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Abstract

Linac driven free electron lasers (FELs) are useful devices for studying matter and
the demand for new FEL facilities is increasing constantly. The main issues of
such machines are the size and the costs. Active research is going to improve the
performance of the devices, reduce building and operational costs, and make them
more compact.

In this framework, the INFN project EURPRAXIA@SPARC_LAB, is a pro-
posal to upgrade the SPARC_LAB test facility (at LNF, Frascati) to a soft X-ray
user facility based on plasma acceleration and high-gradient X-band accelerating
structures [71]. Also the European project CompactLight-XLS [57] aims to design a
compactFEL for users, in the hard X-ray range using the X band technology with a
new C-band high-brightness photoinjector and innovative short-period undulators.

The X band module layout is composed by one klystron feeding, in parallel,
four X band accelerating structures through a pulse compressor. This thesis work
is focused on the design of this last device. We have performed both the rf and
thermo-mechanical design. For the realization of this device we have proposed to
use the innovative brazing-free technology developed at LNF-INFN and based on
the use of special gaskets with a strong reduction of the cost, realization time and
risk of failure due to the brazing process itself.

In chapter 1, traveling wave structures are briefly introduced with their main
parameters.

In chapter 2, the EURPRAXIA@SPARC_LAB and CompactLight-XLS projects
are briefly described with their applications, goals, and main components.

In chapter 3, the use of the RF pulse compressor systems in LINAC is illustrated
and the different adopted solutions are briefly summarized with particular details
on the Barrel Open Cavity (BOC) solution.

In chapter 4, the advantages of the new brazeless technology recently developed at
LNF-INFN, for the realization of rf guns are briefly summarized and the opportunities
to fabricate BOC pulse compressors systems with this new approach are put in
evidence.

Chapter 5, is the core chapter of the thesis in which I describe the work done
to completely design the BOC cavity for the EURPRAXIA@SPARC_LAB X band
LINAC. The work flow involves the following main steps:

• Analytical and numerical analysis and design of the BOC

• Electromagnetic design and simulations

• Sensitivity study to evaluate the tolerable mechanical errors and possible
tuning

• Thermo-mechanical analysis and design of the cooling system.

• Final mechanical design of the structure

Chapter 6 is focused on the application of pulse compressors to feed standing
wave structures such as RF guns. A brief introduction on RF-guns and it’s common
feeding scheme is reported. An alternative feeding scheme for the C-band gun
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proposed for the CompactLight-XLS project has been proposed. The scheme foresees
the use of a BOC pulse compressor and avoids the use of a circulator (or isolator).
Parameters of the pulse compressor has been optimized, to reach desired gun’s
cathode peak field and it’s optimal performance. The electromagnetic design of the
C band BOC is then illustrated.

The conclusions and perspectives are reported in the last chapter 7.
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Chapter 1

Introduction

This thesis describes the development of the X-band BOC type rf pulse compressor
with the innovative brazeless technology developed at LNF-INFN, for the LINACs
of the EuPRAXIA@SPARC_LAB and XLS Compact Light projects.

Accelerators play important role in science, industry, and medicine [37]. Particle
accelerators can be divided into two main classes: linear and circular.

In the circular accelerator, charged particles move on closed orbit, so accelerating
cavities can be used over and over until the desired energy is not reached. Due
to the curvature of the particle’s trajectory, light particles (as electrons) radiate
synchrotron radiation, which makes it increasingly harder to accelerate electrons to
extremely higher energies [122].

A linear accelerator (linac) is a device that generates and accelerates charged
particles in a straight line. The main advantage of the linear accelerator is its
capability to produce high-energy, high-intensity charged particle beams of excellent
quality in terms of beam emittance and energy spread [138].

Particles are accelerated with constant or time-varying electric fields. In the last
case, there are two types of linacs: radio frequency (rf) and induction. In particular,
in rf linacs, the particle acceleration is obtained by electromagnetic (EM) fields
confined in resonant cavities fed by periodically time-varying power sources.

In research field, rf electron linacs are mainly used as injectors for synchrotrons
and storage rings (SPring-8 at RIKEN [19, 129], APS at Argonne National Laboratory
[1, 124], PETRA III at DESY [16, 41], ESRF [10, 81], CHESS at Cornell University
[3, 43]), free electron lasers (LCLS at SLAC [15, 39], European XFEL [23, 28],
PAL-XFEL at Pohang University of Science and Technology [17, 91], SACLA at
RIKEN [140, 148], SwissFEL at PSI [106, 141]) and +e/− e colliders (SuperKEKB
at KEK [20, 111], BEPC II at Institute of High Energy Physics, Chinese Academy
of Sciences [2, 25], VEPP-4M at BINP [66, 90], DAΦNE at LNF-INFN [8, 104]).

In an rf linear accelerator for electrons, particles are generated and pre-accelerated
in the injector, of which main components are the gun, that generates electrons by
thermionic [128] or photoelectric [115, 116] effects, followed by accelerating structures
and magnetic elements (most often solenoids) used to bunch and increase the beam
energy, keeping under control the transverse beam dynamics in terms of emittance
increase [69]. The injector is typically followed by the main linac, made up of several
accelerating sections that accelerate the beam up to the desired energy, interleaved



2 1. Introduction

Figure 1.1. Simplified block diagram of a linac [125].

by magnetic elements, usually quadrupoles, which focus the beam. Beam trajectories
and beam dimensions along the linac are measured by different types of diagnostic
devices such as striplines or cavity beam position monitors or beam screens [92].
Control, cooling, vacuum, rf distribution, and power systems complete the basic
scheme of a linear accelerator. A simplified block diagram of a linac is shown in
Fig.1.1[125].

A strong impact on the size of an rf linac (especially in the case of high-energy
linacs) is the frequency band of the accelerating sections. The higher is the operational
frequency, the higher is the maximum accelerating gradient that can be sustained
in the sections. The frequency dependence of rf breakdown level observed at low
frequency continues to higher frequencies [147]. In user facilities S-band has been
successfully adapted for guns [64, 120]. For the accelerating sections, the largest part
of the facilities are based on S-band [24, 74, 82, 142], while the C-band has been
successfully adopted for facilities like SACLA [86] and SwissFEL [151]. Through
the years, the X-band frequency range (12 GHz) has been widely studied (see the
following Section) especially in the framework of the linear collider proposals(CLIC
[50], NLC/JLC [117]) but, up to now, there are no user facilities based on it [27].

My thesis work has been oriented to:
1) the rf and thermo-mechanical design and optimization of a rf pulse com-

pressor in X-band for two different projects, EuPRAXIA@SPARC_LAB [71] and
CompactLight-XLS [57], whose main goal, is the design of a compact FEL facil-
ity. Starting from the parameters of the proposed X-band accelerating structures
[27], the BOC-type pulse compressor has been designed. For its realization the
brazeless technology, recently successfully implemented at INFN-LNF [31], has been
considered.

2) the rf design of a C band BOC-type pulse compressor system to feed the
C band gun of the CompactLight-XLS Project. Starting from the C band gun a
possible feeding scheme using a BOC has been proposed, optimized and designed.
This scheme can be a possible alternative scheme for the feeding of Standing Wave
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structures that foresees circulators or isolators.
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Chapter 2

Traveling wave structures for
electron linacs

A traveling wave (TW) accelerating structures are used to accelerate electrons. TW
structures are disc loaded circular waveguides in which the propagating field is a
TM01-like mode with a phase velocity equal to the speed of light. The distance
between the irises defines the phase advance per cell.

2.1 Main design parameters
The shunt impedance per unit length r is the parameter that quantify the rf efficiency
of an accelerating cell. It is defined as [105]:

r = − E2
z

dP (z)/dz = E2
acc

pdiss
(2.1)

where E is the electric field amplitude, dP/dz is the rf power loss per unit length,
Eacc is the average axial accelerating field and pdiss is the average dissipated power
per unit length. It is defined as follows:

pdiss = Pdiss
d

(2.2)

The quality factor (Q-factor) is defined as follows:

Q = −2πfrf
ωc

dP/dz
= ωrf

ωc
pdiss

(2.3)

where ωc is the stored energy per unit length and ωrf is the angular frequency of
the rf power.

Geometrical parameter ρ is defined as:

ρ = r

Q
= E2

ωrfωc
(2.4)

The phase velocity vph of a wave is the velocity at which phase of the wave
propagates in time. it is defined as follows:

vph = ω

kz
(2.5)
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where kz is the waveguide propagation constant along z.
The group velocity vg is the velocity at which rf energy flows through the

accelerator. It is defined as:
vg = dω

dkz
(2.6)

It depends on phase advance per cell, iris thickness, iris tip shape.
The filling time tf is the time necessary for energy to propagate at the group

velocity from the input to the output end of the structure. It is defined as follows:

tf =
∫ Ls

0

dz

vg(z)
(2.7)

Ls is the length of the structure where energy propagates.
To derive analytical solutions of the gradient distribution in the TW accelerating

structure with an arbitrary variation of parameters over the structure length for
steady state we can use energy conservation. From Eqs. 2.1 - 2.6 we obtain the
energy conservation including wall losses and the interaction with the beam [99]:

dP

dz
= −ωW

Q
−GI (2.8)

Basic equations for energy flow and for stored energy are as follows:

P = Wvg W = G2

ωρ
(2.9)

P is the power flow through the structure cross section, I is beam current, ω is
angular frequency, W is stored energy per unit length, Q is quality factor, G loaded
accelerating gradient.

α(z) the attenuation in nepers per unit length and it is defined as:

α(z) = 1
2

ω

vg(z)Q(z) (2.10)

If we substitute equations 2.9 into equation 2.8 we will have:

dG

dz
= −G(z)α′(z)− β(z) (2.11)

where α′(z) = 1
2

(
1
vg

dvg
dz
− 1
ρ

dρ

dz
+ ω

vgQ

)
and β(z) = I

ωρ

2vg
.

If β = 0 (negligible beam loading, unloaded gradient) the solution of the Eq.2.10
is:

G(z) = G0g(z) (2.12)

With G0 is the value for z = 0 and is defined as follows:

G0 =
√
ωρ(0)P (0)
vg(0) (2.13)
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g(z) is the accelerating gradient profile

g(z) = e−
∫ z

0 α
′ (z′ )dz′

=
√
vg(0)
vg(z)

ρ(z)
ρ(0)e

−
1
2
∫ z
0

ω

vg(z′)Q(z′)dz
′

(2.14)

From Eqs. 2.13 and 2.14 we will get:

G(z) = G0e
−
∫ z

0 α(z′ )dz′

(2.15)

with

Gz =
√
ωρ(z)P (0)
vg(z)

(2.16)

If we neglect the terms dvg/dz and dp/dz in the equation for α′ , we obtain
α

′(z) = α(z). Thus, the variation of the amplitude of the electric field along the
structure is given by:

dG/dz = −αG (2.17)

while the rf power flow is given by

dP/dz = −2αP (2.18)

if we integrate equations 2.17 and 2.18 we will have:

G(z) = G0e
−
∫ z

0 α(z′ )dz′

(2.19)

and
P (z) = P0e

−2
∫ z

0 α(z′ )dz′

(2.20)

where G0 and P0 are values of the electric field and power at the section input (z =
0).

The section attenuation τs is defined as follows:

τs =
∫ Ls

0
α(z)dz (2.21)

If we put Eq.2.20 in Eq.2.21:

Pdiss = P0 − PLs = P0(1− e−2τs) (2.22)

with
PLs

P0
= Pout

Pin
= e−2τs (2.23)

2.2 Constant gradient structures
In a constant gradient (CG) structure, the profile of the accelerating electric field
along the structure is constant, on the contrary, in a constant impedance structure,
the field decays exponentially with z. A constant gradient structure can be realized
by varying the iris holes in the disks to smaller and smaller apertures along the
section [143].
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Figure 2.1. Sketch of the CG structure [22].

If we assume r and Q are constant along z we have that:

α = 1
2
ω

vgQ
(2.24)

and
τs = αLs = ωLs

vgQ
(2.25)

From equation 2.1, to keep G(z) constant, we must have:

dP/dz = const (2.26)

The linear profile of P (z) must be given:

P (z) = P0 − (P0 − Pls) z
Ls

= P0

(
1− z

Ls
(1− e−2τs)

)
(2.27)

Eq. 2.27 gives:
dP/dz = −P0

(
1− e−2τs

)
(2.28)

Combining Eq. (2.27) with (2.28), (2.1) and (2.3), we will get:

vg(z) = ωLs
Q

1− z

Ls
(1− e−2τs)

(1− e−2τs) (2.29)

From Eq.(2.7) we will have:
tf = 2Qτs

ω
(2.30)

Figure 2.2. Shows electric field profile in constant impedance and constant gradient
structures [94].
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Figure 2.3. Sketch of the CI structure [22].

The axial fiedl strength can be obtained combining Eqs. (2.1) and (2.27):

G(z) = G0 =
(

(1− e−2τs)P0r0
Ls

)1/2

(2.31)

Integrating above equation over the structure length will give:

V = G0Ls =
(
(1− e−2τs)P0r0Ls

)1/2
(2.32)

Comparing the energy gain of CI and CG structures as a function of the section
attenuation, it can be observed that it is slightly higher for CG structures. An
example is reported in Fig.2.2 [94].

2.3 Constant impedance structures

Constant impedance (CI) structures have all cells of the same dimensions, so the
shunt impedance, group velocity and Q-factor are constant, Fig.2.3 [139].

Attenuation 2.10 in this case will be:

α(z) = 1
2
ω

vgQ
(2.33)

Thus 2.18 will becomes:
dP/dz = − ωP

vgQ
(2.34)

With this conditions integration of equations 2.19 and 2.20:

G(z) = G0e
−

1
2
ω

vgQ
z

(2.35)

and

P (z) = P0e
−

1
2
ω

vgQ
z

(2.36)

After substituting Eq. 2.1 in Eq. 2.34 we have:

G0 =
√
r0
ωP

vgQ
(2.37)



10 2. Traveling wave structures for electron linacs

The energy gained by an electron situated at phase φ with the respect to the
crest of the traveling wave is:

W = eV = e cosφ

∫ Ls

0
G(z)dz (2.38)

where V is the voltage gain. For constant impedance structure it is equal to:

V = G0Ls((1− e−τs)/τs)cosφ = (2τs)1/2((1− e−τs)/τs)(P0r0Ls)1/2cosφ (2.39)

where
τs = αLs = ωLs

vgQ
(2.40)

is the total attenuation in nepers in the accelerating structure.
The condition for maximum energy gain is τs = 1

2(eτs − 1), which is satisfied
for τs = 1.26. With this optimum value of τs, the maximum energy gain is Vmax ≈
0.903(P0r0Ls)1/2 cosφ.

From Eq. (2.21), the filling time can be written as:

tf = Ls
vg

= 2Qτs
ω

(2.41)

For an accelerator optimized for the maximum energy gain, τf ≈ 2.52Q/ω [27].
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Chapter 3

EuPRAXIA@SPARC_LAB &
CompactLight-XLS Projects

3.1 EuPRAXIA@SPARC_LAB

EuPRAXIA@SPARC_LAB [71], is the proposal for the upgrade of the SPARC_LAB
test facility [26] at INFN-LNF (Frascati, Italy). The goal is to design and build
a new multi-disciplinary user-facility, equipped with a soft X-ray Free Electron
Laser (FEL) driven by a ∼1 GeV high brightness linac based on plasma accelerator
modules. EuPRAXIA@SPARC_LAB study is performed in synergy with the
Horizon 2020 Design Study EuPRAXIA (European Plasma Research Accelerator
with eXcellence In Applications) [136] [11] which goal is to demonstrate exploitation
of plasma accelerators for users. The EuPRAXIA@SPARC_LAB project is intended
to put forward the Laboratori Nazionali di Frascati (LNF) in Italy as host of the
EuPRAXIA European Facility. which goal is to demonstrate the exploitation of
plasma accelerators for users.

The EuPRAXIA@SPARC_LAB facility by itself will equip LNF with a unique
combination of a high brightness GeV-range electron beam generated in a state-of-
the-art linac, and a 0.5 PW-class laser system. Even in the case of LNF not being
selected and/or of a failure of plasma acceleration technology, the infrastructure
will be of top-class quality, user-oriented, and at the forefront of new acceleration
technologies.

The new facility will cover approximately an area of 4000 m2. The layout of
the EuPRAXIA@SPARC_LAB infrastructure is schematically shown in Figure 3.1.
From left to right one can see a 55 m long tunnel hosting a high brightness 150 MeV
S-band RF photoinjector equipped with a hybrid compressor scheme based on both
velocity bunching [70, 77, 123] and magnetic chicane. The energy boost from 150
MeV up to a maximum 1 GeV will be provided by a chain of high gradient X-band
RF cavities [60, 131]. At the linac exit, a 5 m long plasma accelerator section will
be installed, which includes the plasma module (∼0.5 m long) and the required
matching [47, 52] and diagnostics sections [53, 103]. In the downstream tunnel,
a 40 m long undulator hall is shown, where the undulator chain will be installed
[114]. Further downstream after a 12 m long photon diagnostic section [135] the
users hall is shown [42]. Additional radiation sources as THz and γ-ray Compton
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Figure 3.1. The layout of the EuPRAXIA@SPARC_LAB infrastructure

sources are foreseen in the other shown beam lines. The upper room is dedicated
to Klystrons and Modulators. In the lower light-blue room will be installed the
existing 300 TW FLAME laser [44] eventually upgraded up to 500 TW. The plasma
accelerator module can be driven in this layout either by an electron bunch driver
(PWFA scheme) [102] or by the FLAME laser itself (LWFA scheme) [119].

The experimental activity will be initially focused on the realization of a plasma
driven short wavelength FEL with one user beam line, according to the beam
parameter reported in the Table 3.1. This goal is already quite challenging but
it is affordable by the EuPRAXIA@SPARC_LAB collaboration and will provide
an interesting FEL radiation spectrum in the so-called "water window". The first
foreseen FEL operational mode is based on the Self Amplification of Spontaneous
Radiation (SASE) mechanism [45] with tapered undulators. More advanced schemes
like Seeded and Higher Harmonic Generation configurations will be also investigated.
The user’s end station, called EX-TRIM (Eupraxia X-ray Time Resolved coherent
IMaging), will be designed and built to allow performing a wide class of experiments
using the schematic apparatus discussed in [42, 52]. As a specific example of Eu-
PRAXIA@SPARC_LAB applications, it is worth remarking that the FEL radiation
in the soft X-ray spectrum opens possibilities for novel imaging methodologies and
time-resolved studies in material science, biology and medicine, along with non-linear
optics applications.

3.1.1 Layout and main parameters of the linac

Electron beam acceleration schematic is shown in fig. 3.2 [130] The EuPRAXIA@SPARC_LAB
accelerator is about 50 meters. the electron beam is generated in a twelve meters long
high brightness SPARC-like S-band photoinjector described in [30]: 1.6 cell S-band
rf gun where a Cu photocathode is mounted and driven by a 50 µJ Ti:Sapphire
laser with a four coils solenoid for the emittance compensation; three TW SLAC
type S-band linac sections follow for a final energy ranging between W = 100–230
MeV depending on the applied rf compression factor as described in [30], [78]. The
downstream X-band rf linac can increase the electron beam energy up to Wmax ≈ 1
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Table 3.1. EuPRAXIA@SPARC_LAB’s beam parameters for plasma and conventional rf
linac driven FEL [71], [27].

Parameter Units Full rf LWFA PWFA
Electron Energy GeV 1 1 1
Repetition Rate Hz 10 10 10
RMS Energy Spread % 0.05 2.3 1.1
Peak Current kA 1.79 2.26 2.0
Bunch Charge pC 200 30 200(D)-30(W)
RMS Bunch Length µm (fs) 16.7 (55.6) 2.14 (7.1) 3.82 (12.7)
RMS Normalized Emittance mm mrad 0.5 0.47 1.1
Slice Length µm 1.66 0.5 1.2
Slice Charge pC 6.67 18.7 8
Slice Energy Spread % 0.02 0.015 0.034
Slice Normalized Emittance (x/y) mm mrad 0.35/0.24 0.45/0.465 0.57/0.615
Undulator Period mm 15 15 15
Undulator Strength K(aw) 0.978 (0.7) 1.13 (0.8) 1.13 (0.8)
Undulator Length m 30 30 30
ρ (1D/3D) ×10−3 1.55/1.38 2/1.68 2.5/1.8
Radiation wavelength nm (KeV) 2.87 (0.43) 2.8 (0.44) 2.98 (0.42)
Photon Energy µJ 177 40 6.5
Photons per Pulse ×1010 255 43 10
Photon Bandwidth % 0.46 0.4 0.9
Photon RMS Transverse Size µm 200 145 10
Photon Brilliance per shot (s mm2 mrad2 bw(0.1%))−1 1.4 ×1027 1.7 ×1027 0.8 ×1027

GeV; at the X-band linac exit, a Plasma Acceleration Structure (PLAS) is foreseen
and after this two separate transfer lines deliver the electron beam to the Undulator
and to the Compton Interaction point respectively. A four dipole magnetic chicane,
10 m long, is inserted in the X-band linac between the two sections Linac1 (L1)
and Linac2 (L2), for longitudinal compression and phase space manipulation of the
electron beam. In order to satisfy the requirements of the SASE FEL radiation
source foreseen in the EuPRAXIA@SPARC_LAB project a FWHM bunch current
of 2–3 kA must be delivered to the entrance of the undulator at the energy of 1
GeV, with a very good emittance in the 6D phase space. The 1 GeV energy can
be achieved by means of a single stage of plasma acceleration, a few centimeters
long, coupled with the rf linac operating at 500 MeV (PWFA and LWFA cases of
Table 3.1), or with the conventional operation of the Linac at twice the accelerating
gradient in the X-band sections (Full rf case). The goal of the project is to operate
plasma acceleration at approximately 1016 cm−3, a plasma density that can be used
to produce electric fields of 1–2 GV/m and characterized by a plasma wavelength
of λp ≈ 300 µm that allows for realistic bunch separation with the use of a COMB
technique [78], [51]. Such accelerating gradients are tailored for specific envisioned
experiment [101], [118] where the foreseen parameters will allow for good beam
loading compensation and lower quality depletion. This matches with the chosen
plasma input energy of 500 MeV, highly rigid bunch, that limits transverse bunch
evolution and the consequent transverse emittance dilution within the plasma.

The baseline chosen technology for the EuPRAXIA@SPARC_LAB booster is X-
band. The X-band booster design has been driven by the need of a high accelerating
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Figure 3.2. Shows EuPraxia@SPARC_LAB electrom beam acceleration layout [130].

Table 3.2. Main parameters of CPI VKX-8311A klystron.

Parameter Value
Beam Voltage 410 kV
Beam Current 310 A
Frequency 11.994 GHz
peak Power 50 MW
Average Power 5 kW
Sat. Gain 48 dB
Efficiency 40 %
Duty 0.009 %

gradient required to achieve a high facility compactness, which is one of the main
goals of the EuPRAXIA project. The total space allocated for the linac accelerating
sections is ∼ 25 m, corresponding to an active length Lt of ∼16 m taking into account
the space required to accommodate beam diagnostics, magnetic elements, vacuum
equipment and flanges. The average accelerating gradient for the X-band linac is
60 MV/m The rf linac layout is based on klystrons with BOCs that feed four TW
accelerating structures in parallel. The operating mode of the TW structures is the
2π/3 mode at 11.9942 GHz. The rf power source is the CPI VKX-8311A klystron
[14]. The main klystron parameters are summarized in Table 3.2.

The Full rf linac configuration is meant to provide a 200 pC electron beam able
to drive SASE-FEL radiation and/or Compton interaction with the laser pulse. The
high charge electron beam coming from the photoinjector is accelerated with the
linac and the final longitudinal compression for the SASE-FEL operation occurs
in the magnetic chicane, located between L1 and L2 linac sections, according to a
hybrid scheme of longitudinal compression: velocity bunching in the photoinjector
plus magnetic compression in the linac. The X-band linac mainly consists of two
sections, L1 and L2, located before and after the magnetic chicane respectively.
The maximum accelerating gradient applied is G = 60 MV/m through all L1 and
L2, to reach the required energy and energy spread for the electron beam in the
conventional rf operation scheme. Between L1 and L2, a 10 m long magnetic chicane
is foreseen for phase space manipulation and/or longitudinal compression of the
bunch; at the same time when the chicane dipoles are switched off, the straight
beamline accommodates the middle energy diagnostic station for beam parameters
measurement. The two linac sections L1 and L2 have been optimized to provide the
required beam acceptance, from photo-injector and after the magnetic chicane, for
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Table 3.3. EuPRAXIA@SPARC_LAB’s main linac parameters.

Beam parameter unit L1 L2
PWFA LWFA Full rf PWFA LWFA Full rf

Initial energy W0 MeV 102 98 171 222 212 502
Final energy Wf MeV 222 212 502 582 550 1052
Active Linac length m 6.0 10.0
Acc. Gradient <G> MV/m 20.0 20.0 57.0 36.0 36.0 57.0
RF phase (0 crest) deg 0 -20.0 -15.0 0 -19.5 +15.0
Initial energy spread % 0.15 0.27 0.67 0.11 0.15 0.59
Final energy spread % 0.11 0.15 0.59 0.07 0.07 0.14
Final bunch length σz νm 6 5 112 7 5 16

Table 3.4. Main parameters of the EuPRAXIA@SPARC_LAB’s X-band linac.

Parameter Units Value
Frequency GHz 11.9942
Average gradient MV/mm 60
Structure per module 4
Iris radius a mm 3.8 - 3.2
Tapering angle deg 0.04
Structure length Ls m 0.9
Number of cells 109
Shunt impedance r MΩ 94-107
Filling time tf ns 126
Klystron pulse length µs 1.5
Klystron power MeV ∼ 50
Average iris radius mm 3.5
Linac active length Lact m 18
SLED Q0 150000
SLED Qe 18500
Peak modified poynting vector W/µM2 3.5

the considered working points.

3.1.2 Layout of the X band rf module

The X band RF module is made up of a group of 4 TW sections assembled on a
single girder and fed by one klystron by means of one rf pulse compressor system
and a low attenuation circular waveguide network that transports the rf power to
the input hybrids of the sections Fig.3.3. The mechanical layout of the X band
module is given in Fig.3.4. The main parameters of the X band structures are given
in Table 3.4.
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Figure 3.3. Sketch of the EuPRAXIA@SPARC_LAB’s rf module.

3.2 CompactLight-XLS

CompactLight (XLS) is international Collaboration, funded by the European Union,
including 24 partners and 5 Associated Countries, 1 international Organization and
2 Third Countries [57], [6]. The main goal of the collaboration is to facilitate the
development of X-ray FEL facilities across Europe and beyond, by making them more
affordable to construct and operate, through an optimum combination of emerging
and innovative accelerator technologies. The three-year design study, funded in the
framework of the Horizon 2020 Research and Innovation Programme 2014-2017,
has been started in January 2018, and intends to design a hard X-ray FEL facility
beyond the state of the art. Compared with existing facilities, the proposed facility
will benefit from a lower electron beam energy, due to the enhanced undulator
performance; be significantly more compact, as a consequence of the lower beam
energy and the high gradient of the X-band structures; be more efficient (less power
consumption), as a consequence of the lower energy and the use of high-frequency
structures. These ambitious, but realistic aims, will make the design less expensive
to build and operate when compared with the existing facilities, making X-ray FELs
more affordable. Based on user-driven scientific requirements (i.e. wavelength range,
beam structure, pulse duration, synchronisation to external laser, pulse energy,
polarisation, etc.), the goal is to provide the design of an ideal X-band driven hard
X-ray FEL, including, as well, options for soft X-ray operation.

The user requirements for CompactLight have been established interacting with
existing and potential FEL users in a variety of formats. With regard to the
tunability, there is a clear demand for photon energies as low as 0.2 keV and as high
as 20 keV. The mean photon energy of the desired tunable range is about 4 keV. For
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Figure 3.4. 3D model of the EuPRAXIA@SPARC_LAB’s rf module.

Table 3.5. Main parameters of the CompactLight FEL. [57]

Parameter Units Soft X-ray Hard X-ray
Photon energy keV 0.25-2.0 2.0-16.0
Wavelength mm 5.0-0.6 0.6-0.08
Repetition Hz 1000 100
Pulse duration fs 0.1-50 0.1-50
Two-pulse delay fs ±100 ±100
Two-color separation % 20 10
Laser-FEL synchronization fs <10 <10

pump-probe experiments, most respondents want the synchronization between the
FEL and the external laser to be in the order of 10 fs [100]. The photon output
specification are summarized in Table 3.5.

3.2.1 Layout and main parameters of the linac

A preliminary layout of the CompactLight facility is shown in Fig. 3.5. Convention-
ally, only one fundamental resonance wavelength exists in the FEL because of the
simple linear structure of the undulator. By operating the FEL using a two-section
undulator each with different deflection parameters, K1 and K2, respectively, it is
possible to achieve laser action at two different wavelengths simultaneously. This
is the so-called two-colour mode [87]. A key request from the user community,
which significantly affects the facility layout, is the requirement for large wavelength
separation when operating in two-colour mode. This effectively means that two
bunches must independently reach saturation in two different undulators. Normally,



18 3. EuPRAXIA@SPARC_LAB & CompactLight-XLS Projects

it would be expected that this would happen in a very long undulator, tuned for
two different wavelengths. However, it has been decided to operate in parallel (i.e.
the two different wavelengths at the same time) rather than series (i.e. the two
wavelength one after the other one), which means that there are two separated FEL
lines. This has several additional advantages. First, the total undulator length is
approximately the same and so the parallel option is more compact overall; second,
the two independent wavelengths could be combined into a single experiment or, if
that is not required, two experiments could take place at the same time, doubling
the capacity of the facility. Furthermore, the two FEL lines are planned to operate

Figure 3.5. Shows the sketch of the entire CompactLight facility in a two-pulse, two-color
scheme [57].

over the full wavelength range. When running in hard X-ray mode (named HXR)
the electron energy will be up to 5.5 GeV at 100 Hz, in soft X-ray mode (named
SXR) the energy will be up to 2 GeV and, since the linac gradient will be much
reduced, the repetition rate will be able to be increased significantly. A repetition
rate of 1000 Hz for the soft-X-ray FEL would be a unique and highly desirable
feature of the facility.

As shown in Fig. 3.5, the linac layout consists of an injection section, up to
300 MeV, with a high-brightness electron source and a laser heater, to mitigate
the micro-bunching instability. A two-stage magnetic compression scheme (BC1 +
BC2) is adopted. The first magnetic bunch compressor (BC1) is located at 300 MeV.
Two X-band linacs (named Linac1, upstream the kicker, and Linac2, downstream
the kicker, respectively), separated with a second bunch compressor (BC2) at an
energy between 1 GeV and 2 GeV, will boost the beam energy up to 5.5 GeV. At the
exit, the beam is steered to different undulators with a spreader. For the electron
source, the baseline design is the full C-band injector For the main linac different
options have been studied and the present design foresees the use of a double RF
source system for a rep. rate operation from 100 Hz up to 1 kHz. The scheme
of the accelerating module is given in Fig. 3.6 and the main parameters of the
accelerating structures are given in Table 3.7. These parameters are similar to the
EUPRAXIA@SPARC_LAB ones except for the fact that, for XLS, it is foreseen
also a tapering of the irises thickness to reduce the long-range wakefield and allow
the two bunch operation.

In Table 3.8, the main parameters of the X-band linac are reported. Like
EuPRAXIA@SPARC_LAB, the CPI VKX-8311A klystron has been chosen as the
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Table 3.6. Main Electron Beam and FEL Parameters. [57]

Parameter Value
Max energy 5.5 GeV@100 Hz
Peak current 5 kA
Normalised emittance 0.2 mm mrad
Bunch charge <100 pC
RMS slice energy spread 10−4

Max photon energy 16 keV
FEL energy tuning range at fixed energy x2
Peak spectral brightness @16 keV 1033 ph/s/mm2/mrad2/0.1%bw

Table 3.7. Main Electron Beam and FEL Parameters. [57], [58]

Parameter Units Value
Frequency GHz 11.994
Klystron pulse length µs 1.5
Klystron power MeV ∼ 50
Average iris radius mm 3.5
Iris radius a mm 4.3 - 2.7
Iris thickness t mm 2.0 - 2.4
Structure length Ls m 0.9
SLED Q0 180000
SLED Qe 23200
Shunt impedance r MΩ 90 - 125
Effective shunt impedance rs MΩ 378
Group velocity vg/c % 4.7 - 0.9
Filling time tf ns 146
Repetition rate [Hz] 100 250 1000
Pulse compressor ON OFF ON
Net klystron power (w/loss) MW 40 40 8
Avg. accelerating gradient MV/m 65 30 30
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Table 3.8. CompactLight’s main linac parameters. [57]

Parameter Units Linac 1 Linac 2
Acc. Gradient MV/m 65 65
Initial energy W0 GeV 0.3 2
Final energy Wf GeV 2 5.5
Energy gain Wgain GeV 1.7 3.5
Active length m 26.2 53.8

reference rf power source. The structures operate than at 11.9942 GHz with a phase
advance per cell of 2π/3. Also, in this case, SLED type (BOC or SLED) pulse
compressor systems have been chosen as pulse compressors.

Figure 3.6. Sketch of the Compact-XLS rf module.
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Chapter 4

RF pulse compressors

Rf pulse compressors are fundamental devices in linear accelerators, free electron
lasers (FEL), and other large facilities that use normal-conducting, high-gradient
TW accelerating structures [137]. Usually, power sources in linacs are klystrons.
Normal-conducting accelerating structures are operated at low duty cycles (< 10−4),
a short (≤ 1µs) and high peak power (several tens MWs) rf pulses. An rf pulse
compressor allows to compress relatively long rf pulses (few µs) of few tens of MW,
generated by klystrons, to shorter ones with a higher peak power (hundreds of MWs).

Pulse compression can be achieved by either passive or active means [134]. Active
compression usually provide higher power gains without much loss of efficiency. In
the present thesis work we will focus on passive pulse compressors that do not contain
elements with time-dependent electrodynamic parameters, but require fast phase
modulation of the incident rf pulse. Passive pulse compressors were successfully
implemented in several systems: the first and most common system was the SLED-I
[67], followed by Barrel Open Cavity (BOC) [40], Binary Pulse Compression (BPC)
[68], Super Compact Spherical Pulse compressor [96] and SLED-II [145]. Active
compression makes it possible to achieve higher power gains while retaining high
efficiency, as compared with passive compression. Active compression is based on
the storage of energy in a high-Q microwave resonator and followed by the rapid
increase of the coupling between the resonator and the load (Q switching) using the
active element, a fast switch [134].

4.1 SLED - I

The SLED-I RF pulse compressor was invented at SLAC in 1973 [67], as a way to
increase the performance of the accelerator in term of achievable electron energy.
RF power from a klystron is stored in two high Q (Quality factor) cavities through
a 3dB hybrid to avoid power reflection back to the klystron itself. Towards the end
of the pulse, the cavities are emptied by reversing the phase of the input pulse from
the klystron. Cavities are emptied in a shorter interval of time compared to the time
in which cavities are filled. Due to the conservation of energy peak will be increased
as the pulse is compressed in time.

To obtain an analytic description of the SLED mechanism, conservation of energy
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Figure 4.1. Shows a simplified schematic of a SLED-I pulse compressor.

is the most straight forward approach [109], [146]:

Pi = Pr + Pc + dWc/dt (4.1)

where Pi is the input power, Pr is the outgoing power from the cavities irises, Pc is
the power dissipated in the cavities walls, Wc is the electromagnetic energy stored
in the cavities at time t.

The stored energy in the cavity can be expressed in terms of the unloaded
Q-factor Q0, dissipated power Pc and angular frequency ω:

Wc = Q0
ω
Pc (4.2)

If Vc is the cavity field and R is the cavity shunt impedance we have that:

Pc = V 2
c

R
(4.3)

Let Vin be the voltage of the forward wave in transmission line with impedance
Z then:

Pc = V 2
i

Z
(4.4)

Let Vout be the voltage of the forward wave in transmission line with impedance
Z then:

Pc = V 2
r

Z
(4.5)

The backward wave Vr is equal to:

Vr = Vc − Vi (4.6)

After we substitute equations 4.2 - 4.6 into 4.1, for Vc and Vi we will have:

V 2
i

Z
= (Vc − Vi)2

Z
+ V 2

c

R
+ 2Q0Vc

ωR

dVc
dt

(4.7)

After simplifications:

2Vi =
(

1 + Z

R

)
Vc + 2Z

R

Q0
ω

dVc
dt

(4.8)
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The cavity coupling coefficient, can be defined as the ratio of power emitted from
the coupling iris to that dissipated in the cavity walls:

β = Pr
Pc

= Q0
Qe

= R

Z
(4.9)

Therefore, equation 4.8 can be re-written as:

2β
β + 1Vi = Vc + 2Q0

ω(β + 1)
dVc
dt

(4.10)

The definition of the loaded Q-factor QL is:

1
QL

= 1
Q0

+ 1
Qe

(4.11)

Then from equation 4.9:
Ql = Q0

1 + β
(4.12)

Introducing the new variables:

α = 2β
1 + β

(4.13)

Tc = 2QL
ω

= 2Q0
(1 + β)ω (4.14)

Using equations 4.13 and 4.14, equation 4.10 can be rewritten as:

Tc
dVc
dt

+ Vc = αVi (4.15)

This first-order nonhomogeneous differential equation 4.15 defines voltage in the
cavity.

To simplify the calculation we can assume that input voltage is equal to:

Vi =


1 if 0 < t < tf

−1 if tf 6 t 6 te

0 if t > te

(4.16)

tf is time when pulse was flipped, te is the end of the pulse.
To find output compressed field, which is equal to Vr = Vc − Vi, we need to solve

4.15, with piece wise driven term 4.16 and with boundary conditions Ee = 0 when
t = 0. Solution will be:

Vout(0 6 t < tf ) = α
(
1− e−t/Tc

)
− 1 (4.17)

Vout(tf 6 t 6 te) = α[(2− e−tf/Tc)e−(t−tf )/Tc − 1] + 1 (4.18)

Vout(t > te) = α[(2− e−tf/Tc)e−(te−tf )/Tc − 1]e−(t−te)/Tc (4.19)

The waveforms of direct wave from the klystron V1, emitted wave from the cavities
Vout, as a function of time are shown in Fig.4.2.
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Figure 4.2. The output field from SLED and klystron input field

For a constant impedance TW structure, the maximum normalized energy gain,
called energy multiplication factor M, is [49]:

M = Vmax
V0

(4.20)

where
Vmax = (α− 1)T1

Ta

(
e

− Ta
T1 − 1

)
+ γ

T2
Ta

(
e

− Ta
T1 − e− Ta

Tc

)
, (4.21)

V0 = T1
Ta

(
1− e− Ta

T1

)
, (4.22)

γ = α(2− e−
tf
Tc ) (4.23)

1
T1

= ω

2Q, (4.24)

Q is the quality factor of the cells in the structure,

1
T2

= 1
Tc
− 1
T1
, (4.25)

Ta = Ls
vg

(4.26)

is the filling time of the CI structure.
The multiplication factor for a constant gradient structure is given by the

following formula [67]:

M = γe−Ta/Tc
1− (1− g)(1+ν)

g(1 + ν) − (α− 1) (4.27)

where
g = 1− e−2ts/Tc (4.28)
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Ta = Ls
gvg0

ln

( 1
1− g

)
(4.29)

is the filling time of the CG structure with vg0 the group velocity in the first
accelerating cell and

ν = Ta/ (Tcln(1− g)) (4.30)

In both cases, the maximum energy gain is obtained for a compressed pulse
length equal to the filling time of the structure.

4.2 Barrel Open Cavity

To achieve high Q quality factors spherical shapes are the most effective geometries,
but spherical cavities suffer from the high number of competing resonant modes,
problems of orientation, parasitic modes [72].

To overcome the above mentioned problems different schemes were developed.
One of them is the Barrel Open Cavity (BOC), which initially was designed for a
VLEPP project [40]. From that time much effort was made to improve performance
and develop theory [56], some authors have proposed such compression schemes
without coupling slots, but with mode launchers [85], [97].

The compression scheme using BOC was successfully realized at CERN in S-band
[48]. More recently at SwissFEL in C-band [150] and at IHEP [126].

Figure 4.3. A sketch of BOC profile

The BOC cavity shape is sketched in Fig.4.3 and is chosen in order to excite
resonant modes that have a spatial configuration similar to the transverse magnetic
modes Emnq of a cylindrical cavity with longitudinal axis z and radius 2a, being, as
usual, m, n, and q the azimuthal, radial and longitudinal indexes. As example the
magnitude of the electric and magnetic field of the TM16,1,1 cavity mode are given
in Fig.4.4 and Fig.4.5, respectively. The electric and magnetic field lines are given
in Fig.4.6. The electromagnetic field of such modes is concentrated in a relatively
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small volume close to the cavity surface in the equatorial plane and does not radiate
in outer space on the so-called "caustic" surfaces.

Figure 4.4. Electric field inside the cavity.

Figure 4.5. Magnetic field inside the cavity.

In theory the two plates on this surface can be completely opened and removed
while the mode is still confined and resonating in the cavity. These modes are
characterized by a very high quality factor, from hundreds to few hundreds thousand,
depending on the working frequency and azimuthal number m, has illustrated in
the following section 6.1. Typically these modes are called "whispering gallery"
modes, because of their low attenuation in the equatorial region, similar to particular
acoustic propagating waves.

The resonant frequencies of the BOC modes (that we will label with Emnq)
satisfy the following equations [132]:

ka = νmn + (q − 1/2)α
sinθ

(4.31)

where k is the wavenumber in free space, a is the cavity radius, m is the azimuthal
index, q is the longitudinal index of the mode, νmn is a root of the Bessel function
order of m of the excited em mode Emnq. Angle θ is equal to

cos θ = m

νmn
(4.32)



4.2 Barrel Open Cavity 27

Figure 4.6. The electric a) and magnetic b) field lines inside the cavity.

the optimum cavity wall radius r0 that allow to maximize the exponential decay
toward the external caustic surface, is given by as r0 = 2a sin2 θ, and the angle α is
defined as

sinα =
√
a

r0
sin θ (4.33)

The quality factor of the Emnq modes, is given by:

Q = a

δ
(4.34)

δ is the skin depth of the cavity wall material.
It is possible to demonstrate that for a given cavity geometry, the penetration

of the modes towards the “caustics” surface, increases with the increase em field
mode’s radial - n and longitudinal - q indexes. This means that, if the caustics
surface is not shielded, these modes can have large radiation losses in comparison
with modes with n and q equal to 1 [127]. For this reason the mode’s radial and
longitudinal number are typically fixed to 1 while the azimuthal number m is fixed
to reach the desired quality factor, as illustrated in detail in the chapter 4.2.1.

4.2.1 Working Principle

To correctly understand how the BOC pulse compressor system works, it is useful
to compare it with the well know SLED system. As already put in evidence, in this
last system, we have two modes (resonating at the same frequency) that are excited
in two cavities through the hybrid. These modes are excited in quadrature and their
reflections back to the source is canceled by the hybrid itself and combined to the
4-th port of the hybrid itself. The working principle of the BOC is similar. In the
BOC two resonating modes are excited in quadrature in the same cavity through a
particular configuration of the waveguide system and coupling holes, as illustrated
in the following, and, thanks to this particular coupling system, their reflections
back to the source are combined and canceled while they add on the propagating
direction. For this reason from an electromagnetic point of view, the BOC system is
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identical to the SLED [75], so we can apply equations derived in SLED - I section
for the output power calculation.

More in detail, as for any resonator with azimuthal multi-polarity (m index),
in the BOC cavity, we can excite two orthogonal standing wave modes which are
proportional to sinmψ and to cosmψ, ψ being the azimuthal angle of the spheroidal
coordinate in the equatorial plane 4.7. The two cavity modes can be excited by

Figure 4.7. Simplified schematic of the BOC.[98]

means of multi-hole coupling slots through the common wall between the cavity and
a waveguide, which surrounds the entire cavity at its median plane, as sketched in
Fig.4.8. The coupling is magnetic. The wavelength in the waveguide is designed to
be equal to the distance between the BOC mode lobes while the number of coupling
holes to excite one mode polarity is typically chosen exactly equal to 2m in order
to maximize the coupling effectiveness itself. To excite the two polarities, two sets
of holes are opened in the common wall and the distance between this two sets of
coupling holes is exactly λg/4. The total number of coupling holes is then 4m. If, as
already put in evidence, the wavelength in the waveguide is designed to be equal to
the distance between the lobes of the single BOC mode, the propagating field in the
waveguide excite the two orthogonal modes in quadrature [127].

For the two orthogonal SW modes in a cavity, in fact, the locus of maximum
field strength of one mode coincides, locally, with the nodes of the other mode.
Therefore, in a λg/4 multi-hole coupler, only half of the coupling holes (spaced by
λg/2) drives the same SW resonance mode in the cavity. It is relatively easy to
understand that this coupling system allow to cancel the reflections back to the
source. As the field of the modes builds up in the cavity, the mode themselves
start to radiate back into waveguide through the slots themselves. The field in the
waveguide is radiated in both direction. The waves radiated in the forward direction
by the two modes have all the same phase and they add up. On the contrary due to
the λg/4 spacing between the holes, the waves emitted in the backward direction
cancel each other in the waveguide because of the alternating phase delay between
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Figure 4.8. Coupling slots between the BOC and the waveguide.

even and odd numbered coupling holes. The principle is similar to that of the two
holes directional coupler. Through this mechanism the reflections back to the power
source are minimized.

The BOC pulse compressor system brings several advantages compared to the
original SLED-I system. First of all such modes have a high intrinsic quality factor,
there is no necessity to use a 3-dB hybrid to avoid reflections back to the source,
the system require only one cavity instead of two that have to be tuned at exactly
the same frequency with the same coupling and, moreover, the parasitic modes near
the operating one are reduced because of the fact that the cavity can be opened and
only the “whispering” modes, whose field is concentrated in the equatorial zone, can
resonate [48].

4.3 SLED - II
SLED-II pulse compressor was also invented at SLAC in 1988 [73]. A block diagram
of the SLED-II system used is shown in Fig.4.9. SLED-II pulse compressor is a
modified SLED that gives a flat output pulse and higher intrinsic efficiency [145].
Here cavities are replaced by two high quality resonant delay lines. A resonant delay

Figure 4.9. Schematic of SLED-II rf pulse compression system [133].

line is a transmission line terminated in a short circuit and connected to an input
transmission line via a coupling iris. Because the speed of EM waves is finite, the
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emitted field changes in discrete steps, with widths equal to the time it takes for a
wave to transit down and back the length of the resonant line. Most importantly, this
results in a flat top output pulse. Because of this, and because the use of long low
loss TE01 mode lines reduces the losses, and because its reflections during charging
are less, SLED-II is more efficient than SLED. But, SLED-II is impractical at low
frequencies because the length and diameter of the required resonant delay line are
large. It becomes practical at X-band frequencies.

The distance between the coupling iris and the short must be an integral multiple
of half guide wavelengths, and the round-trip time delay Tj between the coupling
network (iris) and the short equals the desired output pulse length. After turning
on an incident field of amplitude Ei, the emitted field during the first round trip
time is Ee(0) = 0. After nTd time intervals it is given by:

Ee(n) = Ei
(1− s2)e−2τ

1− se−2τ (1− sne−2nτ ) = Eef(1− sne−2nτ ), n = 1, 2, 3, ... (4.35)

s is the reflection coefficient of the coupling network when the delay line is terminated
in a matched load and τ is the attenuation of the delay line in nepers. Superposition
with the iris reflection yields:

Eout(n) = Ee(n)− sEi (4.36)

At time t = (Cr − 1)Tcp, the phase of the input pulse is shifted by π so that the
waves add and we get a compressed output of duration Tcp = Tb with the amplitude:

Ecp = Eef (1− (se−2τ )Cr−1 + s)Ei (4.37)

The compression ratio Cr is an integer. For a given Cr and τ , s can be chosen to
maximize Ecp. The power gain and compression efficiency are

G = (Ek/Er)2 η = G/Gr (4.38)

The theoretical limit of G is nine.
Such a system has been successfully applied in operation of SLAC at a frequency

of 2.856 GHz and has the following parameters: compression ratio C = 6, power
gain M = 4.1, and efficiency η = 68% [133].
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Chapter 5

Realization of accelerator
components without brazing

The commonly used material for accelerating cavity fabrication is copper. This
material is used for its very good conductivity, low secondary emission yield (SEY),
that allows to avoid multipacting phenomena, reasonable cost, machinability at very
good surface roughness (up to few nm), possibility to weld or braze it, and good
performances at high electric field gradient [88], [144].

Accelerating cavities are usually made of many single cells welded together. The
most common welding techniques, used worldwide, are: brazing, TIG (tungsten inert
gas) welding, electron beam welding and diffusion bonding.

Brazing is a joining process in which a metal alloy is melted and distributed by
capillarity between the two surfaces to be joined. No melting of the base metals
occurs in brazing, but only the filler melts [79].

In TIG welding process the heat for welding is produced by striking an arc
between two parts to be welded and an electrode, using a constant or pulsed voltage
supply. This method uses a non-consumable tungsten electrode which, in the plasma
process, has a high-speed gas flowing around it to produce a constriction for the arc.
Argon or helium gases are used to shield the weld area from the normal oxidizing
atmosphere [144].

Electron-beam welding (EBW) is a fusion-welding process in which the heat for
welding is produced by a highly focused, high-intensity stream of electrons impinging
against the work surface. Electron-beam welding is noted for high-quality welds with
deep and/or narrow profiles, limited heat affected zone, and low thermal distortion.
Welding speeds are high compared to other continuous welding operations. No filler
metal is used, and no flux or shielding gases are needed. Disadvantages of EBW
include: high equipment cost, need for precise joint preparation and alignment, and
the limitations associated with performing the process in vacuum. In addition, there
are safety concerns, because EBW generates X-rays that have to be shielded [79].

A diffusion bond is created between extremely smooth surfaces (optical finish
at nm level) under high pressure (> 10N/mm2 ) and temperature (> 350°C),
in vacuum furnaces or controlled H2 atmosphere [88]. In contrast to brazing, no
melting takes place, as the name implies. It involves the interdiffusion of the atoms
across the surfaces of the structure [89].
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For high gradient accelerating structures in which both vacuum seal and rf
contact have to be guarantee, the most used techniques are brazing and diffusion
bonding. They are expensive solutions which require big vacuum furnaces or furnaces
with a controlled atmosphere. Moreover, particular attention has to be paid to keep
the parts well aligned during the thermal cycle.

The design of the interfaces to be brazed should be done according to precise
rules taking into account the expansion of the materials to allow the brazing to
flow through the gap. Hence these high-temperature processes require high-level
skills and have a non-negligible probability of failure (as example, vacuum leaks or
misalignment of the joined parts). Many are the risks of both brazing and diffusion
bonding which could lead to either a failure of the process itself or damage to the
structure or both. For example, if the brazing alloy is not properly placed, small
pockets with air can remain around the filler regions causing virtual leaks [21] which
are sources of trapped gas into the ultra-high vacuum volume.

Another effect of high-temperature brazing or bonding processes is the fact that
copper is annealed. Recent experiments have demonstrated that structures made out
of hard copper can achieve higher accelerating gradients with lower RF breakdown
rates (BDR) with respect to the high-temperature treated ones [62]. Also, the
mechanical properties of the annealed copper, in terms of hardness and mechanical
strength, are strongly reduced with respect to the hard copper one. Brazing and
diffusion bonding are quite expensive processes since they require big furnaces.

The possibility to use hard copper motivates scientists to develop new brazing free
technologies. In particular recent developments [34, 35], [38], [61], have opened new
perspectives on the realization of complex accelerating structures without brazing.

There is also an important technology transfer outcome related to the potential
realization of brazing free accelerating structures. Large vacuum furnaces, in fact,
are available only in large laboratories or relatively big private companies. The
possibility to fabricate structure without brazing can open the accelerator market, in
principle, to all small and medium enterprises that work in the mechanical precision
field. This can strongly enlarge the market possibility with a potential strong
reduction in the cost of the components.

The brazing free method developed at LNF [34, 35] is based on the use of special
rf-vacuum gaskets that simultaneously guarantees the vacuum seal and the rf contact
avoiding sharp edges and gaps.

The mechanism of gasket compression is illustrated in Fig.5.1.
So far two rf-guns (for SPARC_LAB [26] and ELI-NP [9] projects) in S-band

have been successfully designed and tested on high power [32, 33], and two more RF
guns for the CLEAR [4] and SPARC_LAB [18] projects are now under construction.
On Fig.5.2, as example, the mechanical design of the ELI-NP rf gun is reported and,
on Fig.5.3, the fabricated gun with gaskets.

In conclusion the main characteristics and advantages of this fabrication tech-
nology are summarized in the following. It allows to avoid expensive brazing or
bonding process in large vacuum furnaces with a reduction of the cost and required
realization time. The bolts and screws, well separated from the vacuum region, allow
to re-open the structure and substitute the rf gasket several times. The realization of
devices using hard copper allows to reach, in principle, higher surface fields. It is, in
principle, possible to fabricate a particular device using different metallic materials
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Figure 5.1. Geometry of the gasket and mechanism of gasket compression: (a) uncompressed
gasket; (b) compressed gasket [33].

joined with gaskets. The rf and mechanical designs of a structure have to be adapted
to fabricate a given structure with this new technology.

Due to all mentioned advantages we proposed to adopt this fabrication technology
also for the realization of BOC pulse compressors and the present thesis work is
focused on the design of the first BOC brazed free device in X band.
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Figure 5.2. Detail of the ELI-NP gun mechanical drawing [33].

Figure 5.3. ELI-NP rf gun: a) Main gun components before clamping; (b) special gasket;
(c) gun during assembly [33].
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Chapter 6

RF pulse compressor design

6.1 BOC parameters

As already pointed out the present thesis work has been oriented to the design
of the BOC pulse compressor system for the project EUPRAXIA@SPARC_LAB.
To this purpose, the first step has been the definition of the BOC parameters in
term of unloaded and external quality factors. As extensively discussed in [27], the
pulse compressor system is a fundamental device in the accelerating module and the
optimization of the accelerating structures in term of iris modulation, group velocity
and structures length include this system. According to Eq.4.34, the quality factor
of the TM modes in the BOC cavity is given by:

Q = a

δ
(6.1)

Where δ = 1/
√

2πµσ is the skin depth and a is the large radius of the cavity. The
unloaded quality factor is then fixed by the large radius a of the cavity. On the
other hand, the radius a is related to the azimuthal index m of the mode and, as a
consequence, it is possible to relate the Q factor to the azimuthal index m.

Fixing the copper conductivity equal to σ = 5.81 × 107/Ωm at 20° [7] and
f = 11.9942 GHz which gives skin depth equal to δ ≈ 6.03−7 m, we have calculated
the quality factor as a function of the azimuthal index m. The result is given in
Fig.6.1 where the values have been compared to HFSS simulations showing a very
good agreement. The details of the simulations setup will be discussed in the next
paragraphs.

The overall accelerating structure efficiency is described by a particular quantity
called effective shunt impedance of the accelerating structure Rsh [110], which is
defined as follows:

Rsh = G2L

Pkly
(6.2)

where G is the average accelerating gradient, L is structure length and Pkly is
klystron power.

The effective shunt impedance is a function of the accelerating cavity parameters
(length, iris diameter) and pulse compressor quality factor and coupling coefficient.
The EUPRAXIA@SPARC_LAB accelerating structures are 0.9 m long structures
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Figure 6.1. Quality factor Q as a function of the azimuthal index m.

with an average radius of the irises equal to 3.5 mm and a linear tapering of the
irises themselves, as reported in Tab. 3.4 [27]. The structures have been optimized
assuming a BOC quality factor equal to 150000. The effective shunt impedance as
a function of the azimuthal index of the mode or mode’s quality factor is given in
Figs. 6.2 and 6.3. The results have been obtained using the approach well described
in [27].

Figure 6.2. Effective shunt impedance versus mode’s azimuthal index.
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Figure 6.3. Effective shunt impedance versus mode’s quality factor.

For a first design of the BOC pulse compressor, we decided to fix m equal to 16
(TM16,1,1 mode) that give an unloaded quality factor Q ≈ 143 000 6.1.

The external quality factors of the BOC that optimize the effective shunt
impedance are given in 6.4 where the external quality factors are reported for
the different unloaded quality factors. As we can see for Q0 = 143000 external

Figure 6.4. Optimized external quality factor versus unloaded quality factor of the BOC.

quality factor is equal to Qext = 18400 so coupling coefficient is β = Q0
Qext

= 7.8.
Just as example we report in Fig.6.5 the theoretical output power after compression
for two different quality factors of the BOC.

The final design BOC parameters are reported in Table 6.1:
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Figure 6.5. Power output for Q0 = 180 000 and Q0 = 143 000, β = 7.8 in both cases.

Table 6.1. Design parameters of the BOC pulse compressor.

Type Barrel Open Cavity
Frequency 11.9942 GHz
Resonant Mode TM16,1,1
Coupling factor (β) 7.8
Q0 quality factor 143 000

6.2 Electromagnetic design of the cavity

The design of the cavity has been performed by ANSYS HFSS [12].

Figure 6.6. Sketch of the BOC geometry with main parameterized dimensions.
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A sketch of the cavity geometry is shown in Fig. 6.6, where a is the cavity
large radius, b is the transverse radius of curvature and r is the radius of the end’s
rounding. According to Eq. 4.31, for a working frequency of 11.9942 GHz and the
TM16,1,1 resonating mode, a is equal to 86.28 mm and b is equal to 73.19 mm. To
validate this theoretical values HFSS eigen mode simulations have been carried out.

The simulated geometry is given in Fig. 6.6. Because of the azimuthal periodicity
we have simulated just one slice of the cavity with the proper boundary conditions
as given in Fig.6.7. The simulated quality factor has been already reported in Fig.6.1
for different azimuthal mode numbers and perfectly agrees with the theoretical
expectations.

Figure 6.7. ’Slice’ with angle value and boundary conditions.

Figure 6.8 shows the electric field magnitude in the complete simulated cavity.
The final simulated unloaded quality factor has been 143 000 that is in quite good
agreement with the theoretical calculated value. As a next step the coupling with

(a) Side view (b) Top view

Figure 6.8. Electric field amplitude for the TM16,1,1 resonant mode
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the feeding waveguide has been designed.
The overall BOC with the waveguide system is given in Fig.6.9.

Figure 6.9. BOC with the waveguide.

The design has been divided in several phases: design of the surrounding waveg-
uide with gap, design of the bend, tuning of the coupling slots and final waveguides
dimension, sensitivity analysis with respect to the geometrical parameters to fix the
mechanical tolerances. In the following the different phases are illustrated in detail.

6.2.1 Design of the surrounding waveguide with a gap

To allow a realization of the structure with the gaskets-clamping technique, a gap
has been introduced in the center of the waveguide and bend as sketched in Fig.6.10.
This gap, if properly designed, doesn’t affect the TE01 field distribution in the
waveguide, but gives the possibility to clamp the structure avoiding any brazing, as
discussed in detail in Chapter5. Also, the increase of the electric field magnitude
due to the presence of the gap itself can be taken under control by a proper design
of the rounded corners.

Figures 6.10 show the geometry of the waveguide and bend with the gap.

Figure 6.10. Waveguide with bends.

The gap’s width wgap has been reduced up to 1 mm in order to reduce the electric
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field penetration in the gap itself and, at the same time, the electric field increase
due to the gap itself. For this last reason also rounded corners of radius r equal to
0.5 mm have been introduced. This gives an increase of the surface electric field on
the corner with respect to the unperturbed waveguide of the order of 40% if the gap
is inserted exactly in the center of the waveguide. In the first design of the structure
we decided to consider this central position of the gap, but it can be also shifted
with respect to the central position without affecting consistently the mechanical
drawing of the overall BOC, but with a consistent reduction of the peak electric field
in the rounded corners. In a further implementation also this alternatives solutions
can be implemented.

Figure 6.11. Waveguide transverse profile with parameterized dimensions and transverse
electric field amplitude.

As an example in Fig.6.12 the field increase for different gap positions are
considered putting in evidence the strong reduction if the gap is off-center. Also the
increase in the magnetic field and attenuation have been considered. The magnetic
field amplitude for two different position of the gap is given in Fig.6.12 and shows a
negligible increase in the H field amplitude. Concerning the attenuation, the increase
is a factor 1.2 with respect to the standard waveguide.

Figure 6.12. Electric and Magnetic fields inside the waveguide for different gap positions.
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As already illustrated in the previous chapter, also the waveguide width has to
be tuned to match the requirement in terms of perfect excitation in quadrature of
the two modes when the waveguide width is correctly tuned also the reflections back
to the input port are minimized, since the power that flows from the modes in the
cavity into the waveguide propagate in the direction of the waveguide exciting mode
and is canceled in the backward direction, as already illustrated.

The theoretical width w of the waveguide has been calculated according to the
formula [76]

2π(a+ ∆ + w)
m

= λ0√
1− (λ0/2w)2 (6.3)

where m is azimuthal index number, a is large radius of the cavity, ∆ is the common
wall thickness equal to 2 mm in our case, and λ0 is wavelength in free space.

In our case we obtained w = 15.6 mm. This formula allows to estimate the
waveguide width, but, for its final dimension, e.m. simulations have been performed
to take into account the perturbation of the holes and coupling effects between the
waveguide and the cavity itself.

6.2.2 Design of the bend

In order to allow the feeding waveguide to surround the BOC a bend has been
introduced. The bend has been designed to minimize the reflection at the waveguide
input port. To this purpose, the geometrical parameters reported in 6.13 have been
optimized and the final reflection coefficient of the bend input port is S11 < -36dB
As given in Fig.6.14 where the reflection coefficient as a function of frequency has
been reported.

Figure 6.13. Bend geometry with main parameterized dimensions.

For the same purpose to fabricate the BOC with the clamping technology an
aperture between the two waveguide in the bend has been inserted. Because of this,
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Figure 6.14. Reflection coefficient at the bend input port as function of frequency.

input and output ports are not completely separated, but the calculated transmission
coefficients between ports is completely negligible since they are at the level of -87
dB as reported in Fig.6.15.

Figure 6.15. Scattering parameters S14, S41, S23, S32 for the input and output ports of
the bend.

6.2.3 Design of the coupling slots

The external quality factor is fixed by the coupling aperture and wall thickness
between the cavity and waveguide. We used coupling slots as described in 4.2.1,
which magnetically couple the cavity modes and the waveguide. The geometry of
the holes is shown on Fig. 4.8. In particular, the wall thickness has to be kept
large enough to avoid structural weakening of the cavity (2 mm). According to
the design criteria described in 4.2.1, 62 coupling holes have been opened between
the waveguide and the cavity. These slots allow to excite in the structure the two
modes, in quadrature, that result in a rotating final mode if the waveguide width
is properly tuned and if the field is monitored at the resonant frequency of the
structure and in time domain. The slot width have been gradually increased up to 4
mm. In Fig.6.16 we report the coupling coeffciet as a function of the hole width. It
is important to remark that each point has been obtained by an e.m. simulations of
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the overhall structure retuning the widths of the waveguide to take into account the
perturbation induced by the slots and maintaining a perfect synchronism between
the final rotating mode and the waveguide propagating mode.

Figure 6.16. Coupling factor versus coupling width.

At the end, according to the optimal coupling coefficient that maximize the shunt
impendace, we have chosen a slot width equal to 3.8 mm.

The final transmission and reflection coefficients between the waveguide ports are
given in Fig.6.18 and 6.19. The final reflection coefficient at the resonant frequency
has been finally less than -25 dB. In Fig.6.17 we’ve reported the amplitude of the
electric field at a given instant in the middle plane of the cavity that put in evidence
the matching between the final waveguide wavelength and the BOC rotating mode.

Figure 6.17. Electric field magnitude in the cavity and waveguide.
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Figure 6.18. Reflection coefficient at the waveguide input port as a function of frequency
for the final simulated structure.

To check presence of the parasitic modes near the working one, HFSS driven
sweep simulation was performed in the +/- 50 MHz range. As clearly visible in
Fig. a) 6.19 the only excited mode is our working mode TM16,1,1 that is strongly
overcoupled Fig. b) 6.19 and the β the coupling coefficient has been calculated
according to the formula [46]:

β = (1 + S21)
(1− S21) = 7.8 (6.4)

Figure 6.19. a) Magnitude of the S21 as a function of frequency, b) Smith chart of the
transmission coefficient S21.

The final parameters of the pulse compressor are summarized in the Tab. 6.2:
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Table 6.2. Main parameters of the BOC pulse compressor.

Type Barrel Open Cavity
Frequency 11.9951 GHz
Resonant Mode TM16,1,1
Diameter 171.3 mm
Number of coupling slots 62
Coupling factor (β) 7.8
Q0 143000
Slot width 3.8 mm
Slot height 9.5 mm
Wall thickness 2 mm

6.3 Sensitivity calculations

Sensitivity studies allow to estimate which is the needed precision we need in the
machining of the structure since the tuning is not possible (or difficult) in our case.
More precisely, it is possible to tune the structure by changing the temperature
of the cooling system within a reasonable range of few degrees that we fixed in
the interval of ±5°C. Assuming that we can tune the resonance frequency of the
cavity by changing the temperature by +/− 5 °C and assuming a thermal expansion
coefficient of the copper equal to α = 16.974× 10−06, we can calculate the frequency
range of tunability with the simple formula:

∆f
f

= α×∆T = 11.9942× 109 × 16.974× 10−06 × 5 = 1 MHz (6.5)

In our case this give a range ±1 MHz.

The most critical geometrical parameters in the sensitivity calculation is, obvi-
ously, the cavity large radius a. The resonant frequency as a function of the cavity
radius a is given in 6.20 and gives a frequency sensitivity to the cavity radius of
∆f
∆a = 136 MHz/mm.

According to the previous considerations on the cavity range of tunability with
temperature, it is quite easy to note that, without any mechanism of tuning, the

machining precision must be maintained at ∆f
A

= 1× 106

136× 106 = 7/µm.
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Figure 6.20. Cavity Resonant frequency as a function of the large radius.

The last geometrical parameter we have analyzed for the sensitivity analysis is
the waveguide width. In Fig.6.21 the reflection coefficient S11 for proximity near
final waveguide width value are presented. It can be seen that S11 has a minimum
on nominal value.

Figure 6.21. S11 in the proximity of nominal value.

6.4 Thermo-mechanical simulations
In order to properly design the cooling system, we have performed thermo-mechanical
simulations. To this purpose a combined thermo-mechanical analysis has been
performed using ANSYS Workbench[12]. It allows to combine an electromagnetic
simulation with a thermo-mechanical analysis. In this platform, the calculated
electromagnetic field heat load due to rf losses is sent to the thermal module and the
temperature distribution is calculated. This temperature profile is then imported
in the structural analysis module that calculates the deformations. The deformed
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structure can be imported back in the ANSYS HFSS solver which calculates the
perturbed resonant frequency and field distribution. The ANSYSWorkbench ambient
is shown in Fig.6.22.

Figure 6.22. ANSYS Workbench Analyses Schematic.

In general, a coupled field analysis by a unique code is more efficient with respect
to using different specialized software. In the case of multi-physics code, like ANSYS,
exchange of the intermediate results between different modules is a built-in feature
of the software, so that the model can be established by one single software and
related data can be transferred more efficiently and easily between elements, which
gives more exacts simulations and reduces errors [65].

In the BOC pulse compressor EM field is concentrated to the cavity surface in
the equatorial plane, and also coupling to the waveguide occurs in the same area, so
this is the region with larger rf losses. For this reason, two cooling channels have
been designed above and below the waveguide, as one can see in Fig.6.24. In order
to perform thermo-mechanical simulations, the rf average dissipated power has been
calculated. The BOC will be powered by 50 MW Toshiba ET3702 klystron with
pulse duration is 1.5 µs and repetition rate 100 Hz 3.2. So the average power from
the klystron is equal to 7.5× 103 W. The dissipated power is equal to the difference
between the average klystron power and the output average power. Output power
has been calculated numerically by the integration of the output rf pulse Fig.6.23.
Total output power from the pulse compressor is ≈ 5.9× 103 W, so dissipated power
is equal to 1.6× 103 W.

The ANSYS simulated structure is given in Fig.a)6.24. With respect to the
mechanical drawing we have considered a simplified model of the structure with
symmetric cooling channels with circular cross section. The cooling water tempera-
ture was set to 22° C. Maximum temperature increase occurred on coupling slots, as
expected, with an increase up to ≈ 25.5° C 6.25.
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Figure 6.23. Output power from the BOC pulse compressor.

Figure 6.24. a) Cooling channel of the simplified simulation geometry, half symmetry, b)
Cooling channels of final 3D mechanical drawing.

Figure 6.25. Temperature distribution on the BOC pulse compressor.
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Figure 6.26. Deformation of the BOC pulse compressor due to heating.

The temperature distribution has then been imported in the structural analysis
module and the deformations have been calculated. The results are given in Fig.6.26.
From the plot it is possible to note that the deformations are within a range of
10µm. This deformed structure has then been imported back in the ANSYS HFSS
module to study the variation in the resonant frequency and cavity response. The
results are given in Fig. 6.27 and 6.28 and put in evidence that, in our case, the shift
of the resonant frequency and detuning is minimal and can be easily corrected with
water cooling.

Figure 6.27. S11 without dissipated power and with rf dissipation.
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Figure 6.28. S21 without dissipated power and with rf dissipation.

6.5 Mechanical design
The mechanical design of the structure has been performed with the commercial
CAD code Autodesk Inventor [13] and it is illustrated in Fig.6.32.

The structure consists from two main parts: the body of the cavity with half of
the waveguide Fig. a)6.29 and waveguide with the bend Fig. b)6.29. Fig.6.10 shows
the middle plane cut of the the bend and the waveguide.

Figure 6.29. Middle plane cut: waveguide and bend.

These two parts are joined to each other with two aluminum gaskets and fasteners.
Fig.6.31 shows the positions of the cooling channels, gaps, aluminum gaskets and
fasteners. The aluminum gaskets are not exposed to RF.

The structure can be completely disassembled and assembled again changing the
gaskets. Moreover, if necessary tuning rings can be inserted to precisely tune the
resonant frequency with a progressive machining. The structure can be, in this case,
disassembled, machined, cleaned, and assembled again. The vacuum sealing in the
structure is assured by aluminum gaskets that are clamped between the different
parts.

Fig.6.32 shows the full 3D model of the system.
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Figure 6.30. Middle plane cut: waveguide and bend.

Figure 6.31. Transverse plane cut.
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Figure 6.32. 3D mechanical model.
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Chapter 7

BOC Pulse Compressor Design
for Standing Wave RF structures

As already illustrated, pulse compressors are typically used to increase the RF peak
power in TW accelerating structures. In the following we will illustrate another
possible type of application related to the feeding of SW structures

7.1 Applications of BOC pulse compressors for feeding
SW RF structures

SW cavities are typically feed through circulators (or isolators) in order to protect
the klystron from the reflected power during RF transients (or even at regime in the
case of coupling coefficient not equal to 1). Commercially, circulators are available at
different frequencies, as example in L or S band, but they are not available at higher
frequencies as in the case of C or X band because of the difficulties to use ferrites
(typically used as non-reciprocal materials in such devices) at this high frequency
(mainly due to their high dissipation and rf properties at this frequencies). A possible
scheme to avoid the use of circulators for SW cavities powering is given in Fig.7.1.

Figure 7.1. Possible scheme to avoid the use of circulators for SW cavities powering.
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The rf pulse from the klystron is compressed through the use of a pulse compressor
by a factor F and the power is then splitted by a power splitter by a factor S. The
reflections from the SW structure back to the klystron are then reduced by a factor
F/S2 because of the presence of the power splitter itself. Moreover, the reflected
pulse has a short time duration, resulting in an overall acceptable reflection back to
the klystron itself if the system is properly designed. This scheme obviously works in
the case of SW structures designed to be fed with short RF pulses, compatibly with
the compressed RF pulse. The residual power from the splitter and more precisely a
factor (1− 1/S) can be either dissipated into a rf load or, more conveniently, used
to feed another TW cavity (that hasn’t reflections). Another interesting application
is in the possibility to use low peak power, long rf pulses klystrons to feed SW
structures with short rf pulses. This can have also the advantage to reduce the
required output power from the source keeping under control all the breakdown
phenomena related to the use of long rf pulses (that scales at the fifth power of the rf
pulse length [80]. In particular, as illustrated in the following, we have optimized the
BOC pulse compressor system for a new RF gun working in C band (5.712 GHz).

7.2 RF photo-guns
RF Photo-guns[113] are electron sources widely used in modern facilities and
find applications as injectors for FELs, THz and Compton sources and electron
diffraction[29, 59, 63, 82, 112, 121] allowing reaching very high beam brightness. A
laser pulse of a suitable wavelength extracts the electrons from a cathode embedded
in an RF cavity called RF Gun. An external RF power source excites the cavity
accelerating mode so that the photo-electrons are immediately accelerated by the
RF electric field on the cathode and all along the gun beam axis [84, 95, 107, 149].
Under the combined action of the RF accelerating field and of an external solenoidal
magnetic field the dynamics of the electron beam is guided and controlled, and
low-emittance high-brightness bunches are produced and injected in the energy
boosters placed downstream [83, 93]. Its basic layout is given in Fig.7.2

Figure 7.2. Basic layout of the RF gun injectors.

Presently, the RF technology mostly used for RF Guns is the S-band (fRF =
3 GHz). The S-band is used, in particular, for facilities operating at low rep rate
(frep 6 120Hz), while lower frequency technologies (L-band, VHF) are used for



7.3 Optimization of the BOC to feed the C band gun 57

higher rep rates. According to beam dynamics studies, the higher is the peak electric
field on the cathode, the better is the quality of the beam emerging from the gun.
In this respect the S-band represents the state-of-the-art, providing typical peak
fields of ≈ 120 MV/m on the cathode. Even taught larger values would be very
much desirable to further improve the beam quality, it was found experimentally to
be very difficult to go beyond 120 MV/m in S-band based injectors. The limitation
comes from the unacceptable increase of the RF breakdown rate (BDR) and required
input power. Breakdown is a complex phenomenon which depends on many aspects,
such as conditioning time and strategy, construction quality, surface cleanliness,
residual pressure. However, dedicated studies pointed out that, at the best, the
BDR depends ultimately on the operational peak values of the surface electric and
magnetic fields and on the RF pulse duration[80].

Recently the idea to implement rf guns operating in C-band RF (fRF = 5.712
GHz) have been developed. C band is a more recent technology whose reliability
and effectiveness have been already fully demonstrated. Successful FEL radiation
facilities such as SwissFEL[141] in Switzerland and SACLA [140] in Japan are based
on linacs made of travelling wave C-band accelerating sections. The technology is
also industrially mature, since power sources and the needed ancillary components
(driver amplifiers, waveguides, ceramic windows, dummy loads, LLRFs, etc..) are all
available on the market. However, beam injectors fully based on this technology have
not been developed yet. There are solid reasons to believe that the frequency step-up
from S-band to C-band can provide an improvement of the photo-injector beam
quality. This is mainly related to the filling time reduction in case of standing wave
cavities, corresponding to an RF pulse duration shortening, which scales as f−3/2,
and to the increase of the RF structure efficiency (the shunt impedance per unit
length) which scales as f1/2 and allows saving RF power to reach the design peak
field. In particular in the framework of the XLS-Compact Light design study[58] and
of the EuPRAXIA@SPARC_LAB proposal[71] a new SW gun has been proposed.
The strategy for its design is reported in [36],[55]. The electromagnetic model of the
gun is given in Fig.7.3.

It is a 2.5 cell rf device fed with short RF pulses (τ < 300ns) at 18 MW and
the coupling with the input waveguide is axial, through the last iris, with a mode
launcher [108]. These two implementations (short RF pulses and mode launcher)
allow to contemporary reduce the pulsed heating (that scale with the square root
of the RF pulse length), the breakdown rate (that scales with τ5), the average
dissipated power and the surface magnetic field on the input coupler. The achievable
cathode peak field at this level of power is 160 MV/m while the main gun parameters
are reported in Tab7.1.

7.3 Optimization of the BOC to feed the C band gun

The C band gun is a SW cavity. As already pointed out there are two possible
feeding. The typical system foresees the use of an isolator. Commercial isolator
working in C band are produced by one company [5], but their reliability at this
very high power (18 MW peak field) has to be experimentally demonstrated. As
example the profiles of the input, reflected, dissipated power and cathode peak field
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Figure 7.3. Gun geometry simulated by ANSYS-HFSS.

are given in Fig.7.4.

Figure 7.4. Input, reflected, dissipated power (upper plot) and cathode peak field (bottom
plot) as a function of time for a 300 ns pulse length with 30 ns rise time.

The other possible solution is the use of a BOC system, as already discussed.
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Table 7.1. Main parameters of the C-band gun.

Working frequency [GHz] 5.712
Ecath/P

1/2
diss [MV/(mMW1/2)] 52

RF input power [MW] 18
Cathode peak field [MV/m] 160
Cathode type copper
Rep. rate [Hz] 100
Quality factor 11800
Filling time [ns] 164
Coupling coefficient 3
RF pulse length [ns] 300
Esurf/Ecath 0.9
Modified Poynting vector [W/µm2] 2.5
Pulsed heating [◦C] <20
Average diss. Power [W] 230

The sketch of this feeding is given in Fig.7.5

Figure 7.5. Scheme which avoid the use of circulators for SW cavities powering with the
main parameters and values.

with few quantities reported in the figure just for reference. Commercial C band
klystron and modulators with a 50 MW output power, 2.5 µs rf pulse length, 100 Hz,
already exist and have been, as example used for all C band station in operational
at SwissFEL[141]. The quality factor of a BOC pulse compressor that is possible
to achieve is of the order of 210000. This BOC system has been already designed
for the C band TW modules of the SwissFEL[150]. The power can be reasonably
amplified by the BOC by a factor F = 3− 4 (average power) in 300 ns rf pulses and
then splitted by a factor S = 10, after the BOC. A fraction 1/S = 10% of the power
is then send to the rf gun and the other part (1− 1/S) = 90% can be, as example,
used to feed a C band TW accelerating structures. The reflected power back to the
klystron has, in this case, an average value of F/S2 = (3− 4)% the klystron output
power.
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Our goal has been to optimize the BOC parameters in term of external quality
factor (or coupling coefficient) and phase jump time (tf ) in order to achieve the
maximum cathode peak field in the gun thus maximizing the factor F . A maximiza-
tion of this factor F allow to increase the splitting factor S and then reduce the
reflected power to the klystron that scales as S2.

To this purpose a MATLAB code has been developed. Field reflected from the
cavity is described be the following equation [67]:

Tc
dEe
dt

+ Ee = −αEi (7.1)

Where Tc in this case a filling time for the SW structure, Ee reflected field from
the coupling aperture of the structure, α = 2β/(1 + β) where β is coupling of the
structure and Ei is the field from the power source. In our case, Ei is the output
field from the BOC pulse compressor 7.2, 7.3, 7.4.

Eout(0 6 t < tf ) = α
(
1− e−t/Tc

)
− 1 (7.2)

Eout(tf 6 t 6 te) = α[(2− e−tf/Tc)e−(t−tf )/Tc − 1] + 1 (7.3)

Eout(t > te) = α[(2− e−tf/Tc)e−(te−tf )/Tc − 1]e−(t−te)/Tc (7.4)

Eq.7.1 has been solved numerically in MATLAB and Ee has been calculated.
Once Ee is solved, we can calculate the dissipated power in the SW structure
Pdiss = E2

e/Q0, where Q0 is the unloaded quality factor of the SW structure. On
the other hand cathode peak field of the rf-gun is Ecath = 52 ∗ P 1/2

diss. In this way
cathode peak fields for different coupling coefficient and phase jump time have been
calculated.

As an example in Fig.7.6 we report the behavior of the cathode peak field for six
different coupling coefficient supposing tf is kept the same and equal to tf = 2.3 µs.
The cathode peak field normalized to the square root of the input power from
the klystron as a function of the phase jump time (tf ) and for different coupling
coefficients is given in Fig.7.7, while Fig.7.8 shows the rf power after the BOC.

From the plot it is clear that, the increase of the coupling coefficient of the BOC,
allows to increase the cathode peak field. Considering extremely large coupling
coefficients (> 12-14) mean that the coupling holes on the BOC have to be strongly
increased with a consequent possible difficulty in BOC realization and structural
problem in its construction. The plot clearly shows also that the cathode field saturate
at larger coupling. Assuming a reasonable value of the BOC coupling coefficient
equal to 12 with a phase jump time (tf ) at 2.2 µs we have that Ecath/

√
Pin is equal

to 80 MV/(mMW 1/2) and we can adopt, in the final feeding scheme, a splitter
with a splitting factor S = 12.5 obtaining a cathode peak field exactly equal to 160
MV/m and a peak reflected power to the klystron equal to ∼ 340MW/S2 ∼ 2 MW
that can be considered a reasonable value of the reflected power also because of the
very short pulse duration.
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Figure 7.6. The cathode peak field as a function of the phase jump time (tf ) and for
different coupling coefficients.

Figure 7.7. Cathode peak fields for six different coupling coefficient.

Figure 7.8. Power output from the BOC for β = 6, 10, 14.
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7.4 Design of the C band BOC with large coupling
coefficient

According to the final results of the optimized BOC parameters, we have performed
an electromagnetic design of the cavity to investigate the possibility to obtain a
cavity with a coupling coefficient larger than 12 and a quality factor Q0 ≈ 210000.
To this purpose, following the results already obtained by [151], we have chosen the
mode TM18,1,1. As in the case of the X band cavity, the design of the BOC has been
performed in ANSYS HFSS [12].

The first step has been the tuning of the resonant frequency by changing the
dimensional parameters a and r0 of Fig.4.3 following the same procedure already
illustrated in the previous paragraphs for the X-band BOC. Because of the mode
azimuthal dependence, we have simulated a small angle of the total structure (more
precisely 360°/36 = 10°) with perfect electric boundary conditions. The final result
has been a Q0 factor equal to 210500.

The coupling with the waveguide has been obtained with a procedure similar to
those illustrated in the previous paragraph but now referred to the C band waveguide
and BOC. The sketch of the structure with the waveguide and coupling holes is
given in Fig.7.9. The waveguide height b has been fixed equal to the height of the

Figure 7.9. Full geometry of the BOC and it’s main parameterized dimensions.

standard C band waveguide WR187 and equal to 22.15 mm while the waveguide
width (w) has been tuned to have a waveguide wavelength (λg) equal to four times
the distance between the coupling holes, as already has been illustrated in the X
band case. The wall thickness between the waveguide and the cavity (tc) has been
fixed equal to 3 mm to have a reasonable structural consistency of this part of
the cavity with coupling holes. According to what already discussed, to have the
possibility to fabricate the structure without brazing, a gap has been opened on the
surrounded waveguide.

The design has been oriented to contemporary obtain a coupling coefficient larger
than 12 at the right resonant frequency of 5.712 GHz. To this purpose, as done for
the X band case, for a given dimension of the holes wc and hc, the mode frequency
has been re-tuned by acting on the parameters a and r0 and simulating the geometry
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given in Fig.7.10 with the HFSS eigenmode solver.

Figure 7.10. Eigen mode simulations of the slice, with slice angle and boundaries.

This geometry takes into account the frequency shift due to the holes. Then the
waveguide width (w) has been calculated according to Eq.6.3. The complete structure
reported in Fig.7.11 (without the input splitter) has then been simulated with the
HFSS driven mode solver to calculate the reflection and transmission coefficients
and, from this last one, the final coupling coefficient. Because of the symmetry of
the mode we have simulated one half of the structure with a PE boundary condition.

Figure 7.11. Electric field inside the simulated half geometry, bottom is perfect E boundary.

Simulations with different waveguide w widths starting from the theoretical value
reported in Eq.6.3, have then be done to maximize the coupling coefficient and
minimize the reflections back to the source, as already discussed in the previous
chapter. The final obtained BOC dimensions and parameters are given in Tab. 7.2.
The final magnitude of the electric field at the resonant frequency is shown Fig.7.11.
The reflection and transmission coefficients are given in Fig.7.12 and Fig. a) 7.13
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the transmission coefficient reported on the smith chart Fig. b) 7.13 clearly shows
the overcoupling. From the transmission coefficient we have calculated a coupling
coefficient β = 13.3.

Figure 7.12. S11 reflection coefficient of the BOC.

Figure 7.13. a) S21 transmission coefficient of the BOC, b) S21 smith chart.

Table 7.2. Final C band BOC parameters.

Working frequency 5.712 GHz
Q0 210500
β 13.3
a 199.70 mm
r0 147.00 mm
w 35.17 mm
b 22.15 mm
wc 7 mm
hc 19 mm
tc 3 mm
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Chapter 8

Conclusions and perspectives

In the present thesis work two different design of a BOC type pulse compressor system
have been developed. They have been developed for the EuPRAXIA@SPARC_LAB
and CompactLight-XLS projects. In the EuPRAXIA@SPARC_LAB project, the
linac has to provide an energy gain of ≈ 1 GeV in 15 m of active length while, for
CompactLight-XLS, the linac has to provide ≈ 5.2 GeV in 83 m of active length.
The linacs are based on traveling wave structures operating on the 2π/3 mode, fed
by klystrons and pulse compressors systems.

The first BOC cavity has been designed, in particular, for the X band accelerating
module of EuPRAXIA@SPARC_LAB. The design of the cavity has been done using
analytical and finite element simulation codes. Considering the required parameters
for the optimal performance of the linac, the BOC cavity operating mode has been
the TM16,1,1, with a theoretical Q0 = 143 000 unloaded quality factor.

The electromagnetic coupling between the cavity and the waveguide has been
obtained by means of 62 coupling slots. The coupling slot’s dimensions have been
optimized, to obtain an optimum coupling factor equal to 7.8. The wall thickness
was set 2 mm, to avoid structural weakening of the cavity. To allow the realization
of the structure with the LNF-INFN brazing free technology, a gap in the waveguide
has been introduced. The gap has been optimized. Its width was reduced to 1mm,
to reduce electric field penetration inside the gap itself and field magnification.
Moreover, to overcome the electric field increase due to the gap, two roundings of
0.5 mm were added at the gap edges. Alternative solutions for the position of this
gap have also been illustrated. As a final step waveguide width has been optimized
analytically and numerically, together with the coupling slots and the bend. The
system has been optimized to have reflections as low as S11 < −25 dB.

Sensitivity studies have been carried out. If the temperature change of the
cooling water of the BOC system is +/− 5°C the range of tunability is 1 MHz. If
there is no mechanical mechanism of tuning, the calculated required precision is
7/µm.

A mechanical design of the structure has then been performed in combination
with thermal analysis. Firstly, the total average dissipated power in the BOC
has been evaluated to be equal 1.6 × 103 W. With this value structure’s thermal
expansion and deformations have been calculated by the simulation code ANSYS
Workbench. The effect of thermal expansion on the scattering parameters of the
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system has finally been studied. Simulations showed that two cooling channels above
and bottom of the waveguide can efficiently remove the generated heat keeping under
control the resonant frequency and compressor performances under powering.

Finally, mechanical drawings of the BOC have been done, the system consists
of two main parts, the cavity body and the waveguide with the bend. The cooling
channels will be covered with special lids and the whole structure was designed to
be assembled only with gaskets and fasteners. The new design we proposed with the
possibility to fabricate a clamped device has several advantages. First of all, the
realization does not require expensive processes in vacuum furnaces with a potential
reduction of the realization cost. The use of hard copper instead of annealed one
allows to obtain, in principle, even better performances at high power. With this
technology it is also possible to open the structure, machine it to reach the desired
resonant frequency, and close it again with a reduction of the required precision in
the fabrication of the device and cost.

The second BOC-type pulse compressor has been designed for a possible feeding
system of a C band gun. Simulations showed that it is possible to optimize the BOC
pulse compressor for feeding the C band rf-gun foreseen for the CompactLight-XLS
project. Quality factor was fixed to 210000 as for SwissFEL’s BOC, but in our case
the β has to be be equal to (at least) 12. In particular, a dedicated code has been
written to optimize the BOC cavity parameters in term of coupling coefficient and
phase jump time. This code can be applied to all feeding systems that foresee the
use of a pulse compressor to feed a SW cavity. In our case the optimum phase jump
time was found to be tf = 2.2 µ with a β as large as 12. In the rf gun feeding system
we have proposed, after the BOC a power splitter allow to feed the gun reaching the
desired value of 160 MV/m on the cathode while reflections back to the klystron will
be reduced at about ∼ 2 MW, which is a reasonable value of the reflected power also
because of the very short pulse duration (300 ns). The BOC e.m. design has been
also done and a Q0 factor of the BOC equal to 210500, with a β = 13.3 have been
obtained. Also for this design brazeless geometry has been realized can be adopted.

This thesis work represents the first step toward the realization of two different
type of BOC-type pulse compressors with the new brazeless technology developed
at LNF-INFN. These devices are fundamental in the EuPRAXIA@SPARC_LAB
project, with particular reference to the X-band BOC. In EuPRAXIA@SPARC_LAB
up to 10 of this compressors will be necessary. Other working mode for the BOC
cavity can be also considered (with m > 16) because the procedure to design this
type of structures is now well identified and clear. Also the mechanical drawing
we have implemented is completely parameterized and can be adapted to different
working modes. The next step will be the realization, low and high power test of a
first prototype.
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Appendix A

The 3-dB directional Coupler

For operation of SLED, an essential element is 3-dB directional coupler, which
directs power reflected from the resonant storage cavities away from the source and
towards to a load. A directional coupler is a four-port microwave junction with the
following characteristics: If power is incident on one port, that power is coupled out
through two of other ports, but not through the remaining one. Furthermore, there
is no reflection at any input port when the other ports are all terminated by their
matching characteristics impedance [109] .

Figure A.1. The 3-dB coupler.

Power incident on port 1 or port 3 is equally distributed between ports 2 and 4.
Likewise, power incident on port 2 or port 4 is equally distributed between ports 1
and 3. Ports 1 and 3 are uncoupled, as are ports 2 and 4, so we don’t have energy
flow between 1 and 3 and 2 and 4. Scattering matrix for a 3-dB coupler is:

S = 1√
2


0 1 0 i
1 0 i 0
0 i 0 1
i 0 1 0


Lets assume power fed to the port one is scaled to 1, then output power is given
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by

1√
2


0 1 0 i
1 0 i 0
0 i 0 1
i 0 1 0




1
0
0
0

 = 1√
2


0
1
0
i


Now the load on each output port reflects the wave with a factor which is

previously designated as Eout. These reflected waves become new inputs for ports 2
and 4. Assuming mechanical symmetry, so that they pick up no additional phase
difference in this reflection, we finally get as output.

1√
2


0 1 0 i
1 0 i 0
0 i 0 1
i 0 1 0

Eout 1√
2


1
0
0
0

 = Eout
1√
2


0
0
i
0


Thus reflected waves cancel at port 1 and combine at port 3, assumed matched

to a transmission network, and the power directing function of the coupler is
accomplished. It can be seen that if the two cavities are completely the same,
the reflected waves will cancel at port 1 and combine in at port 3. The power is
successfully directed away from the klystron source and directed to accelerating
structure.
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Appendix B

Equivalent Circuit Model

A resonant cavity is a non-matched load for a waveguide or a transmission line, and
can be modeled as an RLC parallel circuit. The voltage source refers to the RF
generator. The cavity impedance is equal to:

Figure B.1. An equivalent circuit model of the SLED.

1
Zcav

= 1
βZ0

+ 1
iωL

+ iωC (B.1)

After the simplification, we will have

Zcav = βZ0
iωLC

(iω)2βZ0LC2 + iωLC + βZ0C
(B.2)

If we recall that

ω2 = 1
LC

, Q0 = ω2
0βZ0C, QL = Q0

1 + β
(B.3)

And after even more simplification, we will have

Zcav = βZ0
iω/Q0ω0

(iω)2/ω2
0 + iω/Q0ω0 + 1

(B.4)

An RF wave travelling from the generator toward the cavity is always partially
reflected at the cavity input. The reflected wave can be calculated according to [54]:

VREF = VFWD
Zcav − Z0
Zcav + Z0

(B.5)
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If we insert B.4 into B.5 we will have:

VREF = VFWD

 2β
β + 1︸ ︷︷ ︸

coupl. coeff.

· (iω)/ω2QL
((iω)/ω0)2 + (iω)/ω0QL + 1 − 1︸ ︷︷ ︸

network transfer function

 (B.6)

Depending on the value of β three different situations may occur: β < 1 under-
coupling, β = 1 critical-coupling, β > 1 over-coupling.
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