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Abstract

The International Linear Collider (ILC) project aims atlodihg electrons and positrons at an initial
centre of mass energy of 500 GeV with high luminosity, and till allow scientists to probe new
energy regimes. A general consensus within the accelgrhysics and particle physics community
has been made to utilise superconducting technology rétaarnormal conducting technology. A
superconducting radio frequency (SRF) cavity will be useddcelerate bunches of particle beams
to the design energy before delivering them to the colligiomt. The major financial cost of the
ILC lies in the area of the main linacs. These linacs condisiree-cell cavities and are based on
the TESLA design. An option being considered to reduce tlegaihfootprint and project cost is to
enhance the cavity gradient. This research concernsvi#blimy new cavity design with a view to
reaching higher gradients. This design is focussed on nsmgthe surface electromagnetic fields
and maximising the bandwidth of the accelerating mode. hhi8 shape, which is referred to as
the New Low Surface Field (NLSF) design, bears a similatyhte current Ichiro and Reentrant
designs. A design of a complete nine-cell cavity, includiogver couplers and higher order mode
damping couplers is presented. An equivalent circuit mtusbry is applied to represent the radio
frequency (rf) mode properties of the cavity for both thedamental accelerating mode and higher
order modes. This represents an almost complete desigading HOM damping, for a unique

high gradient superconducting cavity.
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Chapter 1

Introduction

The focus of this research is on optimisation of the supeataoting radio frequency (SRF) cavities
and the couplers for the linacs of the ILC. This chapter mtesian overview of the essential details
of the ILC, the main linac cavities and the couplers. Chapteutlines a basic concept of electro-
magnetic (e.m.) fields inside a cavity, a figures of merit oheity and the concept of a wakefields.
Chapter 3 provides an overview of a research in a high gradasities. A concept of circuit model
theory for an accelerating cavity is introduced in Chaptek 4tudy on the TESLA cavity to validate
the study’s methodology and a circuit model theory is preseim Chapter 5. My optimisation to
obtain the NLSF cavity is discussed in Chapter 6 and rf progseof the NLSF cavity are presented
in Chapter 7, along with the results of applying a circuit mlod he wakefields of the NLSF cavity
are presented in Chapter 8. The penultimate chapter ositliveerf power coupler design and the
HOM coupler for the NLSF cavity. Some concluding remarks snggestions for further work are

presented in the final chapter.
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CHAPTER 1. INTRODUCTION 22

1.1 Why s a Linear Collider Desirable?

The development of the Standard Model has been a succes§ @eRfury particle physics. The
Standard Model includes a third component beyond partamhesforces that has not yet been veri-
fied, in particular the Higgs mechanism that gives mass tpdiniicles. It is anticipated fundamental

new physics will be discovered at a few hundred GeV of energy.

In the past, lepton and hadron colliders have been builtaag rings. In a storage ring, the par-
ticles are accelerated many times through the same adedecavities. Dipole magnets, located
between the cavities, are used to bend the trajectory of angcles. Particles gain energy from
the accelerating field at each turn and this requires a higtagmnetic field to maintain the same
trajectory. The Large Electron Positron collider (LEP) thrgest electron positron storage ring,
closed down in November 2000, represented an energy ligaridewhich energy losses due to

synchrotron radiation becomes prohibitively large.

The power radiated by an accelerated charged particleendpy Larmor’s formula [1]:

1 2647
= Ines 38 (1.1)
For a linear accelerator, the power radiated is [1]:
1 2¢ (dp\
= Trneg 3007 (a) (1.2)

wherep is the momentum anth is the rest mass of particle. The rate of change of momentum is

equal to the force exerted on the patrticle in the directioaazielerationz-direction), which in turn
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equals the change in the energy,of the particle per unit distance. Consequently,

2
1 2¢ (dE) (1.3)

" 4neo 332 | dz
Thus, in a linear accelerator the radiated power dependseoexternal force acting on the particle,
and not on the actual energy or momentum of the patrticle. dleiar from the above formula that
electrons radiate more than heavier particles such asnmotdhe ratio of power radiated to the

power supplied by the external sources is:

P 1 2¢? (dE) e 2 (dE 2le
dE/dt ~ 4reo 3mEmas ' dz’  4dnem@3me " d 3ame'd

( (1.4)

wherer, = 2.82x 10°*® m is the classical radius of an electron. It is clear from theva expression
that the radiation losses in an electron linear acceleeatonegligible unless the gain in energy is of
orderm.c? = 0.511 MeV in a distance ofr2/3 = 1.88x 101> metres. That is Z2 x 10'* MeV/m
(9.20x 10?° MeV/m for proton).

In circular accelerators the momentysnchanges rapidly in direction as the particle rotates, but
the change in energy per revolution is small. Furthermdre direction of acceleration is always
perpendicular to the direction of motion. With the bendiadiusp andw = Bc¢/p, the radiated

power loss becomes [1]:
ﬁ4CCy E4
2 p?

P=Z—y%p’ =

(1.5)

wherery is the classical radius of the particim,is the rest mass ar@, = 4xrro/3(mc)3, which is
8.85 x 10°m/Ge\~ for electrons and .78 x 10'8m/Ge\? for protons. The radiative energy loss
per revolution of a circular accelerator becomes:

E4
AE, = P, T,e, = B°C, = (1.6)
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For example in the electron positron collider, LEP [2, 3]aatenergy of 100 GeV the energy loss
per turn is 2.86 GeV. Also, for the Cornell Electron-positistorage Ring (CESR) [4], an electron-
positron collider, the energy loss is 1.2 MeV per turn at thergy of 5.3 GeV. The SRS at Daresbury
Laboratory [5], 2 GeV energy with bending radius of 8.6 m, ¢éinergy loss is 0.25 MeV per turn.
While at CERN'’s Large Hadron Collider (LHC) [6], the 7 TeV poa collider, the energy loss per
turn is 6.66 keV. Therefore, when accelerating leptons gbiéxi energies linear colliders become a

necessity.

1.2 Key Parameters of a Collider

The two important key parameters for a high energy collidertae centre of mass energy and the

beam luminosity.

1.2.1 Centre of Mass Energy

The total centre of mass ener@, of collision represents the energy available for high eperg
reactions to create new particles. It depends on the kinempatameters of the colliding particles,

which can be defined as the expression:

E2 = [Z Ei)z—[z cp]2 (1.7)

with E; = yymc® andp; = y;mpic, the relation become:

2 2
Eén = (Z yimcz) - (Z Yi mﬁiCJ (1.8)

For head on collisions of two particles having the same snesglocity and massnf, = m, =

m,y1 = y2 = y,B1 = —B2 = B,), the total centre of mass energy is simply twice the enefggaoh
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of the particles:

Eem = 2yme = 2E (1.9)

The situation is dferent in a fixed target collision, for the particle with enekg, and the target

masam the total collision energy in this mode is:

This demonstrates that the centre of mass energy aftesioollis lower for a fixed target collision.
For example, consider the LHC accelerating 7 TeV protonmisda produce a total collision centre
of mass energy of 14 TeV, compared to 115 GeV centre of masgyepeoduced if a fixed target

mode is considered.

1.2.2 Luminosity

In addition to the centre of mass energy of the beam, luming@s) is the second key parameter for
linear colliders [7]:

& k
Anoyoy,

(1.11)

Heren, is number of bunches per pulsé, is number of electrons (positrons) per bunth, is pulse
repetition frequencw—;(y) is horizontal (vertical) beam size at the interaction piR), andHp is
disruption enhancement factor. This assumes that pabiciehes have a Gaussian distribution in

both the horizontal and vertical plane.

Introducing the average beam povRyr= E:.nNpNefrep, the luminosity can be written as

L_i Ne

Ecm 4710';0';‘,

(1.12)
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By choosingoy /oy, > 1, L becomes #ectively independent of the horizontal beam size and the
luminosity can be increased by making as small as possible. Sinog = /ye;B; [1], whereye;,
By is normalised emittance and beta function at the IP resmytihis is achieved by using both a

small vertical beta function and a small normalised veltoaittance at the IP.

The other method to increase the luminosity is operatindnathigh beam poweR,. This can
be achieved by increasing the pulse repetition rate or numibgarticles in bunch or number of
bunches per pulsd. can also be increased by operating at higher beam enerdwsisTobtained

by increasing the pulse repetition rate or by operation iftiraunch mode.

1.3 The International Linear Collider

LHC will investigate physics at the TeV energy scale and t&cgrated to be the discovery machine
for the Higgs particle. The ILC is a complementary machinthat it is expected to play a central
role in the precise measurement and exploration for physgend the Standard Model. The ILC
is designed to collide electrons and their antiparticlesifpons, at an initial centre of mass energy
of 500 GeV with an option to upgrade to 1 TeV. In contrast to ltk&C where collision between
protons at a centre of mass energy of 14 TeV, the ILC will ptevgood signal to background ratio,

which will allow precision measurement of the physics of ititeraction.

A Reference Design Report (RDR) was published in August/Z8R These documents provide
details of technical requirements for a machine to reacn&re®f mass energy of 500 GeV with
a peak luminosity of X% 10*cnT2s™. As listed in Table 1.1 and schematic, shown in Fig. 1.1 the
ILC machine will be approximately 31 kilometres in lengtthelmajor subsystems of the ILC are
electron and positron sources, the damping rings, the amgdin linacs, the main linacs, the beam

delivery systems, and the detectors at the InteractiontPéih The beam parameters at the IP for
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500 GeV energy are listed in Table 1.2. The vertical normedismittance and beta function are very
small compare to that of the horizontal. There are threergtdga points for using a flat beam instead
of a round beam [9]: first, the small emittance allows for dispabt sizes at the IP which is needed to
achieve the high luminosity as discussed in previous sececond, flat beams take advantage of
the natural asymmetry of the damping ring based sourcesfdahd final focus; quadrupole focusing
is asymmetric and a flat beam final focus is easier to designatihaund beam final focus. Third, for
a given cross sectional area and charge, flat beams geresatedamstrahlung than round beams.

The beamstrahlung increases the energy spread and catsgsideackgrounds.

Table 1.1: Global parameters for the ILC at 500 GeV [8]

Parameter Value | Unit
Centre of mass energy range 500 | GeV
Peak luminosity 2x10% | cnr2s?
Availability 75| %
Repetition rate 5| Hz
Duty cycle 05| %
Main linacs

Average accelerating gradient in cavities 31.5| MV/m

Length of each main linac 11 | km

Beam pulse length 969 | us

Average beam current in pulse 9.0 mA
Damping rings

Beam energy 5| GeV

Circumference 6.7 | km
Length of BDS (2 beams) 4.5 | km
Total site length 31| km
Total site power consumption 230 | MW

Starting from the gun, a short description of the ILC mach&;aow given. Electrons from the
electron gun will be focused into a bunches and accelergieid an energy of 5 GeV before in-

jection into a damping ring. Positrons do not exist natyrath earth. They will be created by



CHAPTER 1. INTRODUCTION

30m Radius

~1.33 Km

e~ Linac
Beamiine

Undulator i
1M3Km+~125 Km

; Senvice Tunnel

keep-alive or §! )
Stand Alone JJ) & Exiraction
e+ Source | & et Injection

~4 45 Km G ~31 Km
e~fet DR ~6.7 Km|
e— Source \ o+ Extraction
| & e~ Injection
| Service Tunnel
11.3 Km
et Linac '
Beamline .
Mot to Scale |
” ~1.33 Km T
ﬁé 30m Radius ¢} RTML |

Figure 1.1: A schematic layout of ILC for 500 GeV centre-cdsa energy [8]
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Table 1.2: Beam and IP parameters for the ILC at 500 GeV [8]

| Parameter | SymboJUnits | Value|
Repetition rate frep (HZ) 5
Number of particles per bunch | N (109 2
Number of bunches per pulse Ny 2625
Bunch interval in the main linac | t, (ns) 369.2
in units of RF buckets 480
Average beam current in pulse | lae (MA) 9.0
Normalised emittance at IP y€; (mm- mrad) 10
Normalised emittance at IP ye; (Mm-mrad) | 0.04
Beta function at IP B (mm) 20
Beta function at IP By (mm) 0.4
RMS beam size at IP oy (nm) 639
RMS beam size at IP oy (nm) 5.7
RMS bunch length o (um) 300
Disruption parameter Dy 0.17
Disruption parameter Dy 194
Beamstrahlung parameter T ave 0.048
Energy loss by beamstrahlung | dgs 0.024
Number of beamstrahlung photons, 1.32
Luminosity enhancement factor | Hp 1.71
Geometric luminosity Lgeo (10°%/cn?/s) | 1.20
Luminosity L (10*/cn?/s) 2

* This values are nominal based on beam current 9.0 mA, bease frrgth
970us, and RF pulse length 1.56 ms [8]
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sending high-energy electron beam into a helical unduldtbis undulator will cause electrons to
emit photons. After the undulator the electrons and photoeseparated. The photons will be sent
to strike a titanium-alloy target which produces pairs @fotlons and positrons. The positrons will

be collected and accelerated up to an energy of 5 GeV bef@eion into a damping ring.

The damping rings are used to produce electron and positrchies compact enough for a high
luminosity collision. There are two damping rings, one facérons and one for positrons, each of
which is 6.7 kilometres circumference operating at a beaengyrof 5 GeV as listed in Table 1.1. In

each ring the bunches will travel through a series of wiggthat cause the beam to emit photons.

This repeated process makes the bunches more compact (9 meimleagth).

The ring to main linacs (RTML) transport the beam from dargping to main linacs and compress
bunch length into the short bunches required by main linde. RTML will compress bunches from
9 mm at 5 GeV at the entrance to 0.3 mm at 15 GeV at the exit amdkdéhese beams into main

linacs.

The main linacs, one for electrons and one for positronglacate beams from their injected en-
ergy of 15 GeV to the final energy of 250 GeV over a total lengtBkilometres. The purpose
of these linacs is to accelerate the beams, whilst presgtiaim emittance and maintain the beam

energy within the design requirement ofd#.1% energy spread at the IP.

The beam delivery system (BDS) is responsible for trangppslectron and positron beams from
the main linacs, focusing them to the size required at thbriRging them into collision, and then

transporting the spent beams to the main beam dumps.
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1.4 Room Temperature or Superconducting Accelerators?

Normal conducting (NC) accelerating structures have beed worldwide over several decades and
we refer to these as a warm accelerators. NC acceleratofabareated from copper and are water
cooled during operation. Superconducting (SC) accefegatiructures, which we refer to as a cold
accelerators, have the advantage of low electrical resistaThis low loss allow almost 100% of
rf power transfer to particle beams. However, in practisaigefiime is required to fill the cavities
and this #ects the ficiency adversely. The drawbacks of using SC is the poweratetedcool the

structure to 2 K, the superconducting state. The rf inputgrag/calculated from:
Prs = EaLclp (1.13)

whereE, is the loaded accelerating gradient of the cavity witle@ive length_. and beam current
lp. The beam current is calculated from the bunch cha@e= Ngq, divided by the bunch spac-
ing (I, = Quv/ty). In practise the rf input will be provided from klystrongdlugh the distribution
network. For the ILC 26 cavities are fed per klystron (with89,and 9 cavities in each cryomod-
ule, respectively). The baseline design of the ILC requaresverage accelerating gradient of 31.5
MV/m over a cavity fective length 1.038 m with a beam current of 9 mA. The requiigdtron
power is:

Py = PrtNeawianiio = 315+ 9- 1.038- 26 1/0.93- 1/.84 ~ 10MW (1.14)

herenyg is distribution lossesficiency andy, is the tuning overhead factor. The accelerating cavity
needs to be filled with rf power before introducing the beatm in The standing wave cavity fill time

is calculated fromT¢j; = 2In2 - Q¢/w ~ 0.6ms [10] and the bunch train length or beam pulse length
is obtained from the product of the bunch spacing and the eambbunchesT, = npt, ~ 1ms.

Then the rf pulse lengtiT;¢, is the summation of these two. The rf to beafficeency is obtained
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from the ratio of beam pulse to the rf pulse length:

T
Mt = T—ilOO% (1.15)
r

From the ILC-RDR, the rf to beamficiency is 62% compared to 28% for CLIC [11]. This rf to
beam diciency is more than a factor of two larger. However, onceaa$és are taken into account,
the overall diciency of these two accelerators are comparable. Thigency is calculated from

the total power consumption of the accelerators. For the th€ average beam power is given by,
Pb = EcmbNefrep = 500- 10° - 1.6- 10719 2625. 2. 10°° - 5 = 21MW (1.16)

From Table 1.1 the total site powBy, is 230 MW. The overall wall plug to beantfiiency is:

P, 21
= —100%= —100%= 9.13% 1.17
Mot P 00% 30 00%= 9.13% ( )

Table 1.3 provides a comparison of NC versus SC colliders.oMerall €ficiency of the SC collider

is no more thar 2% higher than that of the high gradient NC collider.

1.5 The ILC Accelerator

The ILC accelerator is based on 1.3 GHz SRF acceleratindiesiviMore than 17,000 of these
cavities are needed for the ILC. The use of SRF technologyre@smnmended by the International
Technology Recommendation Panel (ITRP) in August 2004.[T2je ILC SRF linac technology
was pioneered by the TESLA collaboration in a proposal fdd@GeV centre of mass energy linear
collider in 2001 [7]. The current baseline assumes an aeeaagelerating gradient of 31.5 Mv

- requiring a minimum of 35 MYm gradient during mass production vertical testing. Cagldgign

parameters are listed in Table 1.4 and an example of the 1BT&SLA nine-cell cavity is shown
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Table 1.3: Main parameters comparison between LC at 500 GeV

NLC ILC | CLIC
Total luminosity(18%nt?s™?) 2 21]23
Repetition rate (Hz) 120 5150
Loaded gradient (M¥fmn) 50 31.5| 80
Main linac frequency (GHz) 114 1.3 12
Number of particlefdunch(16) 7.5 20| 6.8
Number of buncfpulse 192 2625| 354
Bunch separation (ns) 1.4 369 | 0.5
Beam pulse (ns) 400 | 969000| 177
Normalised horizontal emittance (nm mrad) 3.6 10| 2.4
Normalised vertical emittance (hnm mrad)| 0.040| 0.040| 0.025
Horizontal beta function at IP (mm) 8 20| 8
Vertical beta function at IP (mm) 0.11 0.4|0.1
RMS Horizontal beam size at IP (nm) 243 639 | 202
RMS Vertical beam size at IP (nm) 3 5.7| 2.3
RMS bunch lengthym) 10 300 | 72
Over all two linac length (km) 14 22| 9.26
Proposed site length (km) 18 31|13
Beam power (MW) 14 21|10
Total site AC power (MW) 195 230| 130
RF to beam ficiency (%) 29 61.7| 27.7
Wall-plug to beam fficiency (%) 7.2 9.1|7.7
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in Fig. 1.2. As mentioned, operation at high luminosity rieggi the use of high power and small
emittance beams. The low loss in SRF cavities allows longldglength to be used. The choice of
gradient is an important cost and performance parameteéraigdts the length of the linac, while

the cavity quality factor@) relates to the required cryogenic cooling power.

Figure 1.2: TESLA nine-cell SRF cavity (adapted from [13]).

Alternative cavity shapes and materials are being studientder to reduce the cost of fabrication
and to achieve higher gradients. Higher gradients can lwheeaby changing the shape of cavity
cell walls in such a way that the magnetic flux on the wall isua and the electric field is also
reduced to acceptable levels. The magnetic field causeslisegiation on the surface of the cavity
which can lead to a quench, a rapid change state from SC stivesi So far only a single cell of
the new alternative cavity designs have been tested anenvachhigh gradients up to 50 M. At
Cornell this has been experimentally tested with a Reen(Rif) shape [14]. At DESY it has been
achieved with a Low loss (LL) shape, and at KEK with a Ichirag@ [15]. However, it still remains
a challenge to mass produce cavities which will achieve #séred yield for nine-cell cavities of 35

MV /m gradient.
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Table 1.4: ILC nine-cell SRF cavity design parameters [8].

Parameter Value Unit
Type of accelerating structure Standing Wave (SW)
Accelerating mode T Mo10, # mode
Fundamental frequency 1.300 GHz
Average installed gradient 31.5 MV/m
Qualification gradient 35.0 MV/m
Installed quality factor > 1x 101

Quality factor during qualification > 0.8 x 10

AverageQ, 35x 10°

Active length 1.038 m
Number of cells 9

Cell to cell coupling 1.87%

Iris diameter 70 mm
R/Q 1036 Q
Geometry factor 270 Q
Epeak/Eacc 2.0

Bpeak/ Eace 4.26 mTMV-im?
Tuning range +300 kHz
Af/AL 315 kHZmm
Fill time 596 us
Cavity resonance width 370 Hz
Number of HOM couplers 2
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1.5.1 SRF Cavity

The ILC cavity is made from high purity niobium sheets. Theagpaeter which used to indicate the

purity of SC materials is the Residual Resistivity Ratio fRalue:

RRR = 22 (1.18)
Pa2xk

the ratio of the room temperature resistivity (300 K) to tloemal residual resistivity state of the
material at liquid helium temperature.2&K) [10]. High RRR values indicate a high purity material,
the theoretical limit is 35,000 [10]. ILC cavities are basedNb sheet whit a RRR value of 300.

These properties for various materials are shown in Table 1.

Table 1.5: Typical properties of a 300-RRR Nb for use in th€ Havities [8].

Element| Impurity content in ppm (wt)| Property Value
Ta <500 RRR > 300
w <70 Grain size ~ 50um
Ti <50 Yield strength 50 MPa
Fe <30 Tensile strength 100 MPa
Mo <50 Elongation at break  30%
Ni <30 Vickers hardness

H <2 HV10 <50
N <10

O <10

C <10

The nine-cell cavity, consists of 7 identical middle cellgl& end cells. A parameterised cell is
sketched in Fig. 1.3. The current baseline design for theus€s TESLA-style cavities [8] and it
is illustrated in Fig. 1.2. Each cell is composed of a circ@quator A = B) in which each iris

is connected to the equator at a positive angle with respétiet line transverse to the cavity axis

(refer to Fig. 1.3 in whicl® > 0). The cell geometries are listed in Table 1.6. There aeethrain
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Figure 1.3: A sketch of a general cavity’s geometry.

alternative designs to the TESLA cavity: Ichiro, Low lossld&eentrant. All of these design enable
high accelerating gradient to be used. The former two aredbarn an elliptical A # B) equator
and the latter is also elliptical but it also tilts inwards< 0) with respect to the vertical line. This
thesis presents a new design, NLSF (New Low Surface Fieddsgh will allows operation of high

gradient with a large bandwidth.

Table 1.6: The geometry parameters of the three cell shd@eFBSLA cavity (units in mm) [16].

Parameter middle cell | end cell 1| end cell 2
Iris radius R) 35.0 39.0 39.0
Equator radiusRe) 103.3 103.3 103.3
Half cell length (/2) 57.7 56 57
Curvature at

equator A = B) 42.0 40.3 42.0
iris horizontal axis &) 12.0 10.0 9.0
iris vertical axis b) 19.0 13.5 12.8

The SRF cavity has to be carefully designed to minimise thlective dfects from the wakefields,

these &ects are considered small in one cavity but thefeces will be accumulated in a long linac.
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There are two types of wakefields: short-range and longeaavakefields. The former is the wake

within a bunch itself. The long-range wake is experienceduiysequent trailing bunches.

The wakefields have the longitudinal and transverse commsnd he longitudinal wakefield can
enhance the energy spread of the beam. Transverse wakefireldak the beam f® axis and this
can lead to emittance dilution and also to a beam breakup [BB&fability. These wakefields

depend on cavity design, orientation of rf couplers, andiperating frequency.

Table 1.7: A comparison between frequency scaling of noamdlsuperconducting cavities.

Parameter Super conducting Normal conducting
Cavity dimensionlf) w? wt
Surface resistancy) w? w?
Power dissipationR),) w? w™1/?
Stored energyy’) w2 w2
Quality factor Qo) w2 w2
Shunt impedanceR)) w™? w?
Geometric factor®) w° w°
R over Q R/Qy) w? wt
Longitudinal lost factork; ) w? w?
Transverse kick factoikf) w® w®

As derived in Appendix A, and summarised in Table 1.7, thgiinal and transverse wakefields

depend on the operating frequencyuasand w?, respectively. This is a strong component in the
choice of linac operating frequency. The SC cavity is pref@rito be operated at low frequency

because at the low frequency theeet from wakefields and the heat on surface will be small aed th
stored energy, quality factor, and shunt impedance wilkiogd. However, for NC linadR o« w'/?

and hence high frequency operation is preferred.
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1.5.2 Fundamental Power Coupler

The fundamental power coupler is the connecting part betweewaveguide systems and the SRF
cavity, transferring rf power into the cavity. Two types afuplers can be used: waveguide or
coaxial. Both have some advantages and disadvantagemisi¢édesign, power handling capacity,

and multipacting. The two are compared in Table 1.8 [17,18].

Table 1.8: Advantages and disadvantages of waveguide axibttype couplers.

Type Advantages Disadvantages

- Simple design - Large size

. | - Better power-handling capacity - Bigger heat leak

Waveguide| Easier to cool - Difficult to make tuning

- Higher pumping speed

- Compact - More complicated design
Coaxial - Smaller heat leak - Worse power-handling capacity

- Easier to make tuning - Difficult to cool

- Easy to modify multipacting power levels- Smaller pumping speed

A choice of coupler is made on the basis of operating frequesaurce power, and simplicity of
design. At lower frequencies the waveguide is quite largkitis cumbersome to accommodate it
in the cryostat, while a coaxial type will be compact. On tttreeo hand because of its large size, ex-
ternal cooling is readily provided by brazing on cooling chals on the waveguide coupler design.
A coaxial type will be used in the ILC because it has a compaetand it can easily be fitted inside
the cryomodule. Furthermore, the external quality facf@y) funing is more flexible. This coupler

will be operated in pulsed mode at frequency of 1.3 GHz.

A recent design based on the TTF-IIl type coupler is shownign E.4. It consists of a cold and a

warm section. All parts are cleaned and assembled in a olaslean roont in which the contam-

INo more than 10 particles of 0.5 microns in size are allowealéabic foot of air.
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ination is carefully controlled. The coupler has two cyliicdl ceramic windows, cold and warm

waveguide to ro0m light detector
coax temperature
transition window

Warm coax cold coax
@ 62 mm @ 40 mm
Z= 50 Ohm Z="70 Ohm

cold window
4.2 K point

bias voltage o e e—
feedthrough pickup wg T pickup pickup
1solating roomtemperature 70 K point 18K
Kapton foil isolation vacuum flange to
flange cavity

Figure 1.4: A cut view of a TTF-1ll power coupler (adaptedrfr¢19]).

windows, for protection of the cavity against contaminatduring mounting in the cryomodule,
and against a window fracture during linac operation. Thee¢aramic windows are made from alu-
minum oxide Al,O3) which is insensitive to multipacting resonances, and aeted with titanium

nitride (TiN) to reduce the secondary electron emissiorffa@ent. The inner conductor is biased

with dc voltage to suppress multipacting resonances.

Inside the coupler there are a set of bellows to allow a few hmavement when the cavities are
cooled from room temperature to the operating temperafloeachieve a low heat load and a low
thermal conductivity, stainless steel pipes and bellowk Wd-20um copper plating are used. Heat

loads of 6W at 70K, 0.5W at 5K and 0.06W at 2K have been designed
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The inner conductor of the coaxial line can be adjusted tp 8 Q. in the range of ¥ 10° - 6x 1.
This coupler has been tested at the TESLA test facility (TAtHPESY and was able to transmit rf

power up to 1.5 MW operating in the travelling wave mode [7].

1.5.3 Higher Order Mode Coupler

When intense electron bunches travel through a cavitigsekate electromagnetic waves at a host
of frequencies. This may result in multibunch instabitend beam breakup. These higher order
frequency components must be properly damped by extrattensfored energy via the higher order
mode (HOM) couplers. The cross section of the HOM coupleh@w in Fig. 1.5. The SC pickup
antenna is cooled and is insensitive/toadiation and electron bombardment. A fundamental mode

(1.3 GHz) notch filter is used to suppress extracting theggnefrthe accelerating mode.

Caparitor of the FM —®| Inductivity of the
rejection filter < FM rejection filter
G

/}T’ Coaxial OIJ@Kf line

Output conpling Output antenna
capacitor T

Loop for the magnetic coupling and
antenna 1ip for the electric coupling

Figure 1.5: The cross section of the HOM coupler (adapteu {£0]).

A problem can arise if ‘trapped modes’ are found concerdrate¢he centre cell and have low field
amplitude in the end cells of the cavity. These can not baetdd via the HOM couplers. Trapped

modes can be extracted by using an alternate shape of theafroei s in such a way that one can
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boost the amplitude of a higher order mode frequency at odeelhand then use the HOM coupler

to extract the energy.

The fundamentals of e.m. fields in a cavity are describedemtxt chapter. Wakefields are also

discussed, together with beam dynamics considerations.



Chapter 2

Fundamentals of Wakefields and Beam

Dynamics

This chapter outlines how the fields inside a cavity are ddfinderms of a multi-pole expansion.
This leads to an interpretation of the fields in terms of wadtés. Quantities fundamental to ac-
celerating cavities are defined in detailed. In particuter following cavity figures of merit are
discussed: loss factor, kick factor, cavity quality factslmunt impedance, and/®. The implica-
tions of wakefields on beam dynamics issues are discusseh@aiis to cure instabilities are also

delineated.

2.1 Electromagnetic Modes in a Cavity

Here we consider a cylindrical waveguide with the e.m. wanapagated in thez direction. A
cavity is a partially or fully closed waveguide. The harmooomponent of the e.m. fields is given

by:

E(r, ¢,z 1) = E(r, ¢, 2) e'"
(2.1)

B(r, ¢,z 1) = B(r, ¢, 2) ™"

43
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Here we utilise cylindrical polar coordinates ¢, z). The E(r, ¢,2) and B(r, ¢, 2) fields, in a cavity
with cylindrical symmetry, can be written by expanding istseries of modes,e. a multi-pole

expansion [16, 21], as

E(r,¢,2) = Z( E™(r,2) cos () & + E"(r, 2) sin () &, + E{(r, 2) cos (y) e, )
m (2.2)
B(r, ¢,2) = Z( BM(r,2) sin () & + B{(r, 2) cos () e, + B(r, 2) sin (1) ez)

wherem= 0, 1, 2, ..., corresponds to the monopole, dipole, quadrupole modestand

In the planep = 0 we have only longitudinal and radial electric fields andraghal magnetic field

components

E(r.0,2) = Z( EM(r,2) & + EM(r, 2) ez)
m (2.3)
B(r,0,2) = Z( BI(r.2) & )

From Maxwell's equationV x E(r, ¢,2) = iwB(r, ¢, 2) we can write the magnetic field component
as

BI(r,2) = ;(; EM(r,2) - E(m)(r z)) (2.4)

Also with Maxwell's equation¥V -E(r, ¢, z) = 0 for all modes, we can find the azimuthal component

of the electric field fom > 0 mode from the longitudinal and radial components as

EM(r,2) = [E(m)(r 2 +r (j EM(.2) + E(m)(r z))] (2.5)

The electric field at the plang = 0 is suficient to reconstruct the complete electric and magnetic
field patterns of the mode. To accelerate a charged parti@dpngitudinal component & must
be present at the beam axis. Th#&ly;o mode is usually chosen for acceleration because it has the

lowest eigenfrequency and has a large field amplitude on lae@rhence a large acceleration.



CHAPTER 2. FUNDAMENTALS OF WAKEFIELDS AND BEAM DYNAMICS 45

2.2 Cavity Figures of Merit

Assuming a charged particle travels on the axis of a cavip@the z direction at speed of light
(c). This particle always sees a field pointing in a directionclihcan provide an accelerating
force. For an electron-positron accelerator, we use thetraddield of the TMy;o mode, which has
maximum field amplitude on the beam axis. We define the aatealgrvoltage Y.) for a cavity as

the magnitude of the line integral &, seen by charged patrticles

VC:

f EAr =0,2) e-iw2/°+i¢d% (2.6)

z

whereE, is a complex field ang is some arbitrary phase.

This accelerating voltage is often quoted as the averagdaaating field gradieng,, or the cavity

gradient, defined as

V.
E.= T" (2.7)

wherelL is the cavity length. The maximum gradient which a cavity oparate at is limited by the
surface e.m. fields it can sustain. The maximum surface ntiagiedd (Bs) is important for a SC
cavity because it defines the value beyond which the cavitlyqwench and hence will no longer
be superconducting. On the other hand for a NC cavity, laadiges ofBs cause a rise in the cavity
surface temperature which can lead to irreparable cavityagg. Increasing the surface electric
field (Es) eventually leads to field emission of electrons near th&asarof cavity walls. Thus, in
designing any cavity with a view to maximising the accelagagradient, it is crucial to minimise

both the peak surface electric and magnetic field.
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2.2.1 Power Dissipation and Quality Factor

The total energy stored within a cavity) includes that contained in the electric and magnetic

fields:

U= }(feolElzdv+ f,uo|H|2dv) (2.8)
4 \Y% \Y%

At resonance, the time-averaged energy in the electricdiglals that in the magnetic field:

1 1
U= —feo|E|2dv: —fpolledv (2.9)
2 Jy 2y

When the cavity is filled with an e.m. field, there will be a flolveosurface current on the walls
and itis where the energy is dissipated. This loss can bectaised by the surface resistankg) (

which is the power dissipated per unit area:

dP, 1
d_sd =5 JH? (2.10)

For exampleRs is O(nQ) for a well-prepared niobium cavity ar@(mqQ) for a copper cavity.
The power dissipated is given by:
Pg = ERsf|H|20|s (2.11)
2 s

The ratio of the stored energy to the power dissipated inakéycwall per rf cycle is defined as the

quality factor Qo) of the cavity:

Qo = —wFfU (2.12)
d
wherewy is the accelerating frequency. From eq. 2.9 and 2.11 we find
w [H[>dv
, < Lok IHFy (2.13)

Rs [{IH2ds
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This is written as

G

Q=g (2.14)

where we define
G- wo,uofle|2dV

(2.15)
INGIEE

as the geometrical constant of the cavity. This constanéemigp on the cavity shape but not its
size and its surface resistance. It is useful for compariftgrént cavity shapes. The quality factor

depends on the cavities size due to the frequency dependéRgéseen in Appendix A).

2.2.2 Shunt Impedance and RQ

To characterise a cavity, we define the shunt impedaRcky(the ratio:

_ v

R= -¢
Pq

(2.16)

in unit of Ohms. This shunt impedance can be defined in unit lwh® per unit length, where
Py = Pg/L denotes the power dissipated per unit length. Similarkyyétio of the shuntimpedance

and the quality factor can be regarded as an another imp@aaameter as

R V2

Q  woU

(2.17)

TheR/Q is independent of the cavity size and proportional to theapey frequency.

The dticiency of supplying rf power to an accelerated beam is dyreelated to the shunt impedance.
It is important to maximise the shunt impedance in order uesthe majority of power supplied

goes into accelerating the charged particle beam, ratheritito heating the cavity walls.
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2.3 Fundamental of Beam Loading and Loss Factor

Consider a point charge moving on axis through a cylindgcafmmetric cavity. Only monopole
modes can be excited by charges moving on axis because otidesrhave no longitudinal electric
field on axis. This charge will induce surface charges on #évéygwalls and a beam-induced voltage
within the cavity. Considering two equal charggseach with kinetic energyV, that are separated
by half wavelength of cavity mode: the first chamgé&avels through the initially unexcited cavity,

this charge then generates a voltage:

Ve = —Vig (2.18)

The induced voltage seen by the first charge is
Vg = Vg (2.19)

where f is the unknown fraction of the total beam-induced voltags #icts on the charge that

produced it. The energy loss for the first chagge
AW, = — Vg (2.20)

We define the induced stored energy by
U = aVy, (2.21)

wherea is a proportional constant. From the conservation of energy
U = aVj, = -AW; = qf Vi, (2.22)

SO
Vg = af (2.23)
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This implies that the induced voltage is proportional to tharge that produced it. The trailing
charge enters the cavity a half period later. The voltageded by the first charge has its phase
changed byr so now it is an accelerating voltagé/,q. The second charge also induces a voltage
—Vhg, SO these two voltages added to leave the total cavity vekay. = Vg — Vhg = 0 when the

second charge has left the cavity. This makes the cavitgdtenergy to be zero.

The energy change for second charge is
AW, = —qfVyg+ qQVhg = qVu(1 - f) (2.24)
since these charges are identical and the cavity is los8Miis the energy conservation we have
AW + AW, = = Vg — 9 Vog + QVohg = qWu(1 - 2f) =0 (2.25)

which implies thatf = 1/2. This means that the induced voltage seen by the first cliegpial to

the half of the induced voltage that the charge leaves indkigyc
Vg=—+ (2.26)

This equation is called the fundamental theorem of beamingad his result is valid for both rela-

tivistic and non-relativistic charges.

Let us define the loss paramekgr= 1/4a for each cavity mode, so that the energy loss of a point

chargeq into an empty cavity mode is
2
U=aVj, = a(m) =

(0

T (2.27)
2o = |
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Becausef = 1/2, the total induced voltage by the point chacgs V, = 2k,q. However, the charge
itself will see half of this voltagey, = k,g. On the other hand, this loss factor, in terms of the cavity

voltage and the stored energy, can be written as

V2
_ 2 _ b
V2 V2 (2.28)
__b = _C
=qu o OF k=g
and can also be expressed in term&0D, as
wn R
Ky = Z”@ (2.29)

The fundamental of beam loading is important as it indicétas the potential experienced by the
charged particle itself is half of that experienced by tladitrg particles. The next section describes
the scattered fields, the wakefields. These are generated avbkarged particle passes through

discontinuities in the beam pipe or the structural comptsien

2.4 Beam-Induced Wakefields in RF Cavities

Consider an ultrarelativistic charged particle travgjladong the axis of a cylindrically symmetric
and perfectly conducting pipe; since the charged partglavelling very close to the speed of
light, its fields are almost entirely perpendicular to theediion of motion. Thus trailing charged
particles moving behind on the same or parallel path, at @ngesvelocity, do not experience any
force from the fields produced by the leading particle. Hamvethe electromagnetic fields of the
charged particle can be scattered as a result of a discdremin the beam pipe or the structural
components and this willfBect the trailing charged particles. These scattered fielelk@own as

wakefields. In the case of a conductor, resistive lossegpt@s the wall of a cavity can also cause

wakefields - known as resistive-wall wakefields.
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Wakefields can be described as the sum of all resonant modésdewithin the structure. The
components which have their frequencies synchronous Wwétbeam will have strong interaction
with the beam. The highest frequency component of the wd#sfieay dfect the particles in the
same bunch but do not remain localised; this is becausefthgirencies are higher than the ciit o
frequency of the pipe, so they propagate along it. The lovegfency modes remain local to where

they are generated and may act on particles in trailing besch

Wakefields are classified as either short-range or longerauadsefields. For ultra-relativistic bunches,
short-range wakefields generated by particles at the hethe diunch &ect the trailing particles in
the same bunch. This causes energy loss and leads to aidisiarthe shape of the bunch. The
long-range wakefields generated by a leading butidcasubsequent trailing bunches. If the de-
flecting modes are strongly excited by the beam, they mayecal&BU instability both for single

bunch and for trailing bunches. This can also give rise tdtamie growth when averaged over time.

Wakefields also féect the operation of the cavity in terms of additional rf powexjuired to com-

pensate for the beam energy extracted by the wakefields eXtiected power represents additional
power dissipation through ohmic losses in the walls or posedivered to some external load. In
a superconducting linac, this causes additional power emdfrigeration load unless the power is

coupled out to a load at a higher temperature by a speciasigded higher order mode coupler.

2.4.1 Wakefields from a Point Charge

Considering a point chargg moving parallel to the axis of a cylindrical cavity at afisetr,; and

a trailing chargey, travelling at a constant distansdehindqg; at an dfsetr, as shown in Fig. 2.1.
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Figure 2.1: lllustration of drive and witness charges pagsirough a cylindrical cavity.

The longitudinal and transverse induced wakefields on bngacharge are given by [22, 23]:

_1 22
Wy(r2,r1,8) = a [EAr2, Z )] i=z+9,cdZ (2.30a)
1 Zzlz
W, (rz, 1,8 = a [E. + (& X B)i=(z+9,cdZ (2.30b)
PAl

whereeg, is unit vector in direction of motion. The driving charge ssamed to enter the cavity at
zt = 0 and leave the cavity at= L. The test charge enters and leaves the cavity.at= (z+ s)/c

andz, respectively. The momentum kick on a trailing charge is:

CAPLr2,r1,9) —0GaWy(r 2, T 1, S) (2.31a)

W, (r2, 11, ) (2.31b)

CApJ_(rZ’ rl’ S)

for longitudinal and transverse momentum changes, respsct

These wakefields result from point-like charges and directvely the Green’s functions of the
cavity. Once they have been calculated the wakefields forrlasitrary bunch distribution can be

obtained by convolving them over the particular distribati
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2.4.2 Wakefields in a Symmetric Structure

A field parameter analysis allows the wakefields to be deceegban terms of a summation over
the modal numbers [24]. This representation is used herecyindrically symmetric structures, a
point chargey; traverses the cavity at coordinate, (,) and the test charg® is travelling behind

at position (;, ¢,). These @fsetsr; andr, can be normalised with respect to the radius of the tubes
(). The structure will have modes that are represented by iamu#tzal m-pole dependence. The

longitudinal wake potential is given by a sum over the longjihaln-modes of the structure

Wm

C"S o(9) (2.32)

= (2 (2 cosrtos - 0 3 2ot - 1

n=0

and

Knn(rz = @) . wmnS
o Bl sin c 0(s) (2.33)

win = {2 (2)" (cosmtg: - gy~ sinmig, ~ 4 ) 2

a

for transverse wake potential, which is nonzerorfor 0. Where®(s) is the Heaviside step func-
tion. Causality requires both wake potentials to be zersforO (ahead of source). The mode loss

factorkqm, is defined as in eq. 2.29.

The total wake potential is obtained by summing omeandn. For small dfsets (compared to
radiusa), the dominant term for the longitudinal wake potentialhe thonopole termnf = 0) and
the dipole termify = 1) for the transverse wake potential. So we can approximatewotentials

as

W= W = 2 cosw(é”s o(9) (2.34a)
n=0
_ _ I = 2k1n . W1nS
W, =W,q = P exZ ora/c sin s 0(9) (2.34b)

n=0
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wheree, is the direction of the source charge displacement. Theverse wake potential is pro-
portional to the @'set of the source charge, and independent of the transversdicgates of the test
charge. The longitudinal wake potential is independenhefttansverse position of both charges.

For the transverse wake potential it is convenient to defideflactors as

_ kin(r = @)

Kin= w01na2/C (2.35)

whereky, is the dipole loss factor. In this manner the kick factor ddpendent of chargeiset.

Applying the fundamental theorem of beam loading, the soaharge as = 0 will see half of the

longitudinal wake potential that is induced. Finally we caimmarise:

Yo 2Kon COS®X® s> 0
WA(S) = {3 o Kon s=0 (2.36)

0 s<0

for longitudinal wake potential and

r_l &) 2k1n 11y W1nS
a & 2no ooac SiN=g= s>0

w.(s) =10 s=0 (2.37)

0 s<0

for transverse wake potential.

The energy lost by the source charge is

AU = ciw,(0) = 6 ) Kon = Bk (2.38)
n=0
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with ki defined as the total loss factor, and the power dissipated fin@ wakefields can be calcu-

lated using the quality factors of the modes as

(,UAU = U)OnkOn
AP = - 2.39

Up until this stage, the analysis has been for a point chdrge next section extends this to include

realistic charge distributions.

2.4.3 Wakefields from a Charged Particle Bunch

For an ultra-relativistic charged bunch, with a line chadgasity o, an element of chargeq =

p(z1) dz will produce a potential at either longitudinal or transverse as
dV(2) = w(s)dq = wW(s)p(z1)dz (2.40)

The bunch wake potential atis the convolution over all source charges ahead,afivided by the
total charge in the bunc,

W(2) = % [ ) W(z — z)p(z1)dz. (2.41)

We can write this in terms of the distance behind the soureegeht = z— z) as

-1 1
W(2) = o [w W(S)p(z— s)ds= afo w(sS)p(z— s)ds (2.42)

The energy lost from the bunch is equal to the work done by tileefields on the bunch, which can

be expressed in terms of the longitudinal wake potehtk) as

AU = @ f ) p(2W,(2)dz (2.43)
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then the total bunch loss factor is defined as

AU 1
o= = 5 | _plawuaaz (2.44)

As mentioned earlier, causality ensures the wake potdst@dro ahead of the bunch, i.e,(s) =

0, for s< 0. For a current sourcé,= pc, then eq. 2.42 can be written as

Wy(2) = % f " Wy(9)l (z— 9ds (2.45)

Considering a harmonic component of this source currenfragaencyw, 1(z) = 10€/“%/¢ where
Z1 + S=z. We have

l(z—9) = 1ge/“® /¢ = |jelot/Ceries/c = |(7)glws/C (2.46)

then

W, (2) = % I ) w,(s)e %¢ds (2.47)

This is the longitudinal wake potentis¥,(z), as a result of a source currdifz). The voltage re-

sponse isV(w) = QW,(w) , and this defines the beam-coupling impedance as

Zy(w) = % = % [ : wy(s)e %cds (2.48)

This impedance is the Fourier transform of th&unction wake potential. If we know the beam-
coupling impedance, then on taking the Inverse Fouriestoam we get the&-function wake po-

tential as

W(r,.s) = % f 70 .. )5 (2.49)
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In a similar fashion, applied to the transverse compon&vesyet
1 - —jws/c

w,(r,,s) = éf Z.(r ., w)e“sdw (2.51)

(9]

wherer | is the transverse coordinate. These transverse and ldigatumpedances are related by

the Panofsky-Wenzel theorem [25] as

% Z,.(rw) = VZ(r .., ) (2.52)

2.4.4 Parasitic Energy Loss and Energy Spread

The wakefields act on the beam, and this causes the beam smlegg. This fect is called parasitic
energy loss. By increasing the rf voltage, we can comperisatbis lost energy. Wakefield energy

is also dissipated to the structure walls; the average plmssican be calculated from

katot I—(e N)2

le

P=AU(L)fr = (2.53)

wherefg is bunch repetition ratd, is cavity dfective length|, is cavity cell lengthgis an electron

charge, andN is number of particles per bunch.
For example, considering the parameters of the ILC linadglwhasN = 2 x 10'° electrons per
bunch, cell length, = 1154 mm, bunch repetition ratg; = 5Hz, cavity lengthL = 1.038 m, and

a total loss factok; = 9 x 10*?V/C, we obtainP = 4 mW/m.

An energy spread across the beam can be caused by the wakegkeldrated by the head acting
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along the rest of the bunch. By considering a longitudindeyaotential that increases linearly with
respect to distance, W,(s) = sW,, along the bunch, the approximate energy loss over thetstaic

length,L, is
eQsWL

lc

AW(s L) = - (2.54)

If we neglect wakefields energy lost at the hesd, 0, the total energy spread across the beam is

eQlyWiL

le

SW(L) = — (2.55)

wherely, is the bunch length.

2.4.5 Beam Breakup

Beam breakup instabilities cafffact high current linacs if the higher order modes inducedé t
cavity are not damped. Beam breakup is caused by deflectidgsnthe dipole mode is the domi-

nant term.

The fundamental mechanism of the instability can be undedsirom a straightforward two particle
model - which can be extended to an N-particle model [26]. gity, consider two charged particles
travelling down a linac subjected to focusing in a FODO [1iitz, q; at ofsetx; andq, at ofset

Xo , separated by distanee The leading particle, faces external focusing forces, and as a result it
will experience transverse oscillations (betatron oatidh) about the beam axis. The position of the
leading particle is approximated as a simple harmonic lasicih, x; = X coswgt, with frequency
wg. If we neglect the transverse wakefields induced by the teagarticle, the tailing particle
performs the same motion as the leading particle. From tlagioe of force and the change of

momentum

Ap.C = Fylec = 01w, (9) (2.56)
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the average wakefields forde,,, arising due tay; acting over a cell length, , can be written as

0201 |WL(9) | X1
Fw= — 2.57
Y7 | x/al a (2:57)
In a constant-energy beam, the equation of motion for antapiarticle can be written as
MySe = —Myw;X, + Fy, (2.58)
with some algebraic rearrangement:
. 2 Q01 [ WL
o + wiXe = X coSwst 2.59
27T WpT2 mylca(xl/a) 6 (2:59)
The general solution of this driven oscillator equation @ition for the trailing particle is
Xo(t t w .
xe®) coswjt + — 20 | sinawjt (2.60)
X 2mylcawg \ X1/a

The second term is the response to the wake force, in whichrtigitude growth is proportional

A Xo(t)

Figure 2.2: Gfset position growth of the trailing charge relative to thaedieg charge.
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to the timet, as can be seen from Fig. 2.2. As mentioned previously, whenermw, = 0, the
motion of the trailing charge approximates a simple harmasicillation like the leading charge

with the betatron frequenay;.

Applying a two particle model to the bunch by dividing the bhnnto two macro-particles which
each contains half of the bunch population. Here, we caleultee défect of a charge; = eN/2 at
the head on an electron with chamge= ein the tail. The displacement equation for the tail of the

bunch is then

X(t) €Nt ( W,

= t inwgt 2.61
X = Coswst + amyleam, \ X /a)smwﬂ (2.61)

The relative displacement of the tail with respect to thedh&fahe bunch over a cavity lengthis

eNLc w,

A9 = ZomPiean, x/a

(2.62)

When this bunch passes through the linac, the shape of tleh lbasembles a banana at the particu-
lar time during the oscillation when the tail has swung awaytthe path of the head. This results
in transverse emittance growth. If the amplitude growsdagough, the tail particles will be lost
on the walls, referred to as single bunch beam breakup. Tipditade growth can be reduced by

strong focusing, taking into consideration thg factor.

The long-range wakefields, which often are dominated by adigpwle modes, can lead to a multi-
bunch beam breakup instability whiclect the intensity. Multibunch beam breakup can be initiated
from a small transverse modulation of the bunches at theddieitemode frequency, which can ex-
cite a small excitation of the deflecting mode. The defleativagle will act on the following bunches
to drive them @& axis, which reinforces the excitation of the deflecting moBeom these we can

group the growth mechanism into two mechanisms, regemeratid cumulative beam breakup.
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The regenerative mechanism occurs in a single multi-cedldistructure, while a cumulative mech-
anism occurs in a linac consisting of an array of electroretigally independent cavities. In the
regenerative case the deflecting mode excitation from thenbzavity interaction is carried from

one cell to the next by the strong electromagnetic coupliribecells, while in the cumulative case,

the dfect is coupled by the beam from earlier to later cavities.

Good alignment of the beam to the axis, using strong magfaticsing, detuning of the deflect-
ing mode frequencies from cavity to cavity, and damping tefedting modes through the HOM

couplers will reduce theffects of cumulative beam breakup.

2.4.6 BNS Damping of Beam Breakup

One method of reducing the emittance growtteet from single bunch beam breakup is called
Balakin Novokhatsky Smirnov (BNS) damping [27]. This carunelerstood by considering a bunch
with a head and tail of diering betatron frequencies. Referring to the two partictedet in the

previous section. Starting from the oscillator driven eguraof motion of the tailing particle:

Xo + (,L)§2X2 =

€N (WL(S)

X t 2.
7mial % /a) COSwp1 (2.63)

wherewg andwg, are the betatron frequencies at the head and tail, respycand with the initial

conditions x,(0) = x.(0) andx>(0) = x;,(0). The solution for the tail displacement is

Fo(s
Xo(t) = X coswpot + %
Wep — Wiy

(COSwgit — COSwp,t) (2.64)

where

Fo(9) = (2.65)

eNX (WL(S))
2myl.a\ x;/a
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Minimising the diference between the displacement of the tail and head leadtetcrease of trans-

verse emittance.

(2.66)

2 2

Fo(S) B 1} [Sin (wp2 + wp)t sin (wp2 = a),gl)tl
(a)é2 - a)él)X

\ Xz(t)Xl(tﬂ)/ n' “\ \ﬂ

Xo(t) — X (t) = ZX[

Figure 2.3: Beat pattern describing the displacementiposyirowth of the trailing charge relative
to the leading charge.

The diference between head and tail displacement is displayedigedly in Fig. 2.3. If we make

wg > wp and 20 = 1, the displacement amplitude will be zero. This conditiam be
s~ W

achieved with the small fierence of the betatron frequendyy; = wg — wp: , Of

Aw Fo(s)

= 2.67
P 20X (2.67)

In practise, there are several ways to create a betatromeéney diference: one involves using mag-
netic focusing, where the focusing force increases at lam@nentum; another involves choosing
to accelerate the beanff@rest, so that particles in the tail see a smaller accehgyéield than those

of the head. This method is often adopted to minimise tfeceof the short-range wakefield. The
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long-range wakefield must be explicitly damped however.

The next chapter provides an overview of the current stdttesearch in high gradient SC cavities.
This serves as a prelude to the chapters following, whicmftire body of this thesis in which

optimisation of e.m. fields in a SC cavity is explored.



Chapter 3

Review of High Gradient Cavities for the

ILC

The TESLA cavity has been chosen as the baseline designddt @ project. However, several
new cavities shapes have recently also been designed. Tioenpances of a SC cavity is limited
by the maximum surface electrigf) and magneticBs) fields which can be sustained on the walls.
The ratios:Es/E, andBs/E, form an important criterion and are dependant on the caebntetry,

surface morphology, and vacuum conditions.

The intrinsic rf critical magnetic fieldR) is the limit of Bs. It is at the point the material looses
its superconductivity. The limit oEs is determined from the field emission within the cavity. For
a niobium cavityB; lays in the range 180 mT to 230 mT [28] and tBerestricted to~ 100 MV/m
[29-32]. Single cell cavities have achieved larger surfielels [14] than the current multi-cell
cavity values. The maximum allowable gradi&ft can be written as:

A
® By/Es

(3.1)
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This equation describes the theoretical maximum gradibtdimable in an ideal cavity. A more

general form of equation for realistic experimental cagttan be written as:

Em rBC

® ~ Bunc - Bs/Ea (3-2)

wherer (< 1) is a dimensionless factor representing the reductiortairapurities, lattice defects
etc. in the rf penetration deptiBuac (= 1) is a dimensionless quantity representing the enhance-
ment of Bs due to local geometric imperfections. For an ideal cavitthkare equal to one and eq.
3.2 reduces to eqg. 3.1. The maximum obtainable gradient frenimitation ofE5 can be obtained

in the similar fashion.

From eq. 3.1, there are two way to improve the maximum gradiBncan be increased by using
different materialsNbsS ) or Bs/E, can be reduced by changing the cavity geometry. The two

approaches haveftierent advantages.

Reshaping the cell geometry has been a subject of investigater the past decade. There are two
current designs which result in reduced surface fields coaapm TESLA, the reentrant [31, 33]

and low loss [34—-36] cavity. Another recent design is the EB&pe [37]. | have also introduced my
own design which in addition to reducing the surface field® aésults in an enhanced bandwidth

of the accelerating mode.

The next section describes these cavity shapes and theieme#s of the e.m. fields in the cavity.
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3.1 Reentrant Cavity

Cornell University has been conducting research on a raeintavity shape. This optimised shape
was based on reducir8s/E, to achieve a higher potential gradient. The reentrant sbapsists of

two conjugated elliptical arcs. This shape is displayedig B.1, along with other designs. This

100
80}
60}
40

20r

10 20 30 40 50

Figure 3.1: Half-cell geometry comparison of four design&SLA (black), Reentrant (brown),
Low loss (blue) and NLSF (red), where dimension is in mm.

shape has the potential to trap water in the reentrant packétg the cleaning process. However,
it is expected that this can be solved by vigorous shaking/den the high pressure rinse cycles.
The reentrant shape initially was designed with an irisusdif 35mm and has a 13 % reduction
in Bs/E, compared to the TESLA shape [38]. However, subsequentmesigted for a 30mm iris
radius and this reduced the bandwidth of the monopole m@de(w, — wo)/w,./2). The bandwidth
determines the sensitivity of the cavity cell fabricationoes as the separation of the next nearest

mode to the accelerating mode is given by [39]:

_ Wy — WA-N-Dr T 2
Ao = —————— ~ (=—— 3.3

w - (o) e (3.3)
here N=9 for ILC cavities. A highek., implies a larger separation of modes. This single celltgavi

has achieved a record gradient of 52 M\Avith aQ, of 2 x 10 operating in a CW mode [14, 31].
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The surfaceBs andEg are 197.1 mT and 114 M¥h, respectively [40].

Other shapes have been investigated. The half-reentrape$l, 42], for example, which consists
of half a reentrant cell sandwiched with a TESLA-like halfickas reached 51 MW¥n. However,
these have not received as much attention as the reentchtdvatoss design. The low loss design

is discussed in the next section.

3.2 Low Loss and Ichiro Cavity

A low loss shape was initially proposed in 2002 for the 12 G@grade of the CEBAF cavities [34].
This shape has been optimised to increase both tQeaRd the geometrical factor G. The cavity
has less stored energy and dissipates less power in theawvallgiven accelerating gradient. The
power dissipation to cavity wallg?§) for a given cavity voltage\(;) is inversely proportional to the

product of RQ and Q as

V2 V2 V2 V2. R, 1

P R T 2 (R/Q) - (Re- Q)RR G- (R/Q0) -~ G- (R Qo)

(3.4)

whereRs and R, are the surface resistance and shunt impedance of the,caspectively. The

dissipated power is considered as the cryogenic load oftheaSity cooling systems.

The approach has also been explored for cavity shape foL@elhe 1.3 GHz low loss cavity was
first reported at the first ILC workshop in 2004 and resultsenmrblished in 2005 [35]. This shape
consisted of an elliptical equator and elliptical iris cented by a straight segment, almost perpen-
dicular to the beam axis (as shown in Fig. 3.1). This radius msm smaller than in the TESLA
cavity and consequently the wakefields are larger. Thealnitid GHz single cell low loss cavity

reached 47 MYm with Qo of 1.2 x 10'° at KEK in 2005 [40]. Enhanced surface treatments enabled
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a single cell obtain a gradient of 51 M [14].

KEK has been conducting experimental studies on a sindleand also on multi-cell 1.3 GHz
cavities since 2004. KEK has built and tested a nine-cellltss cavity, referred to as Ichiro. At
the end of 2008, eight nine-cell Ichiro cavities had beemi¢abed. However, none of these Ichiro

cavities reach more than 37 M [43].

3.3 Low Surface Field and NLSF Cavity

In 2008 Li and Adolphsen proposed another optimised schema high gradient cavity, referred
to as a Low Surface Field (LSF) cavity [37]. The radius of 30 mwnresponds to that of the low
loss design. However, this is 5 mm smaller than the TESLAgesThe iris and equator elliptical
parameters were optimised to achieve 11% reductid g, compared to that of TESLA and 15%
lessEg/E, than low loss design. The monopole bandwidth is however 18¥ower than that of the
low loss, so this design is more sensitive to the cell erracstaas significantly larger dimensional

tolerance.

My design, the New Low Surface Field (NLSF) cavity was firsgg@nted in 2009 [44]. In addition
to reducing the surface e.m. fields, the bandwidth is alseased. The cell geometry is sketched
out in Fig. 3.1. It has the same iris thickness as that of the &l$ape. The iris radius is larger than
the LSF, but 3 mm smaller than the TESLA design. The benefitewing a slightly larger iris are
an increased bandwidth. The transverse kick is also desgted$e ellipticity of the iris and equator
were optimised to minimise the surface fields and maximieséotmdwidth. This resulted in a 8.5%
reduction in theBs/E, ratio compared to TESLA shape and a 13% reductiokdfE, compared
to the LL design. In addition the bandwidth is 26.5% widenthiae LSF design. This design has

the potential to achieve an accelerating gradient of 47/t 60 MV/m for a surface magnetic
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Table 3.1: RF parameters comparison of the TESLA shape a&ktiv shapes (adapted from [14])

Parameter (Unit) TESLA | Reentrant | Reentrant | Half Low loss | Ichiro | LSF | NLSF
35 mmiris | 30 mmiris | reentrant
Frequency (MHz) 1300 1300 1300 1300 1300 1300 | 1300 1300
Iris radius (mm) 35 35 30 29 30 30 30 32
Bp/Ea (MT/(MV/m)) | 4.15 3.78 3.54 3.51 3.61 3.62 3.72 | 3.83
Ep/Ea () 1.98 2.40 2.28 2.40 2.36 2.37 2.06 | 2.11
G-R/Q(Q?) 30,840 | 33,762 41,208 39,363 | 37,970 | 37,914 - 35,186
ke (%) 1.90 2.38 1.57 1.52 1.52 1.54 1.25 | 1.59

field Bs of 180 mT and 230 mT, respectively. The maxim@nwill be in the range 98 MYm to

126 MV/m. Additional studies have been extended on the the redrstnape [45]. Detailed designs

and properties of these NLSF shapes will be discussed lateomparison of rf parameters of the

TESLA shape and the new shapes are summarised in Table3.1.

In addition to the SC materials and the cavity shape, cawityiation, surface treatment and pro-

cessing also féect the ability of the cavity to sustain high acceleratindgdBe These ffects are

included in eq. 3.2. Their are mantfects concerning from the choice of sheet niobium, cell shap-

ing process, cell joining, surface treatment, cleaning@dores, low temperature bake out and the

cleanliness of work environment. These all must be caseftdhtrolled to obtain the full benefits

from the new shapes and to reach high accelerating fieldegredi

A circuit model representation of the cavity allows rapignputation of the rf properties of cavities

and is presented in the next chapter. This is an importamglésol.



Chapter 4

Coupled Circuit Models Applied to

Accelerating Cavities

In order to ascertain the fields present in acceleratingtieaviinite diference and finite element
codes may be used. However, these computer codies $tom being computationally expensive:
both in terms of the time and memory required. Circuit moaels also be used to obtain the
electromagnetic fields and eigenfrequencies of the cavifldhese models focus on the physics of
a particulars set of modes and hence are véiigient. Circuit models allows complete multi-cell
accelerator cavities to be modelled rapidly and hence senam essential design tool. In this work
both the monopole and dipole modes are analysed using atemodel. The monopole mode is
analysed using a single chain of coupled RLC circuits. Taymdly facilitates a design and enables
fabrication errors in the cavities to be understood. Thgaach is explained in the next section and

applied to the accelerating* mode”.

70



CHAPTER 4. COUPLED CIRCUIT MODELS APPLIED TO ACCELERATINGAVITIES 71

4.1 Single Chain Circuit Model

A cavity consists of a string of resonant cells. This syste&an be represented by a chain of
RLC resonant circuits as shown in Fig. 4.1. This method has lokeveloped by many contrib-
utors [39, 46-50]. Circuit models have been used to undetsiad predict the rf quantities of, and
the behaviour of standing waves and travelling waves in lsabi@ccelerator cavities. This method
assumes a next neighbouring coupling between cells ance#ddt iris is thin. The resonant fre-
quency of a cell is represented by the angular frequency +1/LC and the coupling between

cells is represented by the mutual inductance fabtos «L.

c c C.
T
|

(1r2) Lm_1 (1/2) L=< @ L @2 L % L, ar) L <

m, m-1 m m+1

Figure 4.1: Schematic of a single chain of coupled cellseggmted by LC circuits.

The fundamental mode in a standing wave cavity is the momapahsverse magnetic (TM) mode.
The single chain coupled circuit model illustrated in Figl Aas adequate information to describe
the coupling between the cells of a TM -like structure. | usduictive coupling of cells and assume
no losses in the cavity structure, i.e. no resistors in treugimodel. A loop ofm chains represents
m cells in the cavity structure. Using Kirchfits voltage law at then™ loop, one can obtain the
following.

jme,m—l jmerml

. 1

—)l
Jow) m*
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one can simplify the above equation to:

2 Knp 1 K, 1
(1—%gnm+lgﬂm4+lgﬂmﬂ: 0 (4.2)

wherew is the resonant frequency of the chaip, (= (LnCn)~Y?) is the resonant frequency of the

m" cell and coupling constant is defined as:

M
= —mmsl (4.3)
L

Krms

Nl

Here, the 12 factor refers to the coupling from the centre of one celhtodentre of an adjacent cell.

Eqg. 4.2 is an eigensystem problem with corresponding e&govs|,, and eigenvalues 2. In
solving this eigensystem we need to specify boundary camdit Two boundary conditions are
possible for this problem [49]. FirsN full cells with the end cells connected to beam tubes. This

boundary condition is described as:
lo =11, Insz = In, ki = ki, Kn+d = KN (4.4)

Using this boundary condition themode is not a solution of the problem and the phase advance of

the p" mode is given by:

-
%:(pN) . p=12..N (4.5)

The other possible boundary condition is for 2 full cells closed by two half cells (at either end).

In this case the boundary condition is given as:

|0 = |2, |N+1 = |N_1, K% = K%, KN+% = KN—% (46)
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The phase advance of tip¥ mode for this boundary condition is:

_(p=1)n B
bo="N"1 - p=12.N. (4.7)

The advantage of this boundary condition is that it admitk liee 0 andr as solutions.

Considering an identical periodic structure (i.e. the m=bnant frequencies and coupling constants
are same foN cells, hencev, = w, andkmi% = k), the periodic solution of eq. 4.2 can be written
asly, = 10e/™ | i.e. a change in phase. This infinite periodic structureshamresponding dispersion
relation:

w;
a- F) + kcosp =0 (4.8)

The resonant frequency and coupling constardndk are obtained from the 0 amdohase advance

202w
R (4.9a)
w2 + Wi

-
wn+w0

frequencies using the relation:

The single chain circuit model (detailed by Bane and Gluaks{49] and can also be seen in Ap-

pendix B) allows the coupled mode kick factors to be obtafoednodep:

| ZN L 1P (KO @0 /2m)einee 2
_ (4.10a)

K, =
P N(wp/27)|1 (P2

L
¢p = w% (4.10b)

wherel® is the eigenvector and,/2x is the eigenfrequency qi® mode respectively and{" is

the kick factor of then™ cell at the synchronous frequene{’ /2x of that cell.
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In next section the extension of this single chain model tduide a coupling from next nearest
neighbouring cell is discussed. This model is used to atelyraepresent higher order monopole

modes excited in the cavity.

4.2 Extension of the Single Chain Circuit Model to Include Net
Nearest Coupling

The previous section relies on nearest neighbour coupl®ge can extend this representation to
include next nearest neighbour coupling, i.e. oetloupled to not only celin+ 1 but also celm+2.

In similar fashion to the previous section, at laopve write:

, JoMmm- joM joM joM
(0L + 5o+ 2 gy 4 S 4 R TR, = 0
m
(4.11)
and then simplify this to:
2 Kqm 1 K{me 1 Ko m 1 Koy my 1
(1—%)Im+%lm_1+ 1’;**Zlmﬁ 2’; 2 |z + 2’;”HM: 0 (4.12)

wherew, = 1/ VL.Cy, is the resonant frequency of cell w is the resonant frequency of the system

and the two coupling constants defined as

K 1 K 1 .
1Lm3 Lm ’ 2,me5 Lm

Mm,mil Mm,miz (4 13)

This eigensystem can be solved with suitable boundary tondisimilar to the previous section

and results in eigenvectols and eigenvalues .
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To obtain the Brillouin diagram we specialise to an infinigripdic chain of cavity cells with a

Floquet condition of constant phase shift between neigtibgeells and a current variation ef*:
Imet = ime1€ 09 = lget0eiet o = impe 19 = [peti@eriet, (4.14)

This allows eq. 4.12 to be simplified and the dispersioniatab be obtained

Wy

: (4.15)
V1 + k1 COS¢ + kp COS 2

w(¢) =

This equation can be solved to obtain the resonant frequepeyd coupling constants; andx,,

by calculating three pairs of frequencies and phase adsasite finite element or finite dierence
computer codes. One can also extend this method furthengdmearest coupling, although in the
cavity modelled in this work it was not found to be necess&uyther details on enhancements to

next nearest coupling are found in [51, 52].

Monopole modes in the cavity can be accurately describatjubie single chain coupled circuit
model. However, for dipole modes the single chain circuideialoes not provide enough infor-
mation to correctly describe the properties of fields ingideity. This is because a dipole mode is
inherently a mixture of TM and transverse electric (TE) nsd@& order to properly represent this
mode a double chain of LC circuits is required. As will be seeithout this model the dispersion

relation is poorly represented. This double chain modeégcdbed in the next section.

4.3 Double Chain Circuit Model

The hybrid characteristics of dipole e.m. fields are describy a double chain coupled circuit

model. This consists of two chains of resonant circuits: r@peesents the TM wave behaviour and
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the other represents the TE wave behaviour. This circuitahiedllustrated in Fig. 4.2. In this case

C C C
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| | |
an) L 1 (112) ) m (112) L ) |_ 112 L
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/\ ¥ N

m m+1

az) L @z L~ ) ALm w2 L 2 |_ " (1/2) L "t

m+1

o —1—
o 1

m-1 m

Figure 4.2: Schematic of a double chain of coupled cellsasgmted by LC circuits.

I,L,C, M refers to the TE wave andl, L,C, M to the TM, where the subscriptrepresents thei"
cell of the cavity. In a similar fashion to the single chaircait model, we use Kirchh®s voltage
law to derive the relationship between both chains atntfidoop. We apply this method for both
the TM and TE chains.

For TM chain we obtain:

N — le\/lz’“er1|erl _ &;Mm_l _wzm’"”lfml + M . (4.16)

jwl -
(jwlm+ jwCr
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and for the TE chain:

1

jwém

jwmmmﬂ" jwmmm—l" _ jCUMm,rml jU)Mm,m—l

2 m+1 T T m-1 — +T|m+l - 2 Im—l (417)

)fm+

(jwLm +

It is convenient to use normalised variab&s(= |mwm VLm) anddm (= Im@m VLm) and thus allows
eg. 4.16 and eq. 4.17 to be rewritten.

The TM chain becomes:

(1_ w_ﬁ] o I]m+;_2L M1 77m+% m+3 nm—%ﬁm—% (418)
w? 2 2 2 2

and the TE chain becomes:

~2 ; > Mt 270 1 M3 7Im-1
wh . . Mmel NMm-1 M3 M3 m=3m-3 (4.19)
1- M3, + 2 + 3P W B — e
( w2 )am > Amt1 2 Am-1 2 Amt1 2 Am-1
_  Mmma ~ _ M mt1 _ 1 ~ 1 A H :
Wherenmi% = «/ﬁ Mmel = \/h Wn = e Wm = N anda,,, a, are eigenvectors with

eigenvaluesy.

In a similar manner to the single chain model, there are tvasibbe boundary conditions. OneNs

full cells in which we define the boundary conditions as:

A = a1, AN+l = ANs 71 = N1, Nned = 1IN (4.20a)

a9 = —a1, AN+ = —a, f]% = ﬁl, ﬁN+§ = ﬁN (4-20b)
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The other iN — 2 full cells terminated by two half cells:

(4.21a)

(4.21b)

Specialising to a uniform structure subjected to infinitaquic boundary conditions withy,, = wy,

A

Om = Wy Tm = Med = 1 1m = T 1 = n yields:

2

ol L e L

1- 1 1. P
oS¢ +’7C°s¢ : Z S|n2¢ 0. (4.22)
W w?  WPW

Here the Floquet condition has been applied in the faga a,e™?, &, = 8", andy = \/%

All other parameters, 1, w;, andw, are obtained by subjecting a single cell to periodic boupdar
conditions with a suitable finite fierence or finite element computer code. The frequenciesiahwh
the 0 andr phase are taken needs to be carefully selected, so that lawith; are positive values,
i.e. here TE is a forward wavey( > wg) and TM is a backward waveu < wg). These frequencies
are chosen based on the observed field pattern from the ntah&mulations. It is straightforward

to solve eq. 4.22 for all four parameters:

202w} w3 — w?

wr=4—5—> and n=—— (4.23a)
w2 + W w2 + W}
202072 W2 — W?

& = y\| 50— and 7= ———3 (4.23b)
W2 + O W2 + W

In [49] and also shown in appendix B the coupled mode kickodigctare obtained for the dipole
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mode in a double chain model:

2

5 P oKD W 2

K, = 4.24
P = T N(wy 20 (PP < AP (4.24)

In which ¢, = wpL/c is the phase shift per cell and is a fitting parameter which is given by
1+ (jaP?/|alP|?), wherep is the mode nearest the synchronous paifit determines the amplitude
ratio of the TE to TM wave. Note that only the TM eigenvectoppears in the numerator of eq.

4.24, since only the TM component of the fields will kick thebe

The double chain model has been validated with commercfalvace, and it has been found to
be a very good prediction of frequencies and kick factord.[5lhis model can be modified to

represent not only the two lowest dipole modes but also thledriorder dipole modes in the cavity.
This has been analysed in [53]. Details on this will be disedsin a later chapter. Details on the
application of these circuit models to the TESLA cavity aremided in the next chapter. This design

is particularly important as at present it forms the basetiavity for current ILC design.



Chapter 5

Circuit Models Applied to the TESLA Cavity

This chapter presents results from simulations of a TEShAtgatructure using the finite element
code HFSS Ansoft. HFSS is a computer code that numerically solves Maxwetjisagions based
on a finite element algorithm [54]. The first part of the chaptesents results on the monopole and
dipole modes for single-cell and a nine-cell structurefiwgam pipes. Both the mode frequencies
and kick factors are calculated and they are accuratelyesepted using circuit models. This is
presented in the second part of this chapter. It is impottaatcurately calculate these parameters

as they have the potential to significantly dilute the lumsityof the beam.

5.1 Simulation Method and Results

5.1.1 Single-Cell Structure

The single-cell simulations presented here are carriedising periodic boundary conditions. The
frequency within a band is a continuous function of phaseaade of fields across a single cell.
Simulations were performed for the resonant frequency ametibn of phase advance. A single

cell is cylindrically symmetric and hence for the monopoleda it is sdficient to simulate a 10

80
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sector of the cell.
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Figure 5.1: Single-cell input geometry for monopole (leftd dipole (right) simulations.

The TESLA mid-cell geometry in Table 1.6 is used in the sirtiates. For the monopole mode
(TMoy10), the electric field has a pattern parallel to the cavity axid the magnetic field is perpen-
dicular to the cavity axis. This is illustrated in Fig. 5.lithvmagnetic field boundary conditions
applied on either side of the slice. A9§lice of cavity is also shown on the right of Fig. 5.1, with
an electric symmetry plane on one side and a magnetic symmpiatte on the other. This is used to

obtain dipole modes. Sextupole modes also exist for thisfdedundary conditions.
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Figure 5.2: Dispersion curves of monopole (left) and digalght) bands of a single-cell structure.
The light line is indicated by the dashed line. Dots are tiselte of HFSS simulations. Solid lines

are cubit spline fits to the data.
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The dispersion curve displayed in Fig. 5.2 was obtainedgusiB0 sampling in phase advance per
cell, for both the first monopole mode and for the first two dgpoands. Note that the slope of the
dispersion curve determines the group velocity of the madthese dispersion curves, the light line
is a straight line which indicates modes with a phase vel@gtial to the velocity of light. The point

at which the cavity dispersion curves intersect with thétligne is referred to as the synchronous

point. This is the point at which the beam has a strong intenagvith the cavity fields.

240;

235}

230}

k. [V/nC]

225f

220 L L L L L L L L L
1 5 10 15 20 25 30 35
offset[mm]

Figure 5.3: Loss factor of a monopole mode of a single-calicstire.

80
140}
120r b 601
__ 100 .
E E 40r
2 60F =
40F ] 20F
20F ] e
Ofe——2 | ‘ ‘ ‘ ‘ £ Ope— ¢ ‘ ‘ ‘ ‘ ‘
1 5 10 15 20 25 30 35 1 5 10 15 20 25 30 35
offset[mm] offset[mm]

Figure 5.4: Quadratic fit to the loss factor of a first (leftidasecond (right) dipole modes of a
single-cell structure.

The loss factor is calculated from e.m. fields, obtained ftbensimulation, using eq. 2.28. From
these calculations, the loss factor of the monopole modeledendent of theffset from the cavity

axis. However, the loss factor of the dipole mode is proposl to the d&fset squared ) as shown
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in Fig. 5.3 and 5.4. In this case it is evident that there teliinfluence of other higher order

multipoles.

5.1.2 Nine-Cell Structure

In similar fashion to the single-cell structure, symmetrggerties are invoked and a quarter section
of the cavity is used to obtain dipole and also sextupole mod&e nine-cell cavity also includes
beam pipes on both ends. The beam pipeftdtequency (approximately 2.5 GHz [16]) is higher

than all bands under consideration. Thus all modes will balised within each cavity.

As a realistic nine-cell cavity is terminated with end celtsd beam tubes we can not assume the
infinite periodic condition to obtain the phase of the stuoet We define the phase using the Floguet

condition. In the middle of the structure the field is that ofiafinite periodic structure.

E,(r,z+ L) = E,(r, 2)€* (5.1)

Thus, from eqg. 5.1 the phase advance per cell is obtained lgknyg the field at three points

180;
160
140}

120}

¢ [deg], E; [arb. unif

100

80k

Figure 5.5: Floquet phase along the structure accordinggts.Z and the electric fiel&, of the
mode (dashed line).



CHAPTER 5. CIRCUIT MODELS APPLIED TO THE TESLA CAVITY 84

(z-L,zz+L):

E,(r,z+ L) + Efr,z- L) (5.2)

_ -1
#(2) = cos 2E7.2)

However this method is strictly accurate only in the regibidentical cells as illustrated in Fig. 5.5.

In these simulations, the nine-cell cavity is treated aseaament and thus there are two choices
for boundary conditions at the ends of the beam pipe: magoetelectric planes. Fig. 5.6 illus-
trates the monopole and the dipole dispersion curves aatdnom the nine-cell simulation with

a magnetic-magnetic (MM) boundary conditions and the plaalsance per cell calculation using
eg. 5.2 compared to that of the single cell simulations. it lsa observed that both the nine-cell
and the single-cell frequencies lie on the same curve, wikiels expected, because the single-cell

simulation represents an infinite periodic structure astraeed in the previous section.
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Figure 5.6: Dispersion curves of monopole (left) and dipoight) bands of a nine-cell structure
with beam pipes (red dots) compare to single cell simulati@sults (blue circles). Light line is

indicated by the dashed line.

These dispersion curves can also be obtained using théteirodel representation method and this

is discussed in the next section. In addition, the loss faciod kick factors are also calculated in a

similar fashion to the single-cell structure.
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5.2 Circuit Model Analysis

In the previous section, it was demonstrated that it is pbs$d estimate the properties of a nine-cell
structure using single-cell parameters through the usecotait model as detailed in chapter 4. In

this section, the results of a circuit model representatifaannine-cell structure is presented.

5.2.1 Frequency Prediction

A single chain circuit model requires two input frequencias0 andr phase advance per cell,
to construct the eigensystem matrix. For the nine-celltgawvith beam pipe attached, the proper
boundary conditions are N-2 cells for MM boundary conditard N cells for an electric-electric
(EE) boundary condition according to the boundary condgiat the beam pipes. In this case, the
eigensystem matrix will be a 9x9 matrix for a single chairceit model and only the cell-to-cell
coupling constani) and the resonant frequenay,( 2r) will be inserted in the matrix. Simulations

obtained using HFSS indicate that the TESLA cavity has aWwatit (x;) of 1.87%.

From the solution of the eigensystem, the eigenvectoresepit the fields inside the structure and
the eigenvalues are the mode frequencies of the structuige. 3=7 illustrates the results from
this single chain circuit model compared to the simulati@mf HFSS on single-cell and nine-cell
structures.  The circuit model dispersion curve is obtaifieth the characteristic curve of the
eigensystem as stated in eq. 4.8. The discrepancy betweeintjie chain circuit model and the
first monopole band frequency from simulations is less tHanfar both single-cell and nine-cell

structure.

A double chain circuit model was developed to represent ¢éimawour of the coupled dipole modes
in the structure. It requires two input frequencies, at 0 amhase advance per cell, from each

dipole band to construct the eigensystem 2Nx2N matrix, e/heis the number of cells in the struc-
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ture. The parameters included in the eigensystem matrithareoupling cofficients and resonant
frequencies. This involves careful selection of the 0 arficequencies of each band. In performing

the analysis it is important to pay attention to the modafatizristic of each band.

Performing HFSS simulations on TESLA mid-cells, the couplodficients are found to be 4%
and 1195% for TM and TE modes respectively. Fig. 5.8 illustratesutes from this double chain
circuit model, compared to single-cell and nine-cell siatian results. N-2 full cells are used for
the MM simulations. Single-cell results are overlaid onspérsion curve, which is the solution of
eg. 4.22, with a discrepancy of less than 5% . There is a sreglation for the nine-cell results;
these diferences are as a result of the non-identical cell geomeatdr¢ell geometries are fierent
from mid-cell) and the perturbative influence of the beanepiphey also result from the numerical
noise of the Floquet phase calculation, which demonstratessmooth behaviour in Fig. 5.5. These
effects will be encapsulated within the circuit model in thddaing section, in which we tune the

circuit model parameters.

5.2.2 Kick Factor and Parameters Tuning

Initial tests were made using a simplified version of the TESIine-cell structure in which all the
cells in the structure were assigned to those of the mid{eslindicated in Table 1.6). In order
to estimate the kick factor, additional frequencies and kictors from single-cell simulations are
needed. These can be done by simulation with a particulaeadetting from the synchronous phase
of each band. The results of this initial study for both thstfimonopole and first two dipole pass
bands kick factors are presented in Fig. 5.9. It can be obddhat the results of the circuit model

compare well to that of the full nine-identical cells sture simulation.

In the actual structure, which consists of non-identicisdegether with attached beam pipes, the
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mode frequencies and mode kick factors will be modified. Dagiation can be accounted for by

changing the parameters of the end cells in the circuit mo@leé cell-to-cell coupling factors of

the end cells needs to be changed in the circuit model to tefiecflattened field profiles of the

structure. The system matrix was reconstructed after ¢uthiese parameters.

In all eigenmode calculations a Mathematica [55] code wagsdemented. The eigensystem was

solved and the mode frequencies and kick factors are olotairtes error between the current model

and HFSS simulations is minimised by changing the end ceipliogs.
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model with the N-2 cells boundary condition (red circles) &+SS simulation with the MM bound-
ary condition (blue dots). This is prior to tuning the endsel
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The frequencies and kick factors are displayed in Fig. 5ddr po tuning the end cells. There
is an average discrepancy in frequency of about 5.2 MHz afd \@/pC/m/m for the kick factors.
The tuning algorithm relies on modifying four end-cell ftespcies and four end-cell kick factors.
Adding the end cell kick factor as an optimisation parametas necessary in order to obtain an
adequate prediction of the global kick factors. The restithts algorithm is the optimum point
between the output frequency and kick factor therefore amage frequency terence of 1.78
MHz and the average fierence of kick factor is 0.47 C/m/m between the circuit model and the

numerical HFSS, as shown in Fig. 5.11.
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Figure 5.11: Mode frequencies and kick factors of a tunecudir(frequencies and coupling con-
stants) of the TESLA nine-cell structure (red circles) cangal to HFSS simulations (blue dots).
Half end cells are used.

These results indicate that the method can provide a reblopeediction of the frequencies and
kick factors. This has been presented in [51]. The circuileh@llows fabrication errors to be
rapidly implemented. Once all parameters have been impleadeand verified, the circuit model

allows the eigensystem to be calculated.

The next chapter presents my optimisation to obtain a new &Ry shape, which has both min-
imised surface fields and also has a looser tolerance toyaalitfabrication errors. My new cavity

design is a potential candidate for the ILC main acceledatac.



Chapter 6

SRF Cavity Optimisation Towards a New

Low Surface Field Cavity

The design of the main accelerating section of the ILC ptagbased on the TESLA cavity shape.
The baseline design aims for an average accelerating gtaolie85 MV/m - although they will
operate at 31.5 M¥fn. Several new cavity designs have been proposed. The maxatiowable
value of the surface magnetic and electric fields for a giveelkerating electric field is a fundamen-
tal limitation on the cavities. The ratio€s/E, andBs/E, are important design criteria. Another
criteria is the fractional bandwidth of the acceleratingd®e, ~ (w, — wo)/wx2 . This represents
the sensitivity of the cavity mode frequency to cell fabtica errors. In this chapter, the influence

of the cell geometry on the design criterion is discussed.

The generic geometry for a SRF cavity cell is shown in Fig.. 6The ILC main accelerator is
designed to operate at an rf frequency of 1.3 GHz withpase advance of the e.m. fields per cell.
This operating point determines the cell length. When atgasiexcited with rf power, in principle
an infinite number of modes are excited. However, the beaendots strongly with those modes

whose phase velocity is close to or equal to that of the @lkasivistic beam. The beam is essentially

91
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Figure 6.1: A generic SRF cavity’s geometry.

travelling at the velocity of light:

(6.1)

where k, is the longitudinal wave number, the cavity lendthand the phase advance per cell is
¢ = kL. These modes are known as the synchronous modes. In camnaithear accelerators, the
accelerating mode is the lowest synchronous mad¥éqo cavity). In this case, for the mode the
cavity gap length is fixed at 115.304 mm. Others geometrma@mpetersRe, R, A B, a, b, andd)
can be varied in order to optimise various features of théya¥ new design, the New Low Surface
Fields (NLSF) structure is described here. This forms a megjonponent of the unique results
presented in this work. Prior to a discussion of this cauity sensitivity of the field profile on

various geometrical parameters is investigated.
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6.1 Influence of Cell Geometry

6.1.1 Influence of Iris Aperture on E.M. Fields

The first geometrical parameter considered is the aperfutieedris (R ). A larger iris aperture
results in a weaker accelerating field along the beam axignitie iris aperture is wider the cavity
shunt impedance becomes smaller. Fig. 6.2 illustratestalskéan accelerating field near the beam
axis. Itis evident that as the iris size is increased mord fegks out and hence the shuntimpedance
is reduced correspondingly. It is important to obtain ashtdghunt impedance as possible as this
impacts the overallf@ciency of coupling rf power to the beam. A numerical 2D rf svle¢ode,

SuperFish [56], is utilised to study this influence. Two gelith different iris radii are simulated.

Figure 6.2: The influence of an iris opening on the accelegdield along the beam axis.

The geometry of the iris alsdfacts the fundamental mode bandwidth. Clearly the bandws&dth
reduced as the iris radius decreases. This behaviour cabdeeved from the summary of the 1.3
GHz ILC cavities with diferent iris radii in Table 6.1. A cavity with a small bandwidig) will
be very sensitive to fabrication errors (eq. 3.3). In additihe field flathessAA/A) or uniformity

of the cavity depends on three quantities: the relativerafeell frequencyAf/f, the coupling
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constantk. , and the cavity lengtiN , as

A o (6.2)

wherep ~ 2, for ax mode cavity [46] [57].

Table 6.1: Fundamental mode bandwidths fdfasent iris radii for the 1.3 GHz ILC cavities.

Iris radius (mm)| Bandwidth (MHz)
30 (LSF) 16.7
30 (LL, Ichiro) 19.7
31 18.3
32 (NLSF) 20.7
33 23.2
35 (TESLA) 24.3

Bs/Ea = 0.05R+2.26

S a0 :
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Figure 6.3: Three figures of meriBs/E,, Es/Ea, k¢, versus an iris radius for the 1.3 GHz shape.

The change in iris aperture influences surface fields aswapetadius increases both the surface
magnetic and electric field increases. Theeats can be seen from an exploration on parameter
regions for the ILC cavity as illustrated in Fig. 6.3. Theat@nship between the three figures of

merit and an iris radius is also presented.



CHAPTER 6. SRF CAVITY OPTIMISATION TOWARDS A NLSF CAVITY 95

From a beam dynamics perspective, the short-range wakebtéttie cavities are also very sensitive
to the iris radius. The longitudinal and transverse comptsef the short-range wakefields are
proportional to the square of the iris radius and to the fpdtver of the iris radius, respectively.

The explicit dependence of these longitudinal and trarseverakefield are [58,59]:

20C _ o
Wi (s) = 2 C /%00

(6.3)
s = 2y (1.[5)ow]

where a is an iris radius,s is the distance behind the bunch, = 377Q the vacuum impedance,

and sy is a constant parameter which depends on cell geometry.ofigélidinal component of the
wakefields must be minimised to reduce the beam energy spidedtransverse component must
be contained within limits to avoid emittance dilution andvoid the potential of a beam breakup

instability.

Once the iris radius has been fixed, the detailed geometheofis also has an impact on the surface

fields. This is considered in the next section.

6.1.2 Influence of Iris Shape on E.M. Fields

The accelerating mode in the cells is § in nature. In this mode, the accelerating field is max-
imum at the electrical centre of the cavity [60]. The maximsunface electric field is located in
the vicinity of an iris. The iris ellipticity ¢ = b/a) can be varied to optimise the surface electric
field. A study has been carried out to find the influence of tgésallipticity on the three figures of
merit of the 1.3 GHz cavity cells, and results are presemtédg. 6.4. We observed that the surface

magnetic field and the bandwidth increase when the iristaitp increases, but the surface electric
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field has a minimum point when this ratio changes.
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Figure 6.4: Surface e.m. fields and bandwidth versus inigtelity (R = 32mm,R = B/A = 0.67,
0 =0 andw./2r = 1.3 GHz).
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Figure 6.5: Cavity geometry (left) anBs/E, along the cavity surface (right) between the TESLA
(black dash) and the low loss (blue line) shape, whelie the distance along the surface contour
from centre of the equator.

Changing the ellipticity of the iris modifies the surfaceaaom the cell’s nose. Thidtects the field
distribution on an iris surface and location of the peak fi€éld). 6.5 illustrates the surface electric
field ratio along the surface of the TESLA and the low loss tyapell. The TESLA cavity has a

large surface area in the vicinity of an iris compared to tve loss and thus it has a lower surface
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electric field. For a given shape, either the electric or netigriield may reach its minimum, but the
other is far from its minimum. In practise a trad& must be made between minimising the electric

and magnetic surface fields.

Another aspect of the cavity that needs to be considere@ iggbhmetry of the equator as the cavity
frequency is tuned by modifying the radius and shape of thmteg The equator shape also has

influence on surface e.m. fields. This is described in the swotion.

6.1.3 Influence of Equator Shape on E.M. Fields

The equator radiusReq) is an important parameter in the cell frequency tuning asctiitdf fre-
guency of the TN;0 mode of the circular cylindrical cavity with radiuR. is 2405c/27R; [Hz].
The equator ellipticity of the cavity illustrated in Fig. 16is defined according t®/A. Using the

SuperFish solver, we study this influence on three figuresaoitnin this study we seek to minimise
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Figure 6.6: Sensitivity of surface e.m. fields and monop@edwidth to cavity ellipticity (here
R =32mm,r =b/a=15, =0 andw./2r = 1.3 GHz).

these surface e.m. fields whilst minimising the impact onidaedwidth ;). Fig. 6.6 represents

initial results of the study which indicates that the suefatagnetic field is slightly more sensitive
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to equator elliptical compared to the other parameters.

OnceRgq has been fixed, the cell frequency can be tuned by changingotbene of the cell, i.e.
changingA andB. A study has been carried out in SuperFish to find the relshignbetween the
elliptical parameteB of the equator and the cell resonant frequency. Small clsaimgg allows a

linear relationship to be obtained on the cavity resonatuency. This is illustrated in Fig. 6.7.
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Figure 6.7: Frequency change versus elliptical paramBtdor fixed values ofr = b/a = 1.3,
A=47152mm,6 = 0 and Reg = 98.14 mm.

The shape of the equator strongly influences the surface etiadield as the field has a maximum
value in the vicinity of the equator. A cavity with a large uote means there is less magnetic field
density on the equator surface compared to the cavity withal solume, therefore, a large-volume
cavity has a lower surface magnetic field for a given frequefidis was validated by simulation
for the TESLA and the low loss cavity shapes and is illusttateFig. 6.8. It is evident that the low
loss shape, which has a larger volume, has a lower surfacaetiadield compared to that of the

TESLA shape.

The final aspect of the cavity that needs to be consideree isltipe of the cavity wall.
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Bs/Ea[mT.(MV/m)™]

Figure 6.8: Cavity geometry (left) an®8s/E, along the surface (right) for two fierent cavity
profiles (wheres is the distance along the surface contour from centre ofdhater).

6.1.4 Influence of Cavity Slope on E.M. Fields

The slope of the cavity walld] is also an important geometrical parameter that needs tmbe
sidered when designing the cavity. The change affects both the electric and magnetic surface
field. In Fig. 6.1 the cavity wall slope is defined as= 0 for a vertical line,§ > 0 for a negative
wall slope, andd < O for a positive wall slope. A study is carried out on the 1.3z2GHdvity with
different wall angles. The results are summarised in Fig. 6 &eésing the wall angle decreases
both the bandwidth and the surface electric field, but it alseances the surface magnetic field. By
increasing the surface area in the vicinity of an iris can be increaseeindd the surface electric
field can be reduced, but in this process the surface are& imi¢mity of an equator is decreased

and hence the surface magnetic field increases.

In practise, cavities are designed with a small slope in th# w order to make the process of
surface cleaning easier. This small slope helps in allowiongd to flow during the cleaning and

rinsing process. Fig. 6.9 indicates that if the angle is tiegahe surface magnetic field tends to
decrease. This geometry is referred to as the reentraneshfime optimisation extends into the

region of a negative angle, the electric and magnetic seiffatds can be minimised. This reentrant
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Figure 6.9: Surface e.m. fields and bandwidth versus walleaff§ = 32mm, R = B/A = 0.7,
r =b/a= 15, andR is varied to tune the frequency to 1.3 GHz).

shape has lower losses and has the potential to reach a ligtederating gradient. The reentrant
design has been pursued at Cornell university and has edsulsingle-cell gradients in excess of

50 MV/m [31].

NLSF NLSF-RE

Figure 6.10: Geometry sketch of a NLSF (black dashed) andANRE shape (blue solid line).

| have conducted detailed studies on my own version of thetraet cavity. This has allowed a
further reduction in the surface fields compared to the stahshape. This shape, known as NLSF-

RE is presented in [45]. Fig. 6.10 illustrates the NLSF-REigie. The surface fields are plotted in
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Fig. 6.11.
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Figure 6.11: Surface fields ratios along the cavity surfamaparison between the NLSF (black
dash) and the NLSF-RE (blue line) shape, wheris the distance along the surface contour from
centre of the equator.

It is important to note that the reentrant shape presentsabealge to current surface treatments,
such as chemical etching and high pressure rinsing. Thiativegwall angle type cavity is also

mechanically weaker than the positive wall angle cavity.

The focus of my work has been on an optimised design With 0. The procedure, necessary to

obtain the NLSF cavity, is described in the next section.

6.2 NLSF Cavity Optimisation

The NLSF cavity is designed to optimise the surface fields lzaml a slightly larger bandwidth
compared to existing cavity designs for the ILC. This setpoovides detailed optimisation of this
cavity. SuperFish was used as a main field solver for calagidihe accelerating frequency and the
surface fields. The finite element code HFSS was used to talida optimised designs. To expedite
the simulation procedure, a Mathematica code was writtgardwide a frontend to the SuperFish

simulations.
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6.2.1 Tool Validation

A Mathematica frontend controls SuperFish to obtain thegemetry and figures of merit. These
geometries were also simulated in HFSS in order to validagerésults. The simulation results
obtained using SuperFish are withirl.5% of the HFSS simulation results, as the rms of the error
in k. islessthan %, 7% and 5% for Es/E, and Bs/E, respectively. These validation results
are shown comparison in Table 6.2. This frontend was moditigtier to explore various cavity

geometries. This is described in the next section.

6.2.2 Frequency Tuning Algorithm

A Mathematica code was written to explore various cavityngewies to input to SuperFish. The
algorithm for the vertical line wall§ = 0) with a given equator radius is displayed as a flowchart in
Fig. 6.12. The script generates input files, executes Sigiednd the post processor, reads output
files for the desired parameters and then calculates theefignirmerit. This algorithm explores pa-
rameters with dferent iris radii and iris elliptical shapes. For a given thigknessd), the equator
parameterd) is fixed at (/2) — a. Varying the equator paramet®r the desired accelerating fre-
guency is obtained withia5 kHz for a given equator radius. Once the cell geometry isdyuthen
the other rf properties are calculated using the Superkishgrocessor. The optimised cavity shape
is obtained from analysing the rf properties in a large negibcavity shapes. This is discussed in

the next section.

6.2.3 Choice of an Iris Aperture

The iris radiusR;, determines the concentration of the accelerating fieldgatbe cavity axis and
hence the ficiency of the cavity. The present Low loss and Ichiro shapesgned with a 30 mm
iris radius whereas the iris radius of the TESLA shape is 35 Both the Low loss and Ichiro shape

have higher RQ and lower surface magnetic field than the TESLA shape; owttier hand, they



Table 6.2: Three figures of merit for proposed high gradie@t ¢avities.

Parameters TESLA LL Ichiro NLSF NLSF-RE
HFSS | SF HFSS | SF HFSS | SF HFSS | SF HFSS | SF
xe [%] 1.89 1.89 | 153 | 153 | 154 | 154 | 159 | 159 | 166 | 1.66
Es/Ea 218 | 202 | 242 | 230 | 237 | 229 | 211 | 207 | 207 | 2.08
Bo/Ea [MT/(Mv/m)] | 4.18 | 417 | 364 | 361 | 362 | 361 | 383 | 383 | 378 | 3.78
f, [MHZ] 1301.16| 1301.06| 1300.08| 1299.97| 1300.40| 1300.31| 1300.23| 1300.11| 1299.91| 1300.00
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START

User input cavity parameters (Ri, a, b) and criterion (fs, tolerance)

Generate .am file for m-mode

Call SF.exe to run .am file

Read f: from outfis.txt file

f within NO

tolerance? Calculate af and adjust B

YES

Call SFO.exe to run .T35 file

Read Hs, Es from .SFO file

Generate .am file for 0-mode

Call SF.exe to run .am file

Read fo from outfis.txt file

Calculate ke ,Bs/Ea,Es/Ea

NO
Is loop finish? Save results
YES
Display results Save results END

Figure 6.12: Frequency tuning algorithm for the NLSF shape.
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have a higher surface electric field and a narrower bandwidth

Bs/Ea [MT/(MV /m)] Es/Ea

R [mm]

Ri [mm]

Figure 6.13: Three figures of merit versus the variationigwradiusR, and iris elliptical parameter
b at afixeda = 10.5 mm

Various cavity geometries were explored to understand th@wariation in the iris radiustiects
the cavity figures of merit. Fig. 6.13 shows thefieets at a fixed iris thicknesgs, = 10.5 mm. Itis
clearly seen from these results that all figures of merit sadendency to increase with increasing
iris aperture. This can be seen from the selected pointseplatt a fixed iris elliptical parameter

b =155 mmin Fig. 6.14.

In NLSF design | selected the optimum point for all three feguof merit at an iris radius of 32 mm.

A comparison of the NLSF optimum bandwidth with the othergles is presented in Table 6.1.
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Figure 6.14: Three figures of merit; blue squar&s/E,, red dots £s/E,, black diamonds .,
versus variation in iris radius for a NLSF shape with a giwea 10.5 andb = 155 mm.

The next cavity parameter to be considered is the shape ofisheThis is discussed in the next

section.

6.2.4 Iris Shape Optimisation

For a given iris radiusK,), its thickness &) and shape (ellipticityr = b/a) are also the important
parameters. These parameters are strongly related to tlaeeselectric field and the cell-to-cell
coupling constant, the latter involves the cavity field anifity and the sensitivity to mechanical
deformation. The thickness of the iris may lead to trappihthe HOMs inside the cavity. For a
given iris radius, the cell-to-cell coupling constant andace electric field tend to decrease whilst
the surface magnetic field increases as iris thicknessasese With my Mathematica frontend to
SuperFish, extensive simulations were carried out forovasrshapes. Various contours illustrating

these results witR, = 32 mm are shown in Fig. 6.15.

From these explorations, the selected optimum points df gacthickness are plotted in compari-
son to present design shapes in Fig. 6.16. These reflect la@ibar of all three figures of merit as

discussed above.
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Figure 6.15: Three figures of merit versus the variationigishapea, b at a fixedR, = 32 mm.
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Figure 6.16: Three figures of merit versus variation in inigkness for a NLSF shape with a given
R = 32 mm, compared to present designs
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My NLSF shape is selected at the optimum point of an iris patama = 105 andb = 155
mm. This design has 8.5% lower Bs/E, field compared to the TESLA, andBs/E, 13% lower
compared to the low loss design. Both rafig/E, and Bs/E, are comparable to the LSF design.
However the bandwidth is superior, as it is.2% wider. The surface field ratios of this shape are

plotted in comparison with others in Fig. 6.17 and 6.18.

2.5

15

EgEa

1.0-

0.5

0.0
0.00 0.05 0.10

s[m]

-0.1C —-0.05

Figure 6.17: Surface electric field ratio along the cavitsface comparison between the NLSF (red
line) and other designs; the TESLA (black dot-dashed lithe) Low Loss (blue dashed line) shape,
where s is the distance along the surface contour from centre ofgoater.

Table 6.3 summarises the results of an optimisation study afternative design shape for the ILC.
A comparison of the fields in each of these structures is pteden Fig. 6.19. The NLSF shape has
slightly inferior parameters compared to the NLSF-RE shdpespite this, we nevertheless opted
for this shape for a full design study as, in fabricating theity, surface cleaning is considerably

simpler for this shape.
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BsEa[mT.(MV/m)™1]

—0:10 -0.05 0.00 0.05 0.10
s[m]

Figure 6.18: Surface magnetic field ratio along the cavitjame comparison between the NLSF
(red line) and other designs; the TESLA (black dot-dashee) Jithe Low Loss (blue dashed line)
shape, wheres is the distance along the surface contour from centre ofdbater.

TESLA LL Ichiro NLSF NLSF-RE

Figure 6.19: Comparison of the accelerating mode relateetiec and magnetic fields for a range
of potential ILC cavity shapes. All modes are computed at@kE.
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Table 6.3: Comparison of various optimised high gradiewitga@esigns.

| Parameter | TESLA| LL | Ichiro | NLSF | NLSF-RE|

R [mm] 35 30 30 32 32
Req [Mmm] 103.3 98.58 98.14 98.58 98.58
A [mm] 42 50.052 | 50.052 | 47.152 49

B [mm] 42 36.50 | 34.222 | 31.35 35.30
a [mm] 12 7.6 7.6 10.5 10.5

b [mm] 19 10 9.945 | 155 17

f, [MHZz] 1301.16| 1300.08| 1300.40| 1300.23| 1299.91
ke [%0] 1.89 1.53 1.54 1.59 1.66
Es/Ea 2.18 2.42 2.37 2.11 2.07
Bo/E, [nT/Mv/m)] | 4.18 | 3.64 | 362 | 3.83 3.78

Once the single cell has been designed, the end cells alsao&e carefully designed in order to
allow smooth connection of the fields between the cavity asahbpipes. This is described in the

next section.

6.3 End Cell Design

We focused on a design for the NLSF cavity. The dimensionseénd cells were chosen to ensure
a flat accelerating field along a multi-cell cavity and to alla good match between the cavity and
the HOM coupler region. The radius of the HOM beam pipes cotimg successive cavities to one
another was chosen to be that of the Low loss design, namatyn38The lowest order mode that
can propagate in this beam pipe is a7 Ehode, cutf at approximately 2.3 GHz. Thus, the first
two dipole modes (which are below 2.3 GHz) are containediwithe cavity and can be damped
with suitably designed couplers. Higher order dipole maxias propagate out of the cavity and in
this case are partially damped with the HOM couplers. Birste have focused our end cell design
process on the NLSF shape. This was subsequently extentieel M. SF-RE shape for the sake of

completeness.
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Another Mathematica code was written to control Superkighteence facilitate a rapid variation of
the parameters. An important parameter is the field flatnefiset! as:

Ip

) x 100 % (6.4)
Hp

£=(1-

where o, and p, is the standard deviation and the average value of the peateaating fields

along the cavity axis in each cell respectively. These &rstiiated in Fig. 6.20.

0.58(C

0.57&F
op

= 0.57(f=mmmmm ket - -l --R-- - K
35

S 0.565F

E, [arb. unif

ul' 0.56Ck
0.558}

.0t I ! I I I I Bl 0.55C I I 1 1 I I i
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Figure 6.20: Accelerating field along a cavity axis of a 9-bBRISF structure with beam pipes (left).
The peaks are emphasised to the right.

The distance between two successive cavities was seledbedapproximately similar to the config-
uration of the TESLA Test Facility (TTF) cryomodule, whicashspacing of abouti32 between

cavities. | used a beam pipe length of 170 mm which is apprateig 31/4 .

Firstly, | tuned the end cell geometry with SuperFish. Theselts were validated with HFSS. The
optimised NLSF cavity has a resonant frequency which isimith02% of the 1.3 GHz operating
frequency and is 99% flat according to eq. 6.4. The field distion is illustrated in Fig. 6.20.
It is to be noted that this optimised end cell is very simitashape to the middle cells, except for

a slight diference in the iris and equator elliptical parametexs=(9.5, b = 125, A = 48152
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and B = 30.5 mm). The NLSF cavity consists of seven identical middléscahd two identical end

cells.

Table 6.4: Optimal NLSF and NLSF-RE cavities.

Parameterd_ NLSF _ NLSF-RE1 _ NLSF-RE2
Mid cell | End cell | Mid cell | End cell | Mid cell | End cell
R [mm] 32 38 32 38 32 38
Req [mm] 98.58 98.58 98.58 98.58 98.58 98.58
A [mm] 47.152 | 48.152 49 50 49 495
B [mm] 31.35 30.5 35.30 35 35.30 35
a [mm] 10.5 9.5 10.5 10 10.5 10.5
b [mm] 15.5 12.5 17 15 17 13.5
¢ [%] 99.78 99.63 99.34

Having designed a NLSF-RE shape, for the sake of completetiesend cell tuning algorithm was
then extended to the reentrant shape. Applied in a siminida to the NLSF cavity, two potential
designs were obtained for a NLSF-RE cavity with symmetrécal cells. These are summarised in

Table 6.4.

A detailed study on the NLSF modes and means to damp thesesnmgeesented in the next
chapter. If these modes are not suitably damped, the pegjechittance of the bunch train can be

diluted.



Chapter 7

Dipole and Higher Order Modes in the
NLSF Cavity

The broad features of the surface e.m. fields and bandwidtheomonopole mode of the NLSF
cavity were explained in the previous chapter. Here a aetahalysis of the e.m. fields present in a

complete nine-cell cavity are explained. In particulag, pinoperties of the dipole modes are studied.

7.1 Single-Cell Structure

In order to ascertain the transverse momentum kick impadethe beam, the eigenvalues and
eigenvectors of a full nine-cell cavity are calculated oPto analysing a full nine-cell cavity, a single
cell is considered. For the sake of completeness, the dispecurves for a single cell subjected
to infinite periodic boundary conditions is shown in Fig. .7Here the first six dipole bands are
displayed, also included are quadrupole, sextupole, atupole bands. The corresponding loss

factors and kick factors are collected in Table 7.1.

The iris radius of this NLSF single cell is 32mm, which copesds to a 2.75 GHz cufifrequency

113
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w/2r [GHZ]

1.0 | | | | | | |
0 30 60 90 120 150 18C

¢ [deg]

Figure 7.1: Dispersion curves for the monopole (red doitez) | dipole (blue solid line), quadrupole
(green dashed line), sextupole (magenta dot-dashed e&)pole (black long-dashed line) and
decapole (black short-dashed line) passbands with a ligg(black zig-zag line) and synchronous
points (red dot).
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of the TE;; mode in a circular waveguide. The modes that have frequemtieve 2.75 GHz can
propagate through this waveguide and this is reflected inligersion curves - shown in Fig. 7.1.

This will have important ramifications when considering gling of many cavities.

Table 7.1: Loss factor of the monopole (M) modes and kickoiaeof the dipole (D) modes. The loss
factors of the dipole modes are all calculated at a 1.5 fiseb

| Type | Band No.| ws/2r [GHZ] | ¢s[deg.]| k [V/pC/m] | k. [V/pC/m"/m]*

M 1 1.30021 180 2.25 0.083
M 2 2.24658 49 1.30 0.028
M 3 2.80736 29 0.05 0.001
M 4 3.45578 118 0.03 0.000
M 5 3.57978 136 0.49 0.006
D 1 1.73956 120 0.14 17.67
D 2 1.91546 95 0.21 23.00
D 3 2.46255 19 0.40 34.03
D 4 2.95240 45 0.01 0.37
D 5 3.08291 67 0.03 1.77
D 6 3.38650 109 0.03 2.13
D 7 3.81223 169 0.00 0.05
D 8 4.04637 160 0.08 3.96
D 9 4.09679 153 0.00 0.05

*

n =0 for monopole and &= 1 for dipole.

A detailed study of a nine-cell cavity is included in the ng&ttion.

7.2 Nine-Cell NLSF Structure

The nine-cell NLSF cavity consists of seven middle cells awal end cells. The geometrical pa-
rameters are collected in Table 6.4. A detailed study of a-c®ll NLSF cavity with beam pipe is

discussed in this section. The study begins with the momogiadl dipole modes.
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Firstly, a quarter symmetrical section of a nine-cell NLSity was used in the simulation with a

set of boundary conditions, which admits only monopoledqupole and some higher order modes.
By observing the electric field pattern of each resonant niglde the cavity, the eigenfrequencies
can be demarcated. The Floquet periodic condition was wsegl¢ulate the phase advance per cell

of each mode and the dispersion relation of each passband.

A mode that has a frequency below the dfifoequency of a beam pipe - 2.3 GHz and 3.0 GHz
for TE and TM modes, respectively - remains locally withirearavity. When a mode possesses
a frequency higher than the ctitédrequency, the mode can propagate from one cavity to another
creating a multicavity mode. In this case it istaiult to discriminate between other modes excited.
Terminated boundary conditions at both ends of the beamgaipeccommodate these multicavity
modes. In practise magnetic or electric field boundary domnt are used at each end of the beam
pipes. Simulations are carried out with two separate sets tefminating boundary conditions.

These are either electric-electric (EE) or magnetic-magiielM) boundary conditions.

Secondly, the boundary conditions were modified at the syinynqpéane to satisfy the dipole, sex-
tupole and higher order modes. A quarter section was sieulilalhe dispersion relations were
obtained in a similar fashion to the monopole bands. Mompold dipole dispersion curves are

illustrated together in Fig. 7.2. Quadrupole and sextudapersion curves are plotted in Fig. 7.3.

In the monopole band, the terminations at the beam pipe duiegfact the eigenfrequencies inside
the cavity. When the mode frequency is higher than thefEtrequency, the termination conditions
at the beam pipes have an influence on the eigenfrequenclas. cdrresponds to a multicavity
mode. This can be observed in the fourth and fifth monopolel kisspersion curves in Fig. 7.2.

The eigenfrequencies are not identical foffelient boundary conditions. This also applies to the
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Figure 7.2: Monopole (red) and dipole (blue) dispersiorvearof a nine-cell NLSF cavity. Dot
indicates the results with MM boundary condition and cindpresents those of the EE boundary
condition. Cells subjected to an infinite periodic struetare indicated by the lines.
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Figure 7.3: Quadrupole (green) and sextupole (magentaedi®n curves of a nine-cell NLSF
cavity. Dot indicates the results with MM boundary conditiend circle represents those of the EE
boundary condition. Cells subjected to an infinite pericdiacture are indicated by the lines.
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Table 7.2: RQs of the three lowest monopole bands; comparing the MM baxyncbnditions and
the EE boundary conditions at the beam pipe.

MM bc. EE bc.

/22 [GHz] [ RQ [ | w/2x [GHZ] | RIQ [€]
1.27906 0.00 1.27906 0.00
1.28082 0.01 1.28082 0.01
1.28351 0.03 1.28351 0.03
1.28684 0.03 1.28684 0.03
1.29039 0.07 1.29039 0.07
1.29375 0.03 1.29375 0.03
1.29651 0.01 1.29651 0.01
1.29830 0.01 1.29830 0.01
1.29894 | 1126.78| 1.29894 | 1126.78
2.21015 1.39 2.21015 6.98
2.21146 6.17 2.21146 6.16
2.21508 4.06 2.21508 4.07
2.22066 9.52 2.22066 9.51
2.22759 10.74 2.22759 10.74
2.23510 28.66 2.23510 28.64
2.24227 186.53 2.24227 186.53
2.24824 133.07 2.24824 133.09
2.25217 7.96 2.25217 7.96
2.80154 0.01 2.80154 0.01
2.80555 0.41 2.80555 0.35
2.81276 1.04 2.81275 1.03
2.82305 0.05 2.82304 0.09
2.83573 0.40 2.83572 0.36
2.84965 0.10 2.84964 0.15
2.86334 0.10 2.86333 0.07
2.87504 0.06 2.87504 0.07
2.88302 0.01 2.88302 0.00
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guadrupole band.

In the case of the dipole band, the eigenfrequencies of thedttwo bands are below the TE mode
cutaf frequency, hence they are independent of the boundarytwomdi the beam pipe. The others
are located above the ciiidrequency. Hence changing the boundary condition at thenh@pe

gives diferent eigenfrequencies. This also applies to the sextigzold.

In order to ascertain the modes with the largest influencesambdynamics the /R (= V?/wU)
is calculated. Table 7.2 lists thg@®s of the monopole up to the third band. The mode frequencies
and RQ values are relatively independent of the boundary caomhti A graphical comparison is

illustrated in Fig. 7.4.
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Figure 7.4: Monopole mode/Rs for a nine-cell NLSF cavity for the three lowest monopdeds;
comparing the results for the MM boundary conditions (bleésyland those of the EE boundary
conditions (red circles).
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Table 7.3: RQs of the three lowest dipole bands; illustrating a compartsetween the MM bound-
ary conditions and the EE boundary conditions at the beam pip

MM bc. EE bc.
w/2r [GHZ] ‘ R/Q [Q/cnT] | w/2r [GHZ] ‘ R/Q [Q/cnT]
1.64789 0.09 1.64788 0.09
1.65026 0.37 1.65024 0.37
1.65925 0.12 1.65925 0.12
1.67353 0.61 1.67353 0.61
1.69245 0.08 1.69244 0.08
1.71491 4.59 1.71490 4.59
1.73952 10.89 1.73951 10.89
1.76432 2.56 1.76432 2.56
1.78583 0.09 1.78583 0.09
1.85668 0.17 1.85655 0.17
1.86699 1.52 1.86690 1.53
1.88293 0.12 1.88290 0.12
1.89877 8.10 1.89878 8.14
1.91251 15.95 1.91255 16.00
1.92359 7.40 1.92366 7.38
1.93203 0.21 1.93211 0.22
1.93787 0.26 1.93795 0.25
1.94133 0.02 1.94143 0.02
2.46161 22.68 2.46121 24.33
2.46600 11.50 2.46470 15.84
2.47317 0.11 2.47081 0.05
2.48350 1.60 2.48003 1.79
2.49727 0.07 2.49254 0.18
2.51451 0.46 2.50837 0.37
2.53480 0.12 2.52691 0.33
2.55493 0.05 2.54651 0.00




CHAPTER 7. DIPOLE AND HIGHER ORDER MODES IN THE NLSF CAVITY 122

Mode frequencies and/Rs of the first three dipole bands are listed in Table 7.3 anchphical
comparison between the MM and EE boundary condition istiiied in Fig. 7.5. The modes in the

third dipole are mixed between cavity modes and multicavibdes.

From this detailed study the accelerating mod® s ~ 1127 ohms. Also, the largesyY® of the
second monopole band is one sixth of the fundamental modeharthird monopole band has a very
small RQ compared to the fundamental mode. From the perspectivearhlalynamics it probably
the case that no more than the first three monopole bandsmbedbnsidered. However, a detailed
beam dynamics study is needed to confirm this postulate ssengdtential subject for further study.
Similarly for the first three dipole bands. A mode compendipresented in Appendix D, indicates

the mode distribution and serves as a guide for considerganito suppress the modes.
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Figure 7.5: Dipole mode ®s; comparing the MM boundary conditions (blue dots) andBRe
boundary conditions (red circles) for a nine-cell NLSF ¢avi

The infinite periodic structure results, of the previougtisec are in good agreement with a nine-
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cell structure results. The next section entails congtrgé circuit model in order to facilitate rapid

calculation of the mode frequencies and kick factors.

7.3 Circuit Model Analysis

A circuit model provides approximate rf cavity propertiesigh can be rapidly computed. A circuit
model has been applied to the NLSF cavity. The methodologyrasults will be discussed and

presented in the next section.

7.3.1 Circuit Model: The Monopole

A single chain circuit model, which was developed to repnésiee behaviour of the accelerating
mode of the cavity, has been successfully employed to a TEG\Aty as discussed in chapter
5. Only two single-cell simulations are required to obtdia tomplete first monopole band. An
additional simulation at the synchronous mode is requicedstimate the dominant/Qs of the

band.

Table 7.4: Frequency discrepancy between a circuit modglaasingle cell with results for the
lowest monopole.

w/2x [GHZ]
¢ [deg ] Single cell‘ Circuit model Awf2r [MHZ] | Aw/2r [%]
0 1.27957 1.27957 0.00 0.00
30 1.28091 1.28092 0.00 0.00
60 1.28461 1.28460 0.01 0.001
90 1.28970 1.28970 0.01 0.001
120 1.29485 1.29485 0.01 0.001
150 1.29866 1.29866 0.00 0.00
180 1.30006 1.30006 0.00 0.00
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Firstly, a single chain circuit model is applied to the lotwe®nopole band. In this case the maxi-
mum discrepancy with HFSS simulations is no more than 10 ISitnilarly for a realistic nine-cell
cavity the maximum discrepancy is 1.1 MHz for the first moriepd he nine-cell structure /Rs
are also well represented by the model. The results of thi/sire listed in Table 7.4 and Table 7.5.
The RQs, illustrated in Fig. 7.6 as a function of frequency, arnéethin frequency with respect to
each other. The eigenfrequencies from a circuit model andeacell simulation are not at the same
phase advance per cell, but they are placed on the samedi@peurve. This makes the® plot

display diferently.

Table 7.5: Frequency discrepancy between a circuit modelrame-cell results for the lowest
monopole.

w/2r [GHZ]
¢ [deg ] Nine-cell ‘ Circuit model Aw/2t [MHZ] | Aw/2r [)]
20 1.27906 1.28018 1.11 0.09
40 1.28082 1.28192 1.10 0.09
60 1.28351 1.28460 1.09 0.08
80 1.28684 1.28792 1.08 0.08
100 1.29039 1.29148 1.09 0.08
120 1.29375 1.29485 1.10 0.08
140 1.29651 1.29761 1.11 0.09
160 1.29830 1.29941 1.10 0.09
175 1.29894 1.30002 1.08 0.08

The single chain circuit model has been extended to représemigher monopole bands. We ob-
served that the model represents the bands well up to thé& drequency as the discrepancy of
frequency is less than 1 %. Higher ordéieets dominate as the frequency of the modes increases.
The discrepancy between the circuit model and finite elersiemtilations are expected to be exac-

erbated in this case. This is illustrated in Fig. 7.7 and Fi§.
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Figure 7.6: Comparison/Rs of the first monopole between a circuit model (red cirches] a
nine-cell cavity (blue dots) results.

In order to improve the model, next nearest neighbour cagpiif cells is considered, in addition
to the usual nearest neighbour coupling. This enhanced Inhagebeen applied to the fourth and
the fifth monopole bands. The discrepancy is reduced in #se.c This can be clearly observed
from the dispersion diagram in Fig. 7.9. The model has a séffct on the RQs - it improves the

prediction of the circuit model. These comparisons aratihted in the RQs plots in Fig. 7.10.

In the next section a double chain circuit model is used toesgnt the dipole modes of a NLSF

cavity.

7.3.2 Double Band Circuit Model of Dipole Bands

Dipole cavity modes are inherently a mixture of TE and TM w&aue order to adequately represent
this hybrid behaviour, a double chain circuit model is neaeg One chain represents the TE wave
behaviour and the other represents the TM wave. The dipoledare coupled together. The firstis
coupled to the second dipole; the third to the fourth dipthle;fourth to the fifth dipole; the sixth to
the seventh dipole; and the eighth to the ninth dipole.
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Figure 7.7: Circuit model dispersion curves (blue line) aghe fifth monopole band; comparing
the results from an infinite periodic structure simulaticed(dots) with a nine-cell cavity simulation
(blue circles).
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Figure 7.8: Analysis of the ®s of the higher monopoles, comparing a circuit model (recles)
and a nine-cell cavity (blue dots), in which (a) is the secbadd, (b) is the third band, (c) is the
fourth band and (d) is the fifth band.
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Figure 7.9: Dispersion diagram of the fourth and the fifth mymwie, comparing a basic single chain
circuit model (red dot-dash line) and the next nearest @mlpiodel (blue line). The simulation
results from a single-cell structure and a nine-cell caaiy indicated by red dots and blue circles,
respectively.
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Figure 7.10: Comparison of the/@s of the higher monopole - the fourth band on the left and the
fifth band on the right - with the next nearest coupled mod @ircles), a basic single chain model
(black diamonds) and a nine-cell cavity (blue dots).

Firstly, the model is employed to represent the two lowgsbld bands. Observing the field patterns
from the simulations results in the input information and ttalculated circuit parameters listed
in Table 7.6. The two lowest dipole bands are well represehtea double chain circuit model
in which the frequency discrepancy between the model andithelation is less than 1 %. The
frequency discrepancy between the model and the simulat®iisted in Table 7.7 and Table 7.8
for a single-cell and a nine-cell cavity, respectively. Aaghical comparison is illustrated by the

dispersion curves in Fig. 7.11.

Table 7.6: Circuit model input information and a circuit nebevith calculated parameters for the
two lowest dipoles.

Input data Circuit parameters

wo/ 21 [GHZ] ‘ Wy /21 [GHZ] ‘ ws/2m [GHz] ‘ Ks [V/pGmym] | wr /27 [GHZ] ‘ n [%]
TM chain 1.64954 1.85605 1.73956 17.67 1.74368 | -11.74
TE chain 1.94421 1.79629 1.91546 23.00 1.86587 -7.90

Similar to the frequency, the/Rs of both dipole bands are well predicted by the model, with a
discrepancy appearing in the sum of the band®$3 which are 4 and &/cn? for the first and the

second dipole bands, respectively. This comparison istititied by the R)s plot in Fig. 7.12.
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Table 7.7: Results for the discrepancy between a circuitehand a single-cell structure for the first
two dipoles.

w/27 [GHZ]
Band | ¢ [deg ] Single cell‘ Circuit model Aw/2r [MHZ] | Aw/2r [%]
0 1.64954 1.64954 0.00 0.00
30 1.65609 1.65612 0.03 0.00
60 1.67500 1.67513 0.13 0.01
15t dipole 90 1.70406 1.70434 0.28 0.02
120 1.73962 1.73998 0.36 0.02
150 1.77578 1.77602 0.25 0.01
180 1.79629 1.79629 0.00 0.00
180 1.85605 1.85605 0.00 0.00
150 1.87250 1.87216 0.34 0.02
120 1.89771 1.89706 0.66 0.03
2"d dipole 90 1.91851 1.91785 0.66 0.03
60 1.93305 1.93264 0.42 0.02
30 1.94147 1.94135 0.12 0.01
0 1.94421 1.94421 0.00 0.00

Secondly, with the successful implementation of a doubéerctircuit model on the first two dipole
bands, the study is extended up to and including the eigipblelband. As expected the discrep-
ancy between the circuit model and simulation gets worsk igher frequencies. The maximum
discrepancy in frequency between the circuit model and lsitins are illustrated in Table 7.9. In
this table, the subscripttls used for the result of the single-cell simulation, white subscript 8

is used for the result of the nine-cell simulation. A dispansdiagram for the circuit model and

simulations is illustrated in Fig. 7.13.

A potential reason for this large discrepancy is, in this\frgquency region many modes are excited
in the cavity, as can be seen from the dispersion diagramgn Fil. These modes, dipole and

sextupole, can be mixed and separation can be complicated.ofher issue is, that this circuit



CHAPTER 7. DIPOLE AND HIGHER ORDER MODES IN THE NLSF CAVITY 130

Table 7.8: Results indicating the frequency discrepandwden a circuit model and a nine-cell
structure for the first two dipoles.

w/2x [GHZ]
Band | ¢ [deg ] Nine-cell‘ Circuit model Aw/2r [MHZ] | Aw/2r [%)]
8.28 1.64789 1.65004 2.15 0.13
14.66 | 1.65026 1.65112 0.86 0.05
38.03 | 1.65925 1.66006 0.80 0.05
59.22 | 1.67353 1.67449 0.96 0.06
1stdipole | 79.90 | 1.69245 1.69357 1.12 0.07
100.26 | 1.71491 1.71604 1.13 0.07
120.55| 1.73952 1.74066 1.15 0.07
140.71| 1.76432 1.76538 1.06 0.06
160.74 | 1.78584 1.78676 0.92 0.05
171.23 | 1.85668 1.85787 1.19 0.06
155.40 | 1.86699 1.86782 0.83 0.04
136.30 | 1.88293 1.88372 0.79 0.04
116.67 | 1.89877 1.89963 0.87 0.05
2" dipole | 97.33 | 1.91251 1.91330 0.80 0.04
77.75 | 1.92359 1.92463 1.04 0.05
58.38 | 1.93203 1.93326 1.23 0.06
38.89 | 1.93787 1.93939 1.51 0.08
19.68 | 1.94133 1.94298 1.65 0.09

Table 7.9: Results for the maximum frequency discrepanéwden a circuit model and HFSS
simulations for the dipole modes.

Dipole band
1st ‘ 2nd ‘ 3rd ‘ 4th ‘ 5th ‘ 6th ‘ 7th ‘ 8th

Awyc/2n [MHz] | 0.36| 0.66| 0.49| 2.19| 1.57| 9.50 | 56.27| 11.18
Awgc/2n [MHZz] | 2.15| 1.65| 2.10| 8.10| 3.58 | 16.11| 55.25| 13.01
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Figure 7.11: Dispersion diagram of the two lowest dipolespparing a double chain circuit model

(blue line) with a simulations. The simulation results fransingle-cell structure and a nine-cell
cavity, are indicated by red dots and blue circles, respelgti
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Figure 7.12: Comparing the/Qs of the first two dipoles, i.e. a double chain circuit modé¢
dots) and a nine-cell cavity (red circles).
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model is developed from the assumption of the thin iris apipnation and only the nearest cells are
coupled. In an NLSF cavity, however, the iris is thick andh&thigher dipole band, excited modes

become multicavity modes, which can propagate from ondytvthe others.

An additional parameter, corresponding to an iris of finitekness may improve the agreement
between the circuit model and HFSS simulations. The terrepsesented by the parameterand

the modified dispersion relation becomes:

( - —)( - = 5 Sirf ¢ = 0. (7.1)

l1-ncosp 1 1+ncos¢ 1 772
w? r2

2
Wy

An additional point is needed from the dispersion curvestmant for this parameter. The modified

model is first tested with the two lowest dipoles to validaie model.

This modified model is particularlyfictive for higher dipole bands, in particular, the seveipble
band, as can be observed from the comparison between Taldad Table 7.10. This improvement

can be clearly seen from the comparison illustrated by thpedtsion diagram in Fig. 7.14.

Table 7.10: Results for the maximum frequency discrepartydéen a modified double chain circuit
model and a dipole simulation.

Dipole band
1st ‘ 2nd ‘ 3rd ‘ 4th ‘ 5th ‘ 6th ‘ 7th ‘ 8th

Awic/2n [MHz] | 0.06| 0.19| 1.74| 2.58| 1.34| 1.92| 45.93| 1.13
Awgc/2n [MHz] | 2.15| 1.69| 3.29| 7.86| 3.18 | 6.65| 44.59| 2.98

The modified double chain circuit model helps improve thguency discrepancy for higher dipole

bands, but the seventh dipole stillfiars from a large discrepancy. A potential explanation fa th



CHAPTER 7. DIPOLE AND HIGHER ORDER MODES IN THE NLSF CAVITY 133

w/2r [GHZ]

2.0F . .

1.5 | | | | | N |
0 30 60 90 120 150 18C

¢ [deg

Figure 7.13: Circuit model dispersion curves (blue linetaithe ninth dipole band compared with
the results from an infinite periodic structure simulaticed(dots) and a nine-cell cavity simulation

(blue circles).
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Figure 7.14: Dispersion diagram of the fifth to the eighthodgpillustrating a comparison between a
basic double chain circuit model (red dot-dash line) and difieal model (blue line). The simulation
results from a single-cell structure and a nine-cell casity indicated by red dots and blue circles
respectively.
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nature is that this frequency region has multicavity modesles several modes excited which can
be mixed. Furthermore, the model is still based on the assamfhat only the nearest cells are

coupled, as discussed previously.

Finally, the prediction of the Rs for a NLSF cavity by using a double chain circuit model is
presented for comparison with the simulation results in Figd.5. This prediction uses a standard

model up to the fourth dipole band and then a modified modedesiu

25

R/Q [Q/cn?]

0 dL &M&WA-

15 2.0 2.5 3.0 3.5 4.0
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Figure 7.15: Dipole mode /®s comparison between a circuit model prediction (blue)dams a
nine-cell NLSF cavity simulation (red circles).

The double chain circuit model can be employed to predictpaldimode behaviour of a NLSF
cavity up to the sixth band, but for the dipole bands highantthe sixth band, the/Rs becomes
smaller and these modes can be damped easily by a proper H@decalesign, as the modes can

propagate through a cavity.
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In summary, a detailed study of the NLSF cavity has been pedd. The first few dipole bands are

reasonably well-predicted by the model.

In the next chapter, short-range wakefields, resulting fyeometric &ects are studied for the NLSF

cavity.



Chapter 8

A Study of Short Range Wakefields in the
NLSF Cavity

General aspects of wakefieldfects have been discussed briefly in section 2.4 and higher ord
modes associated with the long-range wakefields were studite previous chapter. Here, short-
range wakefields due to geometricieets are focussed on. Detailed simulations are performed an

these are also supported by analytical models.

8.1 Numerical Study

A direct method to compute wakefields is to solve Maxwell'si@gpns in the time domain with
a suitable mesh-based algorithm. The monopole wakefieldbearalculated from the fields in-
duced by a Gaussian charge particle bunches passing otheoug)h the structure. By discretising
Maxwell’s equations on a mesh of a particular geometry,dHigsds can be obtained. Weiland has
developed a code for calculating the transverse interadi@ween a bunch of charged particles
in cylindrically symmetric accelerating structures ani ttode is referred as a TBCI [61-63]. In

the same time period, Chin also developed a wakefield anddamue code known as ABCI [64,65].

137
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These codes use similar techniques to discretise Maxveg|lsitions [66,67]. However ABCI has
some internal dferences. For example, it is capable of incorporating a fargesh. Diferent mesh
sizes may be specified in the transverse and longitudinattiins. ABCI includes Napoly’s inte-
gration method [68] to calculate wake potentials in a stietwhere parts of the structure extend
to radii smaller than the radius of the beam tube. It also aseeving mesh technique to reduce the
number of mesh points and hence is capable of calculatingleeg structures and short bunches.
This is because a moving mesh technique generates a mestooalpart of the structure inside a

defined window length. This mesh moves along with the chapgetiicle bunch.

Igor Zagorodnov has recently developed a code, ECHO [69,WBich is based on splitting the
transverse e.m. field components in a time-based scheme s@iéme was proposed to overcome
the numerical Cherenkov radiatioffects in standard finite flerence time domain methods used to

model wakefields. Dispersioiifects are thus minimised in this code.

The codes ABCIl and ECHO, have been provided on a non-profi bgsheir respective developers.
The validation of these codes has been carried out by cosgpafor four cavities: TESLA, Ichiro,
Re-entrant and NLSF cavity. An NLSF cavity geometry inputtfeese simulations is illustrated in

Fig. 8.1.

12000 12800 12600

Figure 8.1: A NLSF cavity geometry input for ECHO numericahslation, where dimension is in
cm.

The wakefield results in terms of their loss and kick factorsone cavity structure, listed in Table

8.1, show that these results are reasonably consistenow#lanother (a maximum discrepancy of
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5% is observed). The ABCI code requires more mesh pointsv®ainsistent mesh-stable results

Table 8.1: Comparison of loss and kick factors between tiwes® on four accelerating cavities.

o=1mm o =70Qum o =30Qum
ECHO | ABCI | A(%) || ECHO | ABCI | A(%) || ECHO | ABCI | (%)
TESLA k.[V/pC] 9.89 | 10.04| 152 || 1156 | 11.82| 2.25 || 17.72 | 18.46| 4.18
(R =35mm) | kr[V/pCGm] || 18.36 | 1852 | 0.87 || 15.41 | 15.61| 1.30 || 10.38 | 10.57 | 1.83
Re-entrant | k [V/pC] 11.01 | 11.15| 1.27 || 13.08 | 13.34| 1.99 || 21.25| 2191 | 3.11
(R =33mm) | kr[V/pGm] || 21.17 | 21.30| 0.61 || 17.96 | 18.14| 1.00 || 12.70 | 12.85| 1.28
NLSF k. [V/pC] 11.32 | 11.36| 0.35 || 13.28 | 13.35| 0.45 || 20.84 | 21.03| 0.91
(R =32mm) | kr[V/pGm] || 23.47 | 23.55| 0.21 || 19.81 | 19.90| 0.45 || 13.65 | 13.82| 1.25
Ichiro k.[V/pC] 12.89 | 13.03| 1.09 || 15.32 | 15.57| 1.63 || 25.19 | 25.77 | 2.30
(R =30mm) | kr[V/pG/m] || 28.14 | 28.26 | 0.43 || 23.94 | 24.06| 0.50 || 17.03 | 17.12| 0.53

and hence the computing time is longer. ABCI results als@ lzaharge variation for a short bunch.

The method used to calculate the field has more numericad faishort bunches and small mesh

steps.
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Figure 8.2: Normalised longitudinal wake function of a NL&vity for several bunch lengths: red
line - 300um, black dot-dashed line - 5@0n, magenta dotted line - 7@@n, and blue dashed line -

1 mm.

In my NLSF cavity case, the normalised wake functions for €3&n bunches, with varying rms

lengtho, to the structure length_j from an ECHO simulation are plotted in Fig. 8.2 and Fig. 8.3

for longitudinal and transverse wakes, respectively. €hesults show that the longitudinal loss
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factor (k) increases as the bunch length is reduced. The conversedasle for the transverse kick
factor ). This is a reflection of the definitions of the loss factor &ak factor. The longitudinal
loss factor is defined as the bunch energy loss per unit ctsygared and the transverse wake
function defined as a change in transverse momentum kickrpecharge squared per unitfeet
from the cavity centre. Conversely a smaller particle bungbarts a smaller transverse kick. These
relationships between wakefields and geometric propesfiesstructure are discussed in the next

section.
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Figure 8.3: Normalised transverse wake function of a NLSktgavith various bunch lengths: red

line - 300um, black dot-dashed line - 5Q@n, magenta dotted line - 7@@n, and blue dashed line -
1mm.

These simulations have been based on a single cavity cogsiginine cells. In order to understand
the periodic nature of the wakefield a string of cavities hagen studied. Simulations have been
carried out using one to eight cavities. All wakefields aremadised with respect to structure length

in order to explicitly remove this dependence. These waketfans are illustrated in Fig. 8.4 and
Fig. 8.5. As expected, until a ficient number of cavities is used, there is a dependence of the
wakefields on the number of cavities in the chain. Shortecbas require more cavities in order

to converge on the correct short-range wakefields. As statgd ], the field reaches a steady state

only afterN = 2a?/(o L) cells, whera s an iris radius andl. is the cell length. In the NLSF cavity
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Figure 8.4: Normalised longitudinal wake function for vars number of NLSF cavities: red line -
8 cavities, black dot-dashed line - 7 cavities, blue dasimed-I5 cavities, and magenta dotted line -

1 cavity, for a bunch length of 3Qom.

case, itis found that the wakefield converges provided 60 cells or 7 cavities for a 30Am bunch

length. A bunch length of 10@m requires 20 cavities. For a 3Qdn bunch the normalised loss
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Figure 8.5: Normalised transverse wake function for vagioumber of NLSF cavities: red line - 8
cavities, black dot-dashed line - 7 cavities, blue dashesl-I6 cavities, and magenta dotted line - 1
cavity, for a bunch length of 3Qam.

factor in this case is 16.52/pC/m and the normalised kick factor is 10.18pZ/m/m. The single

cavity kick factor difers from the multi-cavity result by 20%.

The short-range wakefields can also been described by gaaimalytical models for X-band and L-
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band cavities [58,59, 71-75]. These approximate modelgsetil in providing a rapid assessment
of the impact of parameter variation on the wakefields. Theatliapplication of these analytical
models to my NLSF structure is discussed in the next sec@ameful parametrisation is needed in

order to properly account for the wakefields.

8.2 Analytical Study

In 1968 the British physicist, Lawson, suggestedf&raction model for calculating the energy loss
of a point charge traversing a single cavity [76]. This maosleygested a slow falfbof the real
part of a beam-resonator coupling longitudinal impedantigh frequency as /2. This was also
confirmed by the French physicist, Dome, with additionallinal approximations [77]. Dome’s
result was also confirmed with an iteration method by the Rugshysicists, Heifets and Kheifets,
in 1987 [78]. The American physicist, Gluckstern, studibd high frequency behaviour of this
longitudinal impedance for a general shape cavity and ag@ierstructure in 1988 [79, 80], and the
pillbox cavity results confirmed the results of Dome’s imaede. In 1998, the Japanese physicist,
Yokoya, and the American physicist, Bane, derived a moreggnesult for longitudinal impedance

in terms of the geometric properties of a structure.

Figure 8.6: Cell geometry of 2D periodic pillbox structure.

Yokoya and Bane have studied short-range wakefields in a@egueriodic pillbox cavity focusing

on accelerating structures for the NLC, and obtained arnytocal short-range wake models for a
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pillbox cavity [59,81], which is used widely as a basic apgnaation for parameterising short-range
wakes in terms of the geometric properties of an acceleyatinucture over a range of parameters.

The geometrical parametrisation used in the study are lsé@tn Fig. 8.6.

The Fourier transform of the wake provides the longitudarad transverse impedanc@&s,andZy,
respectively. Considering the structure in Fig. 8.6, Gatekn derived the high frequency longitudi-

nal impedance, with later modifications by Yokoya and Ban8@s31]:

. -1
7,(K) = % 1+(1+ i)“(ggL)L \/kzg] [k large] 8.1)

wherek is the wave number angy, = 120r is the impedance of free space. The parametesra

function of geometric parameters and can be obtained appabely from [81]

a(y) » 1- a1y - (1 - 2a1)y, (8.2)

with a; = 0.4648. Taking the inverse Fourier transform of eq. 8.1 alltiveslongitudinal short-

range wake function of a point-like charge to be obtained:

wi(9) ~ %erfc( ;: )exp(;: )¢(s) [s small], (8.3)

whereg(s) is the unit step function and

2
_g(_a
0= 8(a(g/L)L) | 8.4

By making a series expansion of eq. 8.3 and focussing on #ukrg order dependence smp to



CHAPTER 8. A STUDY OF SHORT RANGE WAKEFIELDS IN THE NLSF CAVM 144

the v/sterm, the longitudinal short-range wake can be written 8% [5

wi(S) ~ % exp(— \/§)¢(S) [s small]. (8.5)

Fedotovet al, studied the transverse impedance of a periodic array diesat high frequency and

found a relationship between the transverse impedanceharidrigitudinal impedance [82]:

2
Zt = @ZL [k large] (8.6)

This allows the transverse wake function at short distatecbs obtained as:

wW(S) = %fosvw(s')dg [s small]. (8.7)

Combining eq. 8.5 and eq. 8.7 the transverse wake is given by:

Wi(s) = 43243"’ [1 - (1 + \/g) exp(— \/g)] (9). (8.8)

Bane applied these analytical formulae to periodic NLCdtrees [59, 83]. These structures have
geometric parameters in the rang80< a/L < 0.69 and 0564 < g/L < 0.89. The fit is reasonably

good over the range 8 s/L < 0.16 providedsy is replaced withs, in eq. 8.5:

a1.891.6

S0 = 04177

(8.9)
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Also for the transverse wakefielgy is replaced withs, in the fitting procedure. Hers, is:

al. 7990.38

Under these conditions the relationship between trane\ard longitudinal wakefields still remain

valid provided one is close to the head of the bunch:

d 2

These formulae were derived based on periodic pillbox issifThese cavities naturally have sharp
irises. Nonetheless, they have been used widely to estimatghort-range wakefields for practical
accelerating structures, which have rounded irises. Theyso valid for an SRF cavity, which
has a markedly rounded iris and this has been studied intdndly Zagorodnov on various SRF

cavities [71-74].

These techniques are now applied to my NLSF cavity. Ban&gnad parametrisation is explored,

subsequently improved by including finite structufieets.

8.2.1 Bane Model and Short-Range Wakefields

The method entails replacing all constants in eq. 8.5 an@d&qwith the fit parametersA, B, S,

ands;. This allows the wake functions to be re-parameterised as:

w(e) = ¢(9)[Ae V¥, (8.12a)
wi(s) = ¢(s)[B(l—(l+ \/%)e-@)]. (8.12b)
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Convolution of these wakes with a Gaussian bunch is compeitchumerical simulations using the
code ECHO. The fit parameters are varied in order to mininhiseliscrepancy between the model
and simulation. For example, to obtain the longitudinal evglotentials of my NLSF cavity, the
wake function is convolved with a Gaussian bunch, wite: 30Qum, and fit parameterd, s, are
varied in order to fit to ECHO simulations. A similar procedis followed for the transverse wake
function. This allows the NLSF cavity to be characterisethwie following parametersA = 52.0
andsy = 1.10x 1072 for the longitudinal wake function anl = 1100 ands; = 5.40x 1074 for the

transverse wake function.

WL [V/pC/m]

Figure 8.7: Application of Bane model to NLSF cavity. The Bamodel predictions (lines) are
shown along with numerical results (dots) of the longitadiwake potential for various bunch
lengths: red - 30@m, black - 50Qum, gray - 70Qum and blue - 1mm, with the prediction for
longitudinal short-range wake function indicated by a dashed line.

The geometric parameters calculated from eq. 8.9 and e@. &8elA = 351, 5 = 3.41x 1073,

B = 2498 ands, = 1.82x 10°3. These are quite fflerent from the fit values because the original
Bane parameters are for sharp iris transitions, but the Ntes#ty consists of decidedly rounded

irises. This analytical model is applied over a range of bulengths and compared to ECHO
simulations. The results of these validations simulatanesillustrated in Fig. 8.7 and Fig. 8.8. It

is clear that the analytical predictions are also in gooéagrent with ECHO simulations for bunch

lengths in the range 300m to 1 mm. These results suggest that the wake functiofiasterely an
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envelope function. The predictions for the correspondass ifactors and kick factors are listed in
Table 8.2. The discrepancy between the analytical modehanterical simulations is exacerbated
by short bunches. From the perspective of numerical sinomsitof short bunches, they may not
be in a steady state condition and afteeted by numerical noise. Also, the NLSF cavity has
a/L = 0.28, which is below the range of validity allowed in the Bangtialae (this discrepancy was

also observed in [75]).

W [V/pC/mym]

Figure 8.8: Application of Bane model to NLSF cavity. Thewsaerse wake potential from the Bane
model predictions (lines) are shown along with numericalles (dots) for various bunch lengths:
red - 30Qum, black - 50Qum, gray - 70Qum and blue - 1mm, with the predictions for transverse
short-range wake function indicated by a dot-dashed line.

Table 8.2: Comparison of loss and kick factors between tlaédyioal Bane model predictions and
the numerical results for the NLSF cavity.

Numerical| Analytical | A(%) || Numerical| Analytical | A(%)
0.3 16.52 15.93 4.15 10.18 9.53 6.39

0.5 13.97 13.93 0.29 13.47 13.56 0.67
0.7 12.60 12.53 0.56 16.66 16.77 0.66
1.0 11.15 11.00 1.35 20.69 20.62 0.34
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8.2.2 Modified Bane Model

Zagorodnovet al, have applied the modified Bane formulae to characterise@ieA-1V structure,
the transverse deflecting cavity used for measuring thetblemgth in the TTF-1I project, and to a
third harmonic cavity [72]. These formulae include finifeeets of the structure, which lead to a high
frequency dependence of the impedanceyof?. This differs from an infinite periodic structure,
which has aw%?2 dependence [80]. As my NLSF cavity has a finite length ther tiansition
region where the impedance behaviour changes fo#? to w2, This explains the oscillatory
behaviour in the longitudinal wake potentials for the velngr$ bunches. A cosine factor is added
into a model to describe an oscillated behaviour. The mabi#realytical model for the longitudinal

wake function is
cosws?

_ - Vs/so
wi(s) = ¢(9) |A€ +B Vsice|

(8.13)

where the first term describes periodic behaviour and thenseterm describes finite structure

behaviour. The parametércan be estimated from eq. 8.5 as

ZoC

which is normalised to the total structure length,{). Also, s, can be obtained from eq. 8.9 and

codficientB can be estimated from [58]:

B 2C¢ (8.15)

V2Lt0t JTZa'

Other codicients,a, 8, C andw, are obtained from a numerical fit to simulations of the wa&e p
tentials. The coicientsA andB from the expressions above can be ascribed as initial vaiube

fitting process. The final fit values mayfi@ir after the process is complete.
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In a similar manner, the transverse wake parameter is @utaincluding both the finite structure

behaviour and the periodic nature:

wi(s) = ¢(9) [ D(1- (1+ V/s/sp) e V9™ ) + Evs|. (8.16)

Here the cofficients, is estimated from the expression in eq. 8.10 and théictntD is

47,C
D=——s. 8.17
7 S (8.17)

As stated in [58], the cdBcientE is estimated by

_ 22274

_ 2V2ZC 8.18
m2as3 Vl—tot ( )

where coéficientsD, andE, are , as usual, normalised to the total structure length.

Once again, the convolution of these functions with a Gamsdistribution is compared to that of
numerical simulations obtained with ECHO. The fitting paesans are varied in order to minimise

the discrepancy between both methods. Applying this to mgRNLtavity results in:

_ 5244210 cos 103&]
wi(s) #(9) [36 5e¢ +0.35 V53208 (8.19a)
wW(s) = &) [9 (1- 1+ V5/95x 104)e Vo510 555«/5] (8.19b)

for the longitudinal and the transverse wake functiongeesvely. The initial estimated céiecients
are:A = 351,B =009, = 341x 103, D = 2498, E = 3431 ands; = 1.82x 10°3. These
approximations are consistent with the final fit values. A panson between the prediction and
modified analytical model are illustrated in Fig. 8.9 and.FR®10 for the longitudinal and the

transverse wake functions, respectively. The corresponldiss factors and kick factors are also
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-10¢ o=1lmm

WL [V/pC/m]

Figure 8.9: Application of modified Bane model to NLSF caviBesults from the modified Bane
model predictions (lines) are compared to numerical regdtits) of the longitudinal wake potential
for various bunch lengths: red - 3pf, black - 50Qum, gray - 70Qum and blue - 1mm, with the
predictions for longitudinal short-range wake functiodicated by a dot-dashed line.

calculated from these modified models and are listed Tal3le Bhese modified models are in a
good agreement with numerical results, with a maximum djgancy of 4% for a short bunch. It is
worth bearing in mind that shorter bunches require manytiesvio be simulated and it may well be

the case that the solution has not converged to the steadyfata 300um bunch.

_10f
200
_30
400

Wr [V/pC/m/m]

—B50F

-60

Figure 8.10: Application of modified Bane model to NLSF cgviThe transverse wake potential
from modified Bane model predictions (lines) are shown alaity nhumerical results (dots) for

various bunch lengths: red - 3Qén, black - 50Qum, gray - 70Qum and blue - 1mm, with the

prediction transverse short-range wake function indatatea dot-dashed line.

These analytical studies show that the short-range walefezln be estimated and predicted from

the geometric properties of a structure in conjunction eitle or two numerical simulations with
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Table 8.3: Comparison of loss and kick factors for the NLSHtga

o[mm] ki [V/pG/m] kr[V/pC/my/m]
Numerical| Analytical | A(%) || Numerical| Analytical | A(%)
0.3 16.52 16.51 0.66 10.18 9.80 3.73
0.5 13.97 14.06 0.64 13.47 13.57 0.74
0.7 12.60 12.59 0.08 16.66 16.70 0.24
1.0 11.15 11.11 0.36 20.69 20.65 0.19

different bunch lengths. It is useful for designing structurea timely manner. All models pre-
sented in this context have been shown to be valid for the Ntevity for bunch rms lengths in the
range from 300m to 1mm. The maximum discrepancy from the numerical ressits7%. From

these studies, the wake functions tend to be an envelop&dand his provides an estimate of the

maximum amplitude of short-range wakes for short bunches.

This concludes a study of the properties of the main bodyettvity. Means of coupling in power

to the cavity, together with methods to damp the higher omedes, are considered in the next

chapter.



Chapter 9

FP and HOM Coupler Design for the NLSF

Cavity

To minimise wall losses superconducting cavities are usdtie ILC design. The cavities of the

ILC are maintained at 2K in a liquid Helium (He) vessel. Albgels are contained within a cryostat.
RF power is transmitted into the cavities through coupl&rese fundamental power (FP) couplers
can either be waveguide or coaxial in nature. The relativatsnef each have been discussed in
section 1.5.2. The ILC design uses a coaxial type couplas iStbecause it is compact and tuning

the external quality factoi() is easily facilitated.

Similarly, the higher beam-excited modes must be coupléaftne cavity in order to reduce wall
losses and to ensure the beam properties are preservedefAwerview of the HOM coupler has
been presented in section 1.5.3. The design process, &vgéth detailed simulations for my NLSF

cavity are described in this chapter.

152
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9.1 Fundamental Power Coupler

The role of the FP coupler is to transfer rf power from the sewystem to the cavity. This is
achieved by providing an impedance match between the seaystem and the combined cavity-
beam system. The objective being, to minimise the reflead@dep For an SRF cavity, the coupling
hole is located on the beam pipe, just outside the end celravthe fields are lower than in the
cell. Even though the fields are significantly higher in thaaqr of cells, situating a coupling hole
in this region will enhance the magnetic field and may lead uench. Moreover, it would also
enhance the electric field in the cell wall, which can give tig field emission if it is present near

the iris.

In this section, the overall design process to obtain a @wpith aQ, suficient to satisfy the ILC
project is discussed. Only the cold section of the cougherantenna and the size of the coupler, are
studied in this context. Design of the window, the tuning hsdsm and others issues associated

with the warm section are excluded.

9.1.1 Optimal Coupling for a Beam-Loaded Cavity

Considering a beam-loaded cavity operating on resonameeetlected power is obtained by invok-
ing the conservation of energy from the generator powg), transferring it to the beanPf) and

dissipating it into a cavity wallR;) [10]:

Pr:Pg_Pb_PC

(B—l—ZK\/B)z (9.1)
=Py|——————— |,
p+1
where
K=l R 9.2)
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is the dimensionless beam loading parameter, which refa¢ggower transferred to the beam to the
power dissipated in the cavity, is the shunt impedance amglis the time-average beam current.
B = Pe/P. = Qo/Qe is the coupling coicient, which is the ratio of power dissipated in the cavity

to that dissipated in the input sourde,).

In the unloaded cas& = 0, and zero reflection is achieved for= 1. In the presence of beam
loading, and if most of the power is transferred to the beaimerahan is dissipated in the cavity
wall (i.e., K > 1), then zero reflection is achieved whenr= Py/P; = 1 + P,/P.. This yields the

relation for the external quality factor

Qo

Qe=17 Py/Po’

(9.3)

For a heavy beam loading in an SRF cavity cdge$ P.), the external quality factor required for

operation with zero reflection is:
__ V%
~ Py(R/Qo)’

For the ILC, the averag@. is 3.5 x 1(f as stated in Table 1.4.

Qe (9.4)

In order to understand the coupling mechanism from the ebaxiupler to the main accelerating
cavity it is helpful to consider the modes excited. The nexdtien investigates the nature of the

coupler based on Slater’s pioneering work in this area.

9.1.2 Kroll-Yu Method to Determine External Quality Factor

One of the earliest analytical studies of the behaviour afralined cavity and waveguide system

was performed by Slater, using a terminating short planeeatvaveguide end. The relation between
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the line resonant frequency and the cavity resonant frexyuefthe structure was found to be [84]:

tan (2rlg/Ag) = > i(ﬁ - ﬁ), (9.5)

Q\wr  w

wherely is the length of waveguide, the guide wavelength, ana the resonant frequency. Tl
of the system can be obtained by a curve-fitting process waitions coupling lengthlg and corre-
sponding frequency data. Due to the transcendental nature of the equation ifaceconvenient

form suitable for a direct calculation QJe.

Kroll and Yu suggested an alternate method to eval@tealirectly from computer simulation
data [85]. This approach is similar to Slater's method butaster suited to direct computation.
The Kroll-Yu method studies the reflection dheient R(w) near the cavity resonant frequency to
calculate theQ, of a waveguide-loaded cavity. This method is described ipeXglix C together
with the validations on various coupling systems. My caltioh procedure used in these valida-

tions gives consistent results to those obtained by Kralllan [85, 86].

The Kroll-Yu method has been extended to the weak couplistesy [87] (highQe) which is the
case in an SRF cavity, where the results are stron@@cted by the choice of the data points. How-

ever, choosing data points near a cavity resonance does@ugestent results.

Validations on a simplified system provides confidence inabeuracy of the Kroll-Yu method.
This is then applied to a single-cell from my NLSF cavity. lhistsimulation the coaxial coupler is
located 45 mm away from the entrance of the cavity. The amt#ipris located at the same vertical
level as the iris radius and is illustrated in Fig. 9.1. BotkiM® and HFSS have been used in these
simulations. The coupler length was varied and the eigeesiaere studied. The frequency versus

position along the terminating places are illustrated o Bi.2.
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Figure 9.1: Single-cell cavity used in detailed finite elatend finite diference e.m. simulations.
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Figure 9.2: Mode frequencies versus the position of theiteating plane along the coupler.

The cavity frequency does not change whilst the coupler nmredgency changes when the position
of the short varies. The fitted results are listed in Table THe results are however inconsistent
between MWS and HFSS and have a large variation fromQhe 4.7 x 1P, calculated from a

built-in module in MWS, on both solvers. They are stronglpsigve to the particular data sets

chosen. This is because the avoided crossing region is aergw and this gives a very shapp- w
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behaviour. This sharp corner makes the fitting process \@rgisve.

Table 9.1: Comparison of fitted parameters usirfipdent data sets from two solver codes.

CST MWS results

fitted parameters
w/2r [GHZ] w]2x [GHZ] | Q. [X10

1 4.8,5.3,5.8 | 1.287 496 00, 1.287 492 55, 1.287 50 2.442
1.287 500 65
2 153,54,5.6,5.8 1.287 492 55,1.287 101 49, 1.287 49 3.072
1.287 409 81, 1.287 500 65
3 |4.3,4.8,5.3,5.8 1.287 658 64, 1.287 496 00, 1.287 50 2.222
1.287 492 55, 1.287 500 6H
4 |4.8,5.0,5.2,5.4 1.287 496 00, 1.287 451 45,
1.287 131 30, 1.287 101 4P

No. D [cm]

1.287 25 0.038

Ansoft HFSS results

fitted parameters
w/2r [GHz] w]2x [GHZ] | Q. [X10

1 4.8,5.3,5.8 | 1.289010 71, 1.289 022 33, 1.289 02 9.011
1.289 022 04
2 153,54,5.6,5.8 1.289 022 33,1.289 013 34, 1.289 02 67.115
1.289 023 67, 1.289 022 04
3 |4.3,4.8,5.3,5.8 1.289041 48,1.289 010 71, 1.289 02 5.327
1.289 022 33, 1.289 022 04
4 14.8,5.0,52,541.28901071,1.288996 53, 1.289 01 6.151
1.289 028 88, 1.289 013 34

No. D [cm]

The Kroll-Yu method is accurate and straightforward to gdpl suficiently low external Q sys-
tems. However, It is diicult to reliably obtain th&), of weakly coupled cavities. Another method

to compute the external Q, which overcomes these limitafisdiscussed in the next section.
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9.1.3 Balleyguier Method to Determine External Quality Fa¢or

In order to overcome the limitations of the Kroll-Yu methahother method is considered. The
Balleyguier method [88, 89] allows th@, to be obtained from eigensolutions of a cavity-coupler
system with closed boundaries. The method relies on twalstgrwave solutions in the coupler
line. Each of these standing waves is obtained using twoildessoupler termination boundary
conditions. This allows the system to be described by therpgsition of the two time-inverted
travelling wave solutions of the open system, as illusttateFig. 9.3. TheQ. of the system is
obtained from the sum of th@, from the two standing wave solutions, provided that the t&up

line is suficiently long such that an unperturbed field pattern pergidtse terminating plane.

Y ;“: ...... ::____
travelling .‘ 'nvert . @H: 5 standing

waves iy 0 superpos;rron waves
in the line ¢ E=

N 0 in the line
i 1Y @ﬁé

Figure 9.3: Superposition of two time-inverted travellingve solutions of the open system results
in the standing wave solutions of the closed system (addpied[88]).

The method starts by considering a lossless cavity with sdraeergy storedlJ, at its resonant
frequencyw. If this cavity is weakly coupled to an infinite line, the cgvoses powerP, into this
line. If only one mode is considered to travel along the liffecan be computed from either the

electric or magnetic field amplitude by integrating overlihe cross-section:

Pzz—lnfflElzdS = gflelzdS, (9.6)

wheren = +/uo/€ is the mode impedance for a TEM wave in vacuum. The storedygtein the
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cavity is the integral of the field amplitude over the cavipjume:

U= %fff&olElde = %fffﬂo“‘”zd\/ (9.7)

From the definition o). = wU/P, it can be expressed as

o [J[IFFdv
e = W’ (9.8)

for the TEM mode in a line, which is assumed to be under vacwumayeF is either the electric or
magnetic field. The line mode impedange should be taken into account if the line is not under

vacuum or if the mode is not TEM.

Inside the line, two travelling waves driie in opposite directions, and they interfere to form a
standing wave. Let us consider the terminating plane at ectret field maximum: the standing
wave field amplitude is twice that of the individual travetliwaves. The two fields inside the cavity
have a phase fierenceg, so the amplitude of the resulting fieId|iB+ ej¢| larger than the original

field. From eq. 9.8 we can define the quan@yas

o, M EFY e

c fref. plane|E:L|2 ds 4 ;

where the reference plane is the plane that has the standiwg freld amplitude twice that of the
travelling waves, with the perfect magnetic wall boundaspdition at the terminating plane. This

plane is the reference plane and computable by a suitablerfeggenmode code.

Let us consider the reference plane that has a magnetic fightitade twice that of the travelling

waves. The resulting field amplitude inside the cavity is |11DW ej¢| times the original field and we
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can defineQ, as
_ wffj(;avity|H2|2 dv _ |1_ ej¢|2
Cffref. pIanelH2|2 ds 4

A terminating plane with perfect electric wall boundary ddion is considered as the reference

Q Qe. (9.10)

plane in this case. Th@, of this cavity-coupler system can be obtained from the suthede two:

Qe = Q1+ Qo (9.11)

This is independent af since:|1 + eJ"’>|2 +[1- eJ"’>|2 = 4. Thus two rf solver runs are adequate to
predict the external Q of the system. This method was deedldqr arbitrary coaxial lines with
an assumption of only single mode TEM wave propagation atbedine. The method has been

extended to arbitrary rectangular waveguides by Shereelial [90].

To validate this method, firstly, it is applied to a singldt®dd_SF cavity equipped with a coaxial
coupler as illustrated in Fig. 9.1. Two simulations haverbesrried out with dierent terminating
plane boundary conditions in both MWS and HFSS. Additionalhe eigensolution is conducted
using MWS and with the external Q calculation module setecidese simulation results are com-

pared in Table 9.2.

Table 9.2: Comparison of the external Q produced using tveormf. codes on a single cell NLSF
cavity (in Fig. 9.1) using the Balleyguier method and a builmodule within MWS.

Parameter| HFSS(A) | MWS(B) | MWS (built-in)(C) | |A-B|/A [%] | |A-C|/A [%0]
Qu[x107] 3.28 3.38 - 3.0 -

Q[ x10F] 1.18 1.13 - 4.2 -
Qe[x10F] 4.46 4.51 4.66 1.1 4.5
w/2n[GHz] | 1.289 1.287 1.287 - -

There is reasonable agreement between the independerst @odbeQ.s. Indeed, the maximum
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discrepancy between the two is approximately 5%. In ordedltw the simulations from the in-
dependent codes to converge a large mesh was necessaryS$ 12r< 10° tetrahedra were used
and 10x 10° mesh cells in MWS. The method has also been applied to a fidhoell NLSF cavity
with a standard coaxial coupler located at the same dis@meaeplied to the Kroll-Yu method. The
full cavity is illustrated in Fig. 9.4. The mode frequencyda@es which result from this analysis are

displayed in Table 9.3. Here the maximum discrepancy is neri@an~ 6%.

-

45 mm

Figure 9.4: A nine-cell NLSF cavity with coaxial coupler pdl 45 mm away from the cavity
entrance and an antenna penetrating 6 mm into the beam pipe.

Table 9.3: Balleyguier external Q calculation from two rives codes and also a built-in module in
MWS on a nine-cell NLSF cavity (in Fig. 9.4).

Parameter| HFSS(A) | MWS(B) | MWS (built-in)(C) | |A-B|/A [%] | |A-C|/A [%0]
Qu[x107] 2.95 2.76 - 6.4 -

Q[ x10F] 0.88 0.91 - 3.4 -
Qe[x10F] 3.83 3.86 3.77 0.8 1.6
w/2r[GHz] | 1.300 1.296 1.296 - -

Simulations made with MWS indicate a 4 MHz discrepancy witfS$. This frequency fference

is consistent with the accuracy of the simulation§:x110° tetrahedra used with HFSS an@ % 10°
mesh cells used in MWS. The beam dynamics criterion spedifeesavityQ. should be & x 10°.
Careful positioning of the coupler will allow thi®, to be obtained. The penetration depth can be

modified experimentally to obtain the requisipe.
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This coupler is non-optimal. Stronger coupling with a largandwidth can be obtained with other

couplers. These are investigated in the next section.

9.1.4 FP Coupler for the NLSF Cavity

Various types of coaxial couplers are studied within thidise with a view to optimising the cou-

pling. The coupler is parameterised as indicated in Fig. 9.5

Figure 9.5: Schematic of the fundamental power coupler.

The main accelerating cavities for the ILC project are basetdESLA cavity with a TTF-III coupler
[91]. In this study, for the NLSF cavity, the TTF-III couples investigated along with a series of
other couplers. To begin with, a coaxial coupler equippdti am unmodified antenna tip is studied.
This is illustrated in Fig. 9.6, whe®, = 40 mm,D; = 15 mm, and_., = 180 mm.R; is 38 mm.
Varying the coupler position and penetration depth of tlefrconductor allows a series of power
couplings to be obtained. This coupler was modelled using3ith theQ, evaluated using the

built-in module of the software.
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front view

bottom view side view

Figure 9.6: Sectional views of the coaxial power coupler.

Herez, is fixed at 45 mm to study thefect of the antenna penetration depth, and its influence
on the accelerating field flatness a@g¢ The results show that there is less perturbation to the ac-
celerating field whem\L is between 4 and 8 mm. The minimum perturbation is at 6 mm. Dineep
coupling is very weak when the antenna is withdrawn into thepter,AL < 0. For aAL between 4

and 8 mmQ. is in the range of 10° to 6x10°, which corresponds to the baseline range for the ILC.

In another simulatiog., is varied whileAL is held at a fixed value (at the lowest perturbation point
of 6 mm). The accelerating field isfacted slightly when the coupler position is close to thetyavi
entrance. Thisféect is very slight compared to that which occurs when theraragenetration is
varied. Choosing., between 40 and 50 mm allows accepta®ls to be obtained, illustrated in Fig.

9.7.

In addition, the influence of a modified antenna tip was alsdistl. A5 mm thick circular disc with
a diameter of 18 mm was attached to the coaxial antenna. S hidicated in Fig. 9.8. Simulations

carried out with this coupler on the NLSF cavity with a fixedeama penetration of 6 mm, in order
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ILC limit

30 35 40 45 50 55 60
Zep [mm|

Figure 9.7:Qe versus coupler position for a simple coaxial power coupliérere the blue dots are
simulation results and the ILC requirement is indicated biashed line.

to ensure the perturbation on the accelerating field is mg@th This new design results in an
enhanced coupling. This is because the antenna tip enhdnecekectric field in the vicinity of the
tip and it facilitates a strong coupling to the accelerafiietd. A summary of simulations oQ.

versus penetration depth is presented in Fig. 9.9.

front view

bottom view side view

Figure 9.8: Sectional views of the disc-type power coupler.

The third design considered is based on the input couplerfas¢he ERL injector cavity at Cornell
[92]. This design has a 5 mm-thick, curved rectangular phath 20 x 20 mm size attached to
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Figure 9.9:Q, versus coupler position comparison between a simple cloexigler (blue dots) and
a disc-type coupler (black dots), where the ILC requirenieimtdicated by a dashed line.

an antenna tip. Th®; andD, are 12.5 mm and 40 mm, respectively. Various sectional vigws
this coupler are illustrated in Fig. 9.10. The large tip @loan enhancement in the electric field.
Simulations have been carried out with various couplertjpos at a fixed penetration depth of 6
mm. The results of these simulations are displayed in Fitjl.9TheQ, of this design is similar to
a disc-type design. A slightly more complex fabricationgass is involved however, compared to

that of a disc-type coupler.

front view

bottom view side view

Figure 9.10: Sectional views of the “curve-type” coupler.
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Figure 9.11:Q, versus coupler position comparison between a curve-typpleo (3-indicted by
magenta dots) and the first two designs: a disc-type coupledicated by black dots), and a simple
coaxial coupler (1-indicated by blue dots), where the ILQuisement is indicated by a dashed line.

Finally, the TTF-Ill baseline coupler was modelled and deted with the nine-cell NLSF cavity to
validate the power coupling of the coupled system. This t@upas arD; of approximately 12.5

mm and the tip is rounded, as the cut views illustrate in Fifj29Simulations have been carried out

/r S
front view f \F
[ )
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bottom view side view

Figure 9.12: Sectional views of the TTF-III coupler.

at a fixedAL of 6 mm to maintain the perturbatiorffect. The coupler position was varied. TQe

results of this coupler, illustrated in Fig. 9.13, have aikinbehaviour to a simple coaxial coupler.
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In fact, this coupler has mixed properties of both a simplexa type and a disc-type. It has a
smaller tip area compared to a disc-type antenna, and tduses the coupling. The shape of the

TTF-Ill coupler has been designed with a view to reducingtipatting within the coupler.

Qe [X10°]

5¢ ILC limit

0 — 1 1 1 1 1 1
30 35 40 45 50 55 60

Zep [mm|

Figure 9.13:Q. versus coupler position for various designs: a simple @adaupler (1-indicated
by blue dots), a disc-type coupler (2-indicated by blacksfoa curve-type coupler (3-indicated
by magenta dots), and a TTF-Ill coupler (4-indicated by rets)] where the ILC requirement is
indicated by a dashed line.

Simulations show that this TTF-11l coupler, used as the lxas@ower coupler for the ILC, is also
a candidate for a power coupler for my NLSF cavity. The coufde the ILC is situated 45 mm
away from the cavity entrance and has an antenna penetdsjih of 6 mm. This ensures(a of

3.5x 1P is achieved. This configuration also minimises the pertimhaon the accelerating field.

Other designs may enhance the multipacting in this regiorha&mce are less favoured.

Another important issue is that of suppressing the highéeromodes excited by the beam. The

design of a suitable HOM coupler for my NLSF cavity is the sabpf the next section.
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9.2 HOM Coupler for the NLSF Cavity

If left undamped, beam-excited HOMs can dilute the emitaoicthe beam and can also cause a
BBU instability to occur. In practise the HOMs are damped ddw a level prescribed by beam
dynamics simulations. Here, the TESLA-style TTF-III coapis attached to my NLSF nine-cell

cavity and the damping properties are investigated.

g ;
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Figure 9.14: Electric field of 1.740 GHz HOM taken at 15 mfiset from a cavity axis. HOM
coupler positions are indicated by red dot-dashed linedstiilack dashed lines represent the cavity
entrance and exit.

Prior to designing the couplers the distribution of the nsoie the first three highest/Rs is inves-
tigated. These three modes have significantly larg&sRhan the other modes. These are located
at 1.740 GHz, 1.913 GHz, and 2.462 GHz. The correspondjsRre 10.89, 15.95, and 22.68
Q/cn? respectively. These modes are illustrated in Fig. 9.14uiindd.16. It is evident that very
small fields exist in the regions of the couplers and henceefudadesign is needed which max-

imises the coupling.

In order to obtain rapid results only one and a half cells atained from the nine-cell cavity. The

inherently 3D nature of the problem necessitates a largé ohessity. Hence even this reduced ge-
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Figure 9.15: Electric field of 1.913 GHz HOM taken at 15 mfiset from a cavity axis. HOM

coupler positions are indicated by red dot-dashed line8stiilack dashed lines represent the cavity
entrance and exit.

ometry requires significant computational resources tmaildequate modelling of the e.m. fields.
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Figure 9.16: Electric field of 2.462 GHz HOM taken at 15 mfiset from a cavity axis. HOM
coupler positions are indicated by red dot-dashed line8stiilack dashed lines represent the cavity
entrance and exit.

The HOM couplers are similar to those presented in [93—86§trated in Fig. 9.17. It is important
to note that this configuration does not interfere with theetgrating mode (no field is coupled

between the cavity and a HOM coupler). This is illustratedrign. 9.18. The simulations provide
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evidence of HOM field coupling in all three dipole bands. Tikiglustrated in Fig. 9.19. However,
in order to obtain the practical cavity. a full nine-cell geometry is needed for modelling. This

requires large computational resources.

Figure 9.17: HOM coupler antenna simulation model.
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Figure 9.18: Accelerating mode field in presence of HOM ceupl
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The HOM couplers were placed at 115 degrees with respecttoaher, as indicated in Fig. 9.20.
Simulations were performed to obtain tes of the first three dipole bands using both MWS and
HFSS.Q.s are obtained and displayed in Fig. 9.21 using the built@duate in MWS and using the
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Figure 9.19: Electric field coupling in the vicinity of HOM apler of the lower three dipole bands.
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Figure 9.20: Couplers configuration in the NLSF cavity.
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Figure 9.21: HOM damping Qs results calculated using HF 3£ (tbots) and MWS (red circles).

Balleyguier method in HFSS. In the HFSS simulations 2 tetrahedra were used andk 10°
mesh cells in MWS. The majority of th@.s of these modes are located in the rangé -100°.
However, some are above the beam dynamics imposed valué.of h€se will not satisfy the ILC

requirements [20].

Figure 9.22: Improved HOMs damping couplers configuratiothe NLSF cavity.
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A new configuration of HOM couplers has been investigatediorove the HOM damping. These
HOM couplers were placed at 90 degrees with respect to e&eh. dthis is illustrated in Fig 9.22.
Simulations were performed using HFSS and a similar arehes been performed to obtain Qe
The modes are well-damped in this configuration asQkeof the first six dipole bands are below
1CP. This is illustrated in Fig 9.23. The couplers in this oraidn are better targeted to couple to

the e.m. fields.
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Figure 9.23: HOM damping Qs results of new HOM couplers caméton calculated using HFSS.

This new configuration has the potential to be utilised in niySN cavity. Additional details on
a study of the FP and HOM couplers are provided elsewhere [M6jvever, to ensure the beam
quality is preserved during acceleration a detailed ingasbn of HOMs dampingféects is needed.

This is a potential subject for future beam dynamics studies



Chapter 10

Discussion and Conclusion

The ILC project is based on a superconducting linear acaielerThe present baseline design pre-
scribes a working accelerating gradient of 31.5 MV Each cavity is qualified to work at 35MW.

My initial work was concerned with understanding the bebavof the baseline ILC cavity design,
the TESLA cavity, and the methodology of rf simulation andegpuivalent circuit representation. |
then focussed on searching for an alternative cavity degigch can handle a higher working accel-
erating gradient. | have presented here, my new cavity detig New Low Surface Field (NLSF)
cavity, which has optimally low surface e.m. fields. The haidth of the accelerating mode has

also been maximised, constrained by HOM excitation.

A complete nine-cell design of my NLSF cavity has the potdiit achieve an accelerating gradient
of 47 MV/m, with the maximum surface magnetic field 180 mT and surféserec field 99 MV/m.
With this low surface electric field, the risk from electroaeldi emission is diminished. The NLSF
cavity has a 9% larger/® compared to that of the TESLA cavity. This allows for inged éfi-

ciency.

The manufacture of an NLSF cavity is not expected to presesiti@ms. Similar fabrication pro-

174
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cesses used for the TESLA shape can also be employed on tHe déivy.

The fundamental mode and higher order modes have been eafedsnith a circuit model. This

allows a rapid determination of the influence of fabricatorors.

A complete design for my NLSF cavity, including the fundarta¢mpower coupler and HOM cou-
plers has been presented. The input power coupler is bas#ueohRTF-IIl type coupler. This

configuration meets the requireg, of the ILC at 35 x 1°. Furthermore, the baseline TESLA
HOM coupler design is used for the NLSF cavity to damp the HOMS accurate calculation of
the Qes of the HOM couplers is obtained through a complete ninkeegity. The results of these
simulations indicate that th@.s lay in the range o 1. These are dficiently well damped to

satisfy the ILC requirements. Other configurations of theMHEuplers are a potential subject for

further study as it may allow for improved HOM suppression.

Collective dfects, resulting from geometric short-range wakefields efNiL.SF cavity have been
studied from both numerical simulations and analytical eied The analytical formulae provide
estimates of both longitudinal and transverse wakefieldss i useful for designing cavities and
linacs with limited time and computing resources. In paitac, the Bane formulae allow the short-

range wakefields of the NLSF cavity to be computed.

The NLSF cavity has been designed to potentially work at hdrigccelerating gradient. The cavity
is proposed as an alternative design for the ILC projectesihe community has been searching for
a way to reduce the overall cost of the ILC. However, the NL&#tg can also be utilised in other
superconducting accelerators such as the energy reconacy &nd the free electron laser linac. In

practise, there are other factors to limit the gradient oty such as the material properties, the
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cell fabrication process, the surface treatment used @&aghiclg, and also the cleanliness of the work

place environment. All of these need to be taken into accandtcarefully controlled.

This completes a study of the rf properties of a new cavityttierlLC. There exists the opportunity
for further work on a beam dynamics study in particular, andao analysis of the engineering

tolerances.
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Appendix A

Frequency Scaling of Cavity Parameters

Using Maxwell’s equations it is possible to show that foeaitating fieldsE = Eq€“t with j = oE
and for a good conductow¢ < o):

V’E = 72E (A.1)

with 7, = +Viwoue. Similar equations can be ontained for currgr@nd magnetic fieldd. For
example, considering a plane of conductoxjrassume that the electric field is in tlzedirection

and that there are no variations wighor z. A solution forE; field is
E, = Ege ™ (A.2)

which can be written as

E, = Ege ¥e™/9 (A.3)

wheres is ac penetration thickness or skin depth

2
5= oc w2 (A.4)
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With similar treatment, the ac current density and magriigtid are given by
jz= jo& ™, Hy = Hoe™* (A.5)

The total current is obtained from the integration

! :f jz(X)dxzf joe ™ dx = 22 (A.6)
0 0

Tn
Using the relationy = oEp, we get the surface impedance

zo=B0_ B0 [l (A7)
| Jo/tTn O o

The impedance has an imaginary part because the surfacesfretin phase with the total current
in the conductor, due to the rate of change of magnetic flulk@rconductor. The microwave surface
resistance of a conductor is

wpo _ 1 1/2
Ro= /o2 = — A8
s 26 oo ¢ (A-8)

In superconductor [10] there are two components of the ntirrdhe normal component and the
super-current component. The total current is the sum ofitbecomponents. The normal compo-

nent of the current i$, = on,E where

(A.9)

heren, is the number of unpaired electrons ands the relaxation time. For the super-current

IISq {

Mw

(A.10)

Os=
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The total two fluid current becomes
j=intjs=(on—liog)E (A.11)
In analogy with the treatment for the normal conductor we sfaow that
VZE = 72,E (A.12)

With 7ot = +/inow(on — ios). Similar to the normal conductor, the surface impedan@esafpercon-

Zo= |0 _RotiX, (A.13)
on—ios

At temperature lower than the transition temperatireg T;) then, is very much smaller then the

ductor is given by

ns and for the normal conducting electrons, the relaxatiom {fn10-14 s) between collision is very
much smaller than the rf periogt (10° s), i.e., 7 < 1/w. With these two reasons the, < o, the

simpler expression faZg is obtained with the surface resistance and reactance as:

1
Rs = Ecrna)z,u(z)/lf oc w? (A.14)
Xs = wpodL (A.15)

with a constanl, = +/m/(ns0%uo). From equation A.8 and A.14 it is clearly seen that the SC is

preferred to be operated at low frequency with an opposieztion in the NC.

Considering a cavity with fixed accelerating fidlg and fixed total energy gainW, the cavity
resonant frequency is inversely proportional to the caslitpension,b or b « w™. The transit

time factor and the fields are independent of frequency. Veéesather cavity parameters with
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frequency. The power dissipated in the cavity walls is givgn
1 2
Pa=5Rs | IH[dS (A.16)
2 s

For the sake of comparison we scale the power dissipatechgéength in which the relation in NC

caseis
P, o RyHPb oc 0% - ™t oc 072 (A.17)
and
P, oc RyHPb o« w? - ™ oc w (A.18)
for SC case.

The total energy stored in the cavity is given by
1 2 1 2
U==¢ | IEIFdV ==y | [H|dV (A.19)
2 " Jv 2 N
The energy stored per unit length in NC and SC has the samaciney scaling as
U’ o« |E[?b? o [HI?D? oc w2 (A.20)

The cavity quality factor, which is related to the storedrggeand the power dissipation is defined

as
Qo = % (A.21)
In NC case it is scaled as
Qo e wwclizz oc w2 (A.22)
and for SC case is
Qoo 2 ':)_2 o w? (A.23)
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The parameteR/ Qg is obtained from
R V2

— - _c A.24
Q wU ( )
This parameter per unit length has the same frequency gaalimoth cases as
R E|?
— El (A.25)

Q w-w?

This leads to the frequency scaling of cavity shunt impedgmer unit length in NC case to be
obtained as

1/2

RoxQwxwl? wuw? (A.26)

and

RoxQywxw? wow? (A.27)
in SC cavity. The geometry factor of the cavity is defined as

w, |H[2dV cw3
= Ho f\/ o & w2 o @° (A.28)
Js H12ds w”

This parameter is independent of frequency since this isuadigf merit that depends only on the

cavity shape. The longitudinal loss factor per unit lengttefined as

. V2 EP 5
kL:ﬁOCFOCU) (A29)
This is the same for NC and SC cavities. The transverse dkichkeactor is defined as
0]
kr = —- A.30
by (A.30)

Wherek(Ll)(r) is the longitudinal loss factor of the dipole mode andhe beam fiset from the cavity
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axis, which isec w?, andw, is the dipole frequency, which is w. We scale this factor with the

fundamental mode frequency as

kr oc wf"w_z « w® (A.31)

This is the same in both types of cavity. The longitudinal aadsverse wakefields are proportional

to their loss factors. We can scale thefleds as

W, o« w? (A.32)

and
Wr o« w® (A.33)

The summary of frequency scaling of cavity parameters atediin Table A.1 in comparison be-
tween SC and NC cavities.

Table A.1: Comparison between normal and superconducavitjes on frequency scaling of cavity
parameters.

Parameter Super conducting Normal conducting
Cavity dimensionlg) w?t w?
Surface resistancy) w? w?
Power dissipationf,) w? w2
Stored energyy’) w2 w2
Quality factor Qo) w2 w12
Shunt impedanceR) w™? w?
Geometric factor®) w° w°
R over Q R/Qo) wt wt
Longitudinal lost factork, ) w? w?
Transverse kick factoikf) w® w®




Appendix B

Application of Circuit Model to Compute

Modal Momentum Kicks

In order to find the kick factors of the cavity we first take thatage drop across the capacitor in
loop m of the circuit model (see figure 4.1) to represent the lomiyital voltage the beam loses in

cell mof the cavity. So the value of this capacitor is

1
C., =
M 2K Mz.zL

(B.1)

wherekK{" = wiKy'/cis the loss factor for the periodic structure of aellKT' is the kick factorz
is the driving charge féiset,z is the test chargeftset, and. is the cell length. Assume the cavity is
empty at timeg = 0 the driving charge enters the cavity at tilne L/2c and reaches the center of
cellmatt = mL/c. In addition, in each loomwe add the current sourea6(t — mL/c) in parallel
with the capacitor. Since we know the Fourier transform ef éigenfunctions of the system we
obtain the time evolution of the currents in the circuit byfpeming the inverse Fourier transform

and the finally we obtain the kick factors.

194
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From equation 4.2 the eigenvalue equation can be written as
MFP) = (P (B.2)

whereM is the system matriX(” is the p™ eigenfunction and, = 1/1/% is the pi" eigenvalue. We

want to solve the system by adding the driving terms

Oe __iwLsc
h,= ——¢"' B.3
L o (B.3)

in our matrix equation, whene™ element of vector gives the value of the parameter inroelThe
new eigenvalue equation is written as

Mg-Ag=h (B.4)

with A = 1/v? for the vectorg. Expandingg andh in terms of the eigenfunctions leads to

f(p) f(p) h
0= 3 33 roF | ©3)

We have used the orthogonality of the eigenfunctions, whalds because our matrix is real and

symmetric. We have also assumed the system is non-degenerat

In time domain, in loopn of the circuit

Gut) = f Orn(1)E2 ly
f(p) 2 f(p) o g2my(t-nL/c) (B.6)

3 p
qu“:(p)lZZ Nowa Vz—vf) dv

This equation has two poles, at= +v,. Adding a small positive imaginary part to these poles to

solve this equation. Ift(— nL/c) > 0 using the close integration loop in the upper half planse &l
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the lower half plane. We got this result

f(IO)V f(p) _
Gn(t) = 270 ). W > 0(t-nL/g) \/”C_ sin 2rv,(t — nL/c) (B.7)
p n

n

where®(t) = 0 for t < 0, ®(t) = 1 fort > 0. From the definition of, = i;wm VLm = im/ VCm, the
inductor current in loopm is given byl, = VC,Gn(t). Adding the driving current to this we get

the capacitor current and then results the voltage drosadhe capacitor

1 ! ’ ’ qe
Vynft) = —f In(t') dt' + Ot ~ mL/c)
0 m

C
CI: f,fqp) frgp) (B.8)
" Cnm Zp: |f(P)]2 Zn: Ot -nL/c) Non Cos Zvp(t — nL/c)

n

The capacitor voltage represents the energy loss of a tagjelio the dipole modes of the cavity.
Using the Panofsky-Wenzel theorem [25] we obtain the trarsa/kick from the longitudinal, i.e.

the transverse kick(t) = (c/X) f t Voo(t") dt’. Thus the transverse kick in cellis given by

£ [ m, m
Vin(t) = 20exel Y = 3" 0(t - nL/c) P KWL sin 2yt - nL/c) (B.9)
p n

yp| f (p)|2

This equation is valid for all time and implies that the amyales and phases of the modes after the

driving charge has left the cavity are given by

Vin(t) = Z V® sin (2rvt — 6,) t> NL/c (B.10)
p
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e 2qeXeL fi \[KEVED

( (P /KM, O dnep
m Vol f (P2 Z fa” VKsTvs'€
n

(B.11)
T 18 KOV sin (ngp)
Yo fP KOV cos figp)

with

tand, =

ande, = 2nvyl/c.

Equation B.9 can be utilized to obtain the total voltage &¢barge, following a distancebehind

the driving charge, experiences in celbof the cavity,Vi,(s), as

mL + S)

Vin(9) = vm( (B.12)

The total kick felt by the test charge can be obtained by surgrap the contributions of all the

cavity cells

V(9 = > V(9 (B.13)

Assume that the couplingsare small so that theffects of any precursor voltages can be ignored,
then we can approximaté(s) = O for s < 0, i.e. ahead of driving charge. This relation combined

with equations B.9, B.12, and B.13 leads to

2nvpS

V(9) ~ 200%NL )" Kpsin s>0 (B.14)
p
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with the kick factor for mode given by

2
5o 19 KO Dees

Ny, fP2

Kp = (B.15)

For any dipole mode of a cavity the loss factotX, = 2rv,K,/cis given by the ratio of the square
of the maximum voltage gained by a test charge to the produgtNL times the energy stored in
the mode. Form this physics we see that equation B.15 giy@®siately the proper ratio of the

maximum voltage squared and the energy stored in the modmxoit chain.

For a double chain circuit model, the derivations of the tolegelopment of the fields, wakefields
and the kick factors are in similar fashion as the singlerch@del and the results is also similar as

the kick factor for the double chain model is given by

5 19 \JOKD, Dl

Kp = " (B.16)
Nyp(If O + [f02)

2

with €™ is a fitting parameter given by 4 (|f®2/]fP]2), wherep is the mode nearest the syn-
chronous point, ang, = 2rvyL/c is the phase shift per cell. Note that only the¢s appear in the
numerator of this equation, since only thél;;o component of the fields (not tieE;;; component)

will kick the beam.



Appendix C

Validation of Kroll-Yu Method

A summary of some investigation validating the Kroll-Yu tnet on various coupling systems are
presented here. The Kroll-Yu method studies the reflectiafticientR(w) near the cavity resonant

frequency to calculate th@, of a waveguide-loaded cavity.

The method begins by considering the field in a waveguiderggetween the waveguide origin and

the shorting plane. This is of the form of an outgoing and &ctéd wave:
e 4 Re (C.1)

wherek = 2r1/14, andz is distance along the waveguide. At the shorting plare-atD, the field

must vanish, thue*P + Re &P = 0, and
R=—e2P = _g, (C.2)

The Kroll-Yu method utilises the observation that the efgeguency of the cavity-waveguide sys-

tem without the shorting plane corresponds to a situatiowhich there is an outgoing wave but

199
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no incoming wave. This is in conjunction with the fact thag tleflection cofficient must have an
absolute value of one for a real frequengyso we can write:

w-—Uu+ jv

= — .2¢:
R) e w-Uu-jv

g j2vw) (C.3)

wherey(w) is a real analytic function in the vicinity of the pole. Bykiag the logarithm of both

sides, we obtain:

#(w) = tarr? (ﬁ) — y(w) + nr. (C.4)

Differentiating and using the first two terms of a Taylor seriggmasion around for y(w), y(w) ~

¥(U) + ' (U)(w — u), we obtain:

ldp 1 u 1,
2dw 2(w-u2+\2 +§)((u). (C.5)
This is a typical Breit-Wigner resonant form with peak.sat u. This equation, when multiplied by

v, will have a peak value o + 3vy ' (u), whereQ = .

Four¢ — w pairs are required to determine t@efrom eq. C.4. These — w pairs can be obtained
using an rf e.m. solver on the cavity-waveguide system irctvbi is varied. Inspecting the field
plot, if one branch near the resonance (avoided crossimghbeadentified, four runs with dierent
lengths will provide enough information. If two branchesnavoided crossings are identified, two

values ofD are stficient.

Each point is designated by the subscript{1, 2, 3, 4}. The following equations are readily obtained
[85]:
_ w2 + AB]_Z + CL)]_AZ
B 1+ A2 ’

(C.6)
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V= (U - (J)]_)A — By, (C?)
() =tarr (=) =4~ (Wi - ). (€8)
where
A= B2 - 323, (C.9)
w3 — W1
B = v TN () ot otk @i -wd).  (C10)

_ (w2 — U)(ws — U)
\Y

Bz = —-v = (w2 — ws) Ot (P2 — 3 + x (U)(w2 — w3)). (C.11)

The expression foy(u) in eq. C.8 can be evaluated at any of the three points. Fremetimaining
three data sets and assuming in the vicinity of a resonamtg () = 0, we can obtain an explicit
three-parameter formula. This allow@ to be obtained. Theg'(u) can be obtained from a fourth

data point since it is a root of

wa — U— Vot (gs — x(U) + x (U)(ws — U)) = 0. (C.12)

To validate this method, a series of tests have been cartdedsing MWS on a straightforward

coupled cavity-waveguide system as illustrated in Fig. . Clhe uncoupled cavity consists of a

& S— b —

Figure C.1: The waveguide-cavity system. The cavity is atslorectangular waveguide of di-
mensiona x a. It is coupled to another rectangular waveguide througtriarof apertured. The
waveguide has a terminating plane at distaddeom the iris.

closed rectangular waveguide. The mode frequency of thieguade is calculated analytically
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from:

(0] (20 (2 c13)

c a a
wheren = 1,p = 1 for TE;q; mode, which definedy = w.,,,/2r = ¢/aV2 and half the cutfh
wavelength is equal ta. Let us define the normalised waveguide length to a cavityedsion,

r = D/a, and the normalised frequency

fio = %2 1+ (Fp)z’ (C.14)

for aT E;o, mode in the waveguide. This relationship is for an uncoupl@geguide mode. When an
iris is introduced, these two waveguides become couplews. CEn be represented by the equivalent

circuitin Fig. C.2.

I
Z, B

I
c s +— 0 —

Figure C.2: Equivalent circuit for the cavity-waveguidedbwith a terminating short at a distance
D from the iris.

The shunt susceptan®& normalised to the characteristic admittance of the waidegus given
as [85,97]:

2r nd
B= “a cot’ (5) (C.15)

wherek is a propagation constant. Using the circuit model [85] agatching for resonances in the

system are obtained:

cot (X) + )E( cot’ (Z—:) + cot (zxr) = 0, (C.16)

with X = /2(w/up)? — 1 anduy is the real part of the cavity cuffrequency. This provides a rela-
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tionship between the mode frequency as a function of theislggulace distance.

Validation was performed on threefiirent systems involving the detailed dimensions in [85, 86]
The first system is the strong coupled system, which@as- 38. The cavity has a dimension
a = 150 mm and the irigl = 67.4 mm. Simulations have been carried out with varying shgrtin
distances. Consulting the field pattern, we can separatetite frequencies into a group, which

is clearly illustrated in Fig. C.3. The eigenfrequency fesare plotted in comparison with the

7 Ty

A op Ol Op U

,-:*-1]‘
mode 1 mode 2 mode 3 mode 4

Figure C.3: Field amplitude plots of a cavity-waveguidetsys of the first four eigenmodes (red
represents the maximum amplitude whilst the minimum isaatid in blue.

uncoupled waveguide mode and the coupled waveguide mode.inCF4. The simulation results
are in good agreement with analytical results obtained fitwgrtransmission line equivalent circuit.
The phase change along the waveguide is givensiy/2,. These¢ — w points from various
waveguide lengths are plotted in Fig. C.5 and are used asgsi for determining th&, of the

system.

Four data points are chosen near a region of avoided crqgssimigh is the region near = 1 or

r = 2. Carefully fitting selected data points to eq. C.4 allows@a values presented in Table C.1
to be obtained. The two-branch data set is relatively dttbogward to fit and has less variation
compared to the one-branch data set, as seen in the freqard€ variations plotted versus the

data set in Fig. C.6 and Fig. C.7, respectively.

The second validation has been carried out with a moderaf@iog systemQ. ~ 1600. The cavity

has a dimensioa = 150 mm and the irid = 27.67 mm. A similar analysis has been performed. The
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w/wo

0.5 1.0 15 2.0 2.5

r=D/a

Figure C.4: Normalised frequency as a function of normdligngth,r. Red dots indicate the
results from MWS simulation, blue dots represent anall/gctutions from an equivalent circuit,
and dashed lines are the uncoupled waveguide resonances.
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Figure C.5: Phase as a function of frequency for a low Q system.
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Table C.1: Comparison of fitted parameters usirftpdent data sets for a low Q system.

No. | Branches D [cm] w/2n [MHz] Qe
1 1,2 15.5,16.0 134457 | 34.37
2 1 14.0,14.5,15.5,16.0 1344.68 | 33.81
3 2 14.5,15.5,16.5,17.5 1344.62 | 34.82
4 2,3 32.5,33.0 134456 | 34.45

— 1345.5

T 1345. :
= 13445 --6--8--8--g -0 -y
q 1344.C © :
3 1343.F favg= 1344.54 MH:

Figure C.6: Frequency variation with a varying data set:diegnonds and magenta circles are the
two-branch data with a low phase and high phase avoidedingos=gion, respectively, while blue
rectangles are the one-branch data. The dashed line ieditea average value.

36.0/
355 o
o 35.C o g
O 345 g o g LS
34.0 .
335 Qavg= 34.51

33.Ct

Figure C.7: Q. variation with a varying data set: red diamonds and magenties are the two-
branch data with a low phase and high phase avoided crossyim; respectively, while blue rect-
angles are the one-branch data. The dashed line indicates¢hage value.
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averagd). is 1613, comparable to the analytical one. The avoided itr@ssgion is very narrow as

can be observed from Fig. C.8 and Fig. C.9. The selected fittrdts are listed in Table C.2.

1.6 T T T T T T T Al T T T T \\ T T T T \\
r _\'-_“\ ..q\\\ —\
I % \
1.4r ¥
o 1.2r
s
3
1.0=
0.8
0.5 1.0 1.5 2.0
r=D/a

Figure C.8: Normalised frequency plotted as a function sfmadised lengthy. Red dots indicate
the results from MWS simulation, blue dots represent anyéical solutions from an equivalent
circuit, and dashed lines are the uncoupled waveguide agses.

Table C.2: Comparison of fitted parameters usirftedent data sets for a moderate Q system.

No. | Branches D [cm] w/2n [MHZz] Qe
1 1,2 15.0,15.5 1403.05 | 1605.26
2 1 14.5,15.0,15.5,16.0 1403.05 | 1604.64
3 2 14.5,15.0,15.5,16.0 1403.05 | 1605.75
4 2,3 30.0, 30.5 1403.00 | 1620.95

A third validation is performed on a high coupled system (as waiso performed by Lin [86]). The

calculation procedure used with the previous systems gwesistent results compared to the results
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9f branch: -

L branch !

‘ o e0cccccc e,
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S

. branch: branch :

3; ®oe 1Y)

10 12 14 16 18 20 22
w/2n [GHZ]

Figure C.9: The phase variahbeas a function of frequency for a moderate Q system.

presented in [86] as listed in Table C.3.

Table C.3: Comparison of fitted parameters usirftpdent data sets.

Lin thesis my attempt
w/2r[MHZI | Q. |w/2r[MHZ] | Q.

0.50| 8768.98 | 34.57| 8768.10 | 34.51
0.65| 8405.65 |10.38| 8407.31 |10.51
0.70| 8266.90 7.50 8258.71 8.01
0.75| 8111.05 5.53 8103.93 5.92

d/a




Appendix D
Detailed Mode Compendium

Future work, concerned with HOM diagnostics and the infle@asfche wakefield on beam dynamics

will all profit from a knowledge of the modal distribution. iBhcompendium serves as a guide to
the modes in my NLSF cavity.

D.1 Monopole Mode with MM Boundary Condition

The longitudinal electric field plotH,) is taken at 15 mmféiset from the cavity axis.

Table D.1: Monopole mode with MM boundary condition

ascccorne MP-MM-001 coomaces MP-MM-002
g f=1.2791 GHz, ol f=1.2808 GHz,
,gzgi 02z 04 06 08 10 12 14™ :§§E 0\ _04_~06 08 10 12 1M
R/Q =0.00Q R/Q =0.01Q
cecmmemmem  MP-MM-003 semopemen MP-MM-004
g f=1.2835 GHz, 0" f=1.2868 GHz,
,gzgi 02 04 “e&_,6€ 10 12 1M :§§E 02 0F\0f 08 A7 1M
R/Q =0.03Q R/Q =0.020

208
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cmcmcmean. MP-MM-005 ~p~~@~ @~ MP-MM-006
E’_[gvf/m‘ f=1.2904 GHz, E’L;VEW' f=1.2938 GHz,
:%g{ 8264 08 _Jos e~¥2 1M :§§E 02 o/ 06 g 10as 1™
R/Q =0.07Q R/Q =0.03Q
comncapas.  MP-MM-007 coomamnns_ MP-MM-008
g f=1.2965 GHz, ol f=1.2983 GHz,
%Zg[ 02 04 06_Jos8 T8’ 12 T4 %{;’E 02 \_d4 U6 080 \ 2 74
R/Q =0.01Q R/Q =0.01Q
PR MP-MM-009 P o MP-MM-010
[ S Y (0 e ) ) ) ) i 1 () (2 2 —
g f=1.2989 GHz, ol f=2.2102 GHz,
:%g{ w2/ o/ 06 _Jos\_Ao \ 2 T4 :§§E o od de/ o/ 1012 T4
R/Q =1126.78Q R/Q=1.39Q
) @D ¢ \‘?‘.9‘1 Yo YAl MP'MM'Oll A Y \.f Yoy \.‘/ N MP'MM'OlZ
g f=2.2115 GHz, 0" f=2.2151 GHz,
?g{ 03 J0a0s ond 10 J1z 14 ™ :§§E 08 /07 b/ o ¥ Wz 1™
R/Q =6.17Q R/Q =4.06Q
282282289 MP-MM-013 2008202008 MP-MM-014
— DLl 1 AN § 2 e |___an VTR ¥ K AR T VAL
g O f=2.2207 GHz, " f=2.2276 GHz,
%Zg[ N2 04\_ps og /10 W T4 :§8E b Vo4V 0w/ 08 \ub Vi2 T4
R/Q =9.52Q R/Q =10.74Q
soocecenn. MP-MM-015 aommamann  MP-MM-016
g f=2.2351 GHz, ol 1=2.2423 GHz,
:%g{ BT YRER VARV CRET. VALY Sau v :§§E 0 a8/ B8 i x5 1™
R/Q =28.66Q R/Q =186.53Q
eopneng MP-MM-017 ponscanas  MP-MM-018
e f=2.2482 GHz, e . f=2.2522 GHz,
%Zg[ 02 Vo “Yos oY \/[\u Y %{;’E T e/ sV 1% 1z 1™
R/Q =133.07Q R/Q =7.96Q
—Agsssssaa MP-MMOLY _escagesss . MP-MM-020
g f=2.8015 GHz, ol f=2.8056 GHz,
:%g{ 02 04 06 o8 10 12 14" :§§E 2 04 08 10 12 14™
R/Q =0.01Q R/Q =0.41Q
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—Afcssscan  MP-MM-027

02 \_d4 ‘o€ o08\_Ao 7 1M

R/Q =0.06Q

0264 \ok oF o 12 1™

f=2.8830 GHz,

R/Q =0.01Q
MP-MM-029

MP-MM-028

f=3.4137 GHz,

R/Q =0.08Q

f=3.4307 GHz,

R/Q =0.16Q

—ARARARRRS... MP-MM-031

MP-MM-030

f=3.4546 GHz,

02\J04Y o¢/ 0¥ \1f M2 74

R/Q =0.76Q

f=3.4817 GHz,

VAT AR VA SR WAL VAFVEL

R/Q =4.04Q
MP-MM-033

E;

1.0
AN
05|
1.0¢

MP-MM-032

f=3.5085 GHz,

AN z[m]
0/ 0 ¥e \Jod/ 1¥ /2 \4

R/Q =0.02Q

. w_ MP-MM-034
NP f=3.5328 GHz, oy f=3.5493 GHz,
:gjg[ 02/ &4 b6V o \go\/ 1A/ T :ggg\/ 02 va Y08’ o8 V107 \L T4

R/Q =3.40Q R/Q =1.08Q

MP-MM-035 MP-MM-036
E’;[gvf/m‘ f=3.5513 GHz, flfgvgm' f=3.5541 GHz,
,?Eg{\/ ¥2 04 06 08 10 12 \/1.4Z|m] ﬁ%g/ V2 Mod/ e Vo8l Yo Vi T4

R/Q =8.84Q R/IQ=1.57Q

210
PYYYYYYYY MP-MM-021 caccgecgs MP-MM-022
" f=2.8128 GHz, " f=2.8231 GHz,
:gg{w 06 08 e’ gt :§%EW4 06 No&_Ao 1z 1a™
R/Q=1.04Q R/Q =0.05Q
—2gsgspcae  MPMMOZ3 —2cacpspce  MPMM-024
" f=2.8357 GHz, o f=2.8497 GHz,
:%g{ 02 ~od_/06 08\_x0 12 T4 :%g& 02 \ 04 06 o8/ 10 TVl
R/Q =0.40Q R/Q =0.10Q
spaceas MP-MM-025 ccompase MP-MM-026
" f=2.8633 GHz, ol f=2.8750 GHz,
:ggg{\se/ o—ob  be—10 az  14LM j?%é
R/Q=0.10Q
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T VUVUTIVUTY. Y - MP-MM-037 P YTy YY T MP-MM-038
e f=3.5616 GHz,
:%g{\/ IOV \9/;\/ W VLY s

f=3.5783 GHz,

R/Q =34.90Q
MP-MM-041

f=3.5782 GHz,
02 \ha Yo 08 1y 12 1M
R/Q =0.00Q R/Q =0.69Q
Py oL MP-MM-039 MP-MM-040
:g:g{ 027 \pa

f=3.5803 GHz,

R/Q =6.39Q

—Befnssaes . MP-MM-042
o o f=3.5837 GHz, i f=3.5930 GHz,
:?Eg{ 0¥ Ned/Vos  o¥ \/™ V1 T ?%E 0V \JA~448/ b8 1/ W2 i m
R/Q =0.06Q R/Q=0.01Q
I PYTY VYT W PYYYYS MP-MM-044
g 1=3.6109 GHz, sy ) 1=3.6292 GHz,
:%g{\/ LA AVAVAR T AAVY. VA I Egé 02 B4V 6 Voo AoV T 1M
R/Q =0.04Q R/Q =0.040
MP-MM-045 MP-MM-046
i f=4.0217 GHz, e f=4.0522 GHz,
:gggr 0z 04 06 o8 10 13 ~1d™ ?%E 1 AVA VAV " SMrY ST IS A L
R/Q =0.02Q R/Q =0.89Q
MP-MM-047
" =4.0919 GHz,
M

06 08 WO\/ Y2

R/Q =0.57Q
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D.2 Monopole Mode with EE Boundary Condition

The longitudinal electric field plotH,) is taken at 15 mmféset from the cavity axis.

Table D.2: Monopole mode with EE boundary condition

Aaassass MP-EE-001 smongnces_  MP-EE-002
E f=1.2791 GHz, B f=1.2808 GHz,
(DA T~ R I A ST T
R/Q =0.00Q R/Q =0.01Q
3 f=1.2835 GHz, Y f=1.2868 GHz,
gg[ = ” \u\/_u/ = > 2,2 :§3E = QW = et 22
R/Q =0.03Q R/Q =0.02Q
smcmcpemn. MP-EE-005 ~p~~p~~@~._ MP-EE-006
w f=1.2904 GHz, " f=1.2938 GHz,
A VO S R VA UAE D G
R/Q =0.07Q R/Q =0.03Q
Y f=1.2965 GHz, il f=1.2983 GHz,
s e e e e i 14t :§EE [N ZE SR TR/ TR N7 S Vi
R/Q =0.01Q R/Q =0.01Q
cemmmmeee  MP-EE-009 e enene  MP-EE-010
iy f=1.2989 GHz, WA f=2.2102 GHz,
f:ﬂ o/ oS o Jos \ o \F " :§§E b od b/ o 1o Sz 1M
R/Q =1126.79Q R/Q =6.98Q
onemenna_ MP-EE-01L copeaaaas. MP-EE-012
g f=2.2115 GHz, ol ~ f=2.2151 GHz,
:gzg{ 03 J0a0s  ond 10 J1z 14 ™ :§§E 08 /07 b/ o ¥ Wz 1™
R/Q =6.16Q R/Q =4.06Q
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ceooeaope. MP-EE-013 pnopoaonn. MP-EE-014
g f=2.2207 GHz, 0" 1=2.2276 GHz,
:%g{ N2 04\ _ps o% /10 W T4 :§§E 2 Yoa\/ 08/ 08 W Vi2 T4
R/Q=9.51Q R/Q =10.74Q
sogoeepen. MP-EE-015 oo mmamaam  MP-EE-016
wm £=2.2351 GHz, sy X 1=2.2423 GHz,
:%g[ ~o% Voa~ 8 Ndo T 1oV wr 1™ %gE 0 <08/ Bs i Y2 1™
R/Q =28.64Q R/Q =186.53Q
Y YT TYITY MP-EE-017 200000008 MP-EE-018
g f=2.2482 GHz, ol f=2.2522 GHz,
?g{ AT A TEY SV VA ca vl :§§E 2 VoY e/ WsV 18 12 14™
R/Q =133.090 R/Q=7.96Q
scccsssaa_ MP-EE-019 cccagesss  MP-EE-020
‘M f=2.8015 GHz, E,j':vgm‘ f=2.8056 GHz,
B T R At L S N B
R/Q =0.01Q R/Q =0.35Q
sagesagas MP-EE-021 saccsgecgs MP-EE-022
‘;' f=2.8128 GHz, 'E‘ f=2.8230 GHz,
R/Q =1.03Q R/Q =0.08Q
cecpcpeme  MP-EE-023 ccacpepss  MP-EE-024
L f=2.8357 GHz, 5 f=2.8496 GHz,
R ORI W o oy e Lt
R/Q =0.36Q R/Q =0.14Q
sceaceasa  MP-EE-025 acccpescm  MP-EE-026
a2 f=2.8633 GHz, g f=2.8750 GHz,
A AT :§3E AN AN 71
R/Q =0.07Q R/Q =0.07Q
—Ascccccan VP-EE027 MP-EE-028
{ 02 NAa \of s/ NS

f=2.8830 GHz,

R/Q =0.00Q

f=3.4090 GHz,

R/Q=1.120
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MP-EE-029 ) MP-EE-030
‘f\l A . f=3.4151 GHz, E"E‘/\ N A . f=3.4276 GHz,
AVEVES S SEVEV VARV AV
R/Q =3.49Q R/Q =6.78Q
MP-EE-031 —RAfsassas  VPEE032
e £23.4473 GHz, o £23.4500 GHz,
A GV VAL Al A R AV VS A
R/Q =4.890 R/Q =4.530
—R2SARKass,  MP-EE-033 —haasnsasn. MP-EE034
Z’;VK" /\ . f=34728 GHZ, EIIE ! A /\ /\ /\ /\ AN . f=35002 GHZ,
AR A AV AVE VAV L VAT
R/Q=1.74Q RIQ=2.42Q
MP-EE-035 MP-EE-036
- . 1=35223GHz, - o 1=3.5367GHz,
y bz \J o/ ok N VJ E’ LV oe/ \Jo T L
R/Q =3.390Q R/Q =8.520
pmmemmes_ MP-EE-037 o MP-EE-038
A AA f=3.5504 GHz, i AADA f=3.5608 GHz,
ALY A ALY A A 2 | KRN ARV T~ "
R/Q =0.030 R/Q =0.790
—Aansannee . VP-EE-039 —A2nensnes. . MP-EE040
- N f=3.5794 GHz, Y f=3.5816 GHz,
i?ét 02 m/}\/ 06 W 10 2 ]AZ\W\\ :§ZE o2 YA\/\/DS OWM 12 141["’\
R/Q =33.10Q R/Q =4.56Q
MP-EE-041 AR RRRE0 MP-EE-042
o f23.5883 GHz, e » £23.6267 GHz,
A A - AR A "
R/Q =1.06Q R/Q =0.200
MP-EE-043 MP-EE-044
v W, f=4.0009 GHz, - .\ f=4.0051GHz,
IAvE: EVASE AVAVAVA EVASE
R/Q =4.960 R/IQ =1.07Q
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—taftceeae. . M EE04 Y T Y YV YYY W e
E‘L} ' f=4.0353 GHz, E‘LE ‘ f=4.0752 GHz,
v EAVLYAYIVASD G AV AVAVAC A EREUI S AVA
R/Q =3.64Q R/Q=1.71Q
D.3 Dipole Mode with MM Boundary Condition
The longitudinal electric field plotH,) is taken at 15 mmféset from the cavity axis.
Table D.3: Dipole mode with MM boundary condition
[aYalalalalalalale) DP-MM-001 _—tt AR V-7 1. DP-MM-002
s f=1.6479 GHz, el f=1.6503 GHz,
:3;{ <. ™ 7 o :§;E 5 o <] m
R/Q =0.09Q/cn? R/Q =0.37Q/cn?
Y YYYYY VY U DP-MM-003 ARARRARER DP-MM-004
i f=1.6593 GHz, o f=1.6735 GHz,

R/Q =0.12Q/cn?

R/Q =0.61Q/cn?

DP-MM-005

f=1.6925 GHz,

R/Q =0.08Q/cn?

DP-MM-006

f=1.7149 GHz,

R/Q =4.59Q/cn?

DP-MM-007

f=1.7395 GHz,

R/Q =10.89Q/cn?

) S TAT (Shak) TAT /AT GRS

a
|

0. zIm]
,O,E 02 0z 05! 08 10 12 14

DP-MM-008

f=1.7643 GHz,

R/Q =2.56Q/cn?
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DP-MM-009 DP-MM-010

—=RAAANAAAS... S REREERR S —
f=1.7858 GHz, f=1.8567 GHz,
{ A . b E ™\ (D_\ m

,mt 02 b4 o Be Ao 14
-02

R/Q =0.09Q/cn? : R/Q =0.17Q/cn?

22R0ARSSS DP-MM-011 2AARSAARS DP-MM-012
s f=1.8670 GHz, o f=1.8829 GHz,
""f ~Nag o DR ™ T4t ,3,E 02 i oe_Jos xe’ 12 1"

R/Q =1.52Q/cn? R/Q =0.12Q/cr?

DP-MM-013 DP-MM-014

s f=1.8988 GHz, e f=1.9125 GHz,
,01{ 0z o) o0s 08 10 \_JF T4 :§;E N2_r—t4 o 08 = "
R/Q =8.10Q/cn? R/Q =15.95Q/cn?
ceamememsa  DP-MM-015 armmmmmms  DP-MM-016
i f=1.9236 GHz, a f=1.9320 GHz,
o s2 oral de St T4t ’32E N o6 os oo o8 ae"

R/Q =7.40Q/cn? R/Q =0.21Q/cr?

YT Y Y T DP-MM-017 DP-MM-018

i f=1.9379 GHz, N f=1.9413 GHz,
—02{ 02 04 06 Nas~_AQ T2 2" :§§E 02 o4 i o8 1o 12 e
R/Q =0.26Q/cn? R/Q =0.02Q/cn?
222229288 DP-MM-019 220% Py DP-MM-020
5 n f=2.4616 GHz, g A R f=2.4660 GHz,
,mt D AV TVARV AV S TI VL ,g,E 07 ARVCTREEN VAR V/ TV A TRV

R/Q=22.68Q/cn? | R/Q =11.50Q/cn?

DP-MM-021 DP-MM-022

w f=2.4732 GHz, s A f=2.4835 GHz,
,w{ VAN N NV A TE VL :§;E 027 o Vos . oN ~F PRV
R/Q =0.11Q/cn? R/Q =1.60Q/cn?
—202000020. DF-MM-023 —20f200200... DF-MM-024
@ Y B W B Nl & o S '
s f=2.4973 GHz, RN f=2.5145 GHz,
""f 02V o/ Tos VRV 10V Sz 1" ,3,E R AT S TN P AT S R Ve

R/Q =0.07Q/cn? R/Q =0.46Q/cr?
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2P CE2720C—

G
3
o
z[m]
=

D SO A N g
02

DP-MM-025

f=2.5348 GHz,

R/Q =0.12Q/cn?

e & didrdninlal ol "=

a
o

o

14 ml

,Z,E T v THA I 1
02

DP-MM-026

f=2.5549 GHz,

R/Q =0.05Q/cn?

PRPPpppppy
RN RSN, ..

DP-MM-027

f=2.6529 GHz,

R/Q =0.24Q/cn?

r r o
w \!)!;\Js“‘n !"’ AL

DP-MM-028

f=2.6664 GHz,

R/Q =0.36Q/cn?

.\Vn‘xl‘?‘p\’\,("’ T X

DP-MM-029

f=2.6936 GHz,

R/Q =0.04Q/cn?

DP-MM-030

f=2.7671 GHz,

R/Q =0.11Q/cn?

DP-MM-031

f=2.8128 GHz,

R/Q =0.03Q/cn?

w

DP-MM-032

f=2.8618 GHz,

R/Q =0.00Q/cn?

DP-MM-033

f=2.9093 GHz,

DP-MM-034

f=2.9486 GHz,

R/Q =0.03Q/cn?

{ v vGE E o V. Ve
R/Q =0.01Q/cn? R/Q =0.72Q/cn?
B ARRPRES.., DOF MM-035 —SR0fe0RRs., D& MM-036
s f=2.9748 GHz, el f=2.9887 GHz,
:Sﬂ AVt LA b¥4 m :§;E Xz S o o5 m)
R/Q =0.09Q/cn? R/Q =0.06Q/cn?
—ARfrAAags . DP-MM-037 —PRAARAASA..., DPMM-038
- £23.0690 GHz, & £23.0707 GHz,
o i " ol v W "
R/Q =0.02Q/cn? R/Q =0.01Q/cn?
—APARARARA..., DP-MM-039 —PAPALPARAA..., DP-MM-040
- £23.0742 GHz, AT £23.0808 GHz,

R/Q =1.10Q/cn?
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—ARDAARSAA..., D -MM-041 —ARPRARNAA.,., D MM-042
:3;{ Kt ¥ m E AU CRVARYS m
R/Q =0.41Q/cn? R/Q =0.00Q/cn?
DP-MM-043 AERARRS S DP-MM-044
A ~_ . f=33821GHz, 2 A~ ~ f=3.3822 GHz,
A ) e e W w
R/Q =0.03Q/cn? R/Q =1.58Q/cn?
n DP-MM-045 DP-MM-046

v - f=3.3850 GHz, e = f=3.3855 GHz,

{ ~= N ml E 08 10~ T3 m
R/Q =1.42Q/cn? R/Q =0.42Q/cn?
DP-MM-047 DP-MM-048

. . =3.3860 GHz, w . =3.3865 GHz,
[ e " | N o8 J oo "
R/Q =0.09Q/cn? R/Q =0.00Q/cn?
DP-MM-049 DP-MM-050
i f=3.3904 GHz, iy f=3.3998 GHz,
e S = DI S UNST
R/Q =0.05Q/cn? R/Q =0.11Q/cn?
DP-MM-051 DP-MM-052

f=3.4112 GHz,

R/Q =0.00Q/cn?

IRttt adaladududad o b PRNE

o1t
ol A\

0. A z[m]
e B A A AV
fr

f=3.4556 GHz,

R/Q =0.00Q/cn?

hA A ﬁxﬂ ﬁﬁﬂ&ﬂuﬂ ﬁ.ﬁ LA A A

oit
o
141\"\\

DP-MM-053

f=3.4808 GHz,

A A m”ﬂ.ﬂ.& ‘m ﬂ LA A

E,(V/m]
015,

DP-MM-054

f=3.5228 GHz,

R/Q =0.07Q/cn? R/Q =0.06Q/cn?
R ARReAReR.., °OF MM-055 —lfsensass.., o MM-056
s f=3.5739 GHz, el f=3.6275 GHz,
T EEATSE oL s CU < P o

R/Q =0.01Q/cn?

R/Q =0.00Q/cn?
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2R 2020202 v

2
i
z[m]

,m{ 02 " 08
02!

DP-MM-057
f=3.6793 GHz,

R/Q =0.01Q/cn?

RRESASLLOL o JO1 v 2L ST

:
i
zIm|

o
"“E 5 0a U6 08
02

DP-MM-058
f=3.7267 GHz,

R/Q =0.00Q/cn?

I,I,',\9.@.@.&9.@.@.&.@.@.&],l,l

E[v/m]

2
i
z[m]
2

,m{ 927 04 G6 TF 10 12
02

DP-MM-059

f=3.7669 GHz,

R/Q =0.00Q/cn?
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D.4 Dipole Mode with EE Boundary Condition

The longitudinal electric field plotH,) is taken at 15 mmféset from the cavity axis.

Table D.4: Dipole mode with EE boundary condition

[aIaYATATATATAIAIA)
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e VAR AZEAU

Eqv/m]
0.,

0.5
0. z(m)
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R T AL I ] 14t :§§E e e we i
R/Q =7.38Q/cn? R/Q =0.22Q/cn?
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f=2.5656 GHz,

R/Q =0.27Q/cn?
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f=2.6653 GHz,

R/Q =0.05Q/cn?
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f=2.6972 GHz,

R/Q =0.02Q/cn?
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f=2.7842 GHz,
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f=2.8301 GHz,

R/Q =0.13Q/cn?
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f=2.8729 GHz,
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f=2.9120 GHz,
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f=2.9783 GHz,

R/Q =0.10Q/cn?
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a o e A am g Y Y
e 2SR L e
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'Y 7T 71T Y7 7579 7 79
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DP-EE-064
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I SRV IR "
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D.5 Quadrupole Mode with MM Boundary Condition

The longitudinal electric field plotH,) is taken at 15 mmféset from the cavity axis.

Table D.5: Quadrupole mode with MM boundary condition
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D.6 Quadrupole Mode with EE Boundary Condition

The longitudinal electric field plotH,) is taken at 15 mmféiset from the cavity axis.

Table D.6: Quadrupole mode with EE boundary condition
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R/Q =0.10Q/cnt

QP-EE-014
f=3.1560 GHz,
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D.7 Sextupole Mode with MM Boundary Condition

The longitudinal electric field plotH,) is taken at 15 mmféset from the cavity axis.

Table D.7: Sextupole mode with MM boundary condition

SP-MM-001

f=2.7107 GHz,
R/Q =0.00Q/cnf

SP-MM-002

f=2.7108 GHz,
R/Q =0.00Q/cnf

SP-MM-003

f=2.7109 GHz,
R/Q =0.00Q/cnf

SP-MM-004

f=2.7111 GHz,
R/Q =0.00Q/cnf

SP-MM-005

f=3.2002 GHz,

R/Q =0.00Q/cnf

SP-MM-006

f=3.2006 GHz,

R/Q =0.00Q/cnf
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f=3.2011 GHz,

R/Q =0.00Q/cnf
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f=3.2016 GHz,
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D.8 Sextupole Mode with EE Boundary Condition

The longitudinal electric field plotH,) is taken at 15 mmféset from the cavity axis.

Table D.8: Sextupole mode with EE boundary condition

8 sceas SP-EE-001 O OROC o8 SP-EE-002
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\ . \ SP-EE-003 . o s o SP-EE-004
& f=2.7109 GHz, & f=2.7110 GHz,
<] o : o i "
R/Q =0.00Q/cnf R/Q =0.00Q/cnf
ac . A8 SP-EE-005 SP-EE-006
& f=2.7112 GHz, ar f=3.2003 GHz,
<] o : o A "
R/Q =0.00Q/cnf R/Q =0.00Q/cnf
e SP-EE-007 SP-EE-008
ar f=3.2006 GHz, ar f=3.2011 GHz,
< e e B T
R/Q =0.00Q/cnf R/Q =0.00Q/cnf
a=a=-a-a-a SP-EE-009 e SP-EE-010
ar f=3.2017 GHz, ar f=3.2022 GHz,
Egzg AWy 4 o1z n ,E?ZE o7 e o 5 ~—a/ 12 m
R/Q =0.00Q/cnf R/Q =0.00Q/cnf
PR SP-EE-011 SP-EE-012
& f=3.2027 GHz, ar f=3.2030 GHz,
e I : ) "
R/Q =0.00Q/cnf R/Q =0.00Q/cnf
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SP-EE-013

f=3.7981 GHz,

R/Q =0.00Q/cnf

SP-EE-014

f=3.7995 GHz,

R/Q =0.00Q/cnf

SP-EE-015
f=3.8014 GHz,

R/Q =0.00Q/cnf

SP-EE-016
f=3.8061 GHz,

R/Q =0.00Q/cnf

o
,ZZEE PPNV VR (R Vi
o1

SP-EE-017

f=3.8080 GHz,

SP-EE-018

f=3.8093 GHz,

f=3.9712 GHz,
R/Q =0.00Q/cnf

R/Q =0.00Q/cnf R/Q =0.01Q/cnf
. SP-EE-019 o e s SP-EE-020
s f=3.9689 GHz, f=3.9702 GHz,
et w7 : A LA
R/Q =0.00Q/cnf R/Q =0.00Q/cnf
D o @ SP-EE-021 . SP-EE-022
o f=3.9707 GHz, f=3.9710 GHz,
| o " e -
R/Q =0.00Q/cnf R/Q =0.00Q/cnf
L e e SP-EE-023
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D.9 Octupole Mode with MM Boundary Condition
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The longitudinal electric field plotH,) is taken at 15 mmféset from the cavity axis.

Table D.9: Octupole mode with MM boundary condition

f=3.18274 GHz,

R/Q =0.00Q/cnf

EV/m]

V)1
0.00;
gcod] . TN
73835[ 02 04 o6 WeU[H§' 12 M
Z0.002

AfSacccan OP-MM-001 ARGCARGAR OP-MM-002
f=3.18271 GHz, o5 . f=3.18272 GHz,
ﬁ:gég%%%ﬁ%ﬁﬂm :g%gél 0.2 c\zf"‘l \/‘}oswmgs W12 1™

R/Q =0.00Q/cnf R/Q =0.00Q/cnf
OP-MM-003 OP-MM-004

f=3.18274 GHz,

R/Q =0.00Q/cnf

OP-MM-005
f=3.77752 GHz,

R/Q =0.00Q/cnf

OP-MM-006
f=3.77758 GHz,

R/Q =0.00Q/cnf

OP-MM-007
f=3.77765 GHz,

R/Q =0.00Q/cnf

= 0 & g & g &
Eq[V/m]
0.02
el
001E 0z 01 Wk o8 Yo/ 1z 1d™
02

OP-MM-008
f=3.77775 GHz,

R/Q =0.00Q/cnf
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The longitudinal electric field plotH,) is taken at 15 mmféset from the cavity axis.

Table D.10: Octupole mode with EE boundary condition

OP-EE-001

f=3.18271 GHz,

R/Q =0.00Q/cnf

OP-EE-002

f=3.18272 GHz,

R/Q =0.00Q/cnf

f=3.18279 GHz,

R/Q =0.00Q/cnf

T OP-EE-003 ARG GRRRS OP-EE-004
& Y f=3.18274 GHz, " i f=3.18277 GHz,
7WDSE A v wa ’b\M (m] :gg;t i \I\J"EVV ) m}
R/Q =0.00Q/cnf R/Q =0.00Q/cnf
ARSGaccos OP-EE-005 aRGaaccace OP-EE-006

f=3.18281 GHz,

R/Q =0.00Q/cnf

OP-EE-007
f=3.18282 GHz,

R/Q =0.00Q/cnf

OP-EE-008
f=3.77752 GHz,

R/Q =0.00Q/cnf

OP-EE-009
f=3.77758 GHz,

R/Q =0.005Q/cnf

OP-EE-010
f=3.77765 GHz,

R/Q =0.00Q/cnf

OP-EE-011
f=3.77775 GHz,

R/Q =0.00Q/cnf
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D.11 Beam Pipe Mode with MM Boundary Condition

The longitudinal electric field plotH,) is taken at 15 mmféset from the cavity axis.

Table D.11: Beam pipe mode with MM boundary condition

—CARRARRRs  5P-MM-001 —AMRRRRRR¢ . D5PMM-002
e f=2.2255 GHz, o f=2.2255 GHz,
§E§%E Y2 04 06 08 10 12 14Z|"ﬂ :§§§E 02 04 06 08 10 T2 1.41”“I
R/Q =0.03Q/cn? R/Q =0.03Q/cn?
sassasaae  BP-MM-003 —ASRARSase = °P-MM-004
oy f=2.3271 GHz, i f=2.3272 GHz,
""f ~>  os o6 o8 10 12 14" :§;E 02 0s o5  os 10 % 1"
R/Q =0.28Q/cn? R/Q =0.28Q/cn?
caaaasaae = BP-MM-005 —ARRARRRRs . o~ -MM-006
a f=2.4429 GHz, s A f=2.4430 GHz,
VA e e g
R/Q =3.87Q/cn? R/Q =3.91Q/cn?
Sasssssss BP-MM-007 - - BP-MM-008
s f=2.5710 GHz, " f=2.5711 GHz,
:§E%{ 02 <62 o6 08 1o 12 4™ :EEE 77 07 o6 08 oo 12 4™
R/Q =0.01Q/cn? R/Q =0.00Q/cn?
—Lafaasaae  BP-MM-009 —ASRRRRRR:  5P-MM-010
o f=2.6951 GHz, l f=2.6951 GHz,
R/Q =0.00Q/cn? R/Q =0.00Q/cn?
—roaasaass . SPMMOLL —asaasanns. °PMVMOLZ
g f=3.0666 GHz, ) f=3.0666 GHz,
:gﬁ " jEQE RN
R/Q =0.12Q/cn? R/Q =0.07Q/cn?
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—PAARRARAS  DP-MM-0I3 —AARRRARSS. . CF-MM-014
:?g?"” f=3.0666 GHz, ‘E‘ f=3.0666 GHz,
e o e
R/Q =0.11Q/cn? R/Q =0.07Q/cn?
—ASRSSRRRe = °P-MM-015 —SAMMRRRAas . 5P-MM-016
g f=3.1156 GHz, " f=3.1157 GHz,
%(5][ 0.2 04 0.6 0.8 1.0 12 1 42 (i :§ gE\/ﬁZ 0.4 0.6 0.8 1.0 1.2 1.41 (m
R/Q =0.54Q/cn? R/Q =0.53Q/cn?
geeaasges  BP-MM-017 seessesses  BP-MM-018
E:"EVEM f=3.1410 GHz,
EE%EE N Y07 06 o8 10 Y12 14

[m]

f=3.1410 GHz,
V% Y07 o6 08 oY W& isM
R/Q =0.04Q/cn? R/Q =0.60Q/cn?
assaasses.. °5FMM-019 —SAKKKaaas  BP-MM-020
ey f=3.1414 GHz,
:3;f

—AAAAAASS

z(m)
14

R/Q =0.19Q/cn?
BP-MM-021

[m

DOG[ o~

0.00( " z
-0.00% of" 04 06 08 10 12 14
~0.004

~0.00

f=3.1692 GHz,

R/Q =0.00Q/cn?

E,[V/m]
0,

0.0

0.00¢ A
-0.00z| 0.2 0.4 0.6 0.8 10 1.
-0.004
~0.00€

[m]

f=3.1692 GHz,

2 14

BP-MM-022

o f=3.1942 GHz,
R/Q =0.00Q/cn? R/Q =0.00Q/cn?
—ASASRAas=__ BP-MM-023 ssasaasas  BP-MM-024
ar f=3.1942 GHz, ol f=3.3373 GHz,
§§ZE #l :Egg\/ 0. 04 o6 o8 10 1z 1daM™
R/Q =0.00Q/cn? R/Q =0.83Q/cn?
—Asasaaass . 5PMMO2 —220aaasas. B5PMM020
g f=3.3373 GHz, o f=3.4622 GHz,
gg{ 02 04 06 08 1012 \/14""] g% ¥2V07 " 08 o8 10 1z 1™
R/Q =0.75Q/cn? R/Q =0.18Q/cn?
—asssssses.. °PMMO 20 s BPMMO
o f=3.4623 GHz, " f=3.6374 GHz,
§§§E 03 o4 o6 o8 0V &M gggE 027 04 06 08 SV vE  14M
R/Q =0.15Q/cn? R/Q =0.00Q/cn?
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~ as._, BPMMO —assssssas °PMMO30
g . £=3.6375 GHz, £=3.6529 GHz,
§§§E 027 04 06 08 10712 1M
R/Q =0.00Q/cn? R/Q =0.00Q/cn?
—cAaKaaaaae  BSP-MM-031 —Acaasaaas 5P-MM-032
e £=3.6529 GHz, f=3.6654 GHz,
L W -
R/Q =0.00Q/cn? R/Q =0.00Q/cn?
BP-MM-033 —ASCAsaRas CP-MM-034
f=3.6654 GHz, f=3.6654 GHz,
R/Q =0.00Q/cn? R/Q =0.00Q/cn?
BP-MM-035 —Acasaaaas 5P-MM-036
= N £=3.6654 GHz, £=3.6654 GHz,
4 St ™
R/Q =0.00Q/cn? R/Q =0.00Q/cn?
—ASRRCERae DBP-MM-037 —ANRRGGLes DBP-MM-038
i h £=3.6654 GHz, £=3.6654 GHz,
o T "
R/Q =0.00Q/cn? R/Q =0.00Q/cn?
—AfNRRGcaae = 5P-MM-039 —ASAKaaas-__ °P-MV-040
. 1 f=3.6654 GHz, f=3.7717 GHz,
ggggii Lriads i 02 04 o6 o8 1o 12 14&M
R/Q =0.00Q/cn? R/Q =0.00Q/cn?
—casaaaaae  °P-MM-041 —LAKKRRARs CP-MM-042
s f=3.7717 GHz, f=3.7746 GHz,
:§§§E 327 04 o6 o8 10 12 1dM™
R/Q =0.15Q/cn? R/Q =0.00Q/cn?
BP-MM-043 BP-MM-044
E%VEM 02 “ ¥4 06 08 i‘ﬁ‘/\/l\z T4 f:37837 GHZ, Egl%m gzj\v‘da 05 o8 1o Ues 1M f:3784o GHZ,
h R/Q =0.85Q/cr? ’ R/Q =0.71Q/cr?




APPENDIX D. DETAILED MODE COMPENDIUM

240
. _ _ BP-MM-045 2eRRRRReS BP-MM-046
s f=3.8555 GHz, oy f=3.8555 GHz,
:§%{ 02 02 06 oo/ 10 12 14 m) ESE 02 04 06 08 10 12V 14 (m
R/Q =0.63Q/cn? R/Q =1.27Q/cn?
BP-MM-047 . BP-MM-048
f N f=3.9277 GHz, E N f=3.9277 GHz,
S R/Q =0.36Q/cn? ’ R/Q =0.36Q/cn?
—lARKRRRe  DPMM-049 —asaaaaaee . °F MM-050
E et f=3.9342 GHz, B f=4.0145 GHz,
Eg gg :E zE 0.2 0.4 0.6 0.8 1.0 1.2 1,4Z m
R/Q =0.00Q/cn? R/Q =0.03Q/cn?
—28asaaase . 5PMM-051
S f=4.0145 GHz,
§%[ 0.2 04 0.6 0.8 1.0 12 1 AZ {ml

R/Q =0.02Q/cn?

D.12 Beam Pipe Mode with EE Boundary Condition

The longitudinal electric field plotH,) is taken at 15 mmféset from the cavity axis.

Table D.12: Beam pipe mode with EE boundary condition

—caaasaaas  CP-EE001 —Aasaasaaes  CPEE002
gEg'z'VEmJ f=2.2255 GHz, gEg[gVE/m] f=2.2255 GHz,
,§§§E b “oa o6 o8 10 1z 14™ :§§§E 0z 04 o6 08 100 W& 14

R/Q =0.03Q/cn? R/Q =0.03Q/cn?
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R/Q =0.00Q/cn?

cassasaas  BP-EE-003 —ASRaaaaay . -~ EE-004
g f=2.3742 GHz, ) f=2.3742 GHz,
IS ) 3 ’
R/Q =1.08Q/cn? R/Q =1.07Q/cn?
S - BP-EE-005 P PR BP-EE-006
s f=2.5710 GHz, o f=2.5711 GHz,
gﬁ P — im) :Eﬁ ~= o= m
R/Q =0.01Q/cn? R/Q =0.00Q/cn?
—sanaaaaas  BP-EE-007 —ASRSaaae:  °P-EE-008
3~ f=2.6950 GHz, 3 f=2.6950 GHz,
o @ " <o "
R/Q =0.00Q/cn? R/Q =0.00Q/cn?
YT YYYYYY S s LYYV YYYYY S s s
i f=3.0031 GHz, wr N f=3.0042 GHz,
op Y % " v Yor NN m
R/Q =0.06Q/cn? R/Q =0.35Q/cn?
—Asaaaaaas  BPEEOL —Afaaaaaas SPEE0L2
V . {=3.0429 GHz, i f=3.0429 GHz,
’ R/Q =7.31Q/cn? i R/Q =7.38Q/cn?
—Ponsaaaans  °P-EE0L3 —AfKaaanns . CP-EE-014
- £-3.0670 GHz, & f=3.0671 GHz,
v : i P
R/Q =0.12Q/cn? R/Q =0.07Q/cn?
s2saasses  BP-EE0LS 2eeaaases  BP-EE-016
g f=3.1410 GHz, ) . f=3.1410 GHz,
:g;[: ~A [m] E ~% o \Ié m]
R/Q =0.04Q/cn? R/Q =0.60Q/cn?
—casasasas CPEEOL7 —AKSSsaaec = CPEEO018
- f=3.1692 GHz, o £-3.1692 GHz,
o . o e

R/Q =0.00Q/cn?




APPENDIX D. DETAILED MODE COMPENDIUM

242

_assssssa-  BP-EE-019 BP-EE-020
E ayants f=3.1942 GHz, f=3.1943 GHz,
85 R/Q =0.00Q/cn? R/Q =0.00Q/cn?
—SAsaaaaas  BPEE0Z —Afaaaaaae . SPEE022
S | 1=3.2221 GHz, y - 1=3.2221 GHz,
v R/Q =5.35Q/cn? B R/Q =5.34Q/cn?
e AARMRRAAS,.. o C5023 wBAARRRRAR.. o5 EE024
g f=3.3117 GHz, ) f=3.3117 GHz,
s : t I A
R/Q =0.09Q/cn? R/Q =0.02Q/cn?
—AtAKaaaas  SPEE025 —Afaaaaans  SP-EE-026
- f=3.5739 GHz, iy f=3.5739 GHz,
A ) & LA
R/Q =4.55Q/cn? R/Q =4.57Q/cn?
e ~  BP-EE-027 - -~ BP-EE-028
S ~ 1=3.6375 GHz, o f=3.6375GHz,
- o R/Q =0.00Q/cn? ) R/Q =0.00Q/cr?
 aasssssgc  BP-EE-029 BP-EE-030
" . f=3.6529GHz, f=3.6653 GHz,
- v R/Q =0.00Q/cn? R/Q =0.00Q/cn?
asessecce  BP-EE-03L _ aassscaae  BP-EE-032
& e 1=36653GHZ, & . _ =3.6654 GHz,
| R/Q=0.00Q/cr? || | R/Q =0.00Q/cn?
—Ascasasae  BPEE033 —tfasaaaas  °PEE034
{ o _ 1=3.6654 GHz, 5 N oy [=3.6902GHz,

R/Q =0.00Q/cn?

R/Q =0.00Q/cn?
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R/Q =0.15Q/cn?

YV VYYYYY WL e —Afaaaaaa:. S EE00
" ., f=3.6904 GHz, s f=3.7746 GHz,
v e & "
R/Q =5.82Q/cn? R/Q =0.00Q/cn?
—iaasaasas = SP-EE037 BP-EE-038
) f=3.7746 GHz, " f=3.7843 GHz,
L : S
R/Q =0.01Q/cn? R/Q =0.90Q/cn?
BP-EE-039 —Afaaaaas:  5P-EE040
‘g' f=3.7846 GHz, P Iy f=3.9343 GHz,
of i R i
R/Q =0.73Q/cn? R/Q =0.00Q/cn?
—LAKKKKRas  DPEE04L —aaaaaaaes . oF EE042
A ~ =3.9344 GHz, | o~ f=41134GHz,

R/Q =0.05Q/cn?

BP-EE-043

f=4.1134 GHz,

R/Q =0.01Q/cn?




