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Abstract

The application horizon of particle accelerators has been widening significantly in re-

cent decades. Where large accelerators have traditionally been the tools of the trade

for high-energy nuclear and particle physics, applications in the last decade have grown

to include large-scale accelerators like synchrotron light sources and spallation neutron

sources. Applications like generation of rare isotopes, transmutation of nuclear reactor

waste, sub-critical nuclear power, generation of neutrino beams etc. are next area of

investigation for accelerator scientific community all over the world. Such applications

require high beam power in the range of few mega-watts (MW). One such high inten-

sity proton beam facility is proposed at Fermilab, Batavia, US, named as Project-X.

Project-X facility is based on H− linear accelerator (linac), which will operate in con-

tinuous wave (CW) mode and accelerate H− ion beam with average current of 1 mA

from kinetic energy of 2.5 MeV to 3 GeV to deliver 3MW beam power. One of the most

challenging tasks of the Project-X facility is to have a robust design of the CW linac

which can provide high quality beam to several experiments simultaneously. Hence a

careful design of linac is important to achieve this objective.

H− ion is non-relativistic at kinetic energy of 2.5 MeV and its velocity changes

very rapidly with acceleration in Project-X linac. Thus, the linac uses several types of

accelerating structures which are optimized for different particle velocities to provide

efficient acceleration. Project-X linac has evolved over recent years from pulsed version

to continuous wave (CW) version, so cavities are designed for both of these versions

using simulation approach. In the pulsed (earlier) version of the linac, there already

exists a 11-cell, 1.3 GHz design of cavity. HOMs study of the cavity is performed and

asymmetrical design of the end cell is proposed. Further, an alternate version of the

cavity design based on 9-cell is also proposed. In latest (CW) version of the linac,
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5-cell, 650 MHz cavities are designed for the intermediate and high energy sections

corresponding to βG = 0.61 and βG = 0.90. Shapes of these cavities are optimized

to achieve maximum acceleration and minimum power dissipation to reduce cryogenic

losses. A systematic study is performed to understand the effects of excitation of

resonance of HOMs on beam quality and resultant power dissipation. Analysis of

HOMs provides better understanding of the requirements of HOM damper for these

cavities.

Further, a robust lattice is designed for reliable operation of CW linac which pre-

serves beam quality and allows robustness in design parameters such as accelerating

gradients in cavities, focusing gradient in magnets etc. Studies based on beam tracking

codes are performed for the baseline lattice to analyze beam trajectory and beam emit-

tance. An essential measure of a successful accelerator system is its ability to provide

high beam availability and high reliability. To improve the reliability of linac, possi-

bility of failure of beam line elements are included in the lattice design. Operation of

the linac at CW mode puts stringent tolerances on beam transport elements, especially

at low energy section, which increases the possibility of temporary or permanent loss

of accelerating cavities and focusing magnets during the operation of linac. Lattice

should be robust enough to have a capability that RF cavity or magnet failure may be

compensated locally by using the neighbouring elements. The numbers of cavities and

focusing magnets in a cryomodule are chosen in such a way that at least one failure of

RF cavity or focusing magnet can be compensated locally.

A standard procedure developed for the fabrication of 1.3 GHz, 9-cell cavity at

mass scale, is discussed in this work. Similar approach will be used for the fabrication

of 650 MHz cavities for the CW linac. Deep-drawing method is commonly used to

fabricate Niobium cavity. Quality of inner surface of cavity degrades during process of

fabrication which may limit maximum accelerating gradient in cavity. Thus, it is passed

through sequence of surface treatments in order to remove defects from production

process. Surface treatments involve chemical etching high pressure water rinsing and

heat treatment of cavity. After all treatments, performance of a single-cell cavity like

accelerating gradient and quality factor is tested at 2K in the vertical-test stand (VTS)

facility at Fermilab.
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1

Motivation and Framework:

Proposed Project-X facility at

Fermilab

The application horizon of particle accelerators has been widening significantly in re-

cent decades. Where large accelerators have traditionally been the tools of the trade for

high-energy nuclear and particle physics, applications in the last decade have grown to

include large-scale multi-purpose accelerators like synchrotron light sources and spal-

lation neutron sources. Applications like generation of rare isotopes, transmutation of

nuclear reactor waste, sub-critical nuclear power, tritium production, radiation damage

studies, studies of rare processes and generation of neutrino beams etc. are other areas

of interesting investigation for accelerator scientific community all over the world. Such

applications require high beam power in the range of few mega-watts (MW). One such

high intensity proton beam facility is proposed at the Fermi national accelerator lab-

oratory (FNAL), Batavia, USA, named as Project-X [1, 2]. This chapter gives a brief

overview of historical development of accelerators and potential applications of high

intensity proton or H− ions accelerators. The main physics objectives of the Project-X

facility and their global imprints on the scientific community are discussed. Layout

of proposed accelerator complex for the Project-X facility is presented. Finally, the

motivation behind the work and the thesis organization are described.
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1. MOTIVATION AND FRAMEWORK: PROPOSED PROJECT-X
FACILITY AT FERMILAB

1.1 Historical development of accelerators

Initial experiments in nuclear physics using charged particle scattering with a target

was performed by E. Rutherford [3] in 1911 which resulted in a growth of relatively

new science, the quantum mechanics. This experiment provided an idea to use charged

particle beams as main instrument in the investigation of nuclear structure. Rutherford

used alpha particles from a natural radioactive isotope and thus, the beam parameters

were uncontrolled practically. The quest of providing highly intense, controlled beam

and increasing the kinetic energy of charged particle motivated the physicists to de-

sign machine, named as accelerator, which could accomplish these requirements. The

simplest way to increase the energy is to allow the particle beam to move through a

high electric potential. Energy gained by a particle depends on potential difference

between the two electrodes. Therefore, the initial development of particle accelera-

tors was related to the design of high voltage generators. Van de Graaff generator

[4] and Cockroft-Walton generator [5] are good examples of such high voltage genera-

tors. These high voltage generators are called electrostatic accelerators because voltage

between the electrodes remains constant with time. The performance of electrostatic

accelerators are restricted by maximum achievable voltage between electrodes which is

limited by a high voltage break down.

Figure 1.1: RF electric field (shown by arrow) between drift tubes accelerate the particles.

2



1.1 Historical development of accelerators

In 1925 G. Ising [6] suggested an idea to use oscillating electric field to avoid the

limitation of electrostatic accelerator and achieving further higher energy. The principle

of using oscillating field for acceleration was first demonstrated by R. Wideroe [7]

in 1927-1928. The basic idea of operation of the Wideroe accelerator is shown in

Figure 1.1. A key component of Wideroe accelerator was metallic tubes which was

aligned along the beam trajectory. Subsequent metallic tubes are connected to opposite

polarities of a radio frequency (RF) source. Wideroe accelerator operates at π-mode.

It means that at any instant electric field configuration between two successive gaps

differ in phase by π. Ions are accelerated in a gap between the metallic tubes. When

the field becomes decelerating the ions drift inside the tube where no field is applied to

them. Therefore, these metallic tubes are also called drift tubes. To perform continuous

acceleration the distance between centers of two subsequent gaps Ln should satisfy the

condition:

Ln =
v

2f
; (1.1)

where f is the frequency of the RF source and v is the velocity of particle. The particle

velocity increases during acceleration and therefore, to maintain synchronization con-

dition, distance between the gaps has to increase accordingly. Even though Wideroe

established the principle that unlike an electrostatic accelerator, the voltage gain of

the RF accelerator could exceed the maximum applied voltage but its performance was

still limited for two reasons:

• For higher velocities the length of the drift tubes has to increase, which means

that there was a natural practical limit for these machines. Especially for light

charged particles the drift tubes would simply become too long.

• Operation at higher frequency results in reduction of drift tube length. But there

is another limitation. Since these metallic tubes are not enclosed by a conducting

boundary, the operation at higher frequencies means that the drift tubes were

basically becoming antennas. With increasing frequency they radiate more and

more of the RF energy instead of using it for acceleration, thus leading to a poor

efficiency of the accelerator.

A solution was proposed by Louis Alvarez [8], who put the Wideroe linac into

a volume enclosed by conducting wall. This solved the problem of radiated energy at

3



1. MOTIVATION AND FRAMEWORK: PROPOSED PROJECT-X
FACILITY AT FERMILAB

Figure 1.2: Principle and field profile (shown by arrow) of an Alvarez linac.

higher frequencies. Figure 1.2 shows the principle of the Alvarez linac. It can be noticed

that in the Alvarez linac the field, in all gaps, points in the same direction. Synchronism

with the RF demands that the RF phase changes by 2π while the particles travel from

one gap to the next. Thus, distance between centers of two subsequent gaps Ln is:

Ln =
v

f
; (1.2)

Trajectory of a particle through Alvarez and Wideroe accelerators was linear so these

are called linear accelerators (linac).

In 1929 E.O. Lawrence [9] invented circular accelerator where charged particle moves

in spiral trajectory under the influence of uniform magnetic field. As particle moves in

circular or spiral orbit, particle can pass through an accelerating gap many times. Over

the period of times Lawrence circular accelerator has been developed into synchrotron

for the acceleration of particles up to the energy in tera electron volt (TeV). Large

hadron collider (LHC) at CERN is a synchrotron accelerator which accelerates proton

beam up to the kinetic energy of 3.5 TeV.

Initial development of accelerators was based on acceleration of heavy ions. For

the acceleration of electron which becomes relativistic at relatively low energy, new

accelerating structures were developed. A traveling wave could be used to accelerate

relativistic particles. A cylindrical waveguide propagates waves with phase velocities

greater than the speed of light. Since the charged particles must be traveling at less

than the speed of light, they will not obtain any net acceleration, because they can not

4



1.1 Historical development of accelerators

keep in phase with the wave. If the waveguide is loaded by putting some obstacles, the

phase velocity of the wave can be slowed down to a usable value. The particles may

then “surf ” along the wave with a phase yielding an accelerating force.

A traveling wave structure, closed at both ends with metallic walls, will yield multi-

ple reflections on the end walls until a standing wave pattern is established. This type

of accelerating structures are called standing wave accelerating structures. While the

longitudinally open traveling wave structure allows all frequencies, additional boundary

condition in longitudinal direction for standing wave structure results in an existence

of discrete frequencies. If one feeds RF power at a different frequency, the excited

fields will be damped exponentially. Thus, these structures can be excited only for

certain loss free electromagnetic modes. Standing wave structure is commonly known

as resonant cavity or resonator and frequency of operation is called resonant frequency.

Resonators are widely used for both ions and electron acceleration at all energies while

traveling wave structures are used only for relativistic beam i.e., β(=v
c )∼ 1 with c being

the velocity of light.

In modern accelerators variety of accelerating structures are used to accelerate the

beam for kinetic energy ranging from few KeV to several hundred GeV. On the basis

of the particle velocity accelerating structures are divided broadly in two groups.

• Low velocity accelerating structures : β < 0.5.

• Medium and high velocity accelerating structures : 0.5≤ β ≤1.0.

Drift tube linac (DTL) which is a modified Alvarez accelerating structure, cavity

based on coaxial transmission wave guide such as half wave resonator (HWR), quarter

wave resonator (QWR) and spoke resonator (SR) are commonly used as low veloc-

ity accelerating structures. Normal conducting DTL, coupled cavity drift tube linac

(CCDTL) and coupled cavity linac (CCL) are used in linac for spallation neutron source

(SNS)[10] facility at Oak Ridge while HWR are used at ATLAS facility. Rare isotope

facility (RIA) consider HWR for the acceleration of beam at low energy [11].

Over the period of time cylindrical shaped cavity has been evolved into a ellipti-

cal shaped cavities for acceleration of intermediate and high velocity particles. These

are significantly efficient and provide high accelerating gradient. Multi-gaps elliptical

shaped superconducting cavity are used in modern accelerator to maximize net accel-

eration over the length of accelerator.
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1. MOTIVATION AND FRAMEWORK: PROPOSED PROJECT-X
FACILITY AT FERMILAB

1.2 Requirement of high intensity proton or H− ion beam

Scientific perspectives of accelerator facilities based on high intensity proton or H− ion

beam acceleration are discussed below.

• Spallation neutron source: The neutrons are produced when an ion beam of

energy typically in the range of 1 GeV to 3 GeV hits a target of heavy nuclei

(lead, bismuth). Excited nuclei decay into stable states by releasing neutrons,

gamma rays and electrons.

Distinctive properties of neutrons make them ideal probes for investigations of

condensed matter, which are summarized below [12]:

1. The absence of the charge and the small cross-section of interaction allow

investigating bulk materials in the form of thick targets.

2. Scattering on nuclei allows hydrogen “imaging” and identifying isotopes.

3. Neutron magnetic moment allows us to examine magnetic parameters at the

micro-level.

4. The wavelength of thermal neutrons at inter-atomic distances allows us to

determine the crystalline structure and the arrangement of atoms in a lattice.

• Generation of neutrino beam: Our present understanding of elementary par-

ticle physics is based on the Standard Model (SM) of particle physics. Neutrinos

are elementary particles which have no charge and virtually no mass according

to the SM. In the past decade tremendous progress has been made toward the

better understanding of neutrinos but there are still lot of open questions about

their absolute masses, neutrino oscillations and possibilities of charge-parity vio-

lation. In recent years, serious evidences follow from the experiments on neutrino

that were carried out in Gran Sasso (Italy) [13] and Kamioke (Japan) [14] about

the existence of physics that does not fit the framework of the SM. The question

whether neutrino has or has not mass became decisive for justification of prin-

ciples of the theory of weak interactions, and, on the other hand, it is decisive

for solving problems in Astrophysics. The experiments with electron neutrino νe

from the Sun, and also with νe and νµ from the space in the atmosphere showed

6



1.2 Requirement of high intensity proton or H− ion beam

that it is quite possible that neutrino oscillates between the νe, νµ and ντ states.

At least two of these neutrinos have masses different from zero.

Precise measurements of neutrino mass and evidences for new physics related with

them require high flux neutrino beam. A high intensity proton (or H−) beam is

bombarded on high atomic number (Z ) target which results in production of π

mesons as one of secondary particles. These π mesons decay into muons when

they pass through a long channel. Primary modes of π meson decay are :

π+ → µ+ + νµ (1.3)

π− → µ− + ν̄µ (1.4)

π0 → 2γ (1.5)

Thus, µ+ and µ− are generated using these decay modes. As µ± live 100 times

longer than π±, a linear muon decay channel would need to be few tens of kilome-

ter long. To avoid this difficulty, muons are injected into a storage ring with long

straight section. Accumulated beams of µ+ are the sources of electron neutrino

(νe) and muon anti-neutrino (ν̄u) neutrino, and beams of µ− mesons generate

electron anti-neutrino (ν̄e) and muon neutrino (νµ). Decay modes of muons are

given as follows:

µ+ → e+ + νe + ν̄µ (1.6)

µ− → e− + ν̄e + νµ (1.7)

This approach to neutrino production in storage rings forms the basis for circular

µ-colliders where center of mass energy in the regime of 10 TeV can be achieved.

• Transmutation of nuclear wastes: Power reactors do not extract all of the en-

ergy contained in their uranium (or uranium/plutonium) fuel. Spent fuel contains

radioactive isotopes of heavy elements such as plutonium and americium and fis-

sion products. Some of these isotopes remain radioactive for many thousands of

years. The disposal of nuclear wastes is a major concern for countries with active

nuclear power program. Most countries are committed to a program of long-term

geologic disposal, that is, stabilization of the radioactive material and burial in

specially-designed receptacles and repositories. These plans continue to solicit

the concern of some experts and many members of the public. As an alternative
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to long-term storage, it has been proposed that the long-life isotopes be con-

verted to shorter-lived ones through exposure to neutrons. The transmutation

reaction can be induced by spallation neutrons. An accelerator-driven nuclear

waste transmutation system would consist of three major sub-systems [15]:

– A high intensity proton accelerator with beam power of 5 MW for a demon-

stration, up to ∼ 50 MW for an industrial operation.

– A burner reactor where spallation and transmutation would occur.

– a processing plant in which short-lived isotopes that could not undergo fur-

ther transmutation would be removed for secure disposal, and where other

isotopes could be recycled into new fuel assemblies for the burner reactor.

• Production of radioactive ion beam (RIB): Rare and highly unstable nuclei

can be produced by bombarding heavy nuclei with proton beam or intense flux

of spallation neutrons. These exotic nuclei are excellent means of studying fun-

damental interaction between nucleons. The two production methods are used in

RIB facilities. One is commonly called Isotope Separation On Line (ISOL) and

the other is called In Flight. In ISOL type facilities, radioactive ions are produced

essentially at rest in a thick target, that is bombarded with energetic primary par-

ticles from a driver accelerator. After diffusion out of the target and ionization

the radioactive ions can be accelerated in a post-accelerator. For the in-flight

method an energetic heavy ion beam is fragmented while passing through a thin

target. After mass, charge and momentum selection in a fragment separator the

selected ions can be analyzed or stored for further studies. No post-acceleration

is required. While the ISOL method allows good quality low energy RIBs to be

produced, in-flight facilities are optimum for higher energy RIBs of short-lived

nuclei. In order to move closer to the extreme limits of stability the available

driver beam intensities have to be increased.

• Accelerator driven sub critical reactor system (ADS): ADS is a relatively

new concept which is still needed to be demonstrated. The principal advantages of

ADS over the critical reactors are twofold: greater flexibility with respect to fuel

composition, and potentially enhanced safety. ADS are ideally suited for burning

fuels which are otherwise problematic for critical reactor operation. Burning
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fuels such as U233 and minor actinide, degrade neutronic characteristics of the

critical core to unacceptable levels due to small delayed neutron fractions and

short neutron lifetimes. Additionally, ADS allows the use of non-fissile fuels (e.g.

Th). ADS is based on spallation neutrons which are generated by high intensity

proton accelerator under irradiation of the target made of a material with heavy

nuclei. The deficiency of neutrons in the reactor operating in subcritical mode is

compensated on the account of the spallation neutrons. The optimum energy of

a proton beam compensating the deficiency of the neutron flux in the subcritical

reactor is in the range of 1 to 3 GeV. ADS also provides enhanced safety due to the

fact that once the accelerator is turned off, the system shuts down in the absence

of spallation neutrons. Therefore, ADS seems to have the potential to provide

an additional route to an efficient and economic nuclear power generation with

the available uranium and thorium resources. The major sub-systems of ADS are

[16]:

– High power proton accelerator: It is capable of accelerating the 10 -

30mA beam up to 1 GeV.

– Spallation target: Heavy elements such as lead, bismuth for 10 - 30 MW

beam power.

– Subcritical core: Fast neutron system, thermal neutron system or a com-

bination of fast and thermal neutron system.

Worldwide interest is increasing in high-current (>10mA), high-power (> 1 MW)

proton accelerators. The main existing and proposed facilities based on high inten-

sity linac all over the world are spallation neutron source (SNS) facility [10] at Oak

Ridge National Laboratory (ORNL), Project-X facility at Fermi National Accelerator

Laboratory (FNAL)[2], European Spallation Source (ESS) facility [17], European Iso-

tope Separation On-Line Radioactive Nuclear Beam (EURISOL) facility [18], Japanese

Hadron Project (JPARC)[19] and many more are still to come. SNS facility is already

working successfully.

Most of the facilities are based on high intensity proton or H− ion beam linear ac-

celerators. Thus, development of high intensity ion linear accelerators provides benefits

in the framework of a multipurpose facility.
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1.3 Choice of linear acceleration for high intensity beam

All the proposed or existing high intensity ion beam facilities use linac for first stage of

acceleration. The choice is made due to its capabilities for producing high energy and

high intensity charge particle beams with high beam quality. Some attractive features

of the linac are following :

• High beam quality: Linac is a single-pass machine. The beam traverses its path

only once. Thus, repetitive error conditions causing destructive beam resonances

are avoided which are common feature in circular accelerators where beam passes

through orbit multiple times.

• Capability of handling high current beam: In comparison with synchrotron,

linac can achieve high beam quality and have more distributed beam losses. Thus,

linac can operate at higher duty factor, even at 100% (continuous wave mode),

which results in accleration of beam with high average current.

• Easy injection and extraction: Since nominal trajectory of beam through

linac is a straight line, there is no need for special techniques for efficient injection

and extraction of the beam.

• Synchrotron radiation: When a charge particle traverses a circular trajectory,

it looses its energy in the form of synchrotron radiation. Synchrotron radiation is

negligible in linac relative to circular accelerators. Therefore, linacs are efficient

for acceleration even for charged particles with relatively smaller masses.

• Reliability and maintainability: Linac can be classified as an array of modules

consisting of accelerating and focusing elements which are arranged in a straight

line. It is easy to maintain and to replace failed elements in linac relative to

circular accelerator as one needs to replace only the affected module with new

one. Future upgrade of accelerator to higher energies is easier for linac by adding

more modules at the end of linac.

1.4 High intensity beam facility at Fermilab: Project-X

Fermilab is one of the largest laboratory in Unites States for fundamental research based

on high energy particle physics. Fermilab’s Tevatron was highest energy accelerator
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until LHC started operation in 2010. In recent times, focus of accelerator community

Figure 1.3: Proposed Project-X site at Fermilab.

is moving toward high intensity ion accelerators and Fermilab also decided to move

toward high intensity frontier. A multi mega watt proton accelerator facility named

as Project-X is proposed for construction at Fermilab [1, 20]. It is the centerpiece of

the plan for future development of the Fermilab accelerator complex. Figure 1.3 shows

proposed site for Project-X facility. It will be nicely tied with existing accelerator

complex and will provide high intensity proton beam of different energies. Project-X

will be a multiuser facility which supports many experiments simultaneously.

1.4.1 Physics goals of Project-X

The Main objectives of Project-X facility are following:
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• A neutrino beam for long baseline neutrino oscillation experiments:

Most of the previous experiments on neutrinos were based on cosmic rays which

resulted in excess of background and very low frequency of desired events. A high

intensity neutrino source of a single flavour reduces backgrounds and its known

energy spectrum and intensity could be decisive both for oscillation searches and

precision measurement of the lepton mixing parameters.

• Kaons rare decay experiments: A neutral kaon decays into a neutral pion

and two neutrinos, K0 → π0 + ν + ν̄. This process is a unique probe for study

of the matter-antimatter asymmetry in our world and is a strong adjudicator

of the existence of physics beyond the SM. The proposed Project-X accelerator

would create enough beam power to pursue the kaon physics. Figure 1.4 shows

schematic layout of proposed Kaon decay experiment. Project X facility, with a

Figure 1.4: Schematic layout of Kaons rare decay experiment.

50-picosecond pulse fired every 40 nanoseconds, is ideally suited for time-of-flight

techniques that are needed to determine with high accuracy the momentum of

neutral kaons before they decay in the vacuum chamber. The design of the photon

detector is optimized to precisely measure the energy and direction of the two

photons emerging from the decay of the neutral pion and a detector surrounding
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the vacuum chamber will help identify background processes that can mimic a

signal.

• Advanced muon to electron (mu2e) conversion experiment: Quarks

transform into each other, and so do neutrinos. Scientists have never observed

the charged leptons (electron, muon, and tau) change directly into each other,

yet there exists a possibility that these processes may exist. Proposed experiment

“Advanced muon to electron conversion” at Project-X facility will hunt for these

processes. High intensity proton beam will produce huge number of muons

Figure 1.5: Schematic layout of muon to electron conversion experiment.

in controlled environment. These muons are captured and then state-of-the-art

beam cooling techniques would reduce the momentum range of the muon beam by

a factor of 10 compared to current experiments. Combined with a high-precision

electron detector, this low momentum spread, high-flux muon beam would allow

scientists to explore the mystery of charged-lepton conversion in greater depth

than ever before. Figure 1.5 shows schematic layout of muon to electron conver-

sion experiment.
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Figure 1.6: Schematic layout of the proposed Project-X facility.

1.4.2 Accelerator goals of Project-X

An overview of Project-X accelerator complex is shown in Figure 1.6. This facility is

based on high intensity H− linear accelerator. It will operate at continuous wave (CW)

mode. The schematic of baseline configuration of the proposed 3 GeV superconducting

CW linac is shown in Figure 1.7. Linac is capable to accelerate an average beam

current of 1mA (average over > 1µs) and pulse peak beam current of 10 mA (average

over < 1µs) corresponding to a frequency of 325 MHz. As shown in block diagram

(Figure 1.7), ion source (H− gun), radio frequency quadrupole (RFQ) and medium

energy beam transport (MEBT) system operate at room temperature (RT) and rest of

the linac is superconducting. These systems are described as below.

Figure 1.7: Acceleration scheme for 3 GeV SC CW linac of the Project-X.
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Ion source: Ion source for CW linac is capable of delivering direct current beam

of H− ions of magnitude up to 10 mA. A prototype of ion source has been designed and

tested at LBNL [21]. Transverse emittance is measured for different currents ranging

from 1mA to 10 mA at various beam energies. Normalized root-mean-square (r.m.s)

transverse emittances were found less than 0.2 π mm mrad, which met the specification

for beam requirements. This beam is transported to the upstream of RF quadrupole

using low energy beam transport (LEBT) system. It includes diagnostic devices and

solenoids. A schematic of LEBT, also consisting of ion source, is shown in Figure 1.8.

.

Figure 1.8: Ion source and LEBT-Schematic of beam propagation from ion source to

the upstream of RFQ.

RF Quadrupole and Medium energy beam transport system: RFQ is well

suited for the acceleration of low velocity beam typically in the range of β = 0.01

to 0.07. It also provides longitudinal bunching and transverse focusing of the beam.

RFQ for Project-X CW linac is normal conducting and it operates at 325 MHz. It

accelerates the beam up to 2.5 MeV. The RFQ is followed by MEBT section. Since

the linac average beam current is 1 mA and the beam current at the ion source can

be as high as 10 mA, up to 90 % beam has to be removed by chopper in MEBT

section. The power of removed beam is quite high, of the order ∼ 25 kW, and thus

it will require a dedicated beam dump. The beam energy of 2.5 MeV was chosen in

part because it is below the neutron production threshold for most of the materials.

Beam chopper provides beam time structure which is necessary to operate the different
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experiments simultaneously. MEBT operates at room temperature and it consists of

matching section which provides beam matching between superconducting and normal

conducting section of the linac.

Superconducting (SC) linac: The MEBT is followed by SC linac which is seg-

mented into two sections: low energy part and high energy part. In present design low

energy section (2.5-160 MeV) uses three families of SC single spoke resonators (SSR)

i.e. SSR0, SSR1 and SSR2 which are operated at 325 MHz. The high energy section

of the SC linac (160 MeV-3.0 GeV) uses two families of 5-cell, elliptical cavities which

are designed for βG, =0.61 and βG =0.9 where βG is the geometrical velocity. These

cavities are operated at the frequency of 650 MHz.

3 MW beam at the end of CW linac will be divided between neutrino program and

rare decay process program, using a pulsed dipole. Further, a RF beam splitter can

deliver the beam to multiple (at least three) experimental facilities (shown in Figure

1.6. For the second stage of acceleration, a pulsed linac is used for the acceleration of 1

mA beam pulses with 1-5% duty cycle from 3GeV to 8 GeV. A pulse linac is preferred

over rapid cycling synchrotron due to its flexibility for further upgrade. This beam

is injected to recycler which delivers 2 MW beam power at any energy between 60-

120 GeV to support neutrino factory. Operation of many experiments simultaneously

Figure 1.9: A 1-µsec period in the CW linac, with red pulses for the muon conversion

experiment, blue for rare kaon decay experiments, and green for other experiments.
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require special beam time line. To achieve required time structure for bunches, broad

band chopper [22] removes selective bunches. It reduces beam average current from 10

mA to 1 mA. There are two time lines associated with beam chopping:

• Timeline for strip injection into the Recycler/Main Injector (MI).

• Timeline for the 3-GeV program.

The injection into the ring requires 1-5% of the linac duty cycle. The total charge

needed for injection is 26 mA-ms for every 0.7-1.4 seconds (determined by the MI ramp

cycle). The required bunch chopping during this timeline is associated with the ring

RF frequency (∼53 MHz) and with the kicker gap needed every revolution period (11

µs). The remainder of the duty cycle (> 95%) is delivered to the 3-GeV experiments.

Distribution of beam in these experiments is not decided yet but a preliminary proposal

has been made. The time distribution to different experiments at Project-X facility

is shown in Figure 1.9. Using an RF separator running at 1.25 times of the bunch

frequency i.e., 406.25 MHz, every other pulse is available to the muon experiment, so

a burst of 17, 162.5-MHz bunches (∼100 nsec) of 11× 107 particles per bunch can

be provided. The other RF buckets are chopped and equally split between two other

experiments to match the 20-30 MHz desired bunch spacing.

1.5 Motivation for present work

The main emphasis of this thesis is on the design of superconducting radio frequency

(SCRF) cavities for intermediate and high energy sections of the Project-X linac and

on the design of beam transport line (lattice) for CW linac.

The use of an elliptical cavity for particle acceleration has resulted as a consequence

of a series of trade-off between different cavity parameters, ranging from RF to mechan-

ics, and takes into account the constraints imposed due to cavity design technique and

fabrication experience. It includes both fundamental as well as practical aspects. The

fundamental aspects of cavity design comprise of choice of operating frequency, number

of cells in multi-cell cavity, operating range of cavity etc. The practical aspects of cavity

design include concerns from industrial production and technological constraints such

as availability of auxiliary components (tuner, power coupler etc.)
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Shapes of βG = 0.90 and βG = 0.61 cavities for CW version of Project-X linac

are optimized to achieve maximum acceleration and minimum power dissipation to

reduce cryogenic losses. Field enhancement factors (i.e., ratio of peak surface electric

and magnetic fields to accelerating fields) are minimized to increase the accelerating

gradient while ratio of shunt-impedance to quality factor (R/Q) and geometrical factor

for operating mode are maximized to reduce the power dissipation to the wall of cavity.

Optimization of shape and calculation of RF parameters such as field enhancement fac-

tors, quality factor, shunt impedance etc. of cavity are performed using two-dimensional

cavity design code SLANS. Higher order modes (HOMs) spectrum is studied for both

cavities. The cavities are designed such that there are no significantly trapped HOMs.

A systematic study is performed to understand the effects of excitation of resonance of

HOMs on beam quality and resultant power dissipation. Analysis of HOMs provides

better understanding of the requirements of HOM damper for these cavities.

Linac design of Project-X has evolved over recent years. Initial proposal of Fermi-

lab’s Projct-X facility, based on a pulsed linac, was considered for the acceleration of

beam from kinetic energy of 420 MeV to 1.2 GeV in high energy section. These cavities

are designed for βG= 0.81, operating at a frequency of 1.3 GHz and initially included

11-cells to utilize existing design of cryomodule. In this thesis, the end cells of 11-cell

cavity are optimized to avoid potentially trapped HOMs. Asymmetric design of end

cells are used at both ends so that if any mode gets trapped from one end then it may

propagate through other end. Although 11-cell cavity is well optimized but there were

few concerns from the fabrication point of view. The presence of 11-cell makes the

cavity more sensitive to fabrication errors and thus industrial yield is expected to be

low. An alternative study is also performed in this work to design 9-cell cavity for the

pulsed linac.

One of the most challenging tasks of Project-X facility is to have a robust design

of the CW linac which can provide high quality beam to several experiments simulta-

neously. Hence a careful design of linac is important to achieve this objective. H− ion

is non-relativistic at kinetic energy of 2.5 MeV and its velocity changes very rapidly

with acceleration in Project-X linac. Thus, linac uses several types of accelerating

structures which are optimized for different particle velocities to provide efficient accel-

eration. On the basis of energy, linac is segmented into three sections, i.e. low energy

section, intermediate energy section and high energy section. Three families of spoke
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resonators are used in low energy section of linac, which are operated at a frequency of

325 MHz. These will be used to accelerate the beam from kinetic energy of 2.5 MeV

to 160 MeV. This is followed by intermediate energy section which consists of 5-cell,

elliptically shaped cavities which will be operated at a frequency of 650 MHz. These

cavities are designed for particles travelling with 61% of speed of light (geometrical

beta βG = 0.61) and will be used to accelerate the beam from kinetic energy of 160

MeV to 500 MeV. High energy section also consists of 5-cell, elliptical cavities which

will be operating at a frequency of 650 MHz, but, these cavities are designed for βG =

0.90 to accelerate the beam from kinetic energy of 500 MeV to 3.0 GeV.

Further, a robust lattice is designed for reliable operation of CW linac which pre-

serves beam quality and allows robustness in design parameters such as accelerating

gradients in cavities, focusing gradient in magnets etc. Studies are performed for the

baseline lattice to analyze beam trajectory and beam emittance in longitudinal and

transverse plane using beam tracking codes, TRACEWIN and TRACK. An essential

measure of a successful accelerator system is its ability to provide high beam availabil-

ity and high reliability. The multiuser facility and further upgrade for higher current

to test Project-X as a test facility of accelerator driven system requires minimum beam

interruption for reliable operation of linac. To improve the reliability of linac, possibil-

ity of failure of beam line elements are included in the lattice design. Operation of the

linac at CW mode puts stringent tolerances on beam transport elements, especially at

low energy section, which increases the possibility of temporary or permanent loss of

accelerating cavities and focusing magnets during the operation of linac. Failure of the

beam transport elements like cavity, solenoid and quadrupole alters the focusing period

of the beam, resulting in a mismatch of the beam with the subsequent sections. This, in

turn, causes beam losses. Sensitivity of the linac performance to failure of elements also

depends on the location of failed elements. In some cases, failure of the beam transport

element results in huge beam losses and it becomes necessary to replace this element

for nominal operation of the machine. To recover nominal performance of linac using

traditional way involves replacement of a complete cryomodule (containing several cav-

ities). It is required to warm up the cryomodule from operating temperature (usually

2K) to room temperature and after replacement cryomodule is again cooled down to

the operating temperature. Furthermore, procedure to resume the nominal operation

is identical as starting procedure and requires slowly ramping up the accelerator. Thus,
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these beam interruptions reduce the beam availability to the different experiments for

a long time. Lattice should be robust enough to have a capability that RF cavity or

magnet failure may be compensated locally by using the neighbouring elements. The

numbers of cavities and focusing magnets in a cryomodule are chosen in such a way

that at least one failure of RF cavity or focusing magnet can be compensated locally.

SCRF cavities are complex and expensive and their fabrications involve lot of sci-

entific and engineering efforts. A standard procedure developed for the fabrication of

1.3 GHz, 9-cell cavity at mass scale, is discussed in this work. Similar approach will

be used for the fabrication of 650 MHz cavities for CW linac. Deep-drawing method is

commonly used to fabricate niobium cavity. Quality of inner surface of cavity degrades

during process of fabrication which may limit maximum accelerating gradient in cavity.

Thus, it is passed through sequence of surface treatments in order to remove defects

from production process. Surface treatments involve chemical etching (electro chemical

polishing, buffer chemical polishing), high pressure water rinsing and heat treatment of

cavity. After all treatments, performance parameters of cavity like accelerating gradient

and quality factor are tested at 2K in the vertical-test stand (VTS) facility.

1.6 Thesis Organization

The thesis is organized in six chapters. A brief description of each chapter is given

below.

Chapter 1 provides an overview of the proposed high intensity proton facility,

Project-X at Fermilab, Batavia, USA. Physics objectives and a layout of Project-X

facility are presented.

Chapter 2 reviews basics of beam physics necessary to discuss beam motion and

fundamentals of lattice design for high intensity beam. This chapter also includes an

electromagnetic description of cavity and its performance parameters such as quality

factor, accelerating gradient, shunt impedance etc. In modern high energy accelerator,

usually superconducting cavities are preferred over normal conducting cavities. A brief

overview of superconductivity, superconducting material for cavity fabrication and their

properties are presented.

Chapter 3 addresses the general design criteria for cavity such as choice of frequency

and number of cells in a multi-cell cavity. A topology for geometry of elliptical cavity
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is introduced. Influence of geometrical parameters on cavity performance, simulation

tools for cavity design and limiting mechanisms in high accelerating gradient cavities

are discussed. Methodology behind the design of 1.3 GHz βG =0.81 cavity for the

pulsed variant of H− ion linac and 650 MHz, βG =0.9 and βG = 0.61 cavities for

CW variant of H− linac for the Project-X facility are presented. Higher order modes

(HOM) coupler is an expensive component of accelerating structure. In order to de-

termine the requirement of HOM coupler for 650 MHz cavities, analysis is performed

to estimate power losses and emittance growth due to HOM in intermediate and high

energy sections of CW linac.

Chapter 4 presents architecture of CW linac for the Project-X facility. Choice of

accelerating structures, magnets, assumptions and limitations used for lattice design

are discussed. Beam quality parameters such as emittance and halo parameters are

analyzed for baseline lattice. Longitudinal and transverse acceptances are studied.

Operation of linac in CW mode puts stringent tolerances on beam line elements espe-

cially at low energy. Failures of beam line elements at critical locations are studied and

their local compensation scheme is demonstrated.

Chapter 5 introduces fabrication techniques for SRF cavity in context of fabrication

of 1.3 GHz, βG = 1 cavity. Fabrication processes include building of half cells from

raw material sheets, electron beam welding to form single cell or dumbbells. Various

techniques are described for surface cleaning such as high pressure water rinsing and

post surface purification method such as baking. A single cell 1.3 GHz, βG = 1 cavity

is tested on VTS and results are presented.

Chapter 6 summarizes the main features from all the preceding chapters.
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Fundamentals of radio frequency

cavity & beam dynamics

The radio frequency (RF) based technology has become an integral part of modern

high energy accelerators. RF cavity is a key component of the accelerators which com-

pletes its meaning of acceleration. An accelerating RF cavity stores electromagnetic

energy and delivers it to the charged particles in the form of kick in the direction of

motion and hence increase the kinetic energy of particles. This chapter provides an

overview of electromagnetic description of cavity and its performance parameters such

as quality factor, accelerating gradient, shunt impedance etc. Comparison between

superconducting radio frequency (SCRF) cavity and normal conducting cavity is dis-

cussed and general characteristics of superconductivity such as Meissner-Ochsenfeld

effect, superconductivity in microwave fields, surface resistance, residual resistance etc.

are also reviewed. Niobium (Nb) exhibits most attractive SC properties for RF cavities

and it is generally used for building high gradient SCRF cavities. Properties of Nb

and alternative SC materials for fabrication of RF cavities are presented. Simulation

tools are used to solve eigenvalue problem for various geometries of RF cavities. A

brief overview of numerical methods for determining electromagnetic fields in cavity

and description of 2-D cavity simulation tool, SLANS is presented. This chapter also

reviews basic beam dynamics. Equations of motion of accelerating charged particle in

longitudinal and transverse planes are discussed. High intensity effects such as space

charge effects and beam halo formation are also addressed. Finally, a description of

beam dynamics codes such as TRACEWIN, which are used to design beam transport

23



2. FUNDAMENTALS OF RADIO FREQUENCY CAVITY & BEAM
DYNAMICS

line, is presented.

2.1 Electromagnetic description of RF cavity

A resonant cavity is a volume enclosed by conducting walls that supports electromag-

netic (EM) oscillation. In accelerator application, usually cavity supports electromag-

netic oscillation in radio frequency regime ( > 300MHz). Thus it is also called RF

cavity. The EM waves in cavity satisfy Maxwell’s equations [23].

2.1.1 Maxwell’s equations

In charge and current free space, Maxwell’s equations in differential form are expressed

as follows:

∇ · ~D = 0

∇ · ~B = 0

∇× ~E = −∂
~B

∂t

∇× ~H =
∂ ~D

∂t
, (2.1)

where ~E and ~H are electric field intensity and magnetic field intensity respectively.

~D and ~B are electric displacement field and magnetic field respectively which can be

expressed in terms of ~E and ~H as following:

~D = ε ~E (2.2)

~B = µ ~H. (2.3)

ε is permittivity and µ the permeability of the material in which the fields exist. In

a linear, isotropic, non-dispersive, uniform material ε and µ are scalar constants and

expressed as:

ε = εrε0 (2.4)

µ = µrµ0 (2.5)

where εr and µr are the material dependent constants and they have unit magnitude

in free space. ε0 and µ0 are universal constants, which obey the following relation:

c =
1

√
ε0µ0

(2.6)
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where c is speed of light in free space. Maxwell’s equations can be combined to yield

the wave equation which is given as :(
∇2 − 1

c2

∂2

∂t2

){ ~E
~H

}
= 0, (2.7)

Solution of wave equation in terms of plane wave in cylindrical coordinates (ρ, φ, z)

can be written as:

~E (~r, t) = ~E (ρ, φ) ei(kz−ωt)

~H (~r, t) = ~H (ρ, φ) ei(kz−ωt) ; (2.8)

where ω is the angular frequency and k is wave number.

2.1.2 Cylindrical waveguide

RF source feeds power to the infinite cylindrical waveguide with circular cross-section

bounded by a perfect conductor. Thus, it excites electromagnetic fields in waveguide.

On the surface of a perfect conductor the following boundary conditions are applied:

~n× ~E = 0, ~n · ~H = 0, (2.9)

where ~n is the unit vector normal to the surface of the conductor. Substituting the

fields from equation (2.8) into equation (2.7), simplified wave equation can be written

as: (
∇2
⊥ + γ2

j

){ ~E
~H

}
= 0, (2.10)

where

∇2
⊥ = ∇2 − ∂2

∂z2
· (2.11)

The solutions to the wave equation (2.10) form an orthogonal set with jth eigenvalues

γ2
j = ω2/c2 − k2. Maxwell’s equations can be combined to express the transverse

fields (E⊥, H⊥) in the waveguide as a function of the longitudinal component of fields

(Ez, Hz) [23]. The different boundary conditions imposed on Ez and Hz and the fact

that Ez and Hz are independent imply that the solution to equation (2.10) forms two

sets of modes, generally with different eigenvalues. The two families are denoted as

transverse magnetic (TM) modes and transverse electric (TE) modes. For TM modes,

Ez exists whereas ~H is transverse every where. Conversely, for TE modes, Hz exists
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and ~E is transverse every where. The modes are classified by the nomenclature TMmn

or TEmn where indices m and n are measures of the number of sign changes of Ez

in the φ and ρ directions, respectively. In both cases, transverse magnetic fields and

electric fields are related by:

~H⊥ = ± ẑ ×
~E⊥

Z
(2.12)

where

ZTM =
k

ε0ω
(2.13)

is the wave impedance for TM modes and

ZTE =
µ0ω

k
(2.14)

for TE modes. The positive case applies to waves traveling in the + ẑ direction i.e.,

forward traveling wave while negative case refers to backward traveling waves. The

transverse component of fields can be derived from longitudinal component as given

below:

~E⊥ = ± ik
γ2
j

∇⊥Ez (TM modes) (2.15)

~H⊥ = ± ik
γ2
j

∇⊥Hz (TE modes) (2.16)

where Ez and Hz satisfy equation (2.10). However, this traveling wave solution is valid

for waveguide only.

2.1.3 Cylindrical cavity

A cavity can be considered as a waveguide with conducting faces at both ends i.e., at

z=0 and z=d. Standing waves are created due to reflections at both ends. Imposing

this additional boundary condition, eigenvalue of equation (2.10) for discrete value of

k = pπ/d can be expressed as:

γ2
j =

(ωj
c

)2
−
(pπ
d

)2
p = 0, 1, 2 · · · (2.17)

Cylindrical resonant cavity or pill-box cavity is simplest model to estimate field distri-

bution in a resonant cavity. Consider a pill box cavity of length d and radius R. The

solutions of eigenvalue equation (2.10) are Bessel functions. The modes in cavities are

classified by the nomenclature TMmnp or TEmnp where additional index p measures the
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number of sign changes of Ez in z direction. TM mode with lowest resonant frequency

is TM010 mode. The fields corresponding to this mode are:

Ez = E0J0

(
2.405ρ

R

)
eiω010t (2.18)

Hφ = −iE0

η
J1

(
2.405ρ

R

)
eiω010t , (2.19)

and all other field components are vanished. η =
√
µ0/ε0, J0 and J1 are zeroth and

first order Bessel functions, respectively. The resonant frequency corresponding to this

mode is given by:

ω010 =
2.405c

R
, (2.20)

It is independent of the length of cavity. Fields for TE modes can be solved similarly.

TE modes have no longitudinal electric fields and thus can not be used for acceleration

of the charged particles beam. Conversely, beam along the axis can not excite these

modes.

An accelerating cavity is designed to operate at particular frequency which is ex-

cited using external RF source. However, cavity resonates not only in accelerating

mode but also in other modes. Operating mode of acceleration is usually chosen with

lowest frequency i.e., TM010 mode which is chosen because of uniform longitudinal elec-

tric field (∂Ez/∂z = 0). Other modes with higher frequencies are called higher order

modes (HOMs). There are different families of HOMs such as TE and TM modes of

different rotational symmetries (monopole, dipole, quadrupole etc.). When beam tra-

verses through the cavity, it excites HOMs. All modes of the type TM0np are called

monopole modes or longitudinal modes because of their uniform azimuthal fields distri-

bution. Monopole modes (other than TM010) can cause increase in power dissipation

in RF cavity which leads to increased cryogenic losses. Modes of the type TM1np have

a net deflecting field on axis. These kind of modes are called dipole modes. These

modes are undesirable in cavity as they deflect the beam which may result in many

beam dynamics issues. Thus, it is necessary to damp HOMs in cavity. These are the

dominating factors influencing the design of high current cavities. Therefore, study of

HOM spectrum is one of the main features of cavity design. One can also use HOM

damper (HOM coupler) to extract HOMs.
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2.2 Multi-cell RF cavities

Figure 2.1: Single cell (top) and multi-cell (bottom) cavity with beam pipe.

In high energy accelerators, RF cavity is a chain of resonators (Figure 2.1) which are

coupled with each other through a hole called “iris”. Each coupled resonator is called

cell and cavity is called multi-cell cavity. Single cell cavity is often used in circular

accelerator to simplify damping scheme for higher order modes. It is also preferred

for non relativistic beam due to its high velocity acceptance. Fabrication and surface

processing are also easy for single cell cavity and there is no issue of field flatness.

However, energy gain per cavity is proportional to number of cells in a multi-cell cavity.

The main advantages of multi-cell cavity are:

• A well optimized N -cell cavity requires single RF source to feed power into cavity

instead of N RF sources for N single-cell cavities to achieve same energy gain.

Thus, choice of multi-cell cavity reduces number of power feeds which helps to

reduce the cost of accelerator.

• Energy gain is proportional to number of cells in a cavity. Thus, multi-cell option

helps to achieve a possible saving of space in beam transport line.

• Use of multi-cell cavity also reduces number of auxiliary components (HOM

damper, tuner etc.) required.
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• Multi-cell alternative allows use of larger power supply.

A multi-cell standing wave cavity can be represented as a system of coupled oscillators.

As we know that a system of connected mechanical pendulums can oscillate at different

modes with different frequencies, similarly in a multi-cell cavity with N cells, a single

cell mode splits into N different multi-cell modes and formed a passband. Each of them

has different frequency and different phase shift between adjacent cells. The frequencies

of coupled modes are given as:

fm = f0/

√
1 + 2k cos(

π.m

N
) 1 ≤ m ≤ N , (2.21)

where fm is frequency of the mth mode, N is the number of cells in multi-cell cavity,

f0 is the resonant frequency and k measures how strongly two cells are coupled with

each other and is known as cell to cell coupling coefficient.

Usually for efficient acceleration SCRF cavities are operated at π mode. It means

that phase difference between adjacent cells is 180◦ as shown in Figure 2.2.

Figure 2.2: π mode field distribution in multi-cell cavity - 180◦ phase advance of

RF wave from cell to cell.

The cell length Lc is determined by the condition that the electric field has to be

inverted in the time a charge particle needs to travel from one cell to the next. Thus,

field always points in the same direction while particle traverses the cavity. From the

condition of 180◦ phase advance per cell, particle with matched velocity spends only

half of a RF period to cross one cell of cavity. Thus length of a single cell (Lc) is given

as:

Lc =
1

2
βGλ (2.22)
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where λ is RF wave length and βG is geometrical beta for which particle is in perfect

synchronism with RF wave. Total length of cavity for N - cell is:

Lcav =
1

2
NβGλ (2.23)

2.3 Performance parameters of a cavity

Cavity performance is characterized on the basis of quantities such as stored energy,

accelerating gradients, power dissipation, quality factors, shunt impedance etc. It is

necessary to understand these quantities prior to cavity design in order to determine

optimal shape and size of cavity which satisfy operation requirements. This section

addresses these quantities of cavity performance.

2.3.1 Stored energy

Cavity stores EM energy which is utilized to accelerate charge particle beam. The

electromagnetic energy density is

Ud =
1

2
~D · ~E +

1

2
~B · ~H, (2.24)

and thus total energy stored in a cavity is:

U =

∫
V
Ud dV , (2.25)

where V is the volume enclosed by RF cavity.

2.3.2 Peak surface fields

Stored energy in a cavity is limited by the maximum surface fields that cavity can

maintain. We therefore introduce two fields, the peak surface electric field (Epk) and

the peak surface magnetic field (Hpk). In normal conducting cavities, very high peak

surface electric field can result in electrical breakdown. For SCRF cavities, high electric

field can result in field emission (FE) which produces electrons inside the cavity that

absorbs RF energy and create unnecessary power losses. Thus, SCRF cavities are

operated below this FE region.

The surface magnetic fields correspond to surface current in a cavity. Thus, peak

surface magnetic field in normal conducting cavity is limited by cooling requirements
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while in SCRF cavities peak surface magnetic fields are restricted by RF critical mag-

netic field. The peak surface magnetic field can not exceed RF critical magnetic field

otherwise superconductor will quench to normal conducting state.

2.3.3 Accelerating gradient

When a charged particle travels through the RF cavity, it interacts with EM wave over

the distance Lcav (length of cavity) and gains energy. The energy gain across the cavity

can be written in term of accelerating voltage Va:

Va =

∣∣∣∣1e × energy gain during passage through cavity

∣∣∣∣ (2.26)

i.e., Va is given by line integral of longitudinal electric field (Ez) as seen by charged

particle crossing the cavity along the axis (ρ = 0) with relative velocity β.

Va =

∣∣∣∣∫ Lcav

0
Ez (ρ = 0, z) eiω0z/βc dz

∣∣∣∣ (2.27)

where ω0 is angular operating mode frequency of RF cavity. Thus, the average accel-

erating electric field (Eacc) that charged particle sees during transit is given by:

Eacc =
Va
Lcav

(2.28)

2.3.4 Transit time factor

The charge particle takes finite time to traverse through a cavity. Therefore, energy

gain of a particle passing through harmonically time varying field is different than when

it passes through in a static field. The ratio of energy gain of charge particle in a time

varying field to energy gain in static field is termed as transit time factor (TTF). It can

be expressed as:

TTF =

∫ Lcav/2
−Lcav/2 Ez (ρ = 0, z) eiω0z/βc dz∫ Lcav/2

−Lcav/2 Ez (ρ = 0, z) dz
, (2.29)

TTF measures the energy range in which a cavity can work efficiently.

2.3.5 Quality factor

The Quality factor (Q) of a cavity is directly related to power lost in the cavity. It

is defined as 2π times of number of RF cycles it takes to lose total energy stored in
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the cavity or 2π times the ratio of energy stored in the cavity to the energy lost per

RF period. Quantitatively, the unloaded quality factor or wall Q can be written for

operating mode as:

Q0 =
ω0U

Pd
, (2.30)

where power losses is considered only due to unavoidable Joule heating of cavity wall.

Power dissipated (Pd) to the inner surface of cavity wall is given as:

Pd =
1

2
Rs

∫
s

∣∣∣ ~H∣∣∣2 ds , (2.31)

where integration is taken over the interior surface of the cavity. It is assumed that

inner surface resistance Rs does not vary over the cavity surface. Since Pd =dU/dt,

time evolution of stored energy in the absence of RF source and beam is given by:

U (t) = U (t = 0) e
−ω0t
Q0 . (2.32)

Hence the time it takes for EM energy to decay to 1/e of its initial value is:

tf =
Q0

ω0
decay time of stored energy (2.33)

which is filling time in standing wave structure. There are other factors which contribute

to power losses in the RF cavity. The beam passing through cavity consumes RF power.

It is also leaked out of the cavity through the opening of power coupler and HOM

coupler. Thus, in the absence of beam, total RF power losses (Ptotal) in the cavity can

be expressed as sum of external power losses (Pex) and wall power losses.

Ptotal = Pt + Pr + Pd (2.34)

Ptotal = Pex + Pd (2.35)

where Pt and Pr are power transmitted out and power reflected back respectively. If Pd

is replaced by Ptotal in equation (2.30) then we get loaded quality factor, represented

as QL. The relation between unloaded quality factor and loaded quality factor can be
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obtained by dividing both sides of equation (2.35) by ω0U :

Ptotal
ω0U

=
Pex
ω0U

+
Pd
ω0U

(2.36)

1

QL
=

1

Qex
+

1

Q0
(2.37)

QL =
Q0

1 + βc
, (2.38)

where

βc =
Q0

Qex
=
Pex
Pd

(2.39)

βc is called coupling coefficient. βc = 1 is called critical coupling and all the power from

transmission line goes to resonators and no reflection occurs. βc � 1 is weak coupling

case and βc � 1 is strong coupling case.

2.3.6 Shunt impedance

Shunt impedance of a cavity is another important quantity which measures effectiveness

of producing an accelerating voltage Va for a given power dissipation Pd in the cavity.

It is defined by:

R =
V 2
a

Pd
(2.40)

2.3.7 R/Q

R over Q measures the efficiency of acceleration per unit stored energy for the operating

frequency. It is an important parameter from cavity design point of view as it is

independent of the surface properties that determine power losses and is only a function

of cavity geometry. Thus, it is also called geometric shunt impedance or effective

impedance of the cavity. For operating mode it is defined as:

R

Q0
=

V 2
a

ω0U
. (2.41)

Effective impedance allows comparison of effectiveness of different cavity geometries and

structures. A cavity can be excited at different frequencies corresponding to different

modes of oscillations, other than operating mode frequency (ω0). As mentioned in

subsection (2.1.3), these high frequency modes are HOMs. These can be excited by the
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bunched beam passing through the cavity. More power can be transferred to the fields

of HOMs for higher beam current. These parasitic modes can destroy the bunch. The

parameter R /Q is used to determine the level of HOMs excitation by characterizing

beam power deposited into HOMs excited by the beam traversing across the cavity.

An offset beam can excite transverse modes which are characterized by transverse

impedance. It can be expressed as:(
R

Q

)
⊥

=

(
R

Q

)
‖
.
1

k
(2.42)

and measured in Ohm/cm. k = ω/c is wave number and (R/Q)‖ is given by:

(
R

Q

)
‖

=

(∫∞
∞

(
∂Ez(x,0,z)

∂x

)
x=x0

eιkzdz

)2

ωU
. (2.43)

and measured in Ohm/cm2.

2.3.8 Geometrical factor

Geometrical factor is commonly used to compare power dissipation of different ge-

ometries. It is another figure of merit of cavity which measures cryogenic losses in

SCRF cavities and is a function of cavity geometry. It is defined as product of surface

resistance and quality factor of the cavity, and is given by:

G = RsQ. (2.44)

From equation(2.40),(2.41) and (2.44), we can obtain:

Pd =
RsV

2
a(

R
Q

)
.G

(2.45)

Thus, to reduce the power dissipation in RF cavity, it is required to optimize the

product of geometrical factor and effective impedance.

2.4 Why superconducting (SC) cavity ?

When beam passes through cavity, it extracts energy. Thus, one needs to modify

equations (2.35) and (2.38) to estimate Ptotal and QL respectively, in cavity in presence
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of beam. The RF power needed to establish a certain accelerating voltage is determined

mainly by the resistivity of the wall material and beam. Thus, equation (2.35) can be

written as:

Ptotal ∼ Pbeam + Pd (2.46)

Using equation (2.45), it becomes:

Ptotal ∼ Va.I +
V 2
a(

R
Q

)
·G
·Rs (2.47)

where I is beam current and Va is accelerating voltage in a cavity. Surface resistance

for the normal conductor is of the order of 10−3 Ω whereas in superconductor it is of

the order of 10−9 Ω. Thus, for the same geometry (i.e., geometrical factor and R/Q

are same) power dissipated in normal conductor will be roughly 105 times higher than

superconductor. However, SC option is not as efficient as it seems. It is also necessary

to account for the cryogenic power (Pcryo) for real comparison with normal conducting

cavity. Cryogenic power is required to maintain low temperature for preserving SC

state of cavity. The Carnot efficiency (ηc) of refrigerator system is expressed as:

ηc =
T

300− T
, (2.48)

where T is operating temperature in cavity, usually 2K or 4.2K. Required cryogenic

power is:

Pcryo =
Pd
ηc.ηt

, (2.49)

where ηt is technical efficiency of the system and its typical value is 0.2 to 0.3. Even

including cryogenic power, SC option is much efficient than normal conducting cavity.

Since power dissipation is proportional to square of accelerating gradient, possible high-

est accelerating gradient can be achieved only with SC cavity. Advantages of SCRF

cavity can be summarized as following:

• CW or long pulse operation: SCRF cavities are suitable for application de-

manding high voltage in CW or long pulse regime such as storage ring while in the

normal conducting case, the gradient is limited by the difficulties of the remaining

heat, produced by the RF losses.
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• Efficient alternating current (AC) power to beam power transfer: Since

power dissipation is lower for SCRF cavity, it has higher efficiency of AC to RF

beam power conversion. This efficiency can further increase with increase in beam

current.

• Freedom of cavity design: As power dissipation is not a major concern for

SCRF cavities, its design can be adopted on the basis of requirements of applica-

tion such as :

– HOMs can be removed more easily in SCRF cavity with large iris radius. It

provides beam stability and allows high energy application.

– Beam interaction with cavity is inversely proportional to iris radius. Thus,

large iris radius reduce beam interaction with HOMs. Beam quality can be

preserved and it is very important to preserve high quality of beam for the

application such as free electron laser (FEL).

– Higher inter cell to cell coupling can be achieved in multi-cell cavity with

large iris radius which improves field flatness and hence net acceleration in

cavity.

2.5 Fundamentals of superconductivity

The term superconductivity was introduced after discovery of phenomenon of zero

electrical resistance occurring in certain metals below a characteristic temperature also

called critical temperature (Tc). It was discovered by Dr. Heike Kamerlingh Onnes at

University of Leiden in Netherlands when he found that ohmic resistance of mercury

reduced to zero at 4.2 K temperature. After this discovery, It is found that super-

conductivity is quite a common phenomenon which could be exhibited by several pure

elements, many compounds and alloys. Superconductors are extensively used in many

applications these days. They have become an integral part of modern high energy

accelerators. SC magnets and SCRF cavities are primary choice for high energy accel-

erators.

Meissner-Ochsenfeld effect: W. Meissner and R. Ochsenfeld discovered in 1933

that when a SC material is cooled down below the Tc, any external magnetic field up

to a critical magnetic field Bc is expelled. This phenomenon of spontaneous exclusion
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of magnetic field upon crossing temperature below Tc is named as Meissner-Ochsenfeld

effect. The field exclusion from bulk superconductor is explained in terms of induced

current. When weak magnetic field (lower than Bc) is applied, induced current is set

up near the surface of superconductor. Magnetic field is generated by induced current

which cancels external magnetic field within the bulk of superconductor. Magnetic

field stronger than Bc (critical magnetic field) results in quenching of the SC state to

the normal conducting state. The Meissner-Ochsenfeld effect verified that SC state

corresponds to a new thermodynamics phase. Like any thermodynamic phase, the SC

state is only stable within special ranges of relevant variables. For the SC state such

variables (among others) are mainly temperature and magnetic field. Material like lead

makes a phase transition from the normal to the SC state when it is cooled down below

Tc and magnetic field is less than Bc. SC state is stable only for temperature below Tc

and Bc. Relationship between these parameters can be expressed as:

Bc(T ) = Bc(0)

[
1−

(
T

Tc

)2
]
, (2.50)

where Bc(T) and Bc(0) are critical magnetic fields at temperatures T and 0 K respec-

tively.

2.5.1 Type I and Type II superconductors

Superconductors are classified into two families named as Type I and Type II supercon-

ductors. They have certain common features, but differ also in some important ways.

The elements lead, mercury, tin, aluminium and many other metals are Type I super-

conductors. They do not allow to penetrate magnetic flux into the bulk material for the

applied magnetic field which stays below Bc. Thus, these follow Meissner-Ochsenfeld

effect. If the applied magnetic field exceeds a critical value in a superconductor of Type

I, SC state breaks down and the normal conducting state is restored.

All SC alloys like lead-indium, niobium-titanium, niobium-tin and the element nio-

bium belong to the large class of Type II superconductors. They are characterized by

two critical fields, Bc1 and Bc2. Below Bc1 these are in the Meissner phase with com-

plete field expulsion while in the range Bc1 < B < Bc2 they enter in the mixed phase

in which the magnetic field pierces the bulk material in the form of flux tubes with

the normal conducting core. These flux tubes are called vortices or fluxoids. It means
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that Gibbs free energy starts to increase with penetration of magnetic field into super-

conductor. Superconductivity is completely destroyed at field above the Bc2. Higher

critical field for Type II superconductors, makes them more favourable for practical

applications.

2.5.2 Characteristics lengths and distinction between Type I and Type

II superconductor

In 1935 London brothers proposed a phenomenological explanation of Meissner-Ochsenfeld

effect of field expulsion at temperature below Tc which can not be explained in term of

Maxwell’s equations of classical electrodynamics. According to London theory, even in

a Type I superconductor the magnetic field is not completely expelled, but penetrates

into the material over a small distance, as otherwise the shielding current density would

have to be infinitely large. The extent of penetration of magnetic field in superconductor

is measured in term of London penetration depth (λL). It is given by the characteristic

length of the exponential decay of the magnetic field into the superconductor.

B (x) = B (0) .e

(
− x
λL

)
(2.51)

λL =

√
m

µ0nse2
, (2.52)

where e is the charge of an electron, m is its mass and ns the number of SC charge

carriers per unit volume. A typical value for the penetration depth in niobium is 32

nm [24]. This theory is not applicable in tne presence of impurities in the material or

for a temperature dependence of the penetration depth.

Gorter and Casimir introduced the two-fluid model [25] where a coexistence of a

normal and SC fluid of charge carriers are postulated.

nc = nn + ns , (2.53)

where nn and nc are normal conducting charge carrier per unit volume and total charge

carrier per unit volume respectively.

The advent of the very successful BCS theory [26] was based on the assumption

that electrons begin to condense below Tc to make pairs of electrons, so called Cooper

pairs. Two electrons in a pair have opposite momentum and spin. They experience an

attractive force mediated via quantized lattice vibrations called phonons. This bound
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state of the two electrons is energetically favourable. As the overall spin of these two

paired electrons is zero, many of these pairs can co-exist coherently, just like other

bosons. At the boundary between the normal and SC phase the density of cooper pairs

does not jump abruptly from zero to its value in bulk but rises smoothly over a finite

length called coherence length (ξ0). Typical value for the coherence length in niobium

is around 39 nm [24]. The relative size of the London penetration depth and coherence

length decides if a material is Type I or Type II superconductor. Creation of a boundary

means a loss of cooper pair condensation energy in a thickness ξ0 but a gain of magnetic

energy in a thickness λL. There is net energy gain if λL > ξ0. The Ginzburg-Landau

parameter is introduced to distinguish Type I and Type II superconductivity. It is

defined as:

κ =
λL
ξ0
. (2.54)

The criterion for Type I and Type II superconductivity is in summarized as:

κ <
1√
2

Type-I superconductor

κ >
1√
2

Type-II superconductor (2.55)

Niobium has κ ≈ 1 and it is a weak Type II superconductor. The role of impurities on

superconductivity was studied by Pippard [27] and was based on the evidence that the

penetration depth depends on the mean free path (l) of the electrons in the material.

The dependence of characteristics coherence length (ξ) on the mean free path is given

as:
1

ξ
=

1

ξ0
+

1

l
(2.56)

Pippard also introduced effective penetration depth which is given as:

λeff = λL ·
ξ0

ξ
. (2.57)

This relation reflects that the SC penetration depth increases with a reduction in the

mean free path. For pure (clean) superconductor (l→∞) one has ξ = ξ0. In the case of

very impure (dirty) superconductors where l� ξ0 one has ξ = l. The mean free path in

the niobium is strongly influenced by interstitial impurities like oxygen, nitrogen and

carbon. This point becomes more relevant for SCRF cavities where extremely pure

material is required to achieve high accelerating field.
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2.5.3 Superconductivity in microwave fields

Superconductors are free from energy dissipation for direct current (DC) applications,

but it is no longer true for alternating current(AC) and particularly not in microwave

fields where current changes its sign after every 10−9 seconds. In this regime, high

frequency magnetic field penetrates a thin surface layer and induces oscillation of the

electrons which are not bound in Cooper pairs. The power dissipation caused by motion

of unpaired electrons can be characterized by a surface resistance (Rscs ) [28]. Surface

resistance of super conductor is composed of two terms as given below

Rscs = R0 +RBCS (T ) ; (2.58)

where (RBCS) is BCS surface resistance which is expressed as:

RBCS =
A

T
· f2 · exp

(
−∆ (T )

kT

)
, (2.59)

where A is a constant which depends on material parameters of superconductors such

as penetration depth, coherence length, the Fermi velocity and mean free path. Energy

required to break cooper pair is 2∆. It is experimentally observed that below a certain

temperature, surface resistance is higher than the BCS prediction. The additional

temperature independent term R0 is called as residual surface resistance. The operating

temperature of SCRF cavity is chosen so that the BCS resistance is reduced to an

economically tolerable value. Usually, the optimum working conditions of SCRF cavity

are achieved when Rs ≈ R0.

RF critical field (Bsh): For microwave fields, the vortices pass into SC material

with a characteristic speed. Any surface barrier being present might be too wide for the

vortices to pass within one RF half period. Calculations [29, 30] have shown that the

Meissner state can persist even beyond Bc1. The magnetic field above which Meissner

state is lost and magnetic flux starts to penetrate into SC material is called super

heating critical magnetic field (Bsh) or RF critical magnetic field. The superheated

field has been calculated on the basis of the Ginzburg-Landau equations. The super

heating field is given for different κ in reference [31].
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2.6 Choice of SCRF cavity material

A physical limitation of SCRF cavity is that it must be operated in the regime where

magnetic field at the inner surface stays below the critical magnetic field of the SC

material. In principle, superconductors with high upper critical magnetic field and

high critical temperature are considered best for accelerator application but criteria

which includes fabrication processes, surface conditions, heat transfer capabilities etc.

are also important considerations. For the cavity operated in CW mode, materials with

higher critical temperature and lower surface resistance are chosen to reduce dynamics

heat losses.

Niobium is the favourite material in RF superconductivity and accelerator cavity

construction. It has highest critical temperature 9.2K and the highest magnetic field

among all the pure metals. Niobium (Nb) properties are summarized in Table 2.1.

Table 2.1: List of Niobium properties

Parameters Magnitude Unit

Atomic No. 41 -

Atomic mass 92.9 g/mol

Density 8579 kg.m−3

Crystalline Lattice B.C.C.

Debye temperature 275 K

Melting point 2741 K

Critical temperature 9.2 K

Bc1 (2K) ∼ 156 mT

Bsh (2K) ∼ 230 mT

Bc2 (2K) ∼ 297 mT

Thermal conductivity (300K) 53.7 W m−1K−1

Electrical resistivity (300K) 14.9 µΩ.cm

Most of high gradient cavities are made of bulk Nb, however, copper cavity whose

inner surface is coated with a thin layer of Nb can also be used as an alternative for

low accelerating gradient application. This approach has been taken with great success

with the 352 MHz cavities [32] of the Large Electron Positron ring (LEP) at CERN.

The possible use of new SC materials with high critical temperature and high upper

critical magnetic fields are also investigated. However, the low quality of the SC surfaces
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produce fairly high losses, which combines with quench problems related to the poor

thermal conductivity of SC compounds. A quantity, Residual Resistance Ratio (RRR)

or “triple-R” , is introduced to specify thermal conductivity and purity of SC material.

It is defined as ratio of resistivity of material at room temperature to normal state

resistivity of material at 4.2K.

RRR =
ρ300K

ρ4.2K
. (2.60)

The approximate relationship between the electron mean free path (l) in Nb as a

function of RRR at T = 0K is [33]:

l(Angstrom) = 27.RRR , (2.61)

Niobium-Tin (Nb3Sn) [34] is another SC material which appears more favourable since

it has a higher Tc of 18.2K and a Bsh of 400 mT. However, the gradients achieved in

(Nb3Sn) coated copper cavities were below 15 MV/m. It may be due to the possible

grain boundary effects in the Nb3Sn layer.

2.7 Limiting mechanisms in high gradient SCRF cavity

Figure 2.3: Eacc - Q0 curve - Impact of multipacting, thermal instability, field emission

and residual losses on cavity performance [35].

At present, Nb cavities are operated at gradients considerably below the theoretical

limit of superconductor. The main constraints which limit cavity performances are
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multipacting, FE, thermal instability (or breakdown) and residual losses. Impacts of

these limitations on cavity quality factor and accelerating gradients are shown in Figure

2.3. In ideal situation Q0 of cavity remains constant but in practical Q0 drops gradually

(medium field Q-slope) at medium accelerating field and drops very strongly (high field

Q-slope) at high accelerating fields. This section provides brief overview of limiting

mechanisms and their possible remedies to reach utmost limit of SCRF cavities.

2.7.1 Multipacting

Multipacting (multiple impact electron amplification) is observed in RF components

which are operated under vacuum such as SCRF cavity and couplers. It is a phe-

nomenon of resonant multiplication of electrons under the influence of RF fields. Ba-

sically an electron can be accelerated by the RF field, collides with the wall of the

structure and produces secondary electrons. The secondary yield (δ) counts the num-

ber of secondary electrons per incident electron. It is greater than 1 for most metals

at an impact energy of the primary electron in the range of 100 to 1000 electron volt

(eV). The magnitude of δ depends on material and surface conditions. It is found that

δ is higher for any uncleaned surface condition. Dirt and condensed gases dramatically

enhance δ.

The secondary electrons will be accelerated by the electric component of the RF

field and will hit the surface elsewhere. If the time for the trajectory is synchronous

with the RF period and if the impact energy is in the range of δ > 1, an avalanche

of secondary electrons can be created. The synchronous condition depends on details

of the geometry and on the magnitude of local electric and magnetic fields. In SCRF

cavities, a large number of electrons can be generated which absorb a significant part of

the RF energy. These electrons dissipate enough heat to the cavity surface through col-

lisions to trigger a thermal breakdown. Eventually, multipacting limits the achievable

accelerating gradient of the cavity. The multipacting depends strongly on the cavity

geometry (which affects the resonant trajectories of the electrons) and on its surface

condition (which affects the secondary yield). Initially, multipacting was a major per-

formance limitation of SCRF cavity which limited operating accelerating gradient below

10 MV/m. However, it was overcome in SCRF cavities by adopting spherical/elliptical

cell shape [36]. In such geometries electrons drift to equatorial region, where electric
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field is nearly zero thus electron does not have enough impact energy to produce sec-

ondary electrons. Multipacting is still not easily determinable. However, it appears

at high accelerating gradients. It is usually very weak and easily processed by slowly

raising the RF power (RF processing). This kind of multipacting is termed as soft

multipacting [24] but in some cases it remains even after RF processing which is called

as hard multipacting.

2.7.2 Field emission

Field emission (FE) is another well known phenomenon which limits maximum attain-

able accelerating field in SCRF cavity [24, 37, 38]. When surface electric field is strong,

it will lead to electron emission from scratches or particles located on the metal surface

through tunneling to form steady current. The FE current increases rapidly as the

field is increased. Like the multipacting phenomenon, acceleration of emitted electrons

absorbs RF power which would otherwise be available for acceleration of beam. Emit-

ted electrons impact elsewhere on the cavity surface, heating the surface and hence

increasing surface resistance. It results in increase in power dissipation of cavity which

leads to increase in cryogenic losses. In extreme cases, FE heating of the cavity walls

results in quenching of SC states. Fowler and Nordheim [39] developed a theory in

which they predicted field emitted current density (JFN ) and total current (IFN ) are

given as:

JFN =
C

φt2(y)
E2 exp

(
−Bφ

2
3 v(y)

E

)
(2.62)

IFN = JFNA , (2.63)

where E is the applied electric field, φ is work function of the metal, B = 8π
√

2me/3he

and C= e3/8πh are constants and A is emitter area. v(y) and t(y) are functions of

y = e3E/4πε0φ
2 which vary slowly with electric field and can be set to 1 in first order

approximation.

The experimental signature of FE is the onset of X-rays and the strong increase of

additional losses in the cavity. FE in SCRF cavity can be reduced with careful handling

of cavity. Handling procedures which are turned out to be effective in reduction of field

emission are:
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• The final cleaning and assembly procedure should be undertaken at stringent dust

free conditions.

• Continuous or pulsed operation of the cavity for some time will reduce the strength

of FE (RF conditioning). This operation is more effective if the cavity vacuum is

flooded with He gas in the pressure range of 10−5 mbar (He processing).

• High peak power processing (HPPP) [40] is well established way to reduce FE

in RF cavity. When using pulsed RF operation with high peak power, very high

fields and strong FE loading is observed in the cavity. Some field emitters are

destroyed by this operation. Thus, the beginning of FE is shifted to higher cavity

fields afterwards.

• High pressure water rinsing (HPWR) of cavity is also very useful to reduce FE.

2.7.3 Thermal instability

All previous discussed limitations were related with peak electric field. One typical limi-

tation of the peak magnetic field in a SC cavity is thermal instability. The name quench

is commonly used to describe the break down of superconductivity but in RF cavities

critical temperature Tc is reached due to heating process instead of critical magnetic

field. Therefore, thermal instability is appropriate name to describing breakdown of su-

perconductivity in cavity. Thermal breakdown originates at millimeter size that have

RF losses substantially higher than the surface resistance of an ideal superconductor.

These regions are called defects. These might be either geometrical imperfections such

as pits, bumps and hole on cavity surface or external contaminants such as chemical

residuals, dust etc.

The breakdown of RF superconductivity is explained by a model of thermal insta-

bility [41]. The BCS part of the SC surface resistance has an exponential dependency

on temperature. Under steady-state SC conditions the temperature at the inner cavity

surface is enhanced by ∆T as compared to that of the outer surface of cavity (or liquid

helium at the outer cavity wall). It is given as:

∆T = q

(
d

λ
+Rk

)
, (2.64)
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where q is the heat flux, d is the thickness of the cavity wall, Rk is the thermal resis-

tance between the outer cavity wall and the cooling helium (often known as Kapitza

resistance) and λ is the thermal conductivity of the cavity wall. Existence of the defects

cause increase in heat flux due to Joule heating effect which consequently raises the

temperature of the inner cavity surface and finally results in an enhanced BCS surface

resistance which further produces more heating. There is a critical value of the heat

flux at which a self sustained thermal runaway is launched and large parts of the cavity

surface will be driven to normal conductivity.

Possibility of thermal instability in cavity can be reduced by:

• avoiding the normal conducting defect by extreme care in preparing and cleaning

the cavity surface.

• increase of the thermal conductivity of the SC material.

It is experimentally observed in many cavities, particularly for high frequencies cavities

that thermal breakdown occurs well below the critical magnetic field even in the absence

of any “defects”. This kind of break down is called global thermal instability. It is

consequence of quadratic frequency dependence of BCS resistance. It can also appear

for low thermal conductivity (low RRR) of cavities. The absence of global thermal

instability at low frequency was one of the original important reasons for selecting a

frequency near 1 GHz for high accelerating field applications, such as the linear collider.

2.8 Simulation tools for cavity design

For most practical RF cavity the geometry is sufficiently complicated that analytical

solution for the electromagnetic field distributions and characteristics of eigenmodes

supported by cavity does not exist. Development of the cavity demands lot of efforts

in terms of both time and money. Thus, it is worthwhile to use simulation tools which

enables rapid calculation and optimization of electromagnetic fields of cavities with

arbitrary geometry. There exists a number of computer programs designed to solve an

eigenvalue problem for accelerating cavities. Some codes are designed to solve it for

axially symmetric geometries (two-dimensional, 2-D, codes) such as SLANS [42] and

SUPERFISH [43], others can calculate full three dimensional (3-D) problems such as

HFSS [44] and CST micro studio [45]. 2-D codes are faster and are therefore preferred
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to optimize cavity shape while 3-D codes need longer runtime to achieve same order of

accuracy (mainly because of limitation in generating fine 3-D meshes). 3-D codes are

used to simulate fully equipped cavity with power coupler and HOMs coupler. Most

of work done on SCRF in this thesis is based on results obtained from SLANS and its

family (CLANS, SLANS2, CLANS2 and Tunning).

2.8.1 Numerical analysis

Numerical methods for determining electromagnetic fields are based on discretization of

the region of interest i.e., subdividing it into discrete elements forming mesh. With suf-

ficient number of intervals, field can be accurately described by calculating their values

at discrete points while simple function may be used to describe variation of physi-

cal quantity to be determined over the small intervals between mesh points. Several

numerical methods have been developed to model the relationship between quantities

on adjacent intervals. Finite difference method and finite element method (FEM) [46]

are used in many cavity design programs. SLANS uses FEM for calculations and a

mesh with bi-quadratic quadrangular elements. It is very important to use appropriate

number of mesh points for accurate results.

2.8.2 Boundary conditions

A generic computer code requires that the user specifies the cavity geometry, property

of materials used (metal or dielectric) and the boundary conditions. Well defined

conditions for the fields in boundary plane can be produced by applying boundary

conditions in model. The boundary conditions are usually Neumann (E‖=0, “electric”)

or Dirichlet (H‖=0, “magnetic”). It is useful to find symmetry in the problem and

utilize it to calculate the full solution by computing only part of the structure if the

appropriate boundary conditions are chosen. Figure 2.4 shows the reduction from a

3-D pill box cavity to a 2-D model by virtue of its cylindrical symmetry, and a further

reduction by use of a symmetry plane at the center of the cavity. The boundary

condition in effect produces a symmetry condition.
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Figure 2.4: Exploiting symmetry in the geometry - Use of symmetry conditions to

reduce size of a problem.
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2.8.3 Description of SLANS

SLANS calculates the mode frequency and several RF parameters such as the quality

factor, stored energy, transit time factor, maximal electric and magnetic fields, acceler-

ation rate etc. The program interface allows plotting of fields along the axis, force lines,

and surface fields for a given mode. All fields can be written into output file in ASCII

format. Input data for SLANS is presented in a file with extension “geo” describing

the boundary of a cavity geometry. The boundary may consist of straight segments

and elliptic arcs. If cavity is symmetric, only one half of its geometry may be entered

while specifying a boundary condition at the plane of symmetry. These boundary con-

ditions can be either electric wall or magnetic wall. There are more codes belonging

to the SLANS family. CLANS solves eigenvalue problem for monopole modes in ge-

ometries containing lossy dielectric and ferromagnetic insertions. Programs SLANS2

and CLANS2 calculate azimuthally asymmetric (dipole, quadrupole, etc.) modes in

cavities.

2.8.4 Incorporating practical aspects in simulation

• Incorporating limiting mechanisms: In high intensity SC accelerator, major

cost contribution comes through cryogenic requirements. Thus, to reduce the

power dissipation in cavity and hence cryogenic losses, cavities are operated in

high Q regime. Accelerating gradients are chosen in medium- Q slope region

(Figure 2.3) which further puts constraints on the peak surface fields.

• Operation at low temperature: Simulation is performed to optimize the cav-

ity shape at operating temperature (typically 2K). However, fabrication dimen-

sions of cavity are different from designed dimensions. It includes thermal expan-

sion of material during transition of cold temperature (2 K) to room temperature

(300 K) and material removal during surface processing of cavity such as electro

polishing (EP) and buffer chemical polishing (BCP).

In next sections the basics of beam physics which are required to address beam

motion and fundamentals of lattice design are introduced. Concept of design of high

intensity ion linac and high intensity effects such as space charge effects are also dis-

cussed.
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2.9 Beam dynamics

The force (F) experienced by a particle with charge q traveling in presence of electric

and magnetic fields is governed by Lorentz force:

~F =
d~P

dt
= q( ~E + ~v × ~B); (2.65)

where ~P and ~v are momentum and velocity of particle respectively. In a high energy

accelerator magnetic fields are mainly used for bending, focusing and correction of the

beam while electric fields are commonly used for acceleration. RF cavities are utilized

to provide electric fields. Dipole magnets are used for bending and correcting beam

trajectories while quadrupole and solenoids are used for focusing the beam along the

axis.

2.9.1 Coordinate system

Cartesian coordinates are used globally in describing the particle position and motion

throughout the beam line. Location of RF cavities, magnets and other components in

accelerator are defined along the reference or nominal trajectory by ‘s’. Transverse co-

ordinates of charge particles with respect to reference particle in horizontal and vertical

directions are represented by x and y respectively. In a linac, reference trajectory is a

straight line defined by symmetry axis of beam line elements. In circular accelerator

reference trajectory is not straight and therefore curvature is taken into account using

Frenet’s frame.

Time derivative of particle positions give velocities of particle in respective directions

(vx, vy, vz). Derivative of particle position with respect to ‘s’ is given as :

x′ =
dx

ds
; y′ =

dy

ds
; (2.66)

where prime represents derivative with respect to s. In general particle’s longitudinal

velocity in laboratory frame is much higher than transverse velocities.

vz � vx and vz � vy (2.67)

Therefore,

v =
√
v2
z + v2

x + v2
y ≈ vz; (2.68)
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taking into account paraxial approximation, equation (2.66) can be written as following:

dx

ds
=
ẋ

ṡ
= tan θx ≈ θx (2.69)

dy

ds
=
ẏ

ṡ
= tan θy ≈ θy (2.70)

In above equations θx is angle between vz and vx. Similarly θy is angle between the

vz and vy. Thus, x′ and y′ provide information about convergence and divergence of

beam in transverse plane.

Longitudinal direction is defined in direction of motion of charge particle. Beam

coordinates in longitudinal plane are represented in terms of time and energy as canon-

ical coordinates. If t0 and W0 are time and energy coordinates of reference particle

respectively, all other particles in bunch can be expressed relative to reference particles

as following:

∆t = t− t0 (2.71)

∆z = β.c.t− β0.c.t0

∆z = z − z0 (2.72)

∆φ = φ− φs ∀φ = 2πt (2.73)

and

∆W = W −W0 (2.74)

δ =
P − P0

P0
(2.75)

∆z′ =
v − v0

v0
; (2.76)

where z0, P0, v0 and φs are longitudinal position, momentum, velocity and synchronous

phase of reference particle respectively.

2.9.2 Longitudinal synchrotron motion

In order to achieve continuous acceleration in an accelerator, particle must be syn-

chronous with the RF wave. It means that particle must be injected in accelerator on a

well defined phase with respect to the sinusoidal field and it has to maintain this phase

during the acceleration process. However, beams are made of large number of particles

with certain spread in phase and in energy. If the injection phase correspond to the
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Figure 2.5: Longitudinal phase stability description of particles in a bunch.

crest of the wave (φ = 0◦) for maximum acceleration, particles having slightly higher or

lower phase gain less energy and hence they will slowly loss synchronicity until they are

lost completely. Thus, two possibilities for beam injecting phase are left which could

be either side of crest between φ = −π/2 to φ = π/2 as shown in Figure 2.5.

Taking the negative phase into account, consider three particles M1, M and M2

where M is synchronous particle. M1 sees higher field and hence gains more energy

than M while M2 sees lower field and hence gains less energy than M. In next RF cycle,

M1 reaches early than M and thus sees lower field but M2 reaches late due to lower

energy, seeing higher field. This process results in oscillation of M1 and M2 around

the synchronous particle M which always arrives in correct phase and receives same

energy. These oscillations are called “synchrotron oscillations” and these oscillations

are represented by elliptical motions of each particle in longitudinal plane of phase

and energy difference (∆φ and ∆W ) with respect to synchronous particle. Resulting

longitudinal motion is stable. This principle of phase stability is valid for ion beam

which is still non relativistic. The schematic of longitudinal motion of ion beam which

shows relationship between the synchronous phase in an accelerating sinusoidal field

and the longitudinal phase plane is shown in Figure 2.6. All the stable phase trajectories

are closed and are confined in separatrix.
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Figure 2.6: Longitudinal motion of an ion beam.

For the small phase amplitude oscillations, equation of longitudinal motion can be

written as:

d(∆φ)

ds
= −2π.

∆W

(βγ)3.mc2.λ

d(∆W )

ds
= q.E0Ts. sinφs.∆φ ; (2.77)

where s is abscissa of the beam in the linac path, E0 is average electric field along

the axis, Ts and φs are transit time factor and phase of synchronous particle respec-

tively, and λ is RF wavelength. Equation (2.77) can be decoupled to give second order

differential equation of phase evolution [47]:

d2(∆φ)

ds2
+

2

ς
.
d(∆φ)

ds
+ k2

z .∆φ = 0; (2.78)

where

k2
z =

2πq.E0Ts.sin(−φs)
(βγ)3.mc2.λ

; (2.79)

kz is phase advance per meter of the beam core. In a periodic lattice of period L,

σz = kzL is longitudinal core phase advance per lattice. The damping length (ς) of the

core oscillations is given as:

ς =
2

3
.

βγ

d(βγ)/ds
. (2.80)
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It is interesting to observe that kz depends on beam velocity. When beam becomes

relativistic, phase advance decreases rapidly. At the limit of (βγ)3 � 1 oscillation will

stop and beam is practically frozen in phase and energy with respect to the synchronous

particle.

2.9.3 Transverse betatron motion

In an accelerator, additional fields other than accelerating fields are also required to

focus the beam along the axis. Principal factors which results in transverse displacement

of beam are:

• Random spread of transverse thermal velocities of particles.

• Transverse kick by accelerating structure.

• Repulsion among the particles in the beam.

In an accelerator transverse forces acting on beam are mainly due to focusing magnet.

In ideal situation, focusing magnets do not affect the trajectory of a synchronous par-

ticle. Other particles in bunch which are deviated from reference trajectory perform

oscillation along the reference trajectory. These oscillations of particles around refer-

ence trajectory are called “betatron oscillations”. Assuming no dispersion and small

amplitude betatron oscillation around reference trajectory, the motion of particles are

governed by second order differential equation, known as Hill’s equation.

x′′ +Kx(s)x(s) = 0 (2.81)

y′′ +Ky(s)y(s) = 0 (2.82)

where

Kx =
1

ρ2
− ∂By

∂x
.

1

Bρ
; Ky =

∂Bx
∂y

.
1

Bρ
, (2.83)

where ρ is radius of curvature, Bρ = P/e is beam rigidity also called magnetic rigidity,

P is momentum of reference particle and
∂By
∂x , ∂Bx

∂y are quadrupole field gradients. It

should be noted that additional focusing term 1/ρ2 in x plane vanishes for linac due to

absence of bending magnets.

In linac, focusing elements are arranged in a lattice which is either periodic or period

is changed adiabatically to allow for increasing period length as beam is accelerated.
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Thus, Hill’s equation remains valid. The solutions of Hill’s equations for ideal periodic

lattice are:

x(s) =
√

2Jβt(s)cos (ψ(s) + φa) (2.84)

x′(s) =

√
2J

βt(s)
[sin (ψ(s) + φa) + α(s)cos (ψ(s) + φa)] ; (2.85)

where J and φa are action angle invariants of motion, βt(s) is betatron function, α(s)

= -β′t(s)/2 and ψ(s) is the phase advance given by:

ψ (s1 → s2) =

∫ s2

s1

1

βt(s)
ds. (2.86)

The action angle J can be expressed in term of x and x′ to yield the Courant-Snyder

invariant [48].

2J = γtx
2 + 2αxx′ + βtx

′2 = ε, (2.87)

where

γt =
1 + α2(s)

βt(s)
, (2.88)

α, βt and γt are collectively called Courant Snyder parameters and commonly known

as Twiss parameters. In phase space (x, x′) particle trajectory forms an ellipse, and

area of this ellipse is given by:

Area = πε, (2.89)

where “ε” is called emittance. All particles in bunch trace different contours (ellipse) in

phase space. Area bounded by largest ellipse which occupies all particles trajectories in

phase space gives beam emittance. Figure 2.7 shows different contours that correspond

to given fraction of the total beam distribution. The area within a particular contour is

emittance for that particular beam fraction. For each fraction we get a different value

of the beam emittance. Thus, beam emittance is typically referred as the 90% or 95%

fractional emittance.

In the absence of non linear forces and weak interaction among particles in bunch,

beam follows Liouville’s theorem which results in conservation of phase space area and

hence emittance.

In presence of acceleration, transverse emittance starts to shrink because accelera-

tion changes longitudinal momentum more rapidly than transverse momentum which

reduces slope of beam in transverse directions (x′, y′). This shrinkage of transverse
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Figure 2.7: Courant-Snyder ellipse in (x, x′) phase space.

beam ellipse is called adiabatic damping. Thus to compare beam quality at different

locations in accelerator, normalized emittance (εN ) is introduced which is given as:

εN = βγε, (2.90)

where β and γ are relativistic parameters. β and γ also increase with acceleration thus

normalized emittance remains invariant in accelerator and can be used as a figure of

merit of beam.

In high intensity beam, interaction among particles are not negligible. Presence of

non-linear forces results in filamentation which leads to decrease in beam core density.

Particles in outermost part of core start to spread in phase space. Figure 2.8 shows

a representation of beam phase space area in presence of filamentation. Thus, usual

definition of beam emittance as the area bounded by ellipse suffers in presence of

distorted phase space. A statistical definition of beam emittance is introduced for such

scenario based on second order momenta of particle distribution function. If for a

system of N particles the average value of X is 〈X〉 = 1
N

∑N
i=1Xi where i is number
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Figure 2.8: A typical representation of beam phase space area in presence of non linear

forces.

of particles. For the w = x, y or ∆z:

Beam RMS size: w̃ =

√〈
(w − 〈w〉)2

〉
(2.91)

Beam RMS divergence: w̃′ =

√〈
(w′ − 〈w′〉)2

〉
(2.92)

w̃w′ =
√
〈(w − 〈w〉) . (w′ − 〈w′〉)〉 (2.93)

Root Mean Square (RMS) emittance can be defined as:

ε̃w,w′ =
(
w̃2.w̃′

2
− (w̃w′

2
)
)1/2

. (2.94)

Considering that beam is at center (〈w〉 = 0 and 〈w′〉 = 0), normalized RMS

emittance in all three planes can be obtained as:

In (x,x’) plane:

ε̃x,n = βγ
(
〈x〉2 .

〈
x′
〉2 −

〈
xx′
〉2
)1/2

. (2.95)
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(a) (b)

Figure 2.9: (a) Distribution of field lines across RF gap and (b) radial and axial field

distribution in a RF gap.

In (y,y’) plane:

ε̃y,n = βγ
(
〈y〉2 .

〈
y′
〉2 −

〈
yy′
〉2
)1/2

. (2.96)

In (z,z’) plane:

ε̃z,n = β2γ3
(
〈∆z〉2 .

〈
∆z′

〉2 −
〈
∆z∆z′

〉2
)1/2

. (2.97)

The beam Twiss parameters can also be deduced from beam RMS dimensions and

emittance as follows:

β̃tw =
w̃2

ε̃w
, γ̃tw =

w̃′
2

ε̃w
, α̃w = −〈(w − 〈w〉) . (w

′ − 〈w′〉)〉
ε̃w

; (2.98)

2.9.3.1 RF defocusing by accelerating structure

RF cavity not only provides acceleration to charge particles but it also give transverse

kick to particles which results in radial offset of particle. Defocusing mechanism in

cavity can be explained with the help of Figures 2.9a and 2.9b.

It can be seen from Figure 2.9a that when an offset particle enters in the RF gap, it

sees additional radial electric field which exists at ends of the gaps (Figure 2.9b). Radial

field at the entrance of gap directs the particle toward the axis but radial field at the
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exit of gap directs it away from the axis. As particle has already been accelerated so

it spends less time at exit of RF gap than entrance which means deflection of particle

trajectory turns out to be greater at entrance. It results in net focusing of particle

toward the axis. It all happens in ideal case when fields are not changing with time.

In reality, field in standing wave structure varies with time. As we discussed earlier

that for stable longitudinal motion, bunch is placed at negative phase. Thus, field is

increasing as the bunch passes across the gap. It means that particles in bunch near

the reference particle see lower field at the entrance and relatively higher field at exit

of gap which results in defocusing of bunch. Radial force(Fr) [49] on offset particle due

to time varying electric field in accelerating structure can be expressed as:

Fr ' −qE0.
ωRF r

2βcγ2
sinφs ; (2.99)

where r is offset of particle from axis and ωRF is RF angular frequency.

2.10 High intensity effects in linear accelerator

When the intensity of the beam increases, one is confronted with two distinct effects in

a linac:

• Repulsion of particles being close together in bunch i.e., known as space charge

effect.

• Excitation of fields on the wall of cavity. It results in image effects for non

relativistic beam and wake field and beam break up (BBU) for relativistic beam.

2.10.1 Space charge effect

The importance of space charge effects on beam optics decreases as ∝ (β−2γ−3). Thus,

it is less important for electron but one has to take it into account for intense ion beam

for effective lattice design. As we know that transverse trajectories are ellipse in phase

space under the influence of linear forces. In transverse planes, the external focusing

forces are essential linear while in longitudinal plane the linear region is limited to

the neighbourhood of synchronous phase. Charge density distribution in the beam is

usually non-uniform which results in non-linear space charge forces. It is possible to

match the beam with transport line when space charge forces are linear and hence these
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forces are first linearized. It can be performed by replacing real beam with equivalent

beam of same RMS size but with uniform charge density distribution. It is demonstrated

[50] that evolution of RMS beam size essentially depends only on linear part of space

charge forces. It is valid for beam of any charge distributions, provided they are of the

ellipsoidal type i.e., iso-density curves are concentric ellipse. Hence, the RMS beam size

and and RMS emittance can be matched. All beams having the same intensity, and

the same RMS values (when RMS emittance is not growing) behave in the same way.

Therefore, once RMS values of a real beam is known it can be replaced by an ‘equivalent’

one having the same RMS sizes but with a uniform charge density distribution in the

accelerator design process. The importance of non-linear effects is then checked by

using beam simulation program. Single particle tune in high current linac obeys [51]:

σcore ≤ σp ≤ σ0 ; (2.100)

where σcore, σp and σ0 are phase advance of beam core, phase advance of particle

outside the core and phase advance of particle in absence of any space charge (zero

current) respectively. The strength of space charge forces can be measured in terms of

parameter called tune depression (η).

η =
σ

σ0
< 1 . (2.101)

Since space charge forces are defocusing in nature, beam core phase advance gets re-

duced than phase advance without space charge and results in tune depression less

than 1. Strong tune depression in high current linac results in large single particle tune

spread (equation 2.100) which might lead to parametric resonances [51]. On the other

hand higher value of tune depression means lower influence of space charge force.

Linear approximation of space charge force is essential from lattice design point

of view but in fact it is only an approximation. Beam emittance growth is observed

in high intensity high energy linear accelerator even if the equivalent beam is RMS

matched to the accelerator acceptance. Typical reasons of emittance growth in high

intensity linac are:

• Mismatch of beam: It is observed that envelope oscillations (‘breathing’ in

phase or phase opposition), are damped in a non-linear regime, but the final
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beam radius is always larger then the original matched one. If the beam radius

oscillates between x̃max and x̃min, the final radius will be

x̃f =

√
x̃2
max + x̃2

min

2
; (2.102)

leading to a large emittance. However, this effect is small for small mismatch.

• Halo formation: The existence of beam halo is an important characteristic of

high-intensity beams. A fraction of beam particles acquire enough transverse en-

ergy within beam which results in large tail known as beam halo. Halo amplitude

depends not only on the mismatch but intensity of non-linear forces also. Halo

formation is result of severals effects such as misalignment of beam line elements,

misadjusting of focusing gradients and other non-adiabatic changes in lattice.

Distribution of particles in outer core is quantified using parameter called beam

halo parameter (H)[52]. Halo parameter is invariant under conservative force and

its growth corresponds to non-conservative forces, as with emittances.

Beam halo results in emittance growth and beam losses at high energy section

in linac. It might lead to radioactivity. In order to reduce beam losses, physical

aperture of beam line elements should be large. Use of SC cavities allows one

to increase aperture without sacrificing much in term of RF performance. In

longitudinal direction, use of short bunches and opting synchronous phases in

linear regime especially at low energy reduces the longitudinal beam losses.

• Coupling between longitudinal and transverse plane: Coupling between

the longitudinal and transverse plane via space charge forces can cause emittance

growth if the bunches have different longitudinal and transverse temperatures. It

should be noted that here temperature is related with beam rms size and beam

normalized emittance.

Tx =
ε2xrms
x2
rms

; (2.103)

where Tx is horizontal temperature. If temperature is high in one plane, coupling

of phase planes will results in heat (kinetic energy of particles) flow from one

plane to another till temperatures are equalized in each of planes in the beam
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rest frame. It is called equipartitioning or thermalization. It occurs in presence

of high space charge densities. The condition of equipartitioning is given as:

ε2xrms
x2
rms

=
ε2yrms
y2
rms

=
ε2zrms
γ2z2

rms

. (2.104)

2.10.2 Image charge effect

In a real accelerator beam is surrounded by RF cavities, vacuum tube and magnets.

Beam self field induces the surface charge or current into this environment which acts

back on the beam and results in transverse defocussing of beam. However, this effect is

very weak and can be usually neglected due to large transverse aperture of beam line

elements with respect to beam size. The only place where such effects are sometimes

considered is in RFQs having a small aperture and being used for very low particle

velocities. A highly intense and misaligned beam can also trigger this effect.

2.11 Beam dynamics codes for lattice design

Beam optics is designed and optimized using GENLINWIN [53] and TRACEWIN [54].

A user defined beam line can be constructed from TRACEWIN library of beam line

elements which include quadrupole magnets, solenoid and standard accelerating cavities

etc. There is a possibility to implement field corresponding to these elements using

external field maps. GENLINWIN is used to tune longitudinal beam dynamics. It helps

to set appropriate field amplitudes and RF phases in cavities. TRACEWIN is used to

tune transverse beam dynamics and helps to set field gradients in quadrupoles and

solenoids. TRACEWIN can generate as well as read input file for beam distribution.

Beam input parameters, such as the emittance, Twiss’s parameters and beam charge

density, can be specified at the start of the beam line and propagated through the beam

line model. The evolution of the beam parameters such as emittance, Twiss parameters,

energy, beam size etc. can be calculated and plotted at the exit of each element using

standard principle of beam dynamics. It is capable to perform matching between two

segmented sections in lattice and allows to match the beam to a channel. It permits

fast beam envelope computation. It also consists of module called PARTRAN which

is able to perform multi-particle tracking with two dimensional or three dimensional

space charge computation. It enhances the capability of TRACEWIN and allows one

to study the impact of high intensity effects (discussed earlier) on beam dynamics.
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It is always good to cross-check results with other independent beam dynamics code.

Thus, TRACEWIN results are benchmarked with TRACK. TRACK [55] is designed

at Argonne national laboratory(ANL) in USA. It is originally developed for design and

study of the beam dynamics at rare isotope accelerator (RIA) facility.

63



2. FUNDAMENTALS OF RADIO FREQUENCY CAVITY & BEAM
DYNAMICS

64



3

Design of SCRF cavity for the

Project-X linac

This chapter describes cavity design for the Project-X linac. Since Project-X linac has

evolved over recent years from pulsed version to continuous wave (CW) version, so

cavities are designed for both of these versions. In the pulsed (earlier) version of the

linac, there already exists a 11-cell, 1.3 GHz design of cavity [20, 56, 57]. HOMs study

of the cavity is performed and asymmetrical design of the end cell is proposed. Further,

an alternate version of the cavity design based on 9-cell is also proposed.

In latest (CW) version of the linac, 5-cell, 650 MHz cavities are designed for the

intermediate and high energy sections corresponding to βG = 0.61 and βG = 0.90.

Shapes of βG = 0.61 and βG = 0.90 cavities are optimized to achieve maximum accel-

eration and minimum power dissipation to reduce cryogenic losses. Field enhancement

factors are minimized to increase the accelerating gradient while R/Q and geometrical

factor (G) for operating mode are maximized to reduce the power dissipation to the

wall of cavity. Optimization of shape and calculation of RF parameters such as field

enhancement factors, quality factor, shunt impedance etc. of cavity are performed us-

ing two-dimensional cavity design code SLANS. HOMs spectrum is studied for both of

these cavities. The cavities are designed in such a way that there are no significantly

trapped HOMs. A systematic study is performed to understand the effects of excitation

of resonance of HOMs on beam quality and resultant power dissipation. Analysis of

HOMs provides better understanding of the requirements of HOM damper for these

cavities.
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Since this chapter mainly discusses the cavity design so in the next section, a general

description of designing cavity geometry is discussed.

3.1 Design of cavity geometry

Design of cavity geometry means searching for an optimal cell shape which accomplishes

all operational requirements. Over the period of times a simple cylindrical shaped cavity

is emerged into elliptical shaped cavity. Important features of elliptical shape are:

• In cylindrical shaped SCRF cavity multipacting and field emission had been the

major problems for many years. They limited maximum achievable gradient in

SCRF cavity. Development of elliptical shaped cavity resulted in overcome with

these problems.

• SCRF cavities are treated with chemicals to achieve smooth and clean inner

surface. The continuous curvature and tilting of the elliptical shaped cavity allow

good access for surface treatments resulting in a reduction of chemical residues,

which often enhance the losses and the electron emission.

• The tilt of the elliptical cavity also increases the stiffness against mechanical

deformations due to pressure applied by helium vapours during operation.

• The elliptical geometry yields reduced electric field and magnetic field enhance-

ment factor. It results in enhancement in maximum achievable accelerating gra-

dient in SCRF cavity.

A multi-cell elliptical cavity (Figure 2.1) is composed of two kind of cells: “inner

cell” or regular cell and “end cell”. The end cells are different from the inner cells

as they are used to connect cavity with beam pipe at both ends so that beam can

pass through cavity. Thus, the end cells need to be designed separately from inner

cell to maintain operating frequency of cavity. The optimum design of the inner and

end cells is a consequence of the series of trade-off between different cavity parameters,

ranging from RF to mechanics. Few of these parameters get frozen on the basis of the

constraints arising from the fundamental and practical aspects, which are described

below.
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3.1.1 Fundamental aspects

Fundamental aspects comprise of operational requirements and beam specifications.

Two characteristic cavity parameters which are determined on the basis of these re-

quirements are operating frequency and number of cells in a multi-cell cavity.

Choice of operating frequency: The choice of frequency is the one of critical

factor for the cavity design. For instance, cavities are operated at low frequency in low

energy section of ion linac. Lower frequency allows one to use large aperture. Thus, it

provides large transverse acceptance that helps to reduce beam losses which are more

prominent particularly at low energy in high intensity linac (where space charge effects

might be significant). Large transverse aperture also reduces the wakefield effects. It

also results in extraction of HOMs more efficiently and hence results in significant

reduction of HOMs power deposited in the cavity that helps to increase the threshold

current for multi-bunch instabilities. As discussed in previous chapter, that surface

resistance (Rs) of superconductor is proportional to square of frequency for RBCS �
R0 and becomes independent of frequency for RBCS � R0. In SCRF Nb cavities, at

T= 2K the BCS term dominates above 3 GHz and for a given length of cavity RF losses

increase linearly with frequency, whereas below 300 MHz R0 dominates and RF losses

are inversely proportional to frequency. To minimize power dissipation to the cavity

wall one generally selects frequency in operating range between 300 MHz to 3 GHz

so that Rs ≈ R0. However, lower frequency and consequently larger aperture cavities

also increase the fabrication cost. Higher frequency cavities are thus smaller and hence

cheaper. Cavities are usually operated at high frequency in the high energy section

of accelerator. The exact choice of the operating frequency is also influenced by other

accelerator components such as availability of klystron, power coupler etc.

Number of cells in a cavity: Multi-cell cavity is a good choice for accelerator

in many ways but limited velocity acceptance for non-relativistic beam, possibility of

existence of trapped modes and difficulties in extraction of HOMs power are main

constraints which limits increasing the number of cells. Choice of number of cells in

cavity is made on the basis of following.

• Energy gain per cavity: For big aperture of cavity, the distribution of axial

electric field Ez for π-mode can be approximated by sinusoidal field distribution,
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given as:

Ez = G. cos(kz/βG) if N is odd,

= G. sin(kz/βG) if N is even, (3.1)

− Lcav/2 < z < Lcav/2. (3.2)

Where G is the field amplitude, Lcav is length of the cavity and N is number of

cells in a cavity. For any arbitrary particle which is moving with relative velocity

β the energy gain per cavity ∆u(N) is obtained by integrating equation (3.1) and

together with the phase term, exp(iωt) = exp(ikz/β), over the cavity length. It

is given as:

∆u(N) =

∣∣∣∣ GλβG(β/βG)2

π [(β/βG)2 − 1]
cos

(
πNβG

2β

)∣∣∣∣ , if N is odd;

∆u(N) =

∣∣∣∣ GλβG(β/βG)2

π [(β/βG)2 − 1]
sin(

πNβG
2β

)

∣∣∣∣ if N is even; (3.3)

For β = βG, energy gain is:

∆u(N) =
G

2
.
NβGλ

2
. (3.4)

The calculated energy gain per cavity (normalized to maximum energy gain in

11-cell) versus relative particle velocity (normalized to geometrical velocity) is

shown for different number of cells in Figure 3.1. As expected, the energy gain

per cavity is proportional to number of cells in a cavity. Energy gain per cavity

can be increased even for lower number of cells if RF wavelength is increased.

• Operating range of cavity: In an ion linac, with kinetic energy ranging from

mega electron volt (MeV) to few giga electron volt (GeV), beam velocity changes

significantly after passing through each RF cavity, unlike an electron accelerator

where particle relative velocity β ∼ 1 remains almost constant even with further

acceleration As a result, interaction between ions and RF cavity depends on the

speed of ions. Thus, in an ion accelerator, cavity can be operated efficiently only

for certain range of velocity of particle.

In Figure 3.2 energy gain (normalized to maximal energy gain of cavity versus

relative particle velocity (normalized to βG) is plotted for different number of

68



3.1 Design of cavity geometry

Figure 3.1: Energy gain per cavity - Maximum energy gain increases with increase

in number of cell in multi-cell cavity.

Figure 3.2: Operating range of cavity - Cavity with smaller number of cells is efficient

for wider operating range.
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cells. It is found that acceleration is maximum for particle velocity close to βG

i.e., (β/βG) ∼ 1. The velocity acceptance for which cavity is operated efficiently,

is governed by number of cells in a cavity. Smaller the number of cells, higher the

velocity acceptance of cavity which leads to wider operating range of a cavity.

It can also be noticed from Figures 3.1 and 3.2 that maximum energy gain is not

at β/βG = 1 but at a slightly higher value of β/βG. It means that optimal per-

formance of cavity does not come at designed beta but at higher beta. Deviation

of optimal beta with respect to βG can be calculated as follows:

Let,
βG
β

= x; &
π.N

2
= α; (3.5)

Energy gain for odd number of cells (equation (3.3)) can be expressed in terms

of α and x as under:
∆u(N)

u0
=

∥∥∥∥ 4

Nπ
.
cos(αx)

[1− x2]

∥∥∥∥ ; (3.6)

where u0 is energy gain at design beta. Differentiating equation (3.6) with respect

to x at β =βoptimum results:

∂

∂x
(∆u(N)/u0)|β=βoptimal = 0; x = 1− δx|β=βoptimal ; (3.7)

1

6
α3(δx)2 − 2

3
α3(δx) + α = 0; (3.8)

Since δx is small so equation (3.8) can be solved using only first order term in

δx and neglecting second order term. Solution of equation for the first order of

approximation is given as:

δx0 ≈ 3

2α2
=

6

π2.N2
(3.9)

βoptimal = βG + βG
6

π2.N2
(3.10)

It can be noticed from equation (3.10) that deviation of βoptimal with respect to

βG is inversely proportional to square of number of cells in a cavity. Larger the

number of cells, lower will be difference between βoptimal and βG and hence cavity

will perform optimum close to βG.

Thus, the number of cells in cavity is a compromise between maximum energy gain

and operating range of cavity. Usually choice between the two are made on the
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basis of operational requirements. Depending on the energy range and possible

achievable accelerating gradient, an optimum value of the βG and number of cells

in a cavity can be determined.

3.1.2 Practical aspects

SCRF cavity is a very expensive device in terms of material, technology, mechanical

and chemical processing, and conditions of work: vacuum, liquid helium, adverse effects

of outside magnetic fields, etc. Thus, involvement of technology and engineering makes

design of SCRF cavity very critical. Main practical concerns which can influence cavity

design are summarized below.

• Industrial production yield: To reduce the total building cost of accelerator,

it is required to achieve high industrial yield of cavity fabrication. It is the ratio

of number of cavities which pass operational requirement to the total number of

cavities produced. A complicated design of cavity may influence industrial pro-

duction yield. For instance, presence of large number of cells make the RF cavity

more sensitive for possibility of chemical residual and post processing difficulties.

Thus, industrial production yield of cavity with large number of cells is expected

to be low. Large cavity aperture (iris radius) and large cavity wall slope assists

to improve post processing difficulties. Large wall slope also improve mechanical

stability of cavity.

• Technological constraints: To reduce the cost and time of SCRF cavity fabri-

cation and its components, it is reasonable to operate with available technology.

The major technological constraints include availability of RF source (Klystron),

power coupler, HOM coupler and girder or cryomodule. RF source is also expen-

sive device and its availability may influence operating frequency of cavity while

number of cells (cavity length) can be influenced by availability of cryomodule

design.

3.1.3 Design of inner cell

An inner cell is made of two identical half cells as shown in Figure 3.3a. Because of

symmetry, only one quarter of an inner cell is used for optimization of cavity shape.

Topology of cavity geometry is shown in Figure 3.3b. The quarter cell is composed
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Figure 3.3: (a) Inner cell cavity with planes of symmetry (b) Segmented quarter of an

inner cell. Equatorial portion is represented by A, B and Req and iris portion is shown by

a, b and Riris.

of two elliptical arcs i.e., equatorial elliptical arc with semi-axes A and B ; and iris

elliptical arc with semi-axes a and b. Both elliptical arcs are joined by a straight

line which is common tangent to both arcs, resulting in the wall inclination angle

α. Req is the equatorial radius (or cavity radius), Riris is the iris radius and L is

the length of the half cell. As given in equation (2.22) cell length (2L) is fixed after

deciding operating frequency and reference particle velocity (βG). In order to obtain

an optimal shape, different cells are designed for opted frequency by varying cavity

geometrical parameters A, B, a, b Riris, Req and α. In general, shape optimization

is a difficult process because an improvement in one RF parameter usually results in

degradation in another parameter. These shapes are compared to find an optimal

solution in geometrical parameter space using following criteria:

Inter cell-to-cell coupling : RF power is delivered to multi-cell cavity by single

power coupler. Thus, it is necessary to obtain reasonable inter cell-to-cell coupling for

the operating mode to achieve uniform field amplitude in each cell. Inter cell-to-cell
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coupling is measured in term of coupling coefficient (k) [58], which is defined as follows:

k = 2.
fπ − f0

fπ − f0
100% , (3.11)

where fπ and f0 are operating mode frequency and zeroth mode frequency respectively.

Inter cell-to-cell coupling also determines field profile sensitivity to cell frequency errors

due to fabrication and mechanical deformations. The field non uniformity ( δEE i.e.,

fractional change in electric field in cells) in multi cell cavity for N number of cells is

given by the following relation [59]:(
δEi
E

)
∼ ∆fi

fπ
.
N

3
2

k
, (3.12)

where ∆fi
fπ

is relative frequency error for fundamental mode in ith cell. It can be noticed

from equation (3.12) that for a given relative frequency error, k should increase with a

increase in number of cells to maintain same field flatness in the cavity.

Minimization of field enhancement factors: Ratio of peak surface fields (Ep,

Hp) to average accelerating field (Eacc) are called field enhancement factors. Ep/Eacc

and Hp/Eacc are called electric and magnetic field enhancement factor respectively. Hp

in cavity occurs around equator region while Ep occurs near iris region. Minimizing field

enhancement factors for achieving higher gradient in a cavity is an important aspect of

cavity design. It also helps in improving interaction between beam and cavity.

Optimization of R/Q and Geometrical factor: As discussed in section 2.4,

cavity wall losses reduce with increase in product of geometrical factor (G) and R/Q.

Thus, shape is designed to obtain optimal magnitude of their product G.(R/Q). These

parameters are independent of material property and depend only on cavity geometry

and hence, are very useful parameters to compare two geometries.

3.1.3.1 Influence of geometrical variables

Iris radius (Riris): Riris is a very important parameter which influences several

cavity RF parameters. In multi-cell elliptical cavity, cell to cell coupling takes place

via the electric field through the irises. Variation in k with Riris can be seen in Figure

3.4 for a given set of other parameters. It can be noticed that inter cell-to-cell coupling

would increase with increase in Riris of cavity. Figure 3.5a shows variation in field

enhancement factors with Riris and it is clear that enhancement factors also increase
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Figure 3.4: Riris and coupling coefficient - Coupling coefficient increases with increase

in iris radius.

(a) (b)

Figure 3.5: Variation in field enhancement factors and R/Q with iris radius -

Field enhancement factor increases with increase in Riris but the R/Q decreases linearly

with increase in iris radius.
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with increase in Riris. Longitudinal electric field is more focused on axis for smaller

Riris and hence R/Q is higher for smaller Riris which can be noticed in Figure 3.5b.

Therefore, normal conducting cavities are built with smaller Riris to obtain higher R/Q

which results in reduction of power dissipation to cavity wall but in SCRF cavities, R/Q

can be sacrificed to avoid wake effects. Thus, Riris is a critical geometrical parameter

and its correct scaling is necessary to achieve optimal cavity shape. Large Riris is

preferred for high current application due to reduced beam losses and simplifying HOMs

damping.

Equatorial radius (Req): It is very sensitive to the frequency of the fundamental

mode and it marginally affects the electromagnetic and mechanical properties. Hence

tuning the frequency of the cell is performed by varying Req without changing any of

the other independent geometrical parameters i.e., L, Riris, A, B, a and b.

Wall inclination angle (α): A straight line tangent on two elliptical arc makes

an angle with iris plane which is called wall inclination angle. It is preferred to design

a cavity with large wall inclination angle as it avoids the possibilities of chemical and

water residuals in cavity. Smaller wall inclination angle may result in chemical residual

which can degrade cavity performance. It also affects mechanical stability of cavity.

Stresses (due to helium vapour pressure) on a cavity at 2K are localized for small α and

uniformly distributed for large α. If stresses are higher than elastic limit of material,

it may result in permanent mechanical deformation and degrade cavity performance.

For fixed cell length, wall inclination angle strongly depends on A and a.

Semi axes of equatorial ellipse(A, B): To understand the influence of semi axes

of equatorial elliptical on the RF parameters of cavity, simulation is performed. The

geometry which is used in simulation is summarized in Table 3.1 The influence of semi

axes of equatorial elliptical arc on field enhancement factors and R/Q is shown in Figure

3.6. It can be noticed that electric field enhancement factor weakly depends on aspect

ratio of equatorial elliptical arc. For the fixed value of L, Riris, A, a and b, variation in

parameter B has no significant influence on either magnetic field enhancement factors

or R/Q. However, variation in A (other geometrical parameters are fixed except (Req

and α) results in significant changes in magnetic field enhancement factor and R/Q.

Magnetic field enhancement factor decreases with increase in A due to enhancement of

magnetic volume of the geometry. There is also significant improvement in R/Q with

increase in A.
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Figure 3.6: Influence of semi axes A and B of equatorial elliptical arc - Magnetic

field enhancement factor and R/Q vary with A but almost constant with B.

Figure 3.7: Influence of semi axes a and b of iris elliptical arc - Electric field

enhancement factor strongly influenced by iris aspect ratio.
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Table 3.1: Geometry used to understand influence of geometrical parameters of cavity.

Parameters Unit Magnitude

Riris mm 50

A mm 79

B mm 81

a mm 17

b mm 38

L mm 103.75

α degree 9.4

Semi axes for iris ellipse (a,b): Electric field enhancement factor is mainly

determined by the aspect ratio of elliptical arc at iris. Variation of RF parameters

with semi axes of iris elliptical arc is shown in Figure 3.7. It can be concluded that

magnetic field enhancement factor is independent of aspect ratio (a/b) of iris elliptical

arc. Within the studied range of parameters, increase in a or decrease in b decreases

electric field enhancement factor. It can also be observed that dependence of electric

field enhancement factor and R/Q are relatively strong on a than on b. R/Q also

improves with increase in a and it is weakly dependent on changes in b.

Table 3.2: A summary of cavity design procedure

Criterion Parameter Optimization Geometrical

goals Parameter

Field flatness k ↑ Riris ↑
High gradient Ep/Eacc, Hp/Eacc ↓ Riris ↓, A↑, a↑
Low cryogenic R/Q. G ↑ Riris ↓, A↑, a↑
loads

Low HOMs (R/Q)HOM ↓ Riris ↑
impedance

Table 3.2 summarizes typical goals of shape optimization procedure. First column

shows criterion and second column shows parameter which influences criterion. Third

column gives goal of optimization while fourth column shows geometrical parameters

which influence respective parameters and its variation to achieve optimization goal.

In Table 3.2 the upper arrow (↑) indicates increase while down arrow (↓) indicates
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decrease and parameters have their usual meaning.

3.1.4 End cell design

Figure 3.8: A typical end cell design- End cell is composed of half inner cell (left)

and half outer (right) cell with beam pipe.

A typical end cell is designed with two different half cells. The inner half cell and

outer half-cell. Inner half is identical to regular cell but outer half cell is needed to

design differently as it is attached with beam pipe to allow the beam to pass through

it. A typical end cell design is shown in Figure 3.8. One can use the same topology for

end cell geometry as used for the inner cell, i.e., two geometrical arcs connected with a

common tangent. Since regular cell is already designed so we need to design only outer

half of the end cell. Req is fixed by the design of the inner cell. Thus, to maintain same

frequency, shape of the half end-cell is tuned in a different way. Frequency of the outer

half end cell is tuned by varying the length of the half-cell, which is connected to the

beam pipe, while keeping Req fixed. Optimization of end cell is dictated by following

considerations:

• Because of different shape of end cell, coupling between end cell and regular

cell can differ from the coupling between adjacent inner cells. It may result in
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3.1 Design of cavity geometry

difference in field amplitude in end cells. Field flatness (FF) factor is used to

measure field flatness of cavity. For operating mode, it can be expressed as:

FF (%) = 100.
Ecmax − Ecmin

1
N . ΣN

i=1 Eci
; (3.13)

where; Ecmax and Ecmin are maximum and minimum of peak fields in a cavity,

Eci is peak field in ith cell and N is number of cells in a cavity. To optimize the net

acceleration through the cavity, it is necessary to achieve uniform field distribution

in each cell for a given stored energy. Field flatness factor is minimized during

optimization process and tried to keep as low as possible (usually less than 2%).

However in reality, field flatness of cavity deteriorates due to fabrication errors

and field flatness factor is much higher (∼ 5%) than designed value.

• In order to avoid field emission and other limiting effects in cavity, magnitude of

field enhancement factors in end cell should not differ too much from inner cell.

Typically, end cells are designed with field enhancement factors less than those

in inner cell.

3.1.5 HOMs damping requirement

Fields induced by HOMs act back on the beam and result in beam instability in lon-

gitudinal as well as transverse directions. Trapped HOMs are those modes of concern

whose electric field amplitude is concentrated within the inner cells. They have very

low amplitude within the end cells so the electromagnetic field decays in beam pipe

before reaching the HOM coupler. Hence these modes are usually weakly coupled with

the HOM coupler and remain localized within the cavity. As a result the energy cor-

responding to trapped modes is accumulated within the RF cavity and it reaches a

considerable value after passage of several bunches. It increases cryogenic losses and

also causes beam instability. The main reasons which result in trapping of modes in

cavity are as under.

• Number of cells in cavity: Large number of cells in cavity makes it more

sensitive toward the trapping of HOMs. It is essential to achieve reasonable cell

to cell coupling not only for fundamental mode but also for HOMs too so that

they can propagate throughout each cell in the cavity.
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• End cell design: Because of different shape of end cell from inner cell, coupling

between end cell and regular cell can differ from the coupling between adjacent

inner cells. If this difference is too large, some modes can be reflected back and get

trapped within inner cells only. In the absence of any potential trapped modes,

same end cell can be used at both ends. This cavity is usually called symmetric

cavity. However, different end cells are used for both ends in the presence of

trapped modes so that if one mode is trapped form one side, it can be extracted

from other side.

• Beam pipe radius: HOMs below the cutoff frequency of the beam pipe decay

exponentially and sometimes they decay very fast that can not propagate into

the beam pipe. Thus, it is necessary to have beam pipe diameter large enough to

propagate all HOMs while staying sufficiently below the cutoff of the fundamental

mode.

3.2 Design of SCRF cavity for the pulsed linac

Initial proposal for the Project-X facility was based on the SC pulsed linac [20]. Layout

of pulsed SC linac for Project-X facility is shown in Figure 3.9. It can be noticed that

Figure 3.9: Project-X pulse SC linac - Scheme of acceleration.

SC linac is segmented into two parts on the basis of energy; low energy and high

energy part. The low energy part uses four families of spoke resonators. First three

based on single spoke resonators (SSR) and last one on triple spoke resonator (TSR).

All are operated at frequency of 325 MHz. The high energy part, which is used for the

acceleration of the beam from 420 MeV to 8 GeV, includes a squeezed International

Linear Collider (SILC) section which uses a squeezed ILC type geometrical beta (βG)
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= 0.81, 1.3 GHz cavity for acceleration of the beam from 0.42 to 1.2 GeV and an ILC

section which uses an ILC type (βG) = 1, 1.3 GHz cavity for the rest of the linac. The

requirements for the 1.3 GHz section are summarized in Table 3.3.

Table 3.3: Basic parameters of 1.3 GHz section of linac.

Parameters Unit Magnitude

Average gradient in ILC section MV/m 25

Average gradient in SILC section MV/m 23

Pulse length ms 1.25

Repetition rate Hz 5

Initial Energy MeV 420

Energy after SILC MeV 1200

Energy after ILC MeV 8000

A cumulative experience of the SCRF community was applied to the development

of the SC, 1.3 GHz, ILC-type cavity for the TESLA project [60, 61]. The resulting

elliptical shaped cavity was considerably well optimized for highly relativistic particles

i.e., β ∼ 1 and was supposed to be used for the ILC section, Thus, initial work in high

energy section was related with the design of SILC cavities. Many of the problems

associated with the choice of cavity shape for the SILC section can be overcome by

adopting similar topology as used for ILC section; however length of cavity and number

of cells in a multi-cell cavity are decided by operational requirements. βG = 0.81, 1.3

GHz, 11-cell cavity is designed for SILC section of linac. The final design is optimized

on the basis of following constraints:

• Availability of cryomodule: It was considered to utilize existing design of the

ILC cryomodule for the SILC section, which is Type-4 ILC cryomodule [62, 63].

It is proposed to use eight cavities in all cryomodules as in ILC design. In such

situation, position of each cavity is fixed by coupler slot. Thus, efficiency of

accelerator not only depends on cavity length and its velocity acceptance but

also on the spacing between two successive cavities. The length of βG = 0.81,

11-cell cavity is same as the ILC βG =1, 9-cell cavity. A longer cavity (number

of cells greater than 11) does not fit in cryomodule and shorter cavity (number of

cells smaller than 11) does not occupy all available space. Thus, design of cavity

with 11-cell leads to an optimal solution. Proposal of using same cryomodule
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as in ILC section allows one to use same scheme of power distribution in both

sections. One 10 MW klystron with every two cryomodules is used to feed RF

power in high energy section of the linac.

• Availability of power coupler and other components: Power requirements

for 11-cell, SILC cavity is also similar to ILC βG =1 cavity, thus, it is possible to

use same power coupler and HOM coupler. It also allows using similar type of

other auxiliary components like tuners etc.

All the above considerations lead to a choice of 11-cell cavity [20, 56, 57] for the SILC

section. This cavity was designed for symmetrical end cells which means end cells at

both ends are similar. Figure 3.10 shows a 11-cell cavity with power and HOM couplers.

RF parameters and geometrical parameters for optimized structure are summarized in

Table 3.4.

Figure 3.10: Configuration of 11 cell cavity with coupler.

In the table, αinner and αend are wall inclination angle for inner cell and end cell

respectively.

3.2.1 HOMs study for symmetrical 11-cell SILC cavity

In an ion linac, with kinetic energy ranging from MeV to few GeV, beam velocity

changes significantly after passing through each RF cavity. As a result, interaction

between ions and RF cavity depends on the speed of ions. In SILC section H− velocity

82



3.2 Design of SCRF cavity for the pulsed linac

Table 3.4: 1.3 GHz βG=0.81 11-cell cavity parameters

Parameters Unit Magnitude

αinner deg. 4.4

αend deg. 8.6

Riris mm 36

Beam pipe radius mm 39

Active length mm 1031

k % 2.7

R/Q Ω 754

Geometrical factor Ω 228

Ep/Eacc - 2.4

Bp/Eacc mT/(MV/meter) 5.0

(a) (b)

Figure 3.11: HOM spectrum for 11-cell cavity - Impedance of (a) monopole (Lon-

gitudinal) modes R/Q and (b) Dipole (transverse) modes (R/Q)‖ are shown for βG =

0.81.

changes from β = 0.70 to 0.90. Thus, symmetrical 11-cell cavity is studied for com-

plete range of β in order to investigate potentially trapped HOMs. Monopole modes

and dipole modes are taken into account. Modes with frequency higher than cut-off

frequency of beam pipe can easily propagate out of cavity. The effective impedance

distribution (R/Q) for monopole and dipole modes (below the cut-off frequency of the

beam pipe) for βG = 0.81 cavities are shown in Figure 3.11. These spectrum provides

a sight to concerned HOMs whose effective impedances are high and frequencies are
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Figure 3.12: R/Q distribution of HOMs for third monopole passband of 11-cell cavity.

close to integral multiple of beam repetition rate (i.e., 325 MHz for Project-X linac).

(a) (b)

Figure 3.13: Trapped modes in 11-cell cavity - Electric field distribution along the

axis of cavity for most concerned modes with resonance frequency of (a) 2847.79 MHz and

(b) 2847.90 MHz for symmetric 11 cell cavity.

Monopole third pass band is found to be most sensitive toward trapped modes.

Figure 3.12 shows the distribution of the HOMs effective impedance for the third pass

band for the complete range of β. It can be seen that most concerned monopole mode
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corresponds to frequency of 2847.79 MHz with highest effective impedance of 80Ω for

β = 0.90 and 40Ω for β = 0.85. Next mode of concern corresponds to frequency of

2847.90 MHz with highest effective impedance of 24Ω for β = 0.81.

Figures 3.13a and 3.13b show the electric field distributions for the two most con-

cerned monopole modes along the axis of the cavity. For both of these modes, electric

field is largely concentrated within inner cells while the amplitude at the end cells is

relatively small. The results were also verified by using another RF simulation code

HFSS [44]. Figure 3.14 shows HFSS results of field distribution along the axis for mode

with frequency 2847.79 MHz. Thus, the symmetric 11-cell cavity is found to be sensi-

tive to trapped modes at monopole third pass band. Therefore, it is necessary to make

some changes in cavity geometry to avoid trapping of HOMs.

Figure 3.14: HFSS result confirms trapping of mode with frequency 2847.79 MHz.

Avoiding trapping of HOMs: Trapped modes may result in beam instability

and cryogenic losses even they have low effective impedance. Therefore, it is essential

to design a cavity which is free from trapped modes. In general trapping of HOMs can

be avoided using following ways:

• Use of large beam pipe diameter: Increase in beam pipe diameter results in

an increase in the coupling of modes with HOM coupler and also drop in cut-off

frequency. Thus, modes can easily propagate out of cavity. However, it is not

always possible to increase beam pipe diameter as it also results in field leakage

for fundamental mode which causes increase in cryogenic losses.
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• Asymmetrical end cells: Use of different end cell at each end of cavity (asym-

metrical cavity) allows to get rid of trapped HOMs. Modes propagate outside

the cavity from other end if it is trapped from one side. However, it increases the

engineering efforts required to fabricate the cavity. It is required to make three

types of Dye (inner cell, end cell right and end cell left) instead of two (inner

cell and end cell) for half cell forming. Still, it seems preferable option to avoid

trapping of HOMs because there is no need of compromise with field flatness of

fundamental mode.

Thus, to avoid trapped modes, an asymmetrical design of the end-cells is proposed

for 11-cell cavity without disturbing the field flatness of the fundamental mode. In

order to do so one of the end cell of the 11-cell cavity is detuned a little by changing

cell parameters of outer half. Shape of the end cell is optimized in such a way that

the natural eigen mode frequency of end cell comes closer to the frequency of the

most concerned mode (i.e., 2847.79 MHz). It helps in increasing the field amplitude

of this mode at the end cell and, thus, increases coupling of the field amplitude with

the HOM coupler. The field enhancement factor of the end cell is kept less than the

field enhancement factor of the inner cell. After optimization, the natural eigen mode

frequency spectrum of inner and end cells are shown in the Table 3.5. The asymmetrical

Table 3.5: Eigen mode frequency spectrum after end cell optimization.

Pass band no. Inner cell End cell 1 End cell 2

1 1300 MHz 1300 MHz 1300 MHz

2 2734.3 MHz 2732.4 MHz 2726.6 MHz

3 2850.1 MHz 2851.6 MHz 2847.6 MHz

11-cell cavity has been again studied for most concerned modes. The distributions of

effective impedance of the monopole and dipole modes are shown in Figures 3.15a and

3.15b respectively. The distribution of HOMs effective impedances (R/Q) for the third

monopole pass band for complete range of β is plotted in Figure 3.16.

Modes corresponding to frequencies 2847.74 MHz and 2847.82 MHz are most con-

cerned ones. Mode for the frequency 2847.74 MHz has highest effective impedance of

64Ω for β = 0.90 and mode corresponding to frequency 2847.82 MHz has 30Ω for the

same β. Electric field distributions of these modes are illustrated in Figures 3.17a and

86



3.2 Design of SCRF cavity for the pulsed linac

(a) (b)

Figure 3.15: HOM spectrum for asymmetrical 11-cell cavity - Impedance of (a)

monopole (Longitudinal) modes R/Q and (b) Dipole (transverse) modes (R/Q)‖ are shown

for βG = 0.81.

Figure 3.16: R/Q distribution of HOMs for third monopole passband of asymmetric

11-cell cavity.

3.17b. It can be seen that these modes are not trapped anymore because they have

sufficient amplitude within at least one of the end cell to ensure their coupling with the

HOM coupler.

The asymmetrical 11-cell cavity has been studied for the same configuration of

couplers as the ILC type cavity i.e., two HOM couplers and one input coupler using

3-dimensional code HFSS. External quality factors (Qex) are calculated using complex
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(a) (b)

Figure 3.17: Most concerned modes in asymmetrical 11-cell cavity - Electric field

distribution along the axis of cavity for most concerned modes with resonance frequency

of (a) 2847.74 MHz and (b) 2847.82 MHz for asymmetric 11 cell cavity.

eigenmode solver with matched boundary conditions on all couplers outputs. Qex of

most concerned modes were calculated and compared with symmetrical cavity. Fre-

quencies, Qex and R/Q of typical monopole HOMs in third pass band for symmetrical

and asymmetrical cavities are listed in Table 3.6.

Table 3.6: Qex and R/Q for the concerned monopole modes in the third pass band.

Symmetrical cavity Asymmetrical cavity

Frequency R/Q Qex Frequency R/Q Qex

(x103 MHz) Ω (x103 MHz) Ω

2.73730 9.47E+02 1.44e+07 2.73728 6.15E-01 4.34e+05

2.84779 3.08E+00 2.85e+10 2.84774 3.16E+00 7.74e+06

2.84790 1.20E+01 2.48e+09 2.84782 8.57E+00 1.81e+07

2.84808 5.02E+00 1.45e+09 2.84795 9.11E+00 1.68e+07

2.84834 1.45E-01 8.37e+08 2.84817 9.13E-01 1.74e+07

2.84869 1.20E+00 4.26e+08 2.84847 5.95E-01 1.70e+07

2.84910 4.16E-02 2.07e+08 2.84884 2.30E-01 2.06e+07

2.84955 6.29E-01 1.77e+08 2.84926 2.46E-01 2.48e+07

2.84994 1.18E-02 2.04e+08 2.84967 1.16E-01 3.91e+07

2.85045 1.85E+00 2.91e+07 2.85000 7.74E-02 1.04e+08

2.85046 4.04E-02 2.49e+07 2.85046 9.17E-01 4.14e+07

It can be noticed that Qex decreases significantly after optimization of one of end
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cell for asymmetrical cavity. Qex for HOMs in asymmetrical cavity are placed in range

of 106-108 which is appropriate from beam dynamics point of view in SILC section

[64]. Comparison between symmetrical and asymmetrical 11-cell cavity for Qex and

impedances (R/Q.Qex) of concerned monopole modes in third passband is shown in

Figure 3.18.

(a) (b)

Figure 3.18: Comparison of symmetrical and asymmetrical 11-cell cavity for (a) Qex and

(b) impedances (R/Q * Qex) of concerned monopole modes in third pass band.

Dipole modes are also investigated and no trapped modes are found. Most con-

cerned dipole modes in first three pass bands are listed in Table 3.7. It is observed that

dipole modes have smaller influence of insertion of asymmetry in cavity and Qex for

dipole mode in asymmetrical cavity are also placed in range of 105-106.

3.2.2 Design of 9-cell SILC cavity

Although 11-cell cavity is optimized for SILC section yet there were few concerns from

its fabrication point of view. Presence of 11-cell makes it more sensitive to fabrication

errors, thus industrial yield is expected to be low. Successful development and fabri-

cation experience of SC 1.3 GHz, 9-cell ILC cavity for the TESLA project lead us to

design 9-cell, βG = 0.81, 1.3 GHz cavity as an alternative of 11-cell cavity.

Inner cell design: Length of inner cell will remain same as inner cell in 11-cell but

reduction in number of cells for 9-cell cavity will result in decrease in required cell to cell

coupling. If we design the 9-cell cavity with same field flatness as in 9-cell ILC cavity

expecting that fabrication error will remain same in both cases, the required coupling
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Table 3.7: Qex and R/Q for the most concerned dipole modes in the first three pass

bands of SILC cavities.

Symmetrical cavity Asymmetrical cavity

Frequency R/Q Qex Frequency R/Q Qex

(MHz) Ω (MHz) Ω

1757.74 1.21e-06 3.19e+06 1757.73 0.0004 2.11e+06

1758.8 0.0634 9.39e+05 1758.76 0.0754 6.73e+05

1760.25 0.0010 5.04e+05 1760.17 0.0021 4.04e+05

1761.78 0.4035 3.85e+05 1761.69 0.4521 3.42e+05

1763.21 0.0276 3.58e+05 1763.11 0.0058 3.32e+05

1764.45 6.0269 3.93e+05 1764.36 5.5097 3.95e+05

1765.47 12.607 4.68e+05 1765.4 12.6381 4.66e+05

1766.26 3.5942 7.15e+05 1766.21 4.04101 6.89e+05

1766.81 0.0368 1.42e+06 1766.79 0.01029 1.35e+06

coefficient is 1.87% which is same as in TESLA cavity. Since in an elliptical multi-cell

cavity cell to cell coupling typically takes place via the electric field through the irises, it

is necessary to re-optimize inner celll geometry for new iris radius (Riris). Operational

requirements of the cavity, defined by the normalized field enhancement factor ratio

and field non-uniformity, further fix the values of the other independent geometrical

parameters. To compare the field enhancement factor of different geometrical shapes

with ILC cavity design, we introduce normalized field enhancement factors, e and h,

which are defined as:

e =

(
Ep
Eacc

)
SILC(

Ep
Eacc

)
ILC

and h =

(
Hp
Eacc

)
SILC(

Hp
Eacc

)
ILC

, (3.14)

where values of the electric field enhancement factor (Ep/Eacc) and Magnetic field

enhancement factor (µ0Hp/Eacc) for ILC cavity are 2.0 and 4.26 mT/(MV/meter) re-

spectively [62].

To obtain the same electromagnetic performance and field-flatness as obtained in

the ILC cavity, we choose (h/e)∼ 1, and k∼ 1.87% for 9-cell. Different cavity shapes are

studied for different geometrical parameters. Figure 3.19 shows the result of the tuning

procedure, where the normalized field enhancement factors i.e., e vs. h are plotted for

five different sets of geometrical parameters (A, B, a, b) and for a given value of Riris =
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Figure 3.19: Optimization curve for inner cell for Riris= 30 mm.

30 mm. For reference, a straight line having (h/e) = 1 is also shown on the same plot.

Cell-to-cell coupling value, which is different for each set, is further mentioned. It can

be seen that for (h/e) =1, we get a value of k ∼ 1.5%, slightly away from 1.9%. Thus,

to meet the requirements of k, Riris is further varied and tuning results are shown for

Figure 3.20: Optimization curve for inner cell for various values of Riris.
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various sets of geometrical parameters in Figure 3.20. It is found that for Riris = 33

mm, we get (h/e)=1 and k∼ 2%, close to our operational requirements.

Design of End cell: After designing inner cell, outer half of end cell is optimized

in order to achieve good field flatness. It also takes into account that natural eigen

frequency spectrum of HOMs should not deviate too much for inner cell and end cell.

Field enhancement factors for end cells are kept less than the inner cell.

Geometrical and RF parameters: A symmetric 9-cell, βG = 0.81, 1.3 GHz cav-

ity is designed. Geometrical representation of half inner and half end cell are shown in

Figure 3.21 while magnitudes of corresponding geometrical parameters are summarized

in Table 3.8.

Table 3.8: Geometrical parameters for inner and end cell of 9-cell βG = 0.81 1.3 GHz

cavity.

Parameters Unit Half inner cell Half end cell

Riris mm 33 39

Req mm 102.56 102.56

A mm 33.0 33.5

B mm 35.0 35.0

a mm 12.0 10.0

b mm 21.0 20.0

L mm 46.752 44.63

α degree 5.8 5.3

From the electric field distribution of operating mode (Figure 3.22a), field flatness

is found to be uniform (2.24 %). The dispersion curve is shown in Figure 3.22b for

first monopole pass band which consists of the fundamental mode. Positive slope of

dispersion curve suggests that cells are coupled electrically. The relative separation

of fundamental mode with its neighbour is 0.24% which is larger than ILC RF cavity

(0.064%) and 11-cell RF cavity (0.054 %). This implies looser tolerances on tuning of

RF cavity.

RF parameters for operating modes are studied. It is found that cavity achieves its

optimal performance for particle traveling with 84 % of velocity of light. Results are

summarized for both geometrical beta (βG = 0.81) and optimal beta (βopt = 0.84) in

Table (3.9).
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Figure 3.21: half inner cell (left) and half end cell (right).

(a) (b)

Figure 3.22: 9 cell cavity - (a) Electric field distribution and (b) dispersion curve for

first monopole pass band which consists of the fundamental mode.

HOMs study : 9-cell RF cavity has been studied for monopole (longitudinal) and

dipole (transverse) HOMs. Investigation has been performed for potentially trapped

modes. The distribution of effective impedance of longitudinal and transverse HOM

are shown in Figure 3.23a and Figure 3.23b respectively for βG=0.81. The effective
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Table 3.9: RF Parameters for fundamental mode of 9-cell βG = 0.81 1.3 GHz cavity.

Parameters Unit Magnitude

βG = 0.81 βopt = 0.84

Transit time factor - 0.77 0.79

Coupling coefficient % 2 2

Ep/Eacc - 2.26 2.24

Bp/Eacc mT/(MV/m) 4.77 4.72

R/Q Ω 677 691

G Ω 226 226

Frequency GHz 1.3 1.3

(a) (b)

Figure 3.23: HOMs spectrum for 9 cell-cavity - Impedance of (a) monopole modes

R/Q and (b) Transverse modes (R/Q)‖ are shown for βG=0.81.

impedance is less than 25Ω for the most concerned longitudinal mode and less than 10

Ω/cm2 for transverse modes. Beta dependence of the some monopole HOMs with high

effective impedance is shown in Figure 3.24.

The monopole modes corresponding to frequencies 2838.97 MHz and 2840.12 MHz

have highest effective impedances. The mode for the frequency of 2838.97 MHz has

highest effective impedance of 28 Ω for β = 0.83 and mode corresponding to the fre-

quency 2840.12 MHz has the same impedance for β = 0.90. To investigate the nature

of both modes, electric field distribution are illustrated in Figure 3.25. It can be seen

that these modes are not trapped because they have sufficient amplitude within at least

one of end cells to ensure their effective coupling with HOM coupler.
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Figure 3.24: Beta dependence of the monopole HOM with high effective impedance.

(a) (b)

Figure 3.25: Electric field distribution for the most concerned monopole modes

- with frequency of (a) 2838.97 MHz and (b) 2840.12 MHz for SILC 9-cell cavity.
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3.3 Design of SCRF cavity for the CW linac

3.3.1 Why transition from 325MHz to 650 MHz frequency instead of

1.3GHz ?

Two families of SC elliptical cavities are designed for the acceleration of particles trav-

eling with 61% and 90% of speed of light. These are operated at 650 MHz and used

for acceleration of beam from 160 MeV to 3 GeV in CW linac. Operation at 650 MHz

instead of 1.3 GHz is preferred due to following reasons:

• Beam dynamics prospects:

– Choice of operation of cavity at 650 MHz simplifies the beam dynamics.

Project-X front end operates at 325 MHz, and 2-fold frequency jump at

transition to the higher energy stage for 650 MHz is easier than 4-fold for 1.3

GHz. Thus, It enhances RF bucket area available for particles in longitudinal

phase space (energy and time).

– Transverse size of cavity scales inversely with frequency. Thus, lower fre-

quency means large transverse aperture which results in increase in phase

space area available in transverse planes (horizontal and vertical plane).

– Cavity not only provides accelerating kick to the beam but it also gives

transverse kick. It is inversely proportional to operating frequency of cavity.

Transverse kick can degrade beam quality particularly at low energy. Thus,

lowering in frequency also reduces transverse kick by the cavity which helps

in maintaining the beam quality along the linac.

– HOM impedances (transverse and longitudinal) are smaller at lower fre-

quency, and it may in principle allow one to get rid of HOM dampers, which

may be a source of many problems for proton accelerators such as multi-

pacting, RF leak etc. It is convenient to assemble a cavity without HOM

damper.

– Losses caused by intra-beam stripping will be smaller for lower frequency as

well.

• Lower operating frequency of cavity leads to better cavity and beam interaction.

Figure 3.26 shows energy gain of 650 MHz and 1300 MHz cavities for the energy
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range of 500 MeV to 3 GeV. Two families of cavities are used for each frequency.

The RF load (for two families of cavities) for 1300 MHz are 20.5 W and 17.3 W,

whereas it is 18.1 W and 18.5 W for 650 MHz cavities. The gradients in cavities

are selected for peak surface magnetic field of 72 T. It can be noticed that energy

gain is higher for 650 MHz cavities. It can be easily understood from equation

(3.4) which suggest that for same geometrical beta (βG), energy gain is inversely

proportional to frequency.

Figure 3.26: Comparison of acceleration efficiencies of 1300 MHz and 650 MHz cavities.

• Length of 5-cell, βG = 0.90 cavity is approximately same as that of 9-cell, βG = 1,

1.3 GHz cavity. Thus maximum energy gain per cavity is same in both cases and

power requirement is also same.

Concept of 650 MHz frequency is similar as SNS, SPL and ESS cavities. With lot

of advantages, there are some trade-off of lower frequency application as well. These

are summarized as following:

• Cavities for 650 MHz are bigger in size and thus more Nb is required to build

a cavity which makes it more expensive than 1.3 GHz cavities. This increase in
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price can be compensated by smaller number of cavities and RF sources. Higher

acceleration efficiency leads to lower number of cavties for the given accelerat-

ing range. Avoiding HOM damper for 650 MHz cavities further reduces cost of

dressed cavity (cavity and all auxiliary components).

• It is required to rebuild infrastructure in Fermilab to handle 650 MHz cavities.

Mechanical tuning machine, facilities for surface treatment such as furnace size

and acid container for electro polishing, vertical test stand etc. which should be

capable to support 650 MHz cavities.

3.3.2 Design of medium beta cavity (βG = 0.61) for intermediate en-

ergy section of linac

Generally medium beta cavity are not designed to operate at very high accelerating

gradient. βG = 0.61, 5-cell cavity is designed with considerations of all the require-

ments of intermediate energy section of CW linac of Project-X. These are operated at

accelerating gradient in the energy range of 7 to 14 MV/m.

Inner cell design: It can be noticed from Figure 3.27 that field enhancement

Figure 3.27: Variation of electric and magnetic field enhancement factor with relative

particle velocity (β).
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factors increase with decrease in β. Thus, the goal of the cavity shape optimization was

again to reduce the field enhancement factors to achieve maximum possible gradient. In

order to do this iris aperture is kept small and chosen to 43 mm which is large enough to

provide k greater than 0.6% for fundamental pass band. Small cavity wall inclination

angle also provides more freedom to achieve lower field enahancement factors. It is

reduced to 2◦ for present design. Iris aperture and wall inclination angle are biggest

concern from surface processing point of view but these values for βG = 0.61 cavity

seems feasible.

Figure 3.28: 650 MHz, 5-cell, βG =0.61 cavity.

Table 3.10: Geometrical parameters for half inner and half end cell of 5-cell, βG = 0.61,

650 MHz cavity.

Parameters Unit Half inner cell Half end cell

Riris mm 41.5 41.5

Req mm 194.952 194.952

A mm 54.0 54.0

B mm 58.0 58.0

a mm 14.0 14.0

b mm 25.0 25.0

L mm 70.34 71.385

α degree 1.86 2.7

End cell design: βG =0.61, cavity is symmetrical cavity. End cells are optimized
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in order to achieve same operating frequency as inner cell and attaining good field flat-

ness. Field enhancement factors of end cells are kept below the inner cell. Figure 3.28

shows schematic of 5-cell, 650 MHz cavity. Geometrical parameters for optimized shape

of inner cell and end cells are listed in Table 3.10. It should be noted that cavity shape

is optimized at operating temperature. Thus, these are usually called cold dimensions

or operating dimensions of cavity. However fabrication dimension of cavity are differ-

ent from cold dimensions. It includes thermal expansion of material during transition

of cold temperature (2 K) to room temperature (300 K) and material removal during

surface processing of cavity such as electro polishing (EP) and buffer chemical polish-

ing (BCP). It is necessary to account this material removal during cavity fabrication

otherwise cavity shape will differ from optimized shape at operating temperature which

results in change in operating frequency.

Figure 3.29: Cavity operational and fabrication dimensions.

Figure 3.29 shows schematic of cavity shape for different dimensions at various

stages. It can be noticed that material removal results in increase in radius of cavity

and semi-axes of equatorial ellipse while it reduces Riris and semi axes of iris ellipse.

However length of cavity does not change with material removal. Dimensions of half

inner and half end cell of βG = 0.61, cavity are summarized in Table 3.11. Warm
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dimensions (room temperature) are calculated by multiplying cold dimensions with

scaling factor for Nb for the transition from 2K to 300K. Fabrication dimensions are

obtained by adjusting warm dimension with respect to material removal. It should be

noticed that uniform material removal of 150 µm is considered for rough approximation.

However, material removal at iris and equator of cavity is not uniform in reality.

Table 3.11: Geometrical parameter for half cell of 5-cell, βG = 0.61, 650 MHz cavity at

different stages.

Parameters Unit Cold Warm Fabrication

dimensions dimensions dimensions

Riris mm 41.5 41.561 41.41

Req mm 194.952 194.241 195.091

A mm 54.0 54.08 53.93

B mm 58.0 58.086 57.936

a mm 14 14.021 14.171

b mm 25.0 25.037 25.187

L mm 70.34 70.44 70.44

Lend mm 71.385 71.491 71.491

RF parameters and field flatness of cavity is calculated for fundamental mode and

summarized in Table 3.12. Field non uniformity between cells are found to be 1.3 %.

Electric field distribution for fundamental mode in 5-cell cavity is shown in Figure 3.30.

It may be noted that field is normalized for 1 mJ stored energy in cavity.

Table 3.12: RF Parameters for fundamental mode of 5-cell βG = 0.61, 650 MHz cavity.

Parameters Unit Magnitude

βG = 0.61 βopt = 0.65

Coupling coefficient % 0.67 0.67

Ep/Eacc - 2.34 2.26

Bp/Eacc mT/(MV/m) 4.37 4.22

R/Q Ω 352 367

G Ω 191 191

Frequency GHz 650 650

Field flatness % 1.3 1.3

Active length mm 705.5 705.5
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Figure 3.30: Field distribution of fundamental mode in 5-cell βG =0.61 650 MHz cavity.

Cavity is also studied for longitudinal and transverse HOMs. Figures 3.31a and

3.31b show monopole and dipole HOM spectrum below the cut-off frequency for βG =

0.61. It should be noted that cut off frequency for monopole and dipole mode are 2.76

GHz and 1.76 GHz respectively. It can be observed from Figure 3.31a that fundamental

mode has highest effective imepdance of 352 Ω and next highest effective is below 10

Ω. Investigation is also performed to search for potential trapped modes. It is found

that there is no trapped mode in longitudinal and transverse pass bands.

(a) (b)

Figure 3.31: (a)Distribution of effective impedance R/Q (Ω)of longitudinal modes

(monopole modes) and (b) transverse effective impedance (R/Q)‖ (Ω/cm2) of transverse

modes (dipoles) for βG = 0.61.
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Dispersion curves are plotted for first six monopole pass bands (Figure 3.32) and

dipole pass bands (Figure 3.33). Dispersion curve represents distribution of normal

modes in pass band and provides information about nature as well as strength of

coupling between the cells. If cells are connected electrically, π mode has highest

frequency while it has lowest frequency for magnetically coupled cavity.

It can be noticed from Figure 3.32a that relative separation of operating mode with

respect to its neighbouring mode is 0.072 % which is greater than that of the 9-cell

ILC cavity (0.064%). Large separation of operating mode with respect to neighbouring

mode increases tolerances of cavity against fabrication errors and also implies easy

tunning of cavity.

3.3.3 Design of high beta cavity (βG = 0.90) for high energy section of

linac

βG = 0.90, 650 MHz elliptical shape SCRF cavity is designed to accelerate the beam

from ∼ 500 MeV to 3 GeV in high energy section of CW linac. It consists of 5-cells

which makes its length about the same as βG=1, ILC 9-cell, 1.3 GHz cavity. Thus

maximum energy gain per cavity is also same but with large operating range due to

smaller number of cells with respect to ILC cavity. It operates in beam transport line

at accelerating gradient in the range of 8MV/m to 17 MV/m.

Inner cell design: Cavity shape is optimized in order to minimize field enhance-

ment factors for better interaction between fields and cavity. βG = 0.90 cavity is de-

signed for Riris of 50 mm. Inter cell to cell coupling for given iris aperture is ∼ 0.75%.

It is large enough to provide same field flatness as in ILC cavity if one assumes same

order of fabrication errors in both cavity. Wall inclination angle for optimized shape is

5.2◦ which is large enough for surface cleaning and machanical stability point of view.

End cell design: After inner cell optimization, end cells are designed in order to

achieve good field flatness and to avoid any potential trapped modes in cavity. Cavity

is designed with symmetrical ends. Wall inclination angle for end cells is 7◦ which is

greater than inner cells. It is convenient to have large wall angle for water and chemical

rinsing. Figure 3.34 shows schematic of 5-cell, βG =0.90, 650 MHz cavity. Geometrical

parameters for optimized shape (cold dimensions) along with warm dimensions and

fabrication dimensions are summarized in Table 3.13. End cell has same Riris, Req and

A as inner cell.
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(a) (b)

(c) (d)

(e) (f)

Figure 3.32: Distribution of monopole modes (longitudinal modes) with phase advance

for first six pass bands of 5-cell, β = 0.61, 650 MHz cavity.
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(a) (b)

(c) (d)

(e) (f)

Figure 3.33: Distribution of dipole modes (transverse modes) with phase advance for

first six pass band of 5-cell, βG = 0.61, 650 MHz cavity.
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Figure 3.34: 5-cell, βG =0.90, 650 MHz cavity.

Table 3.13: Geometrical parameter for half cell of 5-cell, βG = 0.90, 650 MHz cavity at

different stages.

Parameters Unit Cold Warm Fabrication

dimensions dimensions dimensions

Riris mm 50.0 50.074 49.924

Req mm 200.277 200.574 200.424

A mm 82.5 82.622 82.472

B mm 84.0 84.124 83.974

a mm 18 18.0267 18.177

b mm 38.0 38.056 38.206

L mm 103.75 103.904 103.904

Lend mm 106.971 107.13 107.13

Bend mm 84.5 84.625 84.4752

aend mm 20.0 20.03 20.18

bend mm 39.5 39.558 39.708

RF parameters for operating modes are also calculated for design beta and optimal

beta and summarized in Table 3.14. Maximum possible gradient for peak magnetic field

of 70 mT is 19 MV/m. Surface electric field and surface magnetic field distribution

for fundamental modes are shown in Figures 3.35a and 3.35b respectively. Fields are

normalized to 1 mJ stored energy in cavity. It can be noticed that magnitude of peak
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surface fields are less in end cell than in inner cell. It is done in order to reduce field

emission possibility.

(a) (b)

Figure 3.35: Surface fields distribution in βG = 0.90 cavity-(a) Surface electric field

and (b) surface magnetic field.

Table 3.14: RF Parameters for fundamental mode of 5-cell, βG = 0.90, 650 MHz cavity.

Parameters Unit Magnitude

βG = 0.90 βopt = 0.95

Coupling coefficient % 0.75 0.75

Ep/Eacc - 2.08 2.03

Bp/Eacc mT/(MV/m) 3.79 3.68

R/Q Ω 607 642

G Ω 255 255

Frequency GHz 650 650

Field flatness % 0.6 0.6

Active length mm 1042.94 1042.94

HOMs spectrum is also studied to investigate any potentially concerned mode with

high effective impedance. Figures 3.36a and 3.36b show monopole and dipole mode

spectrum of 650 MHz, 5-cell, βG = 0.90 cavity for designed beta. It can be seen that

operating mode has highest effective impedance of 607 Ω. Next highest impedance for

monopole modes is ∼ 130Ω and transverse impedance of dipole modes is reached to

60kΩ/cm2. Variation in HOMs impedances of most concerned monopole and dipole
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modes with operating range of cavity is shown in Figures 3.37a and 3.37b respectively.

(a) (b)

Figure 3.36: (a)Distribution of effective impedance R/Q (Ω)of longitudinal modes

(monopole modes) and (b) transverse effective impedance (R/Q)‖ (Ω/cm2) of transverse

modes (dipoles) for βG = 0.90.

(a) (b)

Figure 3.37: Variation in HOM impedances with β - for most concerned (a)

monopole modes and (b) dipole modes for 650 MHz, βG = 0.90, 5-cell cavity.

Monopole and dipole dispersion curves for first six pass bands are shown in Figures

3.38 and 3.39 respectively. It can be seen that frequency bandwidth of monopole fifth

pass band is about 50 KHz and dispersion curve looks very flat. As all cells are not

identical due to fabrication errors, therefore, there is frequency spread between cells
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(a) (b)

(c) (d)

(e) (f)

Figure 3.38: Distribution of monopole modes (longitudinal modes) with phase advance

for first six pass band of βG = 0.90, 650 MHz, 5-cell cavity.
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(a) (b)

(c) (d)

(e) (f)

Figure 3.39: Distribution of dipole modes (transverse modes) with phase advance for

first six pass band of βG = 0.90, 650 MHz, 5-cell cavity.
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and it is typically of the order of 1MHz. In this case there will be mixing of modes for

fifth monopole pass band which will result in trapping of modes. However, these losses

might be manageable for 1mA average beam current but possibility of future upgrade

of CW linac to deliver 5 mA average beam current requires increase in bandwidth to

avoid huge cryogenic losses. Alternative of βG =0.90 cavity are designed with large

Riris. It is to be noted that increase in Riris results in increase in cell to cell coupling

and therefore, bandwidth of passband. Figure 3.40a shows variation of bandwidth of

fifth monopole pass band with Riris. It can be seen that bandwidth larger than 1 MHz

can be obtained for Riris larger than 62 mm. Riris also affects acceleration efficiency

of cavity. Thus, large increase in Riris is not effective from cavity RF performance and

fabrication cost point of view.

To understand the nature of variation in bandwidth of fifth pass band with length

of cavity, βG is varied. Figure 3.40b shows variation in bandwidth with different βG

of cavity. It can be seen than bandwidth is minimum for βG=0.90. Small changes in

either side of this beta results in significant increase in bandwidth. Thus, alternative

design of cavity with different βG is better solution to deal with narrow bandwidth of

fifth pass band of β =0.90 cavity.

3.3.4 Requirement of HOM damper for 650 MHz cavities

Each time beam is passed through cavity, it induces HOMs. Resonance excitation of

HOM results in degradation of beam quality (beam emittance) and increased power

losses. Therefore, HOM damper (HOM coupler) is used to extract these modes out

of cavity (avoiding resonance excitation) and thus, reduces power dissipation in SCRF

cavity. However, HOMs damper is an expensive and complicated part. Assembly of

HOM damper requires additional hardware, cables and wires which adds further com-

plication in fabrication of SCRF cavity. It can also add problems such as multipacting,

leaks, loads etc. in cavity. Analysis of HOMs effect provides better understanding

about the requirements of HOM damper for 5-cell, 650 MHz, elliptical cavities. Ab-

sence of HOM coupler will reduced the cost of accelerating structure to large extent.

Study is performed to analyzed HOMs effect in intermediate (βG = 0.61) and high

energy (βG = 0.90) sections of CW linac for the Project-X facility.
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(a)

(b)

Figure 3.40: Variation in frequency bandwidth of fifth pass band with (a) Riris and (b)

with βG.

3.3.4.1 Beam Time Structure

The CW linac of the Project X provides H− beam with average current of 1 mA and

has a special time structure in order to satisfy the requirements of the experiments

simultaneously. One whole period of beam structure is shown in Figure 1.9 and sep-

aration scheme of the H− beam from the linac to three different experiments: Mu2e,

Kaon, and other is shown in the Figure 3.41.

Each bunch contains 9 ×107 H− ions. The bunch sequence frequency for the Mu2e
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Figure 3.41: Beam separation scheme at the end of CW linac at Project-X facility.

experiment is 162.5 MHz (for the RFQ frequency of 325 MHz) and the bunch train

width is 100 nsec when the train repetition rate is 1 MHz. The bunch sequence for

Kaons and other experiment is 27.08 MHz. The beam power for Mu2e is 400 kW, and

800 kW for two other experiments. Thus, the beam current spectrum contains:

• Harmonics of the bunch sequence frequency of 27.08 MHz.

• Sidebands of the harmonics of 162.5 MHz separated by 1 MHz as shown in Figure

3.42.

The idealized spectrum of the beam is shown in the Figure 3.42. The beam imperfect-

ness like finite time of bunches and jitter effects are not taken into account. One can

see that it has spectral components with large amplitude every 325 MHz, components

with smaller amplitudes about every 27 MHz, and sidebands about every 1 MHz.

3.3.4.2 Resonance excitation of HOMs

As mentioned earlier, when beam passes through the cavity, it extracts not only the

RF energy but also excites HOMs. If frequencies of these modes come close to eigen

mode frequencies of cavity, it results in excitation of resonance of HOMs. It may lead
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Figure 3.42: Beam spectrum for Project-X CW linac.

to induce large voltage which can act back on beam and dilutes beam quality. HOMs

are characterized by R/Q and Qex. Higher the Qex, higher will be power deposited in

the cavity.

Power losses due to HOMs: The main accelerating mode is compensated by

feeding power from external RF source but in the absence of HOM damper, HOMs

decay inside cavity. Excess of power dissipation can result in quench of cavity or

increase cryogenic losses. To calculate these power losses, consider that an average

alternating current, Ĩn, with angular frequency, ωn, passing through the cavity excites

HOM with angular frequency ωm, and impedance, (R/Q)m, with resulting magnetic

field ~Hnm which is given as [65]:

~Hnm =
ωm
√
ωm

i(ω2
n − ω2

m − iωmωnQm
)
.
Ĩn

2
√
Um

.

√
(
R

Q
)m ~Hm ; (3.15)

where ~Hm is the the eigenfunction of the mode normalized to energy stored in the

cavity (Um) and Qm is quality factor. The accelerator definition of R/Qm is used

i.e., (R/Q)m = V 2
m/ωmUm, where Vm is voltage induced by mode inside cavity. If

the HOM spectrum is known, one can calculate the total magnetic field excited by a
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current harmonic Ĩn. It is given as:

~H(n) =
∑
m

~Hnm. (3.16)

Thus, total power losses (P) caused by HOMs excitation can be calculated from the

following:

P =
∑
n

Rn
2

∮
~H(n) ~H∗(n)ds , (3.17)

where Rn is surface resistance, which is expressed as:

Rn = RnBCS +Rresidual. (3.18)

Residual resistance is considered 10 nΩ for calculation and average BCS resistance is

RnBCS =
2.10−4

T [K]

(
fn[GHz]

1.5

)2

exp(−17.67

T [K]
) ; (3.19)

where fn is frequency of beam spectrum line and T= 2K.

(a) (b)

Figure 3.43: (a)Power loss distribution for the βG =0.61 cavity for Q = 1010. β =

0.61, β = 0.54 and β = 0.73 are considered for calculation of power losses.(b) Power losses

due to HOM excitation for β = 0.61 cavity as a function of beam velocity (β).

The dependence of power loss on the beam energy was studied. Quality factors for

the HOMs ranging from 107 to 1010 were considered. Based on the predicted deviations

of HOMs frequency and R/Q we generated 3000 random linacs in order to estimate the

probability of power losses. Simulation is performed for both βG =0.61 and βG =0.90

cavities. Calculation is performed for particular values of beta which cover complete
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range of energy for which these cavities will be used. The power loss distribution for

the case of the βG = 0.61 cavity for the conservative case of maximum value of Q =

1010 (for all modes) is shown in Figure 3.43a. Power losses are minimum when all

HOM frequencies are far from beam spectrum lines. When one (and sometimes more)

of HOMs frequencies are closer to main beam spectrum lines, resonances occur and field

amplitude of these HOMs may become very high which results in high power losses.

However, it can be seen from figure 3.43a that most of simulated cases have lower

power losses which imply lower possibility of excitation of resonances. The statistical

straggling of RF losses is higher than the dependence on beam energy. Thus, we can

neglect the effect of RF losses variation along the linac.

Power losses as a function of beam velocities (β) is shown in Figure 3.43b. It can

be noticed that 99% of simulated cases show losses below green line in Figure 3.43b.

Power losses due to HOM excitation are also studied for βG = 0.90 cavity and is shown

in Figure 3.44.

Figure 3.44: Power losses in βG =0.90, 650 MHz, 5-cell cavity due to HOM excitation as

a function of beam velocity (β).

If a HOM frequency is in resonance with a strong beam spectrum line, losses are

significant. In this case resonance can be avoided by detuning cavity by few ten of KHz

and then tuning it back for operating mode. This process results in change in HOM

frequency by few hundred of KHz and hence resonance can be avoided. The detail is
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presented in reference [66]. Figure 3.45 also confirms that even a 50 Hz displacement

(a) (b)

Figure 3.45: Power loss reduction by HOM frequency shift for a (a) βG =0.61 and (b)

βG =0.90 cavity as a function of β for Q = 1010.

from the resonance is enough to reduce losses down to an acceptable level of 1 W per

cavity for all β.

Figure 3.46: External quality factor for monopole pass band of βG = 0.90 and βG = 0.61

cavity.

A similar approach is used to estimate power losses due to propagating HOMs whose

frequencies are higher than beam pipe cut-off frequencies. HOMs up to frequency 5.7

GHz are accounted for power losses estimation. Evaluation of power loss is performed
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with the conservative consideration that all the modes are trapped and contribute to

power losses. Length of beam pipe is varied in order to find maximum value of R/Q.

Losses per cavity is found of the order of few µW in walls and approximately 50 mW

in bellows for Q in 106–109 range. As estimation was performed for extreme case, one

can conclude that power losses due to propagating modes are negligible.

Qex of HOMs are calculated using a complex eigenmode solver with matched bound-

ary conditions on coupler outputs. Qex for monopole pass band of βG =0.61 and βG

=0.90 cavity are shown in Figure 3.46. The fact, that monopole HOMs are loaded to

the main power coupler, limits their quality factors to 107–108. The only exception

is the fifth pass band of the high energy cavity, which contains a mode with Quality

factor greater than 109

Estimation of transverse emittance growth Estimation of emittance growth

due to excitation of dipole modes are performed. One cavity model is considered in

which it is assumed that only one cavity has kick voltage. This model can be used

for estimation of the maximum value of the emittance dilution in the situation when

collective effects do not occur.

If the cavity has transverse misalignment x0, transverse kick voltage (Vkick) induced

by excited HOM of frequency ω = 2πf with transverse impedance (R/Q)⊥ and quality

factor Q is given as following [65]:

Vkick =
c

4π

(
R

Q

)
⊥
.

x0Ĩf

f2 − f2
0 − i

ff0

Q

; (3.20)

where c ia velocity of light, Ĩ is component of alternating current with frequency ω =

2πf0. If ∆f = f − f0 and ∆f/f0 � 1/Q, kick voltage can be approximated as:

Vkick ≈
c

4π

(
R

Q

)
⊥
.
x0Ĩ

2∆f
. (3.21)

Transverse emittance is given as εt = βγσxσx́ where:

σx = βfσx́ (3.22)

σx́ =
eVkick√

2pc
; (3.23)

p = γβmc, β and γ are Lorentz parameters, βt is betatron function, σx and σx́ are beam

transverse size and transverse divergence respectively. As bunch length σz � λHOM ,
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HOM kick is same for all particles in the bunch but different for different bunches.

Thus, this HOM does not increase emittance of an individual bunch, but gives kicks in

different phase for different bunches increasing total phase space area occupied by the

bunches. Transverse emittance dilution due to transverse kick can be now written as:

∆εt =
βt
γβ

(
ex0Ĩ

8
√

2πmc∆f

(
R

Q

)
⊥

)2

. (3.24)

To limit the emittance growth ∆εt � εinitial, HOM frequency deviation from beam

spectrum line should be

∆f � ex0Ĩ

8
√

2πmc

(
R

Q

)
⊥

√
βf

βγεinitial
= δfε. (3.25)

Assuming normal distribution of HOM frequency, one can find probability (℘) to have

emittance dilution more or equal to initial emittance as:

℘ =
ex0Ĩ

16π
√
πmcσ

(
R

Q

)
⊥

√
βf

βγεinitial
.e−

∆f2

2σ2 ; (3.26)

where ∆f is distance between HOM frequency and a beam spectrum line. The value of

beta function at 650 MHz sections can be considered as 15m. Maximum misalignment

can be estimated as 1 mm and m is mass of H− particle. For the worst case, f0 =

1376MHz,
(
R
Q

)
⊥

= 60kΩ/m2, beam energy =500 MeV and Ĩ = 0.5mA, Frequency

spread between HOM and beam spectral line must be: ∆f � 2.5Hz to maintain

emittance growth very small relative to initial emittance.

The dependence of δfε on beam velocity (β) is shown for βG = 0.61 and βG = 0.90 in

Figures 3.47a and 3.47b respectively. Probability that HOM contributes significantly to

the emittance growth in intermediate and high energy section of linac is also calculated

and its variation with beam energy is shown in Figures 3.48a and 3.48b for βG = 0.61

and βG = 0.90 cavities respectively. The maximum probability that HOM results in

significant emittance growth is of the order of 10−6 which is extremely small. It should

also be accounted that frequency detuning and tuning of operating mode can also be

employed to avoid the resonance in cavities. It further reduces risks of significant

emittance dilution in CW linac due to HOM.

Estimation of longitudinal emittance growth

A similar approach is adopted for emittance dilution due to resonant excitation of lon-

gitudinal HOM. If εz is initial longitudinal emittance (1.5 .103 nsec.eV), σt is bunch
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(a) (b)

Figure 3.47: δfε dependence on β velocity for (a) βG =0.61 and (b) βG =0.90 cavity.

(a) (b)

Figure 3.48: Probability of having significant emittance growth for (a) βG =0.61 and (b)

βG =0.90 cavity.

length (0.011 nsec) and UHOM is average energy gain caused by HOM, emittance dilu-

tion because of longitudinal HOM is δεz = σt.UHOM . For high Q resonances UHOM is

given as:

UHOM =
Ĩ

4
√

2δf/f
.

(
R

Q

)
; (3.27)

and thus, to ensure that HOMs do not cause significant emittance growth, i.e., δεz � εz,

we get the following condition:

δf � fσt
Ĩ

4
√

2εz
.

(
R

Q

)
. (3.28)

For the worst case, i.e., beginning of the high beta 650 MHz section, σt =7.7x10−3
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nsec, Ĩ = 0.5 mA, R/Q =130 Ω for HOM with frequency of 1241 MHz, we get δf � 70

Hz. The gain caused by HOM is < 300 keV, which is much smaller than the operating

mode gain of 20 MeV. This results in a very small power loss of 0.15W (Q0 = 5.109)

and hence does not contribute to the cryogenic losses. If the HOM is in resonance then

the Q-factor has to be less than 1.8 x 107. HOM frequency has to differ ∼70 Hz of the

spectrum line in order to provide significant emittance dilution. Even in the case when

it happens, it is possible to move the HOM frequency away from the spectrum line by

simply detuning the cavity by tens of kHz, and then tune the operating mode back to

the resonance.

3.3.4.3 Collective effects in CW linac

It is considered that collective effect should not be an issue in CW ion linac because of

the following:

• Ion linac generally use families of cavity to accelerate the beam for given energy

range. Each families have different frequencies and HOM spectrum.

• Fundamental mode of cavities are tuned to operating frequencies via various

means (mechanical tuning, tuner etc.) but HOM spectrum in each cavity are

different due to manufacturing errors. Frequency spread of HOMs in each cavity

is in the range of 5-8 MHz.

• Beam current is relatively low thus collective effects are less probable.

• Ion beam velocities change over the linac and hence effective impedance of cavity

(R/Q) also varies.

• Linac length is shorter. Thus, probability of building of collective effects such as

beam break up (BBU) are much smaller.

Studies have been performed to analyze HOMs impact on beam quality and power

dissipation for extreme cases. Results are summarized as follows:

• Studies show that cryogenic power losses due to HOMs are not significant. Av-

erage power losses for both βG = 0.61 and βG = 0.90 cavity are well below 1

mW.
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• Emittance dilution, both in longitudinal plane and transverse plane are very small

and the probability of is significant emittance growth is very low even under the

conservative approach.

• Beam current is small. Thus, impact of collective effects such as BBU are less

probable.

Lower influence of HOM on beam quality and power dissipation opens the possibili-

ties of operation of 650 MHz cavities without HOM coupler. Further, any accidental

excitation of resonance can be avoided by tuning and detuning of operational mode.

This will result in shifting of HOMs frequency spectrum away from resonance region.

Avoiding HOM coupler simplifies cavity operation and reduces the potential threat of

multipacting and other problems which may limit cavity performance. Another safe

option is to make flanges (∼ 40 mm) for HOM dampers, seal them and install the

dampers in future for possible upgrade if necessary.

—————————————————————————
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4

Beam dynamics study of

Project-X CW linac

This chapter introduces the layout of Project-X CW linac. Principles and assump-

tions used for lattice design of the CW linac are discussed. Beam dynamics studies

are performed for baseline design using beam dynamics codes like TRACEWIN and

TRACK. Beam quality parameters such as emittance dilution, beam trajectory etc.

are analyzed. Operation of ion linac in CW regime puts stringent tolerances on beam

line elements particularly at low energy section, which increases the possibility of tem-

porary or permanent failure of accelerating cavities and focusing magnets during the

operation of linac. Failure of the beam transport elements like cavity, solenoid and

quadrupole alters the focusing period of the beam, resulting in a mismatch of the beam

with the subsequent sections. This, in turn, causes beam losses. Sensitivity of the linac

performance to failure of elements also depends on the location of the failed elements.

In some cases, failure of the beam transport element results in huge beam losses. Stud-

ies are performed to analyze failure of cavity and magnets at the critical location in

lattice. A local compensation method is presented to compensate failure effects.

4.1 Assumptions and principles of lattice design

The output beam of the Project-X linac is distributed to various experiments facilities.

Thus, it is necessary to design extremely reliable linac which could produce high quality

output beam in order to support requirements of all experiments simultaneously. Design
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of lattice includes the design and optimization of the beam transport line which consists

of principal elements such as cavities and magnets. Design of ion linac lattice is more

complex than that of electron linac. Complexity of design is based on the fact that

ion velocity changes during acceleration significantly and it becomes relativistic at very

high energies. It results in phase slippage which not only affects acceleration efficiency

in multi-cell cavities but it can also lead to the coupling between longitudinal and

transverse plane through the transverse RF kick due to cavities. Experience with

already existing high intensity linac such as SNS [67] and past studies have led to a set

of rules [68] which helps in design of lattice for the linac of Project-X facility.

Adiabatic variation in phase advance: In high intensity ion linac, non-linear

forces play a crucial role in beam stability. Thus, lattice is designed with smoothly

varying longitudinal and transversing focusing. It results in gradual changes in beam

size. Rapid changes in beam size can lead to rapid changes in space charge force.

Keeping adiabatic variation in phase advance in all planes for zero current and avoiding

any abrupt changes in beam envelopes help to minimize the impacts of non-linear forces

along the linac. Although this linac will not operate at space charge dominated regime

yet this approach provides a design of current-independent lattice [69].

Beam matching: The smooth envelope evolution along the linac can be obtained

if beam is properly matched with beam transport channel. A beam is called matched

when its Twiss parameters at a given position ‘s’ corresponds to Twiss parameters of

beam transport channel. A beam matched to a periodic focusing system has enve-

lope oscillation of minimum amplitude and emittance growth caused by nonlinearity of

focusing magnets is minimum.

The linac with different families of multi-cell cavities is segmented into different

sections. Each section has different focusing period. Thus, linac can be considered as

quasi-periodic system with varying period length. Transition from one focusing section

to another with different properties or transition from one cryomodule to another re-

sults in discontinuity in focusing period in lattice which can lead to halo formation and

emittance growth. Thus, it is necessary to perform careful matching between two sec-

tions especially at low energy section of the linac. Matching between periodic focusing

sections is obtained by adjusting the gradients and phases of the outermost elements.

Minimization of beam mistmach can be obtained again by avoiding any large variation

in phase advance at the both side of transition.
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Robustness of lattice design: The linac uses large number of cavities and mag-

nets. Fabrication errors and other technical aspect may affect performance of beam

line elements. Thus, it is quite possible that cavities and magnets may not operate

at designed RF parameters. This results in spread of operating parameters over the

length of linac. This aspect should be taken into account during lattice design. Lattice

should also be capable of sustaining stable operation even in presence of failure of at

least one RF cavity or focusing magnets.

Minimization of Halo formation and emittance growth: Halo formation is

one of the biggest concern in high intensity linac. Halo formed at low energy results

in beam losses at high energy. It also degrades beam quality and causes emittance

growth. Halo minimization is one of main consideration of lattice design. Avoiding any

non-adiabatic changes in lattice and proper equipartition between planes reduce halo

formation.

Cryogenic losses and field limitation: Operating gradients in RF cavities are

chosen in such a way that corresponding peak surface magnetic field should be below

70 mT for high energy sections and 60 mT for low energy sections. The corresponding

peak surface electric fields are kept below 40 MV/m. Solenoids can provide maxi-

mum focusing field of 6T and quadrupoles can provide maximum field gradient of 10

T/m. Cryogenic losses per cavities are kept below 25 W. It is done to achieve reliable

operation.

Focusing period: In order to achieve smooth focusing to the beam, short focusing

period are chosen in lattice especially at low energy section where space charge force is

significant.

4.2 SC linac architecture of Project-X

4.2.1 Low energy section

Low energy section of superconducting linac comprises of three subsections SSR0, SSR1

and SSR2 which are named on the basis of family of cavities used in these subsections.

Low energy section uses single spoke resonators for acceleration of beam from 2.5MeV to

160 MeV and solenoids for transverse focusing. The focusing period for each subsection

in low energy section is shown in Figure 4.1.
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Figure 4.1: Focusing period-of SSR0, SSR1 and SSR2 subsections in low energy part

of the linac.

SSR0 section: It is first superconducting subsection in low energy part of linac.

It accelerates the beam coming out from RFQ. Energy of acceleration is laid in the

range of 2.5 MeV to 10.2 MeV. This section includes 18 SSR0 cavities and 18 solenoids

which will be assembled in single cryomodule of length about 11 m. SSR0 cavities are

designed for βG = 0.114. Figure 4.2 shows expanded view of SSR0 cavity. Optimized

parameters of SSR0 cavity [70] is summarized in Table 4.1

SSR1 section: SSR0 is followed by SSR1 subsection. One focusing period in

SSR1 is of the length of 0.8 m. It consists of one cavity per solenoid. There are total 10

focusing periods per cryomodule and it requires 20 cavities to cover the energy range

from 10.2 MeV to 42.6 MeV. Thus, SSR1 subsection comprises of two cryomodules

which are separated from each other by a warm short section of length 0.4 m. Each

cryomodule in low energy section is connected through the warm sections. It makes

machine more reliable. This gap also provides an opportunity for beam collimation
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Figure 4.2: Expanded view of SSR0 cavity [71].

Table 4.1: SSR0 cavity parameters.

Parameters Unit Magnitude

Operating frequency MHz 325

βG - 0.114

EPeak/Eacc - 5.63

BPeak/Eacc mT/MV/m 6.92

G Ω 50

R/Q Ω 108

Aperture mm 30

Cavity active length mm 105.2

(Leff= 2.(βλ/2))

and beam diagnostic after each cryomodule. Optimized parameters of SSR1 cavity is

summarized in Table 4.2.

SSR1 cavity is designed and built for High Intensity Proton Source (HINS) project.

Prototype of SSR1 cavity has been tested at Vertical Test Stand (VTS) facility. Vari-

ation in Quality factor with accelerating gradient is shown in Figure 4.3. Cavity was

cooled down and tested at 2 K and 4 K. Maximum accelerating gradient achieved after

crossing multipacting barrier is 33 MV/m and 25 MV/m at 2K and 4 K respectively.
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Table 4.2: SSR1 cavity parameters.

Parameters Unit Magnitude

Operating frequency MHz 325

βG - 0.215

EPeak/Eacc - 3.84

BPeak/Eacc mT/MV/m 5.81

G Ω 84

R/Q Ω 242

Aperture mm 30

Cavity active length mm 198.5

(Leff= 2.(βλ/2))

Figure 4.3: Q0 vs Eacc results of bare SSR1 cavity in VTS. Blue curve is at 4 K and pink

curve is at 2 K.[70]

SSR2 section: SSR1 is followed by SSR2 subsection. It comprises of four cry-

omodules and each cryomodule consists of 10 SSR2 cavities. Each focusing period in

SSR2 subsection consists of two SSR2 cavities per solenoid. This subsection covers

the energy range from 42.6 MeV to 160 MeV. Optimized parameters of SSR2 cavity is

summarized in Table 4.3.
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Table 4.3: SSR2 cavity parameters.

Parameters Unit Magnitude

Operating frequency MHz 325

βG - 0.419

EPeak/Eacc - 3.67

BPeak/Eacc mT/MV/m 6.93

G Ω 109

R/Q Ω 292

Aperture mm 40

Cavity active length mm 386.5

(Leff= 2.(βλ/2))

4.2.2 Intermediate and High energy sections

Figure 4.4: Focusing period-of βG = 0.61 and βG = 0.90 subsections in intermediate

and high energy part of linac.

High energy section is made of two subsections βG = 0.61 and βG = 0.90 which are

named on the basis of geometrical beta of cavities used in these sections. Layout of
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focusing schemes in βG = 0.61 and βG = 0.90 subsections are shown in Figure 4.4.

βG =0.61 subsection: This subsection accelerates the beam from energy 160 MeV

to 515 MeV. It requires six cryomodules of βG =0.61, 5-cell, 650 MHz cavities to cover

up the given range of acceleration. Each cryomodules consists of six cavities and there

is one focusing doublet for every three cavities. It should also be noted that there are

alternative arrangement of normal conducting and superconducting doublet for every

second focusing period.

βG =0.90 subsection: This subsection accelerates the beam from energy 515 MeV

to 3 GeV. It requires nineteen cryomodules of βG =0.90, 5-cell, 650 MHz cavities to

cover up the given range of acceleration. Each cryomodules consists of eight cavities

and there is one focusing doublet for every eight cavities. Number of focusing elements

and RF cavities in each subsections along with transition energy and focusing period

are summarized in Table 4.4.

Table 4.4: Number of elements in each section along with transition energy.

SSR0 SSR1 SSR2 βG = 0.61 βG = 0.90

Cavities 18 20 40 36 152

Solenoids 18 20 20 0 0

Quads 0 0 0 24 38

Cryomodules 1 2 4 6 19

Focusing period 0.61 0.80 1.60 5.0 15.4

Section length 10.98 16.40 33.20 60.0 292.60

Transition energy 10.18 42.58 160.5 515.4 3028.3

4.3 Beam optics for baseline design of the Project-X linac

Baseline lattice has been designed using described principles and constraints. Figure

4.5a and Figure 4.5b show phase advance and phase advance per unit length respectively

for transverse and longitudinal oscillation along the linac for zero current. As from

our principle requirements, these curves should be smooth in high intensity current

machine. It can be seen that curves are smooth but one can notice irregular jumps and

discontinuities which arise at transition due to beam matching. These discontinuities

are minimized by performing smooth beam matching. Gradients and voltage gain
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(a) (b)

Figure 4.5: Longitudinal and transverse (a) phase advance and (b) phase advance per

unit length along the linac for zero current.

(a) (b)

Figure 4.6: (a) Distribution of gradient and (b) voltage gain in cavities along the linac.

per cavity along the linac are shown in Figures 4.6a and 4.6b respectively. The axial

magnetic field of solenoids in SSR0, SSR1 and SSR2 sections and quadrupole gradients

in intermediate and high energy sections of the linac are shown in Figures 4.7a and

4.7b respectively.

Studies are performed to analyze the performance of baseline design of CW linac.

Multiparticle simulation is performed using 3σ Gaussian distribution of 100K macropar-

ticles. Figure 4.8a shows 1σrms horizontal (x) beam envelope in positive axis (red) and
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(a) (b)

Figure 4.7: (a) Axial magnetic field in solenoids in SSR0, SSR1 and SSR2 sections (b)

quadrupole gradients in intermediate and high energy section of the linac.

1σrms vertical beam envelope (y) in negative axis (blue). Figure 4.8b shows longitudi-

nal beam size which is plotted for -1σrms and 1σrms beam along the linac. Evolution of

beam emittance in longitudinal (green) and transverse (red) planes through the linac

are shown in Figure 4.8c. It can be noticed that emittance growth is very smooth

and there is no abrupt changes in emittance growth along the linac. Initial and final

emittances with beam energy are summarized in Table 4.5. To measure the magnitude

of beam halo in 3 GeV SC linac, halo parameters [52] in longitudinal and transverse

planes are calculated. Figure 4.8d shows behavior of halo parameters along the linac.

It should be accounted that halo parameters for ideal Gaussian distribution is one and

hence their growth are minimized and aimed to keep around one.

Table 4.5: Beam parameters for the baseline design of the linac.

Parameters Unit Start End

εz π mm mrad 0.127 0.18

εt π mm mrad 0.250 0.258

Energy MeV 2.517 3028.32
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(a) (b)

(c) (d)

Figure 4.8: Beam parameters for baseline design (a) Transverse beam envelope, (b) longi-

tudinal beam envelope, (c) longitudinal (green) and transverse (red) normalized emittance

and (d) beam halo parameters along the linac.

4.4 Acceptance of the linac

In high intensity linac, acceptance parameter is a vital mean to measure linac perfor-

mance. It is determined by the largest possible beam size which can be transmitted

through linac without any beam losses. Thus large acceptance corresponds to high

tolerance against errors. In order to determine longitudinal and transverse acceptance

of a linac, simulation is performed. An input distribution is generated with relatively

very large emittance than nominal beam emittance in one plane and relatively smaller

in other planes. For instance, to determine longitudinal acceptance, beam distribution

is generated which occupies large longitudinal phase space but very small transverse
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phase space. Distribution is tracked through lattice and initial coordinates of particles

at the end of linac are plotted. Figures 4.9a and 4.9b show acceptance in longitudi-

nal and transverse plane. Area occupied by initial coordinates of transmitted particles

trace acceptance of linac for corresponding plane. Space charge effects are not included

in acceptance calculation but its impact is expected like a perturbation because tune

depression is not high [72]. Initial coordinates of particles in phase space i.e., energy

spread (∆W ) and time spread (∆t) for longitudinal phase space and transverse posi-

tion (y) and transverse divergence (y′) in transverse phase space, which are transmitted

through the linac, trace the acceptance boundary (green) on input distribution (red).

(a) (b)

Figure 4.9: Acceptances (green) of the baseline linac in (a) longitudinal plane (b) trans-

verse plane with 5σ beam emittance (blue).

Area occupied by green region in Figures 4.9a and 4.9b define acceptance of linac.

Front end of linac limits the acceptance both in transverse and longitudinal plane.

Although requirement of input beam distribution is 3σ for Project-X CW linac, accep-

tances for baseline design are large enough to enclose 5σ Gaussian beam distribution.

Initial 5σ Gaussian beam distribution (blue) is also shown in Figures 4.9a and 4.9b. The

beam is enclosed well within the acceptance, thus no beam losses have been observed

for nominal operation of linac. Particles which fall out of acceptance i.e., green region

in Figures 4.9a and 4.9b are no longer accelerated in linac and these are not matched

with downstream magnetic focusing elements which are designed for fully accelerated

particles and consequently these are lost in linac.
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Figure 4.10: Distribution of lost particles in the linac during longitudinal acceptance

calculation.

Linac is segmented into five sections and transition from one section to another

may result in shrinkage of acceptance if these are not matched properly. In order to

determine most sensitive section which limits the longitudinal acceptance of linac, dis-

tributions of lost particles are plotted along the length of linac in Figure 4.10. It can

be seen that major portion of particle losses happen at transition between SSR0-SSR1

sections. No beam losses were observed after 40 m tracking through the supercon-

ducting linac. It can be concluded that longitudinal acceptance is mainly limited after

SSR1 section and the result out acceptance is propagated through rest of linac. Thus,

to analyze the nature of longitudinal acceptance at transition between other sections,

studies are performed for transition between successive sections. Figure 4.11 shows

longitudinal acceptance for different cases of transition between neighbouring sections.

Figure 4.11a shows longitudinal acceptance (green) when initial distribution (red) is

generated at the beginning of SSR0 and is tracked through SSR0 to the end of SSR1

section. To analyze the longitudinal acceptance between SSR1 and SSR2 section, initial

distribution is generated at the beginning of SSR1 section and tracked up to the end of

SSR2 section (Figure 4.11b). Similar approach is used to determine longitudinal accep-

tance for SSR2 to βG = 0.61 (Figure 4.11c) and βG = 0.61 to βG = 0.90 (Figure 4.11d)
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sections. It should be noted that energy spread (y-axis) in Figure 4.11 are different

due to different beam energies at the beginning of the respective sections. It can be

(a) (b)

(c) (d)

Figure 4.11: Longitudinal acceptance through transition between (a) SSR0 and SSR1

(b) SSR1 and SSR2 (c) SSR2 and βG = 0.61 and (d) βG = 0.61 and βG = 0.90 sections

(scales are different in different plots).

observed from Figure 4.11 that transition between SSR0 to SSR1 section is critical one

which limits longitudinal acceptance of linac. Thus, in order to improve longitudinal

acceptance of linac, matching between these two sections can be improved by choosing

appropriate phases and gradients in cavities although longitudinal acceptance is large

enough to enclose 5σ beam as shown in Figure 4.9a.
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4.5 Reliability of the linac

An essential measure of a successful accelerator system is its ability to provide high

beam availability and high reliability. The multiuser facility and further upgrade for

higher current to test Project-X as a test facility of accelerator driven system (ADS)

requires high beam availability and hence reliability of the linac. Thus, possibility

of failure of beam line elements are included in lattice design. Operation of the SC

linac at CW mode puts stringent tolerances on beam transport elements, especially

at low energy sections, which increase possibility of temporary or permanent loss of

accelerating cavities and focusing magnets during the operation of linac. Failure of the

beam transport elements like cavity, solenoid and quadrupole alters the focusing period

of the beam, resulting in a mismatch of the beam with the subsequent sections. This, in

turn, causes beam losses. Sensitivity of the linac performance towards failure’s effects

also depends on the location of failed elements. In some cases, failure of the beam

transport element results in huge beam losses and it becomes necessary to replace this

element for nominal operation of the machine. To recover nominal performance of linac

using traditional way comprises replacing of a complete cryomodule. It is required to

warm up cryomodule from operating temperature (usually 2K) to room temperature

and after replacing; cryomodule is cooled down from room temperature to operating

temperature. Furthermore, procedure to resume the nominal operation is identical

to starting procedure and requires slowly ramping up in beam. Thus, these beam

interruptions reduce the beam availability for the different experiments for the long

time. Lattice design should be robust enough to have a capability that RF cavity or

magnet failure may be compensated locally by using the neighbouring elements. The

numbers of cavities and focusing magnets in a cryomodule are chosen in such a way

that at least one failure of RF cavity or focusing magnet can be compensated locally.

Cryomodules in low energy sections are segmented and hence transitional beam energy

(one cryomodule to another) is chosen very carefully. In the absence of careful design

of beam transition, beam matching with subsequent section becomes very sensitive to

errors and it becomes very difficult to retune the linac in presence of failed elements.
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4.5.1 Failure of RF elements

There are lot of scenario which may affect nominal performance of beam line elements.

These scenario can result in temporary or permanent loss of RF cavities and magnets

in beam transport line. Temporary failures are those which have minimal impact and

can be corrected by applying appropriate method such as sudden changes in resonance

frequency because of mechanical stress or helium pressure fluctuation. Resonance fre-

quency can be corrected by phase loop. Situations which cause significant degradation

in performance of RF cavity and can result in its permanent loss in beam transport

lines are reviewed below:

• Failure of cavity tuner: the role of tuner is to ensure that cavity resonance fre-

quency matches with designed operating frequency. In the absence of tuner,

cavity will be out of resonance regime and thus it will be unavailable for beam

acceleration.

• Failure of power coupler due to window problem, multipacting, cooling, high

power dissipation etc.

• Failure of RF power supply: Failure of elements like klystron, circulator, divider

etc. in power distribution line results in interruption of RF power supply to

cavity.

• Degradation in inner surface of RF cavity during operation causes field emission

which induces excessive drop in quality factor (Q) of cavity and thus results in

increase in cryogenic losses. It can reduce cavity field below an acceptable level

which results in mismatch of beam energy with subsequent sections.

The failure of superconducting magnets in lattice can happen due to breakage of con-

ducting coil, electrical insulation breakdown, possible quench, interruption in power

supply, etc. In following section we discuss the most critical cases of failure of beam

line elements in lattice and their compensation using local compensation scheme.

4.5.2 Local compensation scheme

Analysis is performed to compensate the effects of failure of beam line elements with

minimal user disruption. Neighbouring elements in the vicinity of failed element are
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retuned in order to achieve designed beam energy at the end of particular section and

smooth beam propagation through the linac. Separate power supply for each cavity

allows one to set the RF phases and amplitudes in cavities independently. Thus, RF

phase and field amplitude of RF cavities are varied to recover beam energy and to

achieve smooth longitudinal profile of beam while field gradient of the solenoid and

quadrupole are changed to tune transverse dynamics. The constraints and assumptions

which are applied during local compensation are summarized below:

• Accelerating field in cavity: accelerating fields are increased to recover the beam

energy but it is ensured that corresponding surface peak magnetic field in cavity

should not exceed above 70 mT.

• Synchronous phases (φsynch) are varied in order to provide longitudinal focusing

and acceleration to beam. Synchronous phase also determine RF bucket (separa-

trix) size available for particles for stable acceleration. Thus, synchronous phase

are varied in such a way that ratio of synchronous phase to longitudinal beam

size (φbeam = (ωz) /βc) should be greater than 3. It is required to achieve initial

operational requirement of transmission of 3 φ beam through the lattice.

φsynch
φbeam

≥ 3 . (4.1)

• Gradient in magnetic elements: change in accelerating field and synchronous

phase of cavities also change the magnitude of radial kick due to cavities and

thus, it alters transverse focusing period. Magnets and cavities are also retuned

accordingly to match the beam in transverse plane.

• Magnetic field gradient in quadrupole and axial magnetic field in solenoids should

not exceed above design limit which is 10 T/m and 6 T for quadrupole and

solenoid respectively.

• Minimal user disruption: minimization of number of retuned elements is necessary

to expedite the process of compensation.
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4.5.3 Failure of RF cavity

Studies have been performed in detail to analyze the effects of RF cavity failures at

critical locations in beam transport line, especially in the low energy section of the SC

linac. Cavity failure results in significant deformation in the longitudinal phase space,

which in turn induces strong envelope oscillations and halo formation.

4.5.3.1 Study and local compensation of failure of first cavity in SSR0

section

Study of failure of first cavity in SSR0 section: Since SSR0 is first superconduct-

ing section in CW linac, initial beam energy at front end of SSR0 section is only 2.517

MeV. Beam is non-relativistic and space charge effects are dominant at this energy.

As shown in Figure 4.1 one period in SSR0 section consists of one solenoid and one

cavity. Failure of first cavity in SSR0 section introduces extra drift space which results

in delay of first accelerating kick and hence energy gain for beam. Beam size in longi-

tudinal plane starts to grow up due to mismatch with subsequent sections. It results in

emittance growth and beam halo formation at low energy section which leads to beam

losses at high energy section. R.m.s. beam envelope in x, y and z planes, emittance

dilution, and longitudinal halo parameter along the linac are shown in Figures 4.12a,

4.12b, 4.12c and 4.12d respectively, for the case when first cavity in SSR0 section is

failed. It can be seen (Figure 4.12b) that failure of first cavity results in significant

distortion of longitudinal profile of the beam which causes emittance growth and beam

losses. Beam losses happen at higher energy sections mainly at transition between

SSR2 to βG =0.61 section where frequency jump (325 MHz to 650 MHz) is made in

linac and also at the transition between βG =0.61 to βG= 0.9 section. It can also be

noticed that there is minimal impact of RF cavity failure on transverse beam profile.

Failure of RF cavity also affects acceptance of linac. Failure of first cavity in SSR0

section reduces longitudinal acceptance of linac however transverse acceptance have

minimal impact. Figure 4.13a shows deformed longitudinal acceptance (red) with 5σ

beam distribution (green). The beam distribution touches acceptance boundary in lon-

gitudinal plane. It may be concluded that further mismatch in longitudinal plane place

a big fraction of beam out of accepted region which results in significant beam losses.

Thus, it is necessary to compensate failure effects of RF cavity to restore longitudinal
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(a) (b)

(c) (d)

Figure 4.12: Beam envelope in (a) transverse plane (b) longitudinal plane (c) beam

normalized rms emittances and (d) longitudinal halo parameter along the linac after failure

of first cavity in SSR0 section.

acceptance and hence sensitivity of linac. Figure 4.13b shows transverse acceptance

(red) with 5σ beam distribution (green).

Local Compensation of failure of first cavity in SSR0 section: The local

compensation scheme is applied and neighbouring elements are retuned to restore same

beam energy at the end of SSR0 section so that design beam parameters at the end

of SSR0 section is recovered. Numbers of retuned elements and their location relative

to failed cavity are shown in Figure 4.14. Two cavities which are referred as gaps (RF

gaps are analytical substitution of RF cavity), two solenoids and a quad triplet in the

upstream MEBT normal conducting section, one solenoid in the same period of the
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(a) (b)

Figure 4.13: (a) Longitudinal acceptance and (b) transverse acceptance with 5σ beam

distribution (green) after failure of first cavity in SSR0 section.

failed cavity, and one solenoid and one cavity in each of the three downstream periods

(after the failed cavity) are used to retune the lattice for smooth beam propagation.

Figure 4.14: Enlarged view of beam profile in transverse plane (top) and longitudinal

plane (bottom) in presence of a failed cavity after its compensation with retuned elements.

Beam profile along the linac after applying compensation is studied. It can be seen

in Figure 4.15a that longitudinal beam profile is restored and one can see there is no

beam losses after applying local compensation. There is 100% beam is transmitted

through the linac. There is almost no impact of local compensation scheme on the

transverse profile of the beam in this case. Figure 4.15b shows transverse trajectories
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of beam. Beam transverse and longitudinal emittance are also calculated. It can be

(a) (b)

Figure 4.15: Beam profile in (a) transverse plane and (b) longitudinal plane in presence

of a failed cavity after its compensation.

observed from Figure 4.16a that longitudinal emittance is restored to large extent. One

can also see the improvement in transverse emittance. Figure 4.16b shows longitudinal

beam halo parameters. There is a significant improvement in beam halo parameter

as compared to Figure 4.12d. Figure 4.16c shows beam longitudinal size in degree for

1σ and 3σ beam with synchronous phases in each cavity after local compensation of

failed cavity. It can be noticed that synchronous phases are bigger than 3σ beam size

which accomplishes the required condition given by equation (4.1) and ensures smooth

transition of beam in longitudinal plane along the linac.

Longitudinal acceptance is also restored after applying local compensation scheme.

Restored acceptances look similar to the nominal acceptance. Important beam param-

eters are summarized in Table 4.6.

4.5.3.2 Study and local compensation of failure of last cavity in SSR0 sec-

tion

SSR0 and SSR1 cryomodules are separated by 400 mm warm gap. Fields and phases are

adjusted in outermost elements of both side of gap to achieve smooth transition of beam

and hence avoiding emittance growth and halo formation during beam propagation from

one section to another. Thus, failure of last element, either cavity or magnet, is very

critical as it destroys matched condition at transition and results in beam mismatch
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(a) (b)

(c)

Figure 4.16: Beam quality parameters after applying local compensation scheme. (a)

Longitudinal and transverse emittance. (b) Halo parameters. (c) Beam longitudinal size

for 1σ and 3σ beam with synchronous phase.

with subsequent sections. It becomes further crucial if it happens at low energy part of

the linac. Study is performed to understand the effects of failure of last cavity in SSR0

section.

Figure 4.17 shows enlarged view of lattice period with the failed cavity in SSR0

section. It can be noticed from Figure 4.17 that after failure of last cavity in SSR0

section, beam propagates about 1.5 m without any acceleration which alters beam

longitudinal focusing period and hence results in mismatch in longitudinal plane while
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Table 4.6: Beam parameters at the end of linac.

Parameters Unit Nominal lattice Lattice with failure

of first SSR0 cavity

Before After

compensation compensation

εz π mm mrad 0.18 0.74 0.21

εt π mm mrad 0.258 0.27 0.255

Energy MeV 3028.32 3027.5 3028.45

Figure 4.17: Beam transverse envelope (top) and longitudinal envelope (bottom) in

presence of failure of last cavity in SSR0 section.

transverse dynamics remains nearly unaffected. Beam losses are observed at the same

location as in earlier case and rms bunch length (longitudinal beam envelope) looks

similar to Figure 4.12b.

Local compensation scheme is applied and two periods of SSR0 sections before and

two periods of SSR1 after the failed cavity are used to retune the lattice. Beam energy

is restored after the end of two periods of SSR1 section and 100 % beam transmission

trough the linac is obtained. Beam quality parameters, before and after compensation,

are compared. Figure 4.18a shows longitudinal beam emittance before (green) and after

compensation (red). Longitudinal beam emittance after applying local compensation

is plotted on secondary y axis. Beam emittnace growth is recovered within 6% growth
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(a) (b)

Figure 4.18: Beam emittance before and after applying correction scheme in (a) longitu-

dinal plane (after compensation is plotted on right y-axis) and (b) transverse plane.

Table 4.7: Beam parameters at the end of linac.

Parameters Unit Nominal lattice Lattice with failure

of last SSR0 cavity

Before After

compensation compensation

εz π mm mrad 0.18 0.48 0.19

εt π mm mrad 0.258 0.30 0.265

Energy MeV 3028.32 3025.143 3028.44

with respect to nominal beam emittance. Figure 4.18b shows transverse emittance

before compensation (green) and after compensation (red). Emittance growth and

beam energy at the end of linac are summarized in Table 4.7. It can be seen that

emittance and energy are restored to large extent after applying local compensation.

4.5.3.3 Study and compensation of failure of last cavity in SSR2 section

In SC CW linac frequency jump is made at the end of SSR2 section. Frequency jump

from 325 MHz to 650 MHz is very sensitive region in lattice. It is designed very carefully

to minimize possible shrinkage in phase space available for particles in bunch. Thus,

failure of outermost elements in both sides of transition disturb necessary matching

condition which can lead to beam losses. Study is performed to understand the effects
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of failure of last cavity in SSR2 section. It is found that failure of last cavity in SSR2

section results in reduction of beam energy about 8 MeV at the end of linac. Emittance

growth of less than 10% is observed. However, no beam particles are lost and 100%

beam transmission is observed. It can be concluded that beam profile is not as sensitive

to failure of RF cavity as it was in low energy section (SSR0) of the linac. It is due

to higher beam energy which makes it more rigid against surface charge forces. The

beam energy is about 160 MeV at the end of SSR2 section and it has sufficiently

higher velocity relative to beam velocity at SSR0 section. Thus, magnitude of surface

charge force and hence beam size is much lower which reduces the amplitude of beam

mismatch. However, local compensation is applied to restore final beam energy at the

end of the linac. Neighbouring elements in both sides of transition in the vicinity of

failed RF cavity are retuned to restore the beam energy after few periods in βG= 0.61

section. Beam energy and beam emittances after local compensation are summarized

in Table 4.8.

Table 4.8: Beam parameters at the end of linac.

Parameters Unit Nominal lattice Lattice with failure

of last SSR2 cavity

Before After

compensation compensation

εz π mm mrad 0.18 0.194 0.19

εt π mm mrad 0.258 0.267 0.255

Energy MeV 3028.32 3020.0 3029.57

4.5.4 Failure of magnetic element

Study has been performed to analyze the effects of failure of magnetic elements (solenoid)

in lattice. Impact of the failure of a cavity or magnetic element also depends on their

location in a lattice. The situation is more critical when ratio between physical aperture

(beam pipe aperture) and beam size is small. It is common situation at low energy part

of the linac where space charge effects are considerable and beam has large transverse

size. Scenario of failure of magnetic elements are analyzed for most critical cases in

lattice i.e., failure of first solenoid in SSR0 section and failure of solenoid at the first

transition between SSR0 and SSR1 section (first solenoid in SSR1 section).
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4.5.4.1 Study and compensation of failure of first solenoid in SSR0 section

(a) (b)

Figure 4.19: Beam envelopes before and after local compensation in (a) transverse plane

and (b) longitudinal plane along the linac in presence of failed solenoid in SSR0 section.

Failure of first solenoid in SSR0 section is considered as critical as failure of first RF

cavity in this section. Oscillation of beam envelope with large amplitude in transverse

plane can be noticed in Figure 4.19a. Unlike the case of cavity failure, where transverse

dynamics remains insensitive to any changes in longitudinal dynamics, disturbance in

transverse dynamics due to failure of solenoid also couples with longitudinal dynamics

which can be seen in Figure 4.19b. Failure of solenoid results in huge beam losses.

Local compensation scheme is applied using same approach what we used for failure

of RF cavity. Neighbouring elements (solenoids and cavities) in the vicinity of failed

solenoid are retuned in order to achieve smooth beam propagation and minimum beam

losses. Transverse and longitudinal beam envelopes after local compensation can also

be seen in Figures 4.19a and 4.19b respectively.

No beam losses are observed after local compensation and beam emittances are also

restored. Figure 4.20a shows beam transverse emittance before (red) and after (blue)

applying local compensation. Comparison of longitudinal emittance growth before and

after applying local scheme can be seen in Figure 4.20b. Beam emittances and beam

energy at the end of linac are summarized in Table 4.9.
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(a) (b)

Figure 4.20: (a) Transverse and (b) longitudinal normalized r.m.s. emittance along the

linac with and without compensation scheme in presence of failure of first solenoid in SSR0

section .

Table 4.9: Beam parameters at the end of linac.

Parameters Unit Nominal lattice Lattice with failure

of first SSR0 solenoid

Before After

compensation compensation

εz π mm mrad 0.18 0.34 0.208

εt π mm mrad 0.258 1.7 0.262

Energy MeV 3028.32 3028.31 3028.44

4.5.4.2 Study and compensation of failure of first solenoid in SSR1 section

As discussed earlier that outermost elements at the ends of both cryomodules are used

to provide matching for smooth beam transition from one section to another. Thus,

failure of first solenoid in SSR1 section is also considered as one of critical cases as beam

is still non relativistic and surface charge effects are significant relative to high energy

section. Thus, failure of first solenoid in SSR1 section results in large beam transverse

size. It also causes mismatch of beam in transverse plane. Beam envelopes show

similar behavior as shown in last case (Figure 4.19). Local compensation is applied to

restore the nominal performance of the linac. Figure 4.21a shows comparison between

transverse emittance before local compensation (red) and transverse emittance after
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(a) (b)

Figure 4.21: (a) Transverse and (b) longitudinal normalized r.m.s. emittance along the

linac with and without compensation scheme in presence of failure of first solenoid in SSR1

section.

(blue) local compensation. Longitudinal emittnace is also recovered after applying

local compensation (Figure 4.21b). Beam emittances with beam energy at the end of

linac are summarized in Table 4.10.

Table 4.10: Beam parameters at the end of linac.

Parameters Unit Nominal lattice Lattice with failure

of first SSR1 solenoid

Before After

compensation compensation

εz π mm mrad 0.18 0.25 0.185

εt π mm mrad 0.258 1.23 0.263

Energy MeV 3028.32 3028.31 3028.43

It can be concluded from analysis of various scenario of failure of beam line elements

at the critical locations in linac that the lattice design is robust enough to operate linac

even with failed elements after applying local compensation scheme. It is found that

failure of beam line element at low energy is very critical and may result in beam

losses in absence of its compensation. The local compensation allows restoring of beam

energy and beam emittance. It is possible to achieve 100 % beam transmission after

local compensation of failed elements.
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5

Cavity fabrication and

characterization

This chapter describes fabrication steps for cavity design. A cumulative experience

of SCRF community is applied to develop technique that describes the manufacturing

steps of cavities which can exceed gradient of 30 MV/m. This chapter introduces man-

ufacturing processes within the framework of 1.3 GHz, 9-cell, βG =1 cavities. Cavity

characterization and quality assessment at different stages of fabrication are also dis-

cussed. It should be noted that same procedure will be considered for fabrication of

the βG = 0.61 and βG = 0.90 cavities for the CW linac of the Project-X facility.

5.1 Cavity fabrication

SCRF cavity is a complex and expensive device. Fabrication of cavity involves lot of

engineering efforts. Different methods have been employed for SCRF cavity fabrication

such as machining from solid piece, forming half-cell from niobium (Nb) sheet and

depositing Nb film on preformed cavity substrate. The mass production of cavities

especially at low frequencies using method of machining from solid piece of Nb is not

possible for economical reasons while accelerating gradient is limited in Nb sputtered

cavities. Thus, several sheet metal forming techniques such as spinning, hydroforming

and deep drawing have been developed. Deep drawing method is most established

technique for cavity fabrication and widely used in industries for the fabrication of

elliptical shape cavity . A Cavity journey from its fabrication to its installation in
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Figure 5.1: Schematic of cavity fabrication process.

accelerator is summarized in Figure 5.1.

5.1.1 Niobium sheet

Accelerating gradient in SCRF cavities are limited by material properties. Thus, Nb

sheet are inspected for surface quality such as absence of scratches, RRR value, sheet

flatness and uniform grain size. Eddy current scanner is used to inspect these Nb sheets.

The eddy current method is based on the principle of generating circular electrical

currents in a material under test, It can be achieved by the use of a driving alternating

magnetic field (primary field). The induced eddy current within the inspected material

will itself produce a magnetic field (secondary field) in the direction opposite to the

primary field (Lenz‘s law). Magnitude of induced current will be different for different

materials and for damaged surfaces. Thus, variation in induced current reflects the

volume of material inclusion (impurities) and the depth of defect.
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5.1 Cavity fabrication

Figure 5.2: Eddy current scanner setup at Fermilab.

Setup for eddy current scanner at Fermilab is shown in Figure 5.2. In this particular

machine, the sample is fixed to a rotating table, which is attached to a linear slider,

while the sensing probe is kept fixed. Variation in eddy currents will result in gener-

ation of magnetic field in a double coil sensing probe. Thus, it detects inclusions and

defects embedded under the surface of the material. This setup is specifically designed

to scan disks. At a given relative radial position of the head, the sample rotates several

times allowing for data acquisition, then the relative position of the head is changed

by sliding the table and the data acquisition is repeated over a different circumference.

The sensing probe generates two signals at different frequencies for simultaneous in-

vestigation over two depths. The signals are then digitalized and transferred to a PC

where the data is stored and represented in the form of pictures as shown in Figure

5.3.

5.1.2 Forming half cells: Deep drawing method

After inspection, Nb sheets are used for forming half cells. “Blank” which is usually

Nb disk made from Nb sheet is pressed into the shape using a set of dies. Figure 5.4
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Figure 5.3: Scanned result of Nb sheet. The white spots correspond to pits on the surface

of the material.

shows schematic of dies. Dies are usually made from a high yield strength aluminium

alloy.

Figure 5.4: Deep drawing tools for half cell formation- Male die (top) and female

die with holding plate (bottom).
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Figure 5.5: Deep drawing method for half cell forming.

Typical half cell formation is shown in Figure 5.5. Nb disk is bolted across the

female die with hold down plate. With appropriate torque on the bolts, the outer edge

of Nb is constrained without tearing at clamped edge. Clean motor oil is painted onto

the Nb for lubrication. The male die is placed in position and the assembly is squeezed

in a hydraulic press. For the 1.3 GHz half cell, 100 tons of force is applied. To get the

curvature required at the iris, the nose of cup is coined with a coining ring and the male

die. Figure 5.6a shows forming tools developed at Raja Ramanna center for advance

technology (RRCAT) in India. A simulated sketch (using ANSYS [73]) for half cell cup

is shown in Figure 5.6b.

(a) (b)

Figure 5.6: (a) Half cell forming tools developed at RRCAT and (b) a sketch of half cell.

To achieve tight tolerances and good reproducibility one has to deal with following

difficulties:
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• Thickness tolerances of material.

• Removing the parts from the die is sometime difficult and may result in dimen-

sional changes.

• Elastic property of Nb may vary from one sheet to another.

After forming cups (half cell), trimming is required to achieve final size for electron

beam welding (EBW). Trimming at iris and equator includes welding shrinkage too.

The accuracy of the shape is controlled by sandwiching the half-cell between two metal

plates and measuring the resonance frequency. Soaking the cups in dilute hot sulphuric

acid for a few hours is a simple method to remove any embedded iron particles (e.g.,

from the rolling mill). The cups are checked by a rust test for any remaining iron

inclusions by soaking in water for 12 hours. Half cells are given a light etch (20µm

material removal) before EBW. After chemical treatment, it is rinsed throughly and

dried in a clean room then kept clean in sealed nylon bags before welding.

5.1.3 Electron beam welding (EBW)

Two half cells are welded from equator and beam pipe is welded at iris to form a single

cell cavity while two half cells are welded at iris to form dumb-bells. Dumb-bells are

further welded with each other at equator to fabricate multi-cell cavity. All the parts

are welded together in a vacuum chamber to avoid RRR degradation. The pressure in

a chamber should be less than 2× 10−5 torr.

The welded parameters are chosen to achieve full penetration “butt” welds with

smooth under bead by using a defocused electron beam. A focus beam can produce

weld spatter, resulting in weakly attached Nb beads. One technique to produce a

well defined and reproducibly defocused beam [24] is shown in Figure 5.7. Beam is

deflected in the shape of a rhombus with the beam deflection yoke. Resulting defocus

beam causes reduction in energy density which produce under-bead. Careful control of

material thickness in order to achieve full penetration with no blow holes is required.

5.1.4 Inspections and qualification tests:

After fabrication, cavity is passed through lot of qualification tests and inspections such

as leak test, optical inspection, RF measurements etc.
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Figure 5.7: Production of defocused electron beam for EB welding [24].

5.1.4.1 Vacuum leak test

Cavity is tested for vacuum leak at room temperature and cold temperature. Inability

to produce and maintain low pressure in cavity will show presence of leak. It might

happen due to not fully penetrated weld seam. In some cases material removal after

chemical treatment will also result in cavity leak. Table 5.1 shows vacuum leak test

performed for one of the cavity (TE1CAT003) at RRCAT.

Table 5.1: Vacuum leak test for TE1CAT003 cavity after EB welding.

Temperature Allowable Measured Acceptance

leak rate leak rate

300 K ≤ 10−09 mbar/sec ≤ 10−12 mbar/sec Yes

77 K ≤ 10−09 mbar/sec ≤ 10−12 mbar/sec Yes
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5.1.4.2 Optical inspection

Optical inspection of fabricated cavity is performed using high resolution camera system

developed at KEK and Kyoto university. The high resolution pictures obtained with

the system allows locating and studying defects on the inner cavity surface in a way

that was not possible before without cutting samples from the cavity.

Figure 5.8: Schematic diagram of cavity inspection system. The cavity swallows the

camera cylinder by moving longitudinally. The cylinder does not move. The inner surface

reflected in an imaging mirror is observed. The mirror is located in front of the camera.

Figure 5.8 shows sketch of optical system. Camera is mounted in a cylindrical tube

and its outer surface is covered with electroluminescence (EL) sheets which acts as a

thin light source. The advantage of placing camera in a cylinder is that it eliminates the

possibility of contact between cavity surface and camera. Thus, it provides nondestruc-

tive observation and keeps the surface clean and untouched. The mirror is placed at

the head of cylinder and it reflects the inner surface of the cavity. The imaging mirror

can be tilted by a pulse motor (PM) to show a surface other than the cavity equator.

The focus is adjusted by motorized positioning of the camera that keeps the optical

length (working distance) between the object and the camera lens constant. A cavity

can be slid in the longitudinal direction and rotated around its axis, while the position

of the camera cylinder is fixed so that the inner surface of every cell can be observed

(Figure 5.9). The longitudinal position of the cavity is determined by the number of

pulses fed to the PM, while the azimuthal coordinates are measured by the rotary

encoder installed at the edge of a cavity flange. Both the longitudinal and azimuthal

positioning resolutions are less than 5 µm, which should be enough for our purpose.

The step resolution of the PM can be increased, using a special function of pulse motor
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controllers. Although the camera cylinder is fixed on the table, the movement of the

cavity during its positioning shakes the cylinder. This disturbs the observation during

the swing because of the very narrow depth of field of camera. A damper installed at

the end of the cylinder helps to damp the swing quickly.

Figure 5.9: Overview of optical inspection system at Fermilab.

Optical inspection of TE1CAT003 cavity after EB welding is performed at Fermilab

and Figures 5.10a and 5.10b show images of inner surface of cavity around the equator

region.

(a) (b)

Figure 5.10: Images of inner surface of TE1CAT003 cavity.

159



5. CAVITY FABRICATION AND CHARACTERIZATION

5.2 Cavity surface processing

It is well known that RF superconductivity is taking place in a thin surface layer of

only few of nano meter in microscopic scale. Thus, an excellent quality of inner surface

is required to obtain high gradient and high quality factor in SCRF cavities. Smooth

and clean surface on a microscopic level results in smaller surface resistance than for a

rough surface due to shorter current path (mean free path of electrons) and therefore,

less power dissipation takes place in cavity. It has also been understood that rough RF

surfaces lead both to electric field enhancement causing field emission and to magnetic

field enhancements initiating thermal breakdown.

Beside the defects and impurities of starting material, fabrication of cavity also

introduces damaged layer due to mechanical deformation of lattice during forming,

dirt and other defects like scratches on inner surfaces, bump etc. Thus, to achieve

the inner surface of cavity as close as possible to ideal for optimal RF performance,

cavity is passed through sequence of surface treatments in order to remove defects from

production processes. Initial step is to remove material (etching) from the inner surface.

It is named as surface preparation of cavity. Figure 5.11a and 5.11b show typical nature

(a) (b)

Figure 5.11: Effect of successive material removal -(a) surface resistance decreases

and (b) accelerating gradient increases as a consequence [74].

of surface resistance and accelerating gradient after successive removal of damaged Nb
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layer from inner surface of cavity. Surface resistance decreases which results in achieving

higher accelerating gradient in cavity. Buffer chemical polishing (BCP) and Electro

polishing (EP) are two common processes which are used for material removal for RF

cavities.

Buffer chemical polishing: BCP has been accepted worldwide as a technique

for removing damaged and contaminated inner surface layers of cavity. This method

uses a mixture of three acids i.e., hydroflouric acid (HF) with concentration of 40%,

Nitric acid (HNO3) with concentration of 65% and Orthoposphoric acid (H3PO4) with

concentration of 85%. Cavity is filled by this mixture. HF reacts with the Nb2O5 and

dissolved it. As HF dissolves pure Nb very slowly so a strong oxidising agent HNO3

is required which re-oxidises the Nb and form Nb2O5. Nitric acid reacts with niobium

to form niobium pentoxide (Nb2O5). HF reacts with Nb2O5 to form niobium fluoride

(NbF5). This compound is hydrosoluable and goes into solution thus resulting in a

polished Nb surface. H3PO4 acid serves as the buffer to maintain the reaction rate.

The etching process is exothermic and rate of Nb removal depends on temperature and

amount of Nb in acid mixture. Acceptable etching rate is achieved if the concentration

of Nb does not exceed more than 1.5 g/l in solution. It has been found that BCP

results in hydrogen contamination at the surface which leads to degradation in quality

factor of cavity. This problem can be overcome by using appropriate proportion of

acid and buffer and by keeping the temperature below 15◦C. The proportion of HNO3,

HF, H3PO4 is 1:1:2 in mixture by volume. It is found that removal of Nb from cavity

surface by BCP process is not uniform. Ratio of material removal from iris to equator

is 2:1. Experience with 1.3 GHz, βG=1 SCRF ILC cavities show that 30 MV/m seems

to be maximum gradient for those cavities which undergo BCP.

Electro polishing (EP): It is prominent method to remove damaged layers from

inner surface of cavity. Sharp edges and variations are smoothed out and a very glossy

surface can be obtained. The major advantage of this method is a much improved

control of the chemical reaction, as a further control parameter namely the electric

voltage is introduced. During the EP process the Nb cavity is half filled with mixture of

acid and rotated. Schematic of EP for half cell and single cell cavity is shown in Figure

5.12. Figure 5.13 shows EP system for ILC cavity at Argonne National Laboratory

(ANL). In EP process cavity works as the anode and the cathode is a tube made from

pure aluminium, which is placed some millimeters off the axis of the beam tube. By
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Figure 5.12: Schematic of EP system for half cell (left) and single cell (right).

Figure 5.13: EP system for 1.3 GHz ILC cavity at ANL.

applying a voltage of 10-20V the polishing process is activated. The current oxidizes

the Nb surface first at the peaks because of the voltage enhancement. Hydrofluoric

acid solutes these oxides. This process has a smoothening effect to the Nb surface. The

electro chemical dissolution of the Nb anodes surface take place in three steps ([75]):

2Nb+ 5SO2−
4 + 5H2O → Nb2O5 + 10H+ + 5SO2−

4 + 10e− (5.1)

Nb2O5 + 6HF → H2NbOF5 +NbO2F • 0.5H2O + 1.5H2O (5.2)

NbO2F • 0.5H2O + 4HF → H2NbOF5 + 1.5H2O (5.3)

At the aluminium cathode H2 will be formed and gassed out. In addition an undesired
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electrolysis of water, which is a constituent part of the acid mixture, is possible.

Comparison between EP and BCP: EP and BCP both are widely used world-

wide. One of them is chosen to serve the purpose. A detailed comparison of EP and

BCP on the cavity performance is presented in [76]. The key points are summarized

here:

• EP has a little bit complicated procedure and needs annealing to avoid the hydro-

gen Q-disease. On the other hand, chemical polishing (CP) is easier and cheaper.

• EP provides mirror like smooth surface of cavity. Surface roughness of electro

polished cavity is of the order of 1 µm while it is 5 µm for chemical polished

cavity.

• Average maximum gradient achieved by cavities which undergoes BCP is about

25 MV/m while it is about 35MV/m for cavities which are treated with EP.

• EP is slow as compared to BCP.

Barrel polishing (BP) or Tumbling: BP is usually applied to those cavities

which consists of irregularities such as bump, scratches and sputter balls by EBW

failure. BP followed by light EP or BCP is proved very effective and successful technique

to deal with these defects. It is a kind of mechanical grinding in which plastic chips

binding ceramic powder and liquid soap (collectively called media) are put in a cavity,

then cavity is rotated horizontally. Chips size, rotation speed, number of chips and

amount of soap are controllable parameters. BP is performed in sequences with different

size of chips. It is very slow process and not the part of standard fabrication procedure.

Oxipolishing (OP): It is another important electrochemical process for the surface

preparation of Nb. The Nb surface is anodized using an electrolyte. Various electrolyte

can be used, but the most common for Nb are diluted NH4(OH), diluted HNO3 and

diluted H2SO4. The thickness of the oxide layers produced can be adjusted with the

applied voltage. For 50 V one gets a layer of 100 nm. In a second step this layer is

dissolved with HF. One can regard this as a step-by-step EP. The advantage of OP is

that very tiny thicknesses can be removed. But this implies that for a removal of only

1 µm already several steps are needed. It is important to note that contaminations like

fluorine or sulphur from (electro-)chemical preparations can be removed very efficiently
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5. CAVITY FABRICATION AND CHARACTERIZATION

by oxipolishing. It may also be noted that anodization can also be used to form a

protective layer of dielectric oxide on the Nb surface

After chemical treatment electrolyte is drained from cavity and it is rinsed with

water to avoid chemical residuals. First, cavity is filled with de-ionized water and then

drain it completely. This procedure is performed several times in sequence. This type

of rinsing is then followed by extensive over flow rinsing while monitoring the pH or

water resistivity. These procedures will adequately remove any excess acids trapped in

the system as well as make the subsequent handling safe for personnel.

The electro polished or chemical polished surfaces are contaminated with reaction

products such as lower oxides, sulphur and fluorine. Sulphur is able to settle and

stick aggressively on the cavity surface and it is a well known source of field emission.

Alcohols are good solvent of sulphur. Thus, cavities are rinsed with ethanol. It has

been shown to substantially reduce field emission in 9-cell cavity tests.

High pressure water rinsing (HPWR): In order to reduce field emission in high

gradient SCRF cavities, high pressure rinsing of ultra pure water has been adopted by

numerous laboratories. It improves quality of the inner surface of cavity by removing

contaminated particles and dirts. These contaminants may have been swimming in the

acid bath or have been airborne and landed on the surface after the cavity was removed

from acid. Figure 5.14 shows a schematic of typical HPWR system. It consists of a

high pressure pump, a filter, a spray nozzle and a mechanical system, which allows

the scanning of the interior surface with the high pressure water jet. Needle point

jets of ultra pure water with pressure of the order of 1000psi are bombarded on cavity

surface. The scanning system moves the cavity up and down while also rotating either

it or jet along the axis of cavity so that complete inner surface can be covered. Both

up-and-down speed are adjustable by means of motors with variable speed controls.

Heat treatment of cavity: During the process of EP, hydrogen is produced which

can enter the Nb lattice very easily. It is well-known that the amount of interstitial

hydrogen in very pure Nb must be kept below certain limits. If too much hydrogen is

dissolved in the Nb a subtle effect called “Q-disease” can occur. The dissolved hydrogen

forms Nb hydrides (Nb-H) at temperatures around 100 K. These Nb-H compounds have

very high microwave losses and raise the residual resistance by more than an order of

magnitude. The concentration of hydrogen should be kept below the concentration

levels of interstitials which can trap the hydrogen, so that no hydride formation can
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5.3 Mechanical tuning of RF cavity

Figure 5.14: A schematic of high pressure water rinsing system.

take place. The cavities are baked at 800◦ C in high vacuum furnace for reducing

hydrogen concentration. Recrystallization of Nb occurs at this temperature and lattice

quality is improved afterwards. Mechanical stresses are released and lattice is less

sensitive to further hydrogen contamination. There is also improvement in thermal

conductivity at 2K due to better transmission of phonons.

5.3 Mechanical tuning of RF cavity

In a multicell cavity, each cell may have random fabrication errors which results in an

offset of operating frequency of each cell. To optimize the net acceleration in a multicell

cavity, it is necessary to achieve same operating frequency in each cell and hence uniform

field profile. Cell to cell tuning is performed by applying plastic deformation of cell

until the desired cell frequency is achieved. Manual tuning is very time consuming and

requires lot of efforts and is not adequate for industrial production of cavities. Thus,

semiautomated tuning machine is designed which can perform tuning very fast and can

165



5. CAVITY FABRICATION AND CHARACTERIZATION

be operated even by non-RF experts.

Figure 5.15: Tuning machine at Fermilab.

Figure 5.16: Tuning mechanism- Electrical model is used for frequency tuning of cavity

(left) and mechanical model is used to tune cavity alignment(right).

Figure 5.15 shows tuning machine and its main components. Description of tuning

machine and its components in detail is presented elsewhere [77]. Tuning of multi-

cell cavity is based on electric model (Figure 5.16). According to this, stretching or

squeezing of cell results in change of capacitance (C ∝ A
d , A being area and d is the

cell length) which leads to change of resonance frequency of corresponding cell. Field

flatness of cavity is measured using bead pull system [24]. To reduce the oscillation
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5.3 Mechanical tuning of RF cavity

of metallic beads in perpendicular direction with respect to axis, the system is not

string loop as in normal bead pull system but a string pulled from a reservoir. Bead

movements in cavity causes disturbance in field which results in change in resonance

frequency. Field amplitude (
∣∣∣ ~E∣∣∣) is proportional to square root of change in frequency,

i.e.,
∣∣∣ ~E∣∣∣ ∝ √∆f .

(a) (b)

Figure 5.17: Distribution of field in 1.3 GHz, 9-cell cavity-(a) Field distribution

without tuning and (b) field distribution of cavity after tuning in comparison with field

distribution obtained numerically.

It can be seen from Figure 5.17a that fields are distributed randomly in each cell.

Resonant frequency in each cell is tuned to operating frequency (1.3 GHz in this case).

Field distribution of tuned cavity is shown in Figure 5.17b. Field flatness better than

98 % is obtained after tuning. Measured field is compared with field calucluated nu-

merically using SLANS to verify the reliability of numerical codes. It can be seen from

Figure 5.17b that fields are matched within ± 1% error.

For the entire tuning process, feedback of mechanical properties such as length

and straightness of cavity and concentricity of the cells are useful to achieve a good

tuning result. Tuning process includes not only frequency tuning but tuning of cell

alignment also. It is necessary to obtain cell alignment within given limitation (0.2

mm for vertical alignment and 0.5 for eccentricity alignment for 9-cell, 1.3 GHz cavity)

which are decided by beam dynamics requirements. Tuning machine uses mechanical

model to predict the bending angle at each cell. Bending of cell can be obtained by

applying appropriate differential pressure on the outer walls of cell as shown in Figure
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5. CAVITY FABRICATION AND CHARACTERIZATION

5.16. A snapshot of cavity alignment before (left) and after (right) tuning of 9-cell 1.3

GHz cavity is shown in Figure 5.18.

Figure 5.18: Cavity alignment before (left) and after (right) mechanical tuning of cavity.

5.4 Experimental measurement of cavity: Vertical test

Evaluation of cavity performance is performed prior to its installation in cryomodule. A

bare cavity (no couplers and helium jacket) is tested at 2K in CW RF regime. Quality

factorQ0 is measured as a function of the electric field in cavity. After cavity is equipped

with input and pickup antennas and is vacuum sealed in clean room, it is placed in a

cryostat, also called vertical test stand (VTS). A layout of test arrangement is shown in

Figure 5.19 and discussed in [24, 78] with details. The input antenna is connected via

a bellow to the cavity, The fundamental TM010 mode of the cavity is below the cut off

frequency of the beam pipe. Thus, the electromagnetic field decays exponentially in the

pipe. As a consequence the coupling strength of the input antenna, which is connected

via a bellow to the cavity, can be varied by several orders of magnitude by adjusting

the distance between antenna tip and cavity. The coupling strength can be optimized

either by optimizing antenna length for fixed location of cavity in cryostat or adjusting

cavity position relative to antenna tip for fixed length of antenna. Ideally, these tests

are done at or near critical coupling and latter option of adjusting cavity position

provides flexibility to achieve critical coupling for the temperature range from 4.2 K to

1.6 K. RF source requirements are only a few hundred watts at this mode of operation

which is just enough power to overcome the wall and field emission losses. Figure
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5.4 Experimental measurement of cavity: Vertical test

Figure 5.19: Schematic of the vertical cryostat used for cavity characterization at 2K at

Fermilab.

5.20 shows schematic of experimental setup for vertical test of cavity. A RF generator,

which is locked exactly onto cavity resonant frequency, drives power amplifier which

feed power to the cavity via cable and input antenna. The second antenna is used as a
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5. CAVITY FABRICATION AND CHARACTERIZATION

Figure 5.20: Schematic of experimental arrangement for vertical test showing required

components which are needed for incident, reflected, pick-up power and feedback circuit.

pickup probe. It is adjusted with a much higher Qex ≥ 1011 in order to avoid the signal

transmission without resonance inside the cavity. It picks up only minimum power (Pt)

for monitoring the cavity field which is proportional to the square root of the power

coupled out by the antenna. Pickup signals are also used for the feedback loop (Figure

5.20).

As the SCRF cavities have a very high quality factor the width of the resonance

curve is extremely small. Small changes in the helium pressure of the cryostat results in

change of the resonance frequency of the cavity. Therefore the frequency generator has

to be controlled with a phase-locked loop (PLL), where the phase difference between

the input signal, taken from a directional coupler, and the pickup signal are compared.
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5.4 Experimental measurement of cavity: Vertical test

When the cavity is mounted in the cryostat, it will be first cooled with liquid helium

at 4.2 K (atmospheric pressure). Cooling down to 2 K is achieved via pumping down

the helium down to ∼30 mbar. The cryogenic power available is about few hundred of

Watts at 2 K.

5.4.1 Measurement of Quality factor

All antennas are connected to calibrated power meters which allows to evaluate RF

power losses in the cavity. The forward power (Pf ), which is net power entering in

cavity, is difference of incident power (Pi) coming from source and reflected power

(Pr).

Pf = Pi − Pr ; (5.4)

at steady state of cavity

Pi = Pr + Pt + Pd ; (5.5)

where Pd is the power dissipated to wall of the cavity. When incident power is switched

off, the cavity enters into free decay state. Stored energy and hence electric field in the

cavity decays exponentially. It can be expressed as:

Ptotal = −dU
dt
, with Ptotal = Pd + Pt + Pe; (5.6)

where Ptotal is total power stored in cavity and Pe the power coupled out via the input

antenna. Integrating differential equation (5.6) one can obtain

U(t) = U0.exp(−
t

τL
) , (5.7)

where τL =
QL
ω0

. (5.8)

The decay time constant τL is experimentally measured and is used to determine loaded

quality factor QL. With measured values of Pe, Pt and estimated values of Pd and QL

one can determine Q0. It can be written as:

Q0 = QL(1 + βt + βe) ; (5.9)

where coupling coefficient(β) is βk = Pk
Pd

= Q0

Qk
; k = e, t. Next step is to determine

the relationship between Q0 and Eacc. The Pf is increased to raise stored energy in

cavity. At steady state of cavity (Pe = 0) Q0 is determined as:

Q0 =
QtPt
Pd

. (5.10)
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5.4.2 Measurement of Electric field level

To understand the behavior of quality factor of cavity with accelerating gradient, cor-

responding accelerating field in cavity is measured as follows:

Eacc =

√
PdQ0

L2
.

(
R

Q

)
; (5.11)

where L is length of cavity. R
Q can be calculated from cavity design codes such as

SUPERLANS, HFSS etc. Peak surface field (Epk) in cavity can be expressed as [24]:

Epk = κe
√
U = κe

√
PdQ0

ω0
; (5.12)

where κe is proportionality factor of accelerating gradient and stored energy and

depends on the geometrical layout of the cavity. It can be calculated using numerical

codes.

5.4.3 Measurement of single cell ILC cavity: TE1CAT003

Figure 5.21: Performance of single cell ILC type TE1CAT003 cavity.
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5.4 Experimental measurement of cavity: Vertical test

Figure 5.22: Defects in TE1CAT003 cavity- before (left) and after (right) chemical treat-

ment of cavity.

Cavity TE1CAT003 is tested at vertical test facility (VTF) at Fermilab. Result is

shown in Figure 5.21. Cavity is quenched at very low gradient of 15 MV/m. To identify

the reason of quench at this gradient, cavity is diagnosed.

The temperature mapping technique is adopted world wide to diagnose the cavity

at cold temperature. The fast thermometry system [79, 80] is used to perform fast,

accurate temperature measurements to observe quenches or other thermal abnormalities

during a cavity test. It consists of temperature sensors which are placed at the outer wall

of the cavity. The placement of sensors are flexible and can be changed depending on

test requirements. The sensors are wired in series with a 1mA current source and shunt

resistor for measuring the current. For attaching the sensors to the cavity, Apiezon

vacuum grease is used to provide good thermal contact, and a G10 band or thin nylon

cord is used to hold the sensors in place. The 10 kHz sampling rate is suitable for

measuring both fast quenches and slower temperature rises.

TE1CAT003 cavity has been diagnosed and quench locations are identified using

temperature distribution data obtained from fast thermometry. Cavity is later in-

spected with Kyoto camera. Figures 5.22 and 5.23 show appearance of pits after chem-

ical treatment of surface. Before bulk EP of 120 µm, there were imprints of pits which

are exposed after bulk chemical treatment of cavity. Pits cause enhancement of field

in their neighborhood which results in more power dissipation. This localized increase

in power dissipation ultimately leads to quench of cavity. Impacts of pits depend on

their size. Pits and scratches near the equator region in cavity TE1CAT003 are main
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5. CAVITY FABRICATION AND CHARACTERIZATION

Figure 5.23: Another appearance of pit in TE1CAT003 cavity- before (left) and after

(right) chemical treatment of cavity.

reasons that results in quench even at low gradient.

Figure 5.24: Cavity surface after tumbling and light EP treatment.

Cavity undergoes for further surface treatment. Tumbling is performed which is

followed by light EP of 10 µm. The surface of cavity after this treatment are shown in

Figure 5.24. It can be seen that pits have been disappeared and surface is smoother

than earlier one. Cavity is baked at 120◦ for 48 hours and then assembled again for cold

vertical test. Cavity is tested at 2K and 1.8 K and results are summarized in Figure 5.25.

Cavity achieved gradient of ∼35MV/m and ∼42 MV/m at 2K and 1.8 K respectively.

Q0 obtained by cavity is also very high and it is 2 × 1010 and 1.5 × 1010 for 35 MV/m

and 42MV/m respectively. Global thermal instability happens at these gradients and

cavity is quenched. Two soft multipacting regions were also found in between 15MV/m
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5.5 Cavity installation in cryomodule

Figure 5.25: Performance of single cell ILC type TE1CAT003 cavity after surface treat-

ment at 2K and 1.8K.

to 27MV/m.There is no evidence of localized field emission. Systematic measurement

of the X-ray intensity around SCRF cavities with high-sensitivity photo diodes shows

no dramatic increase in X-ray which confirms absence of field emission. However,

increase in X-rays in the range of accelerating gradient of 15MV/m to 27MV/m shows

multipacting. It should be noted that hard multipacting and non-resonant electron

loading due to field emission can result in increase of cavity surface temperature which

can be seen from thermometry but no such indication is obtained in this case.

5.5 Cavity installation in cryomodule

After passing vertical test, cavity is accepted for final steps of installation. Cavity

is fitted with input and higher order mode couplers, helium vessel, tuner and other

auxiliary components. Cavity is rinsed using high pressure jet of ultra pure water

for final cleaning of surface. High power testing is performed in horizontal test stand
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5. CAVITY FABRICATION AND CHARACTERIZATION

(HTS) to verify the performance of dressed cavity in accelerator. If cavity successfully

passes this test, sealed cavity with helium vessel and cold part of coupler is ready for

installation in cryomodule.
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Summary

Focus of accelerator community all over the world has been shifting towards the high

intensity frontier. High intensity ion accelerators will be useful in numerous practical

and basic science applications such as nuclear waste transmutation, spallation neutron

source, material irradiation facilities, ADS, neutrino factory, rare decay processes etc.

Fermilab has also proposed a high intensity proton facility, called Project-X, which

supports several nuclear and high energy physics experiments simultaneously. Project-

X is based on CW linac which accelerates H− ion beam of average current 1 mA from

kinetic energy of 2.5 MeV to 3 GeV.

Recent advances in superconducting radio frequency (SCRF) technology have made

it possible to construct high intensity proton accelerators with multi-milliamps of beam

current and energies exceeding 1 GeV. Chapter 2 introduced RF description of cavity

and a brief overview of superconductivity. Niobium is so far the first choice of supercon-

ducting material for the fabrication of superconducting cavities. Limiting mechanisms

and simulation tools for cavity design are presented. This chapter also addressed the

fundamentals of beam dynamics. Equations of motion of charge particle beam in trans-

verse and longitudinal planes are discussed.

RF cavity is an important component of an accelerator. Thus, its design influences

the operation of a linac. Cavity design is influenced by operational requirements and

beam specifications such as operating frequency, number of cells etc. Cavity design

also includes practical concerns which comprises of industrial production and use of

available technology. Elliptical cavity is first choice for high energy acceleration due to

its efficiency, compactness and ability to achieve higher accelerating gradient. Chapter
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3 introduced topology of elliptical cavity geometry and the general procedure of shape

optimization is discussed. Similar procedure is applied to design Project-X linac cavity.

Preliminary proposal of Project-X facility was based on 8 GeV pulsed linac. Squeezed-

ILC 1.3 GHz, βG=0.81 cavity was considered in high energy section of the linac to

accelerate the beam from ∼0.4 GeV to 1.2 GeV. This cavity was initially optimized

for 11-cell. Length of 11-cell cavity is same as that of 9-cell, 1.3 GHz, βG=1 ILC

cavity. Thus, squeezed-ILC cavity can fit in a cryomodule designed for ILC cavity.

11-cell cavity is found to be sensitive toward trapping of HOMs. End cells are thus

optimized to avoid potentially trapped HOMs and different end cells are used at both

ends. Difficulty in handling of cavity with large number of cells and some practical

constraints such as chemical residual and difficulties in surface processing can affect

the industrial yield of the cavities. Earlier experiences of fabrication of 9-cell, βG=1,

1.3 GHz ILC cavity lead us to propose and design 9-cell, βG=0.81, 1.3 GHz cavity

as an alternative of 11-cell cavity. Design procedure, RF parameters and geometrical

parameters of optimized shape and HOM spectrum are presented in chapter 3.

Supporting several experiments simultaneously in the Project-X facility requires

high beam power. In order to increase the average beam current, operation mode of

linac is changed from pulsed to CW. The linac accelerates the beam from kinetic energy

of 2.5 MeV to 3 GeV. Two families of 5-cell, 650 MHz, elliptical cavities are designed.

These cavities are optimized for βG=0.61 and βG=0.90. Intermediate energy section

of the linac will use βG=0.61 cavities to accelerate the beam from kinetic energy of

0.16 GeV to ∼0.5 GeV. High energy section of the linac will use βG=0.90 cavity for

acceleration up to 3 GeV. RF and geometrical parameters for both of these cavities are

presented. Cavities are investigated for potentially trapped HOMs. HOM spectrum

and variation of concerned HOMs with beam velocity are also presented in chapter 3.

When beam passes through a cavity, it induces HOMs which act back on beam and

results in emittance dilution and power dissipation. Resonance excitations of HOMs

result in degradation of beam quality and increase unnecessary cryogenic losses. In

such scenario, damping of HOMs are required using HOM damper in a cavity. It

is an expensive component and it may also degrade cavity performance. Analysis is

performed to find the damping requirements in βG = 0.61 and βG = 0.90 cavities.

Studies suggest that power dissipation due to HOM and emittance growth due to

resonance excitation of HOMs are very low. It is possible to operate both families
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of cavities without HOM damper. Experimental studies show that HOM spectrum of

cavities can be shifted by few hundred of KHz if fundamental mode is detuned and then

re-tuned back to operating frequency. This method may be used to avoid resonance

excitation of HOM in the absence of HOM damper.

High intensity of beam in Project-X can also result in some undesired effects which

can degrade beam quality. Space charge effects and halo formation are some critical is-

sues with high intensity ion linac. Layout of CW linac for Project-X facility is discussed

in chapter 4. Assumptions and limitations which are used for designing the linac lattice

are introduced. The linac uses five families of accelerating structures. Low energy part

of linac consists of three families of SSR cavities which are used for the acceleration of

beam from kinetic energy of 2.5 MeV to 160 MeV. All SSR cavities operate at a fre-

quency of 325 MHz. As mentioned earlier, intermediate and high energy sections of the

linac will use two families of 5-cell elliptical 650 MHz cavities. Solenoid magnets will

be used for focusing of beam in low energy part and quadrupole dublets will be used in

intermediate and high energy sections of the linac. A summary of beam line elements

and energy transition are presented. Studies are performed to analyze beam dynamics

for baseline lattice using simulation. Beam quality parameters such as emittance, r.m.s

beam size and halo parameters are presented. Longitudinal and transverse acceptance

of linac for baseline design are also studied. Transition from one section to another

can result in shrinkage of acceptance. Thus, it is necessary to provide careful matching

between sections to achieve large acceptance. Studies are performed to investigate most

sensitive transition regions which limits acceptance of the linac. Operation of the linac

in CW mode puts stringent tolerances on beam line elements, especially on elements in

low energy part of linac. Failure of beam line elements may result in significant beam

losses which can affect reliability of the linac. Thus, it is necessary to include this sce-

nario during process of lattice design to have a robust lattice which may allow one to

operate the linac even in the presence of failed elements. Local compensation scheme is

demonstrated to compensate failure effects. These studies confirm that lattice is robust

enough to allow compensation of at least one failed element.

Chapter 5 summarized the steps that cavity goes through before installation in ac-

celerators. Cumulative experience of RF community results in preparing a procedure to

fabricate SCRF cavities which can reproduce their performance. Although procedure

is developed for βG = 1, 1.3 GHz, ILC cavity yet it can be adopted for other cavities
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too. Fabrication of cavity starting with Niobium sheet is discussed along with various

quality control tests. To achieve optimal performance of SCRF cavities, it is required

to have smooth clean inner surface of a cavity. It can be achieved after chemical treat-

ments of a cavity. Different methods of surface treatment and post surface purification

are discussed. A bare cavity is tested on VTS before installation of other auxiliary

components (e.g., power and HOM couplers). An example of vertical test of single cell

ILC cavity is presented and its performance is reviewed.
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