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Abstract

Studies on Multi-Harmonic Collinear Accelerating Structures for High Gradient Ap-
plications

Lee Carver
The University of Manchester
For the degree of Doctor of Philosophy

High gradient acceleration is a core challenge of accelerator physics. Achieving high
gradients is made challenging by issues relating to rf breakdown and pulsed surface heating,
which are caused by intense surface fields in the accelerating cavities. The excitation of
multiple harmonically related modes within a cavity could reduce the onset of these effects.
The temperature rise from pulsed surface heating can be reduced by lowering the average
magnetic surface field squared and rf breakdown could be avoided by creating an asymmetry
between the anode and cathode surface electric fields. This thesis will present several differ-
ent cavity designs that show a reduction in the temperature rise on the surface of over 10%
for second and third harmonic cavity structures or an asymmetry in the surface electric anode
and cathode fields of a factor of 2. The harmonic mode could have undesirable consequences
for beam stability. A study of the longitudinal beam dynamics is included that will derive
the equations governing the longitudinal motion and show that the harmonic mode will have
a minor and predictable effect on the rf bucket.

The Compact Llnear Collider (CLIC) is a major contender for the next generation of
lepton linear colliders and is made challenging by high power requirements and distribution
throughout the linac. A high current drive beam is decelerated parallel to the main linac in
order to create the required rf power, which can overcome some of these issues. This thesis
will describe a novel design for a CLIC-like accelerating structure, using collinear accelera-
tion through fundamental mode detuned cavities. The design will accommodate interleaved
drive and test bunches, such that the drive bunches are decelerated and the test bunches are
accelerated within the confines of the same cavity which can result in high transformer ratios.
The analytical theory based on the circuit model will be verified by time domain simulations.

A multi-harmonic detuned accelerating structure is introduced that exhibits the properties
of pulsed surface heating reduction and can be used for collinear acceleration. Time domain
simulations will verify the transformer ratio to within 3% of theoretical predictions and the
average magnetic field squared reduction will be within 20% of the value calculated from
eigenmode simulations.
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Introduction

The size and shape of particle accelerators can vary, from the small cathode ray tubes that
formed the early television sets, to the 27 km Large Hadron Collider (LHC) [1] which can
accelerate and collide protons up to a centre of mass energy of 13 TeV and recreate the
conditions immediately after the big bang. Originally constructed to probe the structure of
the atomic nucleus through scattering experiments [2], they have found a wide variety of
uses in academia, medicine, defence and security [3—5]. The output energy of particles in
particle accelerators have been increasing since the first voltage multipliers were used to
accelerate protons in the 1930’s [6]. For lepton acceleration at the modern energy frontier,
linear accelerators are viable candidates. There is general agreement within the particle
physics community that the accelerator to succeed the LHC will be an electron-positron
(eTe™) linear collider. The Compact LInear Collider (CLIC) is a proposed 48 km room

temperature eTe~ collider with a collision energy of 3 TeV and an average acceleration
gradient of 100 MV/m [7]. One of the main challenges associated with CLIC is powering
the main accelerating cavities. In order to achieve this, CLIC will decelerate a high current
drive beam parallel to the main linac to create the rf power for the test beam, essentially
operating the accelerator as a very large klystron. While this is an effective solution that

significantly reduces the number of klystrons required, it is an expensive endeavour.

This thesis will demonstrate that an accelerating structure can be built which allows
wakefield acceleration with both drive and test bunches travelling collinearly through the
cavity. The high current drive beams will experience a decelerating field, expelling rf power
into the cavity, and the low current test beam will experience high accelerating fields as
a result. This wakefield accelerator could reduce the cost of the machine, as there is no

longer any need for the decelerating cavities of the linac or the power transfer structures and
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will allow transformer ratios that greatly exceed the current maximum transformer ratio for
collinear accelerators while maintaining high beam-to-beam efficiencies. The accelerating
structure will be modelled numerically and through simulations in both time and frequency
domain and the results will be shown to agree with circuit model theory [8]. This is the first

time a structure such as this has been modelled with time domain simulations.

When moving to the high gradients, as proposed for CLIC, many challenges arise that can
limit the performance of the accelerator. Intense surface electric and magnetic fields present
in the rf cavities can cause the cavities to undergo electrical breakdown [9] and pulsed sur-
face heating [10]. Both of which can severely damage the surface of the cavities and have
a negative effect on the luminosity of the accelerator. Multi-harmonic cavities can reduce
these effects and this thesis will verify the potential benefits described by introducing and
simulating several novel multi-harmonic cavity structures. This can reduce the temperature
rise on the cavity surface and potentially prevent the onset of rf breakdown. The additional
harmonic can have a negative impact on the longitudinal stability of the cavities, potentially
reducing the size of the size of the rf bucket. This thesis will also derive and apply a Hamilto-
nian that is capable of describing the longitudinal motion of a particle as it moves through a
linac that is comprised of a chain of multi-harmonic cavities. This is an original contribution
to the field, and could be expanded to apply to a wide variety of multi-harmonic accelerating

accelerating linacs with different operational parameters.

This will be followed by theory and simulations that describe a detuned multi-harmonic
cavity. A cavity structure that excites multiple harmonics and allows collinear acceleration
could form the basis of a highly efficient lepton linear collider that reliably operates at accel-
erating gradients in excess of 100 MV/m. The simulations will demonstrate for the first time
that pulsed surface heating reduction is realistically attainable for multi-harmonic collinear

cavities.

Chapters 1-3 introduces some general physics associated with particle accelerators and
rf cavities, with emphasis placed on the current status of high-gradient accelerator physics.
Chapter 4 provides an overview of wakefield acceleration, including examples of current
and future wakefield accelerators. Chapter 5 will provide simulations and numerical models

for a fundamental mode detuned accelerating cavity that only excites a single mode. This



will be followed by Chapter 6 which will show the potential benefits of multi-harmonic
cavities. This chapter will include a study of the longitudinal stability of multi-harmonic
cavities in high-gradient linear accelerators. These two advances in rf technology will then
be combined into a full accelerating structure, with frequency and time domain simulations

being presented in Chapter 7.



Chapter 1
Particle Accelerators

Particle accelerators can be separated into two main categories: circular and linear. The
particle dynamics in each case can effect the suitability of the accelerator for operation with
different particle species and different physics goals. A brief introduction into these effects
will be given. There are two proposed linear accelerators to succeed the Large Hadron
Collider, the International Linear Collider (ILC) and the Compact Linear Collider (CLIC),
each of these accelerators will be discussed. When moving to the high gradient regime,
many problems arise due to the heating of the cavity surface and electrical breakdown.
These high gradient challenges will be introduced.

1.1 The Energy Frontier

The highest energy accelerator currently in operation is the Large Hadron Collider (LHC)
at CERN in Geneva, Switzerland. The LHC has a circumference of 27 km, with 4 different
interaction points (IP) and at present can accelerate beams of protons up to 6.5 TeV per beam
[1]. At each of the different IP’s are particle detectors that track and record the trajectories
of the particles that are created in the collisions. This energy is extremely challenging to
achieve, and requires hundreds of thousands of individual components working in harmony
and operating at the forefront of accelerator technology. Each detector is designed and cal-
ibrated to observe different particle decays from the exotic particles that are created in the
high energy collisions. A large complex is needed in order to accelerate protons up to the
injection energy of 450 GeV required for the LHC. The main CERN accelerator complex
can be found in figure 1.1. The accelerator complex has many experiments branching off at
different proton energies, for example ISOLDE [11] uses the protons from the PS for fixed
target experiments to generate exotic heavy nuclei for nuclear physics experiments, and also
the AWAKE project [12], which is a planned plasma wakefield experiment that will use the
450 GeV beam from the SPS.

13
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Figure 1.1: The layout of the CERN accelerator complex. The LHC pre-accelerators are
LINAC?2 (or LINACS3 for ions), the Proton Synchrotron Booster (PSB), the Proton Synchrotron
(PS) and the Super Proton Synchrotron (SPS). Many other experiments branch off from these pre
accelerators using the proton bunches at different energies.

While the rf cavities of the LHC are normal conducting, much of the accelerator is su-
percooled to approximately 3 K in order to utilise the superfluidity of *He [13]. Due to
the effectively zero viscosity, the He can overcome the forces of gravity and the effects of
surface tension, and creep along surfaces allowing it to efficiently cover a wide area. This
allows the dipole magnets to be cooled to low temperatures, causing them to become su-
perconducting. Superconducting magnets make it possible to obtain much higher magnetic
field strengths (due to the higher currents that the coils can sustain) and improve the stability
of the magnetic field (as there is effectively zero power loss in the magnetic coils). This
allows the dipole magnets to be powered more efficiently, as well as creating magnetic field
strengths greatly in excess of what can be achieved with normal conducting magnets. The

LHC superconducting magnets can reach approximately 8 T [1].

Some fundamental parameters that describe the performance and operation of a particle

accelerator will now de described.
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1.2 Centre of Mass Energy and Luminosity

When discussing beam dynamics, a cartesian co-ordinate system will be used that has a
particle moving along the z-axis. A particle of mass m can be expressed by its momentum

p* and energy U which form a four-vector p = (U, p*) [14]. This gives
p2 — U2 _ (p*>2 — m2. (11)

In the case of a collision between two particles of masses m, and ms, the total centre of mass

energy U.,,, can be expressed as

(p1+p2)? = U2, = (UL + Uz)* — (p} +p3)° (1.2)
If the collision point is at rest in the laboratory frame (p; = —p3), then U, becomes
Us = (UL + Ta)%, (1.3)

whereas when one particle is at rest (fixed target collisions), p» = 0 then
U2 = (m? +m3+2mol). (1.4)

Eqgn. 1.4 shows a substantial reduction in the energy available for particle generation and is
the reason why colliders are preferred over fixed target collisions for particle physics exper-

iments.

An important parameter that can be used to analyse the performance of an accelerator is
the luminosity. The luminosity is defined as ratio of the event rate to the interaction cross
section of the colliding particles. In the case of an accelerator colliding bunches head-on, it

is given as [14]
NN
B dro,o,

fcollision; (15)

where N; and N, are the number of particles per individually circulating bunch, 4700,
is the cross sectional area of the bunch at the IP with o, , referring to the Gaussian width

of the transverse beam profile (assuming the bunches are moving in the z-direction), with
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feottision = M fo 1s the beam encountering rate, where 7, is the number of bunches and fj is

the revolution frequency.

In order to increase the luminosity, much emphasis is placed on reducing the beam size as
much as possible. This is achieved by careful design of the magnetic lattice, in particular the
magnets comprising the beam delivery system (BDS) just prior to each IP. The BDS must be
designed such that there are large areas of field free regions (due to the size of the detectors)
either side of the IP. In order to achieve this, the bunches traverse a mini-beta insertion [15].
This involves increasing the beta-functions, and therefore the beam size, and using strong
focusing magnets to place the particles within the bunch on a trajectory that will cause them
focus and their paths will cross at the IP with very small cross sectional areas. The paths
they are following will then diverge until they reach the focusing magnet on the other side of
the IP.

In practice, the beams are not colliding head-on but approach and cross at a small angle.
This is because each beam has its own separate beam pipe, and for geometric considerations,
in order for them to collide they can not do so head-on. A method to increase the luminosity
of the LHC for a proposed upgrade (High Luminosity - LHC) and currently being tested for
the Compact Linear Collider (CLIC - see Section 1.3.2) is to use crab cavities [16]. These are
cavities that apply a rotational kick to the bunch, allowing them to rotate as they reach the IP.
As the bunches cross, more of the particles from each bunch are available for collision which
increases the luminosity. A comparison of the luminosity for several different machines is

given in table 1.1.

Uem L
[GeV] [103%cm™2s71]
SPS (pp) 315 x 315 6
Tevatron (pp) | 1000 x 1000 50
HERA (e™p) 30 x 90 40
LHC (pp) | 7000 x 7000 10000
LEP (ete™) 105 x 105 100
PEP (ete™) 9x3 3000
KEKB (e*e™) 8 x 3.5 10000

Table 1.1: Luminosities for different machines [17].
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The integrated luminosity is a measure of the total luminosity over a period of operation

of an accelerator given by
t
Lint = / Ldt. (1.6)
0

Both the luminosity and the integrated luminosity are good indicators of the performance of
an accelerator. If the luminosity is increased, then more data will be available for physics

analysis.

Circular accelerators are typically used to produce beams suitable for high energy particle
physics. However, depending on the type of particle and the desired centre of mass energy,
linear accelerators may be a more ideal type of accelerator to manufacture. The following
section will outline the main motivations for using a linear accelerator over a circular one,

and will do so using some fundamental equations for accelerator physics.

1.3 Motivation for a Linear Accelerator

Electrons and positrons are fundamental particles who are part of the lepton family [14]. Ina
collision between an electron and a positron [18], all of the particles momentum contributes
to the creation of new particles. This allows the centre of mass energy of the collisions to
be tuned so that a particle with a particular mass can be preferentially produced. Hadrons
are not fundamental particles, so their initial state is not known. The total momentum con-
tributing to particle production in this case is no longer constant [19], which causes a wide
distribution of particles and their decay products. Hadronic collisions are particularly useful
for searches for new particles, due to the wide range of particle masses the collisions could
create, whereas lepton collisions are useful for the creation of specific particles with a much

cleaner background.

However, it is not possible to simply increase the energy of the protons in the LHC. An

important relation that determines the size of a circular accelerator is the beam rigidity [20],

D [GeV

Boc:_
| B0 0.3" ¢

I, (1.7)

where B is the average magnetic field strength of the dipole magnets in the LHC (which can
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also be expressed in terms of the magnetic field intensity H), 7, is the local bending radius
and p, is the particle momentum. This relation shows that for a constant dipole field, there is
a linear relation between the momentum of the particle and the radius of the arc of a particle
trajectory through the magnet. Additionally, in order to keep a particle on the same bending
radius, the magnetic field strength must be scaled in accordance with the particle momentum.
Currently, circular accelerators are limited by the strength of the dipole magnetic fields,
meaning it is not currently possible to increase the energy of the proton beams in the LHC
without completely replacing the dipole magnets. The LHC main superconducting magnets
have a field strength of 8.7 T [21], with hope that the field strength of dipole magnets can be

increased to strengths of approximately 18 T.

Synchrotron radiation is also a limiting factor for circular accelerators [15]. When a
particle is moving through a dipole magnet, it experiences a transverse force due to the
Lorentz force law [22]. This force causes a re-orientation of the field vectors emanating from
the particle which creates radiation that continues along the original path of the particle. The

power of this emitted radiation is given by [23]

preC, U*

o r2’

Py, = (1.8)
where 3 = © is the normalised velocity, U is the energy of the particle, c is the velocity of
light and C, = 47{}“30, with 7, the classical radius of the particle and Uy = mqc? is the rest
energy of the particle. The radiative energy loss per revolution then becomes

4

AU = Pyyuf fo = B° (jjoz[;)s Z , (1.9)
hence synchrotron radiation scales as mass~3. As the rest mass of an electron is 1836 times
less than that of a proton, the synchrotron losses will be far greater for electrons (& 1836%)
[19]. A limit is reached when the particle emits a large amount of energy in a single turn of
the machine. This is obtained when the power loss from synchrotron radiation matches the
energy gain from the rf cavities. In order to increase this peak energy, hadrons are typically

used for circular acceleration. This requires stronger magnets to keep a constant bending

radius, but allows higher energies due to lower synchrotron losses.
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An illustration of this is LEP (Large Electron Positron Collider) [24], at 100 GeV per
beam the energy loss per turn for the electrons and positrons was 2.86 GeV. While for the
LHC (during the initial running at 3.5 TeV), the protons lose only 6.66keV per turn [1] (the
LHC and LEP are of similar size, with the LHC being housed in many of the same tunnels

that were used for LEP, with additional straight sections.)

In order to keep the particles moving on a circular path through the tunnel, between
60% and 80% of a circular machine is comprised of dipole magnets, with quadrupole and
sextupole magnets for focusing and damping of non-linear effects [25]. The arcs are typically

separated by straight sections where the rf cavities are situated.

A key benefit of circular accelerators is that they do not require high acceleration gradi-
ents as they can accelerate slowly over many turns. An accelerator of this type is known as
a synchrotron and it operates by allowing the power source of the magnetic lattice to ramp
slowly, keeping in time with the increase of the particles momentum. This alleviates many is-
sues associated with wakefields (fields excited by leading bunches that have negative effects
on trailing bunches) and rf breakdown currently being experienced in high gradient linear
colliders as it minimises the effects of Higher Order Modes (HOM’s) (discussed in detail in
Chapter 2 and 3).

RF parameters for the LHC can be found in table 1.2. The LHC cavities will operate
in continuous wave (CW) mode, which means the cavity will contain accelerating fields on
time scales that are much longer than the individual bunch trains, even during periods where
there are no bunches present. This results in a much larger bunch spacing so the normally

strict requirements on the HOM’s can be relaxed.

’ Parameter H Value \ Units ‘

Revolution frequency || 11.245 | kHz

RF frequency 400.8 | MHz
Harmonic Number 35460 -
Total RF Voltage 16 MV

Synchrotron frequency | 21.4 Hz

Table 1.2: RF parameters for the LHC at collision energy.
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In a linear accelerator the bunches can only collide in a single pass at one IP. The ac-
celerator itself is comprised of almost entirely accelerating cavities to try and maximise the
energy gain of the bunches. In order to keep the efficiency of the accelerator as high as possi-
ble, the accelerating gradients and beam currents must be high and the bunch spacings must
be low to minimise the amount of time the klystrons are running. This causes a much greater
effect from the wakefields and it is in this high gradient regime that problems arise due to
pulsed surface heating and rf breakdown, which is discussed further in section 1.4. Typi-
cally, normal conducting cavities operate with pulsed operation, as they require a large input
power that becomes inefficient to continue providing when beam is not present. Whereas
superconducting cavities operate with CW which is more efficient due to the much longer

filling time.

There are two primary designs for a linear e™e™ collider that could succeed the LHC, the

ILC and CLIC. Both designs have unique features that will be discussed in detail below.

1.3.1 ILC

The ILC is a proposed 31km superconducting e*e™ linear collider with a centre of mass
collision energy of 500 GeV, which could potentially upgrade to 1 TeV (by increasing the
length of the accelerator) after reliable operation for a period of time [26]. This machine
will be complimentary to the LHC, in that it will be used to provide precise measurements of
findings at the LHC, as well as further searching for physics beyond the Standard Model. The
ILC will be approximately 31 km long, and will have an acceleration gradient of 31.5 MV/m.
The layout of the ILC can be found in figure 1.2 and a list of the main parameters can be

found in table 1.3.

The cavities are based on the superconducting 1.3 GHz TESLA cavity [27], shown in fig-
ure 1.3. The TESLA cavity is a relatively mature piece of hardware that has been extensively
tested at DESY for the X-Ray Free Electron Laser (XFEL) project [28] and forms the basis
for many superconducting cavities, both in terms of design but also with regard to surface
treatment and conditioning. The niobium cavity is a chain of 9 coupled elliptical cavities.
The elliptical nature allows one to optimise the () of the cavity and to minimise the surface

fields, which allows higher gradients to be achieved without quenching the superconducting
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Figure 1.2: A schematic diagram of the ILC accelerator complex.

Damping Rings

Main Linac

Parameter | Symbol | Value Unit
Centre of mass energy Uem 500 GeV
Main Linac rf Frequency fre 1.3 GHz
Luminosity L 2 1034 cm=2s 71
Linac repetition rate frep 5 Hz
No. of particles / bunch N 2 10°
No. of bunches / pulse i 2625
Bunch separation Aty 369.2 (480 periods) ns
Bunch train length tirain 969000 ns
Beam power / beam P, 21 MW
Unloaded / loaded gradient Eunint 35/31.5 MV/m
Overall two linac length Liinac 22 km
Total beam delivery length Lgp 2x225 km
Proposed site length Lo 31 km
Total site AC power Py 230 MW
Wall plug to main beam power efficiency Mot 9.1 %

Table 1.3: Overall parameters for ILC [26].

niobium. On one end is a power coupler which couples rf power into the structure, the power
travels through the structure where it will be reflected and set up a standing wave. There is
also a higher order mode (HOM) coupler at the opposite end of the structure that removes

high frequency, unwanted higher order modes that are excited by the beam.

There are many engineering difficulties involved when building a 31km superconduct-
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Figure 1.3: 9-cell superconducting TESLA cavity that is proposed as the main accelerating
cavities for the ILC.

ing linac and many lessons are currently being learned by the XFEL project [29]. The low
losses in the cavity walls mean they are extremely sensitive to shifts resulting from geom-
etry modifications [30] and small errors. Each cavity must go through a lengthy process of
surface conditioning and treatment in order to achieve a smooth inner surface [31, 32] and to

minimise frequency errors.

Two detectors are proposed at the IP, the International Large Detector (ILD) and the
Silicon Detector (SiD) [33]. A system will be in place that will allow each detector to be slid

in and out of of the beam line to allow both detectors to share the single IP.

The ILC is a complex project, with many engineering challenges associated with its size

and scale but it is mostly based upon proven technology.

In order to reach higher collision energies, the accelerating gradient needs to be higher.
This is not possible with superconducting cavities, which are currently limited at approxi-
mately 50 MV/m. At gradients exceeding this, the intense magnetic fields can induce heating
that causes the material to heat beyond its critical temperature and become normal conduct-
ing. This can lead to a quench. For high gradient machines, superconducting cavities are not

suitable.

1.3.2 CLIC

CLIC is a proposed normal conducting multi beam e e~ linear collider with a centre of mass
energy of 3 TeV and a length of approximately 48 km. Powering the linac with klystrons is
costly and inefficient. To overcome this, a high current drive beam (100.5 A) is transported

alongside the main linac. This drive beam is decelerated, with the emitted rf power coupled
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out of the drive beam linac by the Power Extraction Transfer System (PETS) and coupled
into the main linac to be used for acceleration of the colliding bunches. This is the basis on
which klystrons operate, albeit on a much larger scale [34]. The key parameters for CLIC

can be found in table 1.4 and the layout for the CLIC complex can be found in figure 1.4.

The emittance of a bunch of particles is determined by the average spread of the particles
in phase space [15]. For all conserved systems the emittance of a bunch is constant, however
synchrotron radiation losses do not satisfy this condition (radiation leaves the system through
the walls of the vacuum chamber). This allows the transverse emittance of a bunches to be
reduced by allowing them to circulate for many turns in a damping ring (DR) [35]. Each turn
in the DR the bunches emit synchrotron radiation in the transverse plane, which reduces the
amplitude of its transverse oscillation. Energy is then restored to the bunch by the rf cavities
which gives it energy in the longitudinal plane. By allowing the bunches to circulate for

many thousands of turns, the transverse emittances of the bunch can be reduced.

The test bunches initially spend time in the DR before they are fed into the booster linac
which accelerates the bunches to 9 GeV. The bunches are then separated and transported to
the beginning of the main linac. With an average accelerating gradient of 100 MV/m, the
bunches are accelerated from 9 GeV to 1.5 TeV over 21.1 km, before entering the BDS prior
to the IP.

The drive beam originates in the drive beam accelerator, which accelerates electrons up
to 2.38 GeV and transfers them to the combiner rings. The combiner rings take evenly
spaced electron bunches, and compress them into high current pulses with much smaller
bunch spacings. These combiner rings are used to create the high average current (100.5 A)
required to create 100 MW input for the main linacs. These high current bunches are then
transported to the drive beam decelerator, where they are decelerated by their own wakefield

and the emitted power is fed into the main accelerating cavities.

The power requirements for the ILC are markedly lower than for CLIC, 230 MW as
opposed to 392 MW. CLIC requires 4 separate beams to be accelerated (2 drive beams, one
electron beam and one positron beam) and reaches a final energy 6 times higher than the
ILC so it is unsurprising that this is the case. The ILC cavities operate in CW to minimise

the time spent storing the microwave power as field energy in the cavities (this takes a while
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Figure 1.4: Proposed layout for CLIC. Four separate accelerator systems are required in order
to achieve high energy electrons and positrons as a separate setup is require for acceleration of
the high current drive bunch.

because of the lossless walls). This means the ILC has much longer bunch trains than CLIC
(0.969ms vs 156ns) and each train contains many more bunches (2625 for ILC vs 312 for
CLIC). Due to the CW nature of the ILC operation, much effort is placed in ensuring HOM’s
are not resonant with the bunch repetition frequency (which results in strong excitation), as
the HOM coupler will provide adequate damping for weakly excited modes, but resonant
modes can still remain, even with high bunch spacing (480 rf periods). Conversely, CLIC
has pulsed operation, which means the fields must build up to steady state at the beginning
of each pulse. In order to keep the efficiency of the accelerator reasonable and to avoid the
effect of the transverse wakefield, the bunch spacing had to be made as small as possible

(At, = 6 rf periods). This results in the CLIC cavities being focused on strong and quick
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Parameter H Symbol \ Value Unit
Center of mass energy Uem 3000 GeV
Main Linac RF Frequency fry 11.99424 GHz
Luminosity L 5.9 1034 cm=2s~!
Linac repetition rate frep 50 Hz
No. of particles / bunch N 3.72 10°
No. of bunches / pulse ny 312
Bunch separation Aty 0.5 (6 periods) ns
Bunch train length tirain 156 ns
Beam power / beam P, 14 MW
Unloaded / loaded gradient Eunin 120/100 MV/m
Overall two linac length Liinac 42.16 km
Total beam delivery length Lgp 2x2.75 km
Proposed site length Loy 48.4 km
Total site AC power P 392 MW
Wall plug to main beam power efficiency Ntot 7.1 %

Table 1.4: Key parameters for CLIC [7].

damping of all modes so that there is no negative effect on the trailing bunches. The ILC has
a higher wall plug to beam efficiency than CLIC, 9.1 % in comparison to 7.1 %, which is due
to the fact that not all of the energy is removed from CLIC’s drive beam, some is dissipated
in the walls of the decelerating structures, or in the power transfer system. The luminosity
of CLIC is over double that of the ILC, which is due to CLIC delivering a higher number of

particles per second available for collision.

The main accelerating cavities were originally designed to operate with a fundamental
mode frequency of 30 GHz, with an average accelerating gradient of 150 MV/m. However,
problems with rf breakdown and pulsed surface heating (see section 1.4) for the long pulses
required to meet the luminosity needs meant that the several machine parameters needed to
be changed, including the cavity frequency [36]. This arose as the result of a large optimisa-
tion study that included a wide range of variables that primarily included cost, luminosity and
minimisation of surface fields. It was decided to reduce the cavity frequency from 30 GHz to
11.9942 GHz. Additionally, several constraints were placed on the surface electric and mag-
netic fields in order to avoid these problems in future. These semi-emperical rf constraints

are as follows:



CHAPTER 1. PARTICLE ACCELERATORS 26

1. Surface electric field [37]: £g;77 < 260MV/m.
2. Pulsed surface heating [38]: AT™** < 56K.
3. Power [39]: Pm/C’té,/3 < 18MW/mm ns'/3,

where F;,, C' and t,, refer to the input power, iris circumference and pulse length respec-
tively. As AT™**  /t, and P,/ Ct;)/ 3 depend on the length of the pulse, constraints 2 and
3 can be satisfied by reducing the number of bunches in the train, hence reducing ¢,. This
has a negative effect on the RF-to-beam efficiency as well as on the luminosity, therefore
the train is made as long as possible without providing unreasonable limits on the surface

heating and the power.

The transverse wakefield must also be considered in order to ensure that the emittance
growth is within the design parameters [7], the long range wakefield needs to have decayed
enough prior to the arrival of the next leading bunch. Otherwise the quality of the bunches
will degrade along the bunch train, which could lead to a beam break up instability [40].
This allowable limit is given by [7, 41]

6.67 x 4 x 109E,.

WJ_,max < N

[V/(pc mm m)], (1.10)

where W is the field excited by a leading bunch that acts on a trailing bunch, which is known
as a wakefield and is described in Chapter 2, and E,.. = (Fj) is the gradient experience by
the traversing particle. For N = 4.2 x 10°, the maximum wakefield at the position of the
next trailing bunch must be W, < 6.3 V/(pC mm m). Many structures were designed in an
attempt to satisfy these constraints [41], with some cavities designed to damp the wakefield
strongly, while others attempted to damp moderately but reduce the integrated effect of the
wakefield [42]. These types of structures operate by ensuring each cavity cell has a spread in
the dipole mode frequencies. The wakefield will quickly decohere while each mode is out of
phase, allowing a longer time for adequate damping, before the modes recohere. The CLIC
cavitiy is called CLIC G, which was selected after a period of design and optimisation for
many different potential structures. The individual cell geometry can be found in figure 1.5

with the full structure shown in figure 1.6.
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Figure 1.5: One quarter of a CLIC G cell. 28 of these cells will be placed alongside each other,
creating a chain of coupled pillbox cavities with heavy waveguide damping (see figure 1.6).

Figure 1.6: A CAD model of a single CLIC G structure [43]. The HOM’s are damped with the
attached waveguides [44] which prevents them having a degrading effect on trailing bunches.

The cavity cells are manufactured to individual specifications and slotted together and
diffusion bonded. Each individual cell has a tuning mechanism that can allow the frequency
to be shifted by approximately 5 MHz (corresponding to a geometrical shift of approximately
1 pum [41]). This mechanism also allows a flat field to be achieved between each cell, and
the phase advance of the field to be correctly matched. The HOM’s are coupled out of the
cavity and damped by entering a region of Silicon Carbide (SiC). The material has a very

low conductivity, and results in the HOM’s power reducing before it returns to the cavity.

Having introduced the CLIC accelerator and its associated challenges, the following sec-

tion will describe in detail each of the major limiting effects for high gradient acceleration.
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1.4 High Gradient Challenges

By entering the high gradient regime, the length of a linear collider can be greatly reduced.
However, increasing the input power to the cavities gives rise to some severe effects that can
limit the achievable gradient. The high power creates intense electric and magnetic fields
on the surface of the cavities, which can cause the surface of the cavity to both heat up and
breakdown. Each of these effects results in severe surface degradation. While pulsed surface
heating is caused by the magnetic field, it is quite well understood, however the role of the
magnetic field within rf breakdown (which is caused by high electric fields) is an active field

of study. Each of these effects will be discussed individually.

1.4.1 RF Breakdown

An rf breakdown is a sudden and catastrophic exchange of charge between two electrodes
that are separated by vacuum and is caused by a high potential difference [45]. When high
power fields (approximately 100 MW at X-band) are present inside a cavity, the surface of
the cavity is subject to intense electric and magnetic fields. If the electric field on the surface

reaches a certain threshold, the walls of the cavity can breakdown [46].

When a breakdown occurs, the transmission and reflection of the rf power directed to-
wards the structure changes abruptly and significantly [47]. In general, breakdown is accom-
panied by a burst of x-rays and a bright flash of visible light. A transverse kick of the order
of 1kV accompanies the breakdown, which is enough to severely limit the luminosity for that
particular bunch train [45]. The behaviour in a breakdown differs slightly between travelling
wave (TW) and standing wave (SW) structures. In a TW structure, the transmitted power
drops to very low levels with a time constant of 20-200 ns, and up to 80 % of the incident
rf power is absorbed by the arc [9]. This value varies depending on the fundamental mode
group velocity of the cell where the breakdown occurs [48], with more breakdowns being
found at the higher group velocity end of a TW structure. For high group velocity structures,
the cavity surface is much more severely damaged, which can further promote breakdowns,
while low group velocity structures tend to experience less damage in the result of a break-

down. However for SW structures during a high percentage of the breakdowns, most of the
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rf power is reflected from the structure.

The accelerating cavities designed for the Next Linear Collider (NLC) were originally
composed of 206 cells, with the group velocity tapering throughout the structure in order to
reduce the effects of the transverse wakefield (via cell detuning of the dipole mode) [48].
However, a post mortem of the cavity found that the low group velocity end of the structure
was relatively undamaged, with the high group velocity end suffering significant degradation.
This study led to a reduction of the group velocity and the power input in an attempt to limit
the effect of rf breakdown [49].

The qualitative behaviour of a breakdown event and how it effects the surface and oper-
ation of a cavity is relatively well understood, however the event that triggers a breakdown
is still an active area of study. An area on the cathode will emit more electrons through field
emission than the surrounding material. These areas could be caused by field enhancement
due to sharp localised regions within the material. Neutral atoms present in the vacuum can
now become ionised by the field-emitted current, which in turn causes them to bombard the
surface of the cathode. Both of these factors, ion bombardment and ohmic heating from sur-
face currents, cause the cathode to heat quickly. The temperature increase creates a higher
field emission current, increasing the level of ion bombardment. When the cathode loca-
tion becomes hot enough, it undergoes a phase transition from solid to plasma, creating a
plasma sheath that surrounds cathode surface and dramatically increases the electric field.
The plasma disperses and the current reduces, and a crater is found at the location of the
ion bombardment [9, 45-47]. A measurement of a breakdown crater made using a Scanning

Electron Microscope (SEM) can be found in figure 1.7.

In the late 1950’s, W.D. Kilpatrick performed a series of experiments to attempt to quan-
tify the behaviour of rf breakdown under various different circumstances [5S0]. This allowed
a numerical relation to be obtained that describes the frequency of the rf field as a function

of the maximum achievable electric field, £, inside the cavity, given by [51]

f

M7~ 1.64E[MV/m]2e =85/ FMV/m] (1.11)

Eqn. 1.11 is plotted in figure 1.8, which shows a parabolic increase in the allowable rf
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Figure 1.7: SEM measurement of a breakdown crater in copper. Image reproduced courtesy of
N. Shipman [45].
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Figure 1.8: The maximum rf frequency allowable for a given accelerating gradient, according to
the Kilpatrick limit.

Currently, it is possible to exceed the Kilpatrick limit quite significantly [52]. It has been
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found that surface fields in excess of 200 MV/m can be used routinely without significant
breakdown issues [53]. This is due to advances in understanding of materials as well as im-
proved surface treatment techniques. At SLAC, an experimental test setup for rf breakdown
has been created that allows many different structures to be tested. This has allowed many
different cavity parameters to be varied in order to determine its effect on the breakdown rate.
For example, the material itself can be varied to allow copper alloys or soft/hard copper, the
geometry of the structure (more/less rounding of the iris), the amount of surface condition-
ing used or the presence of a magnetic field of varying intensity. This has produced a huge
amount of experimental data which is enabling a much clearer picture of rf breakdown to be

produced.

Through experiments performed at CERN, it has been discovered that the lattice forma-
tion plays a role in the susceptibility of a material to breakdown [54]. The lattice formation
has a large effect on how lattice dislocations move through the material. This has led to
a theory that relates the freedom of dislocations in a material to the development of field

enhancement factors on the surface, which could begin the breakdown process [55].
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Figure 1.9: Different lattice formations have given rise to a new theory about the material pa-
rameters in breakdown [55].

It has been found empirically that the breakdown rate (BDR) scales with approximately
E3Y [45] (to within 5 or 6 orders of magnitude) and a tf) dependence on pulse length. These

dependencies have been found across many different experiments using many different ma-
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terials. How these guidelines influence the design of a cavity geometry will be explained in

further detail in Section 2.8.

1.4.2 Pulsed Surface Heating

The excited fields in a cavity can oscillate for some time, especially for long pulses or mul-
tiple short pulses. The intense magnetic fields on the surface of the cavity can flex and shift
the metal, causing it to heat up [56]. What may begin as a small micro-fracture (which can
create field enhancement and contribute to breakdown) can eventually lead to cracking of the
surface. In the dislocation model for rf breakdown, surface heating could potentially play a

role in the prevention of breakdown.

The current CLIC baseline design requires a temperature rise of less than 56K on the

surface of the cavity [7], which can be calculated according to [57]

1 body 1

- ,OCE\/TFD 0 \/t—t’[§

AT(t) RIH, ()], (1.12)
where p is the density and C. is the specific heat of the material, D = x/pC, with k as the
thermal conductivity, 12 is the skin resistance, ¢, is the pulse length and H) is the tangential
magnetic field on the wall. It can be seen from eqn. 1.12 that minimising the magnetic field
on the surface is key to keeping the pulsed surface heating within the design constraint. The
surface heating is determined by the average value of the ﬁ—ﬁeld on the cavity surface. For
a single mode cavity, this value is half of the peak H ﬁ on the surface. The origin of this
relation, and further discussion of its implications on cavity design will be found in section
2.8.

An experiment performed at SLAC showed that for a temperature rise of 120K, cracks
began to form on the wall of several copper cavities [58]. A temperature rise of 56 K, the

constraint placed on the CLIC cavities, will limit to these effects.
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1.5 Two-Beam, Two-Mode Accelerating Structure

In order to attempt to overcome the challenges presented by pulsed surface heating and rf

breakdown, two novel concepts will be studied in this thesis.

Firstly, by superimposing harmonically related eigenmodes, the average value of H ﬁ is
reduced, which could potentially reduce the surface heating on the cavity wall. Multiple
harmonics could also be used to create an asymmetric field profile on the cavity surface that
results in the fields pointing into the wall being smaller than fields pointing away. The effect
is referred to as the anode-cathode effect [59]. The anode field has the effect of increasing the
work function for an electron on the surface, while the cathode field (acting in the opposite
direction) reduces the required energy for an electron to be emitted. In some theories of rf
breakdown, it is thought that electron emission is a precursor to a breakdown event. This

thesis will explore cavity designs that could exhibit each of these effects.

The second concept is that by using a chain of cavities where the fundamental mode is
detuned away from the drive bunch frequency (where f.,, 7# frep), @ high current drive beam
and a low current test beam could be interleaved and a transformer ratio (ratio of acceleration
field to deceleration field) much greater than two can be achieved [8]. This would remove the
need for costly PETS as the energy transfer occurs within the cavity itself, and it would also
allow for higher gradients to be achieved without the requirement for fundamental power
couplers on the main cavities (which enhance the surface fields). The gradient can easily be
varied by adjusting the current of the drive beam, and gradients of up to 100 MV/m could be
achieved. Studies verifying the theory with time domain simulations, an original contribution

to the field, will be shown here.

This thesis will explore each of these concepts both individually and together within one
accelerator structure. This will be the first time that time domain simulations of a collinear

multi-harmonic cavity have been presented.

The following Chapters will first give an introduction into the physics of rf cavities and
will also describe analytical techniques used to model large chains of coupled cavities. A
brief introduction to wakefield acceleration will be presented, before each of the main areas

of study will be described.



Chapter 2

Cavities, Wakefields & Impedance

The electromagnetic theory that govern the physics of rf cavities is well documented and
thoroughly understood. This chapter aims to give an introduction and overview to the
relevant parameters associated with cavity design for the cavities which are the subject of
this thesis.

Wakefields and impedances relate the interaction of a particle moving through an acceler-
ator with the surrounding vacuum chamber. A particle traversing an rf cavity can excite
fields that have a damaging effect on trailing particles. Fields acting longitudinally can
increase the energy spread of a trailing bunch, while transverse fields can cause emittance
dilution or form instabilities which could potentially lead to a beam breakup instability
(BBU). An introduction to wakefields and impedances will be given, with particular
emphasis on the interaction between a particle and an rf cavity. A description of how
surface heating and rf breakdown effect cavity design will be described.

The first section will explore the physics that govern the electromagnetic resonances present
in a cavity with cylindrical symmetry, before going on to describe how to calculate some key

figures of merit for cavities.

2.1 Cavity Modes

Many rf cavities have complex geometries, designed to optimise many different parameters
such as the surface electric and magnetic fields, and the efficiency of the cavity in setting up
an accelerating field. A large proportion of cavities are based upon a cylindrical resonator
cavity because of their inherent symmetry and ease of fabrication, and much can be learnt
about the general behaviour of some of these parameters by looking at the analytical solution

of the fields inside a cavity of this type. The following work is summarised from [60-62].

Using a cylindrical co-ordinate system, and taking a cylinder of radius a with longitudinal

34
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coordinate z. Parallel conducting plates can be placed at = = 0 and z = g to give the
geometry for a simple pillbox cavity. In practice, holes are needed on the end plates to allow
a beam to pass through, but for simplicity these holes are ignored. By solving the wave
equation in cylindrical coordinates [22] and separating the individual parameters, a solution
can be found that describes a general field for a pillbox cavity. The most interesting fields are
the F,, E, and Hy fields, as it is only these fields that affect the beam and therefore dominate
cavity design. These fields are given by [30, 62]

r Tz

EmmP = j_”Jm(]n—) cos (——) cos (mf) exp (iwpyt), (2.1)
a a g
Jou P m(jnf) sin (7r_pz) cos (mf) exp (iwnpt), (2.2)
a g
and
H? = 0 I (jn ) €08 (%) cos (m8) exp (iwonpt). @3
a g

where J,, and j,, are Bessel functions and zeroes of Bessel functions of the n™ kind, m, n

and p are the modes numbers for each relevant coordinate and

np jn 2 mp 2 2
Znp _ Jn =) = 24
(27 + O =2 2.4
determines the eigenvalues of the system (in this case they are the resonant frequencies).
These are the ideal field profiles, and can be used to calculate the dependency of cavity

figures of merit on cavity parameters [62].

These fields can be used to accurately model any mode excited in a simple pillbox cavity,
and can be used to calculate analytical expressions for the cavity figures of merit that can be

found in the next section.
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2.2 RF Parameters

The quality factor of a resonator is well documented and gives a measure of the level of

damping. In the case of an rf cavity, the () is calculated by [60]

wrUp

Qn = P (2.5)

where P, is the total power loss of the cavity, w,, the angular frequency of the mode and U,
is the stored energy of the mode which is defined below. The subscript n refers to the given
value for a particular cavity order. A high ()-value corresponds to a lightly damped oscillator
and, as such, the mode will remain oscillating for longer than a mode with a low Q-value.
The Q also relates to the filling time of a cavity, given by

T = QQ". (2.6)

Wn

The accelerating voltage, or the voltage seen by a single test particle as it traverses the

cavity, is given by [27]

L
Viaee(T) :/o E.(r,z)exp (iw,z/c)dz (2.7)

where F, is the z-component of the electric field (so long as the z-component is the direction
the beam is travelling), z is the longitudinal position of the beam, r is the radial offset of
the beam and L is the length of the cavity. An approximation that » does not change can
be made, which is typically true due to the low angle of entry into the cavity. Then the
calculation of V.. becomes a straightforward integral. The exponent term in the integral

allows the calculation of the voltage to include the oscillation of the field in time.

The total energy stored in the respective mode is given by the volume integral of the field
i.e.[27]

U, = 6_0/ Pr |En|?, (2.8)
2 Jav

where € is the permittivity of free space, dV’ is the volume of the cavity and E,, is the electric

field vector of the mode. At resonance, the stored energy in the electric field is equal to the
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stored energy in the magnetic field. Therefore, by replacing ¢, with the magnetic permeabil-
ity 1o and E,, with the magnetic field intensity, H,,, the stored energy in the magnetic field

can be calculated.

An important quantity to consider when studying cavities is the shunt impedance, R;.
This is a measure of how efficiently the cavity can produce a longitudinal voltage. It is
defined as [60]

| Viaee!
R, = —==, 29
: P. (2.9)

which is often normalised to the cavity length, i.e. R;, /L = R/. Therefore superconducting

cavities have higher shunt impedances than normal conducting cavities by many orders of
magnitude for the same power input, due to the effectively zero power loss on the cavity

walls.

From eqn. 2.7 and eqn. 2.8 a loss parameter can be defined for a single mode in the

cavity as [27]

The loss parameter k| is a measure of how much energy is deposited into the mode along
the axis of acceleration, having been traversed by a particle with charge ¢ [63]. The trans-
verse loss parameter is calculated from the longitudinal loss parameter using the Panofksy-

Wenzel theorem (discussed in section 2.3.3) as

k‘” nC
kinp=——. (2.11)
Wn
Using eqn. 2.10, a geometric parameter can be defined as [27]
R, 1 2k,
no_ (r) (2.12)

Qn T w,

where m is the azimuthal order of the mode and r is the radial offset of the particle trajectory,
i.e for monopole modes m = 0, for dipole modes m = 1, for quadrupole modes m = 2 etc
and k, = kj, form = 0 or k,, = k,, for higher orders. Eqn. 2.12 is a measure of how

effectively the energy in the cavity is being coupled to beam with one key difference: it is
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independent of the cavity material; it is a figure of merit that reflects how well the geometry
is suited to acceleration. This is useful, as it allows direct comparison between two very

different types of cavity (for example between NC and SC cavities).

Finally, the transverse kick factor can be defined which allows the loss parameter to be
expressed in such a way that it is independent on the radial offset. It is related to the change
in transverse momentum of the beam and it allows the comparison of kicks for different

frequency bands and cavity types and is defined as [64]

c Rs,n kH,nC
K, = o 00wl (2.13)
Parameter | Unit | Value |
< FEaee > MV/m 100
RF frequency: f GHz 11.994
Phase advance per cell: A¢ Deg 120
Cell length: L mm 8.333
First and last iris radius: a, ao mm 3.15,2.35
First and last iris thickness: d;, ds mm 1.67, 1.0

First and last cell Q-factor: (01, Q2 - 6100, 6265
First and last cell shunt impedance: R, 1, I 2 MQ/m 89, 112

First and last cell group velocity: v, /c1, v,/ co % 1.66, 0.83
Average a to wavelength ratio: < a > /A - 0.11
Number of particles per bunch: N - 3.72 x 10°
Luminosity per bunch crossing: £; m~2 1.22 x 103
Ncell - 24
Structure length: L., mm 229
Bunch separation: N, RF cycles 6
Number of bunches in the train: [V, - 312
Pulse length: 7, ns 240.8
Input power: P, MW 63.8
RF-to-beam efficiency: 7 Y% 27.7

Table 2.1: RF Parameters for the CLIC G accelerating structure [7].

The parameters for the CLIC G cavity can be found in table 2.1. These parameters will be
used for comparison throughout the thesis, and are useful for giving an indication of typical

values for some of the derived parameters.
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Having defined some basic figures of merit associated with cavity design, an introduction

to wake potentials and impedances will now be given.

2.3 Wakefields and Wake Potentials

A highly relativistic particle of charge g, moving in the 2z direction has its electric and mag-
netic fields transverse to the direction of motion [61]. The angle of the opening of the electric
field is proportional to 1/, where v = 1+52 is the relativistic gamma factor. Addition-
ally, for a particle where 3 ~ 1, there are no fields behind or ahead of the particle (due to
causality). A test charge moving along the same path as the drive charge but some z offset
later would therefore not see any field in the wake of this particle. The effect would remain
the same if the drive charge was travelling on axis through a perfectly conducting tube be-
cause the image charges found on the surface of the tube will be able to move with the same

velocity as the charge itself.

However, if this drive charge is now moving through a pipe that has a finite conductivity,
the image charges are not able to keep up with the particle, and the field will begin to lag
behind the drive charge [65]. A test charge slightly behind the drive charge experiences
a kick from the wakefield of the drive charge. This is also the case if the fields from the
drive charge come into contact with any discontinuities in the vacuum chamber (collimators
or cavities for instance). The electromagnetic fields would scatter off the discontinuities,
causing a wakefield that can cause a kick longitudinally and transversely to any trailing

charge travelling behind it.

A wakefield is defined as the fields that are created by moving particles that act on any
trailing particles. Wakefields can be separated into two distinct groups, long range wakefields
[66], which are caused by a drive bunch and act on any trailing bunches, and short range
wakefields, which are caused by the head of the bunch and act on the the tail of the same
bunch [67]. In order to compare this short range wakefield, the mesh density of the simulation
must be carefully chosen, in order to allow a high enough resolution for the high frequency
components to be deduced. The following derivations are summarised from [5, 20, 66, 68,
69].
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2.3.1 The Catch Up Problem

This section will describe the catch up problem, which is illustrated by Figure 2.1. The field
from a relativistic drive particle travelling along the z-axis, scatters off a metallic boundary
placed at a transverse offset b relative to the particle. A test charge travelling at a distance s
behind the drive charge doesn’t experience the scattered field until it reaches a position z,

given by
b — 52
2s
This catch-up distance can be large for small values of s. Considering the finite -y, the dis-

(2.14)

Ze R

tance for the scattered radiation to catch up to the drive charge itself is z. ~ b. The opening
angle of the relativistic fields in the laboratory frame is given by 1/, and the discontinuity
is found at z = 0. This means to compute the effect of the wakefield just behind the drive

particle, the drive particle would need to progress until z..

~1/v

Figure 2.1: The field from a relativistic drive particle scatters off a metallic boundary located at
z = 0. A particle trailing a distance s behind the particle doesn’t experience this scattered field
until z..

The following sections will describe some general properties of wake potentials and cav-

ity impedances.

2.3.2 Wake Potentials

It is useful to know the integrated effect of the wakefield on a trailing bunch over the length

of the structure. The longitudinal and transverse wake potentials for a test bunch travelling
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on the same or on a parallel path at a distance s behind the driving charge is given by

Wz(f; 7'/,5) = _éf;f dZ[Ez(Fyzat)]t:(ers)/c, (215)
) - % f;f dZ[El + C(ZA’ X é)]tZ(z+s)/c; (2.16)

S
ol
ﬁ\
»

where Z is the z unit vector in the direction of motion, and 7" and 7 are the transverse offsets
of the driving and test charges from the z axis. Conventionally, the driving charge is assumed
to enter the cavity structure at z,¢ = 0 and then exits the cavity at z = g. The longitudinal

momentum kick imparted to a test particle is therefore
5. = —w(s). (2.17)
c

Were e and ¢ both to have the same sign, the longitudinal wake potential is retarding. Simi-

larly, the transverse momentum kick is given by
— e T
pL = ?qWL(S)- (2.18)

These formulae are only relevant for particles travelling at v = c, if this is not the case then

the path that each particle takes through the structure is altered and the system breaks down.

Eqn. 2.15 gives the wake potentials for a point drive particle. In order to calculate
the wake potential behind a driving bunch with an arbitrary charge distribution, the wake
potentials above can be represented by a Green function. Assuming a line density of A(s)
per unit length, the longitudinal and transverse potentials are convolutions of the relevant

wakefield with this offset line density. given as

Vi(s) = [[7ds'Ns— s \W.(s') = [° ds'A(s)W.(s — &), (2.19)
Vi(s) = [ds'A(s— s Wi(s') = [°_dsA(s)Wi(s — ). (2.20)

The total energy loss to the wakefields can be calculated according to

AU = / T dsA(s)Vi(s) = /_ " drl()Vi(r) 2.21)

—0o0 o0
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where 7 = 2 =t — 2 and I(7) = cA(s). The loss factor can now be defined as

AU

k. 7

(2.22)

Equivalently, the loss factor for the transverse dimension over the bunch profile is defined by

k= % / h dsA(s)V.(s). (2.23)

An important theorem concerning the longitudinal wakefield excited in a cavity can now
be derived for a point charge. Assume that the bunch distribution A(s) is short enough for
the delta function wake potential to be treated as a constant on the scale of the bunch length,
ie. W,(s) = W.(0"), where 07 is a small positive distance. By substitution using eqns.
2.19 and 2.21 this yields

1
AU = §q2WZ(O+). (2.24)
The energy loss for a point particle is related to the effective wake potential acting on a
bunch, by

AU = gV (0) = ¢*W.(0) = ¢°ks, (2.25)

where £ is the loss factor for a point bunch. This means that the wake potential immediately

behind a point charge is twice the effective wake seen by the charge itself i.e.
W.(0T) = 2W;5(0). (2.26)

Eqgn. 2.26 is known as the fundamental theorem of beam loading. Another way of phrasing
it is that in the longitudinal dimension, an exciting particle will see half of the potential in

the cavity it excites. This is not the case for the transverse potential.

It will now be shown that the loss parameter found in eqn. 2.10 accounts for this beam
loading theorem. Consider a point charge traversing a cavity and exciting only a single mode

with resonant frequency w,,, hence the potential inside the cavity will be

Vin(s) = — Vi, cos(222), (2.27)

C
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From eqn. 2.27 the peak value of the induced potential must be

Vi = qW.(0") = 2qks,., (2.28)

which makes the longitudinal wake potential

‘/’Z n n
Won(s) = — 7q(5> = 2ksn cos(%), s> 0. (2.29)

By combining eqns. 2.28 and 2.25, we obtain

72
VTL

kn:_a
VTS

(2.30)

which is consistent with the loss parameter obtained in eqn. 2.10.

In order to obtain the longitudinal wakefield for a point charge, the following expression,
which is based on the Condon method [70], can be used [66]

N
WnS

Wz = 2kn y 2.31
(5 = 3 2hncos(=2%) (231)

whereas for the transverse wakefield it must be

N WnS

%% =2T K, sin(—/— 2.32
L5) = 20(5) 3 Kosin( ) (232)

where I'(s) is the step , IV is the total number of modes to be included and K, is the transverse
kick factor.

These equations follow naturally from the previous derivations (eqn. 2.27), where N
is the total number of modes. The parameters k,, and w,, can be obtained by simulation,
using various numerical codes. For the longitudinal wakefield, only the TMj,,o modes are
considered, whereas for the transverse wakefield, both TE;,,o and TM;,,,0 must be taken into

account.

For both the longitudinal and transverse wakefields, the loss parameters can be replaced
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by the respective normalised loss parameters (given in eqn. 2.13). In the case of the trans-
verse wakefield this can be particularly useful, as it removes the need to state any radial
offsets. This will not change the units for the longitudinal case, however in the case of
the transverse wakefield the units will change from [V][C]™! to [V][C]~*[m] 2. This is of-
ten expressed as [V]|[pC]~*[mm]~*[m]~! to reflect the typical orders of magnitude of each

parameter.

2.3.3 Panofsky-Wenzel Theorem

If A, is a vector potential and F, is the field in a closed cavity of arbitrary geometry with
length L, then the total transverse momentum kick experienced by a test particle following a
drive particle is given by [68, 71]

ie [*

L
pL=e¢ / [Vidu(z0)],_, de=— [ [ViE(21)],_, . dz (2.33)
0

W Jo

Here it is assumed that there is no field at z = 0, g and that both end plates are parallel
to the direction of motion. If the driving charge passes through the cavity i.e. s > L then
the longitudinal wake potential can be expressed in terms of the transverse wake potential at

s=ct— zas

aWL . iaﬁL
0s eq Os
1 L
= —5/0 [VJ_EZ(Z7t)}t:5+z/CdZ
VLT (2.34)

This theorem relates the transverse wakefield with the transverse kick experienced from the

longitudinal wakefield.
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2.4 Impedance & Frequency Domain

The resistance of an AC circuit is given by a complex impedance [61, 72]
Z=R+1iX, (2.35)

where the real part R is the resistance and the imaginary part X is the reactance [22]. As
a particle moves through the vacuum chamber it excites currents and voltages from various
discontinuities and other components. The total induced voltage along a particles’ path re-
lates to the beam current through a coupling impedance. For a beam moving with constant

velocity v at an offset r from the z-axis, the longitudinal impedance is given by [72]

Y
Z)(r,w) = —7 / dzE,(r, z) exp(iwt), (2.36)
here the tilde refers to a time varying quantity. By comparing this with eqn. 2.15, it can be
shown that for v ~ c, the longitudinal coupling impedance is the Fourier transform of the

wake potential, i.e.

Zj(w) = /_OO dtW,(t) exp(—iwt). (2.37)

Alternatively for a cavity, the impedance function is the spectrum of the d-function wake
potential in the frequency domain. By taking the Fourier transform of a wake potential,
information about the cavity (w, () and k) can be extracted by fitting a Lorentzian [64] to

each mode. The Lorentzian is given by

2Q, Ky,
T L+ AQ2 (@i — 17

L(w) = (2.38)

where the loss factor k, = [ L(w)dw.

A typical impedance spectrum for an rf cavity can be found in figure 2.2. The beam
pipes at each end of the cavity is a circular waveguide with a characteristic cut-off frequency.
Below this frequency, the impedance spectrum shows sharp peaks corresponding to the lower
frequency cavity modes [60]. Above this cutoff frequency, the modes can propagate through

the beam pipe, lowering their () and creating an overlapping spectrum and a continuous
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Figure 2.2: The impedance spectrum of a typical cavity. This particular spectrum is the PETRA
IIT longitudinal feedback cavity [73]. Distinct peaks are seen at low frequencies that represent
the resonant modes. These modes become more convoluted and overlapping at high frequencies
as they are now able to travel through the beam pipe.

broadband distribution. Many different parameters and figures of merit for cavities have
been introduced. Now the behaviour of cavities in a variety of different circumstances will
be described.

2.5 Normal Conducting vs Superconducting Cavities

Normal conducting (NC) cavities operate at room temperature and are typically made of
copper or stainless steel. The () of a cavity is dependant on the frequency, but for copper at
X-band, the () for monopole modes is typically in the range of 7000-8000. Water cooling is
often used to prevent the cavities from heating during pulses. Superconducting (SC) cavities
are cooled until they are below the critical temperature 7. for the metal in question, such that
the material conducts with low losses. The cavities are normally fabricated using niobium
which has a critical temperature of 9.2K, which causes the cavity () and R to become

extremely high (Q =~ 10'°). These cavities typically operate in the region of 2K.

For CW operation, the power requirements for NC are much higher than for SC due to

the increased losses. However when accelerating high currents and operating at a low duty
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cycle (approximately 1%) [74] the power requirements for SC cavities become much higher

and NC becomes preferable.

SC cavities are concerned with intense surface fields, but the cavity design is typically
focused on H-field reduction on the surface, with different restraints being set that depend
on the critical H-fields (H, for type-I superconductors or H.; for type-II superconductors).
These restraints arise due to the need to prevent the SC cavities from quenching, which could

cause serious damage to the cryostat and surrounding systems.

In Appendix A, the frequency scaling for many of the cavity parameters introduced so
far is derived. Table 2.2 shows how the parameters scale different based on whether they
are NC or SC. By looking at the surface resistance, power dissipation and shunt impedance,
one can see that wall losses are much greater at higher frequencies for SC cavities than for
NC. This is much more of an issue for SC cavities as they need to avoid temperature rise.
The longitudinal and transverse kick factors vary as w? and w? respectively, leading to an
increase in wakefield effects for higher frequencies. This motivates utilising larger cavities
with reduced frequencies and higher R/Q values. This largely influences SC cavity design,
as most SC cavities operate at either 704MHz, 1.3GHz or 3.9GHz, whereas NC cavities can
go as high as 30 GHz. The cavity radius, geometric factor and R/Q, are independent of wall

material, meaning these parameters are influenced by geometry alone.

| Parameter | Superconducting | Normal conducting |
Cavity radius (b) wt w!
Surface Resistance (1) w? w'/?
Power dissipation (P,) w! w12
Stored energy (U) w2 w2
Quality factor (Qo) w2 w12
Shunt impedance (1) wt wl/?
Geometric factor (G) W? WO
R over Q (R'/Q) wt wt
Longitudinal loss factor (k) w? w?
Transverse kick factor (k) w3 w3

Table 2.2: Frequency scaling with cavity parameters for normal and superconducting cases.

This remaining sections of this chapter will describe some simulation techniques used to
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model different types of modes in cavities. A brief section on optimisation of surface fields
will be included, as well as some basic properties of power couplers. These are important to

later Chapters 5 and 6 where novel cavity designs will be introduced.

2.6 Monopole Mode Simulations

Simulating a complete cavity is time consuming and require a lot of computing power. An
effective method of solving this problem is to take advantage of any symmetry planes that
the cavity may possess. This normally manifests itself as azimuthal-symmetry. Simulation
codes are designed to be able to take advantage of this property. Rather than simulating a
full 360° cell, a slice of the cell with appropriate boundary conditions can be simulated in a

fraction of the time.

Figure 2.3: The electric field of a TMy;9 monopole mode in a cavity. Boundary conditions that
allow magnetic symmetry can reduce the simulation time of a cavity. The boundary H; = 0
refers to the tangential magnetic field at the respective plane.

When simulating the monopole mode, these boundary conditions are two magnetic sym-
metry boundaries. This can be understood by observing the field patterns of the monopole

mode and noting its symmetry [75]. Graphics illustrating this can be found in figure 2.3 and
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Figure 2.4: By modelling 10 degrees of the cavity and applying appropriate symmetry condi-
tions, simulation times can be greatly reduced.

figure 2.4.

In order to calculate cavity figures of merit, the fields can be extracted and solved nu-
merically. However it isn’t always apparent which monopole mode has been simulated,
especially when simulating higher order modes. One method of mode determination is to
plot the electric and magnetic fields and to compare them alongside mode patterns for either
a cylindrical or rectangular waveguide [75]. The cavity geometry can often deform the field
pattern making it difficult to accurately determine the mode number, in this case it is possible
to determine the m™ order by looking at behaviour of the loss parameter for increasing radial
offset. For monopole modes, the loss parameter should not vary with offset as there is no

radial dependence.

2.6.1 Floquet’s Theorem

Cavities are not individual cells, they are chains of smaller cells coupled together by a small
opening at the beam pipe. This creates several solutions to the boundary conditions on the
phase of the mode imposed at each end of the cavity, and can create a large number of the

same mode with different phase advances. This will be covered in detail in Chapter 3.
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Figure 2.5: The loss parameter k| as a function of radial offset for a TMo19 monopole mode,
similar to the one shown in figure 2.4.

In a cavity that consists of a chain of coupled cells, it follows that the fields at two
different longitudinal cross sections that are separated by one period differ only by a constant
factor, which in general is a complex number [60]. In other words, the field at the same point
between two adjacent cells varies only by a phase shift. This is known as Floquet’s theorem

and can be written for a TW structure as
E(r,z+ L) = E(r,z) exp(i¢). (2.39)

where ¢ is the phase advance of the cell and L is the cavity period.

Subjecting a cavity to infinite boundary conditions allows periodicity to be assumed from
cell to cell. Each cavity mode can be deconstructed into an infinite set of modes with varying
¢, which is known as a passband, with the gaps in between cavity modes (for example
between the TMy19 and TMy band). When the modes are evanescent it is referred to as

a stopband.

When simulating multi-cell structures, Floquet’s theorem can be used to obtain the phase
advance of a particular mode. By applying eqn. 2.40 the phase is obtained from the electric
field as
E(r,z+ L)+ E(r,z— L)

2E(r,2) (2.40)

cos (@) =
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Figure 2.6: Floquets theorem being used to calculate the phase advance of a mode inside the
TESLA cavity The electric field is simulated numerically (top), and the z-component of the
electric field is extracted (middle). Eqn. 2.40 is then applied to determine the phase advance. In
this case, it is clear the cavity is a m-mode.

When simulating numerous coupled cells, this can be used to identify the phase advance
of a particular eigenmode when it may not be clear which has been simulated. This is shown

in figure 2.6, where the ¢ of a mode found in the TESLA cavity is calculated.

Additionally, it is possible to use Floquet’s theorem extract the travelling wave (TW)
solution from the standing wave (SW) solution. For example, the Superfish code is based on
the simulation of SW’s. It is possible to extract the TW solution by treating the SW as a sum
of two TW’s therefore,

s(2) f(2)+ 1 (2), (2.41)
s(z+L) = f(z)exp(—ip) + f(2) exp(i9), (2.42)
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where s(z) refers to the SW solution and f(z) to the TW, the conjugate dictates a TW moving

in the opposite direction (i.e. with negative phase advance). This gives

s(z+ L) — s(z) exp(i¢) = f(2)(exp(—i¢) + exp(i¢)), (2.43)

enee (= + L) — s(z) expli)
o s(z+ — s(z)expl(2
J(z) = 2 cos(9) '

In order to apply this equation, knowledge of the phase advance per cell is required, which

(2.44)

can be obtained by applying eqn. 2.40. The results of such a calculation can be found in
figure 2.7.

Floquet’s theorem applies equally well to all HOM’s, and can be used to determine the

characteristics of a simulated mode.
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Figure 2.7: The SW electric field is simulated using Superfish (top). The z-component of the
electric field is extracted on axis (middle), then a combination of eqn. 2.40 and eqn. 2.44 can be
applied to determine the TW solution.
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2.7 Dipole Mode Simulations

To simulate a dipole mode, a similar method to the monopole mode is applied, however a 90
degree segment is taken, which is shown in figure 2.8. In this case, the appropriate boundary
conditions are an electric symmetry boundary and a magnetic symmetry boundary. Again,
this is revealed by looking at the field patterns for the dipole mode [75] and selecting the

symmetry planes accordingly.

Figure 2.8: By modelling 90 degrees of the cavity and applying appropriate symmetry condi-
tions, simulation times can be greatly reduced when considering dipole modes. Here, a 90 degree
section of a cavity is shown.

However, care must be taken because these boundaries also allow for the simulation of
sextupoles and other higher order modes. By examining the field patterns and calculating the

kicks at various offsets, this problem is eliminated.

For dipole modes, the order of the Bessel function that determines the radial behaviour
has changed (see eqn. 2.1), meaning the accelerating voltage should approximately vary
linearly with offset close to the origin, with a zero transverse kick at the origin [76]. This is
why great effort is made to keep the beam as centred as possible. The quadratic behaviour

arises from the V2

acc

term found in eqn. 2.10. When normalising the loss parameter according
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Figure 2.9: Both an electric and magnetic boundary are required. However, this can also allow
sextupole modes hence care must be taken when analysing results. The subscript ¢ refers to the
transverse field component.

to eqn. 2.13, it can be seen that the variation with offset is removed.
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Figure 2.10: The loss parameter & as a function of radial offset. A quadratic dependence is
observed, which follows that m = 1.
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Figure 2.11: The transverse kick factor as a function of the radial offset. The kick factor is
normalised such that it is independent on radial offset. This behaviour is seen here.
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2.8 Surface Fields

In order to prevent the onset of rf breakdown, the surface electric fields must be minimised.
In this section, the effect of geometry modifications on the surface electric and magnetic field
will be shown. Figure 2.12 shows a simple unoptimised m-mode pillbox cavity that has been
numerically simulated. This is the basic geometry that will be used, before the edges of the

geometry will be rounded.

Figure 2.12: Geometry for a simple m-mode pillbox cavity.

Figure 2.13 shows two geometries, one with sharp edges (in red) and one where the iris
radius has been rounded (in blue). The surface electric field (normalised to the accelerating
field) for the sharp edged geometry has a peak value of 3.3. For high accelerating gradient (in
excess of 50 MV/m) or long pulse lengths this leads to unacceptably high electric fields and
will result in high breakdown rates. The peak value occurs at the sharp edge close to the iris
as the field is focused into this point. A rounded iris spreads the intense fields over a larger
area, reducing their peak value. It can be seen that a relatively small amount of rounding on
the iris has reduced the peak surface electric field from 3.3 to 2.1, which is within the limits

for rf breakdown.

As shown in figure 2.14, a similar effect occurs when rounding the outer edge of the
cavity. It is in this vicinity that the magnetic field is the most intense, and therefore when
this section is rounded the intense fields are spread over a wider area. As the power loss P,

depends only on the magnetic field, this has the effect of increasing the () by a factor of 1.13,



CHAPTER 2. CAVITIES, WAKEFIELDS & IMPEDANCE

58

_/

N

(a) Blue shows a curved geometry with the origi-

nal sharp geometry in red.

—— Sharp Edged \‘
\

Curved

10 15

s [mm]

(b) Surface electric field for the each case.

Figure 2.13: Surface electric fields for sharp and curved geometries. The curvature reduces the

path length around the cavity.
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Figure 2.14: Surface electric fields for sharp and curved geometries. The curvature reduces the

path length around the cavity.

as well as the shunt impedance R, by a factor of 1.11, this is while reducing the peak surface
magnetic field from 3 mA/V to 2.85 mA/V.

Optimal surface fields and figures of merit for a cavity structure are needed in order to

achieve the design goals. These can be based on one or two parameter optimisation using a

Newton Raphson root seeking method (more information in Section 5) or an N-parameter
optimisation based on Monte Carlo algorithms.
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2.9 Power Coupling

There are several different methods of coupling rf power into a cavity to set up an acceler-
ating field. Waveguide couplers couple particular modes from a waveguide into the cavity
close to the outer radius, typically coupling the magnetic fields of the modes. Coaxial cou-
plers are often used to couple the fields into the beampipes, where they will flow through the
cavity and set up a resonance. A comparison between the different coupling methods, and

an introduction to the physics of designing power couplers can be found in [77].

The loaded quality factor accounts for all losses that occur within the cavity and is given

as
wU

QL - Pc + Pea:t’
where P, is the power flowing through the coupler. The external quality factor can be
defined as

(2.45)

wU
= 2.46
QE Pext ( )
and the quality factors sum as
1 1 1
— =+ —, (2.47)
Qr Qo Qe

where () is the intrinsic quality factor of the cavity and ()i gives the quality factor from any

external losses. This allows a coupling coefficient to be defined as

Pewt_@

= = , (2.48)
6 Pc QE
which means the loaded quality factor can be re-written as
Qo
= ) 2.49
QL T+ 5 (2.49)

The reflection coefficient is a measure of the amount of power reflected back towards the

source when it reaches the coupler, and can be defined as

B —1—1iQoo

c = ; s 2.50

where 0 = (f — feaw)/feav 1S the level of detuning from the cavity frequency. In design-
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ing a power coupler, it is important to minimise the reflection coefficient as it can be very
damaging to the power source if power is flowing in the opposite direction (caused by the
reflection at the coupler-cavity interface). Waveguide couplers have difficulty varying (5 once
the coupler has been manufactured, but they have a much higher capability for handling high
powers. Additionally, waveguides have a lower attenuation meaning more power will be

available when the power reaches the cavity.

It is much easier to tune the [ using coaxial couplers because the penetration depths of
the inner coax can be varied. They are much more compact, but have less capability for
handling high powers. Figure 2.15 shows the reflection coefficient for different values of
(. The tuners on different cavities will aim to achieve 8 = 1, in order to protect the power

source and increase the efficient of the power transfer.
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Figure 2.15: Reflection coefficient for different values of (.

The fundamental principles of rf cavities and some of the associated problems with cavity
design and optimisation have been introduced and discussed. A useful tool will be introduced
in the next chapter, one that allows a rapid determination of cavity mode frequencies for
a large number of cells as well as forming a basis for most theoretical analysis of cavity

systems. This circuit model will be described in the next chapter.



Chapter 3
Circuit Model

An oscillating cavity field can be represented by an RLC circuit. A chain of several coupled
RLC circuits can accurately represent a full cavity structure consisting of many coupled
cells. Using this circuit model, detailed calculations of full chains of accelerating cavities
can be made without requiring full simulations. The circuit model is a very powerful tool
that can accurately model almost any type of cavity excitation.

Some key derivations will be shown that can be used to characterise the monopole modes
of a passband excited in a chain of accelerating cavities. This will then be extended to
include dipole modes. The circuit model described will enable the modes that comprise the
longitudinal and wakefield to be calculated. An important relation that gives the phase shift
of an oscillator when it is excited off resonance will also be included.

3.1 RLC Circuit

Simulating a full structure is relatively time consuming and computationally expensive. A
method to reduce the simulation time is by approximating the cavity as an RLC circuit [22].
The application of RLC circuits to model a chain of accelerating cavities was first explored
by D.E.Nagle et al [78] and they can be used to accurately measure the coupling between
two adjacent cells in a structure. The inductor, L, represents the oscillating magnetic field,
while the capacitor, C, represents the oscillating electric field. The resistor refers to the shunt
impedance of the cavity, and is used to account for any material losses in the cavity walls
caused by a finite conductivity. It is useful to calculate the impedance of a cavity to determine
the effect the cavity will have on the beam. In the case of an RLC resonator connected in
parallel as shown in figure 3.1, Kirchoffs law states that the total current in the circuit should

be equal to the sum of the currents in each of the components. By calculating the current in
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Figure 3.1: A parallel RLC circuit that is analagous to a cavity resonator.

each circuit element, the total current of a parallel RLC circuit is give by

awv v 1
I(t)=C—+ =+ = dt. 3.1

0 Odt+R+L/V 1)
If a monochromatic current and voltage is assumed (at a fixed oscillating frequency), then
phasor representation is employed as I(¢) = I exp(iwt) and V (t) = V exp(iwt). Substitu-

tion into eqn. 3.1 gives [ = Yar (w)V, where the admittance is given by

1 1
Y},mﬂ@}) = R + oL + iwC. 3.2)

The impedance of a parallel circuit is Z,,,(w) = 1/Y,,-(w), then

R
Zpar (W) = : . (3.3)
P 14 iR(wC — 1)
Zypar(w) is maximum when the circuit is at resonance. This occurs when
1
wC = —, 34

wlL
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which means the resonant frequency of the circuit can be given as

1
Wy = —F—=. 3.5
" VIC G-
The circuit has a quality factor determined by
“o
= 3.6
Q Aw I ( )

where the bandwidth is given by the ratio of the resistance to the inductance of the circuit,

R
Aw = —. 3.7
w=7 3.7)
This gives the quality factor for the circuit as
R
Q = RwyC = —, (3.8)
wOL

and allows the impedance of the cavity to be written as

B R
RECCEE)

w

Zpar (W) (3.9)
Eqn. 3.9 shows that if the cavity is excited on resonance, the imaginary component becomes
zero, and the impedance of the cavity is simply given by the shunt impedance, R. However,
cavities are not always excited perfectly on resonance and the behaviour of the cavity in this
regime leads to some very interesting results. Exciting the cavity slightly off resonance, i.e.

with a small amount of detuning, Aw = w — wy and % << 1, it can be seen that

i_ﬂ:uﬂ_wg:(w—wo)(w—}-wo)%QAw. (3.10)
Wo w Wow Wow w
Therefore, the impedance of a cavity can be written as
R
Zoar (@) 3.11)

T 1 4+142Q6
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where
§=2 %0 (3.12)

Wo

The impedance, current and voltage are related as
V=127I, (3.13)

which means that the voltage in the cavity is given by

R

SR
V=17 00

(3.14)

When the cavity is excited off resonance, there is an imaginary component which results
in an additional phase shift between the current and voltage. This is shown in fig. 3.2 which
is an argand diagram of the real and imaginary components on the impedance. In this case,

the impedance has been reduced to

A
V=11iB G
A
Im
__AB
(1+B?)
6
A Re
(1 +Bz)

Figure 3.2: A phasor diagram of the impedance with A = IR and B = 2Q)¢§. The phase shift 6
is caused by off resonance excitation.

From the diagram it can be observed that an additional phase shift of # when not on
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resonance. This phase shift can be calculated according to

tanf = —20Q)9 (3.16)

Eq. 3.16 shows that if a cavity is excited off resonance, then the field will oscillate at the
drive frequency but will have a characteristic phase delay that is dependant on the Q-factor
and the magnitude of the detuning. This statement is in agreement with the general theory of

a driven oscillator [79]. This is an important result that will be of great interest in Chapter 5.

3.2 Single Chain Circuit Model

In practice, a chain of accelerating cavities is used rather than single isolated cavities in
order to maximise the energy gain of the particles. The resistance R represents the shunt
impedance of each cell, and a chain of N-cells is analagous to a chain of N-resistors con-
nected in series. So the shunt impedances of each cavity can be summed. However, each
cavity is now comprised of a series of individual resonant RLC cells. When these cells are
placed alongside each other, the fields from each cell couple with neighbouring cells, shift-
ing their resonant frequency. Now, rather than having one TMy;9 mode, there are N TMy;q
modes, where IV is the total number of cells. This frequency range of allowed modes is
called a passband, while the area in between passbands (for example between the allowable
TMjy19 and TMg29 modes) are called stopbands [60]. The frequency of each mode within the

passband is now a function of the phase advance per cell, ¢.

It is useful to be able to calculate the cell-to-cell coupling between neighbouring cells as
this characterises the cavity behaviour. This will also be able to provide information about the
stability of an excited mode. If there are other modes that have frequencies that are too close
to the operating mode, then it is possible they will be excited instead of the operating mode.
This information can be obtained by using a chain of coupled LC circuits, as shown in figure
3.3. Here, the coupling is magnetic in nature (as shown by the coupling occuring through
the inductors), however this derivation would also be accurate for capacitive coupling [30],
due to the fact that the origin of the coupling is not important as long as it is mathematically

consistent. This model represents an infinite chain of coupled cells (with an infinite number
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of modes in each passband), however, in this case the cells only couple to their nearest
neighbour, as coupling to the next nearest neighbour is negligible unless considering HOM’s

or very large irises. Hence this model is called nearest neighbour coupling [27, 66].

| |
| M- || M |
C 1 K o K u Cnt1
Lm—l Lm—l Lm Lm Lm+1 Lm+1
I —1 Im Im—i—l

o o/ "

Figure 3.3: A single chain circuit model [41]. The inductors act as couplers between nearest
neighbour cells only.

Kirchoffs voltage rule can be applied to cell m to give

(2iw Ly, — Ly + ilppiwMy + il qwM_ =0, (3.17)

)
wCy,
where I,,, L,, and C,, are the current, inductance and the capacitance in the m'" loop,
respectively. M, and M_ are the mutual inductances going from loop m into cells (m + 1)

and (m — 1), respectively. By dividing through by 2iwL,,,

(1— —MleCm)Jm + [mngmM+ + [’”Q‘Llf‘ = 0. (3.18)
A resonant frequency can be defined as
Wiy = ! ) (3.19)
2L,Cy,
which can be substituted back into eq. 3.18 to give
(1— Z—Eg)[m + Im;leM+ Zm;zf‘ = 0. (3.20)
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The current can be normalised in terms of an independant variable as

Qm, am Com,

]m pu— pu— y
WiV L W,
which yields
(1 B %) am + amy1 M + Qg1 M —0.
w2 wmV Ly 2LpwmiivV Lyt 2Lpmwpm—_1V/ Lin—
Multipling eq. 3.22 by WEWZ” to give
1 1 A M Ay M_
(5 = oa)am + = * 4 - = 0.
Wh, W wmmeVLmLmH 2 wmwm,lemLm,l 2

The cell to cell coupling can be defined as

My
nm:t% = :
WmWmz14 / LmLmi%

Additionally, the coupling coefficient can be expressed as

K)mi% = nmi%wmwmil :

(3.21)

(3.22)

(3.23)

(3.24)

(3.25)

In a structure consisting of cells subjected to an infinite periodic condition, the current will

advance by a factor ¢ per cell. This can be introduced as

nm:ﬁ:% =1,
Ay, = Qo€

Eqns. 3.26 and 3.27 can be substituted back into eq. 3.25 to give

1 1 , ) .
(W—2 — E)ageld)m + ga0€1¢(m+1) + gaoezd)(mil) = 0,

(3.26)

(3.27)

(3.28)
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which can be reduced to

(L - i) +ncosp = 0. (3.29)

2 2
ws ow

Assuming that the frequencies of each cell are the same, w,,w,+1 = w?,, this can be written

in terms of the cell to cell coupling to yield

Wi
(1— E) + Kcosp =0, (3.30)

which can be re-arranged for w to give

Wm
W= ——— 3.31
V14 Kkcos ¢ ( )
This is known as the dispersion relation. It accurately models the coupling and can accurately
interpolate the frequency for many intermediate values of ¢, but for this to happen, accurate
values for the frequencies of the 0 and 7 modes must be provided. In the case of ¢ = 7,
Wz = Wy, = w, 1 the resonant frequency of the 7 /2 mode. By substituting ¢ = 0and ¢ = 7

into eq. 3.31, it can be shown that w,. and x can be expressed in terms of the 0 and 7 modes.

2wiw?
Wr/2 = UJ% T2 (332)
w2 — w2
= — 3.33
" wd + w2 (3-33)

These are readily obtained by a wide variety of simulation codes.

The dispersion relation is plotted in figure 3.4 for two different pillbox cavities. Each
cavity has been tuned so that the 27 /3 mode is 11.9942 GHz, however one has a substantially
larger a /A than the other (a/\ = 0.15 vs a/A = 0.12.) The cell to cell coupling for the cavity

with the larger iris is significantly higher, as shown by the increased bandwidth.

As the beam moves through the cavity, it will excite each and every mode within the
passband simultaneously. However, it will strongly excite the mode which is synchronous
with the speed of light. This is because all of the other modes that are excited will destruc-

tively and constructively interfere, as they all have different phase velocities. The mode that
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Figure 3.4: Dispersion curves for the TM19 mode of two pillbox cavities, blue is for a/\ =
0.12, while red is for a/\ = 0.15. The black points are simulation data, while the solid line is
the dispersion relation plotted using the 0 and m modes. The dashed line represents the light line.

has the phase velocity of light is considered to be the synchronous phase. This mode is co-
herently excited and all of the modes superimpose to give a much stronger effect than any
of the other modes which average to zero. This can be represented by the light line (LL), as
shown in figure 3.4. The LL is a visualisation of the phase velocity of light. Where this line
intersects the dispersion curve gives the synchronous mode, the mode that will be strongly
excited by the beam (with a normalised velocity, 5 = 1.). In this case, the mode excited will
have a phase advance of %’r The frequency that corresponds to the LL is given by [27]

b (3.34)

W= —,

L

where L is the cell period.

As the iris gets larger, the quality of the fit between the simulation and dispersion curve
will get worse. This is because eqn. 3.31 has only accounted for nearest neighbour coupling.
To accurately model cells with large irises (/A > 0.16) the model must be expanded to

include next nearest neighbour coupling [80]. The dispersion relation can then be shown to
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become
W

“o V14 k1 cos () + kg cos (2¢)

This must now be applied as a three parameter fit using numerical software in order to

(3.35)

calculate the couplings between nearest neighbour and next nearest neighbour.

There are many extensions to the circuit model that allow very accurate determinations of
some complex situations. For example, the single RLC resonator can be extended to include
a coupler connected to a transmission that removes power from the system [77], which is an
analogy to a cavity that has an attached waveguide or coaxial coupler. The circuit model can
be used to model beam excitation both in the time domain and the frequency domain [8],
and the dispersion curves explored in this Chapter can be used to model cavities with a finite
number of cells [80]. The derivations shown here are key to understanding mode behaviour

in coupled resonant cavities, and will be used to fully understand the beam excited wakefield.

3.2.1 Group Velocity

As seen in Chapter 2, Section 2.8, the power deposited in a breakdown is strongly dependent

on the group velocity of the cell [49]. The group velocity is calculated from [22]

dw
= —. 3.36
Ug dV ( )
Using w = 27 f, and v = ¢/ L, eqn. 3.36 can be re-written as
vy 2rL df
- = 3.37
c c do (3-37)

The length of the cell, and thus the phase advance, is defined in terms of k£ and can be re-

written according to

V — ¢GCC
acc L )

Qﬂ.fCLCC . ¢CLCC
c L’
¢CLCC 27TL
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which means, by substitution

Ug _ qbaccﬁ

c B facc d¢
From eqn. 3.31, and taking ¢,.. = %’T (CLIC phase advance per cell), the group velocity for

(3.39)

a CLIC cell can be determined as

P K sin ¢
¢ 3fuee (14 Ksinp)3/2

(3.40)

Using typical CLIC values, the group velocity can be plotted as a function of ¢, which is

found below in figure 3.5. As the group velocity is linearly dependent on the derivative of the

— a/A=0.15
— a/A=0.12

ve/c [%]

NERE
WIN
o3
k|
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Figure 3.5: Group velocity for the dispersion curves found in figure 3.4.

dispersion curve, the group velocity can be seen to peak at ¢» = 7/2, as shown in figure 3.5.
The larger the bandwidth of passband, the steeper the gradient will be for similar phases.
When designing high gradient accelerating structures, much effort is placed in designing
cavities with low group velocities in order to try and minimise the damage from rf breakdown
[81].

It has been observed experimentally that cavities suffered more damage from break-
down when the breakdown occured in a cell with a high group velocity [49]. This moti-
vated a model that treats the structure as a transmission line and rf breakdown as a load

impedance. The fraction of incident power absorbed during a breakdown, assuming the
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breakdown impedance is small compared to the structure impedance, scales as [82]

U; sin (¢) 2

(R/Q)2 ¢ sin (¢) —+ 2Ug coS ((b) Eacm

Pps ~ (3.41)
where ¢ is the phase advance of the cell, v, is the group velocity and £, is the accelerating

gradient.

This is a key motivation for keeping the group velocity of a structure low. While it may
not affect the breakdown rate, it does affect the ability of a cavity to operate reliably after

undergoing several breakdowns.

However power flow through the cavity depends on the group velocity of the structure,
therefore the filling time of the cavity depends on the group velocity. An optimum needs to
be found for TW structures such that the cavity can fill quickly to maintain a high efficiency,
without having a group velocity that will deposit a large amount of power in the event of a

breakdown.

3.3 Double Chain Circuit Model

In a single uncoupled pillbox cavity, the dipole modes independent of each other. When
an iris is introduced the dipole modes begin to couple with both TE and TM modes in the
adjacent cell. The modes are now hybrid and can take the form of both TE and TM modes,
and these modes couple to each other with different strengths. The equivalent circuit found
in figure 3.6 is capable of accurately modelling dipole mode coupling in a cavity chain. A
separate chain of cavities is added, where one chain represents the TE modes, and the other
represents the TM modes. These can then couple to all of the other cells in both TE-TE,
TE-TM and TM-TM.

A similar treatment can be given to the central cells for both the TE and the TM circuits.
In this case, the corresponding parameters for the TM modes are denoted by a hat, and the TE
modes are kept clear. Kirchoffs voltage rules can be applied, the current can be normalised

with an independent variable as before, and two separate sets of equations can be obtained.



CHAPTER 3. CIRCUIT MODEL 73

| |

| M- | M, |

C 1 K a o ) Cm+1
Lm—l Lm—l Lm Lm Lm—|—1 Lm+1 TE
Im_l Im Im—l—l

¥ My ¥ My ¥

Im_l Im Im—l—l

- A A A - . T™
Lm—l Lm—l Lm Lm Lm+1 Lm+1
Cnt w7 Com w* Cont1
HEYHEY

Figure 3.6: A double chain circuit model. A second cavity chain is added so that both the TE
and TM modes can be modelled independently, and a term is introduced to allow cross coupling
between the modes.

For the TE modes the corresponding equation is given by

( 1 1 +77m+1/2 Nm—1/2 _V 77m+1;277m+1/2&

— 5 )0mt————Qpm1+ Am—1
2 w2> 2 2

m+1"" m—1,

\ Nm—1/2"m—1/2 s
2

(3.42)

while for TM modes it can be shown that

1 .. ﬁm+1/2 N Thm—1/2 / Nm+1/2Tm+1/2 \V Mm—1/2Tm—1/2
(@%_E)am_Tamﬂ_ 5 Um—1 = — 5 A1+ 5 Am—1,

(3.43)
where the "hat’ refers to parameters in the TM band, and without the hat refers to parameters

in the TE band. The rest of the parameters have the same definitions as found in Section 3.2

As before, the periodic boundary conditions can now be applied by using eqn. 3.27, and

the cell to cell coupling can be re-written in terms of x and & using eqn. 3.25 to give for the
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TE mode
2 . A
(1= “™)a + ar cos ¢ = le’masm o, (3.44)
w Win
and for the TM mode
) . =
(1— )i — akcos ¢ = =" asing. (3.45)
w m

Eqns. 3.44 and 3.45 can be expressed in matrix form as

14k cos ¢ jVkksin ¢ a 1 a
w,zn WmWm —_
_ jVkksing  1-—Rcos¢ (d) =2 (d) : (3.46)
Wi @Om @2,

Finally, by taking the determinant of eq. 3.46 as (Det(H — ) = 0), where H is the 2x2
matrix on the LHS of eqn. 3.46 then the dispersion relation for coupled dipole modes can be

calculated as

1+ Kkcosp 1 ,1—kcosgp 1 Kk . o
<—w72n _EXT_F)_ ) sin” ¢ = 0. (3.47)

It can be seen that this formula incorporates the individual TE and TM dispersion curves,
but also with an added coupling term. It is important that the frequency’s for the O and =
modes are selected correctly, in order to ensure that both coupling coefficients 7 and 7 are
positive [80]. This can be done by observing the field patterns, and discerning which mode
is a forward travelling wave (w, > wy) or a backward travelling wave (w, < wy). As before,
the resonant frequency w,,, and w,, and the coupling coefficients 7 and 7) can be solved in

terms of the 0 and m modes, with w,,, = w, and w,,, = &, [80]

2w2w? Wl — w?

Wy = m0 and n=32L T (3.48)
w2 4 w? w2 4+ w?
g 0 iy 0
200202 02— 2

Wy = 4| =" and = 22— (3.49)
2 2 2 2
wz + wz + Wy
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By combining eqns. 3.47, 3.48 and 3.49, the dispersion curve for the TEq;; and Tyqy
dipole modes can be plotted alongside the light line.
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Figure 3.7: Coupled dispersion curves for the TM119 and TE;;9 modes of a pillbox cavity.
The black points are simulation data, while the red line is the dispersion relation. The dashed
line represents the light line. The data required can be obtained by simulation using HFSS or

TRANVRS [83].

Figure 3.7 shows the coupled dispersion curves for the lowest TE and TM modes in a
coupled pillbox cavity. The synchronous modes that comprise the transverse wakefield are
found at the intersections between the light line and the dispersion curves. The TM mode
is the forward travelling wave, while the the TE mode is given by the backward travelling
wave. The opening of the iris allows the TE and TM modes in cell n to couple to the TE and
TM modes of neighbouring cells. In the absence of coupling, then there would only exist one
TE and TM mode, there would constant frequency for any phase advance. When the modes
are coupled, it is not possible to excite one mode without exciting the other. This gives rise
to the avoided crossing that is often seen in dispersion curves. The closer the modes get to

one another, the weaker the coupling between the two modes.

Finally, before a study on collinear acceleration and multi-harmonic cavities can begin, a
brief introduction into some fundamental principles of wakefield acceleration will occur. The

next chapter will describe some potential candidates for the next generation of high gradient
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machines that utilise wakefield acceleration.



Chapter 4
Wakefield Acceleration

This chapter will introduce several different mechanisms for wakefield acceleration. These
range from theories developed in the 1980°s by G.A.Voss and T.Weiland, to more contem-
porary methods using plasma physics in order to achieve accelerating gradients on the order
of 10 GeV/m or more. Important parameters that determine the efficiency of power transfer,
the transformer ratio and the beam to beam efficiency, will first be introduced.

4.1 Overview

There are two important parameters that need to be considered when discussing wake field

acceleration schemes. These are the transformer ratio, 7, the beam-to-beam efficiency, 7.

The general form of the transformer ratio is defined as the ratio of energy gain by a test

bunch to the energy lost by a drive bunch, given by
T =+ 4.1)

however in the case where both the drive and test bunch have Gaussian profiles, and are both

travelling with 5 ~ 1 through a symmetric cavity, the simpler form

Vr

T=v,

4.2)

can be used, where V7 p is the voltage seen by the center of the test and drive bunch at the
center of the cavity. The former case can be applied to any scenario, and is an extremely
robust method for calculating the transformer ratio. The latter case is much more specific,
and breaks down under many different scenarios (for example, when there is more than one

mode present, or when the fields in the cavity do not follow idealised longitudinal profiles).

7
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Several different types of wakefield accelerator will now be described, with some basic

theory relevant to each setup provided.

In 1982, G.A. Voss and T. Weiland published an article outlining the concept of a simple
wakefield accelerator [84]. A pillbox cavity is used that has three beam tubes attached, one
traversing the center of the cavity, and two traversing near the edges of the cavity. A high
current low energy drive bunch passes through the outer tubes, moving through an area of
low impedance and exciting a field inside the cavity. These fields propagate towards the
center of the cavity, where a high energy low current test bunch, moving through an area of
high impedance, can be phased to arrive and see the superposition of these two wakefields.

The layout is shown in figure 4.1.

17

:1_7 — —

Figure 4.1: Two drive bunches (bunch I) transit a pillbox cavity at the edge, the wakefield moves
through the structure to the origin, where a test bunch (bunch II) sees the superposition of the
two wakefields.

An experiment of this setup can be used to achieve very high gradients (speculatively
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it could reach Ey ~ 600 MV/m with n = 16% for high drive currents). This is because
the drive bunches at the outer edge see only a small decelerating field with each particle
depositing only a small amount of energy, but because of the high current, the sum of all

energy deposited over the entire bunch is very large.

In the case where the drive and the test bunches are moving collinearly (on the same axis)

through a cavity on resonance, the potential within the cavity is given by

V(t) = —/t IEYW,(t —¢')dt'. 4.3)

—0o0

The contribution of mode n to W, is 2k, cos(w,,t). With a constant current /, the potential

inside a rectangular bunch (—t, < t < t;) is

0
Vo(t) = —[/ W.(t —t)dt' = —2[k—n sin (wy, (t + t3)) 4.4)
—t

Wn
The potential behind the bunch is

t
ko .
vVt =T / W, (t —t')dt' = —41— cos (wyt) sin (wyt) (4.5)

Wn

Setting w,t = 7 allows the minimum potential inside and the maximum potential outside

the bunch to be calculated as

kel
Vo= -2 (4.6)
Wn
kol
V=4 (4.7)
Wn,

therefore 7 = 2 [85].

It is possible to increase this maximum limit. One method is to have additional modes
at harmonics of the fundamental frequency. Applying a similar method to before it can be
shown that in this case 7' < 2v/2. A different approach is to vary the drive bunch distribution
in such a way that each particle within the bunch sees the same decelerating field [86]. This
was explored by K.L.F. Bane et al and they found that using a ramped drive bunch, each

particle within the bunch can deposit the same amount of energy, this allows transformer
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ratios up to values of between 6 and 8. However, any deviation from the planned ramped

bunch shape gives a sharp drop in 7" and reduces the efficiency of the transfer.

Annular drive beams have been explored by Lau et al [87], that show by using a cylindri-
cal drive beam to excite a TMyy, in a normal conducting cavity, transformer ratios approach-
ing 14 can be achieved. In this case the test beam traverses the centre of the cavity. These
studies show that larger transformer ratios than 2 can be achieved, however these bunch

profiles can be difficult to generate and maintain.

There are two methods for wakefield acceleration that have been under extensive study,
and will likely become the basis for high gradient acceleration. These will be described in

the following two sections.

4.2 Plasma Wakefield Acceleration

Acceleration via rf technology is currently limited by issues with rf breakdown and pulsed
surface heating. Despite this, the achievable gradient is also limited by current klystron tech-
nology, with issues occurring beyond approximately 150 MW. In order to push the acceler-
ating gradient beyond the current limit of approximately 150 MV/m, new technologies need
to arise that will take particle acceleration into a new phase of operation. Plasma wakefield

acceleration is one of these new technologies.

The concept of plasma wakefield acceleration entails a drive bunch (electron, proton or
laser) being sent through a column of plasma. The space charge fields from the drive bunch
repel nearby plasma electrons. These electrons are now attracted back to the ions (which
have remained stationary) and set up an oscillating wakefield. A test bunch is phased to
arrive at the peak electric field of the oscillating plasma wakefield and experience a high

accelerating gradient.
The electron plasma waves can sustain electric fields on the order of [88]

By = 4.8)
e

where m,. is the mass of the electron with charge e, and w, is the electron plasma frequency,
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2
wp = 4| ==, (4.9)
TMe€Q

where n is the ambient electron density and ¢ is the permittivity of free space. Accelerating

given by

fields are therefore proportional to the electron density as

Eo[Viem] ~ 0.96n;*[cm™]. (4.10)

For ng = 10'® cm~3, £y ~ 100 GV/m, which is approximately three orders of magnitude

larger than conventional rf technology [88].

In the case where the drive bunch consists of protons, the plasma electrons are now
attracted toward the drive bunch. This gives rise to a similar effect, but it occurs in reverse
and the phase of the oscillating waves is altered. There are two distinct regimes that govern
the theory of the plasma oscillations, the linear regime and the blowout regime. In the linear
regime, a much simpler formalism can be used to describe the behaviour of the plasma
electrons [88]. When all of the plasma electrons are cleared from the the region behind the
bunch leaving only the ions within the ion channel, it is known as the blowout regime. The
blowout regime is not formalised within linear theory, however it is included in models using

non-linear theory and is confirmed by simulation [89].

In order to analyse the beam to beam efficiency of such a setup, the analysis must be
split into two components. The efficiency of transferring drive beam energy to the wake,
and the efficiency of transferring energy of the wake into the test beam. The first part can
be calculated by determining the wake excitation and the distance over which it acts. This
is limited by drive beam depletion [90]. The second can be determined by beam loading

calculations.

Beam to wake efficiency in the blowout regime is typically higher than the 50-60 % esti-
mated from linear theory. Simulations with a Gaussian distributed drive bunch with 3x10'°
electrons and a plasma density of 10*®cm™2 have shown that the peak decelerating field is at
a maximum close to the beam centre and is constant in radius [90]. In this case, 81% of the

drive beam energy was transferred to the wake. As mentioned in the previous section, this
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value can be increased by tailoring the drive bunch such that all particles deposit the same
amount of energy into the wake. This could potentially increase the beam to wake efficiency

to approximately 90%.

It is possible to obtain beam loading efficiencies of 100%. This occurs when the wake
behind the test bunch is 0, or when the test bunch is very short (at the expense of 100% energy
spread). However, when the bunch becomes too short, the test bunch itself begins to excite
non-linear wakes, thereby complicating the issue [91]. Tzoufras et al [92] have developed
a theoretical framework for beam loading in the non linear regime. They conclude that
for shaped test bunches, beam loading efficiencies can exceed 90% while maintaining low
energy spreads and emittances. However, for unshaped Gaussian bunches, high efficiencies

and low energy spread can still be acquired.

The transformer ratio for a plasma wakefield accelerator adheres to the guidelines set in

the previous section for collinear acceleration, it is not greater than 2 for symmetric bunches.
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Figure 4.2: Image courtesy of R. Ischebeck. The drive bunch clears away the electrons as it
traverses the plasma. The electrons fall back towards each and set up an oscillation, forming
regions of dense electrons where high gradients are observed.

The high gradients predicted by theory have been shown experimentally by 1. Blumenfeld
et al at SLAC [93] and a figure of the experimental setup can be found in figure 4.2. A drive
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bunch consisting of 42 GeV electrons traversed an 85 cm long column of lithium vapour.
Rather than use a separate test bunch, a long drive bunch is used that will allow the tail
of the bunch to see the high accelerating fields created by the head. As long as the radial
electric field of the bunch exceeds the field ionisation threshold, then ionisation will occur
in a very narrow region in front of the beam. This ionisation front produces a plasma that
has a radius that is much larger than the beam itself. Keeping the beam density above this
plasma density threshold, the plasma electrons will constantly expelled from the volume of
the electron pulse, leaving the more massive ions behind. This then initiates the procedure
described previously to set up an oscillating plasma wakefield. This longitudinal wakefield
varies along the bunch, decelerating the core of the bunch but accelerating the particles along
the back. The ions that remain in the plasma also provide a focusing force for the electron

drive bunch, allowing the bunch to move beyond many diffraction lengths [93].

After the bunch has traversed the lithium column, a 1 m dipole magnet bends the particles
with a radius that is dependant on the particle energy, which then collides with a series of

YaG screens in order to determine the energy of the bunch.

Fig. 4.3 shows the results of this experiment. As expected, the majority of the bunch en-
ergy remains constant, however there are some particles which have been accelerated up to
85 GeV, over doubling their initial energy. The experiment is well predicted with PIC simu-
lation. This energy gain corresponds to an acceleration gradient of approximately 52 GV/m.
This indicates that such gradients can be sustained over lengths on the order of 1m, achieving
the same energy gain as in that distance as the SLC achieved over 3km. However, one of the
fundamental challenges facing plasma wakefield acceleration is showing that high gradients
can be achieved with little energy spread. Even so, these results are promising for future high
gradient machines, and show that plasma wakefield acceleration could be a viable method of
acceleration in the future. The next key step in this area would be to attempt to accelerate a

compact bunch with high gradients while maintaining a small energy spread.

4.3 Dielectric Wakefield Acceleration

Another scheme that could provide high gradient acceleration is the dielectric wakefield

accelerator [94]. In this case an intense electron drive bunch traverses the hollow core of a
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Figure 4.3: Plasma wakefield experiment performed at SLAC. A 42 GeV electron beam has
managed to double the energy of a small amount of electrons [93].

cylindrical dielectric pipe (found in fig. 4.4.) This bunch excites e.m. fields in the form of
Cerenkov radiation (if the particle is travelling at a velocity faster than the velocity of light
in the medium). The emission is due to an asymmetric polarisation of the medium in front
and at the rear of the bunch, giving rise to a varying electric dipole momentum. These fields

can then be used to accelerate a test bunch of lower intensity.

All of the excited modes have a phase velocity equal to the velocity of the bunch (in this
case, v = c). The amplitudes of these modes depend upon the pulse length and the profile

of the drive bunch. For a Gaussian drive bunch of N particles with width o, the excited F,
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Figure 4.4: A typical setup for a dielectric wakefield accelerator [94].

field at a distance 2 behind the drive bunch is given by [95]

2Ne Jo(sab) No(sra) — No(sxb)Jo(sra) W) (wyo,)?
E, = zA _ 7
b = [(d/ds)[Jl(sb)Ng(sa) - JO(Sa)Nl(sb)Hs:sA] cos v %0) exp 2¢2 )
4.11)
where the wave numbers s, are the roots of
J1(sxb) No(sra) — Jo(sxa)Ni(sxb) =0, (4.12)

with J,, and N,, referring to the nth order Bessel Functions of the first and second kinds,

respectively.
The resonant frequencies of the modes excited by the beam are given by

S)C

Wy = —(6 — 1)1/2.

(4.13)

As can be seen in eqn. 4.11, there is a inverse relation on b. This means that if b is
reduced, the excited E, field increases. Proof of principle experiments have been performed
at Argonne’s Advanced Accelerator showing gradients of 10 MV/m at X-band (b ~ cm)
[96]. Experiments on dielectric breakdown in structures with small b (THz-scale) have been
performed at the final focus test beam facility at SLAC, with dimensions ¢ = 162um and

b = 50pum [97]. With these parameters, a maximum accelerating gradient of 16 GV/m was
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found with a peak decelerating field seen by the beam was £/, = —11 GV/m [98]. This gives
a peak transformer ratio of 1.45. However, it is unknown whether these gradients can be

sustained over meter long distances while maintaining coherent acceleration.

Methods of increasing the transformer ratio have been investigated by A. Kanareykin and
A. Altmark [99]. They have found that by introducing a type of coaxial dielectric waveguide
structure, shown in figure 4.5, and exciting the structure using an annular drive bunch. Then

transformer ratios up to 4.5 can been simulated.

The structure itself consists of a typical dielectric cylindrical waveguide being surrounded
by a larger waveguide made of a different dielectric material. Vacuum fills the gap in between
the two coaxial cylinders. An annular drive bunch traverses this gap, exciting fields within

the inner region of the dielectric waveguide, where a test bunch sees the excited field.

Figure 4.5: A coaxial dielectric structure capable of transformer ratios > 2. Blue is the annular
drive bunch, while red is the test bunch.

Another method of high gradient acceleration that could potentially provide gradients in
excess of 100 MV/m, while not succumbing to the damaging effects of rf breakdown and
pulsed surface heating is the two beam acceleration concept described in preceding chap-
ters. This concept could potentially bridge the gap between current rf technology and future

plasma or dielectric technology.



Chapter 5
Single Mode Detuning

A method of beam driven acceleration by intentional cavity detuning will be explored,
with derivations of the transformer ratio and the beam to beam efficiency also being
included. This chapter will then verify, both by numerical modelling and simulation, the
key principles of cavity detuning for a 7-mode SW cavity.

5.1 Fundamental Mode Detuning for Collinear Two-Beam Accel-
eration

A high transformer ratio two beam accelerator using detuned cavities was first proposed by
Kazakov et al [100] in 2008. Much of this section is based on the work originally proposed
by Kazakov ef al [100, 101] and the theoretical work was performed by Y. Jiang ef al [8]. The
numerical modelling and time domain simulations found in the final section of this chapter

are an original contribution to the study.

A cylindrical cavity that has its TM(;¢o mode frequency slightly detuned away from the
drive bunch frequency can allow high current drive bunches to be decelerated and the low
current test bunches to be accelerated. Both drive and test bunches are interleaved such that
they propagate collinearly along the cavity origin, however as it will emerge, the bunches
can be travelling either in the same direction or in opposite directions. This concept also
allows the excitation of several harmonically related modes within the cavity for the raising
of breakdown and pulsed heating thresholds, however this section is limited to the discussion

of single mode detuned cavities.

When a drive bunch excites a cavity on resonance, the F,-field builds up over time until
it reaches a steady state value that depends on the cavity () with a field oscillating at the

cavity frequency. It is clear in this case that the transformer ratio will not be able to exceed

87
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unity for symmetric drive bunches as the drive bunch is arriving at the peak decelerating field
within the cavity. However, if the cavities are detuned, then the system begins to act as an
oscillator driven off resonance. This results in two modes being excited, initially a mode at
the cavity frequency, but the cavity mode decays and the result is an oscillation at the drive
bunch frequency with a phase shift. This means the drive bunch is no longer arriving at the
peak decelerating field. This is shown in figure 5.1. The solutions to a lightly damped drive
harmonic oscillator [79] are plotted for two different cases. For resonant driving it can be
seen the amplitude builds up over time before reaching a steady state value. For driving off
resonance it shows a small amount of beating for low ¢ before the oscillator mode decays

and steady state 1s reached where it is now oscillating at the drive frequency.
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Figure 5.1: The solutions for a lightly damped drive harmonic oscillator, for the cases where the
cavity is driven on resonance (red) and off-resonance (blue).

Without loss and driven off-resonance, the current and voltage are 7/2 out of phase,
meaning the peak electric field in the cavity occurs 7/2 after the drive current. However,
since a test bunch can be phased to arrive at an arbitary time after the drive bunch, drive
beam voltage and test beam current can be in phase so that work is done on the test beam
particles by the drive beam [102]. Thus, energy is gained by the test beam and an equal
energy is lost by the drive beam. The transformer ratio in this case is the ratio of the currents

— Ip
T=7

With losses included in a detuned cavity, the drive beam voltage will lag or lead the drive
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Figure 5.2: A phasor diagram of a cavity driven off resonance without loss (left) and with loss
(right).

beam current depending on the sign of the detuning. This differs from the typical situation
of cavities driven at resonance, where the induced voltage has a phase to give maximum
deceleration which is linked to the arrival phase of bunches in the gap. With a non negligible
test beam current, each current comprises a source that induced a voltage across the cavity
gap which is a phasor sum of voltages seen by both beams [102]. The phase differences
depend upon the degree of detuning, and an optimum difference can be found by simply

adjusting the magnitude of the detuning.

This principle of two beam acceleration using detuned cavities does not depend upon
the mass of either drive or test bunch. Hence this is also a mechanism that could allow

acceleration of protons muons or heavy ions using an electron or proton drive beam.

5.2 Theory

Appendix B contains a full derivation for off-resonance beam driven cavities. The theory
is derived by first considering a chain of coupled RLC circuits which are then excited by
bunches that have been decomposed into their Fourier components. The definitions for each

parameter can all be found in the Appendix and the important results will be discussed here.

For simplicity, the magnitude of detuning assumed to be the same for all cavities, how-
ever it may be advantageous to employ different signs of detuning in alternate cavities. These

are henceforth referred to as ’fixed” and “alternate” detuning.
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The test beam current Ir(z,t) propagates along the Z direction, with the drive beam
current I (z, t) propagating along either the Z or the —Z direction. Both beams are travelling
on axis and both of these currents can be considered as a superposition of harmonically

related modal currents, with frequencies w, and wave numbers kr, and kp,,
Ip(z,t) =Y Iyl —hrton) (5.1)
and

Ip(z,t) =Y Ipe'tst=hpslemzorton,), (5.2)

Ws

Bre
with S and Sp the normalised particle velocities, s is the mode index and z

where ¢, and ¢p, are the initial temporal phases of the modes, the wave numbers k7, =

Ws

Bpc
is the separation between the drive and the test bunches.

and kp, =

Therefore,

I(z)e™ = Ip (2,t) + I (z,1). (5.3)

The steady state electric field in the n' cavity can be written as a Fourier series
E.(z,t) =Y By(z)e™, (5.4)

where E = % and g is the cavity gap. The electric field for each mode is given as

R 1 nA+3
E = - I(z)dz. .
= 9T rigs 1O 5:5)

It can be shown that the F/;-field in the cavity is

—i6n,
() = Rs e IpOp(Ee=@rrhrnd) 4 o=i(ép+hp(nA=z0))) (5.6)

29 \/1 + 4Q262
where 6, = tan~'(2Q0,,) is the phase angle between the electric field and current. 6, =
(—1)5"5 for £ = 0,1 (fixed or alternate detuning), O p is the transit time factor, A is the

cavity period and 7 is the shunt impedance.
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The propagator is now calculated [102]. This is the factor that propagates the electric

field and the current from one cavity into the next. The first term required is

B.(z=A)

E.(z2=0)

Iy = (5.7)

which can be calculated by substituting n = 1 and n = 0 into eqn. B.20 and taking the ratio.
Therefore, the following expression can be obtained

gefikTA‘i’iQﬁT + eka (A*ZO)%»’L'(f)D

= —i2¢0
HE B fei(bT + ei(szO+¢D) € ' (58)

The second required term is
Iy = TG=0) - et (5.9)

In order to achieve phase synchronism, it is necessary for the ratio g—; be equal to a real
number i.e. with a zero imaginary component. For this to occur, there are four cases that can

be explored. Fixed and alternate detuning with parallel and anti-parallel beams.

Firstly, for fixed detuning £ = 0, the imaginary component vanishes when

Bp

___ 5.10
6T 1 + Qm;\rZBD ( )

while for alternate detuning £ = 1 so it is necessary to evaluate the relation in the limit where

the modified current ratio ¢ — 0, i.e. that the test beam current is much smaller than the drive

beam current. This leads to

Bp

- (m R

Br

5.11)

These synchronism conditions give some straightforward guidelines about the architec-
ture of a two beam accelerator for various parameter regimes. It is assumed that 57 > 0
but that 5p > 0 for parallel beams or S, < 0 for antiparallel beams. With fixed detuning
and highly relativistic test particles (5r &~ 1) and drive particles (Sp & 1) it can be seen for

the case of m = 0 from eqn. B.29 that synchronism can be achieved for arbitrary values of
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2re/wA = M\/A, where ) is the bunch spacing. For m = 1, synchronism requires A ~ \/2
but only for antiparallel beams. This places a restriction on the transit time factor, and can

also can make the gap g much smaller than the cavity spacing A.

The acceleration of moderately relativistic particles (5 < 1) with a highly relativistic
drive beam (|5p| =~ 1), is possible for fixed detuning with parallel beams so long as m > 1.
However, this would require A << \ for low values of 31, which results in low energy gain
for test particles crossing each cavity. This is the same with fixed detuning and antiparallel

beams for small values of Sr.

As a result from these restrictions, the ideal configuration for a two beam accelerator of
initially low [r test particles is with alternate detuning. Synchronism can now be obtained
with antiparallel beams Sp ~ —1 for § ~ —m/2 and Sy < 1, for all values of negative m
including zero, and for values of A/\ that satisfy eqn. B.30. For low values of 7, synchro-
nism can prevail if A\ is low enough. If this is too low, a scheme with M cavities detuned
positively followed by M detuned negatively can be used. These schemes can yield transit
time factors close to 1. This is the favoured choice for acceleration of low- [ particles,
i.e. protons into the GeV range, while parallel beams are better suited for acceleration of

electrons or positrons into the TeV range.

The transformer ratio can now be calculated by imposing the synchronism conditions on
5.6. An additional factor exp (iwt) needs to be included to account for the time varying field
in the cavity. By calculating the real part of the £ field at the correct time, the transformer
ratio can be calculated from 7 = % It can be shown that the corresponding fields for the

drive and test bunches are given by

Er(nAtr) = g—;%(g cos ¢ + 2Q0¢ sin ¢r
+cos[kpzg — (kp — kr)nA + ¢p] (5.12)

+2Q0d sin[kpzy — (kp — kr)nA + ¢p))



CHAPTER 5. SINGLE MODE DETUNING 93

Cavity Chain

Test Beam

Test Beam

Drive Beam

Drive Beam

(a)

cavity chain jon beam

ion beam

electron beam

electron beam

(b)

Figure 5.3: High transformer ratios can be achieved in the case where the drive and test bunches
are propagating collinearly in both parallel and anti-parallel situations. (a) can utilise fixed de-
tuning while the setup in (b) can be used for alternate detuning. Image reproduced courtesy of
Y. Jiang [103].

and

ED(HA,tD> = %%(cosgﬁp—i—QQésmd)D
+< COS[ICDZO - (]{ZD - I{ZT)TLA - ¢T] - (513)

2Qds sin[kpzo — (kp — kr)nA — or]).

Eqgs. 5.12 and 5.13 provide the basis from which a range of parameters for an accelerator

setup can be explored. Here, only the electron model will be mentined.

For ultra relativistic electron acceleration, the drive beam and the test beam have Sy ~
fp ~ 1, the beams propagate in the same direction so kr = kp = k = %. The transit time
factors are equal ©p = O1 = © which means the modified current ratio is just the current
ratio itself ¢ = % The initial phases are chosen to be ¢, = ¢p = 0. This gives the field

seen by the electron test beam as

R, ©OIp

ET(TLA, tT> = %14—4—@(52

(¢ + cos kzg + 2Q0d sin kz), (5.14)
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while for the co-propagating electron drive bunch the electric field is given by

R, ©OI .
Ep(nA,tp) = ET&(VG + ¢ cos kzyg — 2Qd¢ sin kz). (5.15)

By choosing the appropriate phase delay between the test beam and the drive beam, then
the equation for the transformer ratio can be determined. Therefore
(¢ + coskzy + 2Q6 sin kz)

= . 5.16
T (14 g coskzy — 2Qds sin kzp) (5.16)

For zy = (2j — £)% with j = 0 or an integer, then

¢ — 206

7= 1+ 2Qd¢

(5.17)

Eqn. 5.17 is the beam loaded transformer ratio, and it takes into account the field excited
by the test bunch as the well the drive bunch. It is clear to see that when ¢ = 0, the equation

reduces to the unloaded case, which is simply given by
T = —20)9, (5.18)

which is simply the magnitude of the detuning (as seen in eqn. 3.16).

The beam to beam efficiency can be shown to be given by

~ 2Q0 —¢*

i

(5.19)

Transformer ratios in excess of 1 are easily achievable by designing cavities according
to this equation. Beam loading causes a large reduction in the transformer ratio while in-
creasing the beam to beam efficiency, as can be seen in figure 5.4. For small values of ¢, the
transformer ratio is very sensitive to the test beam current. The transformer ratio depreciates
rapidly until the test bunch current is approximately 20 % the drive bunch current. By this

time the transformer ratio has reduced to about 25 % the of the unloaded case.
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Figure 5.4: Transformer ratio and beam to beam efficiency as a function of the modified current
ratio.

These results are important and show that efficient collinear acceleration is possible.
These findings will be verified by modelling and time domain simulations in the following

section.

5.3 Modelling and Simulations

5.3.1 Standing Wave Pillbox Cavity

A pillbox cavity geometry will be used for a variety of simulations in order to verify the
fundamental detuning principles. The cavity geometry can be found in figure 5.5. The A
specified in the parameters is the A corresponding to the drive frequency of 11.9942 GHz.
The height of the end cells and the central cell is optimised in order to achieve a field flatness
of less than 0.1% with a fundamental frequency of 12.1156 GHz, which allows 7 = 10 for
@ = 500. The conductivity of the material is varied arbitrarily to achieve the required ()

value.

The field contours can be found in figure 5.6, the beampipes are of a length that allows
the cavity field to attenuate sufficiently prior to the beampipe. The length was made slightly

longer than required to avoid any issues with stray charges on the boundaries when perform-
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] Parameter H Units \ Value \
b mm 9.6
b T mm 1.5
r a a/A | 0.1
- 9 - A/2
| bond mm | 9.6
a g

Figure 5.5: Geometry of a single cell with parameters listed on the right.

ing the time domain simulations found later in the chapter.

Figure 5.6: Field contours of a three cell SW m-mode cavity.
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Figure 5.7: Axial E,-field profile of a three cell SW w-mode cavity. The average accelerating
gradient is normalised to 100 MV/m.

RF parameters for this cavity can be found in table 5.1. Here, O refers to the transit time
factor for a single cell of the cavity. Multi-harmonic cavities will undergo similar simulations
in Chapter 7, therefore it is important to be able to verify the surface properties between

eigenmode simulations and time domain simulations of detuned accelerating structures. The
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’ Parameter H Units \ Value ‘

fe GHz | 12.1156
k| V/ipC | 9.12
Q - 500
e - 0.724
10} - s

Esmaz/Eo - 4.69

H, maw/Eo | mAIV | 8.7

Table 5.1: RF parameters for a three cell pillbox cavity.

surface fields of the cavity were extracted and plotted and will be used as a benchmark for

the time domain simulations shown in Section 5.3.4.

This cavity design can maintain a high degree of field flatness for a large number of cells.
The rf parameters of this cavity will be modelled numerically for the case of a single mode
detuned accelerating structure, both by theory and particle tracking. The discussion will then

move onto time domain simulations verifying the key principles.

5.3.2 Excitation Model

This section will derive a simple model based upon the simple behaviour of fields in a cav-
ity after the passage of a bunch. This model can be applied to a detuned regime and the

transformer ratio can be calculated.

The voltage left in a cavity after the passage of a bunch with a Gaussian distribution is

given by [30]

w-a
V;] = anQb eXp<_ 2¢2 ) = anQb eXp(_ 712

) (5.20)

where (), is the bunch charge and o, ; is the one sigma bunch length in 2 and ¢ respectively.

A bunch is only effective at exciting modes for 1/0, g wp. If 1 /04 > w, then the bunch
can be treated as a point charge, whereas if 1/0; < w,, then the induced voltage is much less
than for a point charge. Therefore, any HOM where 1/0; < w,, need not to considered as it

is not strongly excited.
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Figure 5.8: Normalised electric (top) and magnetic (bottom) fields along the surface of a three
cell pillbox cavity.
The voltage in the cavity oscillates and decays according to
) t
Vy = Vg exp(iw,t) exp(—-), (5.21)
T

with 7 as the decay constant given as 7 = 23—; In the case of a train of bunches separated in

time by %, the cavity voltages evolves as

N
V=Y Vit —nty), (5.22)

nb=0

where V}, is zero for ¢ < 0. This model manifests itself into two distinct regimes, on-
resonance and off-resonance excitation. If the cavity is excited on-resonance, then the drive
frequency equals the cavity frequency i.e. f; = f., whereas off-resonance excitation occurs
when f; # f.. In the case of off-resonance excitation, it will be shown that the steady state
field profile undergoes a phase shift calculated by ¢ = arctan(—2QJ), which causes the
drive bunch to no longer experience a peak decelerating field, but instead experiencing a low

decelerating field, greatly increasing the transformer ratio.
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Figure 5.9: The cavity voltage as a function of time for resonant excitation with a zoomed plot
to show the arrival time of the bunches on the right.

Resonant Excitation

For the case of resonant excitation, the fields from each bunch are synchronous and the
voltage increases until steady state is reached. Figure 5.9 shows a plot of eqn. 5.22 for the
case where only a single mode is considered and f. = f;. This figure was constructed using
the cavity parameters from 5.1, o, = 3 mm with (), = 1 pC and a bunch spacing t, = 2t, ¢
which gives a current I = )}, /1;, the steady state field amplitude can be seen to be given by
17.03 kV/m.

In practice, a unit step function was applied to the function in order to keep the voltage
zero for t < 0. However, this meant that the model did not work for ¢, = ¢, as there was
a discontinuity arising at the arrival time of the bunch. As it was shown in Chapter 4 that
the transformer ratio remains the same for integer spacings of ¢, s, the bunch spacing was

doubled and the transformer ratio was calculated on the oscillation without the discontinuity.

The drive bunches (black points) arrive at the crest of each rf cycle, seeing the peak
decelerating field of the wakefield from the leading bunches. The transformer ratio can also
be calculated from the ratio of the fields 7 = Er/FEp. It is clear that for a test bunch trailing
behind the drive by 7/2 then 7 = 0, whereas for a trailing distance of 7 then 7 = 1. In the
current setup it is not possible for the transformer ratio to exceed unity as the drive bunch

sees the peak decelerating field.
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Figure 5.10: The cavity voltage as a function of time for off-resonant excitation with a zoomed
plot to show the arrival time of the bunches on the right.

The steady state field profile for resonant excitation can be approximated by
Eqs = IR, cos (wyt) (5.23)

where [ is the bunch current and R, is the shunt impedance of the mode. The model returns a
field amplitude that is within 0.5% of the expected value, despite the fact that discontinuities

brought in by the unit step function are excluded from the analysis.

Off-Resonance Excitation

Using the CLIC drive frequency f; = 11.9942 GHz and the same bunch and cavity parame-

ters as specified in the previous section, the cavity is now excited off-resonance.

Figure 5.10 shows the field profile in this case, with the cavity frequency being excited
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for small ¢ and beating while it decays leaving a steady state field which oscillates at the

drive frequency.

The steady state field for off resonant excitation can be approximated by
Ess = IR, cos (¢) cos (wyt + @), (5.24)

where I R, cos (¢) is the amplitude of the oscillation. The steady state amplitude found in

the model is within 0.2% of the expected theoretical value of 1.66 kV/m.

Eqn. 5.24 shows that for high transformer ratios (¢ approaching 7) there is a substantial
reduction in the steady state field amplitude (17kV/m vs 1.8kV/m). There is also a further
reduction in the amplitude when considering the need to maximise the inter bunch spacing
in order to mitigate the effect of HOM’s. This gives the need for much higher drive bunch

currents in order to achieve gradients similar to CLIC.

The following section will verify one of several methods of calculating the transformer
ratio, by integrating a bunch profiles with the correct phase offset throughout the entire cavity
field.

5.3.3 Energy Tracing

ASTRA (A Space-charge TRacking Algorithm) is a tracking code that allows particle distri-
butions to be iteratively traced through a series of fields that are either user specified or by

providing lattice parameters.

By inputting a cavity field profile and stating an initial phase and oscillation frequency,
a particle’s energy gain/loss can be calculated through the structure. ASTRA was used to
track the energy of both the drive beam and the test beam through a field profile extracted
from eigenmode simulations. A 9-cell version of the previous SW m-mode cavity was used

for this tracking.

The cavity geometry and field profiles can be found in figure 5.11. The field oscillates
with the CLIC drive frequency and the particles are travelling with 5 ~ 1.
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The energy gain and energy loss was calculated for a range of different transformer ratios.
For each case, the transformer ratio was found to be accurate to less than 0.2% of the expected
value. Shown here is the case for 7 = 22.5. For this simulation, AUp = 0.758 MeV and
AUr = 17.03 MeV. This gives T = 22.47, 0.14% away from the predicted value. Errors
arise from the discrete sampling used in the iterative procedure and the fact that these types

of simulations typically only use ~ 10, 000 macro particles to represent the bunch.

This mechanism can be used to calculate the transformer ratio with the fields extracted

from time domain simulations, which will be described in the next section.

5.3.4 Time Domain Simulations

ACEZ3P is a suite of advanced simulation codes developed by SLAC [104]. It includes a time
domain code called T3P which allows bunches to traverse structures and accounts for the

excitation of fields on the bunch, but also includes effects from the bunches on the field.

This section will describe the techniques used in calculating the transformer ratio and the
surface parameters for a cavity. Initially, this will be calculated for 7 = 10 and Q). = 500
both with and without beam loading. Results will then be stated for similar simulations using

different cavity parameters.

The cavity can now be excited by a train of bunches on axis. Each bunch has a charge
of 1 pC, a repetition frequency of 11.9942/2 GHz (CLIC rf frequency with every other
bucket filled), a o, of 3 mm with a 40, cutoff. Probes are placed at evenly spaced points
on axis throughout the cavity which store the fields for each time step of the simulation.
When simulating a cavity in the time domain, many HOM’s are also excited along with the
fundamental. Therefore, each of the probe signals undergoes a Direct Fourier Transform
(DFT) [105] and has all higher frequency components removed by applying a window in the
frequency domain. 3-dimensional field monitors are used to record the full cavity field once
the cavity has reached steady state. A snapshot of the steady state field can be found in figure
5.12.

A cavity may be designed from eigenmode simulations to have a certain amount of de-

tuning, however time domain simulations use different algorithms to numerically solve the
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—

Figure 5.12: The E.-field profile of the steady state field as simulated in t3p. The bunch profiles
can also be seen.

fields and so the predicted values of f. and (). may not necessarily be the same as what is
simulated using eigenmode solvers. Therefore, the expected transformer ratio will corre-
spond to the amount of detuning caused by the f. and (). that has been simulated in the time
domain, not the eigenmode. In order to calculate these parameters, the field from a probe
placed at the centre of the cavity can be extracted, and the arrival time of each drive bunch
can be overlaid The cavity parameters can then be obtained by applying a numerical fit of

the drive bunches to the following function

—wWet

2Q.

f(t) = Acos((we — wq)t + ¢) exp( )+ C, (5.25)

where A and C are constants.

The results of such a fit can be found in figure 5.13. Good agreement is found between
the fit and the data points. It emerges that (). fiing = 482 compared to the expected value
of Qceigen = 500 and the f. fitting = 12.1113 GHz compared to f. cigen, = 12.1215 GHz.
The calculated (). is within 5% of the expected value, with possible errors likely arising
due to asymmetric fields within the cavity from energy being deposited by the bunch in
different cells at different times. The error on f, is not due to the mesh representation because
both simulations are using identical meshes, it arises from the different algorithms used to
compute the eigenmode and the time domain fields. The eigenmode solver numerically
solves Maxwells equations for the given mesh with appropriate boundaries, whereas the
time domain solver casts Maxwells equations into a second order wave equation solver by
combining Ampere’s and Faraday’s law. The changes in parameters mean that the expected

transformer ratio from the simulation is 7 = 9.31.

The transformer ratio will first be calculated without beam loading according to 7 =
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Figure 5.13: The equation proves to give an excellent fit to the decay of the cavity field. Here,
the fit is given by the red curve and the black dots are the drive bunch locations.

AUy /AUy, given that

c 2ty f L
AUqy = Z/ / gat(z, ) E.(z,t)dzdt, (5.26)

try 0

where E, is the steady state electric field and g4 is the current distribution (in this case

Gaussian) representing the drive or test bunch and is given by

(2 + (to — t)o)*

1
exp (—
V2o, b 202

where ¢, is the offset of bunch calculated from the exported data. The limits on the time

g9(z,1) = ); (5.27)

integral are quite arbitrary, so long as it incorporates the entire passage of the drive through
the field. This is because if the bunch is not inside the cavity, the result of the integral for
that particular time step will be 0. Figure 5.14 shows a drive and test Gaussian traversing the

cavity field.

Applying eqn. 5.26 allows a transformer ratio of 7 = 9.34 to be calculated. This is
within 0.5% of the transformer ratio expected from eigenmode calculations. The o, used

in the integration method was small (= 0.1mm) in order to ensure there was no overlap
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Figure 5.14: Snapshots of Gaussian bunches representing drive and test bunches traversing the

cavity field. Time separation is 1/3 fy.
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Figure 5.15: A comparison between eigenmode and time domain results for the excited electric
and magnetic fields respectively.

between the cells, the time step of the integration was also small (¢, /500) to ensure an
accurate calculation.

In Chapter 7, simulations will be performed on a multi-harmonic detuned cavity in order
to verify the principles of multi-harmonic detuning and surface field reduction. Therefore,
it is important to verify that the fields excited in the single mode detuned case agree with

eigenmode calculations. A comparison between the eigenmode and time domain surface
fields can be found in figure 5.15.

The maximum surface electric and magnetic fields in the time domain are given as
E/Ey = 4.51and H,/ Ey = 8.67 mA/V, compared to their eigenmode counterparts F/ Ey =
4.69 and H,/Ey = 8.69 mA/V. Discrepancies can arise from bunch fields contributing di-
rectly to the surface fields. The inward lean of the magnetic field profile in the time domain
is caused by the passage of the bunch and time since the last energy deposition in the cell.

The bunch fields are visible in the magnetic field plot and just visible on the far right of the
electric field plot.

In order to account for beam loading, a variety of methods can be used. From the eqn.
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5.17 a value of 7 = —2Q0 = 9.34 can be inserted into the equation with ¢ = 0.1 to give

Ty = —4.78. This can be approximated from the unloaded simulation data by using

Eloaded - E’Lmloaded(Z, t) + gEunloaded(za t+ t0)7 (528)

where ¢ty = 7/2 is the offset of the test bunch from the drive bunch. Using this process
T = —4.78, aresult consistent with theory. In order to further verify the theory, a simulation
was performed that had an identical bunch train to the drive bunch, except it was shifted in
time by 7/2 and had a bunch charge that was 0.1Q} 4rive, @ snapshot of which can be found
in figure 5.16. Performing the same procedure and calculating the transformer ratio achieved
T = —4.78. The accuracy of these results mean that simulations involving a drive and a test

bunch are not required as the analytical equation and the approximation are sufficient.

Test Bunches

L8

Figure 5.16: A snapshot of the steady state field profile as simulated in t3p. The drive bunches
and test bunch locations can be seen.

Drive Bunches

’ Parameter H Eigenmode \ Time Domain \ Notes
f. [GHz] 12.1215 12.1113 -
Q. 500 482 -
T =-2Q.0 10.25 9.34 Expected result
T - 9.31 Simulation result
Tol - -4.78 Calculated from eqn. 5.17
Tol - -4.78 Single bunch train simulation
Tol - -4.78 Multi-bunch train simulation
Es maz/ Eo 4.51 4.69 -
Hg maz/ Eo [MA/V] 8.67 8.69 -

Table 5.2: Summary of time domain results for a three cell pillbox cavity with 7" = 10 and
Q. = 500.
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Using the same mesh, a similar set of simulations was performed that had a higher con-
ductivity, o. — 4o., Q. — 2Q).. This allowed the expected transformer ratio to double to

T = 18.64. The simulation result was within 0.11% of this expected value.

A cavity of the same geometry, but tuned such that its frequency was lower than the drive

frequency was designed and simulated. The results for this cavity can be found in table 5.3.

’ Parameter H Eigenmode \ Time Domain \ Notes
fe [GHz] 11.7292 11.7197 -
Q. 500 481 -
T =-2Q.6 22.59 22.53 Expected result
T - 23.22 Simulation result
Tol - -20.0866 Calculated from eqn. 5.17
Tol - -20.0861 Single bunch train simulation
Toi - -17.6533 Multi-bunch train simulation
Eq maz/Eo 4.63 4.38 -
Hy ymax/Eo [mA/V] 8.51 8.91 -

Table 5.3: Summary of time domain results for a three cell pillbox cavity with 7 = 22.5 and
Q. = 500.
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This chapter has derived the theory relating to a single mode collinear accelerating struc-
ture. The theory was tested against numerical modelling, particle tracking and time domain
simulations. In each case it was shown that the level of agreement was very good. For the
numerical modelling and particle tracking, agreement was within 1% of the value expected

from theory. Whereas for time domain simulations it was within 0.5%.

It has been shown that the basic principles of cavity detuning and the effect of beam
loading on the transformer are valid, with time domain simulations verifying the surface
parameters and the transformer ratio for two different cavity structures. Multi-harmonic
cavities will now be introduced in Chapter 6 before a multi-harmonic detuned accelerating

structure will be shown in Chapter 7.



Chapter 6
Multi-Harmonic RF Cavities

Cavities that excite multiple harmonic eigenmodes give rise to two beneficial effects:
pulsed surface heating reduction and the anode-cathode effect. The pulsed surface heating
reduction occurs because the average magnetic field squared on the surface, which is the key
contributor to temperature rise, can be reduced. This will be shown in the frequency domain
for single cells as well as for multi-cell structures for second and third harmonic cavities.
The anode-cathode effect could potentially be used to allow reliable operation of acceler-
ating cavities beyond 100 MV/m without the onset of 1f breakdown. Cavity geometries
that display each of these effects will be introduced and simulation results will be presented.

In addition to analysing the electromagnetic fields, this chapter also includes a detailed
analysis of the longitudinal beam dynamics. Understanding the longitudinal motion of a
bunch of particles undergoing acceleration in a multi-harmonic cavity is critical to their
development and use. Equations of motion that describe this longitudinal behaviour will be
derived and applied to a multi-harmonic cavity that accelerates high energy protons.

6.1 Background

Multi-mode cavities (several modes with independant frequencies) have long been consid-
ered for efficient accelerating cavities [84, 106], however only with the advance of engineer-
ing practices have they become a practical consideration. Multi-mode cavities have a wide
variety of applications, ranging from highly efficient accelerating cavities [107] to beam po-
sitioning monitors and rf guns [108]. They have also been used in experiments that try to
determine the role of the magnetic field in rf breakdown [109]. The results of one such ex-
periment which was performed at SLAC found that the breakdown rate in soft copper [110]
was increased with the presence of a magnetic field from an additional cavity mode [111].
However, whether this is because the magnetic field can cause fractures and create regions of
enhanced electric field which then triggers a breakdown event, or if their is something more

fundamental occuring with the electric and magnetic field in a breakdown, is not yet clear.

111
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This result and other similar results increases the experimental data to allow a firmer picture

of rf breakdown.

A cavity that excites several harmonically related eigenmodes simultaneously could po-
tentially reduce the pulsed surface heating on the material boundary of the cavity by lowering
the average magnetic field squared on the surface. A cavity could also be designed that al-
lows for an asymmetric field profile along the wall, which allows the surface electric field
to have a stronger field pointing into the wall than away from it. Cavities that utilise the
anode-cathode effect could potentially operate at high gradients with the increase in beam

lifetime. These claims are investigated in this chapter with a campaign of simulations.

Throughout this chapter, CLIC-like cavity parameters will be used. However, smaller
temperature increases are expected for the designs that will be shown here compared to the
current CLIC structures. This is because the CLIC structure is TW with input couplers and
HOM dampers. The surface field can be strongly enhanced in the vicinity of the couplers
[43]. However, the relative reduction in temperature is still an informative parameter to
calculate, as fundamentally the temperature reduction could still have an effect on more

complex structures.

Initially, a symmetric cavity design originally optimised by Y. Jiang [112] will be in-
troduced that excites two harmonically related eigenmodes, it will be shown that there is a
reduction to the pulsed surface heating that is in good agreement with theoretical predic-
tions. Then, an asymmetric cavity geometry will be introduced that could potentially have a
decreased probability of rf breakdown due to the anode-cathode effect. This field asymmetry
will be shown, and a multi-harmonic coupler design will be introduced that could be used
in a future experiment. The coupler and cavity design was originally introduced by Y. Jiang
for a potential S-band experiment, but has been re-optimised to X-band for inclusion here to

highlight some of the challenges facing these types of cavity.

Finally, the longitudinal beam dynamics of a multi-harmonic cavity will be described
[113]. This will begin with the derivation of the single mode equations of motion, and will
then be extended to account for additional harmonic modes. This is an original contribution

to the field and is currently in preparation for submission to a journal.
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The next section will describe the physics of pulsed surface heating and then introduce a

cavity based on CLIC-like parameters that is capable of utilising this effect.

6.2 Pulsed Surface Heating Reduction

In order to determine how multiple harmonics can effect the pulsed surface heating. An
important relation needs to be derived that describes how an oscillating magnetic field in a
cavity translates into a physical temperature rise. The full derivation can be found in Ap-
pendix C. The appendix that starts with the diffusion equation and ends with the temperature
rise of the wall of an accelerating cavity in the presence of an oscillating magnetic field [10].

This well-known expression is given by

1 Q1

= WOmas )y VioT2

AT(t) RIH)(#)[], (6.1)
where p, C. and « are the density, specific heat capacity and thermal conductivity of the
material, ¢, is the pulse length, aq = x/pC., R is the skin resistance and H| is the tangential
magnetic field on the surface. It can be seen that the main contributor to the temperature
rise is the from the H ﬁ, which when integrated over the pulse length, is approximately the
time-average of the H, ﬁ field. This section is devoted to exploring how this temperature rise

changes in the presence of different harmonic modes.

A simple model can be used to calculate the expected orders of magnitude of the aver-
age H ﬁ field. The electric and magnetic fields for the fundamental and harmonic modes,
E\, Ey, Hy, Hy can all be normalised such that £, = G%, By, = GE—§, H, = G%,
H, = G IZ—; where the ’tilde’ represents a time varying quantity, A; 5 is the initial accel-
erating gradient of the mode and G = 100MV/m for consideration of CLIC-like parameters.

Therefore, the total field in a multi-harmonic cavity can be given as

E
o

(1—a)E, + aFs, (6.2)
(1 —a)H, + oH,, (6.3)

where « is the contribution factor from the additional mode.
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As can be seen in eqn. 6.1, the surface heating is proportional to the average of the square
of the H-field, < H? >. Therefore, considering that the average of a linear time varying field

(assuming cosine like behaviour) is zero,

< H*>=(1-a)*H? + o*HZ = H?[(1 — o) + (na)?, (6.4)
where 1) = % ~ % Eqgn. 6.4 can be plotted as a function of « for various different

values of 7. This is found below in figure 6.1.

1.0¢
09!
208! o=
L .
T 0.7 —n=2
T 0.7}
[ —]7:3
0.0

Figure 6.1: Surface heating reduction as a function of a. Red is for n = 1, blue is for n = 2 and
black is for n = 3.

By decreasing the value of 7, the peak H-field of the second mode is closer to the value
of the peak H-field from the fundamental mode. This is maximum for n = 1 and o = 0.5,
showing that the two modes are now equivalent and the reduction is 50%. It also can be seen

that in order to achieve the peak surface heating reduction for the given 7, the surface fields

1

T corresponding to the

of the second mode must be optimised to have a value of o =

minumum point on the curve.

There are several possible mode configurations for this type of structure. Here, only
SW cavities will be considered for pulsed surface heating reduction. The first mode com-
bination that will be considered is a fundamental mode with a second harmonic mode i.e.
TMp10+TMp1;. Afterwards, a second configuration that compares this with a fundamental

mode and a third harmonic mode: TMy;0+TMg12 will be shown.
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| Parameter || Units | Value |
a /) | 0.15
g - A/2
b A mm | 1.68
By mm | 4.872
A, mm | 1.222
a B, mm | 1.195

L

Figure 6.2: Geometry of a single elliptical cell with parameters listed on the right.

The higher the harmonic number of the additional mode, the greater n becomes, reducing
the benefit gained from this effect. For that reason, no mode configurations are considered

above the third harmonic.

The geometry of a single cell multi-harmonic cavity is found in figure 6.2. The cavity
has elliptical edges and is rounded near the iris and the cavity radius, with the addition of
a flat top, which provides a second variable (in addition to the cavity radius) for frequency
tuning. This now allows the cavity to have both the fundamental and additional harmonic

optimised by the variation of these two parameters.

An optimisation algorithm based on the Newton-Raphson method [114] was used in or-
der to tune the frequencies of each mode in the single cell cavity. An initial set of coordinates
{z0,v0} (corresponding in this case to cavity radius, b and flat top length, g,) was provided
to a function f(x,y,n) where n is the mode number with ouput z,, where z, is the absolute
difference between the frequency simulated and frequency goal. A matrix was constructed
that calculated how each frequency difference varied with a small length deviation dz, with

a new set of values being output after each iteration. i.e.

{zo,yo} = {@n, yn}

{f(xnayn7 1)7 f(xmyna 2)} = {21, 22}



CHAPTER 6. MULTI-HARMONIC RF CAVITIES 116

f@ntdzyn,l)—21  f(Tn,yn+dz,1)—21
J = dz dz
f@ntdzyn,2)—22  f(@n,yn+dz,2)—20 :

dz dz

{$n+1,yn+1} = {lﬂn,yn} - J_l-{zl, 22}

This process was iterated until the value remained unchanged (within a specified toler-
ance). The values attributed to the ellipses were obtained from manual optimisation of the

curves in order to optimise the () values.

6.2.1 Second Harmonic Cavity

The field profiles for the TMg;9 and TMy;; cavity are shown in figure 6.3. For this particular
geometry b = 11.223 mm and ¢; = 3.22 mm. The rf parameters of this cavity can be found

in table 6.1. The percentage contribution from the additional mode is calculated according to

RS,Q
Rs1+Rs,2

reduction of 15%. Each field profile was normalised such that F,..© = 100 MV/m. This is

to ensure that the total gradient experienced by a particle remains constant when the effect

o= = 0.2, while n = Zi—:‘:i = 2.2. This corresponds to an anticipated peak field

from the harmonic mode is included.

Figure 6.3: Field profiles for the TMg1g (left) and TMp;; (right) modes of a single second
harmonic elliptical cell.

The surface magnetic fields for the TMg;o and TMy, are plotted as a function of the
path length s and can be found in figure 6.4. The square of the surface magnetic field can

now be plotted as a function of time in order to determine the field behaviour. This can
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Figure 6.4: Surface magnetic fields following a path length s over the surface of the cavity for
TMp19 and TMg11; modes.

’Parameter H Units \ TMoio \ TMo11 ‘

f GHz [ 11.9942 [ 23.9884
Q - 8830 | 10,338
) - 0.77 0.78
Egmes || MV/m | 22242 | 376.1
Hypmar | MA/m | 0364 | 0.675
R, 0 107.9 | 335
R/Q Q/m | 12854 | 450

Table 6.1: RF parameters for a second harmonic cavity where E,..© = 100MV/m.

be found in figure 6.5. The solid line represents the time varying field, with the dashed
line representing the average field for that point on the surface over one rf cycle, with red
referring to the TMy( alone and blue referring to TM(19+TMjy1;. It can be seen that there is
a decrease of approximately 20%, in the < H ﬁ > field on the surface at the outer radius of the
cavity. Along the side walls there is no discernible difference between the two configurations.

For the given value of o and 7, an approximate prediction for the decrease is < H ﬁ >=
(1—a)?+ (na)? = 15%.

In order to calculate how this average reduction corresponds to a decrease in the temper-

ature rise, eqn. 6.1 was used. As each mode has different values for the surface resistance,
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Figure 6.5: Surface magnetic field squared as a function of time for a second harmonic cavity.
The solid is the time varying field and the dashed is the average field over one cycle. The red

refers to the fundamental mode alone with the blue referring to the case for TMg10+TMp11.

the expression was split into two seperate integrals.

B 1 /tp dt’
200 /maq Jo VE—T

AT, () [Ry(1 — a)®[Hj1 ()],

and

1 b qt

T 20C/Taq o Vit

ATy(t) [Roc®| H o)),

(6.5)

(6.6)
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where the total temperature rise is given by
AT = ATy + AT, (6.7)

and the surface resistance is calculated by

\/ 20,

The location of the maximum reduction in the average H H2 along the surface was calcu-

lated and the temperature rise at this location was plotted and can be found on the left of
figure 6.6. The CLIC pulse length is 240.8 ns. The single mode temperature at 250 ns is
15 K, with multi-mode case maximum as 11 K. Additionally, the temperature rise at 250 ns
was plotted along the surface of the cavity and can be found on the right of figure 6.6. It can
be seen that large temperature reductions are present on the surface in the center of the cavity.
Whereas, there is little difference in the temperature rise between single and multi-mode on
the side walls of the cavity. This is much lower than the CLIC requirement of 56K because
there are no fundamental power couplers included or HOM dampers. These couplers intro-
duce significant levels of field enhancement on the surface of the cavity, and are responsible
for much of the temperature rise in the CLIC structures. Here, we are interested in relative

decrease with the addition of a harmonic mode.

14f

12}

_ 10

=

6/ g 6

4t 4t

2ty 2}
1] ‘ ‘ ‘ ‘ . oL/ ‘ ‘ ‘ ]
0 50 100 150 200 250 0 5 10 15 20

t [ns] s [mm]

Figure 6.6: Temperature rise at the location of peak magnetic field (left), and temperature rise
for ¢, = 250ns (right) for a second harmonic cavity. In both cases, the red dashed line is the
TMp10, and the blue solid is the TMy19+TMg11.
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The cavity geometry can now be extended to include end cells, chokes and beam pipes.
The purpose of the chokes is to prevent the second harmonic from leaking down the beam
pipes, which allows the field to be entirely contained within the simulation domain. The end
cell geometries are identical to the mid cells, except with bc,q = 11.2093 mm and g; ¢ng =
3.10163mm. The beam pipes have the same radius as the cavity iris, i.e. ae¢,q = a. Figure

6.7 shows the full geometry and field contours for the TM;p mode and TM,; respectively.

Figure 6.7: Field contours and geometry for the TMg;¢ mode (top) and TMp;; modes (bottom).

The temperature rise on the surface for a full structure is approximately the same as that
found in the single mode case. The peak temperature rise is given in figure 6.8 and the
temperature rise at t, = 250ns can be found in figure 6.9. Differences between the single
mode cavity and the full structure arise from the difficulty in optimising the field flatness as
well as the frequencies for both modes. While the fundamental mode has a field flatness to
within less than 1%, it was not always possible to obtain the same level of flatness for the
harmonic mode. Typically, the end cells were approximately 30-40% larger than the field in
the mid cell.

A clear benefit can be obtained by exciting both the fundamental and second harmonic
in the same cavities, however one of the many issues that face a cavity such as this is in how
the mode is excited. It could potentially be excited by external power couplers, however
this would then increase the surface fields in the vicinity of the coupler and is explored in
greater detail for the anode-cathode effect in Section 6.3. Another possibility is excitation
by a drive beam, which is explored in detail in Chapter 7. In the next section, a similar set of
calculations will be repeated for a cavity that excites the fundamental and the third harmonic
TMy;12 mode.
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Figure 6.8: Temperature rise as a function of time for the location of the maximum temperature
rise. The red dashed is the TMg1(, and the blue solid is TMg19+TMg11.
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Figure 6.9: Temperature rise at ¢ = 250 ns along the surface of the geometry. The red dashed
line is the TMy(, and the blue solid line is for TMg19+TMg11.
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6.2.2 Third Harmonic Cavity

Despite the large temperature reduction on the surface seen with the second harmonic, a third
harmonic may also be employed. Third harmonic modes typically have much smaller shunt
impedances than second harmonics, and would have a much smaller and more predictable
effect on the cavity, both in terms of the surface field and the longitudinal dynamics (dis-
cussed later in Section 6.4). A third harmonic cavity was designed that contained the TMy1¢
and TMy;2 modes. The basic geometry is the same as with the second harmonic cavity, with
b = 11.017 mm and g; = 1.771 mm. For this cavity, « = 0.1 and n = 3.3. This corre-
sponds to an approximate average H ﬁ reduction of 10%. The single cell field profiles can
be found in figure 6.10 and the rf parameters for each mode can be found in table 6.2. The
surface magnetic field of the fundamental and third harmonic can be found in 6.11. As the

longitudinal mode number p = 2, there are 2 variations longitudinally.

Figure 6.10: Geometry and field contours of a single elliptical cell for TMg1q (left) and TMg12
(right).

The time varying fields can be found in figure 6.12. As before, the solid lines refer to the
time varying field with the dashed lines showing the average field for that point. The red lines
are TMy; alone and the blue lines are TMy;0+TMg12. It can be seen that the instantaneous
field is much larger for multi-mode than for single mode at s ~ 11 mm, however less time

is spent at these intense fields which reduces the average value throughout the course of one
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’Parameter H Units \ TMo10 \ TMo1; ‘

f GHz | 11.9942 | 35.9826
Q - 9427 13,348
) 0.77 0.372

Eymer || MV/m | 2348 | 397.0
Homaz | MA/m | 0347 | 1.190
R, Q 106.4 9.5
R,/Q Q/m | 1351 | 73.481

Table 6.2: RF parameters for the fundamental mode and third harmonic mode of a multi-
harmonic cavity.
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Figure 6.11: Surface magnetic fields for the fundamental and third harmonic modes of a multi-
harmonic cavity.

rf cycle. Over the surface there is a reduction in the average [, IT field on the order of 10%,

which is in agreement with what was expected from the approximation.

As before, the temperature rise is split into the temperature increase from each mode
individually. The surface resistance for the third harmonic mode is R3 = 0.8 m{2. The max-
imum temperature rise is plotted as a function of the pulse length and can be seen in figure
6.13 alongside the surface temperature rise. It can be seen that the maximum temperature
rise is reduced by approximately 9% for multi-mode compared to single mode alone. When
looking at the temperature rise along the surface, a similar behaviour to the second harmonic

cavity is found, with slight increases on the side walls, but overall a large reduction in the
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Figure 6.12: Surface magnetic field squared as a function of time for a third harmonic cavity.
The solid is the time varying field and the dashed is the average field over one cycle. The red
refers to the fundamental mode alone with the blue referring to the case for TMg10+TMp12.

temperature rise throughout the regions of strong magnetic field.

The full geometry and fields for the third harmonic cavity can be found in figure 6.14. The
end cells are identical to the mid cells, except with b, = 10.861mm and g¢ ¢,g = 1.840 mm.
The chokes serve the same purpose as in the second harmonic cavity. It was found that
three small chokes were required to suppress the third harmonic field enough such that the
beampipe boundaries did not have an effect on the eigenmode solution. It should be noted,
however that these chokes are not intended as a practical design, they are an artifice of the

optimisation procedure. Due to the low impedance of the chokes, they have very little effect
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Figure 6.13: Peak temperature rise (left) and temperature rise over the surface for ¢, = 250ns
(right) for a third harmonic cavity. In both cases, the red dashed line is for TMy1¢ and blue solid
line is TMp10+TMp12.

on the shunt impedance of the mode itself and thus do not contribute to the overall results
of the simulations. It can be seen from the surface temperature rise in figure 6.16 that the
chokes heat slightly more than the surrounding beam pipe, however compared to the heating
directly on the cavities, this is negligible. During the optimisation procedure, a flat field was
not able to be obtained for both the TMyg and the TM;. This is why the temperature rise

is slightly increased for the center cell over the two end cells.

Figure 6.14: Field contours and geometry for the TM19 mode (top) and TMy;2 modes (bottom).

It is quite clear that exciting several harmonically related eigenmodes in a single acceler-
ating cavity can lower temperature rise from the intense magnetic fields. Throughout the pre-
vious calculations, the total accelerating gradient was kept constant at constant 100 MV/m.
The approximation found in 6.4 gives a good indication on the magnitude of the temperature
reduction for a variety of different cases, but the temperature reduction strongly depends on

the specific cavity geometry rather than individual parameters of « and 7.
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Figure 6.15: Maximum temperature rise as a function of time for single mode (red dashed line)
and multi-mode (blue solid line) .
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Figure 6.16: Temperature rise for ¢ = 250 ns along the surface of the structure. Red is TMg1q
and blue is TMy 2.

However, the cavity geometries that have been introduced are not yet fully optimised.
These designs illustrate the fundamental principles of the reduction in surface field that can
be achieved with multi-harmonic cavities. A further optimisation study will be required in

order to design a more realistic cavity that suitable for use in an accelerator.

In the next section another concept will be introduced, one that could potentially pre-
vent the onset of rf breakdown at high accelerating gradients. A cavity of this type could
form the basis of high gradient accelerating cavity, or it could be used in order to probe the

fundamental nature of rf breakdown. This will be explored in the next section.
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6.3 Anode-Cathode Effect

By carefully selecting the relative phases between a fundamental mode and an additional
harmonic, an asymmetric field profile can be obtained that allows the anode electric field
and the cathode electric field to have different magnitudes. A field profile of this type could
prevent the onset of rf breakdown, by raising the work function barrier for electrons on
the cavity surface, which could prevent field and secondary emmission. Figure 6.17 shows
the potential for an electron on the surface. The cathode-like field (pointing into the wall)
reduces the work function barrier for surface electrons, making it easier for electrons to be
emitted and potentially initiating the process of rf breakdown. The anode-like field (pointing
away from the wall) increases the work function for surface electrons, which means stronger

electric fields would be required to intiate rf breakdown.

u u

A

Anode-like

—_— .o

Cathode-like

-

Metal Metal

Figure 6.17: Work function potential for surface electrons. The cathode-like field (left) reduces
this potential, making it easier for electrons to be emitted which may initiate rf breakdown.
Figures reproduced courtesy of Y. Jiang [103].

Figure 6.18 shows how a field profile of this type can be achieved. The phase axis refers
to the time oscillation of the field at a specific point. It can be seen that with an appropriate
phase relationship between the fundamental and the second harmonic, then asymmetric field

profiles can be obtained.

There are ongoing studies that intend to provide experimental verification to the rela-
tionship between the anode and cathode fields and rf breakdown [59, 115, 116]. Using a
multi-harmonic rf source that is currently being setup at Yale University, the breakdown
rates of materials being subjected to strong anode fields will be compared to those subjected

to strong cathode fields. This will probe the fundamental nature of rf breakdown by deter-
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Figure 6.18: The superimposition of two fields with appropriate phase delays can create an
asymmetry between the strengths of the anode and cathode fields. Here, red and blue dashed are
TMy19 and TMgoo modes respectively, and black is the sum of each individual mode.

mining specifically how the electric field acts on the material to initiate a breakdown, as well
as determining if cavities of this type can be used in accelerator applications. A cavity design

will now be introduced that is capable of exciting such asymmetric fields.

6.3.1 Second Harmonic Asymmetric Cavity

For a cavity to be designed that allows the peak anode and peak cathode fields to have dif-
ferent magnitudes, the cavity must be asymmetric about the z-axis. The asymmetry allows
creates weaker fields on one side of the cavity, and stronger fields on the other. When the
two harmonic modes are combined, they can sum on the surface to create profiles that create

the anode-cathode effect. This will be described below.

The most suitable type of cavity for this application is a TW cavity that is powered by
external rf couplers. Beam driven cavities are not possible because the group velocities of
the two excited modes need to be comparable in order achieve synchronicity. Even when
using a phase advance of 277/3, the group velocities are the same but have opposite signs (as

seen in Chapter 3, and shown in figure 6.19).

Here we describe a cavity design originally optimised by Y. Jiang [112] for S-band ap-

plications that is capable of utilising the anode cathode effect. The geometry has been re-
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Figure 6.19: Group velocity as a function of phase advance for TMg¢ (red, dashed) and TMg2q
(blue, solid) modes.
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Figure 6.20: Geometry and parameters for a single cell asymmetric second harmonic cavity.

optimised here for X-band and can be found in figure 6.20, alongside a table of geometry
parameters. A simpler design without the complex curved surface was first introduced in
[8], this curved design is an optimised version of that cavity. RF parameters can be found
in table 6.3. A plot of the dispersion curves can be found in figure 6.21. It can be seen
that both synchronous modes have similar same phase advance, except their group velocities

have opposite signs.

Figures 6.22 and 6.23 show the field profile and field vectors for the TMg19 and TMgs

modes of the asymmetric cavity. When considering one mode alone, the anode cathode effect
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’Parameter H Units \ TMo10 \ TMoao ‘

f GHz | 11.9942 | 23.9884

) i 500 500

k V/pC 1.335 1.349
R./Q Q 354 | 179

o rad 27/3 47 /3
Es oz MV/m 399 379.5
H; oz MA/m | 0.483 0.537

Table 6.3: RF parameters for a second harmonic asymmetric cavity.
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Figure 6.21: Dispersion curves for a second harmonic cavity, blue curves are semi-emperical
fits, red points are simulation data and black dashed line is the light line.

is not present. It is the combination of both modes that allows different points of the cycle to
have different field strengths. This can be seen in figure 6.24 for the case where o = 0.222.
This value of « is typical for an optimised second harmonic beam driven cavity [59], and
is a useful marker when considering equivalent rf driven cavities. It can be seen in this
series of figures that the peak anode field is 405MV/m compared to the peak cathode field
which is 203MV/m. This is approximately on the order of a factor of 2 in the differences

130
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between the peaks. This significant reduction in the surface field could potentially allow
larger accelerating gradients. However, experimental confirmation of this effect is required

to compare with these theoretical predictions.

Figure 6.22: Electric field profile and field vectors for a TMg;9 mode. The size and direction of
the arrow indicates the relative strength at the arrows origin.
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Figure 6.23: Electric field profile and field vectors for a TMg2g mode. The size and direction of
the arrow indicates the relative strength at the arrows origin.
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Figure 6.24: Magnitude of the surface electric field for « = 0.222. The blue curve shows the
peak anode field, the red shows the peak cathode field and the black line gives the time varying

field over one rf cycle of the fundamental mode.
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It is now required to design power couplers for these structure. This requires two separate
couplers that can simultaneously couple TMg19 and TMy5y modes into the cavity. This work
was performed at S-band by Y. Jiang [112], but re-optimised for X-band for the applications
described here. This design can be found in figure 6.25 for the TMy,o field profile and
figure 6.26 for the TMy field profile. Both coupler designs are simple waveguide couplers,
however a modification has had to be made to the fundamental power coupler which is on the
right hand side of both figures. A choke has had to be added in order to prevent the second
harmonic mode from coupling into the cavity and then immediately out into the waveguide.

The scattering parameters for the reflection from each mode can be found in figure 6.27.

Figure 6.25: Field profile from a driven modal simulation showing the excited TMg19 mode. The
fundamental mode coupler comes in from the right hand side, while the harmonic mode comes
in from the left.

This is still an ongoing optimisation process, and there are many stages of design still
required before the cavity can be considered for use in an accelerator. For example, tuning
mechanisms will be required that can affect both the fundamental and second harmonic mode

independently. This is required in order to ensure that the impedances of the cavity can
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Figure 6.26: Field profile from a driven modal simulation showing the excited TM2p mode. The
fundamental mode coupler comes in from the right hand side, while the harmonic mode comes
in from the left.
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Figure 6.27: Scattering parameters for each coupler, where port 1 refers to the fundamental
power coupler and port 2 refers to the harmonic coupler.

be matched to the waveguide. The manufacturing tolerances on a cavity of this type will
be much stricter than on similar single mode cavities of the same frequency (due to the

requirement of accurate frequencies at 24GHz as well as 12GHz). Additionally, the coupler
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design shown here works well for a single cell, however for multiple cells connected in a
chain this design may not be the most efficient. It may be a more suitable design if one
coupler traverses each cell in one long unbroken chain, similar to the CLIC design. Studies

on these and other designs are currently ongoing.

Two different types of multi-harmonic cavity have been shown. The first showed from
simulation that the pulsed surface heating can be reduced for second and third harmonic
cavities. The second cavity showed that, if the cathode field is responsible for the onset of
rf breakdown, then the probability for the initiation of rf breakdown could be reduced by
design of an asymmetric cavity. This is still an active area of study, with current designs set
to be improved before initial prototypes are fabricated. Experimental verification of these

theoretical predictions is essential.

This chapter has analysed multiple harmonic modes and has shown that they can reduce
the pulsed heating on the surface (compared to single mode) or, with certain configurations,

used as a potential structure for rf breakdown experiments.

The presence of an additional harmonic mode is going to alter the F, field experienced
by a particle traversing the cavity. This will affect the size of the stable accelerating region
(rf bucket). To determine the effect of the additional harmonic on the longitudinal stability,
a Hamiltonian will be derived in the next section that allows a single particle to be tracked
through a chain consisting of multi-harmonic cavities. The remainder of this chapter is

dedicated to this study.

6.4 Longitudinal Beam Dynamics in Multi-Harmonic Cavities

As discussed previously, accelerating cavities that excite multiple modes at integer harmon-
ics of the fundamental frequency have the potential to suppress the onset of rf breakdown
and can reduce the pulsed surface heating at high accelerating gradients. Understanding
the effect of an additional harmonic cavity mode on the longitudinal beam dynamics is an
important step to the fabrication and eventual use of multi-harmonic cavities in accelerator
applications. A Hamiltonian that describes the longitudinal motion of a particle as it tra-

verses a chain of multi-harmonic cavities will be derived and is applied to second and third
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harmonic cavities [113]. The Hamiltonian is based upon formalisms found in literature and
it is extended to include different longitudinal field distributions and harmonic frequencies.
The following section is an original contribution to this area of study. In this section, high-3
protons will be the focus of the study. This is because for longitudinal stability in linacs
is used for # < 1. Different acceleration techniques are used for electrons as they quickly
reach § ~ 1.

Accelerators have long been utilising harmonic rf systems to affect the longitudinal mo-
tion of the particles within a bunch [117, 118]. However, these rf systems rely on the fab-
rication of additional cavities operating with a TMy;p mode at a frequency of h times the
accelerating mode frequency of the main accelerating cavities [119]. The harmonic cavities
can be phased such that the entire bunch sees a relatively linear field [120]. This reduces the
energy spread and lengthens the bunch, allowing for much higher beam lifetimes. This is
particularly important for the European XFEL project [121], for example, where the energy

spread reduction can result in a laser with much higher brilliance.

For multi-harmonic cavities to be used in an accelerator, the effect of the additional har-
monic on the longitudinal dynamics needs to be explored. This is to ensure that the additional
harmonic does not negatively impact the longitudinal stability. To achieve this, a Hamilto-
nian is derived that describes the behaviour of particles with deviations from a particle with

idealised phase and energy (the synchronous particle).

Multi-harmonic accelerating cavities have additional harmonic modes present that fol-
low different longitudinal field profiles on-axis, for example the TMg;o follows a cos (kz)
whereas the TMp;; follows a sin(2kz). Formalisms currently found in literature do not
model different longitudinal profiles as they only account for single TMy;o modes which
follow ideal cosine distributions [60, 122].

The general Hamiltonian for a standing wave (SW) multi-harmonic cavity that excites a
TMj;p mode with either an even harmonic or an odd harmonic mode will be derived. The
Hamiltonian will be applicable to a variety of modal configurations, and will describe the
longitudinal motion of particles as they traverse a linear accelerator comprising a chain of
multi-harmonic cavities. Protons with initial energies of several GeV will be used through-

out. Small accelerating gradients (on the order of 10kV/m) will be used initially, which
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allows the general features of the stable region for acceleration to determined. Then, high
accelerating gradients (on the order of 10MV/m) will be studied, which is more useful for

applying this work to specific linacs.

The next section provides a model of a single mode cavity using the well known Hamil-
tonian. This provides the basis for the formalism which will be enhanced with additional
modes in the forthcoming sections. This is followed by Section 6.4.2 which gives a deriva-
tion of a general Hamiltonian for a particle traversing a cavity that can excite two harmonic
modes. This Hamiltonian for multi-harmonic cavities is then be applied to two configura-
tions. In Section 6.4.3, the particle dynamics of a bunch of particles traversing a cavity that
consists of a fundamental accelerating TM;o mode with a second harmonic TMg;; mode will
be investigated. The relative phase between the first and second harmonics is varied, and the
energy gain of the synchronous particle is scaled such that it is kept constant. Section 6.4.4
provides a model of the particle dynamics of a cavity that operates with a fundamental ac-
celerating TM;o mode with a third harmonic TM;5, mode. The relative phase between the
two modes is kept constant, but the relative field contribution of each mode is varied. This
allows a study of the region in between the primary accelerating buckets to determine when
secondary accelerating buckets to emerge. Comparisons to results from tracking simulations
are shown throughout, and the effects of acceleration on the rf buckets will also be studied

in each case.

6.4.1 Single Mode Hamiltonian

The multi-harmonic Hamiltonian is an extension of the single mode analysis. Therefore it is
important to fully describe the single mode case in order to introduce the relevant parameters
and to understand how the additional harmonic perturbs the single mode rf bucket. The
following section provides a summary of work on the single mode Hamiltonian originally
found in refs. [60, 122].

For an infinite chain of SW cavities, the longitudinal profile is cos (kz) for a TMg;o mode

27
BsA?

B is the normalised velocity of the synchronous particle and A is the wavelength of the

where z is the longitudinal position within the cavity which is centred on z = 0, £ =

fundamental mode. In order to derive a Hamiltonian that governs the longitudinal motion
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of a group of particles traversing this chain, equations concerning the evolution of the phase

and energy of the particles with respect to the longitudinal coordinate s must be determined.

For a m-mode SW cavity, the phase advance of the rf field from one cavity to the next is

given by
¢“:%*+“&id (6.9)
where
9= Bsn-1A/2 (6.10)

is the cavity gap, c is the velocity of light and w as the angular frequency of the mode. The
subscript s refers to the synchronous particle, with  referring to the particle’s normalised
velocity at cavity n. From this, the phase advance of a particle relative to the synchronous

particle from gap (n — 1) to gap n is given by

1 1
A(¢ - ¢s)n = A¢n - A¢s,n = 7Tﬁs,n—l[_ - ] (611)
ﬂnfl 53,7171
Applying a Taylor expansion for a small perturbation about 3 gives
1 1 1 1 9
___:——_g—f, (6.12)
BB Bs+oB B P

where 63 = W /mc*y3S3,, m is the mass of the particle and ~; is the relativistic gamma
factor. This leads to the difference equation that shows how the particles phase evolves
with cavity number. It is useful to quote the energy gain of a particle in terms relative
to the synchronous particle, this is achieved by defining the dimensionless variable w =
SW/me* = (AW,, — AWj,,)/mc*. This normalisation allows the results to be independent

of mass. The phase difference equation is

w

T .
3 2
’ys,n—lﬁs,n—l

Al — ds)n = — (6.13)

The SW electric field of a TMy;p mode is a combination of the field profile in the z-

direction and the oscillation at a specific frequency, given by

Er = Eycos (kz) cos (wt + ¢). (6.14)
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where ¢ is the phase of the field when the particle is at = = 0 and £ is the field amplitude.

The energy gain of a particle as it crosses a single cavity is given by

/2

W =qkE /9 cos (kz) cos (wt + ¢)dz (6.15)
—9/2

= qVoT cos (¢) (6.16)

where V} is the axial rf voltage, given by

9/2
Vo = EO/ cos (kz)dz (6.17)

—-9/2

and 7' is the transit time factor, which is determined by

Ey f_ggz cos (kz) cos (
Vo
Ey fjﬁz cos (kz) sin (%Z)dz
Vo

2)dz

wz
Be

T(p) =

—tan (¢)

(6.18)

The difference equation for the energy of the particle is calculated by evaluating the

energy gain of a particle with respect to the synchronous particle as
AVVn - AWs,n = nglT(ﬁ) (COS (¢n) — COS (¢s)) (619)

where F; = V}y/g is accelerating gradient

Eqns. 6.13 and 6.19 can be written as a continuous function, rather than having the
discrete action of the particles at the centre of each cavity. Using n = 2s/s\ they can be

expressed as

do w  OH
ds nygﬁg’/\ - Ow (6:20)
and
dw _ ET(B) — _8H
a5 e (cos (¢) — cos (¢s)) = 06 (6.21)
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As ¢ and w are variables canonically dependant on s, a Hamiltonian can be constructed
that describes the particle motion in phase space, which is given as

™ 2 EIT(5>

H=-— -
B T e

[sin (¢) — ¢ cos (¢s)]. (6.22)

This is consistent with the usual form of a Hamiltonian / = K + V where K is the kinetic
energy and is represented by the w-dependent term (first term in the expression) and V' is the
potential represented by the ¢-dependent term (second term in the expression). A particle
that has a deviation in phase or energy will orbit the synchronous particle in phase space
according to the eqns. 6.20 and 6.21. A particle orbit is found by plotting the ¢ and w points
for a set of initial coordinates. For increasingly large deviations, the particles orbit becomes
wider, until eventually it becomes unstable. A stable orbit is one that follows a closed curve,
whereas an unstable orbit is an open curve that trails off giving rise to high energy and phase
differences. It is important to know where the boundary between stable and unstable orbits
lie. This boundary is known as the separatrix and it can be determined by two points, the
stable fixed point and the minimum phase for stable motion. The stable fixed point lies at
(¢ = —¢s, w = 0). This is the maximum phase difference a particle can have because at this
point the particle will be gaining the same energy as the synchronous particle, therefore no
phase space motion is expected. The minimum phase for stable motion lies at zero kinetic
energy (¢ = ¢, w = 0), which arises when the potential at this point is the same as for the

stable fixed point.

To calculate the value of the Hamiltonian on the separatrix, ¢, needs to be determined.
This is found by equating the value of the potential at the minimum and maximum phase

boundaries. The potential at these points are the same, i.e.

V(g =¢2) =V(p=—0s). (6.23)

Fig. 6.28 shows typical profiles pertaining to a 2 GeV proton experiencing an accelerat-
ing gradient of £y = 10kV/m. The uppermost plot is the energy gain of a particle across one
cavity as a function of its phase offset ¢. The middle plot is the potential of the cavity on

the separatrix, where it can be seen that a potential well exists in the region of stability. The
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lower plots shows the phase space region, which has been solved for various initial phase
offsets and covers both stable and unstable orbits, as well as the separatrix The acceptance
of a cavity is determined by calculating the area of the rf bucket, and loosely refers to the
maximum allowed bunch emittance within the bucket. A bunch with a small enough energy
and phase spread that is completely enclosed within the bucket will be accelerated in a stable
manner. The conventional unit of longitudinal acceptance is eV.s. However here, for conve-
nience, normalised energy is used. Therefore, the acceptance of the seperatrices shown here
are in units of radians (which is related to time through the fundamental frequency). Hence-
forth, for convenience when referring to the normalised acceptance, the term acceptance will

be used.

In order to ensure the Hamiltonian is accurate, a particle tracker based on eqn. 6.15
was written in Mathematica that numerically tracks a particle through a chain of cavities
for a given offset ¢ and initial energy deviation w. This tracker does not rely on any of the
assumptions relating to constant energy and velocity that followed in the derivation of the
Hamiltonian, and can be used as an indicator of the accuracy of the Hamiltonian under a
given set of parameters (for example initial energy and accelerating gradient). A comparison
between the Hamiltonian and the tracking code for a 2GeV proton with £y = 10kV/m can
be found in Fig. 6.29. The phase width of the separatrix is agreement with the Hamiltonian

and the particle tracker. The maximum discrepancy was 0.5%.

A Hamiltonian inherently makes an important assumption regarding the energy of the
particle, that is 3,7, is assigned to a constant, C'. While this is not true in the case of linear
accelerators where moderate to high gradients are required, the separatrix for the case with
little to no acceleration offers insight into the particle dynamics, and reveals some impor-
tant physics of the longitudinal phase space. Some of the unique features found with no

acceleration can then be found in cases when acceleration is included.

The validity of these approximations will now be discussed and calculate the Jacobian

determinant to verify the accuracy of the linear map [60].

Small accelerating fields are used and we assume (3,7, is constant throughout the inter-
action. One case we consider is Fy = 10kV/m, AS,ys = (9(10*7). When tracked over

100,000 cavities, this discrepancy is less than 0.01% (as it is accumulated as the particle is
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Figure 6.28: Top: Energy gain as a function of phase offset for particle traversing a single
cavity. Middle: Potential for separatrix. Bottom: Phase space contours in black, separatrix in red

and stable orbits in blue.
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Figure 6.29: Comparison of the Hamiltonian found in eqn. 6.22 with results from a particle

tracker based on the fundamental principle of the energy gain of a particle as it traverses a cavity,
found in eqn. 6.15. Agreement to within 0.5% is observed.
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tracked along the linac). This bares comparison to a field three orders of magnitude larger,
for Ey = 10MV/m, AByy, = O(1074), which gives rise to a 10% discrepancy over the same
tracking length.

The Jacobian determinant provides the phase space area preserving property (or a mag-
nification factor for the single particle emittance) and is equal to unity for any particle trans-
formation with a constant velocity. However when acceleration is present a deviation from
unity occurs. This is because the particle is gaining a significant amount of energy (with
respect to its current energy) and therefore velocity deviations occur as it traverses the
gap. It is therefore important to calculate the magnitude of this deviation in order to en-
sure the linear map is accurate. This can be calculated for a transformation either side of
a thin lens for a drift-kick-drift model. Here, the phase before and after remains the same,
¢ = ¢; while the energy is increased after crossing the gap. This gives the final energy as
W =W, + qgE1T(B) cos (¢;). The Jacobian determinant can be shown to be

ow ¢
oWy, 95)  _ gvvvvf ggfi (6.24)
a(VVm ¢z) aqgif 3(;5{
L a9k, o, ,
=1 17 ET' (k) cos (¢;)

where T"(k) = %ﬁf). The determinant is clearly equal to unity for no acceleration and it
can be seen that when acceleration is present the transit time factor changes across the gap,
causing the determinant to deviate from unity. There are two ways of reducing this deviation,
either the acceleration gradient is reduced, or the initial energy particle is increased. This
allows the determinant to be very close to unity, which allows the phase space behaviour of
particles to be accurately modelled in the regime where moderate gradients are present. As
seen in [60], a phase correction can be applied that can correct for any error that occurs when
crossing the boundary, however for the regimes which are being discussed here this is not
needed. For example, with an initial energy in the region of 6 times the proton rest mass, the

discrepancy is O(10~3) for 10kV/m.

When acceleration is present an analytical solution for each trajectory cannot be derived

because (s and s are changing as the particle progresses through the linac. The trajectory
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must now be solved numerically. This is achieved by tracking the synchronous particle
through the desired length of linac, and calculating 3 and  as functions of s. This regime
is entered when FE), increases such that 5,7, # C where C' is a constant. As the particle
accelerates, f — 1 and % — 0. This causes adiabatic phase damping which results in
larger energy spreads. This can be seen by the spiral-like trajectories found in fig. 6.30.

This behaviour is a consequence of the kinetic energy term in the Hamiltonian. As (47,
increases, the kinetic term of the Hamiltonian is decreasing. Therefore the term separatrix
loses its meaning as there is no longer a contour that represents the boundary between stable
and unstable orbits [60]. Instead, the input acceptance is calculated numerically, which spec-
ifies which initial positions for an ensemble of particles will be stable. The input acceptance
is a boundary in phase space for the initial coordinates of a bunch of particles. If a particle’s
initial coordinates are within the input acceptance, then the particle will undergo a stable
orbit and be captured by the bucket. This effect is shown in fig. 6.30, the particle undergoes
phase damping, which results in an growth on the energy axis. It is also possible for particles
that have very high initial phase and energy values to be captured by the bucket because the
tail from the separatrix extends until high values. A particle with an initial position inside
this tail will take a long time to reach the bucket, but will eventually be captured with the rest
of the bunch. This type of behaviour is unique to linacs and has been seen at many different
facilities [123].

A Hamiltonian that describes the motion in phase space of a particle as it traverses
through a cavity oscillating in a single mode has been derived. In the next section, this
formalism will be extended to allow the modelling of two harmonically related modes with

different longitudinal field profiles.

6.4.2 Hamiltonian for Multi-Harmonic Cavities

Here, a Hamiltonian is derived that facilitates an arbitrary variation of the fundamental mode

with an additional harmonic. The electric field in a multi-harmonic cavity can be generalised
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Figure 6.30: A single input acceptance is shown for £y = 10MV/m. The red curve is the
boundary of the input acceptance and the blue and black curves are particle trajectories with
different initial positions. The trajectory can move beyond the boundary as the boundary only
applies to the initial position of the particles. The spiral nature is caused by the adiabatic phase
damping due to the increasing .

as

Er= (1—a)FE.1(z)cos (wt+ @) (6.25)
+aE.;(h, z) cos (h(wt + @) + dnn)

where h is the harmonic number of the mode, ¢,,, is the phase shift for the time-dependent
component of the harmonic mode, « is the percentage mode contribution from the harmonic
mode and F,;(z) and E,;(h, z) are the longitudinal field profiles for the fundamental and

harmonic modes respectively. The energy gain of a particle traversing this field is given by

g9/2
W= q[(1-a) /_ , E.1(2)(cos (wt) cos (¢)

— sin (wt) sin (¢))dz
9/2
+a/ E.;(h, z)(cos (ho) cos (hwt + ¢pp)
—9/2

— sin (ho) sin (hwt + ¢pp))dz],
(6.26)



CHAPTER 6. MULTI-HARMONIC RF CAVITIES 147

which can be simplified to

W= q[(1-a)(Vicos(¢)— Vasing)
+a (Vi1 cos (hg) — Vig sin (he))],

(6.27)
where
9/2 Py
Vi o= / E.1(2) cos (w—)dz, (6.28)
—9/2 pe
9/2 P
Vo = / E.1(2)sin (w—)dz, (6.29)
—g/2 pe
9/2 Py
Vi = / E.n(h, z) cos (hw— + ¢pp)dz, (6.30)
—g/2 BC
9/2 P
Vie = / E.n(h, z)sin (hw— + ¢pp)dz. (6.31)
—9/2 pe

The difference equation for the energy gain can now be given as

AW, = gWy[(1 = a)(Vi[cos (¢) — cos (¢s)]
—Va[sin (¢) — sin (¢5)])
+a[Vii(cos (hg) — cos (hoy)) (6.32)
—Vha(sin (he) — sin (hgs))]]
where W) is a scaling factor introduced to ensure the energy gain of the synchronous particle
is the same for each variation within each study.

As described in the previous section, one can now move from discrete cavity gaps to

continuous longitudinal coordinates, using dn = ds/g and w = (W — W) /mc?, this allows



CHAPTER 6. MULTI-HARMONIC RF CAVITIES 148

the coupled equations to be obtained as

dw q

= {0 a)(Vileos (6) — con (0]
—Va[sin (¢) — sin (¢s)])
+a[Vii(cos (hg) — cos (hoy)) (6.33)
Vi sin (1) —sin (h )] = 51

and

o _ 5w _OH
ds nyg’ﬁg’)\ - Ow’

The latter is unchanged from the single mode case.

(6.34)

By following the same procedure as described in the previous section, a Hamiltonian is

derived from eqns. 6.33 and 6.34 as

T o, W o N T
" T gma (1~ ) (Vilsin(9) = dcos (9,)]
+Va[cos (@) + ¢ sin (¢,)])

S (h9) _ 4 cos (o))

+C¥[Vh1( A
+ ¢ sin (hoy))]]- (6.35)

H—

cos (ho)

+Vha( .

The kinetic energy term remains unchanged from the single mode case, this is because
if a particle moves away from the synchronous particle by d¢ in terms of the fundamen-
tal, then the movement for the additional harmonic will be hd¢, which is taken into ac-
count in the potential. The Hamiltonian simplifies when a particular longitudinal profile
is specified. For F.i(z) = Ejcos(kz), i.e. an even function, then V2 = 0 and V; =
I? ; 32 Eqcos (kz) cos (%)dz, whereas a reverse effect happens for an odd longitudinal func-
tion. Similarly, this also occurs for the harmonic mode when ¢,;, = 0. Depending on
whether E.;,(h, z) is even or odd, V},; or Vj,5 becomes O respectively. However, for cases

when ¢,,;, # 0, this simplification does not occur.

The synchronous phase in a multi-harmonic cavity becomes more difficult to select as

there are now two independent modes in the cavity, and the contribution from each one is
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dependent on its specific parameters. In order to remain consistent between the treatment
of each set of parameters, a new method is used that allows an appropriate synchronous
phase to be determined. The phase corresponding to the peak energy gain across the cavity
is found, ®,. The synchronous phase that would normally be applied in the single mode case
as —7/3 (for example) is now applied to ®,. Therefore, your synchronous phase is given
by @, + ¢,. This allows a consistent treatment to each particle scenario. Typically, we will
use ¢s = —m /3, which results in a gradient reduction of 50%. This is much larger than is
typically be used in a practical accelerator, but it allows an insight into the physics of the

longitudinal dynamics for each case as it increases the phase width of the rf bucket.

The linear map for this Hamiltonian is similar to the single mode case, with an extension
to include the additional mode. As before, the phases before and after the transformation are

the same, i.e. ¢y = ¢;, the energy transformation is now

Wi = Wi+ q[(1 — a)(Vi(k) cos (¢i) — Va(k) sin (¢4))
+a (Vi (k) cos (hg) — Via(k) sin (he;))]. (6.36)

The Jacobian determinant of the Hamiltonian is given by

oWy 0p) |5t o
_lawm aw (6.37)
oW, ¢;) %Zf Zﬁf
k
1 ;Wi [(1 = a)(V/ (k) cos (¢;) — V4 (k) sin ()

+a (Vi (k) cos (he) — Vi, (k) sin (hey))]

where V'(k) = dV/dk. The derivative of the harmonic voltages give rise to an h factor from
the longitudinal profile. This results makes the harmonic mode more sensitive to errors in the
linear map. However, for similar gradients and initial energies, the error is not anticipated to

be beyond 0.03 % in the worst case.

Eqn. 6.35 is now applied to glean some insight into the beam dynamics in second har-

monic and third harmonic cavities.
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6.4.3 Second Harmonic Cavity
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Figure 6.31: Phase space plots for a cavity exciting both the TMg;g and TMp1; modes. A phase
shift is gradually applied to the TMy;; mode and the gradient is kept constant for each step. For
all steps, Fiy = 10 kV/m. The upper plot in each step is the energy gain over the cavity as a
function of ¢ and the bottom is the phase space plots, where the red line marks the separatrix.

When considering a second harmonic cavity that excites TMy;o and TM(;; modes simul-
taneously, the harmonic number is h = 2 and E,;(h, z) = Egsin (hkz). As discussed, a
gradient reduction corresponding to a synchronous phase of ¢, = —7/3 is used, with the

synchronous phase being recalculated for each step as described in Section 6.4.2.

Here, ¢,y is varied from 0 to 7 and the acceptance of the rf bucket is determined for each
step. Throughout the variation of ¢,;, a constant value of & = 0.222 is used. This value
arises from an optimisation of a second harmonic cavity suitable for beam driven applications
[59]. The particle trajectories are solved for different initial conditions for a proton with an
initial energy of 7 times its rest mass. These plots are shown for different values of ¢,,;, in
fig. 6.31.
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Figure 6.32: Comparison between particle tracking based on fundamental principles with Hamil-
tonian from eqn. 6.35 for ¢,;, = 0.57. The larger contour is for the separatrix, with the smaller
trace showing a small phase deviation.
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Figure 6.33: The normalised acceptance of the rf bucket vs the phase shift of the TMp;; mode.

For ¢,,;, = 0, a slight distortion in the energy gain as a function of ¢ is observed around
¢ = m/2. In the region of the synchronous phase however, the energy gain is approximately
sinusoidal. This is why the shape of the separatrix does deviate significantly from the single
mode case. When ¢,,;, increases, the energy gain of a particle in the region of ¢ > 0 begins
to increase and draw level with the energy gain at ¢ < 0. This culminates in a flattening of
the bucket at ¢,,;,, = 0.57 around ¢ = 0. The bucket is now much wider, and is flatter at
the highest energy excursion. This flattening is similar to some of the results obtained at the
PSB [118] and ELETTRA [119] where this type of behaviour can increase the lifetime of

the beam.

In order to verify the plots found in fig. 6.31, single particle tracking based on fundamen-

tal principles was performed and compared with the Hamiltonian for ¢,,;, = 5. The reason
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Figure 6.34: Input acceptance for a TMg1; second harmonic cavity for £y = 10 MV/m and
W; = 7m. In each case, ¢ corresponds to respective ¢ found from the case where no acceler-
ation is present.

for choosing this particular step is because it is the most distinctive plot and differs the most
from a single mode separatrix. The results from the tracking can be found in fig. 6.32.
The tracking was found to be in agreement, with the phase behaviour perfectly matching the
Hamiltonian and an amplitude difference of less than 0.5%, a similar discrepancy was found

in the single mode case.

The acceptance of each rf bucket can be found by numerically calculating the area of the
separatrix. This is plotted in Fig. 6.33. It can be seen that initially, the acceptance reduces
because the gradient of the energy gain is reducing. However, as the bucket begins to flatten,

the phase width increases which causes the acceptance of the bucket to increase.

With the same set of cavity parameters, the case when £y = 10MV/m is now modelled.
The input acceptance is calculated for each step and the main features from each of the
graphs shown in fig. 6.34 are still present. Here, the spiral like trajectories are omitted from
the figures as they do not provide any new insight into the dynamics. It can be seen that as
the energy gain is flattening in the area around ¢ = 0 for ¢,,;, approaching 0.57, the input
acceptance begins to distort and expand around —¢,. In the plots, the point ¢, refers to the
position of the edge of the separatrix from the case without acceleration. This is to show any

additional phase width that may be gained by including acceleration. The area of the input
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acceptance behaves the same in the case with acceleration as it does without acceleration,

while also retaining the same key features observed.

These simulations show that a second harmonic cavity can be used to accelerate bunches

of particles and that the rf bucket can be manipulated in a precise and predictable way.

Having modelled the acceptance of the rf bucket in a cavity that can excite a fundamental
and second harmonic mode, a similar procedure is now applied to a cavity that excites a

fundamental and a third harmonic mode in the following section.

6.4.4 Third Harmonic Cavity

For the third harmonic, a cavity that excites a TMg;9p mode with a third harmonic TMy;4
is considered. It therefore follows that for this regime, h = 3, ¢, = 0 and E,,(h,z) =
Eycos (hkz).

In this section, o« will be varied in order to determine the behaviour of the area in be-
tween the main rf buckets. Here, the value of o at which additional buckets begin to emerge
between the primary rf buckets is to be determined. To achieve this, energy gain and phase
space plots for a proton with an initial energy of 7 times its rest mass are plotted for a third
harmonic cavity while maintaining a constant gradient, these results are displayed in fig.
6.35.

As «vis increased, it can be seen that the phase space contours begin to distort as the effect
of the third harmonic becomes much more prominent. This is shown by the particularly
dense region of contours that begin to emerge in between the main rf buckets. However,
it 1s not until @ ~ 0.65 that a stable region develops. The reason the secondary bucket
emerges at this point, is because the additional peak in the energy gain plot has an amplitude
that exceeds the energy gain of the synchronous particle. Once this occurs, small stable
regions can develop that are localised to the additional peak, but can freely move to positive
and negative values of w. It can then be seen that when a@ = 1, the case for just the third

harmonic alone is present, as expected.

As found in previous sections, tracking was performed in order to verify the figures
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Figure 6.35: Phase space plots for a TMp12 mode for varying o with £y = 10 kV/m. The
gradient is kept constant for each step. Top is the energy gain as a function of phase offset and
bottom is the phase space contours.

shown. For this case = 0.8 was used, because a secondary bucket was present but with
reduced amplitude. Two initial positions were selected such that they were both on the
seperatrices of their respective buckets. This can be found in Fig. 6.36. Good agreement was

found, with the amplitude errors being no more than 0.3%.

Fig. 6.37 shows the acceptance of the rf bucket as a function of «. The acceptance slowly
reduces as « increases, starting with the acceptance for a single mode cavity alone and ending
with the acceptance of just the third harmonic alone. Due to the increased frequency of the
third harmonic, the phase width of the bucket is also reduced by a factor of three. Considering
that each step in this study is scaled such that the energy gain of the synchronous particle is

constant, the acceptance behaves in a manner that is anticipated.

The input acceptance behaves in a similar manner to the previous cases. This is displayed
in fig. 6.38. The shrinking of the input acceptance is clearly visible with a reduction in the

phase width of the main buckets.
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Figure 6.36: Comparison between particle tracking based and Hamiltonian from eqn. 6.35 for

a = 0.8. The contour on the right is the separatrix of the main rf bucket, while the separatrix for
the secondary bucket can be seen on the left.
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Figure 6.37: The normalised acceptance of the stable region in the rf bucket vs a.

The Hamiltonian for a particle traversing a multi-harmonic cavity has been derived and

applied to a second and third harmonic cavities. This work is applicable for medium to high

energy proton linacs operating at high gradients, or low energy proton linacs operating at

low gradients.

In Chapter 5 the principles of single mode detuning for collinear were introduced and

verified with simulation. Here, in Chapter 6 we have shown the potential benefits of exciting

multiple harmonic modes within the confines of a single rf cavity. Finally, to complete the

discussion, a cavity geometry will be described that allows multiple harmonic modes to be

detuned to allow collinear acceleration with high transformer ratios as well as pulsed surface

heating reduction. This will be described in detail in Chapter 7.
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Figure 6.38: Input acceptance for £y = 10 MV/m. In each case, ¢ corresponds to respective
¢2 found from the case where no acceleration is present.



Chapter 7
Multi-Harmonic Detuned Accelerating Structure

The fundamental principles of single mode cavity detuning have been verified, and
the benefits of exciting multiple harmonically related modes have been shown. This
chapter will combine these two effects, and introduce a cavity geometry that is capable
of being used a detuned multi-harmonic accelerator structure. A structure of this type
could potentially be used as a basis for future high gradient lepton linear colliders. The
transformer ratio and the pulsed surface heating reduction will be verified from numerical
modelling and time domain simulations.

The longitudinal and transverse wakefield pose serious threats to the stability of trailing
bunches in close proximity to the driving bunches. An analysis of the longitudinal and
transverse modes of the cavity will be performed, and the results will be compared to
wakefield simulation results from t3p. This will be followed by a discussion on how the
transverse wakefield affects the design of such a cavity.

In the previous chapters, several different types of cavity have been introduced. Chapter 5
showed a single mode cavity that is capable of being used in two beam acceleration schemes.
While Chapter 6 showed simulations of multi-harmonic cavities that can have reduced sur-
face temperature rise. This chapter will combine these two effects, which will result in
a cavity that excites multiple harmonic modes and can be used in two beam acceleration
schemes. The transformer ratio and pulsed surface heating reduction will be verified by both
eigenmode and time domain simulations. In order to determine the feasibility of such a
cavity, this chapter will finish by discussing the transverse wakefield of this multi-harmonic

detuned accelerating structure.

Initially, expressions regarding the multi-harmonic transformer ratio need to be intro-
duced to guide the design of the structure. This theory was originally developed by Y. Jiang
[112] and is then verified with time domain simulations, the first time a cavity of this kind

has been studied in this way.

157
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7.1 Multi-Harmonic Transformer Ratio

The transformer ratio for a cavity that excites one accelerating mode has been shown to
be valid in time domain simulations in Chapter 5. However, when multiple accelerating
modes are present, the overall transformer ratio is the parameter of interest. Here, the multi-
harmonic transformer ratio will be derived from the steady state field profile from each of

the modes.

Assuming an ideal m-mode pattern, the longitudinal steady state field profile for the de-

tuned beam-excited fundamental mode is given by

Ey(z,t) = [1 R, 1 cos (¢1) exp i(wit + ¢1) cos (=2), (7.1)

B

where L is the cavity length, I,,, R, ,, and ¢, is the contributing current component, the shunt
impedance and the detuning angle respectively for the nth mode. This is the similar to the
previous form found in eqn. 5.24. The deceleration gradient of a particle arriving at the

center of the cavity at ¢, z = 0 is therefore

1 [ IR,
D, = —Re/ Ei(z,t = z/c)dz = ==L cos® (¢y), (7.2)
L 7L/2 2

while the accelerating gradient for a particle travelling one quarter of a period of the funda-

mental frequency later is

N LR
A; = —Re Ei(z,t =z/c+ 7/2wq)dz = — = sin (2¢1). (7.3)

For the second harmonic mode, the wave number for is twice that of the fundamental
mode, therefore it can be treated as a shorter cavity with length L/2 where the virtual cavity
center is now offset by /4 to the real cavity center for a TMg;; mode. The longitudinal field

profile is therefore

Es(z,t) = I3R; 5 cos (¢2) exp i(wat + ¢2) cos (2%2’), (7.4)
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with decelerating gradients given by

2 Ly LR,

Dy = —Re/ BEsy(z,t = z/c)dz = 222 cos? (¢y). (7.5)
L —L/4 2

The second harmonic has twice the phase velocity of the fundamental mode, therefore (in

terms of phase) the field advances for particle that is offset by a fixed amount by twice as

much as the fundamental. Therefore the phase delay in this case is 7.

2. LRy
Ay = —Re Ey(z,t =z/c+7/2wq)dz = — = cos” (¢2) (7.6)
L —L/4 2

The transformer ratio is -1 for a second harmonic. This same relation applie for all even

harmonics.

For an ideal third harmonic cavity the steady state field is
. 3T
E3(z,t) = I3R 3 cos (¢3) exp i(wst + ¢3) cos (fz) (7.7)

Similary, the decelerating and accelerating gradients can be calculated as

1 L/6 I
Dy = —Re/ Es(z,t = z/c)dz = AT (¢3) (7.8)
~L/6
and
L/6 I
Az = iRe/ Es(z,t = z/c+7m/2wq)dz = sty sin (2¢3) (7.9)
L _1/6 4

As has been shown before, the transformer ratio is calculated as

T=15 (7.10)

where A and D are the total accelerating and decelerating gradients. For a single mode

cavity, this is simply given by

T ="— = —tan(¢) = 2Q0. (7.11)
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In the case of a cavity that excites a fundamental and a second harmonic mode, the acceler-

ating and decelerating gradients are given as

[1Rsl [2Rs2

A=A+ Ay =— 1 — sin (2¢) — 5 = cos? (¢g) (7.12)
and
I R LRy
D=D+Dy=" 5 L cos? (¢y) + = 5 2 cos? (¢o). (7.13)
This gives the transformer ratio as
A+ A in (2 2 2
e s S Sm(Q $1) + 2 cos 2(@) . (7.14)
Dy+ Dy 2c08? (¢1) + 2x cos? (¢2)
When ¢; = ¢ = ¢, this reduces to
t
7= - tanlo) (7.15)
I+x

where x = 3R 5/1; R, 1. The presence of a second harmonic mode does not contribute to
the total transformer ratio experienced by the beam, the stronger the second harmonic mode

is excited, the lower the transformer ratio becomes.

Eqn. 7.14 can be plotted to show the behaviour of the transformer ratio for changing the
detuning angle and the contribution to the total field of the second harmonic. This can be
found in fig. 7.1. The figure shows that for any detuning angle or second harmonic contribu-

tion, the transformer ratio is reduced for the second harmonic and any even harmonics.

For a multi-harmonic cavity that excites the fundamental mode with a third harmonic

mode, the acceleration gradient is

[3Rs,3

LR, . .
A=A+ Ay=—— : L sin (2¢1) + sin (2¢)3) (7.16)
with a decelerating gradient of
LR IsR,
D=D,+D;=" 5 L cos? () + — 5 2 cos® (). (7.17)



CHAPTER 7. MULTI-HARMONIC DETUNED ACCELERATING STRUCTURE 161
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Figure 7.1: Transformer ratio as a function of the second harmonic contribution and detuning
angle. For this figure, we choose ¢; = 87.5° which gives 77 = 22.5.

This gives a transformer ratio of

_ A+ Ay sin(2¢1) — xsin (2¢3)
T = Di+ Ds N 2((3()82 (¢1) i XCOS2 <¢3)) (7.18)

where x = I3R3/11 Rs1. When ¢ = —¢3 = ¢, the transformer ratio simplifies to

T = tan (¢) = —2Q0 (7.19)

A 3D plot of the third harmonic transformer ratio can be seen in fig. 7.2. The transformer
ratio for the fundamental mode alone is 22.5, and it can be seen that with the correct detuning
angle and small values of x, the transformer ratio can be maintained or even increased. This

provides the main motivation for selecting a third harmonic cavity for the studies shown here.

Now the percentage contribution from the third harmonic mode « for a beam driven cav-

ity is calculated in terms of the ratio of the shunt impedances y. The percentage contribution
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Figure 7.2: Transformer ratio as a function of the third harmonic contribution and detuning
angle. For this figure, we choose ¢1 = 87.5° which gives 71 = 22.5.

of the field from the additional harmonic to the total field is given by

—x sin (2¢)
sin (2¢1) — x sin (2¢3)

o = |Es/ Eqotall = | | (7.20)

This reduces to « = x /(1 + x) for ¢; = —¢p5 = ¢.

If it was required to increase the contribution from the additional harmonic, shorter Gaus-
sian bunch sizes can be used to maximise the magnitude of the excitation of each mode. By
taking the ratio of the current components for each mode, a relation for the bunch length o

in terms of the fundamental frequency can be determined. i.e.

—2n20?
provided
(2h? —)\%2)7r202 <1, (7.22)
which allows a minimum bunch length to be defined as
-« (7.23)

7V2h2 — 2
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This relation can also be used to limit the contribution from the harmonic mode by lengthen-
ing the bunch size. This is particularly useful when performing single mode simulations on
a multi-harmonic cavity. The longer bunch length reduces the component from higher order

modes and only strongly excites the fundamental mode.

7.2 Cavity Simulations

This section will describe the design process and simulation results of a detuned multi-
harmonic cavity. The transformer ratio and average magnetic field squared will be calculated
with eigenmode simulations and will be followed up with verification from time domain sim-

ulations.

7.2.1 Eigenmode

From the calculations found in Section 7.1, a third harmonic cavity was selected as the most
suitable type of cavity for beam driven multi-harmonic cavity two beam accelerator. The
same techniques and base geometry found in Chapter 6 can be used with slight changes in
order to tune the cavity frequencies. Table 7.1 gives the geometric parameters that arose
from an optimisation of the third harmonic cavity found in Chapter 6. The geometry can
be found in figure 6.2. As seen in Chapter 6, chokes were included on either end of the
cavity. These were purely for simulation purposes, in order to prevent the third harmonic
mode from leaking out through the iris which would cause the boundary conditions to effect

the simulation results.

The field profiles for the TMy1o and the third harmonic TMg;2 modes can be found in
figure 7.3 and rf parameters for each mode can be found in table 7.2. In the design of this
cavity, several aspects had to be considered. Firstly, the quality factor of the fundamental
mode needed to be low. This is because the rise time of a mode is calculated by eqn. 2.6,
i.e. linearly with @).. In order to perform time domain simulations, the cavity needs to be
simulated until steady state is reached, which does not occur until approximately 5 times the
rise time of the most dominant mode. For this reason, the surface conductivity was artificially

lowered until the quality factor for the fundamental mode was 500. This was a compromise
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’ Parameter H Units \ Value ‘

a a/A | 0.15

L - A/2

A mm 1.68
By mm | 4.872
Ay mm | 1.222
B, mm | 1.195
b mm | 11.097
bend mm | 11.109
Js mm | 1.535
Jt.end mm 1.327

Table 7.1: Geometry parameters for a third harmonic detuned cavity.

between attainable simulation times and quality factors that were high enough for the model

to remain accurate.

Additionally, it was intended that the cavity be designed such that ¢; = —¢3, which
would give 7 = —2Q)9. However, a field flatness for the fundamental mode was critical
for accurate simulations. The resulting transformer ratios are therefore 7; = 8.936 and
T3 = —10.633. Therefore, the expected transformer ratio for these parameters needs to be

calculated.

For a drive beam of Gaussian width ¢, = 1mm, the current contributions can be cal-
culated as Iy = 0.969, I35 = 0.756, which means the third harmonic mode is being ex-
cited at 78% of the magnitude of the fundamental, which gives x = 0.0489. Substituting
each of these relevant parameters into eqn. 7.18, gives the anticipated transformer ratio of
T = —9.0115 when the cavity is being excited by a drive bunch train with a repetition
frequency of f; = 11.9942 GHz and 0, = 1mm.

Following a similar process to that found in Chapter 6, the reduction in the surface mag-
netic field will be calculated for this cavity, first with eigenmode, then with time domain

simulations.

The magnetic field on the surface of a detuned cavity for a single mode is given by

Hy(s,t) = H(s)sin (wt — ¢1). (7.24)
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’ Parameter H Units \ TMo10 \ TMo12 ‘

I GHz | 11.888 | 36.2693
Q - 500 | 672.46
S - 07684 | 0.421

Ey maz - 6.16 | 8.33

Hymae || mA/V | 1342 | 39514
R, kQ/m | 278.08 | 17.44

R/Q Q/m | 5562 | 259

Table 7.2: RF parameters for a beam driven third harmonic cavity.

Figure 7.3: Field profiles for the TM1g (top) and TMg12 (bottom) modes of a three cell third
harmonic elliptical cavity with chokes.

For two modes, the peak magnetic field is given by
Hy(s,t) = H(s)[(1 — o) sin (wt — ¢1) 4+ n(s)asin (3wt — ¢3)] (7.25)

where 7)(s) is a function of the ratios of the magnetic field strength along the surface. The
average magnetic field squared along the surface is calculated for this third harmonic cavity
and is displayed in fig. 7.4. The reduction in the average of the magnetic field squared for
the multi-harmonic cavity has a peak reduction of 19.3% compared to the single mode case.

The corresponding temperature rise is calculated and can be found in fig. 7.5.
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7.2.2 Excitation Model

The excitation model describe in Chapter 5 can be applied to the third harmonic cavity, in
order to show that the two methods of calculating the transformer ratio are both applicable
to a cavity of this type, and that results can be obtained that are in agreement with theoretical

predictions.

Firstly, by taking a point at the center of the cavity, the model can be expanded to include
the additional harmonic present in the cavity. This then allows the arrival time of each drive
and test bunch to be calculated (the same method found in Chapter 5), and the relative field
they experience can be determined. The transformer ratio taken only at the center of each
cavity is calculated as 7 = —9.004, which is excellent agreement with the expected value.

The excited fields and bunch locations can be found in fig. 7.6.

E. [V/m]
E. [V/m]
o

—400/ " - -

‘ ‘ ‘ ‘ ‘ J —600t ‘ ‘ ‘ ‘ ]
0 20 40 60 80 100 120 119.75 119.80 119.85 119.90 119.95 120.00

t [ns] t [ns]

Figure 7.6: Fundamental and third harmonic field oscillations are summed over time to replicate
a drive bunch excitation. The left figure shows the full probe signal at the center of the cavity,
while the right shows drive bunch points (blue) and test bunch points (black).

Alternatively, the transformer ratio can be calculated by integrating gaussian bunches
through a field that is composed of both the fundamental and third harmonic mode and
determining the ratio of the energy gain of the test bunches to the drive bunches. This gives

a transformer ratio of 7 = —&8.9722.

In the next section, time domain simulations will be shown that verify both the reduction
in the average magnetic field squared on the surface and the multi-harmonic transformer

ratio.
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7.2.3 Time Domain Simulations

Time domain simulations on the collinear multi-harmonic cavity were performed using the
code T3P. The cavity was excited by a drive bunch train with reptition frequency f; =
11.9942/2 GHz (corresponding to the CLIC rf frequency with every other bucket filled).

In order to be able to compare the surface fields and transformer ratios for single mode

excitation and multi-mode excitation, two simulations needed to be performed.

The first simulation was with a bunch train where each bunch had a gaussian width of
o, = 4mm. This allowed a strong excitation of the fundamental mode and a weak excitation
of higher order modes. Then, using the same geometry and mesh, the cavity field was excited
with a bunch train that has a gaussian width of 0, = 1mm. This allowed strong excitation of

both the fundamental mode and the third harmonic mode.

The cavity parameters for the fundamental and third harmonic mode can be obtained
from the simulation with o, = Imm. A frequency filter could be applied that removed the
fundamental mode such that only the third harmonic (or the fundamental mode) is present.
As shown in Chapter 5, the field experienced by the drive bunch at the center of the cavity
can be can be plotted, and a numerical fit applied to obtain the cavity frequency and quality

factor.

’ Parameter H TMOlO ‘ TM012 ‘ TM010+TM012

0, [mm] 4 1 1
f-[GHz] || 11.888 | 36.2693 -
Q. 500.0 672.0 -
7;nalytical 8.94 -10.63 9.01
Teimuaion | 885 | -10.27 9.04

Table 7.3: Summary of time domain results for a detuned multi harmonic cavity.

Table 7.3 summarises the results relating to the transformer ratio for time domain sim-
ulations of a collinear multi-harmonic cavity. There is excellent agreement with analytical
prediction and time domain simulations for the transformer ratio, with a discrepency of less
than 0.5%.

For each simulation presented, the surface electric and magnetic fields were extracted
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for two complete rf cycles at steady state. This allowed the average magnetic field squared
on the surface to be calculated for single mode excitation and compared to multi-harmonic

excitation.
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03
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85 90 95 100 105

s [mm]

Figure 7.7: Time domain simulation results of the average square of the magnetic field reduction
along the surface of the central cell in a detuned multi-harmonic cavity. Red is for fundamental
mode only and blue is for a combination of fundamental and third harmonic.

Figure 7.7 shows the average ﬁ along the surface of the third harmonic collinear cavity.
The plot shows the average field calculated in the time domain using the data from the middle
cell from each of the two different simulations. The maximum anticipated surface field
reduction for the eigenmode case was 19.3%. It was found in the time domain that there
was a maximum reduction of 13.3%, corresponding to a difference between eigenmode and
time domain of approximately 6%. This difference arises from several places. Firstly, a
frequency filter can not be applied to the surface data (each data set extracted requires a
large amount of memory, therefore only the surface data from steady state is extracted). This
means that the surface field does not exclusively contain only the modes of interest, but may
also contain a small contribution from other higher order modes. The total contribution from
these higher harmonics could effect the average field in ways that have not yet been studied.
Secondly, as was seen with the single mode case, the cavity frequencies are not the same as
was simulated in eigenmode. The difference in the numerical method results in small shifts

to the frequencies of each cell. Therefore, a field profile that had a flat field in eigenmode
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simulations, does not have a flat field in time domain simulations. The third harmonic mode
is much more sensitive to these shifts due to the higher frequency, therefore this can change

the field strength in each cell.

The current required to achieve a gradient of 100MV/m can be calculated from the shunt

impedances and the detuning angles i.e. by solving

Mjs’l sin (2¢1) + x% sin (2¢2) = 100 MV/m (7.26)
For the parameters discussed here, I; ~ 15 A for a/\ = 0.15 and 0, = 1 mm. However,
there is a tradeoff between transformer ratio and current. High transformer ratios require
much higher currents to the lower amplitude of the fields excited. The CLIC decelerating
cavities require a drive beam current of approximately 35A, however the current is increased
to reduce the overall length (and therefore machine impedance) of the accelerator. It is seen

here that a factor of 2 is saved in the base level of drive beam current.

These results demonstrate there is a clear potential to reduce the pulsed temperature rise
in multi-harmonic cavities, and with the detuning of each mode, could be used as the basis

for a high gradient multi-harmonic two beam accelerating structure.

7.3 Mode Analysis

Throughout this study, it has been assumed that the test bunch is travelling a quarter of
an rf period behind the drive bunch (this is in comparison with the typical CLIC bunch
spacing of 6 rf buckets). This introduces a problem of strong longitudinal and transverse
wakefields created by the drive bunches but acting on the test bunches that could potentially
cause large emittance dilution or lead to a beam breakup instability. A doubling of the
bunch spacing requires twice the current to maintain 100MV/m accelerating gradient. It was
shown in Chapter 5 that the transformer ratio will remain the same when the bunch spacing is
increased by integer multiples of the rf period. It is therefore critical to determine the closest
bunch spacing allowable that will not give rise to emittance dilution. A full analysis of the
longitudinal and transverse modes, through eigenmode and wakefield simulations, will be

performed to determine this value.
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In this section, the detuned multi-harmonic cavity that was introduced in Section 7.2 will
be extended to include 6 additional mid-cells, making it now a 9-cell third harmonic cavity.
This is so that it is similar to other 9-cell m-mode structures that are used (for example the
TESLA or FLASH cavities). Eigenmode simulations will be undertaken to determine the
mode composition for both longitudinal and transverse modes, and time domain simulations
will show the wakefield in each case. This is in order to determine the strength of the wake-
field, and to calculate how this will affect the required bunch spacing. The fundamental and

third harmonic modes of the 9-cell cavity can be seen in figure 7.8.

Figure 7.8: Field profiles for the fundamental accelerating mode and third harmonic mode for a
9-cell cavity.

The longitudinal and transverse dispersion curves can be found in figure 7.9. From the
longitudinal dispersion curves, it can be seen that the fundamental accelerating m-mode is
almost synchronous with a beam travelling at 5 =~ 1 (the mode is detuned so it is not expected
to be perfectly intersecting with the light line). The third harmonic mode, which in this case
is represented by the fifth band, is also almost synchronous with the beam with a phase
advance of 37 per cell. The first 3 bands have been fitted using only the single chain circuit
model, while the last 3 bands required a fit to be made to include next to nearest neighbour
coupling. Figure 7.10 shows the normalised kick factor vs frequency for each of the different
passbands. It can be seen in the longitudinal case (top plot) that the second and fourth
bands have loss parameters of similar strength to the the fifth band (the third harmonic).

These modes will be strongly excited and can have a large contribution to the longitudinal
wakefield.

In the transverse plane, good agreement is seen between single mode, full cell and semi-
emperical circuit model predictions. There are modes in the first two passbands which could

be strongly excited due to their close proximity to the light line. The first two passbands
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Figure 7.9: Dispersion curves for a 9-cell third harmonic detuned accelerating cavity. The left
plot shows the longitudinal modes and the right shows the dipole modes. In both cases, the red
points are from single cell simulations, black triangles are from multi-cell simulations (with end
cells and beam pipes), the blue line is the circuit model prediction and the black dashed line is
the light line.

couple strongly, as do the fourth and fifth. Weak coupling between the third and fourth and
the fifth and sixth bands were required in order to get get good agreement between circuit
model predictions and eigenmode. Figure 7.10 shows the transverse kick factor (bottom plot)
as a function of frequency, and it can be observed that the modes with the strongest coupling

to the beam are in the first and third bands, with another strong excitation in the second band.

The longitudinal and transverse wakefields can now be computed in T3P, in order to
determine the field strength that will be experienced by a trailing test bunch. Initially, the
longitudinal wakefield was computed using a drive bunch with Gaussian width o, = 1 mm
with @, = 1 pC. The output from the simulation was normalised to structure length and is

displayed for both short and long range cases in figure 7.11.

The Fourier transform of the longitudinal wakefield gives the longitudinal impedance.

The real and imaginary parts of the impedance are found in figure 7.12. Due to the low
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Figure 7.10: The top plot shows loss parameter vs frequency for each of the longitudinal modes
in the cavity. The bottom plot shows normalised Kick factors vs frequency for each of the trans-
verse modes. The different colours refer to the different passbands.

conductivity used on the surface (such that the fundamental modes ). = 500), it is not
possible to resolve each mode within the passband. However, the passbands that contribute
strongly can still be determined. It can be seen that the three major contributors to the
wakefield are at 12GHz, 23GHz and 36GHz. This is in agreement with the distribution of
the kick factors seen in figure 7.10.

The transverse wakefield can be found in figure 7.13 and the real and imaginary com-
ponents of the transverse impedance can be found in 7.14. The impedance shows a strong
coupling of the beam (relative to the other bands) to the passband at 24 GHz. Strong peaks

are also observed at the first two passbands which is anticipated from figure 7.10.
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Figure 7.11: The longitudinal wakefield was simulated using the T3P code. The top figure shows
the details of each oscillation over a short range. The red line gives the bunch distribution, the
blue is the wakefield and the black points are arrival times of trailing drive bunches. The lower
plot shows the full wakefield, with a damping time consistent with (). = 500.

The CLIC requirement on the transverse wakefield is that it must be lower than 6.6 V/(pC
mm m) by the arrival time of the next bunch. Figure 7.13 shows the transverse wakefield,
with black points referring to test bunches and red points referring to trailing drive bunches. It
can be seen that a bunch that the first test bunch experiences an unacceptable high transverse
wakefield, over 30 V/(pC mm m). It is not until approximately 8 rf buckets later that adequate

damping has occurred such that a test bunch experiences a wakefield that satisfies the CLIC
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Figure 7.12: Real and imaginary components of the longitudinal impedance.

criteria. Earlier it was shown that the required current to achieve 100 MV/m for a multi-
harmonic cavity was approximately 15A. With a spacing behind the drive bunch of 8 rf
bucket, this needs to be increased by a factor of 8 in order to acquire 100MV/m, taking the
required drive current to 120A. This is similar to the drive beam current of CLIC (100A).

It needs to be considered that the quality factor of all of the modes for this cavity are
artificially low, due to the scaling of surface conductivity to give the fundamental mode
Q. = 500. Typical copper cavities would typically have ). ~ 9000 for monopole modes,
which would require a more complex design (including HOM dampers) in order to reduce
the required bunch spacing to 8 rf buckets. Were a cavity be designed that had couplers
to extract and damp the HOM'’s this bunch spacing could be reduced further. However,
challenges begin to arise in methods of damping transverse modes in between 12 GHz and
36 GHz. Any strongly excited modes will need to be removed using a method that does not
negatively affect the third harmonic mode. Designing a cavity with these capabilities is the

subject of future work.

This chapter has shown that a third harmonic cavity is most suitable for a beam driven
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Figure 7.13: Short range (top) and long range (bottom) transverse wakefields simulated in T3P.
The black points are the arrival time of the drive bunches, while the red points show the arrival
time a quarter of a period (of the drive frequency) later.

collinear accelerating structure due to the high achievable transformer ratios. A structure was
designed based on the elliptical cavities described in Chapter 6. Time domain simulations on
the transformer ratio were shown to be in good agreement with those predicted from eigen-
mode simulations (within 0.5%) and the average surface magnetic field squared reduction
was shown to 6% weaker in the time domain than with eigenmode simulations. This is due

to the presence of other modes that were unable to be removed by the post processing.

The cavity was then extended to include additional mid cells, and a wakefield analysis
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Figure 7.14: Real and imaginary components of the transverse wakefield.

was performed. This showed that in order for this cavity satisfy the CLIC requirements on
the transverse wakefield, a bunch spacing of 8 rf periods is required. This would require
120A of drive beam current to achieve. However, this cavity has artificially low quality
factors. As such, more complex geometries would need to be designed that can damp higher

order modes if a cavity of this type was to be considered as an accelerating structure.



Chapter 8

Conclusions

This research on two beam accelerators was focused on displaying the fundamental mech-
anisms in collinear acceleration. Some potential to increase accelerating gradients while
reducing the effects of pulsed surface heating in multi-harmonic cavities are introduced and

a new analysis on the longitudinal stability of multi-harmonic cavities was performed.

Chapter 5 includes derivations of the transformer ratio in a fundamental mode detuned
cavity that are based on the circuit model. A simple numerical model that approximated
the beam-driven cavity field as a sum of sinusoids separated by the drive bunch repetition
period was created. By calculating the ratio of the test bunch field to the drive bunch field,
it was shown that the calculated transformer ratio was within 1% of the prediction from the
analytical description for a wide range of detuning angles (up to ~ 87.5°). Larger detuning
angles than this resulted in inaccurate calculations, due to the sensitivity arising from tan(¢)

dependence as the angle approaches 90°.

Using ASTRA, an idealised bunch distribution was tracked through the F, field extracted
from simulations of a 9-cell TESLA cavity. The initial time offset of the bunch was varied
in-line with the expected detuning angles of a cavity with 7" = —22.5. This tracking allowed
the energy loss of a drive bunch and energy gain of a test bunch travelling 7/2 behind the
drive bunch to be calculated. The ratio of the energy gain of the test bunch and energy loss
of the drive bunches gives the transformer ratio, which was shown to be within 0.01% of the
anticipated value (from the input detuning angle). This tracking verified the methodology

for calculating the transformer ratio when presented with a detuned oscillating field.

A three cell detuned cavity was then designed with ). = 500 and 7 = —10 for time
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domain simulations. Using the ACE3P simulation suite, the cavity was excited by a drive
bunch with repetition frequency f; = 11.9942/2 GHz. After filtering of higher order modes,
and tracking artificial Gaussian bunches through the on-axis field, it was found that the trans-
former ratio was within 0.5% of the value obtained from eigenmode simulations. With the
inclusion of artificial beam loading by manipulation of the cavity field, the equivalent reduc-
tion in transformer ratio was in good agreement with both theory. A second, similar cavity
was designed with 7 = —22.5 that showed agreement of the transformer ratio within 5% of
the value calculated in eigenmode simulations. Errors arose from the achievable resolution
of the bunch position caused by limited mesh density, which affects the resolution on the
detuning angle. The inclusion of a low current test bunch in the simulations also showed ex-
cellent agreement with the beam loading relations derived using the circuit model. The time
domain simulations that were performed are an original contribution to this area of study,

and the results showed excellent agreement with theory and numerical models.

Chapter 6 moved the discussion onto multi-harmonic accelerating cavities, and attempted
to quantify the benefits of temperature rise on the cavity surface, and the reduction in the on-
set of rf breakdown. Initially, second and third harmonic cavities m-mode standing wave
cavities were designed. The accelerating gradient of each mode was normalised to 100
MV/m and the surface fields were extracted. By calculating the relative strengths of each
mode, the surface fields were compared between the single mode alone and the contribution
from both single and second harmonic, and single and third harmonic modes. In both cases,
a reduction in the average pulsed surface heating squared was seen (the main contributor
to the temperature rise on the cavity surface). This reduction was then reflected in the re-
duced temperature rise (which was calculated using the derivation described in Appendix
C). Potentially large reductions were seen to be possible, approximately 20% for a second
harmonic cavity and 12% for the third harmonic cavity. These reductions were also seen

when simulating multiple coupled cells with beampipes.

A cavity that utilised the anode-cathode effect was then described. The basis of the
anode-cathode effect is that a cavity can be designed such that the anode field is smaller than
the cathode field on the surface. This was realised using an asymmetric second harmonic
travelling wave cavity. By extracting the surface electric field for this cavity, it was shown

that there was a large asymmetry in the total field over time. The peak cathode field is ap-
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proximately a factor of 2 larger than the peak anode field. There are many different theories
for rf breakdown, but a cavity that exhibits these properties could also be used in rf break-
down experiments. If this is indeed a mechanism for the onset of rf breakdown, then a cavity
of this type could be a serious consideration for a high gradient multi-harmonic accelerating

cavity.

The effect of the additional harmonic on the longitudinal beam dynamics was then ex-
plored. The Hamiltonian that describes the longitudinal motion of a particle relative to the
synchronous particle for a general multi-harmonic cavity was derived and applied to second
and third harmonic cavities. It was found that, depending on the phase relation desired be-
tween the fundamental and the harmonic mode, there is no damaging or limiting effect on the
beam dynamics. The size and shape of the rf bucket does vary depending on the setup, but
it behaves in a predictable manner. The framework required for the derivation of the Hamil-
tonian was based on literature, but had to extended to include additional harmonics in ways
that had been seen previously. The work found in this section is currently in preparation for
publication. Overall, the chapter showed there were clear benefits to the utilisation of multi-
harmonic cavities, and that they could be used in a linear accelerator without compromising

the longitudinal stability.

Finally, Chapter 7 combined the principles from the previous two chapters into one ac-
celerating structure. A multi-harmonic detuned beam-driven accelerating structure was de-
signed using eigenmode simulations. A third harmonic cavity is most suitable for beam
driven applications, due to the fact that the transformer ratio for even harmonic modes
is equal to -1. Therefore, a third harmonic cavity was designed such that 7; ~ 9 with
(Q)c1 = 500. The harmonic mode had its frequency tuned such that 73 ~ —10.5. The op-
posing signs allow the detuning angles of each mode to work with each other to increase (or
maintain) the transformer ratio, rather than decreasing it, this is shown through calculations
found in the beginning of the chapter. The cavity was modelled using a similar excitation
model as to that found in Chapter 7, which also showed good levels of agreement. The cavity
was simulated using the T3P code by exciting the fields with a drive bunch with repetition
frequency f; = 11.9942/2 GHz. Two simulations were performed, one with o, = 4 mm,
which only allows strong excitation of the fundamental mode and another with o, = 1 mm,

which allows strong excitation of modes with frequencies under approximately 40 GHz. It
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was shown that in both the single mode and multi-mode case, the transformer ratios were
in good agreement with the expected value. The surface fields were extracted from each of
the simulations and the peak accelerating gradient was scaled to 100MV/m. In this case, and
it could be determined that a 13% reduction in the average magnetic field squared on the
surface is observed. A reduction of approximately 6% compared to what was expected from
eigenmode simulations. This is the first set of time domain simulations for multi-harmonic

collinear accelerating cavities, and show clearly the benefits that can be attained.

However, in order to quantify some issues relating to the transverse wakefield, a mode
analysis was performed on the same cavity geometry (with an additional seven cells) that
were used for the time domain simulations. However, it emerged that with a standard cavity
with an artificially low Q, ). = 500, bunch spacings of up to 8 rf buckets are required to
ensure the drive and test bunches do not see a field exceeding the current CLIC transverse
wakefield requirement. This has the effect of increasing the required drive bunch current
from approximately 15 A to 120 A. This is larger than the current CLIC drive beam cur-
rent. If a structure can be designed that adequately damps the transverse wakefield, then
this spacing can be reduced and the required current can be decreased and still achieve 100
MV/m.

In summary, each physics principle required for a multi-harmonic collinear accelerating
structure has been shown to agree with theory. However, effects from the transverse wake-
field require a more complex cavity geometry to be designed, one that is capable of damping
the transverse wakefield without affecting the harmonic mode. In addition to this, experi-
ments are currently planned at Yale University to develop a multi-harmonic rf source. This
rf source is the precursor to a series of multi-harmonic breakdown studies that could lend
some credence to the anode-cathode effect, and provide an experimental justification for the
development and testing of cavities based upon this principle. Additionally, a single mode
cavity has been designed that will allow a proof of principle experiment to be carried out
on single mode detuning. The cavity has tuning rods that can detune the fundamental mode
frequency. By using a beam positioning monitor, the drive bunches can excite both the BPM
and the cavity (on resonance excitation). The cavity can then be detuned and the experiment
repeated. The shift in the phase of the excited signals can be used to determine the detuning.

This will allow a wide range of transformer ratios to be probed.
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The cavities described here have shown that the physics of collinear acceleration and
multi-harmonic cavities, both as individual or combined effects, are valid when considering
idealised simulations. New areas of study will need to occur to show that cavities that exhibit
these properties can be manufactured. These studies will provide the basis upon which a
high-gradient two beam accelerator structure can be developed for use in high gradient linear

colliders.
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Appendix A

Frequency Scaling With Cavity Parameters

The choice of frequency for an rf cavity is very important, as a number of different effects
become stronger for higher frequencies, while others may become weaker. Therefore, it
is very useful to know how each of the different cavity parameters scales with frequency.
This section will derive each of these relations by first deriving the surface resistance for
NC and SC materials. It then becomes straightforward to see how these different effects
factor in to the rest of the parameters.
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This section is summarised from Refs. [5, 30, 60, 80]. Using Maxwells equations, it
is possible to show that E = Eqexpiwt with j = oE and that when considering a good

conductor (valid for we < o¢,.), then
V2E = 7°E, (A.1)

where 7,, = y/iwo. i, and o, is the conductivity of the material [30]. The approximation
we K o 1s valid for high frequencies, meaning the displacement current is negligible com-

pared to the conduction current in metals.

Eqn. A.1 can be solved for a simple case, where x > 0 refers to a conductive region, and

x < 0 is free space. Therefore a solution to the equation is

E, = Eyexp (—7,x). (A.2)

Separating the real and imaginary components allows the equation to be re-written as

- —1x
E, =E eXp(T)exp(T), (A.3)

where ¢ is the skin depth of an AC field which is given by

2
5= ’/wu - x w2, (A4)
0Yc¢

Similarly for the magnetic field, the AC current density and magnetic fields are given by

J. = Joexp (—mpx), H, = Hyexp (1,). (A.S5)

Analogous to the concept of ohms law for DC resistance, the surface impedance Z; is
defined as the ratio of the surface electric field F to the current in the conductor /. In order

to acquire the current, the current density is integrated over the entirety of the conductor

I= /Oojz(x)dx = ]‘_0. (A.6)
0

Tn
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Using the fact that j, = o.F), the surface impedance can be re-defined as

Ey 1 Viwpeo.

B jO/Tn B Oc Oc

Z, =R, +iX.. (A7)

The imaginary part corresponds to the surface field not being in phase with the current in
the conductor due to the rate of change of magnetic flux in the conductor. R, gives the AC
resistance, whereas X gives the reactance. The surface resistance for a normal conducting

material is thus

w
Ry =) 2K o 112 (A.8)

20,
However, in the case of a superconductor, there is an additional current component on
the surface of the material, the super current. In this case, the total current is the sum of the
normal conducting and superconducting components. The normal component of the current

is j, = o,/ and
Nne>T
n

(A9)

Op =
m

where n,, is the number of unpaired electrons and 7 is the relaxation time. For rf currents,

Js = Jso exp (iwt). (A.10)
Using the first London equation, i.e.
dJs 1
= —3 A1l
ot oA} A1D
one can obtain
jo=——F = —io,E, (A.12)
WHoAT,
where
m
A2 = . A.13
L ns€2M0 ( )

This gives the conductivity of the super current as

(A.14)
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The total current is now

J=Jn+7js= (0 —io,)E. (A.15)

A similar treatment to the normal conducting case can now be applied. It can be shown
that
V?E = 12,F, (A.16)

where

Ttot — \//’LOW?:(O'TL - Z-O's)- (A.17)

Similarly, the surface impedance is now given by

Zy =) —H0 (A.18)
O, — 10

In order to derive the surface resistance for a superconducting material, the assumption
that 0,, < o must be made. This is for two reasons, the first is that 7 < 1/w because 7 is
of the order 10~!4s with 1/w of the order 10~ s, the second is that at T' < T, n,, < n i.e.
the number of unpaired electrons is much smaller than the number of paired electrons. This

assumption allows the usual definition of impedance to be applied, which gives

1
R, = EanwzugAi x w?, (A.19)

with
XS = CU[LQ/\L. (A20)

This means it is much more preferable to use SC cavities for low frequency operation, as the

surface resistance are much lower than for NC.

The cavity radius is calculated from
b= 01, (A21)

where j is the zeroth root of the Bessel function.
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The power dissipation in a cavity is given by

Py = %RS / IH|dS, (A.22)
S

In order to make an accurate comparison, P, is scaled to length giving P;. In the case of

a NC cavity
Py o w'w™t oc w2, (A.23)
whereas for SC
P ox w?w ™t oc wh (A.24)
The stored energy is given as
€o 2 Ko 2
U - —/ B2V — —/ H[2dV, (A.25)
2 Jy 2 Jy

Again, by scaling to length it is found that
U« B0 o w™ (A.26)

for both NC and SC. The quality factor of a cavity is determined by

wU
For NC
Qo x w'w2w'? o w2, (A.28)
and for SC
Qo x wwAw !t x w (A.29)
R/Qy is determined by
R V2
0

This parameter per unit length is independent of cavity material and is the same for both

cases, given by o
— xwlw? xw. (A.31)

Qo
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Per unit length, this parameter scales as
— X w w . (A.32)
This means that the shunt impedance can be calculated for NC as
R x w'Qy x w'w™? x w'/?, (A.33)

while for SC

R xw'Qyxwlw? ocw™. (A.34)

The geometric factor is calculated from

wpo [, H2AV  wlw™? 0
G = fs H[2dS X g XW (A.35)

This parameter is independent of frequency and cavity material, which is to be expected as

it is a parameter that depends only on the geometry of the cavity.

The longitudinal loss factor is calculated from

V2
=17 *Y (A.36)
which is the same for NC and SC.
The transverse loss factor is given by
kY
K, =—=— A.37
L w2/’ ( )

where /{:S-Jn) o w? is the dipole loss factor for mode n, w; o< w is the corresponding frequency,
with r oc w2 as the axis offset the loss factor is calculated at. This factor scales as
2

Koo —— o (A.38)

The wakefields in the longitudinal and transverse plane scale with their respective loss
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parameters, such that
W, o w? (A.39)

W o w? (A.40)

A table summarising the results can be found in below in table A.1.

| Parameter | Super conducting | Normal conducting |
Cavity radius (b) wt w!
Surface Resistance (R;) w? wl/?
Power dissipation (P)) w! w12
Stored energy (U) w2 w2
Quality factor (Qy) w2 w12
Shunt impedance (R') wt wl/?
Geometric factor (G) w? WO
R over Q (R'/Qo) w! wh
Longitudinal loss factor (k) w? w?
Transverse kick factor (/) w3 w3

Table A.1: Frequency scaling with cavity parameters for normal and super conducting cavities.



Appendix B

Circuit Model Applied to Beam Driven Detuned
Accelerating Cavities

This section will derive, from the circuit model, the transformer ratio for two beams
traversing the same cavity structure. This will be derived for only one fundamental acceler-
ating mode, but this can be expanded in order to provide a framework for multi-harmonic
multi-beam accelerator setups.
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The theory found here is heavily reliant on work performed by Y. Jiang et al, found in
Ref. [8].

The voltage in a parallel RLC circuit was derived in section 3.1, and is given by eq. 3.14,

where R = % with r as the shunt impedance [72]. For convenience, it can be found below

R

S
V=100

(B.1)

For simplicity, the magnitude of detuning is the same for all cavities, however it may be ad-
vantageous to employ different signs of detuning in alternate cavities. These are henceforth

referred to as “fixed” and “alternate” detuning.

The model employed has drive bunches and test bunches injected at the same frequency
such that they are uniformly interleaved. For the following derivations, it is assumed that
only one cavity mode is excited, however this can and will be extended to also include multi-

mode excitation.

The test beam current I1(z,t) propagates along the Z direction, with the drive beam
current /p(z, t) propagating along either the Z or the —Z direction. Both beams are travelling
on axis. Both of these currents can be considered as a superposition of harmonically related

modal currents, with frequencies w; and wave numbers k7, and kp_.

Ip(z,t) = Y Ipe/thrton) (B.2)

Ip(z,t) =Y Ip,et-ko.(mz0)ton,) (B.3)

where ¢, and ¢p, are the initial temporal phases of the modes, the wave numbers k7, = [;"TSC
and kp, = %= with S and Sp the normalised particle velocities, and zj is the separation

Bpce
between the drive and the test bunches.

The current has been decomposed into harmonically related modal currents, therefore the
same can be said of the electric field. For purely axial currents, the excited spectrum is taken
only to be composed of T'Mj,,, modes, which means it can be assumed that the £, field on

axis is constant within each cavity.
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The steady state electric field in the nth cavity can be written as a Fourier series
E.(z,t) =) EJ(2)e™",
S

with I/ = % where g is the cavity cap. The electric field for each mode is given as

r 1 nA+3 p
Ey(2)= % — — 1
= 51T iags L, T

(B.4)

(B.5)

as follows from the parallel RLC circuit model, where n is the cavity number and A is the

cavity period.

The integral calculates the total current that is in the cavity and normalises with respect

to the cavity gap (the length of the integration). The current can be considered as

I(z)e™" = Ip (2,t) + I, (2, 1).

(B.6)

From this point onwards, only single modes are being considered. The sum has been re-

moved, and the the subscript s has been suppressed, which gives

Ip(z,t) = Ipel@ikr=tér)
Ip(z,t) = Ipe'@!=Fplz=z0)+on)
By substitution
1(2) _ ITei(wtfszer)T)efiwt _|_[Dei(wtfkp(zfz0)+¢D)€7iwt

— ITei(¢T*kTZ) + [Dei(¢D*kD(Z*ZO))

Performing the integration without limits yields

[reiér—krz) [ oi(ép—kp(2—20))
/]<Z)d2= e + 28
_kT —kD

(B.7)
(B.8)

(B.9)

(B.10)
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The constant has been neglected as limits are being added

nA+4 [rei(@r—kr2) Inei@p—kp(z—20)) A4 2
/ I(z)dz =] — v
nA-g —kr —kp nATe
]Tei(¢T—k‘T(nA+%)) [Dei(¢D—kD(nA+%—zo))
T “Fp
Ipeiér—kr(nA=3)) [ i(¢p—kp(nA—5—z0))
]{?T kD
_ Ir iter-kra-g)) _ gior-rrnrtg)) B.11)
kr
_|_I_D( i(pp—kp(nA—$§—20)) _ ei(¢D—kD(nA+%—ZO)))
kp
This can be re-arranged as
IT i(pr—krnA) ikrg _ kg ]D i(6p—kp(nA—=zp)) ikpg _ikpg
— " OTTRIR) (e — T T2 ) 4 —"\PPTD We™2 —e T2 ) (B.12)
kT kD
Using Eulers equation (¢ = cos 6 + i sin 0) it can be shown that
e — e = cos(z) + isin(z) — cos(—x) — isin(—x) = 2isin(x), (B.13)
which means the integral can be simplified further to
I krg . I kpg .
L9 sin(~LL gitér—krnd) 4 D o i (PDY i(ép—kp(nA=z0)), (B.14)

]{IT D

By taking a factor of 1/g from the factor outside of the integral, and substituting the wave

numbers the transit time factor can be defined as

2ﬁo;“,gD c )

- wg/2B7,pec

sin(

Or,p

)

(B.15)

This now leaves

Z']T@Tei(abT—anA) + i[D@Dei(‘bD_kD("A_ZO)). (B.16)
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The modified current ratio can be defined as

IOy

= B.17
*=T1.0, (B.17)
and i can be treated as a phase shift of 7 which yields
_/ I(z)dz = [D@D(geﬂ(@ﬁTJranA) + el(d’DJrkD(nA*ZO)))_ (B.18)
g nA—g
Combining this with the previous factor it is shown that
r 1 : .
E, _ s JiNe) —i(pr+krnA) —i(¢p+kp(nA—20))y B.19
(2) 291 +i200 ° p(&e te ) (B.19)

The modulus of 1 4 i2Q)0 can be calculated and combined with a phase shift, which gives

e\ /1 + 4Q)22. By substitution, this yields

T e~ i0n ; i
Ey(2) = == ———=1IpOp(Lertkrnh) 4 =ilépthpni=20))) (B.20)
)= 50 o P96 )
where 6, = tan~!(2Q4,) is the phase angle between the electric field and current with
6, = (—1)"6 where £ = 0,1 for fixed or alternate detuning. Eqn. B.20 represents the
detuned electric field inside a cavity. The propagator now needs to calculated. This is the
factor that propagates the electric field from one cavity onto the next. This factor can be

calculated according to
E.(z=A)

This can be calculated by substituting n = 1 and n = 0 into eqn. B.20 and taking the ratio.

Therefore, the following expression can be obtained

ge—ikTA-‘ritﬁT + e~ kp(A—20)+i¢p

= —i2¢0
e = geid}T 4+ eilkp20+¢p) € : (B.22)
Similar, the propagation factor for the current is
Ir(z=A .
I = T(Z—_) _ o—itkrA B.23)

IT(Z 0)
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In order to achieve phase synchronism, it is necessary for the ratio g—; be equal to a real

number i.e. with a zero imaginary component

I ipT ikp(z0+éD) )
_Ur feifr te ¢ 120 (B.24)

R= g Ee—ikrAtior 4 e—i(kp(A—20))+iép gikr A

iogT ikp(z0+¢D) )
§rr t e 120 (B.25)

= ge@qu +el(kDZ0+¢D)el(kt7kD)A

Four general cases can now be examined, fixed and alternate detuning and parallel and anti-
parallel beams. The requirement for each of these cases is that the imaginary component
must vanish. First, for fixed detuning & = 0, in order for R to be real elbr—kp)A — 1 this
occurs when

A(kr — kp) = 2m. (B.26)

Substituting the wave numbers gives

A 1 1
TM(B_T — B_D) = 2mm. (B.27)
g_LT? _1 2m;jﬁD (B.28)
_ Pp
BT 1+ 2mmefp (B29)

For alternate detuning & = 1, it is necessary to evaluate the relation in the limit where the
modified current ratio ¢ — 0, i.e. that the test beam current is much smaller than the drive

beam current.

This leads to e(kp—k1)A =120 — 1 which means

(kp — kr)A — 20 = 2mm (B.30)
Aw . Bp. 9
o=y =amlm 4 ) (B.31)
bp ., 921chp
P=1-(m 2T (B.32)
- B
Br = (B.33)

1—(m+ %)—27;\05D .
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The synchronism conditions can now be imposed on the expression for the electric field

in the cavity.

In order to account for the time varying field, an extra factor needs to be included into
B.20

—ibn

Ts e
LN —
29 /1 +4Q%2

ES(Z) @D(ésefi(¢T+anA) + e*i(¢D+kD (nAfzo)))eiwt (B34)

The transformer ratio is defined as the ratio of the electric field seen by the test beam to

Er
Ep

field, the real part of eq B.34 needs to be calculate and evaluated at the correct time.

the electric field seen by the drive beam i.e. 7' = Z~. In order to calculate the appropriate

Setting A = = —22Ip__ N = nkyA + ¢ and Mp = kp(nA\ — z9) + ¢p gives

2g /1+4Q262 ?

E(Z,t) — Aefl'@n (ge*iMT + e*iMD>€*i(*wt) — Aefian (gefi(Mwat%Fe*i(MD*Wt)) (B35)

Applying Eulers equation gives

E(z,t) = A(cos 8, — isinb,)(s[cos(Mp — wt) — isin( My — wt)] (B.36)
+ cos(Mp — wt) —isin(Mp — wt)) (B.37)

Multiplying out and taking the real part yields

E(z,t) = Alcos 0, (s cos(Mp — wt) 4+ cos(Mp — wt)) (B.38)
—sin 6, (s sin(Mr — wt) + sin(Mp — wt))] (B.39)
Considering that §,, = tan™! 2Q¢ then cos #,, = ———— and sin ,, = 20

\/1+4Q2682 \/1+4Q282°

Then

A r  Oplp

-  _pB=__ PP
V1 + 4Q262 29 1+ 4Q?%6?

(B.40)
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Substituting

E(z,t) = Blscos(Mp — wt) + cos(Mp — wt)— (B.41)
2Qds sin(Mp — wt) — 2Qd sin(Mp — wt) (B.42)

The field that can do work on test particles at the centre of the nth cavity at = = nA and

attime t = {p = @is

T @D]D

ET<TLA, tT) = %HZI—W(C COs ¢T + 2Q5§ sin ¢T (B43)

+ COS[]{IDZO — (k’D — kJT)TZA + ng] (B44)

+ 2@(5 sin[szo — (kJD — k?T)TLA + qu]) (B45)

Similarly, the excited field that acts on the drive beam particles at t = tp = M

with z = nA is given by

r  ©Opl .

ED(nA,tD) = %#QDZ(P(COSQﬁD +2Q(SSID¢D (B46)

+ §COS[]{ZDZO — (k’D — k’T)TLA — qu}— (B47)

2Q5§ Sin[k’DZO - (I{TD - k’T)’I’LA - QSTD (B48)

Eqns. B.43 and B.46 provide the basis from which a range of parameters for an accel-
erator setup can be explored. Here, only the electron model will be mentioned. The proton

model is also included can be found in refs. [8].

For ultra relativistic electron acceleration, the drive beam and the test beam have Sy ~
fp ~ 1, the beams propagate in the same direction so kr = kp = k = %. The transit time
factors are equal ©p = O7 = © which means the modified current ratio is just the current
ratio itself ¢ = % The initial phases are chosen to be ¢ = ¢p = 0. This gives the field

seen by the electron test beam as

oI
ET(TLA, tT) = éﬁézéz(g -+ cos k’ZO + 2@5 sin k’Zo) (B49)
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while for the co-propagating electron drive bunch. The electric field is given by

eI
Ep(nAtp) = éﬁé;y(l + g cos kzg — 2Qd¢ sin kz) (B.50)

By choosing the appropriate phase delay between the test beam and the drive beam, then
the equation for the transformer ratio can be determined.

Therefore

(s + cos kzg + 2Q0 sin kz)
T = B.51
(1 4+ gcoskzy — 2Qds sin kzp) B.51)

For zy = (2j — )% for j = 0 or an integer. Then

¢ — 2R

T 1+ 2Q0¢ (852

Eq. B.52 is the beam loaded transformer ratio, and it takes into account the field excited

by the test bunch as the well the drive bunch.

= _10!

—~15!

00 02 04 06 08 10
S

Figure B.1: Transformer ratio as a function of the modified current ratio.

Figure B.1 shows the transformer ratio versus the modified current ratio. For small values
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of ¢, the transformer ratio is very sensitive to the test beam current. The transformer ratio
depreciates rapidly until the test bunch current is approximately 20 % the drive bunch current.

By this time the transformer ratio has reduced to about 25 % the of the unloaded case.

~2Q0¢ —¢?

— T = 2T
T T 000+ 1

(B.53)



Appendix C
Theoretical Underpinning for Pulsed Surface Heating

This section will derive the expression used to calculate the temperature rise on the surface
of a cavity due to the magnetic fields.

211
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The following section is summarised from [10, 57, 124].

The diffusion equation is

ep 9 _ 292 C.1
v +k; aZ ot’ €D

where oy = k/pc., T is temperature, g is a driving source, ¢, is the specific heat, p is the

density and £ is the thermal conductivity of the material.

The Greens function [125] is an equation that gives the response of a system to a delta-
function impulse. For the case of a one dimensional body, V — 8%, however very similar

results can be obtained for two or more dimensions [10].

In order to calculate what the response would be in this case, the driving source can be
neglected, and the Greens function is given by the solution to
0?G(z,t) 1 0G(x,t)

— _ .2
a2 ai o ot €2)

Taking the solution as an inverse Fourier transform of the Fourier transformed solution
looks like

G(z,t) = /00 G(k,t) exp (ikx)dk. (C.3)

—0o0
Substituting this solution into C.2 gives

e  10G(k1)
k°G(k,t) = Oé?z TR (C4)

which using the limits of ¢ and ¢ can be integrated to give
G(k,t) = G(k,t") exp (—a3k*(t — t)). (C.5)

By assuming a delta-function impulse at z = 2/, t = ¢’ such that G(z,t') = §(x — 2’), then

the Fourier transform around this point can be calculated in order to find G(k,t'), i.e.

exp (—ika')

o (C.6)

Gk, ¥) = % / 5z — ') exp (—ikz)dz =
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Substituting these equations back into C.3 gives

1 oo

G(x,t) = 2—/ exp (ik(x — o)) exp (—k*a3(t — t'))dk. (C.7)
™ —0o0

By completing the square, the equation can be simply integrated by substitution to give the

Greens function for the one-dimensional diffusion equation for heat as

0 t<t
G ,t = 1 /
(z,1) {(47rad(t — ) exp(—- &Ly s ¢

40zd (t—t,)

(C.8)

This is a Gaussian function with width

o=/ 2a4q(t —t). (C.9

As it is a one dimensional problem, a boundary can be taken at x = 0 where it is a vacuum
when x < 0 and a metal when z > 0. The power per unit volume is given as
B dP(x,t) B dP(t)2

- - z _ : > )
g(z,t) s 13 exp(—2x/9); x>0, (C.10)

where dP/dA is the power per unit area and ¢ is the skin depth. If the surface is adiabatic
(no heat flow into the vacuum), heat that diffuses in the negative x-direction is reflected
at the boundary. This can be accounted for with an image source or power that falls off

exponentially from the surface

dP(z,t)  dP(t)2

g(x,t) e I exp(2z/0); x<0 (C.11)
The initial and boundary conditions are:
T(z,t=0)=1T, (C.12)
aoT
— =0 = C.13
6x| 0=0 (C.13)

From the Greens function, the solution to an equation is given as a sum of all of the responses
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of the equations to a series of impulses, given as

T(x, TO—I——// (' G (2, t, 2 t")d'dt. (C.14)

The Greens function, the power per unit volume given in eqns. C.10 and C.11, can all be
combined to give the temperature rise with time at any point along the material [10], shown

to be
dP (' t")

T(x,t) = T0+— dt/ do' =2

G( — a2 t—1). (C.15)

Substituting the expression for the power, the integral can be split over the two different

regions giving

B 1 AP [0, 2 (x —a')?
T t) =To+ 0pCer/Targ /0 Vit — t’dt dA [/OO de eXp(T " dag(t — t’))
o 22/ (v —a')?
+ d - )] C.16
/0 v exp(—= dag(t — t’))] (.16)
Using
k: /
B=—(t—t), (C.17)
PCe
Performing the integral with respect to =’ yields
¢ dP(t") 2B oz
T =T ! 43/5> -9 £ _ T
(x,1) 0+ pCe(S/o dt" exp(48/67) T4 [exp(—2x/0)cerf( 5 2\/3)
+ e><p(2:z;/(5)<:erf(2\6/B + ﬁ))}, (C.18)

where cerf(x) is the complimentary error function.

When the skin depth can be neglected, the limit 6 — 0 can be applied, an approximation

can also be made that states

1
cerf(x) ~ Tz oxp (@8 (C.19)
This gives
B 1 ! dt’ 2 dP(t)
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Assuming a square pulse

dP(t') Ry 9
= °H?% t'<T, 21
7 5 ; 0<t' <1, (C.21

where T), as the pulse length and H as the peak tangential magnetic field at z = 0 (the
surface), the limits can be changed to account for the temperature rise only when a power
source is present. This can be substituted into C.20, to give temperature rise due to heating

of the cavity walls for zero skin-depth is given by [10]

at’ 1

AT = m/ N

—Ry|Hy (¢ (C.22)
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