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Abstract

Linear colliders are an option for lepton collision at several TeV. The Compact
Linear Collider (CLIC) aims at electron and positron collisions at a centre of
mass energy of 3 TeV. In CLIC, the main accelerating structures are designed
to operate at an X-band frequency of 12 GHz with an accelerating gradient of 100
MV/m. Two significant issues in linear accelerators that can prevent high gradi-
ent being achieved are electrical breakdown and wakefields. The baseline design
for the CLIC main linacs relies on a small aperture size to reduce the breakdown
probability and a strong damping scheme to suppress the wakefields. The strong
damping scheme may have a higher possibility of electrical breakdown. In this
thesis an alternative design for the main accelerating structures of CLIC is stud-
ied and various aspects of this design are discussed. This design is known as a
Damped and Detuned Structure (DDS) which relies on moderate damping and
strong detuning of the higher order modes (HOMs). The broad idea of DDS is
based upon the Next Linear Collider (NLC) design. The advantages of this design
are: well damped wakefields, minimised rf breakdown probability and reduced
size of the structure compared to the strong damping design. Procedures neces-
sary to minimise the rf monopole fields and enhance the wakefield suppression are
discussed. The rf as well as mechanical designs of a test structure are presented.
This unique design forms the basis of this research and allows both the electrical

breakdown and beam dynamics constraints to be simultaneously satisfied.
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Chapter 1

Introduction

The Standard Model in elementary particle physics states that leptons and quarks
are the fundamental particles and matter is made up of these fundamental parti-
cles. Particle accelerators are used to help verify the predictions of the Standard
Model. Today, the standard model has been validated up to the 100 GeV energy
scale. The next energy frontier in high energy physics is the TeV energy range
and will first be explored by the Large Hadron Collider (LHC) [1]. If a fixed
target (laboratory frame) collision is used then a very small fraction of the en-
ergy will be utilised to creation of new particles and the remaining energy will
be acquired by these particles in the form of kinetic energy (so as to conserve the
momentum). However, if two beams are designed to collide head-on (centre of
mass frame) then the total momentum is zero and all the energy will be utilised to
create new particles. This is why modern colliders are designed to collide beams
head-on. The colliders are classified in two categories, namely circular and linear.

An overview of several colliders is presented in this chapter.
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1.1 Circular Colliders And Synchrotron Radiation

In circular colliders, particle beams (particle-particle or particle-antiparticle) are
accelerated many times through same accelerating gap(s) one in the clockwise di-
rection and the other in anticlockwise direction and meet almost head-on at a com-
mon point in the ring containing the beams. The point at which the beams collide
is known as interaction point. In this type, as the particle beams gain energy by
passing through the same accelerating gap many times, the size (circumference)
of the collider is comparatively compact. Some of the recent circular colliders are
the Large Electron - Positron Collider (LEP) at CERN [2] - [4] and the Hadron
Electron Ring Accelerator (HERA) at DESY [5], [6] designed to collide particles
at a 200 GeV and 300 GeV centre of mass energy, respectively. The most recent
circular collider is the proton-proton collider, the LHC at CERN.

The results from the LHC collision will help unravel the physics at TeV en-
ergy scale. An e*e” collider is a complementary machine to the hadron machine.
Although there does exist the potential to build a muon collider but this has many
technical difficulties which need to be overcome [7].

Circular colliders are restricted to hadron collision due to synchrotron radi-
ation. The power emitted due to synchrotron radiation when a charged particle
traverses a circular path is proportional to the fourth power of the energy and can

be defined as follows [8]

C, E*
PG E (L.1)
? 2r p?
where 8 = v/c, p is the bending radius, C, = 5 (‘,‘ZSP and ry is the classical radius of

an electron. The energy loss per revolution due to radiation can be defined as [8]
B :83C7E4
P

Uy (1.2)

The rest mass of an electron is ~1836 times smaller than that of proton, hence, its

y (relativistic factor, y ~ E/mc?) for a 7 TeV energy will be 1836 times larger. In
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this case synchrotron radiation emitted by a 7 TeV electron will be ~ 10'% (1836%)
times larger than that of proton. In LEP, electrons and positrons circulating at 100
GeV energy radiate a significant fraction of their energy in the form of synchrotron
radiation. The energy radiated per turn due to synchrotron radiation emission in a

select of circular colliders is compared in Table 1.1.

Table 1.1: Circular colliders

Colliders | Particles | Beam energy | Circumference AE/rev.
GeV km keV
LHC pp 7000 27 4.3
HERA pe” 820, 30 6.336 3.4x1073, 71x10°
LEP ete” 100 26.7 2.1x10°

It is clear that the synchrotron radiation is negligible for hadrons but for elec-
trons it is significant. Building a lepton circular collider beyond 200 GeV centre
of mass energy is not practical. Thus, designing lepton colliders for achieving en-
ergies of the order of multiple TeV naturally leads to linear acceleration. In linear
accelerators (linacs), particle motion is along a straight path. Though every ac-
celerated particle radiates, this radiation is negligibly small compared to radiation
in circular motion. The power radiated by a charged particle along a straight path

may be calculated as [8]

1 2¢* (dE\?
Prag = ( )

T (1.3)

4rey 3m3c3
where dE/dx is the rate of change of energy per unit distance or can be defined as

an average accelerating gradient. It is interesting to look at the ratio of the power

radiated to the power supplied by an external source and is defined as [8]

P 1 2¢ (dE)N 2 1y (dE)

= )20 1.4
dE/dt  4mrey3m2civ\dx 3mc?\ dx (1.4)
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The 2 mile long linear collider at the SLAC National Accelerator Laboratory
(SLC) [12], S-Band Linear Collider (SBLC) [13], NLC [14], [15], International
Linear Collider (ILC) [16] and CLIC [21] are among the recent proposals of the
linear colliders'. It can be observed from Table 1.2 that the ratio of power loss to

power supplied is almost negligible for e*e™ linear colliders.

Table 1.2: Power radiated in linear colliders [12] - [14], [16], [21]

Colliders | Beam energy | Accelerator length | - Ef/) P
GeV km x1071
SLC 46 3 5
SBLC 250 16 5
ILC 250 15 6
NLC 250 15 6
CLIC 1500 21 26

This emphasises why linear colliders are preferred over circular colliders for lepton-
lepton collision at several TeV energies. If we consider a hypothetical case of
accelerating electrons (positrons) up to 55 TeV along a 20 km length i.e. an accel-
erating gradient of ~ 2.75 GV/m then the power loss will be ~1% of the supplied
power. At present, it will be beyond scope to achieve accelerating gradients of
the order of few GV/m using conventional rf cavities; plasma accelerators may

achieve gradients as high as GV/m.

1.2 Linear Collider

In linear colliders, charged particles are accelerated linearly through several thou-

sand cavities. The linac structures accelerating charged particle bunches, upon

SLC is the only linear collider that has been built to date.
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achieving the nominal energy, direct the particle bunches to collide almost head
on (at an angle of the order of few milli radians). For a given accelerating gradient,
higher collision energy demand can only be met by increasing the collider length.
The length can be reduced by increasing the operating accelerating gradient.

A linear collider can be designed to operate either at room temperature, re-
ferred to as normal conducting (NC), or at 2 K, termed as superconducting (SC).
In the former, the power loss on the cavity walls is significant; in the latter, the
power loss is almost negligible but is limited by the maximum allowed accelerat-
ing gradient. In high gradient linac structures, the power dissipated on the cavity
walls is large and this leads to heating of the walls. In high gradient machines
if superconducting technology is employed then the upper limit of the gradient
is decided by the maximum allowed surface magnetic field. Exceeding this limit
will quench the superconductivity. The frequency dependence of various rf pa-

rameters® in NC and SC structures (Appendix A) are presented in Table 1.3.

Table 1.3: Frequency scaling of rf parameters

Parameters Normal conducting | Superconducting
RF surface resistance (R;) Vw w?
Power dissipated in cavity walls (P;) 1/ vVw w
Quality factor (Q) 1/Vw 1/w?
Shunt impedance per unit length (R’) Vw l/w
R'/Q w w

Furthermore, a linac structure can either be operated in a standing wave (SW)
mode or in a traveling wave (TW) mode [9]. In a SW structure the rf power
flows in either direction forming a standing wave pattern of the fields inside the

accelerating structure and hence it does not require an output load. A TW structure

2To be discussed in Chapter 3
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has an output load and provided the structure is well matched, the rf power travels
only in one direction before extraction in the output loads. SW structures reflect
significant amount of input rf power back to the source. Failure to divert this
reflected power may damage the rf source; a high power isolator is often used to
absorb this reflected power.

In order to build linear colliders which meet the luminosity demand of ~10°*
cm~2s7!, pulses with a large current and multiple bunches within a pulse are re-
quired. The field excited by intense multi-particle beam is referred to as wakefield.
The transverse component of the wakefield can dilute the beam emittance or in
the worst case lead to Beam Break Up (BBU) [10], [11]. The longitudinal wake-
field can give rise to energy spread. The transverse and longitudinal wakefields
are proportional to the third and second power of the accelerating frequency? re-
spectively and hence this problem is much more severe in high frequency linacs.
However, for high gradient NC structures, choosing a too low frequency will not
be cost efficient due to the fact that it will require comparatively more input power
to achieve the desired accelerating gradient*. The high input power demand will
subsequently have high surface fields. Linear colliders with beam energies of the
order of a few 100 GeV are designed with low gradient (up to 20 MV/m) and low
frequency (S-band). However, achieving energies of the order of multi TeV neces-
sitate high gradient (above 60 MV/m) operation in order to retain feasible collider
lengths. This leads to high frequency (X-band) operation. Key parameters of the
SLC, SBLC, NLC, ILC and CLIC are presented in Table 1.4.

As the focus of this thesis is to study the main accelerating structure of CLIC,

details of the innovative CLIC scheme are discussed in the next chapter.

Discussed in Chapter 4
“Low frequency structures are bigger in dimension
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Table 1.4: Key parameters of linear colliders [12] - [14], [16], [21]

Parameters Units SLC | SBLC | NLC ILC CLIC
w/2n GHz 2.856 | 2.856 | 11.424 1.3 11.9942
Technology - NC NC NC SC NC
Ec.pm. GeV 100 500 500 500 3000
< Egee > MV/m 16.7 17 52 32 100
Luminosity | cm™2s7! | 6x10%° | 5x10% | 2x10** | 2x10°* | 5.4x10%*
Total site length km 3 33 30 33 48
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Chapter 2

Compact Linear Collider An

Overview

2.1 Overview And Rationale

The CLIC design has been studied for more than two decades as part of an in-
ternational collaboration led by CERN. As the proposed energy is in the multi
TeV range, the accelerating gradient needs to be high enough to keep the overall
site length feasible. The accelerating gradient for the present CLIC design is 100
MV/m and will operate at an X-band frequency of 11.9942 GHz [18], [19].

It is essential to have cost-effective technology for achieving high energies
with linear colliders. In conventional linacs, klystrons are used as a source of rf
power to accelerate the beam. Bearing in mind the feasibility of the overall site
length and the cost to achieve a centre of mass energy of the order of few TeV,
very high accelerating gradients are required. There are two issues which make
high accelerating field gradients difficult to achieve in linear colliders, namely the
susceptibility of the structures to electrical breakdown and the ability of being able

to accelerate multiple bunches whilst maintaining beam stability. It was observed
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that high frequency allows high gradients [22] due to the fact that the peak power
required in the accelerating structure is smaller for a given gradient compared
to that of low frequencies [23]. For this reason, the CLIC scheme was initially
proposed to operate at 30 GHz with an ambitious gradient of 150 MV/m leading
to an overall site length of ~33 km [24].

One disadvantage of 30 GHz operation is the lack of high power rf source
availability at this frequency. Even if such sources (klystrons) are made available,
the number of sources required to achieve energy of the order of a few TeV will be
large (few thousands). A solution to avoid the use of a large number of klystrons
is Two Beam Acceleration (TBA) [21], [23] scheme. The CLIC proposal is based
on a novel scheme of TBA [21] in which a low energy high current beam referred
to as drive beam is decelerated to provide energy to accelerate the main beam.
The power extraction and transfer structures (PETS) [18] are specially designed
to extract power from the drive beam and transfer it to the main beam.

In 2005-06, the experimental results obtained at CTF3 (CLIC Test Facility,
CERN) revealed that the data collected during CTF2 (30 GHz at 150 MV/m and
short pulse length) cannot be extrapolated for the nominal CLIC operation. The
increasing trend of accelerating gradient with rf frequency below 3 GHz is not
valid in the high frequency domain [18]. It was also observed that in the fre-
quency range of 12 - 30 GHz the maximum achievable gradient is independant
of the operating frequency for a given pulse length [18]. Using the experimental
data from CTF3 and NLC, an optimisation procedure considering various param-
eters such as operating frequency, accelerating gradient, luminosity and the total
cost resulted in a 100 MV/m optimum gradient and 14 GHz frequency. In or-
der to test the structures at the CTF3 facility the revised frequency should be an
integer multiple of the CTF3 frequency which is 2.99855 GHz. This constraint
has resulted in the choices of 11.9942 GHz and 14.9928 GHz frequency [18]. To
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take advantage of the available data and expertise from the X-band NLC (11.424
GHZ) project, 12 GHz frequency was preferred. Thus the revised parameters for
the present CLIC structure for frequency and gradient are 11.9942 GHz and 100

MV/m respectively, other parameters are presented in Table 2.1 [18].

Table 2.1: Overall parameters of the CLIC

Parameters Designed value Units
Eom 3 TeV
Main linac RF frequency 11.9942 GHz
Total luminosity 5.9x10% cm2s7!
Luminosity above 99% of the nominal E.,, 2x10% cm 257!
Linac repetition rate 50 Hz
Number of particles per bunch 3.72x10° -
Number of bunches per pulse 312 -
Bunch separation 0.5 (6) ns (rf cycles)
Bunch train length 156 ns
Beam power per beam 14 MW
Unloaded/loaded graient 120/100 MV/m
Overall two linac length 42.16 km
Total beam delivery length 2x2.75 km
Proposed site length 48.4 km
Total site AC power 392 MW
Wall plug to main beam power efficiency 7.1 %
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2.2 CLIC Complete Layout
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Figure 2.1: CLIC Layout

A schematic layout of the CLIC scheme is presented in Fig. 2.1 [18]. The

electrons and positrons after their production are accelerated up to 2.2 GeV and

then pass through the pre-damping rings and then other damping ring in order

to reduce the emittance. After the damping rings, electron and positron bunches

pass through two bunch compressors where the bunch length is first reduce by a

factor of 9 and then 4, thus at the entrance of the main linac the bunch length is

44 pum. The production of the drive beam, which is a feature of the CLIC scheme,

starts with the acceleration of a 138 us pulse to 2.38 GeV at 1 GHz frequency

using conventional klystrons. A complete schematic of CLIC power generation

is illustrated in Fig. 2.2 [18]. This pulse consists of 24 X 24 sub-pulses where
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Figure 2.2: CLIC RF power source complex

each sub-pulse is 240 ns long and bunches are separated by 60 cm (i.e. 2 ns). The
beam current at this stage is 4.2 A. This pulse passes through a delay line and two
combiner rings where the bunches interleave by a factor of two, three and four
respectively. In the delay loop even and odd buckets of the bunches are separated
using an rf deflector. Each even bunch is delayed with respect to the following odd
bunch by 240 ns. Using second rf deflector, bunches are recombined by a factor of
two. Similarly, bunches are combined in the combiner rings and the frequency is
multiplied in a similar manner. The idea here is to interleave the bunches and make
one pulse of 24 sub-pulses at 12 GHz frequency. Thus at the linac entrance a low
energy high current beam is available to power the main accelerating structures.

The 24 x 24 sub-pulses, after interleaving become 1 X 24 pulses, and the beam
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current after the interleaving is 101 A (24 x 4.2 A) [18]. The 24 drive beams
(sub-pulses) feed the 24 decelerator sectors, which consist of 1491 PETS each
[18]. The drive beam is decelerated in the PETS to produce 136 MW power. Each
PETS feeds two main linacs with 63.9 MW peak power [18].

2.3 Main Linac Structure

It is important to ensure the main linacs are designed such that they are able to
suppress the intense wakefields imposed by X-band operation. The structures use
a combination of weak detuning and strong damping of the higher order modes
to minimise the beam instabilities and emittance dilution due to transverse wake-
fields. Several designs for the accelerating structures have been studied such as
Tapered Damped Structures (TDS) [21], [22], [25], Hybrid Damped Structures
(HDS) [24], [26], [27] and the present baseline design, Waveguide Damped Struc-
tures (WDS) [18], [19]. The development of the WDS was necessary due to the
high surface fields and unacceptable breakdown rates in TDS and HDS designs.
WDS is designed to operate at the revised frequency of 11.9942 GHz at the
optimum loaded gradient of 100 MV/m. Compared to TDS and HDS the oper-
ating frequency of the WDS structure is reduced by a factor of ~2.5. Since the
transverse wakefield is proportional to the third power of frequency (will be dis-
cussed in Chapter 4) the wakefield effects in the present structure are less severe
compared to that of a 30 GHz structure. The damping scheme in each cell incor-
porates four waveguides, the cell geometry of WDS is illustrated in Fig. 2.3 [19].

This design also benefits from a reduction in the pulse temperature rise.
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The optimised WDS structure, known as CLIC_G structure [19] is designed
by considering several parameters including frequency, accelerating gradient, rf
phase advance per cell, short-range wake, transverse long-range wake suppres-
sion, rf-to-beam efficiency, pulse temperature rise, surface electric field (E-field)
and luminosity. The optimised parameters of the present CLIC_G structure are

presented in Table 2.2 [18], [19], [20].

HOM damping waveguides

Alignment

\

High electric
flow region

Cooling

Short range wakefields

Beam and rf
Figure 2.3: WDS cell

1 £,x and F are discussed in Chapter 6
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Table 2.2: Parameters of the optimised CLIC main linac structure

Parameters Designed value Units
< Eze > 100 MV/m
Sace 11.9942 GHz
RF phse advance per cell 120 deg
Cell length 8.333 mm
First, last iris radius 3.15,2.35 mm
First, last iris thickness 1.67, 1.0 mm
First, last cell shunt impedance 89,112 MQ/m
First, last cell group velocity 1.66, 0.83 Joc
Number of particles per bunch 3.72 10°
Average iris to wavelength ratio 0.11 -
Number of cells per structure 24 -
Structure length (active) 229 mm
Bunch separation 0.5 (6) ns (rf cycles)
Number of bunches in the train 312 -
Pulse length 240.8 ns
Input Power 63.8 MW
RF-to-beam efficiency 27.7 %
Luminosity per bunch crossing (L,x) | 1.22 x 10°* m~2
Figure of merit () 9.1 arb. units
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Chapter 3

RF Parameters

3.1 Basic RF parameters

In any accelerator it is very important to accelerate the beams efficiently so as to
minimise the input power requirement. The characteristics of accelerating cavities
are determined in terms of their figures of merit, some of which are discussed here.
The figure of merit of an accelerating cavity is most commonly defined in terms
of the quality factor Q which is based on the amount of energy stored (U) in the
cavity and the power dissipated in the cavity walls (P) as follows [28]

wlU

Q=— 3.1)

where w/2m is the cavity frequency. The shunt impedance is another commonly
defined figure of merit which measures how efficiently particles accelerate. It
is defined in terms of an axial peak accelerating voltage (V) for a given power

dissipation (P) as follows [28].

o
R=—. 3.2
P (3.2)
For a cavity of length L, the average axial electric field Ey is defined as
Vi
Ey= f‘) (3.3)
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For a given field Ey, V; and P both increase linearly with the cavity length
[28]. Hence shunt impedance per unit length is more often used to define cavity

figure of merit.
R E;

R===-"2
L P/L

(3.4)

When a cavity is excited with rf power, some of the power is utilised to accel-
erate the beam (P,) and some is dissipated in the cavity walls (P), hence the total
power (P;) is given as the sum of the two terms P, = P+ P;,. The beam power (P},)

is calculated in terms of the energy gain (AW) and beam current (/) as follows

[28]

AWI
P,=—— (3.5)
q
AW = qV,T cos ¢L (3.6)

where ¢ is the particle charge, ¢ phase of the field relative to the crest, T transit
time factor which is taken into account due to the sinusoidal nature of the field. It

is defined as follows [28]

L/2
T = L2 E(Oa Z) COS((,()Z/C)dZ

(3.7)

L2

L E0.2)

When a beam enters the accelerating cavity, it interacts with the electromag-
netic fields excited in the cavity. The longitudinal voltage V| across the cavity

length L, at an offset r is defined as [29]

L
Vi(r) = f E.(r,2)exp™°dz (3.8)
0

where E| is the axial electric field. The electromagnetic energy stored in the cavity

is defined as [29]
U= % f EPdr (3.9)

The loss factor k| is defined as the energy lost by the particle per unit charge

squared. Using computer codes such as HFSS [30], CST microwave studio [31],
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GdFidL [32], etc. the longitudinal loss factor can be evaluated from numerically
calculated fields in terms of the longitudinal voltage and stored energy as follows

[29]
\45
ky(r) = —. 3.10
1 =75 (3.10)
The interaction of the beam may also be defined in terms of the quantity R/Q as

follows [29]

R V2 dky(r)

20 = = 3.11

Q(r) wUrim — wrim ( )
where m = 0, 1, 2, .... For the monopole mode, m = 0 and hence the loss factor

and R/Q are independent of the offset. For the dipole and quadrupole modes m is
1 and 2 respectively. The transverse loss factor is calculated from the longitudinal
loss factor using Panofsky-Wenzel theorem [33], [34] as follows

_ k||C

ky (3.12)

w
As the loss factor varies with offset, it is generally defined as a unique quantity
for a given cell or cavity geometry by normalising with respect to *", where r
is the transverse offset from the electrical centre of the cavity and m is the order
of multipole. For example, for a dipole mode, the loss factor varies as r* hence
a kick factor (normalised loss factor) is defined, independent of the offset. The

transverse kick factor per unit length of a dipole mode is defined as follows

k”C

K. =
YT gL

(3.13)

Accelerating structures are essentially loaded waveguides and the frequency
components of the modes launched in these structures travel at different velocities
due to dispersion. The group velocity of the modes is defined as [28]

_da)

=K (3.14)

Ve

where w and k are the frequency and wave vector respectively. In other words,

group velocity is defined as the rate of flow of rf energy in the structure. Individual
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waves in the wave envelope travel with different velocities, the velocity of the

individual waves is known as phase velocity which can be defined as [28]

vp = (3.15)

In the given structure v,v, = ¢* where v, > ¢ and v, < c. Detailed calculation of

the group velocity in accelerating structures is discussed in Chapter 6.

3.2 Structure Type

In this section, the discussion is focussed on the disc loaded TW structure as
the CLIC main linacs are designed to operate in this mode'. The next step is to
select the frequency of operation, phase advance per cell and the attenuation of the
wave along the structure. The choice of the frequency is mainly governed by the
gradient required for acceleration and is discussed in Chapter 2. It is observed that
the higher the phase advance per cell (closer to ), the smaller the group velocity
is. Hence, the rf breakdown probability is reduced [35]. The attenuation of the
wave along the structure can either be kept constant or increased. The former
type is known as constant impedance structure and the latter, constant gradient
structure [36]. CLIC main linacs are constant gradient structures. In the following
sub-sections both types are discussed briefly. In order to study the characteristics
of both structures some of the fundamental rf parameters are redefined as follows

[36], starting from the shunt impedance per unit length:

, B
k= —dP/dz (3.16)
_ w(U/L)
= Zapjz G170
, E?
R'/Q(Q/m) = oU/D (3.18)
P =v,(U/L). (3.19)

I'The shunt impedance in TW mode is twice as large as SW mode.
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Rearranging the above eqs. 3.17 to 3.19 it can be shown that

E?Qv
po Q% (3.20)
wWR’
The field attenuation per unit length « is defined as [36]
w —dP/dz
= = ) 3.21
YT 0,0 2P (3-21)

3.2.1 Constant Impedance Structure

In the constant impedance structure, the attenuation is kept constant by using iden-
tical iris radii of the accelerating cells along the length. The power decays expo-
nentially along the structure due to losses in the cavity and beam loading (power
delivered to the beam). The rf parameters such as R, Q, a and v, are constant
(independent of z) and the power as a function of distance in this structure can be

evaluated using eq. 3.21 as follows [36]

P
d— = —2aP (3.22)
dz

Integrating eq. 3.22 we obtain power as a function of distance.
P(z) = Pye™™. (3.23)

From eq. 3.23 it can be seen that the power decays exponentially and the same
exponential decay in the electric field can be obtained by substituting eq. 3.20 in

eq. 3.22 and integrating over the structure length.

i[EZQvg] ) E*Qv,

dzl wR - wWR
dE
= — _qFE
dz @
E(z) = Ege™ . (3.24)
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3.2.2 Constant Gradient Structure

In constant gradient structure, the attenuation along the structure is increased by
systematically reducing the iris radii of the cells along the length of the structure.
The power dissipation due to ohmic losses and beam loading is compensated by
increasing the shunt impedance along the structure (tapered irises). The power
decays linearly along the structure and the accelerating field is kept constant. The
attenuation and group velocity are sensitive to a change in the iris radii. However,
the rf parameters, such as R and Q, are comparatively less sensitive. Hence, in the

following derivation R and Q are kept constant. Eq. 3.22 now becomes

dP

—=-2 P
dz @)
Py dP L
f = —2f a(z)dz. (3.25)
n P 0
Integrating Eq. 3.25 we obtain
P, =Pye™™ (3.26)
where 1 is defined as
L
T= f a(2)dz. (3.27)
0

Considering the assumption that R is constant, E will be constant and hence ‘fl—f.

It can be concluded that power will decay linearly and can be defined as follows

[36].

P, — Py
Z.

P(z) = Py + 2

(3.28)

By substituting 3.26 in 3.28 we obtain the following relation for power in constant
gradient structure

P() = P,[1 - %(1 _ ). (3.29)
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Chapter 4

Wakefields excited by ultra

relativistic beams

4.1 Definition And Basic Concept

4.1.1 Definition

Consider a particle of charge ¢ (driving charge) moving in a free space with veloc-
ity v, the radial electric field of this charge lies nearly in a transverse direction with
the angle of opening of 1/y, where y = (1 - (£)*)~"/? and ¢ is the speed of light. If
the particle is travelling at a velocity close to speed of light (v = ¢) then the electric
field associated with the charge is perpendicular to the direction of motion. In this
case, a test charge following the driving charge will not experience any force. If
the charges are moving in a metallic conductor then the fields associated with the
driving charge get scattered from the geometrical discontinuities of the conductor
(vacuum bellows, irises of the accelerating cells, etc.) and act back on the test
charge. The fields of the driving charge acting back on the trailing (test charge in

this case) are defined as wakefields. The wakefield experienced due to the geo-
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metrical discontinuities is defined as geometric wake which has both longitudinal
and transverse components [34]. If the charges are moving in a perfect conductor
with no geometric discontinuities, then the fields terminate on the surface (image)
charges and the surface charges move in synchronism with the driving charge. In
case of a conductor with some resistivity, the surface charges lag behind the driv-
ing charge, in addition, magnetic field and surface currents diffuse in the walls of
the conductor giving rise to fields which affect the motion of the test particle both

transversely and longitudinally. This is a resistive wakefield [37].

4.1.2 Fundamental Theorem of Beam Loading

Consider an accelerator cavity, if a beam enters the cavity at position z = 0 and
leaves it at z = L, it induces a voltage V,. The fraction of the voltage experienced
by the beam itself V, is averaged to the half of the induced voltage. Thus the po-
tential experienced by the charged particle itself is half of that experienced by the
trailing particles behind the leading particle, this is called as fundamental theorem
of beam loading [38].

1

Ve=2V,. 4.1
7V (4.1)

V. is independent of whether there is any stored energy or not when the beam

enters the cavity.

4.1.3 Causality

When a charge or charge distribution moves with the speed of light v ~ ¢ the
electromagnetic (e.m.) fields associated with the charge lie perpendicular to the
direction of motion. Hence, there is no wakefield ahead of the driving charge, this
is called as causality [38]. For v < ¢, e.m. fields exist ahead of the driving bunch

1.e. non-causal behaviour [37].
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4.2 Normal Mode Expansions Of The Wake Poten-
tials

The wake potential (Appendix B) can be calculated by solving the Maxwell’s
equations in both the time or frequency domain using various computer codes. In
the frequency domain, the wakefield is obtained by performing a summation of all
the modes excited at the synchronous phase (strongly excited mode in the cavity)
of each mode. In modal sum method, the longitudinal and transverse wakefields
are calculated for an empty cavity using the eigen modes excited in the cavity.
This method is called as the Condon method. It was introduced in [39] and used

in [37].

4.2.1 The Longitudinal Wake Potential

Consider a charge Q (driving charge) entering a perfectly conducting closed cavity
at z = 0 and leaving at z = L with the speed of light. The total voltage lost by a
test particle in traversing a distance s along the same path divided by the charge
Q is defined as the longitudinal delta function wake potential W,(s) and can be

written as follows [37]

1t (z+5)
WZ(S)—_E fo Ez(z, C )dz (4.2)

where E,(z,1) is the electric field along the z axis due to the driving charge.
W.(s) = 0 for s < O from causality. After extensive analytical calculations [37]

the expression for the longitudinal wakefield simplifies to the following form [37]

0 s<0
wyS
Wi(s) = D kacos(=)11 5=0 (4.3)
2 s>0.
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4.2.2 The Transverse Wake Potential

The transverse wake potential is the total transverse momentum kick experienced
by a test particle following the same path at a distance s behind the driving charge

divided by the charge Q.

L
Wi(s) = _é f dz[E; + (VXB) L =+ 9)/c- 4.4)
0

The transverse wakefield in terms of the modal sum is then given by [37]

0 s<0
k, . wus
W.(s) = Z w/c SIH(T) 1 s=0 4.5)
2 s>0.

4.2.3 Short And Long Range Wakefields

Both the longitudinal and transverse wake potentials can be classified according
to the region of calculation i.e. within or outside the bunch length, namely short-
range and long-range wakefields respectively. The main impact of the longitudinal
component of the wakefield is that it increases the energy spread of the bunches.
The transverse component dilutes the emittance of the bunch. In order to achieve
a luminosity of the order of 10** cm=2 s~! in linear colliders, it is essential to keep

the wakefields within acceptable limits so as to achieve the desired luminosity.

Short-range Wakefield

The wake potential induced by the head of the bunch is experienced by the remain-
der of the bunch and is referred to as short-range or intra bunch wakefield [35].
The typical length of the bunches accelerated in linear colliders can be as small as
few tens of a micrometers (for CLIC o, ~44 um) [18]. The longitudinal and trans-

verse components of the short-range wakefields are inversely proportional to the
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second and fourth power of the average aperture radius of the accelerating cells
respectively [40], [41]. In principle, once the iris dimension is specified, the short-
range wakefield cannot be damped or suppressed. The only way to keep it within
the limit is to choose a suitable aperture size and populate the bunches accord-
ingly. For an accelerating cell of aperture radius a, cavity radius b, iris thickness #
accelerating gap g and cell period of length L, the short-range geometric wakefield

can be approximated as [40]

Z
W)~ Zooren( - =) (4.6)

W (s) = 427;’:foo¢(s) exp |1 - (1 + S—Zo)exp( _ s—zo)] 4.7)
1 fors>0

é(s) = (4.8)
0 fors<O

aly) =l —a\ly-(1-a)y (4.9a)

_g(_a Y 4.9b

So0 = §(a(g/L)L) ' (4.90)

Here Z, = 120 is the impedance of free space and a; = 0.4648. However, the
eqns. 4.6 and 4.7 are valid for small s. The beam also experiences a resistive
wall wakefield [42], [43]. This will not be considered in this work as the geomet-
ric wakefield dominates beam dynamics in the accelerating cavities of the main

linacs.

Long-range Wakefield

In linear colliders, multiple bunches are accelerated so as to meet the desired lu-

minosity. The wake potential experienced by the trailing bunches due to a driving
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bunch moving parallel but at an offset to the designed path is defined as long-range
wakefields. The longitudinal and transverse components of the long-range wake-
fields are inversely proportional to the second and third power of the accelerating
aperture radius respectively [44]. The long-range wakefield can be suppressed so
as to keep the emittance within the acceptable limits. Various methods to suppress
the long-range wakefield are briefly discussed in the following section.

The equations for calculating the longitudinal and transverse long-range wake-
fields are described in section 4.2.1 and 4.2.2 i.e. the case when s > 0. Along with
the accelerating mode, other modes (HOMs) are also excited in the cavity. In prin-
ciple, an infinite number of modes are excited by the particle beam. If Q, is the
quality factor of a particular HOM, then it will decay in time 2Q,/w,, where w,
is the synchronous frequency of the mode n. The transverse long-range wakefield
may be calculated as [45]

w, S

20, c

W, (s) =2 Z K. sin(%)Exp[ - ]e(s) (4.10)

where O(s) is the Heaviside step function. The wakefield will decay with the

20, ¢

soidal term in eq. 4.10, in practice, the envelope of these oscillations is calculated.

damping term Exp[ — o 5] Though the wakefield will oscillate with the sinu-

It gives the maximum excursion of the wakefield even though the beam might ex-
perience a wake lower than that of the envelope amplitude. The envelope of the

wakefield is calculated using the following equation [46].

W, (s) = 2‘ Z KMExp{i%(l ; 2lQn)}

0(s). (4.11)
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4.3 Methods of wakefield suppression

As discussed in this chapter, the charged particle beam induces wakefields in the
accelerating structure, the transverse component of the wakefields kicks the beam
from the desired path causing emittance dilution. When any given structure is
subjected to rf excitation, in principle, an infinite number of modes get excited.
The lowest mode in accelerating structures is the 7'My mode. All the modes
above this mode are referred to as HOMs and the transverse component of these
modes kicks the beam off axis. It is necessary to take energy out of these modes
by means of some damping mechanism. At the same time the fundamental mode
should not be perturbed. These modes can be grouped into a characteristic band
structure. Extensive simulations have indicated that the dominant kick factors in
X-band linacs operating at phase advance of 27/3, reside in the first band. Hence,
the focus is on suppressing the modes in the first band. There are several methods
which can be used to suppress the wakefields [47] and these are discussed in the

following sections.

4.3.1 Waveguide Damping

In the waveguide damping (WD) method, HOMs are coupled out of the main ac-
celerating structure by means of four waveguides' which are connected to each
main accelerating cell as shown in Fig. 2.3 and 4.1 [18], [19]. The dimensions
of the waveguides are decided by the cut-off frequency which is above the funda-
mental mode. The advantage of this method is that a lowest dipole Q of the order
of 10, or even less can be achieved [19]. This is the baseline design for the main
accelerating structures for CLIC (described in Chapter 2). In order to achieve this

heavy damping of the HOMs it is necessary to couple the damping waveguides

'Four waveguides to damp both the polarisations of the dipole wakefields.
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strongly to the accelerating structure. The strong coupling causes a large pertur-
bation in the cavity walls giving rise to high surface magnetic field (H-field). The
excessive dissipation of power in the cavity walls leads to an unacceptably large
pulse temperature rise’. In the baseline design of CLIC main linacs, the H-field
is optimised by modifying the cavity wall. Another difficulty in designing these
structures is the length of the damping waveguides. In order to keep the dielectric
damping material away from the vicinity of the accelerating beam?, it is necessary

to keep the length of the damping waveguides long enough.

Figure 4.1: WD cell

Pulsed temperature rise is discussed in detail in Chapter 6
3To minimise the breakdown probability
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4.3.2 Slotted Iris Constant Aperture Method

The drive beam accelerator (DBA) at CTF3 relies on a different technique for
damping the HOMs. The HOMs are damped in this case using the slotted iris
constant aperture structures (SICA) which is designed to operate at 3 GHz (S-
band) [18], [49]. The SICA cell geometry is presented in Fig. 4.2 [18]. In these
structures, as the name suggests, the aperture of the cells is constant. In addition
to four damping waveguides, four radial slots are provided to each iris to enhance
the dipole coupling. The tip of the iris is designed like a nose cone [18], [49]. The
length of the nose cone varies from cell to cell providing the detuning (spread)

of the HOMs. The advantage of this structure is, the lowest dipole Q of ~20 can

Figure 4.2: SICA cell

be achieved. Another advantage is, the short-range wakefield is less severe as the
aperture is large (aperture radius = 17 mm [18]) compared to the X-band tapered
structures. The disadvantage is, there is a relatively high surface E-field. The ratio
of E-field to accelerating gradient is ~ 3.4 [18] at the end of the radial slots, which

are not a problem at a low gradient operation (~6.5 MV/m loaded gradient for
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DBA operation [18]) however, are very severe at high gradients such as the CLIC

main linacs.

4.3.3 Choke Mode Damping

The choke mode cavity [50] is another promising approach to damp the HOMs. In
this method, a radial slot is provided to damp the HOMs, the other end of the slot
is terminated using a load. However, this slot will practically damp all the modes
excited in the cavity. In order to preserve the fundamental mode for an efficient
acceleration, a slot parallel to the beam axis is introduced at a quarter wavelength

from the cavity wall as shown in Fig. 4.3 [50]. As the radial slot is at a quarter

higher-order modes

outer

radial line choke structure

Junction

inner
radial line :

Figure 4.3: Choke mode cell

wavelength from the cavity wall, the fundamental mode is reflected by the choke,
1.e. it is trapped. Any HOM at an odd multiple of the accelerating mode will also
be trapped in the cavity. The advantages of this method are: it is easy to fabricate

especially for mass production, significant damping of the HOMs can be achieved.
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The disadvantage is, the trapped HOMs could be a problem if the geometry is not
changed to shift them away from the odd multiples of the accelerating mode. The
width of the radial slot (4,) is an important parameter; R’/Q can be optimised
by varying this gap [51]. Minimising &, will improve the R’/ Q, however, it may
increase the concentration of the surface fields in the vicinity where the slot cuts
into the cavity. However, due to a limited study, the performance of this structure

at high gradients is not clear yet [47].

4.3.4 Detuning And Moderate Damping

The dominant component of the wakefield is a sum over a limited number of
modes excited in the cavity with large kick factors. If we design a structure in
such a way that the dipole modes of each cell are different than each other then
the wakefield will not add coherently. The NLC studies have shown that the Gaus-
sian spread of the frequencies results in a rapid decay of the wakefield compared
to the linear spread [45]. This method was employed for the NLC design [35].
Further discussion on this method is the main objective of Chapter 7. Detuning
the structure will not be sufficient alone to damp the wakefields as a finite number
of modes eventually result in recoherence of the wake. This recoherence in the
wakefield is damped down by coupling it out through slots attached to four man-
ifolds. The manifold is a waveguide-like structure, running parallel to the main
beam along the cavity walls. It takes the energy from the HOMs and dissipates it
in loads which are located remotely as shown in Fig. 4.4 [35].

There are several potential advantages of this design: It results in a relatively
compact structure as there is no need of long waveguides, hence it is mechanically
easy to fabricate. Less perturbation of the fundamental mode as the coupling slots
are smaller compared to WD method. Remote location of the damping material

minimises the breakdown probability. For a given iris, pulsed temperature rise is
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Figure 4.4: NLC accelerating structure provided with detuning of dipole frequen-

cies damping through attached manifolds.

low compared to WD method. In addition to wakefield suppression, manifolds can
be utilised for beam position monitoring. It is important to note that the NLC DDS
structures were high power tested up to 65 - 70 MV/m (unloaded gradient) [15],
[35], [52] - [59]. Hence, the structure performance and the comprehensive knowl-
edge is readily available. The disadvantages are: In order to achieve sufficient
bandwidth necessary for a rapid decay in the wakefield over the first few trailing
bunches, a large spread in the dipole frequencies is required and is achieved by in-
creasing the iris radii (tapering). This depletes the rf-to-beam efficiency, although
it is a small effect. This increase in the iris radii will also increase the pulsed
temperature rise. In order to efficiently design the structure and analyse the dipole
modes excited, a circuit model and a spectral function method are utilised. This
circuit model was developed for this express purpose. The main elements of these

analyses are described in the next chapter.
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Chapter 5

Circuit model

An accelerator cavity may be represented as a series of LC circuits [60], [61]. In
this method, each LC circuit loop represents one accelerating cell [62] and the
interaction of the neighbouring cells is represented by the mutual inductance of
the LC loops. In linear colliders, each accelerating structure consist of several
cells; each cell has its own resonating frequency. The e.m. fields in each cell
leak through the iris to the neighbouring cells. This is known as coupling of the
cells and it causes a shift in the the resonating frequencies of the coupled modes
compared to single cells (uncoupled modes). It is important to calculate the cou-
pled mode frequencies accurately. The circuit model method is a very powerful,
accurate and time efficient method when it is required to calculate the coupled
frequencies of an N-cell structure (where N is the number of accelerating cells)
which otherwise takes a significant computational time using commercially avail-
able computer codes based on finite element and finite difference algorithms. In
general, by adding a resistor to each loop, realistic losses can be introduced. With-
out this tool, accelerator designing will be significantly more time consuming. In

this chapter, several circuit models are discussed.
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5.1 Single Chain Model For Accelerating Mode

Accelerator cavities operate in a TM mode. The coupling of neighbouring cells
is magnetic in nature. In single chain circuit model these accelerating cells are
represented by a chain of LC circuits connected in series. The neighbouring cell
interaction in this case is represented by mutual inductance of the LC loops as

shown in the Fig 5.1.

| | | |
I | |
Cm-l Cm Cmfl

Figure 5.1: Single band circuit model

The calculation of the circuit model begins with Kirchhoff’s law, the voltage
in the m™ loop is given by

(2ijm - L)im T i M+ iy M, =0 G.1)

wCy,
where M + is the mutual inductance between the m™ and m=1" loop respectively.
By dividing the above eq. 5.1 by 2 jwL,, it can be seen that

im—lM— + im+1M+ _

(1 " 2wL,C,, )”" * oty T 20L, 6.2
Defining a resonating frequency, w,,,
Wy = ; (5.3)
V2L,C,,
and substituting €q.5.3 in to eq. 5.2 we obtain
(1 - 6:)—22)1”1 ¥ i”z“;Z‘ + i;zljj =0, (5.4)
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The current in the loops can be normalised in terms of a variable a,, as follows

. am

l

m o, ,—Lm
am ch

= (5.5)
Wy
this gives,
AN wt M . M
( _ (,()_nz,l) a " a 1 + a +1 + — 0 (5.6)
W= Wy VLm Wp-1 VLm—l 2(1)Lm W1 VLm+1 ZwLm
multiplying eq. 5.6 by VL,,/w,, it can be simplified as
1 1 m— M— m M
(_2__2)am+ R Tl Tr-0 (5)
Wy w WinWp-1 LmLm—l 2 WinWm+1 VLmLm+1 2
1 1 Kn —% Km+%
(w—%l - E)am + Tam_l + Tam+1 =0 (58)
where the coupling between the neighbouring cells (loops) « is defined as
M
Kul = = . (5.9)
o W W1 VLmLmj:l
The coupling coefficient can also be expressed as
NMntl = Kps L Op@Winz - (5.10)

For k.1 = k, in a periodic structure the current will advance by a factor of ¢ per
mx p M p

cell and we can write
a, = ape’™’ (5.11)

substituting eq.5.11 in to eq. 5.8

1 1 . . ) .
— — — Jage’™ + X(e + ¢ age’™ =0 (5.12)
w?  w? 2
1 1
(w—z—E)+Kcos¢:0 (5.13)
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or in terms of 7 it can be simplified as

wZ
(1 - E) +1cos = 0. (5.14)
For ¢ = 90°, w,, = w, = wy» 1s the resonating frequency, hence, the frequency of

the cell or mode can be expressed in terms of w, and 1 as

W,

w= — (5.15)

V1 +ncos¢
Now, by substituting for ¢ =0°, 90° and 180° in eq. 5.15, w,;» and n can be

expressed in terms of wy and w, as

2wiw?
Wry2 = P (5.16a)
0 n
w: - W
n=—=—. (5.16b)
0 n

Hence, using eq. 5.16 w,/» and 17 can be calculated in terms of wy and w,. These
parameters can be calculated using computational tools such as HFSS. This al-
lows dispersion curves to be obtained with the aid of eq. 5.15. In Fig. 5.2 single
cell simulation results (obtained using HFSS) are compared to the circuit model
prediction. When the cell is excited with rf power, a number of modes get excited.
However, the beam will strongly excite only those modes whose phase velocity is
in synchronous with the speed of light, these modes are defined as synchronous
modes. In accelerating cells, the lowest synchronous mode is the accelerating
mode. A dashed line indicating the speed of light is plotted along with the dis-
persion curves in Fig. 5.2. The intersection of the light line with dispersion curve
gives the synchronous mode which will be seen by the beam. The frequency cor-
responding to the light line is defined as [29]

_ 9

f_27TL

(5.17)
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Figure 5.2: Single cell dispersion curves: Curves are predicted by circuit model

and dots are simulation results. Light line is shown dashed.

where ¢ is the phase advance per cell, c is the speed of light and L is the cell
length or period. In case of accelerating cells with a small iris, the prediction of
the circuit model is exceptionally good. However, as the iris radius of the cell
increases, there is more interaction with the neighbouring cells. In this case, the
maximum difference in the prediction compared to the simulation results is no
more than 5.0 MHz. However, this can be improved by using additional coupling
terms [63] from next neighbouring cells in eq. 5.15. Further explanation on circuit

model is available in [45], [62]-[66].

5.2 Double Chain Model

For an N-cell structure cell-to-cell coupling leads to frequency shifts which neces-
sitates to incorporate for these shifts in the calculations of the eigen frequencies

and wakefield. The fundamental mode in accelerating structures is TM in nature.
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Figure 5.3: Double band circuit model

The single chain circuit model is sufficient for predicting the mode frequencies in
this case. Out of the other multipoles, such as dipole and quadrupole, the dipole
modes can severely kick the beam from the desired path for realistic off-sets of
the order of a few um. The quadrupole kicks are not as severe for these realis-
tic offsets. For this reason, it is necessary to account for the shifts in the dipole
frequencies accurately. When we consider the dipole HOMs excited in cavities,
the single chain of circuit model prediction is not sufficiently accurate [45]. This
is due to the fact that the dipole HOMs!' are neither TE nor TM but hybrid. One
has to consider the interaction between the TE-TE, TM-TM and TE-TM modes

explicitly to get a reasonable prediction. Hence, a double chain of circuit model

'In particular, the lowest dipole mode has significantly large kick factors compared to other

modes; hence is the subject of this discussion.
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was introduced [45].

The detuned structure is modelled by using a double chain of circuits as shown
in Fig. 5.3. It models lower two dipole bands, where each loop m of the chain
represents cell m of the cavity, w,, and @,, are the TE and TM mode resonant
frequencies respectively of the m™ cell.

The network equations involved in describing double chain circuit model are
briefly summarised in Appendix C. In this case, the characteristic dispersion re-
lation for a single cell subjected to an infinite periodic condition is obtained by

solving the determinant (Det(H — 1) = 0) of eq. C.8 [65].

1+ 1\/1-7 1 7]
(M _ _)(’Z—COW _ _) M Gin?g = 0. (5.18)
w?, w? o2 w? W22

The resultant dispersion curves of the first two dipole bands along with simula-

23"
220

21| Second dipole band

20

19 \

18 First dipole band \

17 /

0 30 60 9 120 150
#(Deg.)

w/2n(GH2)

/

180
Figure 5.4: Single cell dipole dispersion curves. Curves are predicted by circuit

model and dots are simulation results. Light line is shown dashed

tion results are illustrated in Fig. 5.4. It can be observed that the prediction and

simulation results are in good agreement.
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5.3 Double Chain Model With Manifold Geometry

The coupled mode frequencies of the dipole modes are calculated using the double

band circuit model. However, this model is not sufficient to predict the coupled

mode frequencies of a DDS cell?. In order to incorporate a manifold geometry

running parallel to the accelerating beam?, a transmission line is capacitively cou-

pled to the double band circuit model [35]. Fig. 5.5 represents a double band

circuit model with manifold geometry. Here, each component of the cell is mag-

v

m-=+1

Manifold

™

Figure 5.5: Double band circuit model with manifold geometry

2A DDS cell geometry is introduced in Chapter 4.

3on the walls of the cavity



netically coupled to the either neighbours. The interaction between TE modes is
represented by M, TM interaction is represented by M and the cross coupling be-
tween the TE-TM is represented by M,. The manifold geometry is represented by
a transmission line. The manifolds are designed to propagate T E;, modes®*, hence
the coupling of the manifold to the accelerating cell is capacitive. This coupling
is represented by the coupling of the manifold capacitance to the capacitance of
the TE mode of the cell. Details of manifold implemented circuit model along
with various parameters necessary to obtain the degree of manifold coupling are
presented in Appendix C. Previous studies have indicated that the prediction of
the wakefield in the X-band DDS, using manifold implemented circuit model is in
very good agreement with the measured wakefield [35]. This method is applied to
calculate the eigenmodes in CLIC structures. Prior to understanding these calcu-
lations the parameters of the model must be determined and the procedure to do
this is outlined here.

Using definitions from eq. C.24 in eq. C.23 we get the dispersion relation for

an infinitely long periodic structure and is given by [35]

1+ 17 .

{( 277 Cosz¢ )( - 277 c082¢) - o sin ¢}(COS ¢ cosy)
Wi - w gy — w oo

sin lﬁon

On

= r27r7p[(1 — fcos p)y — W] (5.19)

where 77, = m is a cross-coupling coefficient of the TE-TM modes. We obtain
eigen mode frequencies for the lowest three HOMs® for a given phase advance
per cell for a manifold implemented accelerating cell of infinite periodicity. We
choose eight particular phase frequency pairs from the simulations and then solve

the above eight non-linearly coupled eq. 5.19 so as to get the best possible fit for

“which is decided by investigating the fields in the manifold mode of a single cell simulation

using HFSS code
Slowest two dipole modes and the manifold mode
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the three HOM curves. The parameters wy, &y, 1, 1, nx, Fn, @ and I' are accu-
rately determined once the three curves pass through the eight phase frequency
pairs.

Fig. 5.6 illustrates the dispersion curves of a typical manifold implemented
CLIC periodic cell. The solid curves are the circuit model prediction, dashed
curves are the uncoupled mode frequencies, and dashed line is the light line. The
red dots are the simulation results we have used to predict the curves and the black
dots are the indicators of how good the prediction is for the intermediate phases.
The region at ~71° is the avoided crossing region, where due to the manifold cou-
pling, curves avoid crossing. If there is no coupling (i.e. I' = 0) then the curves
cross each other at this point as shown by the dashed curves. In case of strong
coupling, the spacing between the lowest two curves in the vicinity of avoided
crossing region is large. In the lowest curve in Fig. 5.6 (red curve), the modes
from 0° to ~70° phase advance are dominantly manifold-like modes. At avoided
crossing they are coupled out to the manifold and then the latter of the same curve
is dominantly (lowest) dipole mode. On the other hand, the magenta curve is
dominantly (lowest) dipole mode from 0° to ~70° phase advance and onward it
is manifold-like mode. The region of avoided crossing depends on the cell geome-
try, i.e. iris radius, manifold radius, manifold penetration and coupling slot width.
The optimisation of the manifold and cell parameters is discussed in Chapter 6.
By fitting eq. 5.19 to the dispersion curves (Fig. 5.6) we obtain circuit param-
eters necessary to calculate the wakefunction, these calculations are discussed in

Appendix C.
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Figure 5.6: Dispersion curves for infinitely periodic manifold implemented single
cell. The curves are predicted by a circuit model and dots are the results of the
simulations performed with HFSS. The light line is shown dashed. Red dots are
used to fit the curves. The dashed curves represent the uncoupled manifold and

cell modes.

5.4 Methods Of Wake Function Calculation For A

Damped And Detuned Structure

5.4.1 Modal Analysis Method

Provided the synchronous frequencies and kick factors [45] for all N cells® in a
structure have been calculated, then the uncoupled transverse wakefield can be
calculated using eq. 4.11. It is referred to as uncoupled model because cell-to-cell

coupling is not taken into account. The prediction of this wakefield is good for a

In practise, we calculate wyy, and Ky, for 7 cells out of 24 and then use cubic spline interpo-

lation to obtain the intermediate ones.
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very short time scales up to a few nanoseconds (for the first few trailing bunches
in the CLIC design). However, beyond this, it is necessary to take the cell-to-cell
coupling into account.

For an accurate calculation of the transverse wakefield, the coupled mode fre-
quencies and coupled kick factors are calculated using the double band circuit
model coupled to the attached manifolds using C.23 and C.18 respectively. The
dipole Qs for mode frequencies (w/2rn) are calculated from the real and imaginary
part of the mode frequencies Q = Re{w}/2Im{w}. The minimum separation of
the lowest two curves in the avoided crossing region (Fig. 5.6) accounts for the
dipole Q. In this method, as we have discussed, the dipole Q and wakefield are
calculated from the eigen modes. For CLIC_DDS, we retain 24 cells per struc-
ture’, hence, we need to solve a matrix of 48 x 48 elements to obtain the eigen
modes. However, in order to get adequate suppression of the wake, as demanded
by the beam dynamics constraints, we interleave® eight 24 cell structures (effec-
tively representing 192 cells). Each structure has slightly different frequencies. In
this case we need to solve a 384 x 384 matrix to obtain the eigen modes and cor-
responding kick factors. If the modes are strongly coupled to the manifolds then it
results in a considerable shift in the mode frequencies. In this case, the wakefield
prediction using this method is not as accurate. Due to this reason, a different
method is used for the wake function calculation. This method also incorporates

for the dipole Qs and is discussed in the next section.

5.4.2 Spectral Function Method

The modal sum method enables the wake-function to be calculated by summing

over the damped modes. On the other hand, a more accurate method which in-

7 As specifield in the present CLIC_G baseline design.
8To be discussed in Chapter 7
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cludes the regime of large frequency shifts and strong coupling of the manifold
modes, known as Spectral function method is necessary for the NLC and CLIC
structures [35], [69] - [72]. In this method, the impedance of the cavity is calcu-
lated and the wakefield is obtained by taking the Fourier transform. The essential
parameters of the general method applied to an N-cell structure are discussed in

Appendix C. The Spectral function is defined as [35]
S(w) =4Im{Z(w + je)} (5.20)

where Z is the impedance of the structure and is defined in eq. C.31. The spectral
function (eq. 5.20) of the 24 cell CLIC_DDS (1 GHz dipole bandwidth) structure

is illustrated in Fig. 5.7 [73]. This structure has end cells that are closely matched
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Figure 5.7: Spectral function for a 24 cell structure, black curve shows the de-

signed uncoupled kick factor weighted density function.

to the CLIC_G baseline design. The intermediate cells have been varied in order

to achieve a Gaussian fall-off of the initial suppression in the wakefield. As there
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are 24 cells, we expect to see the same number of resonating modes i.e. peaks
in Fig. 5.7. However, some of the peaks merge and hence we do not see all the
modes in the spectrum. The width of the peaks indicates the quality factor of the
modes. In other words, it indicates how much the mode is damped due to the
manifold coupling. Using Lorentzian fits [74] to the spectral function, the dipole

Qs of the modes are calculated and the result is illustrated in Fig. 5.8 [73]. In this
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Figure 5.8: Lowest dipole Q of the 24 cell structure.

case, the average Q is ~500. However, there is a significant deviation in the Qs
from 1000 to 100. The wake function eq. C.35 is calculated by taking the inverse
Fourier transform of the spectral function and is shown in Fig. 5.9 [73]. This
wake-function is not acceptable from a beam dynamics perspective’ and means of

damping it will be discussed in Chapter 7.

9Beam dynamics perspective is discussed in Chapter 6.
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Figure 5.9: Envelope of wake field for a 24 cell structure. To provide an adequate

damping in CLIC, the wake-function must be within the dashed line.
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Chapter 6

Structure Design : Fundamental

Mode Calculations And Strategy

The focus of this work is on high gradient linear accelerators. Various design
issues for these accelerators will be discussed in this chapter. In designing high
gradient and high frequency accelerating structures, it is important to minimise the
surface fields on the cavity walls because, excessive surface fields degrade struc-
ture performance and life time. The accelerating structure should be optimised for
input power, surface fields, and rf-to-beam efficiency. This chapter includes dis-
cussions on simulations and calculations of the rf parameters using computational
tools along with various design constraints.

An accelerator structure or cavity consists of N cells, where these cells are ei-
ther identical or have slightly different parameters however, the length of each cell
is usually constant! as the phase advance per cell is generally invariant for a given
section of accelerators. The phase advance is designed according to 2nL/1 = ¢,

and for a given accelerating frequency (= c¢/1), this prescribes the length L of each

This is true for a relativistic beam i.e. v ~ ¢. However, in case of v < ¢ the cell length varies

along the structure.
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cell.

The main parameters of each cell are the iris radius a, iris thickness ¢ and
cavity radius b. The design of the structure begins with a single cell simulation
using commercially available codes such as HFSS [30], CST Microwave Studio
[31], GdfidL [32], etc. These codes solve Maxwell’s equations inside the struc-
ture numerically to obtain the eigen modes which constitute the e.m. fields and
the frequency of the structure. Driven mode calculations are also used to ensure
the structure is properly matched to the attached couplers. Once the single cell di-
mensions have been optimised, then the entire structure is suitably parameterised.
In the next section two important rf parameters, namely the group velocity and

shunt impedance which characterise the cells in each structure are described.

6.1 Monopole Mode Simulations

The accelerating mode interacts with the beam at the synchronous phase. Each
cell in the multi-cell CLIC cavities corresponds to that in a periodic structure. The
cell is designed by applying the Floquet [29] periodicity condition. The eigen-
mode module of HFSS is used and a 10° slice? with magnetic boundary conditions
is imposed to ensure only monopole and quadrupole modes are excited in the
simulation. This thin slice enables a rapid and accurate characterisation of the
cells in the structure. The monopole field in a full cell is represented in Fig. 6.1.
The accelerating field for a structure with a 27r/3 phase advance is illustrated in

Fig. 6.2 and Fig. 6.3.

Zutilising the symmetry of the monopole fields to minimise the computational time
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Figure 6.1: Monopole mode E-field along the cross-section in a (complete 360°)

cell.

Figure 6.2: Monopole mode E-field along the length in a structure consisting of
three identical cells (10° slice), indicating a phase advance of 27/3 per cell and

~ 60% of field enhancement in the iris region with respect to the axial field.
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Figure 6.3: Components of accelerating field for the structure indicated in Fig.6.2.

The black dashed lines indicate periodicity of the cells.

Dispersion curves of these cells are determined from these simulations and
are discussed in Chapter 5. The derivative of the dispersion curves are related to
the group velocity and this is an important quantity to keep within the prescribed
limit. The group velocity and shunt impedance are described in the following

sub-sections.

6.1.1 Group Velocity

The group velocity of the e.m. fields is an important quantity as it should be
kept within certain limits to prevent electrical breakdown. It is a strong function
of the iris radius a and iris thickness ¢, which affects the cell-to-cell coupling.
The inverse of the group velocity is related to filling time, which defines the time
required to fill the accelerating structure with rf fields. The group velocity can be

obtained in terms of the cell frequencies [64] using the standard definition of the
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Figure 6.4: Monopole mode group velocity versus phase advance.

group velocity

dw
Ve = T (6.1)
where w = 27 f and kL = ¢:
E — ¢accd;f (6_2)
c ‘f‘a()C d¢

here ¢,.. and f,.. are the phase and frequency of the accelerating mode respec-
tively. The circuit model described by eq. 5.15 allows eq. 6.2 to be written as:

Ve _ Hfr USiﬂ¢
¢ 3fucell +ncos ¢

(6.3)

Here, the present CLIC phase advance per cell has been applied ¢,.. = 27/3. The
group velocity for a typical cell, with an iris radius of 3 mm (corresponding to a

bandwidth of 1.55%) is illustrated in Fig. 6.4.

612 R'/O

Once the geometry has been designed using this process, the quality factor and

shunt impedance can be calculated. The quality factor is calculated using the
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finite element code HFSS, with a finite conductivity boundary condition applied
to the surface of the cavity. In order to calculate the R’/Q (the ratio of shunt
impedance per unit length to quality factor) of the fundamental mode, we extract
the on-axis fields using the postprocessor of the simulation tools. The R'/Q is
calculated using the following relation

VP2

K10 =0T

(6.4)

where the peak potential V = fOL E.e “°dz, w = 2nf,. and U is the electromag-

netic energy stored in the fundamental mode®. The rf properties of a monopole
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Figure 6.5: RF parameters of monopole mode as a function of beam offset.

mode, namely the loss factor, R’/Q and R’ are illustrated in Fig. 6.5 as a function
of offset for an accelerating cell with iris radius and thickness of 4.0 mm. Each of
the cells is characterised in this manner. The overall accelerating electric field and
power flow are determined from these single cell simulations and are discussed in

the next section.

3The rms potential is Vs = V/ V2
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6.2 RF Properties Of A Structure: Fundamental Mode

Here fundamental energy conservation conditions are applied in order to derive
power flow relations within the accelerating structures. These evaluations are then
applied to constant gradient CLIC structures. When a structure is excited with rf
power, some part of the power (P) is utilised to accelerate the beam (i.e. beam
loading) and some fraction dissipates in the cavity walls due to Ohmic losses. The

power dissipated in the structure can be given as [78]

dP w P
>z __ZZ 6.5
dz Qv, 6.5)

where 7 is the distance along the structure length. The power loss due to the beam
loading depends on the local field, which is calculated in terms of the loss factor
per unit length (k) and beam current (/). The field produced by an element of

charge dg may be defined as [78]
dE = -2k'dq. (6.6)

Using eq. 3.11, it can be expressed in terms of shunt impedance per unit length
(R’) and Q as

dE = —2(%%)@ 6.7)

The relation between power flow along the structure and axial electric field is

given by eq. 3.20

EZ
gw_%-
Though all the rf parameters vary along the structure (due to slow tapering), for

P=v (6.8)

instance, assume only power and field vary along the structure, and differentiate

eq. 6.8

2
dP = v,——EdE (6.9)
“ao
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substituting for dE from eq. 6.7 and E from eq. 6.8 in the above eq. 6.9 it can be

dpr | R
E = — (A)VgEI \/F (610)

Eq. 6.10 gives the rate of change of power flow in the structure. Now changing

simplified to

the time variable to a space variable using

dP dP 1
- - - 6.11
dz  dtv, (©.11)
the power flow per unit length along the structure can be expressed as
dpP P R’
@ er 23 VP 6.12)

dz Qv v, O

where the first term on the right hand side of eq. 6.12 indicates the power dissi-
pated on the cavity walls due to Ohmic losses and the second, beam loading. In
deriving eq. 6.12 only power and field are assumed to vary along the structure.
However, in tapered structures Q, v,, R’ vary as well. Hence to calculate the exact
power flow in the structure, these parameters should also be considered as vari-
ables. In [78] detailed calculations of the power flow for variable rf parameters are
reported both numerically and analytically. An analytical solution of eq. 6.12 for
P(z) in terms of Q(z), v4(z) and R’(z) will be mathematically complex. In general,
eq. 6.12 can be solved numerically to incorporate the effect of the tapering on the
rf parameters. The input power (P;,) required to set up the desired accelerating
gradient in the structure is calculated using single cell rf parameters. The single
cell parameters are obtained using HFSS simulations. A typical set of tapered
group velocity, Q and R’/Q for a CLIC_DDS test structure” is illustrated in Fig.
6.6 [79], [80]. The calculations involving beam loaded and unloaded rf properties

in this structure are discussed in the following sub-sections.

4CLIC_DDS test structure is discussed in detail in Chapter 11.
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Figure 6.6: Variation of the group velocity, Q and R’/Q along the structure length

6.2.1 Loaded And Unloaded Accelerating Fields

In order to calculate P;, to set-up the desired accelerating gradient, it is necessary
to know the beam current ( i.e. bunch population and bunch spacing). The bunches
are populated by considering the limitations imposed by short-range wakefield.
The bunch spacing is decided by considering the amplitude of long-range wake-
field at the location of each bunch. Means to achieve the necessary long-range
wakefield damping are discussed in Chapter 4. Once the beam current is known,
then the input power P;, is calculated using Runge-Kutta method [81], [82] fol-
lowed by a calculation of the accelerating gradient. After calculating the accel-
erating field in the structure, the surface fields are calculated. In CLIC_DDS test
structure, the objective is to calculate P;, which is sufficient to maintain an aver-

age 100 MV/m loaded accelerating gradient for a bunch population of 4.2 x 10°
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particles in a train of 312 bunches, which are spaced by 0.67 ns (8 rf cycles)’.
To calculate the power along the structure numerically, the power per unit length,

fn(z) can be defined as:

_dPy o Py o (R
v = " Ovver VgN( Q)N Py (6.13)

The entire structure length is divided in 9 intervals such that each step is 4 = NL/9,
P;, fed in the structure is P;, = P,. The power at every interval is calculated using

a second order Runge-Kutta method.
h
Pyii = Py + hfya|Py + EfNH(PN) : (6.14)

In this way for N = 1 to 9 the power at an interval of 4 is obtained. Eq. 6.8
allows the accelerating field to be calculated for the power within that interval.
Integrating the field from z = 0 to z = NL gives the average accelerating gradient.
By varying P;,, an accelerating gradient of 100 MV/m is obtained. In this way
the loaded power and accelerating gradient are calculated. The unloaded power
is then obtained by letting the beam current / = 0 in eq. 6.13 and the unloaded
accelerating gradient is calculated subsequently (using eq. 6.8). The power flow
for both the loaded and unloaded conditions in the test structure are illustrated in

Fig. 6.7 and the corresponding accelerating field in Fig. 6.8.

SBunch population and bunch spacing are discussed in Chapter 9 and 10 respectively.
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Figure 6.8: Accelerating electric field in CLIC_DDS test structure
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6.2.2 Surface Electromagnetic Fields

It is important to minimise the surface electric and magnetic fields, in order to
reduce the potential for electrical breakdown and to minimise the surface pulse
temperature rise. Both must be kept to within experimentally determined limits.
The normalised (with respect to the accelerating electric field) surface E-field in
the test structure is evaluated using simulation tools and is illustrated in Fig. 6.9.
The actual surface E-field both in loaded and unloaded conditions is displayed in

Fig. 6.10. In general, a structure whose iris tapers down, experiences a large

22" ]

N
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I
L
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0.00 0.05 0.10 0.15 0.20
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Figure 6.9: Variation of the normalised electric field along the structure length.

surface E-field towards the smaller iris end. However, changing the ellipticity of
the iris, allows the surface E-field in the iris region to be reduced. This method is
used to reduce the surface E-field in the CLIC_DDS test structure. This accounts
for the distribution in Fig. 6.9 and Fig. 6.10. Also, within a given cell, the

maximum of the surface E-field occurs in the iris region. It is very important to
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Figure 6.10: Surface electric field in CLIC_DDS test structure

design a structure with minimum surface E-field as excessive field may lead to
electron emission in the structure.

Unlike the E-field, the normalised surface H-field reduces down the structure.
This is due to the fact that the maximum of the surface H-field within a cell occurs
in the vicinity of the cavity walls (H oc J;(kr) [28] where J; is a first order Bessel
function). Hence, in a given structure it reaches a maximum value towards the
lower energy energy end of the structure i.e. the largest iris®. The maximum of
the normalised surface H-field in CLIC_DDS test structure is illustrated in Fig.
6.11. The corresponding variation of the maximum of surface H-field in loaded

and unloaded conditions in the test structure is presented in Fig. 6.12.

®In detuned structures the iris and cavity radii tapers down along the structure length hence the

first cell in the structure has the largest iris and cavity radii.
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Figure 6.12: Surface magnetic field in CLIC_DDS test structure
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As the H-field causes a current flux in the cavity walls which is dissipated
due to ohmic losses, it leads to temperature rise in this region. The CLIC linacs
are designed to operate for short pulses (~250 ns). Every time the structure is
excited with high power, the H-field dissipates in the cavity walls and increases
the temperature of the cavity for this short period of time. This momentary rise
in the cavity temperature is known as pulsed surface temperature rise and may be

calculated as [83], [84]

ATCK) = |Ho 20 (g
2r cApCy ™

-12 ¢ max\2
39x10 Jace 15 (Hg,,") (6.15)

sur

where uy = 47 x 1077 (H/m) is the permeability of free space, w = 27 f,.. (GHz)
accelerating frequency, o = 6 x 107(Q) electric conductivity of pure copper, A =
401 (W m~'K™") heat conductivity, p = 8.96 x 10* (kg/m?) mass density, Cy =
385 (J kg~! K™!) specific heat, #;, corrected pulse length (ns). The pulse length for

a rectangular shape is given by

t,=Tp+ 1t +1tf (6.16)
T, =Ny X1 (6.17)
L
t = (6.18)
<vg>

where ¢, is the rise time and #; is the filling time of the pulse, #, is the inter bunch
spacing and N, is the total number of bunches in a train, L is the total structure
length and <v,> is the average group velocity of the individual cells in the struc-
ture. A small correction was introduced in the pulse length to account for the finite

rise time and filling time [20].

. (1-py) Px
to = 1= [ty + 1,01 = 2] (6.19)
Pe = Pl P (6:20)
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Figure 6.13: RF pulse profile

The profile of the corrected pulse length [20] for the CLIC_DDS test structure is
displayed in Fig. 6.13. The pulsed temperature rise in the CLIC_DDS test struc-
ture is presented in Fig. 6.14. The pulsed temperature rise is an important criterion
in high gradient linacs as it varies as the square of the product of the surface H-
field and gradient. For CLIC, the maximum unloaded accelerating gradient is of
the order of 130 MV/m [18], [19], [79]. Hence, it is essential to design the cavities
with minimum surface H-field. The momentary rise in the cavity temperature may
not be high but it rises abruptly with the arrival of the pulse then falls back’ and it
repeats for every pulse. This continuous change in the cavity temperature affects

the structure life time.

"In practise, this corresponds to a temperature interval of 0° to ~ 60°.
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Figure 6.14: Pulsed temperature rise in CLIC_DDS test structure.

6.2.3 Modified Poynting Vector

When structures operate at high frequency and high gradient, it is observed that the
rf breakdowns in these structures are severe. The rf breakdown is a complex phe-
nomenon and has not clearly been understood due to the fact that several factors
such as high surface E-fields, high surface H-fields (leading to pulsed temperature
rise) and high accelerating gradient can cause breakdown. However, the other
factors, that may cause breakdown are: surface impurity, multipacting of the iris,
structure materials such as copper (Cu) and molybdenum (Mo). It indicates that
several factors play a role. In [85] a new local field quantity termed as modified
Poynting vector (S ) is defined. This factor represents the complex power flowing

out of the structure. It gives the limit of the high gradient structure performance
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in presence of rf breakdowns, S is defined as [85]
S.=Re{S}+ g.Im{S} (6.21)

where S = E X H is the Poynting vector and g. is the geometrical factor. In
practice, for CLIC accelerating cells, this factor can be approximated to 1/6 [85].
The normalised S . (with respect to the accelerating field square) for single cells of
the CLIC_DDS test structure is illustrated in Fig. 6.15. The variation of S, along

the structure in the beam loaded and unloaded conditions is displayed in Fig. 6.16.
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Figure 6.15: Variation of modified Poynting vector along the structure length
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Figure 6.16: Modified Poynting vector in DDS test structure

6.2.4 RF To Beam Efficiency And Overall Figure Of Merit

The rf to beam efficiency is also an important figure of merit, as it defines how
efficiently the pulse energy is transferred into beam energy. The pulse energy is

calculated in terms of the pulse power and pulse width as

Epuise = Pin t;- (6.22)

The beam energy is calculated in terms of the beam current /,, beam voltage V),

and pulse width T}, as

Eveam = LV Ty

= g <E, .>LNpt,

I
= npq Ny <E,..> L. (623)
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where Q = n, ¢q is the total charge per bunch, n, is the number of particles per
bunch and the electronic charge ¢ = 1.6 x 107°C. The rf-to-beam efficiency is

then calculated from eq. 6.22 and eq. 6.23 as

Ebeam
Nrf-beam = . (624)
! Epulse

In the optimisation procedure it is important to define a figure of merit for the
structure which will include all the rf properties of the structure. Several structures
can then be compared just by comparing this single property i.e. the overall figure
of merit. In optimising the CLIC structure, the overall figure of merit is defined
[20] in terms of its rf-to-beam efficiency (7, r—peqn), NUmMber of particles per bunch

and luminosity per bunch crossing (L) and is as follows:

_ Ny f—beam ~£b><

7 (6.25)

np

The calculation of L, and n, is explained in Appendix D.

6.3 Overall Design Constraints

In order to achieve high gradients for a feasible overall linac length to achieve 3
TeV centre of mass collision energy, a reasonably high input power is required.
If the accelerating frequency is high then the structure dimensions are small and
it takes relatively less input power to achieve the desired accelerating gradient.
High frequency linear accelerators must be carefully designed to ensure that the
high e.m. fields do not produce excessive wakefields or cause the structure to
breakdown [18], [19]. For CLIC main linacs, the rf breakdown constraints are
based on X-band experimental data, mainly coming from NLC/GLC X-band pro-
gramme [18],[19] and CTF experiments. These constraints are based upon the

semi empirical formulae and are as follows
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1) Surface electric field:

E} <260MV/m (6.26a)
2) Pulsed surface heating:
AT™ < 56K (6.26b)
3) Power:
Py '3 /C;y < 18 MW ns' /mm (6.26¢)

where P;, is the input power, C;, is the circumference of the first regular iris and
t is the time for which P;,/P* > 0.9 ® [20].

On the other hand the wakefields excited by the beam are divided into the short
range and long range wakefields. The short-range wakefield is constrained accord-
ing to the number of particles per bunch and the aperture size. Structures need to
be designed in such a way that the transverse long-range wakefields, which kick
the beam off axis should decay adequately before the arrival of the next trailing
bunch. The allowable limit on the transverse long-range wakefield can be given
as [18]

6.67 X 4 X 10°<E .
Wy < =Zace? N7 nC/mm)/m. (6.27a)
np

For CLIC_DDS we take n, = 4.2 x 10° and thus the maximum allowable trans-
verse long-range wakefield is Wy < 6.3 V/pC/mm/m. Now, if the long-range
wakefield is plotted against the time scale, then the time at which it is below 6.3
V/pC/mm/m is the minimum possible inter-bunch spacing. If a structure is de-
signed in such a way that the wakefield decay is rapid (for a given Q), it will allow
a compact inter-bunch spacing which will improve the overall efficiency of the

collider.

S0 ~ Tp + £ [84]
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Chapter 7

Structure Design : Wakefield

Optimisation

In this chapter, simulations, calculations and optimisation of the wakefield from
the first dipole band! are discussed. This is the dominant band for X-band travel-

ling wave structures operating with a 27r/3 phase advance per cell [46].

7.1 Single Cell Dipole Mode

The dipole E-field in a typical X-band single periodic accelerating cell is presented
in Fig. 7.1. By taking advantage of the symmetry in the field pattern of this mode,
simulations can be performed with only one quarter of the cell. This improves the
efficiency of the calculations in terms of the required simulation time. In this case,
boundary conditions are defined on the symmetry planes as E-symmetry and H-
symmetry, to minimise the other multipoles excited. However, sextupole modes

also satisfy this boundary condition and can get excited. Visual inspection of the

"' A band can be defined as a series of modes of same or different multipoles of a single cell at

different phase advance per cell, typically a dispersion curve is defined as a band.
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Figure 7.1: Dipole E-field in an accelerating cell

fields readily allows dipole and sextupole modes to be distinguished. We take only
dipole frequencies into account for further calculations. In case of the accelerat-
ing mode, the cell is designed for a specific phase advance (of the fields) per cell
(¢ = 2r/3 in this case). The synchronous mode is excited at this particular phase.
However, in a dipole mode the synchronous phase is not known. It is necessary to
do simulations for various phase advance from ¢ = 0 to 7 and plot the dispersion
curve of frequency against phase. The phase at which the light line [29] intersects
the dispersion curve is the synchronous phase. Then the synchronous frequency is
obtained by performing a simulation at the synchronous phase. The dipole disper-
sion curves for detuned structure (DS or undamped) and DDS single periodic cell
are represented in Fig. 5.4 and Fig. 5.6 respectively. A similar procedure is re-
peated to obtain synchronous frequencies of several other cells, typically seven to

nine single cell synchronous frequencies are obtained by simulations and the rest
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are interpolated. Now, using the postprocessor simulation tools, the kicks factors
are obtained for these cells.

The maximum of the wakefield (at a position z = 0 i.e. immediately after
the leading bunch) is equal to twice the average kick factor (eq. 4.11) and hence
it is important to calculate the kick factors accurately. A description of the kick
factor calculation is presented in Chapter 3. The loss factor of the dipole mode
in an X-band single periodic cell for several offsets is illustrated in Fig. 7.2(a).

The corresponding kick factor in this cell is displayed in Fig. 7.2(b). Once the
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Figure 7.2: Fiducial cell dipole mode properties

single cell synchronous frequencies and kick factors are known for all cells in the
structure, then the uncoupled mode wakefield is calculated using eq. 4.11. The
coupled mode wakefield relies on the circuit model, details of which are discussed
in Chapter 5. The wakefield in the structure must satisfy the beam dynamics
criteria described in Chapter 6. Optimisation of the wakefield involves several

steps and is discussed in the following sections.
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7.2 Distribution Function Of Cell Parameters

Maintaining a constant iris radius, in an accelerating structure consisting of N
cells, will generate HOMs at the same frequency in each cell. In this case the
transverse wakefield which is the modal sum of these modes will add coherently
and the overall kick experienced by the beam will be maximised. In high fre-
quency accelerators (X-band), often it is preferred to taper the iris radius of the
cells along the structure. The first advantage is, it provides a constant accelerating
gradient along the path [36] as described in chapter 3. The second advantage is,
the HOMs are generated with a slight shift in their frequencies [15], [35], [45]. In
the following sub-sections the wakefield decay in a non-tapered, linearly tapered
and error function (erf) tapered structure is discussed. The erf tapering results in a
Gaussian distribution of frequencies, which is the base of CLIC_DDS, is described

in detail.

7.2.1 Identical Cell Structure : No tapering

Consider a single undamped cell of iris radius 3.95 mm. The lowest synchronous
dipole mode excited in this cell is at 16.35 GHz having a kick factor of 53 V/pC/mm/m.
Now we construct a 200 cell structure from this cell i.e. structure with identical
cells. As there is no tapering, the synchronous frequencies and kick factors for all

the cells are identical. The resultant wakefield in this structure is severe as there

is no room for it to decay. The wakefield on the first few bunches in this structure

is displayed in Fig. 7.3(a). It of course is practically constant. The wakefield
over the entire bunch train is displayed in Fig. 7.3(b). In this case, wakefield de-
cays to some extent due to the losses experienced by the finite conductivity of the
accelerating cells which corresponds to a Q ~6000.

Slowly detuning the frequencies of successive cells in a precisely defiend man-
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ner ensures the modes do not add coherently. The wakefield decay in such a ta-

pered structure is described in the next sub-section.
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(a) Wakefield envelope for the first four (b) Wakefield envelope over the entire bunch

bunches train

Figure 7.3: Wakfield envelope of an identical cell structure

7.2.2 Linear Tapering

In order to study the effect of tapering the structure on the wakefields, a taper in the
iris from 4.95 mm (first cell) to 2.15 mm (last cell) was introduced in an undamped
structure. This tapering excites the lowest dipole synchronous frequencies in the
range 15 GHz to 18.36 GHz with kick factors of 22 and 91.6 V/pC/mm/m in the
first and the last cell, respectively. The linear tapering in the synchronous fre-
quencies is displayed in Fig. 7.4(a) along with the kick factors in Fig. 7.4(b). The
tapering has resulted in a decay of the wakefields and is illustrated in Fig. 7.5(a).
The wakefield on the first trailing bunch is now ~20 V/pC/mm/m which is almost
5 times smaller than that of the identical cell structure. The minimum separation
in the frequencies is A f,,;,, ~17 MHz. The finite number of modes eventually lead
to recoherence of the wake at a location At,,,, = 1/A fu,. In this structure, we can

see two recoherences at locations 60 ns and 120 ns within the total bunch train
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Figure 7.4: Linearlly tapered structure

length and is illustrated in Fig. 7.5(b). Even though the tapering has resulted in
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(a) Wakefield envelope for the first four (b) Wakefield envelope over the entire bunch

bunches train
Figure 7.5: Wakfield envelope of a linearly tapered structure

decaying the wakefield, the beam dynamics constraint requires no more than 6.3
V/pC/mm/m wake? on the first trailing bunch. The recoherence in the wakes can
be damped by either strong or moderate damping schemes. The strong damping
(Chapter 4) may be achieved at the cost of enhanced breakdown probability. Al-

ternatively, a moderate damping scheme (Chapter 4) may be used. In the latter

2for a bunch population of 4.2 x10°
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case, the wake on the first few trailing bunches can be minimised by increasing
the dipole bandwidth, increasing the bunch spacing or by choosing a different ta-
pering scheme. Increasing the bandwidth will exacerbate the surface fields, while
increasing the bunch spacing will reduce the overall efficiency of the collider. In
[45] a detailed study of linear tapering and erf tapering (Gaussian distribution)
is presented. We chose a Gaussian distribution for the present structure and this
approach is discussed in the next sub-section, although other distributions may

allow a more rapid decay in the wakefield.

7.2.3 Error Function Tapering: Gaussian Distribution

The wakefield is proportional to the Fourier transform of the term Kick factor
weighted density function, Kdn/df, where K is the kick factor, n is the cell num-
ber and f is the synchronous frequency. If we enforce a Gaussian distribution to
Kdn/df then the wakefield will fall off in a nearly Gaussian fashion for a short
time scale [45]. As the prescribed distribution truncates at a finite bandwidth?, the
wakefield start to recohere in a sinc-like (sinx/x) manner. The detailed procedure
to enforce a Gaussian distribution to the cell parameters is as follows.

If the iris radii of the cells are varied as an erf with respect to the cell number
(n vs a) then the corresponding synchronous frequencies (f) will also follow the
erf pattern with respect to the cell numbers. The derivative of an erf is of course a
Gaussian function. In this case the derivative is the distribution of the frequencies
with respect to the cell number i.e. the density function (dn/df) will also be a
Gaussian. This procedure begins by designing the end cells and calculating their
lowest dipole synchronous frequencies using commercially available computer
codes, such as HFSS. The fiducial mid-cell is designed by taking the mean of the

parameters of the end cells namely, the iris radius, iris thickness and ellipticity of

Mfdn /df distribution truncates at infinity, then the wakefield will fall like a Gaussian
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the iris. It is subsequently tuned to get the correct accelerating frequency, followed
by the synchronous frequency calculation. Taking 3 cell iris radii and synchronous

frequencies, an erf distribution (eq. 7.1) is enforced on these parameters.

X — X

V2o

where x, is the central frequency (or iris radius) of the Gaussian distribution®*, o

D(x) = A + Berf| ] (7.1)

is the standard deviation of the Gaussian distribution and A and B are constants.

It is not sufficient to rely on only 3 cells to represent a structure of N cells.
The iris radius is not the only parameter which is variable as there will be a signif-
icant change in the synchronous frequencies with iris thickness and cavity radius
variation. Hence, it is important to know the synchronous frequency dependence
of these parametric changes. This motivates us to design four more fiducial cells,
two in each half of the structure, to get the correct frequency dependence of the
cell parameters. Once we have these seven fiducial cells scaled to synchronous
frequencies then we can calculate any intermediate cell parameters for our de-
sired synchronous frequency. The parameters of seven fiducial cells are presented
in Table 7.1 and the variation of these parameters as a function of synchronous
frequency is illustrated in Fig. 7.6 and Fig. 7.7. Using these fiducial cells we can
evaluate the dependence of the kick factor on synchronous frequency.

If we take derivative of eq. 7.1 and multiply by the kick factor variation, then
we get an asymmetric Gaussian distribution of the Kdn/df. The reason for the
asymmetry is, variation of the kicks with frequency. This asymmetry may lead
to a non-optimum wakefield. To avoid this asymmetry, a Gaussian distribution to

Kdn/df is enforced as follows,

K(f) % = e—(f—fc)z/Zo'z . (72)
dn  e-U—fr/e?
- Kp (7:3)

“The x. is not necessarily the mid cell synchronous frequency
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Table 7.1: Seven fiducial cell simulation results
Cell a b t Vg Ssyn Ky,

Label | mm | mm | mm | %c GHz V/pC/mm/m

A 495 |11.23 572 1.93 | 15.0006 21.99

4.52 | 10.77 | 4.83 | 1.85 | 15.5827 34.19

42 | 1051|419 | 1.72 | 16.02 44.52
391 | 10.31 | 3.65 | 1.59 | 16.4031 54.7
3.69 | 10.19 | 3.24 | 1.49 | 16.6954 62.33
323 | 997 | 2.4 | 1.28 | 17.2843 77.04
215 9.69 | 0.5 | 1.03 | 18.3657 91.65

Q| m|@# |9 | 0|«

The synchronous frequencies are obtained iteratively. Now, integrating from cell

firt o (f~foP /20
1=C f ——df (7.4)
f

to cell we get

K(f)

where C is the constant and for an N cell structure it is given by

N-1
C - ffN e*(f*fzr)z/zo'z ’ (7'5)

i K(f)
By fitting a polynomial’ to the kicks and synchronous frequencies from Table 7.1

we obtain the kick factor as a function of frequency K(f) as follows:
K(f) =7970.9 — 1505.81f + 93.7104f* — 1.91 3 (7.6a)

The end cell frequencies are known from our fiducial cell simulations, i.e. the
geometry correspond to label A and G from Table 7.1: f;=15.0 GHz, fy=18.37

GHz, f. = 128 = 16.68 GHz. For Af = fy — fi=3.60 ° we solve eq. 7.4 for an

>In this case a polynomial fit is used, in general a cubic spline fit can be used.

%¢ is varied in order to optimise the wake suppression on the first trailing bunch and is dis-

cussed later in the chapter.
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Figure 7.6: Fiducial cell parameters
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Figure 7.7: Fiducial cell properties

initially specified f; and iteratively calculate the remaining frequencies. For the

above specified values, the kick factor weighted density function is given by:
Kdn/df = 26.96 ¢ ©6901668+/” (7.7)

The resultant Gaussian distribution for a 200 cell structure (interleaved structure’)
is displayed in Fig. 7.8. It can be observed that the density function is no longer
a Gaussian. However, the product of K and dn/df is Gaussian, and is symmetric

around f,. The dipole mode properties, namely the variation of the synchronous

"Interleaving of structures is discussed later in this chapter.
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Figure 7.8: Gaussian distribution of the kick factor weighted density function

frequencies and kick factors along the structure are displayed in Fig. 7.9(a) and
Fig. 7.9(b) respectively. The Gaussian distribution presented in Fig. 7.8 is illus-
trated in Fig. 7.10(a) with more details. Here the Af = fy — fi corresponds to the
lowest dipole bandwidth. In a given structure there will always be a finite number
of cells to represent the Gaussian distribution, thus the width of the Gaussian will
be truncated at a given bandwidth, and in this case it is 3.3 GHz. The wakefield
is calculated by taking the inverse Fourier transform of Kdn/df. If the Gaussian
distribution of Kdn/df is truncated at infinity then the wakefield, as a result, will
fall off like a Gaussian. The wakefield of a true Gaussian distribution is calculated

using eq. 7.8 and is shown by the blue dashed curve in Fig. 7.10(b).
Wg(t) = 2 K Exp[-2(no1)*] (7.8)

where K is the mean kick factor. However, in reality, due to the truncation of
the Kdn/df distribution at a finite value, the wakefield of this distribution is no

longer Gaussian. However, it is given by the convolution of the inverse Fourier
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Figure 7.9: Dipole mode results of a structure with Gaussian distribution

transform of the product of Gaussian and rectangular function (red dashed line
in Fig. 7.10(a)). This convolution results in a sinc-like (sinx/x) properties in the
wakefield. The wakefield falls off like a Gaussian for a short time scale (~0.5 ns)
and then observes ripples. The wakefield for a truncated Gaussian distribution is

calculated as [87]

Wra(t, Af) = 2K |y[t, Af]l (7.9)
Referf[(af — 4nioc?t)/(2 V20)]}
[2,af] = (7.10)
M s erf[af/2 N2

Eq. 7.9 is represented by the red curve in Fig. 7.10(b). In general, the wakefield
is calculated using the modal sum method (eq. 4.11) described in Chapter 4 and
is illustrated by the black curve in Fig. 7.10(b). The wakefield over a complete
bunch train is illustrated in Fig. 7.10(c). However, eq. 7.9 provides a rapid means
of computing the wake, as it requires only a frequency spread (unlike modal sum
method which requires individual frequencies of the cells in a given structure).
The minimum separation of the frequencies of the modes in this 200 cell structure
1S A fi»=10.68 MHz. The finite number of modes eventually leads to recoherence
of the wake at a position At,,,, ~93 ns, this recoherence position is clearly visible

in 7.10(c). Optimisation of the wakefield using a Gaussian distribution is dis-

101



cussed in the next section and the suppression of the recoherence of the wakefield

is discussed in Chapter 9 using a moderate damping scheme.
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Figure 7.10: Dipole mode results of a structure with Gaussian distribution
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7.3 Optimisation Of A Gaussian Distribution

In the CLIC baseline design, the main accelerating bunch train contains 312 bunches,
each separated by 6 rf cycles i.e. 0.5 ns [18]. The wakefield generated by the first
bunch should decay within the arrival of the next trailing bunch (0.5 ns) to a min-
imum value specified by the beam dynamics constraint. In a moderately damped
structure, forcing a Gaussian distribution to the cell parameters primarily aims at
minimising the wake on the first few trailing bunches. The wake decay is gov-
erned by the bandwidth of the distribution and standard deviation of the Gaussian

distribution.

7.3.1 Wakefield Optimisation By Varying Bandwidth

Here the bandwidth under consideration is that of the lowest dipole mode. In
order to minimise the wakefield on the trailing bunches, we need a bandwidth as
large as possible. Increasing the iris radius of the cell reduces its dipole frequency.
Hence, ideally, we need a large input iris (cell 1) and a small output iris (cell N) to
fulfil the beam dynamics criterion. Increasing the input iris will also increase the
group velocity of the fundamental mode and it will require a higher input power
to maintain the desired accelerating gradient. Several analyses have shown that
the power absorbed in the structures is proportional to the square of the group
velocity [75] - [77]. More power absorption will lead to unacceptable breakdown
rates. Also, a high input power will cause high unloaded gradients in the structure
and hence there will be very high surface fields on the cavity walls, which will
also contribute to the breakdown rates. For these reasons, breakdown constraints
in particular, put an upper limit to increasing the input iris radius. One possible
means to increase the input iris while keeping the group velocity low, is to increase

the iris thickness of the cell. However, this will reduce the shunt impedance of the
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structure, and hence the structure will need more input power and will be less
efficient. On the other hand, decreasing the output iris radius is limited by the
fact that too small iris opening will lead to a concentration of fields in a smaller
area and hence will enhance the surface E-field unacceptably. This may lead to
electron emission towards the higher energy end of the structure. Furthermore,
reducing the iris radius will make the short-range wakefields larger. With these
limitations in mind, a range of bandwidths have been studied to meet the beam
dynamics as well as rf breakdown criteria, and selected results are displayed in
Fig. 7.11.

In Fig. 7.11(a) the wakefield is illustrated for the first four bunches. As seen
from Fig. 7.11(a), the choice of 3.3 GHz is well justified as it experiences only
0.6 V/pC/mm/m of the wakefield on the first trailing bunch, though the overshoot
on the second trailing bunch is higher (1.8 V/pC/mm/m) than the first trailing
bunch. The other structure with bandwidth 1.7 GHz experiences much higher, and
unacceptable wake on the first trailing bunch which is 74 V/pC/mm/m. It should
be noted that, the maximum wakefield (wake at ¢ = 0) for both the bandwidths is
different. This is due to the fact that for these bandwidths, the average iris radii are
different and hence the average kick factor varies (the maximum of the wakefield
is twice the average kick factor). The wakefield over the complete bunch train
is illustrated in Fig. 7.11(b). As the structure bandwidth reduces, the minimum
frequency separation of the modes also reduces®. Hence, the recoherance position

moves further away.

8The mode spacing is not uniform, it is minimum towards the centre of the Gaussian distribu-

tion and maximum towards the end of the distribution.
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Figure 7.11: Wakefield envelope for various dipole bandwidths
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7.3.2 Sigma Optimisation

The standard deviation of the Gaussian distribution o plays an important role in
deciding how rapidly the wakefield will decay once it is generated by the leading
bunch or particle. The number of o of the bandwidth decides the wake experi-
enced by the first trailing bunch (W) and how fast the wake is falling. Increasing
the number of o results in reducing W, till it reaches a minimum value. At the
same time, it reduces the amplitude of the ripples. Reducing the number of o
makes the distribution more Gaussian-like and hence it results in a fast roll-off of
the wake. However, it also results in large ripples on the trailing bunches. The
best result for the total minimum wake will result in a large possible number of
sigma for the given bandwidth. However, it will not have an optimum wake on the
first trailing bunch and this is illustrated in Fig. 7.12(a). The first few bunches are
sensitive to 0. Thereafter the wakefield is nearly insensitive to o~. This behaviour

is illustrated in Fig. 7.12(b).
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Figure 7.12: Wakefield envelope for various sigmas
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7.4 Interleaving Structures

For nominal CLIC operation more than 140,000 structures will be needed to
achieve a final 1.5 TeV beam energy [47]. It is important to optimise the number
of cells per structure from the perspective of the input power requirement. The
rf breakdown constraints motivate a design with less cells per structure, in order
to minimise the input power requirement for a given bunch population. However,
a longer structure will have a better shunt impedance and better efficiency. This
is because, as it is a normal conducting structure, the Ohmic losses will reduce
the power available along the structure. However, demanding larger input power
will cause enhanced surface fields on the cavity walls. On the other hand, the
Gaussian distribution is better sampled with more cells per structure and hence
the wakefield will decay more effectively.

Throughout the optimisation procedure for the Gaussian distribution, we have
discovered that about 200 cells are needed to optimise the wakefield. In order
to reconcile the sampling of Gaussian (more cells per structure) and input power
(less cells per structure) requirement, interleaving of the neighbouring structure
frequencies is employed in order to maintain 25 accelerating cells per structure.
Hence, the input power requirement is kept reasonably low and eight structures are
interleaved to keep the beam dynamics criterion satisfied. Eight structures have
slightly different frequencies (non-identical structures). In general, the betatron
wavelength is of the order of few meters. For example, in CLIC main linacs, the
betatron wavelength towards the beginning of the lattice is 3.5 m and towards the
end is 16.6 m [88]. As long as the total length of the interleaved structures is less
than the betatron wavelength, the beam will not see different structures. It will
effectively see only one structure, hence, the total number of modes or cells will
be given by the summation of all the interleaved structures. As an example of

the procedure, two-fold interleaving of the neighbouring structure frequencies is
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illustrated in Fig. 7.13. Structure 1 in this case will be built with odd cell numbers
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Figure 7.13: Two fold interleaving

(1 through 25) and Structure 2 will be built with even cell numbers (2 through
50). The beam will effectively experience a single structure consisting of 50 cells.
Eight-fold interleaving was necessary in the present design and is illustrated in

Fig. 7.14.
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Figure 7.14: Wakefield envelope for various structure interleavings
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The wakefield optimisation procedure discussed in this chapter relies on the
uncoupled wakefield calculations. Cell-to-cell coupling causes a frequency shift
and is considered after finalising the end cell dimensions (based on the uncoupled
wakefield calculations). This can be justified by the fact that in the procedure
of wakefield optimisation, the first bunch is taken into account in order to min-
imising the wake experienced. Both the uncoupled and coupled predictions of the
wakefields are in good agreement up to a few ns (the first trailing bunch arrives
at 0.5 ns). Coupled mode calculations are discussed Chapter 5. After finalising
the structure bandwidth i.e the end cell iris dimensions for the wakefield optimi-
sation, the rf properties are calculated. Various structures, designed in the process

of optimisation of the CLIC_DDS, are discussed in the next chapters.
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Chapter 8

Detuned Structure: DS

This chapter focuses on the rf properties of purely detuned accelerating structures
(DS). The influence of various parameters on the wakefield is analysed using both

a coupled and uncoupled model.

8.1 Large Bandwidth Structure

Detailed analysis indicate that a structure with a dipole bandwidth of 3.3 GHz
provides a sufficiently rapid wakefield decay which meets the beam dynamics
constraint. A dipole bandwidth of ~3.3 GHz is obtained by tapering the iris radii
from 4.95 mm to 2.15 mm. The parameters of seven cells in a structure of 25 cells
are presented in Table 8.1. The mean deviation of the Gaussian distribution in
terms of the bandwidth is A f = 3.6 o and the detuning spread is ~ 20% [87] of the
central frequency. The average aperture to accelerating wavelength ratio for this
structure is <a>/A = 0.142. This ratio is important as far as the rf breakdown rates
are concerned. Reduced value of <a>/A results in a reduction of rf breakdown
[35]. A damping Q (ranging from 500 to 2000) is artificially imposed in these

calculations.
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Table 8.1: Single cell results of the lowest dipole band of a 3.3 GHz detuned

structure.
Cell | a b t | vele | fon
no. | mm | mm | mm % GHz
1 4951123 ]5.72 ] 1.93 | 15.0006
5 1453]10.79 | 4.83 | 1.86 | 15.5621
9 4231|1053 |4.19| 1.73 | 15.9745
13 [395] 1034 | 3.65| 1.62 | 16.3542
17 | 3.65 ] 10.16 | 3.24 | 1.47 | 16.7502
21 [ 326 999 | 24 1.3 | 17.2450
25 [ 2.15] 9.69 | 0.5 | 1.03 | 18.3657
| . . -
| . . -
i %o * ]
20j ° [} ° [ ] 7
| . . -
. o’ e’ ]
N i .. .. 1
O - e o 1
10+ ® e’ e Coupled mode 1
i %o’ e Uncoupled mode
| . . -
5- o o ]
| . . -
i e’ ]
o s ® ]
07\ T T I T S [T T T T TS T [ T T S (N T S M SO SO N T A S B
150 155 160 165 170 175 18.0 185
w/2n (GHz)

Figure 8.1: A comparison between the uncoupled and coupled mode frequencies
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The synchronous and resonating frequencies, synchronous kick factors and
coupling coefficients are the required parameters to calculate the coupled mode
frequencies and kick factors. These circuit parameters are calculated using sin-
gle cell simulation results as described in Chapter 5. A comparison between the
uncoupled mode synchronous frequencies and coupled mode frequencies is pre-
sented in Fig. 8.1. The coupled mode frequencies are shifted by ~200 MHz with
respect to the uncoupled mode frequencies due to cell-to-cell interactions. This

resulted in ~3.5 GHz bandwidth of the coupled mode frequencies. The uncoupled
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Figure 8.2: Kick factors

mode and coupled mode kick factors are illustrated in Fig. 8.2. The variation
in the uncoupled kick factors is governed by the degree of taper in the iris. The
coupled model allows cell-to-cell interactions to be taken into account and it is an
accurate representation of the physics in the dipole mode interactions in the struc-

ture. The prescribed density function (dn/df) and kick factor weighted density
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function (Kdn/df) are illustrated in Fig. 8.3 [87]. The non-smooth behaviour of

the coupled Kdn/df is due to the variation in the coupled kick factors.
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Figure 8.3: Mode density and kick factor weighted density function
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The circuit parameters required for the coupled mode frequency calculations
are the coupling coefficients (TM mode - 7, TE mode - n7), and resonating frequen-
cies (TM mode - f,, TE mode - fy). These parameters are displayed in Fig. 8.4
and Fig. 8.5 respectively. The other parameters required for the calculation of the
coupled mode kick factors are the fitting parameter €, and synchronous phase .
The ratio of TE to TM mode content is indicated by € and this is calculated using
eq. C.20. In this case, the lowest dipole mode is TM-like throughout the structure,
and € is equal to unity. The synchronous phase follows the nature of the tapered

distribution and is displayed in Fig. 8.6.
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Figure 8.4: Mode coupling coeflicients of the first two dipole bands
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A comparison of the envelope of the wakefield using both the uncoupled and
coupled calculations for a 3.3 GHz bandwidth is presented in Fig. 8.7 [87]. As
expected, the uncoupled model prediction is in reasonably good agreement with

the coupled calculations up to ~1 ns. However, 25 cells do not provide an ad-

100.0F E
50.0+ — Uncoupled mode"
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Figure 8.7: Envelope of a DS wakefield for a 25 cell non-interleaved structure.

equate sampling of the distribution. Interleaving successive structures will aid
the sampling and hence will improve the wakefield suppression. As discussed in
Chapter 7, eight-fold interleaving satisfies the beam dynamics criterion. In Fig.
8.8 and Fig. 8.9 the wakefield suppression in an eight-fold interleaved structure
is presented [87]. In Fig. 8.10 the wakefield suppression with various damping
Qs is presented. It can be observed that a damping Q of ~1000 will be needed to
satisfy the beam dynamics criterion.

In this structure, the normalised maximum surface E-field in the first iris is
~5. However, for this structure to satisfy the surface E-field constraint (eq. 6.26a)

the maximum tolerable (unloaded) accelerating gradient cannot be more than 52
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Figure 8.8: Wakefield envelope of an interleaved structure for first 24 bunches.

MV/m (= 260/5). This is approximately half of the specified nominal CLIC gra-
dient. This unacceptably large surface E-field arises as a consequence of the large
aperture required to maintain the 3.3 GHz bandwidth. The average iris radius in
this design is 3.55 mm. It was necessary to increase the iris thickness to reduce
the average group velocity to ~1.5%. In this structure the ellipticity of the iris
was also changed to minimise the group velocity. Both these changes adversely
affected the surface E-field. Though the beam dynamics criterion is well satisfied,
this structure fails to satisfy the rf breakdown criterion. In order to meet this cri-
terion, the dipole bandwidth is modified. A structure with a smaller bandwidth is

discussed in the next section.
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Figure 8.9: Wakefield envelope of an interleaved structure for entire bunch train.
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Figure 8.10: Envelope of wakefield for an 8-fold interleaved structure over entire

bunch train with several damping QOs.
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8.2 Reduced Bandwidth Structure

The surface fields are reduced by modifying the minimum and maximum dimen-
sions of the end cells. This impacts the dipole bandwidth severely and results in
a bandwidth of ~0.84 GHz (CLIC_ZC1). The bandwidth of this structure is simi-
lar to the CLIC_G structure. Also, to facilitate a direct comparison with CLIC_G
baseline design, the number of cells for CLIC_DS was reduced to 24. The band-
width was reduced by reducing the iris radius of the first cell from 4.95 mm to 2.99
mm. This results in a Gaussian distribution whose standard deviation in terms of
the bandwidth is Af = 3.0 0 with a detuning spread of ~ 4.7% of the central
frequency. The average aperture to accelerating wavelength ratio for this structure
i1s <a>/A = 0.1. The parameters of the ZC1 structure [89] are presented in Table

8.2. This structure still has a surface E-field which is too large to meet the break-

Table 8.2: CLIC_ZC1 structure parameters
Cell | a b t velC | fom

no. | mm | mm | mm % GHz

1 1299988 | 1.6 | 1.49 | 17.57
4 2841983 | 14 | 138 |17.72
8 12721980 | 1.3 | 1.29|17.85
12 261 (978 | 1.2 | 1.18 | 17.92
16 | 251 (9.75| 1.0 | 1.06 | 18.07
20 | 237 19.73 {098 | 0.98 | 18.20
24 | 2.13 19.68 | 0.83 | 0.83 | 18.40

down constraint imposed. However, modifying the ellipticity of the iris thickness,
reduces the surface E-field significantly [90] (CLIC_ZC2). Parameters of the ZC2

structure are presented in Table 8.3 and the rf properties along the structure are
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presented in Fig. 8.11 [90]. The average aperture size of this structure is 2.5 mm.
As the average aperture is small, the bunches can be populated only up to 2.9 x10°
particles per bunch. The input power requirement of the structure is only about 47
MW due to a reduced beam loading. Once the manifold geometry is employed,
it perturbs the cavity walls and the pulsed temperature rise is expected to increase
by a factor of ~2 [91]. Detailed rf parameters of both the CLIC_ZC structures
are presented in Table 8.4. A comparison of CLIC_G structure with CLIC_ZC

structures is presented in [90].

Table 8.3: CLIC_ZC?2 structure parameters
Cell | a b t velc | fom

no. | mm | mm | mm % GHz

1 287989 | 1.6 | 1.45 | 17.56
6 |269|983]|138|1.25]|17.79
12 12551978 | 1.2 | 1.12 | 17.96
18 1240 (9.74 | 1.04 | 1.0 | 18.13
24 1213 19.68 | 0.7 | 0.83 | 18.40

122



, EacdMV/m), EsudMV /M), HsudMA/V), AT(°K)

soo T T

2007%
—
1007 EaCC \7
50 2
AT

20

107 Solid curves : Beam loaded conditi

Dashed curves : Unloaded condit

0.0C 0.05 0.1C 0.15 0.2C
Z(m)

Figure 8.11: RF structure properties of ZC_2 structure.
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Table 8.4: CLIC_ZC structure parameters

Parameters Unit CLIC_ZC1 | CLIC_ZC2
<a>/A - 0.102 0.1
First, last iris radius (a) mm 2.99,2.13 | 2.87,2.13
First, last iris thickness () mm 1.6,0.7 1.6,0.7
First, last cell group velocity (v,/c) % 1.49,0.83 | 1.45,0.83
First, last cell shunt impedance (R") MQ/m 107, 138 108, 138
Filling (¢) ns 56.8 58.6
Peak input power (P;,) MW 48 47
Number of bunches in the train (N,) - 312 312
Number of particles per bunch (n;) 10° 3.0 2.9
ETox MV/m 285 231
AT K 20 25
RF-beam efficiency (17,¢-peam) % 27.09 26.11
P, ' 1C, MW ns'3/mm | 14.07 14.36

After satisfying the rf breakdown criteria in the CLIC_ZC2 structure, we in-
vestigated the wakefields excited in the structure. As the lowest dipole bandwidth
is reduced from 3.3 GHz to 0.84 GHz we expect poorly damped wakefields. As
described in the previous section, the circuit parameters required to obtain the cou-
pled mode wakefields are calculated first. In these calculations it is observed that
the wakefield experienced by the first two trailing bunches is unacceptable large.
In this case, if we increase the bunch spacing by a factor of 3 (i.e. to 1.5 ns) com-
pared to the CLIC_G bunch spacing, then both the constraints will be satisfied.
However, this also impacts the rf-to-beam efficiency of the collider, which will be
8 to 10 %. Provided the cells are carefully designed and manufactured such that

the bunches are located at the zero crossing in the wakefield, the beam dynamics
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Figure 8.12: Amplitude of the wakefield over the first four trailing bunches, indi-

cating the zero crossing of the bunches.

constraint is satisfied. The amplitude of the wakefield under these conditions is
illustrated in Fig. 8.12. It can be observed that the amplitude of the wakefield
at the location of the bunches is almost zero. The phase of the wakefield expe-
rienced by the bunches is governed by the average synchronous frequency. The
zero crossing of the bunches is maintained by tuning the structure irises. The ac-
celerating frequency is retained by tuning the cavity radius. The zero crossing of
the wakefield is important for the first few bunches only. Because, for a reduced
bandwidth a damping Q ~500 will be sufficient to damp the wakefield on the re-
maining bunches. In Fig. 8.13 the wakefield amplitude for an 8-fold interleaved

CLIC_ZC2 structure is presented with several artificially imposed damping QOs.
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Figure 8.13: Envelope of wakefield over the entire bunch train.
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8.3 Summary

In this chapter a trade-off between the rf breakdown and beam dynamics con-
straints has been discussed in order to design a structure capable of withstanding
high accelerating gradient. The structure with a large bandwidth provides an ex-
cellent suppression of the wakefield, however, it is limited by severe surface fields.
The zero crossing scheme offers a solution to satisfy both the rf breakdown and
beam dynamics criteria. However, the fact that more than 140,000 structures are
required for CLIC [47], will result in very stringent fabrication tolerances if the
zero crossing scheme is adopted. A possible solution, which will satisfy both the
constraints at the cost of a few percent reduction in the rf-to-beam efficiency is
discussed in the next chapter. The geometry discussed in the next chapter incor-
porates damping manifolds. The pulsed temperature rise due to magnetic field
enhancement in the vicinity of the manifold coupling slots is an important effect

and is also discussed.
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Chapter 9

A Damped and Detuned Structure
With Circular Geometry:
CLIC DDS C

A trade-off between the rf breakdown and beam dynamics constraints leads to the
bandwidth considered in this chapter. Herein circular cells are used and HOM
damping manifolds discussed. This structure is known as circular cell damped

and detuned structure, CLIC_DDS_C.

9.1 Geometry of CLIC DDS C

In CLIC_DDS_C, the iris radii tapers down from 4.0 mm to 2.3 mm. This taper
results in a lowest dipole bandwidth of ~2.3 GHz, which is considered a moderate
bandwidth compared to the 0.83 GHz (ZC) and 3.3 GHz structures. Details of the

cell geometry are presented in Fig. 9.1 and Fig. 9.2.
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Coupling slot

Circular cell

Figure 9.1: Quarter symmetry CLIC_DDS_C cell geometry

o]

Figure 9.2: CLIC_DDS _C cell geometry: Left - details of the side view and right

L

- details of the manifold
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The structure is designed by relying on seven fiducial cells. All the design
parameters, such as iris and cavity radii and iris thickness, are mapped to syn-
chronous frequency. The intermediate cell parameters are obtained from inter-

polation fits. Details of seven cell parameters are illustrated in Fig. 9.3 (Table

E.1).
i b 1

[ ]

Design parameters (mm)
(@]

€

16.0 16.5 17.0 175 18.0
w/2r (GH2z)

Figure 9.3: Design parameters of seven fiducial cells of CLIC_DDS_C. All pa-

rameters are in mm except € which is dimensionless.
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As discussed in the earlier chapters, a taper in the iris radius is necessary to
produce the constant gradient structure and to provide a spread in the dipole fre-
quencies. The iris thickness also tapers down and maximises the shunt impedance.
The parameter € defines the ellipticity of the iris. For the first cell, € = 1 (circular).
However, it increases along the structure to minimise the surface E-field in the
vicinity of the iris. In contrast, the manifold radius R,, reduces along the structure,
in order to ensure the cut-off frequency of the manifold is above that of the ac-
celerating frequency. This ensures accelerating mode will not propagate through
the manifolds. If R,, is invariant, the other parameters must be changed to ensure
the manifold cut-off is above the accelerating mode. The manifolds sample the
dipole field through coupling slots. The manifold slots in the close vicinity of the
dipole fields will enhance coupling. The parameter R, defines the radial distance
of the coupling slots from the electrical centre of the cavity. This parameter can
extend up to the cavity iris. However, in this extreme, the slot will cut into the
iris and will experience high E-field (as in the case of SICA structures [18]). In
CLIC_DDS_C we have chosen R, for the first cell as 6.2 mm. Reducing it further
will increase the dipole coupling. However, mechanical fabrication will be diffi-
cult in this case. Increasing R, will reduce the dipole coupling. The TE-to-TM
mode ratio of the dipole fields gets stronger along the structure, hence R, needs
to be increased along the structure to maintain the critical coupling throughout
the structure. In order to minimise the surface fields at the sharp corners of the
tip of the manifold coupling slots, a rounding radius ; = 0.85 mm is provided.
The width of the manifold slot is 4;. Increasing the width will improve the cou-
pling, however, at the same time it will perturb the cavity walls and will lead to an
increased pulsed temperature rise.

The E-fields excited in CLIC_DDS_C corresponding to monopole, manifold
and dipole modes are illustrated in Fig. 9.4(a), Fig. 9.4(b) and Fig. 9.4(c) respec-
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tively.

(a) Fundamental mode (w/2m = (b) Manifold mode (w/27 = (c¢) Lowest dipole mode (w/2x
11.994 GHz) 14.4 GHz) = 15.0 GHz)

Figure 9.4: E-fields in CLIC_DDS_C cell

9.2 Fundamental Mode RF Properties Of CLIC_DDS_C

After finalising the geometry of the fiducial cells, the fundamental rf properties
of the individual cells are studied. These properties are illustrated in Fig. 9.5
as a function of the synchronous frequency. It should be noticed that the struc-
ture parameters are designed to vary in an erf fashion in order to maintain the erf
distribution of the synchronous frequencies. Hence, the variation of these param-
eters with synchronous frequency is nearly linear (as can be observed from Fig.
9.5). However, the surface E-field reduces along the structure almost linearly up
to 17.5 GHz, before rising sharply. This can be understood in terms of the varia-
tion between the iris radii and thicknesses of the last fiducial cell with respect to
the penultimate fiducial cell. As both the iris radius and thickness reduce signifi-
cantly, it leaves a very small surface area near the iris region and thus experiences
a concentration of the fields. It was necessary to maintain this sharp change in

order to preserve the erf distribution.
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Figure 9.5: RF parameters of seven fiducial cells of CLIC_DDS_C versus syn-

chronous frequency.

An 8-fold interleaved structure is necessary to enhance the wakefield suppres-
sion to the acceptable level defined by the beam dynamics criterion. The rf pa-
rameters of the first and the last structure are illustrated in Fig. 9.6 and Fig. 9.7
respectively. The number of particles per bunch used for these calculations are 4.2
x10° for 312 bunches (discussed later in this section). The average filling time of

the 8 structures is 41.6 ns with a rise time of 23 ns!. The pulsed temperature rise

I'The rise time is approximately taken as 23 ns which is similar to the baseline CLIC design.
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is calculated for the corrected pulse length of 7, = 248.8 ns?.
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Figure 9.6: RF structure properties of the first out of 8 structures of CLIC_DDS_C.

ztf, for 8 structures is nearly similar as it is dominated by the total bunch train length (7).
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Figure 9.7: RF structure properties of the last structure of CLIC_DDS_C.

135



The input power requirement of the 8 structures for the above mentioned rf
parameters to maintain the loaded accelerating gradient of 100 MV/m is illustrated
in Fig. 9.8. As the iris radii taper down the structure, the Q and R’/Q improve and
v, decreases. All these changes help reducing the input power requirement for a
given gradient (eq.6.8). Hence, the required input power reduces for the structures,

as the average iris of these structures reduces. The average power required for
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X
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2
2 30 1
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Structure &

Figure 9.8: Peak input power and rf-to-beam efficiency CLIC_DDS _C.

the 8 structures is ~73 MW which is about 16% higher than that of the CLIC_G
structure. This is due to the fact that the average aperture of the CLIC_DDS_C
(3.15mm) is ~15 % larger than that of the CLIC_G (2.75 mm). In addition to this,
the bunch charge of the CLIC_DDS_C (4.2 x10°) is ~13 % higher than that of the
CLIC_G (3.72 x10°) which requires more input power. The average aperture of
the CLIC_DDS_C allows us to populate the bunches up to 5 x10°. However, in

this case, the structure will require an input power of about 76 MW to achieve the
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desired accelerating gradient. The higher input power will cause severe surface
fields on the cavity walls. The number of particles per bunch is reduced in order
to alleviate this condition to some extent.

The bunch spacing in CLIC_DDS _C is 8 rf cycles compared to 6 in CLIC_G.
The increase in the bunch spacing allows the wakefield to be damped to the ac-
ceptable level before the arrival of the first trailing bunch. On the other hand,
the increase in the bunch spacing reduces the efficiency of acceleration. The rf-
to-beam efficiencies of the 8 structures are illustrated in Fig. 9.8. The average
Nrf-peam Of CLIC_DDS_C is ~23 %. It is inversely proportional to the input power
and hence it linearly increases from structure to structure for a linearly decreasing

power requirement.
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The surface E-fields in 8 structures of CLIC_DDS_C are illustrated in Fig. 9.9.
The maximum surface E-field, as expected, occurs in the vicinity of the last iris of
the last structure and is 320 MV/m. This is an unacceptable E-field as it is 23 %
higher than the allowed limit. The cavity geometry is further optimised to bring

down the surface E-field.

200

300,
280" E3r =320 MV/m ]
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Figure 9.9: Surface E-field in unloaded condition in CLIC_DDS_C structures.
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The pulsed temperature rise in 8 structures of CLIC_DDS _C is illustrated in
Fig. 9.10. The maximum pulsed temperature rise occurs in the first cell of the first
structure and is 72° K which is ~29 % above the acceptable limit. The variation in
temperature rise along the structure is due to the variation in H-field (Fig. 9.5) and
unloaded accelerating gradient (Fig. 9.6). Means to reduce this will be discussed

in the next chapter.
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Figure 9.10: Pulsed temperature rise in unloaded condition in 8 CLIC_DDS_C

structures.
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9.3 Wakefield Suppression in CLIC_DDS_C

The variation of the uncoupled kicks as a function of synchronous frequency is
illustrated in Fig. 9.11. The synchronous frequencies for the 8-fold interleaved
structures are presented in Fig. 9.12. The dipole bandwidth of the structure is
Af = 2.33 GHz. The mean deviation of the Gaussian distribution in terms of
the bandwidth is Af = 3.6 0. The detuning spread is Af/f. = 13.7 %. The

average iris radius to wavelength ratio of the structure is <a>/1 = 0.126. As
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Figure 9.11: Synchronous kick factors of seven fiducial cells of CLIC_DDS _C.

CLIC_DDS_C geometry incorporates manifolds, we utilised a double chain circuit
model equipped with manifold representation (by a transmission line) to predict
the coupled mode wakefields excited in the structure [35]. Details of the circuit
model are discussed in Appendix C. The calculation of the coupled mode wake-

field begins with calculating various circuit parameters using eq. 5.19. The cut-off
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Figure 9.12: Synchronous frequencies of 8-fold interleaved CLIC_DDS _C.

frequency (f.), TE-TM mode resonating frequencies (f - fo) and the cross cou-
pling term A are illustrated in Fig. 9.13(a). The terms involving coupling of the
dipole mode to the manifold, namely the shunt capacitance of the manifold «, the
coupling coeflicient of the manifold I' and the width of the avoided crossing I'«
are presented in Fig. 9.13(b). By changing R, along the structure, I" is maintained
nearly constant. As I'y reduces down the structure a weak coupling occurs in that
region. The nature of the dipole modes and their coupling with the manifold can
be understood by studying the dispersion curves of the dipole modes and this is
illustrated in Fig. 5.6. The modes excited at the phase advance per cell of 0, 7
and synchronous phase are important modes. The fourth important mode is the
one excited at the avoided crossing (fx), where the lowest dipole mode and the
manifold mode avoid crossing (Fig. 5.6). These four modes give an indication of

how the fields are coupling out of the structure. The frequencies of these modes
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Figure 9.13: Circuit parameters of seven fiducial cells of CLIC_DDS_C

are illustrated in Fig. 9.14. The lowest HOM excited at the zero phase advance

per cell is the manifold mode. At the avoided crossing, due to manifold coupling,

this mode is coupled out of the accelerating cells. The synchronous modes in the

structure are excited very close to the 7 mode.
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Figure 9.14: HOM properties of CLIC_DDS_C.

The calculation of the circuit parameters is followed by the spectral function
calculations (Appendix C). In calculating the spectral function realistic losses in
the copper cavities are considered. We have used the lowest dipole Q,, = 5800 3
for 191 cells. The last cell is a special cell as it is provided with a HOM coupler
and vacuum ports. This last cell has a low Q [92]. In calculating the spectral
function of CLIC_DDS_C we have used Qy = 36 *. The spectral function of the
8-fold interleaved CLIC_DDS_C is illustrated in Fig. 9.15. Each spike in the
spectral function corresponds to one coupled mode in the structure. The width of
the spike corresponds to the coupling of the dipole mode to the manifold. The
broader the width, the stronger the coupling will be. The dipole Q of the modes

are calculated by fitting a Lorentzian to each mode of the spectral function [74].

3Calculated for single infinitely periodic cells using HFSS
4Based on NLC Qy
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Figure 9.15: Spectral function of the 8-fold interleaved CLIC_DDS _C. The black
dashed curve indicates the designed Kdn/df.

The spectral function indicates that modes towards the lower frequency end are
not well damped. The wakefield excited in CLIC_DDS_C is illustrated in Fig.
9.16. Here a comparison between the detuned structure (DS) and the manifold
damped structure (CLIC_DDS_C) wakefield is presented. It can be seen from Fig.
9.16 that the structure satisfies the beam dynamics criterion as the wakefield on

all the bunches is well within the acceptable level.
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Figure 9.16: Envelope of wakefield in 8-fold interleaved CLIC_DDS_C.

9.4 Conclusion

The structure considered in this chapter had a lowest dipole bandwidth of 2.3 GHz.
The wakefield meets the beam dynamics constraint. However, the surface fields
are still unacceptable from the perspective of breakdown and structure lifetime.
The overall parameters of CLIC_DDS_C are summarised in Table 9.1. Means to

reduce the surface fields are discussed in the next chapter.
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Table 9.1: Overall parameters of CLIC_DDS_C

Parameters Designed value Units
<a>/A 0.126 -
First, last iris radius (a) 4.0,2.3 mm
First, last iris thickness (¢) 4.0,0.7 mm
First, last Q 4708, 6602 mm
First, last cell shunt impedance (R’) 47.89, 131.77 MQ/m
First, last cell group velocity (v,/c) 2.06,1.07 Yoc
Number of particles per bunch (n,) 4.2 10°
Average iris to wavelength ratio (<a>/1) 0.126 -
Number of cells per structure 24 -
Number of structures per interleaving 8 -
Bunch separation (z,) 0.67 (8) ns (rf cycles)
Number of bunches in the train () 312 -
Filling (5), rise (t;) time 41.5,23 ns
Pulse length (¢, t;, tﬁ) 272.6,248.8,216.4 ns
Peak input power (P;,) 73 MW
Elax 320 MV/m
AT 72 °K
P10y, 17.4 MW ns'/3/mm
Average rf-beam efliciency (17,¢-peam) 23 %
Dipole bandwidth Af 2.33 GHz
Standard deviation of Gaussian distribution AMf=360 GHz
Detuning spread A f/ f. 13.7 %
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Chapter 10

A CLIC DDS With Elliptical Cell

Geometry

Here the surface field in the vicinity of the manifold slot is investigated by mod-
ifying the geometry of the outer cell wall. Various ellipticities are explored. The
manifolds discussed in the previous chapter are coupled to accelerating cells by
slots which cut into the cells to sample the HOM fields. Increasing the width of
the slots and increasing the penetration into the cells are two means available to
increase the coupling and hence enhance the wakefield suppression. However,
a large slot width causes an enhanced current in the cavity wall and hence can
dramatically increase the H-field. This may lead to unacceptably large surface
pulsed temperature rise. In the CLIC_DDS_C study it has been observed that, the
manifold slots increase the H-field by ~50%. Furthermore, the irises have a rela-
tively small radius and thickness. This enhances the E-field in the vicinity of the
iris. Means to reduce the excessive fields are explored in this chapter. Various
geometries of accelerating cells are discussed with a view to optimise the surface
e.m. fields. Details of the optimised geometry, rf and wakefield properties are dis-

cussed in the following sections. Mechanical problems involved in building the
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structure and possible solutions are discussed in the penultimate section. Consid-
ering a range of issues from a physics and mechanical engineering point of view,

the last section concludes our study on CLIC_DDS_E.

10.1 Geometry Optimisation To reduce Surface Fields

The H-field in a circular cell is uniformly distributed along the surface of the cav-
ity wall. When the manifold is coupled, it enhances the field in the vicinity of
the slot. If a cavity geometry is such that the H-field along the cavity wall is
non-uniform before introducing the manifold (un-damped cell), then the manifold
can be introduced in the wall where the H-field is minimum. A detailed study
of different geometries to minimise the H-field enhancement is presented in the
next sub-section. The surface E-field is optimised by changing the average iris
thickness of the structure. The change in the iris thickness changes the rf parame-
ters such as the shunt impedance, dipole bandwidth and efficiency of acceleration
in particular. An optimisation scan of the iris thickness is discussed in the last

sub-section.

10.1.1 H-field Optimisation

In order to re-distribute the surface H-field, various geometries such as rectangu-
lar, convex and concave elliptical geometries were proposed [93], [94]. A detailed
sketch comparing the cavity wall of several geometries is presented in Fig. 10.1.
In this case, the ellipticity of the cavity wall is defined in terms of the parameters

A and B in such a way that a circular geometry gives an ellipticity of 1.

e=(V2- 1)% (10.1)
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Also, for a rectangular cell € = co. For € > 0 the wall is convex elliptical and

for € < 0 it is concave. The maximum H-field occurs in the first cell. Hence, the

10

Circle

y (mm)

X (mm)

Figure 10.1: A quarter symmetry undamped cell wall comparing various shapes

simulations are focussed on reducing the H-field in this cell. In these simulations
a and t are both set to 4 mm. Details of various (quarter symmetry un-damped)
geometries and their H-field distributions along the cell wall are presented in Table
F.1. As the maximum in the H-field observed in concave elliptical shapes is higher
than the convex, the latter is focussed on in reducing the H-field. The surface H-
fields on the cavity walls for various convex ellipticities along with the reference
field! are presented in Fig. 10.2 [80]. The field on the centre of the quarter wall

is minimum for € = 0.41. However, away from the centre of the quarter wall, the

IThe field on the circular wall is defined as a reference.
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Figure 10.2: H-field optimisation for various undamped single cells

field rises sharply. At a location where the manifold coupling slot is intended to
be inserted, the field is considerably higher than that of the circular shape. This
undamped geometry gives a coarse indication of the distribution of the H-field. A
detailed understanding of the enhancement needs a complete geometry equipped
with manifold slots and this is illustrated in Fig. 10.3 [80]. It is clear that though
the field at the centre of the quarter cavity wall (contour length = 0) is minimum
for a circular cell, the enhancement in the field due to manifold slots i1s maximum.
For a geometry with € = 0.82 the field in the centre is 5% more than the circular
shape, however, the overall field is reduced by 17.6%. For € = 1.38 the field in
the centre is 15.8% higher however, the overall field is reduced by 21.8%. This
1s because, in this case, the maximum of the H-field occurs at the centre of the

quarter cavity wall and in other geometries it is in the vicinity of the manifold
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Figure 10.3: H-field optimisation for various manifold damped single cells

coupling slots. This re-optimised cell geometry is referred to as CLIC_DDS_E.

10.1.2 E-field Optimisation

In optimising the H-field, only the first cell geometry is optimised. The rest of the
cells are designed with the same ellipticity. In order to minimise the surface E-
field on the iris, the iris ellipticity? and thickness are varied. The ellipticity of the
first iris is €, = 1 and for the last cell is ey = 2. The variation of € along the struc-
ture is linear. Reducing the ellipticity will increase the surface E-field, whereas
increasing it will also increase the group velocity. The end cell ellipticities are
chosen in order to optimise the group velocity (first cell) and surface E-field (last

cell). In principle, the ellipticity of the last cell can be increased. However, as

2This is the ellipticity of the iris thickness and is different than the ellipticity of the cavity wall

discussed in the previous sub-section.

151



the iris is already thin, a large ellipticity may not be mechanically feasible. The
E-field is minimised by varying the iris thickness. In order to study the depen-
dence of the rf properties on iris thickness, a coarse sampling of the simulation
is performed. In each case, simulations are performed for only the end cells and

the middle cell to represent a complete 24 cell structure. The iris thickness of the

100
90

80

Normalised RF parameters (%)

70 *

2.4 25 2.6 2.7 2.8 29
<t> (mm)

Figure 10.4: RF parameters versus iris thickness (t)

first cell is kept fixed at 4.0 mm. The last iris thickness is allowed to vary in the
range 0.7 mm to 1.9 mm. The middle cell iris thickness is ascribed as the mean of
the end cell iris thicknesses. Five different structures, each represented by 3 cells,
with an average iris thickness ranging from 2.35 mm to 2.95 mm are studied. The

results are illustrated in Fig. 10.4 [80]. All the mentioned rf parameters are com-
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pared with respect to a reference structure whose cavity wall is elliptical and has
the design parameters of CLIC_DDS Ce.g. t; = 4.0 mm and #,4 = 0.7 mm.

As expected, it is clear that reducing the iris thickness results in an enhanced
E-field. This is due to the smaller surface area left for power dissipation leading to
a concentration of E-field in this region. After an average iris thickness of ~2.65
mm, there is no significant reduction in the surface E-field. Another consequence
of changing the iris thickness is v, and R’/Q change. The group velocity is a
strong function of t. However, R’/ Q is relatively less sensitive in the range chosen.
The input power needed to achieve acceleration is directly proportional to group
velocity and inversely proportional to R'/Q. From the perspective of wakefields,
increasing t reduces the lowest dipole bandwidth. From the beam dynamics point
of view a bandwidth of ~2.3 GHz is necessary. Reducing the bandwidth causes a
less effective suppression of the wakefield for the first few bunches.

Bearing in mind these constraints, an average iris thickness of 2.65 mm (¢, =
4.0 mm and #,4 = 1.3 mm) has been chosen. This reduces the surface E-fields by
~30 % and bandwidth by ~3 %. The input power requirement reduces by ~3 %
hence the efficiency increases by the same amount with respect to the reference

structure.

10.2 Geometry of CLIC DDS E

The CLIC_DDS _E geometry is optimised with the cavity wall ellipticity of 1.38
and iris thickness taper from 4.0 mm to 1.3 mm. As the DDS geometry consists of
various ellipticities and manifolds, the structure is complex to define mesh using
computational tools. To optimise the computational time and memory needed in

the simulations, we make use of the symmetry of the geometry and use an 1/8 th
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of a cell (45 deg. slice) for the fundamental mode®. The geometry of the 1/8 th of
the CLIC_DDS _E cell is presented in Fig. 10.5.

b

Figure 10.5: 1/8 th of CLIC_DDS _E cell

To improve the prediction of the intermediate cell parameters, nine fiducial
cells are modelled (instead of seven cells such as in CLIC_DDS _C) to represent
the full structure. A comparison between the iris thickness taper in CLIC_DDS_C
and CLIC_DDS E is presented in Fig.10.6. The average iris thickness in this case
is increased by ~12.8% to optimise various rf parameters discussed in the last
section. The geometry of CLIC_DDS_E has changed significantly compared to
that of CLIC_DDS _C which has resulted in reducing the monopole surface fields
by ~25%. Simulations of the dipole modes on single cells have revealed that the
change in the geometry has re-distributed the dipole fields as well. The coupling
of these fields to the manifold is reduced. The average manifold penetration <R.>
need to be reduced from 6.85 mm to 6.5 mm to maintain sufficient dipole cou-

pling. Increasing <R.> will reduce the coupling further and hence, the wakefield

3For dipole mode simulations a quarter symmetry cell is used.
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Figure 10.6: Comparison of iris thickness and R, taper in CLIC_DDS_C and
CLIC_DDS_E.

suppression will be inadequate. A comparison of R, in both CLIC_DDS structures
is presented in Fig. 10.6. Detailed design parameters of CLIC_DDS _E structure

are presented in Table F.2.

10.3 Fundamental Mode RF Properties Of CLIC DDS E

After completing the design-optimisation of CLIC_DDS_E, the fundamental mode
rf properties of the structure are studied. The fundamental mode rf properties of
nine cells of CLIC_DDS_E are presented in Table 10.1. The change in the iris
thickness has reduced the average group velocity by ~10%. Other rf parameters
such as Q and R’/Q are almost constant, as these parameters are more sensitive to
the iris radius. The change in the nature of the rf parameters with the synchronous

frequency (along the structure) is illustrated in Fig. 10.7.
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Table 10.1: RF parameters of nine fiducial cells of CLIC_DDS_E

Cell | vo | QO | R/Q | Ejt/Eace | Hygol Eace

Label | %c - kQ/m - mA/m
A | 207 |4921 | 10.208 2.26 4.9
B 1.65 | 5177 | 11.476 2.08 4.5
C 1.56 | 5356 | 12.208 2.0 4.1
D 1.46 | 5597 | 13.288 1.85 3.8
E 1.39 | 5819 | 14.274 1.78 3.32
F 1.31 | 6028 | 15.291 1.71 3.13
G 1.19 | 6251 | 16.642 1.65 291
H 1.03 | 6409 | 17.797 1.68 2.75
I 0.77 | 6621 | 19.082 1.7 2.61
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Figure 10.7: RF parameters of nine fiducial cells of CLIC_DDS_E versus syn-
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A comparison between the normalised surface E-field of both the CLIC_DDS
structures is presented in Fig. 10.8. It can be observed that the surface E-field in
both structures is nearly similar up to 17.5 GHz, and from thereon CLIC_DDS_C

structure experiences a sharp rise due to its small iris thickness. A major dif-

~-DDS E
- DDS C

E%;X/ Eacc, Hrijarx/ Eacc (MA/M)

3.0 |
20" Ervx/Eacc 1
16.0 165 17.0 175 18.0
w/2n (GH2)

Figure 10.8: Comparison of E-field in CLIC_DDS_C and CLIC_DDS_E.

ference between the normalised H-field of CLIC_DDS_C and CLIC_DDS_E is
observed throughout the structure. A comparison of the H-field in both the struc-
tures is presented in Fig. 10.8. As discussed in this section, the group velocity in
CLIC_DDS _E structure is reduced by ~10% however, the Q and R’/ Q are similar
to CLIC_DDS _C. Hence, the average input power requirement of the 8-fold inter-
leaved structure is reduced by ~4.7% (Fig. 10.4). The input power requirement of
CLIC_DDS _E for the beam current of CLIC_DDS _C is presented in Fig. 10.9. The
decrease in the input power requirement naturally increases the efficiency of accel-

eration. In this case the rf-to-beam efficiency has increased by ~3.6% (Fig. 10.4).
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Figure 10.9: Peak input power and rf-to-beam efficiency of CLIC_DDS _E.

The rf-to-beam efficiency of CLIC_DDS_E is presented in Fig. 10.9. The maxi-
mum unloaded gradient and normalised E-field in CLIC_DDS _C are 137.3 MV/m
and 2.33 respectively. Hence, the surface E-field is 320 MV/m. In CLIC_DDS _E,
the maximum unloaded gradient is 147.5 MV/m and the maximum normalised E-
field is 1.7. Thus the surface E-field is 251 MV/m. The unloaded E-fields in the 8
interleaved structures are illustrated in Fig. 10.10. The modification in the cavity
walls has reduced the pulsed temperature rise to 52°K (from 72°K). Though the
maximum H-field occurs in the first cell, the maximum pulsed temperature rise is
in the second cell. This is due to the fact that the unloaded accelerating gradient in
the second cell is higher than that of the first cell due to the nature of the erf distri-
bution. The unloaded condition pulsed temperature rise in 8 interleaved structures
is 1llustrated in Fig. 10.11. The rf properties of the first and last structure are

presented in Fig. 10.12 and Fig. 10.13 respectively.
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Figure 10.10: Surface E-field in CLIC_DDS _E structures.
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Figure 10.11: Pulsed temperature rise in CLIC_DDS_E structures.

160



500

200

100

50+ =3~ N

, Eacd MV /m), Esu MV /m), Hsy,dMA/m), AT(°K)

20 | Solid curves : Beam loaded conditi

Dashed curves : Unloaded condit

0.00 0.05 0.10 0.15 0.2C
Z (m)

Figure 10.12: RF structure properties of the first out of 8 structures of
CLIC_DDS_E.
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Figure 10.13: RF structure properties of the last structure of CLIC_DDS_E.
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10.4 Wakefield Suppression in CLIC_DDS_E

Changing the cavity shape has reduced the surface fields. Equally important is
the effect on the dipole mode properties. Details of the circuit parameters are
presented in Fig. F.1(a) and Fig. F.1(b). The dipole mode coupling I'y has been
reduced by 25%. Increasing the coupling slot width will recover the lost cou-
pling, however, will also increase the pulse temperature rise. On the other hand,
increasing the slot penetration into the cavity is limited by the mechanical design
considerations. In this manner the design is constrained.

The spectral function of the 8-fold interleaved CLIC_DDS _E structure is pre-
sented in Fig. 10.14. As it is expected, due to a reduced coupling, the width of
the spikes in the spectral function (represents the quality factor of the modes) is re-
duced. The structure is poorly coupled to the manifolds, compared to CLIC_DDS _C.
The wakefield excited in the structure is illustrated in Fig. 10.15 [80]. It can
be observed that the wakefield amplitude in this case is larger compared to the
CLIC_DDS_C structure. However, it is still within the acceptable limits defined

by beam dynamics [18].
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Figure 10.15: Envelope of wakefield in 8-fold interleaved CLIC_DDS _E.
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10.5 Mechanical constraints On Building CLIC DDS _E

The edges and corners of CLIC_DDS _E are required to be rounded* to prevent the
field enhancements. In this case, the radius of curvature is 0.5 mm which is limited
by the radius of the tool used to fabricate the cavity [95]. This forces R, to be
increased, and hence the coupling of the dipole modes is reduced. This modified
structure is referred to as CLIC_DDS_ER (R = Rounded). The spectral function of
CLIC_DDS _ER is illustrated in Fig. 10.16. The decrease in the coupling is visible
in the lower frequency end of the spectral function. The envelope wakefield of
CLIC_DDS _ER is presented in Fig. 10.17. The wakefield suppression in this
case has been degraded compared to CLIC_DDS _E. This structure is subjected to

slightly tighter machining tolerances.
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Figure 10.16: Spectral function of the 8-fold interleaved CLIC_DDS_ER.

“The structures discussed, namely CLIC_DDS_C and CLIC_DDS_E do not have realistic

roundings on the manifold edges.
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Figure 10.17: Envelope of wakefield in 8-fold interleaved CLIC_DDS_ER.

10.6 Conclusion

Modifying the geometry of CLIC_DDS_C has two main implications on its rf
properties. Firstly, the surface e.m. fields has been substantially reduced. Sec-
ondly, the wakefield suppression has slightly diminished. In order to validate high

power performance of this design a single structure will be high power tested.

This is described in the next chapter.
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Chapter 11

Test Structure: CLIC DDS A

The CLIC_DDS_A [80] corresponds to the first structure out of the 8-interleaved
structures discussed in Chapter 10. A single structure will be tested at high power
of 71 MW in order to ascertain the ability of the structure to sustain high sur-
face e.m. fields. This accelerator does not have optimised wakefield coupling.
In the interests of mechanical simplicity, the manifold parameters are kept fixed
along the length of the structure. This has resulted in radial distance of mani-
fold tip R. of 6.8 mm, manifold radius R,, of 2.1 mm and manifold centre m, at
14.45 mm from the electrical centre of the cavity. A manifold designed with these
dimensions ensures the cut-off frequency of the manifold ~0.5 GHz above the ac-
celerating mode in each cell. The following two sections describe rf properties
and wakefield suppression in CLIC_DDS_A structure. The penultimate section
describes mechanical details of the structure. In the last section, the present status

of CLIC_DDS_A and upcoming tests are discussed.
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11.1 Design Parameters: CLIC_DDS_A

The first structure is focussed on as it requires the largest input power and ex-
periences the largest pulsed temperature rise, compared to the other interleaved
structures. It allows the worst case scenario to be studied. It is a 24 cell struc-
ture with a taper in iris radius from 4.0 mm to 2.5 mm. The iris thickness varies
from 4.0 mm to 1.47 mm. Detailed design parameters of each of the 24 cells are
illustrated in Fig. 11.1(a). The maximum differences in the iris radii, cavity radii
and iris thicknesses are 150 ym, 80 um and 177 um respectively. A comparison

of various design parameter differences is illustrated in Fig. 11.1(b).
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Figure 11.1: Design parameters for CLIC_DDS_A
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11.2 Fundamental Mode RF Parameters: CLIC_DDS_A

It is interesting to note the properties of this structure with respect to the surface
e.m. fields. For example, the maximum surface H-field is located in the first
cell and this is a representation of the fact that this is the largest aperture in the
structure. The opposite is true for the surface E-field which is maximum in the last
cell. The net cross product of these fields, corresponding to the modified Poynting
vector, is maximum in the first cell. The maximum surface e.m. fields in single
cells are illustrated in Fig. 11.2 [80]. The H-field is minimised by varying the
cavity parameters and this results in a reduced pulsed temperature rise of 40° K.
However, a further ~20% enhancement in pulsed temperature rise is observed in
the vicinity of the coupling slots. Thus, there is a hot spot in the cavity in the
vicinity of these slots and it is ~51° K. The slot width is optimised to keep the
pulsed temperature rise within the acceptable limits. The pulsed temperature rise
in this location can further be reduced by ~5% by reducing the slot width at the

cost of dipole coupling.
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Figure 11.2: CLIC_DDS_A: Maxima of the fields in eighth symmetry single cells
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The rf properties of each cell are illustrated in Fig. 11.3. The erf function
tapering of the iris radii is clearly visible in the rf properties such as group velocity
and R’/ Q. Also, the variation of Q and normalised (E and H) fields is almost linear
along the structure. S, reduces up to cell 21 and flattens out thereafter. In order
to achieve an average accelerating gradient of 100 MV/m, for a bunch populated

with 4.2 x10° charged particles, 71 MW of rf power must be supplied to the

7.0

5.0

3.0

2.2

1.5

1.0

°
T e
° Qx 10° .....ooo
¢ 000°...
o0 ®
...8:
‘... ..
° °
*eels.,, Hmi/Eac
° 00..
o °
° °
L °
X
S x 10
7...0. ESUr /E
®e max/ Eacc
... PS
ooo.......:.
| o0®’
o'....
.°*°*’ R/Qx10
o ®
L ®
1 5 9 13 17 21 24
Cellg

Figure 11.3: Single cell rf parameters of CLIC_DDS_A.
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structure. The inter-bunch spacing in a train of 312 bunches is 8 rf cycles (0.67
ns). The rf properties of the structure are illustrated in Fig. 11.4. In the absence
of beam, the maximum accelerating gradient peaks up to 132 MV/m in the last
cell. In the presence of beam, the maximum accelerating voltage is 105 MV/m.
This maxima occurs in cell 6 (0.05 m along the structure length), this functional
behaviour is governed by the erf distribution. The maximum surface E-field in the
structure is 220 MV/m and the maximum pulsed temperature rise is 51° K. The
modified Poynting vector peaks at 6.75 W/um? in cell 2. Complete details of the

rf parameters are presented in Table 11.1.
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Table 11.1: CLIC_ DDS_A

Parameters Units CLIC_DDS_A
<a>/A - 0.13
First, last iris radius (a) mm 4.0,2.5
First, last iris thickness (7) mm 4.0, 1.47
First, last Q - 5020, 6534
First, last cell group velocity (v,/c) Y% 2.07,1.0
First, last cell shunt impedance (R") MQ/m 51.1,118.46
Filling (z¢), rise (¢,) time ns 45.4,23
Pulse length (t,, £, ) ns 276.5,251,217.2
Peak input power (P;,) MW 70.8
No. of bunches () - 312
Bunch population (7,) 10° 4.2
E7¢r: Loaded/Unloaded MV/m 105, 132
EMax MV/m 220
AT K 51
Se W/um? 6.75
Puty”*|Ci, MW ns'/3/mm 16.93
Ly m~> 1.36 x 10
RF-to-beam efficiency (17,¢-peam) Y% 23.5
7 arb. units 7.6
Dipole bandwidth Af GHz 2.0
Standard deviation of Gaussian distribution o - Af/3.48
Detuning spread Af/ f, Yo 11.8
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11.3 Wakefield Suppression: CLIC_DDS_A

The lowest dipole mode bandwidth is ~2 GHz and the corresponding average
dipole mode kick factor is 70 V/pC/mm/m. The spectral function for CLIC_DDS_A

is illustrated in Fig. 11.5 [80]. The dipole Qs are calculated using Lorentzian fits

140" ]
—~ I -G ]
T 120 — 2 Kdn/df -
N i .
&5 100" ]
£ : ]
c 80 .
e i 1
O 60r ]
= f 1
5 o I |
© 20 UL :

o

16.0 16.5 17.0 175 18.0 185
w/2 m (GH2)

Figure 11.5: Spectral function of CLIC_DDS_A.

(Chapter 5) and are presented in Fig. 11.6 [80]. The mean Q of the modes is
~1650. The minimum separation of the modes in this structure is 62.3 MHz, lead-
ing to a rapid wake recoherence after 16 ns. The wakefield is displayed in Fig.
11.7 [80]. It is poorly suppressed as a direct consequence of the insufficient sam-
pling of the dipole distribution. A fully interleaved version of CLIC_DDS_A will
properly suppress the wakefields and this corresponds to CLIC_DDS_ER. Further-
more, there is no provision in CLIC_DDS_A to couple out HOM fields from the
manifolds to dielectric damping material. However, a structure, equipped with

HOM couplers, CLIC_DDS B, is presently being designed.
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11.4 Mechanical Details: CLIC_DDS_A

Power is supplied to CLIC_DDS_A by means of a mode launcher (ML) [96]. In
order to achieve a minimum reflection of power, matching cells are designed to
each end of the structure [97] - [99]. By suitably modifying the matching cell
parameters, namely iris radii, cavity radii and cavity length allows a good match
to be achieved. A detailed sketch of the complete structure is presented in Fig.
11.8 and Fig. 11.9. In the design process, we focus on single cells (with half irises
at the either sides of the accelerating gap). However, in fabricating the structure,
discs having a full iris at one end and full gap at the other are designed from the
perspective of mechanical convenience. A CAD drawing' of the first regular disc
of CLIC_DDS _A is presented in Fig. 11.10, together with a cross-section view in
Fig. 11.11. The full 24 cell structure with ML and matching cells is presented in
Fig. 11.12.

1Courtesy of V. Soldatov, CERN, Geneva.
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Figure 11.8: CLIC_DDS_A: Lower energy (upstream) end of the structure
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(a) Top side

(b) Reverse side

Figure 11.10: CLIC_DDS_A disc
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Figure 11.11: CLIC_DDS_A disc: Disc cross-section
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L=2

Figure 11.12: CLIC_DDS_A: Full 24 cell structure with two matching cells
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11.5 Discussion

The rf and mechanical designs of the structure have been completed [99]. Sin-
gle cells will be tested with a view of ascertaining them monopole and dipole
properties and compare to their designed values. A complete bonded structure is
expected to be available by the end of 2012. High gradient studies will be made
in this structure and it will also be available for studying the dipole wakefield
suppression properties. Enhancing the wakefield suppression can be achieved by

interleaving and by allowing the manifold to be in closer proximity to the cells.
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Chapter 12

Conclusion

12.1 Summary

In order to achieve a centre of mass energy of 3 TeV for CLIC, more than 140,000
main linac structures are required [47]. Hence, it is very important to operate these
structures at the nominal parameters within tolerable breakdown limits. It is also
important to minimise the production cost for fabricating these structures.

The present baseline design for CLIC, i.e. CLIC_G, suppresses the long-range
wakefields induced by the lowest dipole mode using strong damping (Q ~10).
The relatively small irises optimise the shunt impedance in this structure and
hence reduce the input power requirement to achieve the desired beam loaded
accelerating gradient. This leads to an rf-to-beam efficiency of the structure to
~28%. The luminosity per bunch crossing in this case is 1.22 X 10** m~ and the
overall FOM (discussed in Chapter 6.) is 9.1 (arb units) [18], [20]. However, the
strong damping scheme, in which the dielectric damping material is in relatively
close proximity of the accelerating beam, has the potential to give rise to rf break-
down. Experimental results performed on this structure will reveal whether the

breakdown rates are within the tolerable limits. The dielectric damping material
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can be placed away from the cavity. However, in this case, the length of the damp-
ing waveguide will be excessively long. This will add to the fabrication cost and
it will also affect the compactness of the structure.

The other damping scheme that is under consideration for CLIC is choke mode
damping. Choke mode cavities are easy to fabricate especially for mass produc-
tion and significant dipole damping can be achieved in this method. However,
achieving a comparable R’/ Q in these cavities is limited by the width of the choke
slot as discussed in Chapter 4 [92]. A low R’/Q will require more input power
to achieve the desired accelerating gradient. This will also increase the surface
fields and will decrease the rf-to-beam efficiency of the structure. The R'/Q in
these cavities can be improved by decreasing the slot width. However, this will
incur a concentration of surface field in the vicinity of the slot which may lead to
enhanced electrical breakdown [92].

The third damping scheme that has been studied for CLIC, which is the main
focus of this thesis, is the DDS method. The DDS cavities have been studied and
tested at high gradients operating at X-band frequency for more than a decade for
the NLC. The technical knowledge gained is documented and readily available.
The research performed on CLIC_DDS builds upon the previous work and meets
the even more challenging demands presented by CLIC. As the DDS method relies
on a moderate damping scheme and remote location of the dielectric damping
material, it minimises the breakdown probability. The manifolds, running parallel
to the accelerating beam on the cavity wall, can be utilised for mounting beam
position monitors (BPMs). The compactness of the structure, is a mechanical as
well as cost-effective advantage.

A comparison of the above mentioned damping methods, namely a waveg-

uide damping structure (WDS), choke mode damping structure (CDS) and DDS
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by considering their breakdown rates! at high gradient, structure size (disc diam-

eter), and tolerances to build these structures is presented in Fig. 12.1. It can
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Figure 12.1: A comparison of various damping methods

be observed that the disc size in DDS is relatively smaller and the structures of
this nature have been operated with accelerating gradient (unloaded) up to 65 - 70
MV/m [15], [35], [52] - [59] for the NLC. Though the tolerances in DDS are a lit-
tle tighter, achieving tolerances up to a few micrometers is achievable in practice.
Mass production techniques will also meet these tolerance requirements. Exper-

imental results gained from CLIC_DDS_A will provide further evidence on the

'Expected and based on previous results
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predicted performance at high gradients (up to 130 MV/m 2). Similarly, exper-
imental results of WDS and CDS will also provide further data of their perfor-
mance at high gradient.

The present CLIC_DDS_A design results from a relaxed bunch spacing (8
rather 6 rf cycles) and has reduced surface e.m. fields. Furthermore, a fully in-
terleaved structure suppresses the wakefield beyond the beam dynamics require-
ments. This design is the result of two initial designs, subsequently rejected as

a result of unacceptably high surface fields and potentially severe tolerances. A
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Figure 12.2: CLIC_DDS optimisation considering various parameters

2The average accelerating gradient is 100 MV/m; however, the peak unloaded gradient is ~130

MV/m.
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strong contender to meet the stringent surface field requirements is a moderate
bandwidth structure equipped with modified cavity wall and a relaxed inter bunch
spacing of 8 rf cycles (0.67 ns). A structure incorporating these changes, satisfies
both the constraints, and has similar tolerances to the CLIC_G baseline design.
The rf-to-beam efficiency in this case is ~23%. This is approximately 5% lower
than the CLIC_G structure. On the other hand, the luminosity per bunch crossing
is 1.36x 103 m~2. This is ~10% higher than the CLIC_G. The overall FOM is 7.6,
which is ~16.5% smaller compared to CLIC_G. Increasing the average aperture
radius (by ~18% compared to CLIC_G?) has benefited the increased bunch pop-
ulation and hence luminosity per bunch crossing. This also decreases the shunt
impedance and hence the efficiency of acceleration. Means to improve the effi-
ciency are being investigated and include modifying the monopole phase advance
to 57/6 per cell from the existing 27/3. A schematic summary of the choices
available is illustrated in Fig. 12.2. In this figure the blue dashed curve repre-
sents failure of the circular cells to meet the rf breakdown criteria due to excessive
pulsed temperature rise as discussed in Chapter 9.

At present CLIC_DDS_A is under fabrication. The mechanical design of the
structure has been completed. Detailed drawings of the cells and the complete
assembly of the structure are presented in Appendix G*. The qualification cells of
CLIC_DDS_A have been fabricated and are displayed in Fig. 12.3. The structure
will be tested for high gradients at an input power of 71 MW at CERN. Further
prospect for enhancing the wakefield suppression and means to minimise the sur-

face fields are discussed in the following section.

3In Chapter 9, average aperture of CLIC_DDS_C is compared with CLIC_G
4Courtesy of V. Soldatov and G. Riddone, CERN, Geneva.

188



(a) Top side (b) Reverse side

Figure 12.3: CLIC_DDS _A qualification disc
12.2 Future of CLIC DDS

Several approaches are being considered to further optimise the structure. These
approaches have the potential to enhance the beam luminosity and efficiency.
Three potential aspects of this are: a high phase advance structure (HPA), in-
sertion of additional manifolds and insertion of dielectric damping rods into the
manifolds.

The phase advance per cell for CLIC is 2n/3. An HPA structure such as that
designed for the NLC [35] operating at a 57/6 phase advance is being studied [ 100]
to analyse the rf properties and wakefield suppression in HPA structure. An initial
study of the CLIC_HPA [100] has shown that the wakefield damping in HPA struc-
ture can be improved compared to the standard (277/3) structure i.e. CLIC_DDS _A.
Preliminary study has already been conducted on the first six dipole modes of the
standard and HPA structures. Due to the enhanced coupling and less severe kick

factors, the HPA structure has the potential to offer an improved wakefield sup-
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pression. Wakefield suppression can further be improved in both the standard and
HPA structure by introducing addition manifolds (up to 8 manifolds in total). A
detailed study is needed to design additional manifolds to minimise the funda-
mental mode perturbation. Another approach to further enhance the wakefield
suppression is to introduce a dielectric damping material in the manifolds (SiC).
In this case a SiC rod will run through the manifolds along the structure [101]. It
will reduce the dipole Q. The effects of introducing such damping material in the

manifold on the fundamental mode properties needs a detail investigation.
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Appendix A

Frequency scaling of cavity

parameters

In a circularly cylindrical cavity, the accelerating mode is the TMy;o mode. The

cutoff frequency for this mode is given by [28]

2.4
W, = ;50. (A.1)

Here, b is the cavity radius. The accelerating frequency is also inversely propor-
tional to the cavity radius. The total electromagnetic energy stored in the cavity is

calculated from the peak electric field E, and can be given as [28]

3 neyLb?

U E§J7(2.405). (A.2)

Here L is the length (period) of the cavity, J; is the Bessel’s function.
The average power dissipated on the walls of the cavity of surface area ds is

given by [28]

R, nbRE? €
Pus= f Hds = —2 2(2.405)L + b. (A3)
s Mo

Here R, is the surface resistance.
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The quality factor of the cavity is expressed in terms of the frequency, energy

stored in the cavity and the power dissipated in the cavity walls [28].

Q

= . A4
Pdis ( )

The rf surface resistance in a normal conducing cavity is given by [28]

R, = |H® (A.5)
200

where o is the conductivity of the cavity walls (copper in this case).
The rf surface resistance of superconducting niobium is approximately given

by [28]
9 x 1075 w*(GHz) T.
R, = —aZE) £ R A6
E T Tk et (A.6)

where @ = 1.92 and T, = 9.2 °K is the critical temperature. Imperfections in the

surface are calculated in terms of the residual resistance, R,.; and for supercon-
ducting cavities is typically of the order of 107*Q to 107°Q.

The shunt impedance per unit length is a measure of excellence of a structure
as an accelerator and is defined as follows [28].
B
Pyl

R (A7)

From the above eq. A.2 to A.7 the frequency dependance of the rf parameters in
normal and superconducting cavities can be conclude as

RF Surface resistance

Vo NC
R, o (A.8)

w* SC.

Power dissipated in the cavity walls

1/Vo NC
Pis o< (A9)

w SC.
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Quality factor of the cavity

wU 1/vw NC

= o

Pais 1/w?  SC.

Shunt impedance per unit length

Vo NC
R,ocl/Pa’isoC
1/w SC.

Ratio of shunt impedance per unit length to quality factor

w NC
R/Q e
w SC.
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Appendix B

Wake Potential

In the frequency domain, the Fourier components of the voltage V(w) and current

I(w) allow a beam impedance to be defined as [38].

1%
Z(w) = % (B.1)

If a unit point-like charge (at v ~ c¢) passes through a cavity represented by this
impedance followed by a test point-like charge, then the potential experienced
by the test charge at a distance ¢t behind the leading particle is defined as wake
potential W-.. It is also known as delta function wake potential or Green’s function.
The wake potential, for a current rather than a point charge, induced dV(¢) at a
position ct can be evaluated by considering an element of charge (driving charge)

dq ahead in the bunch by a distance c(t — ') and is given by [38]

dV(t) W(—-1)dq

We—-1)I(t)dq . (B.2a)

This is the convolution of the wake function with the current distribution. For
v < c there is some wakefield present ahead of the driving bunch i.e. the case of

the non-causal behaviour where charge to charge interaction (space charge forces)
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cannot be neglected [37]. In other case, the total potential due to all the charge ele-
ments in the bunch ahead of the distance ct is given by integrating the contribution

of the potential at point ¢ due to the charge dq [38].

V() f Wi —1t)I{)dr

f ) W()I(t — 1)dr. (B.2b)
0

The wake potential can be expressed in the frequency domain using Fourier trans-

form as follows [38]

170

f eV (1)dt

f ) el dt f ) W(@)I(t — 7)dT. (B.3)
—o0 0

V(w)

For t = ¥ + 7, changing the order of integration we get

V(w) = I(w) W) (B.4)
using B.1 and /(w) = 7(7)
Vv —
Z(w) = % = W(7). (B.5a)

The wake function is defined in terms of the impedance using an inverse Fourier

transform as follows

(o]

W) = Z(w) = % f e Z(w) dw. (B.6)

—00
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Appendix C

Circuit Model

Here, the calculations involving monopole (single band) coupled mode frequen-

cies for a structure consists of N cells are discussed. Eq. 5.8 is an eigen system

with a,, eigenstates and w~

2

eigenvalues. In order to solve eq. 5.8 for, say, m

=1, ..., N, where for example, N = 3 we need to consider physical boundary

conditions because the electromagnetic fields will terminate at both the ends of

the structure. Assuming the structure has full cells at either ends the boundary

conditions are imposed as [45],

form=2

ap = a
ay+1 = an
K1 =K

! 1

(C.1a)

(C.1b)

(C.2a)

(C.2b)



form =3

a Ks K1
3 2 2
—S tao tao = Aas.
w; 2 2

Using eq. C.1 in to eq. C.2 the condensed matrix form can be written as

1 K “3
B Y S
w? t3 3 a a
K; 1 Ki
2 2 —
> = 73 ||e|=Ye
K3 L
0 =2 =S+ 3 \as as
2 W22
which can also be expressed as
Aa = da
where
1 K “3
B Y S
w% + 2 2 0
K§ 1 Ki
- 2 1 2
A= 2 w? 2
2
“3 1 K3
2 1
0 ol + 3.
ai
as

(C.20)

(C.3)

(C.4)

(C.5)

(C.6)

The resonating frequencies and the coupling coefficients are obtained from single

cell simulations using commercially available computational tools. Using eq. C.3

the eigenvalues i.e. coupled mode frequencies for the entire N-cell structure can

be calculated.
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C.1 Double Chain Model

Following a similar procedure as described in 5.1, for TE modes the coupled

modes are represented as [45]:

1 1 Km+1/2 Km-1/2 \/Km+1/2km+l/2 R
a fd _—

Y E)am + 2 A1 + B m—1 = D) A+l

2
wm
VEKm-1/2Km-1/2

> am-1. (C.72)

whereas for TM modes:

1 1 Rm1/2 ., Rm-1/2 ., VEKm+1/2Km+1/2

- )&m - Ap+l — ap-1 = — Ap+1
2 2 2

~2 2
w;, w
VEKm—1/2Km-1/2
+—

2

am-1.(C.7b)

Considering a special case of a structure with uniform cells (no tapering) sub-
jected to an infinite periodic condition and applying Floquet condition [28], [29]

eq. C.7 can be written in matrix form as

(147 cos ¢) J\nfising

3 = a 1 |a

Wiy WnWm - — (C 8)
_JiNmising (-jeose) || 4 W |4

Wy w%l

where ¢ is the phase advance of the fields per cell.

Now returning to the case of a non-uniform tapered structure, to solve for the
eigenvalue, the boundary conditions need to be specified. If we assume that the
cavity consists of N full cells (m = 1 to N), with metallic end walls, then the

boundary conditions correspond to [45]

ap=ay, dy = —ay, Kijp = K1, Kijp =K (C.9a)

ay+1 = ay, ay+1 = —ay , KN+1/2 = KN » kN+1/2 =Ky (C-9b)
H H.||la a

A =A (C.10)
H' H)\a a



where H(= A) and a are defined in eq. C.5 and C.6 respectively; H] is the trans-

pose of H, matrix. Now for example, if N = 3 then,

>

1 ki 3
z~2 2 U
: R
H=| -+ -5 (C.11)
“2
K5 ~
0 2 1 _k&
2 0t 2
and
a
a=\a|. (C.12)
as

The coupling coeflicients in eq. C.11 are negative because the lowest dipole band
TM mode is a backward wave i.e. its group velocity' is negative (wy > wy).

Defining a cross coupling term k as

Rl = ~————— (C.13)

K1 —E% 0
H, = E% 0 —E% . (C.14)
0 E% —K3

Ha=2a (C.15)
where
— H H,
H = A (C.16)
H H

X

I'The calculation of group velocity using wy, w, and « will be discussed in Chapter 6
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a
]_ (C.17)

The matrix defined in eq. C.15 is a 2N x 2N matrix and is solved for calculating
2N coupled modes. The kick factors of the lowest dipole modes are large com-
pared to other HOMs?. Hence we focus on optimising the wakefield generated
due to the lowest dipole mode. The calculation of the wake involves the coupled
mode frequencies which are calculated using eq. C.15 and coupled mode kick

factors. The coupled mode kick factor for the double-band model is calculated

[45]as
| Zn dn(p) \/WeimﬂpF
K, =
Nf,
where, i, is phase shift per cell [45]and f; = 5* is the mode frequency, and

(C.18)

Y, =2nf,L/c (C.19)

where L is the cell length and € is a fitting parameter and p is the mode nearest
the synchronous point [45]. This fitting parameters is important becasue the ratio
of TM to TE dipole mdoes vary along the structure hence it is necessary to weight

the ratio accordingly.
2
la,|

e=1+ (C.20)

la,
Only d, appears in the numerator of eq. C.18 since only the 7M;;y and not TE

will kick the beam.

C.2 Double Chain Model With manifold Geometry

Referring to Fig. 5.5, if V,, C, are the voltage and capacitance of the manifold

representation respectively and v,, ¢, are the voltage and capacitance of the TE

2This is true for a TW X-band structure with accelerating phase advance of 271/3 per cell [46].
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component of the cell mode respectively then [35], [68]

J(h . K
V, = ——(— + l,,—) C.21
w Cn Vcncn ( )
_ j(in Ky )
v, =——|—+1, C.22
w\Cy VC,,C,, ( )

where I, and i, are the currents through C, and c, respectively. The network

equations of the circuit model can be expressed in terms of a compact matrix

form as [35], [68]
H HT a a B
— 2 == ). (C.23)
H, H-GR'G)la a 0

Various terms involved in the above eq. C.23 are defined as follows [35], [68]

R,, = —2cos iy, (C.24a)
Ryui =1 (C.24b)
LF\2sin o,
COS Yy = COS Yo — a(ﬂ) SIn Yon (C.24¢)
c lr[/On
2C
_ L C.24d
a IC. ( )
2L
Vo = (L) N> (C.24¢)
C
1
Hy = (C.24f)
1
A, = = (C.24¢)
Mnx1/2
H,. = =2 (C.24h)
YT 2fofn
B L (C.24i)
2fnfnil
H, _ Mxnz12 (C.24)

sl = S
e 2fnfnil
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rn("L ) Sin Yo, (C.24K)

¢ wOn

@, K>

Here, C7 is the capacitance per unit length of the transmission line, ¢, is the local
phase advance per waveguide section, B is a representation of a driving current (B
is defined in the next section), the a’s and H matrices have already been discussed
in the previous section. The manifold is represented by R matrix and the coupling
of the manifold to TE cell mode is represented by G matrix in which I" is the
manifold to cell coupling coefficient. F), is the cut-off frequency of the manifold
and L is the cell length (periodicity). If we setI" = 0, corresponding to no coupling

of the manifold to the cell modes then we retain eq. C.10.

C.3 Spectral Function Method

In order to define a Spectral function over the propagating modes in the manifolds

a network equation in terms of a 3N X 3N matrix is defined as [35], [69],[72]

(H-AU)a = AB (C.25)
where
A H' 0
H=|H, H -G|. (C.26)
0 G -R

Here H, H, H,, G and R matrices are all N x N matrices and retains the same form

as discussed in eq. C.24 and

D

a=\a (C.27)



where a and a are the eigenvectors of the cell modes and have been defined in eq.

5.5. A is the eigen vector of the TE mode in the manifold and is defined as [35]

j2nv, |c ( sin ¥, )
A, = A= . C.28
w P ¢ lr//On ( )

The matrix involved in defining the beam current B is

B
B=|o0 (C.29)
—A

where B is normalised to unit charge per unit displacement.

B = ﬂ(%[ﬂ%) exp( — %n) (C.30)

where f; and K are the single infinitely periodic cell synchronous frequencies and

kick factors respectively. The impedance is calculated from the following relation
1 < jwP ~
Zw) = 5 Zn; K"K exp [ - ]T(n - m)]H,,m (C.31)

where H is a 3N x 3N matrix
H=HU-1"H)". (C.32)

The transverse wakefield experienced by a trailing bunch per unit charge, a dis-
tance s behind the driving bunch® moving with v ~ ¢ can be written as [35], [69],

[72]

1
Wils) == f Z(w — je)expl(js/c)(w = jo)ldw (C.33)

where € is an infinitesimal displacement introduced to broaden the resonant peaks,
which helps to sample the impedance properly. It can be ignored when we con-

sider sufficient Ohmic losses and manifold damping. It should be noted that the

3drive bunch charge is normalised to unit displacement
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circuit model calculation introduces a small non-physical quantity, a precursor,
which contributes to a small wakefield ahead of the driving bunch i.e. W, # 0 for
s < 0 which contradicts with the causality. In order to remove this contradiction a

causal wake is often defined as follows [35]
We(s) = 0(s)HWL(s) — Wi (-9)} (C.34)

where 0(s) is the unit step function. The envelope of the causal wake is given as

[35]

0
We(s) = 5

f‘” S (w) exp(jws/c)dw. (C.35)
0
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Appendix D

FOM calculation

For a structure with end cell iris radii of a; and ay, the average and the difference

in the aperture size of the structure are defined as [84], [86]

+
<a>=4 2aN (D.1a)
ra=4 ;aN. (D.1b)

The maximum number of particles that can be allowed per bunch is decided by
the limitations imposed by the short-range wakefield. For a given structure, <a>,
Aa and accelerating wavelength (A) are the known parameters. For three different
Aa/<a>, ny is calculated such that the short-range wakefield is within the allow-
able limit by using Fig. D.1 [84], [86]. The first special case (black curve) of
Aa/<a> = 0 represents a structure with no tapering i.e. Aa = 0 (identical irises),
and hence it allows maximum number of particles per bunch compared to the
other two curves. The second curve (blue curve) represents the case of moderate
tapering. The third curve (red curve) with Aa/<a> = 0.3 represents a heavily ta-
pered structure, hence the average iris radius of the structure is relatively smaller,
and this restricts the bunch population. From Fig. D.1, the intersection of three

curves with the dashed line, representing the designed <a>/A for the CLIC_DDS
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- _ Ag/<a> = 0.3

8 | ]
o -Aa<a>=015 ]
i - Ag/<a>=0 :
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2" Designed <a>/1 .

17 I | I I I | I I I | I ; I | I \E

0.08 0.10 0.12 0.14
<a>/A

Figure D.1: Maximum tolerable bunch population for various <a>/A

test structure gives the required data for plotting the curve in Fig. D.2. Now, for
the designed <a>/A and Aa/<a>, n, is calculated using Fig. D.2. Similarly the

luminosity per bunch crossing is calculated using Fig. D.3 and Fig. D.4 [84], [86].
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Aa/<a>

Figure D.2: Maximum tolerable bunch population for various Aa/<a>
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Figure D.3: Luminosity per bunch crossing for various <a>/A
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Figure D.4: Luminosity per bunch crossing for various Aa/<a>
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Appendix E

CLIC_DDS_C parameters

Table E.1: Design parameters of seven fiducial cells of CLIC_DDS_C

Cell a b t € R, | R, Ssyn Ky
Label | mm mm mm - mm | mm GHz V/pC/mm/m

A 40 | 10505 | 4 1.0 [ 3.25 | 6.2 | 15.8767 46.33

B 3.52 | 10.108 | 3.05 | 1.16 | 3.02 | 6.58 | 16.5832 62.23

C 332 ] 9989 |2.66 133|289 |6.74 | 16.8559 68.12

D 315 991 |235| 1.5 | 2.78 | 6.88 | 17.0647 72.68

E 298 | 982 [2.02|1.68 266 |7.02 17.3 77.77

F 2776 | 9705 | 1.58 | 1.86 | 2.51 | 7.2 | 17.6216 83.45

G 23 | 9535 | 07 | 20 | 23 | 7.5 | 18.293 91.1
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Table E.2: RF properties of seven fiducial cells

Cell | vo | QO | R/Q | Ejt/Eace | Hygol Eace
Label | %c - kQ/m - mA/m
A | 2.06 4708 | 10.173 2.3 6.0
B 1.74 | 5390 | 12.754 1.96 4.86
C 1.64 | 5628 | 13.844 1.86 4.56
D 1.54 | 5809 | 14.732 1.77 4.4
E 1.45 | 5989 | 15.725 1.71 4.02
F 1.33 | 6214 | 17.102 1.7 3.77
G 1.07 | 6602 | 19.959 2.33 3.37
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Appendix F

CLIC_DDS _E parameters
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Table F.2: Design parameters of nine fiducial cells of CLIC_DDS_E
Cell a b t € R, R. Ssyn Ky,

Label | mm mm mm - mm | mm GHz V/pC/mm/m
A 40 | 11.0355 | 4 1.0 [ 325 | 6.2 | 15.8899 46.7
B 3.66 | 10.7917 | 3.63 | 1.08 | 3.1 | 6.28 | 16.2932 55.5
C |352]10.6845 | 338 | 1.17 | 3.01 | 6.34 | 16.4847 59.9
D |3.3210.5509 | 299 | 133|289 | 643 | 16.7517 65.9
E |3.15] 104425 |265| 1.5 | 276 | 6.5 | 16.9862 71.3
F 1298103423 | 2.3 | 1.68 | 2.66 | 6.58 | 17.2236 75.9
G |276|10.2234 | 1.86 | 1.86 | 2.51 | 6.67 | 17.5351 78.6
H |256|10.1364 | 1.54 | 1.95 | 2.4 | 6.74 | 17.8016 86.3
I 23 | 100548 | 1.3 | 20 | 23 | 6.8 | 18.1049 91.2
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Circuit parameters
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Figure F.1: Circuit parameters of seven fiducial cells of DDS_E
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Appendix G

Detailed Mechanical Drawings Of
CLIC DDS A
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Figure G.5: CLIC_DDS _A: Complete assembly
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