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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 MW 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,



5-cell, 650 MHz cavities are designed for the intermediate and high energy sections
corresponding to Sg = 0.61 and Sg = 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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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 [I], 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.



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.

Ln
s
1 2 n
101 source
-=> beam
RF source

Figure 1.1: RF electric field (shown by arrow) between drift tubes accelerate the particles.
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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 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 m-mode.
It means that at any instant electric field configuration between two successive gaps
differ in phase by 7. lons 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 L,, should satisfy the

condition:
v

ﬁ )

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

Ly = (1.1)

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:

e 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.

e 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 [§], who put the Wideroe linac into

a volume enclosed by conducting wall. This solved the problem of radiated energy at
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Figure 1.2: Principle and field profile (shown by arrow) of an Alvarez linac.

higher frequencies. Figure[I.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 27 while the particles travel from

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

L, = (1.2)

v .
7
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
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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., 8(=%)~ 1 with ¢ 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.
e Low velocity accelerating structures : g < 0.5.
e Medium and high velocity accelerating structures : 0.5< 8 <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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1.2 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.

e 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.

e 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) [I3] 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 v,

from the Sun, and also with v, and v, from the space in the atmosphere showed
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that it is quite possible that neutrino oscillates between the ve, v, and v, 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 7
mesons as one of secondary particles. These m mesons decay into muons when

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

™ = ut+uy, (1.3)
T = u +U, (1.4)
0 = 2y (1.5)

Thus, x and p~ are generated using these decay modes. As p* live 100 times
longer than 7%, 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 u* are the sources of electron neutrino
(ve) and muon anti-neutrino (1) neutrino, and beams of x4~ mesons generate
electron anti-neutrino () and muon neutrino (v,). Decay modes of muons are

given as follows:

pto—= et e+, (1.6)

pooo = e v+, (1.7)

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

u-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.

e 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.

e 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 U?33 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)[I9] 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 :

e 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.

e 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.

e 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.

e 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

10



1.4 High intensity beam facility at Fermilab: Project-X

until LHC started operation in 2010. In recent times, focus of accelerator community

Legend

5 New buildings L
" Project X beamlines I

tie into the existing Fermilab

accelerator complex and

provide a powerful proton :
beam for experiments at different energies.

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 [I], 20]. It is the centerpiece of
the plan for future development of the Fermilab accelerator complex. Figure 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;:

11
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e 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, K — 7% 4+ v + 7. 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 [I.4] shows

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

Kaon rare decay experiment: K, = m'vv

H Kaon beam

B Vacuum chamber where kaons decay

Bl Detector fo measure direction of signal photons
E Detector to measure energy of signal photons

B Detector fo tag processes that can mimic a signal

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

12
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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
Advanced muon-to-electron —_— ﬁ

conversion experiment a _
Bl Proton beam :
Bl Magnet to capture muons emerging from target
E Muon beam transport

B Muon beam cooler
B Farticle detector ||

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 shows schematic layout of muon to electron conver-

sion experiment.
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Neutrinos

Recycler / 2 MW

Main Injector
120 GeV

3 MW @ 3 GeV
200 kW @ 8 GeV
2 MW @ 120 GeV

| H-Source =2 3 GeV, 1.0 mA CW Linac

0.75 0.75
Mw Mw
Nuclear :a-\ﬁr Muons

Kaons

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 [I.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 [I.7] Linac is capable to accelerate an average beam
current of 1mA (average over > 1us) and pulse peak beam current of 10 mA (average
over < lus) corresponding to a frequency of 325 MHz. As shown in block diagram
(Figure , 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.

Heun | RFQ | MEBT | SSRO | ssk1 | SSR2 | p=061 | p=09

L—
RT ( ~15m) 325 MHz, 2.5-160 MeV 650 MHz, 0.16-3 GeV

Figure 1.7: Acceleration scheme for 3 GeV SC CW linac of the Project-X.
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1.4 High intensity beam facility at Fermilab: Project-X

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 [21I]. 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 7 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 [I.8]

Emittance
scanner goes
here

Beam stop

=£=== (Faraday cup)

Beam current
onitor

Bending magnet View port (top
and side) for
beam profile
monitor

lon Source and
extraction

Emittance
scanner
goes here

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 § = 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. SSRO, 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 Bg, =0.61 and Bg =0.9 where B¢ 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
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
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Figure 1.9: A 1-usec 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:
e Timeline for strip injection into the Recycler/Main Injector (MI).
e 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
ps). 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 11x 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 B = 0.90 and Bg = 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 (HOMSs) 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 Sg= 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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1.5 Motivation for present work

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 g = 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 8¢ =
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 g =0.81 cavity for the
pulsed variant of H~ ion linac and 650 MHz, Bg =0.9 and Bg = 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, Sg = 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, g = 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
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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:
V-D = 0
V-B =0
= B
VxE = _a?t
VxH = %—?, (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 = ¢E (2.2)

B = uH. (2.3)
€ is permittivity and p the permeability of the material in which the fields exist. In
a linear, isotropic, non-dispersive, uniform material ¢ and u are scalar constants and

expressed as:
€ = €€ (2.4)
fo= firio (2.5)

where €, and pu, are the material dependent constants and they have unit magnitude

in free space. ¢g and ug are universal constants, which obey the following relation:
1
NG

CcC =

(2.6)
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2.1 Electromagnetic description of RF cavity

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

the wave equation which is given as :

, 19\ [E\ _
<v el RIS (2.7)

Solution of wave equation in terms of plane wave in cylindrical coordinates (p, ¢, z)

can be written as:

E(Ft) = E(p,¢)et !
H(rt) = H(p,¢)e*1), (2.8)

where w is the angular frequency and & 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:
ixE=0, i-H=0, (2.9)

where 7 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:

E
(V19 {3} =0 2.10)
where
2 2 O 2.11
Vi=v- (2.11)

The solutions to the wave equation form an orthogonal set with /" eigenvalues
yjz = w?/c? — k2. Maxwell’s equations can be combined to express the transverse
fields (F,, H ) in the waveguide as a function of the longitudinal component of fields
(E,, H,) [23]. The different boundary conditions imposed on E, and H, and the fact
that F, and H, are independent imply that the solution to equation 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,

E, exists whereas H is transverse every where. Conversely, for TE modes, H, exists
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and E is transverse every where. The modes are classified by the nomenclature TM,,,,
or TE,,, where indices m and n are measures of the number of sign changes of F,
in the ¢ and p directions, respectively. In both cases, transverse magnetic fields and

electric fields are related by:

- :x E
H =220 (2.12)
where
k
Zrypy = — (2.13)
oW
is the wave impedance for TM modes and
Zrp = % (2.14)

for TE modes. The positive case applies to waves traveling in the + Z 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:
. ik
E, = +5V,E. (TM nodes) (2.15)
5
, ik
HJ_ = iﬁvLHz (TE modes) (216)

J
where F, and H, 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 for discrete value of
k = pr/d can be expressed as:

ﬁ:(%){(%ﬂ)? =012 (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 TM,,,,;, or TE,,,, where additional index p measures the
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number of sign changes of E, in z direction. TM mode with lowest resonant frequency

is TMg19 mode. The fields corresponding to this mode are:

2.405p\
E, = EOJO( R”) giwotot (2.18)
Eo . (2.405p\
H, = —z'nOJ1< R”) eiotot (2.19)

and all other field components are vanished. n = \/uo/€o, Jo and J; are zeroth and
first order Bessel functions, respectively. The resonant frequency corresponding to this

mode is given by:
2.405¢
R Y

wo10 = (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., TMg19 mode which is chosen because of uniform longitudinal elec-
tric field (0E,/0z = 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 TMy,, are called
monopole modes or longitudinal modes because of their uniform azimuthal fields distri-
bution. Monopole modes (other than TMp1g) can cause increase in power dissipation
in RF cavity which leads to increased cryogenic losses. Modes of the type TMj,, 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

—
e v

e v

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 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:

o 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.

e 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.

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

damper, tuner etc.) required.
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e 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:

fmzfo/\/1+2kcos(ﬁ]’;n) 1<m<N, (2.21)

where f,, is frequency of the m** mode, N is the number of cells in multi-cell cavity,
fo 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 m mode. It means

that phase difference between adjacent cells is 180° as shown in Figure
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Figure 2.2: m mode field distribution in multi-cell cavity - 180° phase advance of

RF wave from cell to cell.

The cell length L. 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 (L) is given

as:

1
Lo = gfch (2.22)
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where A is RF wave length and g is geometrical beta for which particle is in perfect

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

1
Leaw = 5N (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

1

IO
Ud:§D-E+§B~H, (2.24)

and thus total energy stored in a cavity is:
U= / UgdV, (2.25)

1%

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 (E,;) and
the peak surface magnetic field (Hp;). 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 L¢q, (length of cavity) and gains energy. The energy gain across the cavity

can be written in term of accelerating voltage V:

1

Vo, = ‘ X energy gain during passage through cavity (2.26)
e

e., V, is given by line integral of longitudinal electric field (F.) as seen by charged

particle crossing the cavity along the axis (p = 0) with relative velocity 3.

Leaw .
Vo = / E.(p=0,z)e“0z/Be gy (2.27)
0

where wq is angular operating mode frequency of RF cavity. Thus, the average accel-
erating electric field (F,..) that charged particle sees during transit is given by:

Va
L cav

Eaee = (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:

Lcav/2 _ ) /ﬂc
=0, z) e™0*/P¢ dz
TTF = L R (2.29)
Lcav/2 ’
J- Ty B (p=0,2) dz

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 27 times of number of RF cycles it takes to lose total energy stored in
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the cavity or 27 times the ratio of energy stored in the cavity to the energy lost per
RF period. Quantitatively, the unloaded quality factor or wall @ can be written for

operating mode as:
_ OJ()U

Qo = Py (2.30)

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

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

1
Pd:2RS/S

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

12
H’ ds | (2.31)

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

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

—wot

U(t)= U(t=0)e @ . (2.32)

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

ty = w—g 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 (Piq) in the cavity can

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

PtOtal — Pt + PT‘ + Pd (234)

Ptotal = Pex + Pd (2'35)

where P; and P, are power transmitted out and power reflected back respectively. If Py
is replaced by Pjutq; in equation (2.30)) then we get loaded quality factor, represented

as Qr. 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 woU:
P total Pey P, d

woU - woU + woU (2.36)

1 1 1
@ = 0u + @ (2.37)

Qo
Q= o5 (2:38)
where o

. 0o Pea:

ﬁc B Qem B Pd (239)

B is called coupling coefficient. 5. = 1 is called critical coupling and all the power from
transmission line goes to resonators and no reflection occurs. 8. < 1 is weak coupling

case and (. > 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 V, for a given power dissipation P, in the cavity.

It is defined by:
_ Vi

R=la
Py

(2.40)

2.3.7 R/Q

R over () 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 V2
Qo woU’

Effective impedance allows comparison of effectiveness of different cavity geometries and

(2.41)

structures. A cavity can be excited at different frequencies corresponding to different
modes of oscillations, other than operating mode frequency (wp). 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 /@ 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:

(5.,

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

o) (2 )
Il

5 = (2.43)

and measured in Ohm/cm?.

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 = R,Q. (2.44)

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

2
P, = RsVa (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 Piq; and @, 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 (246)

Using equation ([2.45)), it becomes:

V2
Ptotal ~ Va--[ + —— Rs (247)

(@)

where [ is beam current and V, is accelerating voltage in a cavity. Surface resistance
for the normal conductor is of the order of 1073 Q whereas in superconductor it is of
the order of 1072 €. Thus, for the same geometry (i.e., geometrical factor and R/Q
are same) power dissipated in normal conductor will be roughly 10° times higher than
superconductor. However, SC option is not as efficient as it seems. It is also necessary
to account for the cryogenic power (P.,,) for real comparison with normal conducting
cavity. Cryogenic power is required to maintain low temperature for preserving SC

state of cavity. The Carnot efficiency (7.) of refrigerator system is expressed as:

T

=300_7" (2.48)

Tle

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

power is:
Py

Ny

Paryo = (2.49)

where n; 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:

e 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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e 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.

e Freedom of cavity design: As power dissipation is not a major concern for
SCREF cavities, its design can be adopted on the basis of requirements of applica-

tion such as :

— HOMSs 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 (T.). 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 T., any external magnetic field up

to a critical magnetic field B, is expelled. This phenomenon of spontaneous exclusion
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of magnetic field upon crossing temperature below T, 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 B.) 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 B, (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
T. and magnetic field is less than B.. SC state is stable only for temperature below T,

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

()

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

BC(T) = BC(O) ) (2'50)

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 B.. 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, B.; and B.y. Below B, these are in the Meissner phase with com-
plete field expulsion while in the range B.; < B < By 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 Bes. 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
11 superconductor

In 1935 London brothers proposed a phenomenological explanation of Meissner-Ochsenfeld
effect of field expulsion at temperature below T, 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 (Az). It is given by the characteristic

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

B () = B (0) (%) (2.51)

m
AL = ]|—— 2.52
g fon.se? ’ ( )

where e is the charge of an electron, m is its mass and ng the number of SC charge
carriers per unit volume. A typical value for the penetration depth in niobium is 32
m [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.
Ne = Ny + N (2.53)

where n,, and n. 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. T'wo 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 (). 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 &y but a gain of magnetic
energy in a thickness Ar. There is net energy gain if \;, > &y. The Ginzburg-Landau
parameter is introduced to distinguish Type I and Type II superconductivity. It is
defined as:

A
k= k. (2.54)
€o
The criterion for Type I and Type II superconductivity is in summarized as:
< 1 T I duct
K — e-1 superconductor
/2 yp p
1
k > —= Type-II superconductor (2.55)

V2

Niobium has k ~ 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 (1) of the electrons in the material.

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

as:
1 1 1
=4 2.56
& & ! (2.56)
Pippard also introduced effective penetration depth which is given as:
Xeff = AL~ ? . (2.57)

This relation reflects that the SC penetration depth increases with a reduction in the
mean free path. For pure (clean) superconductor (I — 0o0) one has £ = &y. In the case of
very impure (dirty) superconductors where [ < &y one has { = [. 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 107 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 (R3¢) [28]. Surface

resistance of super conductor is composed of two terms as given below
R = Ro+ Rpes (T) ; (2.58)

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

A 2w (iz@> , (2.59)

Rpcs =

N

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 2A. It is experimentally observed that below a certain
temperature, surface resistance is higher than the BCS prediction. The additional
temperature independent term Ry 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 R; ~ R.

RF critical field (Bgy): 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] B0] have shown that the
Meissner state can persist even beyond B.;. 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 (Bg,) 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 x 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

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
Bea (2K) ~ 156 mT
By, (2K) ~ 230 mT
B (2K) ~ 297 mT
Thermal conductivity (300K) 53.7 Wm K1
Electrical resistivity (300K) 14.9 pSd.em

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 = 0K (2.60)
PA2K

The approximate relationship between the electron mean free path (I) in Nb as a
function of RRR at T = 0K is [33]:

[(Angstrom) = 27.RRR , (2.61)

Niobium-Tin (NbsSn) [34] is another SC material which appears more favourable since
it has a higher T, of 18.2K and a By, of 400 mT. However, the gradients achieved in
(NbsSn) coated copper cavities were below 15 MV /m. It may be due to the possible
grain boundary effects in the NbsSn layer.

2.7 Limiting mechanisms in high gradient SCRF cavity
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Figure 2.3: E,cc - Qg 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
In ideal situation Qg of cavity remains constant but in practical Qg 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 () 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 § depends on material and surface conditions. It is found that
¢ is higher for any uncleaned surface condition. Dirt and condensed gases dramatically
enhance §.

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 § > 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 (Jpy) and total current (Ipy) are

given as:
2
_ C Begzv(y)
JFN = gbtz(y)E exp ( E (2.62)
Irn = JrNA, (2.63)

where E is the applied electric field, ¢ is work function of the metal, B = 87+/2m./3he
and C= e3/8mh are constants and A is emitter area. v(y) and t(y) are functions of
y = e3E /4megp? 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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e The final cleaning and assembly procedure should be undertaken at stringent dust

free conditions.

e 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~° mbar (He processing).

e 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.

e 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 T, 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 AT as compared to that of the outer surface of cavity (or liquid
helium at the outer cavity wall). It is given as:

d
AT = ¢ <A + Rk> : (2.64)
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where ¢ is the heat flux, d is the thickness of the cavity wall, Ry is the thermal resis-
tance between the outer cavity wall and the cooling helium (often known as Kapitza
resistance) and A 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:

e avoiding the normal conducting defect by extreme care in preparing and cleaning

the cavity surface.
e 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 (£} =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 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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30 Pillbox cavity
R

Figure 2.4: Exploiting symmetry in the geometry - Use of symmetry conditions to

reduce size of a problem.
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2.8 Simulation tools for cavity design

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

e 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 which further puts constraints on the peak surface fields.

e 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 ¢ traveling in presence of electric

and magnetic fields is governed by Lorentz force:

—

— dP — —
F = r =q(E+ U x B); (2.65)

where P and @ 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
(vg, vy, V). Derivative of particle position with respect to ‘s’ is given as :

x,_dx_ ;o @

_ar _ 2.66
g Y 15 (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.
v, >0y and vy > vy (2.67)

Therefore,

v =4[V + v+l ~ v (2.68)

50



2.9 Beam dynamics

taking into account paraxial approximation, equation (2.66)) can be written as following:

P
d;: - g = tanf, ~ 0, (2.69)
o

32::%::mneyz9y (2.70)

In above equations 6, is angle between v, and v,. Similarly 6, is angle between the
v, and vy. Thus, 2’ 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 tg and Wy are time and energy coordinates of reference particle
respectively, all other particles in bunch can be expressed relative to reference particles

as following;:

At = t—t (2.71)
Az = [.ct— By.cty
Az = z—2 (2.72)
Ap = ¢—¢s Vo =2mt (2.73)
and
AW = W -W, 2.74)
_ P-P
0 = 2 (2.75)
Ay = 27 (2.76)
vo

where 2y, Py, vp and ¢, 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 (¢ = 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 ¢ = —7/2 to ¢ = m/2 as shown in Figure

Taking the negative phase into account, consider three particles My, M and My
where M is synchronous particle. M; sees higher field and hence gains more energy
than M while My sees lower field and hence gains less energy than M. In next RF cycle,
M; reaches early than M and thus sees lower field but Ms reaches late due to lower
energy, seeing higher field. This process results in oscillation of M; and Mgy 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 (A¢ and AW) 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 All the stable phase trajectories

are closed and are confined in separatrix.
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4 Ez

stasle fived point separatrix

Figure 2.6: Longitudinal motion of an ion beam.

For the small phase amplitude oscillations, equation of longitudinal motion can be

written as:
dA¢) _ _, AW
ds (By)3.mc A
A
d(d;/V) = q.EyT.sin¢s.A¢ ; (2.77)

where s is abscissa of the beam in the linac path, Ey is average electric field along
the axis, Ty and ¢, are transit time factor and phase of synchronous particle respec-
tively, and A is RF wavelength. Equation ([2.77]) can be decoupled to give second order

differential equation of phase evolution [47]:

*(A¢) 2 d(A¢)
2. Ap =0 2.
42 o ds T ReAe=0 (2.78)
where .
12 _ 27 EoTssin(=¢) (2.79)

2 (By)Bme2
k. is phase advance per meter of the beam core. In a periodic lattice of period L,
0, = k. L is longitudinal core phase advance per lattice. The damping length (<) of the
core oscillations is given as:

¢ = ;Bv (2.80)

d(Bv)/ds
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It is interesting to observe that k, depends on beam velocity. When beam becomes
relativistic, phase advance decreases rapidly. At the limit of (3v)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:
e Random spread of transverse thermal velocities of particles.
e Transverse kick by accelerating structure.
e 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.

2"+ K. (s)x(s) = 0 (2.81)
Y+ Ky(s)y(s) = 0 (2.82)

where
fo_ L 9B 1 0B, 1 (283)

02 Oz 'Fp; Y7 9y Bp’
where p is radius of curvature, Bp = P/e is beam rigidity also called magnetic rigidity,

P is momentum of reference particle and %7 8831 are quadrupole field gradients. It
Y

should be noted that additional focusing term 1/p? in  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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2.9 Beam dynamics

Thus, Hill’s equation remains valid. The solutions of Hill’s equations for ideal periodic

lattice are:

z(s) = \/2JB(s)cos (P(s) + ¢a) (2.84)
P(s) = g i () + 0u) +alejeos (W) + 0] (259)

where J and ¢, are action angle invariants of motion, £;(s) is betatron function, «(s)

= -f;(s)/2 and 1 (s) is the phase advance given by:

1
Bi(s)

The action angle J can be expressed in term of z and 2’ to yield the Courant-Snyder

(51— 59) = / L (2.86)

invariant [48].

2J = y2? + 20z’ + B’ =, (2.87)
where )
1+ a(s)
_1tots) 2.88
M B(s) ( )

a, B and v are collectively called Courant Snyder parameters and commonly known
as Twiss parameters. In phase space (z, x’) particle trajectory forms an ellipse, and
area of this ellipse is given by:

Area = e, (2.89)

where “€” 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 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 (2, y'). This shrinkage of transverse
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Figure 2.7: Courant-Snyder ellipse in (z, 2’) phase space.

beam ellipse is called adiabatic damping. Thus to compare beam quality at different

locations in accelerator, normalized emittance (ey) is introduced which is given as:

en = Bre, (2.90)

where [ and ~ are relativistic parameters. § and -y 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) = % ZZ]\L 1 Xi 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 = z, y or Az:

Beam RMS size: w = <(w - <w))2> (2.91)

Beam RMS divergence: w' = v/ (w’—(w’>)2> (2.92)

~2 2 )1/2‘

Eww = (@2.11)’ — (ww

(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:
1/2

€xn = Py ((x>2 . <:L'/>2 - <xx'>2> . (2.95)
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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:
1/2

& =07 (W) ()" = (w)?) (2.96)

In (z,2’) plane:
&= A2 ((82)7 (a2 - <AzAz’>2>1/ y (2.97)

The beam Twiss parameters can also be deduced from beam RMS dimensions and
emittance as follows:

w e w — (w)) . (w — (W
gtw = 11)72, A’Vth = Qﬁi, aw = _<( < >)~( < >)>, (298)

Ew €w €w

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 and

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. Radial
field at the entrance of gap directs the particle toward the axis but radial field at the
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2.10 High intensity effects in linear accelerator

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(F;) [49] on offset particle due

to time varying electric field in accelerating structure can be expressed as:

F, ~ —qEO.wRiF;qsingbs : (2.99)

2Bcy

where 7 is offset of particle from axis and wrp 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:

e Repulsion of particles being close together in bunch i.e., known as space charge

effect.

e 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 o< (3727 ~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]:
Ocore < 0p < 00 ; (2.100)

where ocore, 0p and og 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 (7).

n=—<1. (2.101)
a0

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 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:

e 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 Zy,q and Typin, the final radius will be

=2 =2
7y = | e Tnin (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.

62

T, = ms, (2.103)

ms
where T, 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:

2 2 2
€xrms _ emiS _ €orms (2 104)
x2 - y2 - 7222 : :

rms rms rms

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.
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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 B¢ = 0.61 and SBg = 0.90.
Shapes of Sg = 0.61 and Bg = 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/@ 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. HOMSs 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:

e 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.

e 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.

e The tilt of the elliptical cavity also increases the stiffness against mechanical

deformations due to pressure applied by helium vapours during operation.

e 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 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 Rpog >
Ry and becomes independent of frequency for Rpog < Ry. 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 Ry 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 Ry ~ Ry. 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.

e Energy gain per cavity: For big aperture of cavity, the distribution of axial

electric field F, for m-mode can be approximated by sinusoidal field distribution,
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given as:

E. = G.cos(kz/Bg) if Nis odd,
= G.sin(kz/Ba) if N is even, (3.1)

— Leav/2 < 2 < Leay /2. (3.2)

Where G is the field amplitude, L¢q, is length of the cavity and N is number of
cells in a cavity. For any arbitrary particle which is moving with relative velocity
B the energy gain per cavity Au(N) is obtained by integrating equation and
together with the phase term, exp(iwt) = exp(ikz/f), over the cavity length. It

is given as:
Au(N) ﬁ?ﬁﬂ/c;ﬁ(g)/fff] cos <WZ§G> , if N is odd,
Au(N) = ﬁ?g/aﬁ((ﬂ;)/ff)j] sin(ﬂ;[gc) if N is even; (3.3)
For 8 = B¢, energy gain is:
G NpgA
Au(N) = 5 (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 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.

e 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 8 ~ 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 energy gain (normalized to maximal energy gain of cavity versus

relative particle velocity (normalized to f¢g) is plotted for different number of
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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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3. DESIGN OF SCRF CAVITY FOR THE PROJECT-X LINAC

cells. It is found that acceleration is maximum for particle velocity close to B¢
i.e., (8/Ba) ~ 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 8/Ba = 1 but at a slightly higher value of 5/8¢. 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 8g can be calculated as follows:

N
Let, ﬁﬁG =z & WT = q; (3.5)
Energy gain for odd number of cells (equation (3.3)) can be expressed in terms

of o and z as under:

4 cos(a
1—;1:2

(3.6)

where ug is energy gain at des1gn beta. Differentiating equation (3.6)) with respect

to z at B8 =Boptimum results:

0

%(AU(N)/UO”ﬂ:ﬂoptimal = 07 T = 1 - 5$|B:60ptimal ’ (37)
1 3 3
e (6z)% — 3a (6x) + o = 0; (3.8)

Since dx is small so equation (3.8) can be solved using only first order term in
dx and neglecting second order term. Solution of equation for the first order of

approximation is given as:

3 _ 6
202  72.N2

6
Boptimal = 6G+BGW (310)

(5.7}0 (3'9)

It can be noticed from equation (3.10]) that deviation of Bopima With respect to
Bg is inversely proportional to square of number of cells in a cavity. Larger the
number of cells, lower will be difference between B,ptimai and B and hence cavity

will perform optimum close to 8.

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 8z 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.

e 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.

e 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 [3.3h. 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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3. DESIGN OF SCRF CAVITY FOR THE PROJECT-X LINAC

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 R., and iris portion is shown by
a, b and R ;s.

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
a. Req is the equatorial radius (or cavity radius), Rj.s is the iris radius and L is
the length of the half cell. As given in equation cell length (2L) is fixed after
deciding operating frequency and reference particle velocity (5¢). In order to obtain
an optimal shape, different cells are designed for opted frequency by varying cavity
geometrical parameters A, B, a, b Rirs, Req and «. 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:

f7r_f0

T — JO

k=2

100% , (3.11)

where f; and fy 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 (‘%E ie.,

fractional change in electric field in cells) in multi cell cavity for N number of cells is

given by the following relation [59]:

<5E"> . Afi N2 (3.12)

E fr k7
where % is relative frequency error for fundamental mode in i** cell. Tt can be noticed
from equation 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 (E,,
H,) to average accelerating field (Eq..) are called field enhancement factors. E,/Eq.
and H,/E,.. are called electric and magnetic field enhancement factor respectively. H,
in cavity occurs around equator region while £, 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
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 (Rjris): 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 R;.;s can be seen in Figure
B-4) for a given set of other parameters. It can be noticed that inter cell-to-cell coupling
would increase with increase in R;.;s of cavity. Figure shows variation in field

enhancement factors with R;.;s and it is clear that enhancement factors also increase
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in iris radius.

4.5

3.5

25 -

1.5

Field enhancement factors

-

—Ep/Eacc
—Bpl/Eacc

48

50

52

54 56
Rifis [mm]

(a)

58

610 -

600 -

550 -

540

530 -

520

*
®,
»
*
48 50 52 54 56 58 60
Riris [mm]
(b)
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Field enhancement factor increases with increase in R;.;s but the R/Q decreases linearly
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74

62



3.1 Design of cavity geometry

with increase in R;.;s. Longitudinal electric field is more focused on axis for smaller
R;ris and hence R/Q is higher for smaller R;.;s which can be noticed in Figure
Therefore, normal conducting cavities are built with smaller R;,;s 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, R;.;s is a critical geometrical parameter
and its correct scaling is necessary to achieve optimal cavity shape. Large R;.;s is
preferred for high current application due to reduced beam losses and simplifying HOMs
damping.

Equatorial radius (R.q): 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 R, without changing any of
the other independent geometrical parameters i.e., L, R;s, A, B, a and b.

Wall inclination angle («): 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 o and
uniformly distributed for large a. 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 The influence of semi
axes of equatorial elliptical arc on field enhancement factors and R/Q is shown in Figure
It can be noticed that electric field enhancement factor weakly depends on aspect
ratio of equatorial elliptical arc. For the fixed value of L, R;;s, 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 «) 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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Table 3.1: Geometry used to understand influence of geometrical parameters of cavity.

Parameters Unit Magnitude

Rivis mm 50
A mm 79
B mm 81
a mm 17
b mm 38
L mm 103.75
Q 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 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 @ 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 T Riris T

High gradient E,/Eucc, Hp/Eaee | Riris 4, AT, at

Low cryogenic R/Q. G 0 Riris 4, AT, at

loads

Low HOMs (R/Q)rom { Riris T

impedance

Table 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 the upper arrow (1) indicates increase while down arrow ({) indicates

7
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decrease and parameters have their usual meaning.

3.1.4 End cell design

iris eiris bp ‘

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 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. R, 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 R, fixed. Optimization of end cell is dictated by following

considerations:

e 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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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:

Ecmax - Ecmin
FF(%) = 100, =gnax__—cmin

; (3.13)
%' Ez‘JL Eei

where; Fopar and Fenin are maximum and minimum of peak fields in a cavity,
E.; is peak field in i*" 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.

e 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.

e 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.

e 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 It can be noticed that

SSRO | SSR1 | SSR2 | TSR | SILC -

A

325 MHz, 2.5 - 420 MeV 1.3 GHz, 0.42 - 8 GeV
Low Energy Section High Energy Section

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 (T'SR).
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 (5¢)
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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 (8g) = 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., B ~ 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. S5 = 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:

e 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 S5 = 0.81,
11-cell cavity is same as the ILC fg =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.

e Availability of power coupler and other components: Power requirements
for 11-cell, SILC cavity is also similar to ILC Bg =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, ajpner and aepg 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
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Table 3.4: 1.3 GHz 85=0.81 11-cell cavity parameters

Parameters Unit Magnitude
Qinner deg. 4.4
Qend deg. 8.6
Rim’s min 36
Beam pipe radius mm 39
Active length mm 1031
k % 2.7
R/Q Q 754
Geometrical factor Q 228
E,/Eqcc - 2.4
B,/ Eqec mT/(MV /meter) 5.0
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Figure 3.11: HOM spectrum <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>