipment and IR6 contains
the beam abort system. Figure 1.1 displays the accelerator chain used to provide
the 450 GeV protons to the LHC, alongside a schematic detailing the interaction
regions and experiment locations.

As stated in the conceptual design report [15], the LHC was designed to reach
beam energies of 7 TeV. Thus far, a maximum of 6.5 TeV was achieved in operation.

1.2 The High Luminosity LHC

The three possible upgrade regimes for the LHC include [16] the High-Luminosity
upgrade (HL-LHC) [17], the High-Energy upgrade (HE-LHC) [18] and the Electron

1From 2021, after LS2, all protons at CERN will come from Linac4 [13].
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(a) CERN accelerator chain. (b) LHC layout.

Figure 1.1: CERN accelerator schematics.
Images from [14] and [1].

upgrade (LHeC) [19]. The content of this PhD thesis is concerned with the HL-
LHC.

The luminosity of a particle collider is defined as [20] ‘the proportionality factor
between the number of events (particle-particle collisions) per second and the cross-
section (particle physics definition)’ and has SI units of m−2s−1. To assign a figure
of merit to the machine performance, this value is often taken over a period of
time and termed the ‘integrated luminosity’. The units of m−2 are equivalent to
the ‘inverse barn’ b−1.

If the design luminosity of 1 × 1034 cm−2s−1 is consistently maintained, the
corresponding annual integrated luminosity of the LHC will be 40 fb−1. Design
margins should allow this luminosity to double in future use of the LHC, as repre-
sented in Fig. 1.2, but 2× 1034 cm−2s−1 is the upper limit for the peak luminosity
achievable by the collider following Long Shut-down One (LS1). The purpose of
the HL-LHC upgrade is to increase the integrated luminosity, allowing significantly
more particle-particle collisions and hence increasing the amount of data taken.
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Figure 1.2: Peak and integrated luminosity plan for the LHC from 2010 to 2038.
Image from [17, 21].

In order to achieve the higher luminosity, the equation by which it is defined
should first be referenced. Assuming beams with perfectly Gaussian profiles and
with no RF curvature in the longitudinal plane, the luminosity is denoted as

L = γ
nbN

2frev
4πβ∗εn

R (1.1)

where R is the geometrical reduction factor given by

R = 1√
1 + θcσz

2σ(x,y)

. (1.2)

The corresponding nomenclature is shown in Tab. 1.1. At either side of the In-
teraction Point (IP), there is a region of around 150 m where the counter-rotating
charged particle beams circulate in the same vacuum chamber (as opposed to their
individual beam pipes). The two beams are physically separated by a defined cross-
ing angle (θc). This value is calculated as θc = 2d

√
εβ∗, where ε is the emittance

and β∗ is the beta-function at the collision point. The β∗ parameter is dependant
on the both the transverse beam size and the emittance. The value of the average
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beam-beam separation from the point where the beams leave their independent
beam-pipes to the interaction point (d) is normalised to the transverse beam size.
This value is specified as 10.5 σ [22].

Symbol Description
γ Proton beam energy in units of rest mass
nb Number of proton bunches in the machine
N Bunch population
frev Revolution frequency
β∗ Beam beta function at the collision point
εn Transverse normalised emittance
R Luminosity geometrical reduction factor
θc Full crossing angle between colliding beams
σx,y, σz Transverse and longitudinal RMS size

Table 1.1: Nomenclature for Equations 1.1 and 1.2.

To increase the luminosity of the LHC, there are three main options presented
by Eq. 1.1. The first two are by increasing either the number of bunches (nb),
or the number protons per bunch (N). The third solution is to decrease the size
of the beam at the collision point, i.e. decreasing the value of β∗. The LHC
Injectors Upgrade (LIU) project was established to focus on increasing the beam
intensity/brightness for proton and ion beams [23, 24]. The HL-LHC project aims
to decrease the value of β∗.

The mechanisms employed to reduce the beta function at the collision point
(β∗) are detailed in [17]. However, to avoid parasitic collisions, the beams must
be separated in the transverse plane by increasing the crossing angle either side of
the interaction point. The result of this is an inefficient geometric overlap of the
colliding bunches, reducing the geometric reduction factor (R, Eq. 1.2) and hence
reducing the luminosity (Eq. 1.1). To counter-act the increased crossing angle, a
time-dependant transverse kick is needed before and after the IP, resulting in a
rotation of each individual proton bunch. The proposed method of providing the
kick is via the use of superconducting RF deflecting cavities (a.k.a. crab cavities).
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1.2.1 Crab Cavities: Reducing the Crossing Angle

One method of rotating a charged particle bunch is via the use of an electromag-
netic dipole field in an RF cavity, with a wavelength significantly larger than the
bunch length, to exert a time varying transverse kick. In this regime, the time at
which the kick switches polarity is phased with the centroid of the bunch. This
mode of operation is referred to as the crabbing regime.

This concept was first proposed by R. Palmer in 1988 [25]. The reduction
in the effective crossing angle leads to a larger geometric overlap of the particle
bunches and hence a higher number of particle-particle collisions. A schematic of
this process is shown in Fig. 1.3. Additional crab cavities are used to anti-crab after
the IP to leave the beam trajectories unperturbed in the rest of the machine [26].

Figure 1.3: Schematic showing the effect of the crab cavities on the bunch orien-
tation at the IP.

As detailed in [27], the transverse kick is given as

∆px = qVc
Eb

sin(θs + kz) (1.3)

where q is the particle’s charge, Vc the cavity voltage, Eb the beam energy,
θs the synchronous phase, k the wave number (ωRF/c) and z the offset of the
given particle relative to the synchronous particle. The kick results in a transverse
displacement of the particle, x = R12x

′ [28].

6



The ‘crabbing voltage’ Vc is given as [27, 29]

Vc = 2cEbtan(θr)
ωRFR12

sin(πQ)
cos(φxcc→IP − πQ) (1.4)

where θr is the rotation angle, ωRF the RF angular frequency, R12 =
√
βcrabβ∗

(lattice functions at crab cavity and IP), φxcc→IP is the phase advance from the
cavity to the IP and Q is the synchrotron tune.

The required integrated voltage as a result of the large HL-LHC crossing angle
and beam energy is 10–12 MV for full compensation [27]. To produce this deflecting
voltage in a limited space (∼ 10 m) and minimise the added impedance to the LHC,
superconducting cavities are needed. A transverse deflecting voltage of 3.4 MV per
cavity was considered optimum for robust operation well below the quench field
limit1 of Superconducting RF (SRF) cavities [17]. As such, to reach the deflecting
voltage requirements, four cavities are required per beam, before and after each
interaction point. Hence, 16 vertical (ATLAS) and 16 horizontal (CMS) crab
cavities are required.

Alterations to the HL-LHC baseline [17] resulted in a cavity reduction with
one ‘two-cavity cryomodule’ per beam, per side at each IP proposed. The use
of two cavities per beam, assuming no more than the nominal deflecting voltage
is reached, is only capable of providing a partial compensation of the crossing
angle [17]. Physical space in the machine will be reserved to allow a second batch
of cavities to be installed following LS3 (Fig. 1.2) [17]. The evolution of the crab
cavity layout at one IP is shown in Fig. 6, Appendix Sec. 1.

1The threshold for which the magnetic field is low enough as to not cause a transition from
superconducting to normal-conducting operation.
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1.3 Thesis Outline

The underlying motivation for the PhD research was to investigate the Double
Quarter Wave’s (DQW) Higher Order Modes (HOMs); analysing the HOM mit-
igation methods used, exploring several modelling and measurement techniques
and evaluating whether the current infrastructure is suitable for use in the High
Luminosity LHC (HL-LHC). The studies and analysis could then be compared
with HOM measurements during tests in the Super Proton Synchrotron (SPS), in
the world’s first use of superconducting crab cavities with protons.

Following the overview of the LHC and HL-LHC project (presented at the start
of this chapter), which macroscopically highlights the need for crab cavities and
their contribution towards a higher luminosity machine, a stepwise description of
both crab cavities and higher order modes is detailed in Chapter 2. RF cavity
fundamentals are presented, including examples of monopole and dipole ‘modes’
and figures of merit used for analysis and benchmarking. Higher order modes
in cavity resonators are then detailed, describing the concept of self-excitation,
the dangers associated with HOMs and the mitigation methods used; a literature
review of HOM damping mechanisms evaluates the advantages and disadvantages
of each method.

The HOM mitigation methods (HOM couplers) used for the DQW crab cavity
(SPS design) are explored in Chapter 3. An equivalent circuit is initially used to
model the HOM couplers. A comparison between the equivalent circuit response
and the 3D electromagnetic simulation shows that it is possible to model the
couplers very accurately, without the use of complex, time consuming simulations.
Parametric sweeps are used to identify tuning methods. Finally, ‘test-boxes’ are
designed, manufactured and used to characterise the physical couplers. Broad-
band measurements show two areas where the damping is less than predicted.

Chapter 4 characterises the impedance (longitudinal and transverse) and HOM
power using eigenmode simulations, analytic calculations and stochastic analysis.
HOM parameter deviations were measured during a cryomodule ‘cold-test’, us-
ing liquid helium to cool the structures to the operational temperature of 2 K,
resulting in the first mode deviation data-set for cavities with this type of ‘ex-
otic geometry’. The deviations are used for stochastic analysis and to quantify
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inter-cavity ‘spread’. The analysis shows two modes which increased significantly
in quality factor and that this increase could have been predicted by the test-box
measurements detailed in Chapter 3. One key conclusion resulting from the mode
measurements is that a longitudinal mode at 960 MHz could shift in frequency to
result in a direct interaction with a bunch spacing harmonic; providing ten times
the power threshold.

The main conclusions from Chapter 4 defined an RF optimisation criterion for
the couplers. Using the modelling techniques and analysis shown in the previous
two chapters, Chapter 5 details the DQW HOM coupler optimisation, allowing the
cavity to meet the desired impedance and power requirements. The coupler was
also changed to ease several manufacturing processes. A second conceptual design
is presented, using a quarter-wave rejection filter, but is shown to be limited by
the heat-load on the cavity-coupler copper gasket.

Chapter 6 evaluates three HOM coupler concepts associated with fundamental
mode operation; multipoles, multipacting and heating. Simulations and analysis
characterise the coupler’s operation in each area.

Finally, Chapter 7 shows the HOM measurements with the SPS proton beam.
Measurements with a single bunch and using multiple bunches are compared to
simulations and the deviation quantified. Modes are evaluated for ‘coupling ratios’
and problems with cabling and filters are identified and solved. The profile of
the proton bunch is measured and the effect of small deviations is shown to be
significant on the HOM power. From the analysis, tolerance studies are performed
and presented as a necessary part of future predictive analysis.

The thesis is concluded by an overview of all of the work discussed and presents
future work for which the research presented in this thesis would act as a founda-
tion.
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Chapter 2

RF Crab Cavities and HOMs

Before detailing the RF crab cavities for the HL-LHC upgrade, RF cavity funda-
mentals are firstly reviewed. Following this, the concept of Higher Order Modes
(HOMs) will be discussed and current methods of ‘HOM damping’ presented.

2.1 RF Cavity Fundamentals

In particle accelerators such as those detailed in the last chapter, charged particle
acceleration is achieved via the use of ‘resonant cavities’. The Radio Frequency
(RF) cavity is an area of empty space in a conductive media, driven by an external
RF source. At a resonant frequency, the RF source excites electromagnetic fields
in the cavity structure. The geometry of the cavity, for accelerating systems, is
designed to provide an electric field in the direction of charged particle propagation,
to transfer energy to the particle for acceleration.

2.1.1 Electromagnetic Mode Types and the Pillbox Cavity

It is useful to start with a simple cylindrical geometry often referred to as the
‘pillbox cavity’ shown in Fig. 2.1.

By solving Maxwell’s equations in free space [30–32], the wave equation in
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2. RF CRAB CAVITIES AND HOMS

Figure 2.1: The pillbox cavity modeled in CST MWS.

Cartesian coordinates is given as

(
∇2 − 1

c2
∂2

∂t2

)E
B

 = 0. (2.1)

By applying boundary conditions to represent the conducting walls at the flat
surfaces of the pillbox cavity, two solutions to the wave equation are: Transverse
Magnetic (TM) and Transverse Electric (TE). Transverse magnetic modes have an
electric field component only in the longitudinal direction. This field can be used
to transfer electromagnetic energy to a charged particle beam in the direction of
particle propagation. For TE modes, there can only be a magnetic field component
along the longitudinal axis. The general expressions for the electric and magnetic
field components for both a TM and TE mode in a cylindrical resonator are detailed
in Tab. 2.1.

The field is denoted with coefficients m, n and p where m is the number of full
period variations of the field components in the azimuthal direction (θ), n is the
number of zero point crossings of the longitudinal field along the radial direction
(discounting the crossings at the wall) and p is the number of half period variations
of the field components in the longitudinal direction (the number of nodes on the
z-axis). For a TM mode, the value of m and p can exist as any integer value
including zero, whereas the value of n can be any integer apart from zero. For a
TE mode, the value of p cannot be zero.

For the field components, Jm refers to a Bessel function of order m1. The term
1It should be noted that the only Bessel functions with non-zero components at r = 0 are
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Mode Component Expression

TM

Ez E0Jm(kmnr) cos(mθ) cos
(
pπz
l

)
exp[jωt]

Er −pπ
l

a
xmn

E0J
′
m(kmnr) cos(mθ) sin

(
pπz
l

)
exp[jωt]

Eθ −pπ
l
ma2

x2
mnr

E0Jm(kmnr) sin(mθ) sin
(
pπz
l

)
exp[jωt]

Bz 0
Br −jω ma2

x2
mnrc

2E0Jm(kmnr) sin(mθ) cos
(
pπz
l

)
exp[jωt]

Bθ −jω a
xmnc2E0J

′
m(kmnr) cos(mθ) cos

(
pπz
l

)
exp[jωt]

TE

Ez 0
Er jω ma2

x′2
mnr

B0Jm(kmnr) sin(mθ) sin
(
pπz
l

)
exp[jωt]

Eθ jω a
x′

mn
B0J

′
m(kmnr) cos(mθ) sin

(
pπz
l

)
exp[jωt]

Bz B0Jm(kmnr) cos(mθ) sin
(
pπz
l

)
exp[jωt]

Br
pπ
l

a
x′

mn
B0J

′
m(kmnr) cos(mθ) cos

(
pπz
l

)
exp[jωt]

Bθ −pπ
l
ma2

x′2
mnr

B0Jm(kmnr) sin(mθ) cos
(
pπz
l

)
exp[jωt]

Table 2.1: General expressions for TM and TE modes in cylindrical resonators.

kmn is equal to the ‘zeros’ of the corresponding Bessel function divided by the
cavity radius, i.e. kmn = xmn/a. The length of the cavity is given by l and ω is
the angular frequency.

Modes which have the notation TM0np or TE0np are referred to as monopole
modes. The most common monopole mode used in particle acceleration is the
TM010 mode. When the subscript values are substituted into the field components,
the only non-zero elements are

Ez = E0J0

(2.405r
a

)
exp[jωt]

Hθ = −j
Z0
E0J1

(2.405r
a

)
exp[jωt]

noting that the B-field (magnetic flux density) has been written as the H-field
(magnetic field strength). Z0 is the impedance of free space and is equal to the
permeability of vacuum multiplied by the speed of light (Z0 = µ0c = 377 Ω). From

for m = 0 (J0) and the derivative of the m = 1 case (J ′1).
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2. RF CRAB CAVITIES AND HOMS

the solutions to the equations for the TM010 mode, it is clear that the electric
field only acts longitudinally and that the magnetic field is perpendicular to this
direction at all points. Figure 2.2 demonstrates this mode of operation.

Figure 2.2: Field topology for the TM010 mode in a pillbox cavity.

Modes which have the notation TM1np or TE1np are referred to as dipole modes.
The field components for the first two dipole modes are defined in Tab. 2.2 and
Fig. 2.3 shows the field components of the TM110 mode in a pillbox cavity. For m-
subscripts of 2–4, the modes are grouped as quadrupoles, sextupoles and octupoles
respectively.

Figure 2.3: Field topology for the TM110 mode in a pillbox cavity.

As well as TM and TE fields, there are also transverse electromagnetic (TEM)
fields. Generally TEM mode structures are used for low and medium velocity
beams and are based around two main designs; the key difference being whether
the electrical length is λ/2 or λ/4 [31].

14



Mode Component Expression

TM110

Ez E0J1(k11r) cos(θ)exp[jωt]
Er 0
Eθ 0
Bz 0
Br −jω a2

x2
11rc

2E0J1(k11r) sin(θ)exp[jωt]
Bθ −jω 1

x11c2E0J
′
1(k11r) cos(θ)exp[jωt]

TE111

Ez 0
Er jω 1a2

x′2
11r
B0J1(k11r) sin(θ) sin

(
πz
l

)
exp[jωt]

Eθ jω 1
x′

1
B0J

′
1(k11r) cos(θ) sin

(
πz
l

)
exp[jωt]

Bz B0J1(k11r) cos(θ) sin
(
πz
l

)
exp[jωt]

Br
π
l
a
x′

11
B0J

′
1(k11r) cos(θ) cos

(
πz
l

)
exp[jωt]

Bθ −π
l
a2

x′2
11r
B0J1(k11r) sin(θ) cos

(
πz
l

)
exp[jωt]

Table 2.2: General expressions for TM110 and TE111 modes in cylindrical res-
onators.

2.1.2 Parameters used for RF cavity analysis

When using RF cavities in particle accelerators, there are a multitude of parame-
ters, referred to as figures of merit, which allow their operation and performance
to be defined quantitatively, in terms of accelerator related quantities. This sec-
tion details some fundamental figures of merit for RF cavity analysis and presents
several parameters and nomenclature used throughout this thesis.

A commonly used figure of merit in RF cavity design is the shunt impedance

rs = |V0|2

2Pd
(2.2)

which is a measure of the cavity’s ability to produce a longitudinal voltage
(V0) for a given power dissipated (Pd). It is independent of the excitation level
of the cavity and often denoted per unit length for structure bench-marking and
comparison. It should be noted here that two definitions of the shunt impedance
are defined in literature and are referred to as the ‘linac’ and ‘circuit’ definitions.
Equation 2.2 shows the circuit definition, where the linac definition is this value
multiplied by two.
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2. RF CRAB CAVITIES AND HOMS

Another commonly used figure of merit is the quality factor (‘intrinsic’ or ‘un-
loaded’)

Q0 = ω0

∆ω = ω0Ust
Pd

(2.3)

which like the shunt impedance, is defined for a given mode in a cavity at a
discrete frequency. It is defined as the ratio of the mode’s resonant frequency (ω0)
to its bandwidth (∆ω). The mode’s bandwidth is equivalent to the ratio between
the power dissipated per RF cycle (Pd) and the stored energy (Ust).

This definition only takes into account power lost due to losses on the cavity
walls. In reality, with the addition of beam pipes, couplers and measurement
probes, there is also a power flux to an external load. The quality factor of the
cavity is hence reduced to the loaded quality factor

1
Ql

= 1
Q0

+ 1
Qe

(2.4)

where Qe is the external quality factor which represents the power flux away
from the cavity (Pe, assuming there is no input RF power) and is hence given as

Qe = ω0Ust
Pe

. (2.5)

In addition to the shunt impedance detailed in Eq. 2.2, which is used for char-
acterising the impedance of electromagnetic modes with a high on-axis voltage,
the impedance of higher order terms (i.e. dipole, quadrupole, sextupole etc.) can
be quantified. The interaction of the beam with the specific cavity mode is char-
acterised by the loss factor or by the r/Q value. The loss factor is defined [33] as
the square of the longitudinal voltage

V
(m)
‖ (r) =

∫ l/2

−l/2
E(m)
z (r, z)exp[−jωt] dz (2.6)

divided by four times the stored energy

U (m) = ε0
2

∫
d3r

∣∣∣E(m)
∣∣∣2 (2.7)
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and is hence given by

k(m)(r) =

∣∣∣V (m)
‖ (r)

∣∣∣2
4U (m) (2.8)

where m is the mode order and m = 0, 1, 2 corresponds to a monopole,
dipole and quadrupole mode respectively. The r/Q value is the ratio of the shunt
impedance to the quality factor and can hence be written with respect to the loss
factor and normalised to a radial beam offset

(
r

Q

)(m)

= 1
r2m

2k(m)(r)
ω0

. (2.9)

The r/Q parameter has the units [Ω], [Ω/m2] and [Ω/m4] for m = 0, 1 and
2 respectively. For the accelerating mode, i.e. a monopole mode (m = 0), this
results in the simple relationship r/Q = V 2

‖ /2ω0U . It should be noted that this
parameter, like the shunt impedance, has more than one definition where the ‘linac’
definition is double that of the circuit definition presented. From this value, the
mode impedance is calculated as

Z
(m)
‖ =

(
r

Q

)(m)

Ql (2.10)

showing that the impedance is proportional to the loaded quality factor. Equa-
tion 2.4 shows that the value of Ql will increase with the unloaded and external
quality factors and is hence proportional to the conductivity of the cavity wall ma-
terial and inversely proportional to the power flux to the external load (Eq. 2.5).
In a condition where there is no means for power to escape the cavity, the loaded
quality factor would be equal to that of the unloaded quality factor. However, this
scenario is generally not the case for three main reasons. The first is that there
needs to be a way to provide power to the cavity, be it through a waveguide or
coaxial coupler. This means that there will be some power, albeit minimal due to
the narrow bandwidth of the input coupling mechanism, which escapes through
this device. Secondly, for RF cavities to transfer electromagnetic energy to charged
particles, the particles must have a means of entry and exit to and from the cav-
ity. Usually, cylindrical beam pipes, with a radius ‘a’, are used for which cut-off
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2. RF CRAB CAVITIES AND HOMS

frequencies of the TE11 and TM01 modes are defined as

fc (TE11) = 1.841c
2πa (2.11)

and

fc (TM01) = 2.405c
2πa . (2.12)

Beyond these frequencies, field propagation is feasible and hence power dissipa-
tion away from the cavity resonator will occur. Finally, as discussed, some power
will be dissipated on the cavity walls. These losses are thus material dependant
and scale inversely with the electrical conductivity of the material.

It is possible however for Ql ≈ Qe. This condition is true if the value of Q0

is very large, meaning 1/Q0 � 1/Qe and is only possible if the losses on the
cavity walls are negligible due to a very small resistivity. This is the case for
superconducting cavities, which operate below the critical temperature of the wall
material (usually Niobium), resulting in incredibly large intrinsic quality factors
in the order of 1010 for frequencies below 1 GHz.

2.1.3 Transverse Impedance and the Panofsky Wenzel The-
orum

In addition to characterising the impedance of monopole modes with the ‘longitudi-
nal impedance’, the ‘transverse impedance’ of dipole modes is used to characterise
the operational mode of a deflecting cavity (i.e. RF cavities used to impart a
transverse kick on charged particles).
For high energies, the transverse voltage equivalence is calculated from the trans-
verse E and H-field

V⊥(r) =
∫ l/2

−l/2
(E⊥ − Z0H⊥)exp[−jωz/c] dz (2.13)

hence the transverse r/Q is given by
(
r

Q

)
⊥

= |V⊥|
2

2ω0U
. (2.14)
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The transverse voltage can also be defined by the relationship between the lon-
gitudinal and transverse voltages as defined by the Panofsky-Wenzel theorum [34].
To derive this relationship, one should first look at the force exerted on a moving
charged particle by both the electric and magnetic fields. This is described by the
Lorentz Force

F = q( ~E + ~v × ~B) (2.15)

where q is the charge and ~v the velocity. The electric and magnetic fields in
terms of their scalar and vector potentials are given as

~E = −∇Θ− ∂ ~A

∂t
(2.16)

and

~B = ∇× ~A. (2.17)

where Θ is the electric scalar potential and ~A is the magnetic vector potential.
If the cross product term in the Lorentz Force equation (Eq. 2.15) is firstly assessed,
by rearranging the definition of the gradient of a scalar product and taking only
the longitudinal component of the velocity, i.e. ~v = v0ẑ, it can be shown that

~v × ~B = v0

∇(ẑ · ~A)−����
���:

0
~A× (∇× ẑ)−����

�:0
( ~A · ∇)ẑ − (ẑ · ∇) ~A

 = v0

∇(Az)−
∂ ~A

∂z



where two terms go to zero due to differentiation of the unit vector ẑ. Hence,
the Lorentz force equation shown in Eq. 2.15 can be written using this equivalency
as well as the ~E definition shown in Eq. 2.16. This gives the definition

F = q

−∇Θ− ∂ ~A

∂t
+ v0

∇(Az)−
∂ ~A

∂z

 = q

(
−∇Θ + v0∇Az − v0

dA

dz

)
.
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From the definition

~V = 1
q

∫
~F · dz (2.18)

the voltage can be written as

~V =
∫
−∇Θ + v0∇Az − v0

dA

dz
· dz = ∇

∫
−Θ + v0∇Az − v0 · dz −

��
�
��
�*0∫ dA

dz
· dz

where the integral of dA/dz is zero due to the absence of magnetic field at
the integration limits (before and after the cavity). As the right hand side of the
equation shows the gradient function applied to the integral term, the curl of this
expression is zero

i

(
∂Vz
∂y
− ∂Vy

∂z

)
− j

(
∂Vz
∂x
− ∂Vx

∂z

)
+ k

(
∂Vy
∂x
− ∂Vx

∂y

)
= 0

and hence, the transverse to longitudinal relationships can be written

∂Vz
∂x

= ∂Vx
∂z

and ∂Vz
∂y

= ∂Vy
∂z

 ∇⊥Vz = ∂~V⊥
∂z

A direct relationship between the transverse and longitudinal voltages can be
expressed

∇⊥Vz = ∂t

∂z

∂

∂t
~V⊥ = 1

c

∂

∂t
~V⊥ = jω

c
~V⊥

resulting in the common representation of the Panofsky-Wenzel theorem

~V⊥ = −jc
ω
∇⊥Vz (2.19)
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where c is the speed of light. For the first term of the Taylor expansion, the
transverse voltage can be written as

V⊥ = −jc
ω

Vz
r

(2.20)

where r is the radial offset. The transverse r/Q, referring to Eq. 2.14, is hence
given by

(
r

Q

)
⊥

= 1
2ω0U

(
c

ω

∣∣∣∣∣dVzdr
∣∣∣∣∣
)2

(2.21)

and the transverse impedance by

Z⊥ = ω

c

(
r

Q

)
⊥
Ql. (2.22)

2.1.4 RF Superconductivity

As mentioned in Sec. 1.2, the crab cavities operate in the superconducting regime.
The assumption that Ql ≈ Qe for resonant modes in a superconducting cavity
was presented in Sec. 2.1.2. To develop on this concept, the principles of RF
superconductivity are introduced here.

For a selection of materials, if connected to a DC source, it is possible to observe
zero electrical resistance and the expulsion of magnetic flux when cooled below
a certain (critical) temperature. This phenomenon is called superconductivity
and was discovered by Heike Kamerlingh Onnes in 1911 [35, 36]. The discovery
was twinned with the discovery of the superfluid transition of helium at 2.2 K.
Like superconductivity, it is a zero-resistance phenomena, but rather than zero
opposition to electron flow, superfluidity is the frictionless flow of liquid through
a channel [37, 38].

The resistance to currents which result from a time varying electromagnetic
field however, are non-zero even in the superconducting regime. To quantify this,
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2. RF CRAB CAVITIES AND HOMS

the BCS1 RF surface resistance is typically written as

Rs = A(1/T )f 2exp (−∆(T )/kT ) +R0 (2.23)

where A is a constant dependant on material parameters, T is the temperature,
f is the frequency, k is Boltzman’s constant and R0 is the residual resistance. The
energy gap of the superconductor 2∆ is the energy gain necessary for two electrons
to form a ‘Cooper Pair’ [39]. The constant A is dependant on the coherence length,
Fermi velocity, mean free path and London penetration depth (depth that the
magnetic field penetrates). The coherence length is the propagation distance for
which the wave can be defined as coherent, i.e. where the phase of the wave can
be accurately predicted. The Fermi velocity is the velocity due to only the Fermi
energy [40]. The residual resistance is a fixed value for the material sample, its
value generally depends on surface impurities and trapped flux.

Generally, for superconductors below L-band (1–2 GHz), the BCS surface resis-
tance is in the order of a few nano-Ohms. For niobium, depending on the material
quality, the value at 2 K is usually between 1 and 100 nΩ. The low resistance
gives rise to incredibly high intrinsic quality factors (Q0) in the order of 1010 for
frequencies less than 1 GHz. For the fundamental mode in an RF cavity, this is
advantageous in terms of efficiency, as a very low amount of power is dissipated
on the cavity walls. However, the increased quality factor is also the case for any
other resonant modes in the cavity and acts to increase the impedance of these
modes.

2.2 Compact Crab Cavities for the HL-LHC

After detailing RF cavity fundamentals, going into further detail with respect
to transverse mode characterisation and superconducting cavities, the RF crab
cavities proposed for the HL-LHC are presented hereafter.

Crab cavities can be defined as deflecting cavities phased such that the charged
particle bunch is phased with the zero crossing. Early examples of RF deflectors

1A ‘conventional’ theory for superconductivity, detailed in [39] and expanded upon in Ap-
pendix section 2.
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are that of CERN’s radio frequency particle separator [41] and CBAF’s ‘Highly-
Effective Deflecting Structure’ [42].

The first superconducting resonant deflecting cavity used in the crabbing regime
was that of the ‘KEKB B-Factory’ at KEK, Japan [43, 44]. The cavity has a ‘race-
track’ geometry and operates using the first dipole. This means that there is a
mode (TM010) lower in frequency than the operational mode. The cavity was in-
stalled to reduce beam-beam instabilities (betatron oscillations) and to compensate
for luminosity reduction as a result of inefficient bunch overlap at the interaction
point. The crab cavities were installed in February 2007 and operated successfully
until the accelerator was shut down.

Examples of superconducting crab cavities proposed for the future are that
of the Advanced Photon Source (APS) [45–47], the International Linear Collider
(ILC) [48, 49] and the Argonne National Lab (ANL) Emittance Exchange Exper-
iment [50].

With reference to crab cavities for the HL-LHC, like the current (KEKB) and
proposed superconducting crab cavities detailed, elliptical designs could be used to
achieve proton bunch crabbing. Due to the cavity’s transverse size at an operating
mode frequency of 400 MHz (radius ∼ 600 mm) being larger than the beam pipe
separation (194 mm), the two initial crab cavity proposals for the HL-LHC upgrade
were two-cell and single-cell 800 MHz superconducting elliptical cavity designs [51,
52].

The transverse size of the 800 MHz elliptical cavities (radius ∼ 300 mm) is still
large compared with the beam-pipe separation. Additionally, due to the long pro-
ton bunches in the HL-LHC, RF non-linearity effects are observed at 800 MHz [53],
resulting in the conclusion that a crabbing frequency of 400 MHz would be most
suitable.

Hence, to reduce the transverse size of the cavities and to operate at the more
favourable frequency, compact superconducting crab cavities were designed and
proposed for the HL-LHC. The final two cavities put forward for vertical (IR1-
ATLAS) and horizontal (IR5 - CMS) crabbing were the Double Quarter Wave
(DQW) [54] and Radio Frequency Dipole (RFD) [55, 56] respectively. The two cav-
ities are to be tested initially in the Super Proton Synchrotron (SPS) at CERN [17].
The bare Niobium cavity designs are shown in Fig. 2.4.
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(a) DQW - vertical. (b) RFD - horizontal.

Figure 2.4: Crab cavities for the SPS tests (2018).

With respect to the fundamental ‘crabbing’ mode, the vertical crab cavity
(DQW) is a ‘TEM-like’ mode structure that has two quarter wave resonators
which share a load capacitor. The electric field acts between the two resonators
and the magnetic field ‘loops’ around them at the base of the cavity, perpendicular
to the E-field.

The horizontal crab cavity (RFD) uses a ‘TE11-like’ mode (evolving from a
‘ridged waveguide’) to provide the transverse voltage used to crab the proton
bunch. The electric field is maximum between the ‘double ridges’, contributing to
the majority of the deflecting kick.

The high capacitive loading of the dipole mode, due to the parallel plates of the
two resonators, decreases its frequency for a given geometry. This is advantageous
for two main reasons. Firstly, it allows the cavity size to be smaller than that of an
elliptical cavity by around one third in the horizontal plane (where the beam-pipe
separation imposes a geometric limit) for the same mode frequency. Secondly, the
capacitive loading reduces the frequency of the dipole mode to below that of the
monopole modes and hence the cavities operate at the lowest frequency mode1.

Although termed as the ‘dipole mode’, due to the cavity’s complex geometries
the fundamental modes are not pure dipole modes and as such have longitudinal
accelerating components. Both cavities have been designed to minimise the ac-
celerating component of the fundamental mode, hence minimising non-linearities

1The frequency of different mode types is detailed in the coming sections, but the concept
for the HL-LHC crab cavities is presented here as it heavily contributed to their designs.
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of the deflecting voltage. Additionally, the effect of each of the multipole compo-
nents [57]1 on the beam have been assessed and the cavities have been optimised
to defined thresholds. Key figures of merit for the two cavities are detailed in
Tab. 2.3.

Parameter Unit DQW RFD
Frequency, f0 MHz 400.52 400.79
Deflecting Voltage, V⊥ MV 3.34 3.34
r/Q⊥ Ω/m 433 431
Peak Surface Electric Field, Epk MV/m 36 35
Peak Surface Magnetic Field, Bpk mT 71 55.1
Accelerating Voltage, V‖ kV 14.5 1.8
Stored Energy J 10.2 10.3
<{b3} mT/m2 496 475
Cavity Transverse Envelope, (x, y) mm (410, 511) (375, 408)
Cavity Length, l mm 660 919

Table 2.3: Key figures of merit for the two crab cavities proposed for the HL-LHC
upgrade at the time of the pre-validation tests in the SPS.

2.3 Higher Order Modes

Due to the high current HL-LHC beams [58] (∼ 1.1 A) and high quality factors
associated with superconducting cavity modes (Sec. 2.1.4), the crab cavity Higher
Order Modes (HOMs) could have a detrimental effect on the HL-LHC beam and
surrounding infrastructure. As such, the concept of HOMs and ‘damping’ is de-
tailed hereafter.

2.3.1 HOMs and Consequences

Referring back to Sec. 2.1.1, Higher Order Modes (HOMs) can be defined as modes
which have higher coefficient values (m, n and p). Generally as the coefficients
increase, so does the frequency. However this is not always the case and, especially
with deflecting cavities with exotic geometries, the operational (or ‘fundamental’)

1Again, the concept of multipoles is detailed in the coming chapters, but was a key parameter
in the crab cavity design requirements.
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2. RF CRAB CAVITIES AND HOMS

mode can be of a higher order than another mode with a higher frequency. As
such, it is common practice to define HOMs simply as all of the modes above the
fundamental mode frequency and any modes lower than this frequency as ‘Lower
Order Modes’ (LOMs). This terminology will be used to categorise electromagnetic
modes with respect to the fundamental mode throughout this thesis.

As with the fundamental mode, the field configuration, frequency, r/Q, Q0 and
impedance of the HOMs are all dependent on the geometry of the cavity.

For a pillbox cavity (Sec. 2.1.1), the resonant frequencies of the TM and TE
modes are given by [59]

ωmnp = 1
√
µ0ε0

√(
pmn
r

)2
+
(
pπ

l

)2
(TM) (2.24)

and

ωmnp = 1
√
µ0ε0

√√√√(p′mn
r

)2

+
(
pπ

l

)2
(TE) (2.25)

where µ0 is the relative permeability, ε0 the relative permittivity and pmn is
the nth zero crossing of the mth order Bessel function. The geometric parameters
r and l are the cavity radius and length.

If a pillbox cavity with a radius of 150 mm and a length of 450 mm is used as
an example, the mode frequencies correspond to those shown in Fig. 2.5.
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Figure 2.5: Mode frequencies in a pillbox cavity with a radius of 150 mm and a
length of 450 mm.
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For this geometry, the lowest frequency mode is that of the TE111. The fre-
quency of this mode increases linearly with the square of the ratio of the cavity’s
radius to its length (r/l)2. However, the frequency of the TM010 mode is only
determined by the cavity radius. As such, the frequency of the TE111 surpasses
that of the TM010 at ∼ (r/l)2 = 0.25, highlighting the nomenclature issues detailed
at the start of this section. The mode frequencies as a function of pillbox cavity
geometry are detailed in [59, p. 95].

As discussed in Sec. 2.1.1, when referring to higher order modes in cylindrical
resonators, it is common to refer to them by the number of full period field varia-
tions in the azimuth, i.e. the value of m, referring to the values of m = 0, 1, 2, 3
... as ‘monopole’, ‘dipole’, ‘quadrupole’, ‘sextupole’ and so on. Examples of mode
types up to the octopole are shown in Fig. 2.6.

(a) (E) m = 0. (b) (E) m = 1. (c) (E) m = 2. (d) (E) m = 3. (e) (E) m = 4.

(f) (H) m = 0. (g) (H) m = 1. (h) (H) m = 2. (i) (H) m = 3. (j) (H) m = 4.

Figure 2.6: Field configurations (magnitude) in a pillbox cavity corresponding to
various values of m. Note, it is neither TE or TM modes that are selected but
rather modes which best illustrate the periodic azimuthal variation.

If excited, the higher order modes of a cavity resonator in a particle accelerator
can have detrimental effects on the beam. These effects can be grouped into two
main categories [60, 61]:

1. Beam instabilities and related effects.

2. Power generation (heating).
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2. RF CRAB CAVITIES AND HOMS

The first point can be split into the effect seen by longitudinal (monopole)
and transverse (dipole) modes. Longitudinal modes can cause longitudinal emit-
tance growth and energy spread whereas transverse modes can cause transverse
emittance growth and instabilities in beam motion.

Power generation is generally as a result of longitudinal modes as they have
a large on-axis impedance and hence store energy taken from the propagating
beam. Power losses in the walls of the cavity result from this. Hence, this concept
is important for superconducting cavities as the ‘heat load’ is dissipated into the
helium bath. If the heat load becomes too large, the temperature gradient between
the inner surface of the cavity and the liquid helium will increase. If the inner
wall temperature exceeds that of the superconductor’s critical temperature, the
cavity becomes normal conducting. Power generation as a result of HOMs is
usually associated with high current machines such as B-factories, synchrotrons
and electron cooling.

2.3.2 HOM Excitation and the Wakefield

The excitation source for HOMs is the charged particle beam itself, which acts
as a broadband current source. Assuming ultra-relativistic particles, as a charged
particle enters a cavity, the cross-section ‘seen’ by the particle changes geometry
as it traverses the beam-pipe to cavity transition. As a result of this, the space
charge field surrounding the particle expands. Hence, the image charge which
results from the charged particle has a longer path and, as it cannot travel faster
than the speed of light, falls behind in the direction of propagation. This results
in a deposition of energy behind the charged particle and this energy is termed
the ‘wakefield’.

The energy is deposited in HOMs with an electric field on the axis of particle
propagation, defined by the loss factor and r/Q in Sec. 2.1.2, which can in-turn
impart energy on trailing charged particles. For example if two charges, q1 and q2,
are propagating through a pillbox cavity with a spacing of ‘s’ as shown in Fig. 2.7,
the wakefield from the leading particle will have an effect on the trailing particle.
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Figure 2.7: Schematic showing two charged particles propagating through an RF
cavity [33].

This concept is characterised by the Lorentz force such that

F = q2
(
~E + c~ez × ~B

)
(2.26)

where ~E is the electric field, c is the speed of light and B is the magnetic flux
density.

To quantify the time for which an excited HOM will act, therefore assessing
its impact on a trailing charged particle, the decay constant can be calculated. A
HOM can be modelled as its equivalent RLC (resistor-inductor-capacitor) circuit1

with the beam modelled as a current source as shown in Fig. 2.8.

Ig Zg Rcav Lcav Ccav

Figure 2.8: Circuit representation of coupling a power source to a cavity.

1In the main body of the thesis, the excitation of HOMs and the wakefield are presented
with reference to an equivalent circuit. The equations for the wake impedance, from the wake
function, are detailed in [62]
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2. RF CRAB CAVITIES AND HOMS

In this case, the stored energy in the reactive elements is given by

Ue = 1
2C|V0|2 (2.27)

Uh = 1
2L|IL|

2 = 1
2 |V0|2

1
ω02 (2.28)

and hence, from Eq. 2.3, the unloaded quality factor can be written as

Q0 = ω0
Ue
Pd

= ω0CR = R

ω0L
. (2.29)

Using Kirchoff’s Current Law (KCL), the current in the parallel RLC circuit can
be written as

I(t) = V (t)
R︸ ︷︷ ︸
IR(t)

+ 1
L

∫
V (t) · dt︸ ︷︷ ︸
IL(t)

+C · dV (t)
dt︸ ︷︷ ︸

IC(t)

(2.30)

Since there are two reactive elements in this equation, taking the derivative
results in a second order differential equation. Assuming that at t = 0 all of the
energy is stored in the capacitor, the trial solution V (t) = V0 exp (−αt) can be
used to calculate the voltage

VC(t) = V0 exp
(
− ω0

2Q0
t± jω0t

√
1− 1

4Q0
2

)
(2.31)

and the energy, referring back to Eq. 2.27, can be written as

UC(t) = 1
2
Q0

ω0R
V0

2 exp
(
−ω0

Q0
t

)
(2.32)

The energy damping term is hence given by

τ = Q0/ω0. (2.33)

The energy decay time is proportional to the unloaded quality factor which,
referring back to Sec. 2.1.4, is larger for a superconducting cavity compared to a
normal conducting cavity. For example, a HOM at 3 GHz with a Q0 of 1.0 × 109

will have a decay time (to 1/e of the initial energy) of 53.0 ms, hence meaning that,
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assuming relativistic energies, the corresponding decay length is ∼ 1.6 × 104 km.
The excitation of a very high-Q HOM will therefore effect the trailing charged
particle bunches. To reduce the energy damping term, as shown in Eq. 2.4, the
mode must be ‘damped’ (i.e. the loaded Q must be reduced) by adding a power
flux to an external load. For example if a structure capable of coupling to the
mode in question is added and the Qe value is 6.0 × 104, then the loaded quality
factor is

Ql = QeQ0

Q0 +Qe

= 6× 1013

1.00006× 109 = 6.0× 104

resulting in a decay constant of τ = 3.2 µs and a length of less than 1 km.
Therefore if the r/Q of a given HOM is high, the quality factor of the mode must
be ‘damped’ by providing an external power flux to reduce its effect on trailing
particles. This concept is also shown by the dependence of the impedance of a
mode on the quality factor as shown in Sections 2.1.2 and 2.1.3. Furthermore it
should be noted that, due to the very high value of Q0, the values of Ql and Qe

are approximately equal.

2.3.3 Coupling to Fields and HOM Damping

In order to provide a power flux to or from a cavity resonator, a coupling mecha-
nism to the field of the given resonant mode is needed. To illustrate this concept,
the mechanisms associated with driving the cavity’s fundamental mode are pre-
sented.

The fundamental mode of the RF cavity resonator is driven by an external
excitation source. Examples of RF power sources [63] are modulators, klystrons,
gridded tubes, magnetrons and solid state amplifiers [64–68]

Regardless of the excitation source, a power flux needs to be provided to the
cavity and a means of coupling to the desired cavity resonance provided. This can
be represented by a transmission line [69] and a mutual inductance as shown in in
Fig. 2.9.

Common methods of transferring the power, and hence acting as the transmis-
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2. RF CRAB CAVITIES AND HOMS

Ig Zg

Transmission Line

Rcav Lcav Ccav

Figure 2.9: Circuit representation of coupling a power source to a cavity resonator.

sion line and coupling mechanism in the equivalent circuit, are waveguide couplers
and coaxial couplers. Waveguides couple to the resonant field via a slot in the
cavity wall. The field in the waveguide couples to the electric and/or magnetic
field in the cavity, depending on the configuration. Coaxial couplers couple to the
field via an antenna. The antenna geometry determines the type of coupling.

If coaxial couplers are used as an example, the mutual inductance is analogous
to a case where the inner conductor is bent into a loop shape and connected to
ground (outer wall of the cavity). Operationally, if the geometry of the loop is small
compared to the wavelength, a pertubative approach can be used to represent the
coupling [69]. The loop excites a magnetic dipole ~Mloop, the magnitude of which
is proportional to the loop area and input power. This magnetic dipole is the
mechanism for coupling power into the cavity and as such the amplitude of the
resonant mode is proportional to the scalar product of the magnetic dipole and
magnetic field of the cavity mode

(
~Mloop · ~Hcavity

)
. It is clear that the vectors must

be non-zero and non-orthogonal and that a deviation from the angle of maximum
coupling, where the loop is perpendicular to the cavity flux, will act to reduce the
amplitude of the resonant mode.

In addition to magnetic coupling with a loop, it is also possible to electrically
couple with a probe. The mutual inductance shown in Fig. 2.9 is replaced by
a capacitance to model this as a circuit equivalence, as it is the surface electric
current which couples with the electric field of the cavity resonance. In a similar
fashion to the loop, a pertubative approach can be used as long as the probe
geometry is small compared to the wavelength. The probe excites an electric
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dipole ~Pprobe for which the moment is proportional to the probe’s surface current
density. Similarly to the loop, the amplitude of the resonant mode is proportional
to the scalar product of the excited dipole and cavity field

(
~Pprobe · ~Ecavity

)
.

Both antenna types excite a dipole which acts as a coupling mechanism between
the coaxial line and cavity field. The dipole is the source of field into the cavity until
the resonant field increases and the field is radiated back to the transmission line.
Taking this into account, there is a clear equilibrium between the incident power,
reverse power and power dissipated on the cavity walls. A detailed breakdown of
the complex and frequency dependant mode amplitudes can be found in [70].

To visually represent the antenna coupling types presented, the two funda-
mental shapes are displayed in Fig. 2.10. These geometries, referred to as ‘probe’
and ‘loop’-type coupling elements, represent electric and magnetic coupling mech-
anisms respectively. The dominant coupling field and circuit equivalence is also
shown in the figure to highlight the operational differences between the two an-
tenna types.

(a) Probe schematic. (b) Probe E-field. (c) Loop Schematic. (d) Loop H-field.

I0 C R

(e) Electric coupling.

V0

L
R

(f) Magnetic coupling.

Figure 2.10: Basic antenna coupling mechanisms.

Referring back to the equivalent circuit (Fig. 2.9) and the formula defined in
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2. RF CRAB CAVITIES AND HOMS

Sec. 2.1.2, the loaded quality factor can be defined as

Ql = ω0Ust
PT

= ω0U

Pcav + Pext
(2.34)

where ω0 is the resonant angular frequency of the mode, Ust is the stored energy,
Pcav is the power dissipated in the cavity walls and Pext is the power dissipated
to the matched load of the RF excitation source (with no input RF power). The
coupling coefficient is defined as the ratio of Pext to Pcav which can be denoted
with respect to the values of Q0 and Qe

β = Pext
Pcav

= Q0

Qe

(2.35)

and hence

Ql = Q0

1 + β
. (2.36)

If β is less than one, the coupling is ‘undercoupled’ and if it is greater than one
the coupling is ‘overcoupled’. The coupling coefficient can be calculated as

β =
1 +

∣∣∣S11(f0)

∣∣∣
1−

∣∣∣S11(f0)

∣∣∣ (Overcoupled) (2.37)

β =
1−

∣∣∣S11(f0)

∣∣∣
1 +

∣∣∣S11(f0)

∣∣∣ (Undercoupled) (2.38)

where S11(f0) is the reflection coefficient [69] at the resonance.
Generally, for driving a resonant mode, a ‘critically coupled’ scenario is most

favourable as this represents the equilibrium steady-state operation where there is
no reflected power to the generator. Figure. 2.11a shows a simple pillbox with a
loop type coupler. At a given insertion depth into the cavity, the loop was rotated,
hence varying the magnetic dipole ~Mloop and altering the coupling. Plots of the
reflection coefficient S11 for three angles are shown in Figs. 2.11b and 2.11c to
demonstrate overcoupling, undercoupling and critical coupling.

Whilst for the fundamental mode the input coupler is designed to achieve
critical coupling, if a structure is connected to the cavity to provide a power flux
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(a) Schematic of loop coupler on cavity.
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(b) Linear S11.
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(c) Real/Imaginary S11.

Figure 2.11: S11 plots for three rotations of a loop type coupler mounted onto a
pillbox cavity operating in the TM010 mode. The plots represent scenarios where
β is less than, equal to and greater than one.

for the HOMs (with no input power), i.e. for damping, it is clear that it is the over-
coupled case which is preferred, as the purpose is to decrease the HOM’s external
quality factor. Therefore the ideal scenario for HOM damping is a transmission line
which is strongly coupled to the higher order modes, providing a transmission path
to an external load, but which does not provide a power flux to the fundamental
mode.

2.3.4 Damping Mechanisms

After detailing the theory associated with HOM damping, examples of ‘in-use’
damping mechanisms should be referenced.

From literature [61, 71–73], the methods of damping HOMs in superconducting
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2. RF CRAB CAVITIES AND HOMS

RF cavities can be split into three main categories.
The first two categories are based on the coupling mechanisms detailed in

Sec. 2.3.3. They are coaxial dampers and waveguide dampers. Operationally,
these structures are used to couple to modes with lower frequencies than the cut-
off frequency of the beam-pipes. Coaxial dampers, referring back to Sec. 2.3.3,
have different geometries and orientations to best couple to the high impedance
modes of interest. These geometries are often categorised as ‘probe’, ‘loop’ and
‘hook’-types. Where a ‘hook’ is simply a loop type coupler without an inductive
conection to ground, providing a predominantly magnetic coupling but with no
weld to the outer conductor. The advantage of coaxial HOM dampers is that they
are generally compact in nature compared to alternative options (at frequencies
below S-band) and rarely add additional length to the overall cryomodule in the
direction of beam propagation. Additionally, they can often be accessed from
outside the helium vessel, meaning post installation access is possible in case of
problems or upgrades.

To analyse the use of coaxial geometries to damp Higher Order Modes, i.e.
‘HOM couplers’, the equivalent circuits detailed in Fig. 2.10 for the probe and
loop coupling mechanisms should first be referenced. The circuits, arrived at using
Thevenin’s theorum, represent that of ‘non-resonant coupling’. For the probe-type
coupling mechanism, the current (I0) is the displacement current which ends on
the surface of the probe. For the loop, the voltage (V0) is induced by the magnetic
field ‘flowing’ through the loop. The resistance (R) is the terminating resistance
(nominally 25, 50 or 75 Ω due to standardised RF components) of a transmission
line with a characteristic impedance of Zt = R. As detailed with examples in [74]
and [75], the power extracted from a given mode in this case is

Pprobe = 1
2I

2
0<{Z} = 1

2I
2
0

1
Yt
· Y 2

t

Y 2
t + (ωC)2 (2.39)

Ploop = 1
2V

2
0 <{Y } = 1

2V
2

0
1
Zt
· Z2

t

Z2
t + (ωL)2 (2.40)

where Z is the impedance as seen by the current source and Y the admittance
seen by the voltage source. The angular frequency is given by ω and C and L

represent the capacitance and inductance respectively.
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To increase the power flux away from the cavity (i.e. decreasing the external
quality factor as shown in Eq. 2.5) either the generator current or voltage (depen-
dant on coupling mechanism) should be increased or the value of Zt (loop) or Yt
(probe) should be decreased.

Using the example of a loop coupler, if the radius of the loop is increased, the
induced voltage is also increased but the real part of the admittance is decreased
as a result of the larger loop inductance ((ωL)2 term in Eq. 2.40). The same issue
is presented in the case of the probe coupler with the trade-off between the real
part of the impedance and the term (ωC)2. For both coupling mechanisms there
is hence a lower limit to the external quality factor in the non-resonant case.

However, it is possible to compensate the coupler’s reactive elements to reduce
the generator loss over the probe/loop, hence decreasing the minimum obtainable
external quality factor. Adding a series capacitor to the loop inductance and
a parallel inductance to the probe capacitance results in the equivalent circuits
shown in Fig. 2.12.

I0 C Lc R

(a) Probe.

V0

L
Cc R

(b) Loop.

Figure 2.12: Compensated coupling equivalences.

The effect of the reactive compensation on the extracted power can be quanti-
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fied as

Pprobe = 1
2I

2
0<{Z} = 1

2I
2
0

1
Yt
· Y 2

t

Y 2
t +

(
ωC − 1

ωLc

)2 (2.41)

Ploop = 1
2V

2
0 <{Y } = 1

2V
2

0
1
Zt
· Z2

t

Z2
t +

(
ωL− 1

ωCc

)2 (2.42)

and using this compensation to change the generator loss is referred to as ‘res-
onant coupling’.

The bandwidth of the circuit (Eq. 2.29) is defined by

Qprobe = f0

∆f = ω0U

Pd
= ω0C

Yt
(2.43)

Qloop = f0

∆f = ω0U

Pd
= ω0L

Zt
(2.44)

and is hence determined by the ratio of the admittance to the capacitance for a
probe and by the ratio of the impedance to the inductance for a loop type coupling
mechanism. The damping at a given frequency can therefore be increased, but at
the cost of a reduced bandwidth.

As previously discussed, it is also possible to increase the power flux away
from the cavity by decreasing the value of Zt (loop) or Yt (probe). This can be
done with ‘RF transformers’, i.e. reactive elements or λ/4-transformers [69, 74].
As with the reactive compensation however, employing this mechanism results in
higher circuit quality factors and hence smaller bandwidths. The two transformer
types are shown in Fig. 2.13.

The circuit quality factor1 for both cases changes with the ‘impedance trans-
formation factor’ (t). If the quarter-wave transformer is used, then t is given by

t = R2

R1
= R2

2
Z2
t

= Z2
t

R2
1

(2.45)

1Not to be confused with the quality factor of a resonant mode.
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X

Xs R2R1 →

(a) Reactive elements.
λ/4

R2R1 → Zt

(b) Quarter-wave transformer.

Figure 2.13: RF transformer options.

and the new circuit quality factor is

Qnew = tQ0 +Qt (2.46)

where the transformer quality factor (Qt) for the quarter wave transformer is

Qt = 1

2
∣∣∣∣1− 2

π
arctan

(√
t− 2

)∣∣∣∣ . (2.47)

A detailed work through of these formula for both types of RF transformer
detailed is presented in [74].

To provide a broadband transmission profile, multiple RF transformers can be
used, where element optimisation allows the peak power flux to be situated near
to the most detrimental HOMs. The damping at the frequency of the coupler
resonance can be increased, but at the expense of bandwidth.

In addition to damping the HOMs, as discussed in Sec. 2.3.3, the ideal HOM
coupler should provide short circuit response at the frequency of the fundamental
mode. A common mechanism used to ‘reject’ the fundamental mode is the ‘band-
stop filter’ (or ‘notch-filter’). The equivalent circuit for the band-stop filter is
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shown in Fig. 2.14.

R

L

C

Figure 2.14: Band-stop filter.

The band-stop filter is often implemented as a stub connected to the central
conductor of the coaxial coupler and terminates capacitively to ground (outer wall).
The centre frequency of the resulting stop-band is calculated as fsb = 1/

√
LC.

Other methods of achieving the rejection are by using quarter wave resonances
and high-pass filters.
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Following the operational analysis of ‘the HOM coupler’, an overview of several
existing designs is shown in Fig. 2.15.

(a)
HERA: ‘TE’

[76]

(b)
HERA: ‘TM’

[76]

(c)
CEA: ‘Probe’

[77]

(d)
CERN: ‘Type-I’

[78]

(e)
CERN: ‘Type-III’

[78]

(f)
LHC: ‘Broadband’

[79]

(g)
SPL: ‘3 stage’

[80]

(h)
Soleil: ‘L-type’

[81]

(i)
Soleil: ‘D-Type’

[81]

(j)
CEA: ‘Hook’

[77]

(k)
LEP-II

[82]

(l)
LHC: ‘Narrowband’

[79]

(m)
KEK: ‘Probe’

[83]

(n)
KEK: ‘Loop’

[83]

(o)
RHIC: ‘High-Pass’

[84]

(p)
eRHIC: ‘Coaxial’

[85]

Figure 2.15: Superconducting HOM coupler ‘styles’.
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The HOM couplers each have geometries which:

• Provide coupling to the HOM’s electromagnetic field.

• Provide a rejection at the fundmantal mode frequency.

• Determine the high frequency transformation network.

The different mechanisms of providing each of the operational criterion are de-
tailed hereafter, with reference to the existing HOM couplers shown in Fig. 2.15.

Coupling

Referring to the mechanisms used to couple to the HOMs, examples of probe-
type coupling are shown in Figs. 2.15a–2.15g and hook-type coupling in Figs. 2.15i–
2.15l. Loop-type coupling mechanisms are used for the KEK and RHIC designs
shown in Figs. 2.15n and 2.15o.

Although there are advantages for the probe type coupling in terms of manu-
facturing ease, the choice of coupling element is generally determined by the field
topology and HOM coupler mounting position on the cavity resonator. Therefore,
the first choice is generally between probe and hook/loop-type coupling elements.
If magnetic coupling is preferenced, a hook-type coupler would be chosen if some
electric coupling is beneficial or if the couplers need to be de-mounted. Loop-type
coupling is used for a case where a strong magnetic coupling is requred. The latter
also allows better cooling to the high H-field region on the coupler, resulting from
the fundamental mode field.

Fundamental mode rejection - LC filters

As discussed, the rejection of the fundamental mode is often achieved using an
inductive-capacitive (LC) ‘notch’ filter. The filter is commonly included as either:

1. An additional length to a hook-type coupling element, for which the resonant
frequency of the inductance and capacitance (between the hook and wall) is
designed to be equal to the frequency of the fundamental mode.
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2. A parallel inducance and capacitance between the central concuctor and
outer wall.

Examples of incorperating the notch filter into the coupling hook are shown
in Figs. 2.15i–2.15l. Using the hook geometry as the notch is advantageous as it
reduces the number of physical elements for machining. However, to achieve the
capacitances necessary, the distance between the hook and the wall is often very
small and sensitive to tolerances. Furthermore, the small distance risks a ‘short-
circuit’ with coupler misalignment (from transport or assembly damage) and as
such failure of the HOM coupler.

The parallel LC connection between the central conductor and outer wall is
shown in Figs. 2.15a–2.15h. If the coupler is demountable, an important distinc-
tion is whether the filter is above or below the cavity-coupler seal. Having the filter
above the cavity gasket is advantageous because it allows ‘tuning’ of the notch fre-
quency. However, as the electromagnetic field is shorted after the gasket location,
the dynamic heat-load on the normal-conducting material can be significant.

To increase the bandwidth of the notch filter, decreasing its sensitivity to
manufacturing tolerances, a ‘double-notch’ can be incorperated. An example a
HOM coupler that uses a double-notch is that of the SPL HOM coupler shown
in Fig. 2.15g. The inner conductor has parallel LC connections to ground (outer
wall) before and after the gasket location. The two filters act to increase the re-
jection at the fundamental mode frequency and also to broaden the bandwidth of
the stop-band. If one of the filters is slightly detuned, the rejection will still be
suffiecient. It should be noted that although the effect of the notch filters ‘sum’,
detuning of the filter below the gasket location will lead to an increased dynamic
heat load on the gasket.

Fundamental mode rejection - other methods

In addition to the use of LC notch filters, two other methods of fundamental
mode rejection are:

1. Quarter wave rejection.
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2. RF CRAB CAVITIES AND HOMS

2. Ladder filters.

Figures 2.15m and 2.15n show HOM couplers which use quarter-wave rejection
filters, i.e. lengths of λ/4, to reject the fundamental mode frequency. The coupler
acts as a broad-band transmission line for the HOMs. This design removes the need
for a band-stop filter, reducing the manufacturing complexity of the coupler. A
disadvantage is the quarter-wave harmonics which create additional stop-bands at
higher frequencies. If the harmonic frequencies are lower than the cut-off frequency
of the beam-pipes there will be no damping of any HOMs at the harmonics.

The final two couplers shown in Fig. 2.15 use Chebyshev filtering. The HOM
coupler shown in Fig. 2.15o is used on the 56 MHz superconducting Quarter Wave
Resonator (QWR) [86] used for the Relativistic Heavy Ion Collider (RHIC) [87]
at Brookhaven National Laboratory (BNL). Here, the ground connection of the
loop-type coupling mechanism is not the outer wall of the port connected to the
cavity, but is a ‘sleeve’ which is electrically connected to ground via the flange;
this allows the loop-type coupler to be ‘de-mountable’. The filter is a three stage,
high-pass Chebyshev filter [69, p. 400] providing a short to low frequencies, and
high transmission to high frequencies. The frequency of the transition from low
to high transmission is placed after the fundamental mode frequency but before
the first HOM. The Chebyshev filter has a sharp transition but has some ripple on
the stop-band and pass-band. The ripple decreases with stages (LC networks of
the fiter ‘ladder’). Compared to the Chebyshev filter, a Butterworth filter has less
ripple for the same number of stages, however the transition from the stop-band
to the pass-band is broad in the frequency domain. The transition can be made
sharper with the use of more filters.

High frequency filtering:

Referring back to the couplers which use LC band-stop filters, these couplers
often employ ‘multi-stage’ (or ‘coupled resonance’) filtering. This concept was
presented prior to the review of existing HOM couplers. The main conclusion
given was that the use of coupler resonances can increase the damping at a given
frequency, but at the expense of damping bandwidth. To evaluate this concept,
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and the choice of the number of stages, the HOM couplers for the LHC accelerating
cavities shown in Figs. 2.15f and 2.15l are referenced.

With reference to the RF transformer options detailed in Fig. 2.13, ‘the broad-
band coupler’ uses three resonant circuits to provide a damping to modes which
are far from one another in the frequency domain (776 and 1200 MHz). This al-
lows high damping at the frequency of the modes, but results in a low transmission
between the coupler resonances. The ‘narrowband LHC HOM coupler’ uses two
coupled series resonant circuits since the two modes to be damped are much closer
to one another (500 MHz and 535 MHz). The transmission characteristics for the
two couplers are detailed in [74, p. 61].

The RF filtering network is hence dependant on the cavity HOMs and damping
requirements set by the accelerator’s operational criterion.

Removable or welded:

The final important distinguishing feature between the HOM couplers shown,
is whether the coupler is ‘de-mountable’ or not. This choice can have significant
implications on the cryogenic heat-load, assembly and re-assembly complexities
and cavity performance. Referring to couplers welded to the cavity geometry,
such as the HERA couplers shown in Figs. 2.15a and 2.15a (which influenced the
couplers used on the TESLA cavities [88]), advantages are:

• No risk of contamination from installation of the couplers onto a processed
cavity.

• No gasket, removing issues associated with vacuum leaks and dynamic heat
loads.

• The inner components can be ‘cooled’ via the inductive stub’s connection to
the the liquid helium bath.

• Chemical processing and installation of the cavities and couplers as a single
unit reduces the steps needed to reach an operational structure. This is
beneficial for large scale projects [89].
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2. RF CRAB CAVITIES AND HOMS

Disadvantages of the welded couplers are:

• Although chemical processing of only one structure is required with the cou-
plers mounted, this can add complexities to the chemistry as opposed to
processing the cavities and couplers individually.

• Mounted couplers can not be replaced/accessed in the event of an operational
failure.

Generally, the ability to remove and re-install the HOM couplers in case of
failure or operational problem has the largest influence on the design in this respect.
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After detailing the first category of HOM dampers (coaxial couplers) the second
category (waveguide couplers) should be referenced.

Using these structures both reduces the complexity of manufacture and does
not suffer from the inductive heating issues related to hook and loop type couplers.
Waveguide dampers are broadband with a ‘natural’ rejection of the fundamental
mode due to the structure’s cut-off frequency. The waveguides lead to an absorber
(often made from ferrite and other lossy RF materials).

Disadvantages of waveguide dampers are that they are often ‘bulky’ for low
frequency applications and can also be problematic with respect to ‘heat leaks’.

An example of a superconducting cavity with waveguide dampers is that of the
1.5 GHz high-current five-cell structure developed at Jefforson Laboratory (JLAB)
for future Energy Recovery Linacs (ERLs) and Free Electron Lasers (FELs) [90].
A CAD render and prototype cavity are shown in Fig. 2.16.

(a) CAD showing waveguide dampers. (b) Manufactured prototype.

Figure 2.16: 1.5 GHz high-current five-cell waveguide damped structure (JLAB).
Images from [90, 91].

Each cavity has six waveguide dampers for which one also acts as the Funda-
mental Power Coupler (FPC). From literature [72], the HOM power capability was
verified up to 4 kW per waveguide (20 kW per cavity).

The third damping mechanism is via the use of Beam Line Absorbers (BLAs).
These structures damp modes which have frequencies above that of the beam-pipe
cut-off frequency. Generally, they are employed in cases where the beam pipe
radius is large enough to allow the lowest frequency HOM to propagate away from
the cavity. The RF absorbers are made from ‘unbiased ferrites’ or ‘lossy dielectrics’.
In order to interact with magnetic fields, the permeability of the material must be
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2. RF CRAB CAVITIES AND HOMS

complex and as such, an unbiased ferrite must be used [92]. One example of the
use of beam line absorbers is for the Cornell Electron Storage Ring (CESR) B-cell
cavity. The BLA used [92] is shown in Fig. 2.17a.

(a) Beam Line Absorber (BLA). (b) B-Cell cryomdule.

Figure 2.17: HOM damping infrastructure used on the Cornell Electron Storage
Ring.
Images from [92]

In addition to the absorbers, the cavity also employs ‘waveguide flutes’. These
are ridges in the cavity beam-pipe in the direction of charged particle propaga-
tion. These ridges act to decrease the cut-off frequency for the two lowest dipole
modes whilst keeping the monopole cut-off the same as the ‘non-fluted’ case. It is
important that the flute position on the azimuth match the polarisation of the low
frequency HOMs. The waveguide flutes are located on the opposite side to that of
the BLA and are visible in Fig. 2.17b.

The main drawback of BLAs is space constraints in the direction of beam
propagation. Additional disadvantages are the potential for contamination and
the build up of electrostatic charge in the ferrite which can result in deflecting
fields.

For the three damping categories detailed (coaxial couplers, waveguide couplers
and beam line absorbers), a sub-category for the first two is that of on-cell dampers.
In some cases, it is not possible to damp one or more HOMs sufficiently by cou-
pling to the field at the cavity beam-pipe. On-cell damping is used for cases where
there are high impedance modes that need to be damped, but for which sufficient
coupling to meet the damping requirements is not possible from the beam port.
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On-cell damping is predominantly used in normal conducing cavity systems. Like
the beam pipe damping structures, these are comprised of coaxial and waveguide
couplers which couple to the HOMs and provide a power flux to an external load.

Referring to Normal Conducting (NC) operation, accelerating cavities are de-
signed to maximise the shunt impedance (Eq. 2.2) of the fundamental mode; This
is achieved by using small aperture beam pipes and ‘nose-cones’ [31, 93] to increase
the on-axis E-field (and hence r/Q. This minimises the power required for a given
accelerating gradient (Eacc in MV/m) and hence reduces the heat load and cooling
requirements.

It is clear that the gradient in a normal conducting cavity will never reach that
of a superconducting (SC) cavity, however there is a trade off between the two in
terms of operational efficiency and hence cost [73, 93]. The choice between NC
and SC cavity is decided with respect to operational criterion such as beam energy,
beam current, RF duty factor and impedance thresholds. One case where normal
conducting single-cell cavities are viable over superconducting, is for storage rings
at medium beam energies. As discussed, the cavities used in such facilities have
‘nose cones’ to maximise the gradient. However, by raising the shunt impedance
of the fundamental mode, the r/Q for the HOMs also increases. The result of this
is high HOM impedance which, with beam energies in the hundreds of milliamps,
could result in high heat loads and instabilities. As such, the HOMs need to be
‘heavily damped’ and require ‘direct’ HOM damping by coupling to the field in
the cavity structure rather than from the beampipe.

An example of a machine which uses on-cell beam-pipe damping is that of PEP-
II [94]. The normal conducting cavity [95] has a fundamental mode frequency
of 352 MHz and an operational voltage of 800 kV [96]. It has three waveguides
which couple to the cavity HOMs via coupling slots on the cavity wall itself [97,
98] and lead to Aluminum nitride RF loads [94]. The waveguides are spaced by
120◦ to allow damping of all HOMs up to the sextupole (m = 3). Additionally,
this maintains symmetry and hence higher order multipole components of the
fundamental mode are minimised. An image of the PEP-II cavity is shown in
Fig. 2.18.

The limitation of on-cell dampers on superconducting cavities is the enhance-
ment of peak fields at the location of the HOM couplers when compared to the
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Figure 2.18: PEP-II cavity.
Image from [99].

normal conducting case. Specifically, the increase in the peak magnetic flux den-
sity Bpk with the addition of coupling slots to the cavity walls acts to reduce the
quench field limit, i.e. the field level at which the cavity transitions from super-
conducting to normal conducting. There are some cases however, where on-cell
damping is used for superconducting cavities.

An example of a superconducting on-cell coaxial HOM coupler is that of the
loop-type coupler used on the 56 MHz superconducting Quarter Wave Resonator
(QWR) [86] used for the Relativistic Heavy Ion Collider (RHIC) [87] at Brookhaven
National Laboratory (BNL). This coupler was already detailed in Sec. 2.3.4 and is
shown in Fig. 2.15o.

An example of a superconducting on-cell waveguide damper is that of the single
cell deflecting cavity [100] designed for the Advanced Photon Source. This cavity
is shown in Fig. 2.19.

To conclude on HOM damping mechanisms, the main types are coaxial dampers,
waveguide dampers and beam line absorbers (often coupled with altering the cut-
off frequency of the beam pipe for specific mode types and polarisations). The
type of damping mechanism employed is specific to the particle accelerator system
and operational impedance thresholds defined. Generally, the first two damping
mechanisms (coaxial and waveguide) are placed on the beam-pipes of a supercon-
ducting cavity. However, if a higher damping is required, on-cell dampers can be
used but there are risks associated with the significant increase in peak electric
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Figure 2.19: On-cell wavguide damped deflecting cavity prototype for the Ad-
vanced Photon Source.
Image from [100].

and magnetic fields, especially in the case of superconducting cavities.

2.4 Dressed Compact Crab Cavities for the HL-
LHC

After detailing the use of coaxial couplers to both provide power to the fundamental
mode and damp the HOMs, the dressed crab cavities for the SPS test1 (Sec. 2.2)
are shown in Fig. 2.20.

The Double Quarter Wave (DQW) cavity uses three on-cell, coaxial, super-
conducting (internally cooled) HOM couplers to damp the HOMs. They have an
L-C band-stop filter centred at 400 MHz to reject any power from the fundamental
mode and use transmission line lengths to allow an increased damping at spe-
cific frequencies (i.e. those of detrimental HOMs) at the expense of bandwidth
(Sec. 2.3.4). The capacitive output gives a high-pass filter response, further re-
jecting the fundamental mode but allowing transmission at the HOM frequencies.
The fundamental mode pick-up of the DQW also acts as a HOM coupler for some
high frequency modes.

1Before installation in the LHC, the crab cavities are scheduled for tests in the SPS (CERN’s
7 km synchrotron).
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2. RF CRAB CAVITIES AND HOMS

(a) DQW - vertical. (b) RFD - horizontal.

(c) DQW showing HOM couplers. (d) RFD showing HOM couplers.

Figure 2.20: Dressed crab cavities proposed for the HL-LHC. Designs are those
proposed for the verification tests in the Super Proton Synchrotron (SPS).

The RFD cavity has two HOM couplers of differing geometries. The location
of the couplers are chosen to damp the vertical and horizontal HOMs indepen-
dently [101].

The ‘horizontal HOM coupler’ is located in a ‘wave-guide stub’ connected to
one cavity end plate. The ‘hook-type’ coupling element, which couples to horizon-
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tal and accelerating HOMs1, is connected to a high-pass filter which rejects the
operating mode, but has a high transmission at higher frequencies.

The second ‘vertical HOM coupler’ is placed in a wave-guide stub on the other
end-plate. The wave-guide stub is in different plane to the one for the horizon-
tal mode damping. Due to the fundamental mode’s polarity and symmetry, the
location of the wave-guide stub gives a ‘natural’ rejection, meaning that there is
no need for a rejection filter. The coupler uses a ‘probe-type’ coupling element to
couple to the vertical and accelerating HOMs.

1The crab cavity HOM ‘categories’ used are detailed in the coming chapters.
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Chapter 3

SPS DQW HOM Coupler

As superconducting crab cavities had never before been used with protons, pro-
totype tests in the Super Proton Sychrotron1 (SPS) were scheduled. The aim
of the tests was to identify any unforeseen risks and to demonstrate operational
reliability, machine protection and cavity transparency [17].

The first test scheduled was for that of the Double Quarter Wave (DQW) crab
cavity. A two-cavity cryomodule was scheduled for testing in the final quarter of
2018.

The HOM coupler designed for the SPS DQW crab cavity test is presented in
this chapter. Firstly, the choice of HOM coupler design along with the RF perfor-
mance is evaluated with the use of equivalent circuit analysis. The circuit response
is then compared to that of 3D electromagnetic simulation software; Parametric
analysis is applied.

Finally, ‘test-boxes’ are designed and used to measure the manufactured coupler
response, comparing this to simulations to qualify that the transmission response
of each coupler is as expected.

3.1 Design

The DQW HOM coupler evolved from the ‘4-Rod’ crab cavity HOM coupler design
shown in [102]. The annotated vacuum cross-section for the DQW HOM coupler

1CERN’s 7 km proton synchrotron.
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3. SPS DQW HOM COUPLER

is shown in Fig. 3.1 alongside photographs of the manufactured coupler.

(a) Two dimensional schematic of the SPS DQW HOM coupler’s vacuum geometry.

(b) Manufactured assembly. (c) Manufactured pieces.

Figure 3.1: HOM Coupler for the SPS DQW crab cavity.

The structure is an ‘on-cell’, niobium HOM coupler which is internally cooled
by liquid helium to 2 K and operates in the superconducting regime. If the couplers
were not superconducting they would not support the cavity’s high magnetic field
and would significantly reduce the Q0 of the cavity.

The locations at which the HOM couplers are installed onto the cavity is shown
in Chapter 2, Sec. 2.4. To evaluate why these locations were chosen, the modes for
which damping is most important was evaluated. The bare cavity model, alongside
the r/Q values for the HOMs under 1 GHz1, is detailed in Fig. 3.2. The r/Q values

1Due to the profile of the proton bunch, the HOM excitation is inversely proportional to
the frequency with a ‘Gaussian-like’ dependence. Hence, low frequency HOMs generally have a
stronger excitation.
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are separated into ‘transverse vertical’, ‘transverse horizontal’ and ‘longitudinal’.
For the crab cavities proposed for the HL-LHC upgrade, each of the HOMs is
classified as ‘vertical (v)’, ‘horizontal (h)’, ‘longitudinal (l)’ or ‘hybrid (hy)’, as it
is difficult to assign them to pillbox equivalences due to the complex field topologies
of the ‘exotic’ structures.

(a) Bare cavity model.

f
[MHz]

r/Qv

[Ω/m]
r/Qh

[Ω/m]
r/Ql

[Ω]
592.5 0.3 0.3 55.2
689.2 0.0 34.7 0.0
715.6 1.2 0.2 7.7
755.9 21.1 0.0 0.0
934.4 0.0 17.3 0.0
969.4 0.2 0.1 9.7

(b) r/Q values for the low frequency modes.

Figure 3.2: SPS DQW bare crab cavity detrimental mode evaluation.

The field topology for the three modes with the highest r/Q values in each
respective plane was evaluated to assess the best location to install the HOM
couplers. As it was not possible to install ancillaries onto the side of the cavity
structure, due to the transverse dimension restrictions arising from the second
beam pipe in the LHC, the HOM couplers could only be installed on the top and
bottom of the cavity. As such, the field topology was evaluated in this location
specifically. The electric and magnetic fields for the three modes are shown as
contour plots in Fig. 3.3 and as vector plots in Appendix Sec. 3, Fig. 8. The
longitudinal mode at a frequency of 969 MHz is also shown. This is because, as a
result of the filling schemes used in the LHC, modes close to multiples of the bunch
spacing harmonic frequencies1 (multiples of 40.08 MHz) can be very detrimental
for HOM power generation.

1This concept will be expanded upon in the coming chapters but, for reference, it ‘flags’ this
mode as dangerous for HOM power generation.
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(a) Plane used for field contour plots. (b) Field evaluation plane.

(c) 593 MHz - E-Field. (d) 593 MHz - H-Field.

(e) 689 MHz - E-Field. (f) 689 MHz - H-Field.

(g) 756 MHz - E-Field. (h) 756 MHz - H-Field.

(i) 969 MHz - E-Field. (j) 969 MHz - H-Field.

Figure 3.3: Field profiles for low frequency (< 1 GHz), high impedance higher
order modes in the bare SPS DQW crab cavity. The fields correspond to a stored
energy of 1 J.
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The electric field of each mode acts between the inner quarter wave resonator
and the outer wall and the the magnetic field ‘flows’ around the central conductor;
The field profiles in this plane are similar to that of a coaxial line. As there is a
high magnetic field at the location shown for each of the modes, the DQW HOM
coupler’s hook-type coupling mechanism was chosen to couple magnetically, but
to also allow the couplers to be ‘de-mountable’. Electric coupling wasn’t chosen
as, although there is an electric field component, for most HOMs the E-field is
small at the coupler port area compared the central cavity region. Therefore ade-
quate coupling would require a large coupling element to provide a significant area
perpendicular to the electric field lines. Additionally, the axial electric field could
be perturbed, contributing to larger multipole components of the fundamental
mode [57].

Although it is difficult to exactly match any of the modes to those of a perfect
cylindrical resonator (i.e. the ‘pillbox cavity’), the field ‘poles’ in this plane are
clear. Referring to the contour plots (Fig. 3.3), for the 593 MHz mode, the angle
at which the HOM coupler ports are placed does not matter since there are no
defining poles and hence a uniform field distribution around the elliptical path.
For the next two modes shown however, 689 and 756 MHz, there are two poles
where both the electric and magnetic fields are enhanced. The planes of these
two poles are perpendicular to one another, hence meaning that choosing HOM
coupler port locations (Fig. 3.3b) at only 90◦ and 270◦ or at 0◦ and 180◦, would
only allow sufficient coupling to one of these modes. Hence, coupler ports in both
planes should be used, or at angles in-between them (i.e. 45◦, 135◦, 225◦, 315◦.
The 969 MHz mode has four poles which align with the planes of the previous two
modes.

Originally, for the Proof-of-Principle (POP) design [54], one Fundamental Power
Coupler1 (FPC) port and one HOM coupler port were included on the top side of
the cavity at 270◦ and 90◦ respectively. On the bottom of the cavity, four HOM
coupler ports were included at 45◦, 135◦, 225◦ and 315◦. This allowed coupling to
all of the pole configurations shown in Fig. 3.3. Additionally, it allowed the LHC’s

1Device which couples power into the cavity. For the DQW this structure also uses a hook-
type coupling element.
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second beam pipe to pass if the cavity was used in the horizontal kicking scheme1.
Evolving from the PoP design to the SPS DQW crab cavity, two HOM couplers

were removed from the bottom to reduce the number of cavity ancillaries. In terms
of coupling to the HOM fields, one was left in the 45/225◦ plane and one in the
135/315◦ plane.

The HOM couplers are installed on each port with the hook orientated perpen-
dicular to the magnetic field, in order to provide maximum coupling; this angle is
equal to that of the port, i.e. 45◦ and 135◦ for the bottom couplers and 90◦ for the
top HOM coupler. For reference, the dressed DQW crab cavity is shown again in
Fig. 3.4.

Figure 3.4: DQW crab cavity dressed with HOM couplers and pick-up probe.

3.2 Modelling as an Equivalent Circuit

To analyse the transmission response and hence geometry choice of the HOM
coupler, it is possible to model the geometries using electronic circuit equivalences.
This form of analysis allows rapid modelling and optimisation of coaxial couplers
and is hence a good starting point for assessing key geometries and provides a tool
for future optimisation and tuning.

1The feasibility of changing the ‘kicking plane’ was investigated for both the DQW and RFD
crab cavities during the cryomodule proposal stage.
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3.2.1 Modelling the hook

As discussed, the coupling section of the HOM coupler is a hook which preferen-
tially couples to the magnetic fields of the HOMs. Magnetic coupling is modelled
by a series voltage across an inductor. The lumped element equivalence for the
hook is shown in Fig. 3.5. The capacitance is provided by the distance between
the hook and the outer wall.

V0

Lh Ch

Re

Figure 3.5: Equivalent circuit for the coupling hook.

The resonant frequency is defined by

ω0 =
√

1
LhCh

(3.1)

where, if assuming a parallel plate scenario, the capacitance can be expressed as

Ch = εA

d
(3.2)

where ε is the permittivity, A is the overlap area of the plates and d the distance
between them. When using the coupler’s geometry, this results in a Ch value of
0.386 pF. This was calculated using the average distance of the hook from the
outer wall of the coupler which varied due to the elliptical cross section of the
hook (employed to spread the magnetic flux and increase coupling).

To evaluate the inductance of the hook, two methods can be used. The first
is to assume that the hook is a perfect loop. The inductance in this case is given
by [103]

Lh = µ0µr
D

2

[
ln
(8D
d

)
− 2

]
(3.3)
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where µ0 and µr are the vacuum and relative permeabilities respectively, D is
the diameter of the loop and d the cross-sectional diameter. As the hook is not
a perfect loop, some approximations are necessary. Figure. 3.6 shows the hook
cross-section in two planes for the estimation of D and d.

(a) ‘D’ estimation
Loop area.

(b) ‘d’ estimation
Elliptical bar geometries.

Figure 3.6: Hook cross-sections for loop equivalence estimations.

The coupling loop diameter D can hence be seen to be around 40 mm and
the cross-section diameter d between 8 and 16 mm. Since the hook only covers
half of the circumference of the loop, the diameter for the equation was halved
to 20 mm. To evaluate the spread of the loop inductance due to the uncertainty
in the parameter values, a plot of the inductance as a function of loop diameter
for the major and minor diameters of the ellipse was produced. This is shown in
Fig. 3.7.

The highlighted area on the plot shows the loop inductance range that appro-
priately models the hook of the SPS DQW HOM coupler.

The second method of calculating the inductance is to model the hook in 3D
electromagnetic simulation software and return the resonant frequency. The 3D
code CST Microwave Studio [104] gave the resonant frequency of the SPS DQW
HOM coupler’s hook as 2836 MHz. Hence, using Eq. 3.1 with the capacitance
calculated, the value of Lh was calculated as 8.16 nH. This value is annotated on
the plot shown in Fig. 3.7 and is within the analytic range highlighted (within 10%
of the average value). Since the analytic calculation makes many assumptions as
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Figure 3.7: Loop inductance as a function of loop diameter D for the major, minor
and average diameters of the elliptical cross-section.

it actually represents that of an ideal loop, the result from the electromagnetic
simulation was used and hence a value of 8.16 nH was assigned to Lh.

3.2.2 Adding a Notch

With respect to the direction of the power flux from the cavity, the hook is con-
nected via a coaxial transmission line to a band-stop filter. The purpose of this
filter is to reject any power at the fundamental mode. This means the couplers
will have a high external quality factor for this mode. It should be noted that the
filter is placed before the location of the copper gasket to reduce the field from
the fundamental mode at this location. For a case where the cross-section of the
transmission line connecting the hook to the filter is two concentric circles, the
impedance can be calculated using the formula for coaxial lines

Z0 = 138× log10 (D/d× 1/√εr) (3.4)

where D and d are the outer and inner diameters respectively and εr is the rel-
ative permittivity. However, as the transmission line to the band-stop filter is not
coaxial and has an impedance which varies with cross-section, due to the tapered
line and surrounding capacitive jacket, this method is not directly applicable. To
obtain an accurate value for equivalent circuit analysis, it is possible to model the
transmission line with its coaxial equivalence. To do this, the impedance along
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the line was computed in CST MWS. This, alongside the cross-section of the line,
is shown in Fig. 3.8.

(a) Model cross-section.
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(b) Impedance variation.

Figure 3.8: Impedance modelling of the transmission line from the hook to the
band-stop filter.

The final impedance along the line was used (44 Ω). The coaxial line formula
was rearranged to give D/d = 2.1.

This D/d value can be used to model the line as its coaxial equivalence. Re-
ferring to Fig. 3.8a, the transmission line (TLh−bs) length was set to 45 mm.

The band-stop filter elements are calculated in the same way as they were for
the hook. The capacitive jacket was modelled using a parallel plate approximation,
resulting in a capacitance value of Cbs = 35.5 pF. As the frequency is defined by
the fundamental mode of the cavity (400 MHz), the corresponding inductance for
a frequency of 400 MHz is Lbs = 4.46 nH (Eq. 3.1). The equivalent circuit up to
the band-stop filter is shown in Fig. 3.9 alongside the current response through
the external resistor over a 3 GHz frequency range.

3.2.3 Modelling the Output Line

Following the band-stop filter, the next section of the coupler allows transmission
at higher frequencies to provide a power flux to the HOMs (i.e. reducing their
external quality factor). It is possible to model this section using lumped element
analysis in a similar fashion to the modelling done for the hook and band-stop
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Figure 3.9: Coupler response up to the band-stop filter.

filter. However, like the section which connects the hook to the band-stop filter,
transmission line modelling can also be used. The full equivalent circuit, to the
50 Ω output line, is shown in Fig. 3.10a. As the ‘hook-type’ coupling element is not
purely magnetic, the configuration for electric coupling is also shown (Fig. 3.10b).

Following the band-stop filter, composed of Cbs and Lbs, the central shaft of the
coupler from the band-stop filter to the bend section is modelled as the transmis-
sion line TLbs−b with a physical length of ∼ 105 mm. Again, the inner and outer
conductors of this transmission line are not concentric and hence the eccentricity
was accounted for by modelling the line impedance in CST MWS and calculating
the corresponding outer to inner conductor diameter ratio for an ideal coaxial line.
The shaft then splits into two lines which can be modelled by a parallel circuit.
One line connects to the outer can of the HOM coupler and hence this is repre-
sented by an ∼ 18 mm transmission line to ground. The other line has a 90 ◦ bend,
terminating as an open after a length of ∼ 77 mm. This line couples capacitively
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Figure 3.10: Equivalent circuits for the SPS DQW HOM coupler.

to the 50 Ω output line via a capacitance (Cout). The value of this capacitance,
again using a parallel plate approximation, was calculated as 0.934 pF. All of the
calculated values used for modelling the equivalent circuit are shown in Tab. 3.1.
The current across the external load is shown in Fig. 3.11.

Component Value Component Value
Lh 8.91 nH TLbs−b D/d = 2.78, l = 105 mm
Ch 0.386 pF TLb−gnd D/d = 2.78, l = 18.0 mm
TLh−bs D/d = 2.1, l = 45 mm TLb−gap D/d = 1.98, l = 77.0 mm
Lbs 4.46 nH Cout 0.934 pF
Cbs 35.5 pF Re 50 Ω

Table 3.1: Lumped element and transmission line values used for equivalent circuit.

In addition to the stop-band at the fundamental mode frequency, the final
response shows multiple resonances at frequencies above 400 MHz at which there
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Figure 3.11: Current response over the external resistance (Re = 50 Ω) for the
circuit shown in Fig. 3.10 using the calculated values shown in Tab. 3.1.

is a relatively high transmission along the coupler. Operationally, for maximum
damping, these resonances (or ‘pass-bands’) should be moved in frequency and
optimised to provide the largest transmission to the most detrimental HOMs. The
frequency and bandwidth of the pass-bands are determined by the transmission
line characteristics. This is detailed in Chapter 2, Sec. 2.3.4.

3.3 Modelling using 3D Electromagnetic Simu-
lation Software

To validate the response of the equivalent circuit model, it was compared to that of
the HOM coupler modelled in 3D electromagnetic software. Although the couplers
can be represented by equivalent circuit modelling of the most dominant geome-
tries, the complex axially asymmetric features are in reality a massive array of
lumped elements which are impossible to model in their entirety. Additionally, the
physical lengths measured on the coupler do not necessarily correspond to their
electrical lengths when subjected to RF, and the equivalent circuit model does not
correctly model the superposition of the forward and reflected waves.

The coupler was hence modelled in the frequency domain in CST Microwave
Studio [104]. The waveguide ports for the simulation were placed at the 50 Ω
coaxial line output and at the open cylindrical waveguide above the hook. The
resulting S21 response is shown in Fig. 3.12 for cases where the waveguide mode
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3. SPS DQW HOM COUPLER

on the open vacuum port (port 1) is either the TM01 or TE11.

(a) Vacuum geometry with
port locations.
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(b) S21 response.

Figure 3.12: SPS DQW HOM coupler transmission response.

The form of the S21 plot is similar to that of the equivalent circuit response
shown in Fig. 3.11, showing the stop-band at the fundamental mode frequency,
rise to high transmission at ∼ 600 MHz the two transmission line pass-bands
over 800 MHz seen in the equivalent circuit model. Rejection-bands are seen at
∼ 1.4 GHz (in TM01 case) and 1.6 GHz where the first is the coaxial cut-off fre-
quency of the TM01 mode (lower in frequency due to lumped element interference)
and the second is a TE-resonance between the outer conductor and capacitive
jacket.

It should be noted that the amplitude of the S21 response is an arbitrary
value which is a function of the distance from the hook to the open waveguide
port (Port 1 in Fig. 3.12a). The relative amplitude is valid however, and hence
for comparison and evaluation of geometric changes, the same distance from the
hook to the open vacuum waveguide port should always be used. The results are
generally normalised for easier comparison and visualisation.

As the equivalent circuit model shows three pass-bands before 2 GHz whereas
the 3D simulation shows four, the effect of each of the transmission line lengths on
the current response was evaluated. The discrepency was found to be a result of
the transmission line TLh−bs. This line represents the length between the hook and
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band-stop filter sections. Changing the length from 45 mm to 110 mm decreased
the frequency of the pass-band most effected by this geometry and hence ‘split’
it from another pass-band at the same frequency. This brings the form of the
current response very close to that of the simulated S21 response in CST MWS.
The large increase in length required for this parameter is due to the difficulty
in representing the complex tapered section connecting the hook to the band-
stop filter as an equivalent transmission line. The increase needed shows that the
transmission line length is not just the section shown in Fig. 3.8a but is in reality
made up of this section, some of the hook length and some of the inductive stub
length. These three lengths added together are ∼ 100 mm.

The current through the external load for the circuit values detailed in Tab. 3.1,
but with a change in the length of the transmission line TLh−bs from 45 to 110 mm,
is shown in Fig. 3.13.
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Figure 3.13: Changing the length of TLh−bs to 110 mm.

The form of the equivalent circuit is now the same of that of the 3D simulation.

3.3.1 Tuning

The equivalent circuit parameters were approximate and measured from the cou-
pler lengths. The lengths do not exactly represent that of the coupler’s circuit
equivalences, as it is difficult to predict the start and end points of each transmis-
sion line. As such, the circuit was tuned to best represent that of the CST MWS
response shown in Fig. 3.12b.
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3. SPS DQW HOM COUPLER

To identify the parameters which had the greatest affect on the coupler’s trans-
mission features, each equivalent circuit element was altered by ±10%. The de-
viation in the transmission response showed which features the given element
strongly affected. The results from the study are shown in Fig. 3.14: For ref-
erence, Fig. 3.14a shows the equivalent circuit. Figure 3.14b shows a cross-section
of the HOM coupler with the circuit equivalences highlighted and Fig. 3.14c shows
the transmission response annotated with the equivalent circuit elements which
most strongly affect each feature.

V0

Lh Ch TLh−bs

Lbs

Cbs

TLbs−b

TLb−gnd

TLb−gap Cout

Re

(a) Equivalent circuit.

(b) Schematic. (c) Stop-band and pass-bands annotated with the
coupler equivalences which most strongly influence
them.

Figure 3.14: Coupler schematic detailing transmission line equivalences and the
corresponding pass-bands.

The frequencies and bandwidths of the pass-bands result from the transmis-
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sion line characteristics. In most cases, the resonances are most strongly affected
by one transmission line, however one is the result of the coupling between two
transmission lines.

To visualise the pass-band resonances, the electric and magnetic fields at the
frequencies of each of the pass-bands were generated in CST MWS (frequency
domain, 1 W RMS input). The resulting contour plots are shown in Fig. 3.15.

(a) 578 MHz (E) (b) 697 MHz (E) (c) 1077 MHz (E) (d) 1538 MHz (E)

(e) 578 MHz (H) (f) 697 MHz (H) (g) 1077 MHz (H) (h) 1538 MHz (H)

Figure 3.15: Electromagnetic fields at the frequencies of the coupler pass-bands.

The field profiles show the geometries across which the coupler resonances act.
The areas with the highest field correspond to the equivalent circuit features which
most strongly affect the pass-band. It is also clear however, that the pass-bands
are influenced by multiple geometries and are actually the result of the coupling
between multiple circuit elements.

Knowing which circuit equivlance controlled which pass-band, the equivalent
circuit was tuned to match that of the CST MWS response. The two transmission
curves are displayed in Fig. 3.16 and the corresponding circuit parameters are
detailed in Tab. 3.2.

The first three pass-bands were tuned to within 5 MHz of that shown for the 3D
model. For the pass-band at 1538 MHz in the CST simulations, it was difficult to
get the frequency lower than 1640 MHz without perturbing the other peaks in the
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Figure 3.16: Tuned response.

Component Value Component Value
Lh 8.91 nH TLbs−b D/d = 2.78, l = 120 mm
Ch 0.386 pF TLb−gnd D/d = 2.78, l = 18.0 mm
TLh−bs D/d = 2.1, l = 109 mm TLb−gap D/d = 1.98, l = 70.0 mm
Lbs 4.46 nH Cout 0.934 pF
Cbs 35.5 pF Re 50 Ω

Table 3.2: Tuned lumped element and transmission line values.

equivalent circuit response. Three main assumptions explain this. The first is that
the effect of smaller geometries becomes more significant at higher frequencies. For
example at 600 MHz the corresponding quarter wavelength is ∼ 125 mm whereas
at 1.5 GHz it is ∼ 50 mm. The smaller geometries need to be modelled as circuit
elements to get a more accurate response. Generally, this is the effect of several
inductances associated with the blended and bend sections.

Secondly, the location at which the field couples to the hook differs with fre-
quency. This means that the first transmission line length (TLh−bs) varies as a
function of frequency. This transmission line strongly affects two coupler reso-
nances (see Fig. 3.14c - at ∼ 600 and 1600 MHz). As such, the static value was
chosen to best represent the first peak of the coupler modelled on it’s own. How-
ever, when the coupler is installed onto the cavity, the field topology (and hence
location of coupling), will vary with each HOM. Each HOM could be modelled as
a separate RLC circuit coupled to the HOM couplers equivalent circuit, but this
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process would be very arduous and time consuming.
Thirdly, as discussed, the TE-resonance between the outer conductor and ca-

pacitive jacket results in a stop-band at 1.6 GHz. This resonance is not modelled
in the equivalent circuit and as such, the resulting perturbation on the pass-band
at a similar frequency is not represented.

Since the general response of the equivalent circuit gave an accurate repre-
sentation of the coupler’s response in 3D electromagnetic simulation software, no
further changes were made, as the goal of the modelling was to provide a means
for parametric analysis and rapid optimisation.

3.3.2 Parametric Studies

After tuning the circuit response, parametric studies were performed to provide
information on how to alter the coupler’s transmission response in the frequency
domain. Each value was varied from 0.8 – 1.2 times its original value in five steps.
The responses are displayed in Fig. 3.17.

Referring back to the analysis of which circuit parameters most strongly ef-
fected which transmission features (Fig. 3.14c), the parametric studies display
these relationships, but also show that other elements can still have a significant
effect on a given pass-band.

The studies, with simulation times of less than ten seconds, detail the methods
available to alter the HOM coupler’s response in the case of new specifications,
new cavities or unforeseen issues.
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Figure 3.17: Spectral variations with equivalent circuit parameter changes.
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3.4 HOM Coupler Test Boxes

HOM coupler test-boxes were designed to measure the HOM coupler transmission
response at warm (room temperature), before installation onto the cavity. Any
deviations from the simulated case would signify a fabrication error. The change in
the band-stop filter frequency response would be quantified and higher frequency
deviations analysed to see for which modes the damping would vary.

Additionally, the feasibility of having a ‘dual-coupler’ system for pre-installation
RF conditioning was to be investigated.

3.4.1 Design

Conceptually, a circular wave guide was used, allowing two HOM couplers to be
mounted on either side. Pick-up ports were installed onto the structure near to
the location of the HOM coupler hooks.

As analysis of the HOM couplers was required over a large frequency range, a
magnetically coupled pick-up, inductively connected to the outer wall of the cavity,
was used. Using pick-ups with capacitances to ground resulted in resonances which
would perturb the high frequency response. A 3D render of the test box, with two
HOM couplers installed, is shown in Fig. 3.18 and the annotated vacuum model
in Fig. 3.19.

The length of the pick-up ports has an effect on the most predominant waveg-
uide mode measured. As such, the length of this port was kept minimal in order
to measure the TE11 response.

The HOM coupler response compared to that of the test box is shown in
Fig. 3.20. The general form of the spectral response is well replicated by the
test-box measurement. Note, as the coupler was modelled with a waveguide port
at an arbitrary distance from the coupling hook, the amplitude of the coupler
response is arbitrary.

3.4.2 Single Coupler - Band-Stop Filter Frequency

Each of the HOM couplers were mounted onto one side of the test box, with the
other side blocked with an aluminium plate to provide an electrical short. The
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3. SPS DQW HOM COUPLER

(a) Assembly. (b) Cross-section detailing inductive pick-
ups.

Figure 3.18: Low power HOM coupler test box (CAD) with two HOM couplers
mounted.

Figure 3.19: Annotated test box vacuum model.

set-up is displayed in Fig. 3.21.
The stop-band frequency was measured for each coupler. The results are shown

in Fig. 3.22 and a tolerance study to show the effect of several parameters on the
stop-band frequency is shown in Tab. 3.3

Comparing the measurements on side A and side B of the test box (Fig. 3.19),
there is an offset between the two data-sets of ∼ 3 MHz. The systematic nature
of the offset suggests this is due to an error in the test box geometry. Referring to
the tolerance table (Tab. 3.3), a deviation of 3 MHz is too large to be caused by
any single error, but could be a combined effect of alignment, rotational and test
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Figure 3.20: Simulated coupler response (arbitrary amplitude) compared to the
simulated test box response. The simulations reflect measurement conditions, i.e.
using air as the background medium and with 300 K geometries.

(a) (b)

Figure 3.21: Single HOM coupler on test-box.

box length errors.
The errorbars on each of the measurements represent ± one standard deviation

of the stop-band frequency measurements taken on both pick-up probes. The error
bar represents an axial misalignment of the HOM coupler.

The main conclusion from the stop-band measurements is that, although the
frequency value of the stop-band is not accurate due to errors on the test box
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Figure 3.22: Stop-band frequency measurements. The frequency is plotted as the
difference from the nominal simulated test-box value (∆f).

Tolerance Unit ∆f per 1 unit [kHz/unit]
Coupler axial allignment Degrees 28
Coupler rotation Degrees 122
Coupler insertion mm 324

Difference between pick-up probe signals
(X and Y) with coupler rotation Degrees 244

Pick-up probe diameter mm 21
Pick-up probe length mm 316

Table 3.3: Stop-band frequency error analysis.

made clear by the differing results from mounting the couplers on the two sides,
the 2.4 MHz spread between the couplers is representative.

3.4.3 Single Coupler - Broadband Frequency

In addition to measurements of the stop-band frequency, the broadband trans-
mission was also measured. The transmission response between the coupler and
pick-up ‘X’ is shown in Fig. 3.23. Unlike the stop-band measurements, the high fre-
quency section of the spectral transmission response, i.e. after 600 MHz, does not
change with the test box or pick-up probe geometry. The high frequency section is
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determined by the transmission line lengths and as such any deviations from the
simulated response is a result of HOM coupler geometric deviations, rather than
errors on of the test-box geometry.

Figure 3.23: Test box transmission measurements. Four couplers are shown as the
responses for couplers 2, 3, 5 and 6 were perturbed by a calibration error.

For each coupler, the measured profile matches the simulated very well apart
from in the region around 700 MHz. The pass-band which deviates from the sim-
ulation is strongly effected by the equivalent circuit transmission line TLb−gap and
TLb−gnd (Sec. 3.2). As such, the frequency decrease is most likely due to extra
length on the coupler’s output line before the capacitive gap or an additional
distance from the bend to the wall-connection.

The difference between the measured and simulated response (∆S21 = S21:meas−
S21:sim) is shown in Fig. 3.24. The frequencies of the four low frequency DQW
cavity modes detailed in Sec. 3.1 are annotated. A negative ∆S21 indicates less
damping than designed.

There are two under-damped frequency bands when comparing the measured
transmission responses to the simulated. The first is a broadband under damping
centred at 710 MHz and is a result of the frequency increase of the pass-band
frequency most strongly effected by the distance between the bend and output
capacitance.

The second area, at around 1070 MHz is of similar amplitude to the first, but
has a smaller bandwidth. Referring to Fig. 3.14c, this is from a relative lengthening
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Figure 3.24: Difference between the simulated and measured traces shown in
Fig. 3.23.

of the transmission line TLbs−b, i.e. the length of the inner conductor of the coupler
between the LC band-stop filter and bend section.

Additionally, the high frequency section, from ∼ 1700–2000 MHz, generally has
a higher transmission than that of the simulations.

This information can be used to predict the change in HOM damping (i.e. the
ratio of the measured to simulated cavity mode quality factor Qe:meas/Qe:sim). To
verify this, the simulated mode parameters of the dressed cavity should firstly
be assessed. Following this, the ratio of the measured to simulated mode quality
factors should be compared to the deviation in damping predicted by the test-box
measurements.

3.4.4 Dual Coupler Measurements

In addition to the single coupler measurements, dual coupler transmission mea-
surements allowed the feasibility of transmitting RF power through the structures
to ‘pre-condition’ the couplers before cavity installation, in a similar way to the
procedure applied to the Fundamental Power Couplers (FPCs) [105]. A photo-
graph of this set-up is shown in Fig. 3.25 and the measured response is shown in
Fig. 3.25.

It is possible to transmit more than 40% of the power at three of the trans-
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Figure 3.25: Dual coupler test-box measurement set-up.

600 800 1000 1200 1400 1600 1800
Frequency [MHz]

0.0

0.2

0.4

0.6

0.8

1.0

S
21

 [L
in

ea
r]

Measured
Simulated

Figure 3.26: Simulated and measured transmission response from one HOM cou-
pler to another.

mission line resonant frequencies. The amplitude of the S21 is slightly higher in
measurements than in simulation for the second two transmission regions but is
lower for the first. This is due to the intra-coupler frequency difference of the first
narrowband pass-band. This could also happen for the other pass-bands, but the
effect would be much less due to their larger bandwidths. Conditioning with such
a structure should be done at 1050 or 1510 MHz. A circulator would be needed to
protect the amplifier against the reflected power in the order of 20% of the input
signal (around 20% ‘losses’ in the Niobium).
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3.5 Conclusions

3.5.1 SPS DQW HOM Coupler

The HOM coupler that was designed and built for the SPS DQW crab cavity was
evaluated in detail.

Firstly, the choice of HOM coupler location was analysed with respect to design
restrictions and efficient coupling to the high r/Q HOMs.

The performance of the HOM coupler was then evaluated. For a detailed un-
derstanding and to provide a model for fast optimisation and tuning, an equivalent
circuit model was used. The coupling element, band-stop filter and transmission
line RF transformer section were modelled. The response of the equivalent circuit
was compared to that of 3D electromagnetic simulations. It was found that one
of the transmission line lengths modelled in the equivalent circuit (TLh−bs) was
underestimated by a factor of 2. Changing the length of this section in the equiv-
alent circuit and tuning the structure gave a response very close to that of the 3D
model. For reference, the responses are shown in Fig. 3.27.
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Figure 3.27: Tuned response.

Discrepancies in the pass-band at ∼ 1.6 GHz were as a result of:

• The effect of smaller geometries becoming more significant at high frequen-
cies.

• The coupling location of the field to the hook changing with frequency, acting
to change transmission line lengths.
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• The TE-resonance associated with the outer wall and capacitive jacket adds
a perturbation not modelled in the equivalent circuit.

Since the responses were very close and the idea was not to reproduce the
complexities of the 3D model, but to provide a model for fast optimisation and
tuning, the equivalent circuit resulting in the response shown in Fig. 3.27 was kept.
Parametric studies were carried out to evaluate the effect of each geometry on the
transmission response of the coupler. This information can be used in the case of
any necessary HOM damping changes needed.

3.5.2 Test Box Conclusions

To characterise the transmission response of the couplers, a ‘test-box’ was designed
and manufactured and the response of each HOM coupler built for the SPS DQW
was measured.

The test box measurements were split into two main measurement campaigns.
The first measured the frequency of the stop-band and the second characterised
the high frequency transmission response.

Difficulties with accurately measuring the stop-band frequency were observed
as a result of errors imposed by the test-box geometry. This result suggests the
same might be true with installation on the crab cavity and that the effect of
the 3 MHz difference in stop-band frequency should be evaluated. Regardless of
the error, the test-box allowed the intra-coupler stop-band frequency spread to be
quantified.

The high frequency transmission analysis is not perturbed with any signifi-
cance by the test-box or pick-up geometry because it is a function of the coupler’s
transmission line lengths and as such insertion or rotational errors have a negligi-
ble effect on the transmission response. The deviation of the manufactured HOM
coupler’s high frequency response from that of the simulated was quantified (∆S21)
showing two frequency bands of decreased damping:

2) 1070 MHz → narrowband.
1) 710 MHz → broadband.
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3. SPS DQW HOM COUPLER

The use of these measurements to assess the ability to predict deviations in
HOM damping from simulations to measurements should be verified. To do this,
the simulated dressed cavity mode parameters should be compared to the measured
and the resulting ratios in quality factor compared to the test-box measurements.
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Chapter 4

Impedance and Power
Calculations

Following the analysis of the SPS DQW HOM coupler’s equivalent circuit opera-
tion, the impedance spectra of the cavity with three HOM couplers mounted was
evaluated, assessing the ability of the HOM couplers to damp the HOMs within
given thresholds.

In Chapter 3, the HOMs in the DQW crab cavity were characterised as ‘ver-
tical’, ‘horizontal’ and ‘longitudinal’ depending on there r/Q values. The same
nomenclature will be used hereafter, but with reference to the HOM impedances,
i.e. taking into account their quality factors.

As a result of the HL-LHC’s high beam current, high HOM powers as a result
of the interaction with longitudinal HOMs is feasible. As such, after evaluating the
longitudinal impedance, the HOM power was calculated and evaluated statistically,
using measured deviation values, to assess the worst-case.

4.1 Impedance Calculations

As discussed in Chapter 2, an important parameter used to quantify the effect of
the higher order modes on the charged particle beam is the impedance. Impedance
simulations are generally carried out using either wakefield or Eigenmode solvers.
Wakefield simulations return the impedance as a function of frequency, whilst the
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Eigenmode simulations generate the mode parameters and field topology from
the solutions of the eigenvalue problem [106]. In Eigenmode simulations, the
impedance is calculated for the respective resonant modes.

The wakefield simulations are limited by the computationally intensive cal-
culations that are needed for high-Q cavities. As such, using the mathematics
detailed in Chapter 3, the Eigenmode solver in CST MWS [104] was used for
the impedance simulations. The ‘non-linear Eigenmode solver’ with tetrahedral
meshing was used for the calculations. The non-linear solver avoided problems
with ‘Q-switching’ (where the quality factors are mistakenly assigned to adjacent
modes) often seen with the standard Eigenmode solver for broadband simulations.
For this reason and for general accuracy, this solver was recommended by the
software developers [107]. Figure 4.1 shows the dressed SPS DQW crab cavity,
annotated with the coupler nomenclature used throughout this thesis, alongside
the vacuum model used for simulations.

(a) HOM coupler nomenclature. (b) Vacuum model in CST MWS [104].

Figure 4.1: Dressed SPS DQW crab cavity.

The longitudinal and transverse impedance was calculated for the dressed SPS
DQW crab cavity1. The transverse impedance was calculated in the vertical and
horizontal planes where a linear voltage relationship with radial position was as-
sumed, modelling each mode as if it were a pure dipole. To account for the band-
width of each mode, and since it was the resistive part of the losses (i.e. power

1The design for preliminary tests in the Super Proton Synchrotron (SPS) at CERN before
installing the cavities into the LHC as part of the HL-LHC upgrade.
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loss) for evaluation, the real part of the resonator model

Z(f) = Zn
1 +Q2

e(x/f − f/x)2 (4.1)

was applied over a frequency range up to the beam-pipe cut-off frequency of
2.1 GHz. Here, Zn is the impedance at the resonant frequency f , Qe is the external
quality factor and x is the frequency array.

For an ‘exotic’ cavity geometry such as that of the DQW crab cavity, some
HOMs have significant r/Q‖ and r/Q⊥ values. As such, the longitudinal and
transverse impedance was calculated for every HOM up to the beam-pipe cut-off
frequency. The resulting impedance spectra are shown in Fig. 4.2.
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(b) Vertical.
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(c) Horizontal.

Figure 4.2: Impedance spectra in each plane for the dressed SPS DQW crab cavity.

The design limits for the LHC DQW1, shown as red lines in Fig. 4.2, are
200 kΩ/cavity and 1 MΩ/m/cavity for the longitudinal and transverse impedance
respectively [108]. For the SPS DQW, this criteria was not met for all modes.

1The vertial crabbing structure for installation into the LHC as part of the HL-LHC upgrade.
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This was because of a space constraint associated with the cryomodule in the SPS
which limited the size of the couplers.

Modes above the impedance threshold as well as low frequency1 (i.e. < 1 GHz),
high impedance modes are detailed in Tab. 4.1.

Frequency [MHz] Qe Rv [kΩ/m]a Rh [kΩ/m] Rl [kΩ]b
570.36 3080 3 0 77
590.14 1920 0 0 61
681.62 1160 0 175 0
746.67 6160 1889 0 0
926.80 12600 0 4020 0
958.87 10300 15 0 100
1620.25 187670 1 2187 1
1659.75 106680 0 2911 0
1662.25 3377420 2 4542 2
1746.23 35440 3132 0 3
1754.42c 23520 0 2047 0
1789.31 104020 1339 7 413
1840.93 16630 1108 0 1
1856.09 126610 1 4013 0
1953.89 57330 530 4 227

Table 4.1: Modes which are higher in impedance than the design limit (boxed)
and low frequency, high impedance modes.

aTransverse threshold: 1 MΩ/m/cavity
bLongitudinal threshold: 200 kΩ/cavity
cDamped by the pick-up probe on the cavity beam-pipe.

Referring to the modes detailed in Tab. 4.1, three points of interest were noted
from the impedance simulations:

• Lowest frequency mode ‘split’: With the addition of the HOM couplers
to the cavity, the lowest frequency HOM was ‘split’ into two modes. This is
a result of the HOM coupler’s transmission line resonance from the hook to
the band-stop filter geometry. The resonance has a high amplitude within

1Due to the profile of the proton bunch, the HOM excitation is inversely proportional to the
frequency with a ‘Gaussian-like’ dependence.
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the bandwidth of the first HOM, but has a much lower bandwidth than the
HOM.

• Many horizontal modes are over the impedance threshold: There
are six modes for which the horizontal impedance is over the impedance
threshold. Furthermore, they are all more than a factor of two higher than
the design threshold and one is low frequency. This is a result of the general
field topology of the horizontal modes. Whereas the highest impedance verti-
cal modes generally have a high magnetic flux around the central resonators
at the cavity base, which couples well to the hook type HOM couplers po-
sitioned at 90◦ to this flux, the high impedance horizontal modes do not
necessarily have the highest magnetic field at this location.

• The mode which is damped by the pick-up probe is over the
impedance threshold: The mode (1754 MHz) has a high field area on
the upper surface of the cavity, but it is concentrated in a plane which the
HOM couplers cannot efficiently couple to. There is also a high field area
on the beam-pipe blend. It is hence damped by the Pick-Up (PU) probe,
which uses a ‘mushroom-like’ geometry to coupler to the electric field at the
beam-pipe. The mode’s field topology is shown in Fig. 4.3 alongside a 3D
model of the pick-up probe.

(a) Electric (left) and magnetic (right) field topology
of the 1.75 GHz mode (arbitrary units).

(b) Pick-up probe used for sam-
pling the fundamental mode and
damping the 1754 MHz mode.

Figure 4.3: Horizontal mode damped by the beam-pipe pick-up probe.
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4.2 Power Calculations

As discussed, the large HL-LHC beam current could result in a high HOM power
from interactions with longitudinal HOMs. For reference, an example of a machine
with problems from high HOM power is that of the Spallation Neutron Source
(SNS) [109].

4.2.1 Nominal Power Spectra

Firstly, the ‘nominal’ HOM power, i.e. the power assuming that there is no devi-
ation in mode parameters from that of the simulated case, was calculated for the
dressed SPS DQW crab cavity in the HL-LHC. The HOM power is given by

P‖ = J2
A

∞∑
−∞

Re
{
Z‖(kω0)

}
|Jk|2 (4.2)

where JA is the average beam current, k the integer value representing the
revolution harmonic, ω0 the angular revolution frequency and Jk

1 the normalised
Fourier harmonic of the beam current. As the longitudinal impedance is known
(Fig. 4.2a), it is only the beam components (JA and Jk) that are unknown. The
Beam parameters for HL-LHC are shown in Tab. 4.2.

Parameter Value
Machine HL-LHC
Number of bunches, M 2748
Particles per bunch, Np 2.2× 1011

Harmonic number, h 35640
RF frequency, fRF 400.8 MHz
Bunch length, σt 1.2 ns
Bunch spacing, tbb 24.95 ns

Table 4.2: Parameters for HL-LHC beam.

The average beam current is the charge, i.e. the number of protons (M ×Np)
multiplied by the proton charge (+eC), multiplied by the revolution frequency
(f0 ∼ 11 kHz for the LHC). The resulting value for the HL-LHC is ∼ 1.1 A.

1In literature, Jk is also referred to as the ‘time structure’ of the beam.
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To calculate the normalised Fourier harmonic of the beam current (Jk), the
bunch pattern and filling scheme can be generated in the time-domain and Fourier
transformed into the frequency domain. It can also be computed directly in the
frequency domain, which is far less demanding computationally. From [110], the
normalised Fourier harmonic of the beam current is given by

Jk = sin(ntrπkf0ttt)
ntrsin(πkf0ttt)

ej(ntr−1)πkf0ttt

︸ ︷︷ ︸
number of trains

× sin(Mπkf0tbb)
Msin(πkf0tbb)

ej(M−1)πkf0tbb

︸ ︷︷ ︸
number of bunches

× S(kf0)︸ ︷︷ ︸
bunch profile

(4.3)
where ntr is the number of trains, k is the integer value representing the revolu-

tion harmonic, f0 is the revolution frequency, ttt is the spacing between the trains,
M is the number of bunches, tbb is the spacing between the bunches and S(kf0)
is the bunch profile ‘envelope’. For example, if a Gaussian profile was used, this
function would be represented by exp (−2(πkf0σ)2).

The equation is split into three terms (annotations shown in Eq. 4.3). The
first term represents a modulation due to the number of bunch trains, the second
shows the modulation due to the number of bunches in each train and the third,
as mentioned, represents the form of the bunches.

The value of Jk as a function of frequency is shown in Fig. 4.4 for a single
bunch and for multiple bunches in the same train. Jk is only non-zero at multiples
of f0.

The two parameters which effect the modulation of the multibunch train are
the bunch spacing tbb and the number of bunches M :

• Figure 4.4c shows the bunch spacing harmonics at multiples of 1/tbb.

– The largest excitation in a multibunch regime is at the bunch spacing
harmonic frequencies and as such it could be very detrimental to have
a HOM frequency allign with a multiple of 1/tbb.

• Figure 4.4d shows the 15th bunch spacing harmonic over a narrower frequency
range and details the modulation as a result of the number of bunches M .
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(a) Single bunch.
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(b) 12 bunches.
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(c) 12 bunches, narrow frequency range.
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(d) Modulation with bunch number (M).

Figure 4.4: Jk as a function of frequency. The bunch parameters shown in Tab. 4.2
were used apart from the number of bunches (varied). A Gaussian bunch profile
is used.

– Even though the intensity increases with bunch number, the value of
Jk at a discrete frequency could decrease as the number of bunches is
increased. As such, HOM power does not necessarily increase with the
number of bunches.

In addition to the modulation as a result of the number of bunches and their
spacing, the number of trains also modulates the form of Jk as a function of
frequency. Due to kicker rise times and the need for ‘abort gaps’, the bunches are
arranged using a pre-defined ‘filling scheme’. The filling scheme for the HL-LHC
is shown in Fig. 4.5.

The majority of the trains in the filling scheme consist of 72 bunches. To
evaluate the modulation effect of the trains and the filling scheme detailed in
Fig. 4.5, Jk as a function of frequency was generated for:

1. A single train of 2748 bunches.
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Figure 4.5: HL-LHC filling scheme. Image from [111].

2. 39 trains of 72 bunches with a train spacing of 80 RF buckets1.

3. The HL-LHC filling scheme.

For the filling scheme, the bunches were firstly generated in the time domain
and transformed into the frequency domain with a Fast Fourier Transform2 (FFT).
The comparison is shown in Fig. 4.6.
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Figure 4.6: Jk as a function of frequency for three filling schemes. The frequency
range is chosen to highlight one of the bunch spacing harmonics.

The train spacing harmonics, spaced at ∼ 0.5 MHz from one another, are visible
from the plot of the multiple trains with the additional modulation due to the
various train lengths and abort gap shown as a result of the HL-LHC filling scheme.

1The RF bucket size for the LHC is 1/frf = 1/(400.8× 106) ≈ 2.495 ns.
2Computationally expensive at high frequencies.
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In all cases however, the highest value of Jk is at the frequency of the bunch
spacing harmonics and is the same amplitude for each of the filling schemes pre-
sented. The value of Jk at a multiple of 1/tbb is around an order of magnitude
higher than the side-bands which result from the train spacing and abort gap
modulation.

The resulting power spectra (Eq. 4.2) was calculated for each of the three filling
schemes and is shown in Fig. 4.7.
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(a) One train of 2748 bunches.
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(b) 39 trains of 72 bunches.

600 800 1000 1200 1400 1600 1800 2000
Frequency [MHz]

0

10

20

30

40

50

P 
[d

B
m

]

(c) Using HL-LHC filling scheme.

Figure 4.7: HOM power from the SPS DQW crab cavity in the HL-LHC with the
three filling schemes detailed.

In each of the three cases, the main contribution to the HOM power, referring
to the longitudinal impedance spectra and values detailed in Fig. 4.2a and Tab. 4.1
respectively, comes from the first HOMs and the longitudinal mode at 960 MHz.
Whilst the first frequency band of HOM power is consistent for the three filling
schemes, interaction with the 960 MHz mode changes significantly. The parameters
for this mode are shown in Tab. 4.3.

The power calculations show that for the simulated design, the nominal summed
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Frequency [MHz] Qe Rv [kΩ/m]a Rh [kΩ/m] Rl [kΩ]b
958.87 10300 15 0 100

Table 4.3: Parameters for the longitudinal mode at 960 MHz.
aTransverse threshold: 1 MΩ/m/cavity
bLongitudinal threshold: 200 kΩ/cavity

power up to the beam pipe cut-off frequency is less than 100 W. This represents a
factor of ten less than the design limit of 1 kW defined in [108]. However, due to
manufacturing tolerances, the cavity and coupler geometry, and hence the mode
frequencies and quality factors, will not be exactly that of the simulated values.
Therefore, it is important to evaluate the effect of mode parameter shifts from
that of the nominal simulated values.

4.2.2 HOM Measurements - Cryomodule Test Stand

To gain insight into the magnitude and direction of HOM frequency and quality
factor shifts as a result of manufacturing errors, the SPS DQW dressed cavity
HOM parameters were measured.

Prior to installation in the SPS, the cryomodule was tested in a purpose built
concrete bunker (named M7) at CERN’s cryogenic test facility, SM18 [112]. The
bunker with the cryomodule is shown in Fig. 4.8.

The test motivation was to validate cryomodule performance through the cool
down and at the fixed operational temperature of 2 K. RF performance tests
included: fundamental mode characterisation, HOM measurements, mode tracking
with environment fluctuations, tuner validation and the effect of the tuner on the
HOMs.

To quantify the HOM characteristics, S21 measurements were taken from 0–
2 GHz using several port configurations as to identify the maximum number of
modes measurable. Figure 4.9 displays the broadband measurements taken on the
CERN-DQW-001 and CERN-DQW-002 cavities, for four ancillary configurations.
The dressed cavity schematic shown in Sec. 4.1 (Fig. 4.1a) details the coupler
nomenclature used. Note, the Fundamental Power Coupler (FPC) port was not
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Figure 4.8: SPS DQW cryomodule in CERN’s SM18 cold test faciltiy - concrete
bunker ‘M7’.

used due to the 400 MHz circulator installed on both cavities1.
As the electromagnetic field profile differs from mode to mode, the different

ancillaries can have different coupling coefficients for a given mode. Hence, it is
possible to measure some modes via only one of the transmission configurations.
An example of this is the mode at a measured frequency of ∼ 860 MHz. From
Fig. 4.9, this is only observed in the HOMC2-HOMC3 transmission measurement.
This suggests that the high field area for this mode is located at the bottom of the
cavity, or that the top HOM coupler is located at a field ‘node’.

From the transmission measurements, the mode frequencies were noted for each
coupler configuration. Following this, all modes were measured in transmission
over a frequency span no larger than five times the 3 dB bandwidth. A resonator
fit was used and the centre frequency and loaded-Q was established. In most
cases, multiple measurements of the same mode were taken. In these cases, the
average of the measured frequency and loaded-Q were calculated. The standard
deviation between the measurements hence gave an idea of the measurement error.

1Perturbing the broadband response.
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Figure 4.9: S21 measurements for each DQW crab cavity with corresponding port
configurations. Cavity one is represented by the continuous black lines and cavity
two by the dashed blue lines.

This error could be because one orientation was weakly coupled to the mode and
hence susceptible to interference from noise, or because a strongly coupled mode
close in frequency perturbed the resonance. Figure 4.10 shows the quality factors
against frequency for both cavities. The mode parameters were measured during
2 K operation and hence, as discussed in Chapter 2, it is assumed that Ql = Qe as
the value of Q0 is very large compared to Qe.

It should be noted here that there was a manufacturing non-conformity on
both DQW crab cavities for the SPS [113]. This non-conformity meant that each
of the HOM coupler ports were 5 mm longer than that of the design. To accurately
compare simulations to measurements, the cavity with the HOM couplers retracted
by 5 mm was simulated and it is this data-set used in Fig. 4.10.

Apart from the first four HOMs, the mode parameters are close to the simulated
at low frequencies, but deviate more as the frequency increases. This may be
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Figure 4.10: External quality factor against frequency.

because at higher frequencies the effect of smaller geometric deviations becomes
more prevalent on the mode parameters.

4.2.3 Comparing Measurements to Simulations: Broad-
band

The measured modes were compared to the simulated modes with an automated
script which ‘looked’ for the simulated mode with the closest frequency to that of
the measured. It should be noted that it is assumed that the frequency shift of
the modes (from simulated to measured) is lower than the frequency spacing to
the adjacent mode. This may not be true in all cases.

The deviation of the cavity mode parameters from the simulated case is dis-
played in Fig. 4.11 with the average and standard deviation shown in each plot.

Referring to the frequency deviations, the HOM frequency in both cavities was
higher than that of the simulations. The average increase in frequency from the
entire data-set was 1.5 times larger in cavity two than cavity one. However this
is significantly perturbed by the first four modes and if these are removed, the
average increases in frequency become 0.27% and 0.31% for cavity one and two
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(b) Cavity 1 - QL.
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(c) Cavity 2 - Frequency.
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(d) Cavity 2 - QL.

Figure 4.11: Deviation of the the measured mode parameters from the simulated.
Average and standard deviations are presented in each measurement set.

respectively.
In both measurement sets, there are three modes which are outside the standard

deviation at ∼ 1.65 GHz. There are many modes at this frequency which strongly
depend on the coupler geometry. In some cases, the measured mode could have
been compared to the incorrect simulated mode.

This notion is strengthened by the quality factor deviation plots. In both cases
there is a large increase in quality factor for one of the modes at ∼ 1.65 GHz.
There is also a large increase in quality factor for the mode at ∼ 704 MHz in both
cavities.
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On average, the mode quality factors have slightly decreased from that of the
simulations by about 3 and 2% for each cavity. However, the standard deviation
shows that it is possible for the quality factor, and hence impedance, to double.

Three measured modes were not included in the comparative data-sets shown
as they were ‘flagged’ for manual analysis as a result of the quality factor shift
being ten times larger than the simulated quality factor. The three modes that
were discounted are shown in Tab. 4.4. The simulated mode used for comparison
is underlined and the manually assigned mode is ‘boxed’.

Simulated Modes Measured Modes
Cavity 1 Cavity 2

f [MHz] Qe f [MHz] Qe f [MHz] Qe
684.84 1604

690.02 4644 689.82 14471 ‘F1’
686.16 20
686.22 19
686.31 20
701.22 1335
1499.92 6061

1504.55 4822 1504.20 7753 ‘F2’1500.40 213
1508.71 174
1511.24 167
1641.90 83568

1658.05 69524 1656.37 20699 ‘F3’

1659.12 ∗ 10981
1662.01 32510
1662.19 285289
1662.93 39046
1663.16 12471
1664.57 8127
1679.66 3755

Table 4.4: Modes for which the Q deviation was over a factor of ten in at least
one cavity. The closest simulated mode is underlined and a box is placed around
the manually chosen mode.
∗There is already a mode compared to 1641.90 MHz.

Of the three ‘flagged’ modes (at 690, 1504 and 1657 MHz and denoted as ‘F1’,
‘F2’ and ‘F3’ as shown in the table) the second ‘F2’ is now within the frequency
and quality factor standard deviation shown in Fig. 4.11.

For the first mode ‘F1’, although the frequency is outside the standard deviation
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for cavity one but inside for cavity two (shifts of +0.76% and +0.73% with respect
to the simulated mode), the frequency shifts are reasonable. The quality factor
has increased by a factor of 2.9 and 9.2 respectively for each cavity. This is still
far outside the standard deviation in both cases.

For the third mode ‘F3’, because of the large number of simulated modes which
are close in both frequency and quality factor, it is difficult to compare the mea-
sured mode to a simulated one with much confidence. If the mode is compared to
the one ‘boxed’ in Tab. 4.4, the frequency shifts are within the standard deviation,
but the quality factors have increased by factors of 6.3 and 1.9 respectively.

Comparing all the measured modes to the simulated modes (manually changed
for two modes), the new shift values were calculated and are shown in Tab. 4.5.

Cavity (fsim − fmeas)/fsim (Qsim −Qmeas)/Qsim

Average Standard Deviation Average Standard Deviation
1 -0.0032 0.0028 -0.0422 1.1468
2 -0.0047 0.0043 0.0488 1.5853

Table 4.5: Corrected shifts between the measurements and simulations.

From the broadband measurements, the mode’s which deviate significantly
from the simulated values are:

• Frequency: First HOMs and some modes ∼ 1.65 GHz (although difficult to
compare the correct measured and simulated modes).

• Quality factor: 685 MHz (horizontal mode) and 701 MHz (hybrid mode:
similar longitudinal, vertical and horizontal impedance).

Referring back to the test-box measurements detailed in Chapter 3, Sec 3.4,
these modes both lie in the frequency range highlighted as ‘under-damped’.

4.2.4 Comparing Measurements to Simulations: Detrimen-
tal Modes

Referring to the first HOMs, these four have have moved in frequency significantly
compared to the simulated case. The simulated and measured frequencies of these
modes are detailed in Tab. 4.6.
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Mode typea Mode Frequency [MHz]
Simulated Cavity 1 (Deviation) Cavity 2 (Deviation)

l 569.16 571.16 (+ 2.00) 576.39 (+ 7.23)
l 574.34 574.51 (+ 0.17) 582.32 (+ 7.98)
h 574.47 578.78 (+ 4.31) 586.84 (+ 12.37)
l 586.51 589.82 (+ 3.32) 591.40 (+ 4.89)

Table 4.6: Simulated and measured frequencies for the first HOMs.
av: vertical, h: horizontal, l: longitudinal, hy: hybrid

In all cases, each of the first HOMs has increased in frequency compared to that
of the simulated and the modes in cavity two have increased by a larger amount.
In both cavities, the largest frequency increase is shown by the mode at 574 MHz
(simulated frequency). The frequency shift can become detrimental if it alters the
mode’s frequency to a multiple of the bunch spacing harmonic frequency. At an
RF frequency of 400.8 MHz, filling every tenth RF bucket results in a tbb value of
24.95 ns and hence a bunch spacing harmonic frequency of 40.08 MHz. Therefore,
the two detrimental frequencies near to the first HOMs are at 40.08× 14 = 561.12
MHz and 40.08 × 15 = 601.20 MHz. Hence, the first mode has moved further
away from the 14th bunch spacing harmonic and the final mode has moved closer
to the 15th bunch spacing harmonic. However, even for the largest deviation seen
for this mode (cavity two, + 4.89 MHz), the mode is 9.8 MHz away from the bunch
spacing harmonic, a factor of two larger than the mode frequency shift. Strong
excitation of any of the first HOMs by a bunch spacing harmonic is therefore
unforeseen. Additionally, the Qe for every mode has reduced compared to that of
the simulations. The larger bandwidth increases the power at the frequencies of
the bunch spacing harmonics, but decreases the ‘worst-case’ power feasible as a
result of HOM-harmonic alignment.

In addition to the first modes, the deviation of the low frequency, high impedance
modes (Sec. 4.1, Tab. 4.1) are of interest. The simulated and measured mode pa-
rameters for these modes are shown in Tab. 4.7. The 1754 MHz mode is also
included as it is only damped by the pick-up antenna and therefore of interest.

As discussed in the broadband comparisons, the first two modes in the table
(684.84 and 701.22 MHz) have significantly increased in quality factor compared
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Mode typea Simulation Cavity 1 Cavity 2
f [MHz] Qe f [MHz] Qe f [MHz] Qe

h 684.84 1604 690.02 4644 689.82 14471
hy: v,h,l 701.22 1335 703.66 4137 704.01 6719

v 746.32 11051 748.63 15468 748.77 18237
v 926.88 18982 930.07 16634 929.92 11520
l 959.06 15994 962.37 13471 962.53 11315
h 1754.33 9121 1756.07 12085 1756.36 7156

Table 4.7: Simulated and measured mode parameters for low frequency, high
impedance modes. The 1754 MHz mode is also included.

av: vertical, h: horizontal, l: longitudinal, hy: hybrid

to the simulated values by average factors of 6 and 4 respectively.

4.2.5 Frequency Spread and Harmonic Interaction Risk

Generally, the HOM frequencies have increased by similar amounts in cavity one
and two and hence the inter-cavity frequency spread is low. If the HOMs in the two
cavities overlap, the impedance effectively doubles and hence a spread between the
cavities acts to reduce the maximum of the summed impedance for the cryomodule.
The inter-cavity spread was evaluated for all modes and is shown in Fig. 4.12.

(a) Inter-cavity frequency spread. (b) Inter-cavity spread as a percentage of
3 dB bandwidth.

Figure 4.12: Mode frequency analysis.
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4. IMPEDANCE AND POWER CALCULATIONS

The plot of frequency spread (in MHz) is shown in Fig. 4.12a. The first HOMs
are far in frequency from the same modes in the other cavity, decreasing the
maximum impedance but increasing the effective bandwidth. The majority of
the modes are above 100 kHz apart from one another, excluding three. To assess
whether these modes, or any other HOMs, will destructively overlap, the second
plot in Fig. 4.12b shows the frequency separation as a percentage of the modes
average measured 3 dB bandwidth. Lower values represent a stronger interaction
between the two cavity modes. Four modes are shown to have values at around
10%. None of the four modes have impedance values greater than half that of
the thresholds and as such the overlap is not problematic (assuming the mode
impedances match the simulated values).

To evaluate the modes which are at risk of causing high HOM power, the
mode distances from the multiples of the bunch spacing harmonic frequencies
were evaluated. This is shown in Fig. 4.13 for all modes measured. Modes which
are close in frequency to a harmonic are labelled with the mode’s longitudinal
impedance and the HOM power as a result of mode-harmonic alignment with
HL-LHC beam parameters.

Figure 4.13: Frequency deviation of each mode from the nearest bunch spacing
harmonic. The longitudinal impedance and ‘alignment power’ is annotated for
modes close to a harmonic.

If the same cavity and HOM coupler designs are used in the HL-LHC and the
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frequency shifts are simular to the SPS DQW crab cavities, there is a risk of a
HOM power of 9 times the threshold as a result of the longitudinal mode at around
960 MHz, interacting with the 24th bunch spacing harmonic of the HL-LHC beam.

4.2.6 Comparison with Test Box Measurements

The transmission characteristics of the HOM couplers were measured using ‘test-
boxes’. These measurements are presented in Chapter 3, Sec. 3.4. The difference
between the simulated and measured response was quantified in each case (∆S21).

To evaluate whether the deviation in the mode quality factor (simulated to
measured) could be predicted using the pre-installation coupler measurements,
the ∆S21 from the test-box measurements was compared to the Q-shift from the
cryomodule measurements detailed in Sec. 4.2.2. This is shown in Fig 4.14.
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Figure 4.14: A plot of the coupler transmission deviations (from the simulated
response) quantified with the test box measurements overlaid with the SPS DQW
HOM quality factor shifts (from the simulated values). Note, the transmission
difference (∆S21) is plotted here as the simulated response subtracted from the
measured. The measurements for the four couplers are shown in grey and the
average is shown by the thick blue line.

The deviation in quality factor correlates well with the average deviation be-
tween the simulated and measured text-box responses. Specifically, the main
quality factor increases (at ∼ 700, 1100 and 1600 MHz) are predicted from pre-
installation analysis of the HOM couplers. The two modes found to have the
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highest quality factor deviations in Sec. 4.2.4 were those at 685 and 701 MHz.
Broadband under-damping in this frequency range is predicted by the test-box
measurements.

To evaluate whether the magnitude of the quality factor deviations can be
predicted, Table 4.8 details the gain predicted from the average of the coupler
measurements and that measured from the quality factor deviations.

∆S21 [Linear Gain] Qe(meas.)/Qe(sim.)
Mode Frequency [MHz] Minimum Maximum Cavity 1 Cavity 2

685 1.07 3.54 2.90 9.02
704 3.15 7.98 3.10 5.03

Table 4.8: Predicted and measured quality factor shifts for the outliers.

Although predicting the modes which will significantly change in quality factor,
the coupler measurements are not able to predict the exact quality factor. To allow
a more accurate prediction of the quality factor of each HOM in the two cavities:

• The data for every HOM coupler is needed. Currently two HOM couplers
are missing due to a calibration error on the broad-band measurements.

• The information regarding which HOM coupler is installed on which port on
the cavity is needed. This was not logged in the assembly stages.

• The mode dependant coupling would need to be quantified. For example,
if a given HOM only couples to one of the HOM couplers, any transmission
change of a different coupler will have no effect on the HOM parameters.

However, as a proof-of-principle, the test-boxes give a strong indication as to
which modes will receive less damping than expected. This information could be
used as an acceptance criteria for the HOM couplers and could also allow ‘coupler
location optimisation’. For example, if a high impedance mode only couples to
one coupler, the coupler with the highest transmission at this frequency should be
assigned to this port location.
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4.2.7 Applying Measured Tolerances

The data presented in Sec. 4.2.3 allowed tolerances to be applied to the cavity’s
HOM parameters. The effect of these tolerances on HOM power (with the HL-
LHC beam parameters) was assessed. Referring to the HOM power, the worst case
power for a mode is a result of the interaction with a bunch spacing harmonic.
To identify modes which could produce a large HOM power as a result of this
interaction, a global frequency shift was applied to the HOM table and the HOM
power calculated as a function of the shift. A continuous train of bunches was used
since, for the SPS DQW HOM longitudinal impedances, it is only the interaction
of a HOM with the bunch spacing harmonics which could generate a power larger
than the 1 kW threshold.

The summed power as a function of the shift is displayed in Fig. 4.15. It should
be noted that the step in ∆f/f should be small enough to take into account the
bandwidth of a mode with the highest quality factor at the highest frequency of
interest.
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Figure 4.15: Total power as a function of a global frequency shift applied to every
mode in the simulated data-set. The frequency shift range used encapsulates the
measured range.

The sweep shows a distinctive peak at a global mode frequency shift of +0.32%.
If the power spectra is plotted as a function of frequency at this global mode fre-
quency shift, the high power is shown to be a result of the interaction between
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the longitudinal mode at ∼ 960 MHz and the 24th bunch spacing harmonic, result-
ing in a total power of ∼ 11 kW. The mode was identified as a potential risk in
Sec. 4.2.5. For reference, the plot in Fig. 4.15b is annotated with the frequency
shifts measured for the 960 MHz mode alongside the average shifts for each cavity.
Figure 4.16 shows the spectral power at the detrimental frequency shift alongside
the difference from the nominal case.
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(b) Difference between the detrimental and
nominal spectra.

Figure 4.16: Evaluation of the power spectra with a +0.32% global mode frequency
shift.

For the HL-LHC DQW crab cavities, it is essential that the longitudinal impedance
of the mode at 960 MHz is reduced, or that the frequency is shifted to beyond the
specified limits.

To evaluate the worst case for the HOM power, the frequency and quality factor
deviations measured were applied stochastically to each mode.

The frequency was varied from the lowest average shift value minus the largest
standard devitation to the highest shift value plus the highest standard deviation.
This corresponded to shifts of −0.9%→ +1.1%, hence varying over a 2.4σ range.
The random samples were generated as a ‘random-uniform’ distribution to avoid
unrealistic peak powers from the ‘tails’ of the Gaussian function.

Since the quality factors shifted in oposite directions in each cavity, the stochas-
tic range was set from the cavity two average shift minus one standard deviation,
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to the cavity one shift plus one standard deviation. The resulting range was
50%→ 200%.

The average and maximum power were recorded for various sample sizes (to
evaluate convergence) and are displayed in Fig. 4.17. The plot is annotated with
the power that would result from every HOM moving by the average frequency
shift measured in both cavities. The analysis shows that the average and maximum
values for the total HOM power are ∼ 250 W and 11 kW. The maximum power
feasible is mainly caused by the 960 MHz mode (> 90%).
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Figure 4.17: Total power as a function of stochastic deviation samples. The blue
circles represent the average and the red triangles are the maximum.

4.3 Conclusions

Evaluation of the SPS DQW crab cavity impedance and HOM power (with HL-
LHC beam parameters) had four main stages:

Impedance calculations

• The longitudinal and transverse impedance was calculated for every mode
up to the beam-pipe cut-off frequency of 2.1 GHz. Modes with impedances
above the HL-LHC threshold were identified.

Nominal power calculations
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• The HOM power resulting from the HL-LHC beam and SPS DQW crab
cavity longitudinal impedance spectra was calculated.

• It was shown that the highest power is seen at multiples of the bunch spacing
harmonic frequency, i.e. multiples of 1/tbb.

• The nominal integrated power was over ten times less than the threshold of
1 kW.

• The main contributions to the power were the first HOMs and the longitu-
dinal mode at 960 MHz.

Measurements

• The HOM characteristics were measured during the SPS DQW cryomodule
test.

• The deviation of the measured frequency and quality factor of the HOMs
from their simulated values was quantified.

• The frequencies of the modes which deviated with significance from their
simulated values are shown in Tab. 4.9.

Frequency deviation
First four HOMs: 569, 574.3, 574.5, 587 MHz

HOMs at ∼ 1.65 GHz

Quality factor deviation
685 MHz (Factors: 2.9 & 9.0)
701 MHz (Factors: 3.1 & 5.0)

Table 4.9: HOMs which deviated with significance from the simulated case.

• The inter-cavity frequency spread and risk of a mode interacting with a
bunch spacing harmonic was evaluated.

• Interaction of the HL-LHC beam and the longitudinal mode at 960 MHz was
evaluated as feasible and capable of generating a HOM power of nine times
the threshold.
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Test-boxes

• Chapter 3 detailed the transmission characterisation of the HOM couplers
using the ‘test-box’.

• Comparison of these measurements with the HOM quality factor measure-
ments showed that it is possible to predict the modes which will significantly
shift from the simulated case. Exact prediction of the HOM quality factors
needs more information.

• HOM coupler qualification and port-location optimisation was proposed.

Worst-case HOM power

• The measured frequency and quality factor shifts were applied to the HOM
power calculations.

• The maximum power feasible was 11 times that of the threshold and mainly
a result of the interaction of longitudinal mode at 960 MHz with the 24th

bunch spacing harmonic of the HL-LHC beam.

The simulations, measurements and analysis provide information on how the
SPS DQW crab cavities will interact with the HL-LHC beam and by how much the
HOM characteristics can shift from the expected. A recurring feature throughout
the analysis was the possibility of high HOM power as a result of the longitudinal
HOM at 960 MHz. Even though this mode is within the impedance threshold,
it’s quality factor should be reduced or it’s frequency moved further from the
24th bunch spacing harmonic (assuming tbb = 25 ns) for installation as part of the
HL-LHC upgrade.
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Chapter 5

HL-LHC DQW HOM Coupler

With respect to cavity impedance and HOM power, the analyis shown in Chapter 4
highlighted areas for which the SPS DQW crab cavity1 is not suitable for the HL-
LHC upgrade.

Furthermore, after experience gained from manufacturing the HOM couplers
for the SPS tests, geometric changes were necessary to increase the simplicity of
the machining and welding processes.

5.1 Design Goals

The first RF design goal was to reduce the impedance of all HOMs to below
200 kΩ/cavity and 1 MΩ/m/cavity respectively for longitudinal and transverse
modes [108]. In addition to these thresholds, the longitudinal mode at 959 MHz
(simulated frequency) needs to be damped further due to its high longitudinal
impedance and proximity to the 24th bunch spacing harmonic of a HL-LHC beam
with 25 ns bunch spacing. The frequency, quality factor and impedance of this
mode are detailed in Tab. 5.1.

As discussed in Chapter 4, for a total bunch length of 1.2 ns (Tab. 4.2) the
normalised Fourier harmonic amplitude (Jk) at the 24th harmonic is ∼ 0.2. The
maximum longitudinal impedance (to produce 1 kW) is 10.33 kΩ. Assuming the

1The vertical crab cavity and ancillary design used for preliminary validation in the Super
Proton Synchrotron (SPS).
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5. HL-LHC DQW HOM COUPLER

Frequency [MHz] Qe Rv [kΩ/m]a Rh [kΩ/m] Rl [kΩ]b
570.36 3080 3 0 77
590.14 1920 0 0 61
958.87c 10300 15 0 100

Table 5.1: Parameters for the longitudinal mode at 960 MHz.
aTransverse threshold: 1 MΩ/m/cavity
bLongitudinal threshold: 200 kΩ/cavity
cClose to 24th bunch spacing harmonic.

r/Ql does not change significantly with coupler geometry, this means the Qe should
be reduced by at least a factor of 10 to below 1000. As seen from the HOM mea-
surements shown in Chapter 4, Sec. 4.2.3, the quality factors of the manufactured
cavity can deviate from the simulated value by up to a factor of 2. Although
this was not the case for the 959 MHz mode, a ‘safety factor’ of two was used for
this mode. As such, a longitudinal impedance limit of 5 kΩ was specified for the
959 MHz mode.

Finally, the maximum integrated HOM power (taking into account mode fre-
quency and quality factor shifts) must be kept lower than 1 kW.

As an indication as to which other modes could produce a high HOM power,
a plot of the maximum mode power feasible as a function of it’s distance from the
closest spectral harmonic was plotted and is shown in Fig. 5.1.

Figure 5.1: Power as a result of a mode interacting with the 24th bunch spacing
harmonic as a function of the distance from the harmonic.

For HOM power, it is clear that the most ‘at-risk’ modes are the longitudinal
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modes at 570 , 580 and 959 MHz (parameters detailed in Tab. 5.1), but that the
two low frequency modes are unlikely to align with a bunch spacing harmonic. The
three modes are detailed in Tab. 5.1 and the field profiles are shown in Fig. 5.2.

(a) 570 MHz: E-Field. (b) 570 MHz: H-Field.

(c) 590 MHz: E-Field. (d) 590 MHz: H-Field.

(e) 959 MHz: E-Field. (f) 959 MHz: H-Field.

Figure 5.2: Field topologies for the modes capable of producing over 1 kW of HOM
power as a result of interaction with a bunch spacing harmonic.

As the 580 MHz mode is a high r/Q‖ mode (can only be changed with cavity
geometry), significant reduction in power is not trivial with transmission alter-
ations of the HOM coupler. However, the other two modes are high Qe modes and
hence, if it is possible to couple to these modes, geometric changes of the coupler
could vastly change the longitudinal impedance.

115



5. HL-LHC DQW HOM COUPLER

From the manufacture of the SPS DQW HOM coupler (shown in Fig. 5.3), three
difficulties were apparent with respect to machining and assembly [114]. The first
was the long machining time. The machining time of complex geometries such
as couplers is often one of the most expensive steps and hence had to be reduced
with the new coupler design1. Secondly, welding difficulties were experienced with
the area which the ‘stub’ connects to the capacitive jacket as it was ‘non-planar’
due to the changing radius of the capacitive jacket’s cross-section. This complexity
increases the likelihood of not meeting manufacturing tolerances. Finally, the outer
conductor was an expensive and time consuming piece to manufacture as currently
it has to be machined from a block of niobium. Ideally, the piece would be made
from a rolled niobium tube and the perpendicular line would be extruded. This
was not possible for the SPS design however, as the bottom of the perpendicular
output line is flush with the base of the structure. The welding and extrusion
constraints are highlighted in Fig. 5.3.

Figure 5.3: Two dimensional schematic of the manufactured SPS DQW HOM
coupler geometry with two manufacturing issues highlighted.

1Whereas six HOM couplers and two spares were required for the SPS tests, at least double
are required for the HL-LHC (Appendix Sec. 1).
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5.2 Initial Geometry Changes

To provide a base model for RF optimisation, methods to address the manufac-
turing difficulties were firstly investigated. The methods are depicted in Fig. 5.4
and described hereafter.

(a) SPS DQW HOM coupler geometry.

(b) Jacket:
flat section.

(c) Stub:
square profile.

(d) Stub:
tapered.

(e) Profile:
rectangular.

(f) Bend:
lifted.

Figure 5.4: SPS DQW HOM coupler geometry (top) and the trialled mechanical
alterations (bottom) that would simplify manufacturing processes.

To improve the welding ease of the stub to the jacket, a flat section on the
jacket was incorporated. This would allow a fully penetrating electron beam weld
without difficulties achieving weld uniformity. This concept is shown in Fig. 5.4b.
The alteration increases the average distance between the jacket and the outer wall,
hence reducing the capacitance of the band-stop filter. Referring to the coupler’s
equivalent circuit response detailed in Chapter 3, this reduction in capacitance
results in an increased stop-band frequency and hence, to compensate, the jacket
should be lengthened or the stub inductance increased.

Methods of increasing the stub inductance are shown in Figs. 5.4c and 5.4d.
With a rectangular profile inductive stub, the inductance is no longer constrained
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by the diameter of the central shaft as the cross-sectional height can be varied
down to the lower end of the capacitive jacket. The inductance can be further
increased by revolving the stub around the central shaft if necessary, but this
could add further complications relating to the electron beam welding.

The final two alterations, shown in Figs. 5.4e and 5.4f, were the incorporation
of a rectangular profile and lifting of the output line with respect to the lower end
of the coupler (where the inner conductor is welded to the outer wall). The square
profile significantly reduces the machining time of the coupler, as it is made from
a solid block of Niobium and the curvature of a circular cross-section takes a long
time to ‘shape’ using a multi-axis CNC lathe.

For an initial design analysis, all of the alterations detailed in Fig. 5.4 were
implemented, except the tapered stub which could be incorporated in the case
that a larger band-stop filter inductance is required. The coupler design with the
alterations is shown in Fig. 5.5a and the transmission response for the coupler is
shown in Fig. 5.5b.

(a) DQW HOM coupler with new features
(vacuum geometry) and annotated with the
parameters used to alter the geometries in
the 3D modelling suite.
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(b) Initial response of the altered coupler.

Figure 5.5: Initial response of the altered coupler.

The transmission response is very similar to that of the SPS DQW HOM
coupler, with a distinctive stop-band and with four distinctive pass-bands resulting
from the transmission lines.

118



The band-stop filter response was tuned with the length of the stub connect-
ing the central conductor and the capacitive jacket. Lengthening this variable
increases both the inductance and capacitance of the band-stop filter. An analytic
approximation for the effect of the new jacket geometry on the band-stop filter
capacitance is shown in Appendix Sec. 4.
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5.3 Parametric Weighting

After conceptualising a base model for the HOM coupler re-design which improved
the ease of manufacture and validating that its operation still conformed to that of
the previous design, i.e. no spurious resonances were seen, the effect of the coupler’s
geometries on the transmission response were studied. As this section will refer
to the coupler’s circuit equivalences and their corresponding stop-band and pass-
band frequencies, Fig. 5.6 shows the coupler’s equivalent circuit, an annotated
schematic and the frequency bands with the circuit elements which most strongly
effect them.

(a) Equivalent circuit.

(b) Coupler schematic with annotated
transmission line geometries.

(c) Coupler transmission characteristics
with annotated frequency bands.

Figure 5.6: HOM coupler equivalent circuit geometries.

For the study, several 3D model parameters were varied. The frequencies of the
transmission features were tracked, allowing methods of pass-band optimisation
to be established. The results from the analysis are shown in Fig. 5.7. Note, the
studies were carried out before tuning of the band-stop filter.
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Figure 5.7: Stop-band and pass-band frequency shifts with geometric alterations.
The numbered frequencies corresponds to the stop-band and pass-bands detailed
in Fig. 5.6c.

Linear fits were applied to each of the trends to quantify the effect of the
geometries. Rather than detailing the large array of numerical values, for reference
and simplicity, Tab. 5.2 details the geometries altered, their circuit equivalences
(Fig. 5.6b) and the features of the coupler’s transmission response that they effect.
Filled circles show geometries that have the strongest effect on a given transmission
feature and empty circles show that the geometry has an effect on the feature but
is not the highest. The geometries which were predicted to have the largest effects
from the circuit modelling are ‘boxed’.

The geometries which alter the band-stop filter reactive elements (L and C)
are the only two which effect the stop-band frequency with any significance, as
expected. However, from the plots, their effect on the pass-bands is very signifi-
cant. It should be noted however, that this effect is arbitrary as is is the stop-band
interference which effects the pass-bands and, since this will be tuned to the fun-
damental mode frequency, the parameters are ‘locked’.
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5. HL-LHC DQW HOM COUPLER

Geometry Sim. pa-
rameter

Circuit el-
ement SB PB1 PB2 PB3 PB4

Length from the
central conductor
to the jacket’s flat
section.

flat x Cbs; Lbs •

Height of the
stub. stub h Lbs •

Length from
band-stop filter
to bend.

add length TLbs−b • •

Length of the out-
put line before the
capacitive gap.

bend l shift TLb−gap • ◦ ◦

Length from the
hook to the band-
stop filter.

stub y shift TLh−bs • ◦

Length from bend
to connection to
outer wall.

bend y TLb−gnd :↑
TLbs−b :↓ • ◦ ◦

Table 5.2: How the HOM coupler geometries effect the transmission features. The
stop-band (SB) and pass-band (PB) identifiers are shown in Fig. 5.6c. Filled circles
show the most strongly weighted and empty circles show parameters which have
an effect but less than that of another parameter. The ‘boxed’ symbols show the
parameters predicted to have the highest effect.

Notably, in the equivalent circuit analysis, the highest frequency pass-band was
most effected by the distance between the hook and band-stop filter sections. In
the 3D simulations the geometry from the band-stop filter to the bend section had
a larger effect on this coupler resonance. As discussed in the equivalent circuit
modelling section in Chapter 3, this could be the result of smaller geometries not
modelled in the circuit equivalence which become more prevalent at high frequen-
cies, interaction with the the stop-band close to this frequency (not modelled by
the equivalent circuit) or due to the length of the first transmission line length
varying with frequency. This is the only only area which the equivalent circuit did
not exactly predict the effect of the geometric changes to the 3D model.
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5.4 Optimisation

Following the parametric studies, using both equivalent circuits and 3D electro-
magnetic simulations, the coupler was optimised to:

• Reduce the impedance of all modes to within the thresholds:

– Transverse: 1 MΩ/m per cavity.

– Longitudinal: 200 kΩ per cavity.

• Reduce the longitudinal impedance of the mode at 959 MHz to less than 5 kΩ
per cavity.

• Ensure a worst case HOM power of 500 W.

As a reference1, the modes over the impedance threshold alongside the low
frequency, high impedance modes are displayed in Tab. 5.3.

Frequency [MHz] Qe Rv [kΩ/m] Rh [kΩ/m] Rl [kΩ]
570.36 3080 3 0 77
590.14 1920 0 0 61
681.62 1160 0 175 0
746.67 6160 1889 0 0
926.80 12600 0 4020 0
958.87a 10300 15 0 100
1620.25 187670 1 2187 1
1659.75 106680 0 2911 0
1662.25 3377420 2 4542 2
1746.23 35440 3132 0 3
1754.42b 23520 0 2047 0
1789.31 104020 1339 7 413
1840.93 16630 1108 0 1
1856.09 126610 1 4013 0
1953.89 57330 530 4 227

Table 5.3: Modes which are higher in impedance than the design limit (boxed)
and low frequency, high impedance modes.

aHigh power mode.
bDamped by the pick-up probe on the cavity beam-pipe.

1Already shown in Chapter 4.
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5. HL-LHC DQW HOM COUPLER

5.4.1 Optimisation 1: Larger Damping to the High Fre-
quency Modes

The first method employed was to move the pass-bands higher in frequency to
increase the damping to the high frequency modes above the impedance threshold.
The geometric feature chosen for alteration was the length from the bend to the
output capacitance. This feature was chosen as its circuit equivalence (TLb−gap)
had a strong effect on the passband now at around 700 MHz but also effected the
higher frequency pass-bands.

The coupler schematic, with the reduction of the length from the bend to
capacitive gap which increases the pass-band frequencies, is shown in Fig. 5.8a
alongside the transmission characteristics.

(a) 3D Model.
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(b) S21 response.

Figure 5.8: Modified HOM coupler for a more broadband response.

Compared to the original transmission response, the new model has a broader
response at high frequencies due to the decreased length from the bend to the
capacitance. This leaves a damping deficit in the region around 700 MHz. The
simulated cavity impedance spectra with these couplers is shown in Fig. 5.9.

Referring to the impedance spectra, the damping is generally better at high
frequencies compared to the SPS DQW HOM coupler. All high frequency modes
apart from one are now within the threshold. The mode at ∼1.85 GHz is around
40 times the impedance threshold in the vertical plane. This is likely a result of
an interaction with the TE coupler resonance acting between the capacitive jacket
and outer wall.
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(a) Longitudinal.
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(b) Vertical.
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Figure 5.9: Impedance spectra in each plane for the first modification of the DQW
HOM coupler.

With reference to the optimisation goals, this coupler significantly reduces the
impedance of the detrimental longitudinal mode at ∼ 959 MHz from 100 kΩ to
2.5 kΩ. This reduction is mostly due to the external quality factor decrease from
104 to 300, but as the HOM couplers now more significantly load this mode, the
r/Q‖ has also been reduced from 9.7 to 9.2 (∼ 5%).

However, the decrease in the HOM coupler’s transmission at low frequencies
means that the impedance of several low frequency modes have risen above the
thresholds in each plane.

The difference in S21 between the two couplers is shown in Fig. 5.10. If the
vertical mode at 746 MHz is used as an example, the difference in S21 is 9.41 dB
which is equivalent to a gain of 2.95 computing as a voltage ratio. The Qe of
the mode at this frequency increased from 6160 (using SPS couplers) to 18180
(using coupler shown in Fig. 5.8a) and hence the ratio between them (2.95) exactly
matches the reduction in S21.
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5. HL-LHC DQW HOM COUPLER
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Figure 5.10: Difference in S21 from that of the SPS DQW HOM coupler design.

To increase the damping at low frequencies the coupler passband strongly in-
fluenced by the length from the bend to the capacitive gap and the length from the
bend to the wall-connection (now at around 900 MHz - Fig. 5.8b) was decreased
in frequency.

A plot of the S21 response for various values of the two parameters which
strongly effect this pass-band are shown in Fig. 5.11.

To maintain the damping at high frequencies, the distance from the bend sec-
tion to the wall-connection (Fig. 5.11b) was altered as the alternative geometry
also significantly altered the other pass-bands. Broadband impedance simulations
showed that is was possible to reduce the impedance of the low frequency HOMs
by increasing this length. However, to reduce them all to within the threshold,
the damping deficit left at ∼ 1 GHz in the coupler’s transmission response meant
that modes in this frequency range increased to above the threshold value. The
longitudinal mode near to the 24th bunch spacing harmonic was over a factor of
five higher than the threshold imposed to avoid HOM power higher than 1 kW.
The modes in the ‘trade-off’ are detailed in the plot.

Trying to achieve a more broadband damping at higher frequencies is not a
valid route for optimisation due to the impedance increase of the low frequency
modes.
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(a) Length from bend to capacitive gap.
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Figure 5.11: Methods of reducing the pass-band now at 900 MHz to further damp
the low frequency modes.

5.4.2 Optimisation 2: Proposed LHC DQW HOM Coupler

As shown, it is not possible to provide the additional damping to the high frequency
HOMs by increasing the frequencies of the coupler pass-bands as the impedances
of the low frequency modes rise above thresholds in specific bands.

The second route of optimisation was to decrease the coupler pass-band fre-
quencies. Although this could seem like it would act to decrease the damping to
the high frequency modes (presented as over the impedance threshold), it would
bring the pass-band beyond the beam-pipe cut-off frequency to within the damp-
ing range. Conceptually, from equivalent circuit analysis, this pass-band is most
strongly affected by the transmission line from the band-stop filter to the bend
section (TLbs−b). The transmission line is shorted at both ends and hence the high
frequency pass-band above the cut-off frequency acts like the first even harmonic
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5. HL-LHC DQW HOM COUPLER

of the first pass-band controlled by this geometry. If the frequency of the harmonic
is brought within the damping window, i.e. below the beam-pipe cut-off frequency
of 2.1 GHz, this coupler resonance could be used to significantly increase the power
flux at the high frequencies. As the other pass-bands will also reduce in frequency,
this would also act to increase the damping to the low frequency modes over the
thresholds (Tab. 5.3).

To assess the feasibility of this, the length of this section was increased and the
resultant S21 plots are shown in Fig. 5.12.

(a) Transmission line
lengthened to decrease
passband frequency.
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(b) Effect on the HOM coupler’s S21 response.

Figure 5.12: Mechanism to lower the pass-band frequency, bringing the harmonic
of the length between the band-stop filter and bend section (TLbs−b) into the
frequency window.

From the S21 plots (Fig. 5.12), the reduction of the pass-band frequencies as
a result of the additional length (blue curve) between the band-stop filter and
bend is clear. Furthermore, the harmonic of the pass-band most effected by this
distance decreases in frequency, becoming lower than the cut-off frequency of the
cavity beam-pipes.

After assessing the method works, the coupler was optimised to damp the
detrimental HOMs. The S21 profiles resulting from the optimisation steps are
shown in Fig. 5.13b. The steps are then described in the bulleted list that follows.
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Optimisation Procedure (steps correspond to those shown in Fig. 5.13b)

(a) Annotated schematic.
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(b) Main alterations of the nominal HOM coupler geometry..

Figure 5.13: Main alterations of the nominal HOM coupler geometry.

1. Firstly, the length between the band-stop filter and bend section (TLbs−b) was
further lengthened to place the second harmonic of it’s pass-band (previously
above the cut-off frequency of the cavity beam-pipe) at 1.75 GHz. This would
provide damping to the high frequency modes over the impedance threshold
(Tab. 5.3) in the SPS DQW, i.e. in the range 1.6–1.9 GHz.

2. Secondly, to rectify the decreased transmission at ∼ 1 GHz, the length of the
line from the coupler’s bend section to the capacitive gap was decreased. The
pass-band most effected by this geometry (TLb−gap) and the adjacent higher
frequency pass-band (due to a strong coupling between the two) increased in
frequency as a result. The change in length was chosen to efficiently damp the
two low frequency detrimental mode pairs, i.e. 685/746 MHz and 926/959 MHz.

3. The two pass-bands described in point 2 were tuned by increasing the height
of the output line from the base of the coupler.

4. The pass-band resulting from the second harmonic of the distance from the hook
to the band-stop filter (TLh−bs) was placed exactly in-between the adjacent
pass-bands to provide the most broadband damping achievable in this region.
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5. HL-LHC DQW HOM COUPLER

The frequency shift was achieved by altering the rectangular cross-section of
the coupler, since it did not effect any other coupler resonance.

In addition to the alterations detailed, the taper on the output line1 was also
removed. Fig. 5.14 shows the S21 as a function of frequency for the SPS DQW
HOM Coupler and for the final iteration of the optimisation routine detailed in
Fig. 5.14. The difference between the two curves is also shown with the frequencies
of the detrimental modes highlighted.
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(a) Transmission characteristics for the SPS
DQW HOM coupler and the new proposal.
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which were over the impedance threshold
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cal dashed lines and the four low frequency
detrimental modes are annotated.

Figure 5.14: S21 characteristics for the LHC DQW HOM coupler.

Figure. 5.14b shows that for every mode that was above the impedance thresh-
old in the SPS DQW case, there is additional transmission in the case of the new
coupler.

5.4.3 Stop-band tuning and heat-load

Before the impedance simulation, the band-stop filter was tuned to reject the fun-
damental mode. Although the frequency of the band-stop filter was already tuned

1This was originally incorporated to allow the use of DN40CF flanges however, since the
tapers add manufacturing difficulties and RF reflections, the flange type to be used was changed
to a DN63CF.
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independently, the cavity geometry slightly alters the equivalent circuit parame-
ters of the coupler. As such, the filter was tuned on the cavity to give the lowest
dissipation of fundamental mode power. This was done using the length of the
capacitive jacket, i.e. the capacitance of the band-stop filter. The dissipated power
through the top HOM coupler and the pick-up port as a function of jacket length
is shown in Fig. 5.15.
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Figure 5.15: Power extracted from the fundamental mode at 3.4 MV as a function
of the jacket length (the variable ‘jacket hb’ is the length from the stub of the
band-stop filter to the lower side of the capacitive jacket) for the top HOM coupler
(HOMC1) and pick-up probe (PU).

Increasing the bottom length of the jacket to 29.7 mm brings the average power
per coupler to less than 1 mW. The bandwidth of the stop-band also means that
the power is less than 100 mW for the top HOM coupler with an error of ± 0.8 mm
on the jacket length. For reference, the pick-up probe was designed to extract
1 W (30 dBm) of fundamental power. This is because the low level RF module
minimum input power is 0.01 W (10 dBm) and the cables, attenuators, filters and
splitters contribute 20 dB (factor of 100) of attenuation to the signal [115].

It is important to evaluate the dynamic heat load on the HOM coupler’s copper
gasket, to assess whether the cryogenic system can maintain the required opera-
tional conditions. The dynamic heat load limit of the cryomodule is 25 W [17]
with each cavity accounting for ∼ 7 W each. The total gasket dynamic heat load
was specified at less than 1 W for the cavity gaskets, i.e. 0.3 W per gasket.
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5. HL-LHC DQW HOM COUPLER

The dynamic heat load on the gasket can be calculated using

P =
∫
H2Rs dA (5.1)

where H is the magnetic field in A/m and Rs is the surface resistance of
the material. The DC resistivity of copper can be calculated using the empirical
formula detailed in [116, Section 8-4] as a function of the Residual Resistance Ratio
(RRR). This value, at a given temperature and RRR value, can be used with
the formula presented in [117] to calculate the surface resistance as a function
of frequency. This is shown in Fig. 5.16 for copper at 2 K. The plot is shown
for both a ‘classical’ approach and for one which includes the ‘anomalous skin
effect’ [118, 119]. The latter is an effect which quantifies the increase in surface
resistance in metals at high frequencies and low temperatures.
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Figure 5.16: Surface resistance of copper at 2 K with a RRR value of 300 as
a function of frequency, with and without the anomalous skin effect taken into
account.

The anomalous skin effect increases the surface resistance by over a factor of two
at 400 MHz and hence should be incorporated in any gasket heat-load simulations.

With a jacket length error, and hence a notch detuning, of ± 1 mm, the sim-
ulated dynamic heat load on the gasket is less than 1 mW. This is as a result of
the high pass filter section of this coupler design as well as the broadband notch
placed before the gasket location (see Fig. 5.3), ‘shorting’ the fundamental field
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before it ‘sees’ the gasket.

5.4.4 Impedance Calculations

Following the tuning of the band-stop filter and evaluation of the dynamic heat
load on the gasket, the impedance in each plane was calculated. The final coupler
model alongside the three impedance spectra is shown in Fig. 5.17.

(a) Coupler model.
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Figure 5.17: Impedance spectra in each plane for the second modification of the
DQW HOM coupler.

All modes apart from two are within the impedance thresholds. The modes
which are above the threshold are detailed in Tab. 5.4 and a comparison of the
low frequency detrimental modes from the SPS DQW HOM coupler case to that
of the HL-LHC version are detailed in Tab. 5.5.

The two modes that are over the impedance threshold are both high frequency,
i.e. above 1.5 GHz, and a factor 1.6 and 2.7 larger than the threshold respectively.

Referring to Tab. 5.5, the first two high impedance HOMs have been altered
significantly by using the LHC HOM coupler design. Due to the frequency change
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5. HL-LHC DQW HOM COUPLER

Frequency [MHz] Qe Rv [kΩ/m] Rh [kΩ/m] Rl [kΩ]
1500.23 3.43× 104 7 1646 0
1921.98 8.80× 104 29 2699 0

Table 5.4: Modes over the impedance threshold after the re-design.

SPS DQW HOM Coupler
Frequency [MHz] Qe Rv [kΩ/m]a Rh [kΩ/m] Rl [kΩ]b

570.36 3.08× 103 2.75 0.15 77.12
590.14 1.92× 103 0.03 0.03 60.64
686.75 2.07× 101 0.00 7.19 0.00
746.67 6.16× 103 1888.67 0.07 0.44
926.80 1.26× 104 0.01 4019.60 0.00
958.87 1.03× 104 14.95 0.40 99.90

LHC DQW HOM Coupler
Frequency [MHz] Qe Rv [kΩ/m] Rh [kΩ/m] Rl [kΩ]

551.84 8.18× 102 0.60 0.13 3.70
583.58 2.86× 103 9.11 4.39 147.34
684.12 3.59× 102 0.04 167.97 0.00
746.79 1.05× 103 285.54 2.13 0.06
926.82 3.37× 102 0.12 95.82 0.00
960.12 3.92× 102 0.71 0.32 3.55

Table 5.5: Comparison of low frequency, high impedance modes before and after
the HOM coupler re-design.

aTransverse threshold: 1 MΩ/m/cavity
bLongitudinal threshold: 200 kΩ/cavity

of the coupler’s first pass-band, the DQW crab cavity HOM is ‘split’ differently.
The first HOM has reduced by over 18 MHz and the longitudinal impedance has
decreased by over a factor of 20. The next detrimental HOM has increased by over
a factor of two in impedance, but is still within the 200 kΩ impedance threshold.
Advantageously, the frequency of this mode has decreased by 6.6 MHz from the case
of the SPS DQW HOM coupler design. This means that the mode has gone from
being lower than the 15th bunch spacing harmonic frequency by 11.1 to 17.6 MHz.
The likelihood of this mode interacting with the bunch spacing harmonic is hence
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significantly reduced.
As a result of the need to further damp the vertical mode at 747 MHz the,

impedance of the horizontal mode at 687 MHz has significantly increased, but has
been kept five times lower than the threshold. The mode at 747 MHz has been
damped to within the threshold (three times lower).

The two final modes, at 927 and 960 MHz, have been significantly damped,
reducing their highest impedances by factors of 42 and 28 respectively. Referring
back to the optimisation goals, the high power mode is now at 70% of the new
threshold. As a result of stronger coupling to the longitudinal mode at 960 MHz,
the frequency has increased by 1.2 MHz and has become closer to the 24th bunch
spacing harmonic (at 961.92 MHz). However, if the frequency of this mode in-
creases as it did in the SPS case (Chapter 4, Sec. 4.2.2: + 3.4 MHz) it would be
further away from the harmonic compared to the SPS cavities. Since the mode is
now significantly damped by the ancillaries, this is difficult to predict. The new
maximum power from this mode, using a pessimistic value of Jk, is ∼ 350 W.

5.4.5 Power Spectra and Stochastic Analysis

As presented in the case of the longitudinal mode at 960 MHz, the HOM power is
not necessarily below the 1 kW threshold just because the longitudinal impedance
is less than the 200 kΩ threshold. As with the SPS DQW HOM couplers, the
frequencies and quality factors of the simulated modes were stochastically varied
by the deviations measured on the SPS cavities.

Rather than modelling the bunch profile with only a Gaussian distribution, it
has been shown that the profile of the bunch in the SPS and LHC is is closer to
that of a binomial distribution [120, 121]. In the frequency domain, this can be
represented [121] as

S(f) =0 F1

(
3
2 + µ,−(πτLf)2

4

)
(5.2)

where 0F1(x, y) is the hypergeometric function, f is the frequency and τL is
arrived at from the relationship σrms = τL/2

√
3 + 2µ where σrms is the root mean

square bunch length. The value of µ can be varied to best match the conditions
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5. HL-LHC DQW HOM COUPLER

in the respective machines. The variation of Jk (detailed in Chapter 4, Sec. 4.2) is
shown in Fig. 5.18a and displays the lobe amplitude dependence and the conver-
gence to a Gaussian function as the value of µ becomes larger. A value of µ = 2.0
gives an accurate representation of the bunch profile in the LHC [120] and a value
of 1.5 for the SPS [121].
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Figure 5.18: Examples of Jk as a function of frequency using a binomial bunch
profile for one bunch using different values of µ and with 12 bunches for a constant
µ value of 1.5. The total bunch length is 3.0 ns.

The lobes of the binomial equation in the frequency domain mean that there
are frequencies where the value of Jk (and hence the beam current) is very low. In
these areas, here referred to as ‘nodal points’, a small frequency shift can change
the amplitude by multiple orders of magnitude. Hence, the excitation of HOMs
with frequencies near to a nodal point is very sensitive to bunch length.

Plots of the average and maximum power as a function of stochastic samples,
varying the frequency and external quality factor by the tolerances measured and
detailed in Chapter 4 (f : −0.9% → +1.1%, Qe: 50% → 200%), are shown in
Fig. 5.19 for both a Gaussian and binomial bunch profile.

In each of the four simulation cases, the highest contribution to the power is
that of the longitudinal mode at 960 MHz. Additionally, for a bunch length of
σ = 1.2 ns, the Gaussian profile yields a higher power than the binomial.

For the new couplers, the maximum power from the stochastic variations is
500 W for the Gaussian bunch profile and 250 W for the binomial bunch profile.
The specifications for the worst case power are hence met for both cases and are
lower for the more representative case.
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Figure 5.19: Total HOM power as a function of HOM parameter stochastic devia-
tion samples for the ‘SPS DQW’ and ‘LHC DQW’ HOM couplers installed onto the
DQW crab cavity. The average and maximum values are given for each stochastic
sample set. The ‘SPS DQW’ HOM couplers are represented by the blue circle to
triangle and the ‘LHC DQW’ by the green square to cross.

As discussed in Chapter 4 Sec. 4.2.1, a continuous train of bunches with equal
bunch spacing is assumed to gernerate the form of the current in the frequency
domain. Although the form of the current is also modulated by the train spacing,
it is the interaction between the cavity HOMs and the bunch spacing harmonics
that contrbutes significantly to the HOM power. To verify the extent to which this
assumption was correct, the HL-LHC filling scheme was used to evaulate the HOM
power stochastically in the same way as that shown in Fig. 5.19. Using a Gaussian
beam profile, the same maximum and average power was returned, validating the
methods used for analysis and benchmarking. A plot is shown for visualisation in
Appendix Sec. 7.

5.4.6 Beam-Pipe Ancillary Changes

During the tests in the Super Proton Synchrotron (which will be detailed in the
coming chapters) the 400 MHz signal measured by the pick-up antenna was per-
turbed as a result of the coupling between the fundamental mode pick-up (field
antenna) and charged particle beam. This is detailed in [122].

Referring to Chapter 4 where the dual functionality of the pick-up as a funda-
mental probe and HOM damper was presented, the section of the pick-up directly
coupling to the beam is the ‘mushroom’ shape designed to damp the 1.75 GHz
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5. HL-LHC DQW HOM COUPLER

mode. The geometry was acting as a Beam Position Monitor (BPM).
As such, it was decided to eradicate the dual functionality by adding a second

beam-pipe port to the cavity on the FPC side. This would allow two beam-pipe
probes where one could act as a High Frequency (HF) damper and the other as a
fundamental mode antenna.

To establish the coupling mechanisms and hence geometries necessary for the
HF-damper, the modes which the SPS hybrid beam-pipe pick-up damped were
evaluated. Figure. 5.20 shows the impedance spectra with the pick-up terminated
at 50 Ω and with an electrical short.
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Figure 5.20: Impedance spectra in each plane with and without the damping of
the pick-up probe.

The impedance spectra shows five horizontal HOMs and one vertical which
increase significantly in external quality factor and are over the impedance thresh-
old.

In each case, the mode’s electric field couples to the perpendicular flat sur-
face of the ‘mushroom’ and the magnetic field ‘flows’ around the stem and hook
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sections. Initially, a simple probe was trialled to only couple electrically to the
three modes. However, whilst this could be feasible for the mode at 1754 MHz
(the reason the hybrid damper was first designed), the other modes need the ac-
companying magnetic coupling. Hence an electric coupling element on a ‘stem’
(provides magnetic coupling) was incorporated. The resulting geometry is shown
in Fig. 5.21 alongside the new fundamental antenna design [123]. The resulting
impedance spectra is displayed in Fig. 5.22 with the difference with that of the
hybrid pick-up antenna detailed in Fig. 5.22d for the horizontal modes. The qual-
ity factor of the mode significantly over the impedance threshold (1920 MHz) has
increased by nearly a factor of two.

(a) Full cavity view.

(b) Previously used ‘hy-
brid’ pick-up.

(c) New fundamental
mode pick-up.

(d) New high frequency
damper.

Figure 5.21: CAD representation of the new beam-pipe couplers.
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Figure 5.22: Impedance spectra in each plane with the new fundamental probe
and high frequency damper.
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5.4.7 Material Changes

Two types of ceramic window (for separating air from vacuum) material are com-
monly used for RF windows. These are: teflon and alumina. The window material
was mistakenly used as teflon. The window geometry (i.e. the ratio of the external
to internal diameters) was designed to match the 50 Ω output termination with the
dielectric constant of alumina. The spectral transmission for the SPS and LHC
HOM coupler output lines is shown in Fig. 5.23 for both teflon and alumina which
have dielectric constants of 2.1 and 9.4 respectively.

(a) SPS (top) and LHC (bottom) output
lines.
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Figure 5.23: Transmission response of the output line before and after the taper
removal and with different dielectrics.

The plots show a large difference between the two dielectrics in the SPS output
line case but very little difference for that of the LHC design which has a constant
output diameter.

Plots of the cavity impedance spectra with the two ceramic window materials
are shown in Fig. 5.24. The mode parameter shifts as a result of the material
change for high impedance and detrimental modes are shown in Tab. 5.6.

The majority of the modes have reduced in quality factor with the ceramic
window material change. Specifically, the horizontal mode significantly above the
threshold (at 1920 MHz) has decreased by over a factor of 2.

However, the quality factor of the first high impedance longitudinal mode has
increased by a factor of 1.53 and as such is now above the impedance threshold
by 13%. Furthermore, the quality factor of the longitudinal mode close to the
frequency of the 24th bunch spacing harmonic has increased by a factor of 1.3,
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5. HL-LHC DQW HOM COUPLER
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(d) Longitudinal (960 MHz).

Figure 5.24: Effect of changing the window material on from Teflon to Alumina
on the cavity impedance spectra.

bringing the longitudinal impedance to 4.5 kΩ per cavity. This value is still below
the impedance threshold of 5 kΩ specifically applied to this mode. The frequency
of the mode has increased by 750 kHz and is now closer to the bunch spacing
harmonic.

5.5 Geometry Investigations and Mesh Studies

To provide information for further optimisation or tuning in the case of problems or
HL-LHC beam parameter changes, several geometric investigations were trialled.

5.5.1 Feed-through Geometry Changes

As shown in Fig. 5.24d, the characteristics of the highly loaded longitudinal mode
close to the 24th bunch spacing harmonic of the HL-LHC beam (960 MHz) can be
altered by the properties and geometry of the ceramic window. Geometric changes
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Frequency
[MHz] Qe Rv [kΩ/m] Rh [kΩ/m] Rl [kΩ] ∆f

[MHz]
Qe(alumina)
Qe(teflon)

552.01 815 0.55 0.21 3.79 -0.11 1.52
583.58 2857 6.24 7.31 148.00 0.01 1.53a

684.11 364 0.13 170.00 0.00 -0.53 0.80
746.78 1083 289.00 1.70 0.07 0.02 1.68
926.81 339 0.36 104.00 0.00 -0.80 0.53
960.12 391 3.44 0.13 3.51 0.75 1.29b

1500.22 34200 20.20 1680.00 0.04 -0.02 0.68
1660.66 67800 6.61 911.00 0.04 0.00 0.50
1754.42 16000 2.34 1220.00 0.05 -0.01 0.53
1922.00 145000 44.90 5590.00 0.06 -0.03 0.42

Table 5.6: Mode parameters for teflon windows and the shifts as a result of the
material change.

a10% above the threshold.
b3.51× 1.29 = 4.53 kΩ still within 5 kΩ threshold set specifically for this mode.

are often easier to incorporate on the air side of the window and can allow better
‘matching’ to specified modes. The two parameters changed were the position of
the ceramic window and the length of the reduced inner diameter section. Fig-
ure 5.25 shows the geometries which could be easily varied from a manufacturing
point of view. Figures 5.25b–5.25e show the effect of these parameters on the
frequency and impedance of the 960 MHz mode.

Referring to the schematic, the effect of the parameter int l is much larger than
that of cap cyl l. Increasing its length decreases the impedance and also allows
better access with respect to the electron beam welding of this section. However,
with the length increase, the frequency of the mode becomes closer to that of the
bunch spacing harmonic (961.9 MHz).

This variation presents a mechanism for an impedance reduction and tuning
of the 960 MHz mode. In the case that the mode frequency is exactly that of
the nearest bunch spacing harmonic, using a resonator model approximation, a
550 kHz shift would decrease the HOM power at this frequency by 25%. The
change in geometry provides a mechanism for mode ‘tuning’ if the power from this
mode is too high.
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5. HL-LHC DQW HOM COUPLER

(a) Parameters varied.
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(b) Effect of int l on frequency.
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(c) Effect of cap cyl l on frequency.
Nominal value = 30 mm
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(d) Effect of int l on impedance.
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(e) Effect of cap cyl l on impedance.
Nominal value = 30 mm

Figure 5.25: The effect of output line geometric variations on the frequency and
longitudinal impedance of the 960 MHz mode.

5.5.2 Reducing the Impedance of the 580 MHz Mode

If the beam dynamics requirements for the HL-LHC change, i.e. with exotic filling
schemes, some modes could become more problematic than others. Specifically,
with reference to the HOM power, mechanisms to reduce the mode with the highest
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longitudinal impedance (580 MHz) were investigated.
Two investigation methods were followed to evaluate by how much the mode

could be damped and the detrimental effects on other modes. The methods were:

1. Change the transmission line lengths with pass-bands closest to the mode
(TLbs−b and TLh−bs shown in Sec. 5.3, Fig. 5.6). The two transmission line
lengths are controlled by the parameters ‘bend l’ and ‘stub y shift’ respec-
tively.

2. Change the output capacitance (half gap size and remove).

Figure. 5.26 displays the effect of the geometric alterations on the 580 and
960 MHz modes (longitudinal mode capable of producing high HOM powers).
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(a) 580 MHz mode.
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(b) 960 MHz mode (5 kΩ limit).

Figure 5.26: Investigations to reduce the impedance of the first high-impedance
longitudinal mode at 580 MHz.

In all cases the HOM coupler alterations decrease the quality factor of the first
longitudinal HOM, but increase that of the 960 MHz HOM. As such, the HOM
coupler geometry was kept the same, but the investigations are presented in the
case where further damping of the first HOM is necessary. The easiest solution to
achieve this would be to increase the output capacitance by reducing the output
gap. If the frequency of the 960 MHz mode is known to be far from the bunch
spacing harmonic, this is a trivial solution with no further machining requirements.
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5. HL-LHC DQW HOM COUPLER

5.6 Mesh Convergence

For the HOM coupler optimisation and impedance studies presented, the standard
meshing (‘auto-mesh’) was used with the non-linear eigenmode solver (recomended
by CST support for broad-band simulations) to generate a tetrahedral mesh based
on the cut-off frequency of the cavity beam-pipes. Using a denser mesh added a
significant simulation time, slowing the optimisation.

To assess whether the modes were converged, the number of tetrahedra was
increased by a factor of 2.5 (the nominal was 200× 103). High impedance modes
with a quality factor variation of greater than 10% were selected for a convergence
study (580 MHz and 1500 MHz modes).

For each mode independantly, the external quality factor was simulated using
the standard (linear) eigen mode solver as it used ‘adaptive mesh refinement’
which has an internal convergence test to a user specified accuracy. Here, this is
reffered to as a ‘narrowband simulation’, i.e. only looking at one mode. For these
simulations, the number of mesh tetrahedra was increased to evaluate whether the
quality factor was converged with respect to the mesh density.

To compare the mesh convergence of each mode on one plot, the ratio between
the value from the narrowband simulation (varying with mesh) and that of the
broadband simulation (static value calculated once) was used. This is shown in
Fig. 5.27. Two other high impedance modes are also shown.

The modes were converged with respect to the number of mesh tetrahedra, but
there is an increase in quality factor using the narrow-band simulation method for
the two modes seen to be ‘mesh-sensitive’. As a pressimistic approach, the higher
values were used in the final impedance table.

5.7 Final Impedance Spectra

The final impedance spectra for the cavity with the LHC DQW HOM couplers is
shown in Fig. 5.28 on page 149.

Of the three modes over the impedance design threshold (580 MHz(longitundinal),
1500 MHz(⊥: H) and 1920 MHz(⊥: H), the first two are so by 10% and 25% and
the final mode, at 1920 MHz, is over the horizontal threshold by a factor of 2.5.
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Figure 5.27: Ratio of the external quality factor from single mode simulations
with adaptive mesh refinement in the normal eigenmode solver (narrow-band) to
the static value from the non-linear eigenmode solver (broad-band) for four high
impedance modes.

The impedance spectra was verified as acceptable for beam stability in [124]. As
the first two modes over the threshold were so by small amounts, further optimisa-
tion was halted as the values were acceptable when investigated. Furthermore, the
feedthrough designs and matching impedance for the cavity was not finalised. As
the feedthroughs change the coupler’s equivalent circuit, they can have a strong
effect on the impedance of the modes. As an example, 25 Ω matching is cur-
rently being trialled to increase the inner diameter of the feedthrough ‘pin’. The
impedance of the cavity with a 25 Ω match (and coupler alterations to copensate
the decreased transmission at the high power mode) is shown in Appendix Sec. 5.
The impedance of the first two modes over the threshold falls to below the design
threshold.

For the highest frequency mode over the threshold, at 1920 MHz, it is difficult to
damp to this mode because of both its field topology (with respoect to the HOM
coupler port locations) and the TE-like resonance between the HOM coupler’s
capacitive jacket and outer wall. The coupler resonance can be moved by tuning
the jacket, but due to the large amount of HOMs at high frequencies, there is always
a HOM which is damped insufficiently. This has been seen for every iteration of
the DQW HOM coupler design. Since the mode is very high frequency, and the
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5. HL-LHC DQW HOM COUPLER

octupole current needed to compensate the transverse impedance reduces with
frequency, the mode was accepted but flagged for mode parameter tracking during
manufacture. Since the mode is a high quality factor mode, rather then r/Q⊥,
the likelihook of the modes exactly overlapping in each cavity is also extrememly
small. The mode was also benchmarked in ACE3P, resulting in an external quality
factor 20% lower than that of the CST calcualtions presented. Finally, the mode
is extremely sensitive to beam-pipe boundary conidtions (since it is close to the
cut-off frequency) and the presented value represents the worst case.
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(b) Longitudinal impedance spectra - log scale. Mode impedances
which would result in a power of over 1 kW are highlighted in red.
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(c) Transverse impedance spectra - horizontal.
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Figure 5.28: Impedance spectra for the DQW crab cavity with both the SPS and
LHC HOM couplers.

149



5. HL-LHC DQW HOM COUPLER

5.8 Alternative Coupler Design

A suspected thermal quench1 during preliminary cold dressed cavity tests launched
an investigation into a new HOM coupler design for the DQW crab cavity. The
region of the HOM coupler with the highest magnetic field is not hollow which
means there is a distance in the order of a few centimetres between this location and
the helium bath. For the re-design, it was specified that there should be no physical
distance from a high magnetic field region of the coupler to the helium bath.
Furthermore, although the manufacturing complexity was reduced for the LHC
DQW HOM coupler, it is still a complex geometry with respect to manufacture.
A simpler geometry was therefore attractive as this reduces costs in terms of time
and materials.

5.8.1 Concept

Conceptually, to provide a stop-band at the frequency of the fundamental mode,
a quarter wavelength transmission line was implemented. To centre the rejection
filter at 400 MHz, the length of the transmission line should be λ/4 = c/4f =
3× 108/(4× 4× 106) = 0.75 = 18.75 cm.

Since the general HOM field topology in the DQW crab cavity has a magnetic
field which ‘flows’ around the base of the central poles, an inductive coupling
mechanism is most efficient (Chapter 2, Sec. 2.3.3) to maximise the coupling to the
HOMs. To verify the coupling choice, three coupling mechanisms were modelled
on a Quarter Wave Resonator (QWR). The coupling mechanisms evaluated were
typical ‘probe’, ‘hook’ and ‘loop’ geometries. To best model the fields of the HOMs
in the DQW crab cavity, the couplers were mounted on the magnetic field side of
the QWR at the same insertion depth. The S11 for each of the couplers is shown
in Fig. 5.29. For the same insertion depth, the coupling coefficient (β, Chapter 2,
Sec. 2.3.3) for the inductive coupler is significantly higher than for the other two
coupling mechanisms.

A disadvantage of an inductive coupling mechanism is that the coupler must be
electrically connected to the wall (ground) which means welding the coupling ele-

1This was solved with further chemistry on the HOM coupler.
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Figure 5.29: Comparing coupling mechanisms at a location of high H-field.

ment, as shown in [88]. Welding the coupler to the cavity wall is not practical due
to the advantages associated with ‘de-mountable’ couplers (Chapter 2, Sec. 2.3.4).
However, by connecting the coupler far from the field coupling geometry, the cou-
plers can be demounted.

If the distance from the connection to ground to the field coupling geometry
is set to 18.75 cm (λ/4 at 400 MHz), this geometry of the coupler will provide the
stop-band response at the frequency of the fundamental mode whilst inductively
coupling to the HOMs (albeit less strongly than the loop mechanism shown in
Fig. 5.29b). The high field region will be located at the area connected to the
helium bath, meaning superfluid liquid helium will ‘flow’ through this section. As
such, there will be no high magnetic field areas conductively cooled over distances
greater than a few millimetres. Figure 5.30 shows the alternative coupler design
and the S21 response.

The high frequency transmission has three distinct areas of rejection which
correspond to the odd quarter wave transformer harmonics [69] since the resonator
is ‘open’ at one end. If the coupler was ‘shorted’ at this end, the harmonics would
be at the even multiples of λ/4. Analytically, the harmonics are at frequencies
of 1200, 2000 and 2800 MHz. The coupler response matches this, however since
the geometry is not fully representative of an ideal quarter wave transformer,
i.e. concentric transmission line without other geometries which act as perturbing
lumped elements, some deviation is expected. This deviation was also seen at the
fundamental rejection filter which was tuned to 400 MHz by changing the length
from the coupling section to the connection of the inner and outer conductors.
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5. HL-LHC DQW HOM COUPLER

(a) Vacuum model.
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Figure 5.30: Alternative HOM coupler concept.

5.8.2 Design

A capacitive output coupling was added to relax any mechanical stress imposed
on the ceramic window. The capacitance also further reduces the damping at low
frequencies as it acts as a first order high-pass ladder filter. Since the high field
from the rejection filter at the fundamental mode is now after the gasket location,
a ‘field-shield’ was necessary. Mechanically, this is achieved by reducing the outer
diameter of the coupler and inserting an over-length into the cavity port. This
feature creates another quarter-wave rejection filter which should be placed at a
frequency location where there is no detrimental HOM.

The coupler cross-section is shown in Fig. 5.31 alongside the three impedance
spectra (labelled ‘Nominal’).

Both the longitudinal and transverse impedance spectra are within the specified
tolerance. However, the longitudinal HOM (at 960 MHz) close to the 24th bunch
spacing harmonic of the HL-LHC filling scheme has a longitudinal impedance of
∼ 35 kΩ. Referring back to the RF optimisation goals detailed in Sec. 5.4, this
value is seven times larger than that of the LHC DQW HOM couplers. Hence, the
worst case power would be over the 1 kW threshold. It is difficult to significantly
decrease the quality factor of this mode with the coupler geometry. If the bottom
couplers were moved to a magnetic maxima of the 960 MHz mode1, the quality
factor could feasibly be decreased by a factor of three, but this would still be ∼ 2.5

1Currently it is only the top coupler which couples to this mode.
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(a) Coupler vacuum geometry with capaci-
tive output.
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(b) Longitudinal.
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(c) Vertical.
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Figure 5.31: DQW Impedance Spectra with the alternative quarter wave rejection
HOM coupler.

times that of the LHC DQW HOM couplers and would sacrifice coupling to other
HOMs.

By inserting the couplers further into the cavity, it is possible to increase the
coupling. The decrease in longitudinal impedance of the 960 MHz mode as a
function of relative insertion depth is shown in Fig. 5.32. A value of 25 mm was
chosen to provide a simular damping to the high power mode as the LHC DQW
HOM couplers. The broadband impedance spectra with the new insertion is shown
in Fig. 5.31.

Note, the rejection filter was also tuned using the length of the quarter-wave
resonator and the length of the couplers on the underside of the cavity were made
shorter than the top coupler by ∼ 0.5 mm. This is because the location at which
the fundamental mode couples to the these HOM couplers differs with the angular
alignment. Hence, the electrical length of the quarter-wave resonator is slightly
different. The impedance spectra is lowered in all cases with the further insertion
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Figure 5.32: Effect of further inserting the alternative HOM coupler on the lon-
gitudinal impedance of the 960 MHz mode. The squares are the simulated values
and the dashed line is an exponential fit.

except for a vertical mode at ∼ 1740 MHz. This is a result of the λ/4 resonance
harmonic shift. The impedance is five times larger that the threshold.

5.9 Coupler Comparison

A contour plot of the field at the fundamental mode frequency is shown in Fig. 5.33.

(a) Electric field. (b) Magnetic Field.

Figure 5.33: Field profile at the fundamental mode frequency at V⊥ = 3.4 MV.

The operational characteristics of the DQW with the SPS, LHC and the al-
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ternative HOM couplers are shown in Tab. 5.7. Note, the first two couplers are
referred to as ‘LC-rejection’ filters and the new design is denoted as the ‘quarter-
wave rejection’ filter. The methodology and details of the peak temperature (Tmax)
and sextupole component of the fundamental mode (b3) are not detailed until later
in the thesis. However, to present a full comparative table for reference, they are
presented here.

Inserting the alternative coupler loads the fundamental mode, increasing the
frequency by ∼ 0.5 MHz and decreasing the loaded quality factor by over a factor
of four. The peak fields move from the cavity wall to the surface of the HOM
coupler. The crab cavity peak surface electric and magnetic field limits were set
to 50 MV/m and 80 mT respectively [28, 125] to avoid a quench via field emission
(Epk) or heating (Bpk). The values are conservatively lower than limits achieved
experimentally in accelerating cavities due to the lack of knowledge with high field
axially asymmetric superconducting cavities operating in the deflecting mode. The
LC-rejection couplers meet the specification, i.e. their surface field is less than that
of the cavity’s which is within threshold, but for the quarter wave rejection coupler
both the electric and magnetic peak fields are above the threshold. To reduce the
electric field peak, the output capacitance was reduced by changing the gap from
0.5 mm to 2 mm. The operational characteristics of this coupler is also shown in
the table. Increasing the gap reduces the electric peak field to less than that of
the peak on the cavity surface. The magnetic peak is still on the coupler and is
at the threshold. The loaded quality factor of the fundamental mode is also the
same as that of the LC-rejection filter’s with the additional gap length, but the
frequency still differs.

The temperature of the quarter-wave rejection coupler is very low due to the
small distance from the inductive heating location and helium bath but the dis-
sipated power from the fundamental mode is significantly higher than that of the
LC-rejection type. The threshold for this value is 1 W from the technical specifi-
cation, although in terms of operational efficiency it is feasible to go up to the 10
or even 100 W level. The dissipated power is reduced with the increased gap to
around ten times lower than the threshold.

The main drawback of the quarter-wave rejection filter is the dynamic heat load
on the gasket. The limit of the two cavity cryomodule is 25 W [17], for which the
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5. HL-LHC DQW HOM COUPLER

Parameter Unit SPS
Ancillaries

LHC
Ancillaries

Alternative
Coupler

Gap = 0.5 mm

Alternative
Coupler

Gap = 2.0 mm

Fundamental Mode
Frequency, f0 MHz 400.45 400.45 400.97 400.91
Loaded Quality Factor, Ql - 5.2 ×105 5.2 ×105 1.2 ×105 5.2 ×105

Deflecting Voltage, V⊥ MV 3.34 3.34 3.34 3.34
r/Q⊥

† Ω/m 424 428 428 427
Epk MV/m 37 37 71∗ 37
Bpk mT 72 71 81∗ 80∗
Accelerating Voltage, V‖ kV 14.3 15.0 14.9 14.9
Stored Energy J 10.3 10.2 10.3 10.3
<{b3} mT/m2 496 497 345 N

Coupler Operation
Tmax

(HOM coupler 1) K 2.5 2.5 < 2.05 < 2.05

Dissipated Power W < 1 mW < 1 mW 1.0± 0.5 < 0.1 W
Gasket heat load
(HOM coupler 1) W < 1 mW < 1 mW 4.5± 1.0 4.5± 1.0

Detrimental HOMs♦
570 MHz: Z‖ kΩ 77.1 5.6 ‡ ‡
590 MHz: Z‖ kΩ 60.6 224†† 16.6 114
686 MHz: Z⊥h kΩ/m 7.2 128 36.7 227
747 MHz: Z⊥v kΩ/m 1888 500 28.9 56.3
927 MHz: Z⊥h kΩ/m 4019 50.1 151 881
958 MHz: Z‖ kΩ 99.9 4.6 5.1 22.8
1500 MHz: Z⊥h kΩ/m 197 1680 514 964

†Accelerator definition.
∗On coupler geometry.
‡Not applicable, this mode is a result of the ‘mode splitting’ by the LC-rejection filter.
††Significant frequency reduction (∼ 6.5 MHz) away from bunch spacing harmonic.
♦200 kΩ and 1000 kΩ/m limits for the longitudinal and transverse impedances respectively.

Table 5.7: Benchmarking the alternative HOM coupler design against that of the
SPS and HL-LHC DQW HOM couplers.

cavities account for ∼ 5 W each. Hence of the 15 W left, using a factor of safety
of 2 and assuming none of the other ancillaries and gaskets have a significant
dynamic heat loads, the limit for the HOM coupler gaskets is 1.6 W. It is possible
to decrease the heat load with the length of the ‘field-shield’ and the capacitive
output but not in the order of a few Watts. To rectify this issue, indium gaskets
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could be used which would be superconducting at the operational temperature
of 2 K. This would decrease the surface resistance by many orders of magnitude,
removing any significant dynamic heat load. Current research into the use of
superconducting seals is on-going [126–129], but significant effort into establishing
the best implementation of a superconducting seal would be needed.

5.9.1 HOM Power Comparisons

Referring back to the HOM power analysis in Sec. 5.1 (Fig. 5.1) the worst case
HOM power for each mode and the frequency shift required to produce this was
assessed for the new couplers. This is shown in Fig. 5.34.

As previously discussed, the external quality factor of the 960 MHz mode is
significantly reduced with the used of the LHC DQW HOM couplers and the
resulting worst case HOM power is now below the threshold. Additionally, the
first detrimental mode is reduced by over an order of magnitude in power and,
although moving by nearly 20 MHz in frequency, is still ∼ 10 MHz away from a
bunch spacing harmonic. Furthermore, the second high longitudinal impedance
mode has moved 6 MHz further away from its nearest bunch spacing harmonic.

The only problematic mode for the alternative coupler design is the longitudinal
mode at 960 MHz mode which is above the power threshold with an output gap
of 2 mm. Further insertion would decrease this, but because the dynamic heat
load on the gasket is too high, further optimisation of this coupler is limited by
this bottleneck. There are no other high impedance longitudinal modes capable of
generating over 1 kW within 19 MHz of a bunch spacing harmonic.

5.9.2 Conclusion and Future Work

The quarter-wave rejection filter has a good broadband damping and is much
simpler to manufacture than the LC-rejection designs, reducing time and cost
constraints. The peak temperature is also significantly lower and the dissipated
power, whilst higher than the LC-rejection design and with a narrower stop-band,
is within specification. However, the dynamic heat load on the gasket is too large
and, although reduced by around four times using a ‘field-shield’, is too high for
the cryogenics budget. The use of superconducting seals would alleviate this issue.
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(a) LC Rejection Filters.

(b) Quarter-Wave Rejection Filters.

Figure 5.34: Power as a result of a mode interacting with the nearest bunch spacing
harmonic, using HL-LHC beam parameters, as a function of the distance from the
harmonic for both the SPS, LHC and alternative HOM couplers.

With reference to future work and contribution to the RF cavity community,
this concept could be applicable for superconducting accelerating cavities. For
example, the superconducting LHC accelerating cavities have cylindrical beam-
pipes with diameters of 30 cm, tapering down to 10 cm. The cut-off frequency of
the beam-pipes is lower than the first odd harmonic (as electrically open) of a
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400 MHz quarter-wave transformer, i.e. 1200 MHz. Furthermore, the frequency
spacing between the fundamental mode (400 MHz) and first HOM is ∼ 300 MHz.
The cavity modes and transmission of the coupler are shown in Fig. 5.35.
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Figure 5.35: LHC accelerating cavity modes (4 single cells in one cryomodule) and
coupler transmission characteristics. Cavity parameters provided by R. Calaga
and I. Karpov (CERN).

Combining the simple inductive loops with electric probes would allow strong
HOM damping with incredibly simple geometries that are both demountable. Fur-
thermore, placing the couplers on the beam pipes would reduce the peak surface
magnetic field from the fundamental mode and as such the heating and dynamic
heat load would significantly reduce.
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5.10 HOM Coupler Re-Design Conclusions

A new HOM coupler design for the HL-LHC DQW crab cavity has been presented
in this chapter. The stages to arrive at this design are detailed hereafter.

• From impedance specifications defined in [108] and detailed HOM power sim-
ulations conducted in Chapter 4, a set of RF optimisation criteria was estab-
lished for the DQW crab cavity HOM performance. Additionally, feedback
received from the manufacturing of the SPS DQW HOM couplers detailed
several mechanical optimisation criterion. For reference, the re-design goals
are detailed in Tab. 5.8.

RF

Impedance threshold for transverse modes is 1 MΩ/m per cavity.
Impedance threshold for longitudinal modes is 200 kΩ per cavity.
Impedance threshold for the 960 MHz mode is 5 kΩ per cavity.
Integrated HOM power limit is 500 W.

Mechanical

Reduce machining time by removing circular cross-section.
Incorporate a planar weld at the joining point of the band-stop filter’s
inductive stub to its capacitive jacket.
Lift the output line with respect to the base of the outer conductor.

Table 5.8: HL-LHC DQW HOM coupler design goals.

• Geometric alterations were firstly applied to meet the mechanical design
goals. Following this, using the coupler’s equivalent circuit detailed in Chap-
ter 3 as well as parametric studies carried out in 3D electromagnetic mod-
elling software (CST MWS [104]), two optimisation routes were trialled to
meet the design goals. For the first route, a trade off between two ‘bands’ of
low frequency modes was seen where both could not be sufficiently damped.
Optimisation route two provided increased damping to every mode over
the threshold using the SPS HOM couplers. Every mode was within the
impedance threshold apart from two. The longitudinal mode at 960 MHz
was within the specific threshold set for this mode and the integrated power,
using stochastic mode sampling, was shown to be below the threshold even
for the a pessimistic bunch profile approximation.
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• The function of the hybrid beam-pipe pick-up (used to damp a high frequency
mode and sample the fundamental mode) was split into two separate beam-
pipe ancillaries. The same level of damping was achieved.

• The incorrect material used for the coupler’s ceramic window was corrected
and the effect of this quantified.

• Two geometric investigations were conducted to provide information on how
to alter the frequencies and quality factors of the high power longitudinal
mode (960 MHz) and the first high impedance mode (580 MHz). If problems
with either of these modes arise in the manufactured cavities, the solutions
presented can be incorperated with only the output line of the coupler; Re-
moving machining or tuning efforts.

• An alternative coupler concept was designed and benchmarked with the SPS
and LHC DQW crab cavity HOM couplers. The coupler was limited by the
dynamic heat-load on the gasket. The applicability of this coupler for su-
perconducting accelerating cavities was discussed and analysed for the LHC
accelerating cavity. The applicability of this for CERN’s ‘Future Circular
Collider’ (FCC) concept should be examined in the future.
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Chapter 6

HOM Coupler Impact on
Fundamental Mode Operation

There are several operational considerations at the fundamental mode frequency
for which cavity ancillaries, such as HOM couplers, can have a large impact.

6.1 Multipolar Analysis

Due to the geometric asymmetries of the crab cavities, the multipolar components
of the fundamental dipole mode can be significant. The formulation of the multi-
pole kick coefficients are defined in [57]1, where a thin lens approximation is used
to decompose the electric and magnetic fields in a similar fashion to that done
in the case of static magnetic fields. The effect of the HOM couplers and new
beam-pipe pick-ups on the multipolar kicks should be quantified.

Here, the Panofsky-Wenzel and Lorentz-force decomposition methods are used
to obtain the normal (bn) and skew (an) multipole components. The coefficients
can be expressed as

an = jn

ωπ

∫ π

−π

1
rn
sin(nθ)

∫ l/2

−l/2
e

(
jωz

c

)
Ez(r, θ, z) dzdθ (6.1)

1The radial field distribution is approximated as rn rather than represented as a Bessel
function.
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bn = jn

ωπ

∫ π

−π

1
rn
cos(nθ)

∫ l/2

−l/2
e

(
jωz

c

)
Ez(r, θ, z) dzdθ (6.2)

using the Panofsky-Wenzel decomposition method and

an = 1
qcπ

∫ π

−π

1
rn−1 sin(nθ)

∫ l/2

−l/2
Fr(r, θ, z) dzdθ (6.3)

bn = 1
qcπ

∫ π

−π

1
rn−1 cos(nθ)

∫ l/2

−l/2
Fr(r, θ, z) dzdθ (6.4)

using Lorentz force decomposition. Note that, as detailed in Chapter 2, the
monopole component is denoted by the coefficient 0.

As it is the normal multipole coefficient (bn) which is of concern [17], Tab. 6.1
details the value of bn for the quadrupolar, sextupolar and octupolar multipole kick
coefficients for several stages of the DQW’s design evolution. The RFD crab cav-
ity’s kick coefficients are given for comparison between the vertical and horizontal
crab cavities.

PW
b1 b2 b3 b4

a

Re Im Re Im Re Im Re Im
PoP DQW (Bare) 32 0 0 0 1061 1 63 455
SPS DQW (Bare) 33 0 6 -3 1527 19 521 -350

SPS DQW (Dressed) 33 0 6 -3 1508 23 560 -1027
LHC DQW (Dressed) 33 0 6 -3 1506 27 2106 -539
LHC RFD (Dressed) 33 0 0 0 -522 -56 -914 -36

LF
b1 b2 b3 b4

Re Im Re Im Re Im Re Im
PoP DQW (Bare) 32 0 0 0 1016 0 155 -238
SPS DQW (Bare) 33 0 6 -3 1486 24 660 -627

SPS DQW (Dressed) 33 0 6 -2 1498 19 1026 -383
LHC DQW (Dressed) 33 0 6 -2 1488 21 1048 -292
LHC RFD (Dressed) 34 0 0 0 -458 -74 128 55

Table 6.1: Evolution of bn (in units of mTm/mn−1) for the DQW crab cavity
using both decomposition methods presented (V⊥ = 10 MV, r = 30 mm and 64
azimuthal points).

aNot converged.
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The multipole coefficients converge with the number of azimuthal points and
evaluation radius. Additionally, the Lorentz force decomposition method converges
faster than that of the Panofsky-Wenzel method. The results shown in Tab. 6.1
show a good agreement between the two methods for all components apart from b4

(∼ 5% deviation). In the case of b4, only the Lorentz Force decomposition method
is converged.

Due to the symmetry planes of the two cavities, the values of the even mul-
tipoles are ‘naturally’ zero. As such, any contribution to these components is a
result of either the cavity ports or the ancillaries. This is clear from the increase of
b2 and b4 seen as a result of the evolution from the ‘Proof-of-Principle (PoP) DQW
(Bare)’ design to the ‘SPS DQW (Bare)’ design. This step involved widening the
HOM coupler ports and changing their locations on the cavity, creating a port
asymmetry.

The limit for the sextupole component of the fundamental mode is 1500 mTm/m2

[17] and as such, the value following the evolution to the SPS design is within 2%
of the limit. The HL-LHC ancillaries impose no change on the values and hence
the design change with respect to the multipole components of the fundamental
mode is acceptable.

For visualisation, the kicks can also be calculated as a function of the distance
along the axis of charged particle propagation. The results of this calculation
for the dressed HL-LHC DQW crab cavity are shown in Fig. 6.1, which clearly
shows the locations of the areas which contribute to the higher order multipole
components of the fundamental mode. Note, although still denoted as bn, the
units change as they are not integrated over the length of the cavity. For each
component, two profiles are shown which represent the two decomposition methods
used (detailed in Eqs. 6.1–6.4).

The Re{b3} value as a function of longitudinal distance is plotted in Fig. 6.2
for each of the DQW crab cavity evolution stages.

It can be seen that the profile of Re{b3} is not significantly effected by the
ancillaries, but is most dependant on the cavity geometry.
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Figure 6.1: Value of bn at V⊥ = 10 MV as a function of longitudinal position for
the dressed LHC DQW crab cavity. The results are decomposed using both the
Panofsky-Wenzel (blue line) and Lorentz Force (red dashed line) decomposition
methods.
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Figure 6.2: Re{b3} as a function of longitudinal distance for each of the DQW
crab cavity evolution stages.
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6.2 Multipacting

Multipacting as a result of the fundamental electromagnetic field is important
to assess whether there are field levels for which the HOM couplers will prevent
operation.

6.2.1 Introduction

Multipacting is described as an ‘avalanche-like’ growth of electrons [130]. The in-
crease in electron population is a result of a resonant electromagnetic field which
drives cyclical electron trajectories causing electrons to impact with metallic sur-
faces, which in turn causes electron emission. This phenomena can impose a field
(and hence cavity voltage) limitation. An example of superconducting HOM cou-
pler multipacting is presented for the XFEL prototype test stand at DESY [131].

The average number of electrons emitted per incident particle is a function of
both the incident electron energy and material. It is quantified by the Secondary
Electron Yield (SEY) of the material. Figure. 6.3 shows the SEY value as a
function of incident electron energy for niobium with three treatments. The data
was extracted from the material library included in CST MWS [104].
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Figure 6.3: Secondary electron yield for niobium with various treatments.

The SEY value for niobium changes significantly with its treatment and is
generally highest with incident energies of ∼ 200 eV.
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Multipacting is often descibed in two ways. The first is ‘soft-multipacting’
and the second ‘hard-multipacting’. The former contributes to RF conditioning
time which, if the multipacting is strong enough, can add multiple hours to the
conditioning process. The latter imposes a performance limitation.

6.2.2 LHC DQW Analysis

Multipacting simulations on the top HOM coupler (visualisation shown in Sec. 2.4,
Fig. 2.20c) were performed by coupling the Eigenmode and Particle In Cell (PIC)
solvers in CST MWS. The solver uses the probabilistic emission Ferman-Pivi
model [132]. The electron growth is represented by increasing the number of
macro-particles whilst maintaining their charge. The solver varies the angle of
emission, the angle of impact and the energies of the secondaries. The SEY value
is also altered with respect to the impact angle [133].

The simulations were conducted several times, varying the incident electron
emission point and carried out for a time greater than ten times the RF cycle at
400 MHz1. The emission faces chosen are shown in Fig. 6.4.

Figure 6.4: Particle area sources used for the multipacting analysis.

Figure. 6.5 shows the ‘average SEY’ 〈SEY 〉 as a function of the cavity’s trans-
verse voltage for the five emission points. This variable is defined as the ratio of

1A simulation abort was set for the case where the exponential coefficient of the ‘particles vs
time’ exceeded a given threshold.

169



6. HOM COUPLER IMPACT ON FUNDAMENTAL MODE
OPERATION

the emission charge to the collision charge, representing the electron growth rate
as a function of field level. The material used for the simulation was Niobium with
a 300◦C bakeout (see Fig. 6.3).

Figure 6.5: Average SEY variation with deflecting voltage for each of the faces
detailed in Fig. 6.4 for the top HOM coupler. The transverse voltage range (‘nom-
inal’ to ‘ultimate’ [17]) is highlighted. For reference, the geometric features at
which the multipacting acts are described.

Generally, the average SEY is higher at low fields. Emitting the incident elec-
trons from faces two, three and four, results in an avalanche-like growth at around
1 MV transverse deflecting voltage. Using particle position montiors in the simula-
tions, the low field multipacting was seen between the flat section on the capacitive
jacket and the outer wall. A visualisation of the periodic trajectory is shown in
Fig. 6.6. The higher field multipacting, using ‘face 5’ as an emission point, was
seen on the top of the inductive stub. The geometries are annotated in Fig.6.5.
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(a) 28ns. (b) +tRF /5. (c) +2tRF /5.

(d) +3tRF /5. (e) +4tRF /5. (f) +tRF .

Figure 6.6: Macro-particle tracking to highlight the area of multipacting at V⊥ =
0.75 MV.

To illustrate the avalanche-like electron growth, the number of particles as a
function of time was logged. The results of this are shown in Fig. 6.7 for two
emission faces one and four.
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(a) Face 1.
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Figure 6.7: Number of particles as a function of time for various transverse volt-
ages. The two plots correspond to different emission faces (face one and face four
- detailed in Fig. 6.4) on the top HOM coupler. Note, to the y-axis scales differ to
highlight the magnitude of the electron growth.
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From the average SEY calculations, using face one as an emission point did
not return any values above one. Using face four, low field multipacting was seen
at from V⊥ = 0.25 MV to V⊥ = 1 MV. This is observable in the plot of particles
against time; Avalanche-like electron growth occurs, and is highlighted, at the
voltages where the average SEY is above one.

In addition to the average SEY, the impact energy from low field to the level
corresponding to 5.5 MV transverse deflecting voltage was studied for the two
coupler areas. This is shown in Fig. 6.8, for the same emission faces detailed in
the particle against time plots (Fig. 6.7). The impact energy is shown as a function
of transverse voltage using box-and-whisker plots. The standard deviation at each
transverse voltage value represents the spread of the impact energies from the
simulated data-set.

(a) Areas used to evaluate the impact energy.
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(b) Face 1 - area 1.
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(c) Face 1 - area 2.
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(d) Face 4 - area 1.
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(e) Face 4 - area 2.

Figure 6.8: Impact energy on the top HOM coupler as a function of cavity deflect-
ing voltage. The emission face (Fig. 6.4) is labelled in the caption alongside the
area for which the impacts were monitored.

172



The plots show that at around V⊥ = 1 MV the average incident (or impact)
energy of the electrons is between 200 and 300 eV. Referring back to the SEY
curves displayed in Fig. 6.3, this incident energy corresponds to the peak SEY
range.

6.2.3 Conditioning the Multipacting

To assess whether the multipacting observed on the LHC DQW HOM couplers is
‘hard’ or ‘soft’, i.e. whether it imposes a significant limit to the transverse voltage
or whether it can be ‘conditioned’, a material with a lower SEY was used. By doing
this, the effect that the RF conditioning process has on the material surface is taken
into account, therefore establishing whether the multipacting persists through the
conditioning.

This process was proven empirically for the SPS DQW HOM coupler. The
coupler had a simulated average SEY higher than one (1.45) at a transverse de-
flecting voltage of ∼ 2.25 MV. The average SEY decreased to 1.24 (still greater
than one) when the material was changed to the more optimistic ‘argon discharge
cleaned’ (simulation results detailed in [134]). In the vertical tests of the dressed
DQW cavity, multipacting was seen at this voltage, but was ‘conditioned’ away
by gradually increasing the RF amplitude and pulse duration (method detailed
in [105]) and a transverse voltage of 3.2 MV (i.e. lareger than the voltage at which
the high average SEY was observed) was achieved [135].

As such, the material was changed to ‘argon discharge cleaned’ niobium, for
which the SEY (shown in Fig. 6.3) reduces by around 25%. A plot comparing the
average SEY for the ∼ 1 MV multipacting and stub multipacting using the two
materials is shown in Fig. 6.9.

In both cases, the average SEY drops below one. This suggests that the mul-
tipacting can be conditioned away with RF conditioning procedures and as such
both cases are classed as ‘soft-multipacting’.

6.2.4 Removing the Low Field Multipacting

Analytically, it is possible to predict the distance between parallel plates for which
multipacting is feasible at a given electric field. On the flat section of the jacket,
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Figure 6.9: Effect of changing to argon discharged cleaned niobium on the multi-
pacting surfaces.

the distance to the outer wall at 2 K is in the range 6.1–9.2 mm. At a cavity stored
energy of 1 J, which corresponds to V⊥ = 1.04 MV, the electric field in the area of
multipacting is in the range ∼ 100–200 kV/m. Referring to the multipacting tables
shown in [136], for which one is shown in Fig. 6.10, the likelihood of multipacting
using a parallel plate analogy can be evaluated.

The gap size of 3 mm, annotated as the ‘uniform jacket’ line on the plot at
f × gap = 0.4 × 3 = 1.2, shows low field multipacting only. The larger gap
size, between the flat section on the capacitive jacket and the outer wall has a
strong chance of multipacting if the field is between ∼ 150 and 250 kV/m. This
range corresponds to the field at 1 J and can possibly explain why multipacting is
observed around V⊥ = 1 MV.

To solve the multipacting, one of two options should be explored. The first is to
shift the operating point on the ‘electric field against gap’ plot to a safer area. The
best place would be around 5 GHz mm, meaning the gap would have to increase to
12.5 mm. The coupler’s band-stop filter frequency would hence have to be tuned
back to the frequency of the fundamental mode by increasing the inductance of the
stub. Geometrically, these two alterations are feasible. The increased gap length
would also reduce the electric field, hence operating in an area with a very small
chance of multipacting at 1 J.

However, if the field reached 300 kV/m multipacting would occur. This would

174



Figure 6.10: Number of starting phases that give multipactor. The plot is taken
from [136] and is annotated with the gap lengths seen in both the SPS DQW HOM
coupler and the LHC version with the flat section on the capacitive jacket.

be at a higher voltage than before as a result of the lower electric field associated
with a 12.5 mm gap. This solution therefore only pushes the multipacting to higher
voltage which could be even mode detrimental.

The second option is the use of ‘grooves’ at the multipacting area [137]. Concep-
tually, this would provide an area where the electric field has a different magnitude
and an area which could perturb the trajectory of any emitted electrons as well as
the impact angle. This would perturb the resonant behaviour and could stop the
avalanche-like electron growth.

Figure. 6.11 shows the electric field on the capacitive jacket with and without
grooves.

The resulting average SEY for the V⊥ = 1 MV multipacting for each of the
three jacket geometries shown in Fig. 6.11 are shown in Fig. 6.12.

Neither of the two types of grooves have a significant effect on the amplitude of

175



6. HOM COUPLER IMPACT ON FUNDAMENTAL MODE
OPERATION

Figure 6.11: Electric field on the capacitive jacket without grooves (left), with
vertical grooves (middle) and with horizontal grooves (right).

0.0 0.5 1.0 1.5 2.0
V  [MV]

0.8

0.9

1.0

1.1

1.2

1.3

1.4

1.5

1.6

〈  S
EY

 〉

H-Grooves
No Grooves
V-Grooves

Figure 6.12: Effect of grooves on the low field multipacting.

the average SEY and positively shift the field range over which multipacting occurs.
In conclusion, these grooves make little difference to the low field multipacting.
A comprehensive study on groove geometry and dimensions could be carried out
in order to reduce the multipacting. However, since the multipacting is in the
centre of the flat section on the jacket, it is hard to ‘deflect’ the trajectories of
the secondaries outside of this area. Furthermore, as discussed in Sec. 6.2.3 (with
evidence from cold test measurements) and shown in Fig. 6.9, the multipacting
can be conditioned away.
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6.2.5 Comparison with the SPS DQW HOM Coupler

The previous HOM coupler design (SPS DQW HOM coupler) multipacts on the
inductive stub, specifically on the bottom HOM coupler1. As such, simulations on
the bottom LHC DQW HOM coupler were performed and the results compared
to that of the SPS DQW HOM coupler2. The average SEY is shown in Fig. 6.13.
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Figure 6.13: Multipacting comparison between the SPS and LHC DQW HOM
couplers.

Referring to the top HOM coupler, the average SEY for the SPS and LHC
case are very similar. For the bottom HOM coupler, the average SEY has reduced
significantly with the use of a square stub section.

A dressed cavity (with SPS DQW HOM couplers) transverse voltage of 3.2 MV
was reached at CERN, meaning that the multipacting seen on the bottom HOM
coupler in Fig. 6.13 (SEY > 1.4 at 2.5 MV), did not act as a hard barrier to
operation. This strengthens the argument that the multipacting seen on the LHC
DQW HOM couplers (flat-jacket section at SEY = 1.4) can be ‘conditioned’.

1Noting that the bottom HOM couplers have slightly different field profiles to the top but
have near identical field levels to one another. See Fig. 4.1a for visualisation.

2Provided by G. Burt.
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6.3 Thermal Behaviour at the Operating Field

Evaluating the thermal behaviour of the coupler as a result of the fundamental
field at the operating voltage allowed the risk of a thermal quench to be evaluated.

6.3.1 Introduction

Heating of the coupler occurs due to the magnetic field of the cavity’s fundamental
mode. It is important to verify that the coupler does not reach a temperature
greater than the superconducting transition temperature of niobium (∼ 9 K). The
magnitude of the field varies with the surface resistance (Rs) of the material and
the temperature is determined by the thermal conductivity (k) and the distance
from the helium bath. Both parameters Rs and k are a function of temperature.
The surface resistance of the material can be written as

Rs = RBCS +Rres (6.5)

where the BCS resistance RBCS comes from the BCS theory of superconduc-
tivity (Chapter 2, Sec. 2.1.4 and from [39]) and the residual resistance Rres is a
material specific parameter which is normally between 5 and 50 nΩ. The BCS
resistance is given as

RBCS = 0.0002
T

×
(
fGHz
1.5

)2

× exp
(17.67

T

)
(6.6)

and the surface resistance of Niobium as a function of temperature is shown in
Fig. 6.14.

The thermal conductivity of niobium as a function of temperature was collected
from literature and is shown in Fig. 6.15. This parameter is also dependant on
the Residual Resistance Ratio (RRR) [32] value of the niobium. The value of the
sample used for all cases was 3001.

1Standard ‘high-quality’ niobium bought for SRF cavities at CERN.
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Figure 6.14: Surface resistance of niobium as a function of temperature for various
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Figure 6.15: Thermal conductivity of niobium (RRR = 300) as a function of
temperature. R1 and R2 refer to data presented in references [32, 138] respectively
and the last two curves are from [139] (R3 is ‘as received’ and R4 is with a 100 µm
BCP and baked).

6.3.2 Simulations

Assuming a residual resistance of 50 nOhms, the surface resistance is 51 nΩ (Rres is
negligible) at 2 K. The normal conducting equation σ = (µ0πf) / (R2

BCS) was used
to change the surface resistance into a quantity for use in CST MWS. The electrical
conductivity in units of S/m is given by σ and f is the frequency in Hz. This
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assumption allows the real part of the losses to be calculated, i.e. heating as a result
of the magnetic fields, but neglects the reactive part. The electromagnetic field at
the frequency of the fundamental mode was simulated in CST MWS and scaled
to that of V⊥ = 3.4 MV. The resulting heat flux, in W/m2, was used to simulate
the steady state temperature increase in both CST MWS and ANSYS [72]. The
thermal conductivity curve labelled as ‘R2’ in Fig. 6.15 was used as the curves ‘R2’
and ‘R4’ corresponded to the Niobium treatments applied to the crab cavity HOM
couplers but the prior represented a pessimistic approach. As such, a thermal
conductivity of 11 W/mK was assigned.

(a) CST MWS. (b) ANSYS.

Figure 6.16: Temperature contour plots corresponding to a steady state simulation
for V⊥ = 3.4 MV performed in two solvers for benchmarking purposes.

The ANSYS cross section shows the ‘cooling channel’ which is filled with 2 K
superfluid helium. The temperature profiles from both solvers are very similar
and both have maximum temperatures of 2.50 K. Although the highest magnetic
field is located on the section of the hook with the large bend radius, the highest
temperature is located on the tip of the hook as a result of this being the largest
distance from the helium bath and as such the point of least conductive cooling.

As discussed, the increased temperature of the coupler means that the physical
properties of the material, i.e. Rs and k, also change. As such, an iterative
approach to the thermal analysis is necessary1. The peak temperature of the

1Ideally, the material properties of each of the simulation mesh elements would be altered
to reflect the new temperature of that element. However, it was not possible to do this in the
current simulation suite and the method presented here represents a pessimistic approach.

180



coupler could be used to calculate the new properties. However, this approach is
too pessimistic as the temperature gradient is only seen on the hook section an
decays quickly in the direction of the helium bath. As such, the model was split
into four elements, Fig. 6.17, each having different material properties.

Figure 6.17: HOM coupler sections for the iterative thermal simulations. The
jacket and inner conductor section is referred to as ‘section 0’ progressing to the
tip of the hook which is ‘section 3’.

The material properties of each section were altered in accordance with the
average steady state temperature value. Fig. 6.18 shows temperature evolution of
each section until convergence is reached.
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Figure 6.18: Average section temperature evolution with material property itera-
tions at V⊥ = 3.4 MV.

Following the first simulation, the temperature of each section decreases. This
is a result of the now increased thermal conductivity, allowing more efficient heat
extraction to the helium bath. Convergence is met after five steady state simula-
tions.
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As the converged temperature is far from 9 K, i.e. the superconducting transi-
tion temperature of niobium, with a pessimistic approach to the thermal analysis
the HOM couplers are not at risk of causing a thermal quench and as such posing
as a field limitation up to V⊥ = 3.4 MV.

Furthermore, as the power deposited on the hook at the nominal field level
is 3.4 mW, the power per unit cross section of the inner liquid helium tube is
6.8 mW/cm2. This is three orders of magnitude lower than the limit (around
1 W/cm2 [140]) for which liquid helium can extract the heat load.

6.4 Conclusion

The impact of the LHC DQW HOM coupler on the crab cavity operation at the
fundamental mode was evaluated in three main areas:

Multipoles

• The multipolar kicks were evaluated for the DQW and RFD crab cavities.
There is no effect of the new DQW HOM couplers on the higher order mul-
tipoles of the fundamental mode.

Multipacting

• Multipacting a function of transverse deflecting voltage was evaluated. Mul-
tipacting was seen as a result of the newly added ‘flat-section’ on the HOM
coupler’s capacitive jacket.

• Using a material with a lower SEY, the multipacting was shown to be ‘soft’
and as such can be removed with RF conditioning.

• The effect of both a change in jacket geometry and the addition of ‘grooves’
was investigated.

• A comparison with the SPS DQW HOM coupler showed that multipacting
previously seen on the bottom HOM coupler’s inductive stub was removed
with the square profile.
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Thermal

• For pessimistic values of the surface resistance and thermal conductivity, the
temperature of the couplers was shown to be far from the critical temperature
of Niobium (9 K).
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Chapter 7

DQW Test in the SPS

As discussed in Chapter 3, the DQW crab cavity was scheduled for tests in the
Super Proton Sychrotron1 (SPS). The test aims were to identify any unforeseen
risks and to demonstrate operational reliability, machine protection and cavity
transparency [17]. Overviews of the tests with the main results are shown in [141,
142]. Images of the installation are shown in Fig. 7.1.

As part of the tests, since it was the first time that superconducting crab
cavities would be used for proton bunches, the HOM performance was of significant
interest. Specifically, the main areas for investigation and measurement were:

• To identify any unforeseen operational issues arising from the HOMs.

• To quantify the effect of the geometric deviations arising from manufacture
on the HOM characteristics and performance.

• Ensure HOM performance with proton beam is predictable, thus validating
the HOM simulations for the HL-LHC.

To validate the performance, measurements of the power coming from each
of the HOM couplers for various beam parameters were taken. Two main beam
parameter categories were used: Single bunch and multi-bunch.

The single bunch measurements were taken over large frequency bandwidths
(broadband) to evaluate the form of the HOM spectra and over small bandwidths
(narrowband) to evaluate high impedance modes in detail.

1CERN’s 7 km proton synchrotron.
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7. DQW TEST IN THE SPS

For the multi-bunch measurements, the predictability of the HOM character-
istics with different ‘filling schemes’ was assessed.

Finally, transverse modes were investigated by taking ‘off-axis’ measurements
to evaluate whether the assumptions made in simulations are valid.

(a) CAD render. (b) Photograph of the installation.

(c) Schematic of the installation. Image from [143]

Figure 7.1: DQW crab cavity cryomodule installed in the SPS tunnel for tests.
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7.1 HOM Measurement Set-Up

To measure the HOM characteristics, a test stand in the ‘BA6’ Faraday cage1 was
developed. An image of the test stand is shown in Fig. 7.2.

Figure 7.2: HOM measurement rack in the ‘BA6’ Faraday cage.

Spectrum analysers and Vector Network Analysers (VNAs) were the main in-
struments used for the HOM measurements. They are situated over 150 m above
the cavities located in the SPS tunnel. Coaxial cables connect each of the HOM
couplers, pick-ups and RF drive signals (forward and reflected) to a patch panel
on the Faraday cage wall. The HOM coupler signal is split using 20 dB directional
couplers, where the ‘through line’ is connected to a patch panel inside the Faraday
cage and the ‘coupled line’ is sent to a fast acquisition power sensor to provide an
interlock in the case that the integrated power rises above 250 W. The six HOM
coupler patch panel signals were connected to a coaxial switch with six inputs and

1Faraday cage located at point ‘BA6’ of the SPS.
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one output. The single output could hence be connected to a measurement device
and the signal shifted between the six HOM couplers. All inactive ports on the
coaxial switch are terminated at 50 Ω.

To accurately measure the HOM characteristics at the cavity, the cable at-
tenuations were measured up to each of the measurement points located in the
Faraday cage. For the HOM coupler cable measurements, an RF signal of known
frequency and amplitude was sent from the point at which the cable connects to
the cryomodule’s HOM coupler output, through all of the cabling infrastructure
(including the RF switch) and measured on the spectrum analyser. The calibra-
tion was performed at multiple frequencies and the resulting cable attenuations
are shown in Fig. 7.3.

Figure 7.3: Attenuation measurements and fit.
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7.2 Generating a ‘Measured’ Impedance Spectra

As discussed, the method employed to characterise the higher order mode param-
eters was to measure the power from each HOM coupler over various frequency
ranges using a spectrum analyser. To provide an analytic power spectra for com-
parison, the equation for power, presented in Chapter 4, should be referenced.
This is given by

P‖ = J2
A

∞∑
−∞

Re
{
Z‖(kω0)

}
|Jk|2 (7.1)

where JA is the average beam current, k the integer value representing the
revolution harmonic, ω0 the angular revolution frequency and Jk

1 the normalised
Fourier harmonic of the beam current. From the machine parameters and filling
scheme, the values of JA and Jk can be computed. For the longitudinal impedance
however, although the simulated HOM parameters could be used to form the
impedance spectra, the HOM frequency and quality factors had already been mea-
sured (detailed in Chapter 4). As such, the longitudinal impedance spectra was
computed for each cavity, using the measured HOM parameters. The resultant
spectra are shown in Fig. 7.4 and compared to the simulated case.

Referring to the broadband impedance spectra shown in Fig. 7.4a, the de-
viations of the measured HOM parameters from the simulated were evaluated
extensively in Chapter 4. The main conclusions made were:

• Large increases in the frequencies of the first four HOMs and a number of
HOMs around 1.65 GHz.

• Large increases in quality factors for the modes at 685 and 701 MHz (vertical
and hybrid mode respectively).

• A shift in the frequency of the longitudinal mode at 960 MHz could result in
a large power if 25 ns bunch spacing is used.

The low frequency modes and the high power mode are highlighted in Fig. 7.4b and 7.4c
respectively.

1In literature, Jk is also referred to as the ‘time structure’ of the beam.
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Figure 7.4: Simulated and altered impedance spectra for both cavities.

Notably, the longitudinal mode at 960 MHz has increased in frequency by 3.12
and 3.27 MHz respectively for cavity one and cavity two from that of the simu-
lated values. Although a small sample size, the frequency increase is seen to be
systematic. The increase is more than the spacing from the simulated frequency
(959.3 MHz) to the frequency of the 24th bunch spacing harmonic (961.3 MHz in
the SPS, annotated in Fig. 7.4c). This shows that it is feasible for the mode to
increase in frequency by the amount necessary for the worst case HOM power
(+2 MHz).
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7.3 Single Bunch Measurements

For the single bunch measurements, one bunch was circulated for multiple hours
around the SPS. This method, referred to as ‘coasting’, provided very stable and
reproducible conditions for HOM measurements.

Before detailing the measurements, the dressed DQW crab cavity is shown
again, for reference and nomenclature, in Fig. 7.5.

Figure 7.5: DQW crab cavity dressed with the HOM couplers and pick-up probe.

7.3.1 Broadband Measurements

Power spectra for cavity one and two, using the HOM coupler located on the top
of the cavity, were measured using a spectrum analyser. Careful consideration of
the analyser settings is necessary to return an accurate measurement. The set-up
of the analyser is described hereafter.

The HOM power spectra is comprised of many discrete points at multiples of
the revolution frequency (43 kHz for the SPS).

The spectrum analyser measures the integrated power after passing through
a band-pass filter centred at a given frequency. The bandwidth of the filter is
defined by the resolution bandwidth (RBW), set by the user. To ensure that the
discrete samples are measured accurately, the RBW should be smaller than the
signal spacing. As such, the RBW was set to a maximum of four times smaller
than the revolution frequency (i.e. to ∼ 10 kHz).
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Reducing the RBW has a positive impact on the signal quality as it also acts
to reduce the noise floor of the measurement. The noise floor is often referred to as
the ‘Displayed Average Noise Level’ (DANL). The DANL reduces by ∼ 10 dB with
a reduction in the RBW by a factor of 10. However, this comes at the expense
of sweep time which is inversely proportional to the square of the RBW. Hence,
there is a lower threshold dictated by the measurement time available.

The point spacing was set to equal the RBW to ensure that each discrete
signal was within a measurement ‘bin’. Due to the sharp ‘shape-factors’ of modern
sampling filters (detailed in [144]), the accurate amplitude of the discrete impulse
is measured, regardless of its position within the ‘bin’. This concept was proved
experimentally in the laboratory by measuring a 30 dBm signal from a vector
signal generator (calibrated to the end of the SMA coaxial cable) and varying the
frequency over two resolution bandwidths. At each frequency, the measured power
was 30.00 dBm ± 0.01 dBm. With reference to the discrete signal within the filter,
there is a maximum frequency error equal to half that of the resolution bandwidth,
as the measured power is returned at the centre of the ‘bin’ (i.e. the signal is only
seen in one bin regardless of its relative position within the bin).

To compare the measured spectra to the predicted power level, an analytical
power spectra (Eq. 7.1) was generated for both cavities using a binomial bunch
profile and the bunch parameters used in the coast. The binomial profile, detailed
in Sec. 5.4.5 of Chapter 5, is shown in Fig. 7.6 for reference. The bunch length and
µ-coefficient are varied to best represent the profile of the bunch in the SPS/LHC.
The two variables are co-dependant. For the SPS, the value of µ is nominally
1.5 [121].

For the measurements, the bunch length was taken from CERN’s SPS bunch
length measurement system (ABWLM1) [145]. To represent the measurement
taken at the Faraday cage, the cable attenuation (Fig. 7.3) and a factor three
(10 × log10(1/3) = 4.77 dB) were subtracted from the analytic data-set. This
makes the assumption that each cavity mode couples equally to each HOM coupler
(i.e. the power is split equally between the three HOM couplers at each resonance).
The measured and analytic spectra are shown in Fig. 7.7.

The plots show that for both cavities, the form of the power spectra and the
1‘A (for RF) Beam Wideband Longitudinal Measurement’.
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Figure 7.6: Binomial profile for different values of µ. An arbitrary bunch length
(total) of 3 ns is used.

frequencies at which the high power modes are expected can be well predicted.
Referring specifically to the first seven high power modes seen in the plots (at

∼ 570, 590, 700, 750, 960, 1250 and 1300 MHz), there is an under-representation of
the power from the analytic calculation for the first five modes whereas the last two
match very well. In addition to the high impedance mode under-representation,
there is a large, broadband impedance at ∼ 1.75 GHz. Even though this is rela-
tively low in power, the disparity between the simulated and measured is an area
of concern and the frequency is also close to the mode damped by the beam pipe
pick-up (detailed in Chapter 4) and hence should be investigated further.
The four causes for lower power could be:

1. A misrepresentation of the form of the proton bunch (Jk, Eq. 4.3).

2. An error in the assumption that one third of the HOM power is seen at each
HOM coupler (up to a 4.8 dB underestimation).

3. An underestimation of the impedance spectra (<{Z‖}).

4. An error in the measurement signal (e.g. perturbation due to an RF filter).

Misrepresentation of Jk
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(a) Cavity one, HOM coupler one.
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(b) Cavity two, HOM coupler one.

Figure 7.7: Measured and analytic broadband spectra at the Faraday cage (i.e.
with cable attenuations and power splitting between ancillaries) for both cavities
on the top HOM coupler, assuming that each mode couples equally to each of the
three HOM couplers per cavity. The Full Width Half Maxima (FWHM) and µ
values for the analytical binomial equation are shown.

With reference to the four possible reasons for an underestimation, the first
(Jk underestimation) could be a result of the coefficients which alter the binomial
form (bunch length and µ) or the profile itself could be inaccurate. The equation
for calculating the value of Jk was detailed in Chapter 4 (Eq. 4.3). This parameter
is multiplied by the beam current to give the form of the current in the frequency
domain. With a single bunch, the value of Jk is simply the binomial equation
shown in Fig. 7.6.

As the bunch length can vary by ± 10% [145, 146] with respect to the nominal
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value, the effect of decreasing the bunch length is shown in Fig. 7.8.
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Figure 7.8: Effect of decreasing the bunch length by 10% on the analytic spectra
for cavity 1.

Each of the lower frequency modes increases in power with a smaller bunch
length. Specifically, the mode at 960 MHz increases by over 12 dB as a result
of its close proximity to the ‘node’ of the binomial profile and hence increased
sensitivity to bunch length. To illustrate the movement of the node, Fig. 7.9
shows the binomial bunch profile for the two bunch lengths. The large increase in
Jk at the frequency of the high power mode is highlighted.

The small changes in Jk in the range 1.2–1.3 GHz explain why the measured
modes here match the analytic values; They are insensitive to bunch length changes.

The main conclusion of the analysis is that small deviations in the form of the
bunch can have significant effects on the HOM power. The effect of this is greater
at certain frequencies, as seen for longitudinal mode at 960 MHz with a bunch
length FWHM of ∼ 1 ns.

Mode coupling

To assess the validity of the assumption that the power at each resonance is
equally split between the three HOM couplers, the power from the low frequency
(500–1000 MHz) section was measured from each of the three ancillaries and av-
eraged. The comparison of the measurement taken from the top coupler and the
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Figure 7.9: Jk as a function of frequency for the nominal measured bunch length
and with a 10% decrease.

average of the three couplers is shown in Fig. 7.10. The analytic profiles are shown
for the nominal bunch length and with a reduction of 10%.

(a) Measured from the top HOM coupler
(H1).

(b) Average measured from the three HOM
couplers.

Figure 7.10: Evaluation of the effect inter-mode coupling differences.

Although the measured power is still higher than the simulated, two modes
clearly couple more strongly to the top HOM coupler as they become much closer
to the analytic value when the measurements are averaged. From the plots, these
are the modes at 590 and 960 MHz. The difference highlights the need to investi-
gate the individual mode coupling ratios to accurately compare the measured and
simulated data-sets.

Misrepresentation of <{Z‖}

196



For the third point, it is unlikely that the impedance is underestimated due to
incorrect mode frequencies or quality factors, as they were measured. As such, for
an incorrect value of <{Z‖}, it would be the value of r/Q‖ that was underestimated
(Chapter 2, Sec. 2.1.2). This could be a result of a deviation of a change in the
cavity geometry from the simulated, or from an offset of the beam with respect to
the mechanical centre of the cavity in the transverse planes.

As the geometry of the cavity met the manufacturing tolerances, it is unlikely
that the r/Q‖ of the high power HOMs varies by more than 10%. Since the power
deviates by significantly more than this, this is probably not the main cause of the
discrepancy.

To evaluate the effect of a beam offset on the magnitude of the HOM power
error, the simulated normalised mode impedance variation as a function of offset
in both planes was assessed for the high power modes. This is shown in Fig. 7.11.
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Figure 7.11: Impedance variation with offset.

The relationships show that for an error of ± 3 mm, the maximum change in
mode impedance (and therefore HOM power) is less than 5% (∼ 0.2 dB). As this
is extremely small compared to the error observed in Fig. 7.7, its effect was not
taken into account.

Measurement Signal
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Post measurement evaluation showed no issues with the HOM coupler cabling.
However, an RF filter centred at 400 MHz was installed on the pick-up probe. This
probe is mounted on the beam pipe and, in addition to sampling the fundamental
mode signal, damps a mode at 1.75 GHz (detailed in Chapter 4). As such, this
mode was perturbed by the filter, explaining the deviation at this frequency in the
measured response (referring back to Fig. 7.7).

Figure 7.12 shows the single bunch power spectra measured from cavity one,
HOM coupler one, before and after the bandpass filter was added to the beam-pipe
pick-up cabling. Although the traces correspond to different bunch intensities and
use different spectrum analyser parameters, the addition of the high frequency
impedance as a result of the band-pass filter is clearly visible at 1.75 GHz.

Figure 7.12: Power spectra measured from the top HOM coupler with and with-
out a bandpass filter on the beam-pipe pick-up cabling. Note, different beam
parameters and analyser sampling are used.

Additionally, a design error meant that the RF ‘feedthroughs’ used for this
probe were actually 33 Ω, whereas all of the RF infrastructure had an impedance
of 50 Ω. Hence, the matching of the coupler to the load was not as designed.

The problems detailed here form part of the motivation for the beam-pipe
ancillary changes presented in Chapter 5.
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7.3.2 Narrowband Measurements

Following the broadband analysis, narrowband measurements were taken for more
accurate, high resolution information on the mode power and inter-mode coupling
differences. A selection of these measurements are shown in Fig. 7.13.
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Figure 7.13: HOM power for high longitudinal impedance modes. Nomenclature
is use such that ‘C1H1’ refers to Cavity 1, HOM Coupler 1.
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The measurements clearly show the difference in frequency and quality factor
between the two cavities. This is particularly prevalent for the first HOMs for
which the deviations are quantified and discussed in Chapter 4. In addition to
the inter-cavity differences, the deviations in the magnitude differs between each
coupler as shown in Fig. 7.10. This is due to the fact that for a given mode,
there is a different coupling coefficient to each HOM coupler. For the high power
modes, Tab. 7.1 gives the maximum power measured for each mode and the coupler
through which this was measured.

Cavity One Cavity Two
f0 [MHz] Pmax [dBm] Coupler f0 [MHz] Pmax [dBm] Coupler

571.1 -3.53 HOMC2 576.3 -5.42 HOMC3
589.8 2.69 HOMC1 591.5 -4.85 HOMC2
703.7 -3.25 HOMC3 704 −0.37 HOMC1
962.4 -9.73 HOMC1 962.5 -11.09 HOMC1
1263.1 -19.85 HOMC1 1263.1 -23.12 HOMC1

Table 7.1: Maximum power measured with single bunch with an intensity of 2.4×
1010 and with a bunch length of FWHM = 1.06 ns. The power is increased by
the frequency dependant cable attenuation to represent the power at the HOM
coupler.

The maximum power values show that, for single bunch with a FWHM of
∼ 1.06 ns and an bunch intensity of 2.4×1010, the largest contribution to the HOM
power differs for the two cavities. For cavity one, this contribution comes from the
mode at 590 MHz and for cavity two, the largest contribution is at 704 MHz. The
power at each of these modes is 6 and 4.5 dB higher than the next highest power
mode.

Referring back to the analysis of the cavity mode parameter deviations from
simulations (Chapter 4, Sec. 4.2.2), the 704 MHz mode in cavity two had the second
highest quality factor shift measured, increasing by a factor of five. This is hence
the reason why this mode has the highest power measured.
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7.3.3 Coupling Ratios

As a result of the large intra-coupler power deviations detailed (see Fig. 7.10), the
‘coupling-ratios’ (i.e. the percentage of the HOM power at each resonance seen at
each coupler) were quantified for the high power modes.

Eigenmode cavity simulations were firstly launched, where each simulation had
only one HOM coupler terminated at 50 Ω and the other two were shorted. The
ratio of the external quality factors, remembering to sum in parallel, gave the
coupling ratios of each mode. These ratios are shown in Fig. 7.14 for the high
longitudinal impedance modes referenced. The cavity schematic is displayed again
for nomenclature.

(a) Dressed cavity schematic.
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(b) Simulated coupling.

Figure 7.14: Simulation of the coupling ratios for the high power modes.

The ratio of the measured power was used to calculate the measured coupling
ratios for the HOMs. These ratios are shown in Fig. 7.15.

The largest deviations in coupling ratios, from simulated to measured, are for
the first HOMs (575 and 592 MHz). The deviations are not systematic. The rea-
son that these modes deviate in coupling is due to geometric differences between
the manufactured HOM couplers. As presented in Chapter 3, the HOM coupler’s
S21 has a sharp pass-band at this frequency, most significantly effected by the
distance from the coupling hook to the band-stop filter. The bandwidth of this
pass-band is smaller than that of the two HOMs. As presented in Chapter 4, the
inter-coupler spread of the sharp pass-band changes the coupling and damping sig-
nificantly at these cavity modes. To illustrate this, the HOM coupler transmission
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(a) Cavity One.

576.3 591.5 704.0 962.5 1263.1
Mode Frequency [MHz]

0

20

40

60

80

100

C
ou

pl
in

g 
[%

]

HOMC1
HOMC2
HOMC3

(b) Cavity Two.

Figure 7.15: Measured coupling ratios.

characteristics measured with the ‘test-boxes’ detailed in Chapter 3 are shown in
Fig. 7.16 with the cavity one impedance spectra on the second y-axis to show the
mode frequencies. The deviation in transmission due to the differences between
the couplers is hence significant.
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Figure 7.16: SPS DQW HOM coupler transmission measured on the test-box.
The frequency range around 580 MHz is displayed to illustrate the intra-coupler
transmission differences due to manufacturing deviations.

The coupling ratios of the three higher frequency modes (Fig. 7.15) are closer to
the simulated. The deviations are likely a result of HOM coupler insertion depth,
alignment errors and small transmission differences due to manufacture.

Notably, the 960 MHz mode couples only to the top HOM coupler (insignificant
coupling on the lower two couplers). This is due to the field configuration of this
mode; magnetic field nodes are present at 45◦ and hence the hook type coupling
mechanism on the bottom HOM couplers do not couple to the field. The top
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coupler is at an H-field maxima.
As the 960 MHz mode is the mode which can produce the most power with the

HL-LHC filling scheme (Chapter 4), this means that the HOM line and ceramic
window on the top HOM coupler will be subjected to the full cavity HOM power
at this frequency.

7.3.4 Single-Bunch Conclusions

Broadband measurements

Broadband measurements were taken from the top HOM coupler of both cav-
ities. An under-representation of the power spectra was seen from the analytical
calculations. Additionally, a disparity between the simulated and measured power
spectra was observed at 1.75 GHz. Possible reasons for the underestimations are
numbered below with the main conclusions from each of the investigations bulleted.

1. A misrepresentation of the form of the proton bunch (Jk, Eq. 4.3).

• The form of the Jk (i.e. form of the beam current as a function of
frequency) was seen to be very sensitive to variations in bunch length.

• Specifically, at the bunch length used, the value of Jk at 960 MHz was
very sensitive to bunch length errors, contributing to why the form of
the bunch is underestimated at this frequency.

2. An error in the assumption that one third of the HOM power is seen at each
HOM coupler (up to a 4.8 dB underestimation).

• The average of the traces from each of the three HOM couplers brought
the modes closer to the analytic form, suggesting that the modes do
not couple equally to each of the HOM couplers.

3. An underestimation of the impedance spectra (<{Z‖}).

• The impedance variation with offset for the high power modes was eval-
uated. This was seen to have little effect with respect to the large
differences in HOM power observed.
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4. An error in the measurement signal (e.g. perturbation due to an RF filter).

• A 400 MHz band-pass filter was used on the beam-pipe pick-up cabling.
The filter caused a reflection at the 1.75 GHz mode and was the reason
for the discrepancy at this frequency.

Narrowband measurements

Narrowband measurements further highlighted the inter-cavity differences. As
a result of the power differences seen between the couplers in the broadband mea-
surements, the narrowband measurements were used to assess the mode ‘coupling
ratios’ (i.e. the percentage of power that couples to each port). The ratios differed
between the cavities and from that of the simulations. The notable conclusions
were:

• The coupling ratios of the first high-power HOMs differed significantly from
the simulations. This was shown to be a result of the geometric differences
between the HOM couplers. The ‘test-box’ measurements in Chapter 3 were
used to describe this.

• The high power mode (960 MHz) only couples to the HOM coupler. Referring
back to Chapter 4, the power of this mode contributes to the vast majority
(> 90%) of the HOM power using the HL-LHC filling scheme. The coupling
ratios mean that all of this power must be supported by one HOM coupler
and therefore one ceramic window and RF line.
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7.4 Bunch Profile Measurements

The deviations between the measurements and the analytic calculations shown in
Sec. 7.3 prompted an investigation into the bunch profile distribution.

7.4.1 Time Domain Measurements and Analysis

Time-domain measurements of the bunch profile using an oscilloscope connected
to a Wall Current Monitor (WCM) [147] were taken, with the timings provided
by a fibre-optic link. Fourier transforms of the time domain bunch profiles into
the frequency domain would allow comparison of the measured bunch profile with
the analytic. To measure the profiles, four bunches spaced with 105 RF buckets
circulated the SPS with the crab cavities ‘turned off’ (no RF power). The time
domain traces taken are shown in Fig. 7.17.
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(d) Bunch 3.

Figure 7.17: Bunch profile measurements. The black lines show all of the traces
taken and the average is shown by the red dashed line. Measurements courtesy of
M. Schwarz.
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All profiles for the first bunch (bunch 0) are similar in shape and hence have
little deviation from the average profile shown by the dashed red line. Bunch 1 on
the other hand has an instability which varied over the acquisition time. Hence,
the average profile differs from each of the individual traces. Bunch 2 and 3, like
bunch 0, have little variation over the acquisition time. From the average of the
measured traces, the FWHM for each bunch was 0.99, 1.30 (instability), 1.23 and
1.21 ns respectively.

To evaluate the bunch profiles in the frequency domain, the Fourier transform
of each bunch was computed. The resulting traces are shown in Fig. 7.18. The
order of the transformations was varied:

1. Fourier transform of each time domain trace → averaged: RED

2. Average of time domain traces → Fourier transformed: DASHED BLUE
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Figure 7.18: Fourier transforms of the bunch profile measurements shown in
Fig. 7.17.
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Referring to Fig. 7.18, the first ‘lobe’ of the bunch profile is clearly measurable
with little variation between acquisitions. The smaller bunch length of the first
bunch means that it’s profile is ‘longer’ in the frequency domain with respect
to the other bunches and hence the first node is above 1 GHz whereas this is at
∼ 800 MHz for the other bunches. The subsequent ‘lobes’ are apparent in the
measured data-sets for the last three bunches, however these are not seen in the
first.

For the average of the Fourier-transformed time-domain traces (red line), the
multiple lobes are not apparent for the first bunch but are clearly visible for the
following three. These traces do not show the very low amplitude nodal points
presented by the binomial equation.

For the Fourier transform of the average time domain trace (dashed blue trace),
the multiple lobes of the bunch profile are much more visible and the trace looks
very similar to that of the binomial function. Performing an average of the time
domain traces removes the effect of the small intra-acquisition deviations which can
have a large effect at high frequencies. Hence, the high frequency spread between
the individual bunches is removed. This means that the bunches vary in profile
over time. Hence, although the Fourier transform of the average time-domain
profile gives a result which is very close to that of the binomial function, the value
of Jk at a discrete frequency varies with time. As the sweep time of the spectrum
analyser is much longer than the time needed for one bunch to circulate the full
circumference of the SPS, the bunch profile changes during the acquisition time.
This could contribute to the difficulties in matching the analytic and measured
broadband signals in Sec. 7.3.1.

To evaluate the accuracy of the binomial function, a least squares fit was applied
to the Fourier transform of the average time-domain traces. The best combination
of bunch length and µ was returned. This is shown in Fig. 7.19.

The fits show that the first bunch in the four bunch train is closer to a Gaussian
than any of the others, i.e. has a much larger µ coefficient, and has a shorter bunch
length. Although the fit is a much better representation of the measured data
than that of the nominal parameters, there are still large discrepancies which start
before the first node of the profile. This could explain the lower approximation
in power shown in the broadband measurements in Sec. 7.3.1; The shorter bunch
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Figure 7.19: Fits to Fourier transform of the average time-domain trace for each
bunch.

length and higher µ coefficient means there is a higher current at low frequencies.
If this is the case when a single bunch is injected into the machine, a higher power
than that of the predicted will result. However, due to the lack of bunch profile
information in the single bunch measurements and the possible profile oscillation
over the analyser sweep time, it is difficult to conclusively attribute the higher
measured power to this, but it highlights the need for bunch profile measurements
in future tests.

The following three bunches are better represented by the binomial profile,
with the fits allowing a good match to the measured data. The fit for bunch two
is very close to the measured data and only starts to deviate after ∼ 1.8 GHz. The
deviation seen from the second two bunches starts slightly earlier but both are still
representative up to ∼ 1.3 GHz.

Referring to the last three bunches only, as the first bunch is much shorter and
‘typical’ of the first bunch in a train in the SPS [146], in all cases the µ coefficient is
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less than the nominal 1.5 used for the single and multi-bunch analytic calculations.
The average bunch parameter deviations for the last three bunches are:

µ: 0.48
Bunch length: 9.9%

Therefore, variations of ± 10% and ± 0.5 should be applied to the analytic
power at discrete frequencies to compare the measured to the predicted powers.

7.4.2 Beam Variations

The deviation between the analytic and measured power shown in Sec. 7.3.1,
Fig. 7.7 as a result of unrepresentative beam parameters (bunch length and µ)
was further investigated. Using the measured bunch parameter tolerances, the
value of Jk was assessed with a variation of both the bunch length and µ. Note,
their values are co-dependant. The plots, for a bunch length variation of ± 10%
and a µ variation of ± 0.5, are shown in Fig. 7.20.
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(a) Jk as a function of bunch length.

1.0 1.2 1.4 1.6 1.8 2.0
µ

0.00
0.01
0.02
0.03
0.04
0.05

J
k
 [N

or
m

al
is

ed
 U

ni
ts

] Frequency = 961.97 MHz

(b) Jk as a function of µ.

Figure 7.20: Value of Jk as a function of both bunch length and µ for a single
bunch at the frequency of the 960 MHz mode in cavity one.

As previously seen, the value of Jk, and hence the beam current at this fre-
quency, varies significantly with a small change in bunch length. However, it does
not change with a variation in µ.

This is not the case at all frequencies. Figure. 7.21 shows the effect of the two
parameters at 1200 MHz.

The effect of µ at this frequency is significantly larger than that of the bunch
length. As such, the main conclusion regarding variations in bunch profile param-
eters is that, depending on the frequency, the power at a given mode can change

209



7. DQW TEST IN THE SPS

1.00 1.05 1.10 1.15
FWHM [ns]

0.03
0.04
0.05
0.06
0.07
0.08
0.09

J
k
 [N

or
m

al
is

ed
 U

ni
ts

] Frequency = 1199.992 MHz

(a) Jk as a function of bunch length.
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(b) Jk as a function of µ.

Figure 7.21: Value of Jk as a function of both bunch length and µ for a single
bunch at 1200 MHz.

significantly. As such, bunch parameter tolerances should be used to provide a
‘power window’ for further analysis and for analysis of the DQW in the HL-LHC.

7.5 Multi-Bunch

In order to verify that the HOM power could be predicted with more than one
bunch, and that the relationship between HOM power and the number of bunches
is well understood, the HOM power as a function of the number of bunches was
investigated.

As presented with the single bunch measurements, the value of Jk at a given
frequency can change significantly with bunch parameters. In the case of multiple
bunches, the bunch profiles will never exactly conform to the analytic case and
each bunch in the train will be slightly different. For visualisation, the average
profile of a 72 bunch train was plotted for the case where each bunch matched
exactly and for the case where each bunch has a random error in bunch length (up
to 10%). The result of this is shown in Fig. 7.22.

The variation of bunch lengths removes the nodes, increasing the excitation
at these frequencies by many orders of magnitude. Similarly, the peak excitation
at the lobes of the binomial is reduced. With a large number of bunches, the
amount of bunch length configurations means it is computationally expensive to
stochastically evaluate each of the possible average bunch profiles.

However, since the main interest is to evaluate the evolution of power with
bunch number at discrete frequencies, i.e. cavity modes or bunch spacing harmon-
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Figure 7.22: Effect of intra-bunch, bunch-length variation on the average bunch
profile for an arbitrary nominal bunch length and µ.

ics, the range of Jk can be calculated at the frequency of interest to define a power
range.

As an example, Fig. 7.23 shows the value of Jk at 962 MHz for 72 bunches with
a bunch spacing of 25 ns, as a function of both bunch length and µ. The ranges
used for the analysis correspond to those presented in Sec. 7.4 and, as discussed
in Sec. 7.4.2, the values of bunch length and µ are co-dependant.
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(a) Jk as a function of bunch length.

1.0 1.2 1.4 1.6 1.8 2.0
µ

0.000
0.002
0.004
0.006
0.008
0.010

J
k
 [N

or
m

al
is

ed
 U

ni
ts

] Frequency = 961.97 MHz

(b) Jk as a function of µ

Figure 7.23: Value of Jk as a function of both the bunch length and µ at 962 MHz
for 72 bunches with a bunch spacing of 25 ns.

Deviations are observed in the order of a factor of three from the nominal. This
corresponds to nine times the power.

The lower limit for Jk at is often close to zero due to the nodes of the binomial
profile and hence the range between the nominal and maximum was used for the
analytic window. The power against the number of bunches (M) was calculated
at 962 MHz using cavity one’s longitudinal impedance spectra, for a train of 1 to
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200 bunches with a 25 ns bunch spacing. At each value of M, the nominal and
upper limit of Jk was used to create the HOM power ‘window’. The resulting plot
is shown in Fig. 7.24.
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Figure 7.24: HOM Power as a function of bunch number (M) at 962 MHz using
cavity one’s impedance spectra.

Notably, the power is periodic with the number of bunches. This is due to
the modulation of the form of Jk. Assuming the same bunch spacing, the period
of the power as a function of the number of bunches decreases, i.e. acts over a
lower range, as the frequency at which it is evaluated moves further from a bunch
spacing harmonic. As a reference, the bunch spacing harmonics and modulation
due to the number of bunches are shown again in Fig. 7.25.
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Figure 7.25: Jk as a function of frequency.
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The form of Jk for different bunch trains was measured using the Wall Current
Monitor (WCM) [147]. As a precaution (to protect the analyser), a large attenu-
ation was used and hence the spectral composition at the HOM frequencies was
not measured at high frequency. However, the form of the modulation conformed
to that of the analytic. The measurements are shown in Fig. 7.26.
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Figure 7.26: Measured profile example for different bunch numbers.

The variation of Jk with the number of bunches (M) is shown in Fig. 7.27 for
various frequencies. The frequencies are presented with respect to their distance
from a bunch spacing harmonic multiple (i.e. 1/tbb). The decrease in period can
be seen as the frequency moves further from away from these multiples.

Although the value of Jk has a general quadratic reduction as the number
of bunches increases, the intensity as a result of this increases linearly. As such
the current, and hence HOM power, increases quadratically. The cancellation of
these two relationships explains why the HOM power at a discrete frequency as a
function of bunch number (shown in Fig. 7.24) is periodic.

7.5.1 Measurements at the bunch spacing harmonics

Filling every fifth RF bucket in the SPS (25 ns bunch spacing) with bunches with
intensities of ∼ 1×1011, the bunch number was increased from 12 to 60 in steps of
12 bunches. Due to the limited acquisition time, the power in the frequency range
from 500 MHz–1000 MHz was measured to allow analysis of the most detrimental
high longitudinal impedance modes whilst maintaining a sufficient measurement
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Figure 7.27: Jk as a function of bunch number (M) and normalised to the value at
M = 1. The plot is shown at five frequencies to illustrate the change in periodicity
depending on the distance from a bunch spacing harmonic.

resolution. An example of one of the measurements taken from the top HOM
coupler of cavity one, is shown in Fig. 7.28.
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Figure 7.28: Measurement of HOM power from cavity one, HOM coupler one with
60 bunches with a bunch intensity of 1×1011 spaced by 25 ns. The measurement is
increased by the measured cable attenuation and is annotated with the frequencies
of the multiples of the bunch spacing harmonics (1/tbb).

The bunch spacing harmonics are visible on the HOM power spectra, and
conform to the predicted frequencies. Furthermore, unlike with the single bunch
measurements, the power is now highest at 960 MHz due to the interaction of the
longitudinal mode with the 24th bunch spacing harmonic.

214



For the frequencies of the bunch spacing harmonics, as the HOM coupler spe-
cific coupling coefficient was difficult to quantify, the measured result was increased
by a factor of three (4.77 dB) to represent the total HOM power and hence assumes
that the power is split equally between each coupler. The resulting plots are shown
in Fig. 7.29.
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(c) Harmonic 16.
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(e) Harmonic 23.
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Figure 7.29: HOM Power as a function of bunch number (M) for several bunch
spacing harmonics (tbb = 25 ns). Measurements are from cavity one, HOM cou-
pler one and are normalised to the analytic intensity and increased by 4.77 dB to
represent the cavity HOM power assuming equal coupling to each HOM coupler.
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For each case, there is a good agreement between the analytic and measured
data. The quadratic relationship is only expected at these frequencies, i.e. mul-
tiples of 1/tbb, as there is no significant modulation of Jk from a variation in M
(Fig. 7.27). Furthermore, the measured data generally falls within the analytic
range.

For the case of the 15th and 24th bunch spacing harmonics, the measured values
are at the upper limit. However, the coupling calculations in Sec. 7.3.3 show that >
70% of the power extracted at the 590 MHz mode and> 98% of the power extracted
at the 960 MHz mode is transmitted through the top HOM coupler (coupler one).
Hence, as the frequencies of the 15th and 24th bunch spacing harmonics are close
to these modes, a similar coupling ratio is expected. As such, the increase of
4.77 dB is too high and, if it assumed that the power at these harmonics splits
in the same way as the adjacent HOMs, the value added to the measurement to
reflect the power at the cavity should be 1.47 and 0.07 dB respectively. To reflect
the coupling uncertainty, each of the measured data points has the lower error
increased by 4.77 dB.
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7.5.2 Measurements at the cavity modes

In addition to the bunch spacing harmonic frequencies, the evolution of the power
at the frequencies of several high impedance longitudinal modes was also moni-
tored. Referring to the example measurement shown in Fig. 7.28, the four highest
power modes were chosen. The resulting plots are shown in Fig. 7.30. The mea-
sured power at the mode frequencies was increased by the frequency dependant
cable attenuation and mode dependant measured coupling coefficient to represent
the cavity HOM power.
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(a) 571 MHz.
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(b) 590 MHz.
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(c) 704 MHz.
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Figure 7.30: HOM Power as a function of bunch number for several modes with
high longitudinal impedance. Measurements are from cavity one, HOM coupler
one, and are normalised to the analytic intensity and increased by the mode specific
measured coupling ratio and cable attenuation to represent the cavity HOM power.

As discussed previously, the analytic dependence of the mode power with the
number of bunches is periodic. The period is determined by the distance from a
multiple of a bunch spacing harmonic in the frequency domain. For the four modes
plotted, the absolute distance from the nearest bunch spacing harmonic frequency
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(n/tbb) as a percentage of half the harmonic spacing (0.5/tbb =20.03 MHz) is 52%,
55%, 86% and 5.4% respectively.

This is seen in the measurements for the mode at at 962.4 MHz. Because it is
very close to the 24th bunch spacing harmonic, the period of the power as a function
of the number of bunches is very long compared to that of the other modes. With
reference to the measured data sets, the trend of the measured power matches that
of the analytic.

In two cases, 590 and 704 MHz, the power is higher than the calculated nominal
value. To check that this was not isolated to cavity one, the corresponding data
for cavity two was analysed. This is shown in Fig. 7.31.
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(a) 576 MHz.
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(b) 592 MHz.
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(c) 704 MHz.
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Figure 7.31: HOM Power as a function of bunch number for several modes with
high longitudinal impedance. Measurements are from cavity two, HOM coupler
one, and are normalised to the analytic intensity and increased by the mode specific
measured coupling ratio and cable attenuation to represent the cavity HOM power.

Analytically, very similar relationships between the HOM power and the num-
ber of bunches are observed for each of the modes in the respective cavities, with
the periodicity slightly changing due to inter-cavity mode frequency deviations.
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As with cavity one, the measured results for cavity two are higher for the modes
at 592 and 704 MHz when compared to the analytic data. The average increase
from the analytic calculations is detailed for each mode in Tab. 7.2.

f [MHz]
Pmeas − Psim [dB (Linear)]

Cavity One Cavity Two
From Nominal From Maximum From Nominal From Maximum

571 10.92 (12.36) -0.07 (0.98) 15.53 (35.73) 3.73 (2.36)
590 21.88 (154.17) 7.12 (5.15) 24.98 (314.77) 9.71 (9.35)
704 12.81 (19.10) 8.34 (6.82) 15.49 (35.40) 11.03 (12.68)
962 17.47 (55.85) 1.56 (1.43) 16.59 (45.60) 0.64 (1.16)

Table 7.2: Measured increase in power from both the average and maximum ana-
lytic values for four low frequency high longitudinal impedance modes from multi-
bunch measurements.

The measured values for the 571 and 962 MHz modes are similar to the upper
threshold in both cavities. However the 704 and 590 MHz modes are at least a
factor of five higher in both cavities, with a larger deviation seen in cavity two.

It is difficult to attribute the increase in observed power of these to modes to the
r/Q‖ (for which the simulated value is used in the analytic calculations). However
it is unlikely that the values change more than 10%. Even for the 590 MHz mode,
for which the r/Q‖ is effected by the HOM coupler geometry, a large geometric
error (few mm in simulations) has an effect in the order of 5%.

As such, it is more likely that the form of the beam current is the source
of the deviation. The modes which deviate more significantly from the analytic
calculations are in frequency areas where the Fourier harmonic of the beam current
(Jk) is very low. The bunch spacing harmonic frequencies and the mode close to the
24th bunch spacing harmonic are within or negligibly above the analytic window.
As such, the conclusion made here is that: Even with the analytical power win-
dows used as a result of the measured bunch parameter deviations, the power for
modes far from the frequency of a bunch spacing harmonic is difficult to predict.
Since the HOM power is only detrimental at or close to the harmonics, the highest
power is hence predictable.

Irrespective of the deviation from analytical calculations the main contribution
to the HOM power is both predicted and measured at the frequency of the mode
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near to the 24th bunch spacing harmonic at 25 ns bunch spacing. Table. 7.3 shows
the maximum HOM power at each mode for the two respective cavities.

Mode Frequency
[MHz] Cavity 1 [dBm] Cavity 2 [dBm]

571 -2.49 -7.22
590 4.28 -1.71
700 -2.63 3.55
960 17.39 14.05

Table 7.3: Maximum HOM power at the frequency of each mode in both cavities.

The power at the frequency of the 962 MHz mode is larger than any of the
other mode frequencies by over 10 dB in both cavities. The power in cavity 1 at
this frequency is double that of cavity 2 as the mode frequency is closer to the
bunch spacing harmonic and the Qe is higher. The measurements hence conform
to the analytic predictions that the highest HOM power is a result of the HOM
near to the 24th bunch spacing harmonic at that this mode could be detrimental
in the HL-LHC case.

7.5.3 Transverse Mode Characterisation

In addition to the assessing the trend of the HOM power with the number of
bunches, the effect of a beam offset was evaluated.

The mode chosen for the measurements was that of the 748 MHz mode as it is
a low frequency mode with the highest transverse impedance in the vertical plane.
Furthermore, it also has a high longitudinal impedance meaning that the power
induced at this frequency is relatively high and as such, can be easily measured.

The power as a function of vertical beam offset was hence measured with fixed
beam parameters (two batches of 60 bunches). A quadratic fit was applied to
the measured data-set and both the measurements and fit were normalised by
the value at the mechanical centre of the cavity, resulting in the squared ratio
of the offset voltage to the voltage at the aperture centre. As discussed in the
previous sections, the impedance of the mode cannot be plotted with accuracy
due to uncertainties in the form of the bunch profile. The results are shown in
Fig. 7.32, plotted alongside the simulated function.
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Figure 7.32: Simulated and measured impedance variation as a function of vertical
offset for the 748 MHz mode.

The quadratic function fits well to the measured data-set and the fit is very
similar to that of the simulated dataset.

By shifting the measurement fit by -0.6 mm (shown in plot) the measured fit
is very close to the simulated. This suggests that the mode topology has shifted
with manufacturing processes, moving the electrical centre at this frequency. This
means that it is not only a beam offset that could induce a higher transverse
impedance, but also deviations in cavity manufacture that alter the field topology
of the mode and hence the impedance could increase with the beam in the same
X-Y position.

7.5.4 Multi-Bunch Conclusions

Measurements at the bunch spacing harmonics (multiples of 1/tbb)

• A quadratic increase of the power with the number of bunches was predicted
at multiples of 1/tbb.

• Measurements were taken with trains of 12 to 60 bunches in steps of 12
bunches.
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• The measurements are within the analytic window which used the bunch
parameter variations measured in Sec. 7.4.

Measurements at HOM frequencies

• The periodic relationship between HOM power and the number of bunches
was presented. The period changes with the frequency distance from a bunch
spacing harmonic.

• Measurements of four high impedance modes were taken for cavity one and
cavity two with varying bunch train lengths.

• Even with the analytic power window, two modes were higher than the pre-
dicted.

• The high power mode (960 MHz) was generally within the predicted window
(at the upper limit).

• From the measurements it was seen that the power (form of the bunch cur-
rent) is difficult to predict for modes where there is a low beam spectral
content.

Transverse mode characterisation

• The relationship between the impedance and offset for a verticle mode was
measuered.

• The measured data had a good agreement with the simulations.

• A shift of the measured fit by -0.6 mm resulted in a curve very simular to the
simulatied. This suggested that the mode’s field topology had shifted with
cavity manufacture.

• The field shift prompted a study into the effect of beam offset on HOM
power.
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7.6 Studies from Lessons Learnt

7.6.1 Bunch Parameter Variation

The main conclusion from the SPS DQW tests with regards to higher order mode
measurements was that the bunch parameters can have a significant impact on the
form of the beam current. As a result, the HOM power was calculated in the same
way as shown in Sec. 4.2.7 but with a stochastic error in the bunch parameters.
The results are displayed in Tab. 7.4. The analysis was also performed for the
Radio Frequency Dipole (RFD - crab cavity for horizontal crabbing).

Pmax (Pav) [kW]
Nominal Bunch Parameters Bunch Length: ±10%, µ: ±0.5
Gaussian Binomial Gaussian Binomial

DQW 0.66 (0.17) 0.28 (0.08) 1.10 (0.19) 0.62 (0.08)
RFD 5.09 (0.90) 3.60 (0.65) 6.68 (0.92) 5.12 (0.64)

Table 7.4: Maximum HOM power from ten thousand stochastic simulations. The
mode frequency and Q deviation used is that of the values returned from the DQW
measurements.

For both cavities, the Gaussian bunch profile yields a higher power than that
of the binomial. Using stochastic bunch parameter variations increases the power
by a larger factor for the binomial profile for both cavities, but is still higher for
the Gaussian profile.

Referring to the HOM power threshold of 1 kW, the DQW is below this value in
all cases except for that of the ‘Gaussian profile with bunch parameter variations’
where the maximum power that could be seen is 10% over the threshold. The
highest contributor (by at least one order of magnitude) is the longitudinal mode
at 960 MHz with a frequency shift measured to be feasible. The majority of this
power (> 98%) couples to the top HOM coupler.

For the RFD, the maximum power from each of the four stochastic simulations
is over the design threshold due to the interaction of the 752 MHz mode with
the 19th bunch spacing harmonic. It should be noted that even with the worst
case frequency shift simulated, the mode is still 2.75 MHz from the bunch spacing
harmonic. If the mode frequency lined up with the harmonic, the worst cast power
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would be over 20 kW, however this frequency shift is unrealistic.
For the simulations, the quality factor stochastic error range used was 0.5 Qe:sim →

2.0 Qe:sim. The DQW measurements show that the quality factor reduced from
simulations by factors of 1.2 and 1.4 respectively for cavity one and two. For the
RFD, although for a slightly different cavity geometry, the measured quality factor
was 1.3 times higher than that of the simulated [148, 149].

As there is one mode in each cavity which is by far the most detrimental in terms
of HOM power, the frequencies of these modes were swept and the power from this
mode alone, using a Gaussian bunch profile, was returned. Bunch parameter and
quality factor errors were used to define a range at each mode frequency shift. The
power as a function of frequency shift is shown in Fig. 7.33.
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Figure 7.33: HOM power for the detrimental modes in the two crab cavities as a
function of the mode frequency with HL-LHC parameters (modelled as a continu-
ous train of bunches) and assuming a Gaussian bunch profile (pessimistic). Ranges
represent the effect of a variation in mode quality factor and bunch length. The
vertical annotated lines show the mode shifts from existing cavity measurements.

For the DQW, the highest power feasible for the detrimental mode is shown
as ∼ 1.5 kW. This is higher than the stochastic maximum returned as the perfect
alignment of the bunch spacing harmonic and resonant mode is modelled. The
stochastic samples are used to return an indicative, probabilistic figure and allow
detrimental mode identification for further study.

It should be noted that, with the bunch lengths used in the SPS test, the high
power mode was close to a ‘node’ of the binomial function, meaning that small
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changes in the bunch profile parameters had a large effect excitation current at the
frequency of the high power mode. However, the shorter bunch length proposed
for the HL-LHC means that the first node is much higher in the frequency domain.
Henceforth, for the HL-LHC bunch, the deviation in mode quality factor is now
the dominant factor in the predicted power range for this mode.

Nominally, the RFD is below the power threshold for up to a + 4.5 MHz from
the simulated value. However, with bunch parameter and mode quality factor
tolerances, the worst case power is over the threshold for any positive frequency
shift greater than 1.5 MHz.

An acceptance criteria should hence be applied to each of the LHC crab cavities
for the detrimental longitudinal modes. This is shown in Tab. 7.5.

Cavity Mode fmax [MHz] Qnominal Qmax

DQW 960.87 MHz - 500 650
RFD 752.06 MHz 753.0 220 310

Table 7.5: Detrimental longitudinal mode acceptance criteria for the LHC series
cavities, ensuring that the individual mode HOM power does not exceed 1 kW.

Procedurally, if the if the mode shifts are larger than those shown in the table,
the HOM power should be calculated at the measured parameters for qualification.

7.6.2 Load on Each Ancillary

The SPS measurements highlighted the difference in power observed at each of the
HOM couplers at a given mode frequency. This is due to the differing coupling
coefficients resulting from the field topology of the resonant mode with respect to
the HOM coupler port locations. The highest power at each coupler was henceforth
of interest, to assess the power handling requirements of each coupler and the
associated infrastructure (i.e. coaxial lines and RF loads).

Using the global mode frequency shift technique shown in Chapter 4, the three
modes identified as capable of generating powers of greater than 10 W are detailed
in Tab. 7.6.

The power of the modes, assuming a Gaussian bunch profile and perfect align-
ment with the bunch spacing harmonic, was calculated using the bunch profile
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tolerances measured in the SPS tests. The mode quality factors were doubled to
reflect the mode parameter deviations quantified in Chapter 4, Sec. 4.2.2.

Mode
Frequency

Closest bunch
spacing harmonic Z‖ Jk

a P
HOM Coupler
1 2 3

[MHz] [MHz] [Ohms] [W] [W] [W] [W]
690.27 681.36 b 62 0.31→0.51 7.5→79 26 26 26
960.94 961.92 4576 0.03→0.26 5→1497 1452 22 22
1250 1242.48 3455 0.00→0.11 0→202 144 28 28

Table 7.6: Maximum feasible HOM power of modes capable of generating high
power (> 10 W) and the ratio extracted by each HOM coupler.

aAt the bunch spacing harmonic frequency.
bBeyond the measured frequency shift range and hence unlikely to align.

As discussed, the highest foreseeable power results from the longitudinal mode
at 960 MHz for which over 95%, using the simulated coupling ratios, is extracted
by the top HOM coupler (coupler 1). Using both punch parameter and mode
parameter tolerances, this value increases to 1.5 times the threshold. Furthermore,
the high frequency mode in the table (1250 MHz) is capable of generating 20% of
the HOM power budget, and again, the majority of the power is extracted by the
top HOM coupler.

For the HL-LHC infrastructure, the coaxial lines and RF loads connected to
the top HOM coupler should be validated for the powers shown and the need for
higher power handling evaluated.

7.6.3 HOM Power at Offsets

Referring to the measurements of the 748 MHz mode, it is clear that for modes
which have a high longitudinal and transverse impedance, the contribution to the
HOM power generally increases as a function of offset. This increase is quadratic
for a dipole mode. As such, the HOM power variation as a result of an offset
for each mode was investigated. The magnitude of the relationship between the
longitudinal impedance and offset could be calculated knowing the axial longitu-
dinal and transverse impedance in the plane of interest because, as defined by the
Panofsky-Wenzel theorum [34], the transverse voltage is proportional to the gradi-
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ent of the longitudinal voltage with offset. However, the relationship defined by the
transverse impedance (or r/Q⊥) is the square of this relationship and hence, unless
the mode is a dipole mode with a voltage minima on the mechanical centre, the
relationship between the voltage and offset is not representative of polarity. The
axial voltage at several offsets was hence evaluated and the relationships between
these and the on-axis voltage was used to scale the impedance tables.

The cumulative power was plotted against frequency for various ‘fills’. For
Figs. 7.34a and 7.34b, an infinitely short pulse was applied, so that the entire
impedance spectra is subjected to the same current. The plots show that the main
deviation with respect to offsets is from that of the longitudinal mode at∼581 MHz,
increasing with negative and positive offsets in the vertical and horizontal planes
respectively. Using a Gaussian bunch profile would reduce the power along the
frequency range and hence the 581 MHz mode would still be the main contributor.

The case for multiple bunches is shown in Figs. 7.34c–7.34f. Here, a single train
of 1000 bunches is used at both 25 and 50 ns bunch spacing respectively. It is clear
that for 25 ns operation, the mode at 962 MHz is by far the largest contributor to
power using the nominal impedance spectra. This mode varies quadratically in
both directions with the larger deviation in the vertical plane.

If a 50 ns bunch spacing is used for the same number of bunches, the 581
and 701 MHz modes contribute more significantly to the power due to the bunch
spacing harmonics near to these modes.

The main contributors to the HOM power using the nominal impedance spectra
and 25 ns bunch spacing, is the 962 MHz mode. The r/Q‖ of the high power mode
increases quadratically as a function of offset in all directions (vertical/horizontal,
+/-). The increase is around 10% for offsets less than 5 mm.
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(a) Pulse - vertical offset
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(b) Pulse - horizontal offset
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(c) Multi-bunch (tbb = 25ns) - vertical off-
set.
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(d) Multi-bunch (tbb = 25ns) - horizontal
offset
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(e) Multi-bunch (tbb = 50ns) - vertical off-
set
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(f) Multi-bunch (tbb = 50ns) - vertical off-
set

Figure 7.34: Cumulative power for various filling schemes with offsets in both the
vertical and horizontal planes.
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7.7 SPS Crab Cavity Test Summary, Conclu-
sions and Outlook

As discussed in the chapter introduction, the purpose of the HOM measurements
was to asses the validity of the analytic calculations and simulations. The main
conclusions and outcomes are presented hereafter.

As already found from the cold test measurements, the frequency of the high
power mode at 960 MHz increased by ∼ 3.3 and 3.5 MHz for cavity one and two
respectively. This measurement shows that it is possible, due to manufacturing
and tuning procedures, for this mode to increase in frequency to that of the 24th

bunch spacing harmonic. The impedance spectra at this frequency is again shown
to present the mode shift with respect to the frequency of the bunch spacing
harmonic.
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Figure 7.35: Simulated and altered impedance spectra for both cavities: 960 MHz
mode annotated with closest bunch spacing harmonic. Note, the vertical line
represents the 24th bunch spacing harmonic in the SPS. The frequency of the
harmonic in the LHC is 961.92 MHz and as such is closer to the ‘manufactured’
frequenies.

Single-bunch measurements
Broadband and narrowband measurements were compared with analytic cal-

culations. This showed that it is possible to have large disagreements between the
simulated and measured HOM power, with small errors on the charged particle
bunch parameters. Deviations from the nominal to the maximum of over 12 dB
were shown to be feasible for the high power mode. In following tests, measure-
ments of the bunch profile showed that the first bunch in a multi-bunch train had
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7. DQW TEST IN THE SPS

a higher low frequency content that expected (shorter bunch length and higher µ
coefficient) This could in-part explain the discrepancies between the analytic and
measured data-sets, but the bunch profile was not measured in the single bunch
tests and hence it is difficult to conclusively attribute the discrepancy to a shorter
‘more-Guassian’ profile associated with the first bunch injected. The need for
profile measurements in every test was highlighted.

A broadband discrepancy was measured at the frequency of a transverse mode
(horizontal) at ∼ 1.75 GHz which is only damped by the hybrid beam-pipe pick-
up (fundamental pick-up and HOM damper). Measurements verified that the
discrepancy was due to a mismatch on the hybrid damper resulting from the use
of a band-pass filter centred at the fundamental mode frequency. Additionally, a
discrepancy in the feed-through and load impedance was found. Alterations and
re-designs for HL-LHC infrastructure have ensued from the observations.

Mode ‘coupling ratios’ were simulated and quantified in measurements. For
the first two longitudinal modes, the simulated coupling varied drastically from
the measured. This was attributed to the location of the sharp peak of the HOM
coupler’s transmission profile at this frequency range which is very sensitive to
manufacturing tolerances. Furthermore, the mode capable of producing the most
HOM power (960 MHz) couples only to the top HOM coupler in both simulations
and measurements.

Bunch profile measurements
The large variations in predicted HOM power at certain frequencies due to

bunch parameter variations prompted a study to quantify the bunch profile. Bunch
proile measuremesnts were taken and the deviation from the nominal was quanti-
fied as: µ: ±0.5, bunch-length: ±10%.

Multi-bunch measurements
Measurements were taken at the frequencies of the bunch spacing harmonics

and at four high power modes. The measured data was compared to an analytic
window, using the bunch parameter deviations quantified, in each case. The gen-
eral conclusion made was that the closer the frequency of evaluation to a bunch
spacing harmonic, i.e. where there is high spectral content of the beam, the more
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predictable the HOM power is. As such the bunch spacing harmonic frequen-
cies were predictable and the high power mode, although at the upper limit, was
generally within the window.

The power, and hence r/Q‖, variation as a function of offset was measured
for a low frequency transverse (vertical) mode. The variation was compared to
simulations with good agreement. Applying an offset of -0.6 mm to the measured
data-set gave a much better agreement to the simulated. This deviation suggests
that the mode topology has changed which challenges the current beam offset lim-
itations which do not take this possibility into account.

Studies
Two studies resulted from the analysis:

1. HOM power evaluation taking into account bunch parameter variations for
HL-LHC.

• Both of the HL-LHC crab cavities (DQW and RFD) were assessed.

• Stochastic variations on the mode and bunch parameters showed the
increase in the simulated worst-case power to be 70% and 30% for the
DQW and RFD respectively.

• A plot of the HOM power as a function of frequency of the detrimental
mode in each cavity was evaluated, with ranges corresponding to mode
and bunch parameter deviations. The frequency shifts measured thus
far were annotated.

• As both cavities could produce over the threshold in the worst case,
mode frequency shift limits were proposed for assessment during the
manufacturing stages.

2. Maximum power for each HOM coupler.

• The worst case power for three ‘high-power’ modes was evaluated.

• The highest power results from the interaction of the 960 MHz mode
and the 24th bunch spacing harmonic and, using both bunch profile and
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7. DQW TEST IN THE SPS

mode parameter tolerances, the highest foreseeable power is 1.5 times
the threshold.

• A high frequency mode at 1250 MHz is also capable of producing 20%
of the power threshold for which 70% of this power is extracted by the
top HOM coupler.

• The studies prompt infrastructure evaluation for the higher power han-
dling seen by the top HOM coupler for the HL-LHC cavities.

3. HOM power variations with offset.

• The effect of mode offset on the nominal HL-LHC DQW impedance
spectra was evaluated.

• With 25 ns bunch spacing, the r/Q‖ of the high power mode (960 MHz)
increases as a function of offset in all directions (vertical/horizontal,
+/-). The increase is around 10% for offsets less than 5 mm.

Outlook
The main piece of information from the SPS tests with respect to the higher

order modes, was the magnitude of the effect of bunch tolerances. Currently,
whilst the mode parameters are shifted, the bunch parameters are ‘static’ for the
simulations of HOM power. The bunch parameter, profile and tolerances for the
HL-LHC should hence be further investigated in the future, applying the foreseen
deviations from the nominal in simulations. With respect to the measurement
goals in the opening of this chapter, the magnitude of the high power modes
and bunch spacing harmonics can be predicted analytically, but only if the bunch
profile tolerances are taking into account.

Notably, for the high power mode in the DQW crab cavity, the resonant fre-
quency is close to a ‘node’ in the SPS bunch profile used for testing. However,
since the bunch length in the HL-LHC is much smaller, the node moves higher
in frequency. This means that although the current will be higher at the high
power mode frequency (∼ 960 MHz) with the HL-LHC bunch, the magnitude of
the current will change significantly less with bunch parameter changes. However,
the node will be closer to higher frequency modes and as such, studies into the
effect of bunch parameter tolerances are still necessary.
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For future measurements, i.e. RFD in SPS and HL-LHC measurements, al-
though the individual coupler measurements were useful in detailing the load as-
sociated with each ancillary, the signals should be ‘combined’ to have a constant
measurement of the cavity HOM power.
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Chapter 8

Conclusion

8.1 Overview of the Work Presented in this The-
sis

8.1.1 Crab Cavity Impedance and Power

The operation of the Higher Order Mode (HOM) coupler designed for the prelimi-
nary beam tests of the Double Quarter Wave (DQW) crab cavity in CERN’s Super
Proton Synchrotron (SPS) was analysed in detail, using both equivalent circuit
modelling and 3D electromagnetic simulations. The dressed cavity impedance, in
both the transverse and longitudinal planes, was calculated. For installation into
the LHC as part of the HL-LHC upgrade, some modes did not meet the impedance
threshold.

Prior to installation on the cavity, each HOM coupler was characterised using
a ‘test-box’ designed to replicate the transmission response of the HOM coupler in
the frequency domain. The deviations from the simulated response were quantified
for the 400 MHz stop-band and pass-band sections. It was concluded that the test-
box was not capable of accurately measuring the stop-band frequency, but the
frequency and amplitude of the pass-bands could be accurately measured. One
pass-band was identified as deviating from the simulated case.

Dressed cavity HOM parameter measurements were compared to simulations
and the HOM parameter shifts were quantified. Notably, two modes at 685 and
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701 MHz were seen to increase in quality factor significantly from that of the
simulations. Using the measured mode parameter deviations, the expected average
and worst case HOM power was calculated. A HOM at ∼ 960 MHz was identified
as capable of generating multiple kilowatts due to its large longitudinal impedance
and frequency close to that of the 24th bunch spacing harmonic.

The measured HOM parameter deviations from the simulations were compared
to the change in transmission of the HOM couplers quantified by the test-box
measurements. The test-box measurements predicted the ‘under-damping’ of the
modes at 685 and 701 MHz. The feasibility of pre-installation damping analysis
is hence verified. It was not possible to calculate the exact value of the mode’s
quality factor as the location of each HOM coupler (i.e. which port it was installed
on) was unknown.

8.1.2 HOM Coupler Re-Design

A HOM coupler re-design was launched to improve damping to the high-power
HOM as well as HOMs above the impedance threshold. Coupled with geometric
alterations to reduce difficulties associated with manufacture, a new design was
proposed (Fig. 8.1).

(a) (b)

Figure 8.1: CAD renders of the DQW HOM coupler re-design for the HL-LHC.
CAD model by F. Eriksson.

The modified design damps all modes apart from three to within the threshold
value. The modes over the threshold are confirmed as acceptable for stability [124].
The impedance of the high power 960 MHz mode was altered to result in no more

236



than 1 kW of power in the worst case, taking into account mode parameter shifts.
Fundamental operation, multipacting, thermal and impact on mutlipolar com-

ponents were quantified and accepted.
In parallel, a new HOM damping concept was proposed. The design uses a

quarter wave resonance to provide a rejection at the frequency of the cavity’s
operational mode. The filter then acts as a pass-band until the next odd-harmonic
of the coupler’s resonance. The coupler is very simple to manufacture and as such
would reduce costs and machining time. The coupler was benchmarked against
that of the SPS and LHC DQW HOM couplers. Whilst the broadband damping
and rejection of the fundamental mode was sufficient, the main drawback of the
design is the dynamic heat load on the copper gasket. Unless a superconducting
gasket is used, it is very difficult to design a HOM coupler without a rejection
filter placed before the gasket location for the case of ‘on-cell’ damping (defined in
Chapter 2).

8.1.3 First test of a Crab Cavity with Proton Bunches

To identify unforeseen risks, and demonstrate operation, the crab cavities for the
HL-LHC upgrade were scheduled for tests in the SPS. Tests of the Double Quarter
Wave (DQW) crab cavity (two cavity cryomodule) took place in 2018. A test
stand for taking HOM measurements was set-up.

To provide the analytical reference for comparison, the simulated impedance
spectra were altered using the measured frequency and quality factor values from
the cryomodule ‘cold-test’. Broadband measurements showed the power spectra as
expected, with the mode frequency and quality factors well predicted for the two
cavities. However, disparities between the measured and analytic amplitudes were
observed. It was later found that this could be a result of a ‘more-Gaussian’ profile
associated with the first bunch injected, but there was not enough information on
the bunch profile in the single bunch tests.

Single mode measurements from each of the six HOM couplers allowed a more
detailed analysis of low frequency, high impedance modes. It became evident
that there was a deviation in power between each of the three HOM couplers on
each cavity for the same beam conditions. The coupling ratios for each of the
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low frequency modes were hence evaluated in both simulations and measurements.
Tolerances on the HOM coupler geometries, alignments and insertion depths meant
deviations from the simulations were observed as well as inter-cavity differences.
All of the power from the 960 MHz mode was seen through the top HOM coupler
in both simulations and measurements.

The dependence of HOM power with the number of bunches was simulated
and measured. If the mode lies at any frequency apart from that of a bunch spac-
ing harmonic, the power has a periodic dependence with the number of bunches.
Hence, the highest power does not necessarily correspond with the highest inten-
sity.

The variation of voltage as a function of offset was measured and compared with
simulations. This verified the methods used to assess the impedance as a function
of offset, but raised the notion that the electrical centre of a transverse mode could
move, meaning a higher contribution to beam instabilities than predicted at the
same beam X-Y position. The power as a function of offset for the HL-LHC case
was checked and quantified.

The major conclusion from the tests in the SPS was that small variations
in the bunch parameters can have a significant affect on the HOM power. For
example, by applying the measured bunch parameter tolerances of ± 10% to the
bunch length and ± 0.5 to the µ coefficient of the binomial profile, the expected
power for the 960 MHz mode can vary by over 15 dB with the SPS bunch used for
cavity testing. Therefore, with reference to the measurement goal of predicting
the HOM power analytically, the magnitude of the high power modes and bunch
spacing harmonics can be predicted analytically, but only if the bunch profile
tolerances are taking into account. Although the bunch profile deviation at the
frequency of the DQW’s high power mode is significantly less with the HL-LHC
bunch characteristics, future HOM analysis should still include bunch tolerance
studies for the full frequency spectrum, especially near ‘nodes’ of the binomial
profile.

A plot of the power generated by the most detrimental longitudinal modes in
both the DQW and RFD crab cavities as a function of frequency offset from the
simulated was generated, showing a range at each frequency representing bunch
parameter and mode quality factor deviations. An acceptance criteria for these
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two modes in all future crab cavities was defined.

8.2 Future Work

8.2.1 Further Analysis

The conclusions and lessons learnt from the SPS tests should be incorporated
into further analysis for HOM performance with the HL-LHC beam. This should
not only include the bunch parameter tolerances as discussed, which should be
evaluated from LHC data and expertise, but also should explore the effect of
different filling schemes (for example the filling 8b+4e filling scheme shown in
Fig. 8.2). The effect of the different filling schemes used in commissioning, e.g.
50 ns bunch spacing, should also be investigated.
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Figure 8.2: 8b+4e filling scheme.
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8.2.2 Radio Frequency Dipole

The Radio Frequency Dipole (RFD) is the horizontal crabbing design proposed for
HL-LHC. This cavity will be tested in the SPS in 2022. The same higher order
mode analysis as that done for the DQW in this thesis should be applied in order to
verify that the analytic predictions for the HL-LHC are accurate. As already pre-
sented, there is a mode with a high longitudinal impedance at 752 MHz which could
produce multiple kilowatts with a frequency shift of over 1 MHz. Impedance anal-
ysis was started with benchmarking between solvers (ACE3P and CST [104, 150])
(Appendix Sec. 6). Additionally, the same pre-installation coupler characterisa-
tion using ‘test-boxes’ should be used. The proposed test box for the RFD HOM
coupler is shown in Fig. 8.3.

Figure 8.3: RFD low power transmission response test box. Image from the col-
lection of drawing sheets included (page 255).

8.2.3 DQW HOM Coupler

Due to the impedance variation as a result of the feed-through ceramic window
material, the window geometry and material should be investigated further along-
side an effort to reduce the impedance of the longitudinal mode at 590 MHz. This
should be done in parallel with matching the impedance to 25 Ω. The current sta-
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tus of these investigations are shown in Appendix Sec. 5. The choice of 25 Ω allows
a bigger inner conductor through the ceramic window. This acts to decrease the
mechanical stress on this piece and hence reducing the risk of damage in assembly,
transport and installation1.

For the SPS DQW HOM couplers, the low power test boxes were able to
predict HOM quality factor deviations from the nominal simulated values. In the
future, this measurement should be made part of the procedural qualification of
the Higher Order Mode couplers. Furthermore, the port for which each coupler is
installed onto should be optimised. For example, the high power mode at 960 MHz
only couples to the top HOM coupler of the DQW. As such, the coupler with the
highest transmission at this frequency should be used on the top of the cavity.

8.2.4 Applications of the Quarter-Wave Rejection Filter

The quarter wave rejection filter was shown to be a simple and cost-effective
method of damping higher order modes. It’s limitation is that it is not possi-
ble to use it in a high H-field region, i.e. as an ‘on-cell’ damper. The feasibility of
using the quarter-wave rejection filter with other cavities should be explored. Su-
perconducting accelerating cavities, in addition to having couplers installed onto
the beam-pipes (lower H-field) have large beam pipe diameters, bring the cut-off
frequency down to below the frequency of the first harmonic of the quarter wave
resonance.

8.2.5 HOM Coupler Conditioning

Fundamental Power Coupler (FPC) and cavity RF conditioning at the frequency
of the operational mode is routinely exercised across a wide range of accelerator
systems. The conditioning involves steadily increasing the RF power level (pulse
length and amplitude) whilst monitoring a dependant variable (e.g. vacuum level).
Once the dependant variable reaches a threshold value, the RF drive is stopped
and the power is again increased. This process is often coupled with the use of
Amplitude and Frequency Modulation (AM and FM) and is carried out until the

1Problems have been seen with cryomodule transport for other accelerator systems such as
that of LCLS-II [125].

241



8. CONCLUSION

required RF input power is achieved for a sustained time at the given duty cycle
(may be specified as continuous wave). FPC conditioning [105, 151] is often done
outside of the cavity on a ‘test-box’, validating their power handling capability and
saving conditioning time in the machine (can take several days). In addition to
reaching the operational RF power, the conditioning process reduces the amount
of metallisation and avoids electrical discharge (and multipactor) and out-gassing.
These phenomena can be particularly detrimental near to the coupler’s ceramic
window.

For HOM couplers with a band-stop filter, the geometry after the filter, in-
cluding the ceramic window, is not subjected to any power until beam enters the
cavity. When beam enters the cavity, the power resulting from interaction with
the cavity’s higher order modes is extracted by the couplers. The higher beam-
currents (∼ 1.1 A for HL-LHC) mean that the power extracted can be in the order
of several kilowatts. For such high power HOMs, there is a strong case for pre-
conditioning of HOM couplers before installation. The effects seen for the FPCs,
i.e. metallisation, electrical discharge and out-gassing, could be apparent with the
HOM couplers as soon as beam is injected. If a coupler fails, the whole cryomod-
ule is off-line and as such the crabbing to one beam is removed. Furthermore,
the finite lifetime of FPCs, presented in [105], can be lengthened with the correct
conditioning procedure.

As discussed, applying a 400 MHz drive to the couplers would be shorted by
the band-stop filter. It would still be possible to condition the couplers using the
operational mode frequency, but it would have to be done so in ‘reflection’, i.e. by
injecting RF power into one side of the coupler, and using a circulator to send the
reflected power (a very large percentage of the input - only reduced by losses in the
coupler and wall material) to a load. This would not allow the usual ‘transmission’
conditioning which is advantageous as it allows multiple couplers to be conditioned
and a phase modulation to be easily applied by an RF trombone (ensuring every
section of the coupler ‘sees’ the maxima of the RF drive signal).

Whilst broadband conditioning remains a challenge due to the cost of broad-
band RF amplifiers and the complexity of the ‘test-boxes’ required, conditioning
at a single HOM frequency is feasible. As such the frequency of the mode respon-
sible for the highest power generation in the DQW (960 MHz) was chosen. The
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FPC test box, design shown in Appendix Sec. 8, uses a quarter wave resonator
with a resonant mode at 400 MHz. The FPCs are installed and aligned to couple
to the resonant mode and hence a high transmission between the two is possible.
A similar concept was used for the HOM couplers. The quarter wave resonator
and transmission characteristics are shown in Fig. 8.4. Following the conditioning
at a single frequency, the need to condition at other HOM frequencies should be
evaluated.

(a) CST MWS model.
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Figure 8.4: 960 MHz QWR for HOM coupler RF conditioning.

As a proof-of-principle, a single HOM coupler conditioning system was designed
and built. The set-up uses a simple cylindrical waveguide where one side had one
of the spare SPS DQW HOM couplers mounted and the other had a coupling hook
to allow RF transmission. Transmission frequencies were limited to those of the
HOM coupler resonances (referred to as pass-bands) as any resonances associated
with the waveguide would be too high in frequency. One advantage of conditioning
in such a regime is that the majority of the RF losses are on the coupler geometries.
The disadvantage is that it is not at the frequency of the cavity mode which will
generate the highest power in the machine. The test-box design and S-Parameters
are shown in Fig. 8.5.

The transmission characteristics of the test box show that conditioning in trans-
mission is feasible. The conditioning system [105], will be implemented using a
500 W broadband amplifier. In addition to the location of any arcing and tem-
perature rise, the time taken to condition the couplers to high power will indicate
whether pre-installation HOM coupler conditioning is necessary.

If a long conditioning time is needed to reach an unperturbed vacuum level,
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(a) CST MWS Model.
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(b) Simulated transmission characteristics
at the first pass-band.

(c) Manufactured test-box.
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(d) Measured transmission characteristics
at the first pass-band.

Figure 8.5: Proof-of-Principle (PoP) HOM coupler conditioning test-box.

then the excitation of high impedance higher order modes by the beam (i.e. the
first time the HOM couplers would see field without pre-conditioning) would cause
vacuum break-down. The filling scheme could be gradually changed to condition
the HOM couplers, however, depending on the time that this takes, it could be
a costly procedure, adding additional commissioning time to the HL-LHC. The
proof-of-principle HOM coupler conditioning will hence provide an insight into the
necessity of the pre-installation conditioning of higher order mode couplers when
dealing with high beam currents and high impedance HOMs.
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Appendix

1 Crab Cavity Layout

Figure 6 shows the layout evolution for the crab cavities. Note, the figure is not
to scale and does not include any other infrastructure.

Figure 6: Crab cavity layout evolution at one side of the IP.
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. APPENDIX

2 Superconductivity History

The crab cavities are made from niobium and are cooled to operate in the super-
conducting regime. For this reason, the concept and history of superconductivity
is presented here. The application of superconductivity to the RF cavity will be
discussed, presenting advantages and disadvantages, and a selection of supercon-
ducting RF cavities in operation will be shown.

For a selection of materials, with subjection to a DC source, it is possible to
observe zero electrical resistance and the expulsion of magnetic flux when cooled
below a certain (critical) temperature. This phenomenon is called superconductiv-
ity and was discovered by Heike Kamerlingh Onnes in 1911 [35, 36]. The discovery
was twinned with the discovery of the superfluid transition of helium at 2.2 K.
Like superconductivity it is a zero-resistance phenomena, but rather than zero
opposition to electron flow, superfluidity is the frictionless flow of liquid through
a channel [37, 38].

Following Onnes’ discovery, a first insight into understanding superconductiv-
ity was made when Meissner and Ochsenfeld in 1933 with the discovery of the
Meissner effect [152]. The effect is the expulsion of magnetic flux observed by a
superconductor.

An explanation for the Meissner effect was arrived upon in 1935 by the London
theory [153]. The theory presents two core equations. The first equation defines
the collision-less propagation of a super-electron in a perfect conductor and the
second defines the Meissner effect. The equations are used to represent the elec-
trodynamic behaviour of a superconductor. The ability of these equations to fully
and accurately achieve this is a topic of dispute in the materials science commu-
nity. Although this is too in-depth for this thesis, more information can be found
in [154] and [155].

‘Conventional’ theories for superconductivity were brought about in the 1950’s
in the form of the Ginzburg-Landau theory and the BCS theory. The prior, origi-
nally documented in [156] with English versions published later in [157] and [158],
gives a theory to the macroscopic behaviour of superconductors. The theory gave
a basis for A. Abrikosov to separate superconducting materials into two categories
[159, 160]: Type I and type II.

246



To detail type I and type II superconductors, the differences in their responses
to an applied magnetic field should be evaluated. If applied to a type I supercon-
ductor, the field is fully repelled up to a material specific critical field Hc. Above
this field level the material no longer operates in the superconducting regime. For
the case of a type II superconductor, the field is again fully repelled up to a critical
field. However unlike the type I superconductor, the ability to repel magnetic flux
does not stop at this field level and hence is denoted as Hc1. After this level, due
to magnetic vortices in the superconductor [161] creating localised areas of normal
conductivity, the metal’s ability to repel magnetic flux reduces, but it stays in
the superconducting state until field level higher then Hc, denoted Hc2. Figure.
7 shows the magnetisation of the two types of superconductors as a function of
applied magnetic field.

Figure 7: Magnetisation of type I (left) and type II (right) superconductors as a
function of applied magnetic field. Image from [161].

The second conventional theory, the BCS theory, is named after it’s founders
Bardeen, Cooper and Schrieffer and provided a microscopic theory into the elec-
tron behaviour in the superconducting regime. The theory [39] describes the un-
perturbed superconducting current as a super fluid of pairs of electrons (Cooper
pairs) interacting through phonon exchanges. The Cooper pairs separate at the
critical temperature of the superconductor Tc when the material enters the normal
conducting state.
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. APPENDIX

3 SPS DQW HOM Vector Plots

Figure 8 shows the low frequency, high impedance mode field patterns for the
DQW crab cavity.

(a) 592 MHz - E-Field. (b) 592 MHz - H-Field.

(c) 685 MHz - E-Field. (d) 685 MHz - H-Field.

(e) 748 MHz - E-Field. (f) 748 MHz - H-Field.

(g) 960 MHz - E-Field. (h) 960 MHz - H-Field.

Figure 8: Field profiles for high impedance higher order modes in the bare SPS
DQW crab cavity.
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4 Effect of the New Jacket Geometry on the
Band-Stop Filter Capacitance

As an approximation, the jacket was split into two sections represented by ‘C1’ and
‘C2’. Parallel plate approximations for both capacitances were calculated where
the average distance between C1 and the outer wall was used as in the parallel
plate approximation for this variable. The capacitance was calculated as a function
of the angle at which C1 intersected with C2 and is shown in Fig. 9.

Figure 9: Dependence of the band-stop filter capacitance on the angle of intersec-
tion with the flat face.

At an angle of 0◦ the capacitance is only determined by C1 and is hence the
same as that of the nominal SPS DQW HOM coupler. As the angle increases,
the capacitance decreases and as a result, the band stop frequency also decreases.
Furthermore, as the angle increases, the length of the inductive stub also decreases
which also acts to decrease the notch frequency.

249



. APPENDIX

5 Matching to 25 Ohms

In an effort to increase the strength of the inner conductor at the feedthrough
ceramic locations, studies into matching the crab cavity ancillaries at 25 Ω are
on-going. The impedance spectra for the DQW is shown in Fig. 10.

(a) Longitudinal.

(b) Vertical. (c) Horizontal.

Figure 10: DQW impedance spectra with 25 Ω matching.

250



6 Benchmarking ACE3P and CST

Benchmarking the RFD crab cavity shows strong agreement between both solvers.
Any disagreements are generally a result of high quality factor modes for which
the lower meshed CST simulation was not converged.

(a) Longitudinal.

(b) Vertical. (c) Horizontal.

Figure 11: RFD impedance spectra in both CST MWS and ACE3P.
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7 HOM Power Assessment using the HL-LHC
Filling Scheme

To evaluate whether the assumption that modelling the beam as a continuous train
of bunches is a valid assumption for the HOM power, the stochastic power (moving
the frequency and quality factor of each mode) was compared for a case with a
continuous train and using the HL-LHC filling scheme [111]. The comparison is
seen in Fig. 12 and a negligible difference was seen between the two models.

100 101 102 103 104

Number of Stochastic Samples

101

102

103

104

P T
 [W

]

Figure 12: Total HOM power as a function of HOM parameter stochastic devi-
ation samples for the ‘LHC DQW’ HOM couplers installed onto the DQW crab
cavity. The average and maximum values are given for each stochastic sample set.
The blue circle to triangle do not take into account the filling scheme, i.e. use a
continuous train of bunches, and the green square to cross use the HL-LHC filling
scheme.
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8 FPC Test Box

The FPC test box is used to condition the FPC’s for the crab cavities. Without
detail, images and plots are shown for reference.

(a) CAD Render. (b) Photo.

Figure 13: QWR test box designed for RF conditioning of the crab cavity Funda-
mental Power Couplers FPCs. Images from [162].
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Figure 14: S11, S21 (left) and the electric peak field value corresponding to a power
range of 0 - 500 kW (right) for the DQW FPC conditioning test box.
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Drawing Sheets

The following pages detail mechanical drawing sheets referenced throughout the
thesis. DQW LHC HOM ancillary drawings are provided by BE-RF-PM (S. Calvo
and F. Eriksson – 07/03/2019). Due to the continued design evolution, the draw-
ings are not in their final state, but rather represent a reference for visualisation
and discussion.
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