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Résumé: PERLE (Powerful Energy Recovery
Linac for Experiments) est un accélérateur linéaire
a récupération d’énergie (ERL) basé sur la tech-
nologie a cavité radiofréquence supraconductrice
qui sera installé au Laboratoire de Physique des
2 Infinis Iréne Joliot-Curie (IJCLab) en France.
Avec une puissance de faisceau cible de 10 MW,
PERLE vise & démontrer le fonctionnement multi-
tour & haute intensité en onde continue pour
valider des options pour les futures machines a
haute énergie, telles que 'ERL de 50 GeV pro-
posé pour LHeC (Large Hadron electron Collider)
et FCC-eh (Future Circular electron-hadron Col-
lider), et a accueillir des expériences dédiées en
physique des particules et en nucléaire. Dans
les ERLs & haute intensité, I'instabilité de Beam
Breakup (BBU), résultant de U'interaction entre le
faisceau et les modes d’ordre supérieur (HOMs)
des cavités, est une préoccupation majeure pour
un fonctionnement stable. Les HOMs induits par
le faisceau peuvent augmenter la charge thermique
de la cavité a température cryogénique et causer

des instabilités du faisceau. Des coupleurs HOM
sont installés dans les tubes de faisceau de la
cavité pour absorber l’énergie des HOMs et at-
ténuer ces effets. Cette thése présente la con-
ception et 'optimisation de plusieurs coupleurs
HOM coaxiaux pour les cavités elliptiques en Nb
avec 5 cellules a 801,58 MHz de la configuration
PERLE ERL a 500 MeV. La transmission RF des
coupleurs HOM a été optimisée pour améliorer
Iamortissement des HOMs les plus dangereux.
Les coupleurs HOM optimisés ont été intégrés
dans des groupes d’extrémité pour simuler leur
performance d’amortissement et leur comporte-
ment thermique. Les coupleurs HOM optimisés
ont été imprimés en 3D en époxy et revétus de
cuivre. Des mesures RF a faible puissance ont été
effectuées sur les coupleurs HOM produits instal-
lés dans des cavités en cuivre de type PERLE pour
valider leur performance d’amortissement et pro-
poser plusieurs groupes d’extrémité pour la cavité
PERLE avec 5 cellules afin d’atténuer les HOMs
en dessous des limites d’instabilité BBU.

Title: Design and Optimization of Higher Order Mode Couplers for the Superconducting Cavities of

the PERLE Energy Recovery Linac

Keywords: PERLE, ERL, BBU, HOM couplers, Impedance, RF measurements

Abstract: The Powerful Energy Recovery Linac
for Experiments (PERLE) is an energy recov-
ery linac (ERL) facility based on superconducting
radio-frequency (SRF) technology to be hosted at
the Laboratoire de Physique des 2 Infinis Iréne
Joliot-Curie (IJCLab) in France. With a tar-
get beam power of 10 MW, PERLE aims to
demonstrate the high-current, continuous wave,
multi-pass operation to validate options for future
high-energy machines, such as the 50 GeV ERL
proposed for the Large Hadron electron Collider
(LHeC) and the Future Circular electron-hadron
Collider (FCC-eh), and host dedicated particle
physics and nuclear experiments. In high-current
ERLs, the regenerative Beam Breakup (BBU),
emerging from the beam and cavity Higher Order
Modes (HOMsS) interaction, is a major concern for
their stable operation. Beam-induced HOMs can
increase the cavity heat load at cryogenic temper-

ature and cause beam instabilities. HOM cou-
plers are installed in the cavity beam pipes to
absorb HOM energy and mitigate these effects.
This thesis presents the design and optimization
of several coaxial HOM couplers for the 5-cell
801.58 MHz elliptical Nb cavities of the 500 MeV
PERLE ERL configuration. The RF transmis-
sion of the HOM couplers was optimized to en-
hance the damping of the most dangerous HOMs.
The optimized HOM couplers were integrated into
endgroups to simulate their damping performance
and thermal behavior. The optimized HOM cou-
plers were 3D-printed in epoxy and copper-coated.
Low-power RF measurements were conducted on
the produced HOM couplers installed in copper
PERLE-type cavities to validate their damping
performance and propose several endgroups for
the PERLE bH-cell cavity to mitigate HOMs be-
low the BBU instability limits.
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Introduction

Particle accelerators have been extensively employed throughout the 20th century in
various fields, including industry, medicine, and fundamental research. Notable appli-
cations include Synchrotron Radiation (SR) X-ray sources and Free Electron Lasers
(FELSs), which generate photon beams for studies in atomic and molecular physics and
biology, in addition to hadron and electron-ion colliders for nuclear and particle physics
research. Historically, storage rings have fulfilled the demand for highly coherent, high-
average-brightness photon beams [1|. Nevertheless, their performance is limited by the
equilibrium between radiation damping and quantum excitation, which limits the mini-
mum achievable emittance and bunch length. Linear accelerators (Linacs) can produce
beams with low emittance, small energy spread, and a short bunch length. However,
their usage is limited to accelerating low average current beams (on the order of mA
or less) due to the expensive radio-frequency (RF) power requirements. Nowadays,
Energy Recovery Linacs (ERLs) are an attractive accelerator concept for generating
high-current electron beams with significantly reduced RF power requirements com-
pared to traditional linacs [2]. ERLs combine the efficiency comparable to a storage
ring with the superior beam characteristics of a linac, positioning them as a promising
option for a number of applications in future light sources.

The notion of energy recovery was introduced by M. Tigner [3]| in 1965, initially for
its implementation in a collider. It is based on the principle that RF cavity fields, by
properly timing the arrival of electron bunches in the linac, can accelerate and deceler-
ate the same beam [2]. The simplest layout of an ERL involves a single recirculation.
An electron beam is injected into the linac from a high-brightness photo-injector and
accelerated through RF cavities. If the recirculation path length is designed to be an
integer plus half of the RF accelerating field wavelength, after being used, the beam
returns to the linac 180° out of phase with respect to the RF field and is decelerated
through the RF cavities. The energy of the decelerated beam is recovered and used to
accelerate successive electron bunches. Subsequently, the decelerated beam exits the
linac with an energy approximately equal to the injection energy and is directed to a
beam dump. The decelerated beam cancels the beam-loading of the accelerated beam,
enabling the acceleration of high-current beams with minimal RF power consumption.

In 1986, the concept of energy recovery was verified at the Stanford Superconduct-
ing Accelerator FEL (SCA/FEL) [4] and shortly thereafter at the Los Alamos National
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Introduction

Laboratory (LANL) FEL [5]. More recently, the Infrared Demonstration Free Electron
Laser (IR Demo FEL) facility at the Jefferson Lab (JLab) has demonstrated the recir-
culation of a 5 mA beam up to 48 MeV of energy, producing 2.1 kW of IR light available
for users [6]. The rebuild of its recirculation arcs and the increase of the electron energy
enabled the recirculation of a 9 mA beam at up to 150 MeV [7|. The IR Upgrade FEL
at JLab has operated with over 1.1 MW of beam power while requiring only about
300 kW of RF power [8], highlighting the emphasis on power saving as a motivation
behind constructing an ERL [2]. In a time where energy sobriety is crucial and energy
sustainability is vital for society, minimizing energy consumption is a priority challenge
for future accelerators. Therefore, ERLs represent an essential step toward the future
sustainability of high-energy physics applications.

Energy Recovery Linac landscape

The fundamentals of ERL technology have now been demonstrated globally. Since
the first demonstration of energy recovery [4], several ERLs have been designed, con-
structed, and operated worldwide. The key parameters of an ERL are the electron
beam current, which is proportional to the luminosity, and the beam power [9]. Fig-
ure 1 provides an overview of the worldwide past, present, and future proposed ERL
facilities, comparing them based on electron beam energy and average beam current.
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Figure 1: Overview of past, present, and future proposed worldwide ERL facilities. The
illustration compares the ERLs based on the electron beam energy as a function of the
beam current. Dashed diagonal lines represent the constant beam power. The figure is
taken from [9] and falls under the Creative Commons Attribution 4.0 (CC BY 4.0) license
(https://creativecommons.org/licenses /by /4.0/).
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Three ERL facilities have been completed: the ALICE (Accelerators and Lasers In
Combined Experiments) ERL [10] at Daresbury; the Continuous Electron Beam Ac-
celerator Facility (CEBAF), a 1-pass ERL that has achieved the highest energy ever
of 1 GeV |11, 12|; the JLab FEL [7], which has reached the highest current of 10 mA
among all SRF ERLs. Nowadays, three ERLs operate with a beam power of up to
hundreds of kilowatts: the Superconducting Darmstadt Electron Linear Accelerator
(S-DALINAC) [13], the Cornell-BNL ERL Test Accelerator (CBETA) [14] at Cornell,
and the compact ERL (cERL) [15] at KEK. The Mainz Energy-recovering Supercon-
ducting Accelerator (MESA) [16] is expected to have the first beam in the near future.

For the next generation of high-current ERLSs, utilizing Superconducting Radio-
Frequency (SRF) linac cavities is the most efficient solution to significantly reduce the
power consumption [17, p. 45]. In the coming decades, four SRF ERL facilities are
expected to be built to achieve beam power levels in the tens of megawatts and pave the
way for developing and constructing gigawatts accelerator complexes for high-energy
physics studies. In this context, the Powerful Energy Recovery Linac for Experiments
(PERLE) [18|, which is discussed in this thesis, is the only proposal for a multi-pass
continuous wave (CW) ERL with 10 MW circulating beam power. The 20 mA electron
beam will be boosted in energy through SRF cavities in three recirculation passes to
achieve the target beam energy of 500 MeV. The PERLE facility is planned to be
hosted at the Laboratoire de Physique des 2 Infinis Iréne Joliot-Curie (IJCLab) in
Orsay. It will serve as a demonstrator to gain the necessary experience required for
the development of the Large Hadron-electron Collider (LHeC) [19, 20| at CERN.
Furthermore, it will open the door for the next generation of compact and yet powerful
ERLs suitable for applications requiring high-energy and high-current beams, such as
inverse Compton scattering, high-energy ion cooling sources, and electron-ion colliders.

Motivation and aim of the thesis

In high-current multi-pass ERLs, such as PERLE, regenerative beam breakup (BBU)
constitutes a performance-limiting phenomenon for stable operation [2|. This effect
emerges from the interaction between the circulating electron beam and the para-
sitic excited cavity modes, known as Higher Order Modes (HOMs). Beam-induced
monopole HOMs can increase the cryogenic load of the linac, while dipole HOMs can
deflect the beam during subsequent ERL passes. To mitigate BBU, the upcoming
generation of high-current ERL necessitates SRF cavities with strong HOM-damping
requirements [21|. Nowadays, various concepts to damp potentially dangerous cavity
HOMs can be used. Existing damping solutions primarily utilize coaxial and waveg-
uide HOM couplers, beamline absorbers, or any of their combinations mounted on the
cutoff beam pipe of the cavities to absorb HOMs.

This thesis aims to design, build, test, and analyze coaxial HOM couplers for the
cavities of PERLE. The ultimate goal is to propose HOM-damping options to damp
cavity HOMs and ensure the stable operation of the ERL. Several designs of coaxial
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HOM couplers were analyzed and optimized based on the frequency spectrum of the
PERLE cavity to meet BBU requirements. The performance of the HOM-damped
cavity has been numerically evaluated. The optimized HOM couplers were fabricated,
installed, and tested individually and as multi-coupler combinations at room tempera-
ture on PERLE-type cavity prototypes to assess their damping performances. Simula-
tions were validated by comparing them with results obtained from the RF prototype
measurements.

Structure of the thesis

Chapter 1 discusses the basic principles of the electromagnetic theory and RF cavities.
Chapter 2 presents the PERLE accelerator complex and the 801.58 MHz 5-cell elliptical
cavity proposed for its SRF linacs. The RF design parameters and the HOM spectrum
of the PERLE cavity are discussed. The cavity’s static and dynamic heat losses and its
power requirements are also evaluated. The BBU instability phenomenon is presented
in Chapter 3. The longitudinal and transverse impedance thresholds are calculated for
the PERLE cavity, along with an estimate of the maximum achievable beam current.

Chapter 4 presents an overview of the existing HOM-damping mechanisms, such as
HOM couplers and beamline absorbers, used to extract HOM power from the cavities.
The optimization of the RF transmission of three designs of coaxial HOM couplers is
described. The processes involved in 3D-printing and surface copper-coating techniques
used to fabricate the optimized HOM couplers are detailed, along with the metrological
measurements conducted on their primary components.

Chapter 5 first establishes a theoretical framework on longitudinal and transverse
wake impedances and beam-induced HOM power. Numerical techniques employed
to compute the above-mentioned quantities are also discussed. The optimized HOM
couplers are combined in two different damping structures (or HOM endgroups) and
compared in terms of impedance and HOM power extraction. HOM power absorption
via beamline absorbers is also addressed. Finally, the dynamic heat load on the coupler
surfaces is evaluated, and several cooling techniques are proposed to prevent the risk
of loss of superconductivity in both the HOM couplers and the cavity.

Chapter 6 presents the first copper 5-cell 801.58 MHz PERLE-cavity prototype
manufactured within the framework of this thesis to validate the HOM-damping per-
formance of two HOM-coupler endgroups. The fabrication process and the geometrical
deviations on the cavity cells due to manufacturing tolerances are described. Dumb-
bell measurements and the trimming process performed on the cells to tune the cavity
to its operating frequency are also discussed. Additionally, bead-pull measurements
performed on the 5-cell cavity are presented. Chapter 7 presents the low-power RF
measurements conducted on the copper 2-cell and 5-cell 801.58 MHz PERLE-type cavi-
ties equipped with the manufactured HOM-couplers. The survey includes the frequency
spectrum evaluation, bead-pull measurements of relevant HOMs, and measurements of
the HOM-damping performance for the HOM coupler prototypes.




1 Electromagnetic theory and RF
cavity principles

This chapter briefly introduces the foundations of electromagnetic field theory and
presents the mathematical equations that govern the fields in RF cavities. The funda-
mental parameters that characterize the effectiveness of RF structures in accelerating
particle bunches are introduced, with particular emphasis on SRF cavities.

1.1 Maxwell’s equations

Maxwell’s equations are a set of coupled partial differential equations that form the
foundation of electromagnetic theory [22]. They describe the interdependence and
variations of the electric and magnetic fields, charges, and currents over a given spatial
domain €2. The differential formulation of Maxwell’s equations for general time-varying
electromagnetic fields is provided by

V -D(r,t) = p(r,t), (1.1)
V-B(r,t) =0, (1.2)
0
V x E(r,t) = —aB(r,t), (1.3)
V x H(r,t) = J(r,t) + %D(r,t}, (1.4)

where D(r, t) denotes the electric flux density, p(r,t) the electric charge density, B(r, t)
the magnetic flux density, E(r, ) the electric field strength, H(r,¢) the magnetic field
strength and J(r,t) the electric current density. The symbol V- represents the di-
vergence operator, which contains spatial derivatives, while VX is the curl operator,
which computes the rotation of a vector field around a point within a given domain.
The electric current density J(r,¢) can be expressed as the combination of individual
current densities produced by different sources, as follows [23, p. 2|




1.1 Maxwell’s equations

J(r,t) = Jo(r,t) + Ji(r,t) = oE(r,t) + Ji(r,1). (1.5)

Here, J.(r,t) is the conduction electric current density arising in materials with electric
conductivity o. Ji(r,t) denotes the impressed electric current density provided by an
external source, such as the beam current supplied to an accelerating cavity.

1.1.1 Material equations

To apply Maxwell’s equations at a macroscopic level, it is necessary to establish the
relationships between electromagnetic (EM) fields in material media |23, pp. 41-51].
The material equations describe the interaction between EM fields and matter as

D(r,t) = goE(r,t) + P(r, 1), (1.6)

B(r,t) = po(H(r,t) + M(r, 1)), (1.7)

where g &~ 8.854 x 107'2F/m is the vacuum permittivity, P(r,¢) the electric polar-
ization vector, o ~ 47 x 107" H/m is the permeability of vacuum and M(r,t) the
magnetic polarization vector. The electric polarization vector P(r,t) characterizes the
electric polarization of a material in the presence of an external electric field. Con-
versely, the magnetic polarization vector M(r,t) represents the magnetic polarization
of a material in the presence of an external magnetic field [24].

The polarization vectors P(r,t) and M(r, t) are related to the electric and magnetic
fields, respectively, via the following expressions

P(r,t) = eoxE(r, 1), (1.8)

M(r,t) = xmH(r, 1), (1.9)

where Y. and y,, are two dimensionless quantities referred to as electric susceptibility
and magnetic susceptibility, respectively. Substituting the equation (1.8) into equation
(1.6), and the equation (1.9) into equation (1.7), results in

D(r,t) = goE(r,t) + eoxE(r,t) = e (1 + xe) E(r, 1), (1.10)
~——
B(r,?) = po(H(r,t) + xuH(r, 1)) = po (1 + xm) H(r, ?), (1.11)

Mr

where ¢, and pu, are the material-dependent relative permittivity and relative perme-
ability, respectively. These are dimensionless quantities defined as
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1 Electromagnetic theory and RF cavity principles

€
r=—, 1.12
= (1.12)
"
e = —, 1.13
Ho ( )

where ¢ is the permittivity and p is the permeability of the material. This leads to the
constitutive relations for a linear material in its most common form

D(r,t) = cE(r, t), (1.14)

B(r,t) = pH(r,t). (1.15)

These constitutive relations allow us to address free currents and charges exclusively
without explicitly accounting for polarization vectors in the material. For homogeneous
materials, the values of € and p remain constant throughout the material. In the case
of isotropic materials, the quantities ¢ and p are scalar values, while in anisotropic
materials, they are represented by tensors. In the remainder of this thesis, the materials
under investigation are assumed to be linear and homogeneous.

1.1.2 Wave equations

The resolution of both electric and magnetic field strengths can be achieved by un-
coupling the equations (1.3) and (1.4) and raising them to second-order differential
equations [23, p. 99]. First, the curl of both equations is taken, and then Schwarz’s
theorem is applied

V xV xE(r,t)=V x [—%B(r,t)] = —%V x B(r,t), (1.16)

V xV xH(r,t) =V x {J(r,t) + %D(r,t)} =V x J(r,t) + %V x D(r,t). (1.17)

The right-hand side of both equations can be simplified by employing equations (1.15)
and (1.14) as follows

2
V xV xE(r,t) = —M%V x H(r,t) = —M%J(r,t) — 5M%E(r,t), (1.18)

2

V xV xH(r,t) =V x J(r,t) —|—€%V x E(r,t) =V x J(r,t) — 5M%H(r,t). (1.19)

7
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Utilizing the following vector identity

Vx(VxA)=V(V-A) - VA, (1.20)

where V2 is the Laplace operator applied to the vector field A, and recalling (1.1) and
(1.2) together with the constitutive relations for a homogeneous material, the equations
(1.18) and (1.19) can be rewritten as

0? 0 1
2 9 _,9 4
VIB(r. 1) — 2p o B(r 1) = po 3(r 1)+ SV plr, ), (1.21)
2
V2H(r,t) — cw@H(r,t) =—V x J(r,t). (1.22)

Equations (1.21) and (1.22) are uncoupled second-order differential equations com-
monly referred to as the vector wave equations for E(r,¢) and H(r,t) fields.

1.1.3 Helmholtz equations

The analysis of wave equations can be simplified when considering time-harmonic vec-
tor EM fields using the phasor notation. This representation allows for substituting
instantaneous quantities in the time domain with corresponding phasor quantities in
the frequency domain. Let E(r,t) be a time-harmonic electric field described as

E(r,t) = Eo(r) coswt + ¢o(r)], (1.23)

where Eq(r) is the amplitude vector of the electric field, w the angular frequency and
¢o(r) the initial phase angle of the cosine function [25, p. 17-18]. The time-harmonic
electric field can be equivalently expressed as

E(r,t) = R{E(r)e’"}, (1.24)

where the complex-valued quantity E(r) = Eo(r)e’?®) represents the electric field
phasor and j = /—1 is the imaginary unit. Therefore, the wave equations for time-
harmonic fields can be reformulated as

1
V?E + w?epE = jwud + EVB’ (1.25)

V2H + w?epH = -V x J. (1.26)

Here, the spatial dependence of the phasors on the coordinate r is omitted for brevity.
This notation is consistently used throughout the thesis when discussing time-harmonic
fields. Employing the equations (1.5), (1.3), and (1.15) in phasor notation, the equa-
tions (1.25) and (1.26) can be rewritten as

8
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1
V2E — (—w?ep + jwop) E = juud; + EVB, (1.27)
M
V’H — (—w’ep + jwop)H = -V x J;. (1.28)

Equations (1.27) and (1.28) are commonly referred to as the vector wave equations for
E and H, also known as the inhomogeneous Helmholtz equations. The terms on the
right-hand side of these equations represent the source of the fields. The quantity ~
represents the propagation constant of the wave, which is expressed as |23, p. 139] B

Y=oy + 3B, = vV —w2pe + jwuo. (1.29)

Here, the real part of v is known as the attenuation constant cv,, which represents
the attenuation factor of the wave. Conversely, the imaginary part is referred to as
the phase constant f3,, indicating the phase change experienced by the wave as it
propagates through the medium. By squaring the equation (1.29) and equating the
real and imaginary parts from both sides, we can reduce it to

2 _ g2 _ 2
o, — B = —wpe, (1.30)
20,3, = wpo. (1.31)

The expressions for o, and 3, are then obtained by solving (1.30) and (1.31) simulta-
neously [23, p. 142]

avzw\/,u_g{% _ 1+<i>21_}1/2, (1.32)

we

- 48 1/2
ﬁy—w\/ﬁ{% 1+(i)2+1} . (1.33)

For non-excited source-free (J; = 0 and p = 0) and lossless media (o = 0), the
equations (1.27) and (1.28) can be simplified to the well-known homogeneous Helmholtz
equations

V2E + w?ueE = 0, (1.34)

V?H + w’ueH = 0. (1.35)

In this case, the propagation constant is purely imaginary (i.e., a, = 0), and the phase
constant can be expressed as




1.2 RF fields in cavities

B, = w\/JE. (1.36)

In the literature, the phase constant is often denoted by the wave number &, which is
defined as

A (1.37)

where ) is the wavelength of a plane wave in the considered medium [23, p. 102|. This
leads to a more concise form of the homogeneous Helmholtz equations

V2E + k’E = 0, (1.38)

V’H + k*H = 0. (1.39)

For the remainder of the problem formulation, we will focus exclusively on EM
waves propagating with harmonic behavior in a vacuum. In this context, ¢ = ¢y and
1= pig, satisfying the relationship c?gopy = 1, where ¢ represents the speed of light in
vacuum.

1.2 RF fields in cavities

RF cavities are structures employed in particle accelerators to accelerate charged parti-
cles along their longitudinal axis. The accelerated particles interact with the resonating
cavity’s EM fields, referred to as eigenmodes or modes of the cavity. Let a cavity be
described by a closed, perfectly conducting metallic structure filled with a vacuum.
Furthermore, no sources are considered. The cavity eigenmodes are determined by
solving the homogeneous Helmholtz equations

V2E, + k’E,, = 0 on £, (1.40)

V*H, + kH,, = 0 on £, (1.41)

where €2, represents the vacuum-filled inner volume of the cavity. The solutions of this
set of equations are characterized by the field patterns E,, and H,, and the resonant
angular frequency w,, = ky/./Eofto of the nth eigenmode. The fields at the surface of the
perfect conductor must also satisfy the following perfect electric conductor boundary
(PEC) conditions

nxE, =0andn-H, =0 on 09, pgc, (1.42)

where n is the vector normal to the perfect electric conducting boundary 9€2, prc. The
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1 Electromagnetic theory and RF cavity principles

PEC boundary condition implies that the tangential component of the electric field and
the normal component of the magnetic field on the PEC surface are zero. A perfect
magnetic conductor (PMC) boundary condition is applied at the boundaries where the
normal component of the electric field and the tangential component of the magnetic
field vanish, and is expressed as

n-E, =0and n x H, =0 on 99, punc. (1.43)

where 0€, pyc represents the perfect magnetic conducting boundary. The surface
impedance boundary condition extends the equations (1.42) when a finite electric con-
ductivity is considered [26]

nx E =ZnxH, on 0, (1.44)

where Z, is the frequency-dependent surface impedance of the material. Subsection
1.3.6 provides more details on the surface impedance. A general solution to the problem
formulation is given in [27, pp. 297-306].

In this thesis, the cavities made of superconducting material are modeled with the
interior domain assumed to be vacuum and the conducting walls treated as perfect
electric conductors (PEC). This assumption approximates the RF behavior of a cavity
made of highly conductive material and operating under vacuum conditions. However,
the surface impedance boundary condition is applied to account for losses at the inter-
face between cavity walls and the inner vacuum volume. For example, this applies to
the modeling of normal conducting cavities. Similarly, this condition can be employed
when simulating the losses on superconducting surfaces, which are significantly lower
than those in normal conducting cavity walls.

1.2.1 Eigenmodes of a pillbox cavity

Numerical methods are typically employed to evaluate the eigenmodes of a realistic
cavity, even when the cavity is rotationally symmetric. The Finite Element Method
(FEM) and the Finite Integration Technique (FIT) are widely used in commercial
software, such as CST Studio Suite® [28] (briefly CST), to numerical solve Maxwell’s
equations. A detailed description of FEM and FIT methods is provided in |29, Ch. 5]
and [25, Ch. 2.3], respectively.

Helmholtz equations could be solved analytically only for simple structures. The
simplest rotationally symmetric cavity that allows for an analytical solution is the
pillbox cavity [17, pp. 40-42]. This structure is a hollow cylinder with conducting
walls and can sustain infinite resonant EM modes. The standing-wave eigenmodes
propagating in z-direction, which is assumed to be the longitudinal direction in a
cavity, can be divided into four main categories:

(i) Transverse electric (TE) modes, with the z-component of the electric field being
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1.2 RF fields in cavities

zero E/, = 0 and the z-component of the magnetic field H, # 0.
(ii) Transverse magnetic (TM) modes, with H, =0 and E, # 0.

(iii) Transverse electromagnetic (TEM) modes are purely transverse, with the z-
component of both electric and magnetic field strengths being zero.

(iv) Hybrid modes, with the z-component of both electric and magnetic field strengths
being non-zero.

Modes of a rotationally symmetric cavity are usually classified according to their spatial
field variation in TE,,,, and TM,,,, modes, where the integer indexes m, n, and p
denote the azimuthal ¢, radial r, and longitudinal z directions, respectively. The
complete set of TM,,,,, modes is given by [30, pp. 252-406]

mk,

E,=E, W sin(k,z)Jp (ker) sin(mep), (1.45)
E, = ~Ey=sinlh2) 1, () costmg), (1.46)
E, = Eycos(k,z)Jm (k1) cos(me), (1.47)
H, = jHy 5" cos(he2) T (k) cos(me), (1.48)
H, = jH,2mne cos(k,z) I (kyr) sin(mep). (1.49)

41, = J4,
" O ck2r

Here, J,, and J), represent the mth order Bessel function and its derivative, respectively.
Additionally, E, = ZoH,, where Zy = \/j10/c0 =~ 376.7 € is the impedance of free space.
The terms £, and H, are the amplitude of the electric and magnetic field strengths,
respectively. A set of TE,,,, modes similar to those in (1.45)—(1.49) can be derived.
The terms k, and k., are denoted as the longitudinal and radial propagation constants,
respectively. These two constants are related to the resonant angular frequency wi,n,
of the considered mode via the dispersion equation

Winnp = C\/ k2 + k2. (1.50)

For a pillbox cavity with length L, and radius R,, (see Figure 1.1), the resonant angular
frequencies wyy,,, of the TM and TE modes are given by

2 2
o) )
Wy c + : (1.51)
i \/ R, Ly,
2 2
WTE) — o [ ()" (PT (1.52)
e Ry, Ly)
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1 Electromagnetic theory and RF cavity principles

where u,,, and u/ = are the nth root of the mth order Bessel function and its derivative,
respectively. The electric field is employed in particle accelerators to accelerate the
beam, while the magnetic field is utilized to bend its trajectory. TE modes have
zero longitudinal electric fields and, therefore, cannot accelerate a particle beam. The
TM modes are of interest since they could accelerate particles. However, only TM
modes with azimuthal order m = 0, namely TMy,, modes, can accelerate a beam in
an accelerator due to their non-zero electric field along the cavity axis. Among the
TMy,, modes, the TMy;o mode is typically selected for accelerating particles in RF
cavities [17, p. 41]. The TMg;o mode is denoted as the fundamental mode (FM) of
the accelerating cavities. The electric field of the TMgo is purely longitudinal (see
Figure 1.1 (a)), and its magnetic field is null at the cavity axis (see Figure 1.1 (b)).

‘LY' ||E||/||E||H]B.X ”H”/”H”rﬂax
1 1
r. 0.8 0.8
. R,
8 0.6 0.6
;/j 0.4 0.4
fﬂf’:: 0.2 0.2
0 0
- L.

(a) Electric field (b) Magnetic field

Figure 1.1: Maps of the electric field (a) and magnetic field (b) for the TMg1p mode in a
3D pillbox cavity model simulated using CST.

The TMg;p mode in a pillbox cavity possesses the lowest eigenfrequency. The
ensemble of modes with a frequency higher than the TMj;o mode are denoted as higher
order modes (HOMs) [31]. A mode with index m = 0 is referred to as monopole, m = 1
as dipole, m = 2 as quadrupole, m = 3 as sextupole, and so forth. The TM monopole
modes, i.e., TMy,, modes, possess a non-zero longitudinal electric field along the cavity
axis and can be easily excited by a beam passing through the cavity. The TMy;; mode
is typically considered the most dangerous monopole HOM. The TE monopole modes,
namely TEg,, modes, do not feature a longitudinal electric field component along the
cavity axis. Consequently, they do not pose significant risks to beam stability, even
when not adequately damped. The TM dipole modes, i.e., TM;,, modes, possess a
strong longitudinal electric field component off-axis and a net deflecting field on-axis.
The TE dipole modes, i.e., TE;,, modes, do not possess a longitudinal electric field on-
axis while featuring a transverse electric field on-axis. These modes are undesirable in
accelerating cavities because they can deflect the beam, potentially causing undesired
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1.2 RF fields in cavities

resonant effects. Typically, the TM;,9 and TE;;; modes are the most dangerous among
the dipole modes.

1.2.2 Eigenmodes of an elliptical cavity

The pillbox cavity is a theoretical shape that is suitable only for analytical calculations.
To enable the beam to enter, accelerate, and exit the cavity, two beam pipes must be
added to a practical cavity [17, pp. 37, 40]. When incorporating beam pipes, it is crucial
to ensure that the cutoff frequency of the TMy; beam pipe mode exceeds the cavity FM
frequency. This ensures that the accelerating mode field cannot propagate out of the
cavity, except for only minor field leakage into the beam pipe. The elliptical cavity (see
Figure 1.2) is a suitable concept for accelerating particles in superconducting structures
to velocities close to the speed of light [32]. This cavity design features an elliptical
profile, which allows for mitigating the cavity’s peak surface electric and magnetic
fields. This reduces the risk of undesired emission of electrons from the cavity surface
or a significant temperature rise in the cavity walls, which could ultimately result in
the loss of superconductivity. More details on the elliptical RF cavity design will be
provided in Chapter 2.

RF fields of an elliptical cavity deviate from the pure pillbox cavity fields. As a
result, closed analytical expressions for the RF fields are not feasible, and numerical
codes are needed for RF field computations. The same nomenclature as in the pillbox
cavity case is still used for mode identification if the cavity fields are not severely
perturbed with respect to the pillbox configuration. Figures 1.2 (a) and (b) depict
the electric field distribution of the FM (TMg;9 mode) and TE;;; dipole mode in a
single-cell elliptical cavity computed using CST, respectively.

NEN/NE s NEN/HEN s
1 1

0.8 0.8

0.6 0.6

0.4 0.4

0.2 0.2
0 0

(a) Electric field of TMp19 mode (b) Electric field of TE;;; mode

Figure 1.2: Electric field maps of the TMp19 mode (FM) (a) and the TE;;; dipole mode (b)
in a 3D single-cell elliptical cavity simulated using CST.

The net acceleration of the beam can be enhanced by employing a multi-cell cavity,
which is a combination of multiple cavity cells. Their behavior can be modeled as
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that of a group of coupled oscillators. Additional details on the circuit model for a
multi-cell cavity are provided in [17, pp. 129-134]. In a multi-cell cavity, multiple
modes of excitation exist for a given mode, which together form the mode passband.
The relative field amplitude in the ith cavity cell of a mode n belonging to a mode
passband is given by [17, pp. 132]

(n) _ 2 — 5n:Ncell : |: (22 - 1):|
v, =4 ——=—""=-sin |n7w , 1.53
‘ Ncell 2]\fcell ( )

where 0, ., is the Kronecker delta!, with N, representing the number of cavity cells,
and the indexes i = 1,..., Noey and n = 1, ..., Nep denoting the number of cell and
modes, respectively. The modes within the same passband are further distinguished
based on the particular phase advance per cavity cell period. Assuming periodic bound-
ary conditions, the dispersion relation can be derived as [33, p. 110]

Wp,0

T /It Fecco5(0m)

where wy, is the lowest angular frequency in the passband, k.. is the cell-to-cell cou-
pling factor, and ¢, = nmw /Ny is the phase advance per cell of the mode n in the
considered mode passband. The phase advance between neighboring cells for standing
wave cavities can take only values ranging from 0 to m. For k.. < 1, the cell-to-cell
coupling factor is given by [34]

(1.54)

Wn

koo = 2227 900 1009, (1.55)
Wp,r T Wpo

where wy, » is the highest angular frequency in the passband. Equation (1.54) accounts
for the dependency of the eigenfrequency on the phase advance in a multi-cell cavity.
The mode spacing increases with a stronger cell-to-cell coupling factor, while it de-
creases as the number of cells increases. The TMy;¢ passband in a five-cell cavity is
composed of the following modes: TMgo-7/5, TMg10-27/5, TMg10-37/5, TMg10-47/5
and TMoo-7. Figure 1.3 (a) illustrates the dispersion curve of the TMg; passband of
an 801.58 MHz five-cell cavity. The TMgi9-7m mode is commonly employed for particle
beam acceleration in multi-cell RF cavities. The electric field of the TMg;o-m mode fea-
tures equal magnitude and opposite direction between neighboring cells. Consequently,
the particle beam is accelerated in the same direction as it passes along the cavity
axis [17, p. 3|. The electric field distribution of the TMg;o-m mode of an 801.58 MHz
five-cell cavity is depicted in Figure 1.3 (b).

'6,n =1 and 6,,; =0 when n # i.
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Figure 1.3: Dispersion curve of the TMyjo passband in a five-cell cavity (a). Electric field
of FM mode (b) in a 3D 801.58 MHz five-cell elliptical cavity simulated using CST.

1.3 Figures of merit for RF cavities

The relevant properties of eigenmodes can be derived for more realistic cavity shapes
from the behavior of the ideal pillbox cavity [17]. This section concisely discusses some
important quantities, usually called figures of merit, that guide the design of an RF
cavity.

1.3.1 Fundamental mode frequency

The fundamental mode, often denoted as the TMy1g mode, is commonly employed in
RF cavities, including elliptical cavities, for accelerating charged particle beams. This
mode is preferred because it typically possesses the lowest eigenfrequency, which is
denoted as fy [17, p. 41]. The typical operating frequency of a cavity ranges from
several hundred MHz to a few GHz. The choice of cavity frequency is essential for any
project and depends on various technical and economic factors. The decision also relies
on the availability of suitable RF sources and devices at the selected frequency. The
length of a cavity cell is proportional to half the wavelength at the FM frequency as

A
Lcell = 5507 (156)

where )\ is the wavelength of the FM, and S represents the ratio of the particle velocity
to the speed of light in vacuum?. The wavelength at FM frequency is defined as the
distance between two corresponding points in the FM electromagnetic wave, and it is
given by

2For a charge traveling at the speed of light, 8=1.
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o

fo
Consequently, the size of the cavity scales inversely with the operating frequency. In
superconducting cavities, the surface resistance, which is associated with surface losses,
approximately scales proportionally with the square of the frequency. Subsection 1.3.6
provides additional details on the surface resistance. Therefore, very high frequencies
are not preferred for such cavities. Low frequencies also facilitate the minimization of
beam instabilities caused by wakefields. Utilizing a low operating frequency results in
larger cavities, which can be costly and challenging to manufacture [17, p. 12].

o (1.57)

1.3.2 Lorentz force and voltage

Assume a unit charge ¢ traveling at the speed of light along the z-axis in the presence
of an EM field. The Lorentz force contribution of a mode n acting on the moving
charge is described by

F, = ¢(E, + c& x B,)o™ = q[(E,, — ¢B,,)% + (E,,, + B, )5 + E.,2]"",
(1.58)

where k,, = w,/c is the wave number® of mode n, and z = ct is the charge position. The
electric field’s force applied to the charged particle does not depend on the particle’s
velocity and aligns with the direction of the electric field strength. In contrast, the
force exerted on a charged particle due to the magnetic field is perpendicular to the
particle’s direction of motion and depends on its velocity. Therefore, the electric field
is commonly employed to accelerate particles to high energies, while the magnetic field
is typically used to change the direction of moving charged particles.

The charged particle experiences a voltage in the longitudinal direction while pass-
ing through the cavity, denoted as accelerating voltage, which is calculated by direct
integration of the longitudinal force as

Lcav .
Vin(zy) = /O E,  (z,y,z)e™*dz, (1.59)
where E_  (z,y, 2) is the longitudinal electric field along the particle’s trajectory, and

the integral is evaluated across the length L., of the considered cavity. The accelerating
voltage for the FM of a cavity is calculated as

Lcav
Vace = |V0(0,0)| = ‘ /O E. (0,0, 2)e’*dz|, (1.60)

3The wave number is generally defined as k,, = w,,/Bc with 8 being the ratio of the particle velocity
to the speed of light.
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1.3 Figures of merit for RF cavities

where the index 0 refers to the FM. It is also useful to describe the average accelerating
field experienced by the beam, F,.., over the active length of the cavity, L., known
as the cavity accelerating gradient |17, p. 43|

Vé.CC
Lact
The active length represents the cavity region where the electric field is predominant. In

an elliptical cavity accelerating particle at 8 = 1, the active length can be approximated
as

Eacc =

(1.61)

A
Lact = Ncellgoy (162)

where N oy is the number of cells of the cavity. This distance typically does not include
the length of the beam pipe, where the FM field decays before reaching the beam pipe
entries. In the elliptical cavity, the active length is usually called iris-to-iris length.

Similarly, the effective transverse voltages V|, , and V| ., experienced by the mov-
ing charge can be calculated by directly integrating the deflecting force in the z and y
directions, respectively, as

LC‘ELV
Vi (o) = / (Bo (2,9, 2) — By (9, 2)) e dz, (1.63)
0

Lcav
V(o) = / (B, (2,9,2) + B, (v, 5, 2)) ™ dz. (1.64)
0

The transverse and longitudinal voltages can be directly related to each other via the
Panofsky-Wenzel theorem 35|

Vin= kLVLK”,m (1.65)

n

where V|, is the transverse voltage vector of the mode n, and V is the transverse
gradient operator.? Equation (1.65) is valid when the PEC boundary condition is
applied at both ends of the cavity, represented by the two longitudinal coordinates
z=0and z = Ley [17, p. 342]|.

1.3.3 Geometric shunt impedance

The geometric shunt impedance, denoted as R/(@), relates the accelerating voltage to
the stored energy within the cavity. The longitudinal geometric shunt impedance of a
mode n can be expressed as [17, p. 47]

4In the literature [36, p. 295], depending on the used convention, the relationship between the longi-
tudinal and transverse voltage can be found with a negative sign, ie., V| , = =2V, V.
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1 Electromagnetic theory and RF cavity principles

V,.(0,0)|?
(/) = OOk

where U, is the energy contribution of the mode n stored in the cavity calculated from

1 1
Unz—,uo// rﬂnfdv:—eo// E,PdV, (1.67)
21 /)], 2/,

where () is the cavity volume. Equation (1.66) utilizes the linac definition of R/Q, which
is twice the value of the circuit definition. The geometric shunt impedance depends
only on the cavity geometry. This quantity measures the effectiveness of the cavity
in transferring its stored energy to the beam. Additionally, it is also indicative of the
beam-mode coupling within the cavity. To minimize the power dissipation in the cavity
walls by the FM, the aim is to maximize the value of (R/Q) for the accelerating mode,
commonly indicated as (R/Q) 0, while minimizing it for the monopole HOMs. Indeed,
in the latter case, a higher value of (R/Q)| corresponds to a greater excitation induced
by charges passing through the cavity. Modes with azimuthal order m > 1 exhibit no
longitudinal electric field component on the beam axis, resulting in (R/Q); = 0 for
such modes.

(1.66)

In analogy to equation (1.66), the transversal geometric shunt impedance of a mode
n can be derived as [17, p. 342]

o ‘XJ_,n‘Q . ‘KLx,n(Ouo)‘Q ‘KJ_y,n<070>‘2
BIQun=""5-= "5 ,+\ RTA (1.68)
(R/Q) 1xm (R/Q) 1y m

where (R/Q)1xn and (R/Q).1yn represent the transversal components of the R/Q)
of a mode n, respectively. In RF cavities with rotational symmetry, dipole mode
degeneracy occurs, meaning that dipole modes have the same resonant frequency and
can be oriented at any arbitrary azimuthal angle. Therefore, the transversal geometric
shunt impedance, as defined in the equation (1.68), is independent of the azimuthal
angle of the mode n, and it can be approximated to

(R/Q)Ln = max[(R/Q) Lxn, (R/Q) Ly.n]- (1.69)

Using the Panofsky-Wenzel theorem, the transversal geometric shunt impedance can
be approximated as follows

(zp,0) — K||,n(07 0)}2 n lKHm(O, Yp) — K”,n(O? 0)‘2

)
wpUnk222 wnUnk2y?

Yn
(R/Q)1n = (1.70)

where z, and y, represent the transverse position of the particle in # and y directions,

19
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respectively. The unit of longitudinal and transversal geometric shunt impedances de-
fined above is ). A definition that is independent of the transverse displacement of the
particle can be obtained by multiplying both sides of the equation (1.70) by k,, which
converts the unit of the transversal geometric shunt impedance to €2/m. Monopole
modes do not provide any transverse momentum on the beam axis. Consequently,
(R/Q), vanishes on the beam axis. Minimizing (R/Q), of dipole modes is crucial for
reducing the transverse instabilities induced by the beam passing through the cavity.

1.3.4 Cavity impedance

The impedance of a cavity is a quantity that establishes a relationship between the
beam current and the voltage induced within the cavity. The behavior of narrow-band
resonances in a cavity can be effectively described using a parallel RLC' circuit [36, p.
292|. This applies to all trapped modes, i.e., modes that reside below the lowest cutoff
frequency of waveguide (WG) modes in the beam pipe. More details on the beam pipe
cutoff frequency and trapped modes will be provided in Chapter 2. Assuming that the
modes n of a cavity are orthogonal to each other, the longitudinal impedance of the
cavity could be expressed as [37|

R n n
Ziw) = 3 5 e (171)

n

where 0, = (w/w, — w,/w). Here @, represents the quality factor of mode n, defined
from an RLC circuit model via the resonance bandwidth as 33, p. 132]

Wn,
Aw,,’

where Awy, is the angular power bandwidth. The factor 1/2 included in equation (1.71)
refers to using the linac definition of the geometric shunt impedance. Similarly, the
transverse impedance can be calculated as

@n (1.72)

1 (R/Q) LnknQn
Z, () 225( 1/?75”55 . (1.73)

n

Additional details on calculating the cavity impedance in the frequency and time do-
mains will be provided in Chapter 5.

1.3.5 Loss factor

The fraction of energy deposited by a traversing point charge ¢ into the mode n of a
cavity is given by [17, p. 333|

Ugn = kjnd”. (1.74)
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Here, the quantity k), represents the modal longitudinal loss factor, which can be
defined as

kjp = —"77— = %(R/Q)H,w (1.75)

The longitudinal loss factor is often expressed in V/pC. The modal loss factor is in-
tricately related to the definition of power loss caused by a beam in a cavity. Section
5.2 will provide more details on this relationship. Similar to equation (1.75), given the
definition (1.70) of transverse geometric shunt impedance, the kick factor of the mode
n can be derived as [37]

ki = %kn(R/Q)M. (1.76)

The kick factor describes the transverse momentum experienced by the bunch while
passing through the cavity. It is commonly expressed in units of V/(pCm).

1.3.6 Power dissipation and surface resistance

RF modes resonating inside the cavity dissipate energy in a thin conducting layer of
the cavity surface due to its finite conductivity. For a mode n, the power dissipated on
the cavity walls is given by

Py — 138// H,,,.|”ds, (1.77)
2 E ’

where Hy,, , is the magnetic field strength tangential to the interior cavity surface 3

for the considered mode [23, p. 567|.> The surface resistance for a normal conductor

is defined as [17, pp. 78-79|
R, = /£ (1.78)
20

It represents the real part of the surface impedance Z, which can be approximated for
a normal conductor as

Zo~ PR = 2R (14 ) = R+ X, (1.79)
o 20

where the imaginary part X is referred to as reactance. The RF fields can pene-
trate a normal conductor for a typical distance called the skin depth, which can be

5We are assuming that the surface resistance does not vary spatially across the entire cavity surface.
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approximated for a good conductor (we < o) as

2
0s ~ 4| ——. (1.80)
WO
In particular, the skin depth quantifies the distance over which the wave intensity
decreases to 1/e & 0.37 of its initial value [23, p. 140]|. Equation (1.80) leads to a more
compact expression of the surface resistance as follows

1
Ry = s (1.81)
The resistance of a normal conductor is directly proportional to the square root of the
frequency. Furthermore, as the temperature of the conductor is reduced, its resistance
decreases. The surface resistance of a Copper (Cu) cavity, operating at room temper-
ature within the MHz frequency range, typically falls in the order of a few m< [17, p.
45].

For a superconductor, the electrical resistance to DC currents abruptly falls to zero
once the material is cooled below a characteristic critical temperature T.. Supercon-
ducting materials display different critical temperatures depending on their composi-
tion. For instance, Nb and Nb3Sn exhibit a critical temperature of 9.2 K and 18.3 K,
respectively [38]. Dissipation occurs for all T > 0 K when a superconductor is exposed
to RF currents, although the effect is minimal compared to the normal conducting
state. In this case, the surface resistance may qualitatively be understood by the so-
called two-fluid model [17, p. 85]. Assuming a time-varying EM field exponentially
decaying when penetrating a superconductor according to the London equations [39],
the surface impedance of a superconductor can be written as

1
Zs=Rs+j X = 5002/13011/\% + JwpoAL, (1.82)

where o, is the electric conductivity in the normal conducting state and Ap, represents
the London penetration depth [17, p. 86]. The surface resistance is strictly linked to the
purity of the material, which is indicated by the Residual Resistivity Ratio (RRR)® [41]

RRR — (0 K) - o(10 K) '
(300 K) (300 K)
High-purity Nb cavities feature RRR > 300, while RRR = 100 — 150 and RRR = 60
are typical values for medium and low-purity Nb cavities, respectively [42]. A common
resistivity ratio value for a high gradient Nb cavity is RRR = 300 [40].
The temperature dependence of the surface resistance may be derived from the

(1.83)

6Tn the literature, several definitions of RRR exist, reflecting the use of different measurement ap-
proaches. For example, RRR = ¢(4.2 K)/o(300 K) [40]. Additionally, this ratio is often defined
using the electric resistivity of the material.
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1 Electromagnetic theory and RF cavity principles

temperature-dependent London penetration depth described by [43]
1

- (i)

which applies for T" <« T,. Furthermore, the proportionality to o, of the surface
resistance leads to an exponential correlation with the temperature, valid for T' < T../2,
which is

M (T) o< (1.84)

Ry o< w? A} e~ 2k (1.85)

Here, T is the temperature, ¢ represents the electron mean free path, 2A is the energy
gap of the superconductor, and kg = 1.38 x 1072* J/K is the Boltzmann constant [44].
An implicit formulation has been developed by Mattis and Bardeen [45] based on
the BCS theory [46], allowing for quantitative predictions of the surface resistance
of a superconductor. As a result, the surface resistance of a superconductor at RF
frequencies is defined as

2
Rs = RBCS(T) + Rres = AS%G_A/kBT + RreS7 (186)

where A, is a material-dependent constant and R, is the residual resistance, which is
influenced by surface impurities and trapped magnetic flux. Typical Ry values for Nb
cavities range from 100 nf2 to 10 nQ2 [17, p. 9]. A well-prepared Nb surface typically
exhibits a residual resistance in the order of few n) [17, p. 75]. The Rpcs proportion-
ally increases with the square of the frequency, while it exponentially decreases with
temperature. A conventional expression used to calculate the Rgcg for Nb is

2
Rpes[Q] =2 x 107 T[lK] (f [??z]) e ITOT/TI], (1.87)
where f is the RF frequency in GHz [17, p. 88|. The exponential reduction of the
surface resistance with the temperature implies that operating at low temperatures,
such as 2 K for Nb cavities, minimizes RF losses in an SRF cavity. Due to their sig-
nificantly small power loss on the cavity walls, superconducting cavities can achieve
high-accelerating fields. Therefore, SRF cavities are preferred to Cu cavities in appli-

cations that demand a high continuous-wave accelerating field (on the order of tens of
MV /m).

1.3.7 Quality factor

The quality factor @) is a dimensionless quantity associated with the power loss in
accelerating cavities, defined as |17, p. 45]
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wU

Q=p— (1.88)

It quantifies the number of RF cycles needed to dissipate the energy stored within
the cavity. Power loss in a cavity can emerge from multiple mechanisms, including
conductive loss P. and external loss P,,;. The total quality factor of a mode n, denoted
as the loaded quality factor Qy,,, is calculated according to [36, p. 56|

1 1 1 Pc n Pext n
— + — > -+ . ]_89
QL,n QO,n Qext,n wnUn WnUn ( )
Here, Qo represents the unloaded quality factor or intrinsic quality factor of a mode
n, related to the power dissipated into the cavity walls due to finite conductivity. An
important figure of merit for accelerating cavities is the unloaded quality factor of the
FM, denoted as (g, which can be expressed as [17, p. 45|

_ wollo _ oo [ffy [Ho|* 4V
PC7O Rsffz ‘Etan,(] ‘2 ds

Qo (1.90)

Considering the equations (1.59) and (1.66), the power dissipated in the cavity walls
by the FM can be written as
VQ
Poyp— —tsee (1.91)
(R/Q)),0Q0

where (R/Q)0 and Qo are the longitudinal geometric shunt impedance and the in-
trinsic quality factor of the FM, respectively. The unloaded quality factor depends on
both the material properties and the geometry of the cavity. This yields the following
definition of geometric factor

_ Woﬂofffg ‘HO|2 dV
ffE Htan,0|2 dS

which represents the geometry-dependent part of the unloaded quality factor. Equa-
tion (1.92) highlights the inverse proportionality of the quality factor with the surface
resistance. The typical value of the Q, for Cu cavities is in the order of 10, while super-
conducting cavities can achieve significantly higher @, values in the order of 10 [47].
The RF losses can also be rewritten using equation (1.92) in the form

= Qo 1R, (1.92)

V2 R
Po= = (1.93)
(R/Q))0G
The quantity (R/Q))0G, which is purely geometry-dependent, is typically minimized
in an SRF cavity design optimization process for large-scale accelerators working in
CW mode to reduce the RF power losses into the Helium (He) bath.
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The external coupling mechanisms are quantified by the external quality factor Qeyt,
which relates the stored energy within the cavity U to the power P, that propagates
out of the cavity through the beam pipe or the couplers. For superconducting cavities,
due to the immensely larger Qo, the value of Qcx is dominant in equation (1.89), leading
to the assumption that Q) &~ Q.. In other words, in superconducting cavities, the
external quality factor Qey is typically determined by the loaded quality factor Q)r,. The
HOMs that exhibit minimal external loss are typically trapped inside the cavity. They
are considered particularly problematic due to their large Qe > 10°. For such modes,
damping through external coupling mechanisms, such as HOM couplers, is required
to ensure beam stability and prevent excessive power dissipation on the cavity walls.
More details about couplers and HOM-damping are provided in Chapters 4 and 5,
respectively. It is also useful to define the coupling parameter, 3, which is the ratio
of the power lost by external coupling mechanisms and the power dissipated into the
cavity walls [36, p. 56]7

Pow Qo

Pe Qext
The coupling factor indicates how strongly an external coupling mechanism, such as a
HOM coupler, interacts with the cavity EM fields. If the § is large, it indicates that a
significant amount of power is leaking out of the coupler compared to the power being

dissipated in the cavity walls. Additional details on the coupling factor are provided
in Chapter 7.

B= (1.94)

"We use 3 here to represent the coupling parameter. This thesis also employs the same symbol for
the relative velocity 8. It is usually clear from the context which quantity is being referred to.
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2 RF cavity design for PERLE

This chapter focuses on the proposed design of the five-cell 801.58 MHz superconduct-
ing RF cavity intended for the PERLE energy recovery linac. An overview of the
PERLE accelerator complex, along with the main RF cycle and beam parameters, is
provided. Subsequently, the optimized design of the five-cell elliptical cavity proposed
for PERLE and its main figures of merit are presented. Given the importance of iden-
tifying high-R/(Q) HOMs for beam stability and cavity refrigeration requirements in
high-current ERLs, this chapter also includes a numerical eigenmode investigation to
detect potentially dangerous HOMs near the beam spectral lines. Finally, the static
and dynamic heat losses and the required input power per cavity are presented.

2.1 The PERLE accelerator

The multi-pass ERL PERLE, depicted in Figure 2.1, is arranged in a racetrack topology
featuring two parallel superconducting linacs, each containing an 82.2 MeV cryomodule
hosting four 5-cell elliptical Niobium (Nb) cavities operating at 801.58 MHz [48].

Recirculating
Linac 2 R ee < arcs (1:3:5)
(AE, = 82.2 MeV) Y11

Dump
(Edump =7 Mev)
N

Recirculating

Li i
arcs (2:4:6) i

(AE, = 82.2 MeV)
Injector

¥ (B, =7 MeV)

Figure 2.1: The PERLE accelerator complex layout, consisting of two parallel supercon-
ducting linacs, each hosting an 82.2 MeV cryomodule, achieving 500 MeV in three passes [49].
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2.1 The PERLE accelerator

Three vertically stacked recirculating arcs are placed on each side of the accelerator
configuration. The spreader/recombiner section connects the linacs to the arcs. The
spreaders are located after each linac to separate beams of different energies and direct
them toward the respective arcs. Conversely, the recombiners merge beams of different
energies into the same trajectory before entering the next linac [50]. Two experimental
areas at the interaction points (IPs) will complete the accelerator complex. Figure 2.2
illustrates the top and side views of the PERLE accelerator. The total length of the
straight and spreader/recombiner sections is 29 m. The distance between the two
straight sections is 5.5 m. The arcs are separated by a vertical distance of 45 cm
between each of them. The total footprint of the accelerator is 29 m x 5.5 m x 0.9 m.

Injection

2 Linac 1 4]

" —

5.5 m|
mi Top view

129 m

i Linac 2

= 10 m

Dump
Side view 45 cm |
——— P e

ASyeg=ho/2 TP 145 cm

Figure 2.2: Top and side views of the 500 MeV PERLE accelerator complex. The four
RF cavities hosted in each cryomodule are indicated in purple. The dipole and quadrupole
magnets are depicted in blue and red, respectively. The orange dot depicts one of the two
interaction points. The figure is adapted from [48] and falls under the Creative Commons
Attribution 4.0 (CC BY 4.0) license (https://creativecommons.org/licenses/by/4.0/).

A flexible momentum compaction lattice, whose details are provided in [51], is
employed for the six arcs. PERLE is a 6-pass ERL, which includes three accelerating
and three decelerating passes. The 20 mA electron beam is injected into the ERL from
a photo-injector at an energy of 7 MeV. The CW beam is boosted in energy by each
of the two 82.2 MeV cryomodules. Hence, the target beam energy of approximately
500 MeV is achieved in three recirculation passes. The length of each arc’s path is
selected to be an integer of the RF wavelength, with the exception of arc 6 at the
highest energy pass, whose length is extended by As,c6 = Ao/2 to shift the RF phase
from accelerating to decelerating, allowing the operation in energy recovery mode.
Following an experiment at target energy, the beam is decelerated in three consecutive
passes back to the injection energy. During this phase, the beam energy is effectively
transferred back to the SRF system, and the final 7 MeV beam is then directed toward

28


https://creativecommons.org/licenses/by/4.0/

2 RF cavity design for PERLE

the beam dump. It is worth noting that, since PERLE features six passes, the current
passing through the cavity during its operation is six times the 20 mA injected current,
ie., Iyop = 120 mA. The last detailed studies on the beam dynamics-driven design for
PERLE are reported in [48]. Table 2.1 summarizes the main parameters of the RF cycle
and the beam parameters for the 500 MeV version of PERLE. The term ¢, = 1/ f
represents the time period of the FM wave. The bunch spacing is represented as
ty, = 1/f,, where f; is the bunch repetition frequency. The number of oscillations of
the RF field during one cycle of the bunch repetition is denoted as the number of waves
per cycle, and it is given by nyave = fo/ fo-

Table 2.1: RF cycle and beam parameters for the 500 MeV version of PERLE [48].

Parameter Symbol Unit Value
Number of passes Np 1 6
Injection beam energy By MeV 7
Energy gain per linac AEy MeV 82.2
Average beam current Iy o mA 20
Operating beam current Iy op mA 120
Bunch charge Qb pC 500
Longitudinal bunch length o mm 3
Normalized emittance VEz,y  mm mrad 6
RF frequency fo MHz 801.58
Time period of RF wave to ns 1.25
Wavelength at RF frequency Ao m 0.374
Bunch repetition frequency fo MHz 40.08
Bunch spacing ty ns 25
Number of waves per cycle Nwave 1 20
Duty factor 1 CW

The 500 MeV PERLE ERL configuration, as illustrated in Figure 2.1, will be con-
structed in two phases. Initially, a 250 MeV version comprising one cryomodule and
three straight sections on the opposite side will be built. The injection line and beam
dump will be on the same side in this configuration. Subsequently, the 250 MeV version
will be upgraded to the final 500 MeV version. This strategy aims to reduce initial
costs, allowing for faster construction and shorter commissioning time. This thesis will
focus solely on the 500 MeV version of PERLE. Further details on the layout and lattice
design of the 250 MeV version of PERLE are reported in [52]. A detailed description
of the main components initially foreseen for the PERLE ERL, including the electron
source and injector, the RF cavity and cryomodule designs, and related experiments,
can be found in the PERLE Conceptual Design Report (CDR) [18] and in the most
recent document [53|. This thesis exclusively focuses on the Nb cavity design suitable
for high-gradient CW operation in the 500 MeV PERLE ERL and the related HOM
couplers designed to extract potentially dangerous HOMs from the cavity.
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2.2 The PERLE elliptical cavity

Elliptical cavities in the medium and high-£ ranges are extensively employed in particle
accelerator applications. These cavities are proved to be well-suited for future high-
energy accelerators and energy recovery linacs [54]. It is convenient for medium and
large-scale accelerators to employ multi-cell cavities rather than single-cell cavities to
achieve the required accelerating voltage [21|. This choice reduces costs associated with
the required auxiliary components, such as HOM couplers, input couplers, tuners, and
so forth. Some designs of superconducting elliptical cavities have been conceived and
manufactured for high-current ERLs. Notable examples include the 5-cell 704 MHz cav-
ity for the Electron-Relativistic Heavy Ion Collider (eRHIC) [55], the 5-cell 748.5 MHz
high-current cavity developed at JLab for the ERL Free Electron Laser (ERL-FEL)
[56], and the 7-cell 1300 MHz cavity for Cornell ERL main linac [57].

Figure 2.3: Bulk Nb prototype of PERLE cavity fabricated at JLab [58]. Creative Commons
Attribution 3.0 (CC BY 3.0) license (https://creativecommons.org/licenses/by/3.0/). All
rights reserved.

For high-current accelerators, using five-cell cavities represents a good compromise
between balancing HOM-damping performances and the required cavity length, es-
pecially at low operating frequencies (around 800 MHz). In the framework of the
collaboration between CERN and JLab for the Large Hadron electron Collider (LHeC)
and the Future Circular Collider (FCC) studies (FCC-eh and FCC-ee), JLab has pro-
posed an 801.58 MHz Nb five-cell elliptical cavity design suitable for ERL at high
beam currents and future high-energy accelerators [58]. JLab’s cavity design has been
chosen as the baseline for the two superconducting linac cryomodules of the PERLE
ERL, which is proposed as a testbed to demonstrate the principles of the LHeC and
FCC-eh. The 801.58 MHz Nb five-cell elliptical cavity fabricated at JLab in 2018 is
depicted in Figure 2.3.
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The operating frequency of the 5-cell PERLE cavity is 801.58 MHz, which corre-
sponds to the 20th harmonic of the bunch repetition frequency f;, = 40.08 MHz [58|.
This choice of FM mode frequency aligns with the RF systems under development at
CERN and minimizes beam-beam interactions. The cells are made of fine-grain Nb
with RRR = 250. The cavity wall thickness is 4 mm, which provides relatively good
cavity stiffness. The 5-cell Nb cavity was tested at high power in a vertical cryostat at
2 K temperature, reaching an accelerating field of around 30.1 MV /m at the ultimate
quench field of 126 mT. A quench occurs when the superconductivity in the cavity walls
is lost due to surface losses. High ()p-values were reached in the high-field regime, pre-
serving a record unloaded quality factor of Qy = 3x10'% up to F,.. = 27 MV /m without
applying nitrogen-doping or nitrogen-infusion techniques. This set a new record un-
loaded quality factor at 2 K in the high field regime of SRF cavities resonating at
around 800 MHz. Additional details on the production and high-power RF test results
at 2 K of this cavity are provided in [58, 59].

2.2.1 RF design parameters of the cavity

The JLab 5-cell cavity design for high-current ERL was conceived in 2015 at JLab [59].
The parametrization detailed in [60] was used in this thesis to reconstruct the 5-cell
elliptical cavity design using CST, as depicted in Figure 2.4.

ALt,m ALt,e

(a) Middle-cell (b) End-cell

Figure 2.4: Geometrical parameters of the middle-cell (a) and end-cell (b) of an elliptical
cavity. The inner shape of the left-hand half end-cell is identical to that of the half middle-
cells. The half end-cell connected to the beam pipe can have a slightly changed design. The
geometry is axisymmetric around the centerline. The beam pipe length Ly, is not to scale.

The shape of the elliptical cavity cells is exclusively defined by eight parameters: Ay,
By, ax, by, o, Lk, Req, and R;, where the index “k” = “m” for the middle-cells and
“k” = “e” for the end-cells. Typically, the optimization of the cavity shape aims to
determine a specific set of these parameters to balance all key performance parameters
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related to RF, thermal, mechanical, and beam-dynamics aspects. The only fixed pa-
rameter that remains constant during the optimization process is the half-cell length L.
For high-f cavities (5 & 1), the theoretical half-cell length is proportional to a quarter
of the wavelength at the FM frequency [17, p. 3]

BAo

L= - (2.1)

The length L determined by the equation (2.1) ensures that the particle beam expe-
riences maximum acceleration in the same direction as it moves from one cell to the
next. The theoretical half-cell length of an 801.58 MHz cavity operating at § = 1 is
93.5 mm. It is worth noting that in the actual design, the length L may deviate slightly
from its theoretical value. Nonetheless, it is important to guarantee that the operat-
ing frequency and integrated cavity voltage are preserved despite this slight difference.
Table 2.2 reports the optimized geometrical parameters of the middle and end-cells
of the 5-cell cavity for the PERLE project. The listed parameters refer to the cavity
design at its FM warm frequency of 798.45 MHz. The cavity design at warm frequency
considers a tuning rationale to hit the target operating frequency at 2 K, also called
cavity cold frequency, at the desired cavity length [61]. The tuning rationale involves
several factors, including the frequency shift due to the estimated springback effect
after cell stamping (see Subsection 6.1.2), the presence of non-homogeneous bulk ma-
terial, the final chemistry applied to the cavity, and the impact of the cavity cool-down
and evacuation. To simulate the cavity at its actual operating frequency, the warm
design geometry can be scaled to ensure that the frequency of the FM aligns with the
cold frequency at 2 K, which is 801.58 MHz for the 5-cell cavity for PERLE.

Table 2.2: Geometrical parameters of the middle and end-cells of the five-cell elliptical cavity
for PERLE [62]. The listed parameters refer to the cavity design at its FM warm frequency
of 798.45 MHz.

Aw  Bwm  am by Lmw ALy Re R Qe

[mm| |[mm| |[mm| [mm| [mm| |[mm| [mm| [mm| [degree]

64.454 54.579 19.10 25.92 83.554 10 163.98 65 90

Ae  Be ac  be  Le ALy Ly Ry Lip
[mm| |[mm| [mm| [mm| [mm| |[mm] |[mm] [mm| [mm]

64.454 54.579 19.10 25.92 83.554 5.595 1955 65 195.50

The geometrical parameters defining the elliptical cavity shape have been optimized
with the primary objective of minimizing two key performance parameters: Epx/Facc,
which represents the ratio of the peak electric field on the cavity surface to the cavity
accelerating gradient, and B/ E,c., which depicts the ratio of the peak magnetic field
on the cavity surface to the accelerating gradient |58, 59|. Lower values of Ex/FEqcc
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2 RF cavity design for PERLE

shifts the potential electron field emission onset to higher operating fields [17, p. 43|.
The electron field emission is a phenomenon that limits the accelerating performance of
an SRF cavity [33, p. 159|. It consists of the emission of electrons from the cavity walls
in the presence of a strong surface electric field. The emitted electrons absorb RF energy
and lower the Qg of the cavity. Lower values of Bpy/Eac reduce the surface losses on the
cavity walls, shifting the quench field limit to higher operating fields. Superconducting
cavities can quench when the temperature-dependent critical surface magnetic field is
exceeded. The critical surface magnetic field for Nb cavities operating at temperatures
ranging from 2 K to 4.2 K is approximately 200 mT. For SRF accelerators operating
in CW mode, the critical magnetic field is the major limiting factor due to the risk
of a cavity quench. Therefore, a so-called low-loss cavity design is required. An angle
ay > 90° results in an higher Bpx/F,.. Choosing an angle o, < 90° results in a
re-entrant cavity contour. While a re-entrant shape may not raise concerns for normal
conducting cavities, it is unfavorable for SRF cavities because chemical residues could
be difficult to remove from a re-entrant surface during the necessary high-pressure water
rinsing [58, 59|. The cells of the optimized five-cell cavity for PERLE feature a wall
slope angle of oy, = 90°, which minimizes the ratio Bpy/Fa and represents a trade-
off to balance all the other critical performance parameters, such as Ejx/FEyc.. The
chosen angle oy, = 90° simultaneously increases the product (R/Q)| G, contributing
to lower the RF power losses into the He bath at a given accelerating gradient (see
equation (1.93)). Figures 2.5 (a) and (b) illustrate the electric and magnetic field
distributions for the FM of the 801.58 MHz 5-cell cavity, respectively. The fields are
scaled to the nominal accelerating gradient of 22.4 MV /m. The peak surface electric
field is 50.46 MV /m, and the peak surface magnetic field is 96.32 mT.

The choice of the cavity iris aperture (2R;) significantly impacts the RF parameters
of the cavity [21]. Both parameters Epy/FEac. and Byk/E,.. decrease as the cavity iris
aperture diminishes. This improves the product (R/Q) oG, consequently reducing
surface losses. However, this comes with the drawback of a larger loss factor kj (see
equation (5.20)), which increases the beam-induced HOM power (see equation (5.17)),
and a decrease in the cell-to-cell coupling factor k.., which indicates the strength of the
cell-to-cell coupling for each HOM field pattern. Typically, a relatively large cell-to-cell
coupling factor is required, particularly as the number of cavity cells, N, increases.
The RF field amplitudes within beam pipes, where HOM couplers are installed, increase
for larger k..-values. Consequently, a small cavity iris aperture compromises the HOM-
damping efficiency. Lowering the iris aperture also reduces the cavity stiffness. This
holds true particularly for cavities with straight walls (a,, = 90°), since the ratio
between the cavity equator radius Req and the iris radius R; is increased. The chosen
relatively large iris radius R; = 65 mm represents a good compromise for balancing the
cavity performance when compared to existing cavity designs [21]. It is worth noting
that in an optimized cavity shape for a given R;, the ratio Bpy/FEac. cannot be further
lowered without increasing Epy/FEacc, and vice-versa. However, expanding the beam
pipe diameter (2R},;,) beyond the end-cell iris aperture can preserve both ratios.
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Figure 2.5: Electric (a) and magnetic (b) field distributions for the fundamental mode of
the PERLE cavity simulated using CST. The field magnitudes are scaled to the nominal
accelerating gradient of 22.4 MV /m.

The beam pipe radius Ry, is selected in an RF cavity to ensure that the FM cutoff
frequency f TMo1) o the considered beam pipe resides above the FM frequency of the
cavity. This keeps the FM electromagnetic field inside the cavity, with minimal leakage
into the beam pipe. Referring to the more generalized case of a cylindrical resonator [33,
pp. 30-32], the cutoff frequencies of the TM,,,, and TE,,,, modes for a beam pipe with
radius Ry, can be derived from the equations (1.51) and (1.52) as

(TMmn) _ umn 29
f cut Rbp ) ( . )
i = 2.3
f t Rbp ( )

The nth root of the mth order Bessel function, u,,,, and its derivative, u,,,, are reported
in Table 2.3 for m =0,1,2 and n = 1,2, 3.

Table 2.3: Zeros of the mth order Bessel function and its derivative.

0 2405 5.520 8.654 0 3832 7.016 10.174
1 3.832 7.016 10.173 1 1.841 5.331 8.536
2 5.136 8.417 11.620 2 3.054 6.706 9.970
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2 RF cavity design for PERLE

The choice of the beam pipe radius is also related to the definition of TM,,,, modes and
TE, .,y trapped modes, which resonate within the cavity cells at frequencies lower than
their respective TM,,,, and TE,,,, beam pipe cutoff frequencies. These modes exhibit
exponentially decaying fields, with low-frequency modes often possessing the highest
R/Q values. Consequently, trapped modes require mitigation through HOM-damping
mechanisms (refer to Chapter 4) [21]. Modes resonating at frequencies beyond their
cutoff frequencies are referred to as traveling modes, as they can propagate through the
beam pipe tubes, facilitating their damping. Larger beam pipe radii offer the advantage
of lowering beam tube cutoff frequencies, enabling HOMSs to escape the cavity through
the beam pipe and reducing their quality factors. In the case of the PERLE cavity
design, it was decided to maintain a beam pipe radius of R}, = 65 mm, equivalent to
the radius of the cavity iris. This choice was considered a well-balanced compromise
between RF and HOM-damping performances. The selected beam pipe radius of 65 mm
for the PERLE cavity yields cutoff frequencies of 1.77 GHz and 1.35 GHz for the TM;
and TE;; modes, respectively. Therefore, mode passbands ringing in the 5-cell PERLE
cavity below their cutoff frequencies, such as the TMg;; or TE;;; passbands, remain
trapped inside the cavity. More details about the most dangerous HOM passbands
of the 5-cell PERLE cavity are provided in Subsection 2.2.2. The beam pipe length
is selected to ensure that the field of FM mode is predominantly attenuated before
reaching the beam pipe ends. The 5-cell cavity for PERLE is designed with a beam
pipe length that is three times the size of the beam pipe radius, i.e., Ly, = 3Rpp.

The 5-cell cavity design for PERLE features middle half-cells and end half-cells with
the same elliptical contour [58]. This allows for a single deep-drawing die for cavity
prototyping, minimizing tooling costs. Chapter 6 provides details on the RF elliptical
cavity fabrication. The cell equators include a flat section, denoted as ALy, and
ALy, for the middle half-cells and end half-cells, respectively. These flat sections are
trimmed during dumbbell measurements (refer to Section 6.2) to provide the required
field flatness for the accelerating mode. For a multi-cell cavity with a fixed 8 = v/c,
the cavity field flatness is an important figure of merit, quantifying the uniformity of
the energy distribution across adjacent cells. It can be determined using the peak axial

electric field as [63]

—1_ Ep,max - Ep,min (2 4)
T]H 1 ZNcell . ’ '
Necen =1 b2

where N denotes the number of cavity cells, Ej, max and Ej, i, are the maximum and
minimum cell peak axial electric field in the cavity, respectively, and £, ; is the peak
axial electric field in the ith cell. The field flatness, as expressed in the equation (2.4),
describes the maximum field variation of the peak axial electric field across the cavity
cells along the center axis, and it quantifies the field quality associated with the FM. A
field flatness of 100% indicates a uniform distribution of the electric field maxima along
the cavity axis. The simulated field flatness of the 5-cell cavity is 99%. Section 6.4
provides additional details about a multi-cell cavity’s simulated and measured field
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2.2 The PERLE elliptical cavity

flatness. The simulated field profile of the TMgo-m mode of the 5-cell PERLE cavity
is depicted in Figure 2.6. The main RF parameters of the 801.58 MHz five-cell bare
cavity, i.e., without external damping mechanisms, are summarized in Table 2.4.
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Figure 2.6: Normalized on-axis electric field amplitude of the TMg19-7 mode at 801.58 MHz

in the 5-cell bare-cavity for PERLE.

Table 2.4: RF figures of merit of the 5-cell cavity for PERLE.

Parameter Symbol Unit Value
Operating frequency fo MHz 801.58
Number of cells Neen 1 5
Active length Lot mim 917.92
Equator radius Req mm 163.98
Iris radius R; mm 65
Beam pipe radius Ryp mm 65
Wall slope angle of the cell Oy degree 90
Nominal accelerating gradient FEacc MV/m 22.4
Nominal accelerating voltage Vace MV 20.6
Quality factor at nominal gradient Qo 1 3 %1010
Longitudinal geometric shunt impedance of FM (8 = 1) (R/Q).0 Q 523.6
(R/Q),0 per number of cells (R/Q)|,0/Neent Q 104.7
Geometry factor G Q 274.6
Power dissipated by the FM in the cavity walls P.o W 26.9
Total longitudinal loss factor (o, = 3 mm) k) V/pC 2.304
Cell-to-cell coupling factor kee % 2.93
Field flatness N % 99
N2, /kee ratio N2 /kee 1 854
Epx/Eace ratio (middle cell) Eox/Eacc 1 2.26
Bpk/Eacc ratio (middle cell) Bpk/Eacc mT/(MV/m) 4.3
TEq; cutoff frequency for Ry, fC(;FtE“) GHz 1.35
TMo1 cutoff frequency for Ryp fC(EtMm) GHz 1.77
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2 RF cavity design for PERLE

2.2.2 HOMs of the cavity

This section presents the analysis of the HOM spectrum of the 5-cell 801.58 MHz bare
cavity for PERLE, which is one of the most important properties of a cavity. The
eigenmode simulations, performed using CST, focus on cavity monopole and dipole
modes, which hold significant importance in high-current ERL due to their potential
impact on its performance. Higher order modes with high (R/Q)-values are of partic-
ular interest, as an elevated value of R/(Q) corresponds to a more amplified excitation
induced by the circulating beam. If not adequately damped, monopole modes can lead
to high HOM power loss (see Chapter 5) in SRF cavities, while dipole modes can cause
transverse beam instabilities (see Chapter 3). Modes with frequencies close to beam
harmonics are also particularly relevant. When a HOM is near a beam harmonic,
the induced voltage may become significant, leading to potential beam instabilities.
Therefore, during the design phase of an SRF cavity for high-current CW operation,
it is essential to ensure that HOMs are kept sufficiently far from strong beam current
harmonics [18|. Figure 2.7 illustrates the R/Q) of the most relevant monopole and
dipole passbands of the 5-cell 801.58 MHz cavity. The longitudinal geometric shunt
impedance (R/Q) is calculated for the TM monopole modes, while the transversal
geometric shunt impedance (R/Q), is computed for the TM and TE dipole modes.
Additionally, it compares HOM resonant frequencies with respect to the PERLE beam
current spectrum, corresponding to the filling pattern and bunch timing presented in
Figure 3.8 in Chapter 3 and calculated using the beam parameters listed in Table 2.1.

&0 i - - 1500 140
My, g 8 E
-7 [ ] =
3 : 'y E’: TMg1; ¢ t_) . 1250 120
60 : E 4 Ki E [
- ! M, - 1000g [0
o | ' ! S 80 T
S 40 | 3 0| E
= | T™,,, o S (60
: l b, P00 &3
20 ! ¢ i TMOQl P 40
ol 1 e | { LTMW Teel R, 250 20
tHARH At
gLiiieleii] BN SRS RREREE. N1IFL R IR 0
0.6 O. 1.0 12 14 16 18 20 22 24
f [GHy]
?  R/Q; monopole HOMs ® R/Q. dipole HOMs ®  Beam spectrum

Figure 2.7: (R/Q) (blue lollipops) and (R/Q). (red lollipops) of the most relevant
monopole and dipole HOMs, respectively, of the 5-cell 801.58 MHz cavity until 2.4 GHz.
Twenty-five monopole modes and fifteen dipole modes are shown. A blue-dashed line indi-
cates the FM frequency. Gray-dashed lines represent the TMg; and TE;; beam pipe cutoff
frequencies. Black-dashed lollipops depict the PERLE beam current spectrum.
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2.2 The PERLE elliptical cavity

The monopole passbands TMy;; and TMgy and the dipole passbands TEq11, TM;i1g
and TM;jq; are confined within the cavity’s cells. The phase advance per cell of TE;;q,
TMggg and TMg;o modes takes values from 7 /5 to m, while the phase of TMg;1, TMi19
and TMg2; modes shifts from 7 to 7/5. The trapped HOMs can limit the stable opera-
tion of the ERL. Consequently, they require strong damping to reduce their impedance
(R/Q)QL below the beam instability limits and meet beam dynamics requirements
(see Chapters 3 and 5). The monopole passband TMg;; possesses the highest longi-
tudinal geometric shunt impedance among the trapped monopole modes. Specifically,
the longitudinal R/Q-values of the TMg;1-37/5 mode at 1.42 GHz and TMg;-27/5
mode at 1.46 GHz are 62 Q2 and 61 €2, respectively. It is worth noting that some modes
can become trapped within the cavity cells even if their resonant frequency is above
their corresponding cutoff frequency. The TMyo-m mode, located at approximately
2.26 GHz, is relatively confined within the middle cells of the five-cell cavity, exhibit-
ing a longitudinal geometric shunt impedance of 20 §2. The two dipole passbands TE;1;
and TM;j;(o exhibit the highest transversal geometric shunt impedance among the con-
fined dipole modes. In particular, the TE;1;-47/5 mode at 1.03 GHz and TM;30-37/5
mode at 1.51 GHz possess transversal R/Q-values of 1.3 x10% Q/m and 893 Q/m,
respectively. The normalized electric field maps of some of the trapped high-(R/Q)
monopole and dipole modes are illustrated in Figure 2.8.

0 02 04 06 08 1 0 02 04 06 08 1
HEN/NEN o HEN/NE N o
(a) TM011—27T/5 at 1.462 GHz (b) TMop12-7 at 2.263 GHz

0 02 04 06 08 1 0 02 04 06 08 1
HEN/NE N e HEI/IE N ax
(C) TE111—47T/5 at 1.039 GHz (d) TM110—37T/5 at 1.151 GHz

Figure 2.8: Cross-sectional view of the normalized electric field norm for significant monopole
((a) and (b)) and dipole HOMs ((c) and (d)) of the 5-cell 801.58 MHz bare cavity simulated
using CST Studio Suite®. The phase advance is denoted for each mode.

Figure 2.7 illustrates that the modes with the highest R/@Q values are kept sep-
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2 RF cavity design for PERLE

arated from the main beam spectral lines, located at multiples of the fundamental
mode frequency. This reduces concerns about potential voltage buildup from resonant
interactions between HOMs and the beam spectrum lines with the highest current
magnitude. While each cavity of a cryomodule is tuned to the fundamental mode fre-
quency, the resonant frequency of the HOMs can change from one cavity to another
because of manufacturing tolerances, typically within the range of several MHz for the
HOMs [64] (refer to Subsection 6.1.2). Therefore, quantifying the frequency shift be-
tween the resonant frequencies of the analyzed modes and the closest lower and higher
bunch harmonics is crucial for identifying potentially dangerous HOMs. Figures 2.9
(a) and (b) depict the calculated frequency shift between the investigated monopole
and dipole modes, respectively, and their closest lower and higher bunch harmonics.

40 TMg - TMgy, TMz [N 11‘7])‘ 40 TE, TM,;o IAf]
LUSE NI i
530 TMy, 530
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Monopole mode n Dipole mode n
(a) Monopole modes (b) Dipole modes

Figure 2.9: Frequency shift between the resonant frequency of a mode n and its closest lower
and higher bunch harmonics. The absolute difference between the mode frequency and its
closest lower-frequency harmonic |A f}L’b| is represented in black for monopole modes (a) and
orange for dipole modes (b), respectively. Similarly, the frequency shift to the nearest higher-
frequency harmonic |A f};b\ is depicted in blue for monopole modes (a) and red for dipole
modes (b). The resonant frequency associated with each mode n is depicted in Figure 2.7.

The frequency shift of monopole HOMs ranges from 1.81 MHz to 38.26 MHz. The
monopole HOMs with (R/Q); > 10 € are separated by at least 10 MHz from the
nearest beam harmonic. For instance, the monopole modes TMg;;-37/5 (at 1.42 GHz)
and TMg;1-27/5 (at 1.46 GHz) are positioned 16 MHz and 19 MHz away, respectively,
from their closest beam current line. The relatively confined TMgo-7 (at 2.26 GHz)
is 19 MHz away from its closest beam harmonic. This frequency separation may be
sufficient to exclude the possibility of resonant effects between the beam and the HOMs.
The TMggo-27/5 (at 1.68 GHz) mode presents a frequency shift from the closest current
line of only 1.81 MHz. However, its proximity to its nearest bunch harmonic should not
be a concern due to its low longitudinal geometric shunt impedance, (R/Q); = 0.9 Q.
The frequency shift of dipole HOMs varies from 0.7 MHz to 39 MHz. While the mode
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TEj11-27/5 at 0.96 GHz, which shows a minimum frequency shift of only 0.7 MHz,
should not pose any concern because of its low-(R/Q) value of 0.1 £2/m, the relatively
low frequency shift of 3 MHz for the high-(R/Q), TEy11-37/5 and TE;1;-47/5 modes
(at 0.99 GHz and 1.04 GHz, respectively) from their closest beam line needs to be
monitored during the different stages of cavity manufacturing. The same might apply to
the TMj10-47/5 mode (at 1.13 GHz), whose frequency shift from the nearest harmonic
is about 7 MHz. Subsection 7.2.3 provides details on the analysis of the HOM frequency
deviation of the manufactured 5-cell Cu cavity prototype for PERLE.

2.3 Static and dynamic heat losses

The power consumption of the cryogenic system significantly influences the operational
costs of an ERL [65]. Estimating the required power from the cryogenic system requires
the evaluation of the static and dynamic heat losses in the cryomodule [66]. Static
heat losses occur when the linac cryomodule components are at their design operating
temperatures. Static losses are associated with inadequate insulation of the linac’s
cold components from their surroundings. Static losses exist even when no RF power
is supplied to the cavities. They include conduction through radiation and conduction
fluxes through supports, pipes, beamline HOM loads, and so forth |65, 67]. Dynamic
heat losses emerge during the cavity operation due to the power dissipation caused by
induced RF currents within the cavity surfaces.

The power dissipated in the walls of an SRF cavity by the FM, as given in the
equation (1.91), constitutes the most relevant dynamic power loss in the He bath and
represents the largest dynamic heat load in the cryomodule. For the 5-cell PERLE
cavity, the power dissipation by the FM in the cavity walls at the nominal accelerating
gradient (E,ee = 22.4 MV/m) is P.y = 26.9 W. Given that the dynamic power loss
by the FM is inversely proportional to the cavity g, the quality factor becomes the
primary cost driver in terms of dynamic cryogenic losses [66]. Therefore, minimizing
dynamic heat losses is crucial for maintaining low costs associated with He refrigeration.
The total AC wall power required to remove the static losses, Py, and dynamic heat
losses, Pyyn, from the cryomodule can be approximated as |66, 68]

1 VRr Leay 1 Face L
Pacm oo b Bl T (R/Q) 322 ' (25)
!t accliact,  TcTt $ II,0 01
Pst den

Here, VRr = VieeNeay represents the total required voltage for the cavities within the

cryomodule, where N.,, is the number of cavities. The term 7. is the Carnot efficiency,
which is defined as [17, p. 48|

Tha

)
Tamb - Tbath
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where Thatn is the cavity operating temperature and T, is the ambient temperature.
For Tyan = 2 K and Ty, = 300 K, the Carnot efficiency is n. = 6.7 x 1073, The
technical efficiency of the cryogenic plant, depicted as 7, is estimated to be 20% at
2 K and 30% at 4.5 K operation [66]. The term P/, represents the static losses per unit
length, which are around 8 W/m at 500 MHz and vary approximately inversely with
the square root of the FM frequency [69]. Therefore, the static losses per unit length
are P ~ 6.3 W/m at 801.58 MHz. The static heat losses increase with the number
of cavities. For a lower F,., more cavities are needed to attain the voltage Vrr,
consequently leading to an increase of the static loss [66]. Conversely, dynamic heat
losses increase proportionally with the accelerating gradient. Moreover, they depend on
the (R/Q)),0 and the material-dependent Q. It is worth noting that in the estimation
of Pyyn in equation (2.5), only the dynamic losses related to the FM are considered.
The undamped beam-induced power of trapped modes below their respective cutoff
frequencies can increase dynamic heat losses in the cavity walls. HOM couplers are
employed to decrease the external quality factor of HOMs and consequently lower the
HOM power dissipated in the cavity walls. For a damped trapped HOM n, the ratio
between the undamped HOM power P,q, and the extracted HOM power Py ., for the
considered mode can be approximated as

Pnd,n ~ Qext,n
Pext,n QO,n

However, the undamped HOM power is considered a small fraction in HOM-damped
SRF cavities compared to the dynamic heat loss caused by the FM. For a HOM pos-
sessing a Qg ,-value in the order of 10! and a typical Qe in the order of 10°, the
undamped HOM power will be 10° times lower than the extracted HOM power for the
considered mode. Consequently, the undamped HOM power can be neglected when
estimating the total AC wall power in an SRF cryomodule. Table 2.5 summarizes the
estimated total static and dynamic heat losses and AC wall power for the four 5-cell
Nb cavities within a PERLE cryomodule.

(2.7)

Table 2.5: Static and dynamic losses and AC wall power for the four 5-cell cavities of
PERLE. Dividing the listed values by N.,, = 4 returns the power requirements for a single
5-cell cavity.

Parameter Symbol Unit Value
Required voltage Vrr MV 822
Static losses Py w 37.4
Dynamic losses Payq W  107.5
Static losses scaled to the net cryogenic plant efficiency Py/(nem:) kKW 279
Dynamic losses scaled to the net cryogenic plant efficiency Payn/(n.m:) kW 80.1
Total AC wall power P ac kW 108
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A comparison of the losses associated with individual cavities between the PERLE
and Cornell ERL cryomodules [70] is presented to provide a more comprehensive in-
ternational context. The Cornell cryomodule consists of six 7-cell, 1.3 GHz Nb cavities
operating at 1.8 K. Each cavity in the Cornell ERL achieves a nominal accelerating
gradient of 16.2 MV/m with a required voltage of 13.1 MV. The (R/Q)|0 and Qo
values are 774 Q and 2x10'°, respectively. The dynamic power losses are 11.1 W for
the Cornell cavity and 26.9 W for the PERLE cavity, while the static power losses are
approximately 6.5 W and 9.4 W, respectively. The total AC wall power required per
cavity is around 14.6 kW and 27.1 kW for the Cornell cavity and the PERLE cavity, re-
spectively. The lower losses observed in the Cornell cavity can primarily be attributed
to its lower accelerating gradient compared to the PERLE cavity. Additional informa-
tion on the RF figures of merit, power losses, and requirements of the Cornell ERL
cryomodule is provided in [70].

2.4 Input RF power

The input power represents the amount of power supplied to an RF system. The
input coupler, or Fundamental Power Coupler (FPC), has the role of transferring the
RF power from a generator to the cavity and the beam [17, p. 403|. The FPC has to
compensate for the losses in the cavity walls due to the RF field and beam energy losses.
The loaded ) must be optimized for the linac cavities of an ERL to deal with energy
recovery and microphonics. In the following, a set of expressions to determine the
power supplied by the generator to a cavity in the case of an ERL is presented [71]. The
derived equations allow for determining the optimum setting of the cavity parameters
(coupling factor, loaded @, and static detuning) when operating under beam loading
and in the presence of microphonics.

2.4.1 Optimization with respect to tuning for energy recovery

In a multi-pass ERL, the bunch train consists of a number of accelerating bunches and
decelerating bunches passing through the cavity during its operation. These bunches
collectively contribute to the total beam current seen by the cavity. The total beam
current [;, could be obtained by summing the resulting accelerating current I, .. and
decelerating current I, 4. vectors as

Nb,acc Nb,dec

lb - lb,acc + lb,dec = ]b,O Z ejwacc’i + Z eﬂﬁdec,k ) (28)

i=1 k=1

where I}, is the average beam current or ERL injection current, Vi, oo the total number
of accelerating bunches, Ny, goc the total number of decelerating bunches, and ©acc;
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and VYgecr represent the angular position of the 7th accelerating bunch and the kth
decelerating bunch, respectively.

The input power required in a cavity for accelerating a beam with a total current
of magnitude I, at a phase 1, with respect to the crest of the FM electric field, could
be written as [71]

P

P = {(1 +8+b)° +[(1+ B) tan(v) — btaﬂ(wb)]z}, (2.9)

where 3 is the cavity coupling factor and P the power dissipated in the cavity walls
by the FM. In the equation (2.9), the term tan(v¢)) represents the total amount of
detuning, which is given by

0.fo — 5fm
fo

where 1 is the tuning angle, J fy is the static detuning, J f,;, the microphonic detuning,
and Qro = Qo/(1 + B) is the loaded quality factor of the FM mode at frequency fo.
The term b represents the ratio between the power absorbed by the beam and the
power dissipated in the cavity walls

tan(y) = —2QLo———— (2.10)

_ Ib(R/Q)II,OQO COS(@bb).

2.11
V;icc < )

Substituting the equations (2.10) and (2.11) into equation (2.9) and using the defini-
tion of intrinsic cavity bandwidth Afy = fo/Qo, the input power for a cavity can be
rewritten as

20fo | 20fm r
P, = 1+ 3+b)? + + btan ) 2.12
The amount of static detuning required to minimize the input power is given by
A
dfo = —jbtan(wb) (2.13)

which is independent of the coupling factor S. This term includes the Lorentz force
detuning and mechanical tuner static detuning. Finally, in the absence of microphonics,
the input power at optimum tuning is provided by

ZCBO (14 B8+0)% (2.14)

Py =
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2.4.2 Optimization with respect to cavity coupling for energy
recovery

In the presence of microphonics, the input power at optimum tuning can be written as
Pc 0 25frn 2

P, =— 1+6+b2+{ } , 2.15

4ﬂ{< R (2.15)

where 0 f,, is the amount of microphonic detuning. The optimum coupling factor, and
consequently the optimum loaded quality factor @1, , could be derived by differentiat-
ing the equation (2.15) with respect to § and equating it to zero as

Bopt = \/(b +1)2 + (%)2. (2.16)

The input power at optimum coupling is obtained by substituting the optimum coupling
factor fopt into the equation (2.15) as

Pc 0 26fm 2

P, =2 1 1)2 2.1

=L w+>+¢w+>+(Ah) (2.17)
In the absence of a beam (b = 0), the equations (2.16) and (2.15) become
20fm )’

=4/1 2.1

ﬁopt + ( Afo ) ) ( 8)
and
PR U Py 0 2 (2.19)
in — 9 Afo .

2.4.3 Input power for the PERLE cavity

The linac cavities of PERLE are expected to operate at a gradient of 22.4 MV /m. The
generator power is expected to be fed into each cavity by a Superconducting Proton
Linac (SPL) type power coupler, which is able to deliver 500 kW of power in CW
operation [72]. Based on the latest bunching PERLE scenario, the ERL can be operated
on-crest to deliver to the interaction points a bunch with minimal energy spread [48, 73|.
Under these conditions, the particles travel within the linac on the crest of the FM
electric field, maximizing the utilization of the entire available gradient. A beam on the
accelerating crest is defined at ¢,.. = 0°, while a beam on the decelerating crest is set at
Yaec = 180°. When the phase difference between accelerating and decelerating beams
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2 RF cavity design for PERLE

is 180°, the magnitude of the beam current vector /, is null, and the phase with respect
to the RF crest 1), is zero. This condition corresponds to a zero-beam loading scenario
(b = 0) [74]. Lorentz force detuning or microphonic effects can detune the cavity,
increasing the input power needed to maintain the accelerating field in the cavity. Other
bunching scenarios currently under study for PERLE [48, 73] could foresee the off-crest
acceleration of the beam in at least one linac to have a longitudinal match that increases
the beam peak current from the injector to the interaction points. Consequently, the
beam loading is no longer null, and the linac cavities must be detuned by the amount
of static detuning 0 fp to minimize the generator power. In the following, we investigate
the scenario of zero-beam loading with on-crest operation (1,cc = 0%, 9gec = 180°) of
the linac, and two possible scenarios of off-crest operation: (¢aec = 11.1°, 140 = 188.6°)
and (ace = 13.6°, 1 gec = 188.6°).

Due to the energy gain and synchronization requirements, all Vi, 5. accelerating
bunches share the same accelerating phase ,e, and all Vy, 4o decelerating bunches
have a common decelerating phase tge.. Therefore, the equation (2.8) simplifies to

lb = lb,acc + lb,dec = Ib,O(Nb,aCCejwacc + Nb,decejwdec)‘ (220)

Figure 2.10 (a) illustrates in a polar plot the resulting accelerating and decelerating
currents for the three investigated cases, along with the position of the bunches with
respect to the RF crest. Figure 2.10 (b) depicts the corresponding required input
power at optimum tuning and in the absence of microphonics for the 5-cell PERLE
cavity as a function of the cavity loaded (). The input power curves are obtained for
(R/Q))0 = 523.6 2, nominal accelerating voltage Vye. = 20.6 MV and Qg = 3 x 10'°.
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120 0.06 A60 [ o) | IdCC —l/}acc = Ooa wdcc = 180°

0.04 A Yo} | Ib 200 —/‘pacc = 11-107 'l/}dcc = 18860
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Yace = 11.1° =3
180°m 5 0° P
° af 100}
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Qi =392x107
210° 330° 50 P =20.7kW
Qf = 8.75 x 107
. Py, = 9.23 kW
o o 0 L —
220 . 300 100 107 10 10° 1010
270
Q1o
(a) Beam current and phase (b) Input power at optimum tuning

Figure 2.10: (a) Polar plot showing the phase (in degrees) and current (in amperes) of
accelerating (red) and decelerating bunches (red) in the studied on-crest (squares) and off-
crest (circles) scenarios. The resulting beam loading in both cases is marked in blue. Input
power at optimum tuning and 0 f,, = 0 as a function of @y, for the three studied cases (b).
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2.4 Input RF power

In the case of on-crest operation, the magnitude of the total current is null, and
the input power needs to compensate only for the power dissipated on the cavity walls
(Pn = Pep = 26.9 W). For the ERL off-crest operation (t)acc = 11.1°,¢4ec = 188.6°),
the optimum detuning value is —26.2 Hz, and the cavity requires P = 9.23 kW
at Qpo = 8.75 x 107. In the off-crest scenario (Yace = 13.6°, e = 188.6°), the
optimum detuning value is —52.23 Hz, and the cavity necessitates P = 20.7 kW at
Qio = 3.92 x 10”. The minimum point of each curve indicates the optimum loaded
quality factor and the corresponding minimum input power per cavity. Any deviation
from Q)] , leads to an increase in the input power required to preserve the accelerating
field in the cavity. The choice of the loaded-@Q value relies not only on the beam loading
but also on the value of the cavity bandwidth A fsqg = fo/Qro. The cavity bandwidth
at optimum detuning is 9.16 Hz and 20.45 Hz for the (¢.cc = 11.1°, 9gec = 188.6°) and
(Vace = 13.6°,10gec = 188.6°) off-crest scenarios, respectively. The cavity bandwidth
must be higher than the microphonic detuning for an SRF cavity, which is typically
lower than 100 Hz [75]. Consequently, the Qr o has to be lowered by approximately

one order of magnitude to increase the cavity bandwidth to values higher than 100 Hz.

Finally, one major figure of merit in an ERL is the ratio between the klystron power
and the beam power

Py 1.26P,,
Pb Nb,acclb,OV;}cc COS(lpb) ’

M (2.21)
where Py is the klystron power. The factor of 1.26 is chosen to ensure that the
klystron operates below its —1 dB saturation point, thereby avoiding any distortion
or non-linear effects in the amplification process. This ratio has to be kept small
for efficient energy recovery in the ERL. Furthermore, a power overhead is required
to compensate for perturbations caused by microphonics [76]. For PERLE in the
on-crest ERL mode scenario (¢, = 0), the total beam power per cavity is roughly
B, ~ 1.23 MW. Assuming 7, = 0.1, the minimum required klystron power per cavity
is approximately Py, ~123 kW. Consequently, the estimated input power per cavity is
P, ~ 97.86 kW. Therefore, the loaded-() has to be lowered with respect to the value
at optimum detuning to meet the estimated input power requirements.

Figures 2.11 (a) and (b) depict the input power at optimum detuning as a function
of the cavity @10 in the case of on-crest operation and one of the two discussed off-
crest scenarios (Yacc = 13.6°, 1hgec = 188.6°) for different microphonic detuning values,
respectively. If the maximum available power per cavity is around 123 kW, in the case of
on-crest operation, choosing a Qo between 2.5x 10% and 4 x 10° could allow controlling
microphonic detuning up to 100 Hz. Assuming a microphonic detuning of ¢ f,,, = 60 Hz,
the required input power per cavity is 92.36 kW for Qo = 2.5 x 10° and 68.79 kW for
QLo = 4x10°. In the case of off-crest operation (1),ec = 13.6°, ¥ge. = 188.6°) and for the
same amount of microphonic detuning, the needed input power per cavity is 103.05 kW
for Qro = 2.5 x 10% and 79.68 kW for Qro =4 X 10°. The cavity bandwidth for these
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2 RF cavity design for PERLE

two loaded-(@) values exceeds the microphonic detuning of 100 Hz, with values of 320 Hz
and 200 Hz, respectively. Employing a fixed input coupler with a @)1, in the range
from 2.5 x 10% to 4 x 10® could present a valuable solution for PERLE in the studied
scenarios. Although a higher Q)1 offers the advantage of reducing the input power
requirement, it comes with the trade-off of reduced cavity bandwidth. Conversely, a
lower Q1,0 enhances the cavity bandwidth but will necessitate a higher input power.
Finally, controlling microphonic effects with a Ferro-Electric Fast Reactive Tuner (FE-
FRT) can reduce the amount of required input power per cavity in the ERL [77].

250 : : : 100 250

90 Pace = 13.6°, Pgec = 188.6°

l/}acc = 007 ’l/}dcc = 180°

QLo x 106
(a) On-crest operation (b) Off-crest operation
Figure 2.11: Input power at optimum tuning as a function of the cavity loaded @ for

different microphonic detuning values: on-crest operation (a) and one possible scenario of
off-crest operation (b).
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3 Beam breakup instability studies

This chapter investigates the Beam Breakup (BBU) instability phenomenon in an ERL.
The objective is to estimate the longitudinal and transverse impedance limits beyond
which beam instabilities can rise during multi-pass ERL operation. The evaluation of
the impedance thresholds is crucial for determining the required loaded quality factor
@1, for each relevant HOM, which ultimately drives the optimization of the HOM
coupler design. Additionally, the threshold current, which represents the maximum
achievable beam current in the machine, is evaluated.

3.1 Beam breakup instabilities

Energy recovery linacs offer the potential for operation with high beam current and
simultaneously low emittance. A widely recognized limitation on the achievable beam
current in an ERL is the occurrence of beam breakup instabilities. This phenomenon
can emerge from the interaction between the traversing beam and the HOMs of an RF
accelerating cavity at a sufficiently high current. BBU instabilities can be classified
into two main categories: cumulative [17, p. 346] and regenerative [78| instabilities.
The cumulative BBU effect involves the accumulation of beam deflection over a single
pass in multiple accelerating structures. Cumulative BBU instabilities mainly occur
in large-scale linacs or those operating at very high-current [79]. Therefore, they are
out of the scope of this study. The main focus in high-current ERLs is on regenerative
BBU, which occurs when the same bunch train passes through each RF cavity multiple
times. This establishes a feedback loop between the recirculating beam and the HOM
fields of a cavity, which closes when the beam returns to the same cavity during a
subsequent pass in the ERL.

In a multi-pass machine, the beam experiences off-axis deflection caused by the
transverse EM field generated by dipole modes during its initial pass. Consequently,
the beam returns to the same cavity with a transverse offset in subsequent passes. It
then exchanges energy with dipole HOMs that further deflect successive bunches. If
the average beam current surpasses a threshold current, denoted as Iy, the feedback
loop between the beam position offset and the dipole fields can become unstable. In
the event that dipole HOMs are not adequately damped, the amplitude of dipole fields
can undergo exponential growth until bunches hit the beam pipe, eventually resulting
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3.2 Beam breakup instability thresholds

in the loss of the beam. This effect is commonly known as transverse BBU instability,
which is the primary limiting stability mechanism in ERLs [2].

Similarly, longitudinal BBU instabilities can arise when the excitation of monopole
modes by the beam induces a change in the energy of the bunch. This leads to a shift
in the arrival time of the bunch at the cavity [80]. Assuming an initial excitation of a
longitudinal mode and perfectly spaced bunches entering a cavity on the first pass. The
longitudinal mode modulates the energy of the bunches as they exit the cavity. If the
isochronicity of the recirculation optics on the second or higher passes is not precisely
maintained, the energy modulation experienced by the bunches is manifested as spacing
modulation. As a result, a side-band current is generated, characterized by a frequency
matching that of the exciting HOM. Therefore, the resulting current can amplify the
excitation of the considered longitudinal HOM during subsequent passes, yielding an
even higher induced current. In this case, the threshold condition for instability is
satisfied when the excitation leads to a self-enhancement process through the induced
current, which matches the original cavity excitation. It is important to note that in
longitudinal BBU, the induced current can only reach a magnitude equivalent to the
average beam current of the ERL before reaching saturation [81].

3.2 Beam breakup instability thresholds

This section first briefly introduces the concept of the transfer matrix in beam dynam-
ics [82, p. 87|. The transfer matrix permits the representation of the bunch position
within a system. Subsequently, an analytical formulation for calculating the BBU
threshold current, impedance threshold, and external quality factor requirements in a
multi-turn ERL is presented.

3.2.1 Transfer Matrix

Consider a charged particle traveling through a system. At any given position ¢ along
a nominal trajectory, the particle’s state can be described using a vector (single-column
matrix) X((), with

X1 (¢) = [2(¢), 2'(€), (€), ¥/ (€), 1(C), Ap/p]. (3.1)

The terms of equation (3.1) are defined as follows: x is the horizontal position of the
particle from the nominal trajectory; ' = dx/d( denotes the angle that the particle
forms in the horizontal plane with respect to the nominal trajectory; y represents the
vertical position of the particle from the nominal trajectory; y' = dy/d( is the angle
that the particle forms in the vertical plane with respect to the nominal trajectory;
[(¢) is the path length difference between the arbitrary trajectory of the particle and
its nominal trajectory; Ap/p is the fractional momentum deviation of the particle from
the nominal trajectory [83].
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3 Beam breakup instability studies

The 6 x 6 transfer matrix M is used to describe the transformation of the particle’s
state as it moves from an initial position ¢; to a final position (; via

X(Cr) = MX(G). (3.2)

The transfer matrix M, at the first order in the equation (3.2), is used to map the par-
ticle’s motion through accelerating structures, individual magnets, or drift distances.
The matrix M can be extended to include second and high-order terms [84]. For an
ERL, the energy of the bunches varies from one turn to the next. Therefore, the follow-

ing study considers a transfer matrix for each turn to account for the energy variation
of the bunch in the ERL [85].

3.2.2 Threshold current

The threshold current is the highest allowed beam current before the HOM voltage
undergoes exponential growth, resulting in beam instabilities. An analytical formula-
tion for the BBU threshold current can be derived by equating the energy dissipated
on the cavity walls to the energy deposited by the beam into an HOM [78]. In the
simple case of a single cavity containing a HOM n with frequency w,, driving instability
for a bunch in a two-pass ERL, the first-order analytical expression for the threshold
current, which applies to both longitudinal and transverse BBU instabilities, is given

by [2, 86, 87]

2B,
e(R/Q)nQrnknM;jsin(wyt,)’

where ¢, is the recirculation time, Ej, is the energy of the beam in the recirculation arc,
M;; is the (i, j) element of the beam transfer matrix with 1 <1, j <6, e is the electron
charge, (R/Q), is the geometric shunt impedance of the considered HOM, Qy,,, is its
loaded quality factor, and k,, = w,,/c defines its wave number with ¢ the speed of light.
When n refers to a dipole HOM, and 7,j = 1,2 or 3,4, the equation (3.3) returns the
threshold current of the transverse BBU. If n denotes a monopole HOM, and ¢, 7 = 5, 6,
the equation (3.3) gives the threshold current of the longitudinal BBU. Specifically, the
terms My, and Msy relate the angular kick imparted to the beam by a dipole HOM to
the horizontal and vertical offset after one recirculation, respectively. The Mss term
establishes a relationship between the change in beam energy and the time shift of the
beam. Equation (3.3) is valid only when the condition M;; sin(w,t,) < 0 is satisfied. If
M;; sin(wpt,) > 0, the first-order expansion of the analytical solution does not provide a
physically significant threshold current. In such cases, pursuing a higher-order solution
becomes necessary [88].

For a machine featuring more than two passes and two linacs, such as PERLE,
whose layout is illustrated in Figure 3.1, the expression for the threshold current can
be reformulated as [87, 89, 90|

In = (3.3)
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Figure 3.1: Schematic view of the 500 MeV PERLE layout. The accelerator complex com-
prises two parallel 82.2 MeV SC linacs, each hosting four 801.58 MHz 5-cell elliptical Nb
cavities (8 = 1), completed with three recirculating arcs on each side. The red dots indicate
the linacs’ exits, referred to as checkpoints in our analytical model. The terms “north Linac”
and “south Linac” refer to “Linac 1” and “Linac 2” as shown in Figure 2.1.

_ DN
e(R/Q)nQrakn Yo [(Bo/ B )M sin (wnthm)]

where EJ" is the beam energy at checkpoint m, ijm is the (7, 7) element of the beam
transfer matrix M from checkpoint [ to the consecutive checkpoint m, and ¢ is
the recirculation time from checkpoint [ to successive checkpoint m. In equation (3.4),
N, represents the overall number of checkpoints, depicting the exits of the linacs. For
example, the indexes m = 1 and m = 2 represent the exit of the north linac and the exit
of the south linac in the first turn, respectively; the indexes m = 3 and m = 4 depict the
entry of the north linac and the exit of the south linac in the second turn, respectively,
and so forth. This model is referred to as the multiple checkpoint analytical model [90].

(3.4)

Iin =

3.2.3 Impedance threshold

It is common practice to compare the impedance of a cavity with the coupled-bunch
instability limits. From the equation (3.4), the impedance requirement for a mode n
in a multi-pass machine operating at a beam current I}, o, could be derived as

2E,
(R/Q>nQL,n S - N .
elbopkn Some i [(En/ EP) M sin (w,tim)]

J/

(3.5)

~~
th
Zn

The right-hand side term of equation (3.5) denotes the impedance threshold Z™ which
is the value of the impedance of a mode n beyond which multi-bunch instabilities arise.
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3 Beam breakup instability studies

The longitudinal impedance threshold of a monopole mode n can be obtained from
equation (3.5), considering i, 7 = 5,6, as follows

25,

Zthn = (R/Q) nQL,n - -
I : €Ty opkin SN [(Bo/ B M sin (w,tm)]

. (3.6)

Similarly, the transversal impedance threshold of a dipole mode n can be derived as

IDN
eloop Y omort [(Bo/ By )M sin (with™)]

Z", = (R/Q)LnQunkn = (3.7)

where i,5 = 1,2 for dipole modes with horizontal polarization, while 7,57 = 3,4 for
dipole modes with vertical polarization. The longitudinal impedance threshold is ex-
pressed in units of 2 and exhibits an inverse relationship with the resonance frequency.
The transversal impedance threshold is defined in €2/m and is independent of the reso-
nance frequency. Moreover, impedance thresholds scale linearly with the beam energy
and inversely with the beam current. The impedance threshold can be affected by a
frequency spread between the cavities, which can emerge from operating conditions or
manufacturing tolerances [91, 92|. In the following analysis, the impact of the frequency
spread between cavities is not considered.

3.2.4 Critical external quality factor

The primary strategy to mitigate coupled-bunch instabilities in SRF cavities is to
reduce the Qe of the cavity HOMs by employing HOM couplers and consequently
minimize their impedance (R/Q)Q. In SRF cavities, the critical Qey; for monopole
and dipole HOMs, beyond which BBU instabilities may occur, can be evaluated from
the equations (3.6) and (3.7), respectively, as

th
th — I, (38)
extl[,n (R/Q)Hm’
h
th ZtL,n

= —" 3.9

extl,n (R/Q)L,nkn ( )
This conservative approach establishes an optimization criterion for the damping per-
formance of HOM couplers. The objective is to sufficiently suppress HOMs to avoid
the potential occurrence of BBU instabilities in the ERL.
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3.3 Regenerative BBU studies in PERLE

After the recent advancements on the beamline lattice for the 500 MeV PERLE version
designed by A. Bogacz [93], regenerative BBU analytical studies have been performed
as part of this thesis. The multiple checkpoint analytical model, described in Subsec-
tion 3.2.2, was implemented using a MATLAB [94] routine to calculate the impedance
thresholds and the critical Qe for each concerned HOM at the operating beam current
Iy op = 120 mA. Furthermore, a subroutine was developed to estimate the threshold
current for each selected cavity HOM, considering various Qe values.

Table 3.1: Significant monopole and dipole HOMs in the 801.58 MHz 5-cell PERLE cavity
computed using CST Studio Suite®. The phase advance is denoted for each mode. Both
longitudinal and transverse R/@) values are provided in units of 2.

Monopole modes Dipole modes

No. Moden  f,[GHz] R/Q[Q2] No. Moden f,[GHz] R/Q. [Q]
1 TMop11-7 1.379 0.007 1 TE111-7/5 0.936 0.223
2 TMpy-4n/5  1.397 15.597 2 TEj;1-27/5 0.961 0.007
3  TMp11-37/5  1.419 62.202 3 TEq11-37/5 0.998 27.665
4 TMpi1-2n/5  1.462 61.214 4 TEj11-47/5 1.039 60.842
5  TMoy1-7/5 1.463 22.870 5 TEj;-7 1.079 12.472
6  TMogo-7/5 1.669 0.739 6 TMy10-7 1.100 0.846
7 TMgy-27/5  1.685 0.908 7 TMyo-4r/5  1.129 30.684
8  TMop-37/5  1.708 0.830 8 TMjp-37/5  1.151 37.052
9  TMpgo-4rw/5  1.732 0.160 9 TMjyp-27/5  1.163 6.357
10 TMogo-m 1.752 1.525 10 TMji0-7/5 1.167 0.418
11 TMogi-7/5 2.020 2413 11 TMyq-7 1.470 0.144
12 TMp1-27/5  2.050 0.465 12 TMjy11-47/5  1.488 5.086
13 TMopg1-37/5  2.076 9.166 13 TMj11-37/5  1.504 3.917
14 TMgo1-47/5  2.107 15.949 14 TMj11-27/5  1.505 16.595
15 TMog1-7 2.153 0.246 15 TMji1-7/5 1.555 10.050
16  TMgio-7/5 2.197 3.850

17 TMopio-2w/5  2.252 8.071

18 TMop12-37/5  2.258 1.487

19 TMopio-4w/5  2.262 11.957

20 TMojo-7 2.263 19.883

The analysis considers as input the R/ and frequency values for the most relevant
monopole and dipole HOMs of the 5-cell PERLE bare-cavity up to approximately
2.3 GHz. These values were computed using CST Studio Suite® and are provided in
Table 3.1. HOMs possessing R/Q-values greater than 10 2 can potentially compromise
beam stability. The parameters EJ', M, M3y, and Mss, as used in the analytical
model and depicted in Figure 3.2, were calculated in OptiMX [95] based on the PERLE
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3 Beam breakup instability studies

beamline lattice [93]. The threshold current is periodic over HOM frequency due to
the term sin (w,t™). In this study, BBU calculations are made under the assumption
that sin (wntim) = 1, representing a conservative scenario in which the equation (3.4)
yields the lowest threshold current value.
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Figure 3.2: Beam parameters of the PERLE 500 MeV version vs. ERL locations. The
beam acceleration stage extends from location 0 (entry of the north linac in the first turn) to
location 12 (entry of the north linac in the fourth turn). The beam deceleration stage spans
from location 12 to location 23, with the latter corresponding to the exit of the south linac
in the sixth turn. Location 24 indicates the beam dump.

3.3.1 Impedance and external quality factor requirements

The main results of the BBU analytical studies for the analyzed HOMs, considering
an operating beam current I, ,,—120 mA, are depicted in Figures 3.3 and 3.4. The
longitudinal and transversal impedances, calculated using equations (3.6) and (3.7),
respectively, were fitted to capture the overall trend of the impedance thresholds, as
shown in Figures 3.3 (a) and (b).
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Figure 3.3: Longitudinal (a) and transversal (b) impedance thresholds of the 5-cell PERLE
cavity. The dashed lines correspond to the fitted impedance threshold curves, capturing the
overall trend of the impedance threshold variation with respect to the frequency. The fit
equation for the longitudinal impedance threshold is Zﬁh[kﬁ] = 2.12 x 10°f~1[GHz], with

R? = 1. The transverse impedance threshold value is Zt" = 5.23 x 10° kQ/m and does not
vary with frequency. The impedances are calculated considering an operating beam current
of 120 mA.
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Figure 3.4: Critical Qext values for monopole (a) and dipole (b) HOMs of the 5-cell PERLE
cavity. The dashed vertical lines represent the cutoff frequencies of 1.77 GHz and 1.35 GHz
for the TMg; and TE;; beam pipe modes, respectively. The critical Qext values are calculated
considering an operating beam current of 120 mA.

Fitting the impedances mentioned above enables the extension of the general trend of
the impedance thresholds across a broader frequency range of interest for the studied
cavity. The longitudinal impedance threshold scales as o 1/f, while the transverse
impedance threshold, expressed in {2/m, remains constant regardless of the frequency.

The critical external quality factor values for each analyzed monopole and dipole
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mode, calculated using equations (3.8) and (3.9), respectively, are illustrated in Fig-
ures 3.4 (a) and (b). As shown in Figure 3.4 (a), the TM;-passband modes exhibit
comparatively low critical Qe values in the order of 10%, with the lowest value of
Qext = 2.36 x 10° possessed by the TMy;;-27/5 mode. The rather confined TMgo-7
mode, which resides above the TMy; beam pipe cutoff frequency, presents similar exter-
nal quality factor requirements as the trapped TMp;;-type modes (Qex = 4.57 x 10°).
The results for the most significant dipole modes, shown in Figure 3.4 (b), illustrate
that the relatively low critical Qe values range between 10° and 10°. Particularly,
among the three analyzed dipole passbands, the lowest critical external quality factors
are Qext = 3.95 x 10° for the TE;11-47/5 mode, Qo = 5.85 x 10° for the TMj19-37/5
mode, and Qe = 9.87 x 10° for the TMy;;-27/5 mode.

The figure of merit concerning beam stability is the impedance (R/Q)Qy, and
not solely the loaded quality factor @)1, of a HOM. The modes possessing the highest
impedances can limit the achievable stable beam current in a machine. Typically,
higher values of (R/Q) will necessitate lower values of @y, and vice versa [21|. The
TMoi1-type HOMs typically exhibit the highest (R/Q); among all monopole modes.
The most problematic dipole passbands are the TE;;; and the TM;;y due to their
high-(R/Q) 1 values. For these modes, it is crucial to ensure that their Qe is at least
one order of magnitude lower than the critical Q)ex¢ determined from BBU analysis, to
provide a safety margin against beam instabilities. This criterion could be considered
as a guideline for designing the cavity’s HOM couplers. The design of HOM couplers
developed for the PERLE cavities will be covered in Chapter 4, while Chapter 5 will
discuss their damping performance.

3.3.2 Maximum achievable current

The primary goal in an ERL is to push the BBU threshold current beyond the op-
erating current [, ., to ensure safe operation. The aim is to provide a margin for a
current higher than the nominal operational current. In the context of this analysis,
the threshold current refers to the minimum beam current required for each HOM to
initiate BBU instabilities in the machine. The threshold current has been estimated
exclusively for dipole modes, as they impose the most significant limitation on the
maximum achievable current in an ERL [2]. This estimation process requires a set of
Qext values for each considered HOM to simulate a certain level of damping, in addition
to the parameters listed in Table 3.1 and Figure 3.2, as inputs. Typical Qcx-values in
damped SRF cavities can range from 10% to 10° [17, 96]. In this context, it may be
feasible to employ the same (. value for all the analyzed modes in order to assess
the trend of Iy, across the different modes.

Figure 3.5 presents the threshold current as a function of different (). values for
each studied dipole HOM. The investigated modes show a threshold current higher
than the target beam current. The results indicate that certain modes could constrain
the maximum achievable beam current in the ERL. These are the TE;11-47/5, TMy;0-
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47 /5, TM110-37/5 modes, labeled with index n equal to 4, 7, and 8, respectively, in
Figure 3.5. For example, at Qe = 10°, these modes exhibit Ij,-values of 474 mA,
860 mA, and 702 mA, in the given order. The TE;;1-37/5 and TM;i1;-27/5 modes
(numbered as n = 3 and n = 14 in Figure 3.5) present a threshold current of 1 A and
1.2 A for the same Qo value, respectively.
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Figure 3.5: Threshold current for each analyzed dipole HOM with Qey; values of 103, 104,
and 10°. The red dashed line corresponds to operating beam current I,op=120 mA for
PERLE.

The key strategy to increase the threshold current involves lowering Q.. of HOMs
and their impedance through HOM couplers. However, a significant reduction of Qe
might introduce additional complications related to intense HOM coupling, such as el-
evated RF-heating of couplers antenna (refer to Section 5.4). Other approaches include
optimizing the optics of the ERL, which will consequently change the values of M;;
elements. Manufacturing errors, with fabrication tolerances in the order of hundreds
of pm, could further change the average Iy, of an ERL [97]|. The threshold current can
ultimately be calculated considering the Qe values for each HOM determined through
simulations of a cavity equipped with specific HOM damping mechanisms. However,
due to the limitations of the analytical model, these additional studies would require
the use of particle-tracking codes, as will be discussed in Subsection 3.3.3. Recent stud-
ies have demonstrated that threshold currents of 2 A can be achieved in the PERLE
ERL [98]. As BBU tracking studies are beyond the scope of this thesis, the next
subsection will only present a comparison between the critical Qe -values obtained
from the analytical model and those from a BBU-tracking code developed at Lancaster
University [85].
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3.3.3 BBU-tracking model

The primary objective of the described investigation has been to analytically derive a
first-order estimation of the cavity impedance requirements. The aim was to establish
an optimization criterion for HOM couplers in PERLE cavities (refer to Chapter 4).
The used transfer matrix M reduces to My and Mjz4 elements for horizontally and
vertically polarized modes, respectively [99]. Therefore, the analytical model, as in the
equation (3.3), utilizes Mo element to convert the horizontal mode kick to horizontal
beam offset, while the Mjs, element translates the vertical mode kick to vertical beam
offset. The Ms¢ element converts the energy offset to longitudinal beam offset [100].

In a multi-turn ERL scenario, to model the mutual interaction between the bunches
and the various HOMs within the same turn and across different turns, it is necessary
to utilize established particle tracking codes, such as Bmad [101], or a novel BBU-
tracking model developed at Lancaster University. In the context of beam dynamics
studies carried out within the framework of the PERLE collaboration, BBU-tracking
simulations were carried out at Lancaster University to benchmark the results of the
analytical model presented in this thesis. Part of these results have been recently pub-
lished in [48]. This BBU-tracking model can estimate the threshold current of an ERL
featuring multiple cavities and the critical Qqx-values of HOMs at a nominal beam cur-
rent, considering the mutual interaction between multiple modes. It incorporates the
interplay of all M;; elements rather than relying only on Ms, M3y, and Mss elements.
It also allows for the inclusion of filling patterns and bunch timing dependency.

The filling pattern is the sequence in which bunches are injected into the ERL
ring during successive turns. The bunch timing, often referred to as bunch spacing,
represents the temporal separation between adjacent bunches. The position occupied
by the bunches on each turn can be represented using the concept of intra-packet
blocks [48] (see Figure 3.6). For a 6-turn ERL, which includes three accelerating and
three decelerating passes, the filling pattern {1 2 3 4 5 6} denotes that the first bunch
goes to the first intra-packet block, the second bunch to the second block, and so forth.

Linac

Ist 2nd 3rd 4th Sth 6th

Intra-packet blocks

Figure 3.6: Intra-packet blocks and their associated RF cycles within a linac. The green
and red bunches refer to accelerating and decelerating bunches, respectively.

The intra-packet blocks determine the fixed number of RF cycles between bunches.
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These bunches together constitute a packet, and multiple packets of bunches fill the
ERL, as depicted in Figure 3.7.

Injection

North linac

Transition

South linac

Extraction

Figure 3.7: Filling of an ERL by multiple bunch packets. Bunches on the third turn pass
through the transition arc, which introduces at least an additional half RF cycle delay. The
figure is adapted to the PERLE ERL from [85]|. The cited figure falls under the Creative Com-
mons Attribution 4.0 (CC BY 4.0) license (https://creativecommons.org/licenses/by/4.0/).

In the simulations, the ERL is filled using a sequence preserving (SP) recirculation
scheme [85, 102], which means the filling pattern remains the same for each turn.
This ensures that the cavities in the linac constantly observe the same bunch-packets
passing through. In an SP scheme, the bunch on its first turn advances to the block
formerly occupied by the bunch on its second turn. The second bunch moves to the
block previously occupied by the bunch on its third turn, and so on. In this manner,
the block previously occupied by the bunch on its first turn is continuously available
for injecting the new bunch, while the RF transient in the cavities is preserved during
each turn. Figure 3.8 depicts the simulated SP filling pattern {14 2 5 3 6} and bunch
timing for PERLE, combined with the normalized cavity voltage as a function of time.

10 33, 35, @ 352 25, @ 353 35, @

Normalized Voltage
s
|

Time [ns]

Figure 3.8: PERLE filling pattern {1 4 2 5 3 6} combined with the normalized cavity
voltage as a function of time. The resulting alternating pattern of accelerating (green dots)
and decelerating bunches (red dots) is depicted. The distance between bunches is indicated
in terms of fundamental RF cycles, with A\g = 0.374 m.
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This is currently considered as one of the suitable filling patterns for PERLE [103].
In the PERLE filling pattern {1 4 2 5 3 6}, bunch no. 1 represents the initial bunch,
injected every 25 ns, during its first turn. Bunches 4, 2, 5, 3, and 6 depict the respective
bunches in their 4th, 2nd, 5th, 3rd, and 6th turns. The acceleration stage in PERLE
occurs in the 1st, 2nd, and 3rd turns, while deceleration takes place in the 4th, 5th, and
6th turns. According to the SP scheme, the first intra-packet block is always occupied
by the bunch at the first turn, the second block by the bunch at the fourth turn, and so
on. The space between bunches has also been chosen to be as uniform as possible, with
alternating accelerating and decelerating bunches to mitigate beam loading. Figure 3.9
illustrates the comparison between the analytical model and Lancaster’s BBU-tracking
model for the critical QQey; of the most problematic dipole passbands.
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" . . .
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Figure 3.9: Critical Qext values for the first three dipole passbands calculated in
the analytical model (red dots) and Lancaster’s BBU-tracking model (black dots) for
I, 0p=120 mA [48]. The figure falls under the Creative Commons Attribution 4.0 (CC BY

4.0) license (https://creativecommons.org/licenses/by/4.0/). The SP pattern {1425 3 6} is
employed for the calculations.

Results indicate a broad agreement and similar trends between the analytical model and
Lancaster’s BBU-tracking model [48]. Differences can be attributed to the fact that the
analytical model does not account for the filling pattern, bunch timing dependency, or
the interplay between modes. Nevertheless, the BBU analytical model remains a valid
tool for providing a conservative first-order estimation of the impedance thresholds
within the scope of establishing a design criterion for HOM couplers in this thesis.
Further explorations beyond this scope are reserved for future investigation.

61


https://creativecommons.org/licenses/by/4.0/

62



4 HOM coupler design and
fabrication

Chapter 3 discussed the regenerative beam breakup (BBU) phenomenon, a crucial
issue for continuous-wave high-current energy recovery linacs. As charged particles are
accelerated along the cavity, they emit a specific amount of energy into the surrounding
structure, exciting the cavity’s higher-order modes. The multi-pass interaction between
the electron beam and the cavity HOMs can limit the stable operation of the ERL.
In particular, beam-induced monopole HOMs can increase the cryogenic losses of the
linac, while dipole HOMs can deflect the beam during subsequent passes. To prevent
the occurrence of multi-pass BBU instabilities, the next generation of ERLs, such as
PERLE, calls for using SRF cavities with strong HOM-damping requirements [21].
Conventional HOM-damping mechanisms, such as coaxial HOM couplers, beamline
absorbers (BLAs), and waveguides (WGs), can efficiently extract the HOM-induced
power from the cavities. This chapter focuses on designing three coaxial HOM couplers
to mitigate the effects of beam-induced HOMs in the 801.58 MHz 5-cell PERLE cavity.
First, a brief introduction to traditional HOM-damping mechanisms is provided. Then,
the procedure used to design the three analyzed HOM couplers and optimize their RF
transmission is presented. Finally, the different phases for producing 3D-printed and
copper-coated coupler prototypes are discussed.

4.1 HOM couplers

Higher Order Mode (HOM) couplers are devices attached to the accelerating cavities
alongside the fundamental power coupler (FPC). The main role of the HOM couplers
is to remove or dissipate unwanted HOM energy from a cavity [17, p. 28]. On the other
hand, the primary function of the fundamental power coupler (or input coupler) is to
supply power from the RF generator to the cavity at the fundamental mode (FM) fre-
quency to accelerate the beam [17, p. 179]. Figure 4.1 shows a typical setup of a single-
cell RF cavity with a HOM coupler and an FPC. The HOM couplers are designed to
efficiently transmit RF signals at frequencies where high beam-impedance HOMs exist
while effectively rejecting the fundamental mode. This ensures that HOM couplers op-
erate to attenuate cavity higher-order modes without absorbing the energy of the FM.
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The main objective of HOM couplers is to lower the external Q-value of high-R/Q cav-
ity HOMs by enhancing the coupling to their pick-up antenna, thereby minimizing their
impedance. The HOMs with the highest impedance are called “performance-limiting”
modes, as they can limit the stable operation in an accelerator [21].

i HOM
coupler

D A

FPC

Figure 4.1: Scheme of a single-cell cavity equipped with a fundamental power coupler (FPC)
(left-side) and a HOM coupler (right-side).

Several HOM-damper technologies have been developed in the accelerator commu-
nity across different projects to mitigate beam-induced HOMs [104, 105, 106, 107, 108|.
Existing HOM couplers can be classified into three categories as follows [21]: coaxial
HOM couplers, waveguide (WG) couplers, and beamline absorbers (BLAs). In prin-
ciple, HOM-damping schemes used in SRF cavities comprise coaxial HOM couplers,
waveguide couplers, beamline absorbers, or any combination. These dampers are usu-
ally positioned outside the cavity. Recently, on-cell waveguide dampers have been ex-
plored for strong HOM-damping in novel high-current SRF single-cell cavities [21, 109].
In this case, the waveguides are connected to the cavity walls to extract trapped HOMs
at the location where they are initially generated inside the cavity. However, since this
novel damping technique has not yet been fully explored for multi-cell cavities and
requires further study, it is not considered in this thesis.

The concept of cavity damping may vary, depending on several factors. These
include the specific broadband or narrowband damping requirements for longitudinal
and transverse HOMs, the dissipated power and related cooling demands, and the
mechanical integration aspects within the cryomodule design. Coaxial HOM couplers
or waveguide dampers are placed as close as possible to the cavity end-cells in damped
cavities when the beam pipe aperture is not large enough to evacuate trapped modes.
Among these beam-excitable modes, the first longitudinal HOM (TMg;;) and the first
two transverse HOMs (TE;;; and TM;jjp) are the most problematic since they can
possess the highest R/(Q) values. The fundamental power coupler (FPC) installed in
the cavity beam pipe may also contribute to the HOM-damping. The conventional
damping mechanisms are briefly presented in the following subsections.
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4.1.1 Coaxial HOM couplers

Coaxial HOM couplers are conventionally designed with a coupling antenna that can
exhibit either a dominant electric coupling or magnetic coupling with the EM field
inside the cavity [110]. Typically, a probe antenna is employed for coupling with the
electric field, while a loop-shaped antenna is used for coupling with the magnetic field.
The coupling strength of probe couplers is quantified through the superposition be-
tween the excited fields from the inner conductor of the couplers and the fields existing
inside the cavity. In loop-shaped couplers, the coupling strength is determined by
the interaction between the excited magnetic fields perpendicular to the pick-up loop
antenna and the magnetic field distribution associated with the considered mode. Ad-
ditionally, hybrid designs combining characteristics of both probe and loop couplers can
also be designed. Examples of coaxial HOM couplers are the broad-band probe-type
and narrow-band hook-type couplers designed for the Large Hadron Collider (LHC)
cavities at CERN (see Figure 4.2) [104].

Liquid He

cooling line
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Outer Outer - Output
window. ot
P

conductor conductor
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Inner

Flange to Output conductor

cavity port = port Wil
Pick-up probe . inductor
antenna Ceramic ‘
Inner window %
conductor A Liquid He
,\Capacitive Pick-up loop Flange to cooling line
plate antenna cavity port
(a) Probe-type LHC coupler (b) Hook-type LHC coupler

Figure 4.2: Coaxial HOM couplers developed for the LHC cavities: broad-band probe-type
HOM coupler (a) and narrow-band hook-type HOM coupler (b) (figures adapted from [104]).

The LHC coaxial couplers were designed to handle up to 1 kW of HOM power [111].
They have been tested up to 800 W of HOM power [104]. Their inner conductor can
be actively cooled via liquid He circuits to mitigate RF heating from the cavity modes
(refer to Section 5.4). Two probe-type and hook-type coupler designs featuring two
notches for the FM mode rejection were proposed in [96]. While the presence of a dou-
ble notch reduces the sensitivity of FM rejection to geometrical perturbations, the com-
plexity of the design makes the coupler manufacturing challenging. A recently designed
HOM coupler is the Double Quarter Wave (DQW) coupler, which is intended for use
in the High-Luminosity LHC (HL-LHC) DQW crab cavities (see Figure 4.3 (a)) [112].
The pick-up antenna of the DQW coupler can also be internally cooled by liquid He.
The TESLA-type HOM coupler (see Figure 4.3 (b)) is another well-established coupler
designed without liquid He circuits for low-duty cycle operations [106].

65



4.1 HOM couplers

Perpendicular Notch Capacitive gap
coaxial line filter N
I ” i }—[ Capaucitivcl
onnection| 1 5 -
to wall St | Stub
Coaxial [/ /| Capacitive 50 Q output line :
line 2 gap and matched V. Welding
i " points
L Gasket window Output POl
1 location port
Inner 7 e
ductor
conauctor i LC band-stop
| ‘ filter
Outer |- z
conductor w W Bidkup
wall 1
0op
(a) DQW-type coupler (b) TESLA-type coupler

Figure 4.3: DQW-type HOM coupler (a) (figure adapted from [112]). Creative Commons
Attribution 3.0 (CC BY 3.0) license (https://creativecommons.org/licenses/by/3.0/). All
rights reserved. TESLA-type HOM coupler (b) (figure adapted from [113], (©IOP Publishing).

The coaxial HOM couplers are characterized by a compact design, which facilitates
the cryomodule conception compared to other damping mechanisms [21]. The inner
conductor (IC) and outer conductor (OC) are typically made from solid Nb to main-
tain the superconductivity during operation. Otherwise, the overheating caused by the
absorbed HOM magnetic fields can lead to a thermal quench, potentially propagating
to the HOM-endgroup (end-cell plus beam pipes with couplers) and the cavity. While
coaxial HOM couplers offer advantages in terms of integration into the cryomodule,
they may present challenges that must be addressed. Coaxial couplers can feature an
intricate design that requires unconventional fabrication methods, like additive man-
ufacturing (refer to Section 4.3). HOM couplers need stringent mechanical tolerances
since fabrication errors can impact the FM mode rejection and damping performance.
Typically, the mechanical tolerance of a HOM coupler should not be smaller than
+0.2 mm to contain the cost of fabrication [96]. When coaxial HOM couplers are
cooled down to their operating temperature, such as 2 K, the physical dimensions of
their components can change. Consequently, the notch at the FM might be detuned,
affecting its rejection. Another challenge is cooling the coupler inner conductor to
counteract the overheating caused by the absorbed EM fields. This necessitates more
sophisticated solutions for coaxial HOM couplers than waveguides or BLAs. HOM cou-
plers can be cooled through conduction via direct contact between the stainless steel
flange of the coupler port, which is in contact with the outer conductor of the coupler,
and the He bath. The inner conductor could also be cooled through internal liquid He
channels. Additionally, a single-crystal sapphire RF window can be incorporated in
the output RF feedthrough, providing a direct heat path from the output antenna to a
bulk copper sleeve in contact with the outer conductor of the HOM coupler [21|. More
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details on the cooling of the HOM coupler will be provided in Section 5.4. Finally,
multipacting, i.e., an accumulation of free electrons absorbing RF power [17, p. 179],
can frequently occur when conditioning HOM couplers and RF cavities.

4.1.2 Waveguide couplers

Waveguide (WG) couplers are used to carry HOM power away from the cavity to an
absorbing material at room or cryogenic temperature [21]. A notable application of
this damping concept is the JLab 5-cell cavity designed for high-current ERLs and Free
Electron Laser (FEL) light sources (see Figure 4.4). These cavities have two endgroups,
each featuring three waveguides on both sides of the cavity. Five of these waveguides
serve as HOM dampers, while one functions as the fundamental power coupler. The
integration of WG couplers into the He vessel facilitates their cooling. The waveguides
are bent and extended to broad-band Silicon carbide (SiC) ceramic and water-cooled
absorber loads installed at room temperature, each capable of dissipating up to 4 kW
of HOM power, resulting in a total dissipation of 20 kW per cavity. The 5-cell cavity
used for the CEBAF 12 GeV upgrade is equipped with HOM waveguides immersed
in the He bath within the cavity He vessel [114]. The utilization of absorbers at
cryogenic temperature was considered for this cavity since the extracted HOM power
was estimated to be only a few milliwatts.

HOM waveguides

Figure 4.4: Photo of the JLab high-current Nb 748.5 MHz cavity [107|. Each cavity employs
six HOM waveguides, with one serving as an FPC.

The WG dampers are characterized by a simple design. They are a commonly
employed solution for the broadband damping of HOM and absorption of a few kW
of HOM power at room temperature [21]. The major advantage of WG couplers is
that an FM rejection filter is not required since the cutoff frequency of their first mode
provides a natural rejection, being above the FM of the cavity. Moreover, their damping
characteristics are less sensitive to geometrical variations than coaxial HOM couplers.
Finally, multipacting occurs less frequently in WG couplers than in coaxial couplers.
The main drawbacks are their considerable size, which complicates the cryomodule
design, and the management of the high static heat load introduced into the cryostat.
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4.1.3 Beamline absorbers

Beamline absorbers (BLAs) are hollow cylinders made of microwave-absorbing mate-
rials, such as lossy ferrites, or ceramic tiles, such as SiC. They present a broad-band
behavior and are placed at the cavity ends, typically in the cavity-interconnecting re-
gion, to damp the cavity HOMs propagating through the beam pipes. The utilization
of BLAs often implies enlarging the beam pipes to facilitate the propagation of even
the lowest frequency HOMs from the cavity toward the absorbers [21]. BLAs also in-
corporate a Cu jacket with cooling channels for water or He circulation to cool down
the absorber and mitigate the RF heating from the absorbed HOM power. An example
of BLA application is the SiC brazed to Tungsten (SiC-W) HOM beamline absorber
developed at Cornell University for ERL applications, shown in Figure 4.5. The Cor-
nell’s HOM absorber is cooled down by a circulating 80 K, 3 bar, forced-flow helium
stream through stainless steel pipes, ensuring the absorber’s capability to handle up to
400 W of HOM power [108].

40 to 80 K
cooling

5 K intercept 5 K intercept

Flange to Flange to
cavity cavity

Shielded bellow
W-Ti braze SiC-W braze

Figure 4.5: Cross-section of HOM absorber for Cornell’s ERL main linac (adapted
from [108]). The absorber is made of SiC and is cooled down through the He stream cir-
culating through the stainless steel pipes. The 5 K intercepts at the flange transitions prevent
RF heating of the cavity endgroups. The figure falls under the Creative Commons Attribution
3.0 (CC BY 3.0) license (https://creativecommons.org/licenses/by/3.0/).

Beamline absorbers have the advantage of featuring an axisymmetric design that al-
lows propagating HOMs with different polarizations. Their damping characteristics are
less sensitive to geometrical variations than coaxial HOM couplers and WG dampers.
However, BLAs also exhibit some disadvantages. If the HOM power load is in the order
of several hundred watts, the absorbers must be placed outside the cryostat to reduce
the heat load. The positioning of absorbers between cavities is challenging when the
aim is to minimize the cryostat length, as the cold-to-warm transition is required be-
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tween cavities [21]. However, BLAs can also be installed at the end of the cryomodules
rather than between cavities with fewer mechanical restrictions to damp HOMs that
leave the cryomodule through the end beam pipes [115|. Subsection 5.3.3.2 discusses
HOM power extraction through BLAs in the 5-cell 801.58 MHz PERLE cavity.

4.1.4 HOM coupler selection for PERLE

The proposed damping approach for the PERLE cavities involves using either a com-
bination of re-designed and optimized versions of LHC coaxial HOM couplers or DQW
couplers on the beam pipe tubes to damp beam-induced HOMs. The inclusion of BLAs
has also been considered to absorb EM fields of HOMs escaping the cavities through
the beam pipes. Due to mechanical restrictions, the double-notch version of the LHC
HOM couplers and the TESLA-type HOM couplers had to be excluded. WG dampers
were not considered for inclusion in the PERLE cavities due to their bulkiness, which
would complicate the cryomodule design. Moreover, waveguides might be considered
excessive in terms of damping for the PERLE operating beam current (I}, o, = 120 mA).
They are typically utilized in cavities capable of accelerating up to Ampére beam cur-
rent levels, such as the Ampére class cavities designed at JLab for operation in ERLs
and FELs [116]. In the following, our primary focus will be optimizing the RF charac-
teristics of the selected designs of coaxial HOM couplers. HOM-damping performance
and RF heating in coaxial HOM couplers will be addressed in Chapter 5.

4.2 Coaxial HOM coupler optimization

This section focuses on optimizing the RF transmission of three designs of coaxial
HOM couplers: the probe (P), the hook (H), and the DQW couplers. The probe-type
and hook-type coupler designs presented in [115, 117] are selected as a starting point
for optimizing their transmission characteristics based on the HOM spectrum of the
5-cell 801.58 MHz PERLE cavity. The same approach is applied to the DQW coupler
presented in [112, 115|, after rescaling it from 400 MHz to 801.58 MHz. The results
of the HOM coupler optimization for PERLE were partially presented in [49]. The
three coupler designs are optimized to obtain high transmission at frequencies where
cavity HOMs with a high level of longitudinal and transversal impedance exist without
compromising the FM efficiency. The primary objective is to achieve, for selected
coupler designs, a transmission ideally higher than -15 dB for the high impedance
TMo11, TEq111, TM119 modes to guarantee sufficient HOM-damping within these mode
passbands. These HOMs usually reside below the corresponding beam tube cutoff
frequencies and possess high R/@Q values. The TMy;, TEq;, and TM;; cutoff frequencies
of the considered 65 mm radius beam pipe are 1.77 GHz, 1.35 GHz, and 2.81 GHz,
respectively. The cutoff frequencies of TMgy; and TM;; beam pipe modes are calculated
using the equation (2.2) and the corresponding w,,,-values reported in Table 2.3. The

69



4.2 Coaxial HOM coupler optimization

cutoff frequency of TE;; beam pipe mode is computed employing the equation (2.3) and
the associated u/,,-value reported in Table 2.3. On the other hand, the transmission
at the FM frequency should be the lowest possible, preferably lower than -90 dB,
to ensure effective FM rejection. Figure 4.6 shows the longitudinal and transversal
impedance of the single-cell, two-cell, and five-cell PERLE-type cavities built on the
basis of the parameters provided in Table 2.2, and tuned to the cold frequency of
801.58 MHz. The peaks correspond to the HOM with high impedance values that
must be damped using HOM couplers. The rather confined TMg;o-7 mode at 2.26 GHz
exhibits high-impedance, which cannot be reduced using coaxial HOM-coupler, as it
resonates considerably above the TMjy; beam tube cutoff. However, its impedance
could be reduced by modifying the elliptical profile of the end-cells to improve the
mode coupling to the beam pipe [21]. The RF transmission of the HOM couplers is
optimized on the basis of the HOM spectrum of the 801.58 MHz five-cell cavity. Since
the impedance spectra of the corresponding 801.58 MHz two-cell cavity are similar to
those of the five-cell cavity, the optimized HOM couplers could also be used for damping
the corresponding mode passbands in the two-cell cavity (refer to Subsection 7.2.2).
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Figure 4.6: Longitudinal (a) and transversal (b) impedance of the 1-cell (blue), 2-cell (red),
and 5-cell (green) 801.58 MHz PERLE cavities. The dashed vertical lines in (a) and (b)
represent the cutoff frequency of the TMp; and TE;; beam pipe modes, which are 1.77 GHz
and 1.35 GHz, respectively. The mode passband nomenclature is given. The wake impedance
is calculated for the bare cavities, and the peaks are not fully resolved due to the truncated
simulated wake potential (refer to Subsection 5.1.1).

4.2.1 Optimization method for RF transmission

The standard approach for optimizing the RF transmission of a HOM coupler involves
simplifying the cavity and coupler structure into a lumped element circuit [118]. This
methodology, based on the principle of filter design [119], allows for obtaining the
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desired transmission characteristics of the coupler. Successively, each circuit element
can be translated into the corresponding component of the 3D model of the HOM
coupler [118]. For example, coaxial lines can be modeled as linear elements, capacitors
as gaps between surfaces, and straight rods connecting the inner and outer conductors
as inductors. This method is computationally faster than a standard 3D EM solver
and illustrates the influence of each circuit parameter on the transmission curves. The
coupler transmission characteristics can be fine-tuned in a second step using a 3D EM
solver, such as CST Studio Suite®. On the other hand, the circuit optimization method
has some limitations. For example, it does not consider the presence of all geometrical
details of the coupler. Moreover, when designing HOM couplers with complicated
geometry, the analogy between the elements of the lumped model and parts of the
3D geometry becomes challenging. In this thesis, the HOM coupler transmission has
been optimized using a 3D geometry and the frequency domain solver of CST (see
Subsections 4.2.2, 4.2.3 and 4.2.4). The equivalent circuit of each coupler is shown
solely to facilitate the analogy between circuit elements and coupler components.

The optimization of the coupler geometry is aimed at determining a specific set
of geometric parameters to achieve high transmission for the relevant cavity HOMs
without compromising the FM rejection. The computational domain for optimizing
the coupler transmission in the frequency domain could include the cavity and the
HOM coupler. However, this method is computationally expensive. This thesis closely
follows the time-saving approach for optimizing HOM couplers introduced by S. Gorgi
Zadeh in [115], which involves modeling only the coupler connected to the cavity’s
beam pipe, as depicted in Figure 4.7. The beam pipe is cut at the intersection with the
cavity, and the resulting surface is terminated with a waveguide (WG) port, enabling
the excitation of the first three modes of a circular WG: the horizontal and vertical
polarizations of the TE;; dipole mode and the TMy; monopole mode. The resulting
field patterns closely reproduce the field inside the cavity. The FM couples to the TMg,
WG mode, while both trapped TEq;; and TM;;¢9 modes couples to the two polarizations
of TEq; beam pipe mode [120]. The WG port, which terminates the output port of
the coupler, excites only its first mode, the zero-cutoff frequency TEM mode.

In this thesis, the port at the beam pipe is designated as port 1, and the port
at the output of the HOM coupler as port 2. The transmission between the modes
excited at port 1 and the first mode of port 2 is studied with the S ;i) parameter,
which denotes the S-parameter between the mode k and [ of ports ¢ and j, respec-
tively [115]. Additional details on the S-parameters are given in Subsection 7.1.1.3.
Three S-parameters can be analyzed: Si(s)2(1), represents the coupling or monopole
transmission between the third mode of port 1 (TMy;) and the first mode of port 2
(TEM). Si(1)2(1) denotes the coupling or dipole transmission between the first mode
of port 1 (first polarization of TE;; mode) and the TEM mode of port 2. Similarly,
S1(2),2(1) indicates the coupling or dipole transmission between the second mode of port
1 (second polarization of TE;; mode) and the TEM mode of port 2. In the following,
only the dipole polarization yielding higher transmission is studied and optimized, i.e.,
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4.2 Coaxial HOM coupler optimization

either S1(1)201) or Si(2)2(1) [115]. Due to the 90° phase offset between the fields of the
two dipole polarizations, an additional identical coupler can be installed in a cavity and
rotated accordingly or by an appropriate angle to couple the second polarization of the
dipole modes. The details about the number of required couplers in an HOM-damped
cavity, their location in the beam pipe, and angular position with respect to the beam
axis are provided in Section 5.3.
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Figure 4.7: CST 3D setup of a HOM coupler. Port 1 is the beam pipe port, while port 2 is
the coupler output port. The electric field of the first (a) and second polarization (b) of the
TE11 mode and the magnetic field of the TMg; mode at the beam pipe port are depicted.
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4.2.2 Probe-type PERLE coupler

The probe-type PERLE coupler was designed to predominantly damp the TMgy
monopole passband of the 801.58 MHz 5-cell PERLE cavities. Figures 4.8 (a) and
(b) depict the probe-type coupler equivalent circuit for electric coupling and the cor-
responding 3D geometry, respectively.

lP,p lP.s lP,gap CP,gap ZP,a
—(C% 0 C—1—C
I LP,nf 7
5 @ Cp e EMPJ I ;
ZP.p —‘7 ZP,S ZP,gap ZP,a
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(a) Equivalent circuit of the probe-type coupler - Electric coupling

Input port

port

lP.a lP4 gap lP.S

(b) Lateral view of the 3D probe-type coupler

Figure 4.8: Equivalent circuit of the probe-type coupler for electric coupling [115, 117] (a).
Lateral view of the derived 3D geometry from the equivalent circuit (b). The capacitances
Cp,;, inductances Lp ;, coupling inductance Mp ;, and coaxial transmission lines with length
lp; and characteristic impedances Zp; are highlighted. Zp represents the 50 €2 characteristic
impedance of the output line.

The probe-type coupler includes a pick-up probe antenna to mainly couple the
electric field inside the cavity [115, 117]. The coupler equivalent model consists of three
resonant circuits connected to the current source Ip,. The first circuit is composed of
the lumped elements lp ,, Lp »s and Cp . The transmission line lp , increases the real
part of the impedance seen by the cavity field. The combination of inductance Lp ¢ and
capacitance Cp ¢ forms the notch filter to reject the FM transmission. The coupling
inductance Mp ¢ interconnects the transmission line [p s and the third resonant circuit
composed by Ip gap, Cpgap and lp,. The derivation of the probe-type coupler circuit
elements based on the HOM-damping requirements of a cavity is provided in [121].
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4.2 Coaxial HOM coupler optimization

This thesis only describes the lumped elements of the equivalent circuit to facilitate
the analogy with coupler components.

Considering the parametrization depicted in Figure 4.8 (b) and the probe-type cou-
pler presented in [115] as a starting point, a detailed 3D geometry of the probe-type
coupler has been optimized. This geometry is parameterized as shown in Figure 4.9.
The capacitive plate is oriented to face the input port of the cavity. The geometrical
parameters are tuned using the CST optimizer to increase the coupler transmission
at the TMg;; monopole passband, spanning from 1.379 GHz to 1.463 GHz, while si-
multaneously rejecting the FM transmission at 801.58 MHz. Yet, the probe coupler
design can also provide mode mitigation at higher frequencies. The inner diameter of
the coupler port dp is fixed at 51.5 mm, corresponding to one of the standard inner
diameters of the port connecting the coupler to the beam pipe. The diameters of the
inner conductor dp 7, dpg and dpg should be sufficiently large to enable the fabrica-
tion of cooling channels. The ratio between dp; and dp 3 should be chosen to yield
a fixed impedance of 50 2, matching the impedance of the output RF cable required
for extracting the HOM power. The length lp 3 does not significantly affect the RF
transmission as the coupler is terminated with a matched load [115].
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5 l e —
ZP,S i ‘HX}PJ lp‘_,l P,].OX d (7] i lp(l
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Figure 4.9: CST model and geometrical parameters of the probe-type PERLE coupler.

The subsequent steps closely follow the S-parameter tuning procedure for a probe-
type coupler described in [115]. The sensitivity analysis has been performed on the
geometrical parameters to assess their impact on both the monopole and the higher
dipole transmissions. The parameters are varied around the values of the final opti-
mized geometry (see Table 4.1). Figures 4.10 and 4.11 illustrate the dependency of
the S-curves on selected geometrical parameters. First, the parameters with global
influence on the S-parameters are tuned, such as lp 1, lps, lp7 and dpg. Then, those
with local influence on the transmission are adjusted. The parameters lpg, dpo and
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dp g affect the transmission up to the TMy; beam pipe cutoff frequency at 1.77 GHz.
Conversely, lpg and dpg influence the S-curves up to the TE;; beam pipe cutoft fre-
quency at 1.35 GHz. For any change in the values of lp4, lps, lps, lp7, Ips and cp 1,
the total length Ip 5 is adjusted to keep a nominal penetration depth of 20 mm into the
65 mm radius beam pipe. Changing lp g and dp ¢ affects the inductive part of the FM
notch filter, i.e., Lp ¢ in the circuit. The FM notch tuning is performed by changing
the values of lpg, wp 2, cp2 and ap, which represents Cp ¢ in the equivalent circuit.

Table 4.1: Optimized geometrical parameters of the probe-type PERLE coupler design.

lpn lpo lps lpa lps lpe lp7r lps  lpo Ilpio wpn wp 2
[mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm]

18.0 1235 6.5 6.0 276 9.6 138 343 368 20 3.0 4.0

dpy  dpp dps dpa dps dps dpr dps dpg cp1  Cpa2 ap
[mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [degree]

21.2 515 9.2 7.4 6.0 11.3 8.0 8.0 8.0 3.3 2.8 56.5
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Figure 4.10: Dependency of the S-parameters on the geometrical parameters of the probe-
type coupler. The TMy;-TEM and TE;;-TEM transmissions from the beam pipe port (port
1) and the output HOM coupler port (port 2) are depicted in blue and red, respectively. The
geometrical parameters are changed within a range from -20% (light color) to +20% (dark
color) around their nominal values provided in Table 4.1.
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Figure 4.11: Dependency of the S-parameters on the geometrical parameters of the probe-
type coupler. The TM;-TEM and TE;;-TEM transmissions from the beam pipe port (port 1)
and the output HOM coupler port (port 2) are depicted in blue and red, respectively. The
geometrical parameters are changed within a range from -20% (light color) to +20% (dark
color) around their nominal values provided in Table 4.1, except dp 2, which is varied by £10%
because of space limitations.
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4.2 Coaxial HOM coupler optimization

4.2.3 Hook-type PERLE coupler

The hook-type PERLE coupler was designed to primarily damp the TE;;; and TM;yyq
dipole passbands of the 801.58 MHz 5-cell PERLE cavities. The hook-type coupler
lumped circuit model for the electric coupling and the corresponding 3D geometry are
illustrated in Figures 4.12 (a) and (b), respectively.
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L
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(a) Equivalent circuit of the hook-type coupler - Electric coupling

C’H,om Cngap MH,W lH,s LH,nf
'

Output T
port
lH,a lH,gap CH,nf

(b) Lateral view of the 3D hook-type coupler

Figure 4.12: Equivalent circuit model of the hook-type coupler for electric coupling [115, 117]
(a). Lateral view of the derived 3D geometry from the equivalent circuit (b). The highlighted
regions denote the specific locations of capacitances Cy ;, inductances Ly ;, coupling induc-
tance My ;, and coaxial transmission lines with length ly ; and characteristic impedances Zy ;
in the equivalent circuit. Zy; represents the 50 € characteristic impedance of the transmission
line connected to the coupler output port.

This coupler features a pick-up loop to couple EM fields inside the cavity [115, 117].
The electric coupling induces a displacement current on the coupler’s surface, and it
is represented by a current source Iy, in the lumped circuit model. Conversely, in
the case of magnetic coupling, a voltage is induced by the magnetic field traversing
the pick-up loop. A voltage source in the equivalent circuit model can represent the
induced voltage. The equivalent circuit of the hook-type coupler for magnetic coupling
is reported in [117|. The combination of inductance Ly, and capacitance Ch ¢ forms
the notch filter to reject the FM. A coupling inductance My, is utilized to interconnect
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4 HOM coupler design and fabrication

two resonant circuits, both tuned to increase the impedance seen by the current source
and, consequently, enhance the HOM power extraction at the frequencies of the TE;1;
and TM;yo dipole modes [115]. The hook-type coupler lumped elements’ derivation
based on HOM-damping requirements of a cavity is given in [121].

The hook-type coupler described in [115] has been considered as the initial basis for
the optimization process. The parameterized model of the hook-type coupler design
for the PERLE 801.58 MHz cavities, optimized using CST, is shown in Figure 4.13.
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Figure 4.13: CST model and geometrical parameters of the hook-type PERLE coupler.

The active surface of the pick-up loop is oriented to be parallel to the magnetic field of
the beam pipe TMgy; mode to exclude the magnetic coupling to the cavity FM [118§].
The geometrical parameters are tuned using the CST frequency domain solver to
increase the coupler transmission at the TE;;; and TM;j;q dipole mode passbands,
which range from 0.936 GHz to 1.167 GHz, while rejecting the FM transmission at
801.58 MHz. However, certain parameters are subject to engineering constraints. The
diameter dy 7 is fixed at 51.5 mm, as for the probe-type PERLE coupler. The diameter
dp ¢ should be maximized to facilitate the fabrication of a hollow inner conductor if
internal cooling by liquid helium is foreseen. The ratio between dy 5 and dy 3 ensures a
50 © impedance. The length [y ; has no significant impact on the coupler transmission
since it is terminated with matched impedance [115].

The S-parameter tuning procedure for a hook-type coupler described in [115] is
used in the following. To tune the HOM coupler geometry, the influence of each
geometrical parameter on both monopole and the higher dipole transmissions between
ports is first analyzed. Figures 4.14 and 4.15 depict the dependency of the S-curves
on specific geometrical parameters, which are varied around the values of the final
tuned geometry, detailed in Table 4.2. Similar to the probe-type coupler, initially,
parameters with a broad influence on the S-parameters are optimized, such as Iy 7
and lig. For any modification of the parameters ly 3, lia, lie, ln7 and cp 1, which
change the total length of the coupler inner conductor, the total length Iy 19 is adjusted
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4.2 Coaxial HOM coupler optimization

accordingly to maintain a nominal penetration depth of 20 mm into the 65 mm radius
beam pipe. Adjusting the parameter I 7 mainly impacts the peaks of S-parameters in
the frequency range of the dipole passbands of interest without significantly changing
the FM rejection. The capacitance gap cp 1 is kept constant for any variation of the
distance [l g, and vice versa. Increasing the parameter lig enhances the inductive
part of the notch filter (Ly ¢ in the equivalent circuit), lowering its frequency. After
optimizing the parameters with global influence on the S-parameters, those with a
local effect on the transmission, such as lg3, lna, lne, duz, due, cu1 and o, are
optimized. In particular, the length Iy 3, the diameter dy 2, the capacitive gap between
the upper and lower parts of the inner conductor cy; and the angle ay of the coupling
inductance part contribute in shaping the peaks of the S-parameter in the frequency
range of interest. Finally, the FM notch is tuned at 801.58 MHz through the capacitive
gap cm2 and the length [ 9, whose combination corresponds to the capacitance Cpne
of the FM notch filter in the lumped circuit model [115]. The geometrical parameters
of the tuned hook-type coupler design for the PERLE 801.58 MHz cavity are reported
in Table 4.2.

Table 4.2: Optimized geometrical parameters of the hook-type PERLE coupler design.

lug w2 lwz lmwa lus lwe Iur  lws  Iuoe Iwio  waH
[mm] [mm| [mm] [mm| [mm] [mm| [mm] [mm|] [mm| [mm] [mm]

16.8 9.0 245 180 80 204 613 335 281 1321 4.0

wH2 du1  du2 duz  dua  dus  due dur  CH1  CH2 ag
[mm| [mm| [mm| [mm| [mm| [mm| [mm| [mm| [mm| [mm| [degree]

2.0 45 135 92 130 212 91 515 1.5 1.0 60
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Figure 4.14: Dependency of the S-parameters on the geometrical parameters of the hook-
type coupler. The TMy;-TEM and TE;;-TEM transmissions from the beam pipe port (port
1) and the output HOM coupler port (port 2) are depicted in blue and red, respectively. The
geometrical parameters are varied within a range from -20% (light color) to +20% (dark color)
around their nominal values provided in Table 4.2, except dy 7, which is changed by £10%
because of space limitations.
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Figure 4.15: Dependency of the S-parameters on the geometrical parameters of the hook-
type coupler. The TMy;-TEM and TE;;-TEM transmissions from the beam pipe port (port
1) and the output HOM coupler port (port 2) are depicted in blue and red, respectively. The
geometrical parameters are changed within a range from -20% (light color) to +20% (dark
color) around their nominal values listed in Table 4.2.
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4.2.4 DQW-type PERLE coupler

The DQW-type PERLE coupler was conceived as a unique design to mainly damp the
TMjp1; monopole passband, along with both the TE;;; and TM;;o dipole passbands of
the 801.58 MHz 5-cell PERLE cavities. The DQW coupler lumped circuit model for
the electric coupling and the corresponding 3D geometry are depicted in Figures 4.16
(a) and (b), respectively.
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(a) Equivalent circuit of the DQW-type coupler - Electric coupling
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(b) Lateral view of the 3D DQW-type PERLE coupler

Figure 4.16: Equivalent circuit model of the DQW coupler for electric coupling [122] (a).
Lateral view of the derived 3D geometry from the equivalent circuit (b). The highlighted
regions denote the locations of capacitances Cp ;, inductances Lp ;, and coaxial transmission
lines with length /p; and characteristic impedances Zp ; in the equivalent circuit. Zp repre-
sents the 50 € impedance of the transmission line connected to the coupler output port.

The DQW coupler features a hook-shaped pick-up antenna to couple EM fields
inside the cavity [115, 122]. In the equivalent circuit, the electric coupling is modeled
by a current source Ip,. The pick-up antenna is represented by the combination
of capacitance Cp), and the inductance Lpj. This initial segment of the circuit is
connected via the transmission line Ip s to the FM notch filter, characterized by the
capacitance Cp »t and the inductance Lp . The FM notch filter resembles a capacitive
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jacket connected to the central inner conductor shaft via an inductive stub [115]. This
part is followed by the shaft transmission line I, s connected to the ground and coupled
with the bent straight section Ip ps. This transmission line couples to the 50 €2 output
line via the capacitance Cg,y. The derivation of the circuit elements of the DQW-
type coupler is reported in [122]. Similarly to the probe-type and hook-type couplers,
the lumped elements are presented to facilitate the analogy with coupler components.
The parameterized 3D model of the DQW coupler optimized using CST is depicted in
Figure 4.17.
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Figure 4.17: CST model and geometrical parameters of the DQW-type PERLE coupler.

The DQW-type coupler described in [115, 122| has been selected as a starting
point for the optimization process. The pick-up antenna is oriented to face the cavity
input port to enhance the monopole mode damping. The geometrical parameters are
optimized for enhancing the S-parameters at the TMg;;, TEq1; and TMy;9 passbands,
while at the same time rejecting the FM transmission at 801.58 MHz. The coupler
design can also provide enough damping for higher frequency modes, such as the TM;;
dipole mode at around 1.5 GHz. The inner diameter of the port dp;; is fixed at
51.5 mm, as in the designed hook-type and probe-type couplers. The diameter of
the central shaft dp 7, the diameter of the adjacent horizontal rod dpg, and the axes
wp 4 and wp 5 of the loop-shaped pick-up antenna should be large enough to ease the
manufacturing of channels in case liquid helium cooling is foreseen. The ratio between
dp4 and dp; should be chosen to deliver a fixed line impedance of 50 €. The length
Ip,1 has no relevant impact on the coupler transmission because it is terminated with
matched impedance [115].

The S-parameter optimization procedure for a DQW-type coupler described in [115]
is used in the following. A sensitivity analysis of the S-parameters on the geometrical
parameters was conducted. Figure 4.18 and 4.19 depicts the S-parameter dependency
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on selected geometrical parameters. The parameters are changed around the values of
the final optimized geometry, given in Table 4.3. Similar to the other two analyzed
HOM couplers, initially, the parameters with a global influence on the S-parameters,
such as Ip4, Ipg, Ipg, dpe, dp7, dps, tp1 and tpy4 are tuned. The value of length
Ip ¢ strongly influences the shape and the location of the S-parameter peaks, especially
at the TE 1; and TMg; passbands. This parameter also determines the penetration
depth of the antenna into the beam pipe, which is fixed at 20 mm. Varying the
diameter of the central shaft dp 7 mainly affects the S-parameter peaks at the first two
dipole passbands, while its distance from the axis of the coupler ¢p; mainly influences
the transmission at the TE;;; dipole passband and also causes detuning of the FM
notch. The longitudinal length of the hook-shaped antenna tp 4, the diameters dp g
and dp g, and the lengths Ip 4 and Ip g globally affect the coupler transmission without
significantly detuning the FM notch. Subsequently, the geometrical parameters with
local influence on the coupler transmission, such as cp 1, Ipy7, Ips, Ip10, and dps are
adjusted. Both parameters Ip 7 and [pg are tuned to shape the S-parameter peak of
the TM;yo dipole passband. The diameter dp 5, the length of pick-up tip Ip10 and
the capacitive gap cp; are tuned to adjust the transmission peaks of both the TMj;g
and TMy;; passbands. The diameter of the inductive stub dpg¢ mainly impacts the
S-parameter peak of the TE;;; passband and significantly changes the inductive effect
of the notch at FM frequency. Consequently, the tuning of the notch at 801.58 MHz is
performed by changing the values cp 2 and wp 3, which approximates the capacitance
Cpnt in the equivalent circuit [115]. The geometrical parameters of the tuned DQW-
type coupler design for the PERLE 801.58 MHz cavity are listed in Table 4.3.

Table 4.3: Optimized geometrical parameters of the DQW-type PERLE coupler design.

Ipi b2 bz Ipsa Ips Ips Ipr Ipg Ipg Ipio Ipi1 dpa
[mm] 15.0 11.0 332 &7 179 986 &80 10.0 24.1 10.0 140.7 8.7

dpo dps dps dps dpe dp7 dpg dpg dpio dpi1  tp1  tpe
[mm| 3.6 123 20.0 28.6 359 11.0 7.1 96 353 b51.5 7.0 3.0

tps3 tps4 tps WD1 Wp2 WD3 WD4 WD5 CD1  CD2
[mm] 80 17.7 4.0 5.0 1.5 260 7.2 4.0 1.2 6.6
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Figure 4.18: Dependency of the S-parameters on the geometrical parameters of the DQW-
type coupler. The TMy;-TEM and TE;;-TEM transmissions from the beam pipe port (port
1) and the output HOM coupler port (port 2) are depicted in blue and red, respectively. The
geometrical parameters are varied within a range from -20% (light color) to +20% (dark color)
around their nominal values provided in Table 4.3.
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Figure 4.19: Dependency of the S-parameters on the geometrical parameters of the DQW-
type coupler. The TMy;-TEM and TE;;-TEM transmissions from the beam pipe port (port
1) and the output HOM coupler port (port 2) are depicted in blue and red, respectively. The
geometrical parameters are changed within a range from -20% (light color) to +20% (dark
color) around their nominal values provided in Table 4.3, except dp 11, which is varied by
+10% due to space constraints.
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4.2.5 Summary of HOM coupler optimization results

The S-parameters of the three investigated coupler designs have been optimized to
provide high transmission at frequencies corresponding to the high-impedance HOMs
of the 5-cell PERLE cavity while maintaining FM efficiency. Figures 4.20 (a) and
(b) show the monopole and dipole transmissions of the optimized coupler designs,
respectively.
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Figure 4.20: Monopole (a) and dipole (b) transmissions of the optimized hook-type (red),
probe-type (green), and DQW-type (blue) HOM couplers for the PERLE cavity. The longi-
tudinal impedance Z| and transversal impedance Z of the 5-cell PERLE cavity are depicted
as black curves in (a) and (b) for reference, respectively. The black vertical lines in (a) and
(b) represent the cutoff frequency of the TMg; and TE;; beam pipe modes, respectively. The
mode passband nomenclature is given.

The initial requirements for the high-impedance HOMs and the FM notch filter
have been satisfied for certain selected designs. The DQW coupler provides higher
transmission at the TMjy;; monopole passband than the probe-type coupler. Due
to its design, the hook-type coupler is intrinsically unsuitable for damping the first
monopole passband. Conversely, the hook-type coupler yields higher damping for the
TE;1; and TM;y9 dipole passbands than the DQW coupler. Due to its inherent design,
the probe-type coupler remains inadequate for damping the first two dipole passbands.
The DQW-type coupler emerges as the most advantageous solution for simultaneously
damping both the first monopole and the first two dipole passbands, while a combi-
nation of the probe-type and hook-type couplers is required for efficiently damping
them separately. The proposed HOM-damping schemes for the 5-cell PERLE cavity
are analyzed in Chapter 5.
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4 HOM coupler design and fabrication

4.3 HOM coupler prototyping

After optimizing the RF transmission of the three HOM coupler designs, simulations
were conducted using CST to evaluate their damping performance. The analyzed
coupler schemes lowered impedance levels below the BBU instability limits. These re-
sults were partially published in [49, 90|. The complete survey on HOM-damping and
RF-heating simulations for two different damping schemes is presented in Chapter 5.
These findings have led to the fabrication of prototypes of each coupler to test them in
two-cell and five-cell 801.58 MHz PERLE-type cavities. The survey of the HOM mea-
surements conducted on the PERLE cavities using the fabricated coupler prototypes is
presented in Chapter 7. This section first introduces the mechanical design of each pro-
duced coupler. Subsequently, the 3D printing procedure and the surface copper-coating
technique used for fabricating the HOM couplers are described. Finally, metrological
measurements for three of the produced HOM couplers are provided.

4.3.1 Mechanical design for coaxial HOM couplers

Following the optimization of the RF transmission for the three coaxial HOM cou-
pler designs, the subsequent prototyping phase involves developing their mechanical
design. Figure 4.21 depicts the mechanical design of the HOM coupler prototypes
for the PERLE cavities. These couplers have been used for conducting HOM-damping
measurements on the 2-cell and 5-cell 801.58 MHz Cu PERLE cavities (see Section 7.2).

/ RF feedthrough

Upper
flange ™
Outer
Rods ey »~ conductor
S n
Interface K r Lo
T | : . Coupler
5 £ port
Lower T
flange
" Inner
conductor
(a) (b) (c)

Figure 4.21: Mechanical design of the optimized HOM coupler prototypes: probe-type (a),
hook-type (b), and DQW-type PERLE coupler (c).
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The three mechanical designs were built based on a fully demountable concept,
allowing for the interchangeability of several pieces, such as flanges, spacers, interfaces,
and HOM coupler ports, between these three designs. Building pieces separately also
facilitates the 3D printing fabrication and the subsequent Cu coating of the surfaces
(see Subsection 4.3.2). The inner conductor, the outer conductor, and the hollow-
cylindrical interface between the outer conductor and the stainless steel lower flange
are 3D printed in epoxy resin and then copper-coated. An 8 mm thick Cu ring-shaped
spacer is placed between the coupler interface and its outer conductor. This ring is
used to adjust the penetration depth of the inner conductor to 20 mm into the beam
pipe. Reducing the thickness of the spacer moves the ensemble of the inner and outer
conductor downward, resulting in a greater penetration of the inner conductor into the
beam tube. This feature could be advantageous in the event of conducting sensitivity
analysis on the penetration depth for HOM-damping measurements. Two stainless
steel flanges are used to secure the assembly through six threaded rods. The lower
flange is located between the coupler interface and the Cu 3D-printed coupler port.
Additional details on the HOM coupler port, which connects the HOM coupler to the
cavity beam pipe, are provided in Section 6.3. The upper flange accommodates the RF
feedthrough, which connects the inner conductor’s upper part to the RF measurement
cable (refer to Section 7.2). The drawings containing the technical details of the three
mechanical designs are given in Figures A.1, A.2, and A.3 of the Annex A.

4.3.2 3D printing for HOM coupler fabrication

The installation of coaxial Nb HOM couplers on the cutoff tubes of SRF 5-cell PERLE
cavities is foreseen to damp the cavity’s HOMs. The initial validation of the design
and RF transmission behavior of a HOM coupler prototype can be performed through
low-power RF measurements on a cavity at room temperature (refer to Section 7.2).
This approach avoids an expensive Nb coupler fabrication in the initial design phase.
A promising, time-efficient, and cost-saving technique currently under study at CERN
involves using epoxy for 3D-printing HOM couplers. The surfaces of the coupler are
then electroplated with Copper to impart necessary electrical characteristics. Some of
the results from the initial production of these couplers have been presented in [123].
The HOM coupler prototypes have been manufactured employing the stereolithog-
raphy (SLA©) technique with epoxy at the CERN Polymer Laboratory.! The Viper
Si2 SLA® rapid prototyping machine (see Figure 4.22 (a)) was utilized for 3D printing
HOM couplers with both Accura® 25 [124] and Accura® 48 HTR (High-Heat Resis-
tant) [125] epoxy resins. The build volume of the used printer is 250 x 250 x 250 mm?.
The Viper Si2 can print parts in subsequent layers with a 4+ 0.1 mm precision. The
printer supports a minimum layer thickness of 0.08 mm and a maximum thickness of

!The Polymer Laboratory team at CERN performed the 3D printing of the HOM couplers using the
3D CAD models provided by the author.
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0.10 mm. The procedure to manufacture a HOM coupler using SLA 3D printing in-
volves different steps (see Figure 4.22 (b)) [126, 127]. The printing tank contains epoxy
resin, which hardens under ultraviolet (UV) rays. A UV laser solidifies a resin layer
according to a specific pattern on a platform. Subsequently, the platform is lowered
by one layer within the tank, and a blade covers the tank surface with a new resin
layer. The procedure is repeated for each layer until the 3D part is completed. Resin
supports are also printed to hold specific object parts and removed after printing. Any
residual liquid resin is cleaned using a solvent. Finally, the 3D part is cured for 15 min-
utes in a UV oven to ensure complete resin polymerization and enhance its mechanical
properties and durability.

Solidified resin Beam
layers N

Liquid resin

Piston

(a) Viper Si2 SLA© printer (b) SLA© 3D printing process

Figure 4.22: Viper Si2 SLA@ rapid prototyping printer at CERN (a). Scheme of SLA 3D
printing process (b).

Figure 4.23 depicts the 3D-printed parts of three produced HOM couplers proto-
types. The first probe-type and hook-type PERLE couplers were printed in Accura 25
epoxy (see Figures 4.23 (a) and (b)). The DQW-type PERLE coupler was manufac-
tured in Accura 48 HTR (see Figure 4.23 (c)). The Accura 25 resin, recognizable for
its white color, has great flexibility. The Accura 48 HTR, characterized by a trans-
parent color, features higher strength, stiffness, and thermal stability than the Accura
25. Consequently, the Accura 48 HTR is a more robust material for 3D printing and
better suited for subsequent electrolytic Cu-plating of the printed parts [123].
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o > \.

Figure 4.23: HOM coupler prototypes fabricated using the stereolithography technique.
Accura 25 probe (a) and hook couplers (b). Accura 48 HTR DQW coupler (c) [123]. The
figures (b) and (c) fall under the Creative Commons Attribution 4.0 (CC BY 4.0) license
(https://creativecommons.org/licenses /by /4.0/).

4.3.3 Copper electroplating of epoxy-based HOM couplers

A conductive coating process is necessary to impart electrical conductivity to the epoxy-
based HOM coupler. The process involves depositing a layer of conducting material,
typically Copper, on the surface of the couplers. In this context, it is crucial to ensure a
specific coating thickness to accommodate the skin depth at the operational frequency
range of the coupler. The skin depth in a normal conductor is inversely proportional
to the square root of the frequency, according to equation (1.80). At a frequency of
0.7 GHz, the skin depth for copper is 2.46 nm, while at 2.5 GHz, it reduces to 1.30 pm.
To ensure good electrical conductivity of the coated material, the coated layer has
to be thick enough such that the skin depth is small compared to the thickness of
the coating. The objective for the produced couplers was to ensure a Cu substrate
covering the entire surface with a minimum average thickness of 30 pm. This thickness
value was considered sufficient to ensure the desired electrical conductivity properties.
Furthermore, it introduces a minimal geometrical variation on the coupler surfaces,
with no significant impact on the RF characteristics analyzed in Section 4.2.

The process of Cu-electroplating for epoxy-based HOM couplers at CERN involves
several steps [123, 128].2 Before electroplating, the HOM coupler parts undergo a light
corundum-based sandblasting treatment at a pressure of 3 bars. This treatment aims
to enhance copper adhesion on the part surface during the coating process. The parts
are subsequently degreased using NGL-17-40-type detergent to eliminate any blasting
residue. After surface preparation, the components are immersed in a carbon-based
bath at 50°C to allow negatively charged carbon particles to create a substrate for
the copper coating. Finally, HOM coupler parts are electroplated in a bright acid

2Pierre Maurin at CERN Cu-plated the HOM couplers based on the specifications provided by the
thesis author.
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copper bath. Figure 4.24 depicts one example each of 3D-printed epoxy and Cu-coated
hook-type, probe-type, and DQW-type PERLE couplers.

i“i ph!

'll

Figure 4.24: 3D-printed epoxy (Accura 48 HTR) and copper-coated HOM coupler pro-
totypes. From the left to the right: probe-type, hook-type, and DQW-type PERLE cou-
plers [123]. The figure falls under the Creative Commons Attribution 4.0 (CC BY 4.0) license
(https://creativecommons.org/licenses /by /4.0/).

The results demonstrated the feasibility of Cu-plating for 3D-printed epoxy-based
HOM couplers, confirming that the carbon substrate successfully facilitated copper
adhesion to the polymer surface. A satisfactory level of coating-surface smoothing has
been achieved. A smooth coupler inner surface enhances the overall electric perfor-
mance of the coupler. However, in the current scenario, the applied technique does
not allow full control of homogeneity for the copper deposit throughout the process.
Further studies are necessary to enhance understanding and make improvements in this
aspect. Moreover, the optimal temperature for the carbon bath is close to the heat de-
flection temperature of the epoxy Accura 25, which is approximately 58°C at 0.45 MPa,
beyond which the polymer undergoes deformation. For this reason, the HOM-couplers
fabricated in the second series were made out of Accura 48 HTR epoxy, whose heat
deflection temperature at 0.45 MPa is 65°C and can reach values up to 130°C after
UV and thermal post-cure. The Accura 48 HTR epoxy HOM coupler series was used
to perform the HOM-damping measurements in the 2-cell and 5-cell PERLE cavities
presented in Section 7.2.
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4.3.4 3D-scanning measurements on HOM couplers

This section presents the results of several 3D-scanning measurements conducted on
the fabricated HOM-coupler prototypes to assess the shape deviation between the ideal
3D CAD model and the actual coupler geometry.> The measurements were carried out
using a HandySCAN BLACK+ Creaform® 3D scanner, which has an accuracy of
25 pm and a measurement resolution of 100 pum [129]. A minimum feasible tolerance
of £ 0.5 mm was set for the entire coupler surface. This guarantees that any geo-
metrical variation due to the fabrication process within this tolerance range does not
significantly affect the HOM coupler transmission (refer to Section 4.2). The results of
the metrological analyses on three of the produced HOM couplers are reported in the
following subsections.

4.3.4.1 3D-scanning of the hook-type coupler prototype

3D measurements were conducted on one of the produced Accura 25 hook-type PERLE
couplers. The 3D scans were carried out after the surface-coating process on both
antenna and shell blocks, which were secured together during the scan by a cable tie.
The metrological analysis aimed to evaluate the geometrical deviation of the resulting
coupler surface from the designed shape and, to some extent, the thickness of the
copper deposit in specific areas. Figure 4.25 depicts three different views of the 3D
scans of the Cu-coated hook-type coupler.

The color map represents the normal surface deviation between the actual and ideal
shape. Positive and negative deviations signify excess or lack of material with respect to
the CAD model, respectively. Figure 4.26 depicts the normal surface deviation values
for each inspected point. Results indicate that the majority of studied points fall
within the tolerance range of + 0.5 mm. However, some regions of the coupler exhibit
a slightly higher lack (such as at points (13), (24), and (27)) or excess of material (at
points (10), (33), and (34)). The lack of material, ranging from 2pm to 1.197 mm,
may be attributed to different factors, such as epoxy shrinkage, the non-uniformity of
3D printing, and limitations of the used electroplating process. The average lack of
material on the analyzed points of the coupler surface is 251 pm. The material deficit
detected at points (13) and (27) may reduce the magnetic coupling to the HOMs, while
at point (24) region, it can alter the electric coupling to the HOMs and change the
notch at the FM. The excess of material in the coated surface, which spans from 7 pym to
1.28 mm, can be due to the deposition accuracy of the epoxy layer and the limitations
in achieving surface uniformity during the coating process. The average material excess
on the coupler surface is 484 pm for the inspected points. The extra material at points
(10) and (33) may influence the electric coupling to the HOMs, while the excess at
point (34) can potentially increase the active area for the magnetic coupling.

3 Jean-Philippe Rigaud at CERN carried out scans of the 3D-printed HOM couplers based on the
specifications provided by the author.
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Figure 4.25: 3D scans of the analyzed Accura 25 hook-type coupler after surface-
coating [123, 130]. Multiple points of interest, labeled from (1) to (34), are analyzed. Each
inspected point is associated with the corresponding shape deviation in the normal direction in
millimeters. Positive and negative variations represent excess or lack of material with respect
to the ideal geometry, respectively. The two parts of the coupler were held together during
the scan by a cable tie, which is visible in red. The figure falls under the Creative Commons
Attribution 4.0 (CC BY 4.0) license (https://creativecommons.org/licenses/by/4.0/).
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Figure 4.26: Measured shape deviation in the normal direction of the copper-coated hook-
type coupler with respect to the CAD model. Thirty-four points of interest have been in-
spected. The indexes associated with the studied points correspond to the labels shown in
Figure 4.25. Positive values represent an excess of material, while negative values indicate a
deficit of material with respect to the ideal model.
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4.3.4.2 3D-scanning of the probe-type coupler prototype

This subsection presents the 3D-scanning measurements performed on one of the man-
ufactured Accura 48 HTR probe-type PERLE couplers. Both coupler antenna and
shell blocks were scanned before and after the coating process. The aim is to compre-
hensively explore the resulting thickness change on their surfaces and, consequently,
the shape variations throughout the production stages. The local thickness change
Ah. can be estimated as the absolute difference between the local deviation measured
before and after the coating process at selected points. Positive values of Ah. repre-
sent the estimated local coating thickness, while negative values indicate a potential
local depression of the material after the coating process. This phenomenon might be
attributed to thermal deformations during the surface coating. In depressed regions,
the estimation of the coating thickness using the current method remains uncertain.
By averaging the values found for the inspected points, the average coating thickness
and depression could be obtained.

Figure 4.27 depicts the 3D color maps of the probe-type coupler antenna’s front,
rear, and bottom views before the coating process. The measured quantity represents
the geometric deviation between the 3D CAD model and the geometry of the coupler
without the coating layer. The shape deviations fall within the tolerance range for most
of the coupler surfaces. However, some regions deviate from the £+ 0.5 mm tolerance
range. The active surfaces of the capacitive plate and the terminal part of the antenna
exhibit the most significant deviations, featuring a material surplus spanning from
0.592 mm to 2.138 mm and a material deficit ranging from 0.879 mm to 2.430 mm. The
average excess and deficit of material on the antenna surface are 460 pm and 509 pm for
the inspected points, respectively. The epoxy shrinkage during the fabrication process
may contribute to the observed material lack. Conversely, the material surplus may
be due to different factors, such as printer calibration, layer deposition accuracy, and
temperature variations during printing.

Figure 4.28 shows the 3D scans on the coupler antenna after the surface coating.
The color maps indicate the shape deviations between the CAD model and the copper-
coated coupler. The estimated coating thickness ranges from 3.1 pm to 1.261 mm for
the inspected points. The average coating thickness for the antenna surface for the
inspected points is about 298 pm (see Table 4.4). The coated probe-type coupler an-
tenna meets the tolerance specification, except for the capacitive plate surfaces and the
antenna’s terminal part. The material surplus varies in these regions from 1.090 mm
to 3.399 mm, while the material deficit spans from 1.206 mm to 3.509 mm (see Ta-
ble 4.4). The identified geometric variations on the surface of the capacitive plate at
points (14), (20), and (21) affect the alignment of the plate with the coupler shell.
This might modify the distance between the outer surface of the plate and the inner
surface of the surrounding coupler shell, altering the FM rejection of the coupler from
the design specifications. The geometric deviations at points (15) and (22) may affect
the coupling to the HOMs, particularly to monopole modes.
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Figure 4.27: 3D scans of the investigated Accura 48 HTR probe-type PERLE coupler before
surface-coating [131]. Front (a), rear (b), and bottom (c) views of the coupler antenna block.
The indexes from (1) to (27) indicate the inspected points. The normal geometrical deviation
for each inspected point is indicated in millimeters. Excess and lack of material are associated
with positive and negative variations with respect to the ideal geometry, respectively.
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Figure 4.28: 3D scans of the investigated Accura 48 HTR probe-type PERLE coupler after
surface-coating [132]. Front (a), rear (b), and bottom (c) views of the coupler antenna block.
The indexes from (1) to (27) depict the investigated points. The normal shape deviation for
each studied point is shown in millimeters. Excess and lack of material are related to positive
and negative variations with respect to the ideal geometry, respectively.
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Figure 4.29 (a) depicts the normal surface deviation values for each inspected point
for the uncoated and coated probe-type coupler antenna with respect to the ideal
geometry. Figure 4.29 (b) illustrates the estimated local thickness variation for the
cooper-coated probe-type coupler antenna. The maximum, minimum, and average
geometrical deviations before and after coating, along with the estimated local thickness
change, of the probe-type coupler antenna block are summarized in Table 4.4.
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Figure 4.29: Measured shape deviation in the normal direction for the uncoated (blue) and
coated (red) probe-type coupler antenna with respect to the CAD geometry (a). Twenty-seven
points have been investigated. The indexes correspond to the labels depicted in Figures 4.27
and 4.28. Estimated local thickness variation for the Cu-coated probe coupler antenna (b).

Figure 4.30 shows the 3D measurements of the probe-type coupler shell block before
the coating process. The material deficit, most likely due to the epoxy shrinkage, ranges
from 0.037 mm to 0.646 mm. The geometric deviations in the shell surface are within
the set tolerance range, except for points (13) and (15), which exhibit a lack of material
slightly outside the acceptable limits. The average lack of material is 245 pm for the
analyzed points. Material excess of 0.037 mm is observed in the region surrounding the
point (8). Figure 4.31 depicts the 3D scans on the coupler shell block after the surface-
coating process. The approximated coating thickness varies from 8 pm to 409 pm for
the investigated points. The average coating thickness of the shell surface is about
222 1m. Overall, the coated probe-type coupler shell fulfills the design requirements.

Figure 4.32 (a) displays the surface deviation values of each investigated point for
the uncoated and coated probe-type coupler shell with respect to the 3D CAD model.
Figure 4.32 (b) illustrates the estimated local thickness change for the cooper-coated
probe-type coupler shell. The maximum, minimum, and average geometrical deviations
before and after coating, as well as the estimated local thickness change of the probe-
type coupler shell, are summarized in Table 4.5.
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Figure 4.30: 3D scan of the analyzed Accura 48 HTR probe-type coupler shell before surface-
coating. Front (a)-(b) and rear (c) views of the coupler shell [133]. Multiple points of interest
are labeled from (1) to (28), each showing the corresponding normal geometric deviation in
millimeters. Positive and negative variations indicate excess or lack of material with respect
to the 3D CAD geometry, respectively.
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Figure 4.31: 3D scan of the analyzed Accura 48 HTR probe-type coupler shell after surface-
coating. Front (a)-(b) and rear (c) views of the coupler shell [134]. Several points of interest
are labeled from (1) to (28), each indicating the corresponding normal shape deviation in
millimeters. Positive and negative variations indicate excess or lack of material with respect
to the ideal geometry, respectively.
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Figure 4.32: Measured shape change in the normal direction for the uncoated (blue) and
coated (red) probe-type coupler shell with respect to the ideal geometry (a). Twenty-eight
points of interest have been inspected. The indexes indicating the studied points are related
to the labels depicted in Figures 4.30 and 4.31. Positive and negative quantities represent a
surplus or deficit of material with respect to the CAD model, respectively. Estimated local
thickness change for the copper-coated probe-type coupler shell (b).

Table 4.4: Measured geometrical deviation for the probe-type coupler antenna before and
after the coating process. The maximum, minimum, and average geometrical deviations and
the local thickness change are calculated from the deviations observed at the inspected points.

Antenna surface before coating - Probe-type coupler

|AUn max [Mm]|  [Aulpmin [mm]  |Auly ave [mm]

Material excess 2.138 0.002 0.460
Material deficit 2.430 0.031 0.509

Antenna surface after coating - Probe-type coupler

‘Au’n,max [mm] ‘Au|n,min [mm] |Au‘n,ave [mm]

Material excess 3.399 0.024 0.640
Material deficit 3.509 0.006 0.483

Local thickness change on the antenna surface - Probe-type coupler
|Ahe|max [mm]  |Ahe|min [mm]|  |Ahelaye [mm]

Coating layer 1.261 0.031 0.298
Material depression 1.243 0.011 0.345
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Table 4.5: Measured geometrical deviation for the probe-type coupler shell before and after
the coating process. The calculated maximum, minimum, and average geometrical deviations
and the local thickness change are derived from the deviations observed at the inspected
points.

Shell surface before coating - Probe coupler

|Auln,max [mm]  [Aulpmin [mm]  [Aulyave [mm]
Material excess 0.021 - 0.021
Material deficit 0.646 0.037 0.245

Shell surface after coating - Probe-type coupler

|AUn max (MM  [Au|pmin [mMm]  [Auly ave [mm]

Material excess 0.021 0.113 0.083
Material deficit 0.489 0.008 0.138

Local thickness change on the shell surface - Probe-type coupler
|Ahc|max [mm]  [Ahe|min [mm]  [Ahe|aye [mm]

Coating layer 0.409 0.008 0.222
Material depression 0.248 0.010 0.130

4.3.4.3 3D-scanning of the DQW coupler prototype

The DQW-type PERLE coupler presents the most intricate shape among the three
produced HOM couplers. 3D-scanning measurements were conducted on one of the
manufactured Accura 48 HTR DQW couplers. The antenna and shell components
were scanned before and after the coating process to estimate the local thickness change
during fabrication.

Figure 4.33 illustrates the 3D scans of the front and rear parts of the DQW antenna
before the surface underwent the coating process. The color maps indicate the shape
deviation between the 3D CAD model and the printed coupler geometry without the
coating layer. The geometry deviations are within the tolerance range of + 0.5 mm for
most of the antenna surfaces. Some other coupler regions fall outside the set tolerance
range, with a lack of material ranging from 0.558 mm to 1.870 mm. The average
material deficit on the analyzed points of the antenna surface is 401 pm. A relatively
significant material deficit of 1.870 mm was identified at point (1) in the lower part of
the antenna loop. This can potentially diminish the strength of the electromagnetic
coupling to the cavity HOMs. No extra material was found in the inspected points.
Similar considerations concerning the causes of excess and lack of material after 3D
printing, as discussed for the other couplers, also apply to the DQW-type coupler.

Figure 4.34 depicts the 3D measurements on the coupler parts after the coating
process. The color maps depict the geometry deviations between the CAD model and
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Figure 4.33: 3D scan of the analyzed Accura 48 HTR DQW coupler antenna before surface-
coating. Front (a) and rear (b) views of the coupler antenna [135]. Multiple points of interest,
labeled from (1) to (20), are highlighted, each displaying the corresponding normal shape
deviation in millimeters. Positive and negative variations indicate excess or lack of material
with respect to the ideal geometry, respectively.

Figure 4.34: 3D scan of the analyzed Accura 48 HTR DQW coupler antenna after surface-
coating. Front (a) and rear (b) views of the coupler antenna [136]. Multiple points of interest,
labeled from (1) to (20), are depicted, each indicating the corresponding normal shape devia-
tion in millimeters. Positive and negative variations represent excess or lack of material with
respect to the ideal geometry, respectively.

the printed and copper-coated HOM coupler. The measured coating thickness spans
from 75pm to 1.506 mm for the investigated points. The antenna surface’s average
copper coating thickness is about 300 pm. After the surface-coating of the DQW cou-
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pler antenna, the measured shape deviations fall within the + 0.5 mm tolerance range,
except for some regions deviating from the average. A relatively large local coating
thickness of 1.506 mm was detected at point (1) in the lower part of the loop-shaped
section. However, in this case, this relatively large amount of copper is beneficial in
recovering the lack of material detected at the same point after the 3D printing pro-
cess. Finally, a material depression of about 8 pm and 38 pm was detected for points
(4) and (5), respectively. The estimated average material deficit in this region is about
23 um. Figure 4.35 (a) reports the measured deviations in the normal direction to the
surface of the DQW coupler antenna before and after surface-coating for the investi-
gated points of the DQW coupler antenna. Figure 4.35 (b) illustrates the resulting
estimated local coating thickness for the same points. The maximum, minimum, and
average geometrical deviations before and after coating, along with the estimated local
thickness change, of the DQW coupler antenna are summarized in Table 4.6
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Figure 4.35: Measured geometry deviation in the normal direction for the uncoated (blue)
and coated (red) DQW coupler antenna with respect to the design geometry (a). Twenty
points of interest have been inspected. The indexes associated with the investigated points
correspond to the labels depicted in Figures 4.33 and 4.34. Positive and negative values rep-
resent an excess or deficit of material with respect to the CAD model, respectively. Estimated
local thickness change for the copper-coated DQW coupler antenna (b). Positive values repre-
sent the estimated local coating thickness, while negative values depict the possible material
depression.

Figures 4.36 and Figures 4.37 illustrate the 3D scans of the coupler shell block
before and after the coating process, respectively. Overall, the shape deviations in
the shell active surfaces before the coating process are within the set tolerance range.
The lack of material, most likely due to the epoxy shrinkage, spans from 0.01 mm to
0.76 mm. The average material deficit on the coupler shell is 291 pm for the inspected
points. Some regions present extra material, ranging from 0.032 mm to 0.254 mm. The
average excess of material on the surface is 125 pm for the analyzed points.
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Figure 4.36: 3D scan of the analyzed Accura 48 HTR DQW coupler shell before surface-
coating. Front (a) and rear (b) views of the coupler shell [137]. Multiple points of interest,
labeled from (1) to (29), are highlighted, each indicating the corresponding normal shape
deviation in millimeters. Positive and negative variations indicate excess or lack of material
with respect to the ideal geometry, respectively.

(b)

Figure 4.37: 3D scan of the analyzed Accura 48 HTR DQW coupler shell after surface-
coating. Front (a) and rear (b) views of the coupler shell [138]. Multiple points of interest,
labeled from (1) to (29), are depicted, each indicating the corresponding normal shape devi-
ation in millimeters. Positive and negative variations indicate excess or lack of material with
respect to the ideal geometry, respectively.
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After the coating process, the measured geometrical deviations are within the
+ 0.5 mm tolerance range, except for some points deviating from the average. The
measured coating thickness varies from 45pm to 809 pm. The average copper coat-
ing thickness is about 423 pm. Likewise, the factors influencing excess and insufficient
material after the coating process, as explored for the other two analyzed couplers,
also hold for the DQW-type coupler shell. Figure 4.38 (a) indicates the normal sur-
face deviation values for each investigated point of the coupler shell. Figure 4.38 (b)
illustrates the resulting estimated local coating thickness for the same points. The
maximum, minimum, and average geometrical deviations before and after coating, as
well as the estimated local thickness change of the DQW coupler shell, are summarized
in Table 4.7.
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Figure 4.38: Measured shape variation in the normal direction for the uncoated (blue)
and coated (red) DQW coupler shell with respect to CAD model (a). Twenty-nine points of
interest have been investigated. The indexes are related to the labels depicted in Figures 4.36
and 4.37. Estimated local thickness variation for the copper-coated DQW coupler shell (b).

The metrological analyses on the three analyzed HOM couplers suggest that, on
average, most of the measured surface regions fall within the set tolerance interval
of £ 0.5 mm after undergoing the coating process. The estimated average coating
thickness spans from approximately 200 pm to 350 pm. The found coating values exceed
the minimum required coating thickness of 30 pm for the frequency range of interest.
The subsequent shape deviation remains within the specified tolerance range. Locally,
some regions exhibit either a lack or excess of material due to technical limitations in
the used 3D-printing and copper-coating processes, which require further improvement.
These shape deviations may potentially impact the HOM-damping performance and
FM rejection of the HOM couplers. Nevertheless, the analyzed technique demonstrates
promise for prototyping HOM couplers intended for low-power RF measurements on
Cu cavity prototypes.
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Table 4.6: Measured geometrical deviation for the DQW coupler antenna before and after
the coating process. The maximum, minimum, and average geometrical deviations and the
local thickness change are calculated from the deviations observed at the inspected points.

Antenna surface before coating - DQW coupler

|Au|nmax [mm]  [Av|y min [mm] |Au‘n,ave [mm]

Material excess - - -
Material deficit 1.870 0.008 0.401

Antenna surface after coating - DQW coupler

|Au|n,max [mm] ‘A“|n,min [mm] |Au n,ave [mm]
Material excess 0.250 0.006 0.147
Material deficit 0.364 0.024 0.145

Local thickness change on the antenna surface - DQW coupler
|Ahe|max [mm]  |Ahe|min [mm]|  |Ahelaye [mm]

Coating layer 1.506 0.075 0.368
Material depression 0.038 0.008 0.023

Table 4.7: Measured geometrical deviation for the DQW coupler shell before and after the
coating process. The maximum, minimum, and average geometrical deviations and the local
thickness change are calculated from the deviations observed at the inspected points.

Shell surface before coating - DQW coupler

‘Au’n,max [mm] ‘Au‘n,min [mm] ’Au‘n,ave [mm]

Material excess 0.254 0.060 0.144
Material deficit 0.760 0.010 0.292

Shell surface after coating - DQW coupler

|AUn max [Mm|  [Aulpmin [mm]  [Auly ave [mm|

Material excess 0.665 0.026 0.208
Material deficit 0.018 - 0.018

Local thickness change on the shell surface - DQW coupler
|Ahc|max [mm]  |Ahe|min [mm]  [Ahc|aye [mm]

Coating layer 0.809 0.045 0.423
Material depression 0.018 - 0.018
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4.3.5 Niobium 3D-printed HOM couplers

The previous sections presented an analysis of 3D-printed epoxy and Cu-coated HOM
couplers designed for low-power RF measurements on Cu cavity prototypes. Although
these coupler prototypes can effectively meet the immediate needs for low-power ap-
plications, questions regarding Niobium 3D-printed HOM couplers and their long-term
durability and performance under real-world operating conditions remain relevant.

The fabrication of metal 3D-printed HOM couplers employs powder bed fusion
techniques, specifically Selective Laser Melting (SLM) and Electron Beam Melting
(EBM) [139]. Both techniques enable the creation of complex geometries, making them
ideal for manufacturing HOM couplers that require specific performance characteristics
in accelerator applications. In the SLM process, a high-powered laser selectively fuses
metal powder particles layer by layer. In contrast, the EBM technique uses a focused
electron beam in a vacuum to melt metal powder. Recently, CERN has explored the
possibility of manufacturing 3D-printed metal HOM couplers, specifically investigating
options in titanium (Ti) and Niobium [127]. Titanium was chosen for initial 3D printing
tests due to its ease of fabrication. While not a superconductor below 9.2 K like Nb, Ti
exhibits similar thermal expansion, making it a practical step toward the fabrication
of Nb HOM couplers. Figure 4.39 (a) and (b) show prototypes of 400 MHz DQW
couplers 3D-printed in Ti and Nb, respectively [140].

(a) Ti 3D-printed DQW coupler (b) Nb 3D-printed DQW coupler

Figure 4.39: Prototypes of 400 MHz DQW HOM couplers 3D-printed in Ti (a) and Nb (b).

One significant challenge in ensuring the performance of Nb 3D-printed HOM cou-
plers in realistic operating conditions is surface polishing. A porous surface can lead
to increased surface resistance, raising the risk of a quench of the HOM coupler under
operation. Furthermore, in the case of active-cooled HOM couplers, porosity may re-
sult in leaks in the liquid helium. Minimizing the surface roughness becomes crucial
to mitigate these effects. One potential solution is the employment of the Buffered
Chemical Polishing (BCP) [141] technique to reduce surface defects and improve the
overall quality of the material. Recent tests at CERN, using Nb powder as raw mate-
rial and employing titanium gettering with thermal treatment in hydrogen purification,
achieved a residual resistivity ratio (RRR) of 260, showing significant improvement in

107



4.3 HOM coupler prototyping

material quality. Testing and validation will be essential for evaluating the long-term
stability of 3D-printed Nb HOM couplers. This would include assessing their perfor-
mance under mechanical and RF-heating loads. No tests have yet been conducted at
CERN on Nb 3D-printed HOM couplers in Nb cavities [140].
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analyses

This chapter presents the performance analyses conducted on the five-cell 801.58 MHz
PERLE cavity equipped with the designed HOM couplers presented in Chapter 4.
These studies are relevant due to the relatively high current (I, ., = 120 mA) of the
500 MeV PERLE version, which can lead to high HOM power loss and transverse
beam instabilities in its SRF accelerating cavities. The longitudinal and transversal
impedances of the analyzed equipped cavity are compared to their respective impedance
limits set by the Beam Breakup (BBU) instability phenomenon in an ERL (see Chap-
ter 3). The objective is to determine a suitable HOM damping scheme to reduce the
longitudinal and transversal impedances below their limits and ensure ERL stability
during its operation. Furthermore, the HOM power deposited by the beam into the
cavity is estimated. Finally, the dynamic heat load on the HOM coupler surfaces,
along with the resulting increase in temperature, are evaluated to prevent the risk of
a quench in both the HOM couplers and the cavity.

5.1 Numerical methods for impedance calculation

This section illustrates the concepts of wakefields and impedance to describe the elec-
tromagnetic (EM) interaction of a bunch of charged particles with the surrounding
enclosure [142|. This interaction can be described by wakefields in the time domain
or by impedances in the frequency domain. Wakefields are self-induced EM fields that
arise in a resonant cavity because of the interaction of a traveling beam with the sur-
rounding enclosure [143]. The beam induces surface currents and charges on the cavity
walls, which turn into sources of parasitic fields [144]. Wakefields emerge from any
geometrical or material change of the cavity along the beam path. They can act back
on the traveling charged bunches influencing their motion, leading to beam instabilities
or undesired beam power loss [145].

It is convenient to classify wakefields in two different categories, namely short-range
wakefields and long-range wakefields [143|. The short-range wakefields influence the
single-bunch beam dynamics. The long-range wakefields involve excited EM fields that
can remain in the accelerating structure for a longer time until the next bunch arrives,
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potentially causing bunch instabilities. This phenomenon generally occurs when a
train of bunches repeatedly excites high-()y, resonant modes of the cavity. The long-
range wakefields typically correspond to the high impedance peaks in the frequency
spectrum of the cavity. The main goal is to mitigate the high impedance peaks by
lowering the loaded quality factor of resonant modes below the instability limits using
HOM couplers. The numerical methods used for calculating the wake impedance and
eigenmode impedance are derived and discussed in the following subsections.

5.1.1 Wakefields and wake impedance

When analyzing the motion of charged particles in an accelerator, the focus typically
lies on the integrated interaction of the particles with the wakefield. The wake function
is defined as the integrated EM field experienced by a test charge at a transverse offset
r from the beam axis and at a longitudinal distance s behind the exciting charged
particle. The wake function is calculated according to the following equation [142, 146]

o
w(r,s) = é/ [E(r, 2,t) + ¢z x B(r, 2, t)]1=(s42)/c d2, (5.1)
where ¢ is a charged particle with delta-function distribution moving in the longitudinal
direction z with velocity v = ¢z close to the speed of light. The wake function comprises
three components, one in the longitudinal and two in the transversal directions. Since
Z x B has no component along the direction of the particle motion, the second term
of the equation (5.1) vanishes, and the expression for the longitudinal wake function is
reduced to

wy(r,s) = é/_: E.(r,z,(s+z)/c)dz. (5.2)

The wake function can be considered as a Green’s function of the problem [144]. If the
wakefield is generated by an exciting bunch with an arbitrary shape, the interaction
between the bunch and the field is described by the wake potential, which can be
derived from the convolution of the wake function with the bunch shape £.(s) as

W(r,s) = /000 Ee(s — s )w(r,s')ds. (5.3)

For a Gaussian bunch having a longitudinal bunch length o, and centered at sg, the
bunch shape function is defined as

1 _ (s=s9)?
e (5.4)

The impedance spectrum of the cavity is obtained from the Fourier transform of
the wake potential in both longitudinal and transverse directions as follows [142]

Ee(s) =
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Jjw

Zy(r,w) = %/00 Wj(r, s)e” "¢ ds, (5.5)

_jws

Z,(r,w)= _7] /_OO W (r,s)e” " ds. (5.6)

The longitudinal and transverse impedance defined above are both expressed in units of
Q). The deflecting dipole field strength increases proportionally to the transverse offset
of the beam from the cavity axis. Equation (5.6) can be divided by the beam offset
to obtain a definition that is independent of the beam transverse displacement from
the cavity axis, resulting in a unit change of the transversal impedance in /m [147].
Finally, the transversal impedance is related to the longitudinal impedance via the
Panofsky-Wenzel theorem [35, 142] as follows

Z.(r,w) = ngZH(r,w), (5.7)

where V| is the transverse gradient operator.

Wakefields can be computed using time domain solvers such as ABCI [148] for 2D
axisymmetric structures or CST Studio Suite® for 3D geometries. In these solvers, the
wake potential, the wake impedance, and loss factors are calculated considering a single
exciting Gaussian-shaped bunch that traverses the structure under study. The wake
impedance is calculated in CST by normalizing the Fourier transform of the wake
potential to the charge distribution [21]. The excitation of different HOMs within
the structure depends on the position of the beam relative to the geometry axis. A
beam traversing a cavity with axisymmetric geometry on-axis can excite only TM-type
monopole modes. Conversely, an off-axis beam can excite modes with higher polar
orders, such as dipole modes. The monopole and dipole modes significantly impact
beam motion in an accelerating cavity due to their strong EM field near its longitudinal
axis.

In HOM-damped multi-cell cavities, identifying modes can be challenging due to
the overlap of modes in the frequency spectrum. For this reason, different excita-
tion schemes can be employed in 3D wakefield solvers to separately excite modes of a
certain polar order and polarization and suppress the other cavity modes. Figure 5.1
illustrates the beam excitation schemes applied in this thesis to compute the impedance
of monopole and dipole modes [149]|. The wake impedance calculation for the TM-type
monopole modes is carried out using a beam with charge ¢ passing along the cavity axis.
If the cavity is symmetric relative to a symmetry plane, a PMC symmetry plane can be
used to reduce the simulation domain size and, consequently, the computation time of
monopole impedance (see Figure 5.1 (a)). The impedance of the dipole modes is com-
puted using a multi-beam wake excitation method: two beams with an opposite charge
and equal offsets from the beam axis move through the cavity to simultaneously excite
dipole modes. The superposition of the fields from the two beams preserves dipole
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modes while suppressing modes with different polar orders. The bunch charge of each
beam is set to ¢/2 to ensure that the combined effect corresponds to a particle beam
with charge ¢q. Furthermore, in a two-beam wake excitation scheme, normalization to
two charges is necessary for calculating the wake impedance, as the wake potential
arises from the superposition of the fields of two co-moving beams [115, 149, 150]. Fig-
ures 5.1 (b) and (c) illustrate the two-beam schemes for exciting dipole modes with
horizontal and vertical polarizations, respectively. Dipole modes with horizontal polar-
ization are excited by two beams with a horizontal offset, whereas dipole modes with
vertical polarization are excited by two beams with a vertical offset. In axisymmetric
structures, the use of PEC and PMC symmetry planes can reduce computation time
when using the two-beam scheme to excite dipole modes with horizontal and vertical
polarizations, respectively (see Figures 5.1 (b) and (c)).

PEC

(a) Monopole excitation (b) Dipole excitation — (c) Dipole excitation —
Horizontal polarization Vertical polarization

Figure 5.1: Monopole and dipole excitation schemes used in 3D wakefield simulations (figures
adapted from [115, 149, 150]). In axisymmetric cavities, the indicated boundary conditions
can be employed to effectively reduce the simulation time.

The wake impedance spectra obtained from the Fourier transform of the wake potential
exhibit impedance peaks that correspond to the high-Q modes [21]. Typically, these
high-impedance modes reside below the cutoff frequency of the TMgy; beam pipe mode
and are trapped in the cavity. Because of their high ()-values, once excited by the
traversing beam, the energy of these modes remains in the cavity for a long time.
Their field amplitude decays according to e_f%, with 7,, being the mode-dependent
time constant defined as [17, p. 335]

_ 2C?L,n

Wn

(5.8)

n

where w,, and @)1, are the angular frequency and the loaded quality factor of the
considered mode n, respectively. The wake length is the distance behind the driving
bunch needed to decrease the energy of a mode to 1/e of its initial value [21]. A large
value of the wake length is required to solve the impedance peaks of the high-Q) modes.
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For example, a mode at 1.5 GHz with a Qr, = 1 x 10° needs a simulated wake length
of et = 6.37 km. This wake length is prohibitively large to be simulated. The required
computation time would be very long, depending on the number of mesh cells and
the simulated bunch length. In wakefield simulations, the simulated wake potential
is usually truncated after a few hundred meters. However, this would not allow the
impedance peaks of such high-@) modes to be fully resolved. Therefore, the impedance
extrapolation scheme method, proposed in [151], has been utilized throughout this
thesis to solve the impedance peaks of high-() modes. The impedance extrapolation
method has been implemented in a Python® [152] script. The calculation consists of
simulating two wake potentials truncated at different wake lengths. For example, the
first wake is truncated after ct; and the second after ct,, where t; and t, represent
two time instants. It is advantageous to set to = 2t; to simplify the calculation. This
method allows us to extrapolate the truncated wake impedance to its value at an
infinite wake length, and it is applicable to the full impedance spectrum at once [21].
Ultimately, it permits a considerable reduction in the total computation time. More
details on the above-mentioned method can be found in [151].

5.1.2 Eigenmode impedance

Eigenmode simulations in 3D EM solvers are required to calculate the main figures
of merit of a cavity mode, such as the resonant frequency, the integrated voltage, the
R/Q, and the @-value. The modal quantities of a cavity are obtained by solving the
eigenvalue problem derived from the discretization of the Helmholtz equations (1.40)
and (1.41) by numerical methods such as FEM. The eigenvalues of the eigenvalue prob-
lem represent the resonant frequencies of the modes, while the eigenvectors correspond
to the field patterns of the resonant modes, as detailed in Section 1.2. The solutions of
the eigenvalue problem are also denoted as eigenmodes of the cavity [153]. The other
figure of merit, described in Chapter 1, can be calculated from the results of eigenmode
simulations. The fully resolved impedance of a mode, i.e., (R/Q)QL, can be calculated
via eigenmode simulations. For this reason, they are also used to complete 3D wake-
field computations and verify the accuracy of the wake-impedance peaks of the excited
HOMs [21].

The simulation of a lossless cavity consists of applying PEC boundary conditions
to the external boundaries of the cavity vacuum, resulting in a linear eigenvalue prob-
lem. For the computation of external losses in a cavity, surface impedance boundary
conditions can be applied to the vacuum boundaries to simulate the energy deposited
on the walls. An important parameter computed in eigenmode simulations is the ex-
ternal quality factor Qe of a resonant mode (see Section 1.3.7). The external quality
factor describes the energy loss of a mode through a port. The standard method for
the Qex calculation consists of terminating HOM couplers or beam pipe openings with
waveguide ports featuring matched impedance boundary conditions. The termination
impedance, which is the ratio between the modal voltage and the current, for each mode

113



5.2 Beam-induced HOM power calculation

must be the wave impedance of the considered mode [153]. This condition represents
a reflection-free boundary condition, i.e., no energy is reflected back into the simulated
cavity or coupler. The termination impedances typically vary with frequency, result-
ing in a complex-valued, nonlinear eigenvalue problem. The 3D eigenmode solver of
CST permits the evaluation of the Q¢ of a mode through two different solvers: the
lossless and lossy solvers. The first employs the perturbation method, which yields the
unloaded quality factor )y given the surface conductivity of the material. The lossy
solver calculates the Doyt based on the complex-valued, nonlinear eigenvalue prob-
lem [154]. The lossy eigenmode solver of CST also provides the Qex of each port of
a multi-port structure. This permits the evaluation of the resonant mode coupling
and, consequently, the HOM power flux through each waveguide port. In this thesis,
the lossy eigenmode solver of CST has been employed to solve the eigenvalue problem
exclusively when external losses are included in the numerical model. Otherwise, the
lossless solver has been used for all cases that involve only PEC boundary conditions.

5.2 Beam-induced HOM power calculation

A particle beam traversing a cavity excites HOMs, resulting in a deposit of EM en-
ergy into the cavity [17, p. 331|. The deposition of beam-induced HOM power in the
accelerating structures can lead to significant performance limitations for the acceler-
ator [155]. Extracting HOM power from the SRF cavities is a significant challenge, as
the power has to be removed at cryogenic temperatures. Typically, HOM couplers must
extract between 10 W to 100 W of beam-induced HOM power [17, p. 28|. Additionally,
the power lost by the beam to the HOMs must be compensated by a corresponding
increase in the accelerating voltage [17, p. 336]. Consequently, accurate estimations of
the power losses are required. The subject of the following subsections is the evaluation
of the HOM power losses in the SRF 5-cell cavity for PERLE for different damping

scenarios.

5.2.1 HOM power in damped RF cavities

In the case of resonant excitation of a mode n by a bunch with charge @)}, traversing
an RF cavity, the average HOM power loss can be determined as the energy left by the
single bunch in a steady-state regime during the time interval ¢, between consecutive
bunches, as follows [156]

1
Pyomnm = ™ (Qb |K|\,n‘ e /™ 4 k||,nQ2b) . (5.9)

Here, Z”,n‘ e~/ is the voltage experienced by the bunch associated to the HOM n,
with 7, being the decay time of the HOM field, and k| ,Q} is the energy deposited by
the bunch into the HOM n. Considering the maximum voltage amplitude of a mode n
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in steady-state operation, given by

etb/'rn
|KH7nlmax - \2]{:”’“@_3 etb/Tn — 1’ (510)
V)0
the equation (5.9) can be rewritten as
2k n Qv
Praomn = fb,om + k) Quly o, (5.11)
where I, o = @Q/ty, is the average beam current. Finally, equation (5.11) can be
expressed using the modal longitudinal loss factor definition (1.75) as
(R/Q)H nan% etb/Tn +1
Puaomn = : : 5.12

where (R/Q)|,» is the longitudinal geometric shunt impedance of a mode n.

The beam-induced HOM power depends on the interaction between the beam and
the surrounding accelerating structure, as well as the position of beam spectral lines
with respect to the cavity HOMs (see Figure 2.7) [17, p. 336]. Moreover, the HOM
power depends on the relationship between the decay time of the HOM excited by a
bunch and the arrival time of the next bunch into the cavity. If the subsequent bunch
enters the cavity before the EM field of a HOM n has sufficiently damped down, i.e.,
tp, < T,, a multi-bunch resonant excitation occurs [156]. In this case, the resulting
beam-induced HOM power can be approximated from equation (5.12) as

_ (B/Q)nwn @} (2& N 1) 7
4ty ty

Prowmn (5.13)
where the exponential function e®/™ is approximated using the first-order Taylor series
expansion around zero, i.e., e®/™ a1 4 t,/7,. Utilizing the average beam current and
HOM field decay time definitions, the equation (5.13) can be finally simplified as

. _ (R/Q)awn Q3 (
HOM,n ~
Aty

2T,
ty,

) — (RJQ)nQunlls. (5.14)

While the event of a multi-bunch resonant excitation in an accelerating structure is
low, if it occurs, the consequent mode excitation can be severe |17, p. 336]. Conversely,
if the field of a HOM n has effectively decayed before the next bunch enters the cavity,
i.e., t, > 7,, a non-resonant single-bunch interaction occurs [156]. In this case, the
approximated beam-induced HOM power, given by equation (5.12), is simplified to

Paomn ~ kH,nQbIb,O- (5.15)

Since the cavity modes are orthogonal, the power loss contribution of each HOM n can
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be summed to obtain the total HOM power deposited by the beam as [17, p. 336|
Puom = Y _ Prortn- (5.16)

This equation takes into account the modal power contribution of each single excited
mode up to a certain frequency. It can be used to approximate the power evaluation for
modes confined within the cavity [157]. Bunches with a short longitudinal RMS length
can excite frequencies up to tens of GHz, making the computation of each mode power
contribution time-consuming. The HOM power deposition in a cavity is larger at high
frequencies because longitudinal and transverse wake losses scale with the second and
third power of frequency [158|. Hence, extending the analyses to higher frequencies is
crucial. In such cases, the calculation of the HOM power requires the use of wakefield
solvers.

The average HOM power deposited into a cavity by the beam in a single pass can
be calculated as [159]

PHOM,ave = k”,HOMQb[b,O- (517>

Here, the term kjnom represents the longitudinal loss factor of the excited HOMs,
which is given by [142]

kjnom = kjj — k)0, (5.18)

where ko is the longitudinal loss factor of the FM and k| the total longitudinal loss
factor. The bunch-length dependent loss factor ko of the FM is expressed as

w —(wopOo C
ko = = (R/Q)yoe™ 07/, (5.19)

where wy is the angular frequency of the FM, and c is the speed of light. The total
longitudinal loss factor k for a Gaussian bunch is given by [142, 160]

1 > —(wo/c)?
ky(o:) = %/ Zy(w)e™ 7=/ dw, (5.20)

where Z(w) is the longitudinal impedance of the cavity. Numerical wakefield solvers,
such as ABCI and CST, can calculate the integrated loss factor spectrum and the total
longitudinal loss factor of a bare cavity (see Subsection 5.3.2).

The beam-filling pattern and the position of high-impedance peaks in the cavity
spectrum are critical factors when evaluating HOM power deposition [159]. When
HOM frequencies are near the main beam spectral lines (refer to Subsection 2.2.2), the
beam-induced voltage could potentially build up, leading to a corresponding increase
in HOM power. To account for the beam-filling pattern dependency, the HOM power
deposited by the beam into the cavity can be calculated from the longitudinal wake
impedance according to the following equation [155]
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oo

Paow = 2y Y R[Zy(nf)] |1, (5.21)

n=—oo

where Iy, is the average beam current, Z) the longitudinal impedance of the cavity,
n the revolution harmonic number, I, the normalized Fourier spectrum of the beam
current at the nth revolution harmonic, and f;, the revolution frequency. The term I,
depends on the beam-filling pattern of the accelerator. Depending on the chosen filling
pattern, different modes could be excited by the beam, leading to a different HOM
power deposition into the cavity. In this thesis, the beam current spectrum of PERLE;,
as illustrated in Figure 5.2 (a), is used for evaluating the beam-induced HOM power.
The current spectrum is calculated from the main beam parameters listed in Table 2.1
and considering the beam filling pattern and bunch timing illustrated in Figure 3.8.

Because of the relatively short bunch length (o, = 3 mm) foreseen for the 500 MeV
version of PERLE, the beam exhibits significant spectral contributions up to approx-
imately 39 GHz. The numerical determination of the impedance of the cavity and
HOM power up to this high frequency is computationally prohibitive in a wakefield
solver. S. Gorgi Zadeh et al. proposed in [161] a method to approximate the HOM
power up to high frequencies. This method is used here to estimate the HOM power
deposited by the beam for the different PERLE damping options. As the HOM power
is directly proportional to the square of the beam current, according to the equa-
tion (5.21), it can be computed up to a certain frequency and approximated for higher
frequencies. The beam current spectrum is initially analyzed and divided into three
parts: low (1), middle (m), and high (h) frequency ranges. This division is based on the
impedance behavior of the analyzed cavity. The low-frequency range is characterized
by the presence of trapped modes exhibiting high narrow-band impedance. Typically,
this region extends to frequencies approximately three times the frequency of the FM.
The middle-frequency range corresponds to the region where the impedance has broad-
band behavior. For higher frequencies, the impedance spectrum of a cavity exhibits
a predominantly broadband behavior. Therefore, the HOM power computed in the
middle-frequency region can be used to reasonably approximate the power of the high-
frequency region. According to the most recent spectrum of the PERLE beam current
squared |I,|?, as shown in Figure 5.2, 18.58% of |I,|? is located between 0 GHz and
2.5 GHz (low-frequency region), 7.70% between 2.5 GHz and 4 GHz (medium-frequency
region), 73.71% between 4 GHz and 39 GHz. Therefore, the total HOM power for the
500 MeV version of PERLE can be approximated by

Pt~ P+ Py + ———P,., (5.22)

where P, and P,, represent the HOM power calculated in the low and medium-frequency
regions, respectively.
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Figure 5.2: Beam spectrum of PERLE (a). The spectrum corresponds to the PERLE filling
pattern shown in Figure 3.8. The beam spectrum exhibits symmetry around f=0, and for
illustration purposes, only the positive frequency range is shown here. The percentage of |I|?
within each i-frequency region is shown in (b). The low-frequency region (i = 1) goes from
0 GHz to 2.5 GHz, the medium-frequency region (i = m) from 2.5 GHz to 4 GHz, and the
high-frequency region (i = h) from 4 GHz to 39 GHz.

5.2.2 Propagation of HOM power through the cavity ports

The previous section discussed the numerical methods for estimating the HOM power
deposition by a traversing beam into a cavity. The HOM power must be extracted
through external coupling mechanisms installed in the cavity, notably the HOM cou-
plers. HOM coupler performance can be evaluated by determining the contribution of
each coupler to HOM power extraction. The following method, introduced by S. Gorgi
Zadeh in [115], is used to approximate the HOM power propagating into the waveguide
ports connected to the output of HOM couplers using time-domain calculations.

The wakefield solver of CST is used to excite the cavity under test in the time
domain with a single Gaussian bunch. The HOM couplers, the FPC, and the beam
pipe entries are terminated with multi-mode ports to simulate the HOM energy leaving
the cavity. The signals scattered into different modes k of each defined port ¢ are
calculated from the single bunch excitation. The spectral weighting method is used
to account for the beam filling pattern [162, 163]. This post-processing technique is
applied to the results of CST wakefield simulations and implemented in a MATLAB
script. First, the complex-valued weighting transfer function F; ; of mode k of port i is
calculated as the ratio between the Fourier transform of the signal excited in the port
and the Fourier transform of the current of the single Gaussian bunch as follows

 FFT[bix(t)]
F;p(wn) = FFT[ip(t)]

where b; ;(t) is the time-dependent signal excited into the mode k of port 4, iy(?)

(5.23)
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the current of the exciting beam, and w,, the angular frequency of the nth revolution
harmonic. Then, the scattered signal for a beam-filling pattern is determined in the
frequency domain as

bi,k("‘}n) = Ei,k(wn)lb(wn)v (5.24)

where I, (w,) is the PERLE beam current spectrum, as illustrated in Figure 5.2 (a).
Finally, the HOM power propagating through a port ¢ can be obtained by summing
over all the harmonics n and modes k as follows [115]

Nn K;

2= 5 bolwn) (5.25)

n=1 k=1

where K; is the total number of modes defined at port ¢, and N, is the maximum
considered harmonic number.

5.3 Five-cell cavity at 801.58 MHz for PERLE

In this section, the HOM couplers optimized in Chapter 4 are integrated and simulated
with the 5-cell cavity at 801.58 MHz for PERLE. The focus is on the damping of the
monopole (longitudinal) and dipole (transverse deflecting) HOMs, as they are the most
parasitic modes [21]. Two HOM-damping schemes are investigated: the 2 Probe-type
and 2 Hook-type couplers (2P2H scheme) and 4 DQW-type couplers (4DQW scheme).
Figure 5.3 illustrates the two HOM-damping schemes simulated using CST. In the
following, the term “HOM-endgroup” is employed to refer to the ensemble of the HOM
couplers installed on one cavity side, potentially including the FPC.

In both damping schemes, the HOM-endgroup on the FPC side includes two HOM
couplers and the FPC. Coaxial HOM couplers, FPC, and beam pipe (BP) entries are
terminated with waveguide ports to avoid undesired field reflections. The two HOM
couplers are located 69 mm away from the straight wall of the adjacent end-cell, while
the FPC is at a distance of 103 mm. The endgroup on the opposite side features two
HOM couplers positioned 78 mm from the neighboring end-cell. This endgroup will
host the cavity tuner in the final configuration [164]. A small vacuum volume is also
included to accommodate a probe for diagnostic measurements (not represented in the
model). The above-mentioned quantities refer to the distance between the coupler axis
and the adjacent end-cell wall. The penetration of the antenna into the beam pipe was
set at 20 mm for all HOM couplers (refer to Section (4.2)), while the FPC penetrates
the beam tube by 2.5 mm. The HOM couplers on each beam pipe are positioned
to form an angle of 120° between their axes. Figure 5.4 illustrates the 5-cell PERLE
cavity equipped with HOM couplers, the FPC, and the tuner with the He vessel (see
also Figure A.4 in the Annex A).

These technical specifications were determined based on the following factors:
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Figure 5.3: 5-cell 801.58 MHz cavity equipped with HOM couplers simulated in CST: (a)
2P2H scheme, (b) 4DQW scheme. Two HOM couplers are located on each side of the cavity
and are positioned to form an angle of 120° between their axes. Waveguide ports are indicated
in red. HOM coupler ports are numbered from (1) to (4), FPC port as (5), and beam pipe
ports on FPC and tuner sides as (6) and (7), respectively.

(i) Number of couplers. The number of HOM couplers is not strictly limited [21].

The decision regarding the number of HOM couplers per endgroup comes with a
trade-off between the HOM-damping level needed to meet the BBU requirements
and costs. It also considers engineering requirements for integration with the He
vessel and cryomodule design. Coaxial HOM couplers can be positioned either
inside or outside the He vessel. The first solution allows for better coupling
with the evanescent cavity fields. The latter solution is typically employed to
have direct access to HOM couplers in case their tuning for the FM rejection
is needed. Most existing cavities typically utilize a minimal set of two HOM
couplers per cavity. Typically, HOM couplers are employed on both sides of the
cavity to ensure efficient damping of tilted fields on both sides [21]. The probe-
type and hook-type couplers designed in this thesis were conceived to strongly
damp trapped monopole and dipole modes of the PERLE cavity, respectively.
The 2P2H damping scheme features two probe-type and two hook-type couplers
to lower the impedance of both monopole and dipole modes below the BBU
instability limits. The decision to incorporate four HOM couplers is compatible
with engineering requirements for the cryomodule design of the PERLE cavity.
It is based on the following considerations: two hook-type couplers are needed to
damp both polarizations of confined dipole modes, lowering their external quality
factor by at least a factor 10 than the critical Qo predicted by the Equation
(3.9), as demonstrated in our previous work [90]. However, the two-hook damping
scheme does not provide sufficient stability margin for monopole mode mitigation.
Two probe-type couplers have been demonstrated to mitigate monopole modes
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Figure 5.4: Cross-section rendering of the 5-cell PERLE cavity illustrating the integration
of DQW HOM couplers (green), the FPC port, and the tuner with the helium vessel [165].

(i)

below BBU instability limits [90]. Consequently, an HOM-damping scheme with
four couplers (two probe-type and two hook-type) was chosen to address the
damping of both types of modes and ensure symmetry in the HOM-damping
scheme. The DQW coupler was conceived to damp both confined monopole and
dipole modes. To ensure a fair comparison with the 2P2H damping scheme in
terms of the number of couplers and endgroup symmetry, the 4DQW damping
scheme was also considered to strongly damp HOMs of the PERLE cavity.

Coupler position. Increasing the penetration of the HOM couplers into the
beam pipe results in stronger damping [96]. The same applies if the HOM cou-
plers are positioned closer to the cavity end-cells. However, the HOM couplers
may incur excessive coupling to the FM and higher RF heating, which can trig-
ger a quench in the endgroup. Our previous works [49, 90, 166|, which partially
report results on similar HOM-damping schemes, have demonstrated that the po-
sitioning of HOM couplers within the above-mentioned distance range effectively
mitigates HOMs below the BBU instability limits. The chosen geometrical spec-
ifications also met the mechanical requirements for the integration of the cavity
into the cryomodule studied at IJCLab [164].

Angle between couplers. The angular position of the coupler with respect to
the beam axis influences the damping of HOMs. The couplers on the FPC side
are spaced symmetrically around the beam pipe (120° between their axes). This
angular disposition is called “Y-endgroup” [167]|. This coupler arrangement can
preserve dipole HOM symmetry, minimizing the dependency on transverse mode
polarization and the transverse kicks to the beam [21]. In this way, any orienta-
tion of dipole mode is quasi-equally damped. Furthermore, the monopole power
deposition to each coupler is quasi-identical if the damping structure considers
the same type of couplers [167]. The HOM couplers on the tuner side have the
same angular configuration to maintain symmetry in the damping structure.
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(iv) FPC position. The FPC integrated with the cavity beam pipe is an adapted
version of the one utilized in the SPL cavities [168]. The characteristic impedance
of the coaxial line is kept at 50 €2. The position of the FPC was chosen to meet the
specification of the required operational loaded quality factor of 2.5 x 108 for the
FM, in accordance with the input RF power studies presented in Section 2.4. The
FPC was included in the simulated HOM-damping schemes solely to determine
to what extent it can provide additional mode damping.

The results of HOM-damping, HOM power, and RF-heating simulations for the 2P2H
and the 4ADQW damping schemes are reported in the next subsections.

5.3.1 Longitudinal and transversal impedance

Figures 5.5 (a) and (b) illustrate the longitudinal and transversal impedance spectra of
the 5-cell 801.58 MHz cavity for the two analyzed HOM damping schemes, respectively.
The analyzed frequency range covers the HOMs with the highest impedances. The
comparison between 3D wakefield and lossy eigenmode solutions is also depicted.
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Figure 5.5: Longitudinal (a) and transversal (b) impedance spectra of the 5-cell 801.58 MHz
cavity with two different HOM damping schemes. The wake impedances (solid lines) are
calculated and extrapolated from the wake potentials with a wakelength of 1000 m. The dots
denote the impedance (R/Q)Q, calculated with lossy eigenmode simulations. The black-
dotted lines represent the BBU instability thresholds for the 500 MeV PERLE version. The
grey dashed vertical lines are the cutoff frequencies of the TMy; and TE;; beam pipe modes.

The results demonstrate excellent agreement between the wakefield and eigenmode
computational methods. The transverse wakefield calculation has been performed for
one dipole mode polarization only. The results for the remaining dipole polarization
exhibit minimal deviation, primarily due to the use of quasi-symmetrical endgroups
that guarantee dipole HOM symmetry. This is validated by the eigenmode computa-
tion that typically covers both polarization directions. The monopole modes TMg;;
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and TMgyyy and the dipole modes TE;;;, TMi19 and TM;j;; are trapped in the cav-
ity. In particular, the TMg11, TEq11, and TM;;9 mode passbands exhibit the highest
impedance among the trapped mode passbands. These modes can limit the stable beam
current achievable in the ERL. Consequently, they require strong damping to reduce
their impedance below the BBU instability limits. In both analyzed HOM-damping
schemes, cavity HOMs are effectively damped below the impedance thresholds. The
4DQW damping scheme permits a reduction in the impedance of the TMq;;-47 /5 and
TMg11-37/5 modes by a factor of four, and that of the TMg;;-27/5 and TMg;-7/5 by a
factor of 2.5, compared to the 2P2H damping scheme. It also yields a better absorption
than the 2P2H scheme for the first two dipole mode passbands (TE;;; and the TMyj),
i.e., on average, more than a factor of 1.5 for the highest transverse impedance modes.
The TMy12-m mode at around 2.26 GHz appears relatively trapped within the middle
cells of the five-cell cavity (see Figure 2.8 (b)). Its impedance is mostly unaffected by the
used HOM-damping scheme since it resonates considerably above the TMgy; beam tube
mode cutoff. Modifying the shape of the cavity end-cells could enhance the coupling of
this mode to the beam tubes, consequently lowering its impedance [21]. Table 5.1 lists
the monopole and dipole HOMs with the highest eigenmode and wake impedances in
the two analyzed damping options and the corresponding BBU impedance thresholds.

Table 5.1: Eigenmode (R/Q)Q1, and wake impedance Z of relevant monopole and dipole
modes for the 801.58 MHz 5-cell cavity with the 2P2H and 4DQW damping schemes.

Monopole modes

2P2H scheme 4DQW scheme
TMg11-47/5  1.397 1275 1268 341 285 1.52 x 10°
TMo11-37/5  1.419 3325 2154 827 697 1.49 x 10°
TMoio-m  2.263 474 370 485 453 9.37 x 10%

Dipole modes

2P2H scheme 4DQW scheme
Mode n  f, [GHz] R/Q.Qu [kQ/m|] Zy [kQ/m] R/Q.Qu [kQ/m| Z1 [kQ/m] Z{", [k/m]
TEq11-37/5  0.997 753 992 455 628 5.23 x 10°
TEq11-47/5  1.038 945 883 642 610 5.23 x 10°
TMj10-47/5 1.129 1038 1670 392 389 5.23 x 10°
TM;i10-37/5  1.151 2797 2247 2476 1476 5.23 x 10°

Simulated results show that the most efficient damping option for the PERLE 5-
cell cavity is the 4DQW scheme. This damping configuration features a symmetrical
design, which is achieved by mirroring two pairs of DQW couplers on opposite sides of
the cavity. The symmetry of the 4ADQW HOM-endgroup ensures the preservation of
dipole HOM symmetry and quasi-identical HOM power deposition to each coupler.
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5.3.2 Average HOM power

The average HOM power of the 5-cell cavity at 801.58 MHz in the 500 MeV PERLE
version is approximately 102.65 W for a Gaussian bunch with a 3 mm RMS bunch
length. The evaluated HOM power refers to the non-resonant excitation scenario. It
is calculated using the equation (5.15) along with the main beam parameters and loss
factors reported in Table 5.2. The total longitudinal loss factor is calculated in ABCI
for the 2D axisymmetric bare cavity. Figure 5.6 (a) displays the integrated loss factor
spectrum. Figure 5.6 (b) illustrates the dependency of the total longitudinal loss factor
on the bunch length for the same cavity. The total longitudinal loss factor is inversely
proportional to the square root of the bunch length, i.e., kj o o2 [160, p. 250].
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Figure 5.6: Integrated loss factor spectrum for a bunch with a 3 mm bunch length for the 5-

cell 801.58 MHz PERLE cavity computed using the 2D wakefield solver in ABCI. Dependency

1/2>

of the total longitudinal loss factor on the bunch length (k) oc 0, for the same cavity (b).

Table 5.2: Main beam parameters, loss factors, and average HOM power deposited by the
beam in the 5-cell 801.58 MHz bare cavity for the 500 MeV version of PERLE.

Parameter Symbol  Unit  Value
Longitudinal bunch length oy mm 3
Bunch charge Qv pC 500
Operating beam current Iy op mA 120
Total longitudinal loss factor ky V/pC 2.304

Loss factor of Fundamental Mode (FM) L0 V/pC  0.594
Total longitudinal loss factor of HOMs kEjmom V/pC 1711
Average HOM power ProM, ave w 102.65

For the sake of clarity, the total longitudinal loss factor for a dressed cavity, i.e., a
cavity including HOM damping mechanisms, slightly differs from the loss factor of a
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bare cavity. The wakefield solver in CST can calculate the longitudinal loss factor for
a 3D dressed cavity. However, the very short longitudinal bunch length (3 mm) makes
the calculation for a 3D structure computationally prohibitive due to the high mesh
density requirements. Therefore, this thesis assumes the same total longitudinal loss
factor for the bare and HOM-damped cavities.

5.3.3 HOM power
5.3.3.1 Five-cell cavity with coaxial HOM-couplers

Walkefield simulations were conducted to evaluate the HOM power for the 5-cell cavity
equipped with the 2P2H and 4DQW endgroups (see Figure 5.3). The total beam-
induced HOM power up to 39 GHz is approximately 129.11 W for the 2P2H scheme
and 98.56 W for the 4DQW scheme. This highlights a dependency of the beam-
excited HOM power on the employed damping scheme. Indeed, the traversing beam
can interact with EM fields differently within the same cavity when different damping
schemes are used. Figure 5.7 depicts the total HOM power deposited by the beam in
the 5-cell PERLE cavity with the 2P2H or 4DQW damping schemes up to 4 GHz.
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Figure 5.7: Total beam-induced HOM power deposited into the 5-cell cavity equipped with
the 2P2H (red-dashed lollipops) or 4DQW (blue-dashed lollipops) schemes up to 4 GHz. The
power is computed from the equation (5.21), considering the PERLE beam current spectrum
on the third vertical axis (black-dashed lollipops). The final result is multiplied by two to
account for the negative side of the beam spectrum. The real part of the longitudinal wake
impedance for the 2P2H (red solid line) and 4DQW (blue solid line) damping schemes is
shown in the secondary axis. The wake impedance is calculated from a wavelength of 100 m
excited by a beam with a bunch length of 30 mm and centered on the cavity axis.
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The HOMs with large impedance, which reside below the TMj,; beam pipe cutoff
frequency (1.765 GHz), do not hit any main beam spectral line of the considered
beam-filling scheme. The HOM power deposited by the beam below the TM; cutoff
frequency is around 1.16 W in the 2P2H damping scheme, while in the 4DQW is around
2.15 W. Some higher contribution of beam-induced HOM power is detected between the
TMjy; beam pipe cutoff frequency and the end of the defined medium-frequency region,
ranging from 1.2 W to 4.4 W. Table 5.3 reports the total HOM power propagating
through the couplers and beam pipe ports in the two studied damping schemes.

Table 5.3: HOM power propagating through couplers and beam pipe ports in the two
analyzed HOM damping schemes shown in Figure 5.3. The power is calculated using the
beam spectrum shown in Figure 5.2 (a). P is the HOM power deposited by the beam up to
2.5 GHz, Py, is the power between 2.5 GHz and 4.0 GHz, and P, the power between 4.0 GHz
and 39 GHz. P is the total HOM power for the whole spectrum. Pp ), Pu ), Pp i)
Prpc 5y, and By ;) represent the HOM power extracted from the probe-type, hook-type
and DQW couplers, the FPC, and beam pipes at their corresponding port ¢ up to 39 GHz,
respectively. The port indexes correspond to the convention used in Figure 5.3. The HOM
power is computed from wakefield simulations in CST considering a wake length of 100 m.

Five-cell cavity at 801.58 MHz - 2P2H damping scheme

P Py B, Pt Ppy Pu2) Pr3) P Prec,s) DPop6) Pop(n)
[W] 3.53 11.88 113.70 129.11 1.07 0.56 1.38 0.29 13.35 47.35 65.11
[%] 2.73 9.20 88.07 0.83 0.44 1.07 0.22 10.34 36.67 50.43

Five-cell cavity at 801.58 MHz - 4DQW damping scheme

R Py B Piot  Pp)y Ppe) Po,i3) Po) Pree,s) Pop6) Pop,(7)
[W] 429 892 8335 9856 1.30 1.30 2.11 2.11 11.87 34.46 45.41
[%] 4.35 9.05 86.60 - 1.32 132 214 214 12.05 34.97 46.06

In the 2P2H scheme, the probe-type couplers exhibit higher power extraction effi-
ciency compared to the hook-type couplers. This disparity aligns with the fact that
probe-type couplers were optimized to damp monopole modes, while hook-type couplers
were designed to mainly mitigate dipole modes. The couplers of the 4DQW damping
scheme exhibit a higher percentage of HOM power extraction across each port com-
pared to the probe-type and hook-type couplers. This observation remarks on the
superior efficiency of the DQW coupler in damping cavity monopole modes compared
to the other two analyzed coupler types. Furthermore, the HOM power extraction is
quasi-identical for the DQW couplers belonging to one of the two cavity sides due to
the symmetrical design of the 4ADQW damping scheme. The FPC absorbs more power
in the 2P2H damping scheme than in the 4DQW scheme. This excess of HOM power
may be due to the lower extraction capacity of the two hook-type couplers compared to
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the DQW couplers. The amount of HOM power propagating into the beam pipe ports
is 87.10% in the 2P2H scheme and 81.03% in the 4DQW scheme, which constitutes a
significant amount of HOM power compared to the quantity extracted from the HOM
couplers. Therefore, beamline absorbers (BLAs) placed at the cavity beam pipes are
needed to extract the HOM power propagating through the beam pipe ports.

5.3.3.2 Five-cell cavity with coaxial HOM-couplers and BLAs

To address the extraction of the HOM power propagating through the cavity beam
pipes, CST eigenmode and wakefield simulations were conducted on the 5-cell cavity
equipped with coaxial HOM-coupler endgroups (2P2H or 4DQW scheme) and two
BLAs installed on the cavity beam pipe (see Figure 5.8).
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Figure 5.8: 5-cell 801.58 MHz cavity with HOM couplers and BLAs simulated in CST: (a)
2P2H scheme, (b) 4DQW scheme. Waveguide ports are indicated in red. HOM coupler ports
are numbered from (1) to (4), FPC port as (5), and BP ports on FPC and tuner sides as (6)
and (7), respectively. BLAs are depicted in black and numbered with indexes (8) and (9). The
upstream and downstream sections of the cavity are on the right and left sides, respectively.

BLAs can be considered rings made of lossy dielectric materials (refer to Subsec-
tion 4.1.3). The introduction of losses in the model leads to a complex-valued, nonlinear
numerical problem. The complex and frequency-dependent permittivity characterizes
the response of the BLA material to the alternating EM fields, defined as [23, pp.
72-79]

e(w) =¢&'(w) — je'"(w). (5.26)
Here, €’ represents the real part of the complex permittivity, and &” is the imaginary

part of the complex permittivity associated with the dielectric loss. The ratio between
the imaginary and real parts of the complex permittivity is the electric loss tangent

7

tan(de) = = (5.27)

127



5.3 Five-cell cavity at 801.58 MHz for PERLE

which is typically specified by the manufacturer for any given material. Dividing the
equation (5.26) by the vacuum permittivity ¢ yields the complex relative permittivity

er(w) = & (w) — jey (W), (5.28)

where €/ (w) and €”(w) are its real and complex parts, respectively. For many dielectric
materials, the real and imaginary parts of the complex relative permittivity can be
calculated as a function of the frequency via the Debye equation as

/ ’
€r0 ~ Ereo

2
1+ jwre’ (5:29)

e(w)=¢  +
where ¢/, and €] represent the real part of the complex permittivity at zero and very
high (ideally infinity) frequencies, respectively, and 7 is the relaxation time constant of
the material. The simulated BLAs are made of CERASIC-B© [169], a commercial SiC
material for HOM absorbers with dielectric constants suitable for the investigated HOM
frequency range. The response of ¢/ (w) and €/ (w) for the CERASIC-B exhibits the typ-
ical dielectric relaxation below 10 GHz [170]. Therefore, its relaxation process can be
considered Debye-type and expressed through the equation (5.29). Figure 5.9 (a) de-
picts the €/ and €/ curves as a function of the frequency for CERASIC-B, obtained from
Y. Takeuchi et al. in [170] by fitting the measured data with the dielectric relaxation
curves based on the Debye model. The three parameters that determine the Debye
model of the studied CERASIC-B are ¢/, = 85.7, ¢/, = 13.6 and 7, = 2.55 x 10710 s.
At the FM frequency of the studied cavity (801.58 MHz), CERASIC-B exhibits an
electric loss tangent approximately equal to 0.856.

The failure limit of a HOM absorber is driven by the maximum tolerable absorbed
power before experiencing cracking in the material. Therefore, the FM and HOM
absorbing power fluxes could be used to determine the maximum power handling ca-
pability of the SiC BLA [171]. Considering a BLA of inner radius Rppa and length
Lgr.a, the amount of RF power Pppa st dissipated on the SiC absorber’s surface Agpa
can be defined as

PR1A tot _ Pgia0 + Pera nowm (5.30)
ABLa 2rRpialpra '

where Ppra o represents the power absorption from the FM and Pgpanom the HOM
absorbed power. Estimating the power flux serves as design guidance for the analysis
of an HOM-damping structure with BLAs. The FM power absorption into the BLA
is of secondary concern, as its EM field decays along the beam pipe. When a beam
passes through the cavity, the generated HOM power propagates in the upstream and
downstream directions. The coaxial HOM couplers and the BLAs partially absorb
the HOM power. Since a HOM absorber introduces an impedance discontinuity, the
traveling bunches generate RF modes inside it, inducing a self-generated HOM power
within the dielectric material. This self-generated HOM power is mostly absorbed
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immediately by the beamline absorber. However, since a BLA is not an ideal absorber,
part of the power leaks through it and is reflected back when it reaches the next cavity,
eventually being re-absorbed by the BLA itself.

Lossy eigenmode simulations were initially conducted on the 5-cell cavity to assess
the optimal axial position of the BLA relative to the cavity axis. The objective was
to ensure that the RF power dissipation in the absorber volume from the FM (Pgpa )
remains within acceptable limits to mitigate the resulting heating. The goal for the
PERLE 500 MeV version is to limit the power absorption from the FM to below 10% of
the average HOM power, i.e., Pgpa o should not exceed 10 W. The simulated BLAs have
an inner radius Rgpa = 65 mm, a length Lo = 100 mm, and a thickness of 10 mm.
Figure 5.9 (b) illustrates the variation of both the FM dissipated power on the BLA
surface and the BLA quality factor at FM frequency as a function of the incremental
axial distance of the BLA relative to the cavity iris. The allowable range for positioning
the BLA between two cavities spans from 190.66 mm to 290.66 mm from the center of
the BLA to the cavity iris. Mechanical constraints determine these two extreme values
for the studied cavity. They correspond to the incremental axial displacements from
the center of the BLA to the cavity iris, dzgra,;, = 0 mm and dzgpa; = 100 mm in
Figure 5.9 (b), respectively. Positioning the BLA at 290.66 mm from the cavity iris
results in a BLA quality factor at FM of Qprao = 5.04 x 10'° and, consequently, in a
power dissipated in the absorber by the FM of Pgpao = 8.04 W.
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—o— FM dissipation on the BLA 5
80 —#— FM Q of the BLA
3
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(a) Dielectric relaxation curves (b) Dissipated power and @ for the BLA

Figure 5.9: Relaxation curves of CERASIC-B based on the Debye model (a). BLA’s quality
factor at FM and dissipated power on the absorber by the FM with the incremental axial
displacement from the center of the BLA to the cavity iris (b).

Subsequently, wakefield simulations were performed on the 5-cell cavity to estimate
the HOM power absorbed by the BLAs in the two studied cavity endgroups (2P2H
and 4DQW). The total beam-induced HOM power up to 39 GHz is approximately
141.09 W for the 2P2H endgroup and 107.7 W for the 4ADQW endgroup. The HOM
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power dissipated in the BLAs can be estimated using the following formula [172]

Pprarom = Pake HoM — Pports, HOM (5.31)

where Pyake oM is the beam-induced HOM power calculated from the wake impedance
and Pporsmom is the HOM power going out from the cavity through the coupler and
beam pipe ports. BLAs at the cavity beam tubes increased the generated HOM power
by approximately 9.3% in both the 2P2H and 4DQW damping schemes. Table 5.4
reports the total HOM power propagating through the coaxial couplers, BLAs, and
beam pipe ports for the two analyzed damping scenarios.

Table 5.4: HOM power propagating through couplers, BLAs, and beam pipe ports in two
different analyzed HOM damping schemes shown in Figure 5.8. The power is calculated using
the beam spectrum shown in Figure 5.2 (a). P, Py, P, are the HOM power extracted in
the low-frequency, medium-frequency, and high-frequency regions, respectively. Pt is the
total HOM power for the whole spectrum. Pp (;y, P i), Pp,(i)s Prpc,(i)s Pop,i)» and Pera i)
represent the HOM power extracted from the probe-type, hook-type and DQW couplers,
the FPC, beam pipes at their corresponding port i, and from the ith BLA up to 39 GHz,
respectively. The indexes correspond to the convention used in Figure 5.8. The HOM power
is computed from wakefield simulations in CST with a simulated wake length of 100 m.

Five-cell cavity at 801.58 MHz - 2P2H damping scheme with BLAs

Piot  Ppy Pue Pr3) Puwy Prec,s) Pop6) Dopr) PBLA,) FBLA,9)
[W] 141.09 1.47 093 1.58 0.31 18.83  23.74 46.65 16.05 31.53
[%] 1.04 0.66 1.12 0.22 13.35 16.83 33.06 11.37 22.35

Five-cell cavity at 801.58 MHz - 4DQW damping scheme with BLAs

Piot  Ppy Poe) Po,i3) Powy Prec,s) Pop6) DPopr) PBLA,) PBLA,9)
[W] 107.7 243 243 2.62 2.62 17.10 22.65 32.99 10.12 14.74
[%] 225 225 243 243 15.88 21.03 30.64 9.40 13.69

In the 2P2H damping scheme, the BLAs absorb slightly more power than in the
4DQW scheme. The inclusions of BLAs in the 2P2H damping scenario reduced the
power going through the upstream beam pipe by 49.8% (port 6), while the power flow-
ing through the downstream beam pipe by 28.3% (port 7). In the 4DQW damping
scenario with BLAs, reductions of 34.3% and 27.3% were observed for the upstream and
downstream beam pipes with respect to the same HOM-coupler damping scheme with-
out BLAs, respectively. Furthermore, HOM couplers and FPC extract a few percent
more HOM power in the scenarios with BLAs.

The evaluation of the total RF power absorbed by a single BLA also depends on its
position in the cryomodule. Positioning a BLA between two cavities provides better
HOM damping but involves several engineering constraints related to space and He
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cooling for power extraction [21]. Conversely, placing BLAs at the ends of the cry-
omodule allows for increasing their distance from the cavity iris with fewer mechanical
restrictions. In this case, the extraction of HOM power is done at warm temperatures
using water cooling channels. Considering that the total expected absorbed power per
BLA is lower than 200 W, a possible technical choice could involve installing a BLA in
the cryomodule between two adjacent cavities. Figure 5.10 illustrates the integration
of a BLA within the cavity cryomodule. A similar option has been chosen for Cornell’s
ERL main linac for similar HOM power levels [108] (see Section 4.1.3).

Figure 5.10: Cross-section detail illustrating the integration of a BLA placed between two
adjacent 5-cell PERLE cavities (only cavity end-cells are shown) with the cryomodule [165].

In this scenario, the BLA absorbs HOM power from both cavities. Let the BLA on
the upstream cavity section be the one shared between two adjacent cavities. Cavity
1 and cavity 2 are the cavities on the left side and right side of the BLA, respectively
(see Figure 5.10). Assuming that the HOM endgroups of the two adjacent cavities have
similar power absorption characteristics, the HOM power absorbed by the common
BLA could be approximated by employing a superposition approach as

Pgrapom = Pra,8) + PBLA,(9) T Pop.6) T Pop,(7)- (5.32)

Here, Pgr.a (s) represents the HOM power absorbed by the BLA in the upstream section
of cavity 1, and B 6) the traveling power from cavity 1 which leaks from the BLA
and is re-absorbed by the BLA once reflected back from the adjacent cavity. Similarly,
Pgra 9) is the HOM power absorbed by the BLA in the downstream section of cavity
2, and P, (7) the power leaking from cavity 2 which is absorbed once reflected by the
BLA. The HOM power absorbed by the BLA is approximately 117.97 W and 80.5 W
for the 2P2H and 4DQW scenarios, respectively. In addition, the BLA absorbs the
FM power contribution Pgrap = 8.04 W from each cavity. Therefore, the total RF
power dissipated on the common BLA is approximately Pppator = 134.05 W for the
2P2H scheme and Pppa ot = 96.58 W for the 4ADQW scheme, resulting in a power flux
of 3.28 x 1073 W/mm? and 2.36 x 1073 W/mm? for the considered BLA, respectively.
Recent high-power tests on water-cooled SiC beamline HOM absorbers [171] found a
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power flux of up to 0.44 W/mm? to be tolerable. The obtained power flux values are
lower than this benchmark value, which is currently considered a design guideline for
future BLAs. The potential choice to install a BLA between the cavities will require
comprehensive thermal studies on the BLAs in the future, which exceeds the scope of
this thesis. These would include modeling the cooling of the BLA using a 40 K or
80 K forced Helium stream flowing within cooling channels. Additionally, they would
necessitate the design of 5 K intercept stations and a bellow to guarantee a connection
between either 40 K and 5 K or 80 K and 5 K temperature, as depicted in Figure 4.5.

5.4 RF-heating analyses on coaxial HOM coupler

In the context of accelerators employing HOM-damped SRF cavities, evaluating the
peak temperature of the operating HOM couplers is a crucial aspect [173]. In CW
particle accelerators, like high-current ERLs, the power deposition associated with the
beam-excited HOMs is a major concern compared to pulsed machines [174]. The beam-
induced wakefields absorbed by the HOM couplers result in power deposition on the
coupler surfaces, necessitating the implementation of cooling techniques to ensure the
couplers remain superconducting. If the coupler experiences a quench, the dissipated
power on its surfaces can increase by several orders of magnitude, potentially damaging
and melting coupler parts. The thermal quench can occur in the high-magnetic field
area of the coupler. It may expand to the cavity endgroups if efficient cooling measures
are not implemented, posing a risk of a loss of the cavity superconducting state.

Aside from the heat transferred to the helium bath at 2 K, two different heat sources
contribute to the RF-heating of a HOM coupler [96]:

(i) Dynamic heat load by surface currents on the coupler surface. The power de-
position on its surface occurs due to the absorption of EM fields of the modes
extracted from the cavity.

(i) Static heat load by thermal conduction through the coaxial cable used to transmit
the extracted HOM power to a load outside the cryomodule.

In the following subsections, the fundamental heat transfer equations, as applied to
the specific thermal behavior of SRF cavities and HOM couplers, are briefly intro-
duced. Subsequently, the dynamic thermal load is analyzed for the 2P2H and 4DQW
damping schemes, presented in Section 5.3. The coupled RF-thermal simulations were
conducted in COMSOL Multiphysics® [175]. Furthermore, different cooling solutions
are investigated to ensure the stable superconducting state of the HOM couplers during
the PERLE ERL operation. The evaluation of the static heat load would necessitate
further engineering studies to incorporate several thermal intercepts to the outer con-
ductor to mitigate the total thermal load on the couplers. Therefore, the static heat
load study is not addressed as it falls outside the scope of this thesis.

132



5 HOM-damping and RF-heating analyses

5.4.1 Heat transfer in cavities and couplers

The temperature distribution inside solid structures, such as the cavity walls or the
surfaces of an HOM coupler, is governed by the heat conduction equation according
to [176]

or
V- (kVT)+Q, = 0cp 5 On Qq, (5.33)

where s, 0, and ¢, are the material thermal conductivity, the volumetric mass density,
and the specific heat capacity at constant pressure, respectively. The term (), repre-
sents a volumetric heat source. The heat equation is solved within the solid domain
). Considering temperature-dependent material properties leads to the nonlinear-
ity of the heat conduction equation. The thermal conductivity x also varies with the
purity of the material, which is described by the Residual Resistance Ratio (RRR)
(refer to Subsection 1.3.6). The thermal analyses presented in this section consider
temperature-dependent material properties. Furthermore, they refer to the stationary
case where the right-hand side of the equation (5.33) vanishes.

In the study of heat conduction, the boundary conditions play a fundamental role
in determining the thermal behavior within a given domain. The inner surfaces of the
cavity and HOM couplers exposed to the EM fields receive a net heat flux, which is
described by the following Robin boundary condition

n- (kVT) = %%{Zs}ﬂ CH* on 09, N 00, (5.34)

where Z, represents the frequency-dependent surface impedance, and H* the complex
conjugate of the magnetic field strength [177]. Equation (5.34) is applied on 90€2,N0S2,,
which represents to the common boundary between the vacuum filled domain €2, and
the surrounding solid domain €.

In the context of the SRF cavities, the surfaces of the solid domain €2, in contact
with the 2 K He bath, such as the exterior surfaces of the cavity, can be described by
the following Dirichlet boundary condition

T = Tbath on E)Qs \ E)QV, (535)
where Ti.n represents the prescribed bath temperature. Generally, the heat transfer
to the exterior surfaces of €25 can be also described by the following condition

n- (IQVT) = hKap(T - Tbath) on 8QS \ 8QV, (536)

where n is the outward unit normal vector to the considered surface. The term hxay,
represents the temperature-dependent Kapitza conductance, measured and described
in [178, 179]. The Kapitza conductance can be used to approximate the convection heat
transfer from Nb to superfluid or liquid He. The additional heat transfer contribution
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due to radiation, denoted as q;.q, satisfies the following condition [176]

N - Qg = €osg(T* — Tk ,,) on 082 \ 09, (5.37)

where ogg = 5.67 x 107 W/(m” - K*) is the Stefan Boltzmann constant and e is the
total hemispherical emissivity of the surface. It is worth emphasizing that the impact
of heat radiation on the thermal behavior of SRF cavities and HOM couplers remains
marginal compared to the net heat flux given in the equation (5.34) [180]. Therefore,
it is not considered in this analysis.

5.4.2 Dynamic heat load on the HOM coupler

The dynamic heat load on the HOM coupler surfaces depends on the FM of the cavity
and the excitation of cavity HOMs by the circulating beam [96]. The mode excitation
is unavoidably linked to the resulting HOM power [181]. If the frequency of a HOM
is close to a beam resonance spectral line, i.e., a beam resonant frequency, the beam-
induced voltage can be significant (refer to Subsection 2.2.2). The voltage rise, in
turn, can lead to a large HOM power that needs to be extracted through the HOM
couplers. This causes a significant RF-heating effect on their surfaces. Typically, the
FM dominates the total dissipated power [96]. The power deposition due to the HOMs
is primarily dominated by TM monopole modes, as dipole, quadrupole, and modes of
higher order exhibit lower induced voltage along the axis [181].

Eigenmode simulations have been initially performed using COMSOL Multiphysics
to determine the surface currents on the cavity and HOM coupler surfaces related to
the FM and the relevant HOMs. The surface current associated with a cavity mode n
can be defined as [96]

12, = H, -H' dA, (5.38)
o
where H’ is the complex conjugate of the magnetic field strength of the mode n, and
0€2. can be either the cavity wall or the surface of the HOM coupler, including the
inner conductor (IC) and the outer conductor (OC). In the equation (5.38), the n =0
corresponds to the FM, while indexes n > 0 refer to higher order modes.

Considering the modal surface current according to the equation (5.38) and the
frequency dependence of the surface resistance, the total dissipated power density on
the superconducting cavity and coupler surfaces due to the ensemble of modes N can
be approximated as [96]

Q
s
2
~
S
WE

2
n=0 wo

where R o(T) denotes the temperature-dependent surface resistance at FM frequency.
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For HOM couplers made of superconducting material, the surface resistance is com-
posed of the Rpcg and the residual resistance R,.s terms, as given by the equation (1.86).
The cavity and HOM couplers are assumed to be made out of Nb with RRR = 300.
The Rpcg resistance of Nb, illustrated in Figure 5.11 (a), is computed up to its critical
temperature (7, = 9.2 K) using the code written by Halbritter [182]. The residual
resistance of well-prepared Nb surfaces can vary between 10 n{2 and 20 nf2 [17, p. 75]|.
The record values for the Nb residual resistance are near 1-2 nf2 [183, 184]. A residual
resistance of 3.19 nf2, measured by F. Marhauser et al. [58] for the Nb sheets used
for manufacturing the 801.58 MHz cavity presented in Figure 2.3, is assumed for the
cavity walls. The analyzed Nb HOM couplers are expected to be manufactured using
the Selective Laser Melting technique [127]|. The porosity level characterizing the 3D-
printed surfaces before any surface treatment (refer to Section 6.3) may degrade their
surface resistance. Therefore, the HOM coupler surfaces assume a conservative value
of Ries = 60 nQ2. The Nb thermal conductivity measured by B. Aune [185|, shown in
Figure (b), is considered for the thermal analysis.
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Figure 5.11: Rpcs resistance of Nb with RRR = 300 at 800 MHz as a function of temper-
ature (a). The surface resistance was computed using the Halbritter code up to the critical
temperature T, = 9.2 K of Nb. Thermal conductivity of Nb as a function of temperature (b).

Equation (5.39) represents the thermal load for the cavity and HOM coupler surfaces,
which is determined by the power deposition due to the presence of EM fields and
the temperature-dependent non-zero surface resistance. The numerical model also
considers the heat generated by the power absorbed by a ceramic RF window on
the coupler feedthrough. This window acts as a vacuum barrier in the coaxial HOM
couplers [121]. The total power absorbed by the ceramic window per unit volume due
to the ensemble of modes N can be written as [186, p. 52]

N
%Pw ~ % s (wy) tan 6.(w,)E, - B, (5.40)

n=0
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where E’ is the complex conjugate of the electric field strength of the mode n, and
er(wy) and tan d.(w,) are the modal frequency-dependent relative permittivity and the
electric loss tangent of the ceramic window, respectively. The material used for the
ceramic window is the single-crystal sapphire [187], which is typically employed in
coaxial HOM couplers for high-field CW operation [21].

When evaluating the power deposition on the cavity and coupler surfaces, via the
equation (5.39), and the power absorbed by the ceramic window, given by the equa-
tion (5.40), it is crucial to choose the appropriate scaling factor to apply to FM and
HOM electromagnetic fields. The FM is scaled for the nominal cavity accelerating
gradient. When scaling the EM fields of HOMs excited by a bunch, the relationship
between their decay time and the arrival time of the next bunch into the cavity should
be considered. The time constant 7,, (see the equation (5.8)) of the damped cavity
HOMs in the 2P2H and 4DQW damping scheme is in the order of tens of ps to tens of
ns. These HOM decay times are much longer than the shortest bunch spacing in the
multi-turn PERLE filling pattern. Specifically, the minimum bunch spacing is 3.12 ns
between bunch no. 5 and bunch no. 3 (see Figure 3.8). Therefore, the beam-induced
voltage in each HOM reaches the equilibrium state for a finite HOM coupling, regard-
less of the beam peak current value associated with the considered HOM frequency.

For the estimation of HOM power deposition on the cavity and HOM coupler parts,
it can be assumed that all HOMs voltages have reached equilibrium states at their
loaded-quality factors @r,, and for a given average beam current [, 5. Consequently,
the electric and magnetic field strengths of each HOM can be scaled with the time-
average beam current, which continuously interacts with all the excited HOMs. This
implies that, for each HOM, the cavity sees all bunches as an averaged beam current
throughout the interaction. Considering this assumption, the magnetic and electric
field strengths of a monopole HOM n, with 1 < n < N, could be multiplied in
equations (5.39) and (5.40), respectively, by the scaling factor 5‘(/1?/711011)7 which can be
approximated as follows

(Mon) _, (R/Q)ll,nQL,nIb,o
o V)] ’

(5.41)

where the numerator represents the beam-induced HOM voltage and |KH7n| denotes the
magnitude of the longitudinal voltage of the nth HOM. Similarly, using the Panofsky-
Wenzel theorem [35], the EM fields of dipole HOMs can be multiplied by the scaling

factor g(vﬁjp), given by

ip) _ knTp(R/Q) 1 nQLnlb0
V7 ~ )
! Vil
where 7, represents the beam offset from the cavity axis in the predominant mode

polarization and ‘X J_,n} denotes the magnitude of the transverse voltage vector of
the mode n. In the following study, the first two monopole passbands (TMg;; and

(5.42)
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TMygo) and the first three dipole passbands (TEq11, TMj19 and TM;j;;) are considered.
These modes are trapped within the cavity and exhibit the highest levels of impedance.
The scaling factors given by the equations (5.41) and (5.42) are used to scale their
electric and magnetic fields when evaluating the associated surface currents and power
deposition on the coupler parts, if not differently stated.

5.4.2.1 Electric and magnetic fields

The peak surface electric and magnetic fields on the cavity walls, calculated using
COMSOL, are around 51.5 MV /m and 97.3 mT, respectively. Figures 5.12 (a) and (b)
illustrate the magnetic field strength maps of the FM on the IC surface of probe-type,
hook-type couplers and DQW PERLE couplers positioned on the FPC side of 2P2H
and 4DQW damping schemes of the 5-cell 801.58 MHz cavity, respectively.

TM, o H| [KA/m] T™, n HJ [KA/m]

£ = 801.58 MHz as DQW -Port3 ¢ _ g01 58 MHz A4
25

Probe - Port 3

45
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(a) Probe-type and hook-type couplers (b) DQW couplers

Figure 5.12: Magnetic field strength of the FM (fo = 801.58 MHz) on the IC surface
of probe-type and hook-type PERLE couplers (a) and DQW couplers (b) calculated using
COMSOL. The couplers shown in (a) and (b) are positioned on the FPC side of the 5-cell
PERLE cavity and belong to the 2P2H and 4DQW damping schemes, respectively. Fields are
scaled for the cavity nominal accelerating gradient of 22.4 MV /m.

The FM magnetic field is primarily concentrated in the three types of couplers at
the lower part of their inner conductor penetrating into the cutoff beam pipe. The
penetration depth of the pick-up antenna into the cavity beam pipe is set at 20 mm
for all the studied couplers. The peak values of the electric field strength, magnetic
field flux density, and surface current at FM frequency on the coupler surfaces are
depicted in Table 5.5. These values are calculated for the cavity nominal gradient of
22.4 MV /m. The same table reports the peak values of the electric field strength on
the ceramic window surfaces. Moreover, the calculated external quality factor at each
port is indicated. For the same type of coupler, a higher quality factor denotes a lower
rate of EM absorption, and vice versa. For the same penetration depth of the pick-up
antenna, a coupler closer to the cavity iris will exhibit a lower external quality factor.
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The probe-type and hook-type designs reveal comparable surface current values,
ranging from 226.8 A to 326.4 A. The DQW couplers exhibit a significantly higher
surface current, approximately 2.7 times greater than the other two coupler designs.
This is due to the higher magnetic field absorbed by the DQW coupler surfaces. It is
worth noting that the peak magnetic field on the DQW pick-up loop antenna, which
faces the cavity iris, is roughly a factor of two lower than the peak magnetic field
on the cavity surface. Therefore, employing cooling channels for the DQW coupler is
strongly recommended to avoid the possibility of a quench due to the high magnetic
field on its inner conductor (see Subsection 5.4.2.2). The electric field of FM on ceramic
windows is significantly smaller compared to that seen by the HOM coupler surfaces.
The maximum EM field and surface current values are higher for the HOM couplers on
the FPC side (ports 3 and 4) as they are positioned closer to the cavity iris than the
couplers on the opposite cavity side. Therefore, our analysis will be mainly focused on
the HOM couplers on the FPC side since they are more heavily loaded.

Table 5.5: Peak values of the electric field, magnetic field, and surface current at FM fre-
quency on the HOM couplers’ IC and OC surfaces in the two analyzed damping schemes:
2P2H and 4DQW. The electric field strength magnitude for the ceramic window is also re-
ported. The same port number convention used in Figure 5.3 is employed. Furthermore, the
external quality factor for each coupler port is depicted.

2P2H damping scheme

Inner conductor Outer conductor Ceramic

Coupler Port i  Qext |Eg| IBo| Iso |Eg| Byl Iso |Eq|
(1] [MV/m| [mT] [A] [MV/m| [mT] [A] [MV/m]|

Probe 1 7.5x10° 20.1 23.7 2268 5.1 8.8 111.7 3.9x1073
Hook 2 9.6x10" 147 15.8 2409 12.0 155 168.9 2.8x1073
Probe 3 3.9x10° 257 31.3 3084 74 12.8 152.3 2.8x1072
Hook 4 28x10'" 217 225 3264 16.2 21.2 228.8 2.0x1072

4DQW damping scheme

Inner conductor Outer conductor Ceramic

Coupler Port i Qext Eyl Byl Iso Eol Byl Iso |Eo|
1] [MV/m| [mT] [A] [MV/m| [mT] [A] [MV/m]|

DQW 1 1.9x10'"  36.7 41.8 647.7 3.6 109 154.3 5.5x1073
DQW 2 1.9x10" 31.6 41.1 6471 3.9  10.6 154.5 5.0x1073
DQW 3 9.9x10'° 357 56.7 8787 5.5 145 210.5 7.2x1073
DQW 4 99x10'™ 406 52.7 878.6 52 154 210.6 7.4x1073

Figures 5.13 (a) and (b) illustrate the magnetic field strength map of selected high-
R/@Q monopole and dipole HOMs on the IC surface of the DQW coupler at port 3 on
the FPC side, respectively. In these figures, the HOM magnetic fields are scaled to an
extracted power of 1 W at the output port for comparison. Given this normalization,
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Figure 5.13: Magnetic field strength magnitude of different high-R/@ monopole (a) and
dipole (b) HOMs on the IC surface of the DQW coupler at port 3 (FPC side). Fields are
scaled to an extracted power of 1 W at the output port.

the corresponding HOM magnetic field strength magnitudes on the IC are significantly
lower (in the order of tens of A/m) than the surface magnetic field of the FM (in the
order of tens of kA /m). Figure 5.14 (a) and (b) depict the surface currents associated
with the considered monopole and dipole HOMs on the IC surface of the three analyzed
coupler designs located on the FPC side, respectively.
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Figure 5.14: Monopole (a) and dipole (b) surface currents for the IC of HOM couplers on
the FPC side, calculated using the equation (5.38). Monopole and dipole HOM magnetic

strength fields are scaled using 5‘(/1\/:?“) and 5‘(/Drip) factors, respectively.
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5.4 RF-heating analyses on coaxial HOM coupler

The HOM surface currents are calculated using the equation (5.38), where the magnetic

field strengths of monopole and dipole HOMs are scaled using 5%1011) and 5‘(,1?;19) factors,
respectively. The surface currents of monopole HOMs span from 75 mA to 68 A for
the probe and hook coupler designs and from 159 mA to 26 A for the DQW couplers.
For the dipole HOMs, the surface currents range from 1 mA to 3 A for the probe and
hook coupler and from 2 mA to 6 A for the DQW couplers. The calculated fields and
surface currents indicate that the FM contributes the most to the RF heating on the
HOM coupler surfaces. Monopole HOMs deposit more power than dipole HOMs due
to their higher surface currents. Therefore, dipole HOMs are considered a second-order
concern for the RF heating on the coupler surfaces.

5.4.2.2 Power deposition and maximum temperature

Based on the scaled EM fields, the heat flux provided by the equation (5.39) and
the absorbed power given by the equation (5.40) constitute the total thermal load of
the steady-state thermal analysis on the 5-cell cavity with the 2P2H or 4DQW HOM
endgroups. Two cooling options are explored to counteract the RF overheating of the
HOM coupler parts, referred to as “conduction cooling” and “convective cooling”.
The conduction cooling technique consists of cooling the HOM coupler parts via
direct contact between the stainless steel flange, in contact with the lower part of the
HOM coupler OC, and the He-bath at 2 K. The He-vessel is extended to wrap around
the HOM coupler stainless steel flange. This cooling condition is modeled by applying
the equation (5.35) to the OC surfaces from the interface with the cavity up to the
flange location (see Figure 5.15). The flange itself is not included in the numerical
model for simplicity. Equation (5.35) is also applied to the cavity walls in contact
with the He-bath, i.e., the convective heat transfer between the cavity walls and the
helium is neglected. Figure 5.15 depicts the peak temperature resulting from the FM
RF heating on the cavity walls and the probe-type and hook-type coupler surfaces.
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Figure 5.15: Maximum temperature resulting from the FM RF heating on the 5-cell cavity
with 2P2H endgroup. The temperature maps of the inner conductors of the hook and probe
HOM couplers located on the tuner and FPC sides are depicted on the left and right-hand
sides of the figure, respectively. The port number for each HOM coupler is also reported.
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5 HOM-damping and RF-heating analyses

Table 5.6 reports the dissipated power values due to FM and peak temperatures for
the HOM coupler parts of the two analyzed damping schemes in the case of conduction
cooling. Due to their proximity to the cavity iris, the HOM couplers on the FPC
side exhibit larger power dissipation, resulting in higher temperatures. In the 2P2H
damping scheme, the maximum temperature of 4 K is reached at the pick-up loop of
the hook coupler located at port 4 on the FPC side (see Figure 5.15). The power
absorbed by the ceramic windows at FM frequency is significantly smaller compared to
the power dissipated in the HOM coupler surface. For the chosen conductive cooling
technique, the DQW couplers experience a quench on the IC surfaces due to the higher
absorbed magnetic field at FM frequency (see Table 5.5). The DQW couplers on the
FPC side lose the superconducting state earlier than the couplers on the opposite side
due to their proximity to the cavity iris.

Table 5.6: Dissipated power and peak temperature values at FM frequency on the HOM
coupler parts in the 2P2H and 4DQW damping schemes in case of conduction cooling. The
values for the 4DQW damping scheme refer to the last stable temperature found by the
stationary solver before the couplers undergo unstable temperatures.

2P2H damping scheme

Inner conductor Outer conductor Ceramic
Coupler POI't 1 Pds,O Tmax Pds,O Tmax Pcer,O Tmax
[mW] K]  [mW]  [K] [mW] K]
Probe 1 2.7 2.8 0.4 2.2 2.0x1071 2.1
Hook 2 3.9 3.0 0.9 2.2 7.8%x1073 2.1
Probe 3 11.2 3.5 0.8 2.3 3.8x10~1 2.3
Hook 4 19.0 4.0 1.7 2.6 1.5x1072 2.5
4DQW damping scheme*
Inner conductor Outer conductor Ceramic
Coupler Port i PdS,O Tmax Pds,O Tmax Pcer,O Crmax
mW] K]  [mW]  [K] [mW] K]
DQW 1 130.3 5.9 0.4 4.1 3.0x1072% 3.7
DQW 2 138.6 6.0 0.4 4.2 3.1x1073 3.7
DQW 3 150.2 6.1 0.4 4.3 3.3x1073% 3.8
DQW 4 126.4 5.8 0.4 4.1 3.2x1073 3.7

*Values before DQW couplers undergo unstable temperatures.

Additional stationary analyses were conducted to assess the maximum stable tem-
perature achievable in the numerical model before DQW couplers experience a quench
under the described conductive cooling conditions. To ensure model convergence, the
total heat load is incrementally assigned to each HOM coupler through subsequent
solver iterations until the last stable temperature on each coupler is reached. Fig-
ure 5.16 (a) shows the maximum temperature on the IC surface of the DQW couplers
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5.4 RF-heating analyses on coaxial HOM coupler

as a function of the ratio between the magnetic field at the kth solver iteration and
the peak magnetic field on the coupler surface at FM frequency. The maximum tem-
perature found for the DQW couplers at the last solver iteration is around 6 K. This
temperature is reached for the DQW couplers on the FPC side at about 26 mT, cor-
responding to roughly 50% of the coupler peak magnetic field at FM frequency. Con-
versely, a similar temperature is reached at about 28 mT for the DQW couplers on the
tuner side, corresponding to roughly 67% of their peak magnetic field. Figure 5.16 (b)
depicts the maximum temperature on the IC surface of the DQW couplers as a function
of the dissipated power at the kth solver iteration. The maximum dissipated power
values found at the last stable temperature are about 138.6 mW and 150.2 mW for
the DQW couplers on the tuner side (ports 1 and 2) and the FPC side (ports 3 and
4), respectively. The dissipated power values and peak stable temperatures for the IC,
OC, and windows of the DQW couplers are reported in Table 5.6. Similar analyses
were performed on the couplers of the 2P2H endgroup for comparison. The correspond-
ing maximum temperature curves as a function of the incremental magnetic field and
dissipated power at FM are reported in Figures 5.17 (a) and (b), respectively.
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Figure 5.16: Maximum temperature on the IC surface of the DQW couplers as a function of
the incremental surface magnetic field (a) and the peak dissipated power at FM frequency (b)
in the case of conduction cooling. The temperature is recorded during subsequent stationary
solver iterations until the last stable temperature is found. The critical temperature T, = 9.2 K
of Nb is reported for reference.

The probe-type and hook-type couplers do not experience any thermal quench at the
nominal field under conduction cooling. The maximum temperature of 4 K reached at
the hook-type coupler at port 4 provides sufficient margin to the Nb critical tempera-
ture. Referring to the 4ADQW damping schemes and Figure 5.16 (a), the temperature
sharply increases at a certain B-field level. Above this limit, the stationary solver was
not able to find any stable temperature above 6 K due to the strong non-linear behavior
of the material properties in the explored temperature regime and the high dissipated
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Figure 5.17: Maximum temperature on the IC surface of the probe-type and hook-type
couplers as a function of the incremental surface magnetic field (a) and the peak dissipated
power at FM frequency (b) in the case of conduction cooling. The temperature is recorded
during subsequent stationary solver iterations.

power on the coupler surfaces. This lack of convergence can be associated with the
field at which the thermal quench is most likely to occur [188]. The RF heating due
to the FM depends on the FM notch tuning and the strength of the EM field cou-
pling to the pick-up antenna. Results from RF-heating simulations demonstrate that
the probe-type and hook-type coupler designs could operate within a safety margin
to quench by employing conduction cooling. The DQW PERLE couplers necessitate
the use of an active cooling technique to maintain the superconducting state due to
the high magnetic field on their IC surfaces. Reducing the coupler penetration into
the beam pipe tube can lower the thermal load on the coupler antenna. However, this
comes with the drawback of reducing the damping to the HOMs.

To counteract the RF heating from FM and excited HOMs, the rods composing the
IC of the DQW PERLE coupler can be manufactured as hollow cylinders, allowing for
active cooling of their Nb surfaces via liquid He. This technique has been proposed
at CERN for the DQW coupler of the 400 MHz DQW cavities [189]. The coupler
is equipped with its own He jacket and two cooling channels on the inner conductor:
one on the central shaft and one on the top perpendicular coaxial line (refer to Fig-
ure 4.3 (a)). The loop-shaped antenna is passively cooled. An upgraded Nb 3D-printed
version of the DQW coupler, currently under development at CERN, could feature an
extension of the central shaft cooling channel to the pickup loop antenna, which is
the part most exposed to the EM fields. In addition, another cooling channel can be
manufactured for the road connecting the central shaft to the capacitive jacket [140].

A similar solution is employed for the proposed DQW PERLE coupler to avoid
thermal quench. The inner conductor surfaces exposed to Helium could be modeled as
cooling channels with an artificial thick layer. The layer thickness could be chosen as
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5.4 RF-heating analyses on coaxial HOM coupler

1 mm, which is approximately half of the average thickness foreseen for the channels
of 400 MHz DQW coupler [140]. The cooling channel surfaces are those of the central
shaft, its two perpendicular roads, and the loop-shaped antenna (see Figure 5.19 (b)).
However, since the Kapitza resistance occurs at the interface between the solid and
the He, the convective cooling modeling is simplified by assigning the boundary con-
dition (5.36), together with the temperature-dependent Kapitza conductance given in
Figure 5.18, to the IC surfaces in contact with the Helium, without modeling the
channel thickness. The Kapitza conductance fit proposed by Mittag [178|, valid for
T — Thatn < 1.4 K with Th.n = 2 K, is considered for the heat transfer between Helium
and Nb surfaces as follows

T_Tbath> (T_Tbath>2 (T_Tbath)3
1+15(————|4+——— | +025( ————
( Thatn Thath Thath

(5.43)

This condition also takes into account the interface resistance of the coupler walls to
the He thermal flow [188].

hicap(T') = 200 T*%

10°

2.0 2.5 3.0 3.5

Figure 5.18: Kapitza conductance of Nb (RRR = 300) according to Mittag fit [178] used in
the thermal simulations to model the heat transfer between the Nb cooling channels and He.

Figure 5.19 (a) and (b) depict the temperature maps of the DQW couplers at port
3 on the FPC side, resulting from RF-heating due to FM. These maps illustrate the
conduction and additional convective cooling cases through He channels, respectively.
In both cases, the outer conductor is cooled down via direct contact with the cavity He
bath, allowing the outer conductor to remain at a temperature slightly higher than 2 K.
The temperature of IC surfaces, which experience a thermal quench at the nominal field
in the case of conduction cooling, is successfully lowered below the critical temperature
of Nb when convective cooling through He channels is simulated. Specifically, the inner
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5 HOM-damping and RF-heating analyses

conductor exhibits a maximum temperature increase of only 5.13 mK at the pick-up
antenna. The peak extracted power from the He flowing into the channel is 42.1 W /m?.
The maximum temperature of 2.3 K occurs at the capacitive jacket, which is passively
cooled by the He channel connecting the jacket to the central shaft. Under these
conditions, the DQW coupler could safely operate with sufficient margin to prevent
a thermal quench. A similar solution can also be employed for the hook-type and
probe-type couplers to lower their peak temperatures, which still remain to be studied.
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Figure 5.19: Temperature map resulting from FM RF heating of the DQW coupler at the
FPC side (port 3) of the 5-cell cavity. In the conduction cooling case (a), the temperature
refers to the maximum stable temperature found in the simulation before the coupler under-
goes quenching. Maximum temperature when adding convective cooling through IC channels
(highlighted in green) (b). The 2 K intercept with the cavity He-bath is also depicted.

Finally, the impact of HOM power deposition on the peak temperature of the HOM
couplers is studied. The analysis has been limited to the 2P2H damping scheme under
conduction cooling conditions, as the 4DQW endgroup undergoes a thermal quench
under similar cooling conditions due to the heating effect of the FM. When including
convective cooling in the 4DQW damping scheme, He-cooling strongly mitigates the
RF heating due to the FM, which is greater than the HOM power deposition under
the assumed interaction between the passing bunch and cavity HOMs (refer to Subsec-
tion 5.4.2). Therefore, it was assumed that, under these conditions, the temperature
increase due to HOMs in the 4DQW damping scheme would not be significant enough
to compromise the operation of the couplers. Table 5.7 summarizes the dissipated
power on IC and OC, the absorbed power on ceramic windows, and the peak tempera-
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5.4 RF-heating analyses on coaxial HOM coupler

tures due to FM and trapped monopole and dipole HOMs for the couplers belonging to
the 2P2H damping scheme operating under conduction cooling conditions. The total
HOM power deposition on IC and OC surfaces is at least one order of magnitude lower
compared to the power dissipated by the FM (see Table 5.6). However, the HOM power
absorbed by the ceramic windows is higher than that due to FM, ranging from 2.7 mW
to 17.1 mW. This is due to the proximity of the ceramic window to the HOM coupler
output port, where HOM power is extracted. The highest temperatures are observed
at the couplers on the FPC side due to their higher damping rate. The maximum
temperature of 4.2 K is reached at the pick-up antenna of the probe coupler located at
port 3. HOM power deposition contributes to increasing the peak temperature of the
IC and OC coupler surface in a range from 78 mK to 240 mK compared to the case
when only FM RF heating is considered. However, for the probe-type coupler at port
3, the peak temperature increases by 655 mK on the IC surface and 1.3 K on the OC
surface. The contribution to the RF-heating from dipole modes can be neglected since
the highest dipole mode deposition contribution is in the order of tens of pW.

Table 5.7: FM and HOM dissipated power on IC and OC, absorbed power on ceramic
windows, and resulting peak temperatures for the 2P2H damping scheme under conduction
cooling conditions.

2P2H damping scheme - FM and trapped HOMs

Inner conductor Outer conductor Ceramic

Coupler Porti Pds TI’IIELX PdS TI’IIELX Pcer TIH&X
mW| K] [mW] K] [mW] K]

Probe 1 3.0 2.9 0.5 24 49 24
Hook 2 4.2 3.1 1.0 24 54 24
Probe 3 14.8 4.2 1.2 3.6 171 3.6
Hook 4 19.7 4.1 1.8 2.7 2.7 26

Under the simulated conduction cooling conditions, the 2P2H damping scheme pro-
vides sufficient FM rejection and enough damping to mitigate FM and HOM power
deposition on the coupler parts and consequently lower the resulting maximum tem-
perature below the quench limit. Due to the high rate of EM absorption, the 4ADQW
damping scheme requires additional convective cooling through He-channels to operate
safely in the superconducting state. These findings will serve as the foundation for
exploring additional phenomena, like multipacting and notch detuning during thermal
contraction, in future studies concerning Nb HOM coupler design, which exceed the
scope of this thesis. The impact of the heat transfer through the RF cable required for
HOM power extraction still needs to be investigated. This additional heat contribu-
tion will likely dominate the thermal behavior of all HOM couplers [96]. In this case,
additional thermalization at 2 K on the coupler OC and heat intercepts on the RF
cable will be required to further reduce the total thermal load.
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6 RF cavity fabrication

This chapter outlines the different steps of the process used for manufacturing the first
OFHC (Oxygen-Free High Thermal Conductivity) Cu 5-cell 801.58 MHz cavity for the
PERLE project. This cavity prototype has been fabricated at JLab for performing
R&D RF bench measurements. The aim is to validate the HOM-damping performance
of the two endgroups (2P2H and 4DQW) presented and simulated in Chapter 5. HOM
measurements conducted on the Cu 5-cell PERLE cavity with the fabricated HOM
coupler prototypes (refer to Chapter 4) are presented in Chapter 7. The deep-drawing
fabrication process of elliptical cells from copper sheets is initially described. Then, the
geometrical deviations of the cell shape due to the springback effect and manufacturing
tolerances are addressed. Subsequently, the dumbbell measurements and the trimming
procedure on cavity cells are discussed. The chapter concludes by presenting the bead-
pull measurements and the study of the field flatness on the cavity assembly.

6.1 Elliptical cavity manufacturing

The fabrication of an elliptical RF cavity can be divided into three main steps [17, pp.
108-118]. The first stage involves forming material sheets into half-cells, typically called
“cups”, by the deep-drawing process. This phase is followed by the welding or clamping
of the cups in pairs to create “dumbbells” [190]. Cavity beam pipes are fabricated by
rolling metal sheets into cylindrical shapes welded at their joints. The two extreme
cavity half-cells are assembled with beam pipes to form the cavity end-groups. Finally,
the different components are welded or clamped into a completed cavity.

6.1.1 Deep-drawing

The deep-drawing fabrication process was used to manufacture the cavity cells [17, p.
108]. The basic stamping setup, shown in Figure 6.1, includes a set of half-cell male
and female dies, a metal sheet (or “blank”) clamped by a “blank holder”, and one
or more ejectors [191]. The metal sheet is formed through the mechanical action of
the punch (male die) against the female die, applying the punch force F}, [192]. This
force is a fundamental parameter of the entire process and is typically calculated using
simulation software. During the fabrication, the blank holder anchors the metal sheet
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with the clamping force Fj,. Finally, the ejectors are used to facilitate the extraction
of the stamped cup from the dies, applying the force F..

‘Fp

F, ‘ Punch ‘Fh ‘ F,
B [
Metal sheet
Blank Cup fF .
holder
Die Ejector

Figure 6.1: Basic scheme of half-cell deep-drawing. Figure adapted from [17, p. 108].

The production of the Cu half-cells for the 801.58 MHz PERLE cavity was per-
formed at JLab.! Copper sheets, with a thickness of 4 mm, were transformed into ten
half-cells using a deep-drawing process. The geometrical parameters of the produced
cavity are depicted in Figure 2.4. During fabrication, a longer excess length on the
equator cups than the designed one is left for subsequent frequency tuning. Before
pressing Cu sheets, the stamping process can be simulated using FEM software. These
simulations predict the stress and force applied to the die set, along with the final shape
and thickness of the half-cells. In our case, the punch force to press the Cu blanks with
the used die-set was 100 tons. This value has been typically used at JLab for stamping
Nb half-cells with the same die set [193|. The stamping setup, the half-cell into the die
after deep-drawing, and one of the produced Cu half-cells are shown in Figure 6.2.

Cu half-cell

©

Figure 6.2: Deep-drawing of a copper half-cell. Stamping setup (a). Copper half-cell after
pressing (b). Produced copper half-cell (c).

!The author, during one of his visits at JLab, witnessed the pressing of cavity cells by Steve Castagnola
and Gregory Grose.
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6.1.2 Springback effect and coining

The springback is a phenomenon that occurs after forming the material sheets into
half-cells through the deep-drawing process. This effect is caused by internal stresses
in the material when the dies are released after the forming process. The springback
can lead to a shape deviation from the ideal cup geometry, ultimately resulting in
fluctuations in the resonant frequency. Typically, the frequency change in a cavity
due to springback can range from a few MHz for the FM to several MHz for the
HOMs [64, 194]. This frequency variation is influenced by both the half-cell material
and the precision of the fabrication process. The cell iris and equator experience the
most significant springback.

To quantify the residual springback-induced geometry deviation after deep-drawing,
laser scanning was performed on one of the produced Cu cups using the FARO® 8-
axis edge system [195].> The scanned cell shape was then converted into a CAD model,
shown in Figure 6.3 (a), for comparison with the actual geometry. Figure 6.3 (b) depicts
the scanned half-cell shape compared to the design shape. The maximum springback
at the cell iris measures approximately 2.2 mm in the radial direction, while the cell
equator was pushed inward by about 0.2 mm.

NN

1_,,( After stamping j

(a) 3D CAD after stamping (b) FARO scan

Figure 6.3: Front and side view of the 3D cell model after stamping reconstructed from
the FARO scan (a). Quadrant view of the cavity cell (b). The blue line represents the CAD
geometry profile, while the red line depicts the FARO scan profile of the inner cell surface
after stamping [196].

The coining of the stamped half-cells is a manufacturing process aimed at correcting
the shape deviation at the iris caused by the springback effect [17, p. 108|. This
procedure, typically performed after deep-drawing on each half-cell, improves the cell
curvature at the iris to bring it closer to the nominal geometry specified by the designed
die. The coining process for the produced Cu cups required 25 tons of force [193].

2Eduard Drachuk at JLab carried out FARO scanning of the copper cups based on the specifications
provided by the author.
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Figures 6.4 (a) and (b) depict the setup used for the half-cell coining process and the
resulting cavity half-cell, respectively. After the coining process, a second scan was
conducted on the analyzed cup to assess the residual geometry deviation. Figure 6.5
compares the design shape of the cavity cell to the actual geometry obtained through
scanning. The coining process reduced the initial deviation on the analyzed cup due
to the springback by 0.5 mm in the radial direction at the iris.

Coining ring

-

=

(a) Half-cell coining (b) Half-cell after coining

Figure 6.4: Half-cell and used coining ring (a). Half-cell after the coining process (b).

CAD /
7 2
/ //// After stamping
‘,/ “‘After coining Y
LIL. p ,
(a) FARO scan (b) CAD vs. Scanned geometry

Figure 6.5: Design and actual shape of the cavity half-cell (a). The blue shape represents the
CAD geometry. The red line depicts the FARO scan of the inner cell surface after stamping,
while the green line illustrates the scan of the same surface after coining [196]. Symmetric
front view of reconstructed cavity cell with details of the cell iris (b). The red and green areas
represent the springback-induced geometry deviation on the cavity cell after stamping and
coining, respectively.

The reconstructed single-cell scanned geometry, shown in Figure 6.3, was used as
input for eigenmode simulations performed using CST to assess the frequency shifts
on the FM and trapped modes due to the springback. PEC boundary conditions are
applied to the external surfaces and both ends of the simulated single-cell vacuum
model. Figure 6.6 compares the frequency deviation from the ideal cell shape for
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the scanned geometry after stamping (uncoined cell) and after coining (coined cell).
The frequency shifts for the studied modes vary from -16.1 MHz for the TE;;; mode
to 5.5 MHz for the TMy;g mode. The most affected TM and TE modes are those
with radial (n) and longitudinal (p) indexes equal to or higher than 1. These indexes
represent the predominant direction in which springback affects the cavity cells. For
these modes, assessing their proximity to the harmonics of the circulating beam (refer
to Subsection 7.2.3.1), as well as their frequency tolerance for the HOM damping
performance, is crucial for future 801.58 MHz Nb cavity production. Simulation results
show that the coining process can recover approximately 1 MHz for the TMg;g mode
and up to 3 MHz for the most impacted HOMs, such as the TE;;; mode. Conversely,
the frequency deviation slightly increases for a few modes, for example, the TMg;;
mode. Further studies are needed to determine if the springback could be further
reduced by using a different coining ring to enhance the plastic deformation of the cell
iris to the desired shape or by increasing the coining force. This analysis was limited
to one of the produced Cu cups. In our observations, the geometric deviation between
one of the scanned cups and the CAD model was approximately 0.8%. In the following,
we will assume that all the other produced cups were affected by a similar amount of
deformation and frequency deviations.
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Figure 6.6: Simulated frequency deviation of resonant modes from the ideal shape of a
single-cell cavity due to the springback. Monopole HOMs are indicated in blue, while dipole,
quadrupole, and sextupole HOMs are depicted in red, green, and purple in the order. The red
and green bars represent the frequency shifts in the uncoined and coined single-cell cavities,
respectively. The black dotted line depicts the HOM frequencies of the CAD cavity model.
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6.2 Dumbbell measurements

During the fabrication phases of an elliptical cavity, monitoring the frequency and
field flatness of the FM is crucial. Dumbbell measurements represent a technique for
controlling the FM frequency during multi-cell cavity production [197]. The half-cells
are intentionally fabricated with an extra length along the equator to compensate for
manufacturing errors [190]. Dumbbell measurements permit the determination of the
required equator trimming for each produced cup, which allows the tuning of the cavity
to the target frequency and achieving the field flatness of the accelerating mode, i.e.,
the TMgio-m mode. To obtain a flat field at the FM, the mid-cells and the end-cells
with beam pipes must resonate at the same fundamental frequency [21]. The dumbbell
measurements conducted at JLab on the produced cups are presented in this section.

6.2.1 Dumbbell measuring setup

After forming the half-cells, their irises are trimmed [64]. The middle-half-cells are
either joined on the irises by Electron Beam Welding (EBW) or clamped together in
pairs to create an assembly called middle-cell dumbbell. The end-half cells are con-
nected to beam pipe tubes to form an end-cell dumbbell. The setup used for conducting
dumbbell measurements on the produced Cu half-cells is depicted in Figure 6.7.

Y
Pressure
transducer

(a) Dumbbell measuring setup (c) End-cell dumbbell

Figure 6.7: Setup for dumbbell measurements. Middle-half-cell pair and measuring setup
components (a). Middle-half-cell pair (b). End-half-cell and beam pipe (c) [198, 199].
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6 RF cavity fabrication

Each middle-half-cell pair is sandwiched between two aluminum plates with slotted
Cu plates, secured with threaded rods, and balanced with weights, creating an assembly
close to a two-cell oscillator that resonates in the /2 mode (also called “0-mode”?) and
7 mode (see Figure 6.7 (a)) [64, 197]. On the other hand, the end-cell dumbbell could be
considered a half-cell resonator vibrating in the 7 mode only (see Figure 6.7 (b)) [190].
A manual crank exerts a force on the aluminum plates to ensure good RF contact
between the dumbbell and the slotted Cu plates [64]. The applied pressure is monitored
by a pressure transducer during measurements. Based on previous measurements of
dumbbells performed at JLab, a pressure limit of 200 lbs is recommended for dumbbells
with a loaded quality factor lower than 7 x 103 to prevent any inelastic deformation of
the cups [198|. Two feedthroughs with antennas are installed in the upper and lower
aluminum plates and connected to a Vector Network Analyzer (VNA) for measuring
the Sy; transmission between the two antennas. The amplitude of measured Sy, signal
is fit using a MATLAB interface [200], implemented by Mingqi Ge from JLab, connected
to the VNA to determine the dumbbell frequencies and their loaded quality factors.
The script allows for evaluating required equator trimming for each produced cup based
on the theoretical framework described in the following.

6.2.2 Theoretical framework for dumbbell measurements

The evaluation of the lengths to be trimmed on each cup relies on the measurement
of the m-mode frequency of each half cell. The formulas for calculating the individual
frequencies of two coupled oscillators and used for dumbbell measurements are given

by [197, 201]

_ 21, (f2=12,)2+R)

ﬂp—¢ 5T VETT (6.1)
R (=122 -R)

fup = \/ > T amid 02

with the substitution

R_

fﬁ - fiP,D ff%/Q - fg/Z,P,D

Here, the terms f and fr/, represent the 7 mode and 7/2-mode measured frequencies
of the considered dumbbell, respectively. Half-cells are identified based on their location
in the dumbbell assembly, using indices “U” for the upper half-cell and “D” for the
lower half-cell (see Figure 6.7). Mode frequencies measured with a perturbation tip

3The term 0-mode refers to the zero-phase difference between cells.
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6.2 Dumbbell measurements

placed on the upper or lower cell side are denoted by the subscripts “P, U” and “P,D”,
respectively. Both equations (6.1), (6.2) and the equation (6.3) are asymmetric relative
to the interchange of indices “U” and “D”. Shemelin et al. in [190] proposed a correction
to equations (6.1) and (6.2) as follows

R+ 12 (2= f2)2+R)

f??,uZ\/ TR 2\/;27“ , (6.4)
41, (2=125)2-R)

f:vD:\/ 2 =+ 2%1:2227+4 ' (6:5)

Including R? in the denominators, equations (6.4) and (6.5) are symmetric if the sign
of R in the equation (6.3) changes when the dumbbell is inverted. However, this can
only occur if both right components in equation (6.3) are close to unity, which implies

ff—ngU f7%2_f732,P,U ~ ~ ~ ~
R\ -\~ 1+ @) = (145 =a=F,  (6)
s m,P,D w/2 7/2,P,D
2= Fep fz/Q_fg/QPD 1 1 ~
R =\|o—F5—— i A - -~ f(—a~ —R, (6.7)
fﬂ' - f7r,P,U fﬁ/z - fﬂ/g’RU I+a 1+ 5

where & and J are introduced variables, defined in terms of the quantities above, used
to simplify the expressions for R and R’. As a result, this condition is verified if the
shift induced by the perturbation exceeds the shift caused by the additional length on
the cell equator. The formula for R can thus become symmetrical using the arithmetic
mean of R and —R'.

Using the measured m-mode frequencies obtained from the equations (6.4) and (6.5),
the additional lengths to be trimmed on the equator of each upper and lower cup to
achieve the desired target frequency can be calculated, respectively, as follows

*
ftarget — Jm,U

ALy = 5 , (6.8)
t

ALt’D _ ftargets_ fﬂ—,D ' (69)
t

Here, fiarget is the target frequency of an “ideal” half-cell, and S; is the trimming pa-
rameter that indicates the sensitivity of the m-mode frequency of a half-cell to the extra
length on its equator. These two parameters may differ between the half-middle and
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half-end cells joined with the beam pipes. The target frequencies and trimming pa-
rameters for middle-cell and end-cell dumbbells are simulated using CST, as described
in the next section, and then entered into the used MATLAB interface to derive the
lengths to be trimmed for each half-cell.*

6.2.3 Target frequency and trimming coefficient simulations

The 5-cell cavity built from the geometrical parameters shown in Figure 2.4 resonates
at the “warm frequency” of 798.45 MHz. To test HOM coupler performance at room
temperature (refer to Chapter 7), the cavity geometry must be tuned to the operating
cold frequency of 801.58 MHz. The notch filter of HOM couplers is designed to reject
the FM transmission at the same operating frequency (refer to Section 4.2). Each
middle cell and endgroup (end-cell plus beam pipe) must resonate at the same frequency
to achieve the cavity target frequency and obtain a flat field [21].

For this purpose, the frequency tuning of the warm frequency cavity involves a
series of CST eigenmode simulations on the middle-cell and end-cell dumbbells. The
extra length of each cup is varied to achieve the dumbbell target frequency, while all
other geometrical parameters determining the cup’s elliptical shape remain unchanged.
As a result, the trimming rates of TMg;o-m mode, i.e., the trimming parameters, for
the middle-cell and end-cell dumbbells are determined. Figure 6.8 depicts the electric
field distribution of the investigated modes of the simulated vacuum dumbbell models.
The TMgio-7/2 and TMg;o-m modes of the middle-cell dumbbell model must satisfy
PEC boundary conditions at the cell equators. Conversely, PMC and PEC boundary
conditions are set on the iris and equator of the end-cell dumbbell, respectively, to
excite the TMg;o-m mode.

(a) Middle-cell dumbbell  (b) Middle-cell dumbbell (c) End-cell dumbbell
TM010—7T/2 mode TM010—7T mode TM010—7T mode

Figure 6.8: Electric field distribution of the TMgj0-7/2 (a) and TMgjp-7 (b) modes for the
middle-cell dumbbell. Electric field of the TMg;p-m mode for the end-cell dumbbell (c).

4Dumbbell measurements were conducted by Gunn-Tae Park at JLab. The thesis author participated
remotely and provided simulation results.
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6.2 Dumbbell measurements

The simulation records the frequency change of the FM for the middle-cell and
end-cell dumbbells as the trimmed equator lengths are varied. The trimmed length on
the middle-cell dumbbell equator is denoted as AL ,,, while the one on the end-cell
dumbbell is indicated as AL;.. The initial simulated excess length on the equator
is 18 mm, matching the actual length value for each cup after stamping. Including
short flat sections on the equators avoids cutting the elliptical portion of the half-cell
contour during trimming. The results of the trimming simulations are presented in
Figures 6.9 (a) and (b) for the middle-cell and end-cell dumbbells, respectively. A
linear regression analysis was conducted to relate the trimmed lengths and recorded
frequency in the two dumbbell models. The slope of the linear equation gives the
trimming rate. Results were also fitted with a second-degree polynomial to obtain a
more accurate evaluation of the trimmed length required to reach the desired target
frequency in each dumbbell.

0.820 : . . . | | 0.805
i ions @ Simulations
---Li Rod ---Linear Regression|
081571 gy - 0.800 ---Fitted curve ’Q::'.
a
0.810 - 0.795
) N
= 0.805 = 0.790
S o
20.800 ©0.785 -
s s
0.795 - 0.780
0.790 - 0.7750
o
0.785 : : : - : s : 0.770 : ‘ : : —
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
ALy, [mm] AL, [mm]
(a) Middle-cell dumbbell (b) End-cell dumbbell

Figure 6.9: Trimming simulations on the middle-cell (a) and end-cell (b) dumbbells. The
black dashed line represents the linear regression on the simulated TMg1g9-m mode frequency
(blue dots). The red dashed lines correspond to the fitted quadratic curve. The green dots
depict the target frequency points for tuning the middle-cell and end-cell dumbbells.

The obtained linear regression equations for the simulated TMgo-7m mode frequency
of middle-cell and end-cell dumbbells are the following

fom = 1.63 x 107° AL, + 0.786 with R? = 0.995, (6.10)
fre =139 x 107°AL. + 0.774 with R* = 0.995. (6.11)
The corresponding second-degree polynomial equations are

frm =2x107°AL7 , + 1.2 x 107 AL, + 0.787 with R* =1, (6.12)
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fre=2x10"°AL; + 1.0 x 107 ALy, + 0.775 with R* = 1. (6.13)

The calculated trimming parameters for the middle-cell and end-cell dumbbells are
St,m = 1.63 MHz/mm and S;, = 1.39 MHz/mm, respectively. The simulated length
to be trimmed on each equator of the middle-cell dumbbells to reach the 801.58 MHz
frequency is ALy = 9.96 mm. Removing the entire excess length of 18 mm is necessary
to closely match the target cold frequency on the two end-cell dumbbells. This would
limit the possibility of further trimming on the equator of end cells to compensate
for frequency shifts due to fabrication errors. For this reason, it was decided to tune
each endgroup to 801.58 MHz considering an equal trimmed length AL; = 14.25 mm
for the four half-cells composing the two cavity end-cells. This approach results in an
end-cell dumbbell resonating in its 7 mode at 794.11 MHz while the adjacent half-cell
at 809.18 MHz (see Figure 6.10 (a)). When combined, the entire endgroup resonates
at the target frequency of 801.58 MHz (see Figure 6.10 (b)). This ensured a longer
remaining length for future tuning on the end-cell cups. A scheme illustrating the
described approach and the electric field distribution of TMg;¢-7m mode for the simulated
endgroup is depicted in Figure 6.10.

(b)

Figure 6.10: (a) Electric field distribution of the TMgp1o-7 mode for the tuned 794.11 MHz
end-cell dumbbell (left) and 809.18 MHz adjacent half-cell (right). The combination of these
two components results in an end-cell and beam pipe jointly resonating at 801.58 MHz (b).
PEC boundary conditions are applied at the cell equators, while PMC boundary conditions
are set at the beam pipe aperture and cell iris.

Table 6.1 reports for each simulated cup the resulting trimmed (AL;) and remaining
excess lengths (Le,) on the equator and the obtained target frequencies ( fiarget). The
obtained trimmed lengths collectively enable tuning the 5-cell cavity to 801.58 MHz.
Figure 6.11 illustrates the computed electric field distribution of the TMg;o-m mode for
the simulated tuned cavity and the electric field along its longitudinal axis. Addition-
ally, it reports the cup ID convention used in this thesis to label each of the ten cavity
half-cells. The simulated cavity design features a field flatness of 99%. The TMgo-7
mode has a frequency of 801.58 MHz, and its R/Q value is 517.54 Q.
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(a) E-field TMg10-7m mode (b) Field flatness TMp1o-m mode

Figure 6.11: Electric field distribution (a) and field flatness (b) of the TMg1p-m mode for
the tuned 801.58 MHz 5-cell cavity. In (a), “L” indicates the combination of the left beam
pipe and the adjacent half cell, while “R” represents the right beam pipe and the contiguous
half cell. The half-cells in between are labeled from “1” to “8”.

Table 6.1: Simulated trimmed and corresponding excess lengths required to tune the cavity
at 801.58 MHz. The used cup ID refers to the convention used in Figure 6.11 (a).

Cup ID AL; [mm| Leq [mm| frarget [MHz|

L 14.25 3.75 794.11
1 14.25 3.75 809.18
2-7 9.96 8.04 801.58
8 14.25 3.75 809.18
R 14.25 3.75 794.11

6.2.4 Trimming measurement summary

The trimming of the half-cells consisted of an iterative approach involving several ex-
changes between the dumbbell measurement station and the JLab machine shop, which
performed the equator trimming on the produced cups. Three dumbbell measurements
were conducted to gradually assess each cell’s desired frequency. Performing multiple
dumbbell measurements ensured the accuracy of the experimental procedure and ob-
tained trimming rates. This also allowed for maintaining a safety margin for subsequent
frequency fine-tuning operations. The measured lengths to be trimmed ALy ; in each
measurement round ¢ were evaluated for the upper and lower cups via equations (6.8)
and (6.9), which were implemented in the used MATLAB interface. The trimmed length
ALy, in each measurement round, the total removed length AL, and the remaining
equator extra length per cup Leq are reported in Table 6.2. The total trimmed length
in each half-cell AL, slightly differs from the simulated length AL; (see Table 6.1)
due to fabrication errors, primarily due to the springback effect in the cells.
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Table 6.2: Trimmed length summary for each cup from dumbbell measurements [198].

CupID AL; [mm] ALys [mm] ALyg [mm] AL [mm] Leq [mm]

L - - 12.087 12.087 5.913
1 0.705 10.840 0.931 12.476 5.524
2 0.705 6.280 1.124 8.109 9.891
3 0.730 6.140 1.426 8.296 9.704
4 0.730 6.140 1.289 8.159 9.841
5 0.691 5.940 0.205 6.836 11.164
6 0.691 5.940 1.310 7.941 10.059
7 0.721 6.380 0.599 7.700 10.300
8 0.721 10.940 0.642 12.303 5.697
R - - 11.908 11.908 6.092

6.3 Cavity assembly

After finalizing the dumbbell measurements, the produced Cu half-cells and two beam
pipes were assembled to form the 5-cell 801.58 MHz Cu cavity for low-power RF bench
measurements, as depicted in Figure 6.12.

Figure 6.12: Cu prototype of 801.58 MHz PERLE cavity fabricated at JLab.

Electron beam welding was used only for the fabrication of the beam pipes. The
cavity cells and beam pipes are clamped together at the irises and equators. The
assembly clamping is achieved using carbon steel threaded rods passing through holes
in specifically designed aluminum plates in contact with the stainless steel beam pipe
flanges. The half-cell and beam pipes were machined with male and female step joints
at irises and equators to enhance circumferential RF contacts compared to flat surfaces.
Metal holders provide structural support to the cavity.
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The developed cavity design allows for the installation of two Cu ports on each
beam pipe, designed to accommodate the four 3D-printed epoxy and copper-coated
HOM couplers (refer to Chapter 4). The RF measurement setup was utilized for the
HOM-damping measurements (refer to Subsection 7.2.3.4). The Cu ports were 3D-
printed using a laser micro-fusion technique on a bed of Cu-c2 powder. The ports were
manufactured using a TRUMPF TruPrint 10009 machine at the Carnot de Bourgogne
Interdisciplinary Laboratory (ICB). The produced Cu ports feature a saddle-shaped
contour in the lower part to align with the curvature of the holes in the beam pipes
where they are installed. This ensures good mechanical stability and RF contact be-
tween the ports and the beam pipes. The 3D-printed ports underwent polishing, par-
ticularly on the inner surface, to reduce surface irregularities that could interfere with
low-power RF measurements. The surface polishing was carried out after a successful
leak test was conducted to assess the surface porosity level at JLab. Figures 6.13 (a)
and (b) depict one of the machined Cu ports before and after polishing, respectively.

(a) 3D-printed Cu port (b) 3D-printed Cu port after polishing

Figure 6.13: 3D-printed HOM coupler Cu port before (a) and after polishing (b) [199].

6.4 Bead-pull measurements

After finalizing the assembly of the produced 5-cell Cu cavity, the subsequent phase
involved the measurement of the frequency, the field profile along the beam axis, and
the geometric shunt impedance (R/Q) of the fundamental mode. The cavity was suc-
cessfully tuned to the target frequency of 801.58 MHz. The details of the measured
frequency spectrum and deviation of the produced 5-cell Cu cavity are reported in
Subsection 7.2.3.1. This section reports the theoretical framework of bead-pull mea-
surements and the recorded field profile and R/Q of the FM.
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Hansen and Post proposed a technique for conducting bead-pull measurements
in [202]. These measurements also permit determining the identity of HOMs from
the measured field profile (refer to Subsection 7.2.3.2). The measurement procedure
consists of recording the field by pulling a bead attached to a nylon wire through the
cavity. As the bead traverses the cavity, it introduces a slight perturbation in the
surrounding medium that causes a change in the resonant frequency of cavity modes.
The entity of the frequency variation depends on the bead shape and composition.
The fractional resonant frequency deviation ¢ f,,/ f,, of mode n due to a small spherical
dielectric bead of radius ry,, relative permittivity e,, and relative permeability ., is
given by [203|

Ofn  wrp (e—1

fo o Un \&+2
For a metallic spherical bead (¢, — oo and p, = 0 for a perfect conductor), the
fractional frequency change of a mode n can be expressed as [63]
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The bead-pull measurements discussed in this thesis are conducted using a dielec-
tric bead with a relative permeability of u, = 1. In this case, the variations of the
resonant frequency are only related to the perturbation of the electric field, and the
equation (6.14) becomes

3 ;e —1 |E,|”
o =n 6.16
——
Fbead

where Fjc.q represents the geometrical and material-dependent bead form factor for
a dielectric sphere, which accounts for the effect of the field distortion in the vicinity
of the bead. The spherical bead can capture all the components of the electric field
E,. A comprehensive discussion on the form factor for beads of various shapes and
compositions, along with the effects on the electric and magnetic field components, is
presented in [63]. Figure 6.14 depicts the bead-pull setup used in our measurements.
The used dielectric spherical bead has a radius of r, = 3.175 mm and is made of
Teflon®, with a relative permittivity of e, = 2.1 [204]. The stepper motor system
moves the bead across the cavity axis to measure the electric field of the considered
mode along the nominal particle bunch trajectory.

In bead-pull measurements, it is common practice to assess the phase variation of
the S5 signal, denoted as d¢, measured between the two reference antennas rather
than the frequency variation when moving the bead through the cavity. This approach
reduces the measurement time. Consequently, it minimizes the effect of any slight
change in environmental conditions like temperature, pressure, and humidity that may
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(a) Bead-pull measurement setup (b) Detail on the Teflon bead

Figure 6.14: Setup for bead-pull measurement on the 5-cell cavity. The phase of HOMs is
recorded from the S9; transmission between two reference antennas, denoted as “Antenna 1”
in (a) and “Antenna 2” in (b). The two antennas are connected to the VNA via two RF
cables. The two stepper motors (only one motor is shown in (a)) allow for the movement of
the Teflon bead through the cavity.

impact the results’ accuracy. The full capabilities of the used Agilent E5071C VNA
enable the synchronization of the bead motion with the frequency shift of the measured
mode. While the bead moves, the excitation frequency is kept constant at the resonant
center frequency of the mode n. Then, its frequency change d f,, is converted into the
phase variation d¢,, of the Sy ,, signal measured between the two ports, as follows [205]

2QL,n
vV Qext,l,nQext,2,n<1 + jQL,n(an) ’

where 6, = (f/fo— fn/f) = 200/ fn, and Qg}l = Qo+ Quit1n + Quiton- Here, Qo
represents the unloaded quality factor of the mode n, while Qext 1., and Qext 2., denote
the external ()-values of the input and output reference antennas for the considered
mode, respectively. It follows that the relationship between the frequency change and
the phase variation of a mode n with high loaded quality factor (Qr, > 50) can be
approximated as [203, 205]

So1(fn) = |521(fn)|ej6¢" = (6.17)

5f, 1

Y~
~

fn QQL,n
Combining equations (6.16) and (6.18), the following expression is obtained

tan (0¢y,). (6.18)
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where both terms are normalized to the angular frequency w,, of the mode n. The terms
in the equation (6.19) are commonly employed to compare bead-pull measurements and
simulations for each mode and to determine the mode identity based on the field pro-
file. The left-hand side can be calculated from CST eigenmode simulations, while the
right-hand side is determined from measurements. Using the equation (6.19), the lon-
gitudinal shunt impedance of TM monopole modes can be calculated by integrating
the longitudinal electric field along the nominal particle’s trajectory E, (0,0, z) (see
the equation (1.59)), and using the equation (1.66). Similarly, the transverse shunt
impedance for dipole modes could be evaluated by recording both the longitudinal
electric field on-axis and off-axis and applying the Panofsky-Wenzel theorem (see Sec-
tion 1.3.2). In the following, the primary focus will be evaluating the field flatness and
R/@ of the FM. The comparison between measured and simulated normalized electric
field profiles of several cavity HOMs will be covered in Subsection 7.2.3.2.

The measurements of phase variation while pulling the bead through the cavity
permit the evaluation of the cell-to-cell field flatness. For a multi-cell cavity, the field
flatness given by the equation (2.4) can be rewritten using the Sy, phase change as [63]

6¢ ,max — 6¢) ,min
e =1- v a4 Nceu\/ iy (6.20)
Nee Zi:l V 5¢p,i

where N is the number of cavity cells, d¢p max and d¢p min represent the maximum
and minimum peak phase variations, respectively, and d¢,,; denotes the peak phase
change in the ith cell. Figure 6.15 (a) shows the measured and simulated normalized
field amplitude of the TMg;o-7 mode of the produced 5-cell 801.58 MHz Cu bare cavity.
Figure 6.15 (b) depicts the two terms of the equation (6.19) for the same mode.
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Figure 6.15: Measured (blue line) and simulated (black line) normalized field profile (a) and
the corresponding —E?/(wU) term (b) for the TMgjo-7 mode of the 5-cell 801.58 MHz Cu
bare cavity.
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The results obtained from the CST simulations closely align with the measured
data. At room temperature, a field flatness of 96% for the measured m-mode frequency
of 801.58 MHz was achieved. The measured field flatness deviates by 3% from the
simulated value of 99%. The relative errors in the phase and @1, measurements of
the FM are within +1%, each derived from three measurements. The measured R/Q
value for the FM is 568.09 2, exceeding the simulated CST value by 9.7%. Various
factors might contribute to the observed discrepancy in the measurements. In addition
to the errors that occur during the different phases of the cavity fabrication process,
the main source of uncertainty in measuring the R/Q through the bead-pull technique
is the relative permittivity of the bead. This parameter must be measured with good
precision to accurately evaluate the R/@Q). Aside from the approximation (6.18), the
relative error in measuring the R/@Q can be estimated from equation (6.19) using the
error propagation technique as [63]

AL, _’ég e Ac, '
E.| |¢ QL (er =D& +2)|

Considering a relative error of 1% for the phase, the loaded @ and the relative per-
mittivity, and 0.2% for the bead radius, the estimated relative error of the R/Q is
approximately 5.6% when using a Teflon sphere. It would be reasonable to attribute
the remaining error to additional factors omitted in our investigation. Specifically, the
effect of the non-ideal shape of the bead and the presence of the center hole where the
wire passes through were not considered. Finally, the impact of bead vibration and
slipping during the measurements was not included.
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7 RF measurements on PERLE HOM
couplers and cavities

RF measurements are crucial for qualifying any RF cavity. They are used, for instance,
to quantify the interaction between the electromagnetic field of resonant modes and
external coupling mechanisms connected to the cavity, such as HOM couplers. Ad-
ditional measurements are conducted throughout the fabrication process of a cavity,
involving the evaluation of the frequency spectrum and the field distribution of reso-
nant modes. First, this chapter addresses the RF engineering concepts employed in
this thesis for conducting RF measurements on cavities. Subsequently, it provides a
survey of the low-power RF measurements conducted at room temperature on different
HOM couplers installed on 801.58 MHz prototype Cu cavities manufactured for the
PERLE project and CERN FCC R&D studies.

7.1 Theoretical background for RF measurements of
cavity modes

The excitation of a resonant mode within a cavity involves establishing a connection
between the cavity and an RF source [17, pp. 145-146|. Figure 7.1 shows a setup of
a cavity equipped with two RF couplers. The power from the RF source is delivered
to the cavity via an input coupler (or transmitted coupler) operating in a transverse
electromagnetic (TEM) mode. The coupling strength is determined by the overlap
between the cavity fields and the fields that leak into the cutoff region from the input
coupler. The desired coupling strength of the input coupler is modified by adjusting
the penetration of its center conductor. Conversely, the role of the output coupler is to
either pick up the power transmitted through the cavity, in the case of a Field Probe
(FP), or extract it, in the case of a HOM coupler.

The equivalent circuit for a cavity with two couplers is depicted in Figure 7.2 [33, p.
144]. This represents a two-port cavity system. Port 1 is connected to an FPC (or input
coupler) driven by an RF generator [17, p. 149|. The combination of the RF generator
and isolator is represented by an ideal current source, delivering a current I, and a
shunt admittance Gq (the reciprocal of impedance). An ideal transmission line with
admittance Gy connects the RF generator with the FPC, modeled as a transformer.
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Output
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TEM | Cutoff |

Figure 7.1: RF cavity equipped with two couplers. The input coupler, connected to port 1,
delivers the power from an RF source in a TEM mode, while the output coupler, connected
to port 2, picks up the power. The electric field lines of the TEM mode, the cutoff region,
and the TMp1p mode in the cavity are depicted (figure adapted from [17, p. 146]).
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Figure 7.2: Equivalent circuit for a two-port cavity system. The input coupler (FPC) at
port 1 is driven by an RF generator. The output coupler (FP or HOM coupler) at port 2
picks up the power propagating along the transmission line toward the cavity (figure adapted
from [33, p. 144]).

This configuration permits matching the transmission line to a cavity with an arbitrary
impedance. The cavity is represented through an equivalent circuit with admittance
G., inductance L, capacitance C', and voltage V.. A circulator, placed between the
RF generator and the cavity, is connected to a load acting as an isolator to protect
the generator from signal reflections. Port 2 typically hosts an FP or a HOM coupler
connected to a load. The presence of a load ensures that signals from the cavity are
terminated in a matched load.

7.1.1 Coupler basic parameters

Different figures of merit characterize the RF measurements of cavities and couplers.
Some of the parameters used to evaluate the cavity and coupler RF performance are

166



7 RF measurements on PERLE HOM couplers and cavities

briefly presented in this section. These quantities are expressed in terms of the cavity
parameters whenever possible, with detailed circuit treatise provided in [17, pp. 145-
169].

7.1.1.1 Undriven cavity

Consider an undriven RF cavity (RF turned off) with two ports, each connected to a
coupler [17, pp. 146-148|. The total losses in the cavity are given by

Ploss:Pc+Pe+Pty (71)

where P, is the power dissipated in the cavity walls, P, is the emitted power leaking
back out of the input coupler, and P; is the power coming out of the fixed output
coupler. Under these conditions, the stored energy satisfies the following differential
equation

dU wU
= _Poss = T35
1 QL

where @), is the loaded quality factor. The solution of equation (7.2), assuming
quadratic losses, is

(7.2)

U = U(0)e (7.3)

where U(0) is the stored energy at ¢ = 0. Hence, the energy in the cavity decays
exponentially with a time constant, denoted as the time constant of the loaded cavity,

defined as'
_ @

‘ (7.4)

L

In practice, connecting the two ports of a cavity system allows for the measurement
of the loaded quality factor, )1, associated with the total power lost within the cavity.
In general, the equation (7.4) enables the determination of @y, for a cavity connected
to input and output RF lines. Alternatively, the loaded quality factor can be derived
from the equation (1.89) as follows

1 n 1 N O & n P, n P,
QL Qo Qext,l Qext,2 wU  wU  wU’
where Qext1 and Qex 2 indicate the external quality factors of the couplers connected

at port 1 and port 2, respectively. Equation (7.5) can be rewritten by defining the
coupling parameters for port 1 and port 2 as

(7.5)

!Note that field decays with a time constant of 271, according to this convention.
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7.1 Theoretical background for RF measurements of cavity modes

QO Pe
pu— pu— —7 7-6
Bl Qext,l Pc ( )
Qo P
By = = —, 7.7
? Qext,Z Pc ( )
which gives
= (14 8+ B) (73)
Qu Q- T ‘
and, consequently, the following definition of intrinsic quality factor
Qo = Qu(1 + B1 + Ba). (7.9)

7.1.1.2 Driven cavity

In general, in case an FP represents the output coupler, it can be assumed that it is
very weakly coupled (82 <1) so that, in a first approximation, the output coupler can
be neglected in the evaluation of the RF performance of the system [17, pp. 148-154].
For this reason, when considering only one coupler, we will denote the input coupling
parameter as simply 5. The cavity-coupler system becomes a driven nonlinear harmonic
oscillator when the RF is on. From the conservation of energy, the power flowing into
a cavity, denoted as P,,, can be expressed as

Pin:Pf_Pr:Pf_|F|2Pf; (710)

where P; represents the power propagating forward along the transmission line toward
the cavity, and P, = |T'|*P; the reflected power. The power reflection depends on the
reflection coefficient I'; which in steady-state is defined as

_ B —1—jQody,
B+1+jQody,’

where 67, = (f/fo — fo/f), with fy being the resonant frequency, f; is the coupling
parameter of the input coupler and @)y the intrinsic quality factor of the cavity. If the
cavity is driven exactly on resonance (i.e., f = fo), the reflection coefficient simplifies
to the following expression

I'(f)

(7.11)

g—1
r = — 7.12
and the ratio between the reflected power and the power coming from the generator
can be written from the reflection coefficient as
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P, B—1\?

—=(=—] . 7.13

= (ﬁ + l) ( )
This quantity can be used to find the coupling strength in steady-state conditions.

Taking the square root of both sides of the equation (7.13) and solving for 3, the
following expression for the coupling parameter is obtained

_1+/B/R
17 +/P/P

This equation permits the experimental determination of 8 from power measurements
in steady-state conditions [17, pp. 157-160]). Here, the upper sign is used for g > 1
(overcoupled), while the lower sign is employed for § < 1 (undercoupled). For g = 1,
the cavity acts as a perfectly matched load. It is possible to determine whether the
cavity is overcoupled or undercoupled by adjusting the penetration of the input coupler.
For instance, the coupling factor can be augmented by increasing the penetration of
the coupler antenna. In this scenario, the cavity becomes overcoupled. Conversely,
decreasing the penetration of the antenna can make the cavity undercoupled.

8 (7.14)

(a) <1 (b) =1 (c) B>1

Figure 7.3: Polar plots of the reflection coefficient at three different cavity couplings: (a)
undercoupling, (b) matched condition and overcoupling (c) [17, p. 160]). The obtained loop
is depicted in blue. These plots are obtained using equation (7.11).

Figure 7.3 illustrates the polar plots of the reflection coefficient for a cavity under
measurement, showing three different coupling scenarios. The cavity is considered
overcoupled when the obtained loop encompasses the origin; otherwise, the cavity is
undercoupled. If the loop passes through the origin, the reflection diminishes to zero
on resonance, and the cavity is considered unity coupled.
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7.1 Theoretical background for RF measurements of cavity modes

7.1.1.3 Scattering matrix

The scattering matrix, usually referred to as S-matrix for brevity, is widely used in
microwave engineering to describe a two-port or, more in general, an N-port net-
work [206]. To describe a network at high frequencies, it is more convenient to use
wave descriptions rather than dealing with voltage and currents. The reason is that
measuring voltages and currents at high frequencies can generally become challenging.
The incident and reflected waves, denoted as a; and b, respectively, are measures of
the incident and reflected power within a microwave structure. They are defined as

o = St Fd (7.15)
2V Ry
by, = Vi = Bili (7.16)

20WVRy

where V), and I} represent the voltage and the current at the terminal pair k, and Ry
denotes a reference resistance usually related to a source or a load. The term “port” is
used in this thesis instead of “terminal pair” to represent a power flow. For a two-port
network, as illustrated in Figure 7.4, which can represent a two-port cavity system
(see Figure 7.2), the relationship between a, (independent variable) and by, (dependent
variable), with k=1, 2, can be written in matrix formulation as

by S S| @
= , 7.17
[52} {521 Soz| | a2 ( )
where index 1 corresponds to the input port, while index 2 designates the output
port. The matrix elements S7; and Ss, are the input and output reflection coefficients,
respectively. The elements Sy and Sio represent the transmission coefficients from

port 1 to port 2 and vice versa. In reciprocal networks, the scattering matrix S is
symmetric, hence S1o = Soy.

S21
—=a

Two-port
network

S12

Figure 7.4: Scattering matrix formalism for a two-port network with resistive terminations.
Vi and I denote the voltage and the current at the terminal pair k. Ry is a reference resistance
related to a source or a load.
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7 RF measurements on PERLE HOM couplers and cavities

The scattering parameters can be equivalently defined in power terms as [110]

P
2 r,1
—nt 1
|1 P (7.18)
P
2 r,2
_n2 1
|822| Pf ) (7 9)
P
9 t
= 2
|51 2 (7.20)

where P,; and P, represent the total reflected powers for ports 1 and 2, respectively.
Considering the equations (7.14), (7.18) and (7.19), the coupling parameters 5, and /3,
can be described in terms of the scattering parameters as [207]

1+ Sy
— —=lul 7.21
A 1 F |S1] ( )
1+ |
S e B 7.22
62 1:':‘522’ ( )

For the equations (7.21) and (7.22), the same considerations made for the equation
(7.14) about sign convention and coupling cases hold true.

7.1.2 HOM measurements for a cavity with a HOM coupler

The preceding subsection discussed the scenario of a cavity equipped with an input
coupler and a field probe. Consider a cavity equipped with a probe antenna, which
serves as a reference antenna, connected to the input port (port 1) and a HOM coupler
situated at the output port (port 2), as shown in Figure 7.5.

HOM
coupler
(port 2)

Reference

(port 1)

Figure 7.5: Single-cell RF cavity equipped with a reference antenna and a HOM coupler.
The reference antenna is connected to port 1, while the HOM coupler is linked to port 2.

Although it remains possible to assume that the HOM coupler weakly couples to the
FM (i.e., B <1) because of its rejection characteristics towards this mode, the same
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7.1 Theoretical background for RF measurements of cavity modes

assumption cannot be extended to the cavity HOMs. Indeed, the primary function of a
HOM coupler is to enable the coupling to the EM fields of HOMs to extract the power
associated with these parasitic modes. This section presents an approach for measuring
the performance of a HOM coupler installed in a cavity, aiming at minimizing the error
related to the recorded scattering parameters S;; and Ssy in case of weak coupling of
EM fields to the antennas involved in the measurements.

7.1.2.1 Theoretical framework

The damping of HOMs is quantified by the external quality factor (e, which char-
acterizes the efficiency of the HOM couplers in a damped cavity. Consider the config-
uration in Figure 7.5. The scattering parameters between the probe antenna and the
HOM coupler are evaluated using a VNA. The standard procedure to measure (Quy; of
cavity modes for both antennas involves several steps.

First, the loaded quality factor @)y, is determined from the resonant frequency and
3 dB bandwidth of the measured Sy; transmission. The S5; parameter formula in a
two-port cavity system (see Figure 7.2) can be expressed as follows [63]

2v/ 3152
(14 51+ B2) + jQods,

where 07 = (f/fo — fo/f) with fo being the resonant frequency of the considered
mode. Here, the coupling parameters for the input coupler and the HOM coupler are
described using the equations (7.6) and (7.7). This derivation is valid regardless of
whether 5, < 1 or #; > 1, as well as for f; < 1 or 3 > 1. Moreover, the equations
(7.8) and (7.9) hold true for the studied scenario. In the event that the cavity is driven
exactly on resonance (i.e., f = fy), the equation (7.23) becomes

4313, }
(1+ 61+ 62)%]

Subsequently, the coupling factors of the reference antenna (f;) and HOM coupler
(B2) are derived at resonance from the reflection measurements using the equations
(7.21) and (7.22). Finally, the intrinsic quality factor at resonance is obtained from
the equation (7.9), enabling the calculation of the external quality factors for the two
antennas from the equations (7.6) and (7.7).

In scenarios characterized by very weak coupling between the antennas and resonant
modes, such as in room temperature measurements, utilizing S;; and Syo scattering
parameters leads to notable errors. If the reference antenna is severely undercoupled
(i.e.,, f1 < 1 and Sy ~ 1), it is possible to approximate its coupling parameter for a
specific mode as follows

So1(f) = (7.23)

S521(fo) = 101og [ (7.24)

~ L= 15ufo)/Sullf] > fo)l
L+ 151u(fo)/Su(lf| > fo)l’

A (7.25)
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7 RF measurements on PERLE HOM couplers and cavities

with |f| > fo being the off-resonance condition, while f = fy representing the on-
resonance condition. Alternatively, it could be possible to obtain a reliable result by
using a longer reference antenna to enhance the coupling. In case the HOM coupler is
highly undercoupled for a certain mode (i.e., B2 < 1 and Sy ~ 1), rather than using
the equation (7.22), it is possible to derive 53 < 1, and consequently the external
quality factor of the HOM coupler, by measuring Ss; instead of Ss,. By rearranging
the equation (7.24) and employing the equations (7.7) and (7.8) the Qey of the HOM
coupler can be expressed as

_ 45 %
Qext,2(f0) — mQL . 10 . (726)

This Sy; transmission measurement technique requires two-port cable calibration on
both the input and output cables.

7.1.2.2 HOM measurement procedure

Based on the theoretical framework described in the previous subsection, the procedure
outlined below has been developed for the HOM measurements. This technique has
the advantage of being unique, independently of the type of measured mode, and
permits the determination of the (). for the HOM coupler through an iterative process.
The following notation is employed to indicate the two types of coupling parameters,
regardless of whether they are associated with the input or the HOM coupler antennas:
B, and (5 denote the coupling parameters of the coupler that exhibits a large coupling
(6 ~ 1) or small coupling (5 < 1) with the EM field inside the cavity, respectively.
The sequence used for measuring cavity modes can be summarized as follows [166]:

(i) The loaded quality factor @, and the Sy, values are recorded using a VNA.

(ii) The on-resonance and off-resonance reflection coefficients of both ports are mea-
sured. The coupling strength of each port is calculated on the basis of the fol-
lowing two parameters

AS1(fo) = Su(lf] > fo) — Su(fo), (7.27)

ASs(fo) = Saa(lf] > fo) — Se2(fo)- (7.28)

If AS11(fo) > ASa(fo), port 1 exhibits stronger coupling to the EM field of the
considered mode than port 2, and vice versa. Only the reflected signal to the
strongly-coupled antenna, denoted as Sy, is considered, and the large-coupling
parameter ; is approximated, in analogy with the equation (7.25), as
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7.1 Theoretical background for RF measurements of cavity modes

~ LE[Sulfo)/Sullf] > fo)l
LF 1Su(fo)/Su(lf] > fo)l’

The polar plot of the reflection parameter Sy is recorded, allowing the distinction
between overcoupling (upper sign is employed) and undercoupling (lower sign is
used) scenarios of the antenna. Here, for the sake of clarity, it is important
to know that the pair of indices “lI” can be either “11” or “22”, depending on
whether the strongest coupling is at port 1 or port 2. Consequently, the reflected
signal to the weakly-coupled antenna is denoted as Ss;. Precise measurements
of Sss parameter become challenging in cases of very weak coupling. This can
potentially result in an inaccurate evaluation of the coupling parameter for the
weakly-coupled antenna, referred to as ;.

Bi (7.29)

(iii) Assuming that 55 < [, the external quality factor for the weak-coupled antenna,
denoted as Qexts, can be approximated, in analogy with the equation (7.26), as

45 191 (f0)|

Qext,s(fO) ~ 1 + 51 QL 1070 (730)

Here, the parameter [, is neglected due to the above-stated considerations on
the S, signal of a weak-coupled antenna.

(iv) Successively, the coupling parameter f,, the intrinsic quality factor @)y, and the
external quality factor for the strong-coupled antenna, denoted as Qext;, are
determined by using the following relations

_(1+8)Qy
BS N Qext,s(fO) , (731>
Qo(fo) = Qu(l + Bs + B1), (7.32)
Qext,l(fO) = QOﬁ(;fO) (733)

(v) Finally, the second step of the iterative process gives the second-order approxi-
mation of the external quality factors for the two couplers, which are given by

Qo
Qext1(fo) = 00— 01 (7.34)
Qext,s(fO) = (1 i Bsﬁ_'_ BZ)QL . (735)
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7 RF measurements on PERLE HOM couplers and cavities

The above-described procedure is used for measuring the performances of each manu-
factured HOM-coupler prototype on a 2-cell 801.58 MHz Cu cavity, whose results are
presented in Subsection 7.2.2.

7.2 Low power RF measurements on 801.58 MHz cav-
ities

In the framework of the collaboration between CERN and JLab to initiate SRF cavity
R&D studies for the LHeC and FCC-related projects, several 801.58 MHz prototype
elliptical cavities, including the 801.58 MHz Nb five-cell cavity presented in Chapter 2,
were designed, fabricated, and tested during the period from 2016 to 2018 [58]. The
following cavities were produced: a 1-cell and a 5-cell fine-grain high-RRR Nb cavities,
two 1-cell OFHC Cu cavities for thin film coating R&D, and a 2-cell OFHC Cu cavity
for R&D bench measurements. The 5-cell 801.58 MHz cavity JLab design has been
adapted as the baseline for the two superconducting linac cryomodules of the PERLE
ERL at IJCLab. In 2023, the first 801.58 MHz OFHC Cu 5-cell PERLE-type cavity,
presented in Chapter 6, was manufactured at JLab as part of this thesis.

The main scope of this study is to test the damping performance of the fabricated
HOM coupler prototypes, presented in Chapter 4, at warm temperatures. The HOM
couplers were individually tested first on the 2-cell OFHC Cu cavity (refer to Sub-
section 7.2.2). Then, their combination into the 2P2H and 4DQW HOM-damping
schemes, presented in Chapter 5, was tested on the produced 5-cell Cu cavity (refer to
Subsection 7.2.3).

The summary of the measurements presented in this section includes:

(i) Evaluation of the frequency spectrum and deviation of the 2-cell and 5-cell
801.58 MHz OFHC Cu cavities.

(ii) Bead-pull measurements on the 5-cell Cu cavity to determine the identity of
relevant monopole and dipole HOMs.

(iii)) HOM-damping measurements, including the evaluation of the transmission (Ss1),
reflection (S7; and Sag) signals, coupling parameter (), unloaded quality factor
(Qo), loaded quality factor (Qr,), and external quality factor (Qey;) for the highest-
R/ HOM passbands of the 2-cell and 5-cell Cu cavities.

In the following, the measurement setup is presented. RF measurements per-
formed on the 2-cell and 5-cell OFHC Cu cavities are discussed and compared to
CST eigenmode simulations. These analyses provide insights into designing the final
HOM-damping endgroups of the 5-cell 801.58 MHz Nb cavity intended for use in the
PERLE ERL linacs. The 5-cell Nb cavity, which was not available at JLab during the
measurement campaigns, is not covered in the present measurement survey. Since all
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the mentioned cavities are suitable for PERLE R&D studies, they are referred to as
PERLE-type cavities in this thesis.

7.2.1 The measurement setup

The experimental setup used for low-power RF measurements on PERLE-type Cu
cavities is depicted in Figure 7.6. The purpose of this setup is to enable the execution of
multiple RF tests on the same test bench, including measurements of HOM frequency,
bead-pull tests, and HOM-damping measurements.

(a) 2-cell Cu cavity with one HOM coupler  (b) 5-cell Cu cavity with four HOM couplers

Figure 7.6: Measurement setup for the 2-cell Cu cavity with one HOM coupler prototype
installed on the right-hand beam pipe and a reference antenna (not visible in the picture) on
the left-hand beam pipe (a) [123]. A similar setup is employed for the 5-cell Cu cavity with
four HOM couplers (b). Two couplers are positioned on each side of the 5-cell cavity. Test
cables are connected to a VNA. Figure (a) falls under the Creative Commons Attribution 4.0
(CC BY 4.0) license (https://creativecommons.org/licenses/by/4.0/).

The measurement setup consists of a Cu cavity equipped with one or multiple 3D-
printed epoxy and Cu-coated HOM couplers (refer to Section 4.3). The cavity cells and
beam pipe are clamped together, as described in Section 6.3. Couplers are connected
to the beam pipe ports and secured using both metal C-clamps and cable ties. While
welding offers superior RF contact between surfaces, clamping was selected as the
preferred method for securing the assembly due to its practicality and suitability for
the specific requirements of low-power RF measurements. Beam pipes are left open to
allow the insertion of reference antennas on both sides of the cavity for the purpose of
exciting HOMs (see Figure 7.7 (a)). In addition, this facilitates access to the cavity
interior and permits the easy rotation and replacement of the reference antennas if
stronger or weaker coupling to the cavity HOMs is required. Two stepper motors, one
on each side of the cavity, enable the movement of a nylon wire, to which a Teflon bead
is attached, passing through the cavity to perform bead-pull tests (see Figure 7.7 (b)).

The setup is equipped with a VNA to record the RF signal between the antennas of
the experimental setup. The antennas are connected to the VNA ports using coaxial
test cables. Depending on the purposes of the analysis, the RF signal between the two
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Reference i
antenna

(a) Reference antenna on the 2-cell cavity (b) 2P2H scheme on the 5-cell cavity

Figure 7.7: Reference antenna installed on the 2-cell Cu cavity (a). Interior of the 5-cell Cu
cavity with the 2P2H damping scheme (b). The Teflon bead for bead-pull tests is also shown.

ports can be measured using two reference antennas, one reference antenna and one
HOM coupler, or two HOM couplers. When measuring the transmission between two
couplers in a multi-coupler damping scheme, the couplers that are not involved in the
measurement are terminated with 50 € dummy loads (see Figure 7.6 (b)). These termi-
nations are designed to absorb all the incident power with little reflection, allowing the
ports to be terminated in their characteristic impedance and ensure an accurate mea-
surement. The collected data were analyzed using a Mathematica 13.3 [208] program
called Polfit [209]. This routine uses a procedure for automatic pole fitting of complex
spectral data to estimate the @)1, of each HOM. This approach permits saving time for
resonance frequencies and ()1, measurements compared to direct VNA measurements,
especially when measuring HOM-passbands in multi-cell cavities.

7.2.2 2-cell elliptical copper cavity

This section presents the HOM-damping measurements performed at low power and
room temperature on a 2-cell 801.58 MHz PERLE-type Cu cavity with a HOM coupler
mounted on one of its beam pipes. The experimental setup is shown in Figure 7.6 (a).
Bench RF measurements were carried out at JLab on 3D-printed and copper-coated
HOM coupler prototypes - namely probe-type, hook-type, and DQW couplers - for
validating their damping performances and the adequacy of the used measurement
setup. Although the couplers have been optimized based on the frequency spectrum
of the 5-cell PERLE cavity, the decision to test them individually on a 2-cell cavity
was made because the 5-cell Cu cavity was still under fabrication at JLab during the
first HOM measurement campaign. This choice was based on the assumption that the
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7.2 Low power RF measurements on 801.58 MHz cavities

frequency spectrum of a 5-cell cavity is reasonably similar to that of a 2-cell cavity
(see Figure 4.6). First, the frequency spectrum of the 2-cell cavity is analyzed, along
with the HOM frequency deviation from the simulated resonant mode frequencies.
Subsequently, Qe measurements for the FM and trapped high-R/Q HOMs for each
studied coupler are presented. In particular, the dependency of the Qey on the coupler
orientation is investigated to assess the best HOM-damping orientation for each of
the three couplers. As part of the design criteria for the three produced couplers, the
analysis aimed to demonstrate adequate FM rejection and satisfactory HOM-damping,
with Qext < 10° for all relevant monopole and dipole HOMs. Measurement results
and their comparison with CST simulations are detailed. It is important to note that
the considerations in this study will refer only to the HOMs of the investigated 2-cell
cavity. Indeed, the performance of the HOM couplers in the 5-cell cavity may vary
slightly. The results shown in this section were partially presented in [123, 166].

7.2.2.1 Frequency spectrum and deviation

The frequency spectrum of the 2-cell 801.58 MHz cavity was recorded throughout the
frequency range from 0.7 GHz to 1.8 GHz, including the FM and trapped high-R/Q cav-
ity HOMs. The RF transmission was measured from a reference antenna to the HOM
coupler installed on the opposite side of the cavity using a VNA (see Figure 7.6 (a)).
The reference antenna was placed on-axis or off-axis for monopole and dipole mode
excitation, respectively. This subsection presents only the frequency spectrum analysis
of the 2-cell cavity with one DQW coupler. The perturbation introduced in the cavity
is similar to the other two coupler designs. Therefore, the frequency spectra and devia-
tions do not vary significantly from one coupler design to another. Figures 7.8 (a) and
(b) illustrate, as an example, the recorded Sy; transmission of the TMg;o-m mode and
trapped mode passbands of the 2-cell cavity with a DQW-type coupler, respectively.
The resonant modes can be identified on the VNA by distinct resonance peaks.
The measured TMy;o-7 frequency was 801.577 MHz at a recorded room temperature
of 23°C and humidity of 29%. The measured frequency deviates by only 3 kHz from
the designed cavity frequency. Similar results were found in measurements involving
the other analyzed couplers. Eigenmode analyses were carried out in CST on the 2-cell
cavity with a DQW-type coupler to calculate the resonant frequencies and compare
them with measurements. The simulated cavity model is depicted in Figure 7.9. PEC
boundary conditions were considered for the cavity walls and beam pipe openings.
Waveguide ports were applied to the reference antenna and HOM coupler terminations.
Figure 7.10 (a) depicts the comparison between the measured and simulated fre-
quencies of the FM and concerned monopole and dipole HOMs of the 2-cell Cu cavity.
Figure 7.10 (b) shows the deviation between measured and simulated mode frequencies.
Table 7.1 reports the average relative frequency deviation of the modes belonging to
the same passband. The largest deviation is observed for the mode passbands with
longitudinal index p = 1. These modes are the most sensitive to frequency change due
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Figure 7.8: Measured S»; transmission for the 2-cell cavity with one DQW coupler. The
TMoio-m mode is indicated by a black triangle in (a). The frequency spectrum from 0.9 GHz
to 1.8 GHz, including the trapped monopole (blue triangles) and dipole (red triangles) cavity
modes, is shown in (b). Both polarizations of dipole modes are indicated.
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Figure 7.9: Simulated experimental setups in CST for the 2-cell 801.58 MHz cavity with a
DQW-type HOM coupler and a reference antenna. Waveguide ports are indicated in red.

to errors in the cell lengths that might be caused during the equator trimming. Cell
deformations occurring during the half-cell fabrication also contribute to the frequency
deviation. The spring-back effect on the iris of the half-cells may result in a frequency
deviation of several MHz for the cavity modes, as outlined in Section 6.1.2.

Table 7.1: Frequency deviation of mode passbands for the 2-cell cavity with a DQW coupler.

Monopole modes Dipole modes
Passband  |Af|ave [MHz] (|Af]/f)ave [%] Passband  |Af|ave [MHz| (|Af]/f)ave |%)]
TMo10 0.011 0.001 TEq111 13.379 1.311
TMo11 20.335 1.392 TMj19 2.804 0.244
TMo20 2.380 0.141
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Figure 7.10: Measured and simulated frequencies of the investigated modes for the
801.58 MHz Cu 2-cell cavity with one DQW-type coupler. Black and gray circles depict
the measured and simulated frequencies, respectively (a). The deviation between the mea-
sured and simulated frequency of each mode is shown in (b).

7.2.2.2 Probe-type coupler: HOM measurements and simulations

This section focuses on the HOM-damping measurements and simulations of the fab-
ricated probe-type coupler mounted on the 2-cell 801.58 MHz Cu cavity. The coupler
is installed on one cavity extremity, with the antenna inserted 20 mm into the beam
pipe. This value represents the nominal antenna penetration for the three coaxial HOM
coupler designs investigated in this thesis (refer to Section 4.2). The other cavity side
hosts a reference antenna along the cavity axis to excite monopole modes. The reference
antenna is displaced in the transverse directions from the beam axis to excite dipole
modes. Several coupler orientations were investigated to determine the dependency of
the EM field coupling on the antenna rotation. Figure 7.11 shows the simulated CST
models representing the five tested setups.

6, = =90’ 6, = —45° 6, =0 O = 45° 6 = 90°

c

&
e |
‘X
B,
=

Figure 7.11: Simulated CST configurations for the 2-cell 801.58 MHz cavity with a probe-
type HOM coupler and a reference antenna. The five investigated coupler orientations
0. = [—90°,—45°,0°,45°,90°] are depicted. The reference antenna and the HOM coupler
are terminated with waveguide ports, while PEC boundary conditions are assigned elsewhere.
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The active surface of the capacitive plate is aligned perpendicular to the longitu-
dinal axis of the cavity at 6. = 0°. The plate is oriented to face the cavity end-cell at
0. = —90°. The capacitive plate is directed towards the beam pipe opening at 6. = 90°.
Figure 7.12 illustrates the comparison between measured and simulated ey of con-
cerned cavity modes as a function of the probe-type coupler rotation. The Q)q-values
of the investigated monopole and dipole passbands show a moderate dependency on the
coupler rotation. The experimental results demonstrate a satisfactory agreement with
the simulated values. However, large discrepancies have been found for specific modes
that might be due to weak reflection-type signals, coupler misalignment, fabrication tol-
erances, and weak RF contact in the assembly. The measured Qq.-values of the TMg;
passband demonstrate consistent behavior across the different coupler orientations, as
they remain within the same order of magnitude, i.e., 10%. The highest suppression of
the FM occurs at 0. = —45°, yielding Qe = 4.44 x 108. On the other hand, simu-
lations suggest higher values for the Q. of FM passband, ranging from 1.29 x10? to
4.51 x10'2. Although values of Q. higher than 10'° are challenging to measure for
the FM, more accurate measurements of the TMg;o-m mode for the probe-type coupler
might be obtained by improving the alignment between the capacitive plate and the
coupler outer conductor in the fabrication phase (refer to Subsection 4.3.4.2). In addi-
tion, manual tuning techniques, such as contracting the coupler can through a metallic
collar, might lead to higher values of the FM Q.y closer to 10°.

The findings of the measurements reveal that the fabricated probe-type coupler
gives higher mitigation for the TMy;; and TMgsg monopole passbands, with QQc-values
ranging from 8.74 x10% to 5.77 x10*. For all the studied orientations, the measured
monopole modes are damped below Q. = 10°. Conversely, the TE;;; and TM;,
dipole passbands present lower damping, with Qex-values spanning from 3.77 x10% to
2.58 x10%. Although a slightly higher FM rejection has been achieved at 6, = —45°,
measurements suggest that both angles . = —90° and 6. = 0° may provide satisfactory
FM suppression and HOM mitigation.
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Figure 7.12: Measured (“Meas.”) and simulated (“Sim.”) Qext for the relevant monopole
(a-c) and dipole (d-e) modes as a function of the probe coupler rotation. The coupler is
installed on the right side of the 2-cell Cu cavity with an insertion depth of 20 mm into the
beam tube. “Pol. 1”7 and “Pol. 2” depict the 1st and 2nd dipole polarizations, respectively.

182



7 RF measurements on PERLE HOM couplers and cavities

7.2.2.3 Hook-type coupler: HOM measurements and simulations

This section presents the HOM measurements and simulations performed on the fabri-
cated hook-type coupler prototype installed on the 2-cell 801.58 MHz Cu cavity. The
transmission is measured from a reference antenna installed on one beam pipe opening
to the HOM coupler on the opposite side of the cavity. The same considerations on
the position of the reference antenna for HOM excitation, as described in the previous
Subsection 7.2.2.2, apply to these measurements. An insertion depth of 20 mm for the
coupler antenna into the beam tube was maintained to ensure a fair comparison with
the other studied couplers. Figure 7.13 shows the simulated CST models representing
the five tested experimental setups. An angle of . = 0° means that the active surface
of the coupling loop is oriented to be perpendicular to the axis of the cavity. The ter-
minal straight road of the coupler is directed towards the cavity end-cell at 8. = —90°.
On the other hand, the terminal road faces the beam pipe entry at 6, = 90°.
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Figure 7.13: Simulated experimental setups in CST for the 2-cell 801.58 MHz Cu cavity with
a hook-type HOM coupler and a reference antenna installed on the right-hand side and left-
hand side of the cavity, respectively. The subfigures illustrate the five investigated coupler
orientations, which are 6. = [—90°,—45° 0°,45°,90°]. In the numerical model, the refer-
ence antenna and the HOM coupler are terminated with waveguide ports having a matched
impedance. PEC boundary conditions are employed elsewhere.

Figure 7.14 shows the results of the investigated cavity modes for the hook-type
coupler. The TMy;p mode passband exhibits the greatest variation in response to
changes in the coupler orientation. The maximum rejection of the FM is observed for
0. = 0°, with Qext = 7.30 x 10°. The measured Q.y of monopole and dipole passbands
show a lower sensitivity to the hook coupler rotation. The majority of the measured
HOMs provide external quality factors below 10° for the studied orientations. Only a
few modes present a slightly higher Qe ;. However, the first and second polarizations
of the TM1;0-7/2 mode present higher measured Q. in the order of 10% and 107 at
0. = 90°, respectively. In general, measurements reasonably agree with simulations.
The significant deviations observed in specific modes could arise from various factors.
The misalignment of the coupler during its mounting on the beam pipe significantly
impacts the resulting Qe.. Section 7.2.2.5 provides additional details about this as-
pect. Furthermore, reflection-type measurements for modes with small coupling to the
coupler antenna can result in measurement inaccuracies. HOM measurements become
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even more challenging for dipole modes, where the separate assessment of the two
polarizations is typically possible only in limited cases. It is worth noting that in a
single-coupler configuration, the effective dipole attenuation is obtained for only one
polarization. An additional coupler on the other side of the cavity is needed to mitigate
the other polarization. Finally, errors can also arise from imperfect RF contact in the
clamped assembly and fabrication tolerances related to the cavity and HOM coupler.
For example, a misalignment between the terminal straight road of the coupler loop
and the can of the HOM coupler may alter the capacitive gap for the FM notch tuning,
leading to a change in FM suppression (refer to Subsection 4.3.4.1).

The results of measurements indicate that the fabricated hook coupler provides
higher levels of damping for the two studied dipole passbands (TE;;; and TM;jyg) in
most of the investigated configurations. The TMgsy monopole passband results in a
larger mitigation than the TMy;; passband. The findings may suggest . = 0° and
0. = 45° as potential optimal angles for rejecting the FM and damping the studied
HOMs using the hook-type coupler. Surprisingly, simulations revealed a lower rejection
of the FM at 6, = 45°. A similar trend was observed for 6. = 90°. These discrepancies
between measurements and simulations may be due to the source of errors mentioned
above. Therefore, for the studied hook coupler, the orientation #. = 0° may be preferred
for the FM rejection and mitigation of HOMs.
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Figure 7.14: Measured (“Meas.”) and simulated (“Sim.”) Qext for the relevant monopole (a-
¢) and dipole (d-e) modes as a function of the hook coupler rotation. The coupler is installed
on the right side of the 2-cell Cu cavity with an insertion depth of 20 mm into the beam tube.
“Pol. 17 and “Pol. 2” depict the 1st and 2nd dipole polarizations, respectively.
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7.2.2.4 DQW-type coupler: HOM measurements and simulations

This section illustrates the HOM measurements on the fabricated DQW coupler proto-
type installed on the 2-cell Cu cavity and compares them with CST simulations. The
RF signals are measured from a reference antenna mounted on one beam pipe entry
to the HOM coupler on the opposite cavity side. An insertion depth of 20 mm for
the coupler antenna and consistent measurement conditions employed for the previ-
ously analyzed HOM couplers were kept. The five measured and simulated coupler
configurations on the 2-cell 801.58 MHz cavity are depicted in Figure 7.15. An angle of
0. = 0° signifies that the effective surface of the antenna loop is aligned perpendicular
to the cavity axis. The terminal straight part of the loop is directed towards the cavity
end-cell at 8. = —90°, while it faces the beam pipe opening at 6. = 90°.

—90° B, = —45° 6. =0 8. =45

6, = 6, = 90°
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Figure 7.15: Simulated experimental setups in CST for the 2-cell 801.58 MHz cavity with
a DQW-type HOM coupler and a reference antenna mounted on the cavity’s right and left
sides, respectively. The subfigures show the five investigated coupler orientations, which
are 0. = [—90°,—45°0°,45°,90°]. The numerical model features waveguide ports at the
exit of the reference antenna and the HOM coupler, with PEC boundary conditions applied
elsewhere.

Figure 7.16 illustrates the results of the measurements and simulations for the in-
vestigated cavity modes across various DQW coupler orientations. The experimental
findings demonstrate a reasonable agreement with the simulated values. The significant
deviations found for specific modes and coupler orientations could be due to fabrica-
tion tolerances, coupler misalignment, weak RF contact in the assembly, and small
reflection-type signals. The TMj;o passband presents the largest (Qoyy change in rela-
tion to the coupler orientation. The highest measured FM suppression was achieved at
0, = —90°, with a corresponding value of Qe = 1.88 x 10'°. The measured monopole
and dipole HOMs provide Q.x-values below 10°, except for the 2nd polarization of the
TMi10-7/2 mode (Qexy = 1.85 x 10°%) and the TMgg-7/2 mode (Qext = 4.33 x 10°)
at 0. = 45°. The findings may indicate 6. = 45° and 6. = —90° as potential opti-
mal orientations for damping HOMs. However, the angle 6. = 45° provides a relative
low rejection (Qexy = 1.10 x 10°) of the FM compared to the 6, = —90°. Therefore,
6. = —90° may be considered as the most suitable orientation for both rejecting the
FM and damping HOMs using the DQW coupler.
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Figure 7.16: Measured (“Meas.”) and simulated (“Sim.”) Qext for the studied monopole
(a-c) and dipole (d-e) modes as a function of the DQW coupler rotation. The coupler is
installed on the right side of the 2-cell Cu cavity with an insertion depth of 20 mm into the
beam tube. “Pol. 1”7 and “Pol. 2” depict the 1st and 2nd dipole polarizations, respectively.
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7.2.2.5 Influence of the coupler antenna tilt

HOM couplers are typically designed to couple with cavity modes through the electric
or magnetic fields. The orientation of the cavity fields with respect to the plane parallel
to the effective surface of the coupler determines the coupling strength for a specific
mode. Consider a HOM coupler featuring a loop-shaped antenna, whose active surface
is perfectly perpendicular to the cavity axis, as the hook-type coupler at 6. =
(see Figure 7.13). In simulations, the pick-up loop plane is assumed to be parallel to
the magnetic field of the TMy; beam-pipe mode to reject the magnetic coupling of the
antenna to the FM. In these conditions, the magnetic coupling is nearly zero. Although
simulations assume perfect alignment of a plane with respect to a reference surface,
in reality, it may be distorted or twisted. The tilt of the coupler, referred to as d6.,
perturbs the mode patterns in the beam pipe, resulting in a change in the EM field
coupling. The 2-cell 801.58 MHz cavity with a DQW coupler was simulated in CST
to assess the sensitivity of the computed external quality factors of FM and HOMs to
small coupler rotations. The simulated coupler tilt ranges from -2.5 to 2.5 degrees with
respect to . = —90°, which is the nominal angular position of the DQW antenna in
the considered numerical model (refer to Figure 7.15).
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Figure 7.17: External quality factor of relevant monopole modes as a function of the small
coupler rotation 06.: TMg1g passband (a), TMp11 and TMggg passbands (b).

Figures 7.17 and 7.18 depict the results of the influence of the coupler antenna tilt
on the external quality factor of the concerned monopole and dipole modes, respec-
tively. The simulated FM rejection reduces by one order of magnitude when a small
tilt of +0.5° is introduced in the coupler antenna. Conversely, the TMgo-7/2 mode
exhibits the opposite behavior. The simulated tilt effect reduces the coupling (i.e.,
Qext increases) for most of the modes belonging to the TMg;; and TMog passbands,
especially for the 7/2 modes where the Qe raises from two to the three orders of
magnitude for a tilt of 0.5°. On the other hand, the coupling of the TMgy-m mode
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Figure 7.18: External quality factor of relevant dipole modes as a function of the coupler tilt:
TE111 (a) and TMy19 (b) passbands. The two polarizations of the studied dipole passbands
are illustrated.

increases (i.e., Qext decreases) by one order of magnitude. The TE;;; and TM;y4 dipole
passbands are the most affected by the change in simulated damping resulting from
the tilt of the coupler antenna. The first polarization of the TE;1;-7/2 mode and the
second polarization of the TE;;;-7 mode show a simulated increase in (Qcx; by three
orders of magnitude for a tilt of +0.5°. The other two polarizations exhibit a lower
Qext for the same amount of tilt. Surprisingly, the Q. of the first polarization of the
TEq1;-m modes decreases by five orders of magnitudes in the same coupler tilt condi-
tions. Similar changes in damping due to the coupler tilt were observed for the TM;j1q
passband. Overall, the variation of the external quality factor as a function of the sim-
ulated tilt remains almost symmetrical with respect to the nominal coupler position
for small angle variations. The (Q.; undergoes in a drastic change when simulating a
tilt of £0.5°, while remains almost stable from 1° to 2.5° and from —1° to —2.5°. It
is worth noticing that these considerations apply specifically for small angular changes
of the DQW coupler from its nominal angular position at 6. = —90°.

Figure 7.19 illustrates the measured Qo of the DQW coupler at its optimal damp-
ing orientation, i.e., . = —90°, along with the simulated Q. -values for the same
angle and a tilt of £0.5°. Most simulated values align more closely with measurements
when considering a small coupler tilt. This is particularly valid in this specific analyzed
scenario for the FM and most dipole modes. However, for the other analyzed modes,
the deviation surprisingly increases. This effect may depend on whether the antenna
is coupling to the HOMs through the magnetic or electric fields. In conclusion, the
simulated effect of the antenna tilt may represent one of the potential causes of the
discrepancies found between measurements and simulations, especially for the dipole
modes. Depending on the EM coupling to the modes, both the quantitative and quali-
tative aspects of this simulated analysis may change for other angular positions or even

189



7.2 Low power RF measurements on 801.58 MHz cavities

for other couplers. Additionally, while small variations of the coupler angle lead to a
significant change in QDo in simulations, this aspect results less prominent for small
antenna tilts in practical measurements.
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Figure 7.19: Measured (red dots) and simulated (black dots) Qext-values for the DQW
coupler at the optimal position 6. = —90° on the 2-cell 801.58 MHz cavity. The simulated
values for coupler tilts of 0.5° (white and black contoured dots) and —0.5° (white and black
contoured triangles) are depicted. The phase advance of each mode is reported. The dashed
lines represent the cutoff frequencies of the TMgy; and TEq; beam pipe modes, respectively.

7.2.2.6 Summary of the HOM measurement results for the 2-cell cavity

Three designs of HOM couplers have been fabricated and tested on a 2-cell PERLE-type
801.58 MHz Cu cavity. The measured (Qo-values align reasonably with the correspond-
ing simulated values. The results of the measurements reveal that the three couplers
provide satisfactory levels of FM rejection and damping of HOMs for specific coupler
angular positions, notably 6. = 0° for the hook-type coupler, 8. = —90° for both probe-
type and DQW couplers. Figure 7.20 depicts the measured damping performances of
the three couplers at their optimal orientations, as determined by measurements.

The DQW-type coupler emerges as the most effective solution for damping both
monopole and dipole HOMs of the PERLE 2-cell cavity. In addition, it presents the
highest FM rejection among the three studied couplers. The hook coupler remains
a valid option for mainly damping dipole modes, with the additional capability of
mitigating monopole modes to a slightly lesser extent. The probe coupler stands as
a suitable solution only for damping monopole modes below a reasonable mitigation
level, in accordance with its electric-coupling design nature.

This study has permitted the initial validation of the design of HOM couplers
optimized for the 801.58 MHz PERLE-type cavities. The manufactured HOM cou-
pler prototypes have demonstrated remarkable performances, considering the existing
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Figure 7.20: Measured Qext-values for the optimal orientation of probe-type, hook-type,
and DQW coupler on a 2-cell 801.58 MHz cavity. The orientation of each coupler antenna
refers to Figures 7.11, 7.13 and 7.15. The phase advance for each mode is indicated. The
dashed vertical lines in (a) and (b) correspond to the cutoff frequencies of the TMp; and TEq;
beam pipe modes, respectively.

limitations of 3D-printing and copper-coating techniques, which are still considered pi-
oneering in this context (refer to Section 4.3). Further studies are required to enhance
the coupler FM rejection by improving the alignment of the antenna to the coupler
shell, which is particularly susceptible to material shrinkage, or incorporating innova-
tive tuning mechanisms in future designs. Subsequent to this study, additional couplers
have been produced at CERN for the final measurement phase in the 5-cell 801.58 MHz
Cu cavity, which will be described in the next section.

7.2.3 5-cell elliptical copper cavity

This section describes the low-power RF measurements performed on the 801.58 MHz
5-cell Cu cavity. Experiments were initially conducted on the bare cavity to analyze
the frequency spectrum and HOM frequency deviations compared to the simulated
resonant frequencies. Subsequently, two suitable HOM-damping schemes were tested.
The first scheme features 2 Probe-type and 2 Hook-type couplers (2P2H scheme),
while the second employs 4 DQW-type couplers (4DQW scheme). The results of the
measurements and their comparison with simulations are reported in the following
sections.

7.2.3.1 Frequency spectrum and deviation

The resonant frequencies of the FM and several monopole and dipole HOMs were
measured at room temperature for the 5-cell bare cavity. The RF transmission and
reflection through the cavity were recorded across the frequency range from 0.7 GHz
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to 1.8 GHz. This range is characterized by the presence of trapped HOMs that can
potentially cause coupled-bunch instabilities during the ERL operation (see Subsec-
tion 2.2.2). The measurements were carried out using a VNA connected to two refer-
ence antennas installed at the opposite beam pipes. Their position was adjusted during
the measurements to excite and enhance the visualization of different types of modes.
The two antennas were positioned on the cavity axis to excite monopole modes, while
they were placed off-axis in opposite directions to measure dipole modes.

Figure 7.21 (a) depicts the measured Sy; transmission of the TMg;p mode passband
of the 5-cell bare cavity. The five modes composing the TMy;¢ passband were correctly
identified. The cavity was successfully tuned to the target frequency of 801.58 MHz by
tightening the threaded roads that secure the cavity cells. Figure 7.21 (b) illustrates the
measured Sy; transmission for the frequency range of the trapped cavity modes. The
HOM passbands are identifiable in the VNA as groups of resonance peaks. A higher
@1, for a certain mode results in a greater Sy; amplitude at the resonance frequency,
along with a narrow and more pronounced resonance peak. On the other hand, modes
with lower @, lead to a reduced S5; amplitude, resulting in a broader resonance peak.
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Figure 7.21: Measured S2; transmission for the bare cavity using two reference antennas.
The TMyjp-passband is shown in (a). The frequency spectrum from 0.9 GHz to 1.8 GHz,
containing the trapped modes, is shown in (b). Blue and red triangles indicate the relevant
monopole and dipole HOM passbands, respectively. Both dipole mode polarizations are indi-
cated in (b). The phase advance per cell of TEq11, TMgg9 and TMg;2 mode passbands takes
values from 7/5 to 7. The phase of TMg11, TM119 and TMg2; modes shifts from 7 to 7/5.

Different environmental factors, including room temperature, humidity, and pres-
sure, influence the accuracy of the measurements. The thermal expansion or contrac-
tion of cavity components can alter their dimensions and impact the resonant frequency
of the modes. Assuming a small finite change in cavity volume AV, and considering
that the active length L, of a 5-cell cavity is predominant with respect to the other
two spatial dimensions, it is possible to estimate the change in the resonant frequency
Af, of a mode n due to the free thermal expansion as [210)]
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Af, AL

I —ap AT, (7.36)
where f,, is the resonant frequency of the mode n, ag, the linear thermal expansion co-
efficient and AT the temperature gradient. The TMy;o-m mode resulted in a measured
frequency of 801.578 MHz at a room temperature of 23.6°C and humidity of 29.2%. For
a 1°C temperature variation, assuming oy, = 17.7 x 1079 1/°C for the OFHC Cu [211],
the frequency sensitivity to the room temperature for the 5-cell cavity is approximately
14.2 kHz. The resonance frequencies are also sensitive to the clamping force acting on
the cell equators to secure the different cavity parts. Following the cavity manipulation
during the installation and alignment of the HOM couplers, the FM frequency shifted
to 801.924 MHz. This 346 kHz frequency change can be due to the deformation caused
by the tightening of the threaded rods on the cavity cells. Considering the calculated
average trimming parameter on the cell equators of 1.51 MHz/mm, this frequency shift
was due to an average reduction of 229 pm in the equator flat length per cavity cell.

Eigenmode analyses were conducted using CST on the 5-cell bare cavity to calculate
the resonant frequencies and (Qy-values of trapped modes between 0.7 GHz and 1.8 GHz.
PEC boundary conditions were applied to cavity walls and beam pipe ends. The per-
turbation method was used to compute (Qp-values of HOMSs, considering the electrical
conductivity value of copper at room temperature (5.8x107 S/m). Figure 7.22 (a)
compares the measured and simulated frequencies of the FM and the most relevant
trapped monopole and dipole modes for the 5-cell Cu cavity. Figure 7.22 (b) illus-
trates the frequency deviations between measured and simulated frequencies for the
investigated modes. Each mode is associated with its respective passband.
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Figure 7.22: Comparison between measured and simulated frequencies of the investigated
modes for the 801.58 MHz Cu 5-cell bare cavity. Black circles represent measured frequen-
cies, while gray circles correspond to simulated frequencies (a). The deviation between the
measured and simulated frequencies of each mode is depicted in (b).
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The average relative frequency deviation among modes within each examined pass-
band ranges from 0.02% to 2.20% (see Table 7.2). This corresponds to an average
absolute frequency difference of 0.18 MHz and 31.07 MHz between calculated and mea-
sured frequencies, respectively. These measurements provide an initial estimate of the
actual frequency variation caused by mechanical tolerances during cavity fabrication
and tuning.

Table 7.2: Average frequency deviation of modes within the FM and HOM passbands of the
5-cell cavity.

Monopole modes Dipole modes
Passband = |Aflave [MHz]  (|Af|/f)ave [%] ~ Passband  |Aflave [MHz] = (JAf[/f)ave [%]
TMp10 0.18 0.02 TEq111 21.01 2.13
TMo11 31.07 2.20 TMi10 5.80 0.52
TMoa0 8.01 0.47 TMi11 22.05 1.44

Among the monopole and dipole HOMs, those characterized by a longitudinal index
p = 1 deviate the most from their simulated frequencies. These modes are highly sen-
sitive to changes in the total cavity length and, in turn, the most affected by frequency
deviations. Variations of the physical dimensions in radial and azimuthal directions
can also influence the resonant frequency of a mode. During the fabrication process of
a cavity, errors can occur, yielding discrepancies in the individual cavity cell lengths
compared to the design specifications. The global error, especially in the longitudi-
nal direction, tends to accumulate in a multi-cell cavity. As a result, the iris-to-iris
cavity length can become longer or shorter than the initially designed length, lead-
ing to a frequency shift for these modes. After assembling the cavity cells, the cavity
length was measured and found to be approximately 2 cm longer than the designed
value of 89.905 cm. This discrepancy corresponds to an average deviation of 2 mm in
each individual half-cell length, which can be attributed to the intentional trimming
of the equator extra length or fabrication errors. Furthermore, the equator radius in
the fabricated half-cells may deviate from the designed value, which can impact the
resonant frequency of a mode. Often, the radii of the fabricated half-cell equators are
shorter than the intended length due to deformations and errors during the fabrication
process. Lastly, the deformation on the iris of the half cells, caused by the springback
effect during deep-drawing, can also result in a frequency spread of several MHz, as
described in Section 6.1.2.

Due to the relatively large frequency variations found for certain modes, such
as TMp11, TEq11, and TM;y, it is fundamental to control them in the Nb cavity
801.58 MHz model and assess their proximity to the harmonics of the circulating bunch.
The simulated frequency shifts between the resonant frequencies of the cavity HOMs
and the closest lower and higher bunch harmonics are evaluated in Subsection 2.2.2.
Ultimately, it is crucial to quantify the frequency spread between the measured HOM
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frequencies and the bunch harmonics, as illustrated in Figures 7.23 (a) and (b) for the
measured monopole and dipole modes, respectively.
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Figure 7.23: Frequency shift between the measured resonant frequency of a mode n and
its closest lower and higher bunch harmonics. The absolute difference between the mode fre-
quency and its closest lower-frequency harmonic |A f}ub] is depicted in black for monopole
modes (a) and orange for dipole modes (b). The frequency shift to the nearest higher-
frequency harmonic |A f;b\ is illustrated in blue for monopole modes (a) and red for dipole
modes (b). The resonant frequency associated with each mode is depicted in Figure 7.22.

The frequency spread ranges from 0.57 MHz to 39.51 MHz. The TMg;; and TMqgq-
type modes are positioned at least 6 MHz away from their closest beam current line,
except for the low-(R/Q)| TMgz-47/5 mode (mode no. 14 in Figure 7.23 (a)), which
is separated by 0.57 MHz from its nearest harmonic. The frequency spread of dipole
HOMs varies from 0.25 MHz for the low to 39.82 MHz. The frequency shifts of the
high-(R/Q), TEj11-37/5 and TE;q1-47/5 modes (modes no. 5-6 and no. 7-8 in Fig-
ure 7.23 (b)) are 17 MHz and 15 MHz, respectively. These modes, whose simulated
frequency shift was about 3 MHz (refer to Figure 2.9 (b)), are positioned in the mea-
sured cavity spectrum sufficiently away from the beam spectral lines to exclude the
possibility of resonant effects. Due to the relatively small frequency shift of only 1 MHz
from the nearest harmonic, the high-(R/Q),. TMji9-47/5 mode (modes no. 13-14 in
Figure 7.23 (b)) needs to be carefully monitored in the final Nb cavity design. Further
analyses regarding the expected HOM frequency spread in the PERLE Nb cavities
remain to be studied and are beyond the scope of this analysis.

7.2.3.2 Bead-pull measurements

In general, the identification of HOMs from scattering parameter measurements, as
detailed in Subsection 7.2.3.1, can be challenging for a multi-cell cavity. The pres-
ence of crossing HOMs passbands, especially at higher frequencies where the spectrum
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becomes denser, along with the frequency deviations because of manufacturing toler-
ances, can complicate the mode identification process. Consequently, the mode identity
of the studied HOMs was confirmed using the bead-pull measurements (refer to Sec-
tion 6.4). The procedure consists of measuring the electric field profile of monopole and
dipole HOMs through perturbation and comparing it to the corresponding simulated
normalized electric field amplitude. In general, the bead is moved by the stepper mo-
tors through the cavity to measure the electric field of the transverse magnetic (TM)
monopole modes along the nominal particle bunch trajectory. The longitudinal elec-
tric field vanishes on the cavity axis for both TM and TE (transverse electric) dipole
modes. As our objective is to capture both the longitudinal and transverse compo-
nents of the electric field, dipole modes are measured with a transverse offset [212].
In our experimental setup, this is achieved by displacing the bead 10 mm away from
the cavity center in the vertical direction using the two motors. The measured and
simulated normalized electric field amplitude of two monopole HOMs are presented in
Figure 7.24.
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Figure 7.24: Measured (blue line) and simulated (black line) normalized field profile for the
TMop11-7 mode (a) and TMggo-m mode (b) of the 5-cell 801.58 MHz Cu bare cavity.

7.2.3.3 Unloaded quality factor

The standard procedure to measure the unloaded quality factor )¢ of the cavity modes
foresees the measurement of the transmission and reflection signals between an input
(port 1) and a pick-up antenna (port 2) installed in the cavity under test. This al-
lows for the calculation for each mode of the coupling parameters §; and [, for the
two ports, as well as the evaluation of (), in order to evaluate the ()g-values using
the equation (7.9). An alternative, more straightforward approach is to calculate the
unloaded quality factor from the equation (1.89), assuming Qy ~ Q. This assumption
is valid when the external quality factor Qe of the HOMs is significantly elevated,
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e, 1/Qex ~ 0. In this case, the Qp-values of the HOMs are mostly dominated by
the losses on the cavity walls. This can be achieved using two probe-type antennas
with lengths shorter than the beam pipe length to minimize the coupling to the EM
field. This alternative method, despite the potential for increased measurement error
compared to the standard procedure, was used for the RF measurement on the 5-cell
cavity due to the large number of modes that needed to be measured. Measurements
were conducted using two 50 mm long probe-type antennas, one on each side of the
cavity. Hook-shaped antennas having the same lengths were used for more accurate
measurements of the Sy; and @Qp-values of dipole modes. The resulting unloaded qual-
ity factors for the potentially dangerous monopole and dipole passband, compared
with frequency-domain simulations, are shown in Figure 7.25. The ()y-deviation from
simulated values is depicted in Figure 7.26.
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Figure 7.25: Measured and simulated unloaded quality factors of monopole modes (a) and
both polarizations of dipole modes (b) of the 5-cell PERLE cavity. Error bars correspond
to multiple measurements conducted using the VNA and fitted in Polfit. Two 50 mm long
reference antennas were used for the measurements, one on each cavity beam pipe. The
dashed vertical line in (a) denotes the cutoff frequency of the TMp; beam pipe mode.

Results show that, for the majority of the studied modes, the simulated (Qy-values
are higher than the measured ones. This arises from the assumption that cavity surfaces
have superior quality and are in perfect contact with each other in simulations. The
simulated @Qg-values for the TMjyig-passband closely align with measurements. The
discrepancy between measurements and simulation for most of the studied monopole
and dipole HOMs is less than 60%. A higher spread (~ 100%) is observed for the
TMp11-27/5 mode (mode no. 9 in Figure 7.26 (a)) and for certain modes within the
investigated dipole passband, such as TE;1;-m mode (modes no. 9-10 in Figure 7.26 (b))
and TM;j1o-m mode (no. 11-12 in Figure 7.26 (b)). The spread increases further for
higher frequencies, especially for HOMs whose frequencies are close to the TMy; beam

197



7.2 Low power RF measurements on 801.58 MHz cavities

. Q) spread _ 1.0 N () spread
..... £ meas ™, D e meas
15 — fsim. 16 f sim.
,0.8
14— = TEn —~
10 Lo z % ' 1.2 &l
S : < e
a 40 i
0.5 ™y 1.0 i
ally
0.0— - i 0.8 : I 1 I I
0 5 10 15 10 15 20 25 30
Monopole mode number Dipole mode number
(a) Monopole HOMs (b) Dipole HOMs

Figure 7.26: Relative spread of the Qo-values for monopole modes (a) and both polarizations
of dipole (b) modes of the 5-cell PERLE cavity.

pipe cutoff frequency. In these cases, the measurements are also affected by the setup
conditions at the entries of the beam pipes, which can be either open or closed during
the RF measurements. For example, the simulated QQgp-values of the TMgqo-passband
deviate in average from measurements by approximately 150%.

Multiple factors may contribute to the deviations between measurements and sim-
ulations observed in several modes. The reference antenna length plays an important
role in the precision of these measurements as it determines the coupling to the res-
onant modes. This, in turn, could impact the validity of our initial assumption, i.e.,
Qo ~ Qr, for these specific measurements. Nevertheless, using 50 mm long antennas
during tests yielded satisfactory (Qo-value measurements due to reduced coupling to the
resonant modes. Imperfections on the cavity surfaces and weak RF contact between
parts in the clamped assembly can result in a lower (Qg-value than the simulated one.
Furthermore, Ss;-measurements for modes with weak coupling to the used antennas
can lead to measurement inaccuracy. This is particularly true for the measurements of
dipole modes, which are typically characterized by the presence of a double peak on the
So1 signal. In these cases, the measurement of the first polarization is influenced by the
presence of the excited second polarization and vice versa. The two polarizations of the
dipole modes could only be measured separately at the VNA in a few instances. The
observed discrepancies align with findings in previous studies conducted by Papke et
al. |213] involving RF measurements on similar cavities. This indicates the consistency
of these discrepancies for the conducted RF measurements.

7.2.3.4 HOM-damping measurements and simulations

HOM-damping measurements were conducted at room temperature on the manufac-
tured 5-cell 801.58 MHz elliptical Cu cavity equipped with four 3D-printed and copper-
coated HOM coupler prototypes for the relevant monopole and dipole mode passbands
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(see Figure 7.6 (b)). The study focused on HOM measurements of the 2P2H and
4DQW damping endgroups. The positioning of HOM couplers on the cavity was exe-
cuted as illustrated in Figure 7.27. The two couplers on the left-hand beam pipe are
positioned 78 mm from the straight wall of the adjacent end-cell, while the couplers
on the opposite side are at a distance of 69 mm from their neighboring end-cell. The
two couplers on each beam pipe are mounted to form an angle of 120° between their
axes. A penetration depth of 20 mm for the coupler antenna into the beam tube was
set for all the couplers. These technical specifications were chosen based on mechanical
integration and HOM-damping considerations discussed in Chapter 5. Figure 7.27 de-
picts the simulated CST models representing the two tested experimental setups. The
measurements were compared to eigenmode simulations to validate the adequacy of
our measurement setup (refer to Subsection 7.2.1) in measuring Qe of cavity modes.

Hook
Probe

P P

(a) 5-cell cavity with 2P2H scheme (b) 5-cell cavity with 4DQW scheme

Figure 7.27: Simulated setup in CST including the 5-cell 801.58 MHz cavity equipped with
HOM couplers: (a) 2P2H and 4DQW (b) schemes. Waveguide ports are indicated in red.

PEC boundary conditions are applied to the cavity walls and HOM coupler surfaces.
Beam pipe entries and HOM couplers are terminated with WG ports to simulate the
HOM power propagating into the ports. The lossy CST eigenmode solver is used to
calculate the resonant frequencies and Qe -values for the investigated modes. The
measurement, procedure employed is described in Section 7.2.1. Since our focus is on
measuring the overall damping performance of the multi-coupler scheme, the loaded
quality factor, or total @), could be measured between two couplers only while termi-
nating the other two couplers with dummy loads. First, the loaded quality factor @y,
is determined from the resonant frequency and 3 dB bandwidth of the measured So;
transmission for each monopole and dipole mode. Using the ()y-values measured on
the 5-cell bare cavity in Section 7.2.3.3, the external quality factor for each mode n in
the analyzed damping schemes could be calculated as

1 1 \"!
Qextn = ( Oun QM) : (7.37)
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The resulting Qcx-values for the potentially dangerous monopole and dipole pass-
bands, compared with frequency-domain simulations, for the 2P2H and 4DQW damp-
ing structures are shown in Figures 7.28 and 7.29, respectively.
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Figure 7.28: Measured and simulated Qext of monopole modes (a) and both polarizations of
dipole modes (b) for the 2P2H damping scheme on the 5-cell PERLE cavity. Error bars reflect
Qext variation observed in distinct measurements. One hook-type and probe-type coupler are
installed on each side of the cavity, each with a penetration depth of 20 mm into the cutoff
tube. The critical Qex¢-values (gray diamonds) are computed for the current Iy, o, =120 mA.
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Figure 7.29: Measured and simulated Qexy of monopole modes (a) and both polarizations
of dipole (b) modes for the 4DQW damping scheme on the 5-cell PERLE cavity. Error bars
reflect Qext variation observed in distinct measurements. Two DQW couplers are placed on
each side of the cavity, each with a penetration depth of 20 mm into the cutoff tube. The
critical Qext-values (gray diamonds) are computed for the current I, o, =120 mA.

The results demonstrate a satisfactory agreement between measured and simulated
external quality factor values for both analyzed damping schemes. For the majority of
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modes, the measured Q.-values range between 10® and 10°, and they are lower than
the simulated ones. Some modes provide external quality factors higher than 10°. For
example, by referring to the 2P2H damping scheme, the TMg;;-m mode at 1.368 GHz
has Qexe = 2.34 x 10°. However, this mode possesses R/Q =6 x 1073 Q, which is
the lowest R/Q-value among modes of the TMy;; passband (see Table 3.1), and it
safely damped below its BBU threshold. The same mode exhibits Qe = 2.31 x 10° in
the 4ADQW damping scheme. The second polarization of TM;;;-27/5 mode shows the
highest measured Q. among the trapped dipole modes, reaching 4.4 x 10° in the 2P2H
scheme. This mode has the highest transverse impedance ((R/Q); Qext & 2x10° kQ/m)
among the modes of the TM;;; passband. Nevertheless, this HOM is mitigated with
Qext = 2.1 x10* in the 4DQW scheme. In both damping schemes, the measured HOMs
exhibit a safety margin of at least one order of magnitude compared to the simulated
BBU Q. thresholds for the PERLE accelerator operating at a beam current of 120 mA.
The measurements suggest that the analyzed 4DQW damping scheme demonstrates
higher efficiency in damping the majority of confined monopole and dipole HOMs below
their BBU stability limits than the 2P2H damping scheme (see Figure 7.30), confirming
the validity of our simulation predictions.
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Figure 7.30: Measured external quality factors for the 2P2H and 4DQW HOM-damping
schemes. The HOM couplers are installed on the 5-cell Cu cavity as depicted in Figure
7.6 (b). The orientation of each coupler antenna is illustrated in Figure 7.27. The phase
advance for each mode is indicated.

The discrepancies observed between measured and simulated (Qex-values could be
due to various factors. The orientation of each coupler antenna is crucial in damping
HOMs. As described in Subsection 7.2.2.5 and demonstrated in our previous work [123],
a small simulated tilt 06, of the coupler antenna in CST (for example, +0.5° with
respect to the design position) can influence its coupling to the electromagnetic field of
HOMs. This changes the simulated Qe up to several orders of magnitudes for certain
modes. Moreover, only in limited cases, the Ss; signal was measured separately for the
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two polarizations of dipole modes. The coexistence of both polarizations in the dipole
mode signal can lead to inaccuracies in measuring (J;, when the amplitude of their Sy;-
values is comparable. Finally, cavity surface imperfections, errors in manufacturing
the cavity, and the HOM couplers, as well as the weak RF contact in the clamped
assembly, are possible reasons for the found Q). deviations.
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Conclusions and perspectives

The PERLE facility study envisions building a compact three-pass ERL based on SRF
technology. Its main goal is demonstrating the high-current (20 mA injection beam
current), continuous wave, multi-pass operation with SRF cavities at 801.58 MHz to
validate options for future higher-energy machines, such as the 50 GeV ERL foreseen
for the LHeC and the FCC-eh. The regenerative multi-pass BBU is a relevant phe-
nomenon in high-current ERL, like PERLE. The main motivation for this thesis was to
design, build, test, and analyze coaxial HOM couplers for the PERLE cavities, with the
ultimate goal of proposing several damping options capable of mitigating HOMs below
BBU instability limits. This work considers the 500 MeV PERLE ERL configuration.

The PERLE accelerator complex layout, the SRF cavity design, and HOM identifi-
cation were covered in Chapter 2. The 5-cell 801.58 MHz Nb cavity design built at JLab
was selected for the PERLE project. Potentially dangerous monopole and dipole HOMs
have been identified using eigenmode simulations in CST. The first monopole passband
(TMo11) and the first two dipole passbands (TEj11, TMyyg) are the most problematic
parasite modes due to their high R/ values. These HOMs may lead to beam instabili-
ties if not adequately damped. The proximity of the HOMs to the beam harmonics has
also been assessed to prevent the potential voltage buildup from their possible resonant
interaction with the highest current harmonics. Simulation results show that concerned
HOMs are sufficiently separated from their nearest beam harmonic to exclude the pos-
sibility of resonant effects with the circulating beam. The power consumption of the
cryogenic system has also been evaluated. The static and dynamic losses for each of the
two PERLE linacs are estimated to be Py = 37.4 W and Py, = 107.5 W, respectively.
The required AC wall power per linac is roughly P, ac = 108 kW. The total input
power needed per cavity was evaluated in the on-crest and off-crest ERL operating
scenarios. Given the cavity nominal gradient of 22.4 MV /m, the total beam power
per cavity of 1.23 MW, and assuming a microphonic detuning of 60 Hz and a fixed
input coupler with Qr o = 2.5 x 10°, the estimated input power per cavity is 103 kW
for the considered off-crest scenario and 92 kW for the on-crest scenario. The required
input power can be further reduced by controlling the microphonics effect through a
Ferro-Electric Fast Reactive Tuner (FE-FRT).

The BBU instabilities were discussed in Chapter 3. The longitudinal and transverse
impedance thresholds were analytically calculated for the PERLE cavity considering
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an operating beam current of 120 mA. The resulting longitudinal impedance threshold
follows the fit equation Zﬁh[kﬁ] = 2.12 x 10°f~}[GHz], while transverse impedance

threshold value is Z'" = 5.23 x 10° k2/m and is independent of the frequency. The
impedance thresholds were used to compute the critical external quality factors for con-
cerned HOMs above which BBU instabilities may occur. The critical Qe were com-
pared with simulation results from Lancaster’s BBU-tracking model, revealing similar
trends. Results also demonstrate that Ampere level threshold currents can be achieved
in PERLE when considering typical Qe ranging from 103 to 10°.

The RF transmission of three coaxial HOM couplers, namely the probe (P), hook
(H), and DQW couplers, has been optimized to damp the dangerous HOMs of the
5-cell 801.58 MHz PERLE cavity while preserving the fundamental mode efficiency
(see Chapter 4). Simulations were performed using the CST frequency domain solver.
The high-impedance HOMs and FM notch filter requirements for the selected designs
have been globally satisfied. The DQW-type design emerges as the most advantageous
solution for damping simultaneously the first monopole and the first two dipole pass-
bands. After optimizing their RF transmission, prototypes of each HOM coupler were
fabricated to test their performance in 2-cell and 5-cell 801.58 MHz Cu PERLE cav-
ities. The HOM coupler prototypes were 3D printed in epoxy resin (Accura 25 and
Accura 48 HTR) and then copper-coated using an electroplating process. The study
has successfully demonstrated the feasibility of copper-plating for 3D-printed epoxy-
based HOM couplers, confirming that the applied carbon substrate facilitates copper
adhesion to the polymer surfaces. Yet, the coating technique did not allow full control
of copper deposit homogeneity throughout the process. The Accura 48 HTR epoxy
emerges as a better-suited material for electrolytic copper-plating because of its higher
stiffness and thermal stability than the Accura 25. 3D-scanning measurements were
performed on each manufactured coupler to assess the shape deviation between the
ideal 3D CAD model and the actual geometry. The metrological analyses suggest that
most of the measured surface regions fall within the set tolerance range of £+ 0.5 mm
after the coating process. Furthermore, the estimated average coating thickness on
coupler surfaces spans from approximately 200 pm to 350 pm, successfully exceeding
the minimum coating average thickness of 30 pm required to ensure the desired electri-

cal conductivity properties in the considered operating frequency range of the studied
HOM couplers.

The optimized HOM coupler designs were combined into two HOM endgroups and
simulated with the 5-cell 801.58 MHz PERLE cavity (refer to Chapter 5). The HOM-
damping performance and thermal behavior due to RF-heating were studied for two
HOM endgroups: the 2 Probe-type and 2 Hook-type couplers (2P2H scheme) and 4
DQW-type couplers (4DQW scheme). An adapted version of the SPL-type funda-
mental power coupler was also included in the simulations. Wakefield and eigenmode
simulations were performed in CST to compute the longitudinal and transversal cav-
ity impedances. Both analyzed HOM-damping schemes lower the cavity impedance
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below the BBU instability limits. The 4DQW damping scheme demonstrates stronger
HOM damping for both longitudinal and transverse impedances compared to the 2P2H
option. Furthermore, its symmetrical design ensures the preservation of dipole HOM
symmetry. The average HOM power of the 5-cell cavity in the 500 MeV PERLE version
is estimated to be approximately 103 W. The HOM power deposited by the beam into
the cavity and extracted through HOM couplers was also evaluated in the time domain,
considering the beam-filling pattern dependency. The couplers of the 4ADQW endgroup
exhibit a higher rate of HOM power extraction compared to the couplers of the 2P2H
scheme. Because of the relatively short longitudinal bunch length of 3 mm foreseen
for PERLE, a large amount of HOM power propagates through the cavity beam pipes.
The inclusions of beamline absorbers between cavity tubes allowed the absorption of
part of the propagating HOM power within the tolerable power heat flux limits. The
RF-heating analyses performed in COMSOL Multiphysics demonstrated that in the
2P2H damping scheme, the maximum temperature on the coupler parts is successfully
lowered below the quench limit under the simulated conduction cooling conditions.
The 4DQW scheme experiences a quench under the same cooling conditions due to
the higher rate of HOM power absorption. Simulating additional convective cooling
through He-channels on the DQW coupler inner conductor has successfully lowered the
maximum temperature below the quench limit. Therefore, cooling channels are needed
for the safe operation of Nb DQW couplers in the superconducting state.

The first Cu 5-cell 801.58 MHz cavity was manufactured at JLab (see Chapter 6)
for conducting low-power RF R&D bench measurements. Frequency deviations of
resonant modes from the ideal cavity shape due to mechanical tolerances, and mainly
to the springback effect, were evaluated. Dumbbell measurements were performed on
the cavity half-cells. The assembled cavity was successfully tuned at the 801.58 MHz
target frequency. Bead-pull measurements on the fundamental mode indicate that a
satisfactory field flatness of 96% was achieved.

Low-power RF measurements on the 2-cell and 5-cell 801.58 MHz PERLE-type
Cu cavities were performed at JLab (refer to Chapter 7). The frequency spectrum of
both cavities was analyzed. The mode passbands reporting the largest average relative
frequency deviations from the simulated frequency spectrum are the ones with longi-
tudinal index p = 1. These modes are the most sensitive to errors due to the equator
trimming. The springback effect might also be the cause of the frequency deviation of
several MHz detected on the measured cavity mode passbands. The fabricated HOM
couplers were tested individually on the 2-cell PERLE-type cavity, and their optimal
damping orientations were determined. The experimental findings demonstrate a rea-
sonable agreement with the simulated eigenmode results. Measurements confirm that
the DQW coupler is the most effective solution for damping both monopole and dipole
HOMs. HOM-damping measurements were conducted on the 5-cell Cu cavity with
the manufactured 2P2H and 4DQW HOM endgroups. Bead-pull measurements were
conducted to identify HOMs based on their field profile. The measured Qe-values of
concerned resonant modes agree reasonably with the corresponding simulated values.
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The experimental results show that the two analyzed HOM-damping options provide
adequate mitigation of HOMs below the BBU instability (Qey thresholds. Moreover,
the 4ADQW damping scheme performs better in damping confined cavity modes, con-
firming the validity of our simulation predictions.

This thesis has initiated the groundwork for the design, optimization, fabrication,
and experimental performance validation of the HOM coupler endgroups intended for
the fully dressed 5-cell cavity for PERLE. It has encompassed multiple disciplines,
including beam dynamics, radio-frequency domain, and combined RF-heating effects.
The simulation work has culminated in fabricating a copper cavity prototype from
scratch. Furthermore, HOM coupler prototypes were manufactured using an innovative
approach based on the combined epoxy-based 3D-printing technology with a copper-
coated technique suitable for RF applications. Low-power RF measurements have been
finally performed to validate the performance of the produced HOM coupler prototypes.
Nevertheless, certain aspects of the HOM coupler and cavity designs can be further
refined and studied in the future, in view of the production of Nb HOM couplers to be
installed in the final 5-cell 801.58 MHz Nb cavities. These include the design of cooling
channels and thermal intercepts to mitigate the RF-heating of Nb HOM couplers and
beamline absorbers. The FM notch detuning of Nb couplers due to thermal contraction
and the multipacting effect needs to be studied. Further studies are needed to limit the
deformations associated with the shrinkage during coupler 3D printing and subsequent
copper coating and improve the copper deposit homogeneity. The springback effect
and mechanical tolerances needed to be carefully addressed during the Nb elliptical
cavity fabrication. Conducting low-power RF measurements on a soldered cavity for
better RF contact and enhancing the measurement setup, such as including a bipolar
HOM excitation device able to separate the two polarization of dipole modes, might
reduce the discrepancies observed between measurement and simulations in the future.

206



A 5-cell cavity and HOM couplers for
PERLE

In the context of this thesis, three 3D-printed epoxy and copper-coated HOM coupler
prototypes were fabricated. The HOM couplers were mounted on the beam pipes of
both the 2-cell and 5-cell 801.58 MHz Cu cavities developed for PERLE to assess
their damping performances. The mechanical designs of the probe-type, hook-type,
and DQW-type PERLE HOM couplers are depicted in Figures A.1, A.2, and A.3,
respectively. Figure A.4 illustrates the mechanical design of the 5-cell 801.58 MHz
PERLE cavity. The mechanical drawings were performed by Samuel Roset and Gilles
Olivier at IJCLab based on the specifications provided by the thesis author.
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Symbols

Symbol Unit

Description

Qe m
A, m

Qg V/\/ﬁ
Qm m

A m

be m

B, m

b V/\/ﬁ
bik(t) VW
b, VW
b m

B, m

Bk T
Bk T
Bpk,k T

B T

B, T
B(r,t) T

B, T

B, T

Ez T

c m/s
CD; m

Cp.i F
OD’nf F

minor half-axis of the iris ellipse for the end-half-cell
major half-axis of the equatorial ellipse for the end-half-cell
incident wave

minor half-axis of the iris ellipse for the middle-half-cell
major half-axis of the equatorial ellipse for the
middle-half-cell

major half-axis of the iris ellipse for the end-half-cell
minor half-axis of the equatorial ellipse for the end-half-cell
reflected wave

signal excited in mode k of port 7 in the time-domain
signal excited in mode k of port ¢ in the frequency domain
major half-axis of the iris ellipse for the middle-half-cell
minor half-axis of the equatorial ellipse for the
middle-half-cell

peak magnetic field of FM on the cavity surface

peak magnetic field of FM on the coupler surfaces

peak magnetic field of FM on the coupler surfaces at
iteration k

phasor of the magnetic flux density

magnetic flux density of mode n

magnetic flux density

x-component of the magnetic flux density

y-component of the magnetic flux density

z-component of the magnetic flux density

speed of light in vacuum

ith geometrical parameter of the DQW coupler

1th capacitance of the DQW coupler equivalent circuit
notch filter capacitance of the DQW coupler equivalent
circuit
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Symbol Unit Description

CH,i m ith geometrical parameter of the hook-type coupler

Ch F ith capacitance of the hook-type coupler equivalent circuit

CHnt F notch filter capacitance of the hook-type coupler
equivalent circuit

[on J/(kg-K) specific heat capacity at constant pressure

cpi m ith geometrical parameter of the probe-type coupler

Cp F ith capacitance of the probe-type coupler equivalent circuit

Cp nf F notch filter capacitance of the probe-type coupler
equivalent circuit

dp ; m 1th geometrical parameter of the DQW coupler

dy ; m 1th geometrical parameter of the hook-type coupler

dp; m ith geometrical parameter of the probe-type coupler

dzpLAi m incremental axial distance from the center of the BLA to
the cavity iris

D C/m? phasor of the electric flux density

D(r,t) C/m? electric flux density

e C electron charge

Eace V/m cavity accelerating gradient

By, eV beam energy in the recirculation arc for a two-pass machine

E eV beam energy at checkpoint m in a multi-pass machine

Eqump eV energy extracted at the dump of an ERL

Fiyj eV injection energy in a ERL

E,.; V/m peak axial electric field in the ith cell

Eox V/m peak electric field of FM on the cavity surface

Ep max V/m maximum peak axial electric field among cells

Ey min V/m minimum peak axial electric field among cells

E V/m phasor of the electric field strength

E, V/m electric field strength of mode n

b, V/m r-component of the electric field strength

b, V/m x-component of the electric field strength

E V/m y-component of the electric field strength

b, V/m z-component of the electric field strength

E V/m p-component of the electric field strength

E, V/m amplitude of the electric field strength

E(r,t) V/m electric field strength

Ey(r) V/m amplitude vector of the electric field strength

f Hz frequency

fo Hz operating frequency

1o Hz bunch repetition frequency
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Symbol Unit Description

fc(E;En) Hz cutoff frequency of the TE;; beam pipe mode

1 C(E;MOI) Hz cutoff frequency of the TMy; beam pipe mode

fn Hz frequency of mode n

frarget Hz target frequency of an ideal half-cell

fr Hz dumbbell frequency of the TMg9-m mode

fxD Hz m-mode frequency of the lower half-cell in a dumbbell
fre Hz m-mode frequency of the end-cell dumbbell

JrPD Hz perturbed m-mode frequency of the lower half-cell
frm Hz m-mode frequency of the mid-cell dumbbell

JrpuU Hz perturbed m-mode frequency of the upper half-cell
fru Hz m-mode frequency of the upper half-cell in a dumbbell
fr/2 Hz dumbbell frequency of the TMgo-7/2 mode

fr/2,PD Hz perturbed 7/2-mode frequency of the lower half-cell
fr/2pU Hz perturbed 7/2-mode frequency of the upper half-cell
F. N Lorentz force of mode n

E, N extraction force

Fy N blank holder force

Ei Vv V/A weighting transfer function of mode k of port ¢

F, N punch force

G Q geometry factor of the fundamental mode

Go S shunt admittance

G, S admittance of the equivalent circuit of a cavity

H A/m phasor of the magnetic field strength

hkap W/(m?K) Kapitza conductance

H, A/m magnetic field strength of the FM

Hi..o A/m H, tangential to the cavity surface

H, A/m magnetic field strength of mode n

H. . A/m H, tangential to the cavity surface

H, A/m z-component of the magnetic field strength

H, A/m amplitude of the magnetic field strength

H(r,t) A/m magnetic field strength

I, A total beam current seen by a cavity

Ly ace A accelerating beam current vector

L, gec A decelerating beam current vector

I, (wn) A beam spectrum of an accelerator

Iv.op A operating beam current

Lo A average beam current

Iy A fraction of beam current in the ith frequency region
in(t) A current of the single Gaussian bunch

Iy tot A total beam current up to 39 GHz
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Symbol Unit Description

Ing A current delivered by an ideal current source in the DQW
coupler equivalent circuit

I, A current delivered by an ideal current source

Itig A current delivered by an ideal current source in the
hook-type coupler equivalent circuit

I, 1 normalized Fourier spectrum of the beam current

I, A current at the terminal pair k

Ip g A current delivered by an ideal current source in the
probe-type coupler equivalent circuit

I, A surface current of mode n

Ly A BBU threshold current

J 1 complex unit

J A/m? phasor of the electric current density

J(r,t) A /m? electric current density

Ji(r,t) A/m? impressed electric current density

Ja(r,t) A/m? convection electric current density

Im 1 mth order Bessel function

J 1 derivative of mth order Bessel function

k 1/m wave number

kg J/K Boltzmann constant

ko 1/m wave number of the FM

Kee 1 cell-to-cell coupling factor

K; 1 total number of modes defined at port ¢

k., 1/m wave number of mode n

k, 1/m radial propagation constant

k. 1/m longitudinal propagation constant

Ey V/C total longitudinal loss factor

K0 V/C longitudinal loss factor of FM

E) nom V/C total longitudinal loss factor of HOMs

En V/C longitudinal loss factor of mode n

kin V/Cm kick factor of mode n

I(s) m path length difference between the arbitrary trajectory of
the particle and its nominal trajectory

Ip,i m ith geometrical parameter of the DQW coupler

b, m 1th geometrical parameter of the hook-type coupler

lp; m 1th geometrical parameter of the probe-type coupler

l m electron mean free path

L m half-cell length of the middle-cell of a cavity

Lot m active length of a cavity

Lpra mim length of the BLA
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Symbol Unit Description

Ly, m length of the beam pipe

L, H inductance of the equivalent circuit of a cavity

Loy m length of a cavity

Lean m cell length of a cavity

Le m length of the half-end cell of an elliptical cavity

Leq m remaining extra length on the equator after trimming

Lp H notch filter inductance of the DQW coupler equivalent
circuit

Ly e H notch filter inductance of the hook-type coupler equivalent
circuit

L, m length of a pillbox cavity

Lp uf H notch filter inductance of the probe-type coupler
equivalent circuit

My ; H coupling inductance of the hook-type coupler equivalent
circuit

Mp ; H coupling inductance of the probe-type coupler equivalent
circuit

M;; m (1,j) element of the beam transfer matrix

Mlljm m element of the beam transfer matrix from checkpoint [ to
checkpoint m in a multi-pass machine

M(r, t) A/m magnetic polarization vector

n 1 normal unit vector

Ny ace 1 number of accelerating bunches

Ny dec 1 number of decelerating bunches

N, 1 number of checkpoints in a multi-pass machine

Neen 1 number of cavity cells

Ny, 1 maximum considered harmonic number

Ny 1 number of passes in a multi-pass ERL

Nwave 1 number of waves per cycle

P, W total beam power per cavity

Pgrap W power dissipated in the absorber by the FM

Pgrapmom W HOM power absorbed by the BLA

Pgra,z) W total HOM power at ¢th beam line absorber approximated
up to 39 GHz

PBiA tot AW total RF power absorbed by the BLA

Pip, i) W total HOM power at beam pipe port ¢ approximated up to
39 GHz

P. W power dissipated in the cavity walls

P W total power absorbed on the ceramic window due to the

ensemble of modes N
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Peer o W power absorbed on the ceramic window due to FM

Pe.o W power dissipated in the cavity walls by the FM

P, W power dissipated in the cavity walls by a mode n

Pp i) W total HOM power approximated for the DQW coupler at
port ¢ up to 39 GHz

Py W total dissipated power on the coupler surfaces due to the
ensemble of modes N

Paso W dissipated power on the coupler surfaces due to FM

Pys 0.k W dissipated power on the coupler surfaces due to FM at
iteration k

Payn W total dynamic power losses in the Helium bath

P, W emitted power

P AW external power loss

Pextn A\ external power loss of mode n

P W power propagating toward the cavity

Prpc, ) W total HOM power approximated for the Fundamental
Power Coupler at port 7 up to 39 GHz

Py W HOM power approximated between 2.5 GHz and 39 GHz

P i) W total HOM power approximated for the hook-type coupler
at port ¢ up to 39 GHz

Paowm W total HOM power deposited by the beam into the cavity

Prom.ave W average HOM power deposited by the beam into the cavity

Prowmon W HOM power of mode n

P, W HOM power propagating through the port ¢

Py W input power

P W minimum input power per cavity at Qf g

Py W klystron power

Bloss W power loss

P W HOM power up to 2.5 GHz

P W HOM power up between 2.5 GHz and 4 GHz

Phan W undamped HOM power of a trapped mode n

p W HOM power the HOM power going out from the cavity

ports, HOM through

Pp () W total HOM power approximated for the probe-type coupler
at port ¢« up to 39 GHz

P, W reflected power

P(r,t) C/m? electric polarization vector

P W total static power loss

Pl W/m static power loss per unit length

P, W power coming out of the fixed output coupler
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P, ac \WY total AC wall power

Piot W total HOM power approximated up to 39 GHz

Pyakeiom W beam-induced HOM power calculated from wake impedance

q C electric charge

Q 1 quality factor

Qo 1 unloaded quality factor of the fundamental mode

Qon 1 unloaded quality factor of mode n

@y C bunch charge

QBLA0 1 quality factor of the BLA at FM frequency

Qext 1 external quality factor

Qext,l 1 external quality factor of the strong-coupled antenna

Qext,n 1 external quality factor of mode n

Qext.s 1 external quality factor of the weak-coupled antenna

Qext,1n 1 external quality factor of port 1 for mode n

Qext 2n 1 external quality factor of port 2 for mode n
gl(t”m 1 required Qo for a monopole mode n to avoid BBU
R ln 1 required Qe for a dipole mode n to avoid BBU

QL 1 loaded quality factor

QLo 1 loaded quality factor of FM

Q10 1 optimum loaded quality factor of FM

Qu.n 1 loaded quality factor of mode n

Qn 1 quality factor of mode n

Qrad W /m? heat flux emitted from a surface by radiation

Qv W /m? volumetric heat source

r m position vector

R? 1 coefficient of determination

b m radius of the spherical dielectric bead

. m beam offset from the cavity axis in the predominant mode
P polarization

Rpes(T) Q BCS resistance

Rpra mim inner radius of the BLA

Ry, m beam pipe radius

Req m equator radius of an elliptical cavity

R; m iris radius of an elliptical cavity

Ry Q reference resistance related to a source or a load

R, m radius of a pillbox cavity

Ries Q residual resistance

R, Q surface resistance

Rso(T) Q temperature-dependent surface resistance of FM
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R/Q Q geometric shunt impedance

(R/Q)x Q geometric shunt impedance of mode n

(R/Q) Q longitudinal geometric shunt impedance

(R/Q)j0 Q longitudinal geometric shunt impedance of FM

(R/Q)|n Q longitudinal geometric shunt impedance of mode n

(R/Q). Q transversal geometric shunt impedance

(R/Q)1n R transversal geometric shunt impedance of mode n

(R/Q)1xn D transversal geometric shunt impedance of mode n in
x-direction

(R/Q)1yn £ transversal geometric shunt impedance of mode n in
y-direction

RRR 1 Residual (electrical) Resistivity Ratio

S m distance of the test charge behind the exciting particle

S11 1 input reflection coefficient

S99 1 output reflection coefficient

Sto 1 transmission from port 2 to port 1

So1 1 transmission from port 1 to port 2

So1(fn) dB So1 measurement of mode n

Si(k),j (1) dB S-parameter between the mode k and [ of ports ¢ and j

S dB reflected signal to the strongly-coupled antenna

Ss dB reflected signal to the weakly-coupled antenna

St Hz/m trimming parameter

Stm Hz/m trimming parameter for the middle-cell dumbbell

Sh.e Hz/m trimming parameter for the end-cell dumbbell

t S time

ty s bunch spacing in time domain

T K temperature

Tomb K ambient temperature

Thath K bath temperature

T K critical temperature

Trnax K maximum temperature on the coupler surfaces

to S time period of FM

tp.i m ith geometrical parameter of the hook-type coupler

t, S recirculation time of a two-pass machine

tim s recirculation time from checkpoint [ to checkpoint m in a
multi-pass machine

U J stored energy

Uoy J energy of the fundamental mode

Ub.n J deposited energy by NV, bunches into a mode n

U, 1 nth root of the mth order Bessel function
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u. 1 nth root of the mth order Bessel function derivative

U, J energy of mode n

Ugn J deposited energy by the charge into a mode n

v m/s particle’s velocity

Viace \Y accelerating voltage of the FM of a cavity

Vi \Y voltage of the equivalent circuit of a cavity

Vi \Y voltage at the terminal pair k

1;2(") 1 relative field amplitude of mode n in the ith cell

VRF A% total required voltage for the cavities

Vil A% voltage source at port 1

Vs2 A% voltage source at port 2

Vina \Y accelerating voltage of mode n

V.. \Y transverse voltage vector

Vin \Y transverse voltage of mode n in z-direction

Vign \Y transverse voltage of mode n in y-direction

w V/C wake function

Wi(r, s) V/C wake potential

w)| V/C longitudinal component of the wake function

W V/C longitudinal component of the wake potential

W, V/C transversal wake potential

WH ; m 1th geometrical parameter of the hook-type coupler

z(C) m horizontal displacement of the particle from the nominal
trajectory

2'(() rad particle angle in the horizontal plane from the nominal
trajectory

Tp m offset from the axis in z-direction

X, Q surface reactance

y(¢) m vertical displacement of the particle from the nominal
trajectory

y'(Q) rad particle angle in the vertical plane from the nominal
trajectory

Yp m offset from the axis in y-direction

Zp Q characteristic impedance of the transmission line
connected to the output port of the DQW coupler

Zp,i Q characteristic impedance of the ith transmission line of
length Ip; of the DQW coupler

Zy Q characteristic impedance of the transmission line
connected to the output port of the hook-type coupler

2, Q characteristic impedance of the ith transmission line of

length [}, ; of the hook-type coupler
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Zp Q characteristic impedance of the transmission line
connected to the output port of the probe-type coupler

Zp.i Q characteristic impedance of the ith transmission line of
length lp; of the probe-type coupler

Zth Q impedance threshold of mode n

Z| Q longitudinal impedance

Zﬁhn Q longitudinal impedance threshold of mode n

7, Q transversal impedance

Z /m magnitude of the transversal impedance

zth Q/m transversal impedance threshold of mode n

Z, Q surface impedance

Zy Q impedance of free space

oy degree geometrical parameter of the hook-type coupler

ap degree geometrical parameter of the probe-type coupler

ar, 1/K linear thermal expansion coefficient

a, Np/m attenuation constant

Qi degree wall slope angle of a cavity cell

I6; 1 coupling factor

1] 1 coupling parameter of the strongly-coupled antenna

Bopt 1 optimum coupling factor

B 1 coupling parameter of the weakly-coupled antenna

By rad/m phase constant

51 1 coupling parameter of the antenna at port 1

Ba 1 coupling parameter of the antenna at port 2

r 1 reflection coefficient

ol 1/m propagation constant of the wave

A eV energy gap of the superconductor

tan(de) electric loss tangent

AF, eV energy gain (or energy lost) through an SC linac in an ERL

Af Hz frequency deviation

A f3q Hz cavity bandwidth

0fm Hz microphonic detuning

0fn Hz frequency shift of mode n due to a bead inside the cavity

Af, Hz change in the resonant frequency of mode n

|A f}w‘ Hz frequency shift between the resonant frequency of mode n
and its nearest lower-frequency bunch harmonic

|A f}:’b‘ Hz frequency shift between the resonant frequency of mode n
and its nearest higher-frequency bunch harmonic

0 fo Hz static detuning
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Afo Hz intrinsic cavity bandwidth

Ah, m estimated local thickness change on a surface

AL m change in cavity length

AL m simulated trimmed extra length on the half-cell equator

ALyp m trimmed extra length of the lower half-cell

AL m trimmed length on the equator of end-cell dumbbell

AL m trimmed length on the equator of middle-cell dumbbell

AL, m trimmed length on the cell equator at machining round ¢

ALy m trimmed extra length of the upper half-cell

AL m total removed length on the half-cell equator

Oni 1 Kronecker delta

Ap/p 1 fractional momentum deviation of the particle from the
nominal trajectory

AQo 1 unloaded quality factor deviation

AS11(fo) dB difference between the on-resonance and off-resonance
reflected signal at port 1

s m skin depth

ASa(fo) dB difference between the on-resonance and off-resonance
reflected signal at port 2

AT K temperature gradient

Auy, m measured shape deviation in the normal direction

AV m? small finite change in cavity volume

00, degree small tilt of the coupler antenna

Y0, degree So1 phase variation

Yo degree S51 phase variation of mode n due to a bead

0y degree peak phase variation in the ith cell due to a bead

0®p max degree maximum peak phase variation among cells due to a bead

0®p min degree minimum peak phase variation among cells due to a bead

Aw,, 1/s angular half-power bandwidth of mode n

€ 1 total hemispherical emissivity of the surface

€ F/m permittivity

g F/m real part of the complex permittivity

g’ F/m imaginary part of the complex permittivity

€0 F/m permittivity of free space

Er 1 relative permittivity

el 1 real part of the complex relative permittivity

el 1 real part of the complex relative permittivity at zero
frequency

el 1 real part of the complex relative permittivity at infinity

frequency
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Symbols

Symbol Unit Description
el 1 imaginary part of the complex relative permittivity
¢ m particle position along a nominal trajectory
M 1 ratio between klystron power and beam power
Ne 1 Carnot efficiency
N 1 field flatness
M 1 technical efficiency of the cryogenic plant
0. degree rotation angle of the coupler
K W/(m-K)  thermal conductivity
A m wavelength
Ao m wavelength at FM frequency
AL m London penetration depth
i H/m permeability
Lo H/m permeability of free space
Ly 1 relative permeability
& 1 bunch shape function
‘(/]?ép) 1 voltage scaling factor for dipole HOMs
‘(/1?/7[10“) 1 voltage scaling factor for monopole HOMs
0 kg/m? volumetric mass density
p C/m? phasor of the electric charge density
p(r,t) C/m3 electric charge density
p} m? arbitrary surface
o S/m electric conductivity
On S/m electric conductivity in the normal conducting state
osB W/(m*K?*) Stefan-Boltzmann constant
o m RMS bunch length in the longitudinal direction
To S relaxation time constant of the dielectric material
T S time constant of the loaded cavity
™ S decay time of the HOM field
) 1 phase advance per cell
On 1 phase advance per cell of the mode n
¢o(r) 1 initial phase angle
Xe 1 electric susceptibility
Xm 1 magnetic susceptibility
(0 degree tuning angle
Vace,i degree angular position of the ith accelerating bunch
Uy degree beam phase with respect to the FM E-field crest
Ydec,k degree angular position of the kth decelerating bunch
Q m? arbitrary domain
w 1/s angular frequency
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Symbols

Symbol Unit Description
Wo 1/s angular frequency of the fundamental mode
W, 1/s angular frequency of mode n
g,%) 1/s angular frequency of TM modes in a pillbox cavity
,S;F,E) 1/s angular frequency of TE modes in a pillbox cavity
Wp.0 1/s lowest angular frequency in the passband
Wp,r 1/s highest angular frequency in the passband
Q, m? solid domain
Q, m? vacuum filled domain
Ry imaginary part of a complex number
R real part of a complex number
092, m?> surface of an HOM coupler or a cavity
08 m? boundary of the solid domain
2
082y m boundary of the vacuum domain
\Y 1/m gradient operator
Vi 1/m transverse gradient operator
V- 1/m divergence operator
V x 1/m curl operator
\%& 1/m? Laplace operator
X 1 complex conjugate operator
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Introduction

Les accélérateurs de particules ont été largement utilisés tout au long du vingtiéme
siecle dans dans de nombreux domaines, dont I'industrie, la médecine et la recherche
fondamentale. Parmi les applications notables, nous pouvons citer les sources de ray-
onnement synchrotron (RS) et les lasers a électrons libres (LEL), qui générent des
faisceaux de photons pour les études de physique atomique, moléculaire et la biolo-
gie, mais également les collisionneurs de hadrons et d’électrons-ions pour la recherche
en physique nucléaire et des particules. Historiquement, les anneaux de stockage ont
satisfait la demande de faisceaux de photons hautement cohérents et a haute lumi-
nosité moyenne [1]. Cependant, leurs performances sont limitées par 1’équilibre entre
I’amortissement par rayonnement et l'excitation quantique. Cela restreint la minimi-
sation de I’émittance et de la longueur des paquets de particules. Les accélérateurs
linéaires (Linacs) peuvent produire des faisceaux avec une faible émittance, une faible
dispersion en énergie et une courte longueur de paquet. Cependant, leur utilisation
est limitée a I'accélération de faisceaux a faible courant moyen (de 'ordre du mA ou
moins) en raison d’une consommation importante de puissance radiofréquence (RF).
Les accélérateurs linéaires a récupération d’énergie (ERLs) représentent un concept
prometteur pour générer des faisceaux d’électrons a haut courant avec une puissance RF
considérablement réduite par rapport aux Linacs traditionnels. Les ERLs combinent
I'efficacité d'un anneau de stockage avec les caractéristiques supérieures du faisceau
d'un Linac. L’ERL se positionne comme une option attrayante pour un certain nom-
bre d’applications dont les futures sources de lumiére [2|. La notion de récupération
d’énergie a été introduite par M. Tigner [3] en 1965, initialement pour sa mise en ceu-
vre dans un collisionneur. Elle se fonde sur le principe que les champs de cavité RF,
en synchronisant correctement ’arrivée des paquets d’électrons dans le Linac, peuvent
accélérer et décélérer le méme faisceau [2]. Le schéma le plus simple d’'un ERL im-
plique une seule recirculation. Un faisceau d’électrons est injecté dans le Linac depuis
un photo-injecteur de haute luminosité et il est accéléré a travers des cavités RF. Si
la longueur du chemin de recirculation est concue pour étre un nombre entier plus
la moitié de la longueur d’onde du champ RF d’accélération, aprés son utilisation, le
faisceau retourne au Linac déphasé de 180° par rapport au champ RF et il est alors
décéléré a travers les cavités RF. L’énergie du faisceau décéléré est récupérée et utilisée
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pour accélérer les paquets d’électrons suivants. Par la suite, le faisceau décéléré quitte
le Linac avec une énergie approximativement égale a ’énergie d’injection et il est dirigé
vers un absorbeur de faisceau. Le faisceau décéléré compense la charge du faisceau ac-
céléré, permettant l'accélération de faisceaux a haut courant avec une consommation
minimale de puissance RF.

Depuis la premiére démonstration de récupération d’énergie au Stanford Supercon-
ducting Accelerator FEL [4], plusieurs installations d’ERLs ont été congus, construits
et exploités a travers le monde. Les principaux parameétres d’'un ERL sont le courant
du faisceau d’électrons et ’énergie du faisceau [9]. Le record de puissance du faisceau
est détenu par le laser a électrons libres ERL IR (infrarouge) Upgrade a JLab, qui
a fonctionné avec plus de 1,1 MW de puissance de faisceau [8|. Ce faisceau n’a né-
cessité qu’environ 300 kW de puissance RF pour étre accéléré, mettant en évidence
I'économie d’énergie comme motivation derriére la construction d’'un ERL [2|. Dans
une époque ou la sobriété énergétique est cruciale et la durabilité énergétique essen-
tielle pour la société, la minimisation de la consommation d’énergie constitue un défi
prioritaire pour les futurs accélérateurs. Ainsi, les ERLs représentent une étape es-
sentielle vers 'avenir durable des applications de physique a haute énergie. Pour la
prochaine génération d’ERL a fort courant, 'utilisation de cavités supraconductrices
a radiofréquence (RF) est la solution la plus efficace pour réduire significativement
la consommation d’énergie [17, p. 45]. Au cours des prochaines décennies, quatre
ERLs devraient étre construits. Ils utiliseront des cavités supraconductrices RF pour
atteindre des niveaux de puissance du faisceau de l'ordre de plusieurs mégawatts. Cela
ouvrira la voie au développement et a la construction de complexes d’accélérateurs de
plusieurs gigawatts pour des études de physique a haute énergie [9].

Dans ce contexte, PERLE (Powerful Energy Recovery Linac for Experiments) [18],
discuté dans cette thése, est la seule proposition d’'un ERL multi-tour en mode con-
tinu avec une puissance de faisceau de 10 MW. Le faisceau d’électrons de 20 mA sera
accéléré a travers des cavités RF supraconductrices lors de trois passages de recircula-
tion pour atteindre I’énergie cible de 500 MeV. PERLE est prévu pour étre hébergé au
Laboratoire de Physique des 2 Infinis Iréne Joliot-Curie (IJCLab) a Orsay. Il servira
de démonstrateur pour acquérir l’expérience nécessaire au développement du Large
Hadron-electron Collider (LHeC) [19, 20| envisagé au CERN. De plus, PERLE ouvrira
la voie a la prochaine génération d’ERLs compacts et puissants adaptés aux applica-
tions nécessitant des faisceaux a haute énergie et a haut courant, telles que la diffusion
Compton inverse, les sources de refroidissement d’ions a haute énergie, et les collision-
neurs électron-ion.

Motivation et objectif de la thése

Dans les ERLs multi-tours a fort courant, comme PERLE, I'instabilité de Beam Breakup
(BBU) constitue un phénomeéne limitant les performances pour un fonctionnement sta-
ble [2]. Cet effet émerge de l'interaction entre le faisceau d’électrons circulant et les
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modes des cavités excités parasites, connus sous le nom de modes d’ordre supérieur
(HOMs). Les modes monopolaires induits par le faisceau peuvent augmenter la charge
cryogénique du Linac, tandis que les modes dipolaires peuvent dévier le faisceau lors
des passages suivants dans les cavités. Pour atténuer ces effets, la prochaine génération
d’ERLs a fort courant nécessite des cavités SRF avec des exigences d’amortissement
élevées des HOMs [21|. Aujourd’hui, divers concepts pour amortir les HOMs poten-
tiellement dangereux peuvent étre utilisés. Les solutions d’amortissement existantes
utilisent principalement des coupleurs HOM coaxiaux et a guide d’ondes, des ab-
sorbeurs de ligne de faisceau, ou une combinaison de ceux-ci installés sur le tube faisceau
des cavités pour absorber les HOMs.

Cette thése vise a concevoir, construire, tester et analyser des coupleurs HOM coax-
iaux pour les cavités de PERLE. L’objectif ultime est de proposer des options pour
atténuer les HOM des cavités et assurer le fonctionnement stable de 'ERL. Plusieurs
designs de coupleurs HOM coaxiaux ont été analysés et optimisés en fonction du spec-
tre de fréquence de la cavité PERLE pour répondre aux exigences de BBU. La per-
formance de la cavité équipée des coupleurs HOM a été évaluée numériquement. Les
coupleurs HOM optimisés ont été fabriqués et testés individuellement ainsi qu’en com-
binaisons multi-coupleurs a température ambiante dans des prototypes de cavités en
cuivre congues pour PERLE afin d’évaluer leurs performances d’amortissement. Les
simulations ont été validées en les comparant aux résultats obtenus a partir des mesures
sur les prototypes des cavités RF et des coupleurs HOM.

Contenu de la thése

Le chapitre 1 discute des principes de base de la théorie électromagnétique et des
cavités RF. Le chapitre 2 présente ’accélérateur PERLE et la cavité elliptique 5-cellules
en niobium résonante a 801,58 MHz proposée pour ses Linacs. Les parameétres RF
et le spectre des HOM de la cavité 5-cellules sont discutés. Les pertes de chaleur
statiques et dynamiques de la cavité ainsi que les exigences en puissance sont également
évalués. Le phénomeéne d’instabilité de BBU est présenté au chapitre 3. Les seuils
d’impédance longitudinale et transversale sont calculés pour la cavité PERLE, ainsi
qu’'une estimation du courant de faisceau maximal atteignable.

Le chapitre 4 présente un apercu des mécanismes existants d’amortissement des
modes d’ordre supérieur, tels que les coupleurs HOM et les absorbeurs de ligne de
faisceau, utilisés pour extraire la puissance HOM des cavités. L’optimisation de la
transmission RF de trois modeéles de coupleurs coaxiaux HOM est présentée. Les
processus utilisés dans I'impression 3D et les techniques de revétement de surface en
cuivre employées pour fabriquer les coupleurs HOM optimisés sont détaillés, ainsi que
les mesures métrologiques effectuées sur leurs composants principaux.

Le chapitre 5 décrit la théorie des impédances longitudinales et transversales, ainsi
que la puissance HOM générée par le faisceau. Les techniques numériques employées
pour calculer les quantités susmentionnées sont également discutées. Les coupleurs
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HOM optimisés sont combinés en deux structures d’amortissement différentes (ou
groupes d’extrémité HOM) et ils sont comparés en termes d’impédance et d’extraction
de la puissance HOM. L’absorption de la puissance HOM via des absorbeurs de ligne
de faisceau est également présentée. Enfin, la charge thermique dynamique sur les
surfaces des coupleurs est examinée. Plusieurs techniques de refroidissement sont pro-
posées pour prévenir le risque de perte de supraconductivité dans les coupleurs HOM
et la cavité.

Le chapitre 6 présente le premier prototype de cavité PERLE en cuivre & 5 cellules
et a 801,58 MHz fabriqué dans le cadre de cette thése pour valider les performances
d’amortissement des HOMs de deux groupes d’extrémité HOM. Le processus de fabrica-
tion et les écarts géométriques des cellules de la cavité dus aux tolérances de fabrication
sont décrits. Les mesures de type “dumbbell” et le processus de “découpage” effectué
sur les cellules pour accorder la cavité a sa fréquence de fonctionnement sont également
discutés. De plus, les mesures de “bead-pull” effectuées sur la cavité a 5 cellules sont
présentées.

Le chapitre 7 traite des mesures RF a faible puissance réalisées sur les cavités
PERLE de type cuivre a 2 et 5 cellules et a 801,58 MHz équipées des coupleurs
HOM fabriqués. L’étude inclut 1’évaluation du spectre de fréquence des cavités, les
mesures de “bead-pull” des modes pertinents, ainsi que les mesures de performance
d’amortissement des HOM pour les prototypes de coupleurs HOM.

Synthése des résultats et conclusions

Dans cette thése, des coupleurs HOM coaxiaux pour les cavités PERLE ont été congus,
fabriqués, testés et analysés, avec pour objectif principal de proposer plusieurs options
d’amortissement capables de réduire les HOMs en dessous des limites d’instabilité de
BBU. Cette étude a pris en compte la configuration ERL & 500 MeV pour le projet
PERLE.

Le layout de 'accélérateur PERLE, la conception de la cavité SRF et 'identification
des HOMs ont été traités dans le chapitre 2. La cavité Nb 5-cellules a 801,58 MHz
construite au JLab a été sélectionnée pour le projet PERLE. Les HOMs monopo-
laires et dipolaires potentiellement dangereux ont été identifiés a ’aide des analyses
fréquentielles en utilisant le logiciel CST Studio Suite®. Les modes de la premiére
bande passante monopolaire (TMg;;) et les deux premiéres bandes passantes dipolaires
(TEq11, TMy10) ont été identifiés comme les plus problématiques en raison de leurs
valeurs élevées de R/() (rapport entre 'impédance shunt et le facteur de qualité de
la cavité). Ces HOMs peuvent entrainer des instabilités du faisceau s’ils ne sont pas
suffisamment amortis. La proximité des HOMs avec les harmoniques du spectre du
faisceau a également été évaluée. Cela permet de prévenir 'augmentation potentielle
de la tension due a leur possible interaction résonante avec les harmoniques de courant
de grande amplitude. Les résultats des simulations montrent que les HOMs concernés
sont suffisamment éloignés de leur harmonique de faisceau le plus proche pour exclure
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la possibilité d’effets résonants avec le faisceau traversant les cavités.

La consommation de puissance du systéme cryogénique a également été évaluée. Les
pertes statiques et dynamiques pour chacun des deux Linacs de PERLE sont estimées
a Py = 374 W and Fyy, = 107.5 W, respectivement. La puissance en régime alter-
natif requise par chaque Linac est d’environ P, ¢ = 108 kW. La puissance RF totale a
fournir par cavité a été évaluée dans les scénarios de fonctionnement ERL “sur la créte”
et “hors créte”. Etant donné le gradient nominal de la cavité de 22,4 MV /m, la puis-
sance totale du faisceau par cavité est de 1,23 MW. En supposant une désaccord mi-
crophonique de 60 Hz et un coupleur de puissance avec Qo = 2.5 x 10°, la puissance
d’entrée estimée par cavité est de 103 kW pour le scénario “hors créte” considéré et de
92 kW pour le scénario “sur la créte”. La puissance RF requise peut étre réduite davan-
tage en controlant les effets de microphonie grace a un systéme d’accord en fréquence
(FE-FRT).

Les instabilités BBU ont été discutées dans le chapitre 3. Les seuils d’'impédance
longitudinale et transversale ont été calculés analytiquement pour la cavité PERLE en
considérant un courant de faisceau total de 120 mA. Le seuil d’impédance longitudinale
résultant suit ’équation Zﬁh [kQ] = 2.12 x 10° f~}[GHz], tandis que la valeur du seuil

d’impédance transversale est Z" = 5.23 x 10° kQ/m et elle est indépendante de la
fréquence. Les seuils d’'impédance ont été utilisés pour calculer les facteurs de qualité
externes critiques pour les HOM concernés, au-dela desquels des instabilités BBU peu-
vent se produire. Les oy critiques ont été comparés aux résultats de simulation du
code de suivi de particules développé a 'université de Lancaster, révélant des tendances
en bon accord. Les résultats montrent également que des courants seuil au niveau de
I’Ampére peuvent étre atteints sur PERLE en considérant des ey typiques allant de
103 & 10°.

La transmission RF de trois coupleurs HOM coaxiaux, notamment les coupleurs
probe (P), hook (H) et DQW, a été optimisée pour amortir les HOM dangereux de
la cavité PERLE a 5 cellules et a 801,58 MHz tout en préservant 'efficacité du mode
fondamental (cf. chap. 4). Les simulations ont été réalisées en utilisant le solveur
en domaine fréquentiel du logiciel CST. Les exigences d’amortissement des HOMs a
haute impédance et du filtre coupe-bande du mode fondamental ont été globalement
satisfaites pour les conceptions des coupleurs HOM étudiés. Le coupleur DQW appa-
rait comme la solution la plus avantageuse pour amortir simultanément la premiére
bande passante monopolaire et les deux premiéres bandes passantes dipolaires. Aprés
avoir optimisé leur transmission RF, des prototypes de chaque coupleur HOM ont
été fabriqués pour tester leurs performances dans des cavités en cuivre a 2 cellules
et 5 cellules de typologie PERLE a 801,58 MHz. Les prototypes de coupleurs HOM
ont été imprimés en 3D en résine époxy (Accura 25 et Accura 48 HTR), puis recou-
verts de cuivre par électrodéposition. L’étude a démontré avec succés la faisabilité du
cuivrage pour des coupleurs HOM en résine époxy imprimés en 3D, confirmant que
le substrat de carbone appliqué facilite I’adhésion du cuivre aux surfaces polymeéres.
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Cependant, la technique d’électrodéposition utilisée n’a pas permis de controler pleine-
ment ’homogénéité du dépot de cuivre tout au long du processus. L’époxy Accura 48
HTR s’est révélé étre plus approprié pour le cuivrage par électrodéposition en raison de
sa rigidité et de sa stabilité thermique supérieures a celles de I’Accura 25. Les mesures
de reconstruction numérique 3D ont été réalisées sur chaque coupleur fabriqué pour
évaluer les écarts de forme entre le modéle idéal du CAO 3D et la géométrie réelle.
Les analyses métrologiques suggérent que la plupart des régions de surface mesurées se
situent dans la plage de tolérance définie de + 0,5 mm apreés le processus de revétement.
De plus, I'épaisseur moyenne estimée du revétement sur les surfaces des coupleurs varie
d’environ 200 pm a 350 pm. Cette épaisseur dépasse avec succés I’épaisseur moyenne
minimale de revétement de 30 pm requise pour assurer les propriétés de conductivité
électrique désirées dans la plage de fréquence de fonctionnement considérée des cou-
pleurs HOM étudiés.

Les coupleurs HOM optimisés, décrits dans le chapitre 4, ont été regroupés en deux
configurations appelées groupes d’extrémités HOM, puis simulés avec la cavité 5 cel-
lules de PERLE a 801,58 MHz (cf. chap. 5). Les performances d’amortissement des
HOM et le comportement thermique da au chauffage RF ont été étudiés pour ces deux
configurations : deux coupleurs HOM de type Probe et deux de type Hook (schéma
2P2H), ainsi que quatre coupleurs de type DQW (schéma 4DQW). De plus, une version
adaptée du coupleur de puissance de type SPL a été incluse dans les simulations. Les
simulations de champs de sillage (wakefields) et de modes propres (eigenmodes) ont
été effectuées pour calculer les impédances longitudinales et transversales de la cav-
ité. Les deux schémas d’amortissement des HOM analysés abaissent I'impédance de
la cavité en dessous des limites d’instabilité BBU. Le schéma d’amortissement 4DQW
montre une atténuation des HOM plus efficace pour les impédances longitudinales et
transversales par rapport a I'option 2P2H. De plus, sa conception symétrique garantit
la préservation de la symétrie des HOM dipolaires. La puissance moyenne des HOM
de la cavité a 5 cellules dans la version PERLE a 500 MeV est estimée & environ
103 W. La puissance des HOM déposée par le faisceau dans la cavité et extraite par les
coupleurs HOM a également été évaluée dans le domaine temporel, en tenant compte
de la dépendance au mode de remplissage de 'accélérateur. Les coupleurs du groupe
d’extrémités 4DQW présentent un taux d’extraction de puissance des HOM plus élevé
par rapport aux coupleurs du schéma 2P2H. En raison de la longueur de paquet lon-
gitudinal relativement courte de 3 mm prévue pour PERLE, une grande quantité de
puissance HOM se propage a travers les tubes faisceau de la cavité. L’introduction
d’absorbeurs de faisceau entre les tubes de la cavité a permis ’absorption d’une partie
de la puissance HOM propagée, tout en restant dans les limites de flux thermique de
puissance tolérables. Les analyses de chauffage RF ont montré que, dans le schéma
d’amortissement 2P2H, la température maximale des parties du coupleur est abaissée
avec succes sous la limite de quench dans les conditions de refroidissement par con-
duction simulées. Le schéma 4DQW subit un quench dans les mémes conditions de
refroidissement en raison du taux plus élevé d’absorption de puissance HOM. La sim-
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ulation d’un refroidissement convectif supplémentaire a travers des canaux & hélium
dans le conducteur interne du coupleur DQW a permis de réduire avec succes la tem-
pérature maximale en dessous de la limite de quench. Par conséquent, des canaux de
refroidissement sont nécessaires pour le fonctionnement sécurisé des coupleurs niobium
DQW dans I’état superconducteur.

La premiére cavité cuivre a 5-cellules et a 801,58 MHz a été fabriquée a Jefferson
Laboratory (JLab) aux Etats-Unis (cf. chap. 6) pour réaliser des mesures expérimen-
tales de radiofréquences a faible puissance. Les écarts de fréquence des modes résonants
par rapport a la forme idéale de la cavité, dus aux tolérances mécaniques et principale-
ment & effet de retour élastique, ont été évalués. Des mesures de type “dumbbell” ont
été effectuées sur les demi-cellules de la cavité. La cavité assemblée a été correctement
réglée a la fréquence cible de 801,58 MHz. Les mesures de type “bead-pull” sur le mode
fondamental indiquent qu’une planéité de champ satisfaisante de 96% a été atteinte.

Des mesures RF a faible puissance sur les cavités cuivre de type PERLE & 2-cellules
et a b-cellules & 801,58 MHz ont été réalisées a JLab (cf, chap. 7). Le spectre de
fréquences des deux cavités a été analysé. Les bandes passantes des modes présentant
les plus grandes déviations relatives moyennes par rapport au spectre de fréquences
simulé sont celles avec I'indice longitudinal p = 1. Ces modes sont les plus sensibles
aux erreurs dues au découpage de ’équateur des demi-cellules de la cavité. L’effet de
retour élastique sur les demi-cellules pourrait également étre a l'origine de la dévia-
tion de fréquence de plusieurs mégahertz détectée sur les bandes passantes des modes
de la cavité mesurée. Les coupleurs HOM fabriqués ont été testés individuellement
sur la cavité 2-cellules de type PERLE, et leurs orientations d’amortissement opti-
males ont été déterminées. Les résultats expérimentaux montrent un accord relatif
avec les résultats des simulations des modes propres. Les mesures confirment que le
coupleur DQW est la solution la plus efficace pour amortir les HOMs monopolaires
et dipolaires. Les mesures d’amortissement des HOM ont été effectuées sur la cavité
cuivre 5-cellules avec les groupes d’extrémités HOM 2P2H et 4DQW fabriqués. Des
mesures de “bead-pull” ont été réalisées pour identifier les HOMs en fonction de leur
profil de champ. Les valeurs simulées de (Qoy; des modes résonants concernés sont en
accord relatif avec les valeurs mesurées correspondantes. Les résultats expérimentaux
montrent que les deux options d’amortissement des HOM analysées fournissent une
atténuation adéquate des HOM en dessous des seuils de (Qoyy d’instabilité BBU. De
plus, le schéma d’amortissement 4DQW offre de meilleures performances pour amortir
les modes confinés de la cavité, confirmant ainsi la validité de nos prédictions par la
simulation.

Perspectives

Cette thése a initié les bases pour la conception, 'optimisation, la fabrication et la val-
idation expérimentale des performances des structures d’amortissement HOM destinés
a la cavité a H-cellules pour PERLE. Elle a englobé plusieurs disciplines, y compris
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la dynamique des faisceaux, le domaine des radiofréquences et les effets combinés du
chauffage radiofréquence. Les études par simulation ont abouti & la fabrication d’un
prototype de cavité en cuivre depuis le départ. De plus, des prototypes de coupleurs
HOM ont été fabriqués en utilisant une approche innovante combinant la technologie
d’impression 3D a base de résine époxy avec une technique de cuivrage adaptée aux ap-
plications RF. Des mesures a faible puissance ont finalement été réalisées pour valider
les performances des prototypes de coupleurs HOM produits. Néanmoins, certains
aspects des conceptions des coupleurs HOM et des cavités peuvent étre approfondis
en vue de la production de coupleurs HOM en niobium devant étre installés dans les
cavités finales niobium 5-cellules & 801,58 MHz. Cela inclut la conception de canaux
de refroidissement et d’interceptions thermiques pour atténuer le chauffage RF des
coupleurs HOM en niobium et des absorbeurs de faisceau. L’accord en fréquence des
filtres coupe-bande des coupleurs en niobium en raison de la contraction thermique
et de l'effet multipactor doivent également étre étudiés. Des études supplémentaires
sont nécessaires pour limiter les déformations associées au retrait lors de 'impression
3D des coupleurs et du recouvrement ultérieur en cuivre, ainsi que pour améliorer
I’homogénéité du dépot de cuivre. Les effets de retour élastique et les tolérances mé-
caniques doivent étre soigneusement pris en compte lors de la fabrication des cavités
elliptiques en niobium. La réalisation de mesures RF & faible puissance sur une cavité
soudée pour améliorer le contact RF et I'amélioration du dispositif de mesure, no-
tamment en incluant un dispositif d’excitation HOM bipolaire capable de séparer les
deux polarisations des modes dipolaires, pourrait réduire les écarts observés entre les
mesures et les simulations dans le futur.

254



	Acronyms
	Introduction
	Electromagnetic theory and RF cavity principles
	Maxwell's equations
	Material equations
	Wave equations
	Helmholtz equations

	RF fields in cavities
	Eigenmodes of a pillbox cavity
	Eigenmodes of an elliptical cavity

	Figures of merit for RF cavities
	Fundamental mode frequency
	Lorentz force and voltage
	Geometric shunt impedance
	Cavity impedance
	Loss factor
	Power dissipation and surface resistance
	Quality factor


	RF cavity design for PERLE
	The PERLE accelerator
	The PERLE elliptical cavity
	RF design parameters of the cavity
	HOMs of the cavity

	Static and dynamic heat losses
	Input RF power
	Optimization with respect to tuning for energy recovery
	Optimization with respect to cavity coupling for energy recovery
	Input power for the PERLE cavity


	Beam breakup instability studies
	Beam breakup instabilities
	Beam breakup instability thresholds
	Transfer Matrix
	Threshold current
	Impedance threshold
	Critical external quality factor

	Regenerative BBU studies in PERLE
	Impedance and external quality factor requirements
	Maximum achievable current
	BBU-tracking model


	HOM coupler design and fabrication
	HOM couplers
	Coaxial HOM couplers
	Waveguide couplers
	Beamline absorbers
	HOM coupler selection for PERLE

	Coaxial HOM coupler optimization
	Optimization method for RF transmission
	Probe-type PERLE coupler
	Hook-type PERLE coupler
	DQW-type PERLE coupler
	Summary of HOM coupler optimization results

	HOM coupler prototyping
	Mechanical design for coaxial HOM couplers
	3D printing for HOM coupler fabrication
	Copper electroplating of epoxy-based HOM couplers
	3D-scanning measurements on HOM couplers
	3D-scanning of the hook-type coupler prototype
	3D-scanning of the probe-type coupler prototype
	3D-scanning of the DQW coupler prototype

	Niobium 3D-printed HOM couplers


	HOM-damping and RF-heating analyses
	Numerical methods for impedance calculation
	Wakefields and wake impedance
	Eigenmode impedance

	Beam-induced HOM power calculation
	HOM power in damped RF cavities
	Propagation of HOM power through the cavity ports

	Five-cell cavity at 801.58 MHz for PERLE
	Longitudinal and transversal impedance
	Average HOM power
	HOM power
	Five-cell cavity with coaxial HOM-couplers
	Five-cell cavity with coaxial HOM-couplers and BLAs


	RF-heating analyses on coaxial HOM coupler
	Heat transfer in cavities and couplers
	Dynamic heat load on the HOM coupler
	Electric and magnetic fields
	Power deposition and maximum temperature



	RF cavity fabrication
	Elliptical cavity manufacturing
	Deep-drawing
	Springback effect and coining

	Dumbbell measurements
	Dumbbell measuring setup
	Theoretical framework for dumbbell measurements
	Target frequency and trimming coefficient simulations
	Trimming measurement summary

	Cavity assembly
	Bead-pull measurements

	RF measurements on PERLE HOM couplers and cavities
	Theoretical background for RF measurements of cavity modes
	Coupler basic parameters
	Undriven cavity
	Driven cavity
	Scattering matrix

	HOM measurements for a cavity with a HOM coupler
	Theoretical framework
	HOM measurement procedure


	Low power RF measurements on 801.58 MHz cavities
	The measurement setup
	2-cell elliptical copper cavity
	Frequency spectrum and deviation
	Probe-type coupler: HOM measurements and simulations
	Hook-type coupler: HOM measurements and simulations
	DQW-type coupler: HOM measurements and simulations
	Influence of the coupler antenna tilt
	Summary of the HOM measurement results for the 2-cell cavity

	5-cell elliptical copper cavity
	Frequency spectrum and deviation
	Bead-pull measurements
	Unloaded quality factor
	HOM-damping measurements and simulations



	Conclusions and perspectives
	5-cell cavity and HOM couplers for PERLE
	Symbols
	Bibliography
	Résumé étendu en français

