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Overview

My research activity started with a PhD on the improvement of output power in Traveling
Wave Tubes (TWT) and went on as a researcher/engineer on Radio Frequency (RF) structures
for particle accelerators. The interaction and energy transfer between a particle beam and an
electromagnetic field has always been a key point of my activity, the transfer being in favor of
the RF field, in TWTs and klystrons, or in favor of the particle beam, in accelerating cavities.

Alongside research activities, I have regularly contributed to science transmission. For
many years now, I am teaching electromagnetism and radio frequency sources principles at the
university, and I have given some courses on superconducting cavities. I have supervised one
PhD student and a dozen of technical and master students.

In this document, I give an overview of some efforts carried out to improve efficiency and
performance of particle accelerating RF structures.

The first chapter is an introduction presenting the background of research and development
on particle accelerators.

The second chapter describes how to go from an RF design, adapted to the beam dynamics
requirements, to the fabrication, preparation and test of cavities. Two examples of supercon-
ducting cavities are detailed, the first one, the high beta elliptical cavity for ESS being in series
construction phase, and the second one, the high beta half wave resonator for IFMIF/DONES
being in prototyping phase. Besides further developments on superconducting cavities, we are
starting a new activity on normal conducting cavities for muon collider. In the frame of the
MuCol European program, we are planning experimental studies on the influence of material,
frequency, design and temperature on breakdown phenomena.

The third chapter details how to control and limit the magnetic flux trapping in super-
conducting niobium, from magnetic shield design and fabrication to magnetic environment
management. Besides the development of shielding for future accelerators, a large effort is
ongoing for minimizing magnetic fields likely to radiate inside cryomodules. In particular, we
plan to install and test a degaussing setup to mitigate residual magnetic field around cavities.
On the other hand, we will explore the relationship between flux trapping amplitude and cavity
performance during cavity tests.

The fourth chapter gives an overview of methods and technologies to improve RF sources
efficiency. The example of second harmonic injection in TWTs is presented, and new techniques
for increasing klystron efficiency have been investigated. This last point is crucial for limiting
electricity consumption in future large particle accelerators. Today’s computing power allows
the use of new optimization tools for the design, an example of a genetic algorithm being
presented in this document. Then, our experience on high efficiency klystron fabrication has
underlined the need to guarantee RF parameters accuracy and new solutions are envisaged.

The fifth chapter presents sensors developments used for cavity diagnostics in cryostats
and cryomodules. It underlines the need of an improvement in diagnostics implementation,
for assuring accelerators projects achievement, as well as for developing research activities in
laboratories.






Chapter 1

Introduction

I have been working on particle accelerators since I joined CEA in 2006, as a research engineer
in the radiofrequency domain in the Accelerators, Cryogenics and Magnetism Division (DACM)
of the Institute of Research into the Fundamental Laws of the Universe (Irfu). The mission
of the DACM is to develop and produce particle accelerators, ion sources, accelerator cavities,
cryogenic systems and superconducting magnets for Irfu’s scientific programs. The DACM
participates to the major accelerator projects and scientific programs in Europe and around the
world, thanks to the expertise of its five laboratories detailed in Figure I am member of the
Accelerator and Hyper frequency Systems Engineering Laboratory (LISAH) which represents
DACM’s expertise in the design and construction of high frequency electromagnetic structures
and their implementation through the use of appropriate instrumentation.

Institute of Research into the Fundamental Laws of the Universe (Irfu) : 7 divisions, 1000 people

Accelerators, Cryogenics and Magnetism Division (DACM) : 5 Laboratories, 150 people

Accelerator and Hyper frequency Systems Engineering Laboratory (LISAH)

Cavity and Cryomodule Development and Integration Laboratory (LIDC2)

Accelerator Design and Development Laboratory (LEDA)
Cryogenics Laboratory and Test Stations (LCSE)

Laboratory for Superconducting Magnet Research (LEAS)

Figure 1.1: The Accelerators, Cryogenics and Magnetism Division organization.

The principle of particles accelerators consists into the transfer of energy from the electricity
power grid to a particle beam. The aim of the research and development on accelerators finally
consists into the optimization of this transfer. The work presented in this document will
concentrate on the following points:

1. How to develop superconducting cavity design, fabrication and preparation to optimize
the RF power transfer from coupler to accelerating field. This chapter details two cavity
developments: ESS high beta elliptical cavity and IFMIF/DONES high beta half wave
resonator.

2. How to optimize the magnetic environment of cavities to guarantee cavity performance.
This chapter focuses on magnetic shielding development, magnetic hygiene and magnetic
Sensors.

3. How to optimize RF power sources efficiency. This chapter starts with the output power
improvement in traveling wave tubes and then focuses on the efficiency optimization in
klystrons.

11
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These three points are illustrated in Figure [[.2]in the example of the ESS accelerator.

1
RF FIELD IN CAVITY
T ¥ O%D. : i . "-”E’“:} . o
.Eﬂ’ s is : ) N
__________________ remeiy R \momemmny / Coupler
RF POWER
2
CRYOMODULE

Magnetic shield

RF sources

KLYSTRON GALLERY

Figure 1.2: Illustration of the energy transfer to the beam in the ESS accelerator
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1.1 Particle accelerators

1.1.1 Particle accelerators projects

Particle accelerators use electric and magnetic fields to bring charged particles to high speed and
energy while keeping them into a focused beam. They are used in a wide range of applications,
from industry, medical domain to fundamental research. The largest and most well known is the
Large Hadron Collider at CERN in Switzerland, which accelerates proton beams to generate
collisions, generating high energy particles like the Higgs Boson. New accelerators projects
are foreseen by CERN, to succeed LHC after 2040: the Futur Circular Collider, the Compact
Linear Collider or the Muon Collider.

Large particle accelerators are in different phases of exploitation, construction or study all
around the world. In the following, I will focus on the facilities involving our laboratories at
CEA-Trfu, and to which I have directly contributed.

The Figure represents the accelerator schemes for all these accelerators.

In operation since 2017 in Hamburg (Germany), the European XFEL generates ultrashort
intense X-rays flashes to explore matter. An electron beam is accelerated to very high energy,
and guided by periodic arrangements of magnets (undulators) resulting in synchronized X-
ray radiation. The CEA-Irfu has been in charge of the assembly of the hundred cryomodules
constituting the 1.7 km long linear electron accelerator. I have participated to the procurement
of the magnetic shields assembled around the superconducting cavities.

The European Spallation Source (ESS) is under construction since 2014 in Lund (Sweden).
A proton beam will be accelerated up to 2 GeV and hit a tungsten target, resulting in a
spallation process and neutron generation for scientific experiments across multiple disciplines.
The CEA-Irfu is currently in charge of the cryomodule assembly for the high energy acceleration
section. I was in charge of the RF and mechanical design of the high beta elliptical cavities,
and was involved in the design of the medium beta cavities (see Chapter [2). Moreover I am
the magnetic expert for the procurement and assembly of the magnetic shields.

The Israeli SARAF project will provide a source of fast neutrons and radioactive nuclei gen-
erated by the interaction between a proton or deuteron beam with specific targets. CEA-Irfu is
in charge of the fabrication of the whole protons/deuterons accelerator. I have been the mag-
netic expert for the procurement of the magnetic shields, and have carried out measurements
on flux trapping in the half wave resonator (see Chapter 3)).

The Demo-Oriented early Neutron Source for the International Fusion Materials Irradiation
Facility (IFMIF/DONES) project in Granada (Spain) originates from the need of a fusion-like
neutron source for the qualification of the materials to be used in a DEMO reactor and future
fusion power plant [Kro+21|. The facility will consist into a high intensity deuteron accelerator
aimed to impact a liquid lithium target for neutron production. An accelerator prototype, the
IFMIF /Lipac, is currently being assembled in Japan, representative of the low energy section.
CEA-Irfu has provided the injector and low beta cryomodule. IFMIF/DONES is now in a study
phase, and CEA-Irfu’s contribution concerns the beam dynamics and the cryomodules. For the
IFMIF /Linac, I have participated to the RF design of the half wave resonators, I have been in
charge of the design and procurement of the magnetic shield for the cryomodule, and 1 have
contributed to the effort on limiting flux trapping in cavities (see Chapter . At present, I am
responsible of the design, fabrication and tests of the high beta half wave resonator prototype
for TFMIF/DONES (see Chapter [2]), in the frame of the EUROfusion program (see section
1.1.2).

The Proton Improvement Plan II, or PIP-II, project is an essential upgrade to the Fermi-
lab’s accelerator complex in Batavia (USA) to enable intense beam of high-energy neutrinos
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generation. A proton beam will be accelerated up to 800 MeV and the CEA-Irfu is in charge
of the production of the low beta cryomodules for elliptical cavities. I am the magnetic expert
for the magnetic shield and magnetic hygiene in the cryomodules.

Finally, CEA-Irfu is now involved in the European collaboration MuCol, working on a
Design Study for a Muon Collider complex at 10 TeV center of mass. The elements of a muon
beam generation and acceleration are the following (Figure[L.4): a proton driver forms intense
and short proton bunches; a front end, made of a pion production target able to withstand
the high proton beam, for muon generation beam shaping; a cooling channel aimed to reduce
the 6D phase space occupied by the beam by up to five orders of magnitude; a series of muon
acceleration stages to take the muon beams to the relevant energy before injection in the muon
collider ring.

In the cooling stage process, the muon beam loses both longitudinal and transverse momen-
tum. RF cavities are needed to restore the longitudinal momentum. CEA-Irfu is involved into
the development of such cavities.

1.1.2 Transverse R&D activities for particle accelerators

Different programs exist among the accelerators community to carry on research and develop-
ment activities in the field of particle accelerators, and CEA-Irfu is part of most of them. In
particular, we have participated to the the R&D programs developed by the European Commu-
nity to generate a structured and integrated European area in the field of accelerator research
and related R&D, within the Frameworks Programs 6, 7, 8 (Horizon 2020) and 9 (Horizon
Europe).

x 2004-2008: CARE (Coordinated Accelerator Research in Europe). We have participated
to the integrated developments of normal and superconducting structures for the accelera-
tion of very high-intensity proton beams, HIPPI, (High Intensity Pulsed Proton Injector)
and achieved the design, the fabrication and the characterization of a superconducting
cavity prototype at 704 MHz and beta = 0.47 for pulsed proton linac [Bos+07; Dev+08a;
Dev-+08b].

* 2008-2012: EuCARD (European Coordination for Accelerator Research Development). In
the Work Package 10 Superconducting RF technology for proton accelerators and electron
linear accelerators we have achieved the design, the fabrication and the characterization
of a beta = 1 cavity for pulsed proton linac [PDC11|. The experience gained during
CARE and EuCARD was later applied to the design development of the elliptical ESS
cavities.

* 2013-2017: EuCARD2. In the Work Package 12, Innovative Radio Frequency Technologies
(RF), we have carried out the design, fabrication and test of a 5 GHz high efficiency
klystron with the kladistron method, which will be detailed in Chapter |4 I was deputy
of the WP12 leader during the program.

* 2017-2022: ARIES (Accelerator Research and Innovation for European Science and Soci-
ety), co-funded under the European Commission’s Horizon 2020 Research and Innovation
programme. We have provided the design of a 12 GHz efficient klystron (see Chapter [4)).

*x 2021-2027: EUROfusion Workpackage WPENS (Work Package Early Neutron Source)
in the Horizon Europe program. CEA-Irfu is developing the design of the cryomodules
for the superconducting linac of the IFMIF/DONES accelerator. I am responsible of the
development of the prototype of a high beta cavity.

* 2023-2027: MuCol (International Muon Collider Collaboration), aimed to produce a co-
herent description of a novel particle accelerator complex that will collide muons of oppo-
site charge at the energy frontier in the frame of Horizon Europe. In the Work Package 6
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Figure 1.4: Schematic layouts of Muon Collider complex.

we are in charge of studying the cavities destined to the muon cooling complex, and in par-
ticular the breakdown mitigation in presence of high DC magnetic field (see Chapter [2)).
I am deputy of the WP6 leader.

Finally, we are part of the TYL-FJPPL ("Toshiko Yuasa" France Japan Particle Physics
Laboratory) created in 2006 to promote collaboration between French and Japanese teams
of researchers working in subatomic physics and related areas. I am member of the steering
committee in this laboratory, as CEA representative. We have developed and share experience
about magnetic shields and magnetic sensors in the frame of this collaboration see Chapter [3)).

1.2 Particle acceleration

The principle of accelerating charged particles with RF cavities has been developed in an article
published in the French journal Techniques de l’ingénieur in 2013 [AP14]. This paper has been
written by Claire Antoine and by myself, and is named Cavités supraconductrices pour les
accélérateurs de particules (Superconducting cavities for particle accelerators). In addition to
this publication for non initiated people, I have assured a course in Paris Saclay University on
Superconducting cavities.

1.2.1 Accelerating charged particles

Accelerated particles can be represented by their velocity v or relative velocity 8 = v/c (¢ being
the light velocity), or by their total energy, equal to Ej; = ymc?, v being the Lorentz factor

for particles in motion:

NI (1.1)

V1=p?
Accelerating particles requires providing kinetic energy E., which is the difference between the
total and the rest energy Ey = mc? :

E,= (v —1)mc (1.2)

A particle with charge ¢ and velocity ¢ in an electromagnetic field (E, é) is subjected to
the Lorentz force:
F=qE+qiAB (1.3)
The energy supplied by this field to the particle represents the work of this force, and only the
term corresponding to the electric field is non-zero. In a particle accelerator, the electric field
provides energy to the beam while the magnetic field provides focusing and bending.

In electrostatic accelerators, particles are subjected to a constant field and their kinetic
energy is directly related to the potential AV between input and output : E. = gAV. Electro-
static accelerators are limited by the maximal reachable DC voltage, and do not exceed some
megaelectronvolts (MeV). They are restricted to low energy ion acceleration.
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1.2.2 Radiofrequency acceleration

Radiofrequency (RF) acceleration consists in generating intense electromagnetic fields able
to provide energy to the beam. Particles are traveling along the axis of a resonant cavity,
loaded with a stationary RF field of frequency f. The field has an electric component on the
cavity axis. The particles have been previously bunched so that each bunch always experiences
an accelerating field. This principle is illustrated in Figure in a four gap cavity : two
particle bunches with positive charge, represented by red dots, are traveling through a multicell
cavity loaded with a stationary 7 mode at frequency f = 1/T. L is the distance between two
consecutive cells. The particles are accelerated when the field is positive, ie in cells 1 and 3 at
time to, and cells 2 and 4 at time tq + 7//2. Thus, RF acceleration requires synchronization
between the distance L, the frequency f and the particle relative velocity 5. When cavities are
used in the m mode, the following condition must be verified, A being the vacuum wavelength
corresponding to f:

L=~ (1.4)

A cavity is characterized by a geometrical § defined in the previous example by 8, = 2L/ .

D
D

S

I [

(G

D
D
(% 5))
Gl
=)

(
(

&

to to+T/2

Figure 1.5: RF acceleration principle in a 4 gaps cavity.

In a linear accelerator, the beam energy increases during propagation through the RF cavi-
ties. For heavy particles, like ions and protons, the relative velocity increases and the geometri-
cal 5 of the successive cavities must be adapted to optimize acceleration. This is illustrated in
Figure [1.3| for IFMIF/DONES (deuterons), SARAF (deuterons and protons), ESS and PIP-1I
(protons): a succession of cavity types, identified by their geometric /3, are installed in the
linac. On the other hand, electrons are so light that they reach § = 1 at the first acceleration
stages and requires only one cavity type (Fig. XFEL).

In principle, the bunches enter the cavity in phase with the cavity voltage, when the voltage
is maximal (Fig. left). However, a particle bunch is subjected to perturbations that produce
variations in the arrival times in the cavity. Then, for bunch stability reasons it is better
to introduce a phase ®, so that the bunch enters the cavity when the voltage is increasing
(Fig. right). The particles arriving earlier than the bunch center receive less energy, while
the particles arriving late receive a higher kick, resulting to bunch stability. The phase ® is
called the synchronous phase.

1.2.3 Cavity frequencies and types
Radio-frequency cavities used in accelerators have frequencies in the 100 MHz-1GHz range, and

can have very different shapes. All of them have an electric field component on the beam axis,
with oscillation synchronized to the beam. The length of a cavity gap is fixed by the geometrical
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Bunch Re(Vc) Bunch

Re(VC)“A/\ ¢

wgt D5 wgt

Figure 1.6: Position of a particle bunch in a varying cavity voltage V,,, when the bunch enters
the cavity in phase with the voltage (left) or out of phase with &, (right).

5, this latter being determined by the global accelerating scheme:

BN Be
gap_T_ﬁ

Low beta cavities must have lower frequencies to keep reasonable gap length. Cavities with
a transverse electro-magnetic mode (TEM) are well adapted to these applications. The gap
length being fixed, the resonance frequency is adjusted by the cavity height (close to A). The
frequency and shape choices are a trade-off between cavity fabrication process (low beta cavities
are bigger, thus more expensive to produce), beam tube aperture possibilities, and RF efficiency.
I[FMIF/DONES and SARAF linacs are aimed to accelerate deuterons, with 3 lower than 0.2.
Both use the frequency 175 MHz, and half wave resonators (HWR). ESS and PIP-II protons
linacs use spoke cavities around 300 MHz for a medium stage of acceleration (5 < 0.5/0.6).
HWR and spokes are both TEM cavities, the outer conductor being coaxial with the inner
conductor for the HWR and coaxial with the beam axis for the spokes (Fig. [L.7] (a,b)).

L (1.5)

For high 3, the standard shape comes from simple pill-box cavities, where cell shape has
been rounded to limit peak field on the walls and multipacting, resulting in elliptical shapes,
as for the ESS high beta cavities (Fig. [1.7) (c)).

Figure 1.7: (a) PIP-II Single spoke resonator type 1, 325 MHz, 5—0.22 [Nar+22]|, (b) high beta
I[FMIF/DONES half wave resonator, 175 MHz, 5=0.18, (¢) ESS high beta elliptical cavity,
704 MHz, 5=0.86. The read arrows represent the beam axis.

The electric field pattern is represented in Figure|1.8|in a pill-box, an ESS high beta cavity
and the IFMIF/DONES high beta HWR.

1.2.4 Cavity performance

The performance of an accelerating cavity is measured by its ability to provide maximum
energy per unit length to a beam at a minimal cost, ie while minimizing the thermal losses. It
is described by two main parameters :
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* The accelerating field E,.. represents the amount of energy AU likely to be provided to
the beam per length unit (L, is the accelerating length, in principle equal to nfSA/2, n
being the number of cavity gaps).

|AU]

E . =
e qL(lCC

* The quality factor )y measures the RF losses P,,, into the cavity walls for a given stored

energy W.
wW 1
— Py, = - || R.H?dS
@=7. 2 / /g
DONES high beta
ESS high beta
Pill-box

TN
.
o m
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Figure 1.8: Electric field in cavities: pill-box, ESS high beta cavity and IFMIF/DONES high
beta HWR. The grey arrows represent the beam axis.

The RF losses in a metal are due to the Joule effect, and are proportional to the metal
surface resistance Ry and to the square of the RF magnetic field H along the cavity surface S.
Large RF losses reduce the efficiency of beam acceleration, because they represent a fraction of
the RF power provided to the cavities which is transformed into metal heating instead of being
transferred to the beam. The heat produced in the cavity wall has to be evacuated to protect
cavity and ancillaries integrity. The ability of a cavity to reach high accelerating field with low
RF losses is estimated during the design phase. It requires providing appropriate material for
the cavity fabrication and specific preparation steps for the cavity. This will detailed in the
following sections.

Some geometrical parameters are also useful to characterize the cavity:

* the shunt impedance to quality factor ratio r/Q represents the cavity ability to provide
high accelerating field for a given amount of stored energy W

r o (Eacc-Lacc)2
Q wW
* the geometrical factor G = Qy.R;

Both parameters only depend on the cavity geometry, irrespective of the cavity material. They
are optimized during the design phase.
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The cavity resonates at its design frequency f within a range equal to a few bandwidths
Af = f/Q,. Here, Q) is the loaded cavity factor, containing both RF losses P, and power
exchange with outside P.,; (more details in section [1.4.1]):

111 oW wW

- =+ = + 1.6
Ql QO Qezt Pcav Pe:nt ( )

The goal cavity frequency is set up during the cavity fabrication and preparation steps (see
section . A mechanical frequency tuning, based on cavity shape plastic deformation, is
performed after cavity fabrication. When the cavity is in operation in an accelerator, a fine
frequency tuning is obtained by the implementation of a motorized frequency tuning system.
The principle is to deform the RF field pattern, either by inserting a movable plunger in the
cavity, or by applying a deformation on the cavity shape (in the elastic domain). This latter
solution is illustrated in Figure[I.9where a tuning system applies a force between the cavity and
its helium vessel. The role of this vessel is to allow a superconducting cavity to be immersed
in liquid helium.

Helium vessel

/ / "’7"\_‘. 7N N (,/""7"\\ /- "W'\L \
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Figure 1.9: Principle of a frequency tuning system based on cavity shape deformation.

1.3 Normal versus superconducting cavities

Historically, accelerating cavities were made of copper, however due to the high level of RF
losses, the accelerating field was limited to a few megavolts per meter, and for very short
pulses. Otherwise, the copper was definitely damaged. For many decades now, superconducting
niobium is used for the fabrication of accelerating cavities, with the advantage of a dramatically
decrease of the RF losses. The accelerating fields can reach tens of megavolts per meter and be
used in long pulses and even in continuous mode.

Today, many accelerators includes superconducting cavities. Among the projects planned
for the future particle physics strategy, the Future Circular Collider (FCC, CERN), and the
International Linear Collider (ILC, Japan), include superconducting cavities. On the other
hand, the Compact linear collider (CLIC, CERN) should be made of copper cavities operating
at 12 GHz. These cavities will work in very low duty cycle, around 1 per million, to prevent
copper overheating, and aim to reach challenging gradients at 100 MV /m.

This section presents formulas and phenomena characteristic of superconducting cavities,
which are detailed by H. Padamsee, J. Knobloch and T. Hays in the book RF Superconductivity
for Accelerators |[PKHOS|.
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1.3.1 Surface resistance and RF losses

The niobium is the natural superconducting element whose transition temperature is the high-
est. It has the property of becoming superconductor when cooled down under its transition
temperature T,, equal to 9.2 K. While the resistance of a superconductor is zero for a continuous
electric field, it is small but non zero in the presence of a radiofrequency field. This is explained
by the two fluids model describing the electrons in a superconductor under 7,.. One fluid is a
superfluid of paired electrons (called the Cooper pairs) and the other is a normal fluid of free
electrons. The paired electrons move coherently and carry a supercurrent with zero resistance.
Since this supercurrent flows without resistance, it can carry the entire current, while the nor-
mal electrons do not move. This is why the resistance in a DC field is strictly zero. However,
the Cooper pairs move without friction but with inertia. Then, in a variable electric field, they
do not move fast enough to carry the entire current, leaving a fraction of this current carried
by normal electrons, and the surface resistance is not exactly zero, even if very low.

The variation of the surface resistance of superconducting metals is described by a model
called the BCS resistance, noted Rpcg, described by the BCS theory [PKHO8|. This resistance
(in ©2) depends on the temperature (T in K) and on the square of the RF frequency (f in GHz)
with the formula [PKHOS|:

2107 /£ \?

R T) = J 6717.67/T 1.7

sos(T) T (1.5) (1.7)

However, at very low temperature, the observed surface resistance reaches a limit, non

described by the BCS model. This term, independant of the temperature, is the residual
resistance R,..;, and the overall surface resistance is described by:

RS = RBCS(T> + Rres (18)

The residual resistance may be caused by the presence of defects, hydrides, oxidized layer
on the surface, or welding imperfections. A fraction of the residual resistance is generated by
the trapping of magnetic flux in the superconductor, and this effect will be studied in more
details in Section [B.11

The comparison between the surface resistance of superconducting niobium and copper
illustrates the huge advantage of using niobium for accelerating cavities. This comparison
is shown in the left part of Figure [I.I0} the niobium surface resistance is the sum of Rpcg
calculated from equation and R, arbitrary fixed to a common value of 10 nf2.
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Figure 1.10: Left: comparison of the surface resistance of niobium (in n£2) and copper (in mS2).
Numerical values are shown for 704 MHz. Right: evolution of the niobium surface resistance
with temperature for different frequencies. The dotted lines are the BCS resistances. The
residual resistance is fixed at 10 n{) for both graphs.
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One can see how the surface resistance in niobium is divided by around five orders of
magnitude, compared with copper at room temperature. It is this huge reduction in surface
resistance that justifies the preferred use of superconducting niobium over copper in many
particle accelerators.

Indeed, because of their high surface resistance, copper cavities can only support short
pulses above a certain power to allow the material to cool down. On the contrary, supercon-
ducting cavities can be operated with an accelerator field of tens of megavolts per meter at
high duty cycle, i.e. by injecting the beam and radio-frequency power with long pulses, or even
continuously. The efficiency of niobium cavities is also much better, since the heat dissipation
in the walls is decreased, so that practically all the power injected into the cavity is transmitted
to the beam. In copper cavities, on the other hand, much of the power injected is lost through
heating, efficiency is low, and high-power radio-frequency power sources are required to drive
the cavities.

The 1/T dependency of the niobium BCS resistance tends to encourage lowering the op-
eration temperature of cavities. The right part of Figure [1.10] shows the surface resistance
variation with temperature for typical cavity frequencies. The residual resistance has been
fixed to a standard value of 10 n{) and the Rpcg resistance has been calculated with formula
[1.7 For the lowest frequencies the surface resistance approaches the residual resistance at 4.2 K.
However, the BCS resistance for high frequencies keeps high at 4.2 K, and becomes lower than
a few nQ) at 2 K. For this reason, high frequencies cavities (> 500 MHz) are generally cooled
down with superfluid helium around 2 K. Referring to the accelerators described in Figure [1.3]
IFMIF/DONES and SARAF, working at 175 MHz, are cooled down at 4.2 K while the elliptical
cavities of ESS, PIP-II and XFEL, with operation frequencies above 600 MHz, are cooled down
at 2 K.

As an illustration we have calculated the surface resistance corresponding to the design
parameters of a high beta ESS cavity working at 704 MHz, considering copper and niobium
at 4.2 and 2 K. The surface resistance values come from Figure The quality factor is
calculated from G = Qy.Rs, with G = 241 Q (see Table . The peak dissipated power Py is
given by the following relation|PKHO8| with the cavity nominal gradient E,.. = 19.9 MV/m,
the accelerating length L. 0.916 m and r/QQ = 477 Q (see Table . The average
dissipated power < Py, > takes the duty cycle, equal to 4 %, into account:

(Eacc-Lacc)2
r/Q.Qo

The results are shown in Table Using copper for the cavities would result in 20 MW
peak power losses (800 kW in average), while those cavities are aimed to provide 1 MW peak
power to the beam. By comparison, the power peak losses in niobium would be some tens of
watts in average, four order of magnitude lower.

Piss = (1.9)

Rs QO Pdiss < Pdiss >
Copper 7 mf) 3.5e4 20 MW 800 kW
Niobium 4.2 K 166 nf2 1.5e9 480 W 19 W
Niobium 2 K 13 nQ 1.8e10 38 W 1.5 W

Table 1.1: Estimated surface resistance, quality factor, peak and average RF losses for an ESS
high beta cavity working at 4% duty cycle.

Table also shows that the RF losses in niobium are decreased by one order of magnitude
by working at 2 K instead of 4.2 K. Note that this table only gives orders of magnitude. In
reality, the heat load for an ESS high beta cavity has been estimated to 5 W at 2 K, and the
measured values were mostly between 1 and 3 W [Pig+23).



1.3. NORMAL VERSUS SUPERCONDUCTING CAVITIES

23

However, working at cryogenic temperature requires energy, as well as dedicated installation,
which of course has to be taken into account when one wants to estimate the energy cost of an
accelerator. This will be discussed in section [L.Al

1.3.2 Performance limitations for cavities
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Figure 1.11: Qg vs E,.. curves for a 175 MHz IFMIF /DONES high beta cavity (T = 4.2 K)

and for a 1.3 GHz monocell cavity (T = 2 K). The isopower curves are plotted for each cavity
type. The figure illustrates different phenomena limiting cavity performance (multipactor, Q-
slope, quench).

Figure shows @)y vs FE,. curves, which are the usual figures of merit for cavities.
These values have been measured during RF tests in a vertical cryostat at CEA. They are
calculated from the incident, transmitted and reflected powers of a cavity. The three curves for
the IFMIF/DONES high beta HWR were measured during three successive tests presented in
section [2.4.2] The values for the monocell cavity were measured during standard tests on those
type of cavities, generally used for R&D purpose.

Figure also shows some iso-values curves for the RF losses (1 and 10 W), corresponding
to the parameters of each type of cavity. These curves show that, as predicted, the cavity
working at 2 K reaches much higher accelerating field values for the same level of RF losses
than the cavity at 4.2 K. This graph also illustrates some characteristic phenomena limiting
cavity performance.

The monocell cavity curve is interrupted by a quench. This phenomena occurs when a local
increase of the electromagnetic field due to a defect results in a local heating above the niobium
transition temperature (9.2 K). This drives a local area to normal conducting transition, and
due to the increased heating, to the global normal-conducting state. It not possible to go
beyond the accelerating field value where this quench occurs. Even small imperfections on the
inner cavity surface can cause this quench. These spots can be treated once their locations are
detected.

The IFMIF/DONES cavity goes through a multipactor phenomena at 2-3 MV /m. In this
phenomena, secondary electrons emitted at the surface enter into resonance with the electric
field lines. Multipacting consumes radio-frequency power and generates heat. This results in
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"barriers" where the injected radiofrequency field is consumed by the phenomenon, preventing
the accelerating field increase. These barriers can sometimes be overcome and electron emission
finally stops through conditioning process. Actually, for the IFMIF/DONES cavity, the accel-
erating field could finally be increased after one hour conditioning. However, it can happen that
the multipacting barrier permanently limits cavity performance; then a new cavity treatment
becomes necessary.

Finally, all the curves in Figure [I.11] present a gradual diminution of the quality factor
when the accelerating field is increased, which is usually named @-slope. This may be due to
dissipation around field lines (called vortex) trapped in the material, to non-linear corrections
of the BCS resistance, or to electron emission at the surface of the cavity in areas of strong
electric field. This latter phenomenon is called "field emission"”, and is associated to X-ray
generation, due to the bremstrahlung of the emitted electrons when they hit the cavity walls.
Actually, the strong Q-slope on the test "A" of the IFMIF/DONES cavity was associated to
an increase of the measure X-rays (see Chapter [3)).

Let us mention that the ultimate limit to accelerating field is the theoretical RF critical
magnetic field, which is the superheating field equal to 0.23 T [PKHO08|. However, the above
described field limitations generally occur before this field can be reached on the niobium
surface.
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Figure 1.12: A summary of achieved performance of 3 TeV acceleration structures in tests. The
vertical axis represents the breakdown rate (BDR) per meter. The final operating conditions
of the tests are indicated by squares. Known scaling is used to determine the performance for
the nominal CLIC pulse duration (dashed lines connecting squares to circles) and subsequently
for the CLIC-specified breakdown rate of 3 10~"m~! per pulse (dashed lines connecting cir-
cles to crosses). Ten prototype structures can be seen operating above the target gradient of
100 MV /m. (image credit: CLIC)[Rob1§]

For normal conducting copper cavities, the main performance limitation arises from vacuum
discharge, or breakdown. The figure of merit for copper cavities features the breakdown rate
(BDR) per meter versus the accelerating field. For example, the criterion for the CLIC accel-
erator cavities is to get less than 3 1077 breakdowns per pulse and per meter, see Figure m

For cavities aimed to equip the cooling stage of a muon collider, the breakdown phenomenon
is enhanced by the presence of strong DC magnetic field (decade of teslas), and this will be
detailed in The presence of this strong magnetic field is also a reason why those cavities
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are not in niobium, since they are submitted to higher levels than the RF critical magnetic field
[Pal+-09]|[SGP10].

1.4 RF field coupling with the beam

1.4.1 Accelerating mode

The RF power from the generator is transferred inside a cavity through a power coupler
equipped with an antenna penetrating the cavity (see Figure This power (P,) is par-
tially transferred to the cavity, and partially reflected (P,). The power transferred to the cavity
is either absorbed by the beam (B,) or dissipated in the cavity walls (P.y,):

P,=P.+ P, + P, (1.10)

In superconducting cavities the power dissipated in the walls can be neglected compared to the
beam power:

P,=P +P, (1.11)

The objective of an accelerating cavity is to transfer the maximal amount of RF power from
the generator (P,) to the beam (P,).

Coupler I

V2

Cavity

Figure 1.13: The RF power from generator (F) is shared between reflected power (F,), beam
power (B,) and RF losses (Peuy)-

As mentioned in section [1.2.4] the external coupling factor of a cavity relates the energy
stored in the cavity W to the power exchange with outside P,.;:

wW
Pea:t

Qeat = (1.12)

For a single cavity, the optimal (.., designated by (), corresponds to the case where
whole of the power from the generator is transferred to the beam, ie P, = 0 and P, = P,. In
this case, P+ = P, and (), becomes:

wW_wW

- 2 1.1
Qopt Pg Pb ( 3)
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In a non optimal situation, the expression of the power generated by the source is given
by the following equation, involving the real Q.., the cavity shunt impedance r/Q, the cavity
voltage Vigy = Eace-Lace, the beam current [, and the synchronous phase @ (see section .
This equation is detailed in ref [Sch98|, page 39.

V2 < 6Qext[b )2 ( Af 6Qext[b )2
P =—2|(1+*——cos® +12 + sin ® 1.14
g 46@311& ‘/czw 5 f1/2 ‘/cav 5 ( )
The quantity fio = 2Qfe — is the bandwidth of the cavity when Qg >> .., condition

being true for superconducting cavities. The parameter Af is the detuning of the cavity from
the resonance, which can be adjusted with a tuner system. The tuning angle, defined by
tan ¥ = QQm% is introduced in the expression of P;:

2 2
(1+82) (Gront Semes) | um

P — EQopt

I 4 Qe:ct

The reflected power P, is then given by P, — Pj:

o Pb Qopt Qezt ? dw Qext ?
PT - Z@ [(1 a Qopt) + (WU/Qezt * Qopt tan (I)S) ] (116)

The reflected power is minimized for each cavity by:

* Fixing to zero the last term of P,, by choosing the tuning angle ¥, so that:

tan U, = — Qeat tan ® g
Qopt
* Minimizing the quantity
1 Qe
Qopt
by choosing
Qezt = Qopt

When both conditions are verified, the coupling between the source and the beam is perfectly
adapted, and P, = F.

The first condition is achieved during cavity operation by adjusting the cavity frequency
with the tuner system. The second condition consists into fixing the external factor for a cavity.
In practice, the desired Q.. is adjusted by the position of the coupler antenna in the cavity.
This principle is detailed in the case of a IFMIF/DONES cavity in section

1.4.2 High Order Modes

In any resonator, many high order modes (HOMs) are likely to be excited in addition to the
fundamental mode. This is especially true for multicell cavities, where the number of modes
increases with the number of cells. If a given cavity mode can accelerate a beam, which is
the principle of RF acceleration, the converse is true as well. A beam passing through a
cavity can induce RF modes, which in return can lead to beam instabilities, beam loss, and
additional power dissipation. The influence of high order modes can be estimated with the
same parameters than the fundamental mode: quality factor Qg to measure the RF losses,
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external quality factor Q.,; to measure the coupling with the coupler and shunt impedance to
quality factor ration /@) to measure the ability of providing axial component. The effect of
a high order mode is maximal if its frequency coincides with a multiple of the beam bunch
frequency (which is the case for the fundamental mode). Depending on the estimated danger
of the HOMs, it can be necessary to equip the cavity with a dedicated HOM coupler, whose
role is to extract the energy of these modes. High order modes management is illustrated for
an ESS cavity in section [2.2.1]

1.5 Cryogenic and RF costs

1.5.1 Cryogenics

The role of the cryogenic setup is both to maintain a given temperature and to extract the
power generated by the RF losses. In nearly all accelerators with cryomodules, the cavities are
cooled down with liquid helium in a saturated bath. Considering the phase diagram of helium
(Figure , this means that we stay on the saturated vapor pressure curve separating vapor
from liquid. The temperature of helium at atmospheric pressure is 4.2 K, this is why many
cavities are operated at this temperature. Decreasing the bath temperature from this value
requires lowering the bath pressure, which is achieved by pumping operation.

The lambda point at T=2.17 K on the saturated vapor pressure curve separates normal and
superfluid helium domains. Working in superfluid helium has many advantages: besides having
a lower temperature, superfluid helium has nearly no viscosity [Don09|. Heat is transported by
convection instead of heat conduction and this kind of heat transport is very effective, so the
thermal conductivity of superfluid helium is very high.
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Figure 1.14: Phase diagram of helium [DB9S].

However, if the production of 4.2 K helium requires energy, the production of superfluid
helium requires even more. The efficiency of a cooling system working at temperature 7" is the
product of several effects, the first being the Carnot efficiency |[FLS10]:

T

=300_T (1.17)

e

which is 0.014 at 4.2 K and 0.0067 at 2 K. In practice, helium cooling reaches less than 30 %

of the theoretical Carnot efficiency. At 4.2 K, the global efficiency is then lower than 0.004.
In superfluid helium, the pumping operation requires an amount of energy which increases
when the vapor pressure - and thus the temperature - decreases, because the pumping becomes
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less and less efficient. Usually, it is estimated that each watt of extracted power requires one
kilowatt of cooling power at 2 K [Has23|.

Then, working at 2 K instead of 4.2 K is generally not a matter of overall energy saving,
but a matter of cavity performance. A cavity with a too low quality factor would not be able
to reach the desired accelerating field. Once the choice of working at 2 K has been made,
minimizing the RF losses becomes crucial to limit energy consumption.

The required DC power for an ESS cavity has been calculated with these estimations, and
Table is updated with the corresponding column in Table[T1.2] Still the energy needed to use
a superconducting cavity is much lower than for copper. These estimations are very important
for choosing or not to use superconducting cavities. However, they are certainly not the only
one. In addition to the cooling cost of helium, building an accelerator with cryomodules requires
technical skills and construction costs that must be taken into account.

Rs QO Pdiss < sz'ss > < PDC >
Copper 7 mS) 3.5e4d 20 MW 800 kW 800 kW
Niobium 4.2 K 166 nf) 1.5e9 480 W 19 W 4.8 kW
Niobium 2 K 13 nQ2 1.8e10 38 W 1.5 W 1.5 kW

Table 1.2: Estimated surface resistance, quality factor, peak and average RF losses and esti-
mated DC power for an ESS high beta cavity.

As a last point, we can also mention that the heat transportation in superfluid helium
presents properties associated to its quantum nature. The heat is transported by first and
second sound waves, described by the two fluids model. A method for quench localization
using the dynamics of heat transportation by the second sound wave has been developed, and
is presented in section [5.2]

1.5.2 RF costs

As stated in the introduction, the principle of accelerating particles consists into the transfer
of energy from the electricity power grid to a particle beam. This is illustrated in Figure [1.15]
in the case where the accelerator RF source is a klystron. Similar schemes could apply when
using solid state power sources or other vacuum tubes [Dio+17|[Job—+17|. Here, the modulator
transforms the DC grid power into a high voltage provided to the klystron. This high voltage
is transformed into RF power by the klystron, and transferred to the RF distribution line
(waveguides, circulator...). The final RF power to beam transmission is assured by the coupler
and cavity. Each transmission step produces losses, which lower the overall efficiency and require
cooling. While a modulator can reach efficiencies close to 90 %, usual klystrons are commonly
limited around 60 %. Increasing klystron efficiency is a major issue for future accelerators,
involving accelerator laboratories beside industrial manufacturers. We have contributed to this
activity within the frame of the EuCARD2 and ARIES programs, as will be developed in

chapter

The optimization of the power transfer from the RF input power to the beam is strongly
associated with the design of both cavity and RF coupler. Actually, depending on this opti-
mization scheme, a substantial part of the RF is reflected by the cavity and then dissipated in
the RF distribution lines. Such optimization will be developed for IFMIF /DONES in chapter .

Finally, as developed in the previous section, a part of the RF power will be dissipated in
the cavity walls, which can be considerable for normalconducting cavities. In superconducting
cavities, this part is very low in comparison of the total amount of RF power - but it requires
energy for the cavity cooling, which is not represented here.
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Figure 1.15: Schematic description of the power transmission from power grid to the beam.

1.5.3 Examples of overall costs for accelerators

Estimated electricity use and Modulator
cooling needs in full efficiency 90 %
operation for the ESS Linac RF sources
efficiency 65 % -
H\

Heat

Heat
(collector)

19 MW

seur] Sunonpuoasadns

Heat (LLRF, RF
transmission...)

Modulator 17 MW

27 MW

RF source 11 MW
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Beam
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Cooling needed (water/air)
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Cryo |t
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Heat loads 3 kW
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Figure 1.16: ESS RF costs orders of magnitude. Data collected in [ESS12| [Mar22| and [Yog12].

In Figure[1.16] I have represented the estimated power needs for the ESS linac, by collecting
data in [ESS12| [Mar22| and [Yogl2|. The total needed power for the linac is estimated to
50 MW. Nearly half of it (22 MW) is used for the water and air cooling. The electricity
supplied to the linac is 27 MW. The larger part (19 MW) is used to provide RF power to
the cavities, and only 5 MW are transfered to the beam. The heat load evacuation from the
cavities (ca 3 kW) requires 4 MW cryopower. These values, given in the 2012 ESS energy design
report |[ESS12| consider that all modulators are operated at nominal high voltage. However,
an optimization of the klystron operation scheme should allow to save ca 3.7 MW on the grid
power, thus the 19 MW value could be replaced by 15.3 MW [Mar22]. This graphic underlines
that a large amount of the supplied power is lost because of limited efficiency of the modulator
and the RF source, and also in the RF transmission process to the cavities. It also shows the
important power amount needed to evacuate heat losses, and justifies the important effort to
decreases the RF losses in cavities, by minimizing the surface resistance.
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Figure 1.17: The estimated power needs for FCC-ee. From P. Lebrun, presented in [Jenl9).

For the Future Circular Collidar (ee), the estimated power needs were presented in several
documents, and summarized in the diagram shown in Figure|l.17] The grid power in operation
is estimated to 165 MW for a final beam power equal to 100 MW, while the cryogenic power
cost is estimated to 39 MW.

1.6 Conclusion

Finally, to conclude this introduction, we can come back to the figure of merit of an accelerating
cavity and make the following assertions:

* increasing accelerating gradients F,.. shorten the accelerator’s length, and lower the con-
struction cost.

* increasing quality factors @)y decrease the RF losses and lower the operation cost.

* lowering the overall RF power cost of an accelerator also requires the limitation of the
RF losses all along the power transfer process from grid to beam.

The work presented in this dissertation is part of this general effort.



Chapter 2

Accelerating cavities: from conception to
operation

2.1 Introduction

This chapter is devoted to the development of accelerating cavities, constituting the elementary
components for accelerating particles. Since I have started working in the Accelerators, Cryo-
genics and Magnetism Division of CEA-Irfu, I have participated to the design of many cavities
and ancillaries:

* RF and mechanical design of elliptical cavities for the CARE and EuCard European
programs |[Bos+07; Dev+08a; Dev-+08b|, [PDC11; Cap+11] (major role)

* RF and mechanical design of elliptical cavities for ESS [PD11}; Dev+13; Pea+14} |Cen+15}
Cen+16bj; Cen+16a; Bos+17; |Cen+19a) (major role)

* RF design of a half wave resonator for IFMIF |Zap-+09a; Zap-+09b; Ors+10; Ors+11}
Dev-15| (minor role)

x Preliminary design of an RF coupler for IFMIF [Plo+09; |Jen+10; Jen+12; Gro+10;
Cha-+17; Baz+17| (major role)

* Design, fabrication and tests of a half wave resonator for IFMIF/DONES [Plo+23a| (re-
sponsible)

I will focus on the high beta ESS cavity, which T have designed (2011-2012), and on the
I[FMIF /DONES prototype cavity, whose development is under my respounsibility (2018-today).
The last section will describe the future work on cavities for a muon collider, to which I
contribute.

2.2 RF and mechanical design of cavities

2.2.1 ESS high beta elliptical cavity

The two last sections of the ESS accelerator are equipped with elliptical cryomodules. The
high beta section is made of 21 cryomodules, each containing 4 cavities, working at 704 MHz
and with a geometrical beta equal to 0.86 (Figure . They are aimed to bring the protons
energy from 570 MeV to 2 GeV.

Following our experience on medium and high beta elliptical cavities developed within the
CARE-HIPPI program (5 cells, § = 0.5, 704 MHz) [Bos+07|, [Dev+08a|, [Dev+08b| and the

31
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Figure 2.1: ESS high beta elliptical cavities in the linac.

EuCARD program (5 cells, § = 1, 704 MHz) [PDC11|, we have been in charge of providing
the design of the high beta elliptical cavities for ESS. I have developed the RF and mechanical
design of these cavities.

Cavities working at high beta are operated around 2 K to minimize their surface resistance.
The RF design must be optimized to limit the maximal electric and magnetic fields in the cavity
walls. For this latter point, an optimal geometry was developed for the Tesla project (8 = 1,
1.3 GHz) [Bri01], and resulted into multicell elliptical cavities. The rounded shape of the cells
near the equator also lowers the multipacting sensitivity while the large iris radius reduces
wakefield effects. In cavities constituted of n cells, each cell contributes to the acceleration,
and the overall accelerating length is reduced. The number of individual RF sources (or power
splitters) is also reduced by a factor n. On the other side, the energy acceptance of multicell
cavities is reduced compared to monocells. Then the number of cells per cavities is the result of
a compromise and the optimized cavity for Tesla has 9 cells. Since the ESS cavities operate at
a nearly half of the Tesla frequency, and with higher beta, they have much larger size, and the
number of cells must be reduced. The medium and high beta cavities are made of respectively
6 and 5 cells. The parameters required for the ESS high beta cavity are given in Table

RF frequ.ency 704.42 MHz Q) 135 O
Geometrical beta 0.86
i G 241 Q
Accelerating length 0.916 m E,/E 55
. . pk acc .
Acceleratm.g gradient 19.9 MgV/m Bo/Eoce 4.3 mT /(MV /m)
Qo at nominal field > 6.10
Mode pulsed E,, at nom. E,.. | 40 MV/m
By atnom. E,.. | 77 mT/
Av. pulsed current 62.5 mA Qp 76 10°
ext .
Peal RF R 900 kW HOMs freq. | > bMHz
Repetition frequency 14 Hz .
from  machine
Beam pulse length 2.86 ms line
Operating temperature 2 K

Table 2.1: ESS high beta cavity requirements (left) and design parameters (right).

RF design

The RF design of the high beta ESS cavity was achieved by:

* Optimizing the coupling between cells to balance between cavity performance and field
distribution homogeneity between cells.

* Maximizing the impedance shunt to quality factor ratio r/Q.

* Minimizing the maximal surface fields ratio. The achieved values are in Table The
maximal electric field is situated on the iris part of the cavity cells (see Figure while
the maximal magnetic field is situated on the equator part.
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Ermax equator f = 704 MHz

Figure 2.2: Electric field pattern in an elliptical ESS high beta cavity for the accelerating mode
at 704 MHz (top) and for a high order mode at 1421 MHz (bottom). Simulations with Comsol
|[Com].

* Adjusting the required external coupling for a proper RF power transfer to the beam (see
section . The optimal coupling factor was set to Q.; = 7.6 10° [Dev+13]. At the
cavity design stage, the adjustment of the antenna (longitudinal position and distance to
axis) is optimized to assess this value (see Figure [2.3)).

* Shifting monopole high order modes (HOM) frequencies far enough from any machine
line (= harmonic of the beam frequency) (see section [1.4.2)). It was concluded from the
RF design that HOM couplers were not necessary [Dev+11|[Cen+19a]. An example of
high order mode is shown in Figure

The beam aperture of the cavity plays an important role in the optimization process. A low
beam aperture increases the shunt impedance for the fundamental mode, which is an advantage,
but also for the high order mode, which is a drawback. In addition to HOM attenuation,
increasing the beam aperture improves the field distribution homogeneity between cells and
makes the coupling to the RF source easier. The maximal surface fields ratio are lowered by a
delicated optimization of the elliptical shape of the cavities cells.

max

Antenna
longitudinal !
position

Antenna

I
i | distance
to axis
— R T

Figure 2.3: Electric field pattern (log scale) in the ESS HB cavity in presence of a coupling
antenna. Simulations with Comsol [Com].

Mechanical design

The RF design of a cavity is developed by only considering the vacuum volume where the
electromagnetic field is established. However, a cavity is a mechanical object subjected to
many constraints, and the complete design must ensure to assure RF operation. Thus the
mechanical design must be studied in parallel with the RF design to assure proper fabrication
and operation of the cavity.

In operation, superconducting cavities are subjected to large temperature gradients, to
pressure forces, to vibrations, and even to mechanical forces due to the RF field itself (called
Lorentz forces or radiation pressure). Not only the cavity integrity must be assured during
operation, but the shift in frequency due to deformations must keep manageable. The frequency
adjustment into operation is assured by a tuning system, which in the case of ESS works by
longitudinal cavity deformation.
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The thickness of the cavity, directly related to its mechanical stiffness, is a tradeoff between
several elements:

x A thicker cavity is stiffener, which is an advantage to resist to the Lorentz forces (electro-
magnetic radiation pressure) and external pressure force, but can become a disadvantage
for the cavity tuning.

* A thinner cavity allows for better heat exchange, and needs less material, meaning smaller
weight and price.

For the ESS cavities, aimed to work in pulsed mode, the sensitivity to the Lorentz forces is
especially critical, since the frequency shift must be compensated by a fast tuning system and
a low level RF system. Thus, the thickness and stiffening rings position have been optimized
in order to reduce as much as possible the Lorentz force effect. This optimization has required
coupled RF and mechanical calculations. For ESS, these calculations, made in 2011, were
achieved using two free-license codes, Superfish [HH76| for the RF and Castem [Cas| for the
mechanics, coupled together thanks to home-made algorithms developed in language C++.

Stiffening rings

Figure 2.4: The ESS high beta cavity. Left: 2D simulation (Castem) under 5 bars internal
pressure in red, without deformation in black. Right: 3D view.

The RF and mechanical design achievements have lead to the final 3D design of the cavity,
then on the cavity fabrication. This work was detailed in the ESS Technical Design Report in
2013 [Pegl3| and in conference proceedings |Dev-+11][Dev+13|.

2.2.2 IFMIF/DONES high beta half wave resonator

The low (0.11) and high (0.18) beta cavities for the IFMIF/DONES superconducting linac are
half wave resonators (HWR), aimed to work at 4.2 K. Figure shows the sequence of the
two low beta and the three high beta cryomodules. While the low beta cavities are directly
adapted from the IFMIF-Lipac |Baz+13; Bal3|, the high beta cavity design is developed in
the frame of the EUROfusion Workpackage WPENS (Work Package Early Neutron Source)
[Pic+18; Plo+19a; Baz+20|. I am responsible of the High Beta Cavity Design and Prototyping
(task 6.5.2.2) in the SRF Linac. During the last years, the whole design of the cavity has been
achieved, and a prototype has been fabricated and tested in a vertical cryostat. This activity
is summarized in this section (design) and in section [2.4.2] (test). It has been detailed in the
EUROfusion regular reports |Plo18a; [Plo18bj Plo18c; [Plo20; |Plo21bj Plo21a; Plo22|

RF design

The optimization of the electromagnetic geometry has been achieved according to the beam
dynamics requirements (beta value, accelerating field, beam current), detailed in Table .
Compared to the ESS cavities, the optimization of the maximal electric and magnetic fields is
less critical, given that the accelerating field itself is rather low. Figure [2.6] shows the electric
and magnetic field distribution on the cavity walls. For the IFMIF/DONES cavity, the most
challenging parameters are the high current and the high RF power in continuous mode, which
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Figure 2.5: Layout of the 5-cryomodules SRF Linac. Cavities are in green and solenoids in

grey.
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Figure 2.6: Electric and magnetic field patterns in the IFMIF/DONES high beta cavity: on
cut planes (left) and on inner surface (right). Calculations with Comsol |[Com| eigenmode.

lead to a high value of the external factor to allow for RF power transfer to the high current
beam. The determination of an optimized Q).,; is detailed hereafter. The high current value
also requires rather quite high beam aperture (50 cm).

RF frequency 175 MHz
Geometrical beta 0.18
Accelerating length 0.309 m r/Q 260 &

. . G 53 Q2
Accelerating gradient 4.5 MV/m
Qo at nominal field - 10° Epe/ Eoce 465

0 . Byi/ Eace 8 mT/(MV/m)
Mode continuous -
E,r atnom. FE,.. | 21 MV/m

Beam current 125 mA P
515 oo 200 kKW By at nom. Egee | 36 mT
Operating temperature 4.2 K

Table 2.2: IFMIF/DONES high beta cavity requirements (left) and design parameters (right).

Optimal ().,; determination

The beam dynamics for the IFMIF/DONES SRF Linac has been optimized in the project
framework [Du+18; |(Cha+19|, and the beam power and synchronous phase evolution along the
superconducting linac have been set up. Their values for the 5 cryomodules and 46 cavities are
shown in Figure (left). As described in section the coupling is optimal when all the
RF power is transferred to the beam, which is achieved by adjusting the external coupling Q.
and the frequency detuning Af. The optimal values for each parameter is plotted in Figure [2.7]
(right): the optimal Q.. varies between 4.5 10* and 6.5 10* for the 3 last cryomodules containing
the high beta cavities. While each cavity can be individually tuned to its optimal frequency
value, since the tuning systems are driven independently of each other, it is more complicated
for the (Q..¢, which is determined by the coupler antenna penetration.
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Adjusting the quality factor for each cavity would require the adjustment of the coupler
for each cavity, either by fabricating a different coupler for each cavity, or by allowing in situ
adjustment of the coupler geometry. This latter solution is used in several projects, like XFEL
[KMO4||[KMK13|, where the coupler antenna position is adujstable. It is optimal for minimizing
power reflection from the generators, but it is more complex to design and more fragile. Another
solution is to fix the ()., value for a whole cavity set, and estimate whether the loss in RF
power due to reflected power is acceptable. For IFMIF/DONES, the choice is to define two
Qest values: one for the low beta cavity set and one for the high beta cavity set. The analysis
leading to the determination of these values is now on going.
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Figure 2.7: Beam power and synchronous phase (left), optimal Q.,; and detuning (right) along
cavities. The colored bars at bottom of the plots represent the cavities in each of the five
cryomodules.

Power coupler for IFMIF /Lipac and IFMIF /DONES

The power coupler designed for the IFMIF/DONES low and high beta cavities will be directly
derived from the coupler designed and fabricated for the IFMIF /Lipac.

I have been in charge of the first phase of the design development of this coupler [PDCT1].
The schematic view of the coupler design developed during this phase is shown in the left part
of Figure |2.§| and a cavity assembled with a coupler fabricated in a following phase is shown in
the right part of Figure [2.8

The couplers have been successfully conditioned at 100 kW in continuous mode |[Reg+14).
The IFMIF/Lipac cavity equipped with its power coupler was tested in a dedicated cryostat
and the nominal accelerating field of 4.5 MV /m was achieved with an injected power of 14 kW
[Piq+17].

Mechanical design

The mechanical design of the cavity has been realized with the multiphysics code Comsol [Com)|,
allowing coupled RF and mechanical calculations. With the optimized shapes and thicknesses
of the constituent pieces of the cavity (see Figure , the maximal stresses and deformations
due to electromagnetic radiation pressure or liquid helium pressure changes remain small. The
Lorentz force detuning is less critical than for ESS, since the cavities are aimed to work in
continuous mode. We have also checked that only negligible frequency shifts might occur
during operation in vertical cryostat or in cryomodule configuration, which is crucial to avoid
instabilities leading to performance limitations and/or extra beam losses. While the cavity itself
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Figure 2.8: Schematic view and picture of the power coupler for the IFMIF Lipac.

is made of pure niobium, its flanges are made of niobium titanium. The mechanical design is
detailed in [Plo18b].

Outer resonator

/

Coupler port

HPR ports (x4)

Central drift tube

Half drift tubes

Figure 2.9: 3D view of the IFMIF/DONES high beta cavity.

2.3 Cayvity fabrication and preparation

The fabrication of superconducting cavities in niobium is the role of dedicated companies. In
Europe, two companies have the required expertise, Zanon R&I in Italy and Research Instru-
ments in Germany. Cavities are not off the shelf objects and their fabrication involves a strong
collaboration between labs and companies. The procurement of the niobium itself needs a
good knowledge on materials, because the cavity performance are directly related to it. The
compatibility between the mechanical design realized by the lab and the manufacturing possi-
bilities must be carefully developed. The achievement of the cavity target frequency requires a
tuning procedure, which consists into a succession of blank assembly of the cavity parts, inter-
mediate frequency measurements, trimming and welding, realized in the manufacturer premises
under the lab responsibility. These steps are developed for the ESS cavity in [Cen+15] and for
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the IFMIF /DONES cavity in [Plo22|. After cavity fabrication, a tuning operation consisting
in applying a plastic deformation of the cavity to reach proper frequency and electric field
distribution can be realized. It has been done for the ESS cavities |[Pea+14].

Figure 2.10: Left: picture of an ESS high beta cavity. Right: picture of the IFMIF/DONES
high beta prototype.

Once the cavity is delivered by the manufacturer, it has to be prepared: to achieve expected
RF performance, the surface of the niobium cavity is cleaned by chemically etching away the
surface layer damaged during the fabrication. The methods used for material removal are
standard buffered chemical polishing (BCP) and electropolishing (EP). In BCP, the cavity
inner walls are submitted to chemical etching with an acid blend made of Phosphoric, Nitric
and hydroFluoric. Since the reaction is exothermic, the temperature of acid must be actively
cooled down. EP is carried out with an acid mix as an electrolyte. A cathode is inserted
inside the cavity while the cavity walls serve as an anode. The assembly is rotated in an acid
circulation, the device being installed horizontally or vertically [Eoz+12; [Eoz-+14].

The prototype [Cen-+16a] and series [WAB23| high beta cavities for ESS have undergone
BCP, with approximately 200 pum thickness removal. In parallel, R&D studies aim to demon-
strate the superiority of vertical EP compared to standard BCP for ESS cavities [Eoz+22|. The
IFMIF /DONES prototype has also undergone a 200 pm BCP.

The chemical etching of a cavity is followed by a high pressure rinsing (HPR) with ultrapure
water to remove any chemical and particulate residue from the niobium surface. The cavity
is then equipped with antennas and closed in a clean room. All these steps are crucial to
guarantee the performance of a cavity. In particular, the field emission phenomena, one of
the major reason for cavity degradation, occurs when dust particles act as emitters. The high
pressure rinsing process plays a important role for dislodging the surface contaminants. For
example, the first test of the IFMIF/DONES prototype presented low quality factor and high
field emission; after improvement of the HPR procedure, a second test series presented good
performance (Fig. [2.12)).

For the ESS cavities, after a first sequence of chemical treatment, HPR and clean room
assembly followed by a test in vertical cryostat, the cavities are assembled into a string in a
clean room. The whole process is a main issue for the cryomodule assembly [Mad+21].

Cavities are likely to be submitted to heat treatment at several preparation steps. A lot of
thermal treatment recipes have been explored and developed in many laboratories during the
last decade, and have led to considerable improvements of the cavity performance. They are
widely described in the book Superconducting Radiofrequency Technology for Accelerators by
H. Padamsee [Pad23|.

A standard recipe consists into baking out the cavity after clean room assembly at 120°C
during 48 hours under vacuum. The BCS resistance is lowered while the residual resistance is
increased. For cavities working at 4.2 K, the performance are usually improved whatever the
frequency because the resistance is dominated by BCS. At 2 K, the benefit is not assured since
the increase of residual resistance is likely to dominate [Lon17|, and the ESS cavities have not
undergone this baking. The IFMIF /DONES prototype, aimed to work at 4.2 K, was submitted
to such baking, and reached good performance.

A specific thermal treatment is widely used for many decades for curing a phenomena named
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()-disease. 'This phenomena is caused by hydrogen absorption by niobium during chemical
treatment. During the cavity cooldown, there is a temperature range, between 150 and 60 K
where the formation of hydrides, Nb-H, is enhanced in the material. The presence of hydrides
islands increases the RF losses and causes )y drop. Baking the cavity at high temperature
(600-800°C) after chemical treatments help to degas most of the hydrogen and is a well-known
cure. The ESS cavities have all been submitted to such heat treatment (600°C for 10 hours) in
order to vaccinate the cavity against Q-disease.

2.4 Cavity experimental characterization

The cavity performance are tested by measuring incident, reflected and transmitted power to
plot the Qo/E,.. curve, the cavity being cooled down by liquid helium.

Usually, a cavity is first tested in a vertical cryostat, before and/or after being equipped by
its helium tank. The cavity is immersed in a helium bath and connected to an RF synthesizer
delivering up to hundreds of watts. The test platform at CEA-Irfu, Supratech, is equipped with
two vertical cryostats, for small and large cavities.

For a characterization closer to the configuration inside a cryomodule, a cavity can be
tested fully dressed with its RF coupler and frequency tuner. A dedicated cryostat is necessary,
allowing the cavity connection to cryogenic lines and its thermal insulation. The cavity is
connected to a high power RF source through the RF coupler. At CEA-Irfu, several such
dedicated cryostats have been build over years. The medium beta cavity developed for the
CARE-HIPPI program (see p. was tested in CryHoLab, the RF power being provided by a
1 MW 704 MHz test stand equiped with a DC high voltage power supply, a 50 Hz modulator
and a klystron amplifier [Dev+411]. A dedicated cryostat, named SaTHoRI was build for the
test of the low beta cavity for the IFMIF /Lipac |[Piq+17]. The setup cavity/coupler/tuning
system is shown in Figure before insertion in SaTHoRI. In order to test both low and high
beta SARAF cavities with tuner and coupler we have also designed and build the Equipped
Cavity Test Stand (ECTS) [Piq+19|. Flux trapping experiments on a SARAF cavity, realized
in this ECTS, are presented in section

Finally, the cavities are tested once assembled in the cryomodule. Such characterization
has been carried out at CEA-Irfu for the ESS cavities, and will be presented in the following
section.

2.4.1 ESS

A set of five high beta prototype cavities for ESS have been developed and manufactured under
the responsibility of CEA-Irfu, and tested in vertical cryostat at Saclay. All of them have met
the specifications Qg > 5 x 10% at nominal gradient E,.. = 19.9 MV /m |Cen+19a).

For the production phase, the cavities for the medium beta elliptical section are procured
by INFN/LASA (Italy) and those for the high beta section by STFC/Daresbury (UK). Cry-
omodule assembly is performed at CEA Saclay, which receives the cavities after their successful
qualification in near-critical RF coupling conditions in a vertical cryostat at 2 K.

The production and qualification of the high beta cavities is ongoing at STFC/Daresbury.
The results of 86 cavities have been recently presented [WAB23|, and the results are shown in
Figure 2.11}

Finally, eight ESS elliptical cryomodules have been tested at CEA. All the cavities achieved
the nominal voltage, except one limited by quench (but solved at ESS in nominal cryogenic
condition). The dynamic heat load per cavity at nominal gradient was measured between 1 W
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Figure 2.11: Results of 86 high ESS cavities procured and tested at STFC /Daresbury: Qo/FEqec
curves (left) (the orange square is the specification) and test performance. Data from [WAB23].

and 3 W with few exceptions between 4 W and 5 W (linked with strong field emission). These
performance are in the ESS specifications, less than 5 W and 6. 5W, respectively for medium

beta and high beta cavities |[Piq+23).

2.4.2 IFMIF/DONES
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Figure 2.12: Curve Q = f(FE,.) for the IFMIF/DONES prototype. The blue star represent
the specification target.

The high beta prototype cavity for IFMIF/DONES has been fabricated and first tests in
vertical cryostat have been carried out on the naked cavity (without helium tank). All the
process starting with the fabrication and leading to the RF tests are developed in the two
successive IFMIF/DONES reports [Plo21b; Plo21a], and summarized in the paper [Plo-+23a]
given in annex of this chapter. A picture of the prototype is shown in Figure [2.10

We carried out two series of tests, the first leading to results lower than the specification
target and presenting )y drop, typical of field emission, which was corroborated by strong
X-ray emission. A new series of tests was carried out after important improvement of the high
pressure rinsing process. The quality factor at nominal accelerating field (4.5 MV /m) is then
2.3x10?, more than twice the target (10%), and it stays above 10 up to 10 MV /m. The E,../Qo
curves are shown in Figure This prototype is qualified for the IFMIF/DONES project.

This first step opens the way to following tests and studies. First, the cavity must be
equipped with a helium tank, and the whole setup must meet mechanical specifications, in-
cluding cavity integrity under mechanical forces. The geometry of such HWR cavities requires
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dedicated HPR ports to ensure a good rinsing and avoid field emission, and preliminary studies
show that these HPR ports will endure a high level of stress when the helium tank is submitted
to pressure force (in operation, the helium tank is filled up with liquid helium around 1 bar
while the cavity inside and cryomodule surrounding will be close to zero bars). A delicate design
development is then necessary for the helium tank. Then, the cavity must be equipped with a
tuning system, able to move the frequency within some tens of kHz [Plo22|. The development
of a tuning system is a challenge, since a huge force is necessary to deform such large and stiff
cavities. Finally, the cavity integration in the cryomodule is to be assured.
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Figure 2.13: 3D view of the IFMIF/DONES cavity inside a helium tank (preliminary design),
and distribution of the Von Mises (VM) stress in the cavity when the tank is submitted to
1 bar pressure. The VM stress reaches 50 MPa on the HPR ports (niobium yield stress at room
temperature is around 40 MPa).

2.5 Cavities for the muon collider cooling system

Muon collider can reach center of mass energy of tens of TeV with high luminosity, offering
exploration of new physics area. However, their construction faces a number of technical chal-
lenges. The MuCol program, funded by the FEuropean Community and started in March 2023,
is aimed to study a facility design and explore new technologies [MuC23|.

As an important stage of the high luminosity muon beam generation, a cooling system
compresses the beam both transverse and parallel for decreasing its transverse components into
a minimum phase-speace volume. The principle to be studied in MuCol consists into ionization
cooling in presence of high DC magnetic field (a decade of teslas), where the muon beam,
passing through an absorber, looses momentum through ionization. While the momentum
decrease is expected in the transverse direction, the longitudinal momentum has to be restored,
which is the role of an accelerating cavity. Thus, the Muon Cooling Complex (MCC) alternates
absorbers and RF cavities |[Col20]. The envisaged lattice involves cavities working close to
325 MHz and 650 MHz [SP15].

The Work Package 6 of MuCol consists in "assessing crucial feasibility issues and techno-
logical challenges of the RF systems”, and CEA is strongly involved in task 6.2 and responsible
of task 6.3 [MuC|. The task 6.2 consists in "laying out a conceptual design of the RF systems
for the MCC'", while the task 6.3 has to "study and enhance the present comprehension of the
wntrinsic concepts that influence the break down rate of RF cavities submitted to strong magnetic
fields. "
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The breakdown in RF cavities submitted to high electromagnetic field is a well known
problem encountered in normal conducting cavities. Its causes and mechanisms are being
especially explored for the CLIC accelerator, aimed to provide cavities reaching a gradient
close to 100 MV /m with a breakdown rate under 3 10~7 breakdowns per pulse and per meter
[Rob18; [Wue06; [Mil+23|. In the case of a muon collider, the problem is accentuated by the
presence of a high DC magnetic field, around a decade of teslas, which enhances the breakdown
rate.

Many phenomena have been envisaged to describe the breakdown initiation, i.e. the electron
current generation from an emitter, and some are detailed in [Pal+09|. They consider the me-
chanical properties of the cavity material (tensile stress, melting point, thermal conductivity),
the dark current spectrum and the Fowler-Nordheim local enhancement factor Sry [FN28| due
the emitter small size.

Few of these models show the dependence on DC magnetic field. One model used to assume
that the magnetic field facilitates breakdown by exerting additional forces in the form of torques
7.B on a field emitter [Mor+05]. Another model ("beamlet”) considers that the electrons
emitted by one face of the cavity are focused by the longitudinal DC magnetic field and form a
beam hitting another face (see Fig. . The impact spot size decreases with the magnetic field
increase, so that the induce temperature at the collision point becomes sufficient to generate
material damage [Pal+09; SGP10].
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Figure 2.14: Trajectories of electrons field emitted at different phases from the highest surface
field location in an 805 MHz pillbox cavity with no external magnetic field (left), an axial field
of 0.1 T (center), and an axial field of 1 T (right). The axial electric field is 25 MV=m. Phases
are in degrees relative to the maximum. Figure from Palmer et. al [Pal+-09|

Several experiments have been carried out in the frame of dedicated programs (International
Muon Ionization Cooling Experiment (MICE) |Col20|, Muon Accelerator Program at Fermilab
(MAP) [Pall5|). Higher breakdown probability and lower accelerating gradients have been
observed in copper cavities operating at 805 MHz in presence of DC magnetic field [Pal-+09;
SGP10; Mor-+05]. A model based on the "beamlet” principle has given good correlation with
in [Bow+20]. It predicts breakdown apparition when the local temperature rise exceeds a
threshold AT, beyond which plastic deformation and surface damage may affect cavity behavior,
and it relates the local temperature rise to the magnetic field. The same study predicts an
improvement for cavities made of beryllium, which is corroborated by measurements: a maximal
gradient of nearly 50 MV /m is kept in presence of 3 T, while the gradient drops to 13 MV /m
with copper [Bow-+20].

A simplification of this "beamlet” model can be applied for short pulses (< 10 us) where
the heat diffusion in the cavity walls can be neglected. It provides a scaling law between the
maximal allowable magnetic field and the accelerating field, B(F,..), depending on different
parameters [Mar23]:

K 1
2 2
B(FEuee)” = Ky % 1B, X -~ (2.1)

K, depends on the material properties, Ky of the cavity’s geometry, [(Fq.) is the emission
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current defined by the Fowler-Nordheim model and ?,,;s. the pulse duration.

Possible mitigation solutions are still to be explored, aiming to increase the allowable mag-
netic field:

* testing different materials: beryllium, copper/beryllium alloy, aluminium... (K; )
* working with copper at cryogenic temperature (K; )

* optimizing cavity design (K3 )

* working with short pulses (¢puse \)

* working with high frequencies (decrease electron beam focusing)

* shielding the magnetic field to protect the cavity

Dedicated test stands are needed for studying these possibilities, which must include a high
power (some megawatts) RF source, one or several cavities and a strong magnet (some teslas).
Among the laboratories involved in the Work Package 6 of MuCol, two tests stands in the S-
Band (~ 3 GHz) are under study in the UK |[Zha+23| and in Italy [GMC23|, and one test stand
could be implemented at CERN |[GCB23|. Working at these frequencies higher than envisaged
frequency domain presents advantages. In particular, smaller cavities and consequently smaller
surrounding solenoid are much simpler and cheaper to develop. However, the scaling of the
results to lower frequencies is not obvious. A proposition of developing a test bench at 704 MHz
is under study at CEA, taking advantage of the existing klystrons in the RF platform.

2.6 Conclusion

In this section, we have detailed, for two very different types of superconducting cavities,
the main issues to overcome and the implemented solutions. Tens of elliptical cavities for
ESS have already been tested in dedicated cryostats and in cryomodules, and the expected
gradient and quality factor value were achieved [WAB23|. The management of the Lorentz
force detuning was also successfully tested |Pig+23|. The field emission was identified as the
first cause of cavity failure leading to cavity reprocessing [WAB23|. Studies on the cause, the
characterization and the cure of field emission are already ongoing and must be developped
[Cen+21||[Dev+23|[Del+23]|[Ome-+23|[PGB23|. A further step for the ESS cavities will be the
cryomodule operation in presence of the beam, foreseen in 2026 |[Prz23|. The RF coupling to
the beam will be measured, and it will be verified that the high order modes generated by the
beam do not interfer with the beam acceleration.

The prototyping phase of the high beta half wave resonator for IFMIF/DONES has shown
that the first RF requirements (accelerating gradient and quality factor) could be achieved
without main difficulties, provided a meticulous preparation phase. Many developments are
still necessary for assuring cavity operation in an accelerator. The cavity integration in a
helium tank and in the cryomodule requires mechanical studies to guarantee cavity integrity,
which could lead to retrofit cavity design. The frequency achievement during operation requires
the development of a dedicated tuner system, adapted to such a large and stiff cavity. Then,
the management of the required RF power, up to 200 kW per cavity in continuous mode, is a
challenging issue. The RF power to cavity coupling scheme must be determined in accordance
with the overall RF requirements and constraints. The solution must both minimize the overall
lost power and protect each coupler from dangereous level of reflection. Finally, the adaptation
of the power couplers for IFMIF/DONES from the IFMIF/Lipac couplers will require some
development. The IFMIF /Lipac couplers have been initially designed to support 200 kW, but
they will not be exposed to more than 100 kW in the Lipac phase [Reg+14]. Some upgrades



44 CHAPTER 2. ACCELERATING CAVITIES: FROM CONCEPTION TO OPERATION

are already in development, in particular the implementation of a polarization setup, aimed to
minimize the risk of multipacting|Dev22].

The study and development of normal conducting cavities for the cooling system of a future
muon collider is in a very preliminary phase. Cavities reaching tens of megavolts per meters in
presence of multi-teslas static magnetic field has never been achieved. Beside the development
of the RF design of such cavities, including a power coupler, breakdown studies are necessary
to achieve such gradients, involving theoretical, simulation and experimental activities.
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Abstract

The IFMIF-DONES facility will serve as a fusion-like
neutron source for the assessment of materials damage in
future fusion reactors. The neutron flux will be generated
by the interaction between the lithium curtain and the deu-
teron beam from an RF linear accelerator at 40 MeV and
nominal CW current of 125 mA. The last accelerating
stage is a superconducting (SRF) Linac hosting five cry-
omodules.

This SRF-Linac is equipped of two types of 175 MHz
half wave superconducting cavities (HWRs). The first type
of cavities (cryomodules 1 and 2), characterized by beta
equal to 0.11, have been studied and qualified in the frame
of IFMIF/EVEDA project. The development of the second
type of cavities (cryomodules 3, 4, and 5), with higher beta
of 0.18 is presented in this paper.

A prototype has been designed, fabricated and tested in
a vertical cryostat at CEA. The measured quality factor at
nominal accelerating field (4.5 MV/m) is 2.3 10°, above
the target in accelerator configuration (10°). Moreover the
quality factor stays above 10° up to 10 MV/m.

The next step is the fabrication of a helium vessel to be
welded on the prototype, and the development of a dedi-
cated frequency tuning system.

RF DESIGN

The SRF-Linac for IFMIF-DONES [1], represented in
Fig. 1, hosts two cryomodules with low beta (LB) HWR
cavities and three cryomodules with high beta (HB) HWR
cavities, all the cavities working at 175 MHz [2, 3].

od

Figure 1: Layout of the 5-cryomodules SRF-Linac. Cavi-
ties are in green and solenoids in grey.

The design and qualification of the LB accelerating unit
(low beta cavity equipped with its tuning system and power

coupler) have been developed in the frame of
IFMIF/EVEDA [4].
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atom Research and Training Programme (Grant Agreement No
101052200 — EUROfusion). Views and opinions expressed are how-
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pean Union nor the European Commission can be held responsible for
them.
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Table 1: RF Design Requirements

Frequency 175 MHz
Beam current 125 mA
Beam aperture 50 mm
Nominal gradient, Eacc nom 4.5 MV/m
Optimal beta 0.18
Quality factor @ Eacc_nom 10°

The HB cavity, with a beta equal to 0.18, is aimed to
reach a nominal gradient of 4.5 MV/m with a quality factor
at least equal to 10° (see Table 1). The RF design has been
optimized to reach all requirements, while limiting the
peak field (see Fig. 2), and allowing RF power transfer to
the beam. Both electric and magnetic peak fields at nomi-
nal gradient remain under the ones of the low-beta cavity
(see Table 2). The external coupling range for the optimi-
zation of the RF power transfer to the beam in given in Ta-
ble 2. For the nominal beam current and gradient, this range
corresponds to an amount of RF input power between 100
and 140 kW. Moreover, it has been checked that this exter-
nal coupling range could be reached with an antenna pene-
trating the 100 mm coupler port.

Table 2: RF Design Parameters
Max E field @ Eacc_nom 21 MV/m
Max B field @ Eacc nom 36 mT
External coupling 4.510%6.510°

The high power RF couplers were validated up to
100 kW in the IFMIF/EVEDA project [5]. In order to fulfill
the needs with margin, we plan some upgrades of the cou-
plers to reach RF power as close as possible to 200 kW.

B-field

E-field B-field

Figure 2: E and B field patterns in the DONES HB cavity:
on cut planes (left) and on inner surfaces (right).

MECHANICAL DESIGN

The cavity body is made of bulk niobium (Nb), while the
flanges are made of niobium/titanium (Nb/Ti) (Fig. 3). The
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thickness of the cavity walls is fixed to 3 mm except for the
half-torus which thickness is increased up to 4.3 mm to
guarantee an adequate stiffening. Mechanical calculations
have shown that with the optimized shapes, the maximal
stresses due to Lorentz’s forces or liquid helium pressure
variation remain smaller than niobium yield stress.

Figure 3: CAD views of the HB cavity.

The cavity walls and coupler port are made from 3.4 mm
thick Nb sheets. The central drift and the beam tubes were
made from Nb blocks (Fig. 4).

&
-

Figure 4: From left to right and from top to bottom: CAD

views of cavity main body, drift tube, beam tube and half

torus and corresponding Nb parts.

The Nb/Ti flanges have been designed to be compatible
with the future implementation of a helium tank.

CAVITY FABRICATION

The cavity body is made out of high purity niobium (Re-
sidual Resistivity Ratio RRR > 300).

Cylinder
machined from —»
Nb rod

Figure 5: HPR tube and welding principle (left). Half torus
with HPR ports (right).

The top and bottom half tori are manufactured by deep
drawing from 4.3 mm thick Nb sheets. The welding of the
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High Pressure Rinsing (HPR) ports on these tori was iden-
tified as a delicate operation. The solution applied by the
manufacturer (Zanon R&I) consists of extruding the basis
of the HPR ports from the tori, cutting and milling to get
the adequate surface and Electron Beam (EB) welding of
the HPR tube (see Fig. 5).

The RF resonance frequency of the HWR is very sensi-
tive to the internal dimensions of the resonator, and it was
anticipated that fabrication tolerances could not be tight
enough to reach the frequency within the required preci-
sion. To overcome this issue, a specific tuning procedure
enabling to recover the cavity target frequency was imple-
mented at the company premises. To this intend, over-
lengths are kept on each side of both inner and outer con-
ductors so that some corrections can be made at intermedi-
ate steps of fabrication. The tuning procedure consists in a
sequence of blank assembly and frequency measurements
in different intermediate configurations in order to define
the length to be cut before next welding.

The final frequency after the last weld of the manufac-
turing process differs from less than 30 kHz from the target
frequency. The cavity after delivery at CEA is shown in
Fig. 6.

Figure 6: HWR ptotype.
CAVITY PREPARATION

To achieve the expected RF performances, the surface of
the Nb cavity is cleaned by chemically etching away the
surface layer damaged during the fabrication. For this cav-
ity, the thickness to be removed on the inner cavity wall
was estimated to 200 um. However, the final chemical
etching measured after this operation is 140 um in average.

The cavity was then subjected to High Pressure Rinsing
(HPR), to remove any chemical and particulate residue
from the niobium surface. However, the HPR device was
not optimized for this cavity and only one cycle could be
carried out when two are usually necessary. We estimated
that these surface treatments, even non ideal, should be suf-
ficient, and after clean room assembly, the cavity was
baked out at 120 °C under vacuum during 48 hours.

FIRST TESTS IN VERTICAL CRYOSTAT

The vertical cryostat is equipped with a magnetic shield
to decrease the parasitic magnetic field below 2 uT. The
cavity is inserted in the cryostat and cooled down to 4.2 K.

SRF Technology

Cavity design/fabrication/preparation/tuning
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Figure 7: One and two levels pulses.

During the power ramp up of the cavity, a multipactor
barrier appeared at very low field (<< 1 MV/m), which pre-
vented the RF field from developing in the cavity. Breaking
through this barrier requires injecting some hundreds of
watts during tens of ms. After adjusting the power level of
the pulse (Fig. 7, one level pulse), it has been possible to
cross the multipactor barrier, but the field in the cavity
dropped down immediately at the end of the pulse to values
within the multipactor range. By improving the pulse shape
using two power levels pulse (Fig. 7, two levels pulse), it
became possible to keep the field above the multipactor
barrier when the injected power drops down from the
higher level to the lower.

During the first run (Fig. 8), a new multipactor barrier
appeared between 2 and 3.5 MV/m, which could be condi-
tioned within one hour. The Qo starts to drop at 3 MV/m,
which is generally the signature of ficld emission. One Gei-
ger-Miiller (GM) detector, placed in the test area for safety
control, measured an increase of the radiation rate above
3 MV/m, which could corroborate the field emission phe-
nomenon. The cavity reached an accelerating field of
4.3 MV/m without quenching.

1010

S 10° , * )

target

First test series, 1st run
First test series, 2nd run
Second test series, 1st run
Second test series, 2nd run
O Second test series, 3rd run

multipactor

10®

0 2 a 6 8 10 12
Eacc (MV/m)

Figure 8: Qo vs Eacc curves for the two series of test.

A second run was carried out a few days later, the cavity
being kept at 4 K in the meanwhile. The multipactor in the
2-3.5 MV/m range was easily processed, and the cavity
field increased up to 5.25 MV/m (Fig. 8). Other values like
Qo are unchanged with respect to the first run. However,
the quality factor at 4.5 MV/m is 3 108, which is below the
targeted value of 10°.
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IMPROVED PREPARATION
AND RESULTS

The field emission at rather low field is typical of surface
pollution, which is compatible with the non-optimal sur-
face preparation (chemical etching too light, and one HPR
cycle instead of two). Before a new test, two improvements
are thus achieved:

e The cavity is subjected to a new chemical treatment,

resulting in a total etching of 225 pm.

e A new HPR tooling is designed and fabricated, for
better cavity positioning and to allow larger amplitude
to the spray nozzle positions; then two complete HPR
cycles are realized.

After new clean room assembly and new cavity bake-

out, a second series of test in vertical cryostat is carried out.

The new Qo vs Eqcc curve is shown in Fig. 8, showing
three successive runs.

During the first run the multipactor barrier was condi-
tioned. During the second run, the cavity was conditioned
gradually up to 6 MV/m, resulting in Qo increase. Finally,
during the third run, the input power was increased up to
the maximum available power of 90 W, corresponding to
an accelerating field close to 12 MV/m, without quench.

e The quality factor at nominal accelerating field
(4.5 MV/m) is 2.3 10°, more than twice the target
(10°).

e The quality factor stays above 10° up to 10 MV/m.

CONCLUSION

A cavity prototype for the high beta section of the SRF-
Linac for [IFMIF-DONES has been fabricated and tested in
a vertical cryostat at CEA. The cavity performances have
exceeded the target specifications. As a next step, the cav-
ity will be equipped with a helium tank while a dedicated
tuning system will be developed.
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Chapter 3

Magnetic flux trapping in
superconducting cavities

I started to work on magnetic shields in 2008 when the elliptical CARE/HIPPI cavity has
required the procurement of a magnetic shield before being tested in a horizontal cryostat
[Dev+08al. T have then being associated to the procurement of the nearly 800 magnetic shields
for the XFEL cryomodules, assembled in CEA. From then I have become the expert on magnetic
shielding and magnetic hygiene at CEA, associated to the design and procurement of all the
magnetic shields required by the projects at CEA. T have developed this knowledge and experi-
ence through formal and informal collaboration with other labs and with material and shields
manufacturers. Actually, the science of magnetic shields and magnetization, even if based on
solid physical fundamentals, require some empirical knowledge about material behavior, which
I learned from exchanges with many persons. In particular, the main material provider for
magnetic shielding is the French company Aperam, inventor of Invar metal a hundred years
ago, and I had essential discussion with its experts. 1 also participated to the unique Work-
shop on Magnetic Shielding for Cryomodules, held in March 2013 in Michigan State University
|Lax13].

Moreover, my work on magnetic shields and magnetic material characterization participates
to a long-term scientific collaboration with the Japanese team led by Mika Masuzawa at KEK
in the frame of the TYL-FJPPL program.

I have carried out or supervised all the measurements and studies described in this chapter.
A part of this work was done by a student graduating for engineer school.

3.1 Flux trapping

3.1.1 Principle

When superconducting cavities are cooled down below the critical temperature of the niobium,
they transit to the superconducting state. The perfect Meissner effect is the expulsion of the
whole surrounding magnetic field from a superconductor. In reality, the presence of impurities
in the material produces trapping sites for the magnetic flux lines. The Meissner effect is not
perfect in niobium cavities, and the flux expulsion is not complete: a part of the surrounding
magnetic field is trapped inside the material |[GCO8|. This is illustrated in Figure

The flux is trapped in vortices that oscillate in the RF field of the cavity, causing an
increase of the surface resistance and the RF losses. Many studies are carried along the
accelerators labs to limit the cause of surface resistance increase caused by flux trapping
|[LM21||Bal+21][DCG20]|Lia+18|[Kra+20]. Other studies propose methods to optimize the
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Figure 3.1: Principle of magnetic expulsion in a cavity at transition temperature.

flux expulsion, based on the cooldown dynamic control, as well as the spatial temperature gra-
dient optimization [Rom+14|[Pos+16]|[Kubl6]|[VKK13|. They have been recently gathered by
H. Padamsee in the book Superconducting Radiofrequency Technology for Accelerators [Pad23).
Besides these studies, the limitation of the magnetic field in the cavity neighborhood is a crucial
point for the achievement of low surface resistance and high Q.

3.1.2 Magnetic field target around cavities

In the design phase of an accelerator, the estimation of the maximal magnetic field allowed
around cavities in a cryomodule is a crucial point, because it conditions the technical solutions
aimed to guarantee this value (magnetic shielding and control of metallic surrounding parts,

see sections and . This estimation is closely linked to the expected quality factor of the
cavity in operation.

Actually, for a given cavity design, the quality factor @y is inversely proportional to the RF
power losses Py in the cavity walls, this latter being the product of the surface resistance Rg
and the square of the RF magnetic field H integral along the walls:

1
Pd’iss = iRs/ H2dS (31)
walls

As described in section [1.3.1] the surface resistance can be separated in two parts: the
Rpcs, depending on the temperature, and the residual resistance, independent of temperature,

Rs = Rpcs(T) + Ryes (3.2)

and the BCS resistance depends on the temperature (T in K) and on the square of the RF
frequency (f in GHz) with the formula [PKHOS|:

2.107% 2
Rres(r) = 20— (L) e (3.3

The residual resistance becomes predominant at very low temperature, where Rgcg becomes
smaller, and contains a contribution of the trapped flux inside niobium, which we note Rp. This
component is proportional to the external magnetic field B,.,; present during superconducting
transition and depends on the niobium ability to trap the magnetic flux. This dependance
was evaluated by the following coefficient involving the upper critical field H.,, the niobium
conductivity at room temperature oy and the niobium residual resistance ration RRR |Val94]:
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Finally, the surface resistance can be separated into three contributions, the BCS resistance,

the trapped flux resistance and a remaining part of residual resistance noted Ry:

Rg = RBCS(T> + Ry + Rp (35)
IFMIF | IFMIF | SARAF| SARAF| ESS ESS PIP-IT | PIP-II
Lipac DONES| LB HB MB HB LB HB
Freq (MHz) | 175 175 175 175 704 704 650 650
Temp (K) 4.2 4.2 4.2 4.2 2 2 2 2
Eoce 4.5 4.5 7 8.1 16.6 19.9 15.9 17.8
Qo oe8 1e9 8e8 1.2€9 5e9 5e9 1.5e10 | 210

Table 3.1: Cavity frequency, operation temperature and minimum values required for the ac-
celerating field and the quality factor. LB = low beta, MB = medium beta, HB = high beta.

The frequencies, operation temperature, target accelerating field and () are given in Table
for IFMIF /Lipac (low beta), IFMIF/DONES (high beta), SARAF (low and high beta)
ESS (medium and high beta), and PIP-II (low and high beta). The left part of Figure
shows the evaluation of each contribution made during the design phase of those cavities. In
all cases, the BCS contribution was evaluated by equation The other contributions were
estimated according to the target )y and the state of the art possibilities and experiences
with data collected in [Bal3| (IFMIF/Lipac), [Baz+20| (IFMIF/DONES), [Fer+19] (SARAF),
|[Cen+16b| (ESS) and [Lebl5| (PIP-II). Once the Rp contribution evaluated, the corresponding
magnetic field B,, was estimated from the calculation of o using equation [3.4] The results are
shown in the right part of Figure [3.2] The maximal acceptable magnetic field on cavities, B,
varies between 0.5 and 2 7. Since the coefficient « increases with frequency, the acceptable
magnetic field is lower for ESS and PIP-II. The quest for very high () for PIP-IT makes it even
lower.
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Figure 3.2: Left: contributions to the overall surface resistance, see eq. [B.5] Right: Rp
contribution and corresponding B,, calculated with equation

The ambient field is constituted of the earth magnetic field (~ 50 p7") and the field radiated
by metallic surrounding elements, for example the steel bars inserted inside reinforced concrete
walls of an accelerator facility. Moreover the cryomodules themselves contain metallic parts,
possible sources of magnetic field. Lowering the magnetic field around cavity is achieved by:

* limiting all the elements likely to generate magnetic fields in cryomodules, in particular
close to the cavities. This is usually called magnetic hygiene, and will be developed in

section 3.0l
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* protect the cavity from the remaining field with magnetic shields (see section |3.2]).

3.2 Magnetic shielding

3.2.1 Principle

The magnetic shielding of a cavity consists into its enclosure inside a box made of high perme-
ability material. The surrounding magnetic field lines concentrate into the walls of this box,
lowering the magnetic field in the volume in the interior of the box. Figure [3.3| shows how the
magnetic field lines are deviated by the presence of a magnetic shield around the cavity.

=)

Non shielded cavity Shielded cavity

Figure 3.3: Principle of a magnetic shield.

The ratio between magnetic fields outside (B,,;) and inside (B;,) the shield is called the
shielding efficiency. For simple shapes, this factor is described by analytic formulas using the
material relative permeability p,., the thickness e and the shield dimensions [Mag70|. Generally,
the thickness is small compared to the main dimensions and the permeability is high compared
to 1. For cylindrical shields whose length is higher than the diameter D, the transverse shielding
efficiency (external field perpendicular to axis) is:

Bout €. [y

Si=g" =" (3.6)

This formula shows how the shield efficiency is proportional to the permeability, this latter
representing the material ability to concentrate the magnetic field lines, and thus to decrease the
remaining field inside the shield. Moreover, the efficiency increases with the shield thickness,
and is increased with small diameters. In a real magnetic shield, the field is generally not
transverse to the cylinder axis and the shield geometry is more complicated than a simple
cylinder. However, this analytic formula is useful for a very first sizing, before going into
numerical calculations.

3.2.2 Magnetic shield material and efficiency evaluation

The work described in this section has been presented in three different meetings of the TESLA
Technology Collaboration (TTC). This collaboration supports and encourages free and open
exchange of scientific and technical knowledge, expertise, engineering designs, and equipment.
These meetings do not have proceedings but the presentations are accessible on their websites
[PMT14]|PF18|[Plo18d]. It was also partially described in a conference paper [Mas+13].
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General properties

Magnetic shields are made of soft ferromagnetic materials with high permeability, mainly con-
taining iron. For cavity shielding, the dimensions sometimes reach some meters, and require
thin material sheets (1-2 mm) to limit cost and weight. Permeability higher than 10000 is
needed to get one order of magnitude of attenuation. Such values are obtained with special
alloys called mumetal, made of nickel, cobalt and iron. These materials reach their nominal
values after a specific heat treatment.

In practice, the mumetal suppliers are metallurgic companies which provide both the raw
material (e.g. sheets) and their associated heat treatment recipe. The heat treatment must be
applied on the magnetic shield once it is completely fabricated and any plastic deformation on
the material (due to sheet forming or welding) damages the microscopic structure, resulting in
a local permeability drop.

The quest for optimal shield performance has led to many discussions in the Superconducting
RF community, which illustrate the complexity of the problematic. A material’s permeability
depends on:

* the metallurgical structure of the material itself

* the heat treatment

but also on:
* the shield temperature in operation (section (3.2.2)

Moreover, the response of a ferromagnetic material to an external field is a non-linear phenom-
ena, described by a hysteresis curve, relating the magnetic field (H) and induction (B) inside
the material (section [3.2.2)).

Properties versus temperature

The dependence on temperature is a critical point since cavity shields, generally designed to
be as close as possible to the cavity (to limit the diameter and increase efficiency, see for-
mula , are used at cryogenic temperature. However, standard mumetal permeability tends
to drop at low temperature. Facing adapted materials request, a first mumetal dedicated to
cold temperature, named Cryoperm, was developed by the German company VacuumSchmelze
in the nineteen’s. At this period, the curve shown in was usually considered as a reference.
This curve represents a permeability with a maximum at cold temperature and a drop at room
temperature, and it seems favorable to thermalize the magnetic shield around 4 K. However,
measurements made at CEA in 1994 rather showed quite similar values for the Cryoperm at
low and room temperature (Figure :

After 2010, the French company APERAM (previously ArcelorMetal) has developed its
own mumetal material for cold operation, named Cryophy [Ape|, which they qualified in col-
laboration with CEA within the development of the XFEL magnetic shields. They provided
us with ring samples of Cryophy, heat treated in their own facilities with dimensions adapted
to a permeameter developed at CERN |[Mon+14], in order to measure the p — H properties
of Cryophy at different temperatures. These samples have been characterized at CERN, and
the © — H curves are presented in Fig. at cryogenic and room temperature. In the same
period, Mika Masuzawa team at KEK has characterized the same kind of samples [Mas—+13],
and their results are also given in Fig. 3.5} This results show very good agreement between
KEK and CERN measurements for the Cryophy. The permeability decreases for all materials



implies that the shield will be cooled at eryogenic temperatures. Measurements of # were made
at room temperature (RT) and at 4 K on cylinders of Mumetal and Cryoperm (Table 1).
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| et that these magnetic materials are very delicate to handle: proper annealings are required to
— obtain high permeabilities; moreover, shocks or strains (either thermal or plastic) can reduce b
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TTF cavities is still Cryoperm, but that a realistic value for its permeability is only x = 12000.

Temperatur/ Temperature ——= Specialists from the company VAC confirmed this view.

Figure 3.4: Left: Permeability vs temperature, shown in [Bol94|, can be found in [Amu|. Right:
article extract from |[Bol94] (CEA measurements).

tested by KEK from room temperature to 4 K : for the standard mumetals (Tokin) and for
the special cryogenic mumetals (Cryoperm, Cryophy and A4K). The results obtained for the
Cryophy material, which is widely used for shielding applications in cryomodules, was con-
firmed by Aperam experts. They detailed during a meeting how they chose a material and
a heat treatment recipe for which the permeabilty is slightly decreased at cold temperature,
whilst keeping it high enough.
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Figure 3.5: p — H measurements on ring samples by CERN (for CEA) and KEK, at cryogenic
(left) and room (right) temperature.

Dependence on the external field

Furthermore, these measurements illustrate the non linear dependence between the permeability
and the magnetic field H, typical of soft ferromagnetic materials, whose B — H curve presents
an hysteresis. The geometry of a shield also produces a non-homogeneous distribution of the
field inside the material. Magnetic shield design is carried out with magnetostatics codes
[Ope][CST]|, where using a constant permeability value is much more suitable. We considered
how to estimate an equivalent permeability, derived from the simple cylinder formula:

D
=S, =
e

D Bout

< B, (3.7)

Heq =

We have carried out experiments with cylindrical samples especially supplied during the
procurement of the IFMIF /Lipac and ESS magnetic shields and made of the same material.
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JT60SA cryostat

>

Figure 3.6: Magnetic field distribution inside the material of a cylinder shield. Experimental
setup during cylinder magnetization.

One sample made of Cryophy was placed in the fringe field of a toroidal coil for fusion, JT60SA,
tested in a cryostat at CEA-Saclay (Fig. [3.6). The current in the coil goes from up
to 27.5 kA and the magnetic field reaches 2.7 T in the coil, and 7.5 mT at the cylinder position,
transverse to its axis. The measurements have been carried out during ramping up then down
of the magnetic field, and the measured equivalent permeability is shown in Figure An
hysteresis effect is observed, coherent with soft magnetic materials properties.
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Figure 3.7: Equivalent permeability for a Cryophy cylinder in a transverse field. Measurements
in increasing and decreasing field and simulations with non linear model implemented
with © — H curve corresponding to the Cryophy ring samples measured by KEK at room
temperature (Fig. [3.5).

On the other hand we calculated an equivalent permeability by simulating the Cryophy
cylinder with a non-linear model : the 4 — H curve corresponding to the Cryophy ring
samples measured by KEK at room temperature (Fig. was implemented in the simulation
model, and the equivalent permeability was calculated with equation The results, shown in
Figure show good agreement with measurements above 2.5 mT. The discrepancy at lower
field is probably due to the lack of accuracy for the field inside the shield, which drops to very
low values.
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The magnetic shields are destined to protect cavities again the surrounding field, usually
the earth magnetic field, around 50 u7'. Figure underlines that the equivalent permeability
is maximal ( 2.10°) for much higher external field, around 2.5 mT'. This maximal values, often
given in the materials datasheet, are clearly not adapted to our application.

Finally the equivalent useful permeability must be deduced from measurement in the am-
bient field. Systematic measurements in both IFMIF /Lipac and ESS cylindrical shields (repre-
senting a total of 9 cylinders), resulted in equivalent permeabilities in the range [35000-55000].
These studies brought essential knowledge for the design of all the magnetic shields aimed to
accelerators projects.

3.2.3 Design

Table reminds the maximal acceptable magnetic field on cavities, B,,, for the different
projects (see Figure and gives the resulting shield efficiency (S = Bout/Bin) needed for a
typical external magnetic field of 50 7.

[FMIF | IFMIF | SARAF| SARAF[ ESS | ESS | PIP-II | PIP-II
Lipac | DONES| LB HB MB HB LB HB
By, (uT) |2 2 2 2 1.5 1.5 0.5 0.5
S 25 25 25 25 33 33 100 100

Table 3.2: Maximal acceptable magnetic field on cavities B,, and resulting shield efficiency S
for the different projects.

Depending on the required shielding efficiency and the overall cryomodule design, the mag-
netic shield can be placed directly around the cavity or around the cryomodule. The first
solution allows smaller size, and higher efficiency (see formula but requires many open-
ings for cables and helium circulation, and the magnetic shields are submitted to cryogenic
temperature, requiring dedicated material.

On the other hand, magnetic shields can be mounted directly on the inner face of the
cryomodules, which is simpler and allows for room temperature material. However, not only
the efficiency is lower, but the cavity is not protected from magnetic shield radiated from inner
parts of the cryomodule. This latter issue will be detailed in section [3.3]

Magnetic shield assembled in
the cryomodule

Magnetic shield assembled
around a cavity

Magnetic shield
around a cavity (green)
around the whole cryomodule (pink)

Figure 3.8: Pictures of the magnetic shields for IFMIF /Lipac (left), ESS (center) and PIP-II
(right).

The IFMIF/Lipac and SARAF cryomodules are equipped by magnetic shields directly
assembled on the inner side of the cryomodule [Cha+17; Cub+17], and a picture of the
IFMIF /Lipac shield installed inside the vacuum vessel is shown in Figure [3.§

For the ESS cryomodules, as was done for XFEL, which require higher shielding efficiency,
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the magnetic shields are assembled around the cavity [Pea+15|, and a picture is shown in
Figure 3.8

In the case of PIP-II, the very low allowable field around cavity requires an overall efficiency
equal to 100, which is achieved by the addition of one magnetic shield around the module and
one individual shield around each cavity [Baz+23|, as shown on a 3D view in Figure

Once fabricated and assembled, the efficiency of these magnetic shield is verified by in situ
magnetic field measurements, and finally confirmed by the good cavity performance during the
cryomodule testing, as for ESS [Piq+-23|.

3.3 Magnetic hygiene

The previous section details how magnetic shielding is used to protect cavities from ambient
magnetic field. However, the protection of the cavities also requires to avoid the presence of mag-
netized elements, likely to radiate magnetic field, close to their position [DI67]|[Cha—+16||Plo+15].
This concern is studied and treated by all the labs in charge of cryomodules fabrication, and is
usually described by the term magnetic hygiene.

This point is especially crucial in some configurations:

* when the magnetic shield surrounds the whole cryomodule, without individual cavity
shields: in this case there is no protection between the elements constituting the cry-
omodule and the cavities,

* when the focusing solenoids are close to the cavities, since they are likely to magnetize
the surrounding elements.

The cryomodule design always takes this concern into account. For this reason, some metal-
lic parts directly supporting the cavity are made in titanium, which is perfectly non magnetic.
However the cost of this metal does not allow to fabricate all the metallic part in titanium.
Many elements are then made of stainless steel (SS), and two elements are commonly made
of strong magnetic material: the magnetic shield itself, made of ferromagnetic mumetal and
the Invar metallic bar used as dimensional reference. We have investigated the possible issues,
and we have proceeded to experimental magnetization for a set of metallic elements made of:
mumetal, Invar and stainless steel. These elements were subjected to a magnetic field with am-
plitude 14 mT, during the tests of a toroidal coil for fusion, JT60SA, tested in Saclay cryostat
[Mak-+18|.

Mumetal magnetic shield

As already described page [54] a cylindrical magnetic shield was subjected to the magnetic field
during the JT60A experiment. The magnetic field inside the shield was not changed after this
exposition. This means that even if the shield material was somehow magnetized, it has no
consequence on its shielding efficiency.

Invar rod

The Invar material was developed a hundred years ago and is well known for its very low
thermal shrinkage (~ one tenth of standard metals). In a cryomodule, cavities and solenoids
are fixed to an Invar reference rod to limit their displacement during cool-down. The mechanical
properties of Invar are associated to its ferromagnetic nature: Invar has a positive anomalous
magnetostriction coefficient, and the shrinkage due to its cool-down is partially compensated
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by magnetic forces [Bér+96|[LS23|. Invar has a strong permeability and is likely to be starkly
magnetized.

We magnetized an Invar bar (length 50 cm, diameter 1 cm) and measured the radiated mag-
netic field before and after magnetization. There was no significant change after magnetization,
probably because the B field is not large enough to change the proper magnetization. The data
after magnetization are presented in Figure The field is still higher than 20 pT at 11.5 cm
from the bar, which is a typical distance between cavity and bar in a cryomodule. The Invar
rod represents a dangerous element inside the cryomodule and needs either dedicated shielding
or demagnetization.
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Figure 3.9: Radiated magnetic field by the magnetized Invar bar. Top: scatter plots around
the Invar bar (represented in grey). Bottom: magnetic field values at several distance from bar.

Stainless steel elements

Many parts constituting the cryomodules frames and supports are made of stainless steel. Ex-
perience shows that pieces arriving from supplier often present some unexpected magnetization
responsible of magnetic field radiation. It is crucial to provide proper indications to the sup-
pliers to prevent unacceptable magnetization, and to plan control measurements. The stainless
steels magnetic behavior varies considerably from non magnetic when in the full austenitic
phase, named ~, to permanent magnetic state in the martensitic (named ') or ferrite (named
d) phase. The magnetic permeability increases with cold work, due to deformation-induced
martensite, corresponding to the transformation v — o’ [Mum+04][Man—+08]. An apparition
of ferrite phase is likely to occur during welding operation [Mic07|[SBSO7||[CET04|. The suscep-
tibility of a particular grade to becoming ferromagnetic when heavily cold worked depends on
the stability of the austenite, which, in turn, depends on chemical composition and homogeneity.

This is illustrated in Figure the picture on the left is extracted from the documen-
tation of a stainless steel supplier [Car| and shows the increase of permeability due to cold
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working. It also shows the huge difference between 316 SS grade, whose permeability keeps
lower than 1.01 even after strong reduction, and the 304 SS grade whose permeability is likely
to reach 5. Generally, the different stainless steel grades can be sorted by the tendency to the
transformation v — o/ in the decreasing order as 304>304L»316>316L>316LN |[Man-+08|.

I plotted the graph on the right with values extracted from two publications about 304
[Mum—+04] and 316LN [Man+08| stainless steel. It relates the strain on the material, the per-
centage of martensite and the permeability and the remnant magnetization of both stainless
steel grades and shows the very low dependence of 316LN SS magnetic properties to deforma-
tion.
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Figure 3.10: Left: permeability vs cold reduction factor for different grades of stainless
steel|Car]. Right: remnant magnetization vs permeability for 304 [Mum-+04] and 316LN
[Man—+08| stainless steel (SS) (right).

We have proceeded to the magnetization of many stainless steel components, and observed
their ability to get magnetized depending on their grade and history. An example is given
hereafter for mechanical supports for SARAF cavities, made of 316L SS (see Fig left).

First, these supports present very different values of permeability depending on the mea-
surement point (Fig. . The permeability reaches higher values in area which have endured
late machining. The right part of presents the mean value for the magnetic field at contact,
before and after magnetization. The areas with higher permeability presented a pre-existing
magnetization, acquired during fabrication; after magnetization the field at contact was in-
creased up to ~ 170 pT. We measured the magnetic field at distance from the magnetized
area and observed that the field becomes lower than 5 p7" at 50 mm. (see fit curve in Fig-
ure inset). Such measurements help to estimate the danger of a stainless steel elements
depending on its grade, fabrication process and distance from the cavity in the cryomodule.

Example of flux trapping limitation for the IFMIF /Lipac cryomodule

In the IFMIF /Lipac cryomodule, due to space charge associated to the high intensity beam,
a short, but strong superconducting focusing magnet package is necessary between cavities
|[Plo+15|. During the cryomodule operation, the solenoids will only be switched on once the
cavities are in superconducting state, and will not contribute directly to magnetic field trapping.
However, some cryomodule components could be magnetized by some fringe field, which reaches
up to ~ 20 mT, and be a source of remnant field once the solenoid is switched off. This
concern has led us to several adaptations in the cryomodule design. The supporting frame
was initially planned to be made of stainless steel 316L. C-beams welded together. The large
number of welding rims with potentially higher permeability than expected represented a risk,



60 CHAPTER 3. MAGNETIC FLUX TRAPPING IN SUPERCONDUCTING CAVITIES

175 Distance from contact [mm]
= — u=1.35 . [1s0
=150 = after magnetization
E e 100
£ 125 2
o ;
ot o L50
© 100 2
o
& 75 0 20 40
=
-
2 50
o
1~
= 25

before after before ~ after
=135 n=1.06

Figure 3.11: Magnetization of 316 L stainless steel supports. Permeability at several positions
(left) and magnetic field at contact before and after magnetization (right). The inset shows the
magnetic field vs distance from support.

that brought to the final choice of an all titanium frame. Some needle bearing, parts of the
initial cavities and solenoids rolling systems, were identified as magnetized elements, and they
were replaced by homemade ceramic bearing in a brass cage.

Magnetic hygiene consideration for cryomodules.

The studies presented in this section have contributed to a better global understanding of the
magnetization processes of metallic elements. As a result, the criteria on material used for
cryomodules elements have been refined. This is a crucial point because the issue is to:

* assure that parts close to the cavities have a low enough permeability,

* relax the criteria when the parts are not too close.

This last point is important. Demanding very low values (e.g. permeability < 1.02) for all
the parts inside the module is attractive, but finally hardly feasible, unless requiring titanium
or 316LN stainless steel for all parts, which would be excessively expensive. In reality, we
often had to accept parts with higher permeability than our initial criteria because the risk of
spurious magnetization was finally lower than the difficulty of requiring new parts, and it tends
to discredit the importance of those criteria. Then it keeps an important issue to finely adapt
the requirements on stainless steel properties to reasonable values depending on their position
and size.

Finally, a demagnetization procedure can be applied to certain parts of the cryomodule
before assembly, or even on the whole assembled cryomodule. This procedure consists into
applying an oscillating and decreasing magnetic field to cancel the remnant magnetic field of
magnetized components. This method is already used by several laboratories with good results,
either with a dedicated solenoid winded around the module [CC16|, or by using the solenoids
present inside the cryomodule . We will have to develop such method in the future at
CEA:

* for the PIP-II low beta cryomodule, where such procedure is planned

x for the IFMIF /Lipac cryomodule, where such a procedure, using the solenoids already
present between cavities, is envisaged.



3.4. FLUX TRAPPING IN A LOW BETA SARAF CAVITY. 61
3.4 Flux trapping in a low beta SARAF cavity.

The last section of this chapter presents flux trapping experiments realized on a superconducting
cavity during a test carried out at CEA-Saclay.

In order to test the SARAF cavities with their tuner and couplers, a dedicated cryostat
has been realized, called the Equipped Cavity Test Stand (ECTS) [Piq+19]. For the purpose
of carrying experiments on the effect of flux trapping on cavity performance, the test cryostat
was equipped with a special aluminum sleeve allowing the positioning of a permanent magnet

close to the cavity (see Fig. left).

ECTS cryostat
] ™

Magnetic
shield

magnets

\
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Figure 3.12: Left: section of the ECTS showing the low beta cavity, the aluminum sleeve, and
the different positions of the magnet, named POS1, POS2 and POS3. Right: simulated field
static field distribution (B,,) on the cavity for a magnet at POS2.

The static magnetic field radiated on the closest part of the cavity varies from nearly 0.1
to 10 mT, depending on the magnet position. These values have been measured on a single
point of the cavity, and some simulations [CST| were performed to estimate the magnetic field
pattern on the cavity (see Fig. right). A discrepancy of +/- 25% was observed between
measurements and simulation on the single point. Two sets of experiments have been carried
out.

* While the cavity was at 4.2 K and exposed to the maximal accelerating field, the magnet
was moved close to the cavity. This had no effect on either the accelerating field, nor the
@o- This was expected, because the cavity is in the superconducting state, and its critical
magnetic field is much in the order of 100 mT.

* The cavity was heat up to the normal state, cooled down to 4.2 K in presence of the
magnet, and the Qy/E,. curve was measured. This experience was repeated for three
positions of the magnet, and the )y dropped up to of a factor 10 for the closest magnet
position (see Fig. [3.14). This demonstrates how the static field Be, is trapped during
cool down and thus generates an increase of the cavity surface resistance AR;.

As a comparison, I have calculated the quality factor by the following equation [PKHOS|:
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Figure 3.13: Qo/Fqc curves for the low beta SARAF cavity when cooled down in presence of
a magnet. The magnet positions are shown in Figure [3.12

fv |BRF|2dV wW
v = 3.8
< " Js Rs|Brr|?dS  [¢(Rujon + Rp)|Hrp|?dS (3.8)

The quantity Brr = poHgr is the radiofrequency magnetic field in the volume V' or on
the surface S of the cavity. The cavity surface resistance R, is the sum of the contribution of
the trapped flux, Rp, and the other contributions, R, /g, including the BCS resistance. The
value of Rp is given at every cavity surface position by Rp = aBe., Bes being the static
magnetic field, calculated from magnetic field simulations (Fig. right). The coeflicient «
is evaluated to 0.14 nOhm/mG from equation , with Hy = 04 T, ¢ = 6.9 10° S/m, and
RRR = 300. Only the contribution normal to the cavity is considered in B.,;. The presence
of the magnetic shield of the cryostat is taken into account in the simulations. Equation is
transformed into:

1 . 1 4 fSRB|HRF|2dS . 1 X fSaBext|HRF|2dS
QO Qw/oB wW Qw/oB wW
The stored energy W and the surface distribution Hgp were simulated (Fig. left). T

fixed the quality factor in absence of static magnetic field, Q,,/,p, to the measured value without
magnet, at low accelerating field : 2.8 10° (see Fig. [3.13)

(3.9)
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Figure 3.14: Left: surface distribution of the RF magnetic field. Right: experiments and
simulations quality factors versus distance from cavity. The magnet positions are shown in

Figure [3.12])

Figure compares the quality factor from experiments (from Fig. [3.13| values at low
accelerating field) and the quality factor from simulations (equation . A large discrepancy,
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up to a factor 4, is observed between both results. Several observations are likely to explain
those differences:

* the surface distribution of the static field B.,; on the cavity surface is strongly depen-
dentonof the position accuracy of the different elements: cavity, magnet, and magnetic
shield, and there is probably a difference between simulations and reality,

* the magnetic field generated by the magnet on the cavity could be measured only at a
single position, limiting the comparison with simulations,

* the permeability value used for the magnetic shield also has a noticeable influence on the
results, and only a rough estimation was used in the simulations,

* the value of « is considered as uniform along the cavity surface, which is probably not
true.

It was planned to carry out new measurements with a SARAF cavity in the ECTS, with
better control of the magnet position relatively to the cavity. We had also planned to measure
the magnetic field at several places of the cavity surface to have a better experimental charac-
terization of the magnetic field pattern. Unfortunately these measurements could finally not
be realized within the scope of the SARAF cavity characterization.

New experiments should be planned, for example during foreseen measurements of the
IFMIF /DONES cavity in a horizontal cryostat.

3.5 Conclusion

The quest for high quality factors in superconducting cavities is a main issue for reaching high
gradients and lowering the RF losses cost of an accelerator. It requires minimization of all the
phenomena likely to weaken the superconducting properties of niobium, one of them being the
magnetic flux trapping. It has led to increasing efforts limiting the static magnetic field around
cavities, by both ensuring magnetic shielding and magnetic hygiene.

For the future, improvements on magnetic shields will lead to design optimization to assure
proper shielding, and new solutions could consist into placing the magnetic shield inside the
helium vessel for decrease their size and aperture numbers. Multiplying measurements in real
magnetic shields installed in cryomodules will also help for improving the shield materials
simulation. The improvement of the magnetic hygiene will require systematic anticipation of
the cryomodule elements materials and their possible contribution to the magnetic field at cavity
location. During fabrication and assembly, the elements likely to radiate should be detected
and demagnetized, the last step being a global in situ degaussing of the cryomodule.

Flux trapping experiments allow for characterization of the cavity performance dependence
to the ambient magnetic field, and have to be repeated for further cavity development. Such
measurements are envisaged during the test of the IFMIF/DONES cavity in a dedicated cryo-
stat.

The importance of magnetic measurements in test cryostats and in cryomodules, thanks to
the development of dedicated sensors must be underlined, and is discussed in detail in chapter 5]
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Abstract

Protecting  superconducting cavities from the
surrounding static magnetic field is considered as a key
point to reach very good cavity performances. This can be
achieved by both limiting the causes of magnetic flux
around the cavity in the cryomodule, and enclosing
cavities and/or cryomodules into magnetic shields. We
will present the effort made at CEA into this direction:
shield design, shield material characterization, at room
and cryogenic temperature, and search and attenuation of
the magnetic background present in the cryomodule
during the cavities superconducting transition. This last
point will be especially studied for the IFMIF project
where the cryomodule houses the focusing magnets.

INTRODUCTION

In low beta cryomodules with high intensity beams it is
generally necessary to have solenoids close to
superconducting cavities. When the cryomodule contains
more than one or two cavities, the solenoids are usually
inside the module, which adds a level of complexity to
the cryomodule design considerations [1], because the
static magnetic field can degrade the cavities
performance. The static field close to a cavity must be
lower than the critical field (tens of mT) when it is in the
superconducting state. It has to be lower than some uT
during the superconducting transition to avoid a
significant increase of the surface resistance.

Then it is mandatory to prevent magnetic pollution
generated by these solenoids, even when they are
switched off.

Moreover the cavities must be protected from the earth
magnetic field (~50 uT).

MAGNETIC SHIELD OF THE IFMIF
CRYOMODULE

The IFMIF cryomodule contains all the equipment to
transport and accelerate a 125 mA deuteron beam from an
input energy of 5 MeV up to 9 MeV. It consists of a
horizontal cryostat of about 6 m long, 3 m high and 2 m
wide, which includes 8 superconducting HWRs (Half
Wave Resonators) for beam acceleration working at 175
MHz and at 4.5 K, 8 power couplers to provide RF power
to cavities, and 8 Solenoid packages as focusing elements
[2].

A warm magnetic shield is installed on the inner walls
of the vacuum vessel to protect the cavity from the earth

# juliette.plouin@cea.fr
SRF Technology - Cryomodule
H02-Magnetic materials/shielding/SC solenoid

magnetic field. Calculations have shown that with 2 mm
thickness and with standard mumetal, the static magnetic
field should stay lower than 2 uT inside the cryomodule,
which is the design target for the HWR.

Several views (inside, outside the cryomodule,
exploded) of this magnetic shield are shown in Figure 1.

The many apertures of the cryomodule are critical for
the shielding, and overlap of mumetal sheets are
mandatory. The tendering phase of this magnetic shield
has started.

Figure 1: Magnetic shield of the IFMIF cryomodule.

MAGNETIZATION OF CRYOMODULE
ELEMENTS

Due to space charge associated to the high intensity
beam, a short, but strong, superconducting focusing
magnet package is necessary between cavities. During the
cryomodule operation, the solenoids will only be
switched on once the cavities are in superconducting
state. Each magnet package contains one inner solenoid,
which can reach 7 T, four steerers, and one outer solenoid
connected in series with the inner one with current
established in opposite sense, in order to work as an
active shielding. The fringe field at the cavity flange is
then limited to 20 mT [3]. Figure 2 shows the magnetic
field pattern generated by the solenoid package at several
places in the cryomodule. Our concern is that some
cryomodule components could be magnetized by this
fringe field, and be a source of remnant field once the
solenoid is switched off. We have focused our attention in
particular on the needles bearings, the invar rod, and the
magnetic shield itself.

Moreover the supporting frame was initially planned to
be made of stainless steel 316L C-beams which are
welded together. The large number of welding rims with
potentially higher permeability than expected represented
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a risk. Thus the frame will finally be made of welded
titanium I-beams which are totally non-magnetic.

Solenoid Cavity

20mT 20mT

Invar rod 15mT
Invar rod

Figure 2: Static magnetic field pattern generated by the
solenoid package in the cryomodule.

Needle Bearings

Cavity and solenoids supported by rolling systems
similar to XFEL using needle bearings. One can see in
Figure 3 that the needle bearings are close to the area of
the cavities where the RF magnetic field is the highest.

RF B Field in the
“le—— cavity

Figure 3: Position of the needle bearings and the invar rod
in the cryomodule.

We observed that the bearings off the shell we had
planned to use (Figure 4) were naturally magnetized [4].
We proceeded to magnetic measurements to estimate this
magnetization. The magnetic field is measured with a
Forster probe at several distances from the bearings.
Measurements are performed inside a Cryoperm box
(HIPPI magnetic shield), supported on a cardboard box
instead of a table to avoid possible magnetic fields in the
structure. The results are shown in Table 1 for 8 samples.
The magnetic field reaches up to 400 uT at contact, and is
still much higher than the 2 puT allowed on the cavity at
10 mm from the bearings. Sample 7 was dismounted and
the field was measured at direct contact to each needle,
reaching up to 1 mT (see Table 2).

To discard any magnetization of these elements we
developed homemade bearings with brass cage and
ceramic needle (Figure 5). Then these elements cannot
anymore be a source of remnant magnetization.
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Table 1: B Field at Different Distances from the Needle
Bearing

Average Average A
verage
Sample value at value at
value at
number 10 mm 4 mm contact (uT)
(uT) (uT) "
1 5 10 25
2 25 72 220
3 60 50 140
4 42 100 215
5 34 80 135
6 5 19 39
7 42 105 440
8 16 70 235

Table 2: B Field at Contact with the Needles of Sample 7

Needle from sample 7

Field amp. at contact (uT)

1 750
2 1000
3 260
4 1000

Brass
cage

Figure 5: Home-made
needle bearing.

Ceramic
needles

Figure 4: Off the shelf
needle bearings.

Invar Rod Magnetization

In order to take into account the thermal shrinking of
the cold mass, the cavity and solenoid will be fixed on a
common specific mechanical support composed of a
titanium frame to support the cold mass and of invar
reference rods, to control the position along the beam axis
with some sliding attachments to manage the differential
thermal deformation between the frame and the invar rod.
Two long invar rods will be placed in the cryomodule,
each measuring half the size of the structure and the
discontinuity between these two rods can be seen in
Figure 2. These rods are situated at 100 mm from the
cavity surface (Figure 3).

The invar material, well known for its very low
thermal shrinkage at cold temperature, is also
ferromagnetic, and can be magnetized. We made some
tests with two invar rods (1 short, 1 long), with diameter
12 mm, like in the cryomodule, and with respective
length 50 mm and 500 mm.

SRF Technology - Cryomodule
H02-Magnetic materials/shielding/SC solenoid
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The rods were magnetized using a board magnet
(which can be seen in Figure 11) which generates a
100 mT field quite uniformly on its surface.

The short rod was magnetized in both axial and
transverse direction. For the axial magnetization, while
one section was placed on the magnet, the field at the
other section was 25 mT, thus the whole rod is
magnetized, even if non-uniformly. After each
magnetization the B field is measured in different
directions indicated in Figure 6.

@
2
= s A
o W Transverse
|5 25mT S | izati
g s ! magnetization
- 5 1
g ©
& =3 =
9 =
£
= Meas. Meas.
E] transverse transverse

to axis to axis

100mT

Figure 6: Magnetization of the short invar rod with a
magnet.

The results presented in Figure 7 show that the field is
still higher than 2 pT at 100 mm from the rod, which
corresponds to the minimal distance invar/cavity in the
cryomodule (see Figure 3).

1E+03 I + Axial mag. Meas. along axis
*

- L Axial mag. Meas trans to axis
8
w
g 1.E+02 i Transverse mag. Meas. trans to axis
5
E -=-=-2 micT
- .
@ LE+01 .
[:<]

1.E+00

0 50 100 150
distance [mm]

Figure 7: B field at different distances from the
magnetized short invar rod.

Non magnetized side

1mT 0.1mT

_-__>$60mm

Meas.
transverse
to axis

Axial magnetization

L.7mT 100mT

Magnetized side

Figure 8: Magnetization of the long invar rod with a
magnet.

The long rod was magnetized in the axial direction, and
while one section was placed on the magnet, the field at
SRF Technology - Cryomodule
H02-Magnetic materials/shielding/SC solenoid
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the other section was 0.1 mT, even less that without the
magnet; thus the rod is only locally magnetized. The B
field is measured in different directions indicated in
Figure 8. The results presented in Figure 9 show that the
field is higher than 2 uT even at 100 mm from the non-
magnetized side. It is even 10 times higher at the same
distance from the magnetized side. One can also notice on
the graph that the field is higher in the plane containing
the rod end section than in a plane situated at 60 mm.
Figure 2 shows that two rod extremities are situated close
to a cavity (at 100 mm, see also Figure 3). It appears that
this could cause the presence of a field higher than 2 puT
close to the cavity, and lead to a surface resistance

degradation.
1.E+04

® Meas. along axis, Magnetized side

Magnetized side

Magnetized side + 60 mm

1.E+03
LY = Non magnetized side
*

+ Non magnetized side + 60 mm

====e 2 micT

microteslas]
"
on

= LE+02

B field

1E+01 L

1.E+00
0 20 40 60 80 100 120 140
distance [mm]

Figure 9: B field at different distances from the
magnetized long invar rod.

We envisage different solutions to avoid the presence of
this remnant field near the cavity. A local magnetic shield
could be installed around these two invar rod extremities.
An extra piece of invar could also be fixed to each
extremity to deviate the magnetic flux from the cavities.
Moreover, a procedure of demagnetization of the
cryomodule, using the solenoids, in order to cancel all
remnant static fields which could be present, in particular
due to the invar rod.

In this perspective we proceeded to a demagnetization
test on the short invar rod.

Invar Rod Demagnetization

a 0
3 31mT: ——1st demag. Cycle
CoIL ) 2 mT -=---2nd demag cycle
2L & i
- I
—— Rod top 'El f\ A
sol |/ A A~
& ! 5\r Vo oo 15 2p
@ -1 yow o
1 v
2 '»f LR
vy
Rod 3 H
bottom 4

Figure 10: Demagnetization of the short invar rod placed
in the centre of a coil.

The short rod was placed inside a home-made coil (see
Figure 10) and subjected to a sequence defined in Table 3.
The demagnetization cycles are represented in Figure 10.
The abscissa represents the cycle’s steps; the time
constant was at least 2 s per mT.
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The field was measured at top and bottom of the rod
(Figure 10). The results in Table 3 show that our
demagnetization sequence lowers the remnant field, but is
not strong enough to properly demagnetize the rod. We
were limited by the current delivered by the supply
connected to the coil, and we should carry out further
tests with another supply.

Table 3: Magnetization/Demagnetization Cycles

Seq Bat ]302(11'[
4 Description r([)rclil }lf)]p bottom
[mT]
1 Initial 0.53 0.22
2 Magnetization +2.2 mT 0.57 0.3
3 Ist demagnetization cycle 0.28 0.18
4 Magnetization -3.1 mT 0 0.2
5 Magnetization +3.1 mT 0.53 0.31
6 2nd demagnetization 026 0.16

cycle

More demagnetization tests should also be performed
with the coil described in section “SATHORI TESTS”.

Mumetal Magnetic Shield

We also worried about the possible magnetization of
the mumetal shield, which will be exposed up to 2 mT
(see Figure 2).

We proceeded to the magnetization of a 1 mm thick
ring made of Cryophy (Cryophy and mumetal have the
same saturation field) (Figure 11). The applied field,
given by the board magnet, is 100 mT (>>2 mT).

We observed that the remnant field at contact was the
same before and after magnetization, lower than 2 uT, and
for two different ring samples. In conclusion, the mumetal
shield should not be magnetized by the solenoid. Our
results are consistent with FRIB similar measurements

[5].

Figure 11: Cryophy ring sample on the board magnet.

SATHORI TESTS

A special horizontal test cryostat, called SATHORI
(“SAtellite de Tests HOrizontal des Résonateurs IFMIF”),
is under development at CEA-Saclay, in the SRF test area,
and will be connected to the existing CRYHOLAB
(Figure 12) [6]. This cryostat is dedicated to the IFMIF
HWR performance check, fully equipped with its power
coupler and cold tuning system. It will be protected from
earth magnetic field by a mumetal magnetic shield with
2 mm thickness like the IFMIF shield.
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SaTHoRI

Cryholab

ssssss

Figure 12: The SATHORI test cryostat.

Among others, it is planned to study how the presence
of magnetic field from solenoid could degrade the cavity
RF performances. To this intend special holes are made
on the large panels of the magnetic shield to allow the
penetration of the field generated by a coil placed outside
the cryostat. The positioning of this coil is shown in
Figure 13, left, and a schematic view of the shield with
hole and coil is shown in Figure 13, right. The holes can
be closed by special mumetal doors to constitute a closed
shield during tests without coil.

1 T
e o J— 1

Figure 13: Positioning of a test coil in SATHORI (left).
Schematic view of the magnetic shield with hole and with
coil (right).

The tests foreseen with the coil are summarized

hereafter:

e Cavity is in superconducting state, the coil is
switched on and the current increased. The RF
performances of the cavity are measured (Q-E
curves) and the influence of the surrounding
magnetic field is observed.

e Cavity is in superconducting state, the coil is
switched on and the current increased. The cavity is
forced to quench and recover. The influence of the
magnetic field level on the cavity performances after
recovering is studied.

e Cryogenic and RF are off. The cryostat with all
elements inside is magnetized by the coil. Remnant
field is measured inside the cryostat. Then a
demagnetization procedure is realized. Remnant field
is measured once again to check its remaining level.

The coil we plan to use for these tests is made of

144 turns and can work with 125 A. The field pattern of
this coil, positioned at the outside wall of the cryostat is
shown in Figure 14, in a horizontal plane crossing the
cavity. The magnetic shield has been taken into account
in the simulation, and the cavity has been considered
either as vacuum (top) either as in Meissner state with
=0 (bottom).

SRF Technology - Cryomodule
H02-Magnetic materials/shielding/SC solenoid
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agnetic
shield

shield

Figure 14: B field pattern given by the 144 turns, 125 A
coil with magnetic shield and cavity. Cavity is in vacuum
(top) or in Meissner state (bottom).

CONCLUSION

The magnetic environment of the cavities in the IFMIF
cryomodule is considered in order to avoid any decrease
of the superconducting cavities performance. The material
of some elements (frame, needle bearings) has been
changed to avoid magnetization. Solutions are under

SRF Technology - Cryomodule
H02-Magnetic materials/shielding/SC solenoid
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development to limit the remnant field from invar rods. A
demagnetization procedure of the cryomodule is under
study. Finally, the influence of the magnetic field from
solenoid on the cavity performance will be observed in
the SATHORI test stand.
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Chapter 4

Optimization of RF sources efficiency for
accelerators.

4.1 Microwave tubes

High power RF sources are essential elements for telecommunications and particle accelerators.
Microwave tubes are used for more than 80 years as powerful electromagnetic waves amplifiers
|Fai+08]. They have been invented and developed before the arrival of transistors and solid-
state amplifiers. While traveling wave tubes (TWTs) are the major microwave amplifiers used
in space telecommunication, klystrons are used for TV emission, radiotherapy and are used as
RF sources for particle accelerators.

Their operating principle, based on the power transfer from a DC electron beam to an RF
electromagnetic field, can be summarized as follow:

* a monokinetic electron beam is emitted by a dedicated cathode and accelerated by an
anode,

* when subjected to RF input power the beam velocities become modulated,

* this velocity modulation is turned into a current modulation, synchronized with the device
operation frequency,

* the coupling between the modulated current and the traveling wave (TWT) or with the
output RF cavity (klystron) generates a high power microwave.

This principle is illustrated for a TWT and a klystron in Figure In a TWT, the RF
field is a traveling wave moving from input to output of the tube, and the interaction with the
beam occurs all along the interaction line. The RF field amplitude grows up continuously. In

Traveling Wave Tube
J]RF in [r RF out

Klystron

gl L L ) L l// \\‘ RFLOUt

LI

Figure 4.1: Principle of electron beam bunching and RF generation in a TWT and in a klystron.
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a klystron, the RF field is located inside the oscillating cavities, and the bunching of electrons
occurs in the drift tube between cavities [VV39|. When entering the output cavity, the electron
beam transfers energy to an RF field. In both cases, the electron beam turns from continuous
and monokinetic to a series of bunches synchronized with the device frequency.

Finally, a part of the electron beam kinetic energy has been transformed into electromagnetic
energy, and the efficiency is defined as the ratio between RF power extracted from the tube and
DC power provided to the beam. Optimizing the energy transfer consists into optimizing the
electron bunching pattern arriving at the end of the interaction line to maximize the electron
deceleration and power transfer.

This chapter presents some optimization schemes studied for TWTs and klystrons.

4.2 Improvement of output power in Traveling Wave Tubes

I started my PhD in 2000 in the Laboratoire de Physique et Technologie des Plasmas at the
Ecole Polytechnique (Palaiseau, France), in collaboration with Thales Electron Devices (Vélizy,
France), which is the French leader in microwaves tubes. My PhD topic was motivated by the
need of improving the efficiency of traveling wave tubes used for spatial communications. The
principle is to optimize the bunching pattern of the electron beam to maximize the extraction
of energy from the beam. The method developed in my thesis consisted to modify the bunching
pattern by the injection of an amplitude and phase controlled second harmonic wave, in order
to change the resulting electromagnetic field shape.
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Figure 4.2: Evolution of the loss in velocity for an electron beam in a TWT, for a pure sinusoidal
field Eysin(wt) (left) and for a field with harmonic injection Eysin(wt) + 0.5sin(2wt) (right).
The insets show the behavior of a single bunch in a phase/velocity diagram. Figures from
[Plo+05|, corresponding to a low-gain Lagrangian model.

I carried out a theoretical, numerical, and experimental study of the harmonic injection,
which represented an original approach of the phenomena. First, I used a low-gain Lagrangian
model and showed how the beam bunching was optimized to increase extraction of energy
from the beam, by using a non purely sinusoidal field. Figure 4.2 shows the average loss of
beam velocity, with illustration of a single bunch behavior in a phase/velocity diagram. With
harmonic injection, the maximal loss of velocity is increased.

Then I simulated harmonic injection in a TW'T with the dedicated codes developed by
Thales. Finally, experimental measurements with a broadband TWT manufactured at Thales
gave significant results with an increase of 86% for fundamental output power with the best con-
figuration of harmonic injection at 5 GHz and 50% at 7 GHz. The role of injection parameters
has also been presented, especially the role of the input phase difference between fundamental
and harmonic. Depending on the value of this parameter, harmonic injection may be favorable
or unfavorable to the fundamental output power (see Figure . Results have shown that
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harmonic injection allowed the optimization of energy transfer between the electron beam, the
fundamental wave and its second harmonic, in order to increase the total energy extracted from
the beam, and to favor the fundamental wave to the detriment of its harmonic. With good
injection conditions, the improvement of the TW'T’s efficiency occurs with harmonic reduction.
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Figure 4.3: Harmonic injection at 5 GHz (left) and 7 GHz (right). Output powers versus phase
difference. MVTRAD is the simulation code. Figure from [Plo+05|.

These results are detailed in my PhD thesis [Plo04], and presented in conferences papers
[PRO2|[PRO3|[Woh+03|and in a IEEE article [Plo+05].

Whereas I did not directly work on traveling wave tubes after my PhD, I have been reviewer
for papers in IEEE, and I have been in the dissertation committee for three PhD thesis on TWTs
in 2016, 2019 and 2023 (as a referee in 2016 and 2023).

4.3 High efficiency klystrons

With the emergence of new accelerator projects always more demanding concerning the amount
of energy drawn from the power outlet by their Radio Frequency systems, improving energy-
efficient conversion of electrical grid power into RF is becoming a key aspect in the approval
process for these new facilities and ensure sustainability over the long term. This is particularly
true for electrons colliders like FCC, ILC, or CLIC, which will need RF systems delivering aver-
age power of 100 MW or above |[Con+16||Gerl8|. Efforts have been engaged recently to stretch
the efficiency of existing RF power sources to higher levels, in particular for klystrons where
modern bunching techniques, described hereafter, help to improve the collection of extracted
RF power. These efforts have been shared within the informal collaboration HEIKA (High
Efficiency International Klystron Activity)[Syr22]

A standard klystron is made of a small number of cavities (typically 5 or 6), where one
or two cavities are around the central frequency to ensure the bandwidth and two or three
bunching cavities have a higher frequency. The objective is to optimize the beam current
modulation in the last cavity, where the RF power is extracted, and so, increase the tube
efficiency. The limit of the method is the induction of a large velocity dispersion, which limits
the interaction efficiency (except for very low perveance). New bunching methods have been
widely developed this last decade to increase efficiency: the Core Oscillation Method (COM)
[BMS15], the Bunch Align Collect (BAC) |Guzl4] method and the Core Stabilization bunching
Method (CSM) [Hil+17].

The COM method consists of using a cavity highly coupled with the beam, to congregate the
peripheral electrons of the bunch, while the electrons in the core of the bunch are “oscillating”
through the tube [BMS15|. However, it results into a tube length increase. To solve the problem
of compactness for low-frequency klystron, BAC |Guzl14]| and CSM [Hil+ 17| methods have been
developed. The strategy for these methods consists into employing harmonic cavities to boost
the bunching process.
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These methods were applied around the world to a large range of frequencies, X-band
[Wea+18|[Syr+22|, S-band |Guz+17|, L-band |Rea+18] or below [Beu+22||[Mar19]|Xia+19].
Studies were applied in prototypes in some cases [Syr+22||Guz+17].

At CEA we developed another method, named kladistron, detailed hereafter.

4.4 Design, fabrication and test of a kladistron prototype

The work was developed within a PhD thesis, in collaboration between CEA and Thales Elec-
tron Devices, which is the French company specialized in klystrons. I was the CEA supervisor
of the PhD student who graduated in 2017, Antoine Mollard, while Claude Marchand (CEA)
was his PhD director. A prototype klystron of type kladistron was fabricated and tested with
Thales. The kladistron method is a bunching technique, developed at CEA, [Peal4]|, which con-
sists into using a large number of cavities (at least twice much as a standard klystron). Then,
instead of giving a “strong” kick to the beam in a small number of cavities, the interaction line
gives a “soft” kick in a large number of cavities, weakly coupled to the beam. This results in a
smoother bunching process, allowing for better formation of the bunch into the last cavity.

We have decided to test this technique by transforming an existing klystron from Thales
and only change the interaction line. The reference klystron is the 4.9 GHz—50 kW continuous
wave (CW) TH2166 klystron, and the 6 existing cavities were replaced by 16 new cavities.
All the work realized during and after the PhD thesis is presented in the conferences papers
[Mol-+16|[Mol+17|[Plo+21], the PhD thesis [Moll7]| and the IEEE article |[Plo+23b| given in
annex to this chapter.

Figure presents the electron velocity in the standard TH2166 klystron and in the trans-
formed kladistron, in the whole interaction line (left) and in the last cavity (right). It shows
how the bunching scheme in the kladistron turns into a higher deceleration of the electron beam
than in the standard klystron.
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Figure 4.4: Evolution of the electrons velocity in a klystron, for the standard klystron (top) and
the kladistron (bottom), for the whole interaction line (right) and in the output cavity (right).
The output cavity is represented by a light grey rectangle. Simulation with KlyC [JS18|.

The prototype klystron is shown at different fabrication phases in Figure [1.5] The measured
efficiency was finally lower (41%) than expected (55%), and the klystron presented a spurious
oscillation at 4.96 GHz. After analysis of the experimental results, it was concluded that the
discrepancy between design and real frequencies was the cause for the low efficiency while the
spurious oscillation resulted from a high gain peak at 4.96 GHz.

These results point out the risk of instabilities in high efficiency klystrons. It was concluded
that in the future, two efforts have to be undertaken to prevent such situation. First, the tubes
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Figure 4.5: Prototype kladistron at different fabrication phases. Left: Partial cavity assembly.
Center: Interaction line and output wave guide ready for brazing. Right: Tube closed.

design shall consider the risk of instabilities and, if possible, calculations should predict such
instabilities. A challenging step is to predict reflected electrons and their effect on the tube
performance. Some labs are now developing faster dedicated tools, with the implementation of
an algorithm for the treatment of slow and reflected particles in an existing large-signal code

|Che+-07].

Second, our results highlight the high sensitivity of high efficiency klystrons to the accuracy
of the RF parameters, especially the frequencies. For future tubes, a solution shall be developed
to guarantee frequency accuracy during operation. One solution could be the implementation
of in situ tuning systems, able to adjust frequency during klystron operation [SBS12|. Another
solution, especially appropriate for large-scale production, is to guarantee cavity frequency by
a well-controlled fabrication process. This process has been widely developed for the X-band

manufacturing at CERN [SAC18|.

4.5 Design of an efficient 12 GHz klystron

In 2017, the ARIES program started in the wake of EuCARD2. In the Work Package 4,
"Efficient Energy Management", CEA was in charge of the task "High efficiency RF power
sources", dedicated to to deliver a complete design study of a novel RF source with at least 10
to 20% higher efficiency then the presently existing ones.. It has been decided that
task 4.2 would focus on designing a high efficiency klystron operating in the X-band (12 GHz)
with an electron beam power in the range 15-30 MW, that could be used for the “Compact

Light” project [DAu+21].

A klystron RF design has been developed corresponding to these specifications. The cathode
voltage is 240 kV and the beam current is 120 A, corresponding to an input DC power of
~ 30 MW. The bunching circuit is optimized with 8 cavities, the output cavity being a multicell
cavity. The philosophy of the optimization was different from the one used for the kladistron.
Instead of choosing a bunching method, a genetic algorithm was used to select an optimized
configuration among thousands. A dozen of geometrical parameters are set free, and a cost
function is defined:

cost =v+1/Gj (4.1)

The klystron efficiency v has to be maximized, while the maximum small signal gain over
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the band 11.5 GHz-12.5 GHz, G, has to be minimized. Actually, the experience from the
EuCARD-2 kladistron results pointed out that high gain values were likely to generate klystron
instabilities. Finally we obtain a klystron design with an efficiency of about 65%, well above
the RF efficiency of existing klystrons in the X-band which are about 50% efficient. The
overall small-signal gain is lower than 56 dB, thus ensuring the klystron robustness regarding
spurious oscillations. It appears that the bunching method selected by the genetic algorithm is
a hybridization between the core oscillation and the adiabatic method. The simulation results
are shown in Figure 4.6

Figure 4.6: Left: Interaction line model: geometry (top) and beam particle modulation along
the tube (bottom). Right: Output cavity model in a PIC code with the beam shown in red.
Simulations with a Particle in Cell code.

Such study was made possible by the existence of simulation codes providing fast results
like KlyC, developed at CERN |JS18|. The results could then be confirmed by the use of
Particle-in-cell (PIC) simulations, Magic |Gru| and CST [Bal08| , which gives more accurate
results but require much more simulation times.

This work was detailed in a specific ARIES report|Ars—+21| and presented in conferences
papers [Ham-19|[Ham-+21]

4.6 Conclusion

Today, the quest for high efficiency RF sources is an essential issue for future accelerators,
and has become a major point in the R&D European and international programs: Efficient
Energy Management Work Package in ARIES, Sustainable concepts and technologies Work
Package in the I-Fast program (Innovation Fostering in Accelerator Science and Technology).
Numbers of workshops are organized on energy sustainability and efficient RF sources. Strong
collaborations are developed between vacuum tube manufacturers, like Thales in France, and
research centers on accelerators like CEA, CNRS and CERN.

These developments require strong numerical tools, while the general increase in comput-
ing capacity allows and demands new optimization methods. This opens the way to efficient
bunching optimization and this will lead to a general increase of the klystron efficiencies. Then,
the development of dedicated codes is going on for klystrons, with the code KlyC developed
at CERN |JS18|, which we used for our developments, and for traveling wave tubes with the
code DIMOHA [And+20|, developed by the Aix-Marseille University, the CNES (Centre Na-
tional d’Etudes Spatiales) and Thales. T have been referee for two thesis on the DIMOHA code
[Thel6||Ali23].

However, such efficiency klystrons require also a large effort in the fabrication process. Our
experience on the kladistron fabrication has shown that high efficiency tubes were more sensible
to the fabrication process than standard tubes.
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Abstract
A

new bunching method, named ”kladistron” has been
developed at CEA in order to provide high efficiency
klystrons. A first "kladistron” prototype was designed and
realized. It was adapted from the 4.9 GHz TH2166 from
Thales, where the interaction line was transformed from 6
to 16 cavities. The design and fabrication phases of this
prototype are developed in this paper. The kladistron pro-
totype was tested in Thales facility. Its efficiency is finally
lower (41 %) than expected (55 %), moreover it presents
a spurious oscillation at 4.96 GHz. After analysis of the
experimental results, it is concluded that the discrepancy
between design and real frequencies is the cause for the low
efficiency while the spurious oscillation results from a high
gain peak at 4.96 GHz.

Keywords— klystron, high efficiency, manufacturing pro-
cess, spurious oscillation.

1 Introduction

With the emergence of new accelerator projects requiring high
power from their Radio Frequency (RF) systems, improving
energy-efficient conversion of electrical grid power into RF is
becoming a key aspect in the approval process for these new
facilities and ensure sustainability over the long term.

This is particularly true for electron colliders like FCC, ILC,
or CLIC, which will need RF systems delivering average power
up to 100 MW [1] [2]. Efforts have been engaged recently to
stretch the efficiency of existing RF power sources to higher
levels, in particular for klystrons where modern bunching tech-
niques help to improve the collection of extracted RF power. A
standard klystron is made of a small number of cavities (typi-

*The work is part of EuCARD-2, partly funded by the European
Commission, GA 312453.
TElectronic address: juliette.plouin@cea.fr

cally 5 or 6), where one or two cavities are around the central
frequency to ensure the bandwidth and two or three bunching
cavities have a higher frequency. The objective is to optimize
the beam current modulation in the last cavity, where the RF
power is extracted, and so, increase the tube efficiency. The
limit of the method is the induction of a large velocity disper-
sion, which limits the interaction efficiency (except for very low
perveance). New bunching methods have been widely developed
this last decade which allow efficiency increase : the Core Oscil-
lation Method (COM), the Bunch Align Collect (BAC) method
and the Core Stabilization bunching Method (CSM).

The COM method consists of using a cavity highly coupled
with the beam, to congregate the peripheral electrons of the
bunch, while the electrons in the core of the bunch are “oscil-
lating” through the tube [3]. However, it results into a tube
length increase. To solve the problem of compactness for low-
frequency klystron, BAC [4] and CSM [5] methods have been
developed. The strategy for these methods consists into em-
ploying harmonic cavities to boost the bunching process.

These methods were applied around the world to a large range
of frequencies, X-band [6] [7], S-band [8], L-band [9] or below [10]
[11] [12]. Studies were applied in prototypes in some cases [7] [8].

Another method, developed at CEA and named kladistron, is
described in this paper.

2 Kladistron principle

The kladistron, which stands for kl-adi(abatic)-stron, was in-
spired by the interaction mechanism in a Radio Frequency
Quadrupole (RFQ) [13]. RFQs are used in proton linac injec-
tors to bunch, focus and accelerate a continuous beam from few
tens of keV to few MeV. In a RFQ, the beam bunching and
acceleration are assured by the RF field generated by four elec-
trodes, which present a longitudinal modulation all along the
structure [14]. The bunching process is close to adiabatic, which
means that the external forces (RF field) vary more slowly than
the interaction forces in the system (space charge). The dynam-
ics of the system is then a succession of equilibrium states and



J. Plouin et al., IEEE Trans. Elec. Devices, 70(3): 1275-1282 (2023), doi: 10.1109/TED.2023.3236590.

phase

1.7 E N nmuE T El
= A i E E e P |
T e e ey o A
= 0 ESESE : [ i (I :__;‘,;,-»:’" T ::\
0.8 - = - S
0 ; & T e B T T SIS
~ T T
[ T
z Z
«~— 200mMm — <«— 286mm ————

Efficiency = 67 % Efficiency = 78 %

Figure 1: Figures of merit of a 10 cavities (left) and a 20
cavities (right) 12 GHz kladistron. Top : phase, medium :
first (blue) and second (red) relative harmonic modulation
current, bottom : normalized velocity, versus position in
the interaction line. The cavities positions are represented
by purple vertical lines.

the entropy increases only slightly.

In a klystron, the external forces are the beam induced bunch-
ing forces and the interaction forces are the space charge forces.
The transposition of the adiabatic principle to a klystron consist
into using a large number of cavities (at least twice as many as
in a classical klystron). Moreover, instead of giving a “strong”
kick to the beam in a small number of cavities, the interaction
line gives a “soft” kick in a large number of cavities, weakly
coupled to the beam, without harmonic cavities.

Very preliminary calculations made at 12 GHz showed how
the number of cavities increase can lead to smoother current
modulation and higher efficiency [13]. In the example shown
in Figure 1 the cavities have low r/Q to be weakly coupled

to the beam. Both klystrons have a microperveance equal to
1.4 pA VL5,

3 Design of a 5 GHz kladistron

For a first experimental validation of the kladistron principle we
decided to transform an existing klystron and only change the
interaction line. The chosen tube is the 4.9 GHz — 50 kW CW
TH2166 klystron developed by Thales, which has an efficiency
of 50 %. This tube is aimed to work with a cathode voltage of
Vo = 26 kV and a beam current of Iy = 4.3 A, corresponding
to a microperveance equal to 1.03 pA.V "%, Tt is made with 6
cavities and the adapted kladistron is designed with 16 cavities.
This number was chosen because it is high enough to be an
example of the kladistron principle, and because a larger number
of cavities would have been difficult to implement. Thus, since
the tube body is kept the same, especially the focusing solenoid,
the length of the interaction line is fixed. Figure 2 shows the
reused TH2166 elements: the gun, the solenoid, the collector,
as well as the input and output cavities. The modified elements
are the 14 intermediate cavities replacing the existing 4 cavities.

This is a conservative approach, since it allows to focus only
on the interaction line. However, this approach brings some
constraints: the length of the interaction line is limited and the
magnetic field profile cannot be modified.

Standard TH2166 Kklystron

solenoid
gun collector

input cavity_; ;-—output cavity

solenoid

Modified TH2166 kladistron
solenoid

EEELLEREOEE
| Jddddddd

;—output cavity

gun collector

Y
input cavity_;

solenoid

Figure 2: Principle of adaptation of the TH2166 to the
kladistron. The elements in blue are kept from the TH2166
whereas the elements in orange (the intermediate cavities)
are redesigned for the kladistron.
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Figure 3: Efficiency comparison between the TH2166
klystron and the optimized kladistron.

3.1 Optimization of the interaction line
RF parameters

The design of the intermediate cavities was realized with 2D-
code Klys2D [16]: for each design, the input power is varied to
find maximum output power. This is then simulated with the
2D PIC code Magic [17].

The efficiency calculated for one given design is not exactly
the same within the codes, with a spread between 5 and 10 %.
This is due to the difference in the RF/electrons interaction
line modelisation. The result is shown in Figure 3, where the
efficiency versus input power is shown for both the optimized
kladistron and for the TH2166. The two curves correspond to
MAGIC 2D calculations. For each tube, the range of efficiency
within the different codes is represented. The gain of efficiency
is thus estimated to +5 % [18].

The modulation current, shown in Figure 4 is much more
regular for the kladistron, illustrating the ”soft kicks” given by
each cavity to the beam. The electron trajectories, simulated
with MAGIC 2D are shown for both TH2166 and kladistron in
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Figure 4: First harmonic modulation current vs z for the
TH2166 and the kladistron. Simulations with Klys2D.
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Figure 5: Electron trajectories simulated with MAGIC 2D
for the TH2166 and the kladistron at their maximal effi-
ciency. The vertical arrows show the cavities position.

Figure 5. The zoom on the last cavities shows that the bunching
is more effective for the kladistron. However, it also shows a
radial stratification for the kladistron beam, which could be a
cause of efficiency limitation, like in COM klystrons [19].

For the kladistron RF design, the parameters for cavities 1
and 16 are kept from TH2166. The frequencies have been ad-
justed to maximize efficiency, and are shown in Figure 12. The
r/Qs have been lowered for the intermediate cavities to de-
crease the coupling to the beam, to 20 Q (cav. 2 to 8) and 33 Q
(cav. 9 to 15). The quality factors Qo have also been decreased
(from 3000 to 1000), to limit high gain values in order to avoid
oscillations.

3.2 Geometry of the cavities

The geometry of the intermediate cavities has been determined
in order to fit with the chosen RF parameters. Two sets of cav-
ities are designed whose shapes, with the electric field pattern,
are shown in Figure 6. These cavities are made of copper, and
their quality factor is decreased by deposition of titanium, with
lower conductivity, on one of the cavity face. The asymmet-
ric shape of the cavities was chosen to facilitate the titanium
deposition in the fabrication process.

3.3 Multipacting simulations

The multipactor is an undesirable effect in RF tubes, which can
lead to spurious heating in the RF structure. In the TH2166

Titanium
deposition

Titanium
deposition

Cavities 2to 8
r/Q=20Q

Cavities 9to 15
r/Q=33Q

Figure 6: Geometry and electric field pattern of the inter-
mediate cavities. The titanium deposition is shown by a
thick grey line.

klystron, this phenomenon was supressed by deposition of tita-
nium hydride, titanium having a secondary emission coefficient
close to 1.
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Figure 7: Multipacting simulations with MUSICC3D for
cavities with or without titanium deposition.

In our kladistron, the multipactor is a problem for electric
field lower than 35 MV /m, which is the maximal value expected
in the cavities. Multipacting calculations were carried out in
the intermediate cavities, using the MUSICC3D software from
CNRS/IPNO [21]. Figure 7 shows the number of charges gener-
ated in the cavity’s gaps as a function of the electric field. The
simulation was carried out with 10000 electrons with the follow-
ing method: one electron is extracted from a gap surface and
submitted to an electric field with random phase and amplitude
(between 0 and 40 MV /m). When impacting another surface,
this electron is likely to extract new electrons, leading to expo-
nential electron multiplication. The simulation is stopped once
the initial electron has been either absorbed or has undergone 20
impacts. In a cavity without titanium, a single electron could
extract millions of charges out of the cavity’s surface whereas
an electron in a cavity with titanium only generate 60 charges.
Beside the need of quality factor decrease, these results show the
necessity of the titanium deposition in the kladistron cavities.
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4 Manufacturing of the TH2166
based 5 GHz kladistron

The preparation of the kladistron prototype was carried out in
two main phases:

e validation of innovative solutions on cavity prototypes,

e fabrication and assembly of all the elements constituting
the whole klystron.

4.1 Cavities prototyping

The manufacturing of the final cavities for the kladistron was
preceded by some prototyping [20], to validate:

e the achievement of the desired machining precision,
e the effect of the cavity parts brazing on the frequencies,
e the tuning system,

e the deposition of titanium.

4.1.1 Machining precision and brazing effect

Each prototype was made of two parts brazed together to form
the inner cavity. It was rapidly verified that the achievement
of the proper dimension was not a problem for the manufactur-
ers, and that the difficulty to achieve the proper frequency was
essentially due to the brazing operation. Several tests showed
that this brazing operation could increase the frequency within
2 MHz to 8 MHz, without being easily predictable. However
the kladistron’s efficiency is sensitive to its cavities’ frequency
shifts, especially at the end of the interaction line, where a fre-
quency shift of 10 MHz leads to an efficiency drop of 5 points.
This is shown in Figure 8 where each cavity is shifted separately
for a value between —10 M Hz and 10 M Hz and the efficiency
deviation from the design value is calculated.

In consequence, we could not expect the fabrication procedure
to provide cavities frequencies able to guarantee the kladistron
performance. A tuning system, able to recover frequency values
after fabrication was thus considered necessary.

4.1.2 Design and validation of a tuning system

Each cavity is equipped with a tuning system based on cavity
volume deformation to adjust the cavities’ frequencies. A thick
membrane between the inside and the outside of the cavity is

Thread steel pin brazed
on the membrane

. Cavity

Beam/;

drift tube
Misshaped

membrane

Screw
thread

Figure 9: Tuning system on a prototype cavity. Section
view of the membrane deformation principle (left) and cav-
ity equipped with its four tuning systems (right).

deformed by brazed pins (four per cavity) that translate along
drill holes positioned around the cavity (see Figure 9).

Repeated measurements with these tuning systems on proto-
type cavities demonstrated that they could provide a reversible
frequency adjustment from -6 MHz to +12 MHz and thus should
be able to compensate the frequency shift due to fabrication pro-
cess.

4.1.3 Titanium deposition

Figure 10: Left: 100 pm thick titanium disks. Right: cavity
part after titanium brazing and last surface machining.

A new titanium deposition method has been developed and
tested during the prototyping phase. The usual technique con-
sists into applying a titanium hydride (TiH2) layer with a brush
tool, which results in a inaccurate thickness. The new tech-
nique consists into the brazing-diffusion of a 100 micrometers
thick disk onto the copper surface (Figure 10). Several tests
have been achieved on dedicated prototypes and gave very good
results after a last surface machining. This method was then
used for the final kladistron manufacturing.

4.2 Manufacturing of the kladistron

Besides the standard klystron manufacturing procedure, the fol-
lowing steps have been achieved:

e All the cavities parts are individually prepared for the braz-
ing of the titanium disk and the brazing of the tuning sys-
tem pins.

e After these brazing operation, a final machining is applied
on the titanium brazed cavity parts.

e Then, the whole interaction line’s brazing is carried out.
On Figure 11, the left picture shows the interaction line
during cavity assembly and the center picture shows the
interaction line with output wave guide, ready for brazing.
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e At this point, some RF measurements are carried out, with
two antennas inserted in the drift tube (see next section).

e Then the last elements (collector, RF gun, window and
ionic pump) are welded to close the tube (figure 11, right).

i 2.
Y B

W

Figure 11: Left: Partial cavities assembly. Center: Interac-
tion line and output wave guide ready for brazing. Right:
Tube closed.

4.3 Measurements before final assembly
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Figure 12: Cavities frequencies: design and measurements
values.

The cavities frequencies are measured in the interaction line
before the final assembly. A tuning operation was planned to
match the design frequencies. Unfortunately, it appeared that
the braze between tuner system pins and cavities was defective,
and that the tuning systems were finally ineffective. However
it was possible to adjust the frequencies of the two last cavities
(which have the more influence on the kladistron efficiency, see
Fig. 8) with the use of a mechanical tool. Those frequencies are
measured in air whereas the design frequencies correspond to
the tube operation under vacuum, and we have adjusted them
to their corresponding values under vacuum. Those adjusted
frequencies and the design frequencies are shown in Figure 12.

5 Tests of the 5 GHz kladistron

Taking the complexity of the manufacturing into account, we
considered that an increase of the efficiency from 50 % to 55 %

would be significant to consist into a first validation of the kladis-
tron principle.

The kladistron was tested in Thales facilities on the test bench
dedicated to the TH2166. This latter tube is aimed to work
in CW. However, since the cooling system was not optimized
for the kladistron, we preferred to work in pulsed mode. The
duty cycle was increased up to 13.5 %, with a repetition rate of
25 Hz and a RF pulse of 5.4 ms (while the high voltage pulse
was 6 ms). The nominal voltage of the TH2166 is 26 kV, and
we varied the cathode voltage, Vi, between 25 and 30 kV. The
measured beam current always fits with a microperveance equal
to 0.91 uA.V ™15, The focalisation current was set to 38 A.

The kladistron output power and efficiency were determined
from RF measurements, and confirmed with calorimetric mea-
surements.
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Figure 13: Measured efficiency vs input power at several
values of the cathode voltage. The RF duty cycle is 13.5 %.
The signal frequency is 4.904 GHz.

The efficiency versus input power measurements are shown in
Figure 13. The maximal efficiency, equal to 41 %, was reached
for the cathode voltages equal to 27.8 kV and 30 kV. It was not
possible to reach higher values during these tests. The manufac-
tured kladistron finally presents a maximal efficiency lower than
expected, and even lower than the standard TH2166 efficiency
(50 %).

During all the measurements we observed the existence of an
unexpected spurious oscillation close to 4.96 GHz. When some
RF power is injected into the kladistron, the oscillation and its
intermodulation signals appear in the output spectrum, around
the amplified input signal (see Fig. 14). Moreover, the oscilla-
tion signal is also present in pure diode mode, without input
signal. An example is shown in Figure 14 (orange dots). The
focalisation current was varied between 35.5 and 41 A without
any effect on the oscillation signal.

The measured small signal gain is shown in Figure 15.
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Figure 14: Output signal spectrum corresponding to

Vi, = 27.8 kV and efficiency = 41 % (blue line) and in pure
diode mode (orange dots). The RF duty cycle is 13.5 %.

6 Post mortem measurements and
simulations

After those measurements, the kladistron was disassembled and
the frequencies, loss and external Q factors were measured. The
Q factors were close to the expected values, attesting that the
titanium deposition was effective. The frequencies ”after tube
opening” are compared to the design values in Figure 12, with
the corresponding results ”before tube closing”. The differ-
ence ”before/after” shows that the interaction line was probably
slightly deformed during the manufacturing process. Although
the RF parameters could be measured, the actual position of
the cavities is still unknown because it could not be measured
precisely.
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Figure 15: Measured and calculated small signal power
gain of the kladistron (Meas.: RF duty cycle: 13.5 %,
Vi = 27kV.)

The small signal gain was calculated with code KlyC [22]
using post mortem measured parameters and compared to the
experimental values. Figure 15 shows that both measured and
newly calculated small signal gains reach high values around

4.96 GHz, which seems to be due to the presence of several
cavities frequencies around this value. This is probably the cause
of the spurious oscillation, see section 7.

Furthermore, the discrepancy between design and real fre-
quencies is probably the cause of the loss of efficiency between
prediction and measurements. Figure 8 shows that with the fi-
nal frequency shifts (5 MHz for the last cavity and up to 40 MHz
for some intermediate cavities) the efficiency is likely to drop by
several percentage points.

We have investigated this hypothesis with a set of simulations
achieved with KlyC. The kladistron was modeled with both sets
of design and post mortem measured parameters, and the stan-
dard figures of merit (efficiency vs input power, modulation cur-
rent, beam behavior) were simulated.

/
Max eff.=56.7 %

0.4
- 7
2 Max eff.=39.0 %
@ 0.3
£
0.2
01 —— Design parameters
Measured parameters
0.0
0 5 10 15 20 25 30
Input power [W]
2
Design parameters - 1st modulation depth
Design parameters - 2nd modulation depth
Measured parameters - 1st modulation depth
1571 Measured parameters - 2nd modulation depth
R \
N /
g’ I
= | ‘J
[
| Al
I
e ‘ M},
0 d e . It
0 50 100 150 200 250

z position [mm]

Figure 16: Calculations with KlyC for both design and mea-
sured parameters kladistrons Top: Efficiency versus input
power. Bottom: 1st and 2nd modulation depth of the mod-
ulation current.

Figure 16 shows clearly how the efficiency drops when the
measured parameters are used in the simulations, with a calcu-
lated maximal efficiency (39%) close to the experimental value.
The modulation current profile is also dramatically decreased.

Figure 17 shows the Applegate diagram (top) and the elec-
trons velocities (bottom). Both figures show that the electron
bunching in the output cavity is degraded with the measured
parameters.

In conclusion, the difference between the post mortem mea-
sured parameters and the design parameters, in particular the
frequencies, appear to be the cause of the drop of efficiency ex-
perimentally observed.
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Figure 17: Calculations with KlyC for both design and
measured parameters kladistrons. Top: Applegate diagram
showing the electrons relative phases along the klystron.
Bottom: electron velocities versus position.

7 Discussion on the oscillation ori-
gin

We have envisaged two hypothesis to explain the existence of the

oscillation signal: the existence of a monotron oscillation in one

of the cavities and the generation of a RF loop oscillation due

to the reflection of electrons. Both hypothesis will be discussed
in this section.

7.1 Monotron oscillation

When an electron beam travels along an RF cavity, the beam-
loading conductance, G, represents the energy transfer between
the beam and the cavity RF field. A negative value for Gy
corresponds to an energy transfer in favor of the RF field; it can
cause the excitation of the RF field in the cavity even by a non
modulated beam [23] [24] [25]. We have considered whether such
a "monotron” instability could arise in the intermediate cavities
of the kladistron (first and last cavities, gun and collector could
in principle cause oscillation, however they are shared by the
TH2166 which does not present any oscillation so we discarded
this possibility). The following formula [15], gives the expression
of Gb:

Gy _
Go

_ B OIM7]

1 05 (1)

Go being the beam conductance Io/Vy, Be the electron propa-
gation constant, and M the coupling coefficient.

The criterion to discard monotron oscillation is G, > 0. We
have tested this criterion on the kladistron intermediate cavities,
using the z-field on axis.

In the kladistron, the electron beam voltage in pure diode
mode is 26 kV. The beam-loading conductance calculated at this
voltage is G»/Go = 0.15, discarding any monotron oscillation.
Moreover, calculations show that the beam-loading conductance
is positive at any transit angle (or beam voltage), which means
that even electrons with lower energy, e.g. reflected in the struc-
ture, could not cause oscillation.

7.2 RF loop oscillation

A large gain RF structure is likely to give rise to some oscillation
because even a small feedback can turn into a loop. In a klystron,
the RF loop cannot be generated by some travelling waves (for-
ward and backward) because it is a standing wave structure.
The RF signal is carried out by the electron beam. However the
existence of a backstreaming current, carrying some RF signal
up to the input cavity, could cause some RF loop oscillation. In
a klystron, backstreaming electrons are mainly generated by the
strong energy decrease in the output cavity, or backscattered
from the collector surface.
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Figure 18: RF loop in the kladistron due to backstreaming
electrons

Figure 18 shows the principle of such a loop. The forward
electron beam generates a forward complex gain, G, defined by
the output to input voltage ratio Vou:/Vy. The backstreaming
current generates a complex backward gain, 7y, defined by the
ratio V/Vour. The voltage Vy is the sum of V4 and Vi, and the
closed loop gain is :

_G
1-~.G

According to the Nyquist criterion, an RF signal can be estab-
lished even without input power (V;, = 0) if the amplitude of
~G is equal to 1 while its phase is equal to zero modulo 27. In
this configuration, oscillations are likely to happen.

Such phenomenon has been observed and described by Fang
[30] [31] in a 324 MHz klystron, where it is demonstrated that
a spurious oscillation was generated by backstreaming electrons
from the collector. Fang modified the shape of the collector
to decrease the backstreaming current rate, and the spurious
oscillation finally disappeared.

Suzuki and Okubo [29] [28] have encountered efficiency lim-
itation on the first prototype of a high efficiency 2856 MHz
klystron, due to instability in high beam power region. They
have identified reflected electrons from the collector as the cause
of this instability.

Gloop = (2)
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Roybal and Chernyavskiy [26] [27] have studied how returned
electrons in a klystron can cause oscillations and lead to de-
creased tube efficiency.

Figure 15 shows that the maximal small signal power gain
is 40 dB higher for the fabricated kladistron, compared to the
TH2166. This corresponds to a factor 100 for the gain in voltage.
Thus, the threshold backstreaming current rate causing oscilla-
tion is much lower for the kladistron than for the TH2166.

Both tubes have the same collector and output cavity, so in
principle the rate of backstreaming electrons is the same. How-
ever, one can consider that this rate is lower than the threshold
in the TH2166, which actually presents no oscillation, whereas
it is higher than the threshold in the kladistron.

Finally, we think that the cause of the spurious oscillation in
the experimental kladistron is due to this high gain peak around
4.96 GHz, which results from the casual presence of 4 cavities
frequencies around this value.

8 Conclusion

We have developed an new bunching method for klystrons,
named kladistron, based on a smooth bunching scheme. After
promising simulation results predicting increase of efficiency, a
kladistron prototype has been developed and fabricated by mod-
ification of an existing 5 GHz klystron. The prototype works,
but presents an efficiency lower than expected and a spurious
oscillation even in the diode mode.

The problem of a high gain generating oscillations was iden-
tified as a risk from the start of the study, because of the high
number of cavities. This is why we had decreased the cavities
quality factor with titanium deposition on copper. However,
the tube finally presented such a high gain peak associated with
spurious oscillation. The cause is the cavities frequencies distri-
bution of the kladistron in operation, which results from:

e the failure of the tuning systems which prevented the fre-
quencies adjustment of the finalized interaction line,

e the cavities frequency shift between finalized interaction
line and klystron in operation.

These results point out the risk of instabilities in high effi-
ciency klystrons. In the future, two efforts have to be under-
taken to prevent such situation. First, the tubes design shall
consider the risk of instabilities and, if possible, calculations
should predict such instabilities. In our case, it was checked
that the small signal gain was not too high. Such approach can
be systematized, and for example, a limited small signal gain
can be part of the figure of merit, together with the klystron
efficiency [34] [35]. A further, but more challenging step is to
predict reflected electrons and their effect on the tube perfor-
mance. Most of frequency simulation codes do not allow such
calculations, and PIC code are too time consuming for optimiza-
tion. Some labs are now developing faster dedicated tools [27].

Second, our results highlight the high sensitivity of high ef-
ficiency klystrons to the accuracy of the RF parameters, espe-
cially the frequencies. Thus, the discrepancy between design
and real frequencies is also the cause for the low efficiency. For
a future tube, a solution shall be developed to guarantee fre-
quency accuracy during operation. One solution could be the
implementation of in-situ tuning systems, able to adjust fre-
quency during klystron operation. Such solutions have already

been studied for other klystrons [32] and could be implemented
in future studies. Another solution, especially appropriate for
large-scale production, is to guarantee cavities frequency by a
well-controlled fabrication process. This process has been widely
developed for the X-band manufacturing at CERN [33].
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Chapter 5

Diagnostics for accelerating cavities

5.1 Introduction

The performance of accelerating cavities is characterized by their ability to provide large ac-
celerating fields with small RF losses. Those performance (E,. and Q) are deduced from
the RF power measurements at the input (forward and reflected) and output (transmitted)
antenna of the cavity, generally achieved with bolometers. In the previous chapters, we have
seen that many phenomena could be cause or consequence of the performance degradation: am-
bient magnetic field, cavity surface defects, vacuum degradation, cavity surface heating, cavity
quench, field emission... Detecting and measuring these phenomena is essential for improving
performance but also for developing the fine understanding of the involved physical phenomena.

Many efforts have been carried out in all laboratories to develop diagnostics in cryostats
dedicated to cavity testing, and in cryomodules. In this chapter I will describe some investiga-
tions to which I have directly contributed at CEA (sections [5.2 and [5.3)), or which have been
carried out by colleagues from my laboratory (section . I will then conclude on the further
developments.

5.2 Quench detection

The work described in this section has been presented in a conference [Plo+13| and developed
in a publication in the Physical Review for Accelerators and Beams [Plo+19b], given in annex
of this chapter, and I will only give a short summary hereafter.

When the RF field is increased in a superconducting cavity, the presence of some defect on
the cavity surface is likely to generate a local RF dissipation, responsible for a local heating.
When the temperature increase becomes locally higher than the transition temperature, the
niobium turns to normal conducting in this area. Consequently, the RF dissipation in this
normal conducting area leads to a huge temperature increase, and the whole cavity becomes
normal conducting. This phenomenon, known as thermal quench, is a limitation to the cavity
performance. When such phenomena is detected during a cavity test, it can be necessary to
spatially localize its origin, in order to cure the local defect and prevent future quenches.

A new technique was developed in the 2010 years for quench localization on cavities work-
ing in superfluid helium bath (temperature lower than 2.17 K). This technique is based on
the detection of the second sound wave generated by heat generation in superfluid helium by
dedicated sensors named Oscillating Superleak Transducers (OSTs). The time of arrival of the
second sound wave on a set of sensors dispatched around the cavity is measured; the distance
between sensors and quench location is estimated, leading to quench localization by triangu-
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lation. However, many laboratories have observed a discrepancy between the expected and
measured times of arrival, looking like a "too fast" second sound signal. We have carried on a
set on experiments to participate to the phenomenon analysis.

We have collaborated with colleagues from the Cornell Laboratory for Accelerator-based
Sciences and Education (CLASSE)[Con+08|, who provided us a set of second sound sensors
(Oscillating Superleak Tranducers, OSTs) to develop our own detection setup. We have also
successively received two CERN fellows, Kitty Liao and Benedikt Peters, who participated
to our experiments. Both were working on similar setups at CERN. Moreover, the study of

superfluid helium properties was carried out in collaboration with the Cryogenics Laboratory
and Test Stations (LCSE) of the DACM.

We have carried out two kind of experiments, where the "too fast" second sound signal was
investigated:

* generation and detection of a heat wave by a dedicated heater with variation of the power
level and the duration of the heat pulse (see the experimental setup in Figure [5.1] left),

* quench detection during five different RF tests of monocell cavities, with variation of the
helium bath temperature during one of the tests (see the experimental setup in Figure ,
center).

Moreover, the heat wave propagation in the niobium and in the helium bath were modeled
(see the Figure right) and compared to measurements.

H 133 mm :D

Q2 SR O peater

Temperature mapping

CRYOSTAT 0ST1

Figure 5.1: Left: experimental setup with a heater. Center: picture of the monocell cavity
with OSTs. Right: representation of the heat propagation on a cavity surface. The pink dot
represent the quench locations and the black dots represent the OSTs.

We have concluded that while a fast signal propagation in helium seemed very unlikely, the
processes in the niobium were likely to induce the described effect. It was then assumed that
the quench propagation on the inner cavity wall and the thermal diffusion in the niobium were
the main cause of the "too fast" second sound signal, in the case of quenching cavities.

5.3 Magnetic field sensors

In order to achieve high performance for superconducting cavities it is necessary to control
their magnetic environment during operation. The considered magnetic fields are in the order
of the ambient field (50 ©T") in the absence of magnetic shielding, and can be lower than one
microtesla inside a magnetic shield. The measurement of such field level is commonly achieved
with fluxgate sensors consisting of two coils winded around a soft magnetic core. The drive
winding generates a periodical signal and the core is alternately saturated in both directions.
In presence of an external field, this process becomes asymmetrical, and the resulting field
and the current induced in the sensing coil are out of phase with the drive current. From the
comparison between input and output currents, an electronic device calculates the external
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magnetic field. Such sensors are developed by companies, and commercial solutions dedicated
to cryogenic temperature have been developed by the Bartington company. These sensors work
well, but they are very expensive (~ 1500 € per sensor), each sensor corresponding to a single
field component.

The development of field monitoring devices in test cryostats or cryomodules, involving a
large number of sensors, requires cheaper solutions. In parallel with other laboratories, we have
developed AMR sensors, based on the anisotropic magnetoresistance (AMR) of a ferromagnetic
material at their core. They are much cheaper than commercial fluxgates (less than 10 € per
sensor) which could allow the use of tens of sensors simultaneously. Such sensors are developed
and sold for room temperature application but are also resistant to cryogenic temperatures.

Their use needs a calibration step to get their sensitivity S, which is the relationship between
the voltage variation AV measured by the sensor and the magnetic field H.,;, normalized by
the sensor supply voltage V.. and which varies with temperature. An offset value, allowing
absolute determination of the magnetic field, must also be obtained.

AV 1
B ‘/cc Hext

S (5.1)

We have developed a calibration procedure detailed in [PCM21|. At room temperature, this
procedure has been tested with good results and repeatability: for each sensor the sensitivity
varies less than 1 % and the offset varies less than 2 %. However, at cryogenic temperature the
sensitivity and offsets repeatability from one calibration procedure to the other is much more
difficult to obtain, which is probably due to the increase of the permalloy’s coercive field [BD02].
While we finally obtained a repeatability around 2-3 % for the sensitivity, we could not achieve
an acceptable repeatability for the offsets. Consequently these sensors do not allow for the
determination of an absolute value at 4 K. This has been observed by other labs, in particular
at KEK (Japan) [Oal9|. A least, such sensors allow for the measurement of magnetic field
variation observed during field expulsion. Our sensitivity measurements, plotted in Figure [5.2
are in good agreement with other laboratories.
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Figure 5.2: AMR sensors sensitivities versus temperature measured at CEA and comparison
with KEK [Uek+20|[Oal9], TU Braunschweig [Nal7], IJCLab Orsay|Mal9|, Cornell[Lal9).

Since each sensor only measures one component, we have developed a triplet configuration
with three sensors and we are developing a rotating frame with diagnostics destined to mono-
cell elliptical cavities. We have reshaped the three sensors configuration to this purpose (see
Figure[5.3), to allow the implementation of nine sets of three sensors along a cavity profile. Our
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aim is develop a diagnostic tool for measuring magnetic field, X-rays and temperature. This
will be discussed in section [5.5

EE

Initial configuration

R

New configuratibn New configuration

/e

Rotating device

Figure 5.3: Set of three sensors, initial and old configuration (left), rotating frame with 9 sets
(right).

This work has been developed under my supervision by three successive students graduating
for technician level and by one student graduating for Master 2.

5.4 X-ray detection for field emission

An important limitation of the cavity performance arises from the emission of electrons from
high electric field regions. The RF power is absorbed by the electrons and is deposited on the
inner part of the cavity. At high electric fields, thermal breakdown can be initiated. Field
emission is associated to local temperature increase and to X-ray generation, due to the brem-
strahlung of the emitted electrons when they hit the cavity walls. The presence of dust particles
on the cavity surface is a common source of contamination leading to field emission during cav-
ity operation. As mentionned in chapter [2] the field emission was identified as the first cause
of cavity failure leading to cavity reprocessing in ESS [WAB23|. Hence, it is essential to better
understand what causes this phenomenon, how it evolves according to cavity preparation, and
how it can be cured |Cen+21|[Dev+23|[Del+23|[Ome-+23|[PGB23].

Some colleagues from my laboratory have developed X-ray detectors associated to the testing
of ESS cavities and cryomodules at CEA . First, three types of devices were used:
Geiger-Mueller (G-M) probes, Nal(Tl) scintillators and PIN diodes. A simulation model was
developed by means of particle tracking code which allowed an estimation of the location of
the emitters [Cen-+19b| [Dev+23|. Then, they have investigated the use of specific scintillator-
based radiation detectors made of plastic fiber, which proved good resistance at cryogenic
temperature. A detailed simulation process based on the Geant4 toolkit developed by CERN
provides a better description of the nature of the phenomenon. Further steps will include
the improvement of the simulation model to interpret measurements even with limited number
of monitors and to allow for measurement predictions in complex systems. A scintillator-based
instrumentation is also in development to measure cavity radiation closer to the source thanks
to plastic scintillators working at cryogenic temperature.
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5.5 Conclusion

Improving effort on cavity diagnostics is essential for the success of all accelerators projects,
with the monitoring and control of all elements from testing to final operation. Examples have
been given for the quench and field emission phenomena, and for the magnetic field monitoring.
Efforts have been developed in laboratories carrying out series of cavity tests to optimize the
quench detection with the second sound method [Ste+19]. As stated in last section, activities
are on going in several labs for X-ray detection in cryostats and cryomodules, including the use
of new scintillating materials [Dev+-23|. Note that X-ray detection is also a useful diagnostics for
studying breakdown phenomenon in normalconducting cavities (see section |[Koc+16]. The
magnetic field monitoring is being dramatically increased by the use of cheap sensors based on
commercial anistropic magneto resistance, allowing for sensor arrays around cavities, adapted
to field expulsion studies [Pen+19|[Par+23|. Besides developing such sensors and arrays of
sensors, collaboration could be envisaged with research laboratories working of new magnetic
field sensor techniques [Boc+16|.

In conclusion, besides ensuring successful project realization, developing diagnostics is also
an inestimable tool for the development of many R&D activities. We are carrying out numbers
of tests on cavities and cryomodules at CEA, and systematic diagnostics will provide a large
measurement, database available for many phenomena investigation.
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AMR SENSORS STUDIES AND DEVELOPMENT FOR CAVITIES TESTS
MAGNETOMETRY AT CEA

J. Plouint, E. Cenni, L. Maurice, CEA, Université Paris-Saclay, Gif-sur-Yvette, France

Abstract

Studying flux expulsion during superconducting cavities
test increases the need for exhaustive magnetometric car-
tography. The use of Anistropic Magneto Resistance
(AMR) sensors, much cheaper than commercial fluxgates,
allows the use of tens of sensors simultaneously. Such sen-
sors are developed and sold for room temperature applica-
tion but are resistant to cryogenic temperatures. However,
they need proper calibration, which is more difficult at cry-
ogenic temperature. Actually, this calibration uses the flip
of the magnetization of the anisotropic ferromagnetic ele-
ment, which coercitive field is increased at low tempera-
ture. We will present the development of method and soft-
ware carried out at CEA for the use of such sensors, as well
as the preliminary design of a rotating magnetometric de-
vice destined to elliptical cavities.

AMR SENSORS CHARACTERIZATION

In order to achieve high performances for superconduct-
ing cavities it is necessary to control their material behavior
and their environment during operation. In our laboratory
we are currently designing a suite of detectors that will fo-
cus on superconducting cavities diagnostic during their test
in liquid helium bath.

The magnetic field, even if lower than the earth magnetic
field, increases the Joule losses, thus it is important to con-
trol it. We are currently developing detectors able to map
the magnetic field around the cavity at cryogenic tempera-
ture. The sensors are AFF755 from Sensitec. They exploit
the anisotropic magnetoresistance (AMR) of a ferromag-
netic material at their core. They are much cheaper than the
current standard for this kind of measures (Fluxgate) and
should enable to equip a cavity cryostat or even a cryomod-
ule with more detectors.

However, they need a calibration step to get their sensi-
tivity, which is the relationship between the voltage meas-
ured by the sensor and the magnetic field, and which varies
with temperature. Our calibration procedure uses two spe-
cific coils already implemented in the sensors: the flip coil,
which magnetizes the ferromagnetic material, made of
permalloy, and the test coil, which generates a controlled
magnetic field. This calibration can be achieved in situ,
when the sensors are placed inside a cryostat, and in an un-
known magnetic field.

We defined a calibration procedure that allows calibra-
tion even in an unknown ambient magnetic field. The first
step is to characterize the test coil (TC) for each sensor by
the relationship between the coil current and the coil gen-
erated magnetic field. To this intend, the sensor response to

T juliette.plouin@cea.fr
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the test coil is compared to the sensor response to a refer-
ence Helmholtz coil and the a coefficient is deduced:

Bre = alz¢

We have verified that @ does not change at cold temper-
atures. Actually the only effect of the temperature change
on the coil is thermal shrinkage, which is very small.

The second step is to apply a set of TC field after a pos-
itive flip coil By (Flip,) and after a negative flip coil
B¢ (Flip_), and to measure the corresponding voltages
U(Flip,) and U(Flip_).

We get two curves with By vs U, one for Flip+ and one
for Flip-,

Brc¢(Flipy) = a,U(Flipy) + By
Brc(Flip_) = a,U(Flip_) + B,

From which we extract a,, a,, B; and B,.

AMR sensors

Fluxgate

Figure 1: Set of three AMR sensors (X, Y and Z) and
fluxgate installed on a cavity.

The slopes, a; and a,, are opposite to each other. The
offsets B; and B, contain both the electrical offset of the
sensor and the ambient magnetic field, which are unknown.
In order to get rid of the ambient field, we calculate the
electrical offset, which is supposed to be the same for both
flips:

_ Briip- + Bripr _ B1 + B,
Bopr = > ==

And then the real magnetic field:

B=a2U+ BZ_BOFF=a2U+%
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This procedure was tested at room temperature with
good results and reproducibility (the sensitivity of one sen-
sor varies less than 5 %). We used a flip current value equal
to 200 mA.

A set of three sensors was placed on a cavity, besides a
fluxgate (Fig. 1) and their sensitivity was measured during
cavity cool down. The results are shown in Fig. 2 where
our results are also compared with other labs [1-5]. The
sensitivity is increased at low temperature. This is due to
the permalloy’s remnant field decrease, shown on the hys-
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Figure 2: AMR sensors sensitivities versus temperature.
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Figure 3: Mumetal torus magnetization as a function of ap-
plied field at two different temperatures [6].

MAGNETOMETRIC DEVICE

In the meantime, we are developing a rotating frame with
diagnostics destined to mono cell elliptical cavities. It will
support temperature, X-rays and magnetic sensors.

We have reshaped the 3 sensors (X, Y and Z) configura-
tions to this purpose. In the new configuration, two of the
three sensors (r and z) are positioned so that their distance
to the cavity is 1-2 mm, allowing good detection of the flux
expulsion (Fig. 4). Moreover, the size of the configuration
is decreased. This allows the implementation of nine sets
of three sensors along a cavity profile.

CEA measurements for three sensors. For T <60 K, only a
result range is shown.

It appeared that the sensitivity reproducibility is much
degraded for temperature lower than 60 K, thus only a
range of results (in orange) is shown. This is probably due
to the increase of the permalloy’s coercive field (Figure 3).
The level of flip magnetic field necessary to properly re-
magnetize the permalloy material should also be increased.
During this set of experiment, we could increase the flip
current up to 380 mA but it was not enough to get a satis-
fying reproducibility. Moreover, the offset measurements,
necessary for the calibration and not shown on the figure,
were even less reproducible. For those reasons, it was not
possible to measure the magnetic field under 60 K.

In a next set of measurements we plan to apply flip cur-
rent values higher than 380 mA and observe if we can get
some reproducible values.

The difficulty of measuring an accurate value for the
magnetic field at 4 K is also mentioned in reference [2]
from KEK, where they explain that their offset value is not
reproducible after initialization. Up to now they consider
using their sensors to measure relative change of the mag-
netic field distribution.

TUPCAV009
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Initial configuration

New configuration

New configuration

Rotating device

Figure 4: Set of three sensors, initial and old configuration
(left), rotating frame with 9 sets (right).

The calibration and data acquisition procedure was im-
plemented on an acquisition device (National Instrument)
with the Labview software.

The electronic card allowing the operation of 27 mag-
netic sensors is ready (Fig. 5). It includes the flip coil gen-
eration, the sensor output amplification (x100) and decod-
ers driven by the acquisition device.

The rotating support frame for the sensors is under de-

velopment.

Cavities
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Figure 5: Electronic card for the 27 sensors.

CONCLUSION

We have developed and tested magnetic sensors based
on AMR resistance destined to superconducting cavities
magnetometry at4 K. The reliability of these sensors at4 K
is still to be improved, and a rotating support frame is to be
developed.

Cavities
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Superconducting RF cavities are used in particle accelerators to provide energy to the particle
beam. Such cavities are mostly fabricated in niobium and often operated in superfluid helium. One
of their limits of operation is the appearance of a local quench, initiated by a local field enhancement
due to a defect, which leads to a normal conducting transition of the cavity. Localizing the quench
area can be achieved with temperature mapping systems. Another method is the use of second
sound wave propagation in superfluid helium. Measuring the time of propagation of these waves
from quench location to special sensors, called Oscillating Superleak Transducers (OSTSs), and using
their well-known velocity should allow trilateration. However, most of experimental measurements
on cavities show “premature signals”, i.e. the second sound signals arrive earlier on the OSTs
than expected. This paper presents several quench experiments on cavities equipped with OSTs
and temperature mapping quench detection systems. Two hypotheses can explain the observed
premature signals. The first one assesses faster propagation in helium. An experimental setup has
been developed for testing this hypothesis, where second sound is created by a localized heater in
a controlled environment up to 4.3 kW/ em? and 2.8 J. Premature signals could not be verified in
this setup. A second hypothesis based on a simple model including several processes in niobium and
second sound propagation in helium is discussed. The model improves significantly the prediction
of the times of arrival of the second sound waves. The overall study shows that the processes in

niobium play a prominent role in the second sound detection for superconducting cavities.

Keywords: Superconducting cavity, Quench, Superfluid helium, Second sound
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I. INTRODUCTION

Radio-frequency cavities are state of the art technology
in high energy particle accelerators to increase the mo-
mentum of charged particles. The resonating electromag-
netic field causes coulomb heating on the inner surfaces
of these cavities. Normal-conducting cavities are usually
made of copper. The generated heat can be greatly de-
ceased by using a superconducting cavity in the Meissner
state. The element with the highest lower critical field
is niobium, which is thus mostly used for this purpose
[1]. To generate high accelerating gradients, the cavities
are operated close to their operational limit. A number
of different processes are known to limit the operation of
superconducting cavities [1]. The limiting process that
normally occurs for very well performing cavities is the
localized quench where a local increase of the electromag-
netic field due to a defect drives a local area to normal-
conducting transition, and due to the increased heating

* juliette.plouin@cea.fr

to the global normal-conducting state [2]. Even small
imperfections on the inner cavity surface can cause this
quench. These spots can be treated once their locations
are detected. A number of methods has been applied for
this [3, 4].

Since the 1980’s temperature sensors are used to de-
tect the temperature increase on the outer cavity sur-
face [5]. These temperature mapping systems are based
on temperature-dependent carbon sensors, mostly Allen-
Bradley resistors [6]. In addition to being sensitive for
temperature measurements in both normal (He I) and
superfluid (He II) helium, their geometry can be cus-
tomized to match the topology of the superconducting
cavity. Some tests were made with temperature sensors
that were glued to the cavities surface, but mechani-
cal systems that press the sensor to the cavity surface
are more common. The glued sensors are normally not
reusable and a high number of sensors are presented and
thus read-out systems are needed. The mechanical sys-
tems require custom-fit frame for each cavity geometry,
but for elliptical cavities they can be mounted on a ro-
tating frame, that allows moving them around the cavity
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in order to locate the quench spot. Another method for
the detection is the utilization of the special heat trans-
port properties in He II. In superfluid helium, heat is
transported as a wave, called second sound. This wave
travels with a known, temperature-dependent velocity.
If at least three sensors, capable of detecting second
sound with precise time information and known posi-
tions relative to the cavity were mounted, trilateration
of the quench spot is possible. Conway et al. introduced
this method and utilized oscillating superleak transduc-
ers (OSTs) for the detection of second sound waves [7].

For the last ten years, quench localization with 2"d
sound detection has been developed in several labs. It
was found that this method is cheaper and easier to im-
plement than temperature mapping systems; however,
nearly all these laboratories have observed the same kind
of premature signals: the second sound signal arrives on
the OSTs earlier than expected [8-13]. Efforts have been
pursued to explain these premature signals and hypoth-
esis have been envisaged. Eichhorn et al. [14] have sup-
posed that the second sound wave could be generated
before the RF system can detect the quench; they have
developed a corresponding model, which could explain
some tens of ps error, much lower than experimentally
observed. Liu [15] and Eichhorn [16] have considered
the heat diffusion in niobium, in addition to the second
sound propagation, which could cause premature signals,
but their models have not been systematically compared
to experimental results. The possibility of other effects
beside second sound propagation in He II has also been
considered, and experiments have been carried out with
local heaters as a source for the heat propagation. Liao
et al. [17] have generated heat flux up to 200 W/cm?,
and did not observe premature signal, while Junginger et
al. [12], with heat flux up to 350 W/cm? observed 10%
faster signals in particular conditions. Very recently, a
new technique using flow visualization in superfluid he-
lium has been proposed by Bao et al. to detect quench-
spot in RF cavities [18]. A prof-of-concept experiment
with a miniature heater is presented for heat flows below
300 W/m2. A ideal boiling zone model is proposed to ex-
plain the premature signal on the data obtained by [12]
and [13], but no test with a RF cavity has been performed
yet.

Up to now, none of these hypothesis and associated
models could properly describe premature signals mea-
sured during cavity tests.

The present paper is a contribution to these efforts. We
performed five tests on two single-cell superconducting
cavities, with variation of the helium bath temperature
for one of them, and always observed premature signals.
In order to study the pure heat propagation in He II,
we carried out experiments with a localized heater as a
source for the second sound wave. We reached values
of surface power (4.3 kW/cm?) and global energy (2.8 J)
that were never achieved in similar experiments, for these
experiments no premature signal was observed.

Temperature mapping

FIG. 1. 1.3 GHz single-cell cavity equipped with temperature
mapping system and OSTs.

II. TESTS ON CAVITIES
A. Setup and cavities test description

At CEA Paris-Saclay, superconducting cavities are
usually tested in superfluid helium in a dedicated vertical
cryostat on the Supratech platform [19, 20]. For several
single-cell cavities such tests could be realized with sec-
ond sound sensors for quench localization. During those
tests, each cavity was equipped with a temperature map-
ping system, and with four OSTs facing the cavity in the
equator plane, placed at around 6.5 cm from the cavity.
All these elements can be seen in Figure 1. Two Tesla
shape single-cell cavities, C1-21 [21, 22] and 1AC3 [23]
have undergone these tests; they will be named respec-
tively A and B. These cavities have the same elliptical
geometry, and thus identical RF parameters: frequency
f = 1.3 GHz, shunt impedance r/Q = 104 Qand geomet-
rical factor G = 283 2. They were supplied by two differ-
ent manufacturers, from niobium plates with RRR values
between 250 and 300, and both of them have undergone
several chemical and electropolishing treatments.

Five tests where localized quench was reached without
electron emission could be realized: two tests with Cav-
ity A and three tests with Cavity B. The Qg vs. Egce
curves are shown in Figure 2, Qg being the cavity quality
factor and F,.. the accelerating field. The accelerating
field is increased by injecting RF power in the cavity, un-
til the cavity quenches, which means that the injected
power is entirely reflected. The quench appearance is in-
dicated by a vertical arrow for each test, which thus de-
termines the maximum accelerating field allowed in the
cavity (Fmaz). The test results are summarized in Ta-
ble I. The differences in the Qo/FEqc. curve for Cavity B
from one test to the another is due to the intermediate
chemical/electropolishing treatments. The helium bath
temperature was about 1.5 K for Cavity A and about
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TABLE 1. Cavity tests summary

Cavity name  Fyaqe
test 1 A 30 MV/m
test 2 A 31 MV/m
test 3 B 34 MV/m
test 4 B 35 MV/m
test 5 B 37 MV /m

1.6 K for Cavity B.
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FIG. 2. Qo/FEacc curves of the tested single-cell cavities. Ver-
tical arrows show quench appearance

B. Quench localization with temperature mapping
system

Initially the quench position was localized by the tem-
perature mapping system, in order to have a reference for
comparison with the OSTs measurements. This system
consists of 17 thermometers fixed on a structure able to
rotate around the cavity axis [35]. Each thermometer is
constituted of a carbon resistor placed inside a copper
support which is in contact with the cavity surface. The
aim of this measurement is to observe the temperature
elevation when the quench occurs. The system works as
follows: at each azimuthal position, the 17 thermome-
ters are successively monitored. The duration of a single
readout is long compared to the quench dynamics, so
the following method is used: the sequence is repeated
about twenty times while the cavity is forced to quench.
For each thermometer the maximum value of this series
of measurements is used, because it corresponds to the
closest in time to the quench occurrence. As an exam-
ple the temperature array is shown in Figure 3 around
the quench location (top), and is projected on the cav-
ity surface (bottom). The resolution is about 3 degrees
in latitude and 1 c¢m in longitude (distance between two
Sensors).

This temperature mapping system is used to produce
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FIG. 3. Top: Thermal cartography of Cavity B during a
test. Azimuthal angle gives the temperature mapping po-
sition around the cavity; thermometer number can be read
in Figure 1. Bottom: Cartography projection on cavity sur-
face (left) and identification of the quench spot on the cavity
marked by & symbol (right).

a map showing the measured temperature with respect
to the bath. As the mapping system itself is immersed in
the bath, the temperature given by the carbon resistors
is different from the surface cavity temperature. A tem-
perature difference equal to zero means that locally the
cavity surface is at the helium bath temperature. This
temperature mapping system is efficient to achieve a lo-
calization within a precision of a less than one centimeter
in each direction. According to the temperature maps,
the quench location of Cavity A always lands at the equa-
tor and that of Cavity B at the bottom half of the cavity
(see Figure 3).

C. OST measurements at 1.7 K

An Oscillating Superleak Transducer (OST) is a sen-
sitive sensor to detect second sound. The idea for this
device originated in 1968 [24]. It consists of a capacitor
like setup with one flexible membrane and a solid back
electrode. The membrane is flexible and has nanometer-
sized pores. For the shown measurements a metal-coated
membrane with holes of about 100 nm were used. Ac-
cording to the two-fluid theory the superfluid component
of the helium can pass through these holes while the nor-
mal fluid component cannot [25]. Thus, the arrival of
a second sound wave, that has different amounts of the
two components in comparison to the helium between the
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two plates [25], applies a pressure on the flexible mem-
brane, decreasing the distance between the two mem-
brane plates. The two sides are charged with 120 V via
a weakly coupled connection. For fast processes, such
as a second sound arrival, the charge on the OST stays
nearly constant. A decrease of the distance of the capac-
itor plates thus causes a drop in voltage of the membrane
[26]. Each OST has its own electronic circuit which pro-
vides the polarization and amplification of the signal. For
all the measurements presented in this paper, the same
set of OSTs, with diameter 20 mm, was used. This set
was provided by Cornell University [27].

11111111

FIG. 4. Oscilloscope signals from OSTs during cavity quench.
Vertical arrows show 2" sound wave arrival on OST.

For each test, the signals from OSTs during a series
of quenches were measured. The results were recorded
by an oscilloscope that was triggered by the reflected RF
power from the cavity, indicating a quench. A typical
oscilloscope signal is shown in Figure 4. The blue curve
shows the RF signal. As explained previously, the sig-
nals from OSTs always start with a sharp negative de-
crease. The times of arrival of the wave on each OST
after quench trigger can be measured with a precision
better than 100 ps, and are indicated by vertical arrows
on the figure. The OSTs are ordered by their distance
from the quench spot, starting with the 15* OST as the
closest. During each test, the two nearest OSTs (see Fig-
ure 4) were nearly facing the quench location, and they
presented a clear signal while the two others were hidden
by the cavity. The signal of the furthest one was not
detectable and is not shown on the figure.

The times of arrival of the second sound signal on the
two nearest OSTs are represented in Figure 5 together
with the corresponding times of arrival for the following
hypothesis: a pure second sound wave is emitted by a
point-like heat source situated at the quench location.
These times are thus equal to the distance between OST
and quench location (given by temperature mapping sys-

tem) divided by 20 m/s, which is the second sound ve-
locity at 1.7 K [28]. In the following, we will refer to this
calculation approach as the ”direct line of sight”.

210
o 2
] = 5¢
KRS
[
E o
- test 1 test 2 test 3 test 4 test 5
£ 10
i
@ 2
oE s
5%
©
E
= test 1 test 2 test 3 test 4 test 5

FIG. 5. Times of arrival of the 2°¢ sound signal on the two
closest OSTs from the quench location at 1.7 K: as measured
during experiment (Red) and as calculated with in direct line
of sight (Blue).

The difference between measured and calculated times
of arrival shows that it is not possible to consider the
quench as a punctual emission of a 2™ sound wave: the
heat wave reaches the OSTs faster than expected by the
direct line of sight propagation.

Such premature signals have been experimentally ob-
served by nearly all the laboratories which have used sec-
ond sound sensors to localize a quench in a superconduct-
ing cavity [8, 10, 11, 14, 15]. Different hypothesis have
been envisaged to explain this difference, and will be dis-
cussed later in this paper.

D. OST Measurements with varying helium
temperature

During test 4 on cavity B, the helium bath temper-
ature was varied while measuring the evolution of the
OST signals during cavity quenches. The scope signals
are shown on the Figure 6 for four temperature values
(L.71 K, 1.9 K, 2.03 K and 2.1 K), and for the three
closest OSTs.

The dotted vertical arrows show for each OST the
time position taken into account for the arrival of the
21 sound wave. While this position always stays easily
detectable for the 15 OST (the closest to the quench lo-
cation), one can see that for the other OSTs, the signal
becomes less evident to detect with increasing tempera-
ture, and is even undetectable at 2.1 K for the 3" OST.

The experimental results (see Figure 8) show how the
time of arrival increases with temperature, which is con-
sistent with the evolution of second sound velocity, de-
creasing with temperature in the [1.7-2.1 K] range, see
Fig.7. For the two closest OSTSs, the experimental data
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FIG. 6. Oscilloscope signals from OSTs during cavity quench
at different temperatures. Horizontal: 4 ms/division. Verti-
cal. RF Signal: 10m V/div; 2nd and 3rd OST : 100 mV /div;
st OST: 1 V/div. (1.71 K), 500mV /div. (1.9, 2.03 K),
100 mV/div (2.1 K).
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FIG. 7. Recommended values of the second sound velocity
at different temperatures and values relevant for presented
experiments, according to [28].

are compared to the corresponding times of arrival from
the direct line of sight propagation, using the second
sound velocity values between 1.7 and 2.1 K [28]. These
results show that the experimental data has the same be-
havior as the model data when temperature is growing.
However, in the whole temperature range, the heat wave
reaches the OSTs faster than expected by the direct line
of sight propagation. The error bars indicated in Fig-
ure 8 take into account the uncertainty on the time of
arrival measurement (4 0.05 ms, error bars on points)
and the uncertainty on the distance measurement be-
tween the quench spot on the OSTs (£ 2 mm, shaded

12

10

Time of arrival on OST [ms]
[#)] oo

1.7 1.8 1.9 2 21
Temperature [K]

FIG. 8. Time of arrival on first (red) and second (green) OST
with varying temperature: experimental data (points with
error bars) and calculated data from the direct line of sight
propagation (solid line). The shaded area represents the error
on calculation due to geometrical measurements uncertainties.

area on lines).

E. Conclusions on OSTs measurement during
cavity tests

The first approach considered for the quench localiza-
tion with OSTs was based on the hypothesis of an instan-
taneously emitted heat wave by a point like source (the
quench location) which travels from this source to the
OSTs with the second sound velocity in superfluid he-
lium. This hypothesis is not compatible with the experi-
mental results during cavity quenches in the temperature
range [1.7 -2.1 K].

Thus, a quench location was unable to be determined
with the standard trilateration method. This is illus-
trated in Figure 9 for two cases (test 1 and 2) where the
problem can be represented in 2D because quench occurs
on the equator (and OSTs are in the equator plane). The
blue plain circles have radii equal to the time propagation
to corresponding OST multiplied by 20 m/s, the second
sound velocity at test temperature. The circles do not
intersect, showing that the localization is not possible.
When the propagation velocity is arbitrarily increased,
up to 28 m/s in those cases, it becomes possible to have
circles intersection located on cavity equator (dashed cir-
cles). However it does not fit with the quench position
measured by temperature mapping system, identified by
a red region on equator as shown on the Figure 9. This
situation becomes even worse if more than two OSTs are
used.

To be able to allow more information sources and ac-
count for measurement errors, DESY developed an ele-
gant method [11]. They include the information, that the
heat spot will lie on the surface of the cavity. From each
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FIG. 9. 2D example of trilateration, for direct line of sight
propagation for test 1 (left) and test 2 (right). Cavity is rep-
resented seen from above by a grey disk bordered by dark
circle corresponding to its equator. Blue plain circles have
radii equal to the time propagation for corresponding OST
multiplied by 20 m/s. Dashed circles have radii equal to
the time propagation for corresponding OST multiplied by
28 m/s. OSTs are represented by small dark rectangles, and
quench position detected by temperature mapping system is
in red.

surface point they calculate the length of the shortest
path in helium to each OST. Together with the second
sound velocity and the OST signal they obtain an ex-
pected distance the second sound has travelled in helium.
The distance between this previous calculated propaga-
tion length s, 4 and expected distance d can be used for
every spot on the cavity surface and n-OSTs to deter-
mine the root mean square deviation RSME, 4. The
area where this deviation is smallest, can be seen as the
area where the second sound was triggered.

E?:l(sz,qb —d;)?

n

RMSE. , = \/ (1)

This method is used today by DESY to localize
the quench position, and comparison with temperature
method shows that it works within a few millimeters,
if used in the right conditions. In practice, this method
helps to localize a small area which can then be examined
with some imaging system to find and cure the defect.
However, the calculation results given by this method
still lead to premature signals.

Discarding the first hypothesis of pure second sound
direct line of sight propagation, two new hypothesis can
then been envisaged:

e Considering another phenomena in helium making
the overall thermal signal traveling faster than a
pure second sound wave

e Considering a part of thermal signal diffusing in
niobium making the overall thermal signal traveling
faster than a pure second sound wave

III. PROPAGATION IN HELIUM

In this section the validity of the first hypothesis is
explored.

A. Tests with a localized heater in liquid helium

A number of ideas where brought forward to explain
that the information of the heat input into helium II
could be transported faster than the second sound veloc-
ity. Temperley theoretically predicted a faster propaga-
tion for high heat inputs [29]. The theory was refined
by Khalatnikov [30] and later experimentally proven by
Dessler and Fairbank [31]. Additionally the appearance
of boiling effects could also lead to a faster thermal trans-
port. Either by the emission of a first sound wave, which
is approximately ten times faster than second sound at
the temperatures in question [28], or by effects concern-
ing the gas bubble itself. Although the signals in the
cavity tests arrive too late to be seen as pure first sound
waves, an unproven theory by Dessler predicted an in-
teraction between first and second sound, which could
explain a faster arrival of a second sound wave [32]. The
expansion of a gas bubble at the heating spot could also
be faster than the second sound.

Since the premature signals were observed experimen-
tally, an attempt was made to replicate them in a con-
trolled environment. In order to exclude effects by the
cavity itself, the heating was carried out by a small
heater, whose output power and energy are regulated.

B. Heat pulse generation

The heat pulses are generated with a 50 QRuO2-ZnO
thick film resistor by the company Bourns, which is spec-
ified to accept up to 40 W in DC at room temperature.
In the following it was used at cryogenic temperatures for
pulsed heat loads of more than 1 kW. This resistor has
a surface of 34 mm?. The pulses are generated by a syn-
thesizer at 200 MHz, driven by a function generator and
are amplified by a RF amplifier able to provide more than
1 kW, with a gain around 64 dB (Bruker BLAH 1000). A
directional coupler is used to control the signal injected
in the resistor and to measure the reflected power (which
increases abruptly if the resistor burns). The whole setup
is schematized in Figure 10. The heater and sensor po-
sitions are shown in Figure 11. Two OSTs have been
placed facing the heater.

C. Variation of the heat pulse power

For a set of temperatures in the range [1.3 -2.1 K] the
influence of the heat pulse power level on the OSTs sig-
nals was observed. The pulse duration is kept equal to
100 ps, and the power is increased from about 150 W
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FIG. 10. Experimental setup for the generation and control
of the heat pulse.

CRYOSTAT 0ST1

FIG. 11. Picture of the experimental setup.

to 1500 W, corresponding to a surface power from about
450 to 4500 W/cm?. A second sound signal time of ar-
rival has been measured for each OST, and the corre-
sponding estimated distance from the heater to the OST
has been calculated using the literature second sound ve-
locities [28]. These calculated distances have been plot-
ted versus heat pulse power (Figure 12), for both OSTs
and for the whole set of temperatures. The results show
clearly that the heat pulse power level does not have any
influence on these calculated distances. For both OSTs,
the mean calculated value has been plotted (dotted line),
as well as the distance measured on the setup (solid line).
As shown in Figure 11, these measured distances, resp.
54 mm and 133 mm, are from the heater to the closest
point of each OST. In both cases, the mean calculated
distances are around 3 mm lower than expected. This dif-
ference could be compatible with the inaccuracy of the
distances measurements, due to the flexibility of the rods
holding the OSTs. Indeed, it was observed that these
rods were slightly deformed during the introduction of

the setup in the cryostat.
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FIG. 12. Distances from heater to OSTs versus heat pulse
power, calculated from times of arrival and recommended sec-
ond sound velocity. For each OST, the average calculated
values are shown (dashed lines) as well as the measured dis-
tances (solid lines).

However this distance difference can also be explained
by a second sound velocity difference. This is shown in
Figure 13 where the measured distances (54 mm and 133
mm) are divided by the times of arrivals of the OST sig-
nals ; the difference between this apparent second sound
velocity and the literature values [28] is plotted versus the
heat flux at heater. One can observe that the apparent
velocity is between 0.1 and 2 ms higher than expected,
and that the difference is higher for OST1 than for OST2.
This results can be compared to the heat pulse experi-
ments described in references [12] and [13]. The authors
explore a lower level of heat flux than us: [0-700 W/cm?]
instead of [450-4500 W /cm?]. Their results also present
a higher than expected apparent velocity with a differ-
ence up to 1.5 m/s. In their measurements the velocity
difference is dependent on the heating power below 200
W/cm?. At higher heating powers the velocity differ-
ence remained constant. While this observation might
explain slightly premature signals, this effect is too weak
to explain the significant deviations that were observed
in tests with cavities.

D. Variation of the heat pulse energy

It is possible that the heat pulse energy, rather than
the pulse power, could have an influence on the heat
wave propagation. Experiments have been carried out at
1.7 K, where the pulse power was varied up to 1.5 kW,
the pulse duration up to nearly 2 s and thus the pulse
energy up to nearly 2.8 J. The results are presented in
Figure 14, and show clearly that the pulse energy does
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FIG. 13. Difference between the apparent second sound veloc-
ity and the literature values versus heat flux at heater. Values
are given for OST 1 (squares) and OST 2 (circles), and for
five sets of temperature: 1.35 K (red), 1.41 K (orange), 1.7 K
(green), 1.88 K (blue) and 2.1 K (purple).

not have any effect on the heat wave propagation time.
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FIG. 14. Distances from heater to OST's versus heat pulse en-
ergy, calculated from times of arrival and recommended sec-
ond sound velocity. For each OST the measured distances is
shown (solid lines).

E. Conclusions on heater experiments

These experiments demonstrate that the heat pulse up
to 1.5 kW and 2.8 J created heat waves fully compati-
ble with the standard second sound waves in superfluid
helium.

Thus the hypothesis of a heat wave propagating sig-
nificantly faster in helium than the second sound waves
has to be discarded, at least until the power and en-

ergy reached in these experiments. By comparison one
can estimate the overall energy dissipated during a cav-
ity quench, which corresponds to the energy stored in
the cavity just before quench occurrence (Wiiored). This
quantity is related to the accelerating field reached in the
cavity Fqcc, the cavity frequency and some geometric pa-
rameters: the coupling coefficient r/@Q and the accelerat-
ing length Lcc[1].

2
BaccLocel” _ 01414 52,
w*r/Q

All of the 1.3 GHz cavities tested have an 7/Q co-
efficient equal to 115 € and an accelerating length of
0.115 m. The maximum accelerating field varies from 30
to 37 MV /m (see Figure 2) and thus the maximal energy
from 12.7 to 19.3 J. The time to dissipate this energy dur-
ing the quench was not measured but assuming a typical
quench duration in the order of one millisecond, one will
obtain an average heating power of 12.7 to 19.3 kW.

So the power and the energy dissipated in helium dur-
ing a cavity quench is less than one order of magnitude
higher than the maximal energy dissipated during the
heater experiments. In contrast to the tests in the cavity
no heat transfer through niobium did hinder the cool-
ing. Taking this into account, the heating powers in the
tests were even closer to the surface heat flux in the per-
formed cavity tests. Even if the presented results cannot
be directly transposed to cavity tests, at least they do
not provide any argument to support the hypothesis of a
heat wave propagating faster in helium than the standard
second sound wave.

As additional information, during these experiments
and for the highest levels of pulse energy, a cracking
sound was audible, even if not recorded or measured.
We identified this sound as the signature of a boiling as
the highest surface heat flux were much higher than the
reported literature data for the onset of boiling in super-
fluid helium [33]. Actually, boiling phenomena in similar
conditions have already been observed and recorded [34].
Thus it seems that heat wave propagation is still com-
patible with the second sound velocity even if boiling in
helium occurs.

(2)

Wstm’ed =

IV. PROPAGATION IN NIOBIUM

As the origin of the premature signals could not be
found to be caused by effects within the liquid helium,
an influence of the cavity itself seems likely. Two effects
come into mind to explain this. First, the quench prop-
agation within in the cavity could be the reason. Second
the heat transfer in the niobium itself could also cause
this.

The quench of a cavity is generally caused by a local
increase of the magnetic field on a small defect situated
on the inner surface of the cavity. This spot is heated
very rapidly, which causes the neighboring area to quench
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as well. This process continues until the heat input by
the stored energy in the cavity decreases below the value
of cooling by the surrounding niobium or helium. So the
heat source on the outer surface of the cavity is rather an
area, with a size depending on the dynamic heating and
the dynamic heat diffusion in niobium and superfluid he-
lium. Moreover, one can consider that the temperature
increase due to the heat flux diffuses faster in the nio-
bium than in helium, both due to the additional heating
as well as the high thermal diffusivity of superconduct-
ing niobium. While both processes will certainly play a
role, it is likely, that the rapid signal propagation will be
dominated by the occurring quench phenomena.

A. Probing fast signal propagation in niobium

The signals arriving on an OST are the combination
of second sound waves arriving directly from the quench
position, and second sound emitted from other positions
on the cavity. The very first signal arriving on the OST
will be detected, but it could be "emitted” by one of
these positions rather than by the quench point itself.
This situation has been discussed by Eichhorn et al. in
a 2D case [16]. It is illustrated in 3D in Figure 15, with
an isotropic spread of the heat flux in the niobium. The
heat spot limit is represented by the dotted points, each
colored set corresponding to a given time after the begin-
ning of the quench at the niobium surface. All the points
of one color are situated at the same distance, on the
cavity surface, from the quench point. Figure 16 shows
the different signals arriving on an OST, represented by
a dark dot. The yellow line corresponds to a signal arriv-
ing directly from the quench location (large pink point)
while the red and green lines show the signals arriving
from two different points on the cavity surface.

FIG. 15. Limit of the quench spot at different times (each
time corresponds to a color). The large pink point is the
quench position and the large dark points represent OSTs.

To obtain the time of arrival, a minimization of the
propagation in helium and in niobium has to be per-
formed. This was implemented in Mathematica code.
The velocity of the heat signal was fixed to 20 m/s in
helium and to 70 m/s in niobium. Using a constant
propagation velocity in niobium does not capture the un-
derlying physical processes. These are highly dynamic
and include many influencing factors, mainly the quench
propagation and the thermal diffusion. Using a velocity

FIG. 16. Trajectory of the heat flux signal from quench spot
(large pink point) to OST (large dark point) for different com-
bination of heat transport in niobium and helium.

to describe the processes in niobium was originally meant
as an example calculation [34]. It is based on simulated
results in [15]. This approach was shown to match real
systems surprisingly well as shown in [16].This is the rea-
son, why the signal propagation in niobium is represented
by this velocity.

This minimization was applied to the geometry of the
measured cavities. The results are given in Figure 17,
together with a summary of the data from Figure 5 giving
results within direct line of sight propagation.

‘' _ L L

test 1

1st OST
Time difference [ms]

test 2 test 3 test 4 test 5

2nd OST
Time difference [ms]

test 1 test 2 test 3 test 4 test 5

FIG. 17. Difference between calculated and measured times
of arrival of the 2nd sound signal on the two closest OSTs
from the quench location at 1.7 K. Calculation with direct
line of sight hypothesis (blue) and calculation with the mixed
niobium/helium heat propagation model (green).

It can be seen that the calculation from this niobium-
helium transport model reduces the error quite consid-
erably for all measurements. It fits particularly well for
cavity A with the measurements for the first OST and
with an error less than 10% for the second OST. In this
case this model could describe the measured times of ar-
rival. However, this model does not work as good for
cavity B, where the difference between measurements and
calculation is still quite large.

Moreover this niobium-helium transport model has
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also been used for calculation with varying temperature
and compared to the experimental results for test 4 with
cavity B. Results are shown in Figure 18 and Figure
19. In the whole temperature range of investigation this
model reduces the error compared to the direct line of
sight propagation calculations, but the differences keeps
quite large: around 30% for the 1%* OST and around
-10% for the 24 OST.

12
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Time of arrival on OST [ms]

2

1.8 1.9

Temperature [K]

2.1

FIG. 18. Time of arrival on first (red) and second (green) OST
with varying temperature for Test 4 (cavity B). Experimen-
tal data (points with error bars), calculated data with direct
line of sight propagation (solid line) and with niobium-helium
transport model (dashed line). The shaded area represent the
error on calculation due to geometrical measurements uncer-
tainties.

The difference between cavity A and cavity B could be
explained by a number of reasons. The quench was lo-
cated at different spots on the cavity. While in cavity A,
the spot was on the equator, which is the region with the
highest magnetic field on the inside, the spot on cavity B
was in a lower field region (Figure 3). The different spots
will cause different patterns of quench propagation in the
cavity. Another reason could be the different accelerat-
ing field in the cavities during the quench. In cavity B
it is considerably higher, corresponding to an increase of
30% of the dissipated energy for 34 MV /m and 50% for
37 MV /m. These differences will lead to different average
velocity of the temperature signal in niobium. As this ve-
locity was just based on a number of assumptions, it is
not surprising that the model is not an exact fit. Nev-
ertheless this model gives an improved prediction of the
time of arrival of the temperature signal. From these cal-
culation it seems likely that the fast signal propagation
in the niobium causes the premature signals.

V. CONCLUSION

In this paper the surprising effect of premature second
sound signals in quench localization studies has been de-

10
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1.71K 1.77K 1.8K 19K 203K 21K
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FIG. 19. Difference between calculated and measured times
of arrival of the 2"¢ sound signal on the two closest OSTs
from the quench location with varying temperature for Test
4. Calculation with direct line of sight propagation (blue) and
calculation with the mixed niobium/helium heat propagation
model (green). At 2.1 K the reference measured value is the
average between the two real measured values shown in Figure

18

scribed and experimentally shown. This was confirmed
by the combination of OST and temperature mapping
measurements on two different cavities. These measure-
ments allowed to test different ideas on the origin of this
effect. The pure second sound propagation via the direct
line of sight from a localized quench spot was used as a
starting point.

Two hypotheses were suggested to explain the early
arrival of the second sound signal. A faster signal propa-
gation in helium was probed in a dedicated experiment,
where a heater with input power up to 1.5 kW, flux power
to 4.3 kW /cm? and energy 2.8 J was used to simulate
the quench spot. Such amounts of power of energy had
never been reached in similar measurements. However,
no faster signal propagation could be found under these
conditions, which are lower than in actual cavities, but
in a relevant regime. Propagation in niobium was probed
by a model, which was used to evaluate the quench tests
with the cavities. This model was based on a number
of assumptions. Although these assumptions were quite
broad, a considerable improvement on the prediction of
the time of arrival for the second sound at the OSTs could
be obtained. It can be concluded, that while a fast signal
propagation in helium seems very unlikely, the processes
in the niobium are likely to induce the described effect.
It is assumed that the quench propagation on the inner
cavity wall and the thermal diffusion in the niobium are
the main cause, in the case of quenching cavities.
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Conclusion and perspectives

In this report, I have given an overview of my research and development activities. The general
purpose is to provide knowledge and solutions to improve the efficiency and performance of radio
frequency (RF) structures for particle accelerators. I have participated to various activities,
involving many fields of physics: electromagnetism, magnetics, mechanics, heat transfer science,
solid-state physics and quantum physics, the list being non exhaustive.

A large part of my activity is related to the development of superconducting cavities, from
design to tests, and involves elliptical cavities and half wave resonators, as well as associated
elements, like power couplers. For the elliptical cavities of the ESS high energy linac, the
design was driven by the high gradient target, leading to RF field minimization of the cavity
surface, and by the operation in pulsed mode, requiring the minimization of the Lorentz force
detuning by appropriate mechanical design. Those cavities were successfully tested in dedicated
cryostats [WAB23| and during cryomodule operation [Pig+23|. The next milestone is the proton
acceleration, foreseen at Lund in 2025, aimed to lead to the most powerful pulsed neutron source
in the world.

The half wave resonator for the IFMIF /DONES high beta cryomodule was designed, aimed
to accelerate a high current in continuous mode, requiring hundreds of megawatts of radiofre-
quency power [Kro+21|. The first prototype has demonstrated the achievement of the RF
specifications. Now, mechanical studies are ongoing for ensuring cavity integrity in operation
and frequency tuning [Plo22]. The power coupler must be able to transfer the large amount of
radio frequency power, and upgrades are already being developed, in particular the implemen-
tation of a polarization setup for minimizing the risk of multipactor [Dev22|. The whole cavity,
tuner and coupler setup, as well as the solenoid package, must also be integrated inside the
cryomodule [BC21|. The IFMIF/DONES facility is aimed to provide a 125 mA deuteron beam
at 40 MeV for neutron acceleration, and the construction phase has started in 2023 [IFM23].

I have dedicated a large part of my work to the design and fabrication of many magnetic
shields. I have acquired an expertise in this domain which has led to the optimization of
magnetic shielding development, and I have shared this experience in the SRF community
in multiple occasions [Lax13|[Plo+15|. I am fully associated to the general development of a
strict magnetic environment management, "magnetic hygiene", which becomes more important
with the search for high gradients with low losses [DI67||[Cha+16]. CEA is still involved in
new cryomodule developments, like IFMIF/DONES and PIP-II, where this knowledge will be
applied, from the selection of materials to the degaussing of cryomodules.

Limiting trapped flux, besides decreasing the background magnetic field, is obtained by flux
expulsion from the superconducting material during cavity cooldown below transition temper-
ature. Flux expulsion is now explored in most of the SRF labs |[Rom-+14; [Pos+16; Kubl16}
VKK13|, aiming to provide specific cooldown time and spatial parameters for cavity operation
in cryostat and in cryomodule.

Ongoing accelerator projects require improving performance for the superconducting cavi-
ties. High quality factors are expected for the PIP-II proton beam accelerator (2 10'° at nearly
18 MV /m |Leb15]), and for the free electron laser SHINE (2.7 10'° at 16 MV /m |Zon+23]). The
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International Linear Collider (ILC) aims operating at nominal average gradient of 31.5 MV /m
with quality factor at least 10'° |Teal. In the baseline concept of a muon collider, the acceler-
ation stage of the high energy complex requires energy gain of 10 GeV per turn, provided by
very high voltage superconducting cavities.

The increase of superconducting cavity performance requires progressing in all steps from
design to fabrication and preparation. Cavity design is aimed to use new optimization tech-
niques, able to focus on accelerating field maximization or RF losses minimization, depending
on the needs [SY23|. Huge progress are ongoing all around the world on niobium sheets pro-
duction [Myn+23|, cavity surface preparation and heat treatment [Pos-+20| [Pad23|. They tend
to limit the cause of radiofrequency heating in the material, and limit the phenomena of field
emission by the cavity walls. These efforts are coupled with the development of dedicated
diagnostics able to detect, understand and cure the phenomena leading to flux trapping, field
emission or temperature increase.

The muon cooling complex of a future muon collider will require normal conducting cavities
able to achieve gradients of at least 30 MV /m while being placed in magnetic fields of 13 T
or more. Studies are needed for the comprehension of the intrinsic concepts that influence
the breakdown rate of RF cavities submitted to strong magnetic fields and to find mitigation
solutions. The coupler design and the RF distribution must allow optimization of the RF
coupling from power sources to the muon beam. Strong transient beam loading effects, as well
as strong wake field effects due to the very high intensity of the muon bunches will also have
to be addressed in the cavity optimization and possibly requires HOM couplers.

Finally, the future accelerators projects will require high amount of power from their ra-
diofrequency sources, and improving the energy efficient conversion from grid power into RF is
a key aspect for their sustainability over the long term. While the development of solid-state
high power amplifiers offers new possibilities [Mon22|[Ned+23|, vacuum tubes like klystrons will
still play a main role. Improving efficiency requires many studies with dedicated simulation
codes and optimization techniques, as well as a large effort in the fabrication process to offer
reliable solution.
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Title: From Radio-Frequency sources to particle beam: optimisation of RF power transfer for acceler-

ating cavities

Abstract: Radiofrequency cavities are a funda-
mental element of particle accelerators, since they
transfer the radiofrequency energy generated by
power sources to a particle beam. This disserta-
tion presents my contribution to the design, fabri-
cation, preparation and operation of such cavities,
destined to some of the main today and future ac-
celerator projects in the world. The development
of superconducting cavities for ESS, with elliptical
shape, and for IFMIF/DONES, with half wave res-
onator shape, is detailed. | give a focus on the mit-

igation of radiofrequency losses in niobium, due to
the surrounding magnetic field trapping in the ma-
terial. My contribution to the power transfer opti-
mization also resulted in studies on high efficiency
klystrons, used as radiofrequency power source for
cavities, with the design, fabrication and test of a
klystron based on the kladistron principle. Finally,
| present the work carried out on diagnostic tools,
essential for cavity operation and for R&D further
development.

Titre: Des sources Radio Fréquence au faisceau de
RF pour les cavités accélératrices

Résumé: Les cavités radiofréquence sont un élé-
ment fondamental des accélérateurs de particules,
puisqu’elles transférent I'énergie radiofréquence
générée par les sources d’énergie a un faisceau de
particules. Ce mémoire présente ma contribution a
la conception, a la fabrication, a la préparation et 3
I'exploitation de telles cavités, destinées a certains
des principaux projets d’accélérateurs actuels et fu-
turs dans le monde. Le développement de cavités
supraconductrices pour ESS, de forme elliptique,
et pour IFMIF/DONES, de forme résonateur demi-
onde, est détaille. Je décris également mon travail

particules : optimisation du transfert de puissance

sur |'atténuation des pertes radiofréquences dans le
niobium, dues au piégeage du champ magnétique
environnant dans le matériau. Ma contribution a
I'optimisation du transfert de puissance a égale-
ment donné lieu & des études sur les klystrons 3
haut rendement, utilisés comme source d'énergie
radiofréquence pour les cavités, avec la concep-
tion, la fabrication et le test d'un klystron basé
sur le principe du kladistron. Enfin, je présente les
travaux réalisés sur les outils de diagnostic, essen-
tiels pour le fonctionnement des cavités et pour le
développement futur de la R&D.
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