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Zusammenfassung

Die neueste wichtige Verbesserung des supraleitenden Darmstadter Elektronenlinearbeschleuni-
gers (Englisch: superconducting Darmstadt electron linear accelerator, S-DALINAC) erlaubte die
ersten Funktionspriifungen in einem Energieriickgewinnungsmodus (Englisch: energy recovery
linac, ERL) durchzufiihren. Der Betrieb eines Beschleunigers als ERL stellt strenge Anforderun-
gen an viele Bestandteile des Beschleunigers sowohl die Qualitdt des beschleunigten Strahls
betreffend als auch insbesondere an die Energieverteilung innerhalb des Teilchenpakets. Gegen-
wartig wird eine erhebliche Energieverteilung in der Capture Section des S-DALINAC beobachtet.
Diesbeziiglich soll die Capture Section des S-DALINAC Injectors verbessert werden, damit das
Wachstum der Energieverteilung verringert wird.

In dieser Arbeit wird der Entwicklungsprozess einer reduzierten-{3-Kavitdt mit 6 Zellen dis-
kutiert. In diesem Fall ist das Design der SRF-Kavitat nicht auf Simulationen des elektromagne-
tischen Feldes begrenzt. Es beinhaltet zudem Berechnungen der longitudinalen Strahldynamik
und eine Untersuchung des mechanischen Kavitdtsmodells. Die zentrale Herausforderung be-
stand darin, einen optimalen Verbesserungsvorschlag zu finden, der den widerspriichlichen An-
forderungen mit minimierten Investitionskosten gerecht wird. In der Arbeit werden Ergebnisse
von multiphysikalischen Simulationen und einer qualitativen Analyse diskutiert, die erlauben,
Entscheidungen in Bezug auf Design der SRF-Kavitit zu treffen. Erwartungsgemal3 wird die vor-
geschlagene 6-zellige SRF-Kavitdt Ende 2019 hergestellt. Die Inbetriebnahme ist fiir das Jahr
2020 geplant.







Abstract

A recent major upgrade of the superconducting - Darmstadt linear accelerator (S-DALINAC)
allowed to conduct the first operational tests in an energy recovery linac (ERL) mode. The ERL
operating regime imposes strict requirements for many accelerator components as well as for
the accelerated beam quality and the beam energy spread in particular. At present, a significant
beam energy spread is being observed in the capture section of the S-DALINAC. In that regard,
the capture section part of the S-DALINAC injector needs to be upgraded in order to reduce the
beam energy spread growth.

In this work, the 6-cell reduced-f3 cavity development process is discussed and a final cavity
design is proposed. The SRF cavity design is not limited by electromagnetic field simulations,
but also includes the longitudinal beam dynamics computations and the cavity mechanical model
investigation. The main challenge was to find an optimal upgrade solution that would satisfy
contradictory requirements with minimised investments costs. The results of multi-physics sim-
ulations and qualitative analysis that allowed to make decisions related to the SRF cavity design
considerations are discussed. The suggested 6-cell SRF cavity is expected to be manufactured
by the end of 2019. The cavity commissioning tests are planned in 2020.
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1 Introduction

One of the first charged particle accelerators have been developed in the early thirties
of last century with the aim of conducting fundamental studies in the field of nuclear
physics. From the beginning of particle accelerator development and to the present day;,
the attained maximum energies of the accelerated charged particles increased linearly
with the years [1]. The rapid development of accelerator science and the desire to in-
crease the maximum energies of the accelerated particles was not a goal in itself, but
it has been dictated by the development of nuclear physics and the high energy physics
that emerged from it. The first accelerators made it possible to accelerate particles to
energies of the order of several MeV. Presently, the beam in the Large Hadron Collider
(LHC) reaches a maximal energy of 6.5 TeV.

In addition to the use of charged particle accelerators in fundamental research, particle
accelerators have been designed for other purposes as well. One of the most important
applications is found in the field of medicine. For example, relatively compact accelera-
tors are used for proton therapy of human cancer [2]. In addition, particle accelerators
are widely used for safety screening systems [3] and sterilisation of medical devices and
food [4].

In general, particle accelerators can be distinguished in two categories: linear and
circular. The accelerator type is defined by the trajectory of the accelerated particles.
Accelerators of charged particles are complex and are often large installations that con-
sists of many components. Nevertheless, it is possible to list some of the key components
that are present in most of the accelerators today: particle sources, radio-frequency (RF)
cavities that provide the energy to particles, and magnets, which are used to guide the
particles beam. This work is dedicated to the RF cavity development for the Supercon-
ducting - Darmstadt Linear Accelerator (S-DALINAC) in order to improve the quality of
the accelerated electron beams.

1.1 S-DALINAC

One of the contemporary charged particle accelerators used for fundamental research
in nuclear physics is the S-DALINAC, which is one of the first operational superconduct-
ing accelerators® worldwide [5]. The S-DALINAC layout is illustrated in Fig. 1.1. The
principle of its operation can be explained in the following way. Depending on the ex-
periment type, the electron beam is either produced by a thermionic gun (TG) with an
injection energy of 250 keV or by a spin-polarised electron gun (SPG) with an injection
energy? of up to 200 keV [6]. After the particle stream is produced by one of the guns
it is guided to the beam preparation section, where it is formed into an electron bunch

Historically, S-DALINAC is the third superconducting accelerator in the world.

2 With taking into account the planned SPG upgrade.
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Figure 1.1: Floorplan of the S-DALINAC.
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train with a bunch repetition rate of 3 GHz and an individual bunch length of 5 pS rms.
Further on, the beam is accelerated to an energy of up to 10 MeV by the injector linac that
consists of three superconducting radio-frequency (SRF) accelerating cavities operated
at a resonance frequency of 3 GHz. After that, the beam can be either transferred to the
low-energy experimental area, or the beam trajectory is bent by a magnetic field, that is
produced by magnets, in a way such that the beam enters the main linac, where it is ac-
celerated to an energy of up to 40 MeV. Further on, the 40 MeV beam can be transferred
to the experimental area or it can be further accelerated in the main linac a second, third
and fourth time up to an energy of 130 MeV using three recirculation beam-lines (F1,
T1, S1).

The third recirculation beam line (S1) has been installed in 2016. The installation
allowed to operate SRF cavities of the main linac at a lower accelerating gradient and, as
a consequence, allowed to reduce the cryogenic load of the main linac. In addition, and
most importantly, the third recirculation beam-line allowed to operate the S-DALINAC in
the Energy Recovery Linac (ERL) mode [7]. Thus, besides experiments such as electron
scattering, it became possible to carry out ERL tests of the accelerator and to investigate
its performance in this operating regime.

Presently, a significantly increased energy spread of the accelerated beam is being ob-
served at the S-DALINAC. The beam energy spread growth originates from the capture
section of the S-DALINAC injector linac that is implemented in order to pre-accelerate
the low-energy electron beams. The reason for the increased energy spread growth is
explained by two factors. First, one of two SRF cavities of the capture section is per-
manently out of operation due to technical reasons and, at the moment, the beam is
captured by an SRF 5-cell §,= 1 cavity. Besides the absence of the necessary synchroni-
sation between the accelerating field of the 5-cell cavity and the beam, recently, a notable
transverse mechanical deformation of the 5-cell cavity has been reported. The transverse
cavity deformation leads to a beam acceleration with an off-set from the designed beam
trajectory. This leads to a significant growth of the beam transverse size. As a result, the
beam quality does not match the designed values at the S-DALINAC.

The goal of this work is to develop a new SRF accelerating cavity in order to replace
the 5-cell cavity with the aim to improve the quality of the beam at the S-DALINAC. The
motivation for the upgrade is discussed in detail in Chapter 3. In general, the SRF cavity
design mainly includes electromagnetic field simulations. However, the new cavity is in-
tended to accelerate low energy electron beams with relative velocity values of 0.7 (70
% of the speed of light ¢). In that regard, a longitudinal particle beam dynamics inves-
tigation is required due to the significant beam velocity changes during the acceleration
in the capture section. Furthermore, the new SRF cavity must be stable and reliable in
operation. Hence, a careful analysis of the mechanical behaviour of the new cavity has
been carried out.

The complex multi-physics design challenge in this work has been convoluted by the
minimised investment cost requirement for the capture section upgrade. Several cavity
layouts have been considered for the upgrade. The outcome of this dissertation is the
proposal to replace the 5-cell f,= 1 cavity with a 6-cell reduced-f3 SRF cavity. The re-
placement will allow to accelerate the beam in the capture section to velocities of up

1.1 S-DALINAC 3



to B = 0.97 with a minimised relative energy spread growth. Taking into account the
fact that the beam energy spread originating from the injector linac can not be corrected
in the main linac, the capture section upgrade will improve the overall beam quality at
the S-DALINAC. The investment costs has been minimised by designing a cavity that is
compatible with the present cooling cryostat and tuning system of the 5-cell cavity.

4 1 Introduction



2 Charged Particles Acceleration in the
Radio-frequency Fields

Presently, radio-frequency (RF) cavities are implemented in order to increase the energy
of the charged particles in particle accelerators. The core part of this work is dedicated
to superconducting RF (SRF) cavity design. Due to the fact that the new SRF cavity is
intended to accelerate low energy electron beams, the beam quality of which is especially
sensitive to the electric field errors in RF cavities, some theoretical aspects of longitudinal
beam dynamics in the RF field are introduced shortly in Section 2.1. For the extensive
theory related to the beam dynamics in particle accelerators the reader is referred to
[8] and [9]. Further on, the RF cavity fundamentals as well as the principle differences
between normal conducting RF cavities and SRF cavities are discussed in Section 2.2 and
Section 2.3, respectively.

2.1 Some Aspects of the Longitudinal Beam Dynamics in RF Linear
Accelerators

A particle accelerator, in which the trajectory of accelerated charged particles is repre-
sented, in general, by a straight line, is classified as a linear accelerator or linac. The
motion of a particle with velocity 7 and charge q is determined by the Newton-Lorentz
equation:

ﬁzd—p:q(ﬁ+ﬁx§). (2.1)

dt

The magnetic field B determines the trajectory of the particle, while the electric field E
determines its energy gain.

Currently, most commonly used devices for charged particles acceleration are RF res-
onators (cavities) operated with time-harmonic standing electromagnetic waves. The
electromagnetic field distribution in resonators is chosen in a way such that the magnetic
field is absent at the particle trajectory and the electric field has a component with a
direction along the particle motion. Hence, for a particle accelerated in the accelerating
RF cavity, (2.1) can be written as:

ﬁ: :qE'. (2-2)

&S

Now, consider the standing electromagnetic wave in the RF resonator that consist of a
single accelerating RF gap with the electric field distribution, as it is schematically shown
in Fig. 2.1.
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Figure 2.1: Left: Electric field distribution in the gap. Right: Electric field amplitude as a function
of the longitudinal coordinate.

Next, assume that the charged particle only interacts with the electric field on the
central axis z of the RF gap that is expressed as:

E,(r,z,t) =E,(0,2,t) = E,(z)cos(wt(z) + ¢), (2.3)

where t(z) = f ; dez) dz is the time at which the particle is at z and E,(2) is the longitudinal
electric field amplitude at z. The particle’s origin is chosen within the gap at time ¢t = 0.
For convenience, also assume that the RF phase ¢ of the RF field is relative to the field
crest. The particle travelling along the z axis will interact with the electric field and will

obtain the following kinetic energy gain [10]:

1/2
AW = qf E,(z)cos(wt(z)+ ¢p)dz. (2.4)
—1/2

The particle travels with the finite velocity through the time varying electric field in the
gap. Hence, the particle will not always ’see’ the maximum field amplitude during its
transit along the gap. In other words, a particle that is accelerated in a constant direct
current (dc) field will always gain more energy, in comparison to a particle that is ac-
celerated in a time-varying field with the same electric field amplitude, regardless of RF
phase ¢ choice. Thus, the total particle energy gain in the RF gap is decreased by a
certain factor, that is called the transit-time factor T. In this case T can be expressed as
follows:

1/2
T— particle energy gain (v = f3c) f_l/z E,(z)cos wt(z)dz

~ particle energy gain (v — c0) iﬁz E,(2)dz

(2.5)

Taking into account the transit-time factor, and by defining the axial RF gap voltage V),

1/2
Vo= qJ E,(z)dz, (2.6)
—1/2
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expression (2.4) can be written as follows:

AW =qV,T cos ¢. 2.7)

Analysing (2.7), for the RF phase ¢ = 0, the particle is accelerated on the electric field
crest and gains maximum possible energy gain. If ¢ < O the particle arrives earlier than
the field crest and later if ¢ > 0. Therefore, for a stable acceleration in N+1 RF gaps
(e.g multi-cell RF cavity) the particle motion must be synchronised with the electric field
phase.

The Phase Stability Principle has been introduced by V. Veksler in 1944 [11] and inde-
pendently by E. McMillian in 1945 [12], who constructed the first electron synchrotron.
The principle will be explained qualitatively using an example that describes the acceler-
ation of the non-relativistic electron beam in the periodic standing-wave RF structure.

First, consider an array of (N+1) identical RF gaps connected by beam tubes without
fields inside of these tubes. Also assume that the length of these beam tubes is matched
with the beam velocities that increase after each RF gap (e.g, Alvarez-type Drift Tube
Linac [10]). Assume now that there is a particle (S) with a velocity that is perfectly
synchronised with the electric field oscillation in these gaps, in a way such that it will
enter each gap at the RF field synchronous phase ¢, (see Fig. 2.2). This particle is called
a synchronous particle and the phase ¢, is the stable operating RF phase. A particle (L)
that will arrive in the same gap later the synchronous particle will gain more energy,
hence, in the following RF gap it will arrive earlier the synchronous particle. A particle
(E) that arrives earlier the synchronous particle will gain less energy and will arrive later
in the following gap. In that way, particles are oscillating near the synchronous particle
within the stable phase range. A particle (U) that arrives at a phase earlier or later
the synchronous particle (7 — ¢,) is clearly unstable, since it will deviate further away
from the synchronous phase (7w — ¢,) in the following gaps. Thus, for a stable particle
acceleration in the RF linac, the synchronous phase ¢, is chosen at the positive wave
slope. The principle of off-crest acceleration is useful for the acceleration of an electron
beam with non-relativistic velocities. While for the acceleration of a relativistic electron
beam, on-crest acceleration is preferred.

The described phase stability principle is especially important due to the fact that dur-
ing the acceleration, particles are gathered into separate bunches and then accelerated
in the RF field. Depending on the accelerator specifications, a single bunch might be
formed by a number of particles of 10°> up to 10'2. In a single bunch there is only one
synchronous particle with a synchronous phase ¢,. Hence, a single bunch is characterised
by a particular energy spread. The beam phase space, in general, represents all particles in
the distribution in the chosen two-dimensional coordinates. The particle energy is used
as a longitudinal variable for the bunch longitudinal phase space. Typically, in order to
analyse particle properties in the beam phase space, their parameters are calculated as a
deviation from the ideal (synchronous) particle parameters.

Due to large amount of data, statistical methods are typically implemented to post-
process the particle’s distribution of the bunch in order to characterise its properties. In
this work, the bunch dimensions are described by the rms values (o, 0y,0,), as shown

2.1 Some Aspects of the Longitudinal Beam Dynamics in RF Linear Accelerators 7
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Figure 2.2: Qualitative picture explaining the phase stability principle.

schematically in Fig. 2.3 for the case of a Gaussian beam distribution. The beam lon-
gitudinal phase space can be represented as the beam relative longitudinal energy spread
(AE/E) as a function of time t, where AE [eV] is the beam rms energy spread and E [eV]
is the beam average energy. In this case, the time At = 0 characterises the synchronous
particle and the rest of particles are located within the range +At and £A(AE).

X N ~ .

Figure 2.3: Schematic illustration of a Gaussian beam distribution in 3-D with indicated longitu-
dinal rms bunch length o,.
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2.2 RF Cavity Fundamentals

The goal of this section is to shortly discuss the important figures of merit that describe the
accelerating RF cavity performance. In Section 2.2.1 analytic expressions that describe
electromagnetic fields of a simple RF cavity are presented. Further on, by knowing the
electromagnetic field distribution in the cavity, the key parameters of the cavity are in-
troduced. For a well explained theory of electrodynamics, the reader is referred to [13].
The theory related to RF cavities for particle acceleration is discussed in detail in [10]
and [14].

2.2.1 Electromagnetic Fields in the RF Cavity

The RF cavity, in general, is a volume surrounded by a metal conductor that supports the
oscillation of time-harmonic electromagnetic fields with different resonance frequencies.
The electric and the magnetic fields behaviour is governed by Maxwell’s equations. In a
space that is free of charges and currents, they can be expressed as follows:

V-B =0 (2.8)
VXE+8—B =0 (2.9)

at

vV-D =0 (2.10)
VXFI—a—D = 0, (2.11)

ot

where E and H is the electric and the magnetic field, respectively. The electric field
displacement D and the magnetic induction B, in case of fields considered in vacuum,
are expressed as:

g0 (2.12)
poH, (2.13)

by O

where ¢, and u, are constant values that represent the vacuum permittivity and vacuum
permeability respectively (cgyu, = 1).
Assuming a harmonic dependence in time (e7*%) (2.8) - (2.11) can be reduced to':

VXE—iwB=0 (2.14)
v x§+iwu080]§:0. (2.15)

Combining (2.14) and (2.15) together, the wave equations are obtained and written as:

1 For the reminder, the electric field behaviour is considered in vacuum where & = g, and u = u,

2.2 RF Cavity Fundamentals 9



V2E + poeow?E =0 (2.16)
V2B + uyeow?B = 0. (2.17)

In cylindrical coordinates, the solution of wave equations are plane waves:

E(#,t) = E(p, ¢)ellz=t) (2.18)
B(?,t) =B(p, $)e' 1, (2.19)

where k is the wave number.

In Section 2.1 a simple standing wave RF gap has been considered for particle accel-
eration. The simplest RF gap can be represented by a cylindrical cavity with radius R
and length L. made of a perfect electric conductor with two openings and the beam tubes
attached at the cavity end-plates that allow the particle beam to enter and leave the cav-
ity. The described structure is referred to as a pillbox cavity and it is one of the simplest
accelerating RF cavity shapes. A solution of the wave equations for such structure can
be obtained analytically. For that, the beam openings are neglected and the following
boundary conditions are implied:

AixE=0,i-H=0, (2.20)

where i is a vector that is normal to the inside surface of the cavity.

The eigenmodes that are obtained by solving the wave equations for the pillbox cavity
are classified in three wave types: TM (transverse magnetic) modes (B, = 0) and TE
(transverse electric) modes (E, = 0). For the acceleration of charged particles it is obvious
that the field configuration of a standing wave TM mode is the optimal choice. The
standing wave TM mode exists in the pillbox cavity when the azimuthal and the radial
electric field components vanish at z = 0 and z = L. This implies:

k,L = pm, where p € Z. (2.21)

10 2 Charged Particles Acceleration in the Radio-frequency Fields



The field components of the standing wave TM modes in the pillbox cavity are written
as follows:

E, = EyJ, (jmn%) cos(m¢) cos (I)Lﬂ) elwt (2.22)
E, = —Eofmi}zﬂn(]’mn%)cos (mqb)sin(pLﬂ) 't (2.23)
E, = —EOI;,;:EZJ; (jmn%) sin (m¢)sin (I’Lﬂ) elet (2.24)
B, = 0 (2.25)
B, = E, \/%;ipcz% (jmn%)sin(md))cos(l%) elwt (2.26)

iwR y ( Q) (&) iot

E, m_mnchm Jmn g | €08 (m¢)cos ) e (2.27)
where J,, is the m-th Bessel function and J its derivative, j,,/j  is the n-th root of
Jm/J! . The electric field amplitude is given by E,. The integer numbers m,n,p are used
for the mode classification the following way: TE,,, and TM,,,, modes. The number
m indicates the number of the corresponding field anti-nodes in the pillbox cavity in
azimuthal direction ¢, number n stands for the number of field anti-nodes along radial
direction p and p corresponds to the number of anti-nodes in the longitudinal direction
z. The resonant frequency of the TM,,,,, mode is defined by (2.28).

- {(5) ()

In the case when L /R < 2.03, the pillbox cavity lowest resonance frequency corresponds
to the TM;;, mode which has only one field anti-node in z direction. The TM;;, mode is
one of the most common operating modes in RF cavities that is used for particle acceler-
ation. Due to the lowest resonance frequency, the TM,;, mode is sometimes referred as
the cavity fundamental mode. In addition, the TM,;, mode can be also referred to as the
cavity accelerating mode. The electric and the magnetic field components of this mode
are expressed as follows:

2.405 .
E, (2.405 .
Hy = —iZ—OJl( - P )e_“"t, (2.30)
0
where
7, = ? ~376.7 [Q], (2.31)
0

2.2 RF Cavity Fundamentals 1



is the impedance of free space.
The electric and the magnetic field maps of the TM;, mode in the pillbox cavity with
beam tubes being neglected are shown in Fig. 2.4.
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Figure 2.4: Illustration of the electric and the magnetic field distribution of the TM;;, mode in

the pillbox cavity.

2.2.2 RF Cavity Parameters

In the previous section the electromagnetic fields of the TM,;, mode have been described
analytically. Modern RF cavities have complex shapes. Due to that, for most of them, it is
impossible to obtain an accurate analytic solution of the wave equations. In order to solve
wave equations for RF cavities of complex shapes it is necessary to use electromagnetic
field simulation software, such as e.g. CST MWS Studio® [15].

When evaluating the RF cavity parameters, in both, computations and experimental
measurements, it is necessary to obtain the longitudinal electric field distribution on the
cavity central axis in the first place, since most of the cavity parameters are defined by
referring to the axial electric field profile E,(z). In order to explain some of the RF cavity
parameters, the pillbox cavity is used as the reference cavity, due to its simple geometry.

The pillbox cavity accelerating TM,);, mode resonance frequency is given by

2.405c¢

N (2.32)

Wo10 =

It is easy to see that the resonance frequency only depends on the cavity radius R. In
particle accelerators, the choice of the resonance frequency is typically motivated by the
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bunch repetition rate, in order to provide the synchronisation between the RF field and
the accelerated particles.

The importance of the cavity electric field profile along the accelerated beam trajectory
z have been mentioned previously. One of the most important figures of merit is the
cavity accelerating voltage. This parameter becomes even more important in case if one
RF cavity consists of (N+1) coupled accelerating cells (RF gaps). In this case the cavity
accelerating voltage will represent a sum of the accelerating voltages in each cavity cell
characterising the full cavity acceleration performance. In case of the considered pillbox
cavity with the beam trajectory that corresponds to the cavity central axis z, the cavity
accelerating voltage is defined, by taking into account the finite particles velocity f = v/c,

as
L/2 iwgz
f E,(2)e Pc dz

—1/2

Vace = s (2.33)

where wy = 27f is the resonance frequency of the accelerating mode.

Due to the fact that the electric field amplitude at the central axis of the pillbox cavity
is constant E,(z) = E, = const, the analytic estimation of the accelerating voltage can be
obtained for the pillbox cavity, with the beam tubes being neglected, as follows:

. [ woL

L2 g S 2B¢
e Be dz NN

—L/2 (w_o)

2fc

For simplicity, the considered case of the pillbox cavity consists of only one accelerating
cell. While in practice, these structures are typically formed by series of coupled accel-
erating cells. Hence, it is obvious that the cell length should be matched with the beam
velocity and with the cavity resonance frequency. The so-called synchronism condition
has been formulated by R. Wideroe [16]. For a multi-cell pillbox cavity and RF cavities
that are designed in a similar way, which are operated with the TM;,; mode, the length
of the accelerating cells is chosen as follows:

Vacc - - EO - LEO (2.34)

L/2 iwpz
J E,(z)e Fc dz
—L/2

_ P2

L ,
2

(2.35)
where A is the wavelength. The value of 8 is typically chosen as the average relative
velocity of the beam accelerated in the cavity. When characterising the cavity, the chosen
value of 3 in (2.35) is sometimes referred as the cavity geometric beta or Bg-

The cavity average accelerating gradient is expressed as,

V.
Egee = =15, (2.36)

here, worth noting, that with the presence of the beam tubes the cavity effective length
L.g should be specified as well along with accelerating gradient value.
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Another important the cavity parameter is the quality factor Q, that is defined as

energy stored in the cavity U
Q = wy — , - = wo—. (2.37)
power dissipated in the cavity walls Py

At any given time instant, the time-averaged energy in the electric field equals the time-
averaged energy stored in the magnetic field. The total energy stored in the cavity is
written as

1 ) 1 )
UZEMOL |H|2dV=§sofV|E|2dv, (2.38)

where V is the cavity volume. The power losses due to the cavity walls finite conductivity
can be estimated as

Py= %Rsf A" ds, (2.39)
S

where R, is the surface resistance of the cavity material.
The value of Q, also defines the resonance bandwidth of the cavity:

Qo= —2 (2.40)

CAw’

where Aw is the bandwidth of the resonance at the half-power value point.

In most of the practical cases the cavity material surface resistance becomes known after
the cavity is manufactured. Due to that, the cavity parameters that describe the cavity
performance depending on its geometry and independent of the RF losses are convenient
during the RF cavity design stage. The cavity geometry factor is independent of the cavity
size and material and only depends on the cavity shape, hence, it allows to compare the
performance of different cavities. The cavity geometry factor is defined as

G :RSQO' (2.41)

One of the most critical cavity geometry dependent figure of merit is the R-over-Q value.
This quantity is a measure of how efficiently the electric field of the cavity accelerating
mode interacts with the beam i.e., how efficiently the beam is accelerated at a given
amount of the cavity stored energy. The R-over-Q value is expressed as

2
R_IE_ 1 Vacc

Q Q 2nfU’
where Ry, is the cavity effective shunt impedance. In this work, the following effective
shunt impedance definition is used:

(2.42)

Ry, = - (2.43)

14 2 Charged Particles Acceleration in the Radio-frequency Fields



The R-over-Q value only depends on the RF cavity shape (geometry) and independent of
the RF losses. The higher the R-over-Q value, the more efficiently the RF cavity accelerates
charged particles.

Multi-cell cavities are discussed in the following chapters and the additional figures of
merit will be introduced in Chapter 4. In addition, some of the theoretical aspects related
to the RF power transmission from the RF power generator to the RF cavity are discussed
in Chapter 4, Section 4.4.

2.3 Normal Conducting and Superconducting RF Cavities

Normal conducting cavities are typically made of copper due to its high electric conduc-
tivity. Typical values for the quality factor of normal conducting RF cavities are in the
range of 2 - 10%. In addition, approximately 40 - 60 % of the RF power is dissipated
in well prepared normal conducting cavity walls. The RF losses (2.39) in the normal
conducting structure depend on the material surface resistance, written as

1

=, 2.44
=5 (2.44)

RS

where o is the material electric conductivity and & is the skin depth expressed as

5=\ 2 (2.45)
Cl)uoo'

The main advantage of normal conducting cavities is the possibility of operation in the
pulsed regime with high accelerating gradients. On the other hand, taking into account
high amounts of the dissipated power in the normal conducting cavity walls, the cavity
can be operated at relatively low accelerating gradients (E,.. up to 1 MV/m) in contin-
uous wave (CW) regime, in order to avoid overheating of the cavity walls. Hence, in
CW regime, normal conducting linear accelerators must be designed with long enough
longitudinal length in order to accelerate particles to high energies.

Integration of the superconductivity to modern high-energy accelerators allowed to
provide a very efficient particle acceleration in the CW regime. Superconductivity, in
general, is a term that is related to the phenomenon of zero electrical resistance? that
has been found to occur in certain metals at particular conditions, that are characterised
by critical transition temperature T,, at which a metal becomes a superconductor. While
superconductors are free of losses in case of the Direct Current (DC), the same does not
apply in case of the Alternating Current (AC) regime, especially in case of RF cavities
that are typically operated at the resonance frequency range of 300 MHz and higher.
Superconducting radio-frequency (SRF) cavities are typically made of the type II super-
conductor niobium (Nb) due to its moderate value for the critical temperature T, of 9.2 K.
Presently, a well established technique that allows to cool down the cavity to an operating
temperatures of 2 K and 4.2 K is available. The technique implies that the SRF cavity is

2 In case of the direct current.

2.3 Normal Conducting and Superconducting RF Cavities 15



operated in a cryostat [14] that maintains the required operating temperature inside us-
ing liquid helium bath. The SRF cavity surface current behaviour in the superconducting
state is described by the Bardeen—Cooper—Schrieffer (BCS) theory [17].

Moreover, the cavity made of niobium has an additional temperature-independent sur-
face resistance that is referred as residual resistance R, that originates from contamina-
tion of niobium by another material causing trapped magnetic vortices [18].

As a result, the total surface resistance of the SRF cavity can be written as follows,

Rslsc =Rpcs(f,T) +Ry, (2.46)

where Rpcg is the temperature and frequency dependent BCS surface resistance.

Therefore, SRF cavities are not fully free of RF losses. However, the typical R, values
for SRF cavities made of Nb are in the range of 10 n{2 up to 100 nf2 [19]. The very low
surface resistance allows to operate a well prepared SRF cavity with a very low amount
of RF power dissipated in the cavity walls and, as a consequence, with very high quality
factors of 10° up to 10!, while obtaining the accelerating gradient of up to 50 MV/m.
Hence, the implementation of SRF cavities for the operation in CW or long-pulsed regime
has an obvious advantage in comparison to the normal conducting RF cavities.

It is obvious that the increase of the accelerating gradient E,.. in SRF cavities, allows
to significantly reduce the accelerator investment and operational costs. Over the past
40 years the accelerating gradients of SRF cavities have been successfully increased from
5 MV/m up to 55 MV/m. This was done by overcoming parasitic cavity phenomena such
as multipacting and field emission, which typically arise at specific ranges of E,.. values,
that are proportional to cavity peak magnetic and electric field at its inside surface. This
was done by optimising SRF cavity shapes and by introducing special surface treatments
to the SRF cavity inside surface. As mentioned previously, up to date, most SRF cavities
that are currently in operation, are made of Nb, which is characterised by the empirical
surface magnetic field limit of 210 mT (at T. = 9.2 K ), at which the SRF cavity is affected
by the thermal breakdown and leaves the superconducting state. It is worth noting that
besides the empirical magnetic field limit, local thermal instabilities can occur due to very
small defects of the cavity inner surface. In case when the cryogenic load arising from
the cavity overheated local spots, exceeds the designed cryogenic limits, the SRF cavity
can loose the superconducting state at the peak magnetic fields lower then the designed
limit.

Presently, in order to overcome the problem of the empirical magnetic field limita-
tion, other superconducting materials (e.g. Nb alloys) are investigated for SRF cavity
fabrication. Some of the suggested materials are characterised by higher limits of the
peak surface magnetic field and, as a consequence, higher accelerating gradients can be
achieved in comparison to SRF cavities that are made of Nb. The problem of achieving
very high accelerating gradients of SRF cavities is beyond the framework of this work.
Hence, for more details regarding the ultimate accelerating gradient limitations it is sug-
gested to consider the following sources for more details [20], [21], [22].
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3 Upgrade of the Capture Section of the
S-DALINAC Injector

A two-cell cavity that is part of the capture section of the S-DALINAC is permanently out
of operation due to technical reasons. The two-cell cavity was installed in order to pre-
accelerate low energy electron beams such that the mismatch in phase in the following
5-cell cavity is minimised. The length of the accelerating cells of the 5-cell cavity is
determined by the value of 8, of 1, while the beam velocity correspond to the value
of B of 0.7. Due to that, the largest longitudinal energy spread growth of the beam
at the S-DALINAC is originating from the capture section. Moreover, the beam energy
spread that originates from the injector linac can not be corrected in the non-isochronous
recirculation regime in the main linac [23]. Therefore, a replacement of the capture
section by a new RF system is necessary in order to minimise the beam longitudinal
energy spread at the S-DALINAC.

In this chapter the performance of the current setup of the capture section is examined.
The necessary criteria for the new accelerating cavity will be introduced based on the
existing limitations. Further on, an optimal cavity type is evaluated using the qualitative
and quantitative approach.

3.1 Current Setup of the Capture Section

The injector of the S-DALINAC consists of the capture section and the main injector linac
(see Fig. 3.1). The aim of the capture section is to provide the first energy to the electron
beam so that it enters the main injector linac with almost the speed of light c. In the main
injector linac the beam is accelerated in two 20-cell 8,=1 SRF cavities to energies up to
10 MeV.

Capture section / Main injector linac i

7=00==00000

[

Figure 3.1: The layout of the S-DALINAC injector.

Presently, the capture section consists of a 5-cell 8,= 1 SRF cavity (see Fig. 3.2 and Fig.
3.3) and a 2-cell ;= 0.85 cavity, implemented to pre-accelerate the beam in addition to
the 5-cell cavity. Both of them are hosted in the same cryostat (see Fig. 3.4). The 2-cell
cavity is no longer in operation due to a technical problem with an RF power input-
coupler. The modification of the coupler would require a new cryostat. This leads to the
fact that the beam with an energy of 200 keV is directly delivered to the 5-cell cavity.
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Figure 3.2: Photograph of the 5-cell f,=1 cavity in the tuner frame.

, 253.00 mm .

Figure 3.3: 3-D CAD model of the 5-cell f,=1 cavity.

o™ / § e - 1
Figure 3.4: Photograph of the crystoat (red) that hosts the 5-cell f,=1 cavity and the 2-cell
Bg=0.85 cavity together with the RF power input-coupler for the 5-cell cavity (green).
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The acceleration of an electron beam with an energy of 200 keV (= 0.7) was studied
for the 5-cell cavity by particle tracking simulation. Figure 3.5 shows the results of a
computation which includes the energy gain and relative energy spread growth of the
beam. The energy spread growth is estimated by using (3.1).

AEout(z) . AEin
Eout(z) Ein

6p(z)= (3.1)

In the simulated model the value of the peak electric field at the axis of the cavity
is equal to 10 MV/m. The results were obtained for the initial RF phase ¢gg, of the
accelerating mode at which the maximum possible energy gain of the beam is given. The
key input parameters of the cavity that were used in this computation are collected in
Table 3.1.

Analysing the results one can see that the 5-cell cavity fails to provide the necessary
energy gain of 1 MeV. Only in the second cell (0.12 m < z < 0.17 m) a stable beam accel-
eration is observed. In the rest of the cells the beam experiences not only an accelerating
but also a decelerating electric field. This is caused by the absence of synchronisation
between the RF EM field and the beam. The length of the accelerating cells does not
match to the velocity of the beam. When the RF phase changes, the electric field points
in the opposite direction which leads to a loss of energy of the beam (e.g. regions around
z=0.1 m, z =0.35 m). The relative energy spread of the beam increases because of the
mismatch in phase. This means that the current setup of the capture section fails to pro-
vide the necessary beam parameters, which disables the operation of the Spin Polarised
electron Gun (SPG) at the S-DALINAC.
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Figure 3.5: Illustration of the results of the particle tracking simulation for the 5-cell 3, = 1
cavity. The average kinetic energy E of the beam is shown at the left and the energy
spread growth 6 is shown at the right.
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Parameter Value
Accelerating mode TMop10
Phase advance 0, rad T
Resonant frequency f, GHz 3
Geometric beta f3, 1
Peak electric field on axis Ey, MV/m 10
Field flatness 1, % 1.8

Table 3.1: The parameters of the 5-cell 3=1 cavity that were used in the particle tracking simu-
lation.

Besides the inability to use the SPG as a beam source and carrying out the correspond-
ing experiments at the S-DALINAC one should consider the factor of age of the 5-cell
cavity. The S-DALINAC has been operated since 1991. With time the quality of the inside
surface of the 5-cell cavity went down. Often it is affected by quench which limits the
operation of the accelerator. Recently it was reported that the structure is affected by a
plastic deformation at the connection of the beam tubes to the end-cells.

Thus, to provide stable operation of the S-DALINAC in standard and ERL modes along
with allowing the use of the spin polarized gun (SPG) as electron source, it is necessary
to develop a new accelerating structure to replace the 5-cell cavity. The new accelerating
cavity should match the necessary requirements that are discussed in the next section.

3.2 Requirements for the New Cavity

The requirements for the upgrade are ruled by the operating parameters of the S-
DALINAC, the existing limitations and the investments costs. The following criteria were
defined for the new RF cavity:

1. Operating frequency. The resonance frequency of the TM;, mode of the cavity is
chosen to be the S-DALINAC operation frequency f =3 GHz.

2. Energy acceptance. The energy acceptance of the cavity must cover the range from
200 keV up to 250 keV.

3. Amplitude of the accelerating field. The peak amplitude of the electric field on
the axis of the accelerating mode should be kept below or equal to 10 MV/m. This
value corresponds to the values that are used in operation for the current setup such
that the RF losses do not exceed the limits of the cooling capacity of the cryostat.

4. Superconducting RF cavity. Spatial restrictions at the S-DALINAC suggest the use
of superconducting RF technology. For the new capture cavity, 270 mm of longitu-
dinal space is available. The use of a normal conducting RF cavity is impossible for
our needs due to the accelerating gradient limits in the CW regime. Typical values
of the accelerating gradient of a normal conducting accelerating cavities usually do
not exceed 1 MV/m in the CW regime.
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5. Total costs. The total costs of the modifications involved in the upgrade should be
minimised.

6. Compatibility. The new cavity must fit into the present cryostat and should be
compatible with the present RF power input-coupler. Compatibility with the present
RF power coupler means the coverage of the necessary tuning range of the coupling
coefficient between the cavity and the RF power generator.

7. Beam characteristics. The relative rms energy spread of the accelerated beams
must be kept as low as possible. The output energy of the beam should be at least
1 MeV.

8. Mechanical stability. The new cavity must be mechanically stable in operation at
2 K. In case if the longitudinal stiffness of the cavity can be improved by modifying
the geometry of the structure this will have a priority over better electromagnetic
(EM) parameters of the accelerating mode.

The last four requirements are contradictory. Prioritisation of achieving the best beam
quality leads to increased costs. In the end a balanced solution is preferred. The highest
priority during the selection and optimisation procedure is dedicated to the total costs
and mechanical stability.

3.3 Choice of an SRF Cavity Type

The choice of a cavity type depends on the beam velocity and the resonant frequency of
the accelerating mode. Low and medium-fcavities are typically implemented in heavy-
ion accelerators whereas the high-beta elliptic cavities are applied for electron accelera-
tion. The existing SRF cavity types can be classified in three major groups depending on
the velocity of the accelerated particles:

* Low beta cavities (8 <0.6): quarter-wave, half-wave and spoke cavities
* Medium beta cavities(0.6< <0.9): spoke and elliptic cavities

* High beta cavities (f > 0.9): elliptic cavities

Quarter-wave, half-wave and spoke cavities are based on a TEM mode while elliptic struc-
tures are operated with a TM mode [14].

In the medium-f3 range spoke and elliptic cavities are available. However the trans-
verse dimension of a spoke cavity is 0.5A compared to 0.9A for an elliptic cavity. At the
frequency of 3 GHz the wavelength of the accelerating mode corresponds to A=10 cm.
Therefore, a practical realisation of a spoke cavity becomes impossible because of the
small transverse size. Thus, at this frequency an elliptic cavity type is preferred.
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3.4 Considered Layouts for the Upgrade

Various configurations of an elliptic cavity differ by the number of cells and their length.
This section discusses the results of an investigation of three suggested layouts. A 3-D
CAD model of each layout was constructed and allows not only to calculate the electro-
magnetic field of the accelerating mode but also to evaluate the tunability of the field
flatness.

After introducing general information about each of the suggested cavities their effi-
ciency is compared. The output energy of the beam is the reference value in this compar-
ison while the electric field amplitude on the central axis is kept equal. It should be noted
that the initial estimations were carried out for an input energy of the beam of 100 keV
(f=0.55). Further on, it was confirmed that the injection energy will go up to 200 keV
after the planned upgrade of the gun. An increase of the energy affects the final choice of
the number of accelerating cells and their length. However this does not impact general
decisions such as: the cavity type selection or the configuration of the particular cavity
type that will be discussed further on.

The design process of an SRF reduced-f3 cavity is shown in details in chapters 4, 5 and
6. This section only contains the outcome of the calculations. Nevertheless, it is necessary
to point out that each considered cavity is operated at the TM,;, mode with a resonance
frequency of 3 GHz, a phase advance of 7 and a field flatness tuned below 10 %.

Two Independently Driven Cells

At the beginning it is necessary to point out that a configuration with two independently
driven cells is not compatible with the present cryostat of the capture section of the S-
DALINAC. Hence, it fails to satisfy the necessary requirements for the upgrade. In ad-
dition due to the cavities short effective length, the implementation of this scheme at
S-DALINAC requires an accelerating gradient of 15 MV/m. However, in absence of the
total costs requirement this layout can be efficiently used to accelerate low-3 electron
beams.

One of the possible realisations of this concept is shown in Fig. 3.6. It consists of two
identical 3 GHz ,=0.7 cells. In this setup each cell acts as a cavity and is operated
completely independently from the other. The phase of the EM field can be tuned indi-
vidually in each cavity thanks to the separate RF power sources. This allows to achieve
synchronisation between the beam and the EM field of the accelerating mode for a wide
range of operating parameters. In addition, a single cell cavity avoids the problem of the
field flatness which is especially relevant for multi-cell cavities.

Thus, the main advantage of this layout is the flexibility to changes of the input energy
of the beam and the peak amplitude of the electric field on axis of the cavity. For instance,
at the KEK ERL particle accelerator the injector consists of three two-cell independently
driven SRF cavities [24]. Another example of a successful practical implementation was
reported in [25] where five 2-cell cavities have been installed at the Cornell ERL injector.
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35.27 mm

Figure 3.6: 3-D model of two identical independently driven f3,=0.7 cells with indicated length
of the cells.

B-graded Cavity

During the acceleration, the velocity of electrons increases significantly faster compared
to protons for the same amount of energy gain. In that regard, in electron linacs normal
conducting -graded cavities are widely used to accelerate low energy beams [26]. The
main idea of these cavities is that the length of each subsequent gap (cell) increases with
the increase of the kinetic energy and the velocity of the beam respectively. This approach
guarantees a stable and predictable acceleration of the beam without a significant energy
spread growth if all the necessary conditions for operation are satisfied.

Normal conducting 3-graded cavities are the state-of-the-art technology. However, this
principle has never been applied for a single multi-cell SRF cavity. A prototype of a 5-cell
B-graded SRF cavity was designed and considered as one of the options for the upgrade.
A 3D model of the cavity is shown in Fig. 3.7. The normalised electric field distribution
on the central axis of the cavity with indication of the , for each cell is shown in Fig.
3.8.

, 200.13 mm ,

Figure 3.7: 3-D model of the 5-cell 3-graded cavity with indicated effective length.

The geometry of the considered (3-graded cavity is not fully optimised. The length of
the last two cells is chosen to be the same to reduce the time needed for the field flatness
optimisation. A field flatness of n = 9.68% was obtained using a genetic optimisation
algorithm [27]. This value can be improved further on if necessary but it is sufficient
for the needs of this initial performance study. The effect of change of the electric field
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distribution due to the attachment of the beam pipes to the first and the last cell requires
an additional study to estimate optimal values of 3, for these cells.
The optimal length L, of the n-th cell can be estimated as follows:

, (3.2)

where E, is the average kinetic energy of the electron beam at the entrance of the n-th
cell, m is the rest mass of the electron and A is the wavelength of the TM,);, mode.
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Figure 3.8: Normalised absolute electric field distribution of the TM;;, mode on the central axis
of the 5-cell 3-graded cavity with indicated f3, of each cell.

A B-graded SRF cavity reaches maximal efficiency when the lengths of the cells corre-
sponds to the local velocities of the beam. This implies that the following requirements
needed to be satisfied:

1. The maximal amplitude of the accelerating field on the central axis of the cavity
must be constant. Its value should be selected in advance. This value determines
the length of all cells except for the first one.

2. The electric field distribution of the accelerating mode should be uniform as quan-
tified by a value of the field flatness of n <10%.

3. The input energy of the beam is fixed.

Any deviation from one of these requirements will adversely affect the quality of the
accelerated beam.

The standard technique to adjust the field flatness at the design stage of the cavity is
to modify the geometry of the half-end-cells (more details are given in Chapter 4). For
a typical multi-cell SRF elliptic cavity only four geometric parameters are optimised in
order to obtain the necessary field flatness in most of the cases, whereas for the 3-graded
cavity the diameters of all cells had to be optimised as well. This led to a problem with
thirteen unknown parameters and one goal value and made field flatness tuning much
more complicated and time-consuming.
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Reduced-B Cavity

Multi-cell SRF reduced-f3 cavities are typically implemented in heavy-ion particle accel-
erators [28]. The reduced-f denotation originates from the fact that the geometric f3, is
less than one. Until now, such structures have not been applied for the acceleration of
low energy electron beams. The possibility of using such cavity type is not straight for-
ward since the synchronism condition between the RF field and the beam is not satisfied
in each of the cells.

In order to validate the possibility of use of this cavity type, a prototype of a 5-cell
reduced ,=0.7 cavity was designed (see Fig. 3.9) and studied. The results of the com-
putations are presented in the next section where the performance of the reduced-f3 cavity
is compared to the one of the 3-graded cavity.

. 174.87 mm ,

Figure 3.9: 3-D model of the 5-cell reduced-[3 cavity with indicated effective length.

3.5 Efficiency Comparison and Conclusion

The most efficient layout for the upgrade of the capture section of the S-DALINAC injector
is the combination of two independently phased single-cell cavities. Its main advantage
is the possibility of adjusting the RF phase in each cavity separately to compensate for
changes of the beam parameters such as the input energy and bunch length to achieve
the necessary characteristics of the beam after acceleration. However, this layout is the
most expensive among the suggested possibilities. The main source of increased costs is
the need for a new cryostat for the new cavity.

The principle of a 3-graded cavity is well known and has been used in normal conduct-
ing accelerating structures since the beginning of the use of the RF acceleration princi-
ple. Implementing this idea for a multi-cell SRF elliptic cavity is feasible as shown by
simulations. However, the main concerns are related to the practical realisation. Major
difficulties during the tuning of the field flatness were encountered at the design stage
of the prototype. The possibility of achieving and maintaining the necessary value of the
field flatness in operation is challenging. Even though an acceptable field flatness value
was obtained in the simulations, the geometry of each cell should be optimised further
to avoid high electric and magnetic field amplitudes on the inner surface of the cavity
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walls. Therefore, the existing models should be used to optimise the characteristics of
the cavity further.

To motivate the choice between the 3-graded and the reduced-f cavity their perfor-
mances for the 100 keV beam have been studied. Figure 3.10 illustrates the output energy
of the beam depending on the peak value of the electric field on axis. To maximise the
accelerating gradient the RF phase ¢, in each considered case was chosen in such a way
that the beam gains the maximal possible energy.
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Figure 3.10: Illustration of the output energy of the beam depending on the peak electric field
amplitudes on axis for the 5-cell reduced-[3 cavity and the 5-cell 3-graded cavity.

For the {3-graded cavity the value E;; = 8.96 MV/m corresponds to an output energy
of the beam of 1 MeV, whereas for the reduced-f3 cavity the value E;, = 11.45 MV/m is
higher by 2.49 MV/m. The necessary value of E, for the reduced-f3 cavity can be lowered
by optimising the number of cells and their length.

The main advantage of the reduced-f3 cavity over the 3-graded cavity is its simple geom-
etry while the difference in the acceleration performance for the specified requirements
is not significant. The fact that the geometry of the mid-cells in the reduced-f3 cavity is
identical means that standard tuning techniques can be applied. Further computations
for the reduced-p cavity have shown that besides the necessary energy gain it is also
capable of providing a reduction of the relative energy spread of the beam. From prelim-
inary calculations the main disadvantage of the reduced-f3 cavity is the limited range of
E, values at which the necessary characteristics of the beam can be obtained.

Taking into account the standard manufacturing process of elliptic SRF cavities [29],
the production costs of the 3-graded cavity would be considerably higher compared to
the reduced-f3 cavity which is built from identical cells. In that regard, and with respect
to the potential difficulties in operation of the [3-graded cavity, it was decided to proceed
with the development of a multi-cell reduced-f cavity as a replacement of the current
5-cell ;=1 cavity.

It is worth nothing that the reduced-f3 cavity implementation is feasible for acceleration
of electron beams with low energy and low charge, which is the case of the S-DALINAC
where a single electron bunch charge is 4 pC and lower. For the acceleration of the low
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energy beam with high charge in the multi-cell reduced-f3 cavity it is necessary to carry
out beam dynamics studies while taking into account the space-charge effect.
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4 RF Design of the Reduced-beta Cavity

This chapter discusses the RF design aspects of a 3 GHz reduced-f3 SRF cavity. First, a
suitable cell shape, an optimal number of cells and a value for 3, of the cavity is evaluated,
such that the requirements prescribed by the S-DALINAC are fulfilled. Further on, the RF
parameters of a 6-cell f,= 0.86 cavity operated with the TMy,o; mode are investigated.
In order to ensure that the peak fields in the 6-cell cavity do not exceed the recommended
values in operation, the peak EM field amplitudes at the inner surface of the cavity are
estimated and their values are compared to experimental data available in literature.

The 6-cell cavity is planned to be equipped with the existing RF input power coupler
that is available at the S-DALINAC facility. In that regard, the electromagnetic compati-
bility between the RF input power coupler and the 6-cell cavity is justified quantitatively.
The required RF input power level for a cavity operation is analytically estimated while
taking into account a proboble resonance frequency detuning. Finally, a conclusion re-
garding the overall RF performance of the developed 6-cell cavity is presented.

It is orth noting that a problem of higher order modes (HOM) is not encountered in
the 6-cell RF design. This is explained by the fact that the S-DALINAC was initially de-
signed for operation with a low beam current. Due to that, HOM damping systems were
not considered during the RF design of the accelerating cavities of the S-DALINAC. In
addition, trapped HOMs are present in 20-cell SRF cavities. These modes can not be ex-
tracted from 20-cell cavities due to the large number of cells. According to that, the beam
current in the accelerator is limited to a particular level. Hence, the development of a
HOM damping system for the 6-cell cavity is irrelevant when not at first HOM damping
in the main linac is considered.

4.1 Shape of the Accelerating Cells

The geometric shape of an SRF cavity determine its RF parameters such as: the resonance
frequency of the accelerating mode, the field flatness, the R-over-Q value, the peak electric
fields at the inner surface of the cavity and the power dissipated in the cavity walls. Since
the first use of SRF technology for particle acceleration, a number of basic accelerating
cavity shapes were introduced. One of the first well optimised cell shapes is the TESLA
cavity shape, that was developed by the TESLA collaboration and presented in 1992 [30].
The shape was designed with the intend to reduce the E,/E, ratio and to minimise risks
of encountering field emission in operation, which at the time was one of the main factors
that limited the accelerating gradients of SRF structures.

Up to date, no fundamental limitation for the peak electric field on the surface was
encountered [14]. The possibility of operation at accelerating gradients of 140 MV/m
and 220 MV/m in CW and pulsed regimes, respectively, was demonstrated experimentally
for test cavities made of Nb. Whereas an empirical critical peak magnetic field on the
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surface exists and limits the ultimate accelerating gradients in SRF cavities. In order to
overcome the problem of the magnetic field limitation and to reach higher accelerating
gradients, re-entrant and low-loss (LL) cavity shapes have been developed in Cornell [31]
and Jefferson Laboratory [32], respectively, with minimised B,,/E, ratio in comparison
to the TESLA cavity shape. A pay-off for this advantage is an increased value of the
E,/E, ratio. The differences between the cavity shapes mentioned above are illustrated
in Fig. 4.1.

It is worth noting that besides a cavity geometry optimisation, there are undergoing
investigations of various cavity surface preparation techniques, Nb treatments and al-
ternative superconducting alloys with the intend to alleviate the possible accelerating
gradient in SRF cavities.

TESLA Low-loss Re-entrant

91818

Figure 4.1: Illustration of cross sections of TTE LL and re-entrant single cell cavities operated
with the TMy;o mode at the same resonance frequency.

The choice of a basic cell shape for the new cavity is motivated by the previously de-
scribed requirements for the upgrade of the capture section. First of all, a high accelerat-
ing gradient is not a priority for the new cavity. In that regard, the re-entrant or LL cavity
shape is not the optimal choice, since their main advantage over the TESLA cavity shape
is an increased accelerating gradient. SRF cavities based on the TESLA shape were suc-
cessfully implemented and commissioned for the European XFEL accelerator, where 816
cavities were manufactured and the vast majority of them have reached the designed
accelerating gradient [33]. The RF parameters of TESLA cavities have demonstrated a
lower sensitivity to external mechanical loads in comparison to LL and re-entrant cavi-
ties. Furthermore, the use of a well established technology allows to minimise the cavity
production costs.

Taking into account the large experience in production and well-known inside surface
preparation, the TESLA shape was chosen as reference shape for the reduced-p cavity
design. The required accelerating gradient for the capture section is below 5 MV/m
and can be achieved at a considerably lower peak magnetic field in comparison with the
fundamental magnetic field limit that is typically encountered in operation at very high
accelerating gradients.

A standard multi-cell TESLA cavity is operated at the TM,;, mode with a phase shift 6
of  and a resonance frequency of 1.3 GHz. A geometry optimisation of a 1.3 GHz TESLA
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cavity for the optimal RF parameters was demonstrated in [34]. The resonant frequency
of the fundamental mode depends on the size and the geometry of the cavity. This allows
to normalise standard geometric parameters of the 1.3 GHz TESLA cavity such that the
required resonant frequency is obtained. The main idea of an existing geometric shape
scaling to another resonance frequency is to keep the same ellipsoid ratios that form a
single cell shape. This gives a possibility to maintain the optimal RF parameters without
additional geometry optimisation. It is worth noting that the same geometry scaling
technique has been adopted for the design of a 9-cell 3.9 GHz SRF cavity [35]. Nine-cell
3.9 GHz cavities are presently in operation at the XFEL and the FLASH facilities. The
layouts of the 1.3 GHz and 3.9 GHz TESLA cavities are illustrated in Fig. 4.2.

3.9 GHz TESLA cavity

IAVATATATAVATAVATA!
1.3 GHz TESLA cavity VUV S SN NSNNN

JAVAVAVAVAVAVAVAVA

1023 mm
Figure 4.2: Schematic illustration of the cross sections of the 1.3 GHz and 3.9 GHz TESLA cavities.

For B,= 1 cavities, scaling of geometric parameters depending on the required fre-
quency is sufficient. However, the lowest velocities of accelerated beams at the S-
DALINAC correspond to § = 0.75. Due to that, an optimal value of f3, is chosen below 1.
When ;< 1, TESLA shape scaling implies an additional cell geometry modification with
respect to the design value of 3,. A determination of an optimal f3, value and the optimal
number of cells for a reduced-f3 cavity based on the TESLA cell shape is discussed in the
next section.

4.2 Optimal Number of Cells

The number of accelerating cells in SRF elliptic cavities is typically chosen below nine.
Cavities with a large number of cells often encounter problems with field flatness tuning
and trapped HOMs [14]. Cavities with a small number of cells are required to be operated
with much higher accelerating gradients. In case of the S-DALINAC capture section, a
4-cell reduced-f cavity is required to be operated at E, > 10 MV/m in order to reach an
output energy after the capture section W, of 1 MeV. On the other hand, a 7-cell reduced-
3 cavity would exceed the available longitudinal space by approximately (30 + 10) mm.
As a result it is necessary to investigate the characteristics of a 5-cell and a 6-cell reduced-
B cavity and motivate the choice of one of them.
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EM and PT simulations were conducted with the aim to evaluate an optimal number
of cells. The electromagnetic field distribution of the TM,;,; © mode was computed for
each cavity with 3, ranging from 0.8 to 0.9. Further on, beam dynamics simulations were
carried out for each cavity. The RF phase has been chosen to maximise the output energy
of the beam. The electric field is evenly distributed on the central cavity axis such that
n = (3 £ 0.5) %. The results were obtained for various values of the peak electric field
E, on the axis of the cavity. The output energy of an electron beam with an input energy
E;, of 200 keV as a function of 3, for a 5-cell and a 6-cell cavity is shown in Fig. 4.3 and
Fig. 4.4, respectively.

It is easy to see that an (N+1)-cell cavity allows operation at lower values of E, in
comparison to an N-cell cavity to achieve the same energy gain of the beam. The optimal
value of 8, depends on the operating value of E,. For the 5-cell cavity the required energy
gain is achieved for E, = 7.5 MV/m while for the 6-cell cavity a value E, of ~ 6.3 MV/m is
sufficient. A lower operating value of E, minimises the risk of field emission. Therefore,
a 6-cell cavity is favoured. On the other hand, a cavity with fewer cells is mechanically
more stable since the sensitivity to mechanical disturbances of the field flatness increases
with an increasing number of cavity cells.

In addition, the number of cavity cells impacts the cavity longitudinal beam energy ac-
ceptance. Figure 4.5 and Figure 4.6 illustrate results of particle tracking (PT) simulations.
These show the dependence of the output energy of the beam in a 5-cell 3,= 0.85 and a
6-cell B,= 0.86 on a value of E, for beam initial energies varying from 50 to 250 keV with
a step of 25 keV. A 3, value of 0.85 and 0.86, respectively, is motivated by an average
cavity acceleration performance for values of E, of 6 MV/m up to 10 MV/m. Analysing
the results, both cavities are capable of matching the new cavity requirements (W > 1
MeV at E, < 10 MV/m) for a beam injected from the SPG (200 keV) and Thermionic Gun
(TG) (250 keV). However, the energy acceptance of the 6-cell cavity has a wider spectrum
and includes a 100 keV beam that corresponds to an injection energy of the SPG before
the planned upgrade of the gun. The effective length of the 6-cell f,= 0.86 is equal to
253 mm which is 17 mm less compared to the available space in the existing cryostat
of the capture section. Further computed results (Chapter 5) have indicated that it is
possible to satisfy a minimised energy spread requirement for the 6-cell ,= 0.86 cavity.
For those reasons and taking into account the possibility of operation at a lower value of
E, the 6-cell S,= 0.86 cavity has been chosen for further analysis.

4.3 RF Parameters of the 6-cell Reduced-beta Cavity

Modern SRF cavities are characterised by complex geometric shapes for which the wave
equation can not be solved analytically. Due to that, electromagnetic field simulations of
the 6-cell B,= 0.86 cavity have been carried out in CST MWS. A good agreement between
computed results obtained in CST MWS and experimentally measured data was reported
in [36] [37] [38].

A simulated model of the 6-cell cavity is represented by its inside vacuum volume sur-
rounded by perfect electric conducting (PEC) material together with necessary boundary
conditions. In that regard, RF losses are not taken into account in the simulations so far.
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Figure 4.3: Output energy of a 200 keV beam as a function of 5, for various amplitudes of the

peak electric field on the central axis of a 5-cell reduced-f3 cavity.
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Figure 4.4: Output energy of a 200 keV beam as a function of 3, for various amplitudes of the
peak electric field on the central axis of a 6-cell reduced-f3 cavity.
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Figure 4.5: Illustration of the longitudinal energy acceptance of the 5-cell S,= 0.85 cavity.
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Figure 4.6: Illustration of the longitudinal energy acceptance of the 6-cell f,= 0.86 cavity.
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A full model of an RF system includes: the 6-cell cavity, beam tubes and an end-part of
an RF input power coupler. The accuracy of the electromagnetic field computations in
CST MWS directly depends on the model’s mesh resolution. Thus, a higher calculation
accuracy implies a longer computational time. The full cavity model results in a large
EM problem that requires a high density meshing to obtain accurate results.

With the intend to reduce computational time, some model simplifications have been
introduced. First, the full cavity model has been decoupled into two parts that are con-
sidered independently from each other (see Fig. 4.7). Second, the mid-cell group is
a periodic structure that allows to consider a model of a single cell terminated by half
end-cells with periodic boundary condition at the cell ends. In addition, the cavity ax-
ial symmetry has been exploited by defining the magnetic field symmetry planes for the
TMy;o mode simulations. The introduced symmetry is the same for all considered models.

Beam tube and left half . Right half end-cell and
Mid-cell
end-cell beam tube

_________ | —

| _ _ 1 e i

Figure 4.7: Illustration of the full cavity model decoupled in two parts. The left and right half
end-cells are identical and differ from the mid-cells.
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The following algorithm has been implemented and followed for the RF design of the
6-cell B,= 0.86 cavity:
1. Design of the mid-cell.

a) Geometry scaling of the 1.3 GHz f,= 1 TESLA cavity to 3 GHz and additional
shape modification for 3,= 0.86.

b) Resonance frequency tuning.

c) Investigation of the peak electric and magnetic field on the cavity inner surface.

2. Design of half end-cells. Field flatness tuning.

a) Resonance frequency tuning of end-cells with beam pipes attached by modify-
ing the geometry of the half end-cells.

b) Additional field flatness optimisation for the full cavity model.

c) Evaluation of the mode spacing for the TM,;, mode passband.
3. Computation and analysis of the main RF parameters for the full cavity model.

4. Verification of compatibility of the electromagnetic fields and the goemetry of the
designed cavity with the S-DALINAC input power coupler.
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a) Justification of geometric compatibility.
b) Evaluation of coupling tuning range.

c) Analytic estimation of the required forward power value from the RF generator
to the cavity with respect to resonance frequency detuning.

4.3.1 Design of the Mid-cell

The geometry of a one cell elliptic cavity is defined by two ellipsoids and a straight line
connecting them (see Fig. 4.8). As it was mentioned previously, the reference shape for
the 6-cell cavity is chosen to be the 1.3 GHz TESLA cavity. The geometric dimensions
of the TESLA cavity have been scaled linearly such that the resonance frequency of the
accelerating mode is equal to 3 GHz. Additionally, the geometry is optimised for a 3, of
0.86.

L/2

Figure 4.8: Illustration of the formation of an elliptic cavity cell shape. The shape is determined
by two arcs connected by a straight line. The arcs are defined by the properties of
the equator and the iris ellipsoids.

A complete model of a multi-cell RF cavity with constant cell length is a periodic struc-
ture that consists of coupled oscillators (cells). The possibility of simulating a single cell
as part of a cavity with (N+1) cells is given by Floquets theorem. According to its for-
mulation, in a passband of an infinite periodic structure, EM fields at two different cross
sections that are separated by one period L differ only by a constant factor, that is in
general a complex number [10]. In a lossless environment it can be expressed as follows
for a cavity longitudinal electric field component:

E,(x,y,z+L) = E,(x,y,2)e*", (4.1)

where 6 is the wave phase shift per period of a structure.
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This principle has been implemented in the EM simulations by introducing periodic
boundary conditions at the mid-cell half ends. Such approach allows to obtain an elec-
tromagnetic field distribution and a dispersion diagram for uniform periodic cells by
choosing the necessary phase shift per period of the structure. The number of modes
in the cavity passband depends on the number of cells. An N-cell cavity terminated by
full cells will have N modes. An N-cell cavity that is terminated by half end-cells will have
N+1 modes in the passband. A cavity simulation model with the same boundary condi-
tions can be considered for resonance frequency tuning of a specific mode. It is worth
noting that in addition to periodic boundary conditions, magnetic boundary conditions
can be applied as well at the single cell ends when considering the TM;,; mode.

The resonance frequency of the TMy,; ;T mode in an elliptic cavity depends on the equa-
tor radius, similarly to a pill-box cavity for which the angular frequency can be expressed
analytically for TMy;,:

2.405¢
R 3

Wo10 = 4.2)

where R is the cavity radius.

Figure 4.9 illustrates the considered 3-D model of a single mid-cell that consists of
two half mid-cells with indicated boundary conditions and field symmetry planes. A
TM10;7 resonance frequency of 3 GHz was obtained with a cell equator radius R, of
46.83 mm. The optimised geometric parameters of the central cell of the 6-cell 3,=0.86
cavity are collected in Table 4.1. These parameters apply to the remaining 4 cells which
together form a group of mid-cells. The remaining two half-cells form an end-cell group
and are designed independently from the mid-cells.

Parameter Value [mm]
Equator half axis A 15.52
Equator half axis B 15.52
Iris half axis a 4.43
Iris half axis b 7.00
Equator radius Ry, 46.83 Figure 4.9: Geometry of the mid-cell of the 6-
Iris radius R; 20.00 cell B;= 0.86 cavity with indicated
Cell length L 23.00 boundary conditions (Orange indi-
cates a periodic boundary, blue is a
Table 4.1: Geometric parameters of the mid- magnetic field boundary and green
cell of the 6-cell f,= 0.86 cavity. is an electric boundary condition).
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4.3.2 Peak Surface Fields

High surface EM fields in an SRF cavity can limit the cavity’s acceleration performance in
operation. A high surface electric field is responsible for the field emission of electrons
and as a result may increase the power losses in the cavity. A high magnetic field, in
turn, can potentially limit the ultimate accelerating gradient by causing breakdown of
the cavity’s superconductivity (quench). The probability of encountering these parasitic
phenomena increases at higher field amplitudes. The impact of high surface peak fields
on SRF cavities as well as cavity surface treatment techniques applied to minimise the
possibility of the field emission and quench are further discussed in [19].

To investigate the surface fields in the 6-cell f,= 0.86 cavity, a single mid-cell has
been considered in EM simulations. Electric and magnetic field distributions of the
TMp;0 mode are illustrated in Fig. 4.10. Black dash line indicates the curve path at
which the amplitudes of the surface electric and magnetic field were evaluated. The
electric and magnetic surface field amplitudes as a function of the longitudinal coordi-
nate z evaluated on a curve that represents a part of the cavity surface are indicated in
Fig.4.11. The peak fields evaluated in the EM model are the following:

kA
E,=17.2 [M;V] Hp=22.3[g]. (4.3)
The range of reliable peak field amplitudes based on operational experience for Nb
cavities was reported in [39] and is the following:

Ep.rel. =(30—35) [M;V:I 5 Hp.rel. = (48 —56) I:kEA:I . (4.4)

The evaluated peak surface field values are well below the recommended reliable am-
plitude range. Hence, an additional cell geometry optimisation is not required for the
6-cell cavity. In the opposite case, when higher levels of the peak surface fields would oc-
cur the cavity, its geometry needs to be further optimised. The main geometric parameter
that allows to modify the peak field values is the cavity iris radius. When the cavity iris
radius is fixed due to particular reasons (HOM, coupling coefficient etc.), a modification
of an ellipsoid parameter that determines the cavity iris region and of the parameters of
an equator ellipse allow to further optimise the peak surface fields.

4.3.3 Field Flatness Optimisation

In a multi-cell RF cavity operated with the TM;y; mode, the peak electric field ampli-
tude E, on the central axis of the cavity can differ from cell to cell. A large difference
results in an uneven electric field distribution on the central cavity axis. This leads to
an unpredictable beam acceleration and affects all the critical RF parameters of an RF
cavity. Thus, it is absolutely necessary to achieve an acceptable field flatness during the
RF cavity design and in operation.

The field flatness of an N-cell cavity can be expressed as follows [40],
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Figure 4.10: Absolute values of the electric and magnetic field distributions of the TM;(;7 mode
in the mid-cell of the 6-cell cavity. The field amplitudes are normalised to E,=10
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Figure 4.11: Absolute values of the surface electric and magnetic fields of the TM;,;7 mode in
the mid-cell of the 6-cell cavity. The field amplitudes have been evaluated on the
black dashed line shown in Fig. 4.10. The amplitudes are normalised such that
E,=10 MV/m.
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n= Vacc. max}.v_ Vacc. min. 100%’ (45)
1
N l:Zi Vacc.i

where V.. max and V.. min. correspond to the maximum and minimum cell voltages in
the cavity and V. ; is the acceleration voltage in the i-th cell.

Inserting the relation between V,.. and E,, expression (4.5) can be re-formulated in
terms of the peak electric field on the central cavity axis:

E —Ej i
n — 0 IIlaX.N 0 min. . 1000/0. (4.6)
N& 0i

Differences in geometry between the mid-cells and the half end-cells and an additional
capacitance introduced to the cavity by the beam tubes leads to a non-uniform electric
field distribution on the central axis of the 6-cell 3,= 0.86 cavity. The difference in ge-
ometry arise due to the fact that the iris radius of the half end-cells corresponds to the
radius of the beam tubes. This was done in order to provide a smooth transition between
the end-cells and the beam tubes. The smooth transition results in an increased longitu-
dinal mechanical cavity stiffness. For a better understanding of the field flatness problem
one can consider lumped circuit theory, that can be applied to an RF analysis [14]. In
this approach a de-tuned cavity operated with the TM;,;T mode without losses can be
represented by capacitively coupled LC oscillators with introduced frequency errors and
additional capacitive elements representing the effects of the presence of beam tubes.

In order to obtain a uniform electric field distribution of the TMy;,;7 mode, the reso-
nance frequency was tuned to 3 GHz for the left end-cell of the cavity with attached beam
pipe. The correction to the resonance frequency has been introduced by modifying the
shape of the half end-cell without changing the equator radius or the total cell length.
Further on, the full cavity model was assembled. A field flatness calculation yields 7
= 6.9 % which is 1.9 % larger compared to the recommended value. This is explained
by the fact that the magnetic field boundary conditions implemented during the end-cell
frequency tuning does not represent an actual coupling between the cavity cells. An addi-
tional field flatness optimisation continued by applying a genetic optimisation algorithm
for the full cavity geometry. Four geometric parameters that characterise two identical
left and right half end-cells were involved in the optimisation procedure. The optimised
geometric parameters of half end-cells that correspond to n = 2.8% are collected in Table
4.2. The electric field distributions of the tuned and de-tuned 6-cell ,= 0.86 cavity are
illustrated in Fig. 4.13

In practise, after a cavity is manufactured, the field flatness has to be tuned again due
to manufacturing errors and cavity inner surface treatments, that are typically applied
to obtain the necessary surface quality and eliminate inner surface defects. The tuning
parameters are obtained through electric field profile measurements on axis using a bead-
pull method [10]. Once the field profile is obtained, a circuit analogy of the cavity can be
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Parameter Value [mm]
Equator half axis A 15.52
Equator half axis B 15.52

Iris half axis a 4.43
Iris half axis b 7.00 5
Equator radius R4 46.83 3
Iris radius R; 20.00
Cell length L 43.00

Table 4.2: Geometric parameters of the half
end-cells of the 6-cell f,= 0.86 cav- Figure 4.12: Geometry of the left end-cell of
ity. the 6-cell f,= 0.86 cavity.

implemented. Further on, the field flatness is tuned by mechanically squeezing or stretch
the body of the cavity.
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Figure 4.13: Absolute values of the longitudinal electric field distribution on the central axis of
the 6-cell f; = 0.86 cavity operated with the TMy; ;7 mode.

4.3.4 Mode Spacing

The 6-cell B,= 0.86 cavity TMy;, mode passband consists of 6 modes. Each mode is
characterised by a field phase shift between cells and resonance frequency. These modes
are present in the cavity during operation, however, their amplitudes are significantly
lower in comparison to the amplitude of the accelerating mode. In a situation when
one of the mode resonance frequencies is too close to the operating mode resonance
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frequency it can be excited together with the operating one. This, in turn, has a negative
impact on the beam quality.

It is necessary to refer to a cavity dispersion diagram that is a useful tool for the anal-
ysis of the cavity mode frequency spacing. The eigenfrequencies were computed for the
TMy;o mode of the 6-cell 3,= 0.86 cavity with attached beam pipes. Figure 4.14 illus-
trates the obtained dispersion diagram for the 6-cell cavity. In a multi-cell cavity operated
with the TM;;;® mode and with cavity ends terminated by full cells, the phase shift per
period (cell) 6 is expressed as follows:

where N is the number of cavity cells, and m is the mode number
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Figure 4.14: TM,;, passband of the 6-cell ;= 0.86. The number of modes corresponds to the
number of cells.

The dispersion relation can be represented analytically for mode m as follows [14]:

% =1+ 2k, [1 — Cos (%)], (4.8)

where f, is the resonance frequency of an individual (not coupled) oscillator (cell), f,,
is the resonance frequency of mode m, N is the number of cells of a cavity and k, is the
cell-to-cell coupling coefficient.
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The cell-to-cell coupling coefficient k. is a measure of how strong the cells are coupled.
Increasing the coupling coefficient increases the mode spacing in a cavity. The cell-to-cell
coupling coefficient for a cavity operated with the TM;;(; T mode is written as follows:

fn_fO
f7'c+f0

From (4.9) the cell-to-cell coupling coefficient k. of the TM;;, mode of the 6-cell reduced-
B cavity corresponds to 5.8 %. The value of k. can be adapted by modifying the cavity
iris radius. A typical target value of k, for an elliptic SRF cavity is k. > 2 % [14]. The
iris radius value for the 6-cell ;= 0.86 cavity is fixed. Hence, the coupling coefficient
value is fixed and can not be modified. Due to a moderate accelerating gradient of the
6-cell cavity it is possible to allow for an operation with a large coupling coefficient and
minimise risks related to field flatness detuning issues. The pay-off for an increased
coupling coefficient is a decreased R-over-Q value and increased peak surface field values
due to the large iris radius of cells. In addition, the value of the coupling coefficient
affects the cavity power filling time. However, this problem is more relevant when the
cavity is operated in pulsed regime.

ke=2-

- 100%. (4.9)

4.3.5 Key Characteristics of the Cavity

One of the most important figures of merit that characterises the cavity performance is the
effective accelerating voltage V,... The evaluation of other RF parameters such as the R-
over-Q value and the accelerating gradient E,. is based on the value of V,... By definition,
the effective accelerating voltage depends on the beam velocity. The beam velocity in the
6-cell B, = 0.86 cavity changes significantly during the acceleration process. Hence,
the value of the accelerating voltage varies along the longitudinal coordinate. In that
regard, RF parameters of the 6-cell cavity that are defined through V,.. indicate average
values and characterise the full cavity and can not be used to precisely characterise the
performance of a particular single cell of the cavity. Table 4.3 summarises the calculated
RF parameters of the 6-cell f,= 0.86 cavity as well as some other cavity characteristics.
It is worth noting that all of the obtained RF parameters are loss-independent. The full
cavity model equipped with the S-DALINAC power coupler is illustrated in Fig. 4.15.

It is convenient to compare RF parameters of a new SRF cavity to parameters of existing
structures in operation. Multi-cell reduced-p cavities in the frequency range of 3 GHz
that are implemented for low electron beam acceleration do not exist up to date. In that
regard, the obtained RF parameters values are assessed with a reference to the available
data related to operational experience of SRF cavities.

An accelerating gradient of 4.8 MV/m satisfies the necessary beam output energy re-
quirement for the new cavity. The R-over-Q value could be potentially increased, however,
due to the priority of mechanical stability, the cavity iris radius is fixed. The iris radius
value of the half end-cells corresponds to the radius of the beam pipes that are a part of
the current setup of the capture section. A payoff for the longitudinal cavity stiffness and
compatibility with the coupler is a decrease of the acceleration performance in terms of
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Leffz 258 mm

Figure 4.15: Cross section of the full cavity model with the effective length of the cavity indicated.
The end part of the RF power input coupler is illustrated on the left-hand side.

Parameter Value
Operating mode TMop10
Phase shift 0, ° T
Resonance frequency f, GHz 2.997
Operation regime CW
Number of cells 6
Coupling coefficient k., % 5.8
Field flatness 1, % 2.8
Peak electric field on axis E,, MV/m | 10
Cavity effective length L., mm 258
Accelerating voltage V.., MV 1.2
Accelerating gradient E,.., MV/m 4.8
Quality factor Q, 10°
R-over-Q value, ) 308
Geometry factor G, (2 254
Peak surface electric field E,, MV/m | 17.2
Peak surface magnetic field B,, mT | 22.3
Cavity material Nb
RRR 250

Table 4.3: Parameters of the 6-cell f,= 0.86 cavity.
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the accelerating voltage and R-over-Q value. The remaining parameters do not require ad-
ditional tuning. Despite the fact that the new cavity requirements do not allow to modify
some of the 6-cell cavity geometric parameters, it is necessary to explain the main depen-
dencies of the RF parameters on changes of the iris radius. In general, there is always a
trade-off depending on the desired cavity specifications. If the aim is to achieve a high
accelerating gradient (25-40 MV/m) the iris radius value should be minimised. This, in
turn, leads to a higher HOM impedance and reduces the cell-to-cell coupling coefficient.
The effect of changes to the elliptic cavity iris radius on the cavity RF characteristics are
collected in Table 4.4.

Parameter Increase | Decrease
R-over-Q value R;| R;1
Coupling coefficient k. R 1T R;|
Peak surface electric field E, R;1T R;|
Peak surface magnetic field H, R;1 R;|

Table 4.4: Dependence of different RF parameters on the iris radius of an elliptic cavity.

4.4 Coupling of the Cavity to the Power Generator

Figure 4.16 shows a block-scheme that contains the main components of the RF power
system for an RF cavity. RF power is transmitted from the RF generator to the RF cavity
using waveguide transmission lines. An RF circulator is installed between the RF gen-
erator and the power coupler to ensure that EM waves reflected from the cavity are not
transmitted back to the generator, but instead dissipated in a matched load. To anal-
yse the coupling between waveguide and cavity, it is necessary to refer to quality factor
definitions.

The quality factor Q, of an unloaded cavity is expressed as

_2nfU
==

cav

(4.10)

Qo

where U is the energy stored in the cavity, P.,, is the power dissipated in the cavity and
f is the resonance frequency of the accelerating mode.

The quality factor related to an external cavity load is named as an external Q factor
(Qex) and it is expressed as

_2nfU
ext — P )

ext

(4.11)

where P, is power dissipated in an external load.
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The total dissipated power in the system is P = P, + P.y, and the loaded Q factor is
given by

2nfU
QL= / . (4.12)
p
From (4.10) - (4.12) the quality factors are related as
1.1 (4.13)
QL QO Qext

To assess the coupling strength between the waveguide and the cavity, the coupling co-
efficient definition [10] is introduced and it is defined as follows:

Pext — QO
Pc Qext

The critical coupling regime corresponds to . = 1, while for . < 1 the cavity and the
waveguide are undercoupled and for . > 1 the cavity and the waveguide are overcou-
pled. Critical coupling implies a complete matching between the cavity and the waveg-
uide and, thus, absence of reflected power. Therefore, this coupling regime is preferred.
However, SRF cavities are operated with Q, values of 10° ... 10'°. Considerably high Q,

Be.= (4.14)

values demand an operation with high loaded Q; values (Qext =Qy=>Q.L= %) This

leads to a very narrow resonance bandwidth of only a few Hz and a great difficulty in
controlling and adjusting the resonance frequency of a cavity in operation.

Matched load

RF generator

Power
coupler
> v; | RF cavity
Circulator

Figure 4.16: Schematic illustration of the main components that are implemented for the cou-
pling of a cavity to an RF power source.

4.4.1 Tuning Range of Coupler

The RF input power coupler in the capture section consists of a coaxial line which is
then connected to a second coaxial line for which the cavity beam pipe acts as an outer
conductor. From the second coaxial line the power is transferred to the cavity.
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In order to verify the geometric and the electromagnetic compatibility of the existing
RF power input coupler and the 6-cell f,= 0.86 cavity, the necessary RF computations
were carried out. This includes the verification of the necessary tuning range coverage
to obtain the required Q; values. The inner conductor of the first coaxial line is movable
in the x direction, so it is possible to adjust the coupling coefficient between the cavity
and the coupler by manipulating Q.. The simulated model consists of the cavity and
the input coupler with matched ports. The penetration depth of the inner conductor x is
defined as the distance between the first coaxial line inner conductor end and the surface
of the inner conductor of the second coaxial line (see Fig. 4.17).

Figure 4.18 illustrates the dependence of Q.,, and Q; on the penetration depth x. The
results obtained for Q; are valid for the cavity with Q, = 10°. Taking into account the
fact that typical values of Q; in operation range from 10° to 10® the existing RF power
coupler covers the necessary coupling coefficient tuning range for the 6-cell cavity.
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Figure 4.17: End-part of the power x [mm]
coupler of the 6-cell cav-  Figure 4.18: Q-factors as a function of the penetra-
ity. tion depth of the inner conductor.

4.4.2 Necessary RF Power for the 6-cell Cavity

The forward RF power P; from the S-DALINAC RF amplifiers is limited to 500 W. The re-
quired P; value for the 6-cell cavity mainly depends on the beam current, the accelerating
voltage, the coupling coefficient and the frequency detuning level. From the LRC-circuit
analogy of an RF cavity that includes a generator, a cavity and a beam, the required
forward power from the generator is expressed analytically as follows [14]:

R 2 R 2
V2, (G)on s (g)on
Pp=—r—7F— 1+ ———cos¢ | + + sin ¢y, , (4.15)
R Vacc f1/2 Vacc
4 a QL
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where f , is the half-bandwidth of the resonance, Af is the frequency detuning, Iy, is the
beam current and ¢y, is the synchronous beam phase.

The operation of an SRF cavity with high Q, value assumes a narrow resonance fre-
quency width in order of 10-100 Hz. Due to that, SRF cavities are extremely sensitive
to any mechanical loads that deform the geometry and thereby perturb the resonance
frequency. An SRF cavity in operation is affected by various external mechanical loads
originating from pressure fluctuations in the cryostat, mechanical vibrations and beam
loading. In order to compensate a resonance frequency detuning Af digital low-level RF
(LLRF) systems are implemented. A typical LLRF system monitors and controls the RF
field in a cavity. Field correction is carried out by taking into account cavity probe signal
errors and adjusting a low power wave that drives the RF amplifier. In addition, a cavity is
equipped with fast frequency mechanical tuners that are based on piezoelectricity. How-
ever, any LLRF system has a limited tuning range. Due to that, in some cases resonance
frequency detuning is present in operation but can not be fully eliminated by a frequency
tuning system. The remaining frequency detuning is compensated by increasing the value
of forward power.

Figures 4.19 and 4.20 illustrate the forward power as function of the loaded Q-factor
for zero beam loading and for I = 20 uA, respectively. Analysing the results, it is easy to
see that the beam loading of the 6-cell cavity is considerably low. The operating value
for Q;, should be chosen based on the detuning level and with respect to the capability
of the existing S-DALINAC LLRF systems. For the considered range of Af the optimal Q;,
value is in the range from 5-10° up to 108. This Q; range corresponds to an overcoupled
regime (. > 1). A stable operation is achieved at lower Q; values (5 - 10°) due to a
broader resonance bandwidth, however, more forward power is required.
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T
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Figure 4.19: Generator forward power as a function of the cavity Q; value for various resonance
frequency detuning Af values. The beam current corresponds is O.
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Figure 4.20: Generator forward power as a function of the cavity Q; value for various resonance
frequency detuning Af values. The beam current corresponds is 20 uA.

To conclude, the existing RF input power coupler successfully covers the necessary
tuning range of the 6-cell cavity coupling coefficient. The required generator forward
power level depends on the chosen Q;-value. For the considered model the necessary
forward power is four times lower (in the considered frequency detuning range) then
maximum power provided by the available RF power amplifiers at the S-DALINAC.

4.5 Conclusion

As a result of the quantitative analysis, which includes the electromagnetic simulations
and the longitudinal beam dynamics simulations, an optimal value of the number of cells
and an optimal value of the length of the accelerating gaps (cells) for an SRF reduced-
[ cavity has been determined.

The designed layout of the cavity for the upgrade of the capture section is a 6-cell
structure of elliptic type. The geometry of the accelerating cells has been chosen based
on the geometry of the 1.3 GHz 9-cell TESLA cavity, which was optimised for the operat-
ing frequency of 3 GHz and the geometric beta of f, < 1. One of the main consequences
of a value of 8, < 1 is an increased amplitude of the electromagnetic fields at the inner
surface of the 6-cell cavity. However, a detailed analysis of the problem indicated that at
the designed accelerating gradient, the amplitudes of the surface fields are in the recom-
mended reliable range. The RF parameters of the 6-cell cavity satisfy the requirements
for the upgrade of the capture section.

The possibility of operation of the 6-cell cavity with the existing RF input power coupler
has been proved in EM simulations. For the designed accelerating gradient, the analytic
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calculations of the required values of the input of RF power have been carried out for
the 6-cell cavity. The results of the calculations allow to choose the optimal value of the
loaded Q factor in operation, while taking into account the detuning of the resonance
frequency of the accelerating mode of the 6-cell cavity. Taking into account the detuning
of the resonance frequency, the RF power required to maintain the designed accelerating
gradient E, . of 4.8 MV/m, is four times lower than the maximum RF power that can be
provided by the existing RF amplifier at the S-DALINAC.
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5 Longitudinal Beam Dynamics in the 6-cell
Cavity

This chapter discusses the results of the beam dynamics computations for the 6-cell ,=
0.86 cavity. The goal is to evaluate the energy gain and the longitudinal energy spread
of the 200 keV and 250 keV beams accelerated in the cavity at the designed accelerating
gradient of the TM; ;T mode. In addition, the dependence of the beam characteristics on
the cavity operating parameters has been studied. Based on these results, the description
of the cavity, that is necessary to choose the operating beam synchronous RF phase and
the operating E, value, has been completed.

The longitudinal beam dynamics in the 6-cell cavity have been studied by particle track-
ing simulations. The simulations have been carried out in the ASTRA code [41], which
allows to track the charged particle beams through the imported external electromag-
netic fields. It is necessary to mention that the space charge effect [8] is not taken into
account in the beam dynamics simulations due to the low beam current in the S-DALINAC.
The electromagnetic field distribution of the accelerating mode has been obtained and
discussed in Chapter 4.

It is worth noting that the beam dynamics simulations described in this chapter have
been implemented and carried out during the considerations for choosing the cavity type
and, further on, for choosing the optimal number of cells and the optimal f, value eval-
uation for the reduced-f3 cavity. Hence, the organisation of the results in three separate
chapters is somewhat artificial because the design of the cavity is in reality a highly iter-
ative process.

5.1 Simulation Model and Initial Parameters

In this section, the simulation model that have been implemented for the longitudinal
beam dynamics studies in the 6-cell cavity, is discussed. The particle tracking simulation
model consists of a single electron bunch that interacts with the electromagnetic field of
the accelerating mode of the 6-cell cavity. The beam at the entrance of the S-DALINAC
capture section is formed by the beam preparation system that is installed prior the cap-
ture section. Due to the fact that the experimentally measured beam distribution at the
entrance of the capture section is not available up to date, the initial Gaussian particle
beam distribution has been generated in the ASTRA code and used as the initial beam
configuration for beam dynamics simulations of the 6-cell cavity. The electron bunch
parameters have been set based on the existing beam dynamics simulations data for the
S-DALINAC beam preparation section.

Figure 5.1 illustrates the longitudinal phase space of the 200 keV bunch that consists
of 150000 particles. A similar particle beam distribution has been generated for the 250
keV beam.
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Figure 5.1: Left: illustration of the longitudinal phase space of the initial 200 keV beam. The
area enclosed by the grey dashed-line ellipsoid contains 95% of particles. Right:
illustration of the particle density in the initial beam with indicated rms bunch length.

5.2 Beam Dynamics Simulation Results

5.2.1 Beam Energy Gain

First, the beam energy gain in the 6-cell cavity has been studied. Figure 5.2 illustrates the
beam energy gain as a function of the longitudinal coordinate of the 6-cell cavity. These
results have been obtained in the particle tracking simulations of the 200 keV (SPG) and
the 250 keV beam (TG). The 6-cell cavity peak electric field on axis E, has been set to a
value of 10 MV/m. The initial RF phase of the cavity has been chosen in a way such that
the longitudinal energy spread of the beam is minimised.

The obtained values for the beam output energy exceed the required beam output
energy by 430 keV for the 200 keV beam and by 513 keV for the 250 keV beam. In
addition, the obtained beam output energy for the 200 keV beam is 875 keV higher in
comparison to the performance of the current setup of the capture section for the same
value of E, of 10 MV/m. Further on, when analysing the curves for the beam energy
gain, an energy loss of 70 keV and 56 keV can be observed in the region of z ~ 0.14 m for
the 200 keV and 250 keV beam, respectively. These losses arise due to the presence of
an de-accelerating electric field with notable amplitude at the end of the left beam tube
of the cavity. This is explained by the large iris radius of the left end-cell of the cavity.
The same effect can be observed at the beginning of the cavity right beam tube due to
the same reason, however, the energy loss is lower due to a higher beam velocity at the
end of the cavity.

Analysing the data and, by taking into account the low beam current at the S-DALINAC,
the energy loss effect is negligible in terms of the overall cavity acceleration performance.
Nevertheless, in order to compensate the energy loss effect in the cavity beam tubes, the
cavity end-cells iris radius should be decreased in a way, such that the electric field prop-
agates to the beam tubes with minimised peak amplitudes on the central axis. However,
the 6-cell cavity iris radius is fixed for reasons of mechanical stability. Hence, the en-
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ergy loss in the first and the last cell of the 6-cell cavity can not be corrected due to the
restrictions imposed by the requirements for the capture section upgrade.
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Figure 5.2: Illustration of the energy gain of the 200 keV and 250 keV electron beam in the 6-cell
Bg= 0.86 cavity.

5.2.2 Longitudinal Energy Spread of the Beam

The longitudinal energy spread growth of the beam that arise when the beam interacts
with the electric field of the accelerating mode of the 6-cell cavity, has been investigated in
particle tracking simulations. The cavity RF phase and the peak electric field amplitude E,,
are the same as in the energy gain simulation. The computed relative longitudinal energy
spread growth of the beam during the acceleration in the 6-cell cavity is illustrated in Fig
5.3. Analysing the data, the relative longitudinal energy spread growth of the beam is
reduced by 1-1072 and 7.6 - 102 for the 200 keV and 250 keV beam, respectively.

With respect to the obtained data and by taking into account the energy loss of the
beam that was discussed in the previous section, the largest longitudinal energy spread
growth arises in the region of the connection of the left beam tube to the first cell of the
6-cell cavity.

In order to get a better understanding of the longitudinal beam dynamics in the 6-
cell cavity, six beam monitors have been introduced to the simulation model for the 200
keV beam. These beam monitors have been allocated after each cavity cell equidistantly
from each other and their longitudinal positions correspond to the cavity regions with
the electric field being almost absent. By doing so, it is possible to assess the impact of
the electric field of each cell individually on the beam quality. As a result, six snapshots
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of the beam longitudinal phase space have been obtained in the particle tracking simu-
lation. The longitudinal phase space with the indicated average kinetic energy and the
rms longitudinal energy spread value after each cavity cell are illustrated in Fig. 5.4. The
beam longitudinal rms energy spread growth in the first cell amounting to AE; - AE;,
= 3.9 keV is being corrected down to 1.9 keV in the second cell. Further on, in the fol-
lowing four cells, the rms energy spread growth value fluctuates in the range of (2.5 +
0.6) keV and results in an output beam rms longitudinal energy spread growth of 3 keV.
It is worth noting that a so-called beam tail can be observed in the output longitudinal
phase space. However, the tail is located outside the 95% particle distribution (the area
enclosed by the grey dashed-line ellipsoid). Therefore, the charge concentration in the
observed beam tale is relatively low and its effect is negligible.

The presence of a rms longitudinal energy spread growth in the 6-cell 8,= 0.86 cavity
is explained by the constant length of the cavity accelerating cells. Hence, a further
reduction of the beam rms energy spread growth in the capture section does not seem
feasible with respect to the specified requirements for the upgrade. Nevertheless, the
beam rms longitudinal energy spread value obtained in the 6-cell cavity is almost 8 times
lower in comparison to the value of 23 keV that is observed in the current setup of the
S-DALINAC capture section.
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Figure 5.3: Illustration of the relative longitudinal energy spread growth of the 200 keV and 250
keV electron beam in the 6-cell cavity.

5.2.3 Initial RF phase and Field Amplitude Choice

The beam output energy and its longitudinal energy spread depend on the amplitude and
the RF phase of the cavity accelerating field in operation. In case of the acceleration of
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Figure 5.4: Illustration of the longitudinal phase space of the beam with indicated average kinetic
beam energy and rms longitudinal beam energy spread value after acceleration in
each cavity cell. The colormap on the right hand-side of each diagram shows the
number of particles in one bin depending on the colour e.g, dark red colour represents
the highest particle density in the phase space. The area enclosed by the grey dashed-
line ellipsoid contains 95% of particles. The results are valid for an input beam energy
of 200 keV, an input beam longitudinal rms energy spread of 3 keV and an rms bunch

length of At =5 ps.

5.2 Beam Dynamics Simulation Results
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the beam, velocities of which remain almost constant! during acceleration in an RF cavity,
it is possible to choose either field the off-crest acceleration to correct the beam energy
spread or the on-crest regime for the maximum possible energy gain at which the energy
spread can not be corrected. In case of the 6-cell cavity, the beam relative velocities vary
from 0.7 to 0.97 during the acceleration while the length of the accelerating gaps remains
constant. Because of this, the synchronous RF phase is not the same in each cell. Hence,
it is not possible to choose a specific acceleration regime (e.g. off-crest acceleration) for
the 6-cell cavity.

A minimised beam energy spread is one of the important requirements for the 6-cell
cavity. In that regard, it is necessary to determine the cavity RF phase, which corresponds
to the minimum energy spread while the necessary energy gain is reached. In addition,
it is necessary to reveal the dependence of the output energy of the beam as a function of
the amplitude of the accelerating field on the axis of the structure with the cavity initial
RF phase that corresponds to the minimum possible energy spread of the beam.

It is necessary to mention that the initial RF phase values ¢gg, that are indicated in this
chapter are not calibrated for the S-DALINAC operation. Instead, the values are given
with the intend to demonstrate the 6-cell cavity phase range A¢gg, at which the specific
beam characteristics can be obtained.

RF Phase

Figure 5.5 illustrate the computed beam output energy as a function of the initial RF
phase of the cavity. The results have been obtained for an E, value of 10 MV/m. The
initial RF phase of the cavity ¢gg, corresponds to the time ¢t = t; at which the particle
tracking of the initial beam starts. The 200 keV beam reaches a maximum output energy
Wouemax, Of 1.432 MeV at the cavity initial RF phase ¢gg, of:

®rr, = Pw, e, = —1-5 [deg.]. (5.1

Wout=Wout.max.

The 200 keV beam output energy varies in the range (5.2) for the phase range (5.3).

Wout = (Wout.max.:tz) [keV] (52)

bre, = (Pw,y e = 5) [deg.]. (5.3)

As can be seen from in Fig. 5.6, the minimal rms energy spread of the output beam is
observed for an cavity initial RF phase of

PRy = P,y — 517 = —6.6 [deg.]. (5.4)

Analysing the data, it is possible to distinguish two possible operational regimes of the 6-
cell cavity depending on the chosen value of the RF phase. The first regime corresponds
to a maximised output beam energy and a noticeably increased longitudinal rms energy

1 For example, a relativistic electron or proton beam.
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spread. The second regime is characterised by an insignificantly decreased output beam
energy and a minimised longitudinal energy spread. In the second regime, the beam
output energy decreases by less then 1% in comparison to the beam output energy in the
first regime. Thus, the second regime is preferred due to obvious reasons.

Overall, the simulation results for the 6-cell cavity have indicated the wide phase range
available for operation. The data obtained for the 250 keV beam allows to carry out
similar estimations and analysis. Its is worth noting that in case of the 250 keV beam
the cavity RF phase range at which the longitudinal energy spread of the output beam
is minimised is narrower in comparison to the results that have been obtained for the
200 keV beam. This is explained by the fact that the 6-cell cavity has been developed
with the intend to have optimal performance for acceleration of the 200 keV beam that
is injected from the SPG. Nevertheless, for the acceleration of the 250 keV beam, the
cavity RF phase region of stability is within a reasonable range and the output beam rms
longitudinal energy spread is larger by only 0.5 keV in comparison for the 200 keV beam
with higher output energy at the same time.
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Figure 5.5: Dependence of the output beam energy on the choice of the cavity initial RF phase
with indicated input parameters.

Accelerating Field Amplitude

Similarly to the previous section, simulation results are explained for the 200 keV beam,
while the same analysis can be easily carried out for the 250 keV beam based on the
presented data.

The 6-cell cavity is planned to be operated with a peak electric field on the cavity
central axis E, of 10 MV/m. During the operation various limitations and changes to the
accelerator operating parameters can take place. Due to that, the cavity can be operated
at field amplitudes larger or smaller than the designed value. In that regard, the output
beam characteristics have been studied for various peak amplitudes of the electric field
on the 6-cell cavity axis.
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Figure 5.6: Dependence of the output beam rms longitudinal energy on the choice of the cavity
initial RF phase with indicated input parameters.

The required minimum output energy of the beam of 1 MeV is achieved at a E, value
of 7 MV/m , as can be seen from Fig 5.7. When the designed value of E, is doubled,
the beam energy gain is AW = W, ,,—W,, = 2.4 MeV, which is two times larger than the
beam output energy of AW = 1.2 MeV obtained with a value E, of 10 MV/m. Hence,
the dependence of the beam output energy on the field amplitude is almost linear in the
range of 10 MV/m < E, < 20 MV/m. From Fig. 5.8, one can see that the minimum
energy spread is observed at a field amplitude E, of 8 MV/m.

Analysing the data, it is possible to operate the cavity within a fairly wide field ampli-
tude range. This indicates an optimally chosen value of f, and of the number of cells for
the 6-cell cavity. From the point of view of minimising the energy spread of the beam,
the 7 MV/m < E, < 10 MV/m range is preferred. It is worth noting that the beam energy
spread increases with the increase of the electric field amplitude on the axis, due to the
constant length of the cavity cells.

5.3 Conclusion

Beam dynamics computations have been performed for the 6-cell cavity. The data ob-
tained for a value E, of 10 MV/m indicated that for the 200 keV and the 250 keV beam
the required beam output energy of 1 MeV is exceeded by 430 keV and 513 keV, respec-
tively. In addition, the cavity can be operated in a wide range of E, values of up to 20
MV/m. It should be noted that an increase of the longitudinal rms energy spread of the
output beam is observed when E;, > 10 MV/m.

The relative energy spread growth is reduced for both beams at E, = 10 MV/m. Ad-
ditional beam dynamics simulations have been carried out for the 200 keV beam and
its longitudinal phase space has been analysed. The obtained output beam longitudinal
phase space has indicated the presence of a beam tail. However, the beam tail is located
outside of 95% of the particles distribution and, hence, its effect is negligible because
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operating E, value. The results are valid for the ¢gg, value at which the output beam
energy spread is minimal.
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of the low charge concentration in it. The rms longitudinal energy spread of the beam
grows by only 3 keV and 3.5 keV for the 200 keV and the 250 keV beam, respectively.
Taking into account the fact that the cavity cell length is constant, the obtained values for
the beam rms longitudinal energy spread are relatively low. Further minimisation of the
rms energy spread growth is feasible by considering the other proposed cavity layouts,
which would require a new capture section cryostat.

The 6-cell cavity can be operated in a wide range of accelerating field amplitudes of
up to 10 MV/m and has a wide RF phase stability range of 10°. This is explained by
the optimal number of the cavity cells and by the choice of the 8, value that has been
discussed in Chapter 4.
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6 Mechanical Stability of the 6-cell Cavity

The SRF cavity is mounted in a liquid helium cryostat where it is cooled down and op-
erated at a temperature of 2-4 K. During operation, various mechanical loads act on the
cavity walls. As a consequence, the EM field distribution of the cavity is perturbed. Due
to that, the electromagnetic parameters of the cavity such as the accelerating mode res-
onance frequency and the field flatness deviate from the designed values. A mechanical
tuner is installed in the cryostat in order to correct the resonance frequency of the cavity.
In order to assess the mechanical stability of the 6-cell f,= 0.86 cavity and in order to
determine the mechanical characteristics of the cavity required for designing the cavity
tuning, a structural analysis has been carried out in the ANSYS software [42].

After a short theoretical introduction the computed results are discussed. The pre-
sented theoretical introduction highlights only the information that is necessary in this
framework. Detailed information related to mechanics of particle accelerators can be
found in [43].

6.1 Introduction

The goal of this section is to briefly introduce the main sources of unwanted mechanical
loads that act on the SRF cavity walls and to present the key analytic expressions that
characterise the frequency detuning owe to perturbations of the cavity volume. In addi-
tion, the material properties that are required for the structural analysis of the metallic
bodies, are introduced.

One of the sources of mechanical loads is the static pressure in the cryostat that acts on
the cavity walls during cavity operation. For an elliptic cavity, a typical value of the shift
of the resonance frequency is below 100 Hz, which can be compensated by the cavity
tuning system.

Another source of external mechanical loads are mechanical vibrations of the cavity
(microphonics). Microphonics arise when one of the vibration sources in the accelera-
tor hall mechanically couples to the cavity and excites one of the resonance modes of
the cavity structure. The microphonics sources can be ground motion, helium pressure
fluctuations and pumping systems of the accelerator. The mechanical vibrations lead to
geometric deformation of the cavity. It is challenging to compensate for field and phase
detuning arising from the microphonics effect, due to its non-static behaviour. When it
is not feasible to compensate the frequency detuning caused by microphonics, the strong
overcoupling regime is introduced, which requires more generator power in comparison
to operation at the cavity optimal Q; value (See Chapter 4, Section 4.4.2).

The Lorentz force pressure that acts on the inside the walls of the cavity should also
be mentioned as a source of cavity detuning. However, the impact of this effect is only
relevant for cavities that are operated with high accelerating gradients in pulsed regime.
More information regarding sources of cavity detuning can be found in [14] and [19].
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The material properties of the cavity define the structure rigidity, along with the cavity
geometry. In solid state mechanics, the Young modulus is a measure of the stiffness of
the material, and is defined as:

_ tensile stress  F/Ay  FLg

= = = 6.1
™ tensile strain  6L/L, A\AL (6.1)

where A, is the original cross-sectional area at which the force F is applied to the object,
AL is the object length change and L, is the initial object length.

In addition to Young modulus, the second required figure of merit for the structural
analysis of the cavity is the Poisson ratio. For compressable objects it is defined as:

transverse strain
y=— (6.2)

axial strain

Slater’s Theorem

Slater perturbation theorem describes the dependence of the RF cavity resonance fre-
quency on changes caused by mechanical perturbations to the magnetic and electric
energies stored in the cavity. The dependence can be expressed as follows [10]:

©=% _ 1Ay —au), (6.3)
wq U
where w and w are the perturbed and the unperturbed cavity angular resonance frequen-
cies, respectively, U is the cavity unperturbed time-averaged stored energy, AU, and AU,
are the time-averaged magnetic and electric stored energies removed as a consequence
of the cavity perturbation.

A simple explanation of this phenomenon is given by referring to the LC analogy of
the cavity. For that, imagine a single-cell elliptic cavity operated with the TM;;4; mode,
represented by a simple LC-circuit. In this case, the TM;;;T mode resonance frequency
Wo10 is expressed as:

1

o (6.4)

2 _
Wo10 =

where L is the cavity inductance and C is the cavity capacitance.

The introduction of an additional cavity volume in the cavity region of high electric field
concentration (e.g. the cavity iris) will decrease the cavity capacitance C and increase the
resonance frequency. The introduction of an additional volume in the cavity region with
high magnetic field concentration (e.g. the cavity equator) will increase the inductance
and decrease the resonance frequency.
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6.2 Mechanical Model of the Cavity

The importance of a mechanical study prior cavity operation is motivated by two main fac-
tors: the stability of the cavity in operation and the tuning range of the cavity’s resonance
frequency in operation.

In the SRF engineering community, the longitudinal stiffness of the cavity k is a com-
monly used figure of merit for indicating the cavity’s rigidity. Typical k values that have
been reported to be reliable in operation are in the range of 3 kN/mm up to 10 kN/mm
depending on the SRF cavity type and the used resonance frequency (transverse dimen-
sions). Thus, by knowing the reliable range of the longitudinal SRF elliptic cavity stiffness
it is possible to assess the rigidity of the 6-cell f,= 0.86 cavity based on the results of a
structural analysis and by referring to the data and operational experience that have been
reported for similar cavities. The logic behind the cavity rigidity assessment is the follow-
ing: a very low longitudinal stiffness of the cavity indicates that the cavity will be very
sensitive to mechanical deformations and a compensation of the resonance frequency de-
tuning can not be guaranteed in operation. On the other hand, a very high longitudinal
stiffness of the cavity can lead to a situation where the cavity frequency detuning can not
be compensated for, due to the insufficient force provided by the cavity tuning system.
The solution for these problems can be either a modification of the cavity geometry or a
modification of the cavity tuning system.

In addition to the longitudinal stiffness of the cavity, the dependence of the resonance
frequency on the cavity length is required in order to complete the mechanical specifica-
tion that is required as input for the design of the cavity tuning system. Furthermore, it is
necessary to investigate the sensitivity of the accelerating mode resonance frequency to
the outside static pressure that acts on the outside surface of the cavity walls. By know-
ing the average helium pressure fluctuations in the current setup of the capture section,
the expected resonance frequency detuning of the 6-cell cavity due to the static helium
pressure can be estimated.

6.2.1 Simulation Model

Prior to discussing the results of the mechanical simulations of the 6-cell cavity, it is
necessary to describe the cavity model and to introduce the boundary conditions that
have been implemented for the structural analysis of the cavity. The cavity model is the
same in all mechanical simulations and, due to the cavity axial symmetry, consists of a =
18° of the full cavity model, as can be seen in Fig. 6.1. Similarly to the cavity RF design,
some model simplifications allow to reduce the computation time while making sure that
the solutions converge with respect to the spatial resolution of the computational mesh. It
is worth noting that a 2-D mechanical analysis of the cavity is a state-of-the-art technique.
However, for the computation of the change of the accelerating mode frequency, caused
by mechanical loads, it is necessary to apply 3-D simulation in ANSYS. The sensitivity of
the cavity resonance frequency has been estimated using the following algorithm:

1. The resonance frequency of the unperturbed 6-cell cavity TMy;o;T-mode is com-
puted by an EM simulation (see Chapter 4).
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2. The mechanical load is applied to a 3-D model of the 6-cell cavity body to obtain
the cavity deformation.

3. The deformed mesh (see Fig.6.2) from (2) is given back to the EM solver (1).

4. The resonance frequency of the TM;,;-mode is computed in the EM simulation
with respect to the deformation obtained in (2).

Niobium

Vacuum

Figure 6.1: 3-D CAD model of the 6-cell cavity that has been used in the structural analysis and in
the EM simulations. The model consists of pie piece of only a = 18° from the cavity
total axial volume (360°)

Figure 6.2: Partial illustration of the deformed mesh of the 6-cell cavity due to a 1 bar outside
pressure applied to the cavity outside surface. The scale of the deformation is exag-
gerated for an improved visualisation. The unperturbed shape of the cavity is shown
in a transparent brown colour.

For each computed mechanical parameter of the cavity, different mechanical loads have
been introduced to the cavity simulation model. The boundary conditions have been
defined in regions where the cavity is fixed to the cavity tuner holder (see Fig. 6.3 (A) and
(B) region). The boundary conditions and mechanical loads that have been introduced
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for the computations of the mechanical characteristics of the cavity are collected in Table
6.1. The mechanical properties of Niobium are characterised by a Young modulus Y, =
118 GPa and a Poisson ratio v = 0.38 at an operating temperature of 2 K and a cavity
wall thickness of 2.65 mm.

%V 7
0.00 50.00 100.00 (mm)
—— I ] X

25.00 75.00
Figure 6.3: 3-D simulation model for the structural analysis of the 6-cell cavity with indicated

regions at which the boundary conditions are defined (A and B surface).

Computed parameter Applied load B region

k, kN/mm 1 kN axial force fix. (fix. fix., fr.)
df /dl, kHz/um 1 mm axial displacement fix. (fix. fix., fr.)
df /dp, Hz/mbar 1 bar outside pressure fix. (fix. fix., fr.)
Vibration resonance frequencies | mechanical excitation fix. (fix. fix., fr.)

Table 6.1: Boundary conditions and applied loads that have been introduced to compute the
cavity mechanical parameters.

6.2.2 Mechanical Characteristics of the Cavity

The computed value of the longitudinal stiffness of the 6-cell 5,=0.86 cavity is:

k=52 N (6.5)
mm
The obtained k value indicates that the 6-cell cavity is rigid enough without further geom-
etry optimisation, and that an implementation of cavity stiffening rings is not required.
This conclusion has been made based on the data reported for the 3.9 GHz TESLA cavity
[44]. It is worth noting, that the 6-cell cavity mechanical optimisation has been carried
out for one of the first proposed layouts of the 6-cell reduced-f3 cavity, in which the end-
cell iris radius was set the same as the mid-cell iris radius. The cavity structural analysis
indicated that the non-smooth transition between the end-cells and the beam tubes de-
creases the 6-cell cavity’s longitudinal stiffness by 1 kN/mm. The cavity layout with a
lower iris radius is characterised by a higher R-over-Q value, however, the change of the
mechanical stability of the cavity has a higher priority in this framework.
The sensitivity of the resonance frequency of the 6-cell cavity to the change of the
longitudinal length is:
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—=21—"-. (6.6)

The obtained values for k and df /dl allow to easily estimate the required tuner step and
the sensitivity of the frequency to the force F applied in the longitudinal direction:

df kHz
— =404 —. 6.
iF 404 N (6.7)

As an example, the deformation of the cavity due to an applied longitudinal force of 1
kN to the cavity is illustrated in Fig. 6.4.

Type: Total Deformation
Unit: mm

0.17252
0.15095
0.12939
0.10782
0.086259
0.064694
0.04313

0.021565
0 Min . |e 0.00 100.00 200.00 (mm)
, I I
50.00 150.00

Figure 6.4: Illustration of the deformation of the 6-cell cavity caused by an axial force of 1 kN.

5 0.19408 Max

Further on, the computation of the sensitivity of the accelerating mode frequency on
the outside pressure indicated the value of:

df Hz
— =26
dp mbar

(6.8)

The expected average pressure acting on the outside surface of the cavity in the cryostat
during operation is 1.5 mbar. Hence, in absence of uncontrollable pressure fluctuations,
the cavity’s average resonance frequency detuning caused by the helium pressure fluctu-
ations in the cryostat is 39 Hz and can be compensated by the tuning system of the cavity
during operation.

6.2.3 Microphonics

6-cell cavity microphonics simulations have been carried out with the aim to search for
potential resonance modes of the cavity. In addition, there are microphonics measure-
ments planned at the S-DALINAC facility. Thus, the sources and frequencies of vibrations
in the accelerator hall can be determined and isolated from the 6-cell cavity.

There are two longitudinal mechanical vibration modes of the 6-cell cavity in the fre-
quency range below 1 kHz, as can be seen in Table 6.2. The data and especially the reso-
nance frequencies of the longitudinal modes must be taken into account when analysing
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Mode number N | Mode type | Resonance frequency, Hz
1 longitudinal 288
2 transverse 385
3 transverse 796
4 longitudinal 921
S5 transverse 1200
6 breathing 1341
7 transverse 1573
8 longitudinal 1613
9 transverse 1876

10 longitudinal 2304

Table 6.2: Resonance frequencies of the first ten mechanical vibration modes of the 6-cell cavity.

mechanical vibration sources at the S-DALINAC accelerator hall. The 6-cell cavity defor-
mation maps of the first four mechanical vibration modes are illustrated in Fig. 6.5 with
exaggerated amplitude.

N=1

Deformation amplitude

Figure 6.5: Deformations of the first four mechanical vibration modes. The deformation scale is
exaggerated for an improved visualisation.

6.2.4 Mechanical Tuner of the Cavity

For tuning the 6-cell cavity, the tuner setup existing at the S-DALINAC is kept. This
system has been modeled and modified by S. Weih (IKB TU Darmstadt) such that the
possibility of tuning the 6-cell cavity in operation is enabled. The existing tuning system
has been previously implemented for the tuning of the 5-cell cavity. The 6-cell cavity has
been designed in a way such that its dimensions fit into the existing SRF cavity tuner
with minimised modifications to the tuner geometry. The tuner operation principle is
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introduced shortly. For more details regarding the principle of operation the reader is
referred to the work of S. Weih published in [45].

Coarse tuner Piezo tuner

Lever Movable plate

Fixed plate Titanium rods . 10 em

Figure 6.6: 6-cell cavity equipped with the tuner frame.

As can be seen from Fig. 6.6, the tuner is designed as a lever system where the force is
applied by a stepper motor (coarse tuner). In addition, piezoelectric tuners are installed
for the fast frequency tuning. One fixed plate and another movable plate are connected
by four titanium rods. The cavity’s holders are fixed on these plates. Hence, by driving
the tuners it is possible to either stretch or compress the cavity depending on the required
resonance frequency change of the cavity’s accelerating mode. After the cavity is cooled
down to the operating temperature of 2 K, the cavity body slightly shrinks, thus the
resonance frequency changes as well. This resonance frequency change is compensated
by the slow coarse tuner. Further on, the S-DALINAC LLRF field control system maintains
the cavity accelerating mode with a relative field amplitude error of 7- 10~ and rms phase
error of 0.8° [46]. The existing tuner setup successfully covers the required tuning range
for the 6-cell 3,= 0.86 cavity with the indicated mechanical parameters.

6.3 Conclusion

A structural analysis has been carried out and the main mechanical characteristics have
been computed for the 6-cell cavity. The obtained data for the constant wall thickness of
2.65 mm allows to assess the cavity’s rigidity. The longitudinal stiffness of k = 5.2 kN/mm
indicates that the cavity is rigid enough and an implementation of cavity stiffening rings
is not required. The sensitivity of the resonance frequency of the cavity to the applied
force is 404 kHz/kN. This value together with the obtained value for k is sufficient to
evaluate the necessary cavity tuner properties.

68 6 Mechanical Stability of the 6-cell Cavity



The sensitivity of the resonance frequency of the cavity to the pressure acting on the
cavity’s outside surface is below 100 Hz/mbar. The expected average helium pressure
fluctuations in the cavity cryostat is 1.5 mbar. The obtained average frequency detuning
of 39 Hz can be compensated by the S-DALINAC tuning system.

It is worth noting that the company appointed for manufacturing the cavity will intro-
duce modifications to the cavity’s outside geometry by reducing the cavity wall thickness
in the cavity welding regions due to requirements related to the electron beam welding
(EBW) procedure. Due to the fact that the details of these modifications are not avail-
able up to date, an additional computation of the longitudinal cavity stiffness has been
carried out based on data available in literature. Preliminary estimations of the impact
of the modifications to the cavity’s outside shape predict a maximal cavity stiffness de-
crease by 1 kN/mm leading to a longitudinal stiffness of 4.2 kN/mm, which is still within
a reliable range.

The final 6-cell cavity mechanical drawings that have been used for ordering the cavity
are shown in Fig. 6.7. These drawings represent the 6-cell cavity in the cold state with a
wall thickness of 2.65 mm. It is worth noting that the 6-cell cavity will be manufactured
with a wall thickness of 2.8 mm. Further on, the cavity’s inside surface will be post
processed by chemical polishing (BCP) to eliminate inside surface defects. In that regard,
150 um of the wall thickness will be removed, resulting to a final wall thickness of 2.65
mm.
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Figure 6.7: Mechanical drawings of the 6-cell cavity model.
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7 Conclusion and Outlook

The idea of implementing a 3 GHz SRF 6-cell reduced-f cavity for acceleration of low
energy electron beams, with a comparably low average current, has been justified quali-
tatively and quantitatively. The designed cavity is operated with the TM;;,;= mode and
allows to accelerate electron beams from an energies of 200 keV up to energies of up to
1.5 MeV, which is by 1 MeV larger compared to the current setup of the capture section of
the S-DALINAC. The relative longitudinal energy spread of the beam accelerated in the
6-cell cavity is reduced, while the rms longitudinal energy spread of the output beam is
almost 8 times lower compared to the current setup. The new cavity is fully compatible
with the present capture section cryostat. The 6-cell cavity is also compatible with the
existing tuning system of the cavity after minor modifications.

During the RF design of the cavity, its acceleration efficiency has been reduced for the
sake of mechanical longitudinal rigidity of the cavity by increasing the half end-cells iris
radius value of the cavity for obtaining a smooth transition between the end-cells and the
beam tubes. Nevertheless, the designed accelerating gradient of 5 MV/m can be reached
with moderate peak electric fields at the cavity’s inside surface. The increased iris radius
of the mid-cells provides an advantage in form of a large cell-to-cell coupling coefficient.
The large cell-to-cell coupling coefficient, in turn, ensures a stable cavity operation due
to a decreased sensitivity of the field flatness to the external mechanical loads.

Longitudinal beam dynamics simulations indicated a wide RF operating phase stability
region. In addition, the operating value of the peak electric field on the cavity central axis
can be chosen in the range of 7 MV/m up to 20 MV/m depending on the required beam
parameters. It is worth noting that the main negative consequence of the cavity constant
cell length and the large iris radius of the end-cells is the beam energy loss in the first
and the last cavity cells. However, due to low charge of the beam at the S-DALINAC, the
effect of the beam energy loss is negligible. In addition, a longitudinal rms energy spread
growth of 3 keV of the output beam is being observed. A further minimisation of the rms
energy spread growth is feasible by considering the other proposed cavity layouts at the
cost of a new cryostat.

The mechanical properties of the 6-cell cavity has been investigated by structural analy-
sis. The computed value of the longitudinal stiffness of the cavity of 5.2 kN/mm indicated
that the cavity is rigid enough and stiffening rings are not required. The sensitivity of the
resonance frequency to mechanical loads has been estimated and completes the basic me-
chanical description that is required for the tuning procedures. It is worth noting that the
resonance frequency detuning due to the helium pressure fluctuations in the cryostat is
expected to be below 40 Hz and is easily compensated by the tuning system of the cavity.
In addition, microphonics frequencies of the cavity have been estimated. The obtained
data allows to determine potential excitation sources of microphonics for the 6-cell cav-
ity and isolate them if such mechanical vibration sources are present in the S-DALINAC
accelerator hall.
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The computation results indicated that the 6-cell cavity parameters match the up-
grade requirements. Recently, the decision to start the cavity production has been made.
Presently, the manufacturing order of the 6-cell cavity has been placed and the manufac-
turing process will begin early 2019. The cavity delivery to the S-DALINAC is expected
to be end of 2019. The first commissioning tests of the cavity are planned early 2020.

This work has shown the feasibility of a reduced-3 SRF cavity for capturing a low-
energy electron beam with a limited space. By that, it has successfully contributed to
accelerator physics providing a valuable alternative to existing principles such as normal
conducting [3-graded cavities and independently driven single-cell SRF cavities. In future,
further optimisations can be carried out when practical restrictions are not present.
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