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Kurzfassung

Der Damping Ring Komplex des Compact LInear Collider (CLIC) soll ultra kleine

Emittanzen für die linearen Beschleunigerstrecken produzieren um eine Lumi-

nosität von 2×1034 cm2 s−1 bei einer Kollisionsenergie von 3 TeV zu erreichen. Auf-

grund der hohen Intensität, der kurzen Teilchenpakete und der kleinen Emittanzen

wird erwartet, dass Kollektiveffekte die Leistungsfähigkeit der DRs stark beein-

trächtigen können und somit die erzielbare Intensität der Positronen- und Elek-

tronenstrahlen limitieren, oder starke Beeinträchtigung der Strahlqualität verur-

sachen. Die Auslegung der Maschine muss schon von Beginn an optimiert wer-

den um zu gewährleisten, dass die Schwellwerte für alle Strahlinstabilitäten mit

ausreichend Sicherheitsreserve über der Designintensität liegen. Dafür wird das

Impedanzmodell des Damping Ring Komplexes entwickelt und für die Studie der

Schwellwerte für Strahlinstabilitäten mit dem Simulationscode PyHEADTAIL ver-

wendet. Zunächst wird ein vereinfachtes Modell der Maschine verwendet, welches

dann schrittweise erweitert wird um die Synchrotronstrahlungseffekte und die

Impedanz der Vakuumkammern (resistive wall) zu berücksichtigen. Dabei ist es kri-

tisch die Ober�ächenimpedanz von dünnen Beschichtungen der Vakuumkammern

im Frequenzbereich bis zu mehreren hundert GHz, bis zu denen das Spektrum der

Teilchenpakete reicht, richtig zu berücksichtigen. Von speziellem Interesse sind

dabei einerseits Non Evaporable Getter (NEG) Beschichtungen die ein kontinuier-

liches und verteiltes abpumpen ermöglichen, und andererseits amorphous Carbon

(a-C) Beschichtungen die verwendet werden um das Bilden von Elektronenwolken

in den Vakuumkammern zu unterdrücken.

Der Kern dieser Arbeit besteht in der Entwicklung einer zuverlässigen, praktis-

chen und günstigen Methode für die elektromagnetische Charakterisierung von

Beschichtungen im sub-THz Frequenzbereich. Die Methode basiert auf Messungen

von elektromagnetischen Wellen, die durch ein Testobjekt bestehend aus einem

Wellenleiter und einem auf beiden Seiten mit dem zu untersuchenden Material

beschichteten dünnen Plättchen, in der Zeitdomäne. Dies hat folgende Vorteile:

homogene Beschichtung mit bekannter Dicke und das Messsystem kann mehrmals

verwendet werden um verschiedene Beschichtungsmaterialien zu messen. Die

Signalabschwächung durch das Testobjekt ist analytisch berechnet und mit nu-

merischen Simulationen veri�ziert. Diese neue Messmethode wird an Plättchen mit

NEG-Beschichtung getestet und erlaubt die elektromagnetische Charakterisierung

der Ober�ächenimpedanz bis hin zu mehreren hundert GHz.
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Abstract

The Damping Rings (DRs) complex of the Compact LInear Collider (CLIC) has to

provide ultra low emittances to the linear accelerating sections in order to reach

a luminosity of 2 × 1034 cm2 s−1 at the centre of mass energy 3 TeV. Due to the

high intensity, short bunches and low transverse emittances, collective effects are

expected to seriously affect the performance of the DRs, limiting the electron and

positron beam intensity at extraction, or causing an intolerable degradation of the

beam quality. The design of the machine has to be optimized already at a very early

stage in order to ensure that all the instability thresholds stay above the operational

target intensities with suf�cient safety margin. To this end, the impedance model of

the DRs is developed and used for studying instability thresholds with the PyHEAD-

TAIL code. Starting from a simpli�ed model of the whole machine, the code allows

to take into account the radiation damping and quantum excitation effects due to

the synchrotron radiation emission and also the resistive wall contribution. The

knowledge of the surface impedance up to hundreds of GHz, to which the bunch

spectrum extends, is essential for the correct resistive wall impedance modeling

of the coatings deposited on the vacuum chambers of the machine. Speci�cally,

Non Evaporable Getter (NEG) is a commonly used coating to allow a distributed

and continuous pumping in vacuum chambers and the amorphous Carbon (a-C) is

deposited in order to avoid the onset of the Electron Cloud (EC) in the accelerator

vacuum chamber.

The core of this thesis consists in the development of a reliable, handy, and inex-

pensive measurement system for the Electromagnetic Characterization (EMC), in

the sub-THz frequency range, of coating materials. The method is based on time

domain measurements of an electromagnetic wave passing through a Device Un-

der Test (DUT) made of a waveguide with a thin central slab, where the coating

material is deposited on both sides. This device has two main advantages: the

deposition homogeneity with predictable thickness and the possibility to reuse the

system for further measurements on different coating materials. The assessment

of the signal attenuation through the DUT is analytically evaluated and con�rmed

with numerical simulations. This novel technique is tested on slabs coated with

NEG and allows the electromagnetic characterization and the surface impedance

evaluation up to hundreds of GHz.
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1 Introduction

1.1 The future colliders

The terascale research on particle interactions is considered the key point for un-

derstanding fundamental physical mechanisms, from the electroweak symmetry

breaking to the discovery of new possible symmetries, as well as the existence of

Dark Matter or in general, to go beyond the Standard Model [1, 2]. The access

to terascale physics became reality with LHC experiments. The goal for the next

future is to complement the LHC results for having precise measurements of the

Higgs boson and potentially new physics discoveries by using a lepton collider in

the tera-electron-volt (TeV) energy range [3, 4]. One of the limits of the previous

lepton accelerator at CERN, LEP, was the losses due to synchrotron radiation in the

bending magnets of the machine. This limitation is avoided in linear colliders. Two

opposite linear machines accelerate the particles to their �nal energy and collide

them in a central interaction point. Currently, there are two alternative technolo-

gies developed by international collaborations, with signi�cantly different energy

reach:

1. The International Linear Collider (ILC) aims to collide beams at an energy

of 500 GeV, upgradeable to 1 TeV and it is based on beam acceleration by

superconducting RF structures [5, 6].

2. The Compact LInear Collider (CLIC) study is exploring the possibility of ex-

tending the energy range of linear colliders into the multi-TeV energy range

by developing a novel technology of two-beam acceleration (TBA), providing

colliding beams up to 3 TeV [3, 7].

Linear colliders are not the only option for the post-LHC future. The design of

a Future Circular Collider (FCC) is another ongoing project. The aim is to build a

hadron collider with 80− 100 km circumference and reach 100 TeV.
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1.2 The CLIC concept

The Compact Linear Collider (CLIC) is a multi-TeV high-luminosity linear e+ e−

collider under development at CERN. It is proposed in a staged approach with three

centre-of-mass energy stages ranging from a few hundred GeV up to 3 TeV. The �rst

stage is at 380 GeV for providing an accurate model-independent measurements of

Higgs couplings to both fermions and bosons [8]. The second stage around 1.5 TeV

opens the energy frontier for the discovery of new physics and the third one at 3

TeV further enlarges the CLIC physics potential. New electroweak particles or dark

matter are of special interest, as they may be easier to observe at CLIC than at the

LHC [7]. This thesis is focused on the 3 TeV design. The layout of this con�guration

is shown in Fig.1.1.

Figure 1.1: CLIC layout at
p

s = 3TeV.

A laser-driven DC gun provides the polarized electrons for the main beam. A

laser-driven RF gun furnishes the primary electrons for positron production. The

injector linacs boost the particles up to 2.86 GeV and de�ect them into the Damp-

ing Rings (DRs) complex. This stage reduces the normalized beam emittances to

500 nm in the horizontal plane and to 5 nm in the vertical one. Furthermore, a

common booster linac compresses the beams longitudinally and accelerates them

up to 9 GeV. After the beams separation, the turnarounds transport them to the

transfer lines. The main linac uses a series of 72 MV/m and 100 MV/m 12 GHz ac-
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celerating structures to achieve the �nal beam energy. The RF power necessary for

the main linacs, is generated by the drive beams and then transferred into the main

linacs through waveguides. The main beams collide in one Interaction Point (IP)

after passing by the Beam Delivery Section (BDS) for a �nal stage of collimation

and focusing. The CLIC parameters at 3 TeV are presented in Table 1.1.

Description Unit 3 TeV
Repetition frequency Hz 50
Number of bunches per train 312
Bunch separation ns 0.5
Beam pulse length ns 244
Accelerating gradient MV/m 72/100
Total (peak 1 %) luminosity 1034cm−2s−1 5.9 (2.0)
Main tunnel length Km 50.1
Number of particles per bunch 109 3.7
Bunch length µm 44
Hor./vert. IP beamsize nm 40/1
Hor./vert. norm. emitt. nm 660/20
Estimated Power consumption MW 589

Table 1.1: CLIC main parameters at 3 TeV.

1.3 The CLIC Damping Rings

The CLIC Damping Rings (DRs) complex aims at bringing the beam emittances

down to the values required by the experiments at the highest possible energy and

the lowest possible cost.

The main parameter of a collider is the luminosity and it is de�ned as:

L = HD
N2

4πσxσy
nb fr (1.1)

where HD is a factor that takes into account the beam-beam interaction and the

change of beta function in the collision region, N is the number of particles per

bunch, σx ,y are the horizontal and vertical rms beam sizes at the Interaction Point,

nb is the number of bunches per beam and fr the beam pulse repetition frequency.

The beam size is proportional to the emittance and the goal of the DRs is to pro-

duce an ultra-low normalized emittances of 500 nm.rad in the horizontal plane and

1.3 The CLIC Damping Rings 3



Figure 1.2: The Damping Rings complex.

5 nm.rad in the vertical one with an energy of 2.86 GeV. The DRs complex is shown

in Figure 1.2. The large input emittance coming from the positron source requires

two stages for the beam damping and therefore a pre-damping ring (PDR) is placed

before the main-damping ring. Instead, the progress in the electron sources tech-

nologies allow for using of only one stage for the electron ring [9, 10].

The DRs target emittances have been rapidly approached by modern light sources,

as can be seen in Figure 1.3.

4 1 Introduction



Figure 1.3: Light sources emittance target.
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1.4 Overview

The goal of this thesis is to establish the impedance budget of the CLIC damping

rings. In particular, the main focus is to develop a new method for the charac-

terization of the coating material in the sub-THz frequency range to improve the

impedance modeling of the CLIC DRs components.

Chapter 2 describes the basic theory of synchrotron beam dynamics. It starts with

an introduction of linear optics, single particle motion and a short description of

the radiation damping and quantum excitation effects. It �nishes with the de�ni-

tion of the wake �elds, impedance concepts and describes the sources of impedance

in the CLIC DRs. Furthermore, the semi-analytical and numerical simulation tools

for wake�eld and impedance evaluation and a multi-particle tracking suite are de-

tailed.

Chapter 3 contains the studies for the electromagnetic characterization of the coat-

ing material in the high frequency range. The characterization is performed using

a time domain coherent THz spectrometer. The method is based on the attenuation

measurement of the signal passing through a waveguide speci�cally designed, hav-

ing a very thin central layer where the coating material is deposited on both sides.

The signal attenuation is related to the material conductivity. For this purpose, an

analytic model is compared with electromagnetic-�eld simulation and is used to

extrapolate the conductivity of the material from the signal attenuation. The elec-

tromagnetic characterization of the Non Evaporable Getter (NEG) coating and the

evaluation of its surface impedance is performed up to hundreds of GHz.

Chapter 4 is dedicated to the impedance studies for the CLIC DRs. The transverse

impedance is composed of contributions of a broad-band resonator (BBR) and of

several resistive wall. The synchrotron radiation damping effect is implemented

and the transverse instability threshold behavior is studied for different chromatic-

ity values. In the longitudinal plane, the effect of a BBR and of the synchrotron

radiation is also discussed.

The �nal chapter reports the conclusions of the thesis and the outlook of this study.

6 1 Introduction



2 Beam dynamics and collective

e�ects

This chapter describes the beam dynamics in a lepton (e+, e−) circular accelerator,
treating both the transverse and longitudinal planes. This includes synchrotron ra-

diation, quantum excitation, wake-�elds and impedance with their impact on the

beam dynamics through collective effects and describes the sources of impedance

in the CLIC DRs. Furthermore, the semi-analytical and numerical simulation tools

for wake�eld and impedance evaluation and a multi-particle tracking suite are de-

scribed.

2.1 Transverse and longitudinal single particle dynamics

The motion of particles in circular accelerators is caused by electro-magnetic �elds.

The transverse single particle dynamics describes the entire system in the ideal

case when the particles interact only with the magnetic �elds of the magnets but

not with the electro-magnetic �elds generated by other particles or their inter-

action with the beam environment. Magnetic dipoles bend the particles to pro-

vide complete revolution around the ring and the quadrupole magnets focus the

beam so that the particles perform betatron oscillations. While traveling around

the ring, ultra-relativistic particles lose energy due to synchrotron radiation. In the

longitudinal plane, the energy lost by synchrotron radiation is compensated by a

radio-frequency (RF) electric �eld. The particles longitudinally oscillate and have

variations in energy with respect to a reference particle in the center of the bunch.

This motion is called synchrotron (longitudinal) oscillations.

The Lorentz force governs the motion of a charged particle in an electromagnetic

�eld E and B:
dp
d t
= F= e[E+ v×B] (2.1)

where p = γmv is the momentum, v = dr/d t is the velocity, m is the mass, e is the
elementary charge and γ= 1/

p

1− v 2/c2 is the relativistic Lorentz factor [11].

The Frenet-Serret coordinate system K = (x , y, s) is introduced to describe the

particle motion around the nominal trajectory. The origin of the coordinate system

7



moves along the beam trajectory. We assume that the particles move parallel to

the s-direction v= (0,0, vs) and the magnetic �eld has only transverse components

B = (Bx , By , 0). In the horizontal plane there is a balance between the Lorentz

force Fx = −evzBy and the centrifugal force Fr = mv 2
s /R where R is the trajectory

curvature radius and m is the particle mass [12, 13]. The balance of the forces

leads to:

1
R(x , y, s)

=
e
p

By(x , y, s) (2.2)

Since the beam transverse dimensions are small with respect to the particle tra-

jectory curvature radius, the magnetic �eld can be expanded in the vicinity of the

nominal trajectory. After a multiplication by e/p:

e
p

By(x) =
e
p

By0 +
e
p

dBy

d x
x +

1
2!

e
p

d2By

d x2
x2 + . . .=

1
R
+ kx +

1
2!

mx2 + . . . (2.3)

The magnetic �eld is shown as sum of multipoles. The approximation of linear

beam optics considers only the two lowest multipoles where 1/R corresponds to a

constant dipole �eld providing beam steering and k corresponds to the focusing ef-

fect of a quadrupole, for which a magnetic �eld is provided which is proportional to

the transverse displacement from the ideal trajectory. A quadrupole with focusing

effect in the horizontal plane is defocusing in the vertical plane. The higher mul-

tipoles are either unwanted �eld errors or introduced for chromatic aberrations or

correction of �eld errors.

2.1.1 Transverse motion

Transverse particle motion around the reference orbit (ideal trajectory �xed by con-

struction) is known as betatron motion. Assuming a particle with a well de�ned

momentum p = p0 +∆p, where the momentum deviation ∆p is small compared

to the nominal momentum p0, and that the particles are only de�ected in the hori-

zontal plane, the magnetic �eld components are given by:

e
p0

By =
1
R
+ kx (2.4)

and

e
p0

Bx = −k y (2.5)

8 2 Beam dynamics and collective e�ects



The linearized Hill's equation describing the motion of particles in a circular ma-

chine is obtained as:

x ′′(s) +
�

1
R2(s)

− kx(s)
�

x(s) =
1

R(s)
∆p
p

(2.6)

y ′′(s) + ky(s)x(s) = 0 (2.7)

where kx ,y is the quadrupole strength whose sign is chosen arbitrarily. In our case

if k < 0 the quadrupole is focusing, if k > 0 it is defocusing.

The transport of a single particle from a certain point z0 to another point z can

be written in matrix form for linear elements using the general solutions of the

homogeneous equations of (2.6) and (2.7):

�

u(s)
u′(s)

�

= M(s|s0)
�

u(s0)
u′(s0)

�

(2.8)

where u(s) and u′(s) are either horizontal or vertical position and divergences re-

spectively.

For an off-momentum particle, the solution of the inhomogeneous Eq. (2.6) is a

linear superposition of the particular solution and the solution of the homogeneous

equation:

x = xβ (s) + D(s)(δp/p0) (2.9)

where xβ (s) represents the homogeneous solution of Eq. (2.6), D(s) is named dis-

persion function and D(s)(δp/p0) is the off-momentum closed orbit.

The transfer matrices in the case of quadrupole and dipole magnets are described

in detail in [11]. It is important to note that the transfer matrix can be the product

of the transfer matrices in case the particle is passing through any interval made up

of sub-intervals. Using these matrices, the linear motion of particles can be tracked

through the elements of the accelerator:

M(s2|s0) = M(s2|s1)M(s1|s0) (2.10)

Applying Floquet's theorem for periodic beam transport sections (like circular ac-

celerators), the solution to the homogeneous Hill's equation can be written as:

u(s) = Aω(s) cos(φ(s)−φ0) (2.11)

where ω(s) and φ(s) are periodic functions with a period equal to the circumfer-

ence of the machine C . Substituting the Eq. (2.11) in Eq. (2.6) and (2.7) we can
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de�ne the betatron phase advance φ(s) and the twiss parameters α(s), β(s) and
γ(s). Also the Twiss functions are periodic and are obtained as:

α(s) =−
1
2

dβ(s)
ds

γ(s) =
1+α2(s)
β(s)

φ(s) =

∫

ds
β(s)

(2.12)

Generally the transfer matrix M in one period can be expressed as:

M0→s =





r

β(s)
β0
(cosφ +α0 sinφ)

p

β(s)β0 sinφ
(α0−α(s)) cosφ−(1+α0α(s)) sinφp

β(s)β0

r

β(s)
β0
(cosφ −α0 sinφ)



 (2.13)

where α, β and γ are the twiss parameters and φ(s) =
∫ s

0
ds
β(s) is the phase ad-

vance between the positions 0 and s. The evolution of Twiss functions is expressed

through:




βs
αs
γs



=





M2
11 −2M11M12 M2

12
−M11M21 M11M22 +M12M21 −M12M22

M2
21 −2M21M22 M2

22









βs0
αs0
γs0



 (2.14)

In the vertical plane similar expressions are valid. In the three planes three inde-

pendent two-dimensional emittances are de�ned assuming the ideal case with all

the planes fully decoupled.

When the phase advance is equal to 2π, a betatron oscillation is performed. The

betatron tune is the number of betatron oscillations in one revolution period and is

de�ned as:

Q =
1

2π

∫ C

0

ds
β(s)

(2.15)

Emittance

The general solution of the trajectory equation describes the motion of an on-

momentum particle in any point of the lattice and it is written for the vertical

plane in the form [12]:

x(s) =
p

εx

Æ

βx(s) cos(φ(s)−φ0)

x ′′(s) =−
p
εx

p

βx(s)
[sin(φ(s)−φ0) +α(s) cos(φ(s)−φ0)]

(2.16)
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with
p
εx that replaces the amplitude factor A and with ω(s) =

p

βx(s) in the

equation (2.11). This solution satis�es the equation of an ellipse in the plane x−x ′:

γx x2 + 2αx x x ′ + βx x ′2 = εx (2.17)

This expression is called the Courant-Snyder invariant and describes an ellipse with

a constant area πεx , where εx is the natural or geometrical �single particle emit-

tance�.

For the entire beam the de�nition of emittance is statistical. The rms emittance

εrms of the beam is de�ned as the area (divided by π) of the ellipse containing 39%
of the particles. Instead the emittance ε95% is de�ned as the area (divided by π)
that contains 95% of the particles. If the distribution of the beam particles in phase

space is Gaussian, then
p
< s2 > =

p

βεrms and
p

6< s2 > =
p

βε95%. According

to Liouville's theorem, under the in�uence of conservative forces, the phase space

area enclosed by all particles with a given emittance is constant [14].

Chromaticity

The chromaticity ξ is de�ned as the ratio between the betatron tune shift ∆Q with

respect to the tune Q0 and the relative momentum deviation ∆p with respect to

the momentum p0

∆Q
Q0
= ξ
∆p
p0

(2.18)

The natural chromaticity is caused by the quadrupole magnets (because the focus-

ing effect of the quadrupole depends on the particle momentum). Chromaticity can

be adjusted or corrected by sextupole magnets in regions with non-zero dispersion

function.

2.1.2 Longitudinal motion

Radio Frequency (RF) cavities provide the longitudinal electric �eld to accelerate

the particles. The longitudinal RF electric �eld Ez is applied to the bunched beam

and it is expressed as:

Ez(t) = E0 sin(φr f (t) +φs) (2.19)

where E0 is the �eld amplitude, φs is the phase angle for a synchronous particle

with respect to the RF wave. The synchronous particle has a revolution period T0
and a momentum p0 synchronized with the RF wave. This phase is φr f = ωr f t =
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hω0 t, where h is called harmonic number and represents the maximum number of

bunches that can be accelerated in the machine. The synchronous particle gains in

each turn an amount of energy:

∆Es = eV0 sin(φs) (2.20)

where V0 is the amplitude of the RF voltage. Non-synchronous particles, with

phases φ = φs ±∆φ, will gain a different amount of energy per turn, equal to:

∆Ep = eV0 sin(φ) (2.21)

The energy gain per turn with respect to the energy gain of the synchronous particle

is:

(∆E)turn =∆Ep −∆Es = eV0 (sinφ − sinφs) (2.22)

Considering slow change of energy with respect to the revolution frequency, the

equation of motion for the fractional off-momentum is:

d
d t

�

∆p
p0

�

=
ω0

2πβ2E0
eV0 (sinφ − sinφs) (2.23)

where E0 is the energy of the synchronous particle and β the relativistic factor.

Momentum compaction factor and slip factor

Non-synchronous particles with momentum deviation ∆p/p0 travel on the disper-

sion orbit in a different path length than on-momentum particles. The change

of the length of the path with respect to the momentum offset is the momentum

compaction factor de�ned as:

αp =
∆C/C
∆p/p0

(2.24)

The slippage factor is de�ned as:

η≡
�

1
γ2
−αp

�

(2.25)

The gamma at transition is given by:

γt =
1

p

αp
(2.26)
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In machines that work below transition (η < 0), a particle with higher momentum

than the reference particle will have a shorter revolution period and will arrive at a

�xed location earlier than the reference particle. Working above transition energy

(η > 0) the behavior is opposite. At η = 0 the revolution period is independent of

the particle's momentum and all particles around the accelerator will travel with

equal revolution frequencies.

Like the majority of the electron machines, the CLIC DRs operate above transition

with γ≈ 5597 and γt = 1/(1.13× 10−2)≈ 88.

2.2 Synchrotron radiation damping and quantum excitation

When a charged particle is accelerated by an electromagnetic �eld it will radiate

electromagnetic waves. In the general case, the radiation power of an accelerated

particle is given by Larmor's formula [12]:

Ps =
e2

6πε0m2
0c3

�

dp
d t

�2

(2.27)

where e, p and m0 are the particle charge, momentum and rest mass; ε0 is the

dielectric permittivity in free space and c is the speed of light. In the case of non-

relativistic particles, the emitted radiation may be neglected since it is very weak.

In the case of the CLIC DRs, the particles are ultra-relativistic. In this case, the

instantaneous radiated power of this so-called synchrotron radiation is given by

Liénard's formula:

Ps =
e2c

6πε0(m0c2)2

�

E4

ρ

�

(2.28)

The energy radiated, per revolution period from a particle with energy E is:

U0 =

∮

Psd t ≡
Cγ
2π

E4 I2 (2.29)

where the constant Cγ =
4π
3

r0
(m0c2)3 and I2 is the second radiation integral I2 =

∮

1
ρ2 ds.
The energy lost due to synchrotron radiation reduces the particle momentum in

all three planes. The RF �eld compensate only the energy loss in the longitudi-

nal plane, leading to a damping of the transverse betatron oscillation amplitude.
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In general, betatron and synchrotron oscillations are exponentially damped with

damping times de�ned as:

τx =
2E0T0

(1− I4/I2)U0

τy =
2E0T0

U0

τz =
2E0T0

(2+ I4/I2)U0

(2.30)

where T0 is the revolution period and I4 =
∮ Dx

ρ

�

1
ρ2 + 2k1

�

ds, with Dx the hori-

zontal dispersion and the quadrupole strength k1 =
e

p0

∂ By
∂ x .

If radiation were a purely classical process, the emittances would damp to a

value close to zero. However the radiation is emitted in discrete units (photons),

this induces an effect of noise to the beam that increase its emittance. The beam

eventually reaches an equilibrium determined by a balance between the radiation

damping and the quantum excitation.

The rms equilibrium energy spread in the beam is obtained as:

σ2
δ0 = Cqγ

2 I3

2I2 + I4
(2.31)

with Cq =
55

32
p

2
ħhc

mc2 and the radiation integral I3 =
∮

1
|ρ3|ds. In circular electron

accelerators the bunches are small compared to the bucket area and and thus rms

relative energy spread σδ and the rms bunch length σz [m] are related through:

σz0 = σδC

√

√

√

αp E

2πh(aV 2
0 − U2

0 )1/2
(2.32)

where αp is the momentum compaction factor, C is the ring circumference, V0 is

the RF voltage amplitude, h is the harmonic number and U0 the energy loss per

turn de�ned before.

In the horizontal plane, the equilibrium beam emittance is de�ned as:

εx0 = Cqγ
2 I5

I2 − I4
(2.33)

where I5 =
∮

Hx

|ρ3|ds with Hx = γx D2
x + 2α + x Dx Dpx + βx D2

px is the dispersion

invariant in the horizontal plane. Instead, the vertical equilibrium beam emittance

is de�ned as:

εy0 = Cqγ
2
〈Hy/

�

�ρ3
�

�〉
〈1/ |ρ2|〉

(2.34)

where Hy is the dispersion invariant in the vertical plane.
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2.2.1 Implementation in tracking code

The radiation damping and quantum excitation effect on the beam dynamics in the

transverse plane was implemented in the tracking code PyHEADTAIL by resorting

on hus formula [15, 16]:

u′n+1 = u′n − 2
T0

τu
u′n + 2σu′0

√

√ T0

τu
R (2.35)

where n is the turn and the �rst part of the expression is related to the radiation

damping effect and the second one to the quantum excitation effect with τu being

either the horizontal or the vertical damping time, T0 is the revolution period. The

value σu′0
=
r

εu0β
βuγ

with εu0 is either the horizontal or the vertical equilibrium

emittance [m.rad], βu the average beta function and R is a random number to

account for the �uctuations from quantum excitation.

The effect on the longitudinal plane is expressed as momentum spread variation:

�

∆p
p0

�

n+1
=
�

∆p
p0

�

n
− 2

T0

τs

�

∆p
p0

�

n
+ 2σδ

√

√ T0

τs
R−

U0

m0c2γ
β2 (2.36)

where the �rst part and the second part of the expression are always related to the

radiation damping and quantum excitation effects with τs being the longitudinal

damping time. The third part of the expression is related to the energy loss, where

U0 is the energy loss per turn expressed in eV and β is the relativistic factor.

2.3 Wake �elds and impedance

In this section, we introduce the concept of wake function and beam coupling

impedance both in the longitudinal and transverse plane and we also discuss the

effect of the wake �elds on the beam dynamics.

The particle beam travelling along the accelerator is guided by external electro-

magnetic �elds, but it also electromagnetically interacts with surrounding vacuum

chamber. The wake functions are de�ned in order to describe the interaction be-

tween the beam and the surrounding environment. The wake �elds allow the

description in time domain of the effect of the self-induced �elds on the beam and

the impedances do the same in frequency domain [17, 18].

This can be illustrated with a simpli�ed model of only two particles: a source

particle q1 and a witness particle q2. The source particle q1 travels through an

arbitrary device of length L and, by inducing an oscillating �eld, the witness charge
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q2 at distance z feels a net force (see Fig. 2.1). The integral of this force over the

device of length L de�nes the wake function and its Fourier transform is the device

impedance. The velocity of the particles is assumed to be v = β c, where c is the

speed of light and β the relativistic factor [19].

2.3.1 Longitudinal plane

Figure 2.1: Source (q1) and witness (q2) particles in a device of arbitrary geometry

along the accelerator.

The source particle traveling through an accelerator chamber creates a wake �eld

on the witness particle, situated at a distance z. The longitudinal wake function is

de�ned as the integration along the length L of the Lorentz force on the witness

particle q2, it is written as [20]:

W‖(x2, y2, x1, y1, z)[V/C] = −
1

q1q2

∫ L

0

F‖(x2, y2, s, x1, y1, z)ds (2.37)

where F‖ = qEs is the longitudinal component of Lorentz's force, Es is the longitudi-

nal component of the electric �eld induced by the source charge q1. The transverse

offset of source and witness particle with respect to the center of the structure is

de�ned by (x1, y1) and (x2, y2).

16 2 Beam dynamics and collective e�ects



The wake function de�nition is useful for macroparticle models to describe the

driving terms in the single particle equations of motion. The longitudinal beam

coupling impedance is de�ned as follows in the frequency domain [21, 22]:

Z‖[Ω] =

∫ ∞

−∞
W‖(z)e

−
jωz

v
dz
v

(2.38)

were j is the imaginary unit and ω= 2π f is the angular frequency.

2.3.2 Transverse plane

In structures without top-bottom and/or left-right symmetry or for a symmetric

structure but a beam with transverse offset, the source particle induces transverse

forces on the witness particle. The transverse wake function is given by:

Wx ,y(x2, y2, x1, y1, z)[V/C] = −
1

q1q2

∫ L

0

Fx ,y(x2, y2, s, x1, y1, z)ds (2.39)

where Fx ,y = [q(~E + ~v × ~B)]x ,y are the transverse components of Lorentz's force.

The transverse wake functions can be expanded into a power series in the offset of

source and test particle. If we consider only the �rst order terms and we neglect

the coupling between the transverse planes we write:

Wx =W dip
x x1 +W quad

x x2

Wy =W dip
y y1 +W quad

y y2
(2.40)

where W dip
x ,y is the horizontal/vertical dipolar (driving) wake function that express

the relation to the source offset with respect to the axes of the structure and W quad
x ,y

is the horizontal/vertical quadrupolar (detuning) wake function that express the

relation to the witness particle offset. Equation (2.40) is a very good approximation

of the transverse wakes for small offsets of both source and test particle.

The transverse beam coupling impedance is de�ned as the wake function Fourier

transform:

Zdip
⊥ (ω)[Ω/m] = j

∫ ∞

−∞
W dip
⊥ (z)e

− jωz
v

dz
v

Zquad
⊥ (ω)[Ω/m] = j

∫ ∞

−∞
W quad
⊥ (z)e−

jωz
v

dz
v

(2.41)
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so that:

Zx = Zdip
x x1 + Zquad

x x2

Zy = Zdip
y y1 + Zquad

y y2
(2.42)

The longitudinal and transverse wakes, de�ned in this chapter, are the responses

to a pulse excitation from a single particle: this is the de�nition of wake function.

If the source is a bunch of particles, the resulting wake will be given by the con-

volution of the wake function with the charge density of the bunch λ(z) and is

called wake potential. Following the de�nition of Eq. (2.38), the beam coupling

impedance can be evaluated as the ratio of the wake potential Fourier transform

and the line density Fourier transform.

2.3.3 E�ective impedance

In the following we brie�y describe the role of the impedance in the single bunch

dynamics. The effective coupling impedance is de�ned as the sum over the product

of the coupling impedance and the normalized spectral density [23, 24]:

� Z‖
ω

�

eff

=

∑+∞
p=−∞

Z‖(ω
′)

ω′ hl(ω′)
∑+∞

p=−∞ hl(ω′)
(2.43)

(Z⊥)eff =

∑+∞
p=−∞ Z⊥(ω′)hl(ω′ −ωξ)
∑+∞

p=−∞ hl(ω′ −ωξ))
(2.44)

where hl(ω) is the power spectral density of the mode l, ωξ is the frequency shift

due to the chromaticity effect, de�ned as ωξ =
ξωβ
η , and ω′ = pωo +ωβ + lωs ,

where ω0 is the revolution angular frequency, ωβ the betatron angular frequency,

ωs the synchrotron frequency and l is the azimuthal mode number. In the case of

a Gaussian beam the power spectral density is:

hl(ω) =
�ωσ

c

�2l
e−

ω2σ2

c2 (2.45)

where σ is the rms bunch-length.

The effective impedance describes the effect of impedance on beam dynamics and

depends on the beam properties. The real and the imaginary parts of
�

Z‖/ω
�

eff
are
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respectively related to the growth or damping rate and the frequency shift of the

mode in consideration. The complex frequency shift can be written as [25]:

Ω(l) − lωs ≈
1

2π

Γ
�

l + 1
2

�

2l (l − 1)!
N r0ηc3

γT0ωsσ3
i
� Z‖
ω

�

eff

(2.46)

and:

Ω(l) −ωβ − lωs ≈
1

4π

Γ
�

l + 1
2

�

2l l!
N r0c2

γT0ωβσ
i (Z⊥)eff (2.47)

where N is the number of particles in the bunch, T0 the revolution period. The

above equations show the relation between the imaginary component of the effec-

tive impedance and the real coherent tune shift.

2.3.4 Impedance model of a machine

In order to build the impedance model of an accelerator it is necessary to evalu-

ate the impedance (wake) of all the elements and for studying the beam dynamics

of the machine, two approaches are possible: in the �rst one, each wake is sepa-

rately applied to the beam particles and the beam is transported from one element

to the next one with the correct phase advance. Therefore, the impedance model

of the machine will contain a database of impedances of the individual accelera-

tor elements but this approach is in general CPU-time-wise unviable. The second

approach assumes that all the contributions are a small perturbation to the beam

dynamics. Then, all the wakes are summed up and the interaction of the beam with

the impedance/wake is then lumped at one location. In this case, the impedance

model will contain a global wake/impedance table providing the (weighted) sum

of the database elements to be used for beam dynamics. In the longitudinal plane

the wake sum is directly used to change the momentum of all the beam particles

Z‖(ω) =
M
∑

n=1

Z‖n(ω) (2.48)

In the transverse planes each wake needs to �rst weighted by the beta function

at the location of the wake source and then the weighted sum is divided by an

average beta function. The resulting wake is then applied at a location with the

average beta function

Zx ,y(ω) =
1

< βx ,y >

M
∑

n=1

�

βx ,y

�

n

�

Zx ,y

�

n (ω) (2.49)
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The impedance model of an accelerator is important at the early stage of a ma-

chine life cycle, to monitor that the global impedance of the machine under design

is kept below the budget.

2.4 Impedances and Wake Functions for CLIC DRs model

The total impedance budget of an accelerator is obtained by taking into account

all wake �elds and impedance sources of vacuum chambers and other machine

elements around the machine. The obtained total impedance or the total wake

�eld can then be used in simulations to study the instability thresholds of various

collective effects instability mechanisms.

In the case of the CLIC DRs, the task is in fact to optimize the choice of mate-

rials and shapes of vacuum chambers and other machine elements such that the

instability thresholds are well below the design intensity of the machine.

In general, when the design of the accelerator is not already available and all

the elements in the machine are still unknown, the impedance budget of the full

machine can be approximated by three main components:

1. A Broad Band Resonator (BBR) to model the global effect of the discontinu-

ities in the beam-pipe and all the devices that exhibit a short-range wake-

�eld.

2. The Resistive Wall (RW) that takes into account the conductivity of the beam

pipe of the accelerator.

3. Several narrow band resonators to simulate the effect of objects like cavities.

With their long-range wake�eld, they may impact the multi-bunch instability

thresholds.

In our study, the transverse single bunch instability thresholds are determined by

the �rst two contributions, that are detailed in the following of this section. The

effect of the narrow band resonators is not considered because of the complexity to

simulate long structure with respect to the wavelength. In the longitudinal plane,

is considered the effect of a BBR.

2.4.1 Broad-band resonator

The expression of the transverse wake functions for a broad-band resonator (BBR)

are [25]:

W⊥ (τ) =
ω2

r RT

Qωr
eατ sin (ωrτ) (2.50)
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where RT is the transverse shunt impedance in units of (Ω/m), ωr = 2π fr is the

cut-off angular frequency of the beam chamber with

ωr =ωr

√

√

1−
1

4Q2
, (2.51)

and

α=
ω

2Q
. (2.52)

The longitudinal wake function is [25]:

W‖(τ) =















0 if z > 0

αRS if z = 0

2αRSeατ
�

cos(ωrτ) +
α

ωr
sin(ωrτ)

�

if z > 0

(2.53)

where RS is the longitudinal shunt impedance in units of (Ω) and the other param-

eters are the same as in Eqs. (2.51) and (2.52).

2.4.2 Resistive wall

The �wall� impedances in the case of a cylindrical pipe [26] are:

Zwall
‖ =

j Lµ0ω

2πβ2γ2
αTM(0),

Zwall
x =

j LZ0k2

4πβγ4
[αTM(1)x1 +αTM(0)x2] ,

Zwall
y =

j LZ0k2

4πβγ4
[αTM(1)y1 +αTM(0)y2] .

(2.54)

In the case of a �at chamber, the equations are [27]:

Zwall
‖ =

j Lµ0ω

2πβ2γ2
α00,

Zwall
x =

j LZ0k2

4πβγ4
(α02 −α00) (x1 − x2) ,

Zwall
y =

j LZ0k2

4πβγ4

�

2γ
k
α01 + 2α11 y1 + (α00 +α02) y2

�

(2.55)
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where in both cases, L is the length of the element, Z0 is the characteristic

impedance in the free space, β and γ the relativistic factor and k = ω
β c . The

coef�cients αmn and αTM(m) depend only on the chamber properties and on ω
and are detailed in [28]. The transverse offset of source and witness particle with

respect to the center of the structure is de�ned by (x1, y1) and (x2, y2).
In order to get the wake functions in time domain we need to perform the inverse

Fourier transform of the resistive wall impedances. This evaluation is performed by

ImpedanceWake2D tool that will be described in Sec. 2.5.

2.5 Simulation tools for impedance and beam dynamics

2.5.1 CST Studio Suite - Dassault Systèmes Simulia

CST Studio Suite by Dassault Systèmes Simulia is a 3D CAD software for the compu-

tation of electromagnetic �elds. In particular the Wake�eld Solver of CST Particle

Studio module allows the computation of the wake �eld and impedance created

by a bunch inside a device. The geometrical structure of the device is subdivided

into different mesh cells where Maxwell's equations are numerically solved. In

this solver, a Gaussian (also different shape for the last release) particle bunch

is the source of the EM �eld inside the device and the trailing particle feels this

force. The evaluation of wake potentials as a function of the time delay τ with

respect to the passage of the source is performed in time domain and then the

beam coupling impedance is calculated in frequency domain by doing the Fourier

transform of the wake function and normalizing it to the bunch spectrum. The to-

tal number of mesh cells that can be simulated is limited by CPU memory and the

processor performance. Therefore, convergence studies by increasing the number

of mesh cells are necessary to obtain reliable results. The Frequency Domain solver

of CST Microwave Studio module provides the possibility to evaluate the scattering

parameters by imposing the mode propagation from a �rst waveguide port to a

second one. This module of the software has been used for the evaluation of the

attenuation inside the customized waveguide (see Chapter 3).

2.5.2 The PyHEADTAIL code

PyHEADTAIL [29] is a 6D macroparticle tracking code, written in Python [30]. It is

constantly developed and updated by a team of experts and has been benchmarked

on real CERN machines for different collective effects [31, 32]. This code is the suc-

cessor of the well-established HEADTAIL [33] that is written in C. Indeed, in 2013
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it was decided to rewrite the HEADTAIL in Python (thus the name PyHEADTAIL) to

make it more maintainable, extensible and easier to use also for non-developers.

Figure 2.2: Illustration of the numerical model for the simulation of the beam dy-

namics in a circular accelerator. α and β are the Twiss parameters, µ is the phase

advance between the interaction points (red circles).

The goal of the software is to evaluate the beam dynamics of circular particle

accelerators in order to model the formation of collective instabilities and to allow

the development and consequently, the evaluation of appropriate mitigation tech-

niques to prevent them. Due to the large number of particles in a real bunch (in the

order of 1011), PyHEADTAIL represents the bunch as a collection of macro-particles

described by a mass, an electric charge, and its generalized coordinates and canon-

ically conjugate momenta with two longitudinal and four transverse dimensions,

where each macro-particle represents a certain amount of real physical particles.

Typical simulations require between 105 and 107 macro-particles. The accelerator

ring is divided into an arbitrary number of segments. At the beginning and at the

end of every segment there is an interaction point where the macro-particles expe-

rience collective effects or kicks from a speci�c accelerator component. Currently

the implemented effects at the interaction point are: space-charge, electron-cloud,

impedances and damping/feedback systems. The betatron motion between two

consecutive interaction points is modeled with linear maps which take into ac-

count the Twiss parameters and the dispersion at the start and at the end of the

connecting segment as described in this chapter. Non-linear tracking features, such

as chromaticity and amplitude detuning, are modeled as a change in the phase

advance of each individual macroparticle in the beam. We will consider only the
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effect of chromaticity. The synchrotron motion is either linear or nonlinear, poten-

tially including particle acceleration and the effects of multiharmonic RF systems.

An illustration of the numerical model of the accelerator is shown in Fig. 2.2.

2.5.3 ImpedanceWake2D

The beam coupling impedance can be considered to be composed of two main

types: the geometric impedance, due to the geometrical properties of the structure

and the resistive-wall impedance. This second contribution is due to the material

resistivity properties of the device. ImpedanceWake2D [34] is a code that computes

the longitudinal and transverse beam coupling impedances and wake functions in

the center of a multilayer axisymmetric or �at structure in the approximation of

in�nite length in the longitudinal direction [27].

The computation of the beam-coupling impedances and wake functions of a

cylindrical multilayer structure is based on Zotter's formalism [35, 36, 37]. For the

impedances of a �at structure, the formalism was developed and fully described

in [38]. The theories on both the cylindrical and �at cases are summarized in [28].

This code has been used for the evaluation of the resistive wall in the transverse

impedance model of the CLIC DRs (see Chapter 4).
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3 Electromagnetic characterization of

coating materials in the sub-THz

region

3.1 Motivation

The use of coating material in modern accelerators and light sources is of funda-

mental importance in order to avoid undesirable effects on the beam dynamics and

to maximize the performance of the machine.

For example, one of the most unwanted effects is an electron cloud; this mecha-

nism starts when photoelectrons, created by the synchrotron radiation photons, hit

the beam pipe wall and cause secondary emission or are elastically re�ected [39].

The number of electrons grows proportionally to the value of secondary electron

yield (SEY) of the surface material. If the SEY is greater than unity the num-

ber of electrons grows exponentially and may lead to beam instability and other

side effects [40, 41]. Coatings of amorphous carbon (a-C) have been exten-

sively tested [42] and used [43] at the CERN SPS accelerator and in other ex-

periments [44] in order to reduce this SEY.

Another example of coating for the maximization of accelerator performance is

their application for achieving ultra-high vacuum in the beam pipe. This reduces

the scattering among the beam and gas particles, it reduces the risk of high volt-

age discharge and improves also the thermal insulation [45]. CERN pioneered

NEG thin �lm coating technology [46], which is nowadays widely used in many

other accelerator facilities for a distributed and continuous pumping in vacuum

chambers [47].

The electromagnetic characterization (EMC) of coating materials is fundamental

to characterize performance limitations of modern particle accelerators and storage

rings [48] and to build a reliable impedance model. In fact the surface impedance

of the beam pipe depends on the electromagnetic properties of coatings when ap-

plied on the inner wall.

This thesis work focuses on the CLIC accelerator and in particular the two damping

rings that, with their very short bunches, require a thorough study of the coating

surface impedance at very high frequencies (millimeter waves and beyond).
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In the radio frequency regime, two different methodologies are used to experi-

mentally estimate the surface impedance: resonant cavity and transmission/re�ec-

tion measurements [49, 50]. The �rst one is a very accurate method although it

is limited to narrow band and often quite expensive due to the use of customized

set of samples in terms of size, shape, etc. [51]. The second technique works in

a broadband range and uses coaxial cables or waveguides or free-space, with a

frequency band depending on the size of the device and on the available instru-

mentation. The waveguide method [52] is usually simpler to use with respect to a

coaxial cable where sometimes a complicated manufacturing of samples is needed,

and does not require electrically large sizes as in the free space case. Waveguides

are extensively used up to tens of GHz for electromagnetic characterization of thick

(compared to skin depth) or superconducting samples [53, 54].

In the sub-mm-wave and mm-wave regions, the coating material properties are

usually determined by using time domain THz re�ectometry [55]. The limit of

this technique is to allow local measurements only (over a surface determined by

the beam size) that becomes cumbersome when large area samples must be in-

vestigated. Besides that, in case of multi-layer samples, the intrinsic parameter

extraction and from here the impedance value is not so straightforward and is

somehow model dependent [56].

THz waveguide spectroscopy is a valid alternative approach for materials that

require a strong wave-matter interaction [57]. Until now, this technique has been

used to characterize thin samples deposited either on dielectric substrates or di-

rectly in the waveguide [58, 59].

Recently, a characterization in the frequency domain of different NEG samples

deposited on the lateral walls of a calibrated millimeter waveguide has been carried

out by using two port VNA measurements [60, 61]. However, this approach has

some relevant drawbacks:

1. the non-homogeneous deposition with unpredictable thickness and relevant

peel-off and blistering;

2. the impossibility to reuse the system for further measurements on different

coating materials;

3. the dif�culty to extend the technique to larger area coating and at higher

frequencies.

This thesis work describes a novel measurement method for the EMC of ma-

terials used for the coating of accelerator beam pipes, aimed to overcome the

inconveniences reported in the previous works. The solution proposed is to put

a calibrated waveguide with integrated horn antennas in the optical path of a THz
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spectrometer and to separate the signal guiding system in two parts: one �xed (a

circular or diagonal waveguide with pyramidal horns), and one removable (a thin

slab) where the coating is deposited. This choice allows to measure large area

coating deposited on metallic plates as in the case of accelerators, where averaged

quantities are needed.

In the following the waveguide design and the THz setup are described, as well

as the analytical method used for the extraction of the material electromagnetic

response, and the measurements performed on high quality NEG samples in order

to validate the method. This approach may represent a �rst step to develop a

reliable, handy and inexpensive system for measuring the surface impedance of

coating materials in the very high frequency region.

3.2 Method

The proposed method is based on time domain measurements of electromagnetic

wave attenuation inside speci�cally designed waveguides (see Figs. 3.1 and 3.2),

with a thin central copper slab where the material under test is deposited on both

sides. Two horn antennas are integrated on both sides of each device in order

to optimize the signal collection and detection. Each Device Under Test (DUT),

described in detail in Sec. 3.2.1, is placed in the optical path of a THz spectrometer,

as described in Sec. 3.2.3. The conductivity of the coated material is obtained from

the evaluation of the attenuation of the signal transmitted through the device with

the coated slab in comparison with a reference signal obtained with an uncoated

slab. By knowing the coating thickness from X-ray �uorescence measurements, the

surface impedance is then inferred.

It is assumed that the measured electric �eld signals passing through the device

have the following expressions:

Ecu
t ( f ) = K( f )e−α

cu( f ) (3.1)

Ecoat
t ( f ) = K( f )e−α

coat( f ) (3.2)

where αcu and αcoat are the attenuation per unit length for the reference copper

slab and the copper slab with coating material respectively and K( f ) is the excita-
tion coef�cient.

By expressing their ratio in dB:

�

Ecu
t ( f )

Ecoat
t ( f )

�

dB

=
�

αcoat( f )−αcu( f )
�

20 log10 e (3.3)
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one can retrieve the attenuation given by the coating material only, getting rid

of the unknown excitation coef�cient. As described later, the result of the mea-

surement is then compared with the analytical evaluation of the mode attenuation

in the DUTs. The reliability of the analytical tool is tested by comparing it with

numerical simulations performed using a commercial electromagnetic tool (CST

Microwave Studio) [62]. The DUTs used for the experiment and the coating pro-

cess on the slab are described in detail later (see Sec. 3.2.1).

The work presented here focuses on the characterization of the NEG coating. The

obtained results will be compared with the one carried out by using a frequency do-

main approach (on different NEG samples) which utilize Vector Network Analyzer

(VNA) two ports measurements of the signal transmitted through a calibrated mil-

limeter waveguide, as explained in detail in [60] and [61].

3.2.1 The Devices Under Test

Three different devices are used for the experiments. The dimensions and the

material are reported in Table 3.1. For the pyramidal horns, the maximum and

minimum sides along their length are indicated.

Material Iron Stainless Steel Copper

Waveguide Circular Diagonal Diagonal

Length [mm] 42 62 62
Side/radius [mm] 0.9 1.1 1.1
Transition Pyramidal Pyramidal Pyramidal

Length [mm] 39 39 39
Side [mm] 6→ 0.9

p
2 6→ 1.1 6→ 1.1

Total Length [mm] 120 140 140

Table 3.1: Technical speci�cations of devices under test.

The shape of the �rst DUT is shown in Fig. 3.1 and the other two DUTs are shown

in Fig. 3.2.

The iron DUT is composed of a circular waveguide connected to two pyramidal

horn antennas. The stainless steel and the copper DUTs consist of a diagonal

waveguide (square waveguide rotated over 45◦) connected to two pyramidal horn

antennas with the same length and external aperture size of the �rst DUT. The horn

antennas on all the three devices are used in order to enhance the electromagnetic

signal collection and radiation [63]. These geometries have been chosen because

of their low mechanical complexity, in terms of milling and drilling. The external
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Figure 3.1: DUT: circular waveguide and two pyramidal horns. Left: Front view.

Right: Perspective view of longitudinal cut.

Figure 3.2: DUT: diagonal waveguide and two pyramidal horns. Left: Front view.

Right: Perspective view of longitudinal cut.

shape of the �rst DUT is a parallelepiped of 16 × 12 × 120 mm3, the other two

devices are 20 mm longer but with the same transverse dimensions.

The coating process of the slabs that are placed in the DUTs is reported in

Sec. 3.4.1.
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3.2.2 Modes propagating in the DUTs

The analytical model presented in this thesis is built considering the loss contri-

bution given by a single mode propagating inside the DUTs. For the speci�c case

of the Iron DUT, in order to analytically model its horn-to-waveguide transition,

we need to locate a plane orthogonal to the longitudinal axis where the pyramidal

horn ends and the cylindrical waveguide starts. The distance l1 of this cross section
from the apex of each ellipse is assumed to be two times the distance l2 to the el-

lipse cusps (see Fig. 3.3). With this choice the transition contribution to the overall

losses can be considered negligible [64].

Figure 3.3: Magni�ed top view of the transition between the pyramidal horn and

the cylindrical waveguide. The red line indicates the cross section where the horn

antenna ends and the cylindrical waveguide starts in the analytical model. a and b

are the distances of the cross section from the apex and the cusp respectively of

each ellipse.

The presence of a slab placed in the median plane together with the incident

wave conformation (quasi-plane wave) select the modes that can propagate in-

side the waveguide and extend the frequency range of a single mode propagation

with respect to the case without central slab. In fact, the electric �eld must be or-

thogonal and continuous (top-bottom) to the slab surface. Furthermore, left-right

symmetries have to be satis�ed. In other words this means that the projection of

the incident plane wave on the mode must be non-zero.
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The �rst allowed mode in the cylindrical waveguide of the iron DUT is the TE1,1
as shown in Fig. 3.4 [65]. In order to evaluate the second mode that propagates

inside the waveguide we express the TE modes in cylindrical coordinates (r, θ)
as [66]:

eT E
n,m =

1
r

p
εnp
π

nJn

�

rχ
′
n,m
a

�

Jn

�

χ ′n,m

�
q

χ ′2n,m − n2
r̂
§

sin (nθ )
− cos (nθ )

+
p
εnp
π

J
′

n

�

rχ
′
n,m
a

�

χ
′

n,m

aJn

�

χ ′n,m

�
q

χ ′2n,m − n2
θ̂

§

cos (nθ )
sin (nθ )

(3.4)

and the TM modes in cylindrical coordinates as:

eT M
n,m =−

p
εnp
π

J
′

n

� rχn,m
a

�

aJn+1

�

χn,m

� r̂
§

cos (nθ )
sin (nθ )

+
1
r

p
εnp
π

nJn

� rχn,m
a

�

Jn

�

χn,m

�

χn,m

θ̂

§

sin (nθ )
− cos (nθ )

(3.5)

where a is the radius of the waveguide. Jn and J ′n are the n-order Bessel function

and its derivative respectively. The quantity χ ′n,n is the n-th non-vanishing root of

the equation:

J ′n(x) = 0

The incident �eld is a plane wave, which in cylindrical coordinates is expressed as:

Einc = Einc sinθ r̂ + Einc cosθ θ̂ (3.6)

We project the incident �eld on the generic mode eT E
n,m and integrate on the surface

of the waveguide entrance:

∫ 2π

0

∫ a

0

Einc · eT E
n,m r dr dθ (3.7)

3.2 Method 31



Figure 3.4: First mode propagating inside the cylindrical waveguide with a slab

placed in the center.

This integral is non-zero only in the case of n = 1. For the TM mode, the projec-

tion is:
∫ 2π

0

∫ a

0

Einc · eT M
n,m r dr dθ (3.8)

In the speci�c case, when n= 1, the integral is:

∫ 2π

0

∫ a

0

Einc · eT M
1,m r dr dθ = −Einc

p
2π

J2

�

χ1,m

�

1
a

∫ a

0

J0

� rχ1,m

a

�

r dr = 0 (3.9)

and no TM modes can propagate inside the device. After this evaluation we can as-

sert that the second mode propagating inside the circular waveguide with a central

slab placed in the center is the TE1,2. Therefore, the allowed bandwidth for the �rst

mode propagation only is de�ned by the cut-off frequencies of fTE1,1
= 97.6 GHz

and fTE1,2
= 282.6 GHz for the waveguide with radius 0.9 mm.

The model of the complete DUT has also to take into account the presence of

the two integrated antennas for signal collection and detection. Since the semi-

aperture of each pyramidal horn is < 5◦ we may consider the modes as they propa-

gate in a locally uniform square waveguide and take the relevant lower modes. The

�rst two modes, having the same cut-off frequency, are two degenerate modes. If

their excitation coef�cient has the same amplitude, their sum will exhibit an elec-

tric �eld everywhere orthogonal to the horizontal diagonal, where we are going to

put the slab, as shown in Fig. 3.5.
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Figure 3.5: Electric �eld of the �rst two degenerate modes inside a square waveg-

uide and sum (right) of the �rst two modes propagating when a slab is placed in

the center.

Doing the same considerations we did for the cylindrical iron waveguide and

considering a minimum side of 0.9
p

2 mm (see Table 3.1), the �rst two modes

allowed to pass have a cut off frequency of fTE1,0
= fTE0,1

= 117.8 GHz. The other

two modes allowed to pass start their propagation from fTE2,1
= fTE1,2

= 263.3 GHz.

Therefore, taking into account the propagation in both the transitions and the

circular waveguide, the overall usable frequency window for a single mode propa-

gating inside the iron DUT ranges from 118 GHz to 283 GHz.

Regarding the other two DUTs, we have to study the single mode propagation in-

side the diagonal waveguide and the two pyramidal transitions. As we said before,

the �rst mode that can propagate inside these DUTs, with a central slab posed in it,

is the sum of the T E1,0 and T E0,1 and the second mode that respects the boundary

conditions and the symmetry is the sum of T E2,1 and T E1,2.

For the stainless steel and the copper DUTs, with an internal side of the diagonal

waveguide of 1.1 mm, the usable frequency window for a single mode propagation

ranges from 135 GHz to 300 GHz. A summary of the usable frequency ranges for

the different DUTs is in 3.2.

DUT Iron Stainless Steel Copper

Frequency window [GHz] 118− 283 135− 300 135− 300

Table 3.2: First mode propagation frequency window inside the DUTs.
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3.2.3 Sub-THz system

Sub-THz measurements are carried out using a Time Domain Spectrometer (TDS)

operating in transmission mode. The setup is based on a commercial THz-TDS

system (TERA K15 by MENLO systems) customized for the waveguide character-

ization. The system is driven by a femtosecond �ber laser @1560 nm with an

optical power of < 100 mW and a pulse duration < 90 fs. In the standard con�gu-

ration, the laser output splits into two beams in pump-probe mode. Fiber-coupled

photoconductive antenna modules are utilized for both electric �eld signal emis-

sion and detection. A fast opto-mechanical line with a maximum scanning range

of approximately 300 ps is used to control the time delay between the pump and

the probe beam. Signal detection is performed by a lock-in ampli�er that drives

the pulse generation at about 90 KHz and integrate the output voltage over an

interval of 100 ms. Pulse waveforms are sampled by 2048 data-points in 150 fs

intervals of optical delay (step size ∼ 30 µm). Each scan requires about 10 min of

measurement time.

The THz TDS system has a set of symmetric optics with respect to the center

line between the transmitter and the receiver. In particular, TPX (polymethylpen-

tene) lenses are used to collimate the short (1 − 2 ps) linearly polarized pulse

on the waveguide. This results in a Gaussian-like beam with a waist of approxi-

mately 8 mm and a quasi-plane wave phase front. The coupling ef�ciency between

the free space signal and the input and output horns is then mechanically optimized

by maximizing the signal transmitted through the DUT. A sketch of the optical con-

�guration is shown in Fig. 3.6.

For an accurate control over the target positioning, the waveguide is placed on

a kinematic mount coupled with a micrometric goniometer. The base part of the

waveguide is �xed onto the kinematic mount and the metal slabs are replaced by

removing the top part of the waveguide structure only. To minimize any possible

optical gap in between the top and the base plate, the waveguide is �rmly tightened

with a rigid clamp. To block any unwanted THz radiation from the emitter antenna,

the area around the waveguide entrance is shielded with a metal sheet with an

extrude cut at the center. Fig. 3.7 shows the THz time domain signals obtained in

free space and in the DUT, with the input beam polarized parallel to the waveguide

slab. In the latter case, the ps-scale input pulse is broadened to more than 50 ps

and strongly reshaped by the re�ections inside the waveguide. The stretching of

the transmitted signal, compared with the free space input pulse, is due to the

strongly dispersive character of the waveguide, that acts as a delay line [67].

Frequency dependent transmission curves are obtained through the application

of a standard Fast Fourier Transform (FFT) algorithm. In the experiment, the max-
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Figure 3.6: Sketch of the opto-mechanical setup utilized for the measurements: 1)

Emitter, 2) Detector, 3) TPX collimating lenses, 4) Micrometric alignment systems,

5) DUT (waveguide).

imum frequency resolution is about 4 GHz, limited by the scanning range of the

delay line only. The picture of the Sub-THz system with the DUT placed in the

optical path is shown in Fig. 3.8.
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Figure 3.7: THz time domain signal propagation in free space (black curve) and in

the DUT with a copper slab without coating (red curve).

Figure 3.8: Sub-THz system with the iron DUT and copper slab placed in the optical

path.
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3.2.4 Higher order modes

In order to understand if there is any effect on the signal produced by the exci-

tation of higher order modes, we evaluate the ratio between the �eld amplitude

coef�cients of the �rst and second order modes as a function of the beam spot size.

As described in the section before, the beam has a Gaussian-like shape with a waist

of approximately 8 mm.

The expression of the �rst (sum T E1,0 and T E0,1) mode in propagation at the

entrance of the horn is:

eTE
1,0 & 0,1 =

p
2

a
cos

�π

a
y
�

ix +
p

2
a

cos
�π

a
x
�

iy (3.10)

where a is the side of the waveguide and the electric �eld representation is in

Fig. 3.4. We describe the incident �eld as a Gaussian in both transverse planes:

Einc = e−
x2+y2

2σ2
�

ix + iy

�

(3.11)

and we integrate their scalar product along the surface, normalizing to the total

power carried out by the beam. The integral is:
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The second (sum T E2,1 and T E1,2) mode in propagation at the entrance of the horn

is:
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where the electric �eld of the second mode in propagation is represented in Fig. 3.9.

Also in this case we integrate the scalar product of (3.11) and (3.13) along the

surface, normalizing to the total power carried out by the beam. The integral in

this case is:
∫

a
2

− a
2

∫
a
2

− a
2

Eince
TE
2,1 & 1,2d xd y (3.14)
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Figure 3.9: Electric �eld of the sum of the second two modes propagating when a

slab is placed in the center.

In Fig. 3.10 there is the plot of the ratio (in dB) between the �rst and the sec-

ond mode expansion coef�cients as a function of the beam spot size (2σ). Within

the experimental error, one can see that for a Gaussian-like beam with a waist of

approximately 8 mm, as described in Sec. 3.2.3, this ratio turns out to be around

30 dB, de�nitively excluding any effect on the attenuation produced by the excita-

tion of higher order modes.
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Figure 3.10: Ratio between the �rst and the second mode expansion coe�cients

as a function of the beam spot size (2σ).
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This means that under our experimental conditions, we can safely assume that

we work in a single mode regime and that the mode conversion at the entrance of

the horn antennas may be neglected.

3.3 Signal attenuation - analytical method

The procedure consists in the evaluation of the relative signal attenuation as a

function of frequency parametrized with the conductivity of the coating for each

component of all the studied DUTs. The best �t of the experimental measurements

with analytical curves allows to evaluate the conductivity of the material and to

infer the surface impedance, if the thickness of the coating is known. The general

de�nition of the attenuation along the waveguide walls and the estimation of the

contribution in the particular case of a slab inside all the three different DUTs is

detailed below.

3.3.1 General formulation

In this section we provide the general de�nition of attenuation in a guiding sys-

tem and evaluate it in the speci�c case of every component of the DUTs used for

the measurements. The de�nition of the attenuation constant is expressed by the

formula [66, 68]:

α(z) = −
1

2P
dP
dz

(3.15)

where P is the total power �ow at z and −dP is the power dissipated in a section

of waveguide of length dz.
From Eq. (3.15) it follows that the attenuation constant due to losses on the walls

of a generic waveguide is:

α(z) = −
1
2

Re(ZS(z))
∫

|Htan|
2 ds

Re(Z(z))
∫∫

|Ht|
2 dS

(3.16)

where ZS is the equivalent surface impedance and Z is the characteristic impedance

of the propagating mode. Htan and Ht are the nondissipative values of the magnetic

�eld tangential to the guide periphery and transverse to the guide cross section,

respectively. The line integral with respect to ds extends over the guide periphery,
and the surface integral with respect to dS extends over the guide cross section.
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We consider the propagation of the sole TE1,1 mode in the cylindrical waveguide.

The attenuation of this single mode in a generic cylindrical waveguide is:

Acyl =
1
2

Re(ZS)
Re(Z1,1)

∫
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2
dl
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where Zi, j is the i, j mode impedance and Ii, j is the relevant excitation current.

To evaluate the attenuation both in the diagonal waveguide and in the pyramidal

transitions we consider the sum of two modes TE1,0 and TE0,1; the formula in this

case is:

Adiag = Apyr =
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The �eld components used in Eq. (3.17) for the cylindrical waveguide, where only

the mode TE1,1 propagates, are:

Hr1,1
= Hr1,1

(r, 0) = I1,1

√

√ 2
π

χ ′1,1

a0

q

χ ′21,1 − 1

J ′1(
χ′1,1 r

a0
)

J1(χ ′1,1)
(3.19)

Hz1,1
= Hz1,1

(r, 0) = − j
kt1,1

kz1,1

I1,1

√

√ 2
π

χ ′1,1

a0

q

χ ′21,1 − 1

J1(
χ′1,1 r

a0
)

J1(χ ′1,1)
(3.20)

where a0 is the radius of the cylindrical waveguide. The �eld components used in

Eq. (3.18) for the diagonal waveguide and the pyramidal transitions are:

Hx1,0
= I1,0

p
2

a
cos

�π

a
x
�

(3.21)

H y1,0
= I1,0

p
2

a
cos

�π

a
y
�

(3.22)

where a is the side of the diagonal waveguide. Furthermore, according to Leon-

tovich approximation, the wave inside the coating behaves as a locally plane

wave parallel to the surface. It is well known that the plane wave equations

become completely similar to the equation of a transmission line. Therefore,
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in the case of coating material, the expression of ZS which has to be inserted in

Eqs. (3.17) and (3.18), is [69] is:

ZS = Zcoat

Zcu + jZcoat tan(kcoatd)
Zcoat + jZcu tan(kcoatd)

(3.23)

where d is the coating thickness. When d = 0 there is no coating and ZS = Zcu, the

characteristic impedance of the copper. It has the form identical to the impedance

seen at the entrance of a transmission line loaded by the surface impedance of the

second medium Zcu at a distance d. In Fig. 3.11 there is the representation of the

impedance transportation along the transmission line.

Figure 3.11: Impedance transportation along the transmission line.

The characteristic impedance in the Leontovich approximation for a metallic case

(ε′′� ε′) is described by the formula [66]:

Z = (1+ j)
s

ωµ

2σ
=

1+ j
σδ

(3.24)

and the propagation constant in the same condition is:

k = (1− j)
s

σωµ

2
=

1− j
δ

, (3.25)

where δ is the skin-depth de�ned as:

δ =

√

√ 2
σωµ

(3.26)
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and where µ is the total permeability, σ the material conductivity and ω= 2π f .
As stated in Eq. (3.3), the procedure consists in the measurement and in the ana-

lytical/numerical evaluation of the relative attenuation de�ned as:

RA¬ Acoat − Acu. (3.27)

With the above de�nition we do not need to evaluate the attenuation on the walls

but only the attenuation on the slabs placed in the center of the DUTs.

3.3.2 Estimation on the slab in the cylindrical waveguide

The �rst mode in the cylindrical waveguide with a slab placed in the center is the

T E1,1 and it is shown in Fig. 3.4. The constant of attenuation on the slab is:

αcyl =4 Re(ZS)
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(3.28)

were Z0 is the characteristic impedance in the free space, a0 is the radius of the

waveguide. J1 and J ′1 are the �rst order Bessel function and its derivative re-

spectively and 2F3 (α,β;γ,δ,ε; z) is a Generalized Hypergeometric function. The

quantity χ ′1,1 is the �rst non-vanishing root of the equation:

J ′1(x) = 0
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and

k0 =
ω

c
; kt1,1

=
χ ′1,1

a0
; kz1,1

=
Ç

k2
0 − k2

t1,1
.

The total attenuation along the slab of length lg is described by the formula:

Acyl =

∫ lg

0

αcyldz = αcyllg (3.29)

where lg is the length of the waveguide.

The relative attenuation (see Eq. (3.27)) for the cylindrical waveguide is de�ned

as:

RAcyl ¬ Acoat
cyl
− Acu

cyl
. (3.30)

Using the Frequency solver of the CST suite [62] and resorting to the Coating

Tool to perform simulations on coated layers, we managed to evaluate the differ-

ence between the analytical formula Eq. (3.30) and the electromagnetic full wave

simulations for various thicknesses of the NEG coating in the cylindrical waveg-

uide. Frequency Domain simulations have been performed by imposing the �rst

mode propagation and comparing the scattering parameter (S21) to evaluate the

attenuation. We used an estimated NEG conductivity value of σcoat = 3.5 105 S/m,

as reported in [60]. In order to avoid a conspicuous number of meshes to simulate

the slab in the center of the device we performed simulation considering only one

side of the structure as shown in Fig. 3.12. As shown in Fig. 3.13, the agreement

between the results of Eq. (3.30) and CST tool is excellent and con�rms the validity

of the analytical calculations.

3.3.3 Estimation on the slab in the diagonal waveguide

The attenuation on the foil posed on the center of the diagonal waveguide is due to

the sum of two modes, as explained in Sec. 3.2.2. The foil forces the propagation

of the sum of the �rst two modes due to the boundary conditions on the metallic

foil as can be seen in Fig. 3.5.

The attenuation on both sides of the slab in the diagonal waveguide is:

αdiag =
p

2
Re(ZS)kzsum

aZ0k0

�

1+
2k2

tsum

k2
zsum

�

(3.31)
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Figure 3.12: Electric �eld representation of the �rst mode propagating inside the

simulated cylindrical structure.

where a is the side of the waveguide and

ktsum =
π

a
; kzsum =

Ç

k2
0 − k2

tsum

The total attenuation along the slab of length lg is described by the formula:

Adiag =

∫ lg

0

αdiagdz = αdiaglg (3.32)

where lg is the length of the waveguide.

We evaluate the relative attenuation (see Eq. (3.27)) for the diagonal waveguide

as:

RAdiag ¬ Acoat
diag
− Acu

diag
. (3.33)

and we check our analytical tool by evaluating the agreement between the numer-

ical evaluation of CST and our formula for various coating thickness with a NEG

conductivity value of σcoat = 3.5× 105 S/m.

The comparison between our analytical evaluation in Eq. (3.33), and CST Fre-

quency Domain simulation, performed as already described in the previous section,

is shown in Fig. 3.14 for a waveguide with a side of 1.1 mm. Also in this case, the

agreement is very good.
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Figure 3.13: Cylindrical waveguide: relative attenuation of the �rst mode on the

slab for di�erent coating thickness with σcoat = 3.5 × 105 S/m. Comparison be-

tween analytical formulas and CST Frequency Domain simulations.

3.3.4 Estimation on the slab in the pyramidal transition

The slab placed in the center of the pyramidal transition forces the propagation of

the �rst two degenerate modes to sum because of the boundary conditions on the

metallic slab (see Fig. 3.5) as in the case of the diagonal waveguide reported before.

Differently from the contribution given by the cylindrical and diagonal sections, the

attenuation on the slab in the two (input and output) transitions is not a constant,

since the side is changing along the waveguide. The total attenuation per unit

length is:

αpyr(z) =
p

2
Re(ZS)kzsum(z)

a(z)Z0k0

�

1+
2k2

tsum
(z)

k2
zsum
(z)

�

(3.34)

where

ktsum(z) =
π

a(z)
; kzsum(z) =

Ç

k2
0 − k2

tsum(z)
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Figure 3.14: Diagonal waveguide: relative attenuation of the sum of the �rst two

modes on the slab for di�erent coating thickness with σcoat = 3.5× 105 S/m. Com-

parison between analytical formulas and CST Frequency Domain simulations.

and

a(z) = b+ zd = b+
z(B − b)

lt

expresses how the side of the waveguide changes along the transition. lt is the

longitudinal length of the transition, b and B are the side dimension of the exit and

entrance of the pyramidal horn transition.

The attenuation of two modes on the pyramidal walls is given by:
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(3.35)
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As for the waveguides, we evaluate the relative attenuation (see (3.27)) for the

pyramidal transition as:

RApyr ¬ Acoat
pyr − Acu

pyr. (3.36)

The comparison between this analytical evaluation and the CST Frequency Domain

solver is shown in Fig. 3.15 for σcoat = 3.5× 105 S/m and with the smaller side of

the transition of 0.9
p

2 mm. Again the agreement is very good.
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Figure 3.15: Pyramidal transitions: relative attenuation of the sum of the �rst two

modes on the slab for di�erent coating thickness with σcoat = 3.5× 105 S/m. Com-

parison between analytical formulas and CST Frequency Domain simulations.

3.3.5 Estimation on the slab in the DUTs

The total relative attenuation along the entire DUTs is analytically evaluated as the

sum of Eqs. (3.30) and (3.36) for the iron DUT and as sum of Eqs. (3.33) and (3.36)

for the copper and stainless steel DUT. As described in Sec. 3.2.2, we neglect the

contribution to losses given by further modes in the transition between the pyra-

midal horns and the cylindrical waveguide in the iron DUT. Therefore, the compar-

ison with CST simulations on the overall assembled structure for various coating
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thicknesses (σcoat = 3.5× 105 S/m) is an effective way to test the validity of this

assumption and to test also the other two DUTs. The very good agreement shown

in Figs. 3.16 and 3.17, con�rms the possibility of neglecting any mode conversion

inside the horn or along the transition in the analytical model for all the three

DUTs.
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Figure 3.16: Complete iron DUT: relative attenuation of propagating mode on the

slab for di�erent coating thicknesses with σcoat = 3.5 × 105 S/m. Comparison

between analytical formulas (dashed line) and CST Frequency Domain simulations

(solid line).
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Figure 3.17: Complete copper DUT: relative attenuation of propagating mode on

the slab for di�erent coating thicknesses with σcoat = 3.5× 105 S/m. Comparison

between analytical formulas (dashed line) and CST Frequency Domain simulations

(solid line).
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3.4 Measurement results

The measurements have been performed with the three different devices described

in Table 3.1 with the coated slab described in Sec. 3.4.1. The work on the iron DUT

is also reported in Ref. [70]. Due to the small dimension of all the three devices

and due to their peculiar shape, because each one consists of two shells placed

one on top of the other, the importance of the compliance with requested machine

tolerances is highlighted in detail in this section.

3.4.1 Coating process

Four slabs in total have been coated, two of them have the same length of the �rst

DUT (120 mm) and the other two with the same length of the other two DUTs

(140 mm). All four slabs are 50 µm thick. During the deposition process the slabs

are �xed in an aluminum frame in order to prevent deformation (see Fig. 3.18).

Figure 3.18: Picture of the longitudinal copper slab framed for the NEG deposition.

The NEG growth process was performed at the CERN deposition facilities on

both sides of all the four copper slabs by using a DC magnetron sputtering tech-

nique [42]. The cathode of Titanium, Zirconium and Vanadium (TiZrV cathode)

was at a distance of 200 mm from the substrate, the sputtering process gas was

Krypton and the working pressure was about 7× 10−4 mbar. The coating process

parameters are listed in Table 3.3.

The evaluation of thickness and composition of the coating deposition have been

performed by X-ray �uorescence (XRF) measurements along the median line of the

slab, which will coincide with the waveguide axis. The values of thickness and

composition are shown in Figs. 3.19, 3.20, 3.21 and 3.22. The �rst two �gures

are related to the two 120 mm long slabs, the second two are related to one of the
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Slab tension current avg. power time

1st 120 mm 284 V 750 mA 212 W 46.5 h

2nd 120 mm 283 V 750 mA 205 W 45.5 h

1st 140 mm 318 V 750 mA 238 W 39 h

2nd 140 mm 294 V 750 mA 225 W 45.5 h

Table 3.3: Coating process parameters.

two 140 mm long slabs (the detailed values of one coated slab are not available).

The mean value of the thickness of the coating used in our experiment is 3.96 µm
and 3.68 µm for the 120 mm slabs and 4.26 and 3.80 for the ones of 140 mm

length. The evaluated average percentage of Titanium, Zirconium and Vanadium

in the coating is 31 %, 36.5 % and 32.5 % for the �rst sample and 30.5 %, 37 %
and 32.5 % for the second one of 120 mm and 31.3 %, 37 % and 31.7 % for the

�rst sample of the 140 mm slab..

Attempts of Amorphous Carbon (a-C) coating have been also performed on small

square samples of copper (40× 40 mm2 with a thickness of 50 µm). The thickness

needed to have an evident signal attenuation on a-C is 5 µm on both sides without

affecting the planarity of the sample. Figures 3.23 and 3.24 show the problems

encountered on the coated samples. The deposited a-C layer induces a residual

stress on the copper slab. In fact, in case of coating on one side only, the copper

slab starts to bend. Instead when the coating is performed on both sides, the stress

on both sides causes peel off and creates blister. These imperfections do not allow

to have an a-C sample available for the measurement. The goal for the future is

to �ne tune the process parameters in order to reach the desired thickness that is

one order of magnitude higher than the usually required thickness for coating of

vacuum chambers.
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Figure 3.19: Measurements of the NEG coating thickness on the two copper slabs

of 120 mm.
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Figure 3.20: Measurements of the NEG coating composition on the two copper

slabs of 120 mm.
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Figure 3.21: Measurement of the NEG coating thickness along the half of one of

the two copper slabs of 140 mm. The measurement is performed along half slab.
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Figure 3.22: Measurement of the NEG coating composition along one of the two

copper slabs of 140 mm. The measurement is performed along half slab.
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Figure 3.23: Amorphous Carbon coating on one side of copper sample. The sample

shows a mechanical stress.

Figure 3.24: Amorphous Carbon coating on both sides of a copper sample. A and

B are both sides after the coating process, circled in red there are the seeds of the

peel o�. C and D are the same sides after one month, the peel o� is evident.
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3.4.2 Iron DUT (cylindrical waveguide + pyramidal transitions)

As �rst step, we tested the quality of the manufactured iron DUT by rotating it 90◦

with respect to the direction of the source electric �eld of the time domain spec-

trometer. This test is performed without the central slab and it is useful to check

the symmetry of the DUT and eventual losses caused by undesired space between

the two shells.

In Fig. 3.25 the two time domain signals passing through the DUT in both con�g-

urations with respect to the polarization of the electric �eld are shown. The two

signals are almost superimposed, con�rming the good quality of the manufacturing

in terms of top-bottom and left-right symmetry. The small difference in amplitude

of the two signals is caused by the losses due to the current �owing in the space

between the two shells. We may consider these losses negligible with respect to the

power �owing inside the structure.

Figure 3.25: Time domain measurements on the iron DUT without the central slab

to check the symmetry of the waveguide by rotating it of 90◦ with respect to the

direction of the source electric �eld of the time domain spectrometer.

After the quality test on the device, we started the measurements on two different

copper slabs coated with NEG having 3.96 µm and 3.68 µm average thickness, al-

ready described in Sec. 3.2.1 (see Fig. 3.19) and a bare copper slab that is used

as reference. We performed �ve different measurements for all three samples, by
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replacing the slab each time, in order to reduce the unavoidable uncertainty given

by the measurement procedure. After data averaging, the related error is reduced,

nevertheless it is much larger than the statistical �uctuations coming from the TDS

performance (laser stability, mechanical vibrations, environment noise, etc.).

The mean amplitude spectrum derived by the DFT analysis is shown for each

sample in Fig. 3.26 in the frequency range of our interest (118 - 283 GHz). The

data show that the attenuation on the two NEG coated samples (blue and green

dots) is constantly larger than on the copper slab (red dots). Moreover, losses

tend to increase with higher frequency, likely indicating a reduction of the skin

depth to values smaller than the coating thickness. Furthermore, at the lowest

frequencies the noise distorts the signal and can introduce arti�cial phase disconti-

nuities, making the phase unwrapping dif�cult and producing artifacts in the data

spectrum [71]. For this reason, we discard the data below 160 GHz, and in the

following all results are presented in the frequency range 160 - 283 GHz. The
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Figure 3.26: Frequency spectrum showing the averaged amplitude data for the

three samples: copper slab (red dots), NEG coated slab 3.96 µm (blue dots) and

NEG coated slab 3.68 µm (green dots).

experimental results are then compared with the analytical model based on the

theory described in Sec. 3.3 as function of the coating conductivity. The extended

formula of the relative attenuation for the iron DUT is given by the sum of the
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relative attenuation along the cylindrical waveguide and one on the two pyramidal

transitions. The complete formula is:

RAiron DUT = RAcyl + 2 RApyr (3.37)

resorting to Eqs. (3.30) and (3.36).
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Figure 3.27: Attenuation on the NEG coated slab of 3.96 µm: averaged experimen-

tal data (red dots) and best �t curve (blue). The value of reduced χ2 = 0.40.

In Fig. 3.27, the measurements for the 3.96 µm coating are shown. From the best

�t with the analytical formula, we get the value σcoat = (8.0± 0.4)× 105 S/m and

a value of 0.40 for the reduced χ2 [72]. Similarly, in Fig. 3.28 the same measure-

ments are shown for the 3.68 µm coating. In this case, the estimated value of σcoat

is (8.2± 0.6)× 105 S/m and reduced χ2 is equal to 0.36.
The uncertainties on the conductivity values are evaluated with respect to the av-

erage attenuation measured with a con�dence interval of 95 %.

As expected, given the similar thickness, the two NEG coatings show the same

value for the estimated conductivity, within the error determined by the �tting pro-

cedure. It is worthwhile to note that this value is also in good agreement with

previous results obtained for the same alloy measured using the frequency domain

approach [60].

In order to evaluate the effect of the sample roughness on the estimation of NEG

conductivity we performed an estimation on effective conductivity following the
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formula in [73]. Considering the values of estimated average roughness for sim-

ilar samples with the same coating process [60, 74], we assume for our samples

a roughness average value of 0.2 µm, which gives a maximum reduction in con-

ductivity of the order of 7%. This value lies within the measurement error band in

our frequency range. Nevertheless, it is worthwhile to observe that the roughness

cannot be neglected at higher frequencies.
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Figure 3.28: Attenuation on the NEG coated slab of 3.68 µm: averaged experimen-

tal data (red dots) and best �t curve (blue). The value of reduced χ2 = 0.36.

In Figs. 3.29 and 3.30, the evaluation of the real part of the surface impedance

as function of the frequency is shown, see Eq. (3.23). The real part goes from

0.85 to 1.25 Ω for the slab of 3.96 µm and from 0.75 to 1.25 Ω for the slab of

3.68 µm in the same frequency range.
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Figure 3.29: Surface impedance estimation of the 3.96 µm NEG coated slab: from

averaged experimental data (red dots) and from best �t curve conductivity (blue).
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Figure 3.30: Surface impedance estimation of the 3.68 µm NEG coated slab: from

averaged experimental data (red dots) and from best �t curve conductivity (blue).
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3.4.3 Stainless steel DUT (diagonal waveguide + pyramidal transitions)

Also in this case, we checked the symmetry and the quality of this guiding system

by rotating it 90◦ with respect to the direction of the source electric �eld.

The evaluation of the real part of the surface impedance as function of the fre-

quency is shown in Fig. 3.31. The two time domain signals are completely differ-

ent and this is a clear indication of geometrical asymmetries and/or losses in the

space between the two shells of the device due to problems in the planarity of the

structure. The '0 deg' signal (blue curve), that is the one that is used to character-

ize the coating on the slab, shows a modulation that is totally unexpected and it

is probably due to the undesired multiple re�ection along the internal path of the

guiding system.

Figure 3.31: Time domain measurements on the stainless steel DUT without the

central slab to check the symmetry of the waveguide by rotating it of 90◦ with

respect to the direction of the source electric �eld.

Metrological measurements have been performed in the CERN Metrology Labora-

tory and the results con�rm that the device does not respect the requested toler-

ances. In fact, as shown in Fig. 3.32, the pro�le of the shape and the planarity

of the shell does not respect the requested tolerances of 20 µm in any measured

point. Only one half of one shell is shown for exempli�cation, the other parts of

the device have similar results. This means that the guiding system is smaller than
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requested.

The real concern is for the assembled device, for which a tolerance of 100 µm was

requested. In Fig. 3.33, it is clear that also these tolerances were not respected in

the manufacturing of this device. Only one side of the device is shown, the other

side shows similar results, this means that when the guiding system is assembled it

is not top-bottom symmetric and this will affect the measurements. These results

show the importance of the compliance with requested machine tolerances. We

decided not to perform measurements on NEG coated slabs with this device.

To evaluate the in�uence of some defects on the device behaviour, we simulated

them on the diagonal waveguide. The �rst defect is a gap between the two shells.

A gap of only 5 µm leads to a signal attenuation between 15 and 10 dB (see

Figs. 3.34 and 3.35). The second defect is an error on the angle aperture of the

waveguide of 5◦. This error leads to a shift in frequency of the two modes in

propagation of 20 GHz (see Figs. 3.36, 3.37 and 3.38). This shift in frequency may

create an interference between the two modes and a wrong reception of the signal

on the other side of the device.

Figure 3.32: Results of the metrological measurements performed on a half shell of

the stainless steel DUT. Only one half of one shell is shown for exempli�cation. The

requested tolerance is 20 µm.
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Figure 3.33: Results of themetrological measurements performed on the assembled

stainless steel DUT. Only one side of the device is shown for exempli�cation. The

requested tolerance is 100 µm.

Figure 3.34:Mode passing through the diagonal waveguide 62 mm long with a gap

of 10 µm between the two shells.
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Figure 3.35: Simulated S2,1 parameter for diagonal waveguides 62 mm long. The

�rst one (black curve) without gap between the two shells, the second one (blue

curve) with a gap of 5 µm and the third one (red curve) with a 10 µm gap.

Figure 3.36: First mode in propagation for diagonal waveguides 62 mm long with

an error of 5◦ on the angle of the aperture.
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Figure 3.37: Second mode in propagation for diagonal waveguides 62 mm long

with an error of 5◦ on the angle of the aperture.
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Figure 3.38: Simulated S2,1 parameter for diagonal waveguides 62 mm long. The

black curve is the �rst mode in propagation, the blue curve is the second mode in

propagation for an error of 5◦ on the angle of the aperture.
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3.4.4 Copper DUT (diagonal waveguide + pyramidal transitions)

We tested the symmetry and the overall quality also for this device. After the �rst

trial, the signal passing trough the DUT without the central slab was not enough

to perform reliable measurements. In order to improve the transmitted signal we

decided to enhance the planarity of the two shells by sanding the two contact planar

surfaces. In Fig. 3.39 the results of the time domain signals after this treatment in

both con�gurations show a good similarity. The '0 deg' signal (blue curve), that is

the one that will be used with the coated slabs, shows an amplitude attenuation

with respect to the '90 deg' signal (red curve) and this is probably due to a non-

perfect contact between the two shells that still exists causing propagation loss in

the guiding system.

Figure 3.39: Time domain measurements on the copper DUT without the central

slab to check the symmetry of the waveguide by rotating it of 90◦ with respect to

the direction of the source electric �eld.

We measured the conductivity value on two different copper slabs coated with

NEG having 4.26 µm and 3.80 µm average thickness (see Fig. 3.21) and a bare

copper slab. The procedure is the same performed for the iron DUT and reported

in Sec. 3.4.2. For this set we performed two different measurements by replacing

the slab each time.

3.4 Measurement results 65



The mean amplitude spectrum derived by the DFT analysis is shown for each

sample in Fig. 3.40 in the frequency range of our interest (135 to 300 GHz). Also

in this case, the attenuation on the two NEG coated samples (blue and green dots)

is constantly larger than on the copper slab (red dots) and the losses tend to in-

crease with higher frequency. We discarded the data below 200 GHz to avoid the

noise distortion and artifacts in the data spectrum; in the following all results are

presented in the range 200 - 300 GHz.
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Figure 3.40: Frequency spectrum showing the averaged amplitude data for the

three samples: copper slab (red dots), NEG coated slab 4.26 µm (blue dots) and

NEG coated slab 3.80 µm (green dots).

The experimental results are compared with the analytical model as function of

the coating conductivity. The extended formula of the relative attenuation for the

copper DUT is:

RAcu DUT = RAdiag + 2 RApyr (3.38)

resorting to Eqs. (3.33) and (3.36).

In Fig. 3.41, the measurement results for the 4.26 µm coating are shown. From the

best �t of the analytical formula, we get the value σcoat = (4.9± 0.5)× 105 S/m
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Figure 3.41: Attenuation on the NEG coated slab of 4.26 µm: averaged experimen-

tal data (red dots) and best �t curve (blue). The value of reduced χ2 = 0.06.

and a value of 0.06 for the reduced χ2. Similarly, in Fig. 3.42 the same results

are shown for the 3.80 µm coating. In this case, the estimated value of σcoat is

(4.3 ± 0.5) × 105 S/m and reduced χ2 is equal to 0.50. As in the case of the

iron DUT, the uncertainties are evaluated with respect to the average attenuation

measured with a con�dence interval of 95 %. The error bar is large because only

two measurements were performed.

The values of estimated conductivity obtained by using the copper DUT is dif-

ferent from the one estimated with iron DUT (see Sec. 3.4.2). This reason of this

discrepancy and which value of conductivity will be used to evaluate the effect of

the coating on beam dynamics is explained in detail in Sec. 3.5.

3.5 Conclusion on the experimental results

In Sec. 3.4 we described the measurements performed with the three different

devices described in detail in Table 3.1 in order to evaluate the EM properties of

NEG.
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Figure 3.42: Attenuation on the NEG coated slab of 3.80 µm: averaged experimen-

tal data (red dots) and best �t curve (blue). The value of reduced χ2 = 0.50.

The measurements on stainless steel waveguide (sec. 3.4.3) shows the impor-

tance of the compliance with requested machine tolerances. We did not manage to

perform reliable measurements on that waveguide. Anyway, we did measurements

on the iron DUT (sec. 3.4.2) and on the copper DUT (sec. 3.4.4). The values of

conductivity obtained by using the the two devices is different. This discrepancy

is due to the discrepancy between the real geometry of the DUT and the one as-

sumed in the analytical evaluation. In fact, the cylindrical central part of the iron

DUT is drilled while the two shells are joint. Whereas, the diagonal part of the

copper DUT is manufactured by milling each shell one at a time. The drilling al-

lows a better precision compared to the milling procedure in terms of tolerances

and alignment between the two shells. That is why we rely on the measurements

performed with the iron DUT (drilled cylindrical waveguide), which leads to a con-

ductivity of about σcoat = 8×105 S/m. Due to technical issues with the application

of thick a-C coatings described above, no measurements could be performed with

a-C coated slabs. However, the method developed here can be equally applied once

a-C coatings with such thickness become available.
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Figure 3.43: Surface impedance estimation of the 4.26 µm NEG coated slab: from

averaged experimental data (red dots) and from best �t curve conductivity (blue).
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Figure 3.44: Surface impedance estimation of the 3.80 µm NEG coated slab: from

averaged experimental data (red dots) and from best �t curve conductivity (blue).
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4 CLIC DRs impedance budget

4.1 Introduction

This study allows to evaluate the single bunch effects with PyHEADTAIL simulations

(see Sec. 2.5.2). For the transverse plane, in a �rst step the impact of the BBR

resonator part is studied for different values of chromaticity. Then the effect of

the synchrotron radiation damping and the quantum excitation is considered as

explained in Sec. 2.2.1. The next step includes the RW component in order to

model the contribution of the wigglers, the arcs and the rest of the FODO cell by

exploiting the NEG coating electromagnetic characterization of Chapter 3. In the

longitudinal plane, the effect of a BBR and of the synchrotron radiation is also

discussed.

Since the CLIC DR bunch properties exhibit very small transverse emittances, the

numerical simulations were performed without taking amplitude detuning into ac-

count. Similarly, since the bunch length is very short compared to the RF bucket,

a linearized restoring force is considered in the longitudinal plane. Also the ef-

fects of space charge and electron-cloud are neglected. In Table 4.1 the CLIC DR

parameters for RF frequency of 1 GHz used in the PyHEADTAIL simulations are

reported [9, 10, 75].

4.2 Transverse impedance budget

As stated in Sec. 1.3, the role of the CLIC DRs is to produce the required ultra-

low emittance at a high bunch intensity with a fast repetition time, satisfying the

luminosity requirements of the �nal experiment. In this section, we evaluate the

available transverse impedance budget in order to ensure safe machine operation

with the designed bunch current. The �nal model cannot be considered complete

because it does not take into account elements like strip-line kickers, RF-cavities

and devices for beam instrumentation and diagnostic because of the dif�culty to

simulate such complex geometries at high frequencies.
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Parameter Symbol Value

Energy E 2.86 GeV

Machine Circumference C = 2πR0 427.5 m

Number of electrons/bunch Nb 4.1× 109

R.m.s. emittances εx ,y 456.0/4.8 nm

Tunes Q x ,y 48.35/10.40
Average beta functions < βx ,y > 3.475/9.233 m

Bunch length σz = (cσt) 1.8 mm (6 ps)

Momentum spread σδ 1.07× 10−3

Synchrotron tune Qs 0.0057
Momentum compaction factor α 1.27× 10−4

RF voltage V 5.1 MV

Harmonic number nr f 1456
Damping times τx ,y,s 2, 2,1 ms

Energy loss per turn U0 3.98 MeV

Table 4.1: CLIC DR parameters used in simulations [76].

4.2.1 Broad-band resonator

The �rst step is to assume the whole ring modeled as a broad-band resonator

(BBR). The expression of the transverse wake functions are stated in (2.50).

A series of PyHEADTAIL simulations were performed with different transverse

shunt impedance and resonator frequency values, in order to evaluate the instabil-

ity threshold. A strong head-tail instability, also named Transverse Mode Coupling

Instability (TMCI), may affect the CLIC DR bunch and cause rapid beam loss if the

transverse impedance is too high [25]. In case of a round beam and axisymmetric

geometry for a short or very long bunch there is a criterion to evaluate the TMCI

threshold [77, 78]:

ωr/2π < βx ,y > RT Nbe

3.75QE/e
<







Qs

ωrσt
, if ωrσt ≤ 1

p
2QQs (ωrσt)

2 , if ωrσt � 1
(4.1)

Plugging the parameters of Table 4.1 in Eq. (4.1), the CLIC DR bunch is in the

regime of short bunch (�rst case) when fr ≤ 26.53 GHz. The impedance budget

is estimated in simulation by considering the Q factor equal to 1 and scanning the

resonator frequency from 0 to 30 GHz and the transverse shunt impedance from

0 to 30 MΩ/m.
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The comparison between the instability threshold evaluated with Eq. (4.1) in

the short bunch regime with the results of PyHEADTAIL simulations is shown in

Fig. 4.1. The black vertical line indicates the limit of the short bunch regime re-

gion. The difference in the impedance thresholds in the two planes is explained by

the difference in the average beta values over the DR used in this simulation for

the broad-band resonator. It is noteworthy that the good agreement con�rms the

validity of the simulation tool.

In the following the cut-off frequency of the beam pipe ( fr = 5 GHz) is con-

sidered as resonator frequency and Q is assumed to be 1, while the transverse

shunt impedance RT will be the scanned parameter. This allows the calculation

of the available transverse impedance budget that ensures safe operation with the

designed bunch current with machine parameters reported in Table 4.1.

The PyHEADTAIL code provides the evolution of the bunch centroid over sev-

eral turns for different transverse shunt impedance values. The values of RT are

scanned from 0 up to 20 MΩ/m with a step of 0.5 MΩ/m. In the top of Figure 4.2,

the centroid horizontal position is plotted as a function of time for different val-

ues of the transverse shunt impedance RT . The beam starts to be unstable in the

horizontal plane for values higher than RT = 17.5 MΩ/m. The vertical centroid

is plotted in the bottom part of Fig. 4.2, in this plane the beam becomes clearly

unstable at RT = 7 MΩ/m.

The calculation of the growth rate (inverse of the rise time) is needed along with

the comparison with the damping time (given in Table 4.1). If the growth rate is

higher than the inverse of the damping time (0.5 ms−1 in both transverse planes),

the damping mechanism is not able to suppress the instability. Top part of Fig. 4.3

shows the growth rate in the horizontal plane. For a value of shunt impedance of

17.5 MΩ/m the growth rate is lower than 0.5 ms−1, so that the damping mechanism

is able to suppress the instability. On the other hand the value of growth rate for

RT = 18 MΩ/m is higher than the damping threshold. Bottom part of Fig. 4.3

shows the vertical plane, where the instability occurs for RT = 7 MΩ/m.

The behavior of the transverse modes is analyzed in the frequency domain by

applying the Sussix algorithm [79, 80]. The spectrum of the bunch modes is ob-

tained by applying this frequency analysis to the coherent bunch motion for each

value of the transverse shunt impedance. The relative tune shift (Q x ,y −Q x ,y,0)/Qs
with respect to the zero-current tune Q x ,y,0 is normalized to the synchrotron tune

Qs to identify each of the bunch azimuthal modes. The lines in the bunch centroid

spectrum represent the coherent oscillation frequencies of the bunch.

The tune shift is plotted as a function of the transverse shunt impedance in

Fig. 4.4 for both planes. Modes 0 and −1 are observed to shift with increased RT
and couple for impedance values of about 18 MΩ/m and 7 MΩ/m in the horizontal
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and vertical plane respectively, causing a TMCI. As already said, the difference in

the impedance thresholds in the two planes is explained by the difference in the

average beta values < βx ,y > over the DR used in the simulation for the BBR.

Up to now, the study was performed for zero chromaticity (ξx ,y = 0). The chro-
maticity is expected to raise the TMCI threshold because it causes tune spread

and locks the coherent modes to their low intensity values, making mode coupling

potentially appear at higher impedance values. Simulations were performed for

different positive and negative chromaticity values.

In Fig. 4.5, it is observed that in the case of slightly positive chromaticity (ξ =
0.01), modes ±1 get excited whereas mode 0 is damped. This shows that, as

expected, the TMCI threshold is shifted to higher shunt impedance values, however

a headtail instability is encountered. For negative chromaticity, shown in Fig. 4.6,

the mode 0 becomes unstable.

The growth rate for different values of chromaticity is shown in Fig. 4.7 for the

horizontal and vertical planes. The values of ξx ,y in simulation are varied from

−0.1 up to 0.1 with a step of 0.01. As a �rst approximation, the damping rates

were subtracted from the growth rates in the plot in order to account for the effect

of synchrotron radiation (the synchrotron radiation effect is not yet included in the

PyHEADTAIL simulations at this stage). For the sake of clarity, the results for the

available impedance budget are stated in Table 4.2 for some values of chromaticity.

The instability thresholds are even lower for slightly positive or negative chromatic-

ity compared to the thresholds obtained for zero chromaticity. Therefore, the goal

would be to operate the machine at zero chromaticity. However, in order to have

some margin for operational conditions with non-perfect chromaticity correction,

lower impedance budget has to be considered. The allowed impedance budget is

therefore around 4.0 MΩ/m in both planes.

ξx ,y Threshold in x [MΩ/m] Threshold in y [MΩ/m]

0 18.0 7.0
0.01 8.5 6.0
0.05 3.5 3.0
0.1 6.0 2.0
−0.01 5.0 5.5
−0.05 1.5 2.0
−0.1 1.5 1.0

Table 4.2: Instability thresholds for various positive and negative chromaticity val-

ues.
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Figure 4.1: Threshold RT/Q as function of the broad band resonator frequency fr ,

as resulting from PyHEADTAIL simulations (blue points) in the horizontal (top) and

vertical (bottom) planes. The theoretical line from Zotter's formula (red line) is also

plotted.
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Figure 4.2: PyHEADTAIL simulated coherent horizontal (top) and vertical (bottom)

motion of the bunch centroid as a function for di�erent values of the transverse

shunt impedance.
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Figure 4.3: Growth rate in the horizontal (top) and vertical (bottom) planes. The

damping time from synchrotron radiation (not taken into account in these simula-

tions) is indicated by the red line.
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Figure 4.4: Mode spectrum of the horizontal (top) and vertical (bottom) coher-

ent motion as function of the transverse shunt impedance (the size of the marker

indicates the spectral power in the FFT).
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Figure 4.5: Mode spectrum of the horizontal (top) and vertical (bottom) coherent

motion as function of the transverse shunt impedance for ξx = 0.01 (the size of the

marker indicates the spectral power in the FFT).
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Figure 4.6: Mode spectrum of the horizontal (top) and vertical (bottom) coherent

motion as function of the transverse shunt impedance for ξx = −0.01 (the size of

the marker indicates the spectral power in the FFT).
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Figure 4.7: Growth rate in the horizontal (top) and vertical (bottom) planes for

various values of chromaticity. The values shown are obtained after subtraction of

the synchrotron radiation damping rate of 0.5 ms−1 as a function of the BBR shunt

impedance.
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4.2.2 Synchrotron radiation e�ects

As already described in Sec. 2.2, when a particle emits radiation, the effect of trans-

verse synchrotron radiation damping and quantum excitation have to be taken into

account in the equation of motion (Eq. (2.35)). Figure 4.8 shows the effect of the

synchrotron radiation on the centroid positions and normalized emittances in both

planes resulting from PyHEADTAIL simulations. The agreement between the ex-

pected values of damping times and equilibrium emittances (reported in Table 4.1)

and the ones evaluated by simulating the beam passing through the machine in-

cluding synchrotron radiation is very good. It is important to underline that an

initial kick to the beam has been given in order to highlight the synchrotron radia-

tion effects.

Figure 4.8: Coherent horizontal and vertical motion of the bunch centroid and nor-

malized emittances as a function of simulated turns. The synchrotron radiation

e�ects are shown and compared with expected values.
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The effect of the synchrotron radiation has been added to the simulation model

with the BBR impedance and the growth rate is shown in Fig. 4.9 for different val-

ues of chromaticity, both positive and negative. As in the case without synchrotron

radiation effect, the values of ξx ,y are varied from −0.1 up to 0.1 with a step of

0.01. The plotted values can be compared to the ones shown in Fig. 4.7 (where the

effect of synchrotron radiation was included as approximation by simply subtract-

ing the radiation damping rate from the instability growth rate). The results for the

available impedance budget are stated in Table 4.3 for some values of chromaticity

and directly comparable with Table 4.2. The criterion to evaluate the instability

threshold used in the section before is con�rmed valid for negative and zero chro-

maticity, but not for positive chromaticity. This means that the criterion is valid

when it is applied on mode 0 but not on modes ±1. Synchrotron radiation im-

proves transverse stability for positive chromaticity. If the machine operates with

slightly positive chromaticity, the impedance budget is estimated to be in the order

of 7.0 MΩ/m considering the effects of synchrotron radiation.

ξx ,y Threshold in x [MΩ/m] Threshold in y [MΩ/m]

0 17.0 6.5
0.01 18.5 7.5
0.05 10.0 7.0
0.1 15.5 5.5
−0.01 6.5 5.5
−0.05 1.5 2.5
−0.1 1.5 1.5

Table 4.3: Available impedance budget for various positive and negative chromatic-

ity values with the e�ect of synchrotron radiation included in the simulation.
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Figure 4.9: Growth rate in the horizontal (top) and vertical (bottom) planes for var-

ious values of chromaticity as a function of the BBR shunt impedance. Considering

the synchrotron radiation e�ect.
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4.2.3 Resistive wall

The resistive wall (RW) impedance of the machine vacuum chambers is another

contributor in the CLIC DR model. As already written in Chapter 3, it is a common

strategy for suppressing some undesired collective effects to use coating materi-

als like the Amorphous Carbon (a-C) for the e-cloud mitigation [42, 81, 82] or

the Non-Evaporated Getter (NEG) to reach the ultra-high vacuum condition in the

chambers [83, 84]. The impact of coatings on the impedance budget has to be

evaluated. For the design study of the CLIC DR lattice, the wake functions of the

resistive wall impedance for three different contributions were calculated resorting

to Eqs. (2.54) and (2.55) using the ImpedanceWake2D tool already described in

Sec. 2.5.

The lattice used for this study is described in detail in [85]. In total there are 13
FODO cells in each of the two straight section with two wigglers per cell, thus the

�rst component is made of the 52 wigglers of 2.5 T peak �eld with 6 mm half gap,

�at geometry [86, 87] and < βx > = 4.200 m, < βy > = 9.839 m. The second

component consists of 270.2 m of the arcs with a beam pipe of 9 mm of radius,

round geometry [88] and < βx > = 2.976 m, < βy > = 8.829 m. The rest of the

FODO cell is considered as a separate third contributor with a round geometry of

the chamber and a radius of 9 mm and < βx > = 5.665 m, < βy > = 8.582 m. The

three components are simulated as a two-layer structure made of Stainless Steel

(σDC = 1.45×106 S/m) and coated with 1 µm of a-C or 2 µm of NEG. The value of

NEG conductivity is the one evaluated with the method described in Chapter 3 and

its value is σcoat = 8× 105 S/m, the conductivity used of the a-C is a conservative

value of σDC = 1×103 S/m. Regarding the thickness, in CERN machines it usually

varies between 1− 2 µm for NEG and 0.5− 1 µm for a-C. We decided to simulate

the worst case scenario for both two situations.

The RW effect together with the synchrotron radiation and the BBR has been sim-

ulated and the growth rate is shown in Fig. 4.10 for NEG coatings and in Fig. 4.11

for a-C coatings scanning different values of chromaticity, both positive and neg-

ative. The results for the available impedance budget remaining for the shunt

impedance of the BBR are summarized in Table 4.4 for some values of chromaticity

for both type of coatings.

As expected, the RW impedance reduces the transverse stability threshold in

both planes and for all the chromaticity con�gurations. The effect of 2 µm of NEG

is similar to the one with 1 µm of a-C. The �nal result is that, since the machine

will work with a certainly slightly positive chromaticity, the impedance budget is

estimated to be in the order of 2.5 MΩ/m limited by the vertical plane stability.

Chapter 3 is devoted to the development of a new method for the electromagnetic
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characterization of coating materials in the frequency range of our interest (sub-

THz). In particular, the NEG characterization is performed and the results are

useful for a correct estimation of the instability threshold.

NEG coating a-C coating

ξx ,y
Thresh. x

[MΩ/m]

Thresh. y

[MΩ/m]

Thresh. x

[MΩ/m]

Thresh. y

[MΩ/m]

0 13.5 2.5 13.5 2.5
0.01 15.5 3, 0 15.0 2.5
0.05 8.0 2.5 8.0 2.5
0.1 14.0 2.5 14.0 2.5
−0.01 4.5 2.0 4.5 2.5
−0.05 0.0 0.0 0.0 0.0
−0.1 0.0 0.0 0.0 0.0

Table 4.4: Available impedance budget for the BBR contribution for various positive

and negative chromaticity values considering the RW e�ect both with NEG and a-C

coatings.

4.3 Longitudinal impedance budget

In this section, the available impedance budget in the longitudinal plane is evalu-

ated in order to ensure stable machine operation with the design parameters. First

the longitudinal stability is studied in presence of a broad band impedance. In a

second step the effect of synchrotron radiation is taken into account.

4.3.1 Broad-band resonator

As �rst step we assume the whole ring modeled as a broad-band resonator (BBR).

The expression of the longitudinal wake function is stated in Eq. (2.53). The Bous-

sard criterion (expected to be more correct for long bunches or coasting beam)

can be used to roughly estimate the instability threshold when the impedance of

a machine is simpli�ed by considering a broad band resonator. This criterion for

longitudinal microwave instability (or turbulent bunch lengthening) is given by the

expression [25]:

|Rs|< 1.7 ln (2)Z0
|η|γ
Nb r0

σ2
δσz (4.2)
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Figure 4.10:Growth rate in the horizontal (top) and vertical (bottom) planes for var-

ious values of chromaticity as a function of the BBR shunt impedance. Considering

the e�ect of NEG coating.
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Figure 4.11:Growth rate in the horizontal (top) and vertical (bottom) planes for var-

ious values of chromaticity as a function of the BBR shunt impedance. Considering

the e�ect of a-C coating.
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where Z0 is the vacuum impedance. Considering the DRs parameters from Ta-

ble 4.1 and plugging them into the above formula, we obtain the expected thre-

shold of microwave instability to be at around 0.056 Ω.
Instead, to determine whether we have bunch lengthening or shortening, we

have to resort on the Haissinski equation. The sign of the second order term in the

Taylor expansion of the second term in the exponential of the Eq. [25]:

λ (z) = λ0ex p

�

−
z2

2σ2
z

−
e2

meγCσ2
δ
c2η

∫ z

0

dz
′′
∫ ∞

−∞
λ
�

z
′�

W
′

0

�

z
′′
− z

′�

dz
′
�

(4.3)

tells us that considering the spectrum of the CLIC DR bunch, the transition between

the two regimes of bunch lengthening and shortening appears at aroundωr = 2π×
32 GHz.

Bunch shape deformation has been studied for values of longitudinal shunt

impedance from 0 to 0.1 Ω with a step of 0.01 Ω for a wide range of frequen-

cies ωr . Fig. 4.12 shows the bunch length behaviour as function of RS for values

of frequency from 18 to 23 GHz. The �error bars� represent the rms amplitude of

the bunch oscillation. The blue line indicates the expected microwave instability

threshold. The transition from the bunch shortening to the bunch lengthening

regime is determined by how much the bunch spectrum overlaps with the ca-

pacitive or the inductive part of the impedance respectively. The two different

regimes are evident in Fig. 4.13, where the bunch length oscillation is shown for

ωr = 2π× 18 GHz and ωr = 2π× 23 GHz, respectively. In the �rst case, increas-

ing the impedance value the bunch tends to shorten, in the latter case it clearly

becomes longer.

The simulated threshold occurs somewhere aroundωr = 2π×21 GHz that is dif-

ferent from the predicted threshold with Haissinski equation of ωr = 2π ×32 GHz.

There is a discrepancy between the analytical and the numerical evaluations of the

threshold between the bunch lengthening and shortening regime.
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Figure 4.12: Bunch length as a function of the longitudinal impedance seen by the

bunch for di�erent values of the ωr . The error bars represent the r.m.s. values of

the bunch length oscillation.
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Figure 4.13: Bunch length (r.m.s.) evolution of a bunch subject to di�erent

impedances (di�erent Rs as labelled) and ωr = 2π × 18 GHz (top) or ωr = 2π ×
23 GHz (bottom).
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4.3.2 Synchrotron radiation e�ects

The effects of synchrotron radiation have been implemented also in the longitu-

dinal plane following the Eq. (2.36). Fig. (4.14) shows the synchrotron radiation

effect on the longitudinal bunch centroid and bunch length (r.m.s.) evolution. The

agreement between the expected values of damping time and equilibrium momen-

tum spread (reported in Table 4.1) and the ones evaluated by simulating the beam

passing through the machine with only the effect of synchrotron radiation is very

good. Also in this case, the beam is kicked in order to highlight the damping effect

of the synchrotron radiation. The energy lost each turn is 3.98 MeV, consistent with

the expected value.

Figure 4.14: Longitudinal bunch centroid and bunch length (r.m.s.) evolution as

a function of simulated turns. The synchrotron radiation e�ects are shown and

compared with expected values.
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The effect of the synchrotron radiation has been added to the simulation model

with the BBR impedance. As in the case without synchrotron radiation effect, bunch

shape deformation has been studied for values of longitudinal shunt impedance

from 0 to 0.1 Ω with a step of 0.01 Ω for a wide range of frequencies ωr . Fig. 4.15

shows the bunch length behaviour as function of RS for values of frequency from

18 to 28 GHz. The simulated threshold between the bunch lengthening and short-

ening regime occurs somewhere around ωr = 2π× 24 GHz that is different from

the one simulated without synchrotron radiation effect of ωr = 2π ×21 GHz (see

Fig. 4.12). The two different regimes are evident in Fig. 4.16, where the bunch

length oscillation is shown for the �rst and last case (ωr = 2π × 18 GHz and

ωr = 2π× 28 GHz). The time scale is wider with respect to Fig. 4.13 in order to

show the damping effect on the bunch length.

Figure 4.15: Bunch length as a function of the longitudinal impedance seen by the

bunch for di�erent values of the ωr . Considering the synchrotron radiation e�ect.

The error bars represent the r.m.s. values of the bunch length oscillation.
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Figure 4.16: Bunch length (r.m.s.) evolution of a bunch subject to di�erent

impedances (di�erent Rs as labelled) and ωr = 2π × 18 GHz (top) or ωr = 2π ×
28 GHz (bottom). Considering the synchrotron radiation e�ect.
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Conclusion and Outlook

The goal of this thesis has been to build a reliable impedance model of the CLIC

Damping Rings. The main task was the study of the coating effect with emphasis

on their electromagnetic characterization at high frequencies.

For a realistic evaluation of the resistive wall contribution, we developed a novel

electromagnetic characterization system for time domain measurements that al-

lows the assessment of the surface impedance of materials used for coatings in

accelerator beam pipes in a fairly broad frequency window in the sub-THz range.

Unlike frequency domain measurements, the developed method allows to evalu-

ate the electromagnetic properties of the sample under test in a simple and handy

way. The advantages of this setup, based on a tailored waveguide with a central

coated slab, are mainly the possibility to characterize uniform samples and the

reusability of the Device Under Test for different coating materials. The exper-

imental analysis is based on an ad-hoc developed analytical method in order to

evaluate the signal attenuation of the transmitted electromagnetic wave. This ana-

lytical model is robust as demonstrated by the agreement between the theoretical

evaluation and the numerical solution, performed with Frequency Domain solver

of CST Microwave Studio module. These time domain measurements allowed the

conductivity estimation of the NEG coating. The two samples of the iron waveg-

uide yield the same value within the error bar given by the best-�t procedure. The

result of σcoat = (8.2 ± 0.6) × 105 S/m agrees well with previous data obtained

with the frequency domain approach. It is important to underline that the results

obtained by using the copper and the stainless steel waveguides show the impor-

tance of the compliance with requested machining tolerances. The stainless steel

waveguide does not allow proper measurements because of multiple unwanted re-

�ection inside the device and in the copper waveguide, the discrepancy between

the real geometry of the DUT and the one assumed in the analytical evaluation

does not allow to provide a reliable evaluation of the NEG conductivity. Using the

determined σcoat we evaluated the real part of the surface impedance as a func-

tion of frequency for relatively large area samples, which is used for modelling the

impedance in modern accelerators.

The value of the effective NEG conductivity has been implemented in the

ImpedanceWake2D simulations in order to evaluate the resistive wall impedance

for the wigglers, arcs and FODO cells simulated as two-layer structures made of
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Stainless Steel and coated with 2 µm NEG. These simulations underlined the im-

portance of performing material characterization at high frequencies as fundamen-

tal for the correct estimation of the contribution of coatings to the total impedance

budget.

In order to assess the CLIC DRs impedance budget in the transverse plane, the

entire ring impedance has been modeled using the contributions of broad-band res-

onator and the resistive wall of three different components (wigglers, arcs, other

FODO elements). The radiation damping and the quantum excitation effects due

to the synchrotron radiation emission have been implemented in the beam dynam-

ics code and taken into account in the �nal evaluation of the impedance budget.

The beam dynamics simulations, performed for different values of chromaticity,

gave an estimated transverse impedance budget of the order of 3.0 MΩ/m lim-

ited by the vertical stability when the chromaticity ξx ,y is slightly positive between

0.01 and 0.05.
In the longitudinal plane, the effect of a BBR and of the synchrotron radiation

has been studied. The threshold between the bunch lengthening and shortening

regime is at around ωr = 2π× 24 GHz.

The �nal impedance model should include also the effect of the devices such as

the strip-line kickers, RF-cavities and devices for beam instrumentation and diag-

nostic. The impedance of such complex structures could not be evaluated because

actual 3D codes would require billions of mesh-cells to simulate very small exci-

tation, to determine short range wakes, necessary in the CLIC DRs regime. With

the current simulation codes, the wake function calculation cannot be considered

reliable even with the support of a computer cluster.

The full potential of the measurement method for evaluating the impedance of

coatings developed in this thesis could not yet be exploited. To this end, a new

agreement in the framework of the CERN-INFN collaboration is being established

to continue this work. This will allow the signal generator upgrade by improving

the spectral resolution and signal-to-noise ratio and a more accurate manufactur-

ing of the guiding systems, in order to have the requested machine tolerances for

all the devices. The next step will be the characterization of different coating mate-

rials, like amorphous carbon (a-C) or Laser Engineered Surface Structures (LESS)

currently in use in the more recent accelerators and light sources.
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