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UNIVERSITAT AUTÒNOMA DE BARCELONA

Abstract

Department of Physics

Institut de Ciència de Materials de Barcelona (ICMAB-CSIC)

Doctor of Philosophy

Hybrid Cu-HTS Coating for CERN’s Future Circular Collider Beam Screen

by Guilherme Theophilo TELLES

The Future Circular Collider (FCC) is the next generation particle collider proposed by the European Organization
for Nuclear Research (CERN) as the successor of the current world’s most powerful accelerator, the Large Hadron
Colider (LHC). The FCC Feasibility Study counts with more than 150 entities worldwide to evaluate the suitability
of this new machine, aiming for collision energies of 100 TeV, more than seven times those currently reachable at the
LHC. Researchers hope that the data generated in such collisions sheds some light onto mysteries of the universe such
as the matter-antimatter asymmetry, dark matter and dark energy, and the hyerarchy problem.

In high-energy circular colliders such as the FCC, a series of powerful superconducting magnets is responsible for
maintaining the particle beam in a stable orbit. To protect these magnets from the synchrotron radiation emitted by the
beam, a stainless steel structure is interposed between the beam and the magnets to absorb the radiation, the so-called
beam screen. However, to ensure that the beam orbit is not disturbed, it must present a low surface impedance without
affecting the surrounding magnetic field above acceptable levels. For this reason, in the LHC, the stainless steel beam
screen is coated with a copper layer. On the other hand, the higher operation temperatures of the FCC beam screen,
between 40 and 60 K, might result in an exceeding surface resistance coming from the copper coating.

To mitigate this, the Superconducting Materials and Large Scales Nanostructures (SUMAN) group at the Institute
of Materials Science of Barcelona (ICMAB - CSIC) has been studying since 2017, in a collaboration with CERN, the
viability of adopting Rare Earth-Ba2Cu3O7−δ (REBCO) High Temperature Superconductors (HTS) as an alternative
coating for the FCC beam screen. More specifically, a hybrid REBCO-Cu coating is proposed as a means to decrease
the overall surface resistance of the beam screen while preserving high magnetic field quality inside the vacuum
chamber of the FCC.

In this thesis, we investigate the behavior of the hybrid-coated beam screen under the operating conditions of the
FCC. Finite Elements Method (FEM) numerical analysis is employed to evaluate its electromagnetic and thermome-
chanical response to the magnetic fields of up to 16 T of the bending and focusing magnets as well as the AC magnetic
field generated by the beam itself. The extreme scenario of a dipole magnet quench and its repercussions in the beam
screen is also considered. Coating techniques based on REBCO Coated Conductors (CC) have been developed and
laboratory scale samples of the hybrid coating have been produced, as well as an early prototype for the coated beam
screen.
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Chapter 1

Introduction

In particle accelerators, high energy particles such as electrons and protons are brought to velocities close the speed of
light and collided against each other, breaking down into their most fundamental constituents. The repeating collisions
carried out over the course of years in these colossal machines provide scientists with the data they need to eventually
discover new fundamental particles and their properties, filling piece by piece the Standard Model of particle physics
[1].

Currently, the world’s largest and most powerful particle accelerator is the Large Haldron Collider (LHC), belonging
to the Accelerator Complex of the European Organization for Nuclear Research (CERN). In this circular accelerator,
8 cm long particle bunches containing 1011 charged particles are submitted to three external influences responsible for
preserving their trajectory, all of them produced by superconducting devices: sixteen radio-frequency (RF) cavities
accelerate the particles by submitting them to an alternating electromagnetic field that propels them forward; the
Lorentz force generated by 1232 dipole magnets steers them in a circular path; and hundreds of focusing magnets
converge the particle beams [2, 3]. Two particle beams are accelerated in opposite directions in two adjacent circular
paths with periodic cross-over sections where the beams can interact with each other and some of their particles collide.
These interaction points are the locations of the LHC detectors, namely ALICE, ATLAS, CMS and LHCb, which track
the particles resulting from the collisions and gather the data necessary for analysis.

With a total circumference of around 27 km and operating under a dipole field of up to 8.33 T at top energy, the
LHC achieves center-of-mass collision energies of 14 TeV, allowing for discoveries such as, and most remarkably, the
Higgs Boson, whose interaction with matter particles is responsible for giving them mass [4–6]. The range of possible
particles to be discovered, however, is tightly correlated with the achievable collision energies. Therefore, in order to
branch up to new particles and physics, new energy levels must be accomplished. Since the particle collision energy
is proportional to the accelerator circumference and the dipole magnetic field, a next generation particle accelerator
would have to attain higher values for one or both characteristics [7, 8].

1.1 The Future Circular Collider

The Future Circular Collider (FCC) is CERN’s response to this need in the form of a collaboration study counting
with more than 150 member entities all over the world. It aims to assess the feasibility of said next generation particle
accelerator, which would operate under a 16 T dipole field at top energy and a circumference of 91 km, as depicted in
Figure 1.1. This means reaching collision energies of roughly 100 TeV, that is, more than seven times those currently
achieved at the LHC, possibly shedding some light into new fundamental particles, as well as today’s frontier subjects
such as dark matter and dark energy [9].
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FIGURE 1.1: Schematic map of the planned location for the Future Circular Collider. This image is a
courtesy from CERN.

It is no surprise that such improvements in performance introduce several new challenges. Most relevant for this
work are the higher magnitudes of synchrotron radiation generated in the FCC. In circular accelerators such as the
LHC and the FCC, when the charged particles are steered in a circular path under a perpendicular magnetic field, syn-
chrotron light is emitted tangentially to the beam. In the LHC, the superconducting Nb-Ti magnets on the surrounding
regions operate at 1.9 K, and must be shielded from this radiation in order for the temperature to be preserved. The
device responsible for this is the beam screen, which consists of a stainless steel pipe surrounding the beam orbit and
intercepting and absorbing the heat which would otherwise reach the magnets. The LHC cooling system keeps the
beam screen and the vacuum chamber surrounded by it between 5 and 20 K. In the case of the FCC, on the other
hand, the synchrotron radiation is so high (160 higher than in the LHC) that the cooling power to maintain such low
temperature would be unfeasible [10]. Therefore a new target operating temperature of 50±10K was set [11].

In both cases, the small radius of the vacuum chamber results in a strong electromagnetic coupling between the beam
and the beam screen, in the form of the wake fields and image currents induced by the travelling charged particles.
This electromagnetic (EM) interaction, defined by the coupling impedance between the beam and the beam screen,
can introduce instabilities to the particles’ motion, causing them to lose their orbit and miss collision or even to hit
the surrounding structure. To avoid this, it is important that the beam screen’s internal surface is coated with a highly
conductive material, since the coupling impedance is directly proportional to the surface impedance of the material. In
the LHC, the stainless steel beam screen is covered by a 50 µm copper layer. Due to the higher operating temperatures
of the FCC, however, the surface impedance of copper may increase above acceptable values. As a means to solve this
issue, the usage of high temperature superconductors (HTS) is proposed [12, 13].
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1.2 Superconductors: a low surface impedance coating

Superconductors are materials that, under certain critical field and temperature values, can transport high electric
current densities with no energy dissipation. Many HTS, in particular, can do so in temperatures higher than the boiling
point of liquid nitrogen (LN2), compared to low temperature superconductors (LTS), whose critical temperature often
sits in the range of a few K above absolute zero. Additionally, HTS such as Rare Earth-Ba2Cu3O7−δ (REBCO)
are capable of preserving superconductivity even at very high magnetic fields of up to more than 100 T. This wide
operating ranges of temperature and magnetic field makes them suitable for such highly demanding applications as
the FCC.

1.2.1 History of Superconductivity

The first occurrence of superconductivity was reported in 1911 as the researchers of the Leiden Laboratory, in the
Netherlands, studied the behaviour of mercury in cryogenic temperatures [14, 15]. The liquefaction of helium,
achieved two years prior in the same laboratory, allowed them to reach for the first time temperatures under 4 K,
breaching a new frontier in cryogenics, and revealing startling new material properties.

The team, led by the dutch scientist Heike Kamerlingh-Onnes, noticed that once a temperature of around 4.2 K was
reached, the electric resistance of the material, which behaved as a standard metal until then, would abruptly drop to
zero. To confirm this, they then made current flow through a loop of cooled mercury. Contrary to normal conductors,
where the current would quickly vanish due to their electric resistance, the current persisted indefinitely, as long as the
material remained below the transition temperature, or critical temperature Tc.

This unexpected discovery earned Onnes the Nobel prize in 1913 [16] and launched the field of superconductivity.
Over the span of little more than a century, it developed from the study of a barely know property of a small selection
of materials, to complex material engineering with a growing range of industrial and research applications.

Although the results published by Onnes sparked interest from the scientific community, the following couple of
decades saw no great advancements concerning superconductivity. A basic theory would remain unformulated for
several years despite the many attempts to understand the phenomenon in the first half of the century. It was only in
1933 when some new light was shed onto the subject. Until this point, it was believed that superconductors behaved as
perfect conductors. Therefore, when exposed to an external field and then cooled below its critical temperature (Field
Cooling - FC), Faraday’s law should ensure that, at any subsequent point in time while T < Tc, the internal field in the
superconductor be equal to the external field at the moment of transition. This was put to the test when Meissner and
Ochsenfeld conducted an experiment that revealed that, under these conditions, the superconducting material would
instead shield its interior, expelling all magnetic field [17, 18]. In other words, it behaved as a perfect diamagnet, with
zero permeability.

In the following year, Gortor and Casimir proposed the two-fluid model, which introduces a combination of electron-
like quasiparticles and a superfluid condensate of electrons instead of normal electrons as the charge carriers inside a
superconductor [19]. This model can be used in combination with other models to predict the behaviour of supercon-
ductors under certain conditions, such as under RF field excitation, as examined in section 2.2. In quick succession,
the brothers Heinz and Fritz London formulated what is later known as the London theory, according to which the
Ohm’s law is replaced by two constitutive relations for superconductors, that relate the superconducting current to the
magnetic and electric fields [20, 21]. From this relationship, they were able to explain both Onnes’s zero resistance as
well as Meissner-Ochsenfeld’s perfect diamagnetic effect. The latter is made possible by a current flowing within a
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certain depth from the surface of the superconductor in such a way to oppose the external magnetic field. This region
of current flow is defined by the London penetration depth λL.

In 1950, the combined experiments of E. Maxwell and C. A. Reynolds with mercury isotopes showed that there
was a correlation between the critical temperature of a superconductor and the mass of its constituent element [22,
23]. Two months later, this was further explored by H. Frölich, by proposing that superconductivity was created by
the interactions between lattice vibrations and electrons [24].

In the same year, V. Ginzburg and L. Landau worked to fill the gaps of the London theory, by accounting for the
surface tension between normal and Meissner states as well as the transition out of Meissner state due to an excessive
magnetic field or electric current [25]. The Ginzburg-Landau theory introduces the concept of coherence length ξ and
the Ginzburg-Landau parameter κ = λL/ξ , which relates to the surface energy and is later used to differentiate the
two types of superconductor, as discussed in subsection 1.2.2.

It was only in 1957, almost five decades after the discovery of the phenomenon, that a microscopic theory of
superconductivity was proposed in the form of the BCS theory, formulated by John Bardeen, Leon Cooper, and
John Robert Schrieffer, earning them the Nobel prize in Physics 15 years later [26, 27]. According to the authors,
superconductivity is a result of the bonding of pairs of electrons into what is known as Cooper pairs. When one
electron moves through the lattice, it attracts the surrounding positive charges, which in turn attract the second electron.
This vibration in the lattice is therefore the mediator between the two electrons in a Cooper pair, and the resulting
interaction force surpasses the Coulomb repulsive force between the two electrons. Due to the amount of Cooper pairs
in a superconductor, they strongly overlap, forming a Bose condensate. This means that any disturbances to individual
pairs changes the energy of the whole condensate, which in turn implies that only energy values that are high enough to
break the entire condensate can break any of the cooper pairs, allowing them to flow without experiencing resistance.
The theory confirms claims that were made in the previous theories, such as the correlation between Tc and the isotopic
mass, the lattice vibrations being the cause of superconductivity and the transition from normal to Meissner state being
a second order phase transition.

For a while, the BCS theory was considered by many as the final theory to encompass all superconductors, and
that the phenomenon was finally and completely explained. The perception on the matter changed completely when,
in 1986, Bednorz and Müller discovered lanthanum oxides that exhibited superconducting behaviour occurring in
temperatures higher than those believed possible according to the BCS theory [28]. This announcement, met with
skepticism by experts in the area, represented the first step in the investitagion of HTS, many of which present Tc

above the boiling point of nitrogen (77 K), a much more abundant, cheaper, and easier to use coolant. In particular, the
layered, anisotropic REBCO ceramic materials are the main focus of this work, with strong superconducting properties
and commercially available in the form of coated conductors.

1.2.2 The two types of superconductors

Superconductors can be classified with regards to the interface between normal and superconducting regions as type
I (or conventional or soft) and type II (or unconventional or hard) superconductors. This can be quantified in the
Ginzburg-Landau parameter κ , depending on whose value the superconductor will have different behaviours.

In type I superconductors, with κ < 1/
√

2, the interface between normal and superconducting regions shows pos-
itive surface energy, which means that the minimum energy state corresponds to having a single interface. In other
words, The Meissner state encompasses the entirety of the material, locally transitioning to the normal state within the
London penetration depth λL from the surface of the material. In addition to the limiting critical temperature Tc, su-
perconductivity in only maintained under a magnetic field smaller than Hc, the critical magnetic field intensity.
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On the other hand, type II superconductors can often be found in a mixed state, with κ > 1/
√

2 and negative
interfacial surface energy, meaning that the minimum energy state corresponds to maximizing the interface between
superconducting and normal regions [29]. Therefore type II superconductors have two critical fields: Hc1, the threshold
between Meissner and mixed state; and Hc2, marking the transition to normal state. The phase diagram for both types
of superconductors is shown in Figure 1.2

(a) (b)

FIGURE 1.2: Phase diagram of the two types of superconductors: (a) Type I, with normal and Meissner
states; and (b) Type II, with mixed state as well. Figure adapted from [30].

In practice, this means that, while type I superconductors expel the entirety of the magnetic field applied to them
from their interior, type II superconductors in the mixed state have normal-conducting regions in them to maximize
the interface, allowing for some of this magnetic field to flow through the material. This magnetic field is produced by
circular currents surrounding the normal regions. Each of these so called vortices only allows for a specific amount of
magnetic flux to penetrate: the magnetic flux quantum Φ0 =

h
2e ≈ 2.07×10−15 Tm2, but the combined contributions

of all the vortices summ up to the original field the superconductor was exposed to, minus any decay due to energy
dissipation. The behaviour of the two types of superconductors is shown in Figure 1.3.

In homogeneous materials, the Lorentz forces between the superconducting currents Jsc and the magnetic fields B
of the different vortices, given by

fL = Jsc ×B , (1.1)

cause them to arrange in a hexagonal grid, also known as the Abrikosov vortex lattice [31] with side length a∆ given
by [32]

a∆ =

√
2√
3

Φ0

µ0H
, (1.2)

where µ0 = 4π ×10−7H/m is the magnetic permeability of vacuum.

It is interesting to note that a∆ decreases as the field H increases, meaning that the vortex density ηv =
µ0H
Φ0

increases
with the field. A comparison between the superconducting currents and the resulting magnetic field distribution in both
mixed and Meissner states is presented in Figure 1.4, with details regarding the Abrikosov vortex lattice.

More often than not, however, superconductors are not perfectly homogeneous, presenting small defects such as
impurities in the material, stacking faults or grain or twin boundaries. Since superconductivity is already locally
broken within these imperfections, it is energetically favorable for the vortices to envelop these normal zones, which



6 Chapter 1. Introduction

FIGURE 1.3: Behaviour of the two types of superconductors when submitted to field cooling. Type
I shields the magnetic field in its interior; Type II maintains the internal field equal to the one it was

exposed to during cooling.

(a) (b)

FIGURE 1.4: Magnetic field and current distribution inside a superconductor. (a) Meissner State:
superconducting currents flow within λL from the edge, shielding the interior from the external magnetic
field and minimizing interface; and (b) Mixed State: superconducting currrents also flow in the interior

of the material, creating vortices, which arrange according to the Abrikosov vortex lattice.
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then act as pinning centers to the vortices, holding them in place with the pinning force,

fp = Jc ×B , (1.3)

where Jc is the critical current density. If the superconducting currents Jsc induced by external influences such as
imposition of current or a varying external magnetic field are below Jc, the Lorentz force is smaller than the limiting
pinning force, and the vortices are kept in place. On the contrary, if Jsc > Jc, then the resulting force is larger than zero
and the vortices move, creating an electric field and causing energy dissipation inside the material. Therefore, although
Jc is not a hard limit to superconductivity, it is associated with a dissipative scenario inside the superconducting state,
which is often seen as a practical limit for most applications.

While the mixed state is limited by the two critical fields Hc1 and Hc2, there is a stricter practical limit to be
considered. The temperature-dependent irreversibility field or irrevesibility line Hirr(T ) sets the limit up to which
the vortex lattice behaves as a solid [33]. Past this point, thermal energies are enough to melt the lattice, which in
turn behaves as a liquid, which can no longer be pinned. The loose interaction between vortices allows for relative
movement, causing the material to shift to a dissipative state.

To prevent the movement of vortices, controlled defects are artificially introduced to the material, shifting the
irreversibility line and increasing the pinning force and, consequentially, the critical current density [34–36]. This
allows for higher currents to flow without losses in the superconductor, increasing the range of applications for which
these materials are suited.

1.2.3 REBCO Coated Conductors

Rare Earth-Ba2Cu3O7−δ (REBCO) cuprates are ceramic materials belonging to the type II superconductor family.
Among these, YBa2Cu3O7−δ (YBCO) was the first HTS to be discovered with Tc above the boiling point of liquid
nitrogen (Tc > 77K) [37]. Their complex perovskite crystal structure, shown in Figure 1.5, revolves around a central
rare earth atom with stacked layers of CuO2, BaO and CuO1−δ above and beneath it [38]. The oxygen content of
CuO1−δ layer, defined by the oxygen deficiency δ , affects the REBCO crystal structure and therefore its material
properties [39]. For 0.65 < δ ≤ 1, the oxygen atoms randomly occupy about half the vacancies in the CuO1−δ layer,
resulting in a tetragonal structure and presenting insulating behaviour. On the other hand, if 0 ≤ δ < 0.65, the oxygen
and copper atoms form chains along the b-axis, resulting in an orthorhombic structure, and enabling superconducting
properties [40].

Even when exhibiting the orthorhombic structure, the material properties of REBCO are very sensitive to the oxygen
deficiency in the CuO1−δ planes, since it influences the density of holes in the oxygen sites of the CuO2, which in turn
act as carriers for electric current. Therefore, superconductivity emerges from the combined contributions from both
the CuO1−δ and CuO2 layers. Furthermore, due to the high anisotropy of REBCO, its properties vary significantly
when examined along the plane of the aforementioned layers, the ab-plane, or along the normal direction, the c-axis.
For instance, the critical current density along the ab-plane is much larger than its counterpart along the c-axis.

Due to the heavily layered, anisotropic structure of REBCO, it is important not only to optimize its oxygen defi-
ciency δ , but also to ensure a biaxially oriented epitaxial growth in order to maximize its superconducting properties.
To achieve this biaxial alignment in the production of long conductors, two methods can be used: Ion-Beam-Assisted
Deposition (IBAD) [41] and Rolling Assisted Biaxially Textured Substrate (RABiTS) [42]. The former consists on
depositing an oxide layer, usually MgO, onto a polycristalline alloy such as stainless steel or Hastelloy®, while simul-
taneously inducing a biaxial texture with an ion beam. In the latter, a metallic substrate is rolled so that the desired
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FIGURE 1.5: Crystal structure of Rare Earth-Ba2Cu3O7−δ (REBCO) ceramic superconductors.

biaxial texture is induced directly onto it. In either method, the oxide buffer layers added onto the substrate are respon-
sible to enhance the texture needed for the subsequent growth of REBCO and to avoid chemical cross-contamination
between the REBCO layer and the substrate. Finally, the REBCO is grown on top of the buffer layers, which can be
accomplished via several techniques, such as Pulsed Layered Deposition (PLD) [43], metal-organic Chemical Vapour
Deposition (MOCVD) [44] and Chemical Solution Deposition (CSD) [45], among others. The resulting supercon-
ducting films are grown to thicknesses of one micron and beyond and are capable of transporting electric currents of
up to hundreds of amperes with no losses.

As a consequence of the automated and reproducible application of these texturing and growth methods, commer-
cially available REBCO films most commonly take the shape of multi-layered structures called second generation HTS
tapes or Coated Conductors (CC). These tapes are highly homogeneous over lengths of hundreds of meters [46–48]
and are made available by several providers, such as Fujikura Ltd., SuNAM Co. Ltd., Faraday Factory Japan LLC,
SuperPower Inc. and THEVA Dünnschichttechnik GmbH, which are collaborators in this project, providing samples
for electromagnetic and thermomechanical characterization.

Figure 1.6 shows the multi-layered structure of a coated conductor. Additionally to their purpose with respect to
REBCO growth, the metallic substrate (50 to 100 µm) and the stack of oxide buffer layers (≈ 0.2 µm) also provide
mechanical robustness and chemical stability. Surrounding these layers, a silver (≈ 2 µm) and copper (≈ 20 µm)
envelope protects the REBCO from humidity and other external influences, as well as serving as an electric shunt and
thermal dissipator without hindering the electric and thermal contact of the superconducting film.

Althoguh the REBCO layer corresponds to only around 1% of the thickness of the coated conductor, CC’s can still
achieve very high critical current (Ic) values due to the high Jc of these materials:

Ic =
∫

Scs

Jc dS , (1.4)
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FIGURE 1.6: Multi-layered structure of the coated conductors. The 1 to 3 µm REBCO layer is grown
on top of a thick metallic substrate covered by oxide buffer layers, and the whole structure is surrounded

by an envelope of silver and copper. Figure adapted from [49]

where Scs is the cross-section area of the REBCO layer. Even so, it is of great interest to increase the engineering
critical current density

Je =
Ic

Scc
, (1.5)

where Scc is the cross-section area of the entire coated conductor, either by increasing the critical current density or
the thickness of the REBCO film, or by decreasing the total thickness of the coated conductor, resulting in a more
commercially attractive electric conductor for many applications.

Coated conductors were extensively characterized in magnetic field, temperature and RF frequency conditions sim-
ilar to those defined for the FCC [12, 13, 49–55], showing surface resistance values much lower than copper even at
high magnetic fields, and surface reactance of the same order of magnitude as copper’s. Their high electromagnetic
properties, large-scale availability and versatility sets coated conductors as promising candidates for several applica-
tions, especially for high field magnets and high energy physics. In this work, coated conductors are a fundamental
piece of the hybrid coating solution for the field quality and surface impedance requirements of the FCC-hh’s beam
screen.

1.3 Objectives and Outline

Having set the context for the hybrid REBCO-Cu coating as a means to reduce the surface impedance of the FCC beam
screen, the first goal of this work is to determine the best geometry for the coating that fulfills not only the field quality
and surface impedance criteria, but also that is compatible with other requirements such as thermal and mechanical
stability. This is done by the means of finite elements numerical analysis which consists of H-formulation of the
electromagnetic equations applied to superconductors, coupled with thermal and mechanical physics. The simulation
results explore a wide range of geometries and operating scenarios and are corroborated by experimental data that
validate the model and the methods.

In addition, this work develops the techniques necessary to realize the attachment of the REBCO segments to the
beam screen, as well as the striation process to produce the envisioned hybrid coating. In particular, the method of
delamination to peel off the unnecessary layers and reveal the REBCO layer of the coating is discussed. This thesis is
organized as follows:
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• Chapter 2 summarizes the most relevant concepts of superconductivity, and especially how superconductors
behave in DC and radiofrequency magnetic fields. Fundamental concepts of particle accelerators and magnetic
field optics are also discussed.

• Chapter 3 encompasses the experimental methods used for soldering, delaminating and striating coated con-
ductors onto flat and curved surfaces, in order to produce the hybrid REBCO-Cu Coating for the FCC beam
screen, among other devices. In addition, the microscopy techniques employed to analyse the resulting coatings
are discussed.

• Chapter 4 discusses the model and results of numerical simulations of the electromagnetic behaviour of the
hybrid coating when submitted to the dipole field of the bending magnets. The numerical results are used to
narrow the possible geometries of the coating with regards to field quality. Magnetization and surface resistance
measurements of samples that comply with the field quality criterion imposed by CERN are used to validate the
model and to show that both field quality and surface resistance criteria can be met simultaneously.

• Chapter 5 expands the electromagnetic simulations into other field configurations. The field harmonics pro-
duced by the hybrid coating in a quadrupole field are studied and the effects of having a misaligned beam screen
are discussed.

• Chapter 6 extends the simulation results to consider thermal effects due to beam-induced resistive wall heating
and syncrhotron radiation, as well as dipole field-induced joule heating. In addition, the mechanical stresses
produced by Lorentz forces are analysed in order to verify if the coating can endure the conditions of the FCC
during normal operation.

• Chapter 7 addresses the behaviour of the coated beam screen when the superconducting dipole magnets suffer a
quench. The very high induced currents and consequent joule heat and Lorentz forces are discussed, evaluating
the risk of thermal or mechanical damage to the coating.

• Chapter 8 brings to discussion possible consequences of tranverse current flow through the metallic structure
of the beam screen. Analytic calculations and numerical analysis are performed in a simplified geometry to
evaluate how this effect might impact the field quality in the vacuum chamber.

• Chapter 9 develops proof-of-concept devices of the beam screen coating employing the coating techniques
described in Chapter 3. In addition, the results of applying our coating technique to other devices are analyzed.

• Chapter 10 summarizes the the main results and conclusion of this thesis.
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Chapter 2

Theoretical Background

Superconductors are materials that can, under the appropriate conditions, conduct electric current without losses.
Their emerging properties, such as low surface impedance under radio-frequency (RF) electromagnetic fields, raise
them as promising candidates for a potential coating material for high-energy particle accelerators, in particular the
hadron-hadron collider mode of the Future Circular Collider (FCC-hh).

In this chapter, we review the most relevant models for superconductivity, with a particular focus on the electromag-
netic properties of superconductors under DC and AC fields. In addition, it is interesting to cover the basic operation
of circular accelerators, especially regarding the steering of the particle beam by the external bending and focusing
magnets, as well as the beam interaction with the surrounding environment.

2.1 Models for HTS

In this section, we discuss some of the models for HTS. These models describe the behaviour of these materials when
under an external continuous magnetic field or applied electric field or current. For this work, we take special interest
in how the resistivity of the material changes with the surrounding electromagnetic conditions.

2.1.1 The Bean Critical State Model

Introduced by C. P. Bean in 1962, the Bean Critical State Model gives a macroscopic explanation of the irreversible
magnetization behavior of hard Type-II superconductors [56]. It is particularly useful for semi-analytic calculations
or a quick assessment of the superconductor’s response to external excitation.

In type II superconductors, as the external magnetic field increases, vortices slowly penetrate the material, flowing
from its edges. As more and more vortices penetrate, the lattice is pushed inward, up to the point when the whole
material is filled. If the external field keeps increasing past this point, the vortex density will increase until supercon-
ductivity is broken.

From a macroscopic standpoint, the individual vortex contributions can be ignored so that we focus instead in the
current density that results from the vortex gradient in the material. In this case, a current density will start flowing
in the material in such a way as to generate a magnetic field that opposes the external field. As the external field
increases, the current will penetrate the superconductor more and more, spreading inward from the edge until the
center is reached or until the magnetization at the center equals the external field.

The Bean model states that the current density flowing through the material can only assume two distinct values:
zero or Jc. This simplified assumption means that the magnetization of the superconductor changes linearly where
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J = Jc, and is constant where J = 0. Since the magnetization is proportional to the vortex density, the latter shows the
same behaviour.

If at some point the external field starts decreasing, a current density will flow in the opposite direction, once again
spreading inward from the edge. This results in a magnetization profile that depends on the history of the external
magnetic field, which accurately reflects the hysteretic behaviour of type II superconductors. Figure 2.1 summarizes
the field response of a superconductor according to the Bean model.
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FIGURE 2.1: Field and magnetization of an infinite superconducting slab with width w according to
the Bean model while (a) increasing and (b) decreasing external field. The slope of the B curve is
proportional to J, which, in turn, is equal to zero or Jc. Bs corresponds to the maximum field that can

be fully shielded by the supercurrents, with maximum magnetization Ms. Figure adapted from [57].

Since the current density can only take pre-defined values, the resistivity of the material can only be defined if the
induced or applied electric field is also known. The resistivity would then be described by

ρ =

0, J = 0
E
Jc
, J = Jc

. (2.1)

2.1.2 The Anderson-Kim Model

The Anderson-Kim Model was formulated to account for flux creep, the thermally activated motion of bundles of flux
lines, aided by the Lorentz force J×B, over free energy barriers coming from the pinning effects of inhomogeneities,
strains, dislocations, or other physical defects. This effect, particularly important in HTS, results in energy dissipation
inside the superconductor, and is described in the model by a non-linear relationship between current density and
electric field [58, 59]. The so called Anderson-Kim’s power law is given by

E
Ec

=

(
J
Jc

)N

, (2.2)

where Ec is the critical electric field, which is a pre-defined value that corresponds to J = Jc and is often defined
in literature as 1× 10−4 V/m, and N is the transition index, which defines the steepness of the E-J curve. Figure
2.2 shows examples of the power law curve with J and E normalized with regards to Jc and Ec, respectively. From
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equation 2.2, we can also deduce the resistivity of the superconductor according to the power law:

ρpl =
Ec

Jc

(
J
Jc

)N−1

. (2.3)
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FIGURE 2.2: Anderson-Kim’s Power Law for different N values. It describes the E-J relationship in
superconductors, given by Equation 2.2.

Careful interpretation of the E-J curve can give us valuable information on how the superconductor works when the
current density is under and around its critical value. It is interesting to note that the normalized electric field E/Ec

relates to the normalized current density J/Jc through an exponent of power N, whose value depends on the material
as well as the electromagnetic and thermomechanical conditions.

For the steep curves described by the power law, a few remarks can be pointed out depending on the current density
range of operation. Firstly, for J << Jc, any current density will result in a very low electric field, causing virtually
zero energy dissipation in the material. This agrees with the fact that the supercurrents should flow unhindered as long
as the superconductor is operating within its critical boundaries and below Hirr. The higher the N value is, the closer
can J get to Jc with no practical dissipation.

As the current density approaches Jc, the material starts resisting the current flow and energy dissipation in the
form of Joule-like heating begins. At this point, very slight changes in the current density have a massive impact on
the electric field, and therefore also in the collateral heating power. On the other hand, if a change on the electric
field is triggered by any external influence, a minute adjustment of the current density will be enough to restore
equilibrium.

It is interesting that, mathematically, when taking into account the power law, Jc is not a hard limit that separates
superconducting and normal states. It is instead an arbitrary point around which a continuous, although abrupt, tran-
sition interval lies. The nonlinear relationship between E and J results in an interesting current behavior when the
superconductor is exposed to an external magnetic field.
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When it comes to real superconducting tapes, the values of Jc and N in the Anderson-Kim’s power law are not
constant, but rather change depending on other physical quantities. Most notably, both Jc and N depend on the
temperature and the magnetic field applied to the superconductor, but can also be affected by mechanical strain and
pressure.

As a rule, as the point of operation gets closer to the boundary of the superconducting region in the B×T plane, the
smaller are both Jc and N. The reasoning behind the drop in the critical current density is quite clear, since the lower
Jc results in a higher resistivity as the material approaches normal state. The drop in the transition index N, on the
other hand, means that the E-J curve is now less steep, but the consequences of this are not as straightforward.

On the one hand, a smaller N means greater dissipation at J < Jc when compared to higher N and same Jc. On the
other, it results in lower dissipation for J > Jc. Of course only the combined effect of the change in both Jc and N

should be taken into account and the overall consequence is that the resistivity ρpl increases with both B and T .

2.1.3 Further Considerations for REBCO HTS

For REBCO superconductors, it is important to recall that the magnetic field B has also an impact on the critical current
density depending on its angle θ with regards to the surface of the superconductor, and not only its magnitude. Due
to their high anisotropy, they are much more sensitive to the component of the field B⊥ normal to the surface of the
material than they are to the parallel component B∥.

Although there is no consolidated theory that accounts for the field and temperature dependence of Jc, there are
many formulations that can accurately describe this dependence within certain regions of the B×T plane. Among
other formulae, the Jc as a function of the field can be fenomenologically represented by [59–61]

Jc(B) = Js f
c

(
1+

B′

B∗

)−α (
1− B′

Birr

)2

, (2.4)

where, Js f
c is the self field critical current density at a given temperature, B∗ is a crossover point between regions in

the B×T plane dominated by vortex-pinning and vortex-vortex interactions, and Birr is the irreversibility field. This
relationship will be useful in Chapter 4 for the modelling of the resistivity of the HTS in a ramping magnetic field.
The assimetric dependence of Jc with the normal and parallel components of the field can be introduced by scaling the
magnetic field according to [62]

B′ = B

√
(cosθ)2 +

(
1
ζ

sinθ

)2

, (2.5)

where ζ is the anisotropy of the material, which is usually between 5 and 7 for REBCO, and θ is the angle of the field
with respect to the superconductor, with θ = 0 for a purely normal field.

Changes in temperature can also have a drastic effect on Jc sharply decreasing it the as the material approaches
the critical temperature Tc. Examples on how Jc is affected by both magnetic field and temperature can be seen in
Figure 2.3.

Apart from its dependence with the temperature and magnetic field, the critical current density also varies depending
on the direction along which it is evaluated. Due to the anisotropy of REBCO, the Jc on the c-axis (normal to the
surface) can be orders of magnitude lower than on the ab-plane (parallel to the surface), leading to a preferential
direction of current flow.
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FIGURE 2.3: Examples of Jc dependence with magnetic field and temperature. The model used to fit
the data of Jc as a function of the magnetic field is described by Equation 2.4. Data from [63].

Accounting for these relationships, as we get closer to the boundaries of the superconducting state, the resistivity
will increase, both due to temperature and field. However, as the current density increases past Jc, the normal state
resistivity of the material starts to play a role in determining its overall resistivity. For J >> Jc, the Anderson-Kim
model is no longer appropriate, which makes the adoption of some form of overcritical model necessary.

2.1.4 Overcritical Adaptation of the Power Law

In situations when the current density far exceeds its critical value, be it due to transient electromagnetic effects, the
rise of a hot spot or the simple imposition of a high current, models like the Anderson-Kim’s power law by themselves
may not be enough to accurately describe the resistive behaviour of the material. For this, an overcritical model should
be used instead.

There are several such models that can be used to describe the resistivity of a superconductor when above Jc. Among
these, the power law can be adapted to account for the gradual transition to the normal state resistivity, whether by
introducing a dependence between the index N and J so that N slowly decreases as J increases, eventually reaching
N = 1 when the normal state is reached [64]; or by simply making the total equivalent resistivity of the material equal
to the power law resistivity in parallel with the normal state resistivity [65]:

ρeq = ρpl ∥ ρns =
ρpl ·ρns

ρpl +ρns
, (2.6)

where "∥" denotes being in parallel, ρns is the normal state resistivity and the power law resistivity ρpl is derived
from equation 2.2 and given by 2.3. Although not necessarily the most accurate representation of the superconductor
behaviour [66], it is a simple way of accounting for the gradual transition between states. Figure 2.4 shows the resulting
curve coming from this equivalent resistivity when compared to the resistivity values coming solely from the power
law or the normal state. It is clear that the power law by itself would largely overestimate the equivalent resistivity
past the intersection point of the two curves, far exceeding the normal state resistivity.
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FIGURE 2.4: Comparison between HTS Resistivity curves in overcritical regime according to the
Power Law and the equivalent parallel of the Power Law with normal state resistivity.

2.2 High Frequency Behaviour

As we have seen, superconductors can carry direct currents (DC) without losses, provided they are below Jc. On the
other hand, they always show non-zero dissipation when carrying alternating currents (AC). This section introduces
the concept of surface impedance by analysing the behaviour of superconductors and normal conductors exposed to
high frequency electromagnetic fields [38, 49, 67, 68].

2.2.1 Surface Impedance

While the Jc is used as the benchmark to asses the quality of a superconductor under DC conditions, the surface
impedance plays that role in the AC regime. Let us consider an oscillating electromagnetic field around the interface
of vacuum and a highly conductive material with electric conductivity σ and magnetic permeability µ as sketched
in Figure 2.5. The conductor extends infinitely through the z > 0 half-space and the electromagnetic field is given
by

E = Exeiωt x̂ (2.7)

H = Hyeiωt ŷ . (2.8)

The alternated fields induce currents at the surface of the material that take the form

J = Jxeiωt x̂ , (2.9)

which in turn contribute to the decay of both electric and magnetic fields over a small distance from the interface.
Solving the Maxwell equations for these conditions results in the following current and field distribution inside the
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FIGURE 2.5: Electromagnetic field normal to the interface between conductive material and vacuum.
Fields (E, H) and induced current (J) decay as they penetrate the material. The skin depth δs is defined

where the magnitudes decay by e−1. Figure adapted from [67].

material:

Ex = E0e−γz (2.10)

Jx = J0e−γz (2.11)

Hy = H0e−γz , (2.12)

where the 0 indices refer to the magnitudes at the surface of the conductor (z = 0) and γ is the complex propagation
constant

γ =
√

iωµσ = α + iβ , (α,β ) ∈ R . (2.13)

The purpose of splitting γ into its components α and β becomes clear if, for instance, Equations 2.13 and 2.10 are
plugged into Equation 2.7 and rearranged:

E = E0e−γzeiωt x̂ = E0e−(α+iβ )zeiωt x̂ = E0e−αzei(ωt+β z)x̂ . (2.14)

Here we can see that the magnitude of E (as well as H and J) drops by a factor e−αz, depending on the distance from
the surface of the conductor. On the other hand, the time-dependent behaviour is now ei(ωt+β ), which introduces a
phase shift when compared to the electric field E0 at the surface. The two constants are therefore appropriately named
attenuation constant and phase constant, respectively. In addition, the skin depth δs = 1/α is defined as the distance z

over which the magnitude decreases by a factor e−1.
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The magnitudes in Equations 2.10 to 2.12 are related to each other via the conductivity and the complex propagation
constant of the material:

J0 = σE0 (2.15)

H0 =
1
γ

J0 . (2.16)

We can then use these to calculate the surface impedance of the material. The surface impedance is closely related
to the power dissipation caused by the surface currents induced by the alternating electromagnetic field. It is defined
as the ratio between the components of E and H parallel to the surface of the conductor, E|| and H||, which in this case
are simply E0eiωt and H0eiωt . By combining this with Equations 2.15 and 2.16, we have

Zs =
E||
H||

=
E0eiωt

H0eiωt =
γ

σ
=

√
iωµ

σ
=
√

iωµρ , (2.17)

with ρ = 1/σ being the electric resistivity of the material. Much like the complex propagation constant, we can split
Zs into its real and imaginary components, the surface resistance and the surface reactance, respectively:

Zs = Rs + iXs (2.18)

In normal conductors with real ρ and µ , by combining Equations 2.17 and 2.18, the surface resistance and reactance
have the same value, given by

Rnc
s = Xnc

s =

√
µωρ

2
, (2.19)

which leads to a frequency dependence scaling with
√

ω .

Following the same steps in order to obtain the surface impedance for superconductors, we must know the resis-
tivity of the material in the superconducting state and what its frequency dependence is. In this case, however, the
resistivity is a complex value, which by itself also depends on the frequency. This results in distinct Rsc

s and X sc
s for

superconductors, with a frequency response other than
√

ω .

The Two Fluid Model

One of the first models formulated with the goal of describing superconductivity, the Two Fluid Model proposes that
a portion of the electrons within a superconductor behaves as they would in a normal conductor, obeying Ohm’s law,
while another portion is responsible for the superconducting nature of the material. The crucial aspect of this model is
that the ratio between the two types of electrons varies with the temperature, going from entirely superconducting at
absolute zero to presenting only normal electrons at Tc. Although this model is an oversimplification, it is the standard
working approximation for understanding electric AC losses in superconductors, so that dissipation can be anticipated
and minimized in applications such as microwave resonators.

Let us consider a superconductor under no external magnetic field. Mimicking the duality in the behavior of elec-
trons, the current flowing through the material is also split into normal and supercurrents [69]. The normal currents
(Jn) are the result of the movement of normal electrons, while supercurrents (Js) arise from the flow of electron pairs
connected by lattice vibrations, or phonons. Each current component depends on the density of each type of charge
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carrier according to

Jn = nnevn (2.20)

Jsc = nsevs , (2.21)

where nn and ns are the carrier densities of normal electrons and electron pairs and vn and vs are their respective
velocities.

The electron pairs move unhindered through the material, and therefore the only force acting upon them is the one
produced by the electric field that pushes them forward. Their equation of motion is thus given by

m
dvs

dt
=−eE , (2.22)

where m refers to the mass of the electron. On the other hand, normal electrons are subject to a drag force due to the
collision with atoms:

m
dvn

dt
=−m

vn

τ
− eE , (2.23)

where τ is the relaxation time arising from the loss of momentum due to said collisions. Substituting Equations 2.20
and 2.21 into Equations 2.22 and 2.23, and solving for sinusoidal currents and electric fields with frequency ω , we get
the normal and superconducting conductivity:

σn =
E
Jn

= e
(

iω
m

nne
+

m
nneτ

)−1

(2.24)

σs =
E
Jsc

=−i
e2ns

ωm
. (2.25)

The total conductivity from the two fluids model can be then found by adding both contributions:

σ2 f = σn +σs =
nne2τ

m(1+ω2τ2)
− i

(
nse2

mω
+

nne2ωτ2

m(1+ω2τ2

)
= σ1 − iσ2 , (σ1,σ2) ∈ R, . (2.26)

Having obtained the conductivity of the superconductor under zero magnetic field, we can calculate the surface
impedance in the same conditions by substituting Equation 2.26 in Equation 2.17:

Zs = Rs + iXs =

√
iωµ0

σ1 − iσ2
=

√
ωµ0

iσ1 −σ2

σ2
1 −σ2

2
. (2.27)

Assuming that the electrical loss in the superconductor is very small, we get σ2 >> σ1, and therefore Equation 2.27
can be simplified to

Zs ≈
√

ωµ0

σ2

√
i
σ1

σ2
−1 ≈

√
ωµ0

σ2

(
i+

σ1

2σ2

)
, (2.28)

which, finally, results in

Rs =

√
ωµ0

σ2

σ1

2σ2
(2.29)

Xs =

√
ωµ0

σ2
. (2.30)
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Replacing Equation 2.26 into Equation 2.28, the frequency dependence becomes evident:

Rs =
ω2µ2

0 σ1λ 3
L

2
(2.31)

Xs = ωµλL . (2.32)

It is important to note, however, that in the presence of an external DC magnetic field, other contributions to the
surface impedance will occur, changing its frequency dependence. It has been shown that the square dependence from
Equation 2.31 weakens as the field increases due to vortex motion[70, 71].

2.2.2 AC Field Demagnetization

As discussed previously, practical applications of HTS require them to be below the irreversibility field Birr, above
which the vortex-pinning interaction can no longer restrain the motion of the vortices, resulting in a melting of the
vortex lattice. However, the irreversibility field can be impacted by other factors such as the presence of an oscillating
field, as is the case in RF applications [72–74].

Let us consider a superconducting tape centered at (x̂, ŷ, ẑ) = (0,0,0) oriented in such a way that its length extends
towards infinity in the ẑ axis, with width w in the x̂ direction and thickness d in the ŷ direction. A normal continuous
magnetic field Hdc = Hyŷ parallel to the c-axis is applied after field cooling, which induces a current flow in the
superconductor in order to partially shield its interior. Using the Bean’s model and following the right-hand rule, the
current density J will be −Jc for x < 0 and Jc for x > 0. For a fully saturating field By = µ0Hy >> Bs (see Figure 2.1),
the HTS will be permeated by vortices.

Suppose then a perpendicular field Hac = Hx cos(ωt)x̂ oscillating at high frequency is introduced, as shown in
Figure 2.6. As they oscillate, the vortices present in the HTS will bend, aligning themselves with the instantaneous
magnetic field inside the HTS:

∂x
∂y

=
Bx

By
, (2.33)

where x and y refer to the position of a given vortex and Bx is the resulting x component of the field inside the tape. If
we consider a vertical strip of the tape at a given x and apply the Ampere’s law along the x direction,

∂Bx

∂y
= µ0J , (2.34)

and combine with Equation 2.33 , we get
∂ 2x
∂y2 =

µ0J
By

, (2.35)

which defines the shape of the bent vortex by the quadratic relationship x = ay2 + by+ c, where the sign of a =

±µ0Jc/(2By) depends on the direction of the current flow. Therefore, at least two quadratic equations with different
coefficients are needed to described the shape of the vortex, one where J = Jc and one where J = −Jc. At every half
cycle, there is only one point where the current changes direction, meaning only two equations are needed.

Before finding the coefficients of these equations, we need to find the point around which the bending happens. To
do this, we now consider the sheet current density flowing through the vertical strip of the tape

Js =
∫ d/2

−d/2
J(y)dy = Js,dc , (2.36)
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FIGURE 2.6: Demagnetizing effect of a perpendicular oscillating field on a HTS tape under a DC field
parallel to the c-axis. Electric fields opposing current flow are induced when a perpendicular AC field

is applied. Figure adapted from [74].

where Js,dc is the contribution to the current coming from Hdc. There is no contribution from the AC counterpart, since
whatever current change induced by the oscillating field will have a zero average along the thickness. At every half
cycle, the current will be given by

J(y) =

±Jc, − d
2 < y < y0

∓Jc, y0 < y < d
2

, (2.37)

with the sign of J swapping every half cycle. The height y0 corresponds to the point where the current changes
direction. However, since the magnetization of the tape happens from the outside inward, y0 does not change for
an entire half cycle. Therefore, it also corresponds to the swivel height around which the bending of the vortices
happen.

Knowing the current density distribution along the strip and the sheet current density of the strip, we can easily find
y0 with

Js =±
∫ y0(t)

−d/2
Jcdy∓

∫ d/2

y0(t)
Jcdy =±2Jcy0 = Js,dc , (2.38)

which results in
y0 =±

Js,dc

2Jc
. (2.39)

Note that since the sign of y0 changes every half cycle, the vortices have an average speed vavg ̸= 0, as seen in Fig-
ure 2.7 and therefore move from both edges towards the center of the tape, contributing to its demagnetization.

We can now determine the coefficients of the two quadratic equations x(y ≥ y0) = ay2 +b1y+ c1 and x(y ≤ y0) =

−ay2 +b2y+ c2 by setting some boundary conditions, in addition to Equation 2.35. Firstly, the angle of the vortex at
both surfaces (y = ±d/2) is the same as the angle of the superimposition of the DC field, the AC field and the field
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FIGURE 2.7: Demagnetizing effect of a perpendicular oscillating field on a HTS tape under a DC field
parallel to the c-axis. On the left, position and shape of a vortex at every half cycle (lines) and swivel
points (circles). On the right, current distribution along a vertical strip at every quarter cycle. Figure

adapted from [74].

produced by the current in the superconductor HI = |Js|/2:[
∂x
∂y

]
±d/2

=
Hx +HI

Hy
. (2.40)

Secondly, the swivel point y0 sets the limit between the two equations, and therefore both of them should be able to
describe this point in particular:

[x(y ≥ y0)]y0
= [x(y ≤ y0)]y0

. (2.41)

By applying these conditions we get

b = b1 = b2 =
Hx −Hp

Hy
(2.42)

c2 − c1 = 2ay2
0 , (2.43)

where Hp = (dJc−|Js|)/2 is the parallel field necessary to saturate the tape. Note that b is the same for both equations
while only the difference c2 − c1 can be determined. In fact, c1 can be arbitrarily chosen depending on the initial
position of the vortex.

Now that the shape of the vortex is known, as well as the swivel point around which it bends during a half cycle,
we can use this to calculate the displacement ∆x of the vortex during a single cycle. At any even half cycle, the vortex
behaves in the same manner as in the previous off half cycle, but inverted in the ŷ direction and displaced by ∆x/2. In
addition, subsequent cycles share the same swivel point. Therefore,

ay2
0 +by0 + c = a(−y0)

2 +b(−y0)+ c+
∆x
2

(2.44)
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∆x = 4by0 . (2.45)

Since any motion happens only if Hx > Hp, we can finally define the displacement in a cycle by

∆x =

2 Js
Jc

Hx−Hp
Hy

Hx > Hp

0 Hx ≤ Hp

. (2.46)

This results in an average speed v = ∆xω/(2π) towards the center of the tape. It is interesting to note how the resulting
vortex dislocation is dependent on both Js/Jc and Hx/Hy. In fact, while the first one defines the swivel height y0, the
second one sets the bending angle of the vortex (Equation 2.33). It is clear that a sample with no magnetization in the
first place (Js(x) = 0) cannot be demagnetized in this manner, and the same applies for an external field with no AC
component.

This vortex motion through the HTS generates an electric field perpendicular to its movement

Ev = v×By =± ω

2π
∆xByẑ (2.47)

in the opposite direction with respect to the DC current flow. It is remarkable that an AC excitation of magnetic field
generates a DC electric field in addition to the electric field that was already present at the superconductor due to DC
field. From an energy stand point, this additional electric field represents the dissipation due to the vortex motion, and
the demagnetization can be understood by a decay in the current due to the emergence of this higher resistivity or by
the inward flow of vortices.

2.3 A Review of Particle Accelerators

Particle accelerators set the conditions for the study of particle interaction by colliding particles against each other
in speeds close to the speed of light c ≈ 3× 108 m/s. While the rigorous description of particle dynamics inside
an accelerator is a complex topic on its own, the goal of this section is to review the basic operation of particles
accelerators with regards to the electromagnetic interaction between the particle beam and its surroundings, as well as
the electromagnetic field needed for its acceleration.

2.3.1 Particle Accelerator Optics

In circular colliders, as is the case of the Large Hadron Collider (LHC) and the Future Circular Collider (FCC), the
particle beam is organized in bunches of particles that move closely together along a circular orbit contained within
the vacuum chamber of the accelerator. Although its cross-section is not a perfect circle, the vacuum chamber can be
approximated by a toroid with inner radius Rm − rcs and outer radius Rm + rcs, where Rm and rcs are the average radius
of the machine and of its cross-section, respectively. For the mathematical developments presented in this section
[75, 76], it is useful to consider a few different coordinate systems: a cylindrical system (R̂,ψ̂ ,ŷ), concentric with the
machine; and a local coordinate system in both rectangular (x̂,ŷ,ẑ) and cylindrical (r̂,φ̂ ,ẑ) forms concentric with the
cross-section of the vacuum chamber (see Figure 2.8).

For a given particle of charge q, mass m and velocity v, the resulting force from the interaction between it and an
external electromagnetic field (B, E) is given by

F = q(E+ v×B) . (2.48)
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FIGURE 2.8: Global and local coordinate systems used throughout this work. A cylindrical coordinate
system (R̂,ψ̂ ,ŷ) is concentric with the machine while the local system in rectangular (x̂,ŷ,ẑ) and cylin-

drical (r̂,φ̂ ,ẑ) forms is concentric with the vacuum chamber cross section.

The first term is parallel to the electric field E, while the second is always perpendicular to both B and v. This tells
us that in order to accelerate a particle in the same direction of its velocity, a purely parallel electric field can be used,
resulting in an acceleration a∥ =

q
m E. On the other hand, if the goal is to accelerate the particle perpendicularly to its

velocity, magnetic fields should be used instead.

Let us consider an ideal dipole magnetic field in the −ŷ direction interacting with a positively charged particle
moving towards the positive ψ̂ . This results in a circular motion where F acts as the centripetal force:

F⊥ = qvB =
m
R

v2 . (2.49)

Rearranging, we can obtain the bending strength of the dipole magnet

1
R
=

Bq
mv

. (2.50)

It is easy to see that as the velocity of the particles increases, so too must the dipole field to steer them. Therefore,
while the particles are being accelerated, the dipole field increases along with their speed in order to keep them
confined to the circular trajectory corresponding to the radius of the accelerator. In reality, the accelerator is composed
of straight and curved sections, and the dipole magnets are only present in the curved parts, responsible to bend
the particle trajectory. Figures 2.9a and 2.9d show the magnetic field and force distribution of the an ideal dipole
magnet.

Along with the dipole magnets, there are other magnetic arrangements which are necessary to control the dynamic
behaviour of the particle bunches. Among these, the quadrupole field has the purpose of ensuring that the particles do
not deviate from their nominal trajectory. For convenience, let us consider the complex coordinate z = x+ iy = reiφ

that corresponds to the location of a given particle with regards to the local rectangular coordinate system. In this case,
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FIGURE 2.9: Magnetic field and force distribution in an ideal dipole (a and d), quadrupole (b and e) and
sextupole (c and f) magnets for a positively charged particle bunch contained within the marked area
and moving towards the reader. The dipole accelerates the bunches perpendicularly to their velocity
and the quadrupole tends to shrink and stretch them in different perpendicular directions, while the

sextupole has a coupled effect in both directions.

an ideal 2k-pole field centered around the origin can be represented as

B̃k = B0

(
r
r0

eiφ
)k−1

= Bre f

(
r
r0

)k−1

(cos((k−1)φ)+ isin((k−1)φ)) , (2.51)

where the real and imaginary parts correspond to the ŷ and x̂ components, respectively, r0 is a reference radius and B̃0

is the field magnitude at r0. While the dipole field (k = 1) is constant and unidirectional with B1 = B0 everywhere, the
quadrupole field (k = 2) changes both in angle and intensity depending on its location, taking the form

B̃2 = B0
r
r0

eiφ = greiφ = gr(cosφ + isinφ) . (2.52)

Here, g = ∂B
∂ r = B0

r0
is the quadrupole field gradient, which is constant and dictates the field optics, acurately named

due to the quadrupole field acting as a lens to focus the particle beam. It is interesting to note that, if the particles
bunches are moving in the ẑ direction, the horizontal and vertical components of the forces generated by this magnetic
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configuration are decoupled:

Fx = mẍ =±qvgx (2.53)

Fy = mÿ =∓qvgy , (2.54)

assuming that the changes in direction due to the magnetic force are negligible since vz >> v⊥. Depending on its
polarity and the charge and velocity of the particles, a quadrupole magnet tends to focus and defocus the bunches in
the x̂ and ŷ directions, as shown in Figures 2.9b and 2.9e and according to equations 2.53 and 2.54. Since the force is
proportional to the distance, this effect is more intense on particles that deviate more from the center, and the larger
the gradient, the stronger is the lensing effect.

The focusing strength k f of the magnet is given by

k f =±qg
p

≈± qg
mv

. (2.55)

For a positive k f , the quadrupole is vertically focusing and horizontally defocusing, and for a negative k f , the opposite
occurs. The sign of equation 2.55 depends on the polarity of the magnet. It is worthwhile to point out that these equa-
tions assume a normal quadrupole, that is, with the poles in angles φ = pi/4+nπ/2, n = 1, 2, 3, 4. If the quadrupole
is tilted with respect to this configuration, the horizontal and vertical equations of motions will be coupled.

Since a single quadrupole would concentrate the particles in one direction but disperse them in the other, a combi-
nation of alternated focusing and defocusing quadrupoles, the FODO cell, is often used to contain the particle beam
within a given r < rlim from its ideal orbit. In this case, the overall tendency of the quadrupole doublet will result in a
focusing effect, regardless of the order of the magnets, as sketched in Figure 2.10.

FIGURE 2.10: Magnet system composed of focusing (QF) and defocusing (QD) quadrupoles. Although
the individual effect of each magnet is to focus the beam in one direction and defocus in the other, their

combined effect is to focus in both.

Now let us consider particles within the bunch that travel at the nominal angular velocity, but with a radius slightly
mismatching the ideal orbit. These particles will exhibit a shift in their linear velocity v = ωR with respect to the ideal
orbit, resulting in a focusing strength k f also deviated from its ideal value. To counteract this effect, a third magnetic
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configuration can be used: the sextupole. From equation 2.51, we have the sextupole field

B̃3 = B0

(
r
r0

eiφ
)2

= B0

(
r
r0

)2

(cos(2φ)+ isin(2φ)) . (2.56)

The resulting equation of motion in the horizontal plane (y = 0) would then be

Fx = mẍ =
1
2

qvg′x2 , (2.57)

where g′ = ∂ 2B
∂ r2 = B0

r2
0

. Note, by comparing with equation 2.53, that this is analogous to a quadrupole with focusing
strength proportional to x, but whose sign is independent of x. Consequently, displaced particles will be accelerated
towards the same direction whether they are within or without the ideal orbit, but this effect will be more pronounced
the further they are from it.

Much like the quadrupoles, the sextupoles should also be used in pairs of focusing and defocusing magnets, which
result in a generally focusing system. In a FODO cell, each sextupole is placed next to its quadrupole equivalent. It
must be pointed out, however, that, unlike the case of quadrupole magnets, the use of sextupoles introduces coupling
between the veritcal and horizontal motions, an issue that can be minimized by utilizing several weaker magnets spread
along the machine circumference instead of a smaller number of stronger ones.

In reality, the magnetic field produced by a magnet will never be a perfect 2k-pole field, but will instead be composed
of the nominal field, given by equation 2.51, plus a field error:

B̃magnet = B̃k +∆B̃ . (2.58)

Thanks to the Gauss’s law for magnetism, ∇ ·B = 0, any field B̃ can in turn be decomposed into a sum of virtual
contributions with a distinct number of poles, the field harmonics:

∆B̃ = ∆By + i∆Bx =
∞

∑
n=1

c̃n∆B̃n , c̃k = bk + iak (2.59)

or, in cylindrical coordinates,

∆Br =
∞

∑
k=1

bk sin(kφ)+ak cos(kφ) (2.60)

∆Bφ =
∞

∑
k=1

bk cos(kφ)−ak sin(kφ) . (2.61)

The normal and skew coefficients bk and ak can be calculated similarly to a Fourier series expansion, but with
respect to space instead of time. For this, it is convenient to define the coefficients in terms of the radial component of
the field Br:

an =
1

πB0

∫ 2π

0
∆Br(φ)cos(kφ)dφ (2.62)

bn =
1

πB0

∫ 2π

0
∆Br(φ)sin(kφ)dφ . (2.63)

It is clear that if the field harmonics are relatively high with respect to the nominal field, there will occur unwanted
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effects in the optics of the accelerator, possibly resulting in the introduction of instabilities to the particle orbit. In
order to avoid this, maximum coefficients of a few units in 10−4 are desired, as is the case for the Future Circular
Collider [9, 77, 78].

2.3.2 Beam Interactions

While the magnets focus and steer the beam, we also need to ensure that the beam does not scatter due to unwanted
collisions. To do this, the beam is stored inside a vacuum chamber, which keeps it at pressures of the order of
10−9mbar, reducing the amount of gas molecules present around the beam orbit. The vacuum chamber is located
inside the cold bore of the magnets, and is subjected to their magnetic fields. However, as the beam travels around
the accelerator, there are other means by which it can interact with the surrounding structure. Synchrotron radiation,
electron cloud build up, gas desorption, and wake fields and image currents can both damage nearby equipment as
well as destabilize the beam orbit, and the vacuum chamber and cooling systems must be designed to account for these
unwanted side effects.

Synchrotron Radiation

Stationary charged particles generate static electric field lines that extends radially from the particle position s0. If
the particle is then accelerated with respect to the same inertial reference frame, the field lines will now extend from
the new particle position s1. Furthermore, if the new particle velocity v = βc is close to the speed of light c, the field
lines will contract in the direction of motion due to relativistic effects.

However, since any information travels at the speed of light, the field lines will only assume the new, post-
acceleration shape after a time delay ∆t = ra

c , where ra is the distance from the position of acceleration. This results in
the propagation of an electromagnetic perturbation, as seen in Figure 2.11, which can be interpreted as the emanation
of photons in the form of radiation. For non-relativistic scenarios, this is called cyclotron radiation, which does not
involve the contraction of the field lines. In relativistic scenarios, such as the case in particle accelerators, it is called
synchrotron radiation [50, 79].

t = 0

(a)

t = 0.4

(b)

t = 0.8

(c)

FIGURE 2.11: Propagation of synchrotron radiation from an accelerated charged particle. The electric
field lines are changed after a time delay of (a) ∆t = 0, (b) ∆t = 0.4 and (c) ∆t = 0.8 emanating radially

from the acceleration point at the speed of light c. Figure adapted from [50].

We can use the Liénard Formula to calculate the power of the radiation:

P =
2Kq2

3c
γ

6
∣∣∣∣β̇ 2 −

(
β × β̇

)2
∣∣∣∣ , (2.64)
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where K = (4πε0)
−1 is Coulomb’s constant, γ = (1−β 2)−0.5 is the universal Lorentz factor and β̇ = a

c is the derivative
of β with respect to time. In the specific cases of linear (β × β̇ = 0) and circular (|β × β̇ |= ββ̇ ) motion, this is reduced
to

Plinear =
2Kq2

3c
γ

6
β̇

2 (2.65)

Pcircular =
2Kq2

3c
γ

4
β̇

2 . (2.66)

In both cases, the forces exerted on the particle are given by the time derivative of the relativistic momentum
p = mcγβ . With some mathematical manipulation, these can be written as

Flinear = mcγ
3
β̇ (2.67)

Fcircular = mcγβ̇ . (2.68)

The discrepancy between the two forces arises from the different directions of the acceleration with respect to the
velocity. In the circular motion case, γ is constant, which is not true for linear accelerated motion. This changes the
expressions by a factor γ2 between each other when calculating d p

dt .

Substituting Equations 2.67 and 2.68 into Equations 2.65 and 2.66, we find the power as a function of the applied
force in both cases:

Plinear =
2Kq2

3m2c3 F2
linear (2.69)

Pcircular =
2Kq2

3m2c3 γ
2F2

circular . (2.70)

Therefore, for a given force F = Flinear = Fcircular, the power emitted in the form of synchrotron radiation will be
higher by a factor γ2 in the case of perpendicular acceleration. This means that as β gets closer to one, the power
produced in linear acceleration will be negligible when compared to its circular counterpart. In practice, the main
contribution to synchrotron radiation in circular accelerators comes from bending and focusing magnets, which use
magnetic field to accelerate particles perpendicular to their trajectories.

Since in a circular motion, the acceleration is given by a= v2

R , and therefore β̇ = β 2

cR , Equation 2.66 can be rearranged
into

P =
2Kq2c

3
γ4β 4

R2 . (2.71)

Finally, the amount of energy per cycle emitted by the particle beam, assuming a constant bending radius can be found
by integrating over the full circumference:

U =
∫ 2π

0
P

ds
cβ

=
q2

3ε0

β 3γ4

R
. (2.72)

The unavoidable emission of synchrotron radiation has negative side-effects that must be accounted for when de-
signing particle accelerators. Firstly, the energy lost by the particle via synchrotron radiation affects the particle
dynamics and it must be reintroduced by the means of powerful RF systems. Secondly, the radiation emanates tangen-
tially to the beam orbit, impinging on the inner walls of the vacuum chamber and heating the surrounding components,
representing a danger especially to the focusing and bending magnets, which are composed of superconducting coils
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and operate at 1.9 K in the LHC. Finally, when the radiation hits the walls of the vacuum chamber, they also contribute
to gas desorption and electron clouds formation, which further disrupt the beam orbit.

Gas Desorption and Electron Clouds

Although there is significant effort to reduce particle scattering inside the vacuum chamber, it is unavoidable that
some of the beam particles or emitted photons eventually impinge on the surrounding structure. When this happens,
apart from any heating effects, it may result in the release of gas molecules that were pumped out of the central region
of the vacuum chamber and deposited onto its walls. While maintaining low pressure and temperature contributes to
decreasing gas desorption, it is often beneficial to shield the vacuum chamber limits, the cold bore, from the beam
with a structure that will safely receive the impact of scattered particles.

When hit by scattered particles, the materials close to the beam are also susceptible to releasing electrons into the
vacuum chamber. As electrons are released, they are accelerated by the electromagnetic fields, hitting the walls again
and, in turn, possibly releasing more electrons [80]. The ratio between emitted and received electrons in a given
material is dictated by its secondary electron yield (SEY). For SEY < 1, each electron impinging on the walls will
statistically generate less than one electron coming out of it, and therefore, the process ends naturally after a limited
amount of bounces. However, if the SEY is larger than one, it may trigger a chain reaction that fills the vacuum
chamber with an electron cloud that, due to its electric charge, may exert forces on the beam, negatively impacting its
stability. Therefore, it is important that the outermost layer of the objects exposed to the beam have a SEY < 1. Both
scenarios are shown in Figure 2.12.

(a)

(b)

FIGURE 2.12: Emission of electrons (e−) due to the impingement of photons (γ) or other scattered
particles into the vacuum chamber walls. (a) With a SEY> 1, an electron cloud forms, leading to beam

disturbances; (b) with a SEY< 1, the process ends after a few bounces.
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Wake Fields and Image Currents

The electromagnetic fields produced by charged particles depends not only on the properties of the particle, but
also of the environment through which the particle travels. In the case of particle accelerators, the electromagnetic
field produced by the beam is influenced by the materials and geometries in the vicinity, and in turn can influence the
subsequent particles that will come in contact with this field [81–83].

Let us consider a charged particle travelling through a perfectly cylindrical vacuum chamber contained within
perfect electric conductor (PEC) walls. The electric field lines generated by the moving particle have to be normal to
the conductor’s surface, which is achieved by an induction of image currents onto the inner surface of the walls of the
vacuum chamber. However, as long as these are longitudinally symmetric and PEC, the electric field at the particle’s
frame of reference should be constant at all times.

The situation shifts when one of these two conditions changes. First let us assume that at some point along the
particle path there is a sudden change in the radius of the chamber, which is representative of several equipment
components that may be present, such as radio-frequency cavities or interconnections, as shown in Figure 2.13. In this
case, the new electromagnetic fields will be distorted to maintain the boundary conditions. However, since the charged
particles are travelling close to the speed of light (β ≈ 1), the magnetic field perturbations happen only in the wake of
the particle, and are therefore called wakefields. In the case of a particle beam with several bunches, each composed of
many particles, the wakefields can be significant enough to disrupt the path of the following particles within a bunch
or even to affect the bunch as a whole.

FIGURE 2.13: Electric field and image currents induced by travelling charged particles. The impedance
as perceived by the beam depends on the geometry and materials of the nearby structure.

But the wakefields do not arise only from changes in the geometry of the vacuum chamber. In practice, the materials
in the vicinity, as good a conductor as they may be, will always present some resistance to the electric currents induced
by the particle beam, which in turn incur energy dissipation in the form of Joule heating. These interactions between
the beam and the surrounding conductors are summarised by the beam coupling impedance, which is a frequency
dependent response to the beam current that takes into account the surrounding environment and must be minimized
in order to optimize beam stability.

In particular, the largest contribution to the beam coupling impedance comes from the resistive wall impedance Zrw,
which represents the heat generation and wake fields emerging from the finite resistivity of the materials in the vacuum
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chamber. In the simplified case of a round pipe with surface impedance Zs(ω) = Rs(ω)+ iX(ω), it is given by

Zrw
∥ (ω) =

L
2πrwall

Zs(ω) (2.73)

Zrw
⊥ (ω) =

cL
ωr3

wall
Zs(ω) , (2.74)

where rwall refers to the radius of the cylinder, L to its length, and ω = 2π f to the angular frequency of the current
component.

On the other hand, the resistive wall heating per unit length produced by the image currents induced in the walls is
given by

Prw

L
=

∫
ω

Zrw
∥ (ω)I2

b (ω)dω , (2.75)

where Ib(ω) is the Fourier transform of the beam current.

2.3.3 The FCC-hh Beam Screen

The beam screen is a device that surrounds the beam orbit, with the main purpose of absorbing the synchrotron
radiation emitted by the particle beam and thus protect the superconducting magnets from the excessive heat load. In
addition, it is responsible for mitigating the electron cloud generation and gas desorption, which are secondary effects
of the impingement of synchrotron radiation and scattered particles onto the surrounding infrastructure, as previously
mentioned [9, 84].

However, the introduction of conductive material so close to the beam poses its own challenges. As discussed in the
previous subsection, the small distance between the beam and the beam screen makes the electromagnetic interaction
between them potentially harmful to both. On the one hand, the resistive wall impedance of the beam screen disturbs
the bean dynamics, possibly leading to instabilities. On the other, the image currents induced in the beam screen
contribute to its heat load. Finally, since the beam screen is located inside the cold bore of the magnets, it must
maintain magnetic field quality by not excessively distorting the magnetic field perceived by the beam.

A schematic representation of the FCC-hh beam screen layout is given in Figure 2.14. The beam screen is composed
by a primary chamber, two lateral secondary chambers and two vertically placed cooling channels. The primary
chamber is limited by the inner walls of the beam screen, while the secondary chambers lie between the inner and
outer walls. The entire beam screen is contained within the cold bore, which separates the vaccum chamber from the
superfluid helium that cools the magnet coils down to 1.9K.

Starting from the outside, the outer walls are made of 1 mm thick P506 stainless steel (SS) covered by a 75 µm
copper layer and are responsible for absorbing the synchrotron radiation, which is emitted tangentially to the beam
orbit. The radiation travels horizontally through the primary and secondary chambers, passing through a 7.5 mm gap
in the inner walls and finally hitting the outer walls. To maximize the absorption of synchrotron radiation, the central
portion of the outer walls has a saw-tooth surface finishing such that the incidence angle is close to 90 ◦. Since the
outer walls shield the cold bore from the synchrotron radiation, they also avoid desorption of the gas molecules from
the cold bore. However, to allow the gas in the vaccum chamber to be pumped out towards the cold bore, each of the
outer wall has two rows of pumping holes located as far as possible from the irradiated area.

The inner walls are made of 1mm P506 SS covered with 0.3 mm of copper and are placed in such a way that most of
the secondary chambers and especially the pumping holes are hidden from the beam. This way, the contribution of the
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FIGURE 2.14: The FCC-hh Beam Screen. It is composed by a primary and secondary chambers to
shield the magnet cold bore from the beam, protecting it from the beam-induced heat load, as well as

preventing electron cloud formation. Figure reproduced from [9].

pumping holes to the beam screen impedance is negligible, allowing them to be much larger and, therefore, maintain
higher pumping speeds than otherwise.

While the inner walls receive a negligible amount of synchrotron power, the image currents induced by the beam
may be enough to generate significant heat due to the beam’s proximity. For the same reason, the wakefields impinging
onto the inner walls also have a larger impact on the bean dynamics. Both effects are minimized by adopting a coating
material with high electric conductivity, and is the main reason why the stainless steel in both the inner and outer walls
is covered with a copper layer of at least 100 residual resistivity ratio (RRR).

In order to mitigate the electron cloud accumulation, there are two proposed options to decrease the secondary
electron yield (SEY) of the primary chamber: an amorphous carbon (a-C) coating or laser ablation surface engineering
(LASE) treatment of some parts of the inner walls. Both can reduce the SEY below one, while preserving low surface
resistance valves.

The cooling channels are placed above and below the primary chamber and are the only mechanical connection
between the outer and inner walls. The liquid helium flowing through the cooling channels absorbs the heat produced
by the synchrothon radiation on the outer walls and by the image currents on the inner walls, keeping the beam screen
between 40 and 60 K. The cooling power to maintain the beam screen at such temperatures is much lower than that
which would be necessary to achieve the temperatures similar to those of the LHC, 5 to 20 K, especially considering
the larger circumference of the FCC. However, at this higher temperature range, the surface impedance of copper,
although quite low, may not be low enough to ensure beam stability.

2.3.4 A Hybrid REBCO-Cu Coating for the FCC Beam Screen

Reducing the resistive wall impedance of the beam screen is necessary to decrease the heat load on the cooling
channels as well as to diminish the impact of the wakefields on the beam dynamics, and may be a decisive factor in the
operational feasibility of the FCC. However, since the dimensions of the beam screen are restricted to being contained
inside the cold bore, and therefore are unavoidably close to the beam, the only means to achieve such reduction is to
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employ a coating material that shows surface resistance values lower than copper. Coupled with the relatively high
operating temperatures of the FCC beam screen, this makes HTS a promising candidate to substitute copper.

However, while improvements can be expected with respect to the radio-frequency behaviour of this coating, it
must also be tailored to accommodate other needs of the vacuum chamber. Namely, as discussed, field quality must
be maintained and the formation of electron clouds has to be prevented, as well as material degassing in vacuum due
to whatever method is used to attach the HTS to the beam screen walls. In addition, the coating technique must be
scalable to the the tens of kilometers of the FCC.

Regarding field quality, the trapped field inside a superconductive coating could disrupt the magnetic field in the
vicinity of the beam to levels that could threaten the beam stability. On the other hand, it is known that if the same
amount of superconductor is split into several segments, then the trapped field will decrease proportionally to the
number of segments. This can be shown by considering the Bean model, as depicted in Figure 2.15. Therefore, in
order to achieve both low surface resistance and high field quality, a coating geometry must be found such that the
amount of HTS and the number of segments into which it is split are maximized, therefore minimizing the surface
impedance and the field disturbance. The gaps between the HTS segments have the copper coating already present
in the beam screen exposed, so that their contribution to the surface impedance is lower than the otherwise exposed
stainless steel wall. The coating must also be longitudinally symmetric, as depicted in Figure 2.16, to avoid an increase
in the beam impedance due to discontinuities in the path of the induced image currents. Of course, aiming for small
gaps leads to limits to the technical feasibility of the coating, and a balance must be found between field quality and
surface resistance, on one hand; and complexity and cost, on the other. Previous studies have shown that such a hybrid
geometry can indeed achieve high field quality when compared to a full HTS coating [85], and it is expected that it
can also provide low surface impedance, as long as the ratio of HTS is large enough.
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Effect of HTS striation on trapped field
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FIGURE 2.15: Trapped field inside a superconductor according to the Bean model. Comparison be-
tween a single segment with width w, four segments with width w/4 and 16 segments with width w/16
separated by copper gaps. The maximum trapped field is inversely proportional to the number of seg-

ments into which the HTS tape is split.

The proposed production method for the hybrid coating consists of attaching REBCO coated conductors to the
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FIGURE 2.16: The FCC beam screen coated with a hybrid REBCO-Cu coating to minimize surface
impedance. The coating is composed of longitudinal HTS segments separated by gaps of exposed

copper. Figure reproduced from [49]

inner walls of the beam screen with the REBCO layer closest to the wall. Afterwards, the outermost layers, namely
the substrate and buffer layers, as well as the copper and silver envelope, are delaminated, exposing the REBCO
material. If the desired segments are smaller than the width of the coated conductors, the HTS must then be striated
to produce these segments. The resulting coating is then covered with a thin layer of amorphous carbon to reduce
the SEY, which has only a minor impact on the surface impedance values of the HTS [12]. The choice of coated
conductors arises from the fact that they are commercially available in hundreds of meters lengths with high quality
and homogeneous properties, while growing HTS directly on the beam screen walls would prove impossible with the
currently available methodology due to their uneven geometry and the highly epitaxial substrate needed for REBCO
growth (see Section 3.1).
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Chapter 3

Methods for Production and Quality
Evaluation of REBCO Coatings

The production process of the REBCO coatings developed in this thesis centers around the usage of delaminated
coated conductors as the means to achieve an outermost layer of HTS and avoiding the need to grow the supercon-
ducting material directly on top of the surface to be coated. Although coated conductors are fairly sturdy cables, a
specific methodology must be employed to ensure that the superconducting properties are preserved throughout the
manufacturing process of the coating, especially considering delaminated coated conductors, which are much more
sensitive to mechanical stresses and chemical interactions due to the lack of protective layers and the substrate.

In this chapter, the methods for production and analysis of the coatings will be described. The resulting coatings are
evaluated in terms of their surface resistance, magnetization and composition and a technique for quickly assessing
the quality of the coating is developed.

3.1 Coating Surfaces with Delaminated Coated Conductors

The main goal of HTS coatings is to achieve low surface impedance by exposing the REBCO layer as the outermost
layer of the surface to be coated. If done properly, the external radio-frequency electromagnetic fields will interact
only with the REBCO layer, ignoring the worst conducting layers beneath, such as copper or steel. The starting
point for the coating technique is the adoption of coated conductors, due to their homogeneous properties and large
scale availability, as discussed in section 1.2.3, as well as the possibility of coating surfaces with different geometries,
including non-flat surfaces.

In summary, the coating technique consists in attaching the coated conductor onto the surface to be coated and then
removing all the layers covering the HTS, exposing it to the high-frequency electromagnetic fields to which the coated
device will be subject. In this section we will go through the step-by-step production process of the coating, from the
preparation of the coated conductors to their delamination. The methods described in this section were developed and
optimized in collaboration with the PhD candidate Neil Lamas.

3.1.1 Coated Conductor Preparation

The first step to produce a coated conductor-based HTS coating is to prepare the coated conductors so they are properly
attached to the surface to be coated. In this case, the attachment method employed is to solder the coated conductors
onto the surface. Therefore, it is necessary to apply a thin layer of soldering alloy to the top surface of the coated
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conductor. The alloy used throughout this work is a 60/38/02 Sn-Pb-Cu alloy, due to its widespread availability and
relatively low melting point (Tmp ≈ 180◦C)1. The thickness of the alloy layer is of particular interest and plays a major
role on how well attached the coated conductor will be: if the layer is too thin, the coated conductors will detach
easily; if it is too thick, the coating may not be perfectly flat or the excess of solder may cover the edges of the CC,
hindering its delamination. The target thickness for the coatings produced in this work was around 15 µm, measured
both by weighting the samples before and after adding the soldering alloy and via optical microscopy analysis of its
cross-section, as shown in Figure 3.1.

FIGURE 3.1: Cross-section of the coated conductor with an added layer of soldering alloy.

To apply the soldering alloy, the coated conductor is heated locally by a heater, where a wire of the soldering alloy
comes in contact with the CC, as shown in Figure 3.2a. As the alloy melts, the CC is pulled at constant speed, so that
the alloy is deposited and melts on top of the whole length of the coated conductor. Placed at the end of the heater, a
thin blade is pressed against the coated conductor, retaining the excess of solder so that it does not solidify, effectively
limiting the thickness of the alloy layer.

Most of the samples produced throughout this work were assembled semi-automatically by using a motor to pull
the coated conductor and manually applying the alloy and pressing the blade. Although it is possible to control the
thickness of the alloy layer by varying the speed of the coated conductor or the angle and pressure of the blade, we
found that, under these conditions, it was more reliable to introduced small grooves in the tip of the blade, as depicted
in Figure 3.2b. By changing the size of these grooves, the amount of alloy could be optimized. The downside is that
the thickness of the soldering alloy would no longer be homogeneous along the width of the CC. However, this proved
not to be an issue due to the melting of the alloy during the soldering process, which homogenizes its thickness.

It is important to note that the temperature of the heater must be controlled in order not to excessively surpass
the melting point of the soldering alloy. In CCs, the REBCO may show signs of degradation after being exposed to
temperatures as low as 225◦C, presenting a decrease of around 5% in Jc after only 10 minutes [86]. If the REBCO is
exposed to air, the temperature above which degradation is noticeable is even lower, at approximately 150◦C [87]. This

1It must be noted, however, that soldering alloys containing Pb are toxic and must be handled with care, and that a in-depth study of the behaviour
of this alloy in vacuum is necessary for it to be used in applications that require such low-pressure conditions, like the FCC beam screen.
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(a) (b)

(c)

FIGURE 3.2: First step of the production of a coated conductor-based HTS coating. (a) The aplication
of a layer of soldering alloy on the top surface of the coated conductor. The CC is moved at constant
speed on top of a heater where the alloy melts and is spread along the CC by a thin blade. (b) The
grooves in the blade are used to control the thickness of the alloy layer. (c) The resulting coated con-
ductor with the added soldering alloy can be seen, with in-homogeneous thickness due to the grooves

of the pressure blade.

is one of the most important limiting factors when choosing a proper soldering alloy. Therefore, for our coatings, the
temperature applied was of around 200◦C during this step and never surpassed 230◦C throughout the entire production
process. To improve on this production step and guarantee higher reproducibility, an automated system has been
developed in parallel with this work in the Institut de Física d’Altes Energies (IFAE). Figure 3.2c shows an example
of coated conductors with the added layer of soldering alloy.

As described in section 1.2.3, the coated conductor is composed of several layers and surrounded by protective
layers of silver and copper. The second step of the CC preparation is the removal of the copper and the silver on the
sides of the coated conductor, as well as any excess of soldering alloy that may have leaked to the side, as presented
in Figure 3.3. The reason for this is to facilitate the subsequent delamination of the coated conductor. If the side
envelope is not removed, the mechanical stresses introduced during delamination may damage the edges of the HTS
layer, locally destroying superconductivity.

FIGURE 3.3: Second step of the production of a coated conductor-based HTs coating. The copper and
silver layers on the side of the coated conductor are removed, as well as any excess of soldering alloy.

This is done to prevent damages during delamination.

3.1.2 Soldering and Delamination

Once the coated conductors have been prepared with the added soldering alloy layer and have had the envelope layers
removed from the sides, they are ready for the next step of the coating procedure. While there are other ways of
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attaching the coated conductor, onto the surface to be coated, soldering presents advantages. In addition to being a
simple and fast method, it offers good thermal contact between the superconducting layer and the metallic surface,
which may be a benefit in some applications. In the case of the FCC beam screen, a good thermal contact would help
dissipate the heat generated by the currents induced in the REBCO layer. On the other hand, the good electric contact
associated with such a method induce the flow of transverse currents through the different materials, which in turn
might pose an issue with respect to field quality in certain scenarios, as will be discussed in Chapter 8.

To solder the coated conductor, the CC surface with the added soldering alloy layer is pressed against the surface
to be coated, as shown in Figure 3.4. A heater and a thermometer are placed on top of the CC and are responsible
for the temperature control during soldering. A pressure homogenizer is positioned between the heater and the press.
Homogeneous pressure along the entire sample’s surface is essential to the soldering process, as it will ensure that the
soldering alloy distributes itself homogeneously after its melting and subsequent cooling under pressure.

FIGURE 3.4: Cross-section of the assembly required for the third step of the production of a coated
conductor-based HTS coating. Coated conductors are soldered onto the surface to be coated by pressing

and increasing the temperature above the melting point of the solering alloy.

When all the components are assembled, the temperature is increased beyond the melting point of the soldering
alloy and kept there for a few minutes to ensure that the entire alloy layer melts and adheres to both surfaces. At this
point, the pressure is increased and the temperature slowly decreased to room temperature. The maximum temperature
applied during the soldering of the samples prepared throughout this work was of 230◦C for no more than five minutes
to minimize damage to the HTS. The profile of applied pressure during the soldering process was the subject of an
in-depth study that is part of Neil Lamas’s doctoral thesis.

After soldering, the attached coated conductors can then be delaminated. A thin cutter blade is carefully pressed
against the side of the soldered coated conductor, in such a way to delaminate it along its weakest interface, ideally
between the REBCO and buffer layers, as illustrated in Figure 3.5. The blade is then moved away from the REBCO,
peeling off the outermost layers, namely the substrate and buffer layers, as well as the copper and silver layers that
were originally beneath the substrate.

FIGURE 3.5: Fourth step of the production of a coated conductor-based HTs coating. The coated
conductor is delaminated, removing the outermost layers and exposing the REBCO layer.
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Figure 3.6 shows examples of coating samples after soldering. While at this point it is still early to precisely
determine the quality of the coating, there are some early telltale signs that some issues may have arisen. An excess of
soldering alloy may become evident by leaks of the melted alloy onto exposed regions of the surface to be coated. On
the other hand, if there is not enough pressure or the soldering layer is too thin, it may cause some areas of the CC to
be loosely attached, which is revealed by a rugged surface of the exposed REBCO and suggesting the presence of air
bubbles in the soldering layer beneath. After delamination, a badly soldered sample may detach partially or completely,
and an excess of soldering alloy may lead to damage in the edges of the CC, as well as uneven coating.

(a) (b)

(c) (d)

(e) (f)

FIGURE 3.6: Examples of coating samples after (a,c,e) soldering and (b,d,f) delamination. (a,b) Sample
with no apparent defects; (c,d) sample with excess of soldering alloy and (e,f) sample not properly

attached to the surface.

3.2 Dielectric Resonator Radio Frequency Measurement

To measure the surface impedance of both REBCO coatings and regular coated conductors as a function of temperature
and with magnetic fields of up to 9 T, a radio-frequency measurement system is used. This experimental setup is
composed by a vector network analyser (VNA), a custom built Hakki-Coleman type dielectric resonator (DR) [88, 89]
with resonant frequency f0(50K)≈ 8GHz and a Physical Property Measurement System (Quantum Design PPMS®).
A schematic of the devices and their interconnections is shown in Figure 3.7. A brief description of the system will be
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given in this section. For a more in-depth description of each component as well how the data is processed, refer to
[49].

FIGURE 3.7: Layout schematic of the radio-frequency measurement system used to measure the surface
impedance of delaminated and regular coated conductors. Figure created by Dr. Artur Romanov [49].

The concept behind this measurement system revolves around the losses that occur when the DR is submitted to an
AC electromagnetic excitation, based on which the surface impedance Zs of the samples under test can be calculated
[90]. The VNA is responsible for generating this excitation, which is transmitted to the DR by the means of two coaxial
cables. The cables end in two coupling loops located inside the DR, which produce a resonating electromagnetic field
in the interior of the DR cavity, inducing electric currents in the surrounding conductors. The DR is a hollow metallic
cylinder terminated by the pair of samples under test, as shown in Figure 3.8. The resonating cavity is therefore
limited by the brass walls and the superconducting floor and ceiling. Sandwiched between the two coated conductors,
a dielectric, in this case a TiO2 rutile crystal, focuses the RF electromagnetic field so that it is concentrated in the
center of the samples. The VNA is set to monitor the TE011 mode (see Figure 3.8c), responsible for a purely vertical
component to the RF magnetic field in the superconducting samples, since the currents induced in them are circular
in the horizontal plane. A Cernox® temperature sensor is placed close to the samples and the temperature and DC
magnetic field in the cavity is controlled by the PPMS.

As the cavity resonates, the VNA also captures the system’s frequency response to the EM excitation, which is
affected by the losses of the currents induced in the metallic walls and the superconducting samples, and of the EM
field in the dielectric, as well as the losses in the coaxial cables. The total losses of the system are represented by the
loaded quality factor Ql [91], given by

1
Ql

=
1

Q0
+

1
Qex

, (3.1)

where Q0 is the unloaded quality factor, which considers only the contribution coming from the DR, and Qex represents
the losses coming from external sources, namely the coaxial cables and connections [92]. Knowing beforehand the
systematic losses at a given frequency, one can calculate the contribution of the samples to the quality factor, and with
it, the surface resistance [93]:

Rs(T,B) =
G
2

[
1

Q0(T,B)
− tanδ (T )

]
, (3.2)

where G is a geometric coefficient [89] and tanδ = ε”
ε ′ is the loss tangent of the dielectric, given by the ratio between

the imaginary and real parts of its electric permittivity ε = ε ′+ iε” [94].
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(a) (b) (c)

FIGURE 3.8: Schematic of the dielectric resonator (DR) with coated conductor samples under test. (a)
Cross section of the dielectric resonator, where the samples combine with the brass walls to create the
resonating cavity; (b) Top view of the resonating cavity; and (c) Field distribution of the TE011 mode.

Figure created by Dr. Artur Romanov [49].

Likewise, the shift in surface reactance over a given temperature or magnetic field range, ∆Xs can be calculated
based on the same measurements, but it also depends on the shift in the resonant frequency [93, 95]:

∆Xs(T,∆T,B,∆B) =−G
[

∆ f0(∆T,∆B)
f0,re f (T,B)

+
1
2

∆ε ′r(∆T )
εr,re f (T )

]
, (3.3)

with ∆ corresponding to a variation with respect to the reference values denoted by the index re f , and f0, εr and ε ′r
being the resonant frequency and the relative electric permittivity and its real part, respectively.

Two VNAs were used for the measurements presented in this thesis and associated works: a Keysight FieldFox
N9918A [96] and a Rohde & Schwarz ZNB 20 [97]. Python scripts are used to automate the measurement process. For
the Keysight FieldFox N9918A, a script named DRΩMS was developed in collaboration with Dr. Patrick Krkotić and
Dr. Bernat Bozzo [50, 98]. A second script, for measurements with the Rhode & Schwarz ZNB 20, was developped
by Dr. Artur Romanov and Dr. Bernat Bozzo [99].

Figure 3.9 shows the surface resistance as a function of magnetic field at T = 50K and f0 = 8GHz of four samples
from the providers SuperPower and Fujikura, two being regular coated conductor without their copper and silver
layers and two being delaminated. Properly produced REBCO coatings show slight performance improvements when
compared to their CC counterparts. This arises from the fact that, in the REBCO coating, the REBCO surface exposed
to the electromagnetic excitation is the one that was originally in contact with the substrate and buffer layers (bottom
surface), and therefore presents a higher quality crystallographic structure as compared to the opposite surface of the
REBCO layer (top surface), which is the one exposed in the regular coated conductors by etching away the Cu and
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Ag layers. The increase in the surface resistance for the delaminated SuperPower sample at B < 1T is associated with
the presence of remnant patches of buffer layers on top of the REBCO layer, which give an electromagnetic response.
This increase can be neutralized by removing the patches of buffer layers after delamination. An in-depth analysis of
the radio-frequency behaviour of delaminated samples and the effect of remaining buffer layers is presented as part of
Dr. Artur Romanov’s doctoral thesis [49].

FIGURE 3.9: Surface resistance as a function of the magnetic field at T = 50K and f0 = 8GHz for
REBCO coatings and regular coated conductors from SuperPower and Fujikura. The surface resistance
of the coatings, corresponding to the bottom surface of the REBCO layer (closer to the substrate), has

lower values than their corresponding top surface coated conductors [49].

3.3 Combined Microscopy Analysis

Apart from the radio-frequency behavior of the produced coatings, it is also interesting to know if the electromagnetic
properties of the HTS are locally preserved throughout the entirety of the REBCO layer. To analyse this, we employ
a combined microscopy analysis, composed of optical microscopy (OM), scanning Hall probe microscopy (SHPM),
scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDX). These combined techniques allow
for a correlation between damaged areas and potential losses in the electromagnetic properties, and also facilitate the
visual evaluation of the quality of the resulting samples.

3.3.1 Optical Microscopy

Although the goal of the coating production process is to expose the REBCO layer of the delaminated coated conduc-
tors, there are often imperfections that may arise from inappropriate solder thicknesses or other manufacturing steps.
These result in remnants of buffer layer patches that remain attached to the REBCO layer, partially covering it, as well
as excavations in the REBCO layer.

By analysing the resulting samples with an optical microscope, it becomes clear that they may present very distinct
regions that can be differentiated by their colors. Figure 3.10 shows the optical images of a sample and its delaminated
substrate prepared from a 12 mm wide SuperPower coated conductor. Although ideally one would expect that the
delamination occurred only between the topmost buffer layer and the REBCO layer, in reality it may happen between
different buffer layers, or even splitting the REBCO layer itself, ultimately resulting in distinct exposed layers in
the coating. These are revealed by the different regions in Figure 3.10c, which are obtained by filtering the color
distribution of the image of the delaminated substrate in terms of hue, saturation and value (HSV) with the Color
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Threshold MATLAB® app [100, 101]. The three regions of Figure 3.10c are named Regions A, B and C, corresponding
to the black, gray and white regions, respectively. Note that the image of the substrate always corresponds to a mirrored
projection of the image of the coating, since the depicted layers from each side were originally in contact with each
other.

(a) (b) (c)

FIGURE 3.10: Optical images of delaminated 12 mm wide SuperPower coated conductors. In (a) the
resulting coating with the exposed REBCO layer is shown. The substrate side is presented in (b). (c)
shows the image of the delaminated substrate filtered in terms of hue, saturation and value, where three

distinct regions, black, gray and white are clearly observed.

By itself, the optical microscope analysis can only be used to find these different delamination interfaces and to
estimate how much of the sample, in terms of area ratio, is represented by each. The next step would be to determine
what these exposed layers are and how the coating’s electromagnetic properties are affected by them.

3.3.2 Scanning Electron Microscopy and Energy Dispersive Spectroscopy

The scanning electron microscopy (SEM) consists on bombarding the sample under test with a beam of electrons. The
secondary electrons emitted by the sample are then detected, generating images of the sample’s topography. When
the electrons impinge on the sample, it also releases energy in the form of X-rays, which can be analysed via energy
dispersive spectroscopy (EDX), to determine the composition of the sample [102]. The SEM system used is in this
work is ICMAB’s QUANTATM FEI 200 FEG-ESEM.

Figure 3.11 shows the images obtained both from optical and scanning electron microscopy of a small area of
the sample shown in Figure 3.10. This particular spot was chosen for containing parts of the three regions seen in
Figure 3.10c, which are clearly distinguished by their colors in Figure 3.11d and by the different tones of gray in
Figure 3.11b. By analysing each of the regions in both the substrate and the coating with EDX, we can determine their
compositions and find between which layers the delamination happened.
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(a) (b)

(c) (d)

FIGURE 3.11: Optical and SEM images of delaminated 12 mm wide SuperPower coated conductors,
magnified by a factor 1000. SEM images of (a) the coating sample and (b) the delaminated substrate
and equivalent optical images (c, d). Once again, the three regions evidenced in Figure 3.10 are clearly

in the optical and SEM images of the delaminated substrate.

THE EDX results are shown in Table 3.1, where we can see the composition of each region. By comparing the
composition in both the substrate and the coating, we can find the delamination interface for each region.

Let us start by evaluating Region A (Black), where EDX reveals a high percentage of the REBCO elements in both
the coating and the substrate. This suggests that the delamination happened in such a way that the REBCO layer was
split, resulting in an excavation of the REBCO from the coating. The interface is therefore inside the HTS, and the
exposed surface in the coating is a somewhat damaged REBCO layer. EDX on Region B (Gray) shows, on the other
hand, a high percentage of REBCO elements in the coating, but only a small percentage in the substrate. This means
that the delamination happened between the REBCO and the closest buffer layer. The exposed layer in the coating
is the REBCO layer. EDX shows that REBCO excavation in this region is an order of magnitude smaller than that
in Region A. Finally, EDX on Region C shows a high percentage of REBCO elements in the coating, but no signs
of Gd and Ba in the delaminated substrate. In addition, unlike in the other regions, elements belonging to the buffer
layers are present only on the coating side, suggesting that the delamination occurred between a buffer layer and the
substrate.

Combining the EDX results with the processed image shown in Figure 3.10c, we can infer that 56% of the sample
surface is actually covered with remnant buffer layers (Region C - white), while smaller areas correspond to either
excavated REBCO (Region A - black) or a mostly intact REBCO layer (Region B - gray), each representing 22% of
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TABLE 3.1: Elemental composition obtained via EDX of each region of the coating produced from a
delaminated SuperPower coated conductor. Regions A, B and C correspond to black, gray and white re-
gions of Figure 3.10c and the orange, yellow and black regions of Figures 3.10b and 3.11d, respectively.

Only the elements that belong exclusively to the buffer or REBCO layers are shown.

Region A (Black) Region B (Gray) Region C (White)
Layer Element Weight % Atomic % Weight % Atomic % Weight % Atomic %

Coating

REBCO Gd 15.99 7.12 15.06 6.74 11.48 4.03
Ba 42.18 21.49 42.46 21.75 32.23 12.95

Buffer
La 9.06 3.60
Mg 8.74 19.83
Al

Other 41.83 71.39 42.48 71.51 38.49 59.59

Substrate

REBCO Gd 14.52 6.27 1.14 0.30
Ba 35.83 17.72 3.21 0.97

Buffer
La 4.97 2.43 8.07 2.43
Mg 0.28 0.79 5.31 9.12
Al 12.19 19.95

Other 44.4 72.79 82.27 87.18 87.81 80.05

the sample. The final step of the combined microscopy analysis is to determine how each of the exposed layers affects
the local electromagnetic properties of the coating.

3.3.3 Scanning Hall Probe Microscopy

The scanning hall probe microscopy (SHPM) is a means to obtain the magnetization profile of superconducting sam-
ples. It consists on cooling the sample below its critical temperature under an externally applied magnetic field (field
cooling), which is then removed. Afterwards, the trapped magnetic field is measured throughout the entire sample
surface with a scanning Hall probe. The trapped field can be used to calculate the current density distribution of the
persistent currents in the sample after the removal of the external field [103]. Wherever there is damage to the REBCO
layer, it will impact on local Jc, and therefore also in the field distribution.

Our SHPM measurements are in a liquid nitrogen (LN2) bath, at 77 K. The means to produce the external field
applied during field cooling is the placement of a Nd-B magnet on top of the sample under test. The magnetic field
density of 350±50mT imposed by the magnet is high enough to fully penetrate the HTS sample, and can be considered
homogeneous and normal to the tape. The Hall probe used is a pre-calibrated Toshiba THS118 sensor driven by a 5
mA current and moved by step motors in the plane parallel to the tape and is positioned 400± 100 µm above the
sample’s surface. To maintain this constant height, a thin aluminium foil is placed between the sensor casing and the
sample, so as to always be in contact with the sensor.

Figure 3.12b shows the resulting current density profile obtained from the SHPM measurements of the sample
introduced in Figure 3.10. The current distribution is superimposed with the three regions of Figure 3.10c, so we
can easily correlate any decrease in J with the corresponding region. As a reference, Figure 3.12c shows the current
distribution in an undamaged, non-delaminated sample. As we can see, the current flow is significantly different
between the two samples. While the non-delaminated sample shows a regular, rectangular-shaped current profile, the
one from our coating sample is distorted. While the current density still reaches high values for both Regions B and
C, it vanishes completely in Region A. This shows that having remnant buffer layers or exposed REBCO show no
significant reduction in the critical current density, and therefore the electromagnetic properties of the material are
preserved in these areas. However, wherever there is excavation of the REBCO layer, it will cause a sharp drop in Jc,
effectively destroying superconductivity in the vicinity.
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(a) (b) (c)

FIGURE 3.12: Current density distribution of delaminated 12 mm wide SuperPower coated conductors,
obtained via SHPM. The distinct delamination interfaces (a) and SHPM results for (b) a coating sam-
ple superimposed with the three regions of Figure 3.10c and for (c) an undamaged, non-delaminated
sample. While the current density flows in an uninterrupted rectangular pattern in the non-delaminated
sample, it avoids regions of the coating where the HTS was damaged, particularly in the areas corre-

sponding to Region A, where REBCO was excavated from the coating during delamination.

3.3.4 A Quick Assessment of Coating Quality

Now that we have correlated the three regions with their corresponding composition and potential damage to super-
conducting properties, the coating samples can be visually evaluated for a quick estimation of the defects introduced
during the coating production. While this does not replace magnetization or surface impedance measurements, it
serves as a quick assessment of the coating quality and was used throughout this work to improve the manufacturing
steps and help in the design of IFAE’s automated system, mentioned previously in this chapter. As an example, Fig-
ure 3.13 shows delaminated Fujikura coated conductors with different ratios of excavated REBCO. The coating used
through this section is an example of a bad coating, since it makes it easier to visualize the different possible outcomes
of delamination. Nevertheless, we have fine-tuned the production technique in order to preserve the superconducting
properties of our coatings in over 95% of their area, with the damage being concentrated exclusively on the edges, as
it can be observed in Figure 3.13.

It is interesting to note that, depending on the provider, the delamination tends to occur in different interfaces. Most
notably, the samples prepared from Fujikura coated conductors, shown in Figure 3.13 present a very tiny percentage of
buffer layers, identifiable as the yellow spots. On the other extreme, samples produced from Theva coated conductors
often present almost the entirety of their surface covered with a remnant buffer layer, as seen in Figure 3.14.

Having remnant buffer layers covering the REBCO layer does not constitute a serious problem in terms of the
coating’s superconducting properties. From a magnetization perspective, the Jc remains unchanged, as shown in
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(a) (b) (c)

FIGURE 3.13: Optical images of the substrates delaminated from 12 mm wide Fujikura coated conduc-
tors. The surfaces of the corresponding coatings are mainly consistent of exposed REBCO, with minor
remnant buffer patches and (a) 20, (b) 15, and (c) 5% excavated REBCO, mainly concentrated on the
edges. The coating manufacturing process was improved in order to minimize excavated REBCO, and

therefore also minimize damage to its superconducting properties.

Figure 3.12. From a radio-frequency standpoint, on the other hand, it was shown that most buffer layers have little
to no effect on the surface resistance of delaminated coated conductors. However, some buffer layers, such as the
LaMnO3 oxide layer present in SuperPower coated conductors, can show mild increases in the surface resistance
below 1 T fields (see Figure 3.9) [49]. Remnant buffer layers can even be beneficial as a means to protect the REBCO
layer from degradation due to direct contact with ambient humidity and other external influences.

FIGURE 3.14: Optical image of a coating produced from a 12 mm wide Theva coated conductor. Al-
most the entirety of the sample’s surface is covered with a remnant buffer layer, only presenting minor

damage close to the edges.
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Chapter 4

Field Quality of the Coated Beam Screen

A REBCO CC-based coating is a promising solution to decrease the surface impedance of the beam screen in particle
accelerators. However, it is important that not only the coating offers low surface impedance, but also that it does not
disrupt the field in such a manner that the beam dynamics are compromised. To balance these two aspects, a proper
coating geometry must be found.

In this chapter, we employ FEM numerical analysis of the coated beam screen under the field produced by the
bending magnets, a dipole field, which corresponds to a magnetic length of 14.069m, the largest among the different
types of magnet used in the FCC. The numerical model used will be described, as well as the steps taken to study a
broad range of coating geometries, and experimental measurements will be shown as a means to validate the simulation
methodology.

4.1 The Finite Elements Method

Physical phenomena are often described mathematically as systems of differential equations. These equations describe
the relationships between the dependent and independent variables of this system and can be classified with regards to
the number of independent variables: ordinary differential equations (ODE), when there is only a single independent
variable; and as partial differential equations (PDE), when there are multiple independent variables. While ODE’s can
often be solved analytically, this is not always the case for PDE’s. For these scenarios, numerical methods such as the
finite elements method (FEM) can be employed to find approximate solutions to the physical problem [104]. In the
following chapters, the FEM is used with the COMSOL Multiphysics® software to study the electromagnetic as well
as thermal and mechanical behaviour of the hybrid-coated FCC beam screen in different conditions.

For the sake of simplicity, let us consider a dependent variable u that can be described as a function of the indepen-
dent variables corresponding to a one-dimensional space, u = f (x). While u may not be directly obtained by analytical
calculations, it can be approximated by a function uh composed of linear combinations of distinct basis functions ψi,
as in

u(x)≈ uh(x) = ∑
i

uiψi(x) . (4.1)

The goal of the FEM is therefore to find the coefficients ui that approximate u within a given error tolerance.

First, the independent variables, in this case, x, are discretized so that the variable space is split into several nodes.
The basis functions are then defined for all x values (the entire domain Ω). The simplest way to define the basis
functions is by using piecewise linear functions so that each ψi = 1 in a single node and ψi = 0 everywhere else, as
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shown in Figure 4.1. Here we see a uniform node distribution with linear basis functions, as well as an example of the
analytical dependent variable u and its numerical approximation uh.
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FIGURE 4.1: Dependent variable analytical function, numerical approximation and FEM linear basis
functions in a uniformly distributed node space. Figure based on [104].

Now that we have defined the node distribution and the basis functions, the problem must be converted into its weak
formulation. For that, let us consider an example defined by a simple PDE:

∇ ·u = g(u,x) , (4.2)

where g(u,x) is a function of both the dependent and independent variables. Boundary conditions can restrict g(u,x)

or u in certain boundaries, and must be taken into account to solve the problem. The weak formulation for any ODE
or PDE can be found by replacing u by its numerical approximation, multiplying both sides of the equation by a test
function φ j that belongs to Hilbert Spaces [105] and integrating over the domain Ω:∫

Ω

∇ ·uhφ jdx =
∫

Ω

g(uh,x)φ jdx . (4.3)

Therefore, the weak form relaxes the solution requirements when compared to its pointwise counterpart, because,
while Equation 4.2 requires all the terms of the PDE to be well defined in all individual points of Ω, Equation 4.3 has
to be true only for the domain as a whole, for all the test functions in the test functions space.

This results in a system of equations relating each coefficient ui with the weak formulation coming from each φ j,
that can be summarised in matrix form by

AUh = b , (4.4)

where Uh is the dependent variable 1×n vector composed of ui, b is a 1×n vector and A is the n×n system matrix.
With the proper test functions, matrix A is sparse, resulting in a relatively fast solution. By solving this system, the
coefficients ui can be determined and the approximate solution uh is found.

For time-dependent calculations, the ui coefficients are functions of time, while ψi and φ j are functions of the other
independent variables. The coefficients are therefore recalculated for each time step by discretizing the time-domain
independently. This can be done, for example, by approximating the derivative of the coefficients with respect to time
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by its variation over the time step:
∂ui

∂ t
≈

ui,t+∆t −ui,t

∆t
. (4.5)

4.2 Numerical Analysis Model

The simulations discussed throughout this chapter consist of FEM numerical analysis of different geometries of the
hybrid REBCO-Cu coating under the dipole field produced by the bending magnets. To increase computation speed
and facilitate that several geometries and field configurations are taken into account, the simulations will be developed
in a 2D environment that corresponds to the cross section of the vacuum chamber (the r̂× φ̂ plane of Figure 2.8).

In this section we will go through the formulation used to represent the electromagnetic phenomena related to the
presence of HTS material in an external magnetic field, with an emphasis on how the resistivity of the superconductor
is modelled. In addition, we will discuss how the coating geometry is described in terms of two parameters, and how
the variation of these parameters affects the field quality in the vacuum chamber.

4.2.1 H-Formulation

As mentioned in Section 4.1, the FEM consists in finding approximate numerical solutions to the weak form of partial
differential equations (PDE). The field quality inside the vacuum chamber emerges from the interaction between the
materials of the beam screen and the external magnetic field generated by the bending magnets. This interaction
can be described in terms of a few different dependent variables, using distinct PDE’s. In this work, we use the H-
formulation, which treats the magnetic field intensity H as the dependent variable, and is widely used as a means to
study the behaviour of HTS in magnetic fields.

The H-formulation aims to numerically solve Faraday’s equation,

∇×E =−∂B
∂ t

. (4.6)

To find this PDE as a function of a single state variable, namely H, three other relationships must be taken into
account. Firstly, the materials present inside the vacuum chamber are non-magnetic, therefore their relative magnetic
permeability µr can be considered equal to 1, which culminates in B = µ0H for all the simulation domains. Secondly,
the electric resistivity of each material is different, and even presents a non-linar behaviour in the case of HTS.
Therefore the relationship E = ρJ will be individually described for each domain based on that material’s resistivity.
Finally, the current density is derived from the quasi-static approximation of Ampere’s Law, ∇×H = J. Substituting
these into Equation 4.6, we get

∇× (ρ∇×H) =−µ0
∂H
∂ t

. (4.7)

In addition, Gauss’s Law also has to be satisfied:

∇ ·H = 0 . (4.8)

However, instead of being explicitly defined, this requirement is implicitly met for all time values by selecting initial
conditions that satisfy it at t = 0. The initial conditions chosen for these simulations are B = 0 and ∂B

∂ t = 0 for all
domains, at t = 0.

Since we are working in a 2D environment, these relationships can be further simplified by considering that the
current and electric field only have longitudinal components (E = Ezẑ, J = Jzẑ), while the magnetic field is present



54 Chapter 4. Field Quality of the Coated Beam Screen

only in the cross-section plane (H = Hxx̂+Hyŷ). The following system of equations can therefore be used to describe
the entire set of relationships:

µ0
∂Hx

∂ t
=−∂Ez

∂y
(4.9)

µ0
∂Hy

∂ t
=

∂Ez

∂x
(4.10)

Ez = ρJz (4.11)

Jz =
∂Hy

∂x
− ∂Hx

∂y
. (4.12)

Apart from this set of equations, it is also necessary to define a few constraints and boundary conditions. For that,
we will refer to Figure 4.2, where a schematic of the simulation geometry is depicted. The superconducting segments
of the hybrid coating are contained within the superconducting domains Ωsc,i. The other materials, that is, copper and
steel, as well as the vacuum region are all part of a common domain, Ωsc, where the material resistivity is defined as
ρ = 1Ωm. This specific value is commonly used in literature to represent materials with high resistivity and vacuum,
where induced currents are expected to be negligible when compared to those flowing through the superconductor.
Under the operating conditions of the beam screen, this is a reasonable assumption even for good conductors such as
copper due to the low ramping rate of the magnetic fields. As we will see in Chapter 7, however, this assumption no
longer holds for the high currents induced in the event of a quench of the main dipole magnets.

(a) (b)

FIGURE 4.2: Schematics of the simulation geometry. (a) Cross section of the beam screen, made of
copper-coated stainless steel; and (b) simplified geometry of the first quadrant of the vacuum cham-
ber. The simulation space is split into the superconducting domains Ωsc,i and the Ωsc domain, which
corresponds to all other materials and vacuum. The boundaries ∂Ωb and ∂Ωs represent the edges of
the simulations space and the axes of symmetry, respectively. The reference radius r0 marks the region

where the magnetic field must be kept homogeneous.

The imposition of an external magnetic field is introduced by defining boundary conditions at the outer edges of the
simulation space. At the ∂Ωb boundaries, the magnetic field takes known values that vary over time. It is assumed
that the distance from the HTS domains is large enough so that the field at these boundaries is the nominal magnetic
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field coming from the magnets, according to

Hb,x = 0 (4.13)

Hb,y = Hex =
t

µ0

∂B
∂ t

, (4.14)

where ∂B
∂ t is the rate of change of the dipole field over time, which during field ramp up corresponds to 13.3mT/s.

Due to the symmetry of the beam screen and of the purely vertical external field, there is no need to consider the
entire vacuum chamber in the simulation space. Instead, it can be limited to a single quadrant, provided the proper
boundary conditions are used to enforce symmetry. The symmetry axes are defined in the ∂Ωs boundaries, where the
magnetic field values are constrained as follows:

Hs,x = 0 . (4.15)

This ensures that all the magnetic field lines are vertical when crossing the ∂Ωs boundaries.

Finally, we assume throughout these simulations that the HTS segments are electronically insulated from each other,
meaning that all currents are contained within each HTS domain, never crossing to another. This property depends
on the techniques employed to produce the HTS coating, and may not be true for the methodology presented in the
previous chapter. A deeper study analysing the flow of current between the layers of the coating is presented in
Chapter 8, at which point the influence of other characteristics such as the contact resistance between the layers is
taken into account. To ensure no current flows between different materials, a constraint is introduced by setting the
total current of any given HTS domain Ωsc,i to zero at all times. With this, all current loops will be contained within a
single domain:

Ii =
∫

Ωsc,i

JzdS = 0 . (4.16)

It is know that large aspect ratios, particularly those of the HTS domains, can be detrimental to the computation time
of the simulations. To increase convergence speed, a homogenization method is used, based on which the thickness
d of the Ωsc,i domains is multiplied by a factor kd [106]. To compensate for that with regards to its electromagnetic
behaviour, the current density of the material is divided by the same factor, resulting in an unchanged sheet critical
current density Jcd.

4.2.2 REBCO Resistivity

As discussed in Section 2.1, the resistivity of HTS materials is highly non-linear in the mixed state and depends on
several factors. Since we are interested in the time-dependent behaviour of the beam screen, it is important that our
model takes into account dynamic effects that may affect the current flow inside the superconducting material over
time. To do this, the resistivity of the REBCO segments is given by

ρsc =
Ec

Jc

(
J
Jc

)N−1

+µ0 f d2
[

2Hac

Jcd
−
(

1− J
Jc

)]
. (4.17)

The fist term of Equation 4.17 comes from Anderson-Kim’s theory, taking into account the flux creep that arises when
the current density reaches values close to and above Jc. The second term comes from the wandering of vortices
induced by the AC magnetic field produced by the particle beam (see Section 2.2). While said magnetic field is
more resembling of a gaussian wave than a sinusoidal one, it can be considered as the latter in a first approximation.
Likewise, the direction of the field is not perfectly perpendicular to the c-axis of the REBCO nor to the DC field, but
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will be considered to be so, resulting in an AC field perceived by the HTS as hac(t) = Hac cos(ωt)b̂, where b̂ denotes
the direction of the width of the delaminated CC.

The dependence of Jc with the magnetic field is added in accordance to Equation 2.4, rewritten here in terms of the
magnetic field intensity H:

Jc = Js f
c

(
1+

H
H∗

)−α (
1− H

Hirr

)2

. (4.18)

Note that, instead of scaling the magnetic field with the angle, as suggested in Section 2.1, the unscaled field value is
used. To compensate for that and still account for HTS anisotropy, the coefficients of Equation 4.18 will be calculated
separately for each HTS segment.

Under the external dipole field to which the beam screen is submitted, the HTS segments located on the top and
bottom walls will be impinged by the magnetic field parallel to the c-axis, as shown in Figure 4.3a. On the other hand,
the same magnetic field will form a ≈ 70◦ angle with the segments on the diagonal walls. Therefore, separate data
sets for field angles of zero and 70◦ with the c-axis can be used to fit the measured curves to Equation 4.18. This
assumes that the field disturbance produced around the HTS segments is small compared to the external field, which
is a reasonable assumption when it comes to the Jc and N dependencies with field and angle.

The measured data used to calculate the coefficients for both field angles comes from measurements of SuperPower
CC’s at tilted angles [63] and is presented in Figure 4.3b, along with the fitted curves. Unlike Jc, the dependence of
the transition index N with field intensity and angle is added by interpolating the measured data in the 0 to 8 T range
and constantly extrapolating it from 8 to 16 T.

(a)

10-2 10-1 100 101

B (T)

0

5

10

15

J
c
 (

M
A

/c
m

2
)

10-2 10-1 100 101
10

15

20

25

N

 = 0°  = 70° Extrapolation to 16 T

(b)

FIGURE 4.3: Jc and N dependence with magnetic field angle and intensity for 0◦ and 70◦. (a) Schematic
representation of the field angle for the HTS segments in the beam screen; and (b) measurement data of
N and its extrapolation to 16 T, and measurement data of Jc (points) and fitted curves (lines). Based on

data of SuperPower coated conductors at 50 K from [63].

The coefficients obtained for Equation 4.18 are shown in Table 4.1. Note that any high enough value of Hirr would
accurately describe the used data. Since Hirr must be smaller than Hc2, it has been limited to µ0Hirr =180 T, which is
a reasonable µ0Hc2 value for REBCO CC’s when the applied magnetic field is parallel to the ab-plane.
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TABLE 4.1: Coefficients obtained for Equation 4.18 from fitting SuperPower Inc. data from [63] at
50 K and field angles of 0º and 70º.

Js f
c (MA/cm2) µ0H∗(T ) µ0Hirr(T ) α

Top Wall 12.2 0.2 22 0.31
Diagonal Wall 12.2 0.5 180 0.83

4.2.3 Geometry Parametrization

As mentioned previously, one of the objectives of the FEM simulations of the coated beam screen is to find coating
geometries that comply with both field quality and surface impedance criteria. To do that, it is convenient to describe
the coating geometry as a function of a few parameters. These parameters can then be varied in order to evaluate their
impact on the field homogeneity.

However, in order to reduce a complex geometry such as that of the hybrid coating to such a simple description, a set
of rules must be defined to decrease the range of possible geometries that are considered. These rules were formulated
with the intent of decreasing the computation effort demanded by the simulations as well as complying with physical
requirements of the beam screen and are as following:

1. The coating is symmetric in the four quadrants of the vacuum chamber;

2. There are no HTS segments in the bent portion of the beam screen walls;

3. The number of HTS segments of each diagonal wall is equal to half that of the top (or bottom) wall; and

4. The segments located in either end of each wall must be HTS.

These restrictions allow us to summarise the coating geometry as a function of two parameters: the number of HTS
segments per quadrant (n), and the ratio of HTS covering the flat portion of the walls (p). This pair of parameters
was chosen not only because they can be used to easily describe the geometry, but also because they are conveniently
correlated with the variables we want to evaluate. On one hand, the larger the HTS ratio p is, the lower the expected
surface resistance is. On the other, the trapped field for a give ratio p is expected to decrease with the number of
segments n, resulting in an increase in field quality. Note that n should always be an even integer in order to satisfy
rule 3.

Figure 4.4 shows an example of a coating geometry, with n = 6 and p = 50%. The dimensions of the alternated
segments can be easily calculated from n and p. First, let us examine the top wall, the half-width of which is given by
wtop. The HTS width wsct and the copper gap width gtop are obtained by

wsct = 2wtop
p
n

(4.19)

gtop = 2wtop
1− p
n−1

. (4.20)
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The corresponding dimensions for the diagonal wall, with width wdia and gap gdia, are described by1

wscd = 2wdia
p
n

(4.21)

gdia =

2wdia
1−p
n−2 n > 2

0 n = 2
. (4.22)

Knowing this, it is also straightforward to calculate the position of each HTS segment i along a given wall:

ssct,i =

(
i− 1

2

)
(wsct +gtop) (4.23)

sscd,i =

(
i− 1

2

)
(wscd +gdia)−

gdia

2
. (4.24)

FIGURE 4.4: Schematic of the first quadrant of the inner walls of the FCC beam screen with a coating
geometry of n = 6 and p = 50%. The variables used to represent the dimensions of the HTS segments

and the copper gaps are displayed, as well as the reference radius for field homogeneity.

The distribution of current induced in the superconductor segments, which in turn is affected by the geometry of the
hybrid coating, will lead to distortions in the surrounding magnetic field. According to the field quality requirements
imposed by CERN, the normalized field harmonics introduced by the coating within a reference radius r0 from the
center of the vacuum chamber must not surpass a few units of 1×10−4 (see Section 2.3 and Figure 4.4). This reference
radius usually corresponds to 2/3 of a magnet aperture, when referring to the quality of the field produced by a magnet.
Applying the same criterion for the FCC beam screen, but considering an average of the distance between the inner
walls of the beam screen and the center of the vacuum chamber, we obtain an r0 = 9mm.

1Note that any geometry with two segments per quadrant contains only a single segment in each diagonal wall, meaning there are no copper gaps
in the diagonal walls. This results in an HTS ratio that is larger than the value of p as a consequence of the specific case of n = 2 in Equation 4.22.
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The field harmonics will be calculated according to Equations 2.62 and 2.63 at r = r0. Due to the quadrant
symmetry of the beam screen, the coating and the dipole field, the skew coefficients an vanish, as well as the even
normal coefficients. Therefore, only the odd bk coefficients must meet the field quality criterion.

By parametrizing the coating geometry, we aim to find the regions of the (n, p) combination space that satisfy the
field homogeneity requirements, while still allowing for a relatively high HTS ratio p, so that the surface impedance
can be significantly reduced when compared to a pure copper coating.

4.3 Field Quality Simulations

This section will present and discuss the results of the electromagnetic simulation of the hybrid REBCO-Cu coating
of the beam screen during magnetic field ramp-up of the FCC bending magnets. The simulations were conducted with
the COMSOL Multiphysics® software, using time-dependent studies of the general form PDE environment [107],
which allows for the input of the coefficients of a generic PDE, as well as its boundary and initial conditions.

As the magnetic field increases from 0 to 16T, the behaviour of the superconducting segments present in the beam
screen coating will be studied, as well as the field harmonics produced at the reference radius r0. We will see how the
currents flowing through the HTS are affected by the demagnetizing effect induced by the AC field generated by the
beam. In addition, measurements of magnetization and surface resistance of hybrid coating samples will be used to
validate the simulation results and confirm whether the evaluated geometries show low surface resistance in conditions
similar to those of the FCC.

4.3.1 Ramping up the Dipole Field

In particle accelerators such as the FCC, the bending magnets are first activated while there are no particles orbiting.
The dipole magnetic field is then increases to Hin j, which is the magnetic field required for the particle bunches to be
injected into the machine. After particle injection, the field is increased to Htop, the magnetic field at top energy, at
which point the beams are ready for collision. In the case of the FCC, these values correspond to µ0Hin j = 1T and
µ0Htop = 16T, respectively, with a ramping rate of 13.3mT/s. In addition, to preserve the beam’s orbit, field quality
has to be maintained whenever there is a beam circulating in the vacuum chamber, that is, between injection and top
energy. Therefore, the field quality within the vacuum chamber for field values below 1T is not relevant for beam
stability.

It is interesting to investigate how the superconducting segments of the hybrid coating react to the ramping dipole
field introduced by the bending magnets. To do that, let us consider the numerical results obtained from the FEM
simulation of an arbitrary coating geometry, with n = 6 and p = 50%, henceforth referred to as "(6,50%)", without an
oscilating field (Hac = 0). In the top charts of Figure 4.5, we can see the current density and its corresponding Jc in an
arbitrary point in the HTS domains. As expected, the Jc decreases as the field increases according to Equation 4.18.
After a short transition interval, which happens below 1 T, the maximum current density Jmax presents the same
tendency to decrease with the magnetic field.

As a consequence, the trapped field in the HTS segments also decreases with the field, resulting in a decreasing
distortion in the surrounding magnetic field. This is represented in a rather simplistic manner by the maximum relative
field disturbance,

η(t) = max
r=r0

|H(r,φ , t)−Hex(t)|
|Hex(t)|

= max
r=r0

∆H(r,φ , t)
Hex(t)

, (4.25)
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evaluated at r = r0 for each point in time, or in this case, for each value of applied field Hex. The bottom chart in
Figure 4.5 shows η , and we can see its descending tendency. The field harmonics are also presented, calculated from
Equation 2.63, also decreasing with the applied field.
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FIGURE 4.5: Simulation results of hybrid coating with n = 6 and p = 50%. The dipole field increases
from 0 to 16T at a constant rate of 13.3mT/s, which correspond to the conditions of the FCC bend-
ing magnets. The current density flowing through an arbitrary point inside the HTS domains and the
corresponding Jc are shown on the top graphs; and the relative maximum field disturbance η (see Equa-

tion 4.25) and the field harmonics bk calculated at r = r0 are presented in the bottom graphs.

There are two main points to be derived from these results. First, that although η may not be the most precise way
to quantify the field quality within the vacuum chamber, it is always larger than each individual field harmonic, which
means that if η satisfies the field quality criterion, so too will the harmonics. Second, that due to the decreasing nature
of Jc in an increasing dipole field, the largest field disturbance between injection and top energy, that is, between 1 and
16T, happens at 1T, which tells us that the moment of injection is the most critical in terms of field quality. These two
points combined suggest that only a single variable has to be considered for each coating geometry to ensure it fulfills
the field quality criterion: ηmax = η(µ0Hex = 1T). This will be the basis of the parametric evaluation of the coating
geometries, which will be discussed later on this section.

Figure 4.6 presents the field disturbance in the vacuum chamber and the field harmonics at the reference radius at
µ0Hex = 1T . Figure 4.6a shows that the distortion produced by the HTS segments reaches values as high as 10% in
the proximity of the HTS domain, but decreases sharply as the distance from the coating increases. Figure 4.6b shows
more clearly the first six odd normal field harmonics when the external field reaches 1T. Here we see once again that
all harmonics are below η and that the largest contribution to field distortion comes from the dipole coefficient, b1.
This is in agreement with the fact that the currents induced in the HTS tend to create a magnetic field that opposes the
external field, creating a mainly dipole distortion in the opposite direction. It is worthy of notice that this geometry
results in bk < 10, which could be low enough to meet the field quality criterion. However, the relatively low HTS
ratio, p = 50% would result in surface resistance values that can still be significantly improved.

In Figure 4.7, we see in more details the electric behaviour of the HTS segments during field ramp-up. After
the short transition at very low fields, the electric field quickly reaches an equilibrium. Indeed, from Equations 4.9
and 4.10, the electric field should be proportional to the rate of change of the magnetic field. If we consider the HTS
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FIGURE 4.6: Field disturbance (a) in the vacuum chamber and (b) field harmonics at the reference
radius at µ0Hex = 1T for the (6,50%) geometry.

homogeneous along the c-axis, we obtain by integrating Equation 4.10 over x,

E = µ0
∂Hy

∂ t
(x− x0)≈ µ0

∂Hex

∂ t
∆x , (4.26)

where x0 is the point inside the HTS domain where E = 0, which corresponds to the center of the HTS segment if it is
electronically insulated. By inputting the field rate of 13.3mT/s and the distance between the data point and the center
of the HTS segment ∆x = 0.69mm, we get E/Ec ≈ 0.1, the equilibrium value reached in Figure 4.7. By rearranging
the power law, we can obtain an approximation of J for all field values during ramp-up after the transient as

J = Jc

(
E
Ec

) 1
N

≈ Jc

(
µ0

Ec

∂Hex

∂ t
∆x

) 1
N

. (4.27)

This is particularly useful as a quick estimation of the currents flowing in the HTS, that does not rely on the more
complicated and time-consuming FEM solution. The obvious downside is not considering the transient behaviour of
the HTS, at which point the electric field may assume very different values.
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FIGURE 4.7: Current density J and electric field E normalized with respect to their critical values
and transition index N in an arbitrary point inside the HTS domains of the top wall for the (6,50%)

geometry while ramping the field from 0 to 16T.
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4.3.2 AC Demagnetization at High DC Fields

So far, the results shown have not considered the oscillating magnetic field produced by the beam. However, after
beam injection, there may be an effect on the magnetization of the HTS segments due to their interaction with the AC
field. This effect is already accounted for in the REBCO resistivity, given by the second term of Equation 4.17. We
will now analyse the impact of different levels of Hac in the currents flowing through the HTS.

Accodring to [74], the presence of an oscillating field perpendicular to both the DC field (the dipole field, in this
case) and the c-axis of the superconductors induces the movement of vortices towards the center of the HTS, which in
turn generates an electric field opposed to the current flow. This has the effect of demagnetizing the material, which
can be understood as the permeation of vortices, decreasing the overall trapped field, as well as a decrease in the
resulting current flow due to the dissipation of energy coming from the emergence of an opposing electric field. In any
case, an equilibrium point is reached after a given number of cycles, at which point the vortex motion is interrupted
and the induced electric field vanishes, leading to a current density value Jeq of

|Jeq|
Jc

=

1−2 Hac
dJc

, Hac <
d
2 Jc

0 , Hac >= 1
2 dJc

. (4.28)

When superimposed to a ramping DC field, this equilibrium value will also change over time, along with Jc. However,
since the timescales of the AC field are much shorter than those of the DC field, we can assume that the demagneti-
zation effects happen instantaneously with regards to the ramping time of the DC field. This results in a J(Hex) curve
that is limited by Jeq on its upper side.

Simulation results of the HTS exposed to such conditions considering different Hac are shown in Figure 4.8, where
the equilibrium current density Jeq is plotted in dotted lines and the continuous lines of different colors correspond to
the resulting current density due to the combined effect of both DC and AC fields. Note that whenever the current
values without an AC field (black continuous line) are lower than the limiting Jeq, no demagnetizing effect is observed,
which is the case for the entire Hac = 250A/m, the maximum AC field expected for the FCC beam screen. However,
for higher Hac, as Hex increases and Jc decreases, so too does Jeq, even resulting in a complete demagnetization at 16 T
for Hac >= 8×250A/m.

In the case of partial demagnetization, the field harmonics will be affected by the decreasing currents, with an
overall tendency of decreasing as well, resulting in an actual improvement in field quality. Most noteworthy, however,
is the fact that only an AC field more than one order of magnitude higher than the one predicted for the FCC beam
screen is strong enough to demagnetize the HTS segments at µ0Hex = 1T.

At this point it is worth bringing into discussion the viability of this model when applied to the FCC beam screen.
While the field produced by the particle beam presents high frequency components, it is very different from a sinu-
soidal wave in time. Because of this, the vortex displacement per cycle ∆x will likely be smaller than the result of
Equation 2.37, resulting in a lower demagnetizing effect and a larger Jeq.

These last two points combined tell us that, for the FCC conditions, we can assume that the most critical point in
terms of field quality is still the moment of injection, at 1 T, allowing us to disregard the demagnetizing effect of the
AC field, especially at low DC fields.
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FIGURE 4.8: Normalized current density J (continuous lines) and equilibrium current densities Jeq
(dotted lines) imposed by the presence of a perpendicular AC magnetic field with intensity Hac. The
electric field induced in the HTS by the AC fields limits the current density in the HTS so that J <= Jeq

[74]. The maximum expected AC field value at the beam screen is Hac ≈ 250A/m.

4.3.3 High Field Quality Geometries

Now that we have established that the field homogeneity of the vacuum chamber will be at its worst during injection,
we can use the maximum relative field disturbance η at 1 T (see Equation 4.25) as a means to evaluate several coating
geometries with respect to their impact on the field quality. If the quality criterion is satisfied for η(1T) it will also be
for all field harmonics between injection and top energy.

To do this, the same simulation procedure was repeated, only varying the geometric parameters, p and n. The results
are shown in Figure 4.9. Each simulated coating geometry is represented by a point in the graph of Figure 4.9a with
their corresponding harmonics shown in Figure 4.9b. With this, η can be obtained as a function of n and p according
to

η = 240
p2.1

n
[units] . (4.29)

The surface described by this equation is the colored plane in Figure 4.9a, which can be used to extrapolate the
simulation results. As expected from the behaviour of the trapped field in a HTS film (see Section 2.1), η is inversely
proportional to n, but is directly related to p. The region below the black line corresponds to a relative field disturbance
lower than one unit. Since the field quality criterion demands field harmonics of the order on one unit, the line
actually represents a rather harsh limit, and even coating configurations that are above but close to it would still
present acceptable field quality.

In order to achieve such low harmonics n and p must satisfy

n ≳ 240p2.1 , (4.30)
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FIGURE 4.9: Field homogeneity results for several coating geometries. (a) Maximum relative field
disturbance η as a function of the HTS ratio p and number of segments n. Simulated data are shown in
the dots, the colored surface represents the extrapolated relationship and the black line corresponds to

η = 1unit. (b) Field harmonics for n = 6 (above) and p = 50% (below).
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which means that the number of segments n required to compensate for the HTS ratio p varies with, roughly, its
square. To achieve low enough values of surface resistance, it might be necessary to increase p to values as close to
1 as possible, which in turn would require n to get ever closer to 240 segments per quadrant. Table 4.2 lists some
possible geometries that would comply with the field quality criterion considering different ratios p. An increase in
the number of segments would also require narrower HTS widths w and copper gaps g. Therefore, for different ranges
of n, distinct striation technologies would be the most appropriate, such as mechanical scribing, ink-jet printing, two-
level undercut profile substrate (2LUPS) and laser scribing. It is worth pointing out, though, that the coefficients in
Equation 4.29 depend on the CC provider, and therefore so too will the combinations of n and p that fulfill the field
quality criterion.

TABLE 4.2: Examples of geometries that comply with the field quality criterion and the technologies
necessary to produce their striation pattern.

p n wsct(µm) wscd(µm) gtop(µm) gdia(µm) η(units) Technology
0.25 12 361 293 1180 1055 1.088 Mechanical scribing
0.50 48 180 147 184 153 1.166 Ink-jet printing
0.75 106 123 99 41 34 1.237 2LUPS
0.95 172 96 78 5 4 1.253 Laser scribing

4.3.4 Dipole Cancellation and Proposed Geometry

Although a good field quality is achievable simply by increasingly splitting the HTS into a large enough number of
segments, another solution can be taken into account to further relax the field quality criterion and broaden the range of
complying geometries. As shown in Figure 4.9b, the dipole component of the field harmonics b1 is always the highest
contribution to field inhomogeneity by a significant margin. However, the bending magnet itself produces a mainly
dipole magnetic field. If this field is slightly over-tuned to compensate for the opposing effect of the HTS coating, the
combined field harmonics will present a null dipole contribution (b1 = 0). In this case, the field quality criterion has
to be met only by the higher mode harmonics, (b3, b5, b7, ...), which results in more geometries being acceptable in
terms of field quality.

Figure 4.10 presents the field harmonics and maximum relative field disturbance of different coating geometries.
The results for (6,50%) are shown once again in Figure 4.10a, to serve as a reference, but we can see that already
with this geometry the higher mode harmonics are below one unit. In terms of field quality, this would classify it as a
complying geometry. However, the relatively low HTS ratio could still be an issue with regards to surface impedance.
Figures 4.10b to 4.10d show the results of coating geometries with a higher ratio of n = 95%, which is still a realistic
value due to the required widths and gaps necessary to produce such narrow segments. As we can see, for both n = 6
and n = 4 the largest field harmonics (excluding b1) are within a few units. This is not the case for n = 2 which
surpasses 10 units in b3, b5 and b7. With this we conclude that in order to keep such a large p, it is only necessary
to striate the coating into four segments per quadrant, a easier prospect than the n ≈ 172 necessary without the b1

harmonic correction.

At this point it is worthwhile to make a closer examination of the dimensions of the (4,95%) coating geometry.
Table 4.3 lists the dimensions of the coating geometries analysed in Figure 4.10. Note that, for all the considered
geometries, the widths of both diagonal and top wall segments are of the order of a few millimeters. We can thus tune
the widths of the segments to match those commercially provided by the manufacturers, that is, 12, 4 and 2mm, which
would bypass the striation step of the coating production process, making it easier, faster and cheaper.

Based on this we can modify the widths of the (4,95%) geometry so that wsct = 4mm and the two segments of each
diagonal walls are 4 and 2mm wide. By doing this, the number of segments is preserved, albeit now with distinct
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(a) (b)

(c) (d)

FIGURE 4.10: Field harmonics of four geometries and the maximum relative field disturbance η with
(green line) and without (red line) cancellation of the dipole component. The geometries are (a) 6, 50%,

(b) 6, 95%, (c) 4, 95%, and (d) 2, 95%.

TABLE 4.3: Dimensions of the geometries whose field quality results are shown in Figure 4.10.

p n wsct(mm) wscd(mm) gtop(mm) gdia(mm)
0.50 6 1.44 1.17 1.73 1.76
0.95 6 2.74 2.23 0.17 0.18
0.95 4 4.11 3.34 0.29 0.35
0.95 2 8.22 6.68 0.87 0

dimensions, but the HTS ratio decreases slightly to p = 89%. The field disturbance and the field harmonics of this
tailored geometry are shown in Figure 4.11. All non-dipole harmonics are below 4 units, which is still acceptable
with respect to field quality. The ratio of 89% suggests a relatively low surface impedance compared with full copper,
meaning that this geometry fulfills both criteria and offers the simplicity of not requiring any striation. For these
reasons, we present this as the proposed geometry of the hybrid REBCO-Cu coating for the FCC BS.

It is important to note, however, that the impact of the surrounding structure on beam stability depends on the field
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(a) (b)

FIGURE 4.11: Field quality results for the proposed geometry of the hybrid coating. (a) Field distur-
bance at µ0Hex = 1T and dimensions of each segment, and (b) Field harmonics and maximum relative

field disturbance with and without correction of the dipole component.

homogeneity and on the beam coupling impedance, which in turn depends on the surface impedance of the constituent
materials and on the geometry in which they are assembled. In other words, the ratio of HTS is not the sole factor
to be taken into account, but also where it is placed, since regions of the coating that are closer to the beam present
a larger impact to the beam. While the parametric study presented in this chapter aims to find a reasonable balance
between field quality and surface resistance, it does not take into account the weighted contributions to the coupling
impedance. A complementary study that receives as input the results of this thesis to further optimize the coating
geometry in terms of the resulting beam coupling impedance is the subject of the doctoral thesis of Nikki Tagdulang
at the ALBA Synchrotron and the Polytechnic University of Catalonia (UPC).

4.4 Magnetization and Surface Resistance Measurements

While the simulation results imply that field homogeneity can be achieved simultaneously with a high HTS ratio,
which in turn suggests low surface impedance, it is important to validate the feasibility of the hybrid coating. To
do this, samples of the hybrid coating in a simplified flat geometry with different striation patterns were produced to
verify the impact of the two parameters in their trapped field and surface resistance.

To produce the striated patterns needed for our measurements, the REBCO content is removed in lines that follow
the expected current path within the sample, revealing the copper layer beneath. Depending on the width of the copper
gaps, the method employed to striate the coating may differ, going from mechanical scribing for larger gaps of around
1 mm, all the way down to laser scribing for thinner gaps in the micrometer range [108]. In this work the method
used to produce the striated or hybrid coatings was chemically etching the REBCO layer after photolithography. This
consists of producing a patterned mask covering the surface of the sample that protects it against chemical etching,
ans subsequently submergin the sample in a bath of 1:20 H3PO4:H2O solution, which etches away the REBCO only
in the regions without the mask. The bath time and solution composition are carefully monitored to minimize excess
of etching, which would make the gaps larger than desired.



68 Chapter 4. Field Quality of the Coated Beam Screen

The samples we prepared for our measurements can be split into two sets, as shown in Figure 4.12. For the magne-
tization measurements, three samples were produced from 12mm×30mm coated conductors stripped off their stabi-
lizing layers of copper and silver. Two of them were then striated into patterns with four and 16 segments, both with
75% HTS ratio, respectively named H1 and H2. One sample was not striated, maintaining a single segment with 100%
HTS and named H0. For the surface resistance measurements, three pairs of samples were also produced by soldering
and delaminating 12mm× 12mm CCs onto brass blocks. Likewise, two of them were striated to produce different
patterns: sample pair R1, with 92% HTS and sample pair R2, with 42%. Sample pair R0 is not striated.

FIGURE 4.12: Schematic of the production process of the two sets of samples prepared for measure-
ments. Samples H0, H1 and H2 for magnetization measurements via scanning Hall probe miscroscopy
(SHPM) and samples R0, R1 and R2 for surface resistance measurements with a dielectric resonator

(DR).

Unlike the samples prepared for the magnetization measurements, samples pairs R1 and R2 had their striation
pattern produced in a circular fashion, so that each segment is a concentric ring. The reason for this is that the
surface currents induced in these samples flow circularly. Therefore in order to avoid currents flowing through both
copper and HTS, and consequently having the measured surface resistance affected by the contact resistance between
these layers, the segments must present the same shape of the current flow: concentric rings. Note that although the
segments are longitudinal in the FCC BS, the same concept applies, since there are no induced image currents that
flow through different materials. Since the segments are ring-shaped in rectangular samples, the concept of number of
segments does not translate directly to these samples. Figure 4.13 shows photographs of the samples, whose details are
listed in Table 4.4. The dimensions for the sample pairs R1 and R2 were chosen to match those of simulated coating
configurations that meet the field quality criterion without dipole cancellation.

Samples H0, H1 and H2 were then submitted to magnetization measurements via scanning hall probe microscopy
(SHPM, see Chapter 3). The trapped field at 77K measured from a distance of 400±100 µm from the surface of the
samples in a transversal line at its center is shown in Figure 4.14a. The results show that as the number of segments
increases, the maximum trapped field decreases. Compared to H0, samples H1 presents a decrease of 58% in its
maximum trapped field. On top of that, the maximum trapped field of sample H2 decreases by 90% with respect to
H1, in spite of the fact that both present the same HTS ratio. This confirms that even for the same amount of HTS
material, it is possible to reduce the trapped field, and therefore increase field quality, by increasing the number of
segments.

On the other hand, Figure 4.14b shows the simulation results replicating the same conditions of the experiment. In
this case a very similar behaviour can be observed from the three samples, with a decrease in trapped field of 64%
from H0 to H1 and of 87% from H1 to H2. The consistency between results from experimental measurements and
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(a) (b) (c)

FIGURE 4.13: Samples produced for magnetization and surface resistance measurements. For magne-
tization measurements, (a) H1 and H2 with four and 16 segments and 75% HTS. For surface resistance

measurements, (b) R1, with 92% HTS, and (c) R2, with 42%.

TABLE 4.4: Details of the samples produced for magnetization and RF measurements.

Sample p n w(µm) g(µm) Pattern
H0 1.00 1 Rectangular
H1 0.75 4 2250 750.0 Rectangular
H2 0.75 16 560 187.5 Rectangular
R0 1.00 Circular
R1 0.92 121 10 Circular
R2 0.42 232 250 Circular

numerical analysis validates the model used for the simulations and sets the simulation methodology presented in this
chapter as a prediction tool for the behaviour of different coating geometries based on coated conductors from distinct
providers, with distinct material properties.
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FIGURE 4.14: Trapped field in samples with different striation patterns. Comparison between (a)
Experimental measurements via SHPM from a distance of 400±100 µm from the surface of the samples

and (b) simulation results under similar conditions.

Following up on the magnetization measurements, sample pairs R0, R1 and R2 had their surface resistance measured
as a function of the magnetic field at 50 K. The measurements results are depicted in Figure 4.15a and compared
with the surface resistance of a pure copper sample consisting on the electroplated copper layer used as stabilizier
in SuperPower samples. As expected, the surface impedance drops as the HTS ratio increases, reaching values very
similar to pure REBCO for ratios close to 100%. Sample pairs R0 and R1 show very close curves, despite the fact that
one is heavily segmented and the other is not. On the other hand, focusing on R2 shows us an intermediate behaviour,
both in self field values as well as magnetic behavior.
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Based on these results, the surface resistance as a function of the field of the hybrid samples can be approximated
as [49]

Rhybrid
s (H) = p ·RREBCO

s (H)+(1− p) ·RCu
s (H) , (4.31)

assuming that each material contributes linearly to the total surface resistance. This leads to the curves plotted in
Figure 4.15b. As we can see, this simple model represents the data qualitatively well. On the other hand, the values
predicted by the model are overestimated. This could have arisen from the fact that the current induced beneath the
dielectric is not evenly distributed, which would result in a larger contribution coming from one of the materials. This
effect would be enhanced for larger segment widths, which would explain the larger mismatch for sample pair R2.
Alternatively, this incongruity could be caused by a preferential RF current flow in the HTS, resulting in lower total
surface resistance. Although previous studies have shown small to no correlation between the induced currents and
the material distribution in soldered copper pipes [109], it could be the case that the currents are more impacted by the
large surface resistance difference between copper and HTS, as well as their different heights.
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FIGURE 4.15: surface resistance measurement results at 50K and 8GHz. Surface resistance of samples
R0, R1 and R2 are shown (a) compared with a pure copper sample; and (b) compared with the linear

approximation described by Equation 4.31.

In any case, it is clear that any non-zero HTS ratio represents an improvement in surface resistance with respect to
pure copper, and that the larger improvements are obtained the closer to pure REBCO our coating is.

4.5 Chapter Summary and Conclusions

In this chapter, we showed the numerical analysis methodology used to simulate our hybrid REBCO-Cu coating for
the FCC-hh beam screen. Our model consists on a H-formulation FEM solution of Faraday’s law of induction coupled
with the quasi-static approximation of Ampere’s law. The resistivity of the superconducting material present in the
coating is based on material properties of commercially available coated conductors and accounts for creep, AC field
demanetization, superconductor anisotropy and dependence with field intensity and angle.

Simulations of the hybrid coating during field ramp-up of the bending magnets show that the most critical moment
in terms of field quality is during injection, with an external applied diople field of µ0Hex = 1T. At this point, the field
harmonics are the highest due to the decreasing dependence of Jc with H as well as the fact that the field harmonics
are normalized with respect to the increasing external field. In addition, simulations considering HTS demagnetization
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due to beam-induced perpendicular AC magnetic fields show that this effect is negligible for the predicted field values
of the FCC. Only AC fields more than one order of magnitude higher than FCC’s estimated 250A/m would cause
significant impact, potentially demagnetizing the coating at injection.

Based on these results, several coating geometries were simulated by varying HTS ratio p and number of HTS
segments n. Simulation results show a broad range of possible geometries that comply with the field quality criterion,
but that in many cases, and especially for high p, require a very large number of segments. To mitigate this, the
possibility of cancelling the dipole harmonic contribution by applying an external dipole field slightly larger than
nominal is evaluated, in which case the field quality criterion is relaxed, allowing for coating geometries with less
segmentation. A coating geometry was proposed for the beam screen, which require segments as wide as commercially
available coated conductors, bypassing the need to striate the delaminated coating, and making its production process
easier, cheaper and faster while maintaining a high HTS ratio.

Finally, striated samples were submitted to magnetization and surface resistance measurements to validate the sim-
ulation results and confirm the effect of n and p on the trapped field and the surface resistance of the hybrid coating.
The combined results from these measurements confirm that it is possible to simultaneously meet the field quality
and surface resistance criteria, as long as the coating geometry is selected accordingly. Of course, when considering
the more complex geometry of the beam screen, the contribution of each segment to both field quality and surface
impedance will differ depending on its position inside the vacuum chamber and its distance from the beam, but the
concept remains applicable.

In conclusion, the numerical analysis and experimental results presented throughout this chapter show that the
field quality inside the vacuum chamber and the beam screen surface resistance, and therefore the beam coupling
impedance, are highly dependent on the material distribution of the coating, but it can be tailored to outperform copper
in terms of surface resistance and maintain high field quality while not requiring striation of the coated conductors
used to produce the coating. These results set the CC-based hybrid REBCO-Cu coating as a strong candidate for the
FCC-hh beam screen.
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Chapter 5

Quadrupole, Beam Screen Misalignments
and Other Field Configurations

As discussed in the previous chapter, the most critical moment in terms of field quality for the hybrid coating during
dipole field ramping is the moment of injection (µ0Hex = 1T), due to the high induced currents in the coating. Based
on this, the maximum relative field disturbance η at 1 T was used to determine which coating geometries satisfy the
field quality criterion. However, there are other relevant magnetic conditions under a dipole field to which the beam
screen will be submitted during operation. In addition, while the sections of the FCC corresponding to the main dipole
magnets equate to the majority of its length (65.7 km), it is important to consider the behavior of the coated beam
screen under different magnetic arrangements such as the main quadrupole, the second most common magnet type in
the FCC, which covers a total length of 5.4 km and plays an important role in the beam optics by focusing divergent
particles into the ideal beam orbit (see Section 2.3) [9].

This chapter explores the behavior of the coating geometry proposed in Chapter 4 as a solution for field quality
under dipole fields, when submitted to a varied set of magnetic conditions, including the quadrupole field of the
focusing magnets and tilted magnetic fields produced by a potential misalignment of the beam screen with respect
to the superconducting magnets that may arise during the assembly of the 91 km ring according to FCC tolerance.
We will also analyse the behavior of the coating during injection, when the external magnetic field is held at 1 T, as
well as what happens when the rate of change of the external field reverses, that is, when it ramps up, then down, or
vice-versa. Finally, we discuss how the combined harmonics of the coating with the bending magnets could lead to an
improvement in field quality with respect to their individual contributions.

5.1 Model Adaptations

To be able to consider an external field other than a dipole field, such as the quadrupole field produced by the focusing
magnets, the simulation model has to be adapted to include new boundary conditions and a more complete dependence
of the critical current density and the transition index N with the magnetic field.

Under a dipole field, the field angles with respect to the HTS segments are only two: one for the segments on the top
walls and one for those on the diagonal walls. For this reason, we were able to model the Jc and N as functions of the
field intensity for each of the field angles (see Figure 4.3). On the other hand, when the external field is a quadrupole
field (see Figure 2.9), there will be a continuous range of impinging angles in both walls. To take that into account,
we now define Jc and N as functions of both field angle and intensity, which includes all angles instead of only 0◦ and
70◦. On top of that, instead of fitting Jc data into a curve, as done with Equation 4.18, we adopted the same method
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employed with N previously, directly interpolating the measured data. This results in two 2D interpolation functions,
Jc(H,θ) and N(H,θ), shown in Figure 5.1.

(a) (b)

FIGURE 5.1: Dependence of (a) critical current density Jc and (b) transition index N with field intensity
H and angle θ employed for the adapted simulation model. Functions are interpolated between data
points and extrapolated so that Jc(µ0H > 8T,θ) = Jc(µ0H = 8T,θ) and N(µ0H > 8T,θ) = N(µ0H =

8T,θ). Data from [63].

As previously seen in Equation 2.51, the magnitude and angle of an ideal 2k-pole field depend respectively on the
distance from the center and the angle with respect to the location of the poles. The equation can be rewritten in terms
of the magnetic field intensity and angle, and taking the values at the magnet aperture (H = Hapt and r = rapt ) as a
reference. Nevertheless, we must recall that Equation 2.51 is written so that the argument of B̃ takes the direction of
the vertical component as the reference and that the direction of angle increment is clockwise. In order to obtain the
field angle in accordance to our coordinate system, the reference direction must be x̂, with the angle increasing in the
counter-clockwise orientation:

H = Hapt

(
r

rapt

)k−1

(5.1)

θH =
π

2
−φ(k−1) . (5.2)

When it comes to its effect on Jc and N, a reasonable approximation is that the applied field fully permeates the
HTS segments, as in a thin film behavior. As a consequence, the impinging magnetic field perceived by the material
will be the nominal multipole field given in Equations 5.1 and 5.2. The angle θ between the HTS and the magnetic
field is therefore given by

θ = θH −θHT S =
π

2
−φ(k−1)−θHT S , (5.3)

Based also on Equation 2.51, the x and y components of the magnetic field at any point within the magnet aperture
can be calculated:

Hx = H sinθH = Hapt

(
r

rapt

)k−1

sin(φ(k−1)) (5.4)

Hy = H cosθH = Hapt

(
r

rapt

)k−1

cos(φ(k−1)) , (5.5)
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which leads us to our updated boundary conditions to account for field modes other than the dipole. The boundary of
the simulated space is defined at the aperture, and therefore the magnetic field values at the boundary, depending on
the mode are

Hx,b = Hapt sin(φ(k−1)) (5.6)

Hy,b = Hapt cos(φ(k−1)) . (5.7)

This set of equations gives us the magnetic field distribution around a central point where r = 0. So far, we have
considered a perfect alignment between the beam screen and the magnetic field, which results in both the field and
the beam screen to be centered around the origin of our coordinate system, and both taking the same direction as the
reference for the angle. Nevertheless, when the beam screen is assembled inside the magnet aperture, it may not be
perfectly aligned with the magnets, whether by being tilted or displaced.

First, let us consider the case according to which the beam screen is displaced with regards to the center of the
magnet alignment. To account for this, we can introduce a new coordinate system (r′,φ ′,z) for the beam screen, while
the magnetic field maintains its orientation according to (r,φ ,z). The two coordinate systems are displaced from one
another by ∆x and ∆y in the horizontal and vertical directions respectively, as shown in Figure 5.2.

FIGURE 5.2: Coordinate systems used to account for a misalignment of the beam screen with respect
to the surrounding superconducting magnets. The magnetic field is centered around (r,φ ,z) while the
beam screen is centered around (r′,φ ′,z). A generic point P is shown represented in both coordinate

systems.

On the other hand, to include a possible tilt of the beam screen, an offset angle has to be included in Equation 5.2.
Rewriting Equation 5.3 with the added tilting angle ψ , we get the input angle for the field dependence of Jc and
N:

θ =
π

2
−φ(k−1)−θHT S − kψ . (5.8)



76 Chapter 5. Quadrupole, Beam Screen Misalignments and Other Field Configurations

We can also find the boundary conditions for the misaligned beam screen. In this case, the boundaries of the
simulation space still correspond to the magnet aperture, since they are aligned with the magnet coordinate system.
However, Equations 5.6 and 5.7 must now be rewritten to include ψ:

Hx,b = Hapt sin(φ(k−1)+ kψ) (5.9)

Hy,b = Hapt cos(φ(k−1)+ kψ) . (5.10)

To conclude the model adaptations, the simulations may no longer present quadrant symmetry due to the misaligned
multi-polar fields. In such cases, instead of simulating a single quadrant with the proper symmetry conditions, the
simulations will now consider the entire vacuum chamber. After these changes, the model becomes much more
versatile in terms of the magnetic field configurations it may analyse, using as input not only the number of pairs of
poles k, but also the misalignment parameters, ∆x, ∆y and ψ .

5.2 Field Quality in a Quadrupole Field

Unlike the dipole, the quadrupole field of the focusing magnets is defined by the field gradient inside the vacuum
chamber. The field gradient should increase linearly along with the dipole field of the bending magnets, reaching
gtop = 367T/m at top energy [9]. In a perfectly aligned quadrupole, this would result in a magnetic field ramping
rate of 7.65 mT/s at the magnet aperture. Therefore, during the moment of injection, when the dipole field reaches
1 T, the quadrupole would reach 573 mT at the aperture and 206 mT at the reference radius, with a field gradient of
22.9 T/m.

The simulation results carried out for the proposed geometry in a perfectly aligned normal quadrupole field are
shown in Figure 5.3. In Figure 5.3a, we can see the characteristic magnetic field gradient of the quadrupole, albeit
disturbed by presence of the HTS segments. Taking a closer look at the field harmonics produced by the hybrid coating,
in Figure 5.3b, we notice once again the tendency of the field harmonics to decrease as the applied field increases,
much like under a dipole field. On the other hand, the field harmonics that arise due to the interaction between the
quadrupole field and the hybrid coating, this time, are the even normal coefficients, while the odd normal coefficients
and the skew coefficients are comparably negligible.

Most notably, however, is that the field harmonics are orders of magnitude higher than those generated under a
dipole field. This is caused partially because of the lower field values used to normalize the harmonics. At injection,
for example, the nominal magnetic field at r0 is only 206 mT, in contrast with the 1 T field that permeates the entirety
of an ideal dipole field. The lower absolute values of the field itself also play a role through the field dependence of Jc.
Since the critical current density is higher at lower fields, and therefore also the current flowing in the HTS, the field
disturbance will also assume higher values.

To mitigate the lower field qualty of the quadrupole, we can resort once more to the original strategy proposed for
the hybrid coating and increase the number of HTS segments. The effect of the number of segments on the quadrupole
field quality can be seen in Figure 5.4.

The clear tendency to decrease the impact on field quality as the number of segment increases is maintained for the
quadrupole as well and the main contribution comes from the quadrupole component b2, as expected. At this point,
if we assume a behavior alike that of the relative field disturbance in the dipole, that is, an inverse dependence with n

(see Equation 4.29), we can extrapolate the b4 component, as shown in Figure 5.5.
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FIGURE 5.3: Simulation results of the proposed geometry of the hybrid coating under a perfectly
aligned normal quadrupole field. (a) Magnetic field distribution and field lines at injection; and (b) field
harmonics as the gradient increases from 22.9 T/m, which corresponds to the moment of injection,

when the dipole field is 1 T, to twice that value.
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FIGURE 5.4: Simulation results of the coating geometries going from n = 4 to n = 16 and p = 90%
under a perfectly aligned normal quadrupole field. (a) Magnetic field distribution and field lines; and

(b) field harmonics at injection (g = 22.9T/m).

The resulting relationship between b4 and n is given by

b4 = 420 · 0.902.1

n
[units] , (5.11)

which means that, if b2 is corrected by a slightly larger applied field from the magnets, the largest remaining harmonic,
b4, will be below 10 units for n > 64. For instance, with n = 172, which still corresponds to reasonable copper gaps
achieved via laser scribing (see Table 4.2), b4 would be reduced to the much more acceptable value of 2 units.

In summary, the quadrupole is much more sensitive to the disturbance caused by the hybrid coating than its dipole
counterpart, and the proposed geometry for the dipole, while suited for the sections of the beam screen submitted to
the bending magnets, may not be the best solution for the sections within the focusing magnets. Even considering
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FIGURE 5.5: Octupole component of the field harmonics produced by coating geometries with p= 90%
and n varying from 4 to 16. Data points are extrapolated according to Equation 5.11

correction of the quadrupole component of the field disturbance, these may require a more striated geometry, a smaller
HTS ratio, or a combination of both.

5.3 Misalignment Effects on the Field Quality

As mentioned previously, after assembly, it is possible that the beam screen is misaligned with regards to the magnetic
field produced by the bending or focusing magnets. It is important to evaluate the impact of this misalignment in the
field quality inside the beam screen. In this section we will analyse the field harmonics produced by the hybrid coating
with the proposed geometry under tilted dipole and quadrupole fields.

Starting with the dipole configuration, whose results are presented in Figure 5.6, we can see the effect of having a
tilted beam screen up to ψ = 5◦. This time, it is important to consider also the even normal coefficients bk as well as
the skew coefficients ak, since quadrant symmetry is broken. Nevertheless, for the tolerance predicted for the FCC,
which is around 3◦, all skew harmonics stay within the 1 unit mark, with the exception of the dipole component itself,
which rises to 2 units.

The quadrupole field, on the other hand, is susceptible not only to a tilted beam screen, but also to a displaced one,
leading us to evaluate the effect of an increasing ψ , but also of ∆x and ∆y. Let us first consider the case according to
which the quadrupole field is tilted, but still centered around the central point of the vacuum chamber (∆x = 0, ∆y =

0, ψ ≥ 0). The results for these field configurations are shown in Figure 5.7.

As we can see, the already high field harmonics produced under the quadrupole field are much more sensitive to the
tilting angle. While the odd coefficients are mainly unchanged, we notice a transformation between the normal and
skew coefficients. As the angle increases, the skew coefficients increase and the normal coefficients decrease. This is
in agreement with the fact that an ideal skew quadrupole field corresponds to an ideal normal quadrupole field tilted by
ψ = 45◦. At the FCC tolerance of 3◦, the skew coefficients are mostly around or below their normal counterparts, and
are one order of magnitude lower than b4, which would be the most contributing harmonic considering compensation
of the normal quadrupole component b2 by the quadrupole magnet.
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FIGURE 5.6: Simulation results of the proposed geometry under a tilted dipole field. (a) Magnetic field
distribution and field lines with ψ = 10◦; and (b) field harmonics at injection going from ψ = 0◦ to 10◦.
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FIGURE 5.7: Simulation results of the proposed geometry under a tilted quadrupole field. (a) Magnetic
field distribution and field lines with ψ = 5◦; and (b) field harmonics at injection going from ψ = 0◦ to

5◦.

When it comes to the displacement of the beam screen with respect to the focusing magnets, we see in Figure 5.8
that both for purely horizontal or purely vertical displacements, the even coefficients decrease slightly, with a more
pronounced change in higher modes. In addition, the odd coefficients increase with the displacement: the normal
coefficients during horizontal displacement; and the skew coefficients during vertical displacement. At the FCC
tolerance of 0.4 mm, the altered coefficients in both cases never reach values quite as high as b4, which is also in these
configurations, still the limiting factor. It is worthwhile to notice, however, that the field quality of the quadrupole is
more affected by a horizontal displacement than it is by a vertical displacement.

In all the cases considered in the simulations in which the quadrupole is tilted or displaced, there is a significant
increase in a subset of the harmonics which were originally negligible, although they do not surpass the even normal
harmonics produced by the perfectly aligned quadrupole field. For the tolerance of 0.4 mm and 3◦ estimated for the
FCC, the altered coefficients are still low enough that, even considering a corrected quadrupole, they would still be of
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FIGURE 5.8: Simulation results of the proposed geometry under a displaced quadrupole field. Magnetic
field distribution and field lines with (a) ∆x = 1mm and (c) ∆y = 1mm; and field harmonics at injection

going from (b) ∆x = 0mm to 1 mm and (d) ∆y = 0mm to 1 mm.

the same order of the largest harmonic, b4, or below. Unlike in the dipole field, however, these values are significant and
may be meaningful to the overall field quality of the vacuum chamber. Nevertheless, the solution remains achievable
by the means of a more striated geometry, which would result in higher field quality for the quadrupole in both the
misaligned and the perfectly aligned scenarios.

5.4 Other Field Configurations

During operation of the FCC-hh, the beam screen will be submitted to field configurations other than a ramping exter-
nal field. Although the expected critical moment in terms of field quality corresponds to the initial instants of injection,
when the induced currents still have not been diminished by creep (see Section 2.1), it is valuable to understand what
the behaviour of the coating and the field quality inside the vacuum chamber are in different situations.

Along this section we investigate the harmonic relaxation due to flux creep when the coated beam screen is exposed
to the constant 1 T dipole field during injection, and how hysteretic effects impact on the field harmonics. In addition,
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we discuss the combined effect of the coating and the dipole magnets on the overall field quality inside the vacuum
chamber.

5.4.1 Harmonic Relaxation during Injection

After the external dipole field is brought up to 1 T, it is maintained at this value through the entire injection process,
which took an average of around one hour in the LHC in 2017 [110]. Figure 5.9 shows the simulation results of the
proposed geometry while the field is increased to and kept at 1 T over the course of one hour. While ramping up the
external field, the behaviour is similar to those discussed in previous chapters (compare with Figure 4.7), but when the
field ramping rate is brought to zero, the electric field and current density in the HTS immediately respond, quickly
decreasing until negligible values of E are reached.

10 100 1000
10-2

10-1

100

H
e
x
 /
 H

in
j

10 100 1000
10-6

10-3

100

E
 /
 E

c

10 100 1000

t (s)

0.5

0.7

1

J
 /
 J

c

(a)

1 3 5 7 9 11

Mode

10
-1

10
0

10
1

10
2

10
3

b
k
 (

u
n

it
s
)

 t = 0 min

 t = 10 min

 t = 60 min

(b)

FIGURE 5.9: Simulation results of the proposed geometry before and during injection (µ0Hex ≤
µ0Hin j = 1T) for one hour. (a) Magnetic field, current density and electric field at an arbitrary point in-
side the HTS domain normalized with respect to Hin j , Jc and Ec; and (b) field harmonics at ∆t = 0min,
10 min and 60 min from reaching the injection field (t = 75s). Creep effect is responsible for decrease

of the currents flowing in the HTS as well as an overall improvement in field quality.

The impact of this relaxation in the current flow can be seen in Figure 5.9b, where the field harmonics of three
points in time are shown. As the current decreases over time, so to do most of the harmonics, with the exception of b3,
which remains constant within a small margin, and b7, which, contrary to expectations, increases over time.

Figure 5.10 shows with more details the behavior of b7 as the currents decrease. The simulated data points can be
accuratelly fitted into a curve described by

b7 = 0.37−0.17t−0.24[units] (5.12)

which, in turn, results in a limit for the increase in b7, given by limt→∞ b7 = 0.37units.

Therefore, as expected, the field quality tends to increase over time while the external field is kept at a constant
value, and even the anomalous b7 tends to a still acceptable value, lower than one unit. This result confirms the starting
point of injection as the critical moment for the field quality in the vacuum chamber. It also opens the possibility of
decreasing the field disturbance during injection by waiting a certain amount of time between reaching the injection
field Hin j and starting the injection process, during which the field harmonics will decrease, especially in the first
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few minutes. Nevertheless, it is important to point out that once the external fields start ramping again, the current
levels will quickly rise to those achieved prior to the relaxation, resulting in field harmonics as high as the originally
produced by the coating at 1 T.
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FIGURE 5.10: Component b7 and fitted curve of the field harmonics produced by the proposed ge-
ometry of the hybrid coating over the course of one hour during injection, when the external field is

maintained at 1 T.

5.4.2 Hysteresis Effects

After injection, the external field is increased up to its maximum value, which corresponds to 16 T in the case of the
dipole. At this point the accelerator is operating at top energy and particle collisions can be performed. When the
particle beam needs to be replenished, the dipole field is then brought back to 1 T, at which point the injection process
is repeated. During operation of the LHC in 2017, this cycle was repeated around 2.5 times a day in average [110].
Although this magnetic cycle is limited by the injection field µ0Hin j = 1T and the field at top energy µ0Htop = 16T,
a conceptual understanding of the process can be achieved by analysing a simpler 1 to 2 T loop, whose results are
depicted in Figure 5.11.

First, in Figure 5.11a, we notice that whenever the sign of the derivative of the field changes, both the electric field
and current density also change directions after a transient interval of a few seconds. The field harmonics produced
by the hybrid coating in subsequent cycles are impacted by this transient behavior, and some of them, namely b3

and b7, reach maximum values higher than those originally achieved at injection during the first cycle, as shown in
Figure 5.11b.

To understand this, we take a closer look at the behavior of the harmonics during this magnetic field cycle, especially
immediately after inverting the rate of change of the field. Figure 5.12 presents each field harmonic as a function of
the applied dipole field. Here we see that all field harmonics present an hysteretic behavior, which is in agreement
with the fact that the sign of each harmonic is directly linked to the sign of the rate of change of the external dipole
field.
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FIGURE 5.11: Simulation results of the proposed geometry in a cycling external field from 1 to 2 T. (a)
Magnetic field, current density and electric field at an arbitrary point inside the HTS domain normalized
with respect to Hin j , Jc and Ec; and (b) field harmonics at 1 T during the first cycle and maximum field

harmonics reached between 1 and 2 T during subsequent cycles.
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FIGURE 5.12: Odd normal field harmonics while cycling between 1 and 2 T. Highest values are
achieved in different moments for b3 and b5, while the other harmonics maintain their maximum when-

ever µ0Hex = 1T.
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It is clearly noticeable, however, that b3 and b7 show a different behavior compared with the other harmonics. While
b1, b5, b9 and b11 have their maxima whenever the external field reaches Hin j, b3 and b7 present a peak immediately
after changing directions which far surpasses the original values achieved when reaching Hin j for the first time, leading
to the higher maxima in Figure 5.11b.

Having field harmonics exceeding those at injection means that injection is no longer the critical moment for field
quality for any cycle after the first one, which comes from 0 T. Not only that, but also that each harmonic will be at
its maximum in a different point in time. To remedy this, some sort of demagnetization cycle on the superconducting
coating can be performed to reduce the impact of the harmonics in the field interval of relevance, that is, between 1
and 16 T. In the FCC, the particle beams are dumped after collision, which means there is no need to sustain high
field quality when returning from top energy to injection. Therefore, the simplest way to ensure field quality is met
throughout the entire relevant field range is to decrease the minimum field in a cycle so that the harmonic peak is
moved out of the interval of interest.

To evaluate this, we have repeated the simulation, but this time with a magnetic cycle between 0.5 and 2 T, as shown
in Figure 5.13. The behavior of the current density and electric field are very similar to the 1 to 2 T cycle, although
displaced in time after ramping down from top energy. Once again, it is important to analyse the behavior of each
harmonic individually, as presented in Figure 5.14. Here we see that simply by decreasing the lower limit of the field
cycle, the peaks of b3 and b7 are moved out of the region of interest, making the injection point once more the critical
moment in terms of field quality.

0 50 100 150 200 250 300 350
0

1

2

H
e

x
 /
 H

in
j

1 to 2 T cycle 0.5 to 2 T cycle

0 50 100 150 200 250 300 350
-0.1

0

0.1

E
 /
 E

c

0 50 100 150 200 250 300 350

t (s)

-1

0

1

J
 /
 J

c

FIGURE 5.13: Magnetic field, current density and electric field at an arbitrary point inside the HTS
domain normalized with respect to Hin j , Jc and Ec in a cycling external field from 0.5 to 2 T.

On another topic, it is interest to point out that in both situations we have considered so far in which there is a
transient phase, the harmonics that present anomalous behavior with respect to the rest are b3 and b7. This stresses
the sensibility these particular harmonics have to a change in the current distribution inside the HTS segments, which
happens whenever ∂Hex/∂ t is modified. It may be the case that higher mode harmonics are also affected, but whatever
solution deals with b3 and b7 will probably have a similar impact on higher modes as well.
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FIGURE 5.14: Odd normal field harmonics while cycling between 0.5 and 2 T. By reaching a minimum
of 0.5 T, the highest values during ramp up within the relevant field range are reached at µ0Hex = 1T

for all harmonics.

5.4.3 Combined Magnet-Coating Harmonics

Although we have considered an ideal dipole field as the external field to which the coated beam screen in submitted,
in reality the field produced by the bending magnets will present harmonics of its own. The resulting magnetic field
perceived at the reference radius will therefore be an addition of the contribution from the hybrid coating and the
contribution from the main dipole magnets.

According to [9], the field harmonics produced by the magnets are given by table 5.1. However, they are calculated
with respect to a reference radius of 2/3 of the magnet aperture, that is, 17 mm. In order to obtain the magnet
contribution in the same reference radius of the beam screen, we must scale the field harmonics to r0 = 9mm. This is
done by considering Equation 2.51. The scaled field harmonics are given by

bk(9mm) =

(
9

17

)k−1

bk(17mm) . (5.13)

TABLE 5.1: Field harmonics off the FCC-hh main dipole magnets during injection.

b2 (units) b3 (units) b4 (units) b5 (units)
5.6 -25 0.79 5.2

Figure 5.15 shows the contribution of both the main dipole magnet and the hybrid coating to the field harmonics at
injection and at the reference radius of the beam screen. For this, we assume that the b1 component coming from each
source cancels each other, by applying a dipole field that is around 40 units larger than its nominal value. Comparing
the values produced by each source, we can see that the contributions coming from the even components from the
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coating are below one unit and far surpassed by the magnet harmonics. This is in agreement with the fact that the even
coefficients should be negligible in a perfectly aligned external dipole field and only present non-zero values due to
computational uncertainty.
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FIGURE 5.15: Contribution of the main dipole magnet and the hybrid coating to the field harmonics at
injection. Percentage values represent the ratio between the contributions of the two sources.

The scenario changes when taking into account the odd coefficients. While the ratios between the magnet and
coating harmonics for these modes sit under a factor 3, their signs are opposed, meaning that each source is partially
compensated by the other. As a matter of fact, the greatest contributor to field harmonics, given a total compensation of
the dipole component, is the magnet’s b3, which is partially corrected by the dipole counterpart, resulting in a decrease
of 37% in the overall field disturbance with respect to the magnet on its own.

5.5 Chapter Summary and Conclusions

Throughout this chapter we have examined the behavior of the proposed geometry of the coated beam screen in other
interesting field configurations apart from the ramping dipole field. To do that, the numerical model was adapted
to account for external fields of higher modes that are tilted or displaced from the center of the beam screen. The
dependence of Jc and N with the magnetic field was also developed to account for several impinging field angles onto
the HTS segments.

The impact of a misaligned beam screen on the field harmonics produced inside the vacuum chamber is negligible
within the tolerances estimated for the FCC-hh for the dipole magnets, but significant for the quadrupole. Although
the altered field harmonics of the misaligned quadrupole are not high enough to surpass those originally produced
by the perfectly aligned quadrupole, they must certainly be taken into account and the least possible misalignment is
desirable.
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Simulations of the hybrid coating under a constant dipole field after ramp-up revealed that the field harmonics tend
to decrease over time as the current in the HTS segments goes down due to thermal creep. The exceptions are b3 and
b7, which, in spite of not decreasing, do not reach dangerous values. On the other hand, when the hybrid coating was
analysed under a cycling external field, the same harmonics reached their maxima in moments other than injection,
threatening to shift the critical moment in terms of field quality. This can be mitigated, however, by employing a
demagnetization cycle, shifting the peaks to outside of the 1 to 16 T relevant field range.

When considering the field harmonics produced by the main dipole magnet in combination with the contribution
coming from the coating, we see that there is no dramatic change in the field quality. Furthermore, the fact that some
contributions oppose one another suggests the possibility of fine tuning the coating geometry to counteract the magnet
harmonics. This would convert the hybrid coating into a solution in terms of field quality, instead of a collateral effect
from a surface impedance solution.

Finally, the simulation results discussed along this chapter present further evidence that the proposed geometry of
the hybrid coating is a suitable coating for the dipole sections of the FCC-hh. On the other hand, they also make very
clear that other geometries may be a better solution for other sections of the beam screen, particularly those under
quadrupole fields, where more manageable harmonics would be achieved by highly striated coatings.
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Chapter 6

Thermomechanical Behaviour of the
Coated Beam Screen

While field quality and surface impedance are the main concerns regarding the use of HTS in the context of the FCC-
hh beam screen, there are other requirements such as temperature and mechanical stress limits that must be satisfied.
Therefore, it is important to evaluate the thermomechanical behaviour of the hybrid coating when operating under the
dipole field produced by the bending magnets.

In this chapter we analyse the effects of the currents induced by the particle beam and by the external dipole field in
the heat and force generation in the beam screen. We explain the numerical models adopted to do so as well as how
the coupling between each of them works. Finally, we discuss the simulation results during ramp-up and injection,
comparing with the pure copper coating of the beam screen.

6.1 Thermomechanical Model

To study the thermomechanical behaviour of the beam screen, we once again resort to FEM simulations. On the
thermal side, we use the Heat Transfer on Solids interface from COMSOL Multiphysics®, and the PDE we are trying
to solve is [111]

ρmCp
∂T
∂ t

−∇ · (kT ∇T ) = QV , (6.1)

where ρm, Cp and kT are material properties and stand for the material density, its specific heat and its thermal conduc-
tivity, and T and QV are the temperature and heat sources per unit volume, respectively. By inserting the heat sources
arising from the current flow in the beam screen, we can use Equation 6.1 to find the temperature distribution across
the entire structure.

On the mechanical side, the Solid Mechanics interface from COMSOL Multiphysics® is used, which solves the
PDE system [112]

ρm
∂ 2u
∂ 2t

= ∇σ +FV (6.2)

σ = Cε (6.3)

ε =
1
2
[
(∇u)T +∇u

]
, (6.4)



90 Chapter 6. Thermomechanical Behaviour of the Coated Beam Screen

where u, σ , ε and FV are the displacement vector, the stress and strain tensors and the force vector per unit volume.
C is the elasticity tensor, a fourth-order tensor that depends the Young’s modulus Ey and Poisson’s ratio νp of the
material. Similarly to the heat sources in the Heat Transfer interface, FV serves as the imput for the calculations,
which allow us to find the deformation u as well as the strain and stress for all points of the beam screen.

This time, it is important to define domains for each different material, as the material properties will differ between
the HTS segments, the steel and copper components of the beam screen, the silver and copper layers of the delaminated
coated conductors, and the solder layers binding them to the beam screen. All materials are considered isotropic with
the exception of the HTS segments, whose thermal conductivity assumes different values along the c-axis or the
ab-plane [113–115].

The simulation space for both interfaces is comprised of only the beam screen structure, not including the surround-
ing vacuum chamber. There are two types of heat sources to be considered: the dipole-induced heat, coming from
the current induced by the dipole magnetic field, and the beam-induced heat, coming from the image currents induced
by the particle beam itself and the syncrhotron radiation it emmits. In addition, there is a negative heat source that
represents the cooling channels that remove the heat from the beam screen. Likewise, the forces generated in the
beam screen are Lorentz forces coming from the interaction of the dipole field with either the beam-induced or the
dipole-induced currents. Figure 6.1 summarises the boundary conditions and sources in one half of the beam screen.
For the purposes of these simulations, only the inner structure of the beam screen was considered, and all deformation
is calculated with respect to the central point of the boundary between the cooling channel and the steel structure of
the inner beam screen.

FIGURE 6.1: Boundaries and sources of the thermomechanical simulations. Q, u and F stand for
heat, displacement and force. The contributions to force and heat coming from the dipole-induced
currents are included by the means of heat and force sources per unit volume in all HTS domains,
while those coming from the beam-induced currents, due to being only a superficial effect on the inner
surface of the beam screen, are added as heat sources per unit area to the copper and HTS boundaries
with vacuum. The cooling effect of the cooling channel is also accounted as heat per unit area on the

boundary between the beam screen and the liquid helium channel.

The effects of the dipole field permeate the entire beam screen structure. However, the currents induced in the
copper and steel during normal operation of the dipole magnets are negligible when compared to those in the HTS
segments. The same can be said with regards to the heat and force loads produced by it, even considering the higher
resistivities of the normal conductors. Therefore the heat and forces caused by dipole-induced currents are included
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only in the HTS domains in the form of heat and force per unit volume, obtained via the electric field, the current
density and the magnetic field resulting from the electromagnetic simulations of the beam screen coating under the
dipole field:

FV = Fdipole = µ0J(ẑ×H) (6.5)

QV = Qdipole = JE . (6.6)

The effects of the beam, on the other hand, are limited to the surface of the materials comprising the beam screen.
At the main frequency of the beam, 1 GHz, the skin depth of the beam screen copper is below one micron, while that
of the stainless steel sits around ten microns. In addition, the London penetration depth of the HTS amounts to only
170nm [49]. With this in mind, it is reasonable to consider all materials as perfect electric conductors with respect
to the image currents induced by the beam, which is then confined to their surface. This is done by adding boundary
conditions to the surfaces of the beam screen. More details on how the beam effects are calculated will be discussed
in Section 6.2. The cooling effect promoted by the helium channel is included also as a boundary condition according
to which the heat is proportional to the difference between the temperature T of the structure and the temperature T0

of the Helium, assumed to be constant at 50 K:

QHe =−hq(T −T0) , (6.7)

where hq = 5000W/(m2K) stands for the heat transfer coefficient between the liquid helium and the surrounding steel
structure [84]. We also assume that the boundary of the cooling channel does not move vertically to account for the
mechanical resistance of the outer beam screen and the structure surrounding the cooling channel, which have not
been included in the simulation.

At this point, it is important to consider how each physics interface is coupled with each other. On the one hand, the
heats and forces in the beam screen arise due to the currents induced by the beam and the dipole, therefore there must
be a connection of the electromagnetic simulations with the thermal and mechanical ones. This is done, as already
explained, by adding the boundary conditions and sources. On the other hand, if the temperature shift or the mechanical
strain caused by the induced currents is high enough, there may be an impact on the electromagnetic properties of the
materials, most importantly the superconductor’s Jc, which would require a two-way coupling. However, having
this type of feedback between the different physics can significantly increase the computational effort. To avoid
unnecessary increases in the computation time, we initially assume that whatever the thermomechanical effects caused
by the induced currents are, they will be small enough not to impact in the material properties of the beam screen on
the coating, which, as we will see further in this chapter, is a fair assumption.

6.2 Beam-Induced Effects in the Beam Screen

While the dipole-induced heat and force can be obtained directly from the dipole simulations, the beam-induced
currents and their effects must be somehow accounted for. In this section we explore the numerical methods used to
calculate the image currents induced by the beam on the inner surface of the beam screen, as well as the heat and
forces arising from it.

6.2.1 Numerical Calculation of the Image Current Distribution

The particle beam travelling at the center of the vacuum chamber acts as an electric current Ibeam that varies over
time. It induces a time-dependent magnetic field on the surrounding region, which, in turn, induces image currents
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in the beam screen, as discussed in Section 2.3. In a perfect infinite cylinder, the sheet current density is uniformly
distributed along the circumference of its cross-section, and given by

JS =
Ibeam

2πr
. (6.8)

The result of this equation is numerically identical to the magnetic field intensity component Hac,|| that is tangential
to the conductor’s surface. Therefore, if the magnetic field distribution Hac caused by the beam is found, so too
are the image currents induced in the beam screen coating. Additionally, since the thermomechanical responses are
much slower than the period of Hac, we can work with the average values over a period instead of the instantaneous
ones.

To calculate the AC magnetic field distribution induced by the beam in the more complex geometry of the beam
screen, a second simulation geometry was employed in addition to the influence of the dipole field presented in
Chapter 4. Only two domains are considered in this simulation. The first one is the vacuum chamber itself, excluding
the beam screen structure. The boundaries of this domain are defined as perfect conductors, an assumption that is in
line with our first approximation that the image current is entirely contained on the surface of the material. The only
electromagnetic source comes in the form of an electric current flowing through the second domain, defined by an
arbitrarily small circle located in the very center of the vacuum chamber, with value equal to the average Ibeam. The
consequential Hac in the surrounding region corresponds to the average induced magnetic field, which in turn yields
JS = Hac,|| at the boundaries of the simulation space. Figure 6.2 illustrates the boundary conditions and current source
for this simulation.

FIGURE 6.2: Boundaries and current source of the simulation to obtain the image current distribution
in the beam screen coating. A total current equal to the average beam current Ibeam is applied in the
domain Ω2, defined in an arbitrarily small circle in the center of the vacuum chamber. The boundaries
of Ω1, which correspond to the rest of the vacuum chamber, are defined as perfect conductors. The
magnetic field distribution Hac is calculated in Ω1 and the image current is obtained from the tangential

component of the field at the outer boundaries ∂Ω1.
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While the beam intensity increases as the particles are accelerated, it is interesting to consider them to be constant
and at the highest energy level throughout the entire ramping process. This allows the image currents to be calculated
only once and replicated in time for the entire duration of the beam in the thermomechanical simulations, representing
an upper limit for the heat and forces produced by the beam. Having this in mind, Figure 6.3 shows the sheet current
density distribution along the surface width of the beam screen coating considering the approximated thickness of the
delaminated coated conductors composing the hybrid coating to be zero.
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FIGURE 6.3: Average sheet current density calculated along the surface width of the beam screen
coating, assuming all conductors behave as perfect conductors for an average beam current Ibeam =
0.5A, as estimated for the FCC-hh beam. The BS surface width goes from 0 at the center of the beam

screen (x = 0) to approximately 20mm at the edge of the inner surface.

From these results, the dependence between JS and the distance r from the center of the vacuum chamber is clear.
Indeed, the largest values are achieved at the center of the beam screen, and close to the edges, where it is closest to
the center of the vacuum chamber. In the opposite end of the spectrum, the curved parts of the surface, which are
associated with the highest r, show the minimum values of JS. Furthermore, it is interesting to note that at the edges,
the JS values are much higher than what could be explained solely by the decrease in the distance r. This increase may
have arisen from edge effects due to the straight angle between the inner surface of the beam screen and the edge of
the wall, which causes that currents induced to concentrate near the intersection of the two surfaces.

6.2.2 Resistive Wall Heating

Now that we have established what the image current distribution in the beam screen coating is, we can use it to
calculate the heat sources that will be used as input for the heat transfer simulations. To do this we must first consider
the resistive wall heating due to the beam-induced image currents in an infinite cylinder with radius r. The heating
power per unit length is given by [116–118]

QL =
I2
beamc2

2π2rM frev

∫
∞

0
λ̃

2(ω)Rs(ω)dω . (6.9)
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M, frev and Rs stand for the number of bunches, the revolution frequency in the accelerator and the longitudinal surface
resistance of the cylinder walls. λ̃ is the power spectrum of the beam, which, like the surface resistance, is a function
of the angular frequency ω . The power frequency can be approximated as a Gaussian curve given by

λ̃ (ω) =
1
c

exp
(
−

σ2
z ω2

2c2

)
, (6.10)

where σz is the RMS bunch length.

Equation 6.9 takes the form presented here due to the fact that in a cylinder, the image current distribution is uniform.
To find a more general equation, that accounts for an irregular distribution such as the case of the FCC-hh beam screen,
we must make a few adaptations, as following:

1. Replace the cylinder circumference 2πr by a generic perimeter l, which allows other shapes to be taken into
account:

QL =
I2
beamc2

πlM frev

∫
∞

0
λ̃

2(ω)Rs(ω)dω ; (6.11)

2. Differentiate both sides considering that the total image current, although still numerically equal to Ibeam, will
now come from differently weighted contributions depending on the distance from the center of the vacuum
chamber:

dQL =
(dIbeam)

2

dl
c2

πM frev

∫
∞

0
λ̃

2(ω)Rs(ω)dω ; (6.12)

3. Substitute dIbeam = JSdl and turn Rs into a function of both ω and l:

dQL =
(JSdl)2

dl
c2

πM frev

∫
∞

0
λ̃

2(ω)Rs(ω, l)dω ; (6.13)

4. Derivate both sides with respect to l to obtain the power per unit area as a function of l, since now it will differ
depending on the material, which in turn depends on l:

Qbeam(l) =
dQL

dl
=

c2J2
S (l)

πM frev

∫
∞

0
λ̃

2(ω)Rs(ω, l)dω . (6.14)

Equation 6.14 corresponds to the heat per unit area used as boundary condition in the heat transfer simulations. Note
that it depends on the sheet current density distribution JS(l), which is material independent, but also on the surface
resistance distribution Rs(ω, l), which does depend on material distribution. Therefore, the total heat per unit length
PL =

∫
lBS PS(l)dl will also depend on the geometry of the hybrid coating.

The next step is to find the surface resistance as a function of l. Wherever l corresponds to an HTS segment, it
will assume the value of the superconductor’s RHT S

s (ω). On the other hand, where l corresponds to a copper gap, it
will assume the copper’s surface resistance RCu

s (ω). These two must be distinguished with respect to their frequency
behaviour. In fact, while RCu

s (ω) is proportional to
√

w (see Equation 2.19), RHT S
s (ω) scales with the square of the

frequency at zero fields, a dependency which may vary when an external magnetic field is applied (see Equation 2.31).
For the purposes of this work, we assume a square root dependence for copper and a square dependence for REBCO
as theoretically predicted, although an exponent closer to 1 may be more accurate for in-field values[119]. This
behavior is being investigated by Nikki Tagdulang and will be within the scope of her doctoral thesis. In any case,
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both dependencies can be described as a single equation:

Rs(H, l) = K(H, l)ων(l)−1 , (6.15)

where K(H, l) = KCu and ν(l) = 3/2 for copper, and K(H, l) = KHT S(H) and ν(l) = 3 for HTS. Replacing these and
Equation 6.10 into Equation 6.14, we get

Qbeam(H, l) = K(H, l)
J2

S (l)
πM frev

∫
∞

0
exp

(
−

σ2
z ω2

c2

)
ω

ν(l)−1dω . (6.16)

Fortunately, this can be simplified by exploiting a property of the gamma function[120], which results in

Qbeam(H, l) = K(H, l)
J2

S (l)
2πM frev

(
c
σz

)ν(l)

Γ

(
ν(l)

2

)
. (6.17)

We can determine K for both copper and HTS with the help of surface resistance measurements performed at 8 GHz
and 50 K with a dielectric resonator[13]. For the beam screen copper, the measured surface resistance of RCu

s = 7.5mΩ

results in KCu = 3.35× 10−8Ωs−0.5. On the other hand, the surface resistance results and the obtained KHT S for a
SuperPower inc. coated conductors are shown in Figure 6.4. Here we see the dependence of RHT S

s with the external
magnetic field, which results in the fitting of KHT S according to

KHT S(H)≈ k1
√

µ0H + k2 , (6.18)

with k1 = 5.3×10−25Ωs2T−0.5 and k2 =−4.5×10−25Ωs2. Combining this with the values of the gamma function at
Γ(3/2) = 0.886 and Γ(3/4) = 1.225, we can extrapolate the surface resistance of both copper and HTS in terms of
both frequency and magnetic field. Note, however, that a different frequency dependence could significantly change
the estimated surface resistance values of the HTS when extrapolating down from 8 GHz, resulting in an increase
on the beam-induced heat in the hybrid coating by up to 50 % with respect to our calculations, assuming a linear
dependence instead.
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50 K and 8 GHz. KHT S is obtained by fitting the data and dividing by the angular frequency squared.
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Now that we have gathered all the necessary pieces, we can finally obtain the heat distribution caused by the
induction of image currents in the beam screen coating. Figure 6.5 shows the heat per unit area generated along the
surface width of the beam screen coating, as well as the total heat per unit length as a function of the external dipole
field.

0 2 4 6 8 10 12 14 16 18 20

BS surface width (mm)

10-4

10-3

10-2

10-1

100

101

102

Q
S
 (

W
/m

2
)

Copper

HTS 1T

HTS 16T

Hybrid

H

(a) (b)

FIGURE 6.5: Resistive wall heating due to the image currents induced by the particle beam in the beam
screen coating. (a) Heat per unit area along the surface width (l) for different external dipole fields; and

(b) total heat per unit length as a function of the external field for different types of coatings.

We can see that the heat as a function of the surface width preserves the shape of the induced sheet current density,
as previously presented in Figure 6.3, for the pure copper and pure HTS coatings. On the other hand, the heat produced
in the hybrid switches between the pure copper and pure HTS values, depending on the material distribution in the
coating. As expected, the more copper is present the larger will be the heat generation due to the higher surface
resistance values of the normal conductor.

This data also clarifies that, in terms of resistive wall heating, there are some key regions of the beam screen that
play a more significant role in heat generation. Namely, the edges of the beam screen, pointed out previously, present
the highest values of induced current. However, by ensuring that the region within 2 mm of the edge is coated with
HTS, the heat per unit area generated there will be lower than the lowest contribution coming from the copper. On
the other hand, since it is necessary to leave some regions with copper coating due to the necessity of preserving field
quality, as discussed in Chapter 4, it is better that these parts are as far as possible from the beam. Particularly the
bent region connecting the top wall to the diagonal wall, which is not coated with HTS due to the higher complexity
of coating bent surfaces, shows a relatively low heat generation when compared to the other copper gaps, albeit still
quite high when compared to the HTS.

While a pure HTS coating would be able to reduce the heat generation by two orders of magnitude when compared
to pure copper, it is clear that it is not a viable option due to the field quality constraints. However, a hybrid coating
such as the one proposed in Chapter 4 is able to decrease the heat by a factor 7, reaching only around 21 mW/m, even at
high fields, while the pure copper coating would achieve 145 mW/m. It is worth noticing that even a small amount of
exposed copper such as this (11% of the straight walls and 28% of the total surface), is enough to significantly impact
on the heat generation, being responsible for around 95% of the total heat induced in the hybrid coating.
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6.2.3 Beam-Induced Forces

On the mechanical side, the forces induced by the image currents can be obtained in a fairly simple manner, by
multiplying the sheet current density by the external DC field:

Fbeam = µ0JS(ẑ×H) . (6.19)

Note that in a perfect dipole DC field, this results in a purely horizontal force distribution, with all contributors pointing
towards the same direction. On one hand, this means that there is no quadrant symmetry for the force effects, even
if the dipole and the beam screen are ideal and perfectly aligned. On the other hand, the fact that this is actually an
oscillating force means that the beam may introduce vibrations to the system, whose consequences are not evaluated
in this steady-state approximation.

At injection, the estimated average total force is approximately 0.23 N/m, reaching up to 3.64 N/m at top energy,
distributed along the entire coating of the beam screen. However, the instantaneous beam current is expected to reach
almost 50 times its average value, resulting in instantaneous forces of around 10 N/m at injection, up to 170 N/m at
top energy. It is worthwhile to point out, though, that these induced forces will see little to no difference whether
the coating is pure copper or the hybrid REBCO-Cu coating, since the current distribution in the surface of the beam
screen is material independent[109] and the dipole field is only slightly deviated by the HTS trapped fields.

Figure 6.6 summarises in schematics the multiphysics couplings between all simulation interfaces. The outputs of
the electromagnetic simulations of the beam screen under the dipole field are E, J and H, while the electromagnetic
simulation of the average field produced by the beam yields JS. The inputs for the heat transfer simulations are E and
J, which are used to calculate the heat produced by the dipole-induced currents, and JS and H, which are combined to
find the beam-induced heat generated by the image currents. For the solid mechanics simulations, the inputs J and JS

are used in combination with H to obtain dipole- and beam-induced forces, respectively.

FIGURE 6.6: Schematic representation of the unilateral multiphysics coupling between the four physics
interfaces. The outputs J, E and H from dipole simulations, and JS from the beam simulations serve as
input to calculate the force loads and heat sources for the heat transfer and solid mechanics simulations.
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6.3 Thermomechanical Simulations

The thermomechanical simulations of the beam screen were performed with a ramping dipole field and during a one
minute injection. The effects of the beam on the beam screen start acting when the dipole field reaches 1 T at t = 75s,
and last through the remaining simulation time. For simplicity, we have considered that the beam current is at its
maximum throughout the entire magnetic field range. The sheet current density induced by the beam is shown in
Figure 6.7, as well as the resulting heat generated in both the copper and the superconductor. It is worth noticing that,
when comparing this data with Figures 6.3 and 6.5a, there are now discontinuities when transitioning from the copper
regions to the HTS regions of the coating. This is due to the fact that the thickness of the CC layers are now being
taken into account, which results in different heights in the coating, and therefore in steps in the current distribution.
As a consequence, the resistive wall heating in the beam screen is lower than originally estimated, since the currents
induced in the copper are slightly decreased.
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FIGURE 6.7: Beam-induced thermal effects in the beam screen coating considering its in-homogeneous
thickness. (a) Beam-induced image currents; and (b) Beam-induced resistive wall heating. The discon-

tinuities are due to the transition between the copper and HTS boundaries.

To account for the thermal effects of the syncrotron radiation, we have considered that a constant heat of 4W/m2

is absorbed by the diagonal walls on the left side of the inner chamber of the beam screen after reaching the injection
field. This value corresponds to the maximum heat density calculated in [10] for the inner chamber at top energy
(16 T) and results in an overestimation of the total heat produced in the inner chamber by a factor 2. Nevertheless, as
we will see this assumption plays only a minor role in the thermal response of the coated beam screen.

In Figure 6.8a, we can see the total heat generated as a function of time coming from both the dipole and the beam
contributions. The resistive wall heating amounts to around 15 mW/m throughout its duration, running short of the
previously predicted 21 mW/m. Most worthwhile, however, is the fact that, throughout the entire duration, the total
resistive heat, excluding the synchrotron contribution, is never larger than 65 mW/m, meaning that the hybrid coating
more than halves the resistive heat loads in the beam screen due to the lower surface resistance of its HTS portions.
Furthermore, the dipole-induced heat load tends to decrease as the external dipole field increases due to the decreasing
Jc and consequential progressive drop in the current flow, while the electric field is mostly maintained. Although the
simulation was not extended beyond 8 T due to the inaccuracies that would arise from the extrapolation of the HTS
properties, it is reasonable to assume that this trend will continue until higher field values.
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With respect to the temperature response of the beam screen to these heat loads, we can see in Figure 6.8b its
temperature profile at some key moments. First a global temperature maximum is reached at t = 21s, shortly after
a peak in heat is generated and still at very low fields. This is due to the still high Jc of the HTS segments, which
has not yet been reduced by the impinging magnetic field. As the field continues increasing, the temperature drops
consistently, until reaching injection at 75 s. At this point, the dipole field is held constant at 1 T and the electric
field, which arises from the slope in the magnetic field, drops immediately, as does the dipole-induced heat. For
the next minute the heat sources in the beam screen are the image currents, which configure a considerably lower
contribution, and the synchrotron radiation. After injection, the magnetic field once again starts increasing, leading
to a local temperature maximum at 148 s, but as the field increases further and the heat load drops, so too does the
temperature.

At all moments, the hottest point is the very edge of the beam screen coating, located at the end of the 2 mm wide
HTS segment near the lateral gap of the beam screen. However, although the temperature behaviour is consistent with
expectations, the shift in temperature is never larger than 5 mK. This means that the heat loads to which the beam
screen is subjected are aptly handled by the cooling channels, resulting in negligible effects in the temperature, even
when taking into account the exaggerated contribution from the synchrotron radiation. Furthermore, this tells us that
the unilateral coupling adopted between the dipole field and the heat transfer interfaces is appropriate, since there is
no need to introduce a dependence of Jc and N with the temperature during normal operation of the beam screen due
to the relatively low electric fields.

When it comes to the solid mechanics analysis, the vectorial force loads imposed on the beam screen are not as
simple to evaluate as their heat counterparts. The beam-induced forces are proportional to the magnetic field and
therefore start at a constant value during injection to then increase at a constant rate over time during ramping. The
dipole-induced forces however, are the result of two opposing dependencies. On one hand, the Jc, and therefore also
the current density, decreases with H, on the other, H itself increases with the ramping dipole field. This results in
force loads that initially tend to increase with the dipole field, only to have its behaviour reversed after reaching a
given field value. The behaviours of the force loads are represented in Figure 6.9a via their instantaneous maxima as
a function of time. It is interesting to note that, while the dipole-induced heat quickly vanishes at injection, as seen in
Figure 6.8a, this is not the case for the dipole-induced force loads. This is due to the dependence of fdipole with the
magnetic field, which remains constant, while the dipole-induced heat is proportional to the electric field, which drops
to zero at a constant magnetic field.

When comparing the maximum values achieved by each contribution we notice that the average forces produced
by the beam are three orders of magnitude lower than those produced by the dipole field. Even if the instantaneous
values of the beam-induced forces are considered, they would still be a factor 21 below the dipole contribution, which
suggests that the impact of the beam regarding the mechanic behaviour of the beam screen is negligible compared to
the dipole contribution.

Although the magnitude of the forces offers some hints towards the mechanic response of the beam screen, it is
not enough to paint the whole picture. To complement this, Figure 6.9b presents the force load distribution along
the hybrid coating coming from both contributions. After a short transition period at low fields before injection, both
forces assume purely horizontal components. Due to the current distribution in the HTS segments, the force loads
generated by the dipole field tend to stretch the segments of the top wall and to rotate the segments of the diagonal
walls. The resulting torque tends to bend the diagonal walls inward. On the other hand, the beam-induced forces all
point towards the same direction since the image currents flow in a single direction, breaking quadrant symmetry and
having opposing effects on each side of the beam screen.
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FIGURE 6.8: Simulation results for the thermal behaviour of the beam screen under a ramping dipole
field and during injection, considering beam effects. (a) Heat sources generated as a response to the
ramping dipole field, and the beam-induced image currents and synchrotron radiation as a function of
time; and (b) Temperature profile of the beam screen at certain moments of interest. Local temperature
maxima are achieved at t = 21s and t = 148s, slightly after the dipole field starts increasing. As
the dipole field increases, the temperature tends to fall due to the decreasing Jc. Nevertheless, the

temperature shift along the entire range of operation is negligible at ∆T < 5mK.

We can see the effects of the force loads on the beam screen in Figure 6.9c, where the stress profile and the defor-
mation of the beam screen is shown at relevant moments, namely at injection, at the moment when maximum load is
reached and at 8 T, which correspond respectively to t = 75s, 381s and 660s. Here the tendency of the dipole-induced
forces to bend the diagonal walls becomes clear in all moments, which in turn induces relatively high stresses at the
joint region connecting the top wall to the diagonal walls. The stress maxima at all moments correspond to this region
and never surpass 3 MPa, a value that is well within the elastic regime for all metallic materials composing the beam
screen.

It is interesting to note that even though quadrant symmetry is broken due to the beam-induced force loads, this
asymmetry is not carried over to the stress response. In fact, the stress values in each quadrant are mirrored, within a
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tolerance that is comparable to the error arising from the meshing itself, reinforcing the notion that the beam effects are
negligible in the context of solid mechanics. We must not forget, though, that vibrations coming from the instantaneous
force loads can still play a significant role, and should not be disregarded without further study. In any case, this effect
will be only minimally impacted by the material distribution of the beam screen coating, and hence should not be
held as argument against or in favor of adopting any type of coating, including the hybrid geometry proposed in this
work.
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FIGURE 6.9: Force loads and deformation results due to ramping dipole field and beam-induced cur-
rents in the beam screen. (a) Maximum force per unit area produced by both the dipole- and beam-
induced currents in the HTS segments, where h stands for the thickness of the HTS layer; (b) Force
load induced by the dipole field (top) and by the beam (bottom) in the hybrid coating; and (c) Von
Mises stress profile and deformation scaled by a factor 1000. The maximum value of stress is reached

at t = 381s due to the inverse dependence between Jc and H.

Regarding the effect on the HTS layers, the maximum stress reached is 2.2 MPa. Previous studies show that this
is around two orders of magnitude below the necessary values to impact on the critical current of REBCO HTS [121,
122]. Therefore, once again we confirm the suitability of the unilateral coupling also for the solid mechanics interface
when it comes to the regular operation of the beam screen under the dipole magnets.

The thermomechanical results of the hybrid coating during ramping and injection offer further evidence towards its
viability as a low impedance coating for the FCC beam screen. At all fields below 8 T, there was no significant shift in
temperature or inscrease in mechanical stresses. Although magnetic fields above 8 T have not been considered due to
the inaccuracy of the extrapolation of HTS properties, the resulting behaviour of the beam screen with respect to both
heat transfer and solid mechanics suggest that the beam screen response to the force and heat loads will only improve
as the field increases. At top energy, the force loads are expected to maintain similar values than those achieved at 8 T,
and the sole contribution to resistive wall heating will come from the beam-induced image currents, since the electric
field generated by dipole-induced currents will vanish, similarly to what happens during injection.
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6.4 Chapter Summary and Conclusions

In this chapter, the thermomechanical behaviour of the beam screen under a ramping dipole field and during injection
was evaluated by the means of FEM numerical analysis. The adopted simulation model takes into account the syn-
chrotron radiation and the image currents induced by the beam as well as those induced by the ramping dipole field,
which in turn generate heat and force loads along the beam screen coating.

The simulation environment consists of four coupled physics interfaces. The dipole simulations developed in Chap-
ter 4 and the particle beam simulations were used to calculate the current distribution inside the HTS segments and
the surface currents induced by the beam in the hybrid coating respectively. Based on these outputs, the heat and force
loads could be obtained for the heat transfer and solid mechanics interfaces respectively. To find the beam-induced
heat loads, the formulae usually employed to calculate the resistive wall heating in perfect cylinders was adapted to
consider the complex geometry of the beam screen, taking into account the different frequency dependencies of the
surface resistance of copper and HTS.

Results show that the resistive heat produced in the beam screen can be significantly reduced by replacing the pure
copper coating by the hybrid coating, resulting in negligible shifts in temperature. On the other hand, the forces
induced in the hybrid coating do surpass those induced in a pure copper coating due to the dominating dipole field
contribution. Nevertheless, the stresses induced by the Lorentz forces coming from both the beam and the dipole field
are within the elastic regime for all beam screen materials.

The simulation results obtained along this chapter show the conformity of the hybrid coating with regards to its
thermomechanical behaviour during normal operation of the beam screen. The results obtained at fields up to 8 T
can be safely extrapolated to top energy, at which point the heat and force loads will be maintained or reduced. In
combination to the results seen in Chapter 4, these show that the proposed geometry of the hybrid coating can achieve
high field homogeneity under dipole fields and low surface impedance while not hindering the thermomechanical
response of the beam screen.
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Chapter 7

The Coated Beam Screen during a Dipole
Magnet Quench

In the event of a magnet quench, the currents induced in the beam screen will surpass those flowing during regular
operation of the accelerator, resulting in high Lorentz forces and heat loads. Therefore, it is interesting to analyse the
behaviour of the beam screen also in this undesired situation, to verify whether it and its coating would survive the
event. This chapter will go through the necessary adaptations to the model to account for the influence of a dipole
magnet quench in the eletromagnetic and thermomechanical behaviour of the coated beam screen, how the different
physics interfaces are coupled to handle the high temperatures and stresses that may arise, and the simulation results
of the beam screen under a dipole quench. Additionally, we will investigate the tolerance of the HTS coating to the
Lorentz forces that arise due to the rapidly changing magnetic field by the means of pull-off adhesion tests.

7.1 Model Adaptations

If the dipole magnet quenches while operating at top energy, it can go from 16 T to zero as fast as 300 ms, resulting
in high induced currents not only in the HTS segments but also in the remaining conductors of the beam screen and
its coating. The contribution coming from the normal conductors in terms of heat and force loads may now be high
enough to play a significant role in the thermomechanical response of the beam screen. Hence, it is important that, in
magnet quench simulations, the entire structure of the beam screen, as well as the metallic layers of the delaminated
coated conductors, are taken into account. On the other hand, the particle beam will quickly escape from orbit once
the dipole field starts dropping due to not being decelerated at the same pace, therefore we will not consider the heat
and force load contributions coming from the beam-induced image currents.

In previous dipole simulations, we have obtained the current density distribution inside the HTS segments by solving
the PDE system described by Equations 4.9 through 4.12, which account for the field distortion in the HTS segments
and their vicinity. This was particularly important because the main goal of those simulations was to evaluate the field
quality of the coating geometry in question. During a magnet quench, there is no necessity for this type of evaluation,
since the preservation of the beam orbit is no longer a concern. The electromagnetic response of the beam screen will
only serve as input for its thermomechanical behaviour. On the other hand, solving the previously adopted PDE system
for the high field derivatives induced by the quench is very computationally demanding, especially when considering
highly non-linear materials such as HTS. For these two reasons, we have opted to replace the numerical solution of
the PDE system with an analytical approximation of the induced currents in the beam screen.
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The main assumption for this approximation is the thin film behaviour of the HTS segments. According to it, it
is reasonable to assume that the distortion in the magnetic field caused by the HTS segments is approximately zero
compared to the external field, or, in the case of the dipole, that H ≈ Hex. While this approximation fails at very
low fields, it will be quite accurate at higher fields, when the beam screen is exposed to the highest heat and force
loads. In addition, we assume that the HTS is homogeneous along the c-axis. With this, we can obtain the electric
field distribution inside the HTS segments (and any of the normal conductors) directly from the anti-derivative of
Equation 4.10 with respect to x, which results in

Ez = µ0
∂Hex

∂ t
x+C . (7.1)

Since the time derivative of the applied magnetic field is constant in space, C can be replaced by a more convenient
constant:

Ez = µ0
∂Hex

∂ t
(x− x0) , (7.2)

where x0 is the center of the combined structure formed by all electronically coupled conductors. The original as-
sumption that the HTS segments are electronically insulated from the rest of the coated beam screen is maintained,
therefore x0 corresponds to the center of each HTS segment, when calculating the electric field inside that segment,
and x0 = 0 for all remaining conductors, which are considered to be connected.

Once we have determined the electric field induced by the time-varying dipole field, we can then obtain the current
density across the whole beam screen. In both normal and superconductors, it is given by

Jz =
Ez

ρ
. (7.3)

Now that Jz and Ez are known, as well as Hex, we can calculate the force and heat loads for the heat transfer and solid
mechanics interfaces:

FV x =−µ0HexJz (7.4)

QV = JzEz . (7.5)

Since the force loads are only due to the interaction between the dipole field and the beam screen, quadrant symmetry
is restored, which allows us to consider only a single quadrant, with the proper symmetry conditions. For the solid
mechanics interface, those are ux = 0 at x = 0 and uy = 0 at y = 0. This set of boundary conditions allows the beam
screen to be deformed in place, but prevents it from displacing or rotating. For the heat transfer interface, the sole
boundary heat source represents the cooling effect of the helium channel. The boundary conditions and heat and force
sources are represented in Figure 7.1.

Unlike the normal operation of the accelerator, the shift in temperature may be significant, impacting in the resis-
tivity of the materials of the beam screen and its coating. For the normal conductors, this relationship can be easily
included by the means of a linear dependence between the resistivity and the temperature or by considering interpola-
tion functions of measured data. For the HTS segments, however, a few extra steps must be performed.

When in the superconducting state, shifts in temperature influence the critical current density and the transition
index of the material. To account for this, we once again resort to interpolation functions, this time correlating Jc

and N with µ0H and T . Since we are neglecting the field disturbance caused by the HTS segments, there are only
two angles between the REBCO and impinging fields: 0◦ for the top wall segments and ≈ 70◦ for the diagonal ones.
Therefore, we can apply two different interpolation functions for each property based on data of SuperPower inc.
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FIGURE 7.1: Boundary conditions and heat and force sources in the coated beam screen during a dipole
magnet quench. The displacement boundary conditions are used to prevent rotation and displacement
of the beam screen while preserving quadrant symmetry. All boundaries except for those of the helium
channel are thermally insulated QS = 0, and the force and heat per unit volume produced by the dipole

are defined in all domains.

coated conductors [63], as shown in Figure 7.2. Since the data does not cover the entire range of interest, reaching
only a maximum temperature of 85 K and magnetic fields up to 8 T, we extrapolate it so that the N index is kept
constant for values of H and T exceeding the data range and Jc is kept constant for higher values of field but drops to
zero at Tc = 92K.

However, this would result in an infinite resistivity at Tc, at which point the material should instead transition to its
normal state, and therefore show its normal state resistivity. To account for this transition, an overcritical model should
be adopted, as explained in Section 2.1, such as the overcritical adaptation of the power law. Hence, the resistivity of
the HTS will be the parallel equivalent of the superconductor resistivity and its normal state counterpart, as shown in
Equation 2.6, rewritten here for convenience:

ρeq = ρpl ∥ ρns =
ρpl ·ρns

ρpl +ρns
.

The normal state resistivity, in turn, also scales linearly with the temperature, similarly to the other conductors in the
beam screen, according to:

ρns(T ) = ρT c +α(T −Tc) . (7.6)

The values employed for ρT c and α are, respectively, 1× 10−6Ωm and 4.7× 10−9Ωm/K [66, 123]. With this, there
will be a smooth transition from superconducting to normal state when approaching Tc from below.
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(a) (b)

(c) (d)

FIGURE 7.2: Dependence of critical current density Jc at (a) 0◦ and (c) 70◦, and transition index
N at (b) 0◦ and (d) 70◦ with temperature T and field intensity H employed for the adapted simu-
lation model. Functions are interpolated between data points and extrapolated so that Jc(T,µ0H >
8T) = Jc(T,µ0H = 8T), Jc(T ≥ 92K,µ0H) = 0, N(T,µ0H > 8T) = N(T,µ0H = 8T) and N(T ≥

85K,µ0H) = N(85K,µ0H = 8T). Data from [63].

7.2 Thermomechanical Simulations during a Magnet Quench

The single input for the beam screen simulations under a dipole magnet quench is the external field µ0Hex, which
starts at 16 T and quickly drops to zero over 300 ms, as shown in Figure 7.3. This assumption is based on the quench
behavior of the NbTi magnets of the LHC, since the final design of the FCC main dipole magnets is still subject to
change.

The resulting forces generated in the beam screen integrated over a quadrant rise to a maximum value of 84 kN/m,
pointing outward horizontally with respect to the center of the beam screen (x = x0 = 0). Figure 7.4 presents the
distribution of force per unit volume in the coated beam screen. Likewise, the forces on the HTS segments also point
outward, but in their case, with respect to the center of each individual segment. This change in behaviour with respect
to normal conductors is due to the different neutral point x0, which arises from the assumption that the HTS segments
are electronically insulated from the other conductors. It must be pointed out, however, that depending on the coating
method employed to attach the REBCO layer to the beam screen inner surface, this may not be the case, as we will
discuss in the next chapter.
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FIGURE 7.3: External applied field, resulting force load integrated over a quadrant and total heat
generated in the beam screen during a 300 ms dipole magnet quench at top energy.

FIGURE 7.4: Force per unit volume distribution at the moment when the highest force loads are induced
in the beam screen (t = 86ms). The forces in all regular conductors point outward, while those induced
in the HTS segments are split due to their different neutral point x0. In spite of the higher forces in the

HTS, the greatest contributors are the copper layers due to their much larger cross-section area.

It is worth noticing that the forces in each material differ orders of magnitude from one another due to their different
resistivities. Although the forces per unit volume in the HTS highly surpass those in the metallic components of
the beam screen, its average contribution amounts only to 8 % of the total forces due to their comparatively small
thickness. In the other extreme, even though the cross-section area of the steel structure is large, its resistivity is too
high to compete in terms of force. The strongest contributors are actually the copper layers, reaching 91 % of the total
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forces, since they present a relatively large cross-section area and a still reasonably low resistivity.

Regarding its thermal behaviour, the heat generated amounts to a maximum of 28.4 kW/m, resulting in a total
energy of 3.7 kJ/m transmitted to the beam screen along the entire duration of the quench. Once again, the highest
contribution, over 97 %, comes from the copper layers, for the same reasons as the force loads. The total energy in the
HTS segments is limited to less than 1 % due to the small cross-section area, in spite of the fact that the heat per unit
volume is much higher in the HTS. This can be seen in Figure 7.5, where the heat distribution is shown, with a focus
on the different layers. In addition, it is interesting to note that the HTS segments on the top wall play a larger role
than those on the diagonal wall, due to their lower temperature, and therefore higher Jc.

FIGURE 7.5: Heat distribution over in the coated beam screen during the moment of highest heat load
(t = 133ms). Although the heat per unit volume induced in the HTS segments is largest, the most

significant contribution comes from the copper layers due to their much larger cross-section area.

As a consequence of the heat and force loads imposed on the coated beam screen due to a magnet quench, there
is a significant effect in the mechanical stresses induced. Figure 7.6 summarises the mechanical response of the
coated beam screen with the maximum values of stress and strain over time as well as the stress distribution and
deformation at the moment of highest force load. As we can see, both stress and strain reach its maxima at the same
time as the force loads, resulting in a general tendency of stretching the beam screen horizontally but compressing
it vertically. The highest stresses achieved slightly surpass 1500 MPa in the welding connecting the outer wall to
the cooling channel. However, this is a very local concentration of stresses in a small region that would most likely
plasticize when submitted to such a load, relaxing the mechanical stresses due to slight deformations. By disregarding
this outlier, the maximum values remain within the elastic limits of the stainless steel.
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When compared to the beam screen with a pure copper coating under similar conditions [84], the results are very
similar. Apart from the aforementioned very local stress maximum, the beam screen with both coatings shows stresses
that do not surpass the yield stress of the P506 stainless steel, 1100 MPa. Likewise, both scenarios show similar
displacements, reaching no more than 0.7 mm, less than the 1.5 mm gap between the beam screen and the cold bore. It
is worthwhile to point out, though, that the analysis carried out along this chapter does not take into account pumping
holes in the outer walls of the beam screen, which would result in asymmetries in the longitudinal direction and
therefore could not be accurately considered in 2D simulations. Even so, the fact that both the copper coating and
the hybrid coating show such similar results due to the low contribution to the force load coming from the HTS
segments reinforces the small role of the added REBCO in the mechanical response of the beam screen to a magnet
quench.
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FIGURE 7.6: Mechanical response of the coated beam screen to a 300 ms dipole magnet quench at top
energy. (a) Stress distribution and deformation (scaled by a factor 3) at the moment of highest force

load; and (b) Maximum values of stress reached.

Although the effect of the HTS in the stress distribution of the beam screen is relatively small, it is also important
to evaluate how these stresses affect the electromagnetic properties of the HTS. The maximum mechanical stress in
the HTS domains reaches a maximum of 430 MPa, corresponding to a strain of 0.3%, which is insufficient to cause
lasting effects in the Jc. This means, on the one hand, that the HTS are not damaged by the mechanical effects of the
quench and, on the other, that there is no need to consider any dependence between Jc and σ .

The copper layer covering the inner wall of the beam screen reaches stress values of up to 630 MPa at the bending
connecting the top walls and the diagonal walls of the inner chamber, surpassing the elastic limit of the copper. These
results are similar to those obtained during the design of the beam screen for the LHC, when maximum stresses of
690 MPa were calculated for the 1 mm thick copper layer. However, subsequent experiments with the LHC beam
screen under a model magnet revealed no damage to the copper layer, and therefore the same can be expected from
the FCC beam screen [124, 125].

The relatively high stresses produced in the copper can be partially transferred to the solder layer attaching the
HTS segments to the beam screen, especially to those closer to the bending. There the stresses can reach values of
up to 550 MPa, also exceeding the elastic limit of the material. Plastic deformation caused by this could on one hand
accommodate the high mechanical strain before reaching the HTS layer, but on the other, lead to the detachment of
the HTS coating. In particular, the segments coating the diagonal walls are exposed to normal forces pulling on the
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HTS with up to 0.4 MPa of pressure applied over one half of the segment, which corresponds to a factor 2.5 larger than
those achieved during regular operation, but still much below the adhesion strength typically found in copper-solder-
copper joints, which stands in the range of tens of MPa [126, 127]. An investigation of our coating adhesion quality is
presented in the next section of this chapter.

Let us now consider the thermal response of the beam screen to a magnet quench, presented in summary in Fig-
ure 7.7. During the quench, the temperature rises to a maximum of 80 K at 210 ms. Throughout the entire duration of
the quench, the hottest point in the beam screen corresponds to the edge of the inner wall, which is the furthest away
from the cooling channel. As soon as the quench ends, however, the maximum temperature quickly drops back to
50 K within the next 20 s.

Although this is a significant shift in temperature, it does not pose a threat to the structural integrity of the beam
screen nor its coating. It is clear, however, that in order to accurately depict the behaviour of the superconductors,
it is important to consider the dependence of Jc with the temperature, as has been done for this case. Even so, the
overcritical model employed in this case proved to be unnecessary since the temperature range is still below Tc.
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FIGURE 7.7: Thermal response of the coated beam screen to a 300 ms dipole magnet quench at top
energy. (a) Temperature distribution when the highest temperature is reached; and (b) maximum tem-

perature over time during and a few seconds after the quench.

Even though the main purpose of this simulation is to evaluate the thermal behaviour of the coated beam screen con-
sidering perfect thermal contact between each of its constituent layers, it is interesting to also analyse what happens in
the other extreme: if the HTS segments are thermally insulated. This allows us to consider a worst case scenario where,
for any reason, the thermal contact between the HTS and the beam screen has been drastically decreased. In addition,
it offers an insight on how the HTS react to a temperature shift that would bring it to its critical temperature.

In this case, all contact with the cooling channels responsible for removing the heat from the system has been
severed and no other form of heat exchange is being considered apart from thermal conduction within each HTS
segment, which means that any rise in temperature is now irreversible. Figure 7.8 shows the behaviour of several
relevant quantities: the applied magnetic field, the induced electric field and current density, the HTS resistivity and the
temperature, all corresponding to a single arbitrary point inside the HTS. Figure 7.8a presents the results considering
the same Jc that was used in the previous simulations discussed in this chapter (case A), while Figure 7.8b shows the
same results with Jc multiplied by a factor 10 to artificially rise the temperature to Tc (case B).
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In both cases, as an electric field is induced by the time-varying magnetic field, the current density in the HTS starts
increasing. As the temperature rises, approaching Tc, the Jc progressively decreases, limiting J, which then decreases
as well. At 230 ms, the two scenarios diverge. In case A, it remains below Tc, and the current density, although small,
is still present. In case B, however, T finally reaches Tc, when the superconductor transitions to its normal state. At
this point, the resistivity immediately rises to its normal state value. In the normal state, the current flowing in the HTS
is negligible, meaning that the heat being generated is also zero, which in turn prevents the temperature from rising
above Tc.
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FIGURE 7.8: Behaviour of several quantities in an arbitrary point inside the HTS during a magnet
quench with Jc multiplied by factors (a) 1 and (b) 10. In both scenarios, the current flow is limited by
the increase in temperature. However, if T reaches Tc, which is the case in (b) at 0.23 s, the resistivity

quickly rises to its normal state value, effectively ceasing all current flow.
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This reveals the self-limiting nature of HTS when exposed to an external time-varying field. Since the electric field
is determined only by the magnetic field, any increase in its resistivity causes a decrease in the generated heat. If this
heat is enough to bring it to Tc, the heat generation will always be limited by its normal state resistivity, according
to

Q =
E2

ρ
, (7.7)

where E is an imposed electric field. This means that, although contact with hotter materials could still bring the HTS
to higher temperatures, the heat generated in the HTS itself will not increase its temperature above Tc unless the time
derivative of the magnetic field is extremely high, even when compared to those achieved during a magnet quench at
top energy. This is in direct opposition to what happens with HTS when submitted to an imposed current, as is the
case in critical current transport measurements, for instance, where any increase in the resistivity causes an increase
in the heat generation, according to

Q = ρJ2 , (7.8)

where J is an imposed current density, ultimately resulting in the emergence of hot spots and a quench in the HTS.
In the context of the FCC-hh beam screen, this is a very beneficial property, which protects the HTS segments from
thermal damage during regular operation, a magnet quench or even if the HTS is thermally insulated.

7.3 Pull-off Adhesion Testing

To ensure the HTS coating can withstand the pulling pressures induced by the Lorentz forces generated in the beam
screen, it is important to understand what its tolerance is to normally applied pulling forces. One way to find this is to
perform pull-off adhesion tests, which consist in gluing a metallic dolly to a portion of the coating and subsequently
pulling it normally until failure.

The experimental setup of the adhesion test is shown in Figure 7.9. To improve adhesion between the sample and
the dolly, their surfaces are usually sanded prior to applying the adhesive, and the tested region is usually cut off from
the remaining coating to ensure no tangential forces are produced.

FIGURE 7.9: Schematic of the experimental setup during an adhesion pull-off test. A metallic dolly is
glued to a region of the coating sample which is cut-off from the remaining surface. The dolly is then

pulled normally to the surface and the force during failure is registered.

The sample prepared for testing was prepared according to the methodology presented in Chapter 3. Figure 7.10
shows the coating sample before and after testing. The coating consists of two parallel coated conductors delaminated
and soldered to a copper coated steel plate. The sample was divided into three regions for testing, evidenced in
Figure 7.10a by the numbers 1, 2 and 3. These correspond to the pressure curves obtained during testing, shown in
continuous lines in Figure 7.10b with the same enumeration. The dashed line corresponds to the maximum pulling
pressure expected during a magnet quench according to the simulations presented in this chapter.
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FIGURE 7.10: Pull-off adhesion test results. (a) Sample of HTS coating soldered to copper coated
stainless steel plates before (top) and after (bottom) testing with numbered regions corresponding to
Tests 1, 2 and 3, and (b) pressure curve as a function of displacement obtained during testing the three

regions.

Each tested region showed a different response to the pull-off test. Firstly, we can see that Test 1 failed before
reaching the estimated pulling pressure for a magnet quench. However, when inspecting the dolly and the sample
after testing, it became clear that it was a glue failure, that is, no coating was detached from the sample, which is in
agreement with the fact that Region 1 was not sanded as to improve the adhesion with the dolly and was glued to it
with a relatively weak epoxi adhesive, Araldite® Rapid Resine. As a means to increase adhesion, Regions 2 and 3 were
sanded with a P400 sandpaper before application of a stronger, hot curing epoxi matrix system based on Araldite® LY
556, Aradur 917 and Accelerator DY 070. With a proper adhesion between the coating and the dolly, Regions 2 and
3 achieved pulling pressures of 0.71 and 1.07 MPa at failure, surpassing the expected values during a magnet quench,
0.4 MPa, by a significant margin. Subsequent analysis of the sample and dollies revealed that the coating was indeed
detached from the sample.

Although the maximum pressure values offer evidence to the tolerance of the HTS coating to the forces induced
during a magnet quench, it is still surprising that the adhesion of the coating is at least one order of magnitude weaker
than the bond usually achieved in a copper-solder-copper joint, as mentioned in the previous section. To further
investigate this, we examined Region 3 of the sample and the corresponding dolly under an optical microscope.

Figure 7.11 consists in the optical images of the sample and the dolly. Here the deep scratches from sanding the
coating are clearly noticeable, as well as a very inhomogeneous color distribution. The colored rectangles mark points
that are representative of the entire Region 3 in terms of hue and texture, and therefore we recorded magnified images
of this area, which are shown in Figure 7.12. At this point, we can employ the image analysis techniques discussed in
Chapter 3 to achieve a better understanding of the breaking patterns produced during the pull-off test.

In Figure 7.12a, we can see the magnified surface of the coating sample, which can be further divided into three
distinct regions by applying the same concepts employed in Chapter 3. Firstly, region A corresponds to a smooth gray
surface. From the color and texture, this suggests that here the fracture happened between the REBCO layer and the
glue, which would be characterized as a glue failure. Region B corresponds to gray, inhomogeneous ridges, which
is evidence for partial excavation of REBCO and corresponds to a cohesive fracture in the REBCO layer. Finally,
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(a) (b)

FIGURE 7.11: Optical images of (a) Region 3 of the coating and (b) corresponding dolly after pull-off
test. The rectangles correspond to the magnified optical images shown in Figure 7.12.

(a) (b)

(c) (d)

FIGURE 7.12: Optical images of Region 3 of (a) the coating sample and (b and d) of the corresponding
dolly with different focusing lengths. An image of a region of the coating (c) outside any tested region

is shown for comparison.
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Region C shows an uneven surface composed of a mixture of shiny, reflective areas and small gray ridges. This
reflectiveness is characteristic of metals, which implies adhesive fracture between the REBCO layer and the metallic
layers underneath. Once again, the gray ridges, like in Region B, correspond to cohesive fracture in the REBCO
layer.

To corroborate with this interpretation, we can take into account Figures 7.12b and 7.12d, showing the corresponding
regions in the dolly with two different focusing lengths. Here we see the characteristic gray of the REBCO layer
permeating the majority of the image (Regions B and C), with two main islands where, once more, a shiny surface is
seen (Region A). By altering the focusing length it becomes clear that these islands are deeper than the surrounding
REBCO, and therefore are the exposed surface of the dolly, seen through the added layer of adhesive. This is in
agreement with the aforementioned interpretation of the three regions.

Finally, Figure 7.12c depicts an optical of the coating outside any of the tested regions, revealing the exposed
surface of the REBCO layer after delamination, and undamaged by the pull-off tests. Its similarities with Region
A of Figure 7.12a are evident, with a much smoother and more homogeneous surface than any of the surrounding
regions.

Having analysed and interpreted the different fracture patterns throughout the surface of the coating, we were then
able to use the filtering methods presented in Chapter 3 to split the entirety of Region 3 into its damaged (cohesive and
adhesive fractures) and undamaged (glue failure) portions, which are presented in Figure 7.13.

(a) (b)

FIGURE 7.13: Optical images of Region 3 of the coating split into (a) undamaged areas and (b) exca-
vated REBCO by color filtering as discussed in Chapter 3.

Most interesting, though, is the fact that no fractures occurred in or around the soldering layer, which is further
confirmed by the absence of excavated metals on the surface of the dolly. However, it is not clear how the roughness
of the sandpaper used to sand the sample affects these results, since it is possible that the damage caused by sanding
weakens the integrity of the REBCO layer. In addition, there is a fundamental difference between the lorentz forces
generated in the REBCO and the forces applied to the coating in these experiments. In the former, the forces are
constitute a body load, and are distributed along the thickness of the material. This results in a linear increase of
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the stresses from the top surface of the REBCO layer, reaching maximum at the bottom. In the latter, the entire
force is applied directly to the surface of the layer, which, in terms of stress, translates to a more homogeneous but
more strenuous distribution, since the same maximum stress is achieved directly on the top surface as is maintained
throughout the whole thickness. In any case, while more measurements would be interesting to investigate this further,
it is clear that, even in these demanding conditions, the coating is still strong enough to endure the relatively large
forces induced during a magnet quench.

7.4 Chapter Summary and Conclusions

This chapter brought into discussion the behaviour of the coated beam screen in the event of a dipole magnet quench.
To do this, the model used for the FEM simulations was adapted. On one hand, it was simplified to consider the thin
film behaviour of the HTS segments, allowing for a faster estimation of the current density and electric field distribution
inside them. On the other, a Jc dependence with the temperature was added to account for a temperature range starting
at 50 K and reaching values above Tc by including an overcritical formulation of the HTS resistivity.

The simulation results showed only a diminutive impact of the coating in the mechanical stresses and temperature of
the beam screen during a magnet quench. Apart from a very local effect, the maximum stresses are within the elastic
regime of the stainless steel and those reached in the HTS layers are not enough to impact on its electromagnetic
properties, much less to damage the material. Similarly, although there is a significant rise in temperature, it is not
nearly enough to offer any danger to the beam screen structural integrity or to damage the HTS.

In addition, we have also explored a worst case scenario according to which the beam screen is thermally insulated
from the cooling channels and the surrounding environment. Even in these pessimistic conditions, the temperature
does not surpass Tc, demonstrating the very beneficial capability of these materials to protect themselves when under
highly variable external magnetic fields, effectively limiting their maximum temperature at Tc unless in contact with a
hotter material.

Finally, the adhesion tests performed with a sample of the HTS coating demonstrated its resilience, even when
taking into account the high Lorentz forces emerging during a magnet quench.

These positive results show not only that HTS play a minor role on the force and heat loads of the beam screen
during a magnet quench, but also that they can survive such extreme events with no expected deterioration in perfor-
mance.
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Chapter 8

Transversal Current Flow in the Hybrid
Coating

Throughout literature, whenever HTS Coated Conductors are evaluated be the means of FEM numerical analysis, it
is a standard assumption to consider them electronically insulated from the surrounding conductors. This applies in
general for HTS due their very high conductivity compared with normal conductors, and in particular for CC’s due
to the presence of buffer layers, which act as electronic insulators between the REBCO layer and other conductors.
The consequence of having an electronically insulated HTS domain is portrayed in Equation 4.16, reproduced here for
convenience:

Ii =
∫

Ωsc,i

JzdS = 0 .

This equation basically defines the total current Ii flowing in a given cross-section domain Ωsc,i of the HTS as zero, as
the current flowing in one direction (Jz > 0) has no other path to close the circuit other than bending backwards and
flowing back through the same cross-section (Jz < 0). Although we have considered this common premise in the pre-
vious chapters of this thesis, it is interesting to investigate some conditions under which this will not necessarily hold
true, such as when coated conductors are soldered directly to a common conductor, as described in Chapter 3.

In this chapter we will develop an analytic evaluation of HTS segments that are electronically connected to a
common copper layer, and make a comparison with the results of corresponding FEM analysis. With this, we aim to
answer the question of whether such conditions could play a role in the current distribution in the beam screen coating
and consequently affect the field quality inside the vacuum chamber of the FCC.

8.1 Electronically Coupled HTS Segments

In order to analyse the effect of electronically coupled segments in the beam screen coating, let us first consider
a simplified configuration composed of three electronically connected slabs with perfect electric contact and same
thickness. This set of slabs is exposed to an external time-varying normal magnetic field, so as to generate planar
currents flowing through the slabs. Depending on the resistivity of the materials involved the shape of the current
paths will be different, as shown in Figure 8.1. If the middle slab has a similar resistivity to that of the two lateral
slabs, there will be no significant distinction between the materials, meaning the current densities will be similar
throughout the entire set and the current loop will intercept all the slabs (Figure 8.1a). On the other extreme, if the
resistivity of the middle slab is infinite, there cannot be any current flowing through it, which results in the current
loops closing inside each of the lateral slabs (Figure 8.1c). The intermediate state in which the resistivity of the middle
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segment is still finite but much larger than that of the lateral segments causes most of the current loops to close inside
each lateral segment, while some of them intercept the middle segment (Figure 8.1b).

(a) (b) (c)

FIGURE 8.1: Schematics of the current distribution in electronically connected slabs of different mate-
rials under a normal varying magnetic field. (a) The materials have similar electric resistivity, resulting
in current densities of the same order of magnitude; (b) the intermediate slab has much larger resistivity,
resulting in decreased currents flowing through it, which in turn causes most of the current loops to be
contained inside each of the edge slabs; and (c) The intermediate slab has infinite resistivity, which

causes the two edge slabs to be electronically insulated from one another.

Now let us assume that the two lateral slabs are HTS in the superconducting state and the middle slab is made of
copper. This situation is akin to that of the FCC beam screen. Furthermore, based on the methodology to produce the
hybrid coating, discussed in Chapter 4, there are no buffer layers insulating the HTS from the surrounding conductors,
which we will also consider here. While operating around or below Jc, the resistivity of the HTS is either zero or, at
most, much lower than that of copper, which satisfies the conditions shown in Figure 8.1b. However, since the currents
flowing through the copper due to the ramping magnetic field are much lower than those in the HTS, it is usually a
reasonable premise to assume that there are no currents flowing in the copper, and thus the situation is simplified by
considering that the HTS segments are electronically insulated and that the copper segments play no role in the current
distribution, which corresponds to Figure 8.1c.

However, although the current densities in the copper are indeed much lower than their HTS counterparts, this may
not be the case for the total current flowing transversely through the copper if the dimensions of the copper are much
larger than those of the superconductors. This situation is illustrated by the means of an equivalent electric circuit in
Figure 8.2. For simplicity, we assume that the current density in the HTS segments is equal to Jc, as described by
the Bean model. In addition, the external magnetic field induces a voltage V ∝ ∂B/∂ t in the copper, which in turn
generates a transversal current I1 = V/R. On one hand, if the HTS segments are insulated, I1 = 0 and the currents
in the HTS flowing in each direction aIc = (1− a)Ic = 0.5Ic are the same. On the other hand, if the transversal
resistance of the copper is low enough to allow for a significant current flow (I1 of the same order of Ic), there will be
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a non-negligible imbalance ∆I in the HTS currents:

∆I = I1 = aIc − (1−a)Ic = (2a−1)Ic . (8.1)

It is straightforward to note that the current in the copper, and therefore the current imbalance in the HTS, depends
not only on the resistivity of the copper segment, but also on its dimensions. Applying the same concept to the beam
screen, with its 16m long sections, the resulting transversal resistance might be small enough so that the effect of the
copper segment on the current distribution could not be neglected, impacting on the field quality inside the vacuum
chamber.

FIGURE 8.2: Equivalent electric circuit of two HTS segments electronically connected to a common
copper segment. Depending on the total resistance of the copper segment in the transversal direction
R, there may be a significant amount of current flow through the copper from one HTS segment to
the other, resulting in an imbalance of current inside the HTS, represented by the constant a. The
voltage induced by the external varying field is V ∝ ∂B/∂ t. In the insulated case, R tends to infinity and
I1 =V/R vanishes, making a = 1−a = 0.5 so that the current loop closes entirely through the HTS.

To find the current imbalance as a function of the length of the slab, we must first evaluate the current density
distribution at the central longitudinal axis of the slab set. In other words, we must find the transverse current density
Jx at z = 0, as shown in Figure 8.3a. To do this, it is useful to note that the superconductors will act as short-circuits
with respect to the current flowing transversely through the copper, which causes the longitudinal current flow to
be concentrated on the HTS slabs, and therefore we can assume that the current in the copper has no longitudinal
component, reducing Faraday’s equation to

∂Jx

∂ z
=

1
ρCu

∂By

∂ t
. (8.2)

By integrating both sides with respect to z and taking into account that Jx is zero at z = 0, the expression for Jx is
obtained:

Jx =
z

ρCu

∂By

∂ t
, (8.3)

as shown in the top graph of Figure 8.3b, where Jmax refers to the maximum value of Jx, at z= l/2 with l corresponding
to the length of the slabs.
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Now that we know the current distribution at the center of the slab set (x= 0), it is possible to make use of Kirchoff’s
circuital law to find the current imbalance ∆I. Without losing generality, let us consider the closed region depicted by
the red dashed line in Figure 8.3a, defined as x ≥ 0 and z′ ≤ z ≤ l/2. As it is a closed boundary, Kirchoff’s law states
that all currents flowing inward must be equal to those flowing outward. Since we assume there are no longitudinal
currents in the copper and that the current density distribution is homogeneous along the normal direction, this reduces
to

∆I = Ix = dCu

∫ l/2

z′
Jxdz , (8.4)

where dCu is the thickness of the copper slab. By replacing Jx from Equation 8.3 and changing the variable, we
get

∆I =
dCu

2ρCu

∂By

∂ t

[(
l
2

)2

− z2

]
, (8.5)

the graph of which is shown at the bottom of Figure 8.3b.
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FIGURE 8.3: Evaluation of the transverse current density distribution in the copper and current imbal-
ance in the HTS. (a) Schematic of the slabs with the redborder sub-region where Kirchoff’s Circuital

Law is applied; and (b) Current density Jx at x = 0 and current imbalance ∆I as a function of z.

This means that the current distribution in the HTS segments depends on z, resulting in the breaking of the longi-
tudinal symmetry. By applying this to the beam screen, it opens the possibility that the transversal flow of currents
through the copper would result in field geometric harmonics that are no longer constant along the z-axis, making
purely bi-dimensional simulations of the beam screen not enough to fully represent this scenario. In addition, at the
center of the segments (z = 0), Equation 8.5 reduces to

∆I0 = ∆I(z = 0) =
dCul2

8ρCu

∂By

∂ t
, (8.6)

showing that the problem would scale quadratically with the total length of the device. It is important to note, however,
that these equations are derived from approximating the behaviour of the HTS to that of a short circuit, which is not
the case when approaching or exceeding its critical current. In fact, when these conditions are met, the current flowing



8.2. Numerical Analysis for Transverse Currents Simulation 121

through the HTS and therefore also the transverse current in the copper will be limited by the electric field generated
inside the superconductor. In this perspective, ∆I and ∆I0 act as upper limits, and whenever they are above Ic, we can
conclude that the HTS segments are fully coupled via their connection to the copper slab, as depicted in Figure 8.1a.
On the other hand, if ∆I0 < Ic , at least some of the current loops are closing inside the HTS, never flowing through
the copper.

8.2 Numerical Analysis for Transverse Currents Simulation

To evaluate the behaviour of electronically coupled HTS segments in conditions similar to those of the FCC beam
screen, it is necessary to employ a three-dimensional simulation model. To achieve this, we used a multi-physics
coupling between the Magnetic Field Formulation (mfh) and the Magnetic Field, no Currents (mfnc) physics in COM-
SOL Multiphysics®. The former solves Maxwell equations for electromagnetism, not unlike the model developed in
Chapter 4, but this time for all three dimensions and contains the domains that represent the metallic conductors. The
latter assumes zero current flow and contains the surrounding vacuum domain, reducing to [128]

H =−∇Vm (8.7)

∇ ·B = 0 . (8.8)

The external boundary of the vacuum domain is defined as the external applied field B = Bexŷ, and the common
boundary of the two physics is such that both magnetic fields are the same: B = Bm f nc = Bm f h. Figure 8.4 shows a
schematic summary of the model, represented in two dimensions by the central cross-section of the simulated domains
for simplicity, although all relationships hold in three dimensions.

FIGURE 8.4: Schematic of the multi-physics model used for the three-dimensional simulations of
electronically coupled HTS segments. Material domains are shown, as well as the appropriate boundary

conditions.
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In the simulations presented in this section, we analyse a simplified geometry composed only of two 4 mm wide HTS
segments connected to a 10 mm wide copper slab with perfect electric contact to verify how the current distribution in
the HTS segment is affected by currents flowing transversely through the copper. The resistivity of copper is assumed
to be constant and equal to ρCu = 5× 10−10µΩm, while that of the HTS is once again represented by a power law
(Equation 4.17), with constant Jc = 10MA/cm2 and N = 21. Due to the extreme aspect ratios of coated conductors,
the computational effort required to simulate these structures is very high, often resulting in divergence or requiring a
very long time to converge. Nevertheless, the behaviour predicted in Figure 8.3b should be noticeable even in shorter
samples.

In Figure 8.5, we can see the simulations results of the current imbalance for different lengths. In these results we
notice once again the hyperbolic trend of the current imbalance. On the other hand, Figure 8.5b shows the current
imbalance at the center, ∆I0, and we can see, as predicted by Equation 8.6, the dependence with the square of the
length.
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FIGURE 8.5: Simulation results of the current imbalance (a) as a function of z for different lengths and
(b) at z = 0 as a function of the total length.

The simulation results can than be extrapolated to the actual length of the beam screen sections, which are 16 m
long. This extrapolation is shown in Figure 8.6, where we can see that the estimated value of ∆I0 far exceeds Ic.
In reality, as the current density surpasses Jc, the electric circuit shown in Figure 8.2 no longer describes accurately
the behaviour of the connected slabs, since it does not take into account the resistive component that arises in the
superconductors in such scenario. The emergence of the non-linear resistivity of the HTS would limit the current
flowing through them to values close to Ic, allowing more and more current to flow longitudinally through the copper
as ∆I0 rises. Despite the limitations of our model, the fact that ∆I0 surpasses Ic tells us that the HTS segments are
fully coupled. In this situation, the transverse current flow through the copper concentrates near its ends, at z ≈±l/2,
and the current distribution inside a given HTS segment is unidirectional and constant along most of its length and
especially around the center (z = 0).

Under this assumption, we can repeat the field quality simulations discussed in Section 4.2 without the constraint
that enforces the total current in each HTS segment to be zero (see Equation 8). With this, the current will flow in
a single direction in the segments located at the right-hand side of the beam screen and in the opposite direction in
the segments located at the left-hand side, closing the loop through the copper connecting them. In other words, the
neutral line given by x0 in Equation 7.2, which corresponds to the center of the HTS segment in the insulated case, will
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FIGURE 8.6: Extrapolation of the simulated ∆I0 with respect to length and comparison with Ic.

instead be at x0 = 0. The consequence is a much higher set of field harmonics, reaching even hundreds of units in some
cases, as it can be seen in Figure 8.7. This is explained by the fact that most of the reduction in the harmonics caused
by HTS striation is now being bypassed, since electronically coupled segments work as a single albeit discontinuous
segment.
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FIGURE 8.7: Effects of insulated and fully coupled HTS segments on (a) field harmonics and (b)
longitudinal current distribution (schematic representation).

It becomes clear that the influence of transverse currents can lead to a strong current imbalance in the HTS segments,
ultimately resulting in excessive field harmonics during field ramp-up and defeating the purpose of adopting the hybrid
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coating as initially designed. Therefore, to achieve a similar field quality to that calculated in Chapter 4, it is important
that the HTS segments are loosely coupled or entirely decoupled.

8.3 The Effect of Contact Resistance in Transverse Current Flow

In order to decouple the HTS segments, it is necessary to somehow decrease the transverse current flowing through the
copper. Several strategies can be employed to achieve this goal, such as introducing an insulating layer or increasing
the contact resistance between the copper and HTS. In the this section, we will explore how the current imbalance is
impacted by an increase in the contact resistance.

In reality, the electrical contact between the HTS segments and the copper of the beam screen, as good as it may
be, will not be perfect and may play a role in diminishing the transverse current flow through the copper segments.
Furthermore, it can be intentionally increased to do so. State of the art soldering of coated conductors achieves
a contact resistance of Rc = 40nΩcm2 [129]. Therefore, to evaluate the impact of the contact resistance on the
transverse currents, we have estimated a contact resistance around 100 times worse, at Rc = 4.2 µΩcm2, and repeated
the simulations described in the previous section with this value.

The current imbalance resulting from these simulations with the influence of the contact resistance are shown in
Figure 8.8. Unsurprisingly, we notice the quadratic trend once more, but the intensity of the current is two orders
of magnitude lower than that achieved with a perfect contact (compare with Figure 8.5), showing how effective the
contact resistance can be as a means to decrease the transverse currents.
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FIGURE 8.8: Current imbalance (a) as a function of z for different lengths and (b) at z = 0 as a function
of the total length with a contact resistance Rc = 4.2 µΩcm2.

In figure 8.9a we extrapolate these results to the 16 m length of the beam screen, where we can see that, despite the
drop in orders of magnitude, the current imbalance is still above Ic, and therefore the HTS segments are still coupled,
even with such a relatively high contact resistance. To find the threshold above which the HTS segments would be
decoupled, we repeated the simulations with different contact resistance values and extrapolated their results to 16 m,
as represented by the colored dots in Figure 8.9b. For the contact resistance values employed, we can see an evident
decrease in the estimated current imbalance, but not enough to bring it below Ic. On the other hand, simulating the
three-dimensional effects caused by transverse current flow with higher contact resistance values demands increasing
computational efforts, ultimately resulting in divergent solutions. To still be able to evaluate how a higher contact
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resistance may limit the current imbalance, we extrapolated these results also with respect to the contact resistance,
assuming contributions in series coming from the resistance of the copper and the contact resistance:

∆I ∝ (RCu +Rc)
−1 , (8.9)

which is represented by the dashed line in Figure 8.9b. It is worthwhile to point out, though, that the data used for
extrapolation is very far from the target conditions with respect to both length and contact resistance, meaning that the
extrapolated values presented throughout this chapter may be significantly inaccurate. In any case, it is clear that the
contact resistance plays a major role in determining the current imbalance in the HTS segments.
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FIGURE 8.9: Extrapolation of the simulated ∆I0 (a) with respect to length, with a contact resistance of
zero and 4.2 µΩcm2, and (b) with respect to both length and contact resistance, at a length of 16 m.

To investigate where our soldering technique stands with regards to this topic, we measured the contact resistance
of one of our coatings at 77 K by the means of the Transfer Length Method (TLM), which consists in measuring the
resistance between several soldered pads at different distances and extrapolating the results to a distance of zero, which
would correspond to double the total resistance of the contact. This value is then multiplied by the effective contact
area, which is reduced due to current crowding, to obtain the contact resistance [130, 131]. In other words, if the
resistance vs. distance curve can be fit into a linear dependence of the form y = ax+b, then the contact resistance will
be given by

Rc =
wpb2

4a
, (8.10)

where wp is the width of the contact pads. To produce the pads, small pieces of 4×1mm2 of coated conductor were
soldered to a copper plate and delaminated, after which their REBCO layer was chemically etched to uncover the
silver layer below to facilitate the soldering of the wires for measurement. The contact resistance between the silver
layer and the REBCO layer is assumed to be negligible in comparison to the total contact resistance. The measured
data is shown in Figure 8.10 and resulted in a value of 82.4 µΩcm2, which, from Figure 8.9b, is enough to bring the
current imbalance to values close to Ic, but not much below it. This tells us that, in order to preserve field quality
during ramp-up, it may be necessary to not rely only on the contact resistance between the HTS segments and copper
as is, but instead to actively pursue a solution, that being an intentional increase in the contact resistance or a different
approach.

Based on the results presented in Figure 8.9b, we can obtain a rough estimation of the necessary contact resistance
to reduce the transverse current to only 1% of Ic: Rc,1% ≈ 4mΩcm2, as represented by the pink star in the same figure.
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FIGURE 8.10: Transfer Length Method (TLM) data for measurement of the contact resistance between
the HTS and copper of the hybrid coating. The fit coefficients are a= 6.74 µΩ/mm and b= 235.62 µΩ,
and the width of the contact pads is wp = 4mm, resulting in a contact resistance of 82.4 µΩcm2, ac-

cording to Equation 8.10.

This would be enough to decrease the impact on the field quality to negligible values. To intentionally increase the
electrical contact resistance between the HTS segments and the beam screen, a 20 to 100 µm thick pyrolitic graphite
sheet (PGS) could be added as an intermediate layer. This could be achieved by electroplating the PGS with a thin
layer of copper on both its surfaces [132] so that it can be soldered onto the beam screen on one side, and onto the CC
on the other. The remaining coating process would be as described in Chapter 3. Studies show a transverse resistivity
for PGS of around 0.06 to 0.3Ωcm, resulting in a contact resistance of up to 0.6mΩcm2 [133]. This, in turn, would
translate to an estimated reduction of the transverse current flow to only around 10% of Ic in the simplified geometry
analysed in this chapter, significantly decreasing the coupling between the HTS segments.

Apart from actively increasing the contact resistance, other strategies may be considered that would have an obvious
impact on the coupling between HTS segments:

• Replacing solder with a non-conductive adhesive would allow for a complete decoupling of the HTS segments
with the cost of increasing the thermal resistance between layers. To evaluate the feasibility of this soulution,
more thermomechanical simulations are needed. In addition, the adhesive material should be compatible with
high-vacuum;

• Shortening the beam screen sections would decrease the transverse currents by a factor squared with its length
but could aggravate other issues such as interference caused by wake fields and surface impedance due to the
more constant interruption of the longitudinal distribution of HTS and the higher amount of other more resistive
materials;

• Decreasing the field rate of the main dipole magnets would decrease the transverse currents by the same
factor but would result in more time being required to cycle the machine;

• Increasing the resistivity of the beam screen copper would also decrease the transverse currents, but might
lead to an increase in surface resistance which would lead to an increase of the beam impedance and of the heat
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generation. Other hybrid coating geometries with a higher HTS ratio would need to be investigated; and

• Striating the beam screen copper at an angle would decrease the transverse currents by forcing them to flow
through the stainless steel below, which has a much higher resistivity, while minimizing the effect on the surface
impedance by keeping the exposed steel out of direct line of sight of the beam.

In the end, it may be necessary that a combination of these or other methods is used, so that an optimal balance
between the benefits and harms is achieved.

8.4 Coupled HTS Segments in a Constant Field

When reaching a constant magnetic field, such as during injection or at top energy, the main agent with respect to the
currents being induced in the beam screen will no longer be in play, resulting in a very different scenario from the
one presented so far. Therefore, it is important to evaluate also how the transverse current flow is affected when a
field plateau is reached. However, the difficulties imposed by the extreme aspect ratios of the hybrid coating remain.
To bypass this issue while still considering the high transverse current values expected to emerge in the operational
conditions of the beam screen (see Figure 8.6), we can artificially inflate the ratio ∆I0

Ic
by arbitrarily increasing the

magnetic field rate of the dipole magnets or decreasing the values of the material properties of the coating, ρCu and Ic

(see Equation 8.6). Doing so will allow us to evaluate the behaviour of the current imbalance in fully coupled HTS
segments without the need to take into account their true aspect ratios.

Let us consider the current imbalance generated by a field rate forty times higher than that of the FCC dipole
magnets, 32T/min, on HTS segments with an Ic of 270A. This values were chosen so that ∆I0

Ic
≈ 1 without severely

increasing the required computation time. Although the results obtained in this manner do not correspond to the
specific operating conditions of the FCC, the two cases are similar in the sense that the HTS segments are fully
coupled, and therefore the flow of current should be similar when reaching a field plateau. The main difference is that
the high value of ∆I0

Ic
is reached not due to the length of the beam screen, but instead because of the increased field rate

and reduced Ic.

The currents over time in the aforementioned conditions are shown in Figure 8.11. The external dipole field is
increased at a constant rate until t = 1s, after which it is kept at a constant value. During ramp-up we notice, as ex-
pected, very high values of current imbalance ∆I0 slightly surpassing Ic. At this point, the current imbalance predicted
by Equations 8.5 and 8.6 is attenuated by the increasing resistivity arising in the HTS segments. This happens because
the electric field induced in the tape cannot be neglected, and the HTS no longer operates as a short circuit, which was
one of the assumptions for arriving in these equations. As a consequence, any current flowing exclusively through the
HTS segment IHT S has its value reduced from ≈ Ic/2 at no coupling to zero at full coupling. For these conditions,
almost full coupling is achieved with IHT S = 0.02Ic at t = 1s.

When the field plateau is reached, the situation is quickly changed. The current imbalance, which flows through
the copper, decays to zero over the course of a second due to the dissipative nature of the regular conductor. On the
other hand, and perhaps counterintuitively, the current flowing exclusively through the HTS segment increases over
the same period, resulting in IHT S = 0.25Ic at the end of the three seconds of simulation. This tells us that some of
the current that was originally flowing through the copper changes direction at the 1s mark, closing the loop through
the superconductor, while some of it, forced to remain flowing through the copper, decays over time until vanishing.
Therefore, after a quick transient interval, the HTS segments are once again decoupled, with a persistent current larger
than IHT S during ramp-up, but smaller than that which would be observed in insulated segments, which is around 0.9Ic

depending on the N index value and the rate of change of the magnetic field.
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FIGURE 8.11: Current behaviour during (t < 1s) and after (t > 1s) magnetic field ramp-up with fully
coupled HTS segments. (a) shows a schematic representation of the distribution of current flowing
transversely through the copper (∆I0) and closing the loop through the HTS segment (IHT S), and (b)

presents their evolution over time.

In Figure 8.12 we take a closer look at the current imbalance and the HTS-exclusive current as a function of the z

coordinate during and after ramping the magnetic field. The dots show the simulations results while the dashed lines
are a guide for the eye. While the field is increased, ∆I shows a similar behaviour to that observed previously, reaching
its maximum at the center and decreasing to zero when reaching the end of the device. However, unlike its previous
iterations, the curve formed by the simulated data points is now better described by

∆I = ∆I0

[(
l
2

)2.24

− z2.24

]
, (8.11)

with an exponent slightly larger than 2. A distortion like this is not unexpected, since the proximity to Ic causes higher
electric fields to be induced in some parts of the tape, resulting in an heterogeneous suppression of the total current.
This behaviour, of course, only persists during ramp-up, and ∆I quickly drops to zero after the 1s mark, as shown by
∆I0 in Figure 8.11b.

When observing the current confined to the HTS, some insight is obtained on the reason why IHT S increases after
reaching the field plateau. Comparing its values during and after ramp-up, we notice that although the curve increases
as a whole, the amount by which it increases is not uniform. During ramp-up, while the current imbalance was close to
Ic, there is not much room for IHT S to flow without locally increasing J, and subsequently leading to a higher electric
field E. As a consequence, IHT S is close to zero when ∆I ≈ Ic, but increases with z since the current imbalance is
smaller near the ends of the HTS segment. When the current imbalance vanishes due to the constant magnetic field,
the electric field induced in the HTS drops, allowing for more current to flow in a closed loop inside of it, especially
near its center.
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FIGURE 8.12: Current flow in coupled HTS segments during (t = 1s) and after (t = 3s) magnetic field
ramp-up.

Now that we have a better understanding of the mechanisms that dictate the current flow in the HTS segments during
and after magnetic field ramp-up, Figure 8.13 offers further evidence of how the behaviour of the HTS segments
complies with expectations based on the analytic developments presented in the previous sections. Here we evaluate
the path and intensity of the current density flowing both through the HTS and the copper. Figure 8.13a shows the
expected behaviour of the coupled HTS segments, with most of the current flowing through the copper and connecting
both HTS segments. Meanwhile, a small fraction of the current changes directions instead of crossing to the copper.
The transverse current density in the copper increases from the center to the edges.

When the field plateau is reached, in Figure 8.13b, the transverse current in the copper vanishes, leading to a closed
current path inside each of the HTS segments. It is interesting to note, however, that there is a significant amount of
transverse current flowing inside the HTS segments, even far from the edges. In addition, the clearly non-uniform
current distribution along the z-axis means that the field quality will also not be homogeneous for different values of
z.

Although a precise calculation of the field harmonics after magnetic field ramp-up would require a more accurate
computation of the current distribution in the real geometry of the beam screen, it is possible to provide a rough
estimation of the field quality by considering a few approximations:

• The current density is uniform along the z direction: J(z)≈ J(z = 0);

• The transverse current flow is zero;

• The sheet current density used to calculate the field distortion is the integral along the c-axis of current density;
and

• Each HTS segments in a quadrant of the hybrid coating has the same current distribution, normalized to its
width.
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(a)

(b)

FIGURE 8.13: Current density distribution and current vector map in coupled HTS segments (a) during
(t = 1s) and (b) after (t = 3s) magnetic field ramp-up. Dimensions are re-scaled to facilitate conver-

gence and visualization.
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With this, the field distortion at the reference radius can be calculated from a variation of the magnetic field produced
by an infinitely long wire derived from Biot-Savart law considering the sheet current density Js:

∆B =
µ0

2π

∫
∂Ωsc

Js ×
r’
|r’|2

dw , (8.12)

where dw represents an infinitesimal increment along of the width of the HTS segment, ∂Ωsc, and r′ is the vector
distance from the current source to the point where the field is calculated. With it, the approximated field harmonics
can be obtained, as shown in Figure 8.14.
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FIGURE 8.14: Field quality estimated from the current density distribution at z = 0 after magnetic field
ramp-up. (a) shows the sheet current density in each HTS segment and the field distortion created by
it, and (b) shows a comparison of the field harmonics produced by coupled segments during ramp-up,

coupled segments at a field plateau, and insulated segments during ramp-up.

The first thing to note is that the field harmonic values obtained with this approximation are much lower than those
estimated for the coupled HTS segments during field ramp-up even being surpassed by the insulated case during
ramp-up for some modes. Not only are the currents densities circulating in the HTS lower after ramp-up, but they are
also confined within each HTS segment, which decreases their contributions to the field disturbance. Since these two
aspects are also true for the beam screen geometry, we expect that this first approximation, although perhaps lacking
in precision, can at least offer an assessment of the orders of magnitude involved.

8.5 Chapter Summary and Conclusions

Throughout this chapter we have evaluated the impact of transverse current flow through the copper of the beam screen
on the longitudinal current distribution inside the HTS segments and in the field quality of the vacuum chamber when
the HTS segments are electrically connected to the copper sheet. We have employed analytic approximations as well as
numerical analysis to investigate which operational conditions result in electronically coupled HTS segments.

The simulation results, corroborated by the analytic development presented, reveal a square dependence between
the transverse current flow and the length of the device under investigation. Depending on the material properties and
operational conditions, the transverse current, numerically equal to the current imbalance in the HTS segments, can
vary from 0 (uncoupled) to ≈ Ic (fully coupled). While fully coupled segments may have a massive impact on the
field harmonics, reversing the benefits brought by the segmentation of the HTS material, it is clear that these negative
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effects are only present during magnetic field ramp-up, after which the currents quickly decay and rearrange, resulting
in much higher field quality, close to the values expected for insulated segments.

We have investigated how the transverse current flow is affected by the electric contact resistance between the HTS
segments and the copper layer coating the beam screen’s stainless steel. Even though the contact resistance resulting
from our soldering technique is not expected to fully decouple the coating, results show a strong dependence between
the contact resistance and the current imbalance in the HTS, and actively increasing the contact resistance via means
such as an added layer of thin pyrolytic graphite sheet is a promising solution to achieve the acceptable levels of
coupling.

Finally, alternatives such as altering the field rate of the dipole fields, shortening the beam screen sections or striating
the beam screen copper can be adopted by themselves or in combination with an increased contact resistance to
decrease transverse current flow if it proves to be an issue in the operating conditions of the beam screen.
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Chapter 9

HTS Coated Beam Screen Prototypes and
Radio-Frequency Cavities

Throughout the previous chapters, we have employed FEM analysis as a powerful tool to investigate the electromag-
netic and thermomechanical performance of the coated beam screen in the operational conditions of the FCC-hh. In
addition, Chapters 3 and 4 showed high performing samples resulting from the hybrid coating techniques proposed
in this work. However, it is important to evaluate how the hybrid coating performs with regards to these and other
aspects by performing experimental measurements with proof-of-concept devices. As of the writing of this thesis,
proof-of-concept devices are in different stages of development, employing the same coating techniques introduced in
Chapter 3.

In spite of the fact that the coating methods employed in this work were designed with the specific purpose of
coating the FCC beam screen, they could prove to be useful to other applications that require low surface impedance
materials, such as radio-frequency resonating cavities. In this chapter, the prototypes of the coated beam screen will
be presented, as well as other devices where a hybrid or full HTS coating was adopted.

9.1 HTS Coated Beam Screen Prototypes

The proof-of-concept devices presented in this section have the purpose of evaluating the behaviour of the coated beam
screen with respect to different aspects, namely surface impedance, photodesorption and field homogeneity.

Surface Impedance Measurements

The first coated beam screen prototype consists of six 200 mm long copper coated steel plates arranged in a hexag-
onal assembly as shown in Figure 9.1. Each of the plates is then coated with exposed REBCO HTS produced from
two soldered and delaminated 12 mm wide and 180 mm long coated conductors with a 0.2 mm gap in-between. When
assembled together with lids on both ends, the six coated plates form a resonating cavity that can be used as a proof of
concept to evaluate the coating’s effect on coupling impedance under the FCC-hh beam screen conditions at CERN’s
installations.

The simpler, flat geometry of this proof-of-concept device sacrifices fidelity to the beam screen design to facilitate
production and measurements. On one hand, the coating method is simpler when applied to flat surfaces and when
employing 12 mm wide HTS segments instead of the 4 and 2 mm widths needed for the hybrid coating. On the other,
measurements such as those performed via Hall Scan Prove Microscopy or other methods can benefit from the simpler
geometry as well. The HTS coated conductors selected for this prototype were provided by Fujikura with added
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(a) (b)

FIGURE 9.1: The hexagonal proof-of-concept device for the coated FCC beam screen to evaluate
surface impedance. (a) shows a schematic of its cross-section while (b) presents a photograph of the six

coated plates that compose it.

artificial pinning centers due to their high performance in terms of surface impedance throughout the entire magnetic
field range of interest.

A resonator system has been developed at CERN to measure the surface impedance of the prototype. The two-
rods resonating cavity enclosed by the hexagonal prototype is shown in Figure 9.2. Although the results from such a
measurement are expected to be impacted by the distinguished geometry of the device with respect to the beam screen
design, they can provide an estimate of the positive impact of the HTS coating on its radio-frequency performance.
A first measurement has been performed revealing that the resonator system as originally designed was not sensitive
enough to accurately measure the coating’s low surface impedance. The resonator system is currently being redesigned
to account for the low expected impedance values.

(a) (b)

FIGURE 9.2: Two rods resonating system enclosed by the hexagonal prototype. (a) shows a schematic
representation of the system and (b), its exploded view. Images created and provided by Dr. Patrick

Krkotić.
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Photodesorption Measurements

As of the writing of this thesis another device is currently being developed to investigate the photodesorption of the
coated beam screen when exposed to synchrotron light. The prototype consists of a copper pipe with a inner cavity
with the shape of a decagon. To allow for the coating process, which cannot be performed in closed cavities, the
device has to be split into more than one piece. Although several separate pieces would facilitate coating, a two-piece
system was chosen to minimize vacuum losses, as shown in Figure 9.3. Each of the faces of the inner decagon has a
12.35 mm width and will be coated with a 12 mm wide delaminated and soldered coated conductor.

The photodesorption measurements will be conducted in one of the beamlines at the High Energy Accelerator
Research Organization (KEK) in Japan. One of the ends of the devices will be closed by a HTS coated lid, while the
other will be connected to the beamline to receive synchrotron radiation. The synchrotron light will impinge on one of
the decagon faces and the photodesorption rate will be measured. This experimental routine will be repeated for the
same coated cavity before and after addition of a amorphous carbon coating, which will be performed at CERN, and
will be compared with copper cavities without HTS, before and after amorphous carbon coating as well.

FIGURE 9.3: Schematics of the decagonal proof-of-concept device for the coated FCC beam screen to
evaluate photodesortpion. Image created and provided by Oriol Traver.

Field Quality Measurements

Since field homogeneity requires a coating geometry matching that of the beam screen design, another prototype is
being implemented with the real geometry of the beam screen and its coating. The 20 cm long beam screen has already
been produced at CERN and sent to ICMAB for coating. Once this second prototype is coated, it will be submitted to
field quality measurements at CERN.

The magnetic field inside the beam screen chamber will be measured by rotating coils both during ramp-up and at
constant dipole field, which can then be used to calculate the field harmonics. Although this prototype is relatively
short and this is not the goal of this measurement, the experiment could shed light into the effect of the coupling of
HTS segments as described in 8. If a transverse current flow is present in the beam screen prototype, it is possible
that its effects are observed in the magnetic field distribution, which would then become evident by comparing the
experimental results with the simulations.
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9.2 REBCO-Coated Cavities for Axion Dark Matter Search

Observation of the movement of galaxies in our universe show spinning velocities that exceed those expected from
the gravitational pull of their observable matter. The extra mass needed for such motion is attributed to dark matter,
which, unlike regular matter, does not interact with the electromagnetic force. Although it is estimated to outweigh
visible matter by a factor six, the fact that is does not emit, reflect or absorb light makes its detection very difficult
[134, 135].

Theories suggesting physics beyond the standard model often propose candidates for dark matter. Among these,
the axion is a theoretical particle that, in spite of not interacting directly with the electromagnetic force, is believed to
convert into a photon in the presence of a strong external magnetic field, a property that can be exploited as a means for
its detection [136]. The Relic Axion Detector Exploratory Setup (RADES) at CERN is an axion haloscope experiment
that employs a resonating cavity under a strong dipole field in an attempt to detect axions from the Milky Way’s dark
matter halo passing through the cavity or, otherwise, to establish limits to their possible mass range [137].

Each cavity can detect a certain axion mass mA based on its resonating frequency, which in turn depends on its
volume V . However, the cavity’s volume is also tied to the sensitivity of the experiment. The pursuit of higher mass
axions demands small cavities with higher resonating frequencies, which result in lower sensitivity. Therefore, it is
important to fine-tune other parameters as well as the volume in order to maximize the capabilities of detecting the
elusive particle.

The figure of merit F of the experiment for the axion detection experiment is given by

F ∝ g2
αγ m2

AB4V 2T−2
sys G4Q , (9.1)

where gαγ , B, Tsys, G and Q are, respectively, the axion coupling to two photons, the external magnetic field, the
detection noise temperature, the geometrical factor of the cavity and its quality factor. Materials such as REBCO HTS
are promising candidates for coatings of this type of haloscopes, since they offer surface impedance values lower than
those of copper, and therefore higher Q, even under strong magnetic fields and at high resonant frequencies due to
their high upper critical magnetic fields and pinning forces.

With the goal of increasing the experiment’s sensibility by improving the cavity’s quality factor, we have coated two
RADES’s cavities with our HTS coating technique [138], as described in Chapter 3. The two halves of the first coated
cavity are shown in Figure 9.4a. The direction of the HTS tapes is such that no current is expected to flow across
tape boundaries, which might otherwise decrease the quality factor. Five segments of 12 mm wide REBCO coated
conductors were soldered onto each half and delaminated. The selected provider for the first cavity was THEVA, since
their product shows a very smooth delamination interface in general, but especially when the CC is attached to curved
surfaces. The rounded corners of the cavities were left uncoated since their quarter sphere-like geometry makes it
difficult to coat and the exposed copper would result only in an 8 % expected degradation in quality factor.

The REBCO-coated cavity was submitted to a dipole magnetic field of up to 11 T at 4.2 K and had its quality
factor measured while simultaneously hunting for axion particles with a resonating frequency of 9 GHz. Results
show a quality factor between 60,000 and 80,000 for the REBCO-coated cavity throughout the magnetic field range,
outperforming a pure Cu-coated cavity by a factor 1.5 to 2. Although this shows the potential for HTS in such
applications, a factor 5 was expected based on the surface impedance of REBCO when compared to copper. This
discrepancy was attributed to the bending of the HTS segments during the coating procedure.
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To mitigate the issue, a second cavity was coated, this time with HTS tapes provided by Fujikura, due to their high
performance at high fields and smaller critical bending radius. However, when put to the test, the coating proved not to
have been soldered appropriately, partially detaching from the cavity due to the Lorentz forced induced at high fields,
as presented in Figure 9.4b. Analysis of the cavity after testing suggests that the pressure applied during soldering
might not have been applied homogeneously, leading to low adhesion in certain regions of the coating. Before failure,
the coating presented a quality factor above 200,000 at zero field, showing a significant improvement with respect to
its predecessor. An extensive study of how the bending radius impacts on the quality of the HTS coating and how to
improve the coating technique for these conditions is undergoing as part of Neil Lamas’s doctorate thesis.

(a) (b)

FIGURE 9.4: Cavities coated with our REBCO coating technique for axion dark matter detection. (a)
Two halves of the first RADES’s REBCO-coated axion detection cavity, coated with THEVA coated
conductors. (b) One half of the second RADES’s REBCO-coated axion detection cavity, coated with
Fujikura coated conductors. The HTS coating suffered a catastrophic failure when exposed to the dipole
magnetic field, partially detaching from the cavity. Figure (b) was created from a photograph provided

by Dr. Jessica Golm.

The results of the axion detection experiment performed with the first REBCO-coated cavity have been used to rule
out a portion of the possible axion mass range and are the subject of an upcoming publication. For future experiments
with REBCO-coated cavities, a new cavity design will be implemented at RADES, consisting of six faces with flat
central areas and round corners, as shown in Figure 9.5. The new shape of the corners allows for the coating of the
entire surface. In addition, the central area, where the currents are highest, will not require bent tapes. With these
combined changes, we hope to further increase the cavity’s quality factor.

FIGURE 9.5: Schematic representation of the new axion detection cavity design with a flat central area.
On the left, its frontal view; and on the right, its central cross-section view.
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9.3 REBCO-Coated Disc for RF Testing

High gradient particle accelerators count with the high electric fields generated inside accelerating cavities to quickly
raise the velocity of charged particles. The main candidate material for high gradient acceleration are normal conduct-
ing accelerating structures, due to the higher surface fields that can be sustained in comparison with LTS. However,
the high peak electric and magnetic fields at the surface of the material cause vacuum arcs that lead to RF breakdowns,
which in turn, can perturb acceleration. As a means to mitigate this, one of the adopted strategies is to decrease the
operating temperature to cryogenic levels, reducing the breakdown rates due to the increased hardness of the material,
in addition to increasing the cavity’s quality factor, and therefore increasing its efficiency.

The investigation of the performance of these cavities under cryogenic temperatures has brought forth the interest in
evaluating how HTS structures would perform under similar conditions. In an effort to accomplish this, the research
team at the Stanford Linear Accelerator Center (SLAC) National Accelerator Laboratory have designed and imple-
mented an X-band cryogenic RF material testing system to measure the quenching RF magnetic field and the surface
resistance of material samples in a disc shape of up to 50 mm in diameter [139].

The main component of the RF system is a hemispherical copper cavity, as shown in Figure 9.6a, operating with
a resonating frequency of approximately 11.4 GHz in a TE013 like mode. The surface resistance of the sample is
obtained in the temperature range from 3 to 300 K directly from the quality factor:

Rs,sample = Gsample

(
1

Q0
−

Rs,body

Gbody

)
, (9.2)

where

Rs,body =

[(
1

Gbody
+

1
Gsample

)
Q0,re f

]−1

(9.3)

and G, Q0 and Rs refer to the geometric factors, the unloaded quality factor and the surface resistance, respectively. The
quenching RF field, on the other hand, is determined by measuring the quality factor at different power levels.

In a collaboration with SLAC, we have prepared for measurement in their RF system a REBCO-coated disc sample
composed of four REBCO Fujikura coated conductors soldered onto a copper disc and delaminated according to the
techniques presented in Chapter 3. Due to the rectangular shape of the HTS segments, an additional step was necessary
in this case. The soldered REBCO pieces exceeded the area of the discs and their protruding portions were removed
after the regular coating procedure. The resulting sample can be seen in Figure 9.6b.

Preliminary quality factor results from experiments where the RF power was ramped from 100 to 1600 W at each
temperature, show that our REBCO-coated sample outperforms pure copper by a factor 19 at 80 K and 100 at 4 K. It is
worth pointing out, though, that the TE013 like mode induces currents that are forced to cross the boundaries between
HTS segments, resulting in a high contribution to surface resistance coming from the copper and the solder alloy,
resulting in an overall quality factor lower than that expected for currents contained within the HTS. Nevertheless,
these results show the potencial of REBCO coatings for other RF applications such as the accelerating cavities in
particle accelerators. A more detailed analysis of these results is the is part of the scope of Neil Lamas’s doctoral
thesis.
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(a) (b)

FIGURE 9.6: SLAC’s experimental setup for measuring the quality factor of normal and supercone-
ducting samples. (a) presents a schematic of the hemispherical resonating cavity and (b) shows the

REBCO-coated disc analysed with the system.

9.4 Chapter Summary and Conclusions

In this chapter we have briefly presented devices and collaborations in which our coating technique was employed to
produce REBCO-coated radio-frequency cavities.

Firstly, three prototypes of the coated beam screen are in different stages of development. The Hexagonal cavity
for coupling impedance measurements has been produced and coated, but still waits for a measuring system sensitive
enough for the low impedance values of the hybrid coating. The decagonal cavity for photodesorption measurements
has been designed and is under production, after which it will be coated and sent for testing at KEK in Japan. Finally,
a prototype with the exact geometry of the beam screen will be used to evaluate the field quality under a ramping and
constant dipole field. The beam screen has been produced by CERN and will be coated at ICMAB to subsequently be
sent back to CERN for measurement.

With the increasing interest in our coating technique and its suitability for RF applications, we have coated a
resonating cavity for use at the RADES experiment for axion dark matter detection at CERN. On one hand, preliminary
results show a quality factor higher than copper by a factor 1.5 at 11 T, 4.2 K and 9 GHz. On the other, as it has been
demonstrated by the Center for Axion and Precision Physics Research (CAPP), where a haloscope coated with REBCO
using delaminated coated conductors has shown a quality factor of 13× 106 at 5.4 GHz, 100 mK and 8 T, it is clear
that there is still a lot of room for improvement by taking measures to mitigate issues arising from bending the coated
conductors during the coating procedure. By selecting the appropriate CC provider, increasing the bending radius or
adapting the cavity’s geometry to remove curved areas, we expect to achieve even higher quality factors, coalescing
the REBCO coating as a strong suitor for such low impedance applications.

Finally, we have collaborated with SLAC to produce a REBCO-coated disc for measurement in their high RF power
testing system. Measuremets at 11.4 GHz in temperatures ranging from 4 to 80 K and up to RF powers of 1.6 kW show
a significant increase in performance with respect to copper, even when considering the crossing of HTS boundaries
by the currents induced in the TE013 like mode.



140 Chapter 9. HTS Coated Beam Screen Prototypes and Radio-Frequency Cavities

From the results of our REBCO-coated samples, there is increasing evidence of their suitability for RF applications
other than the coating of the FCC beam screen. In the specific case of the RADES experiment, employing our REBCO
coated has already yielded results with a better sensitivity than that which would otherwise be available simply with a
pure copper coating. Furthermore, ongoing work aims to ensure that, as the interest for such technology increases, the
coating methods can be adapted to account for the needs of each specific application.
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Chapter 10

General Conclusions

In the context of the FCC-study, it is important that the beam screen, responsible for shielding the superconducting
steering magnets from the synchrotron radiation emitted by the particle beam, presents low surface impedance and
high magnetic field quality. In this work, finite elements method (FEM) numerical analysis was used as a means
to investigate the behaviour of the FCC beam screen when coated with a hybrid REBCO-Cu coating, aiming to
reduce its surface resistance while maintaining magnetic field disturbance within the acceptable levels. We have also
developed techniques to coat devices such as, but not limited to, the FCC beam screen with a REBCO layer, resulting
in high-performing coatings for radio-frequency (RF) and strong magnetic field applications. These techniques were
employed to produce laboratory samples of the hybrid coating to validate our simulation results and for the coating of
RF devices.

The methodology developed for the production of REBCO coatings consists of soldering REBCO coated conductors
(CC) onto a given surface and subsequently delaminating them, so that the REBCO layer is exposed to the cavity.
This method is particularly interesting for applications with high-frequency excitations, which require a low surface
impedance surface to be exposed inside the cavity. For the case of the FCC-hh or other applications in which the
trapped field in the superconducting layer is relevant, we have investigated the striation of the REBCO layer, resulting
in a hybrid coating consisting of alternated segments made of REBCO and a normal conductor, usually copper.

Once a coating is complete, it is important to be able to evaluate its electromagnetic performance. To that end, we
have used the combined tools from scanning electron microscopy (SEM), energy dispersive spectroscopy (EDX) and
scanning hall probe microscopy (SHPM) to correlate the critical current density (Jc) distribution in the coating with
the different layers where the delamination happened. With the data from SEM and EDX, we are able to identify the
delamination interface for different providers, while SHPM provides the Jc distribution in the coating. By merging
these, we have observed that whenever the delamination interface happens inside the REBCO layer, by causing the
removal of a significant portion of the REBCO from the coating, Jc vanishes locally, effectively destroying super-
conductivity locally in that region. However, if the delamination interface occurs between buffer layers or between a
buffer layer and the REBCO layer, there is essentially no damage. With this in mind, the coating techniques proposed
in this work are optimized to decrease REBCO excavation as much as possible, and thus ensure minimum damage to
the superconducting coating’s electromagnetic properties.

By combining the aforementioned microscopy tools with optical microscopy, we were able to associate the different
delamination interfaces, and especially regions with excavated REBCO, to the colors reflected in the resulting coating.
This correlation enabled us to develop a quick method to assess the quality of the coatings after production based
on optical obseravtion, providing an estimation of how the coatings will perform without the need of submitting it
to the longer and more complicated processes of SEM, EDX and HSPM. Based on this, we were able to achieve an
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area ratio of preserved REBCO above 95%, with the vast majority of this damage being confined to the edges of the
coating.

The field disturbance generated by the trapped field in the hybrid coating is heavily affected by the size of the
REBCO segments and by how they are arranged. We have employed FEM simulations and H-formulation to calculate
the magnetic field along a reference radius around the center of the vacuum chamber when submitted to an external
dipole field of up to 16T distorted by the hybrid coating. By varying the geometric parameters, namely the ratio p

and number of REBCO segments n, we were able to establish how the hybrid coating geometry impacts the magnetic
field geometric harmonics. To accomplish this, the heavily non-linear resistivity of the superconducting material was
accounted for by the means of Anderson-Kim’s power law, with a Jc and transition index N that vary with the intensity
and angle of the magnetic field with respect to the REBCO segments according to experimental data of commercially
available coated conductors. This allows us to consider not only the anisotropy of these materials, but also flux-creep
effect due to energy dissipation for current values near Jc.

The simulation results showed that the most critical moment in terms of field quality is during injection, when
the dipole field reaches 1 T, which occurs several times a day during the operation of the accelerator. By analysing
several simulations with distinct geometries, we were able to extrapolate the results and condense the relationship
between n, p and the maximum relative field disturbance ηmax into a single equation. It became clear that, while a
high REBCO ratio is necessary to ensure low surface impedance, the field disturbance is significantly decreased by
raising the number of REBCO segments. Therefore, a compromise between these two situations was needed. These
observations were confirmed by experimental measurements of surface resistance and trapped field of hybrid coating
laboratory samples prepared with our coating technique, showing that the hybrid coating could indeed be used as a
means to decrease surface impedance while simultaneously achieving high field quality.

We have demonstrated that a broad range of coating geometries attends these criteria, but the width of their REBCO
segments would have to be of only a few micrometers in order to achieve the high number of segments required.
Although possible, this would make the production process of the coating more complex, time-consuming and expen-
sive. In an attempt to find a better solution, we considered the possibility of using the dipole magnets themselves to
compensate the main component of the field harmonics produced by the hybrid coating, namely the dipole component,
by applying a dipole field slightly larger than nominal. By doing this we were able to relax the field quality criterion
and propose a geometry that would fulfill it with only four segments per quadrant, and using commercially available
widths of 2 and 4 mm.

In this same simulation setup, we had the opportunity to also verify how the current distribution in the REBCO
segments is affected by the alternated magnetic field generated by the particle beam. We saw that a possibly beneficial
effect arises when the dipole field rises above certain values, but for the FCC it was only meaningful above 11 T. Since
this does not change the results during injection, it remains being the critical moment and the n and p requirements
are unaffected. However, it is interesting that such an effect may have positive consequences during regular operation
of the machine, at top energy.

While a geometry had been proposed for the dipole sections of the beam screen, the behaviour of the hybrid coating
under other magnetic field configurations is still of great interest. Our numerical model was adapted to be able to ac-
count for a quadrupole magnetic field, as well as misalignment of the beam screen with respect to the superconducting
magnets. This showed that our proposed geometry might not be suited for the quadrupole sections, since the field
harmonics produced by the coating were much higher in this case. Furthermore, the coating under quadrupole field
is much more affected by a misalignment in the beam screen than when under a dipole field, which must be taken
into account when the quadrupole geometry is defined. However, it is noteworthy that alike its dipole counterpart,
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the field harmonics under an external quadrupole field can be decreased by employing an increased number of nar-
rower segments, meaning that the same methods originally proposed for the dipole can be used for the quadrupole as
well.

Exploring other field configurations, we analyzed how the field harmonics decrease over time during injection due
to creep, implying that any delay in injection would further increase field quality. In addition, considering a non-ideal
dipole field revealed that in some situations the combined contributions from the magnet and the coating can partialy
cancel each other, leading to a lower harmonic contribution overall. Finally, we studied the hysteresis effects that can
occur while ramping the magnetic field down and up and we observed that it can lead to spikes in some harmonics.
We demonstrated that this effect, however, can be mitigated by reaching a decreasing the magnetic field below 1 T, to
ensure that, when reaching the injection field, the harmonics are again within the acceptable levels.

Beyond the magnetic field quality simulations of the coated beam screen, it is also of relevance to explore its
thermomechanical behaviour both during regular operation and in the event of a magnet quench. In the former case,
the heat and force loads come not only from the dipole-induced currents in the coating, but also from those induced by
the particle beam. These currents were calculated by considering all materials in the beam screen as perfect conductors
and by driving a constant current through the very center of the vacuum chamber, whose value is the average beam
current, 0.5 A. Thus, the image sheet current densities in the beam screen were obtained. They can then be used to
calculate the heat and force loads in the coating. To do this, we have adapted the resistive wall heating formula to
consider the irregular geometry of the beam screen and extrapolated the experimentally measured surface resistance
of REBCO samples to match the conditions of the FCC.

Once the contributions coming from the beam and from the dipole field were calculated, they could be used as
inputs for our thermomechanical simulations, through which the temperature and mechanical stress distribution were
determined. The results coming from this analysis show negligible increase in both temperature and stress during the
regular operation of the beam screen, reinforcing that the thermomechanical integrity of the structure and its coating
is not hindered by the adoption of superconductors.

When it comes to a dipole magnet quench, the high rate of change of the magnetic field generates elevated electric
fields and currents, resulting in high thermal and force loads. Due to the expected increase in temperature and stress,
it becomes necessary to consider the dependence of Jc with these two variables. The bilateral coupling to do so,
on the other hand, requires a much larger computational effort. To bypass this, we adapted the numerical model
to calculate an approximation of the dipole-induced current distribution in the coated beam screen, assuming that
there is no field distortion in the surrounding region of the coating. The results obtained from these simulations
showed a much larger effect in both thermal and mechanical aspects when compared to the beam screen during regular
operation. The temperature increases from 50 to 80 K, and the mechanical stresses reach several hundreds of MPa.
It is particularly interesting, though, that although this situation is much more strenuous on the coated beam screen,
neither the temperature nor the stresses are high enough to inflict any expected damage to the REBCO segments, since
not only the maximum mechanical stress is below the irreversibility level, but the maximum temperature does not even
surpass the critical temperature Tc. As a matter of fact, it becomes clear that, due to the inductive nature of the currents
flowing through the REBCO, it is highly unlikely that any temperature shift coming from these currents exceed Tc.
In addition, the forces calculated from the simulations were compared to the results of pull-off adhesion tests, which
showed that the coating is capable of enduring the forces induced during a magnet quench.

As regards to the numerical analysis of high temperature superconductors (HTS), it is a common practice to consider
each HTS domain to be electronically insulated from the others, confining the electric current to flow in a closed path
inside of it. This is a reasonable premise, in particular when the oxide buffer layers of the CC act as insulators between
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the different REBCO layers of, for instance, stacked coated conductors. However, in the case of our hybrid coating,
this might not be the case due to the absence of insulating layers between the REBCO segments and the metallic
structure of the beam screen, and the length of superconducting segments employed in the application. We used
analytic calculations and FEM numerical analysis to confirm that the extreme aspect ratio of the beam screen and its
coating leads to transverse current flow between REBCO segments through the commonly connected copper layer,
which will likely cause an imbalance of current inside each HTS domain and, consequently, have an negative impact
in the field harmonics generated inside the vacuum chamber. This effect is controlled by several aspects, such as the
resistivity and thickness of the copper layer, the critical current of the REBCO, the rate of change of the magnetic field
during ramping and, especially, the length of the beam screen section.

Although the extrapolation of our simulation results led to an estimated full coupling between the REBCO segments,
it is also clear that the contact resistance between the copper and the HTS can be used as a tool to mitigate this effect, if
it proves to be an issue. By itself, a significant increase in contact resistance by means of an added intermediate layer
such as Pyrolytic Graphite Sheet (PGS) could be enough to decrease transverse current flow all by itself . Otherwise, it
could be used in combination with other solutions such as shortening the beam screen sections or striating the copper
layer of the beam screen to accomplish this feat. In any case, we also established that this current imbalance only
occurs while the magnetic field is being ramped, and that the transverse current flow quickly vanishes when reaching
a constant dipole field. This implies that the field harmonics are restored to reasonable values both during injection
and top energy.

Finally, our coating technique was employed for the production of a REBCO-coated beam screen prototype consist-
ing of a simplified hexagonal geometry to be used for several experiments including surface resistance measurements
and vacuum compatibility tests planned for the near future. In addition, RF resonating cavities for axion dark matter
search in the Relic Axion Dark-Matter Exploratory Setup (RADES) experiment were coated with REBCO using our
methodology, showing improvements with respect to pure copper at fields of up to 11 T. The measurements performed
with one of these REBCO-coated cavities contributed to the delimitation of possible mass range of the axion particle.
We have also prepared a coated disc sample for surface resistance measurements in a collaboration with the Stanford
Linear Accelerator Center (SLAC) National Accelerator Laboratory to evaluate whether the coating is suitable for
high-gradient accelerating cavities. Results at high RF powers show that it also outperforming copper both at 4 and
80 K.

In summary, the results obtained throughout this thesis reinforced the suitability of the hybrid Cu-HTS coating
as a solution for low surface impedance and high field quality for high energy circular particle accelerators’ beam
screens. Electromagnetically, these two requirements can be achieved simultaneously by having a large REBCO ratio
and a large enough number of segments, respectively, although the latter can be significantly reduced by considering
a compensation of the dipole field harmonc by the main dipole magnets. Thermomechanically, the coating integrity
is preserved both during regular operation and in the event of a magnet quench, likely the most extreme scenario to
which the device may be exposed. Although some concern is warranted due to possible transverse current flow and its
impact on field quality, it is also clear that there are many solutions that can be employed without hindering the other
benefits brought by the hybrid coating. All in all, the hybrid REBCO-Cu coating sets itself as a promising candidate
for the FCC beam screen, and we expect that future measurements with the beam screen prototypes will offer further
evidence in this regard.
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Appendix A

Simulation Details

The numerical analysis discussed throughout this thesis was performed via COMSOL Multiphysics® simulations
with several different geometries, physics and magnetic field configurations. In this appendix, we will list the most
important aspects of each simulation file, which can be accessed in [140].

A.1 Parametric Study and other Dipole Simulations

The simulations used to evaluate the impact of the parameters p and n in the field quality are identical in terms of
physics and material properties, but consist of different coating geometries defined by the parameters under study.
COMSOL LiveLinkTM for MATLAB® was used to allow for a more versatile construction of the different hybrid
coating geometries under analysis [100, 141]. Most of the simulation files created throughout this work were slightly
adapted from or at least partially based on the files generated in this procedure.

The following is a version of the code written in MATLAB to generate, run and extract results from the COMSOL
simulations developed for the parametric study of n and p. The material properties of the HTS domains are based on
data from [63]. An earlier version of this code was also used to generate the results published at [142], and slightly
modified versions of the generated COMSOL files were used to generate the simulation of proposed geometry for the
dipole sections of the beam screen as well as to compare with the HSPM results.

1 % FCC_BS_Hybrid_Coating - COMSOL numerical analysis of the hyrbid REBCO-Cu

2 % coating for the FCC beam screen: geometry parameter evaluation

3 %

4 % Inputs:

5 % pt - Ratio of flat walls with CC

6 % N - Number of CC per quadrant

7 %

8 % Outputs:

9 % Several variables, plots and files from the COMSOL results

10 %

11 % Other m-files required: none

12 % Subfunctions: none

13 % MAT-files required: none

14 %

15 % Author: Guilherme Theophilo Telles
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16 % Institut de Ciencia de Materials de Barcelona (ICMAB - CSIC)

17 % email: gtelles@icmab.es

18 % April 2022; Last revision: 25-July-2023

19
20 %% MODEL

21
22 model = ModelUtil.create('Model');

23
24 %% LAUNCH COMSOL

25
26 mphlaunch(model,500);

27 %ModelUtil.showProgress(true);

28
29
30 %% SIMULATION PARAMETERS

31
32 pt = 0.95; % Ratio of flat walls with CC

33 N = 2; % Number of CC per quadrant

34 % (must be even and larger than 2)

35 k = 7; % Coated Conductor Homogenization Factor

36 Nmt1 = 8; % Horizonal mesh divisions for top wall

37 Nmt2 = 1; % Vertical mesh divisions for top wall

38 nsct = round(N/2); % Number of CC on top wall

39 nscd = round(N/2-0.25); % Number of CC on diagonal wall

40 pd = pt; % Ratio of flat diagonal area with CC

41 Nmd1 = Nmt1; % 'Horizonal' mesh divisions for top wall

42 Nmd2 = Nmt2; % 'Vertical' mesh divisions for top wall

43
44 mu0 = pi*4e-7; % Vacuum permeability

45
46 %Beam Screen parameters (SI units)

47
48 hcu = 0.322e-3; % Copper thickness

49 hsc = 1.35e-6; % REBCO thickness

50 hbs = 12.520e-3; % Top wall height

51 wbs = 14.113e-3; % Diagonal wall edge horizontal distance

52 er = 3.2e-3; % Beam screen corner radius

53 hg = 3.8551e-3; % Beam screen gap height

54 theta = 69.5; % Diagonal wall tilting angle (in degrees

55 thetarad = theta*pi/180; % ... and in radians)

56 r0 = 9e-3; % Reference radius for field quality

57
58 % REBCO Properties

59
60 int_fields = [0 0.010 0.015 ...
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61 0.02 0.03 0.05 0.07 0.1 ...

62 0.15 0.20 0.3 0.5 0.7 1 ...

63 1.5 2 3 5 7 8 16]; % Magnetic field (T)

64
65 int1_N = [22.91 23.01 22.89 ...

66 22.86 23.27 22.44 21.58 ...

67 20.50 19.49 19.31 19.26 ...

68 18.93 19.60 19.89 19.48 ...

69 19.22 18.30 16.51 14.29 ...

70 13.95 13.95]; % Power law's N index (top wall)

71
72 int2_N = [23.3 23.28 23.040 ...

73 22.96 23.15 21.78 21.30 ...

74 19.30 17.86 16.25 15.27 ...

75 13.61 13.05 12.78 12.73 ...

76 13.11 13.33 14.55 14.48 ...

77 14.04 14.04]; % Power law's N index (diagonal wall)

78
79 % int3_Jc = 1e2/hsc*[1606.560 ...

80 % 1603.61 1599.21 1594.88 ...

81 % 1585.79 1550.61 1510.73 ...

82 % 1450.31 1360.91 1290.46 ...

83 % 1186.19 1050.73 968.870 ...

84 % 873.710 751.910 660.490 ...

85 % 528.53 362.2 253 214.27]; % Critical current density (top wall)

86
87 % int4_Jc = 1e2/hsc*[1609.160 ...

88 % 1607.14 1603.41 1599.91 ...

89 % 1592.56 1564.94 1536.41 ...

90 % 1474.70 1378.42 1279.49 ...

91 % 1120.94 894.990 758.260 ...

92 % 627.430 500.290 425.130 ...

93 % 336.71 252.98 205.59 187.33]; % Critical current density (top wall)

94
95 % Jc values are fitted into a curve.

96 % The data used (above) could be used in an interpolation function instead.

97
98 %Effective widths

99 wtop = wbs - (hbs-hg)/tan(thetarad) - er*(1-cos(thetarad))/sin(thetarad);

100 wdia = (hbs-hg-er*(1-cos(thetarad)))/sin(thetarad);

101
102 %Superconductor width

103 wsct = 2*wtop*(pt/N)

104 wscd = wdia*(pd/nscd)

105
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106 %Reset component and study

107 if exist('comp1','var') == 1

108 model.component.remove('comp1');

109 clear comp1

110 end

111 if exist('std1','var') == 1

112 model.study.remove('std1');

113 clear std1

114 end

115
116 %COMPONENT

117 comp1 = model.component.create('comp1',true);

118 geom1 = comp1.geom.create('geom1', 2);

119 phys1 = comp1.physics.create('g', 'GeneralFormPDE', {'Hx' 'Hy'});

120 mesh1 = comp1.mesh().create("mesh1");

121
122 %PHYSICS

123 phys1.field('dimensionless').field('H');

124 phys1.prop('ShapeProperty').set('shapeFunctionType', 'shcurl');

125 phys1.feature('gfeq1').setIndex('Ga', {'0' '-uy'}, 0);

126 phys1.feature('gfeq1').setIndex('Ga', {'0' 'E'}, 0);

127 phys1.feature('gfeq1').setIndex('Ga', {'-E' '-H2y'}, 1);

128 phys1.feature('gfeq1').setIndex('Ga', {'-E' '0'}, 1);

129 phys1.feature('gfeq1').setIndex('f', 0, 0);

130 phys1.feature('gfeq1').setIndex('f', 0, 1);

131 phys1.feature('gfeq1').setIndex('da', 'mu0', 0);

132 phys1.feature('gfeq1').setIndex('da', 'mu0', 3);

133
134 %DEFINITIONS

135
136 % Interpolation for N and Jc Field Dependency

137
138 int1 = model.component("comp1").func().create("int1", "Interpolation");

139 int2 = model.component("comp1").func().create("int2", "Interpolation");

140 %int3 = model.component("comp1").func().create("int3", "Interpolation");

141 %int4 = model.component("comp1").func().create("int4", "Interpolation");

142
143 for i = 1:length(int1_N)

144 int1.setIndex('table', int_fields(i), i-1, 0);

145 int1.setIndex('table', int1_N(i), i-1, 1);

146 int2.setIndex('table', int_fields(i), i-1, 0);

147 int2.setIndex('table', int2_N(i), i-1, 1);

148 %int3.setIndex('table', int_fields(i), i-1, 0);

149 %int3.setIndex('table', int3_Jc(i), i-1, 1);

150 %int4.setIndex('table', int_fields(i), i-1, 0);
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151 %int4.setIndex('table', int4_Jc(i), i-1, 1);

152 end

153 int1.set('extrap', 'linear');

154 int2.set('extrap', 'linear');

155 %int3.set('extrap', 'linear');

156 %int4.set('extrap', 'linear');

157
158 %Waveform for External Dipole Field

159 wv1 = model.component('comp1').func.create('wv1', 'Wave');

160 wv1.set('type', 'triangle');

161 wv1.set('smoothactive', false);

162 wv1.set('freq', 'pi/2/(20*60)');

163
164 % Global Variables

165 var1 = comp1.variable.create('var1');

166 var1.label('Global');

167 var1.set('r0', num2str(r0));

168 var1.set('mu0', num2str(mu0));

169 var1.set('k', num2str(k));

170 var1.set('Hmax', '16/mu0');

171 var1.set('Happ', 'Hmax*wv1(t[1/s])');

172 var1.set('J', 'Hyx-Hxy');

173 var1.set('H', 'sqrt((Hx+eps)^2+(Hy+eps)^2)');

174
175 % Top wall superconductor variables

176 var2 = comp1.variable.create('var2');

177 var2.label('Superconductor');

178 var2.set('rhosc', '(1e-4/Jc)*(abs(J/Jc))^(N-1)');

179 var2.set('N', 'int1(mu0*Happ)');

180 %var2.set('Jc', 'int3(mu0*H)/k');

181 var2.set('Jc','12.15e10/k*(1+mu0*H/0.2011)^(-0.3058)*(1-mu0*H/22.16)^2');

182 var2.set('E', 'rhosc*J');

183 var2.set('mur', '1');

184 var2.selection.geom('geom1', 2);

185
186 % Vacuum variables

187 var3 = comp1.variable.create('var3');

188 var3.label('Air');

189 var3.set('rhoair', '1');

190 var3.set('E', 'rhoair*J');

191 var3.set('mur', '1');

192 var3.selection.geom('geom1', 2);

193
194 % Diagonal wall superconductor variables

195 var4 = comp1.variable.create('var4');
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196 var4.label('SuperconductorTilted');

197 var4.set('rhosc', '(1e-4/Jc)*(abs(J/Jc))^(N-1)');

198 var4.set('N', 'int2(mu0*Happ)');

199 %var4.set('Jc', 'int4(mu0*H)/k');

200 var4.set('Jc','12.34e10/k*(1+mu0*H/0.4881)^(-0.8264)*(1-mu0*H/1.361e9)^2');

201 var4.set('E', 'rhosc*J');

202 var4.set('mur', '1');

203 var4.selection.geom('geom1', 2);

204
205 %GEOMETRY

206
207 %Vacuum Square

208 sq1 = geom1.feature.create('sq1','Square');

209 sq1.set('size',20e-3);

210 sq1.set('base','corner');

211
212 %Copper gaps on top and diagonal

213 if nsct > 1

214 gtop = max(0,2*wtop*(1-pt)/(N-1));

215 else

216 gtop = 0;

217 end

218 if nscd > 1

219 gdia = max(0,wdia*(1-pd)/(nscd-1));

220 else

221 gdia = 0;

222 end

223
224 %Top HTS rectangles

225 if nsct > 0

226 if mod(N,2)

227 r(1) = geom1.feature.create('r1','Rectangle');

228 r(1).set('size',[wsct/2 k*hsc]);

229 r(1).set('pos',[0 hbs-hsc/2-hcu]);

230 end

231
232 for i = (1+mod(N,2)):(N-nsct+mod(N,2))

233 name = strcat('r',num2str(i));

234 r(i) = geom1.feature.create(name,'Rectangle');

235 r(i).set('base','center');

236 r(i).set('size',[wsct k*hsc]);

237 r(i).set('pos',...

238 [-wtop+wsct/2+(i+nsct-1-mod(N,2))*(gtop+wsct) hbs-hsc/2-hcu]);

239 end

240 end
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241
242 %Diagonal HTS rectangles

243 if nscd > 0

244
245 for i = (nsct+1):(nsct+nscd)

246 pause(0.1)

247 name = strcat('r',num2str(i));

248 r(i) = geom1.feature.create(name, 'Rectangle');

249 r(i).set('base','center');

250 r(i).set('size',[wscd, k*hsc]);

251 r(i).set('pos',[wtop+wscd/2+(wscd+gdia)*((i-nsct)-1) ...

252 hbs-hsc/2-hcu]);

253 rotlist{i-nsct} = name;

254 end

255
256 rot1 = geom1.feature.create('rot1', 'Rotate');

257 rot1.set('pos',[wtop hbs-er]);

258 rot1.set('rot',-theta);

259 rot1.selection('input').add(rotlist);

260 clear rotlist

261 end

262
263 %Builds the geometry

264 geom1.run;

265 pause(1)

266 %mphplot(model);

267
268
269 %BOUNDARIES, CONSTRAINTS & DOMAINS

270
271 %Boundaries

272 Nbou = geom1.getNBoundaries;

273 dir1 = phys1.create('dir1', 'DirichletBoundary', 1);

274 dir1.setIndex('useDirichletCondition', 1, 1);

275 dir1.setIndex('r', 'Happ', 1);

276 dir1.selection.set([3+4*mod(N,2) Nbou]);

277 dir2 = phys1.create('dir2', 'DirichletBoundary', 1);

278 dir2.setIndex('useDirichletCondition', 0, 1);

279 dir2.selection.set([1 2]);

280
281 % Constraints

282 Ndom = geom1.getNDomains;

283 for i = 1:(Ndom-1-mod(N,2))

284 pause(0.1)

285 name = strcat('intop',num2str(i));
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286 intop(i) = comp1.cpl().create(name, 'Integration');

287 intop(i).selection.set(i+1+mod(N,2));

288 nome = strcat('constr',num2str(i));

289 constr(i) = phys1.create(nome, 'PointwiseConstraint', 2);

290 constr(i).selection.set(i+1+mod(N,2));

291 constr(i).set('constraintExpression', strcat(name,'(J)'));

292 end

293
294 % Superconductor and Vacuum Domains

295 var2.selection.set([2:round(1+(Ndom-1)/2)]);

296 var3.selection.set([1]);

297 var4.selection.set([round((Ndom-1)/2)+2:Ndom]);

298
299 % MESH

300 map1 = mesh1.create("map1", "Map");

301 map1.selection.set([2:Ndom]);

302
303 % Diagonal wall mesh

304 dis1 = map1.create('dis1', 'Distribution');

305 dis1.selection.set([Nbou-2-(nscd-1)*4:4:Nbou-2]);

306 dis1.selection.add([Nbou-3-(nscd-1)*4:4:Nbou-3]);

307 dis1.set('numelem', Nmd1);

308 dis2 = map1.create('dis2', 'Distribution');

309 dis2.selection.set([Nbou-4-(nscd-1)*4:4:Nbou-4]);

310 dis2.selection.add([Nbou-1-(nscd-1)*4:4:Nbou-1]);

311 dis2.set('numelem', Nmd2);

312
313 % Top wall mesh

314 dis3 = map1.create('dis3', 'Distribution');

315 dis3.selection.set([Nbou-2-(nscd+nsct-1-mod(N,2))*4:4:Nbou-2-nscd*4]);

316 dis3.selection.add([Nbou-3-(nscd+nsct-1-mod(N,2))*4:4:Nbou-3-nscd*4]);

317 dis3.set('numelem', Nmt1);

318 dis4 = map1.create('dis4', 'Distribution');

319 dis4.selection.set([Nbou-4-(nscd+nsct-1-mod(N,2))*4:4:Nbou-4-nscd*4]);

320 dis4.selection.add([Nbou-1-(nscd+nsct-1-mod(N,2))*4:4:Nbou-1-nscd*4]);

321 dis4.set('numelem', Nmt2);

322
323 % Top-Center Mesh

324
325 if mod(N,2)

326 dis5 = map1.create('dis5', 'Distribution');

327 dis5.selection.set([4 6]);

328 dis5.set('numelem', round(Nmt1/2));

329 dis6 = map1.create('dis6', 'Distribution');

330 dis6.selection.set([3 8]);
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331 dis6.set('numelem', Nmt2);

332 end

333
334 % Vacuum Mesh

335 ftri1 = mesh1.create('ftri1', 'FreeTri');

336
337 % Build Mesh

338 mesh1.run;

339
340 %% STUDY

341
342 std1 = model.study.create('std1');

343 time = std1.create("time", "Transient");

344 time.activate('g', true);

345 time.set('tlist', '(20*60/8)*range(0,0.05,1)');

346
347 %% Run Simulation

348
349 std1.run

350
351 %% Results Extraction

352
353 % Reference Circle for Field Quality

354 pc1 = model.result.dataset.create('pc1', 'ParCurve2D');

355 pc1.set('exprx', 'r0*cos(s)');

356 pc1.set('parmax1', 'pi/2');

357 pc1.set('expry', 'r0*sin(s)');

358 model.result('pg1').run;

359
360 tr = mphinterp(model,{'t'},'dataset','pc1');

361 Hxr = mphinterp(model,{'Hx'},'dataset','pc1');

362 Hyr = mphinterp(model,{'Hy'},'dataset','pc1');

363 Happr = mphinterp(model,{'Happ'},'dataset','pc1');

364 sr = mphinterp(model,{'s'},'dataset','pc1');

365
366 %% Save model

367
368 rootpath = ...

369 'G:\Meu Drive\ICMAB Guilherme\MATLAB COMSOL\Geometries\Auto Sims\';

370 savename = sprintf('SPRP_%03d_%03d_%03d_%03d_%03d',k,N,100*pt,Nmt1,Nmt2);

371 savepath = [rootpath,savename,'\']

372
373 if ~exist(savepath, 'dir')

374 mkdir(savepath)

375 end
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376
377 model.save([savepath,savename,'.mph']);

378
379 %% Multipole Expansion

380
381 Bappr = transpose(mu0*Happr);

382 Bxr = transpose(mu0*Hxr);

383 Byr = transpose(mu0*Hyr);

384 phir = transpose(sr);

385
386 Bex = Bappr(1,:);

387
388 Bmr = sqrt(Bxr.^2+(Byr-Bappr).^2)./Bappr;

389 Brmax = max(Bmr);

390
391
392 Brr = (Bxr.*cos(phir)+(Byr-Bappr).*sin(phir))./Bappr;

393
394 phir = [phir;pi-flip(phir(1:end-1,:))];

395 Brr = [Brr;flip(Brr(1:end-1,:))];

396 phir = [phir;2*pi-flip(phir(1:end-1,:))];

397 Brr = [Brr;-flip(Brr(1:end-1,:))];

398
399 Nf = length(phir);

400
401 H = [1:120];

402 p = fft(Brr);

403 P2 = abs(p/Nf);

404 P1 = P2(1:Nf/2+1,:);

405 P1(2:end-1,:) = 2*P1(2:end-1,:);

406 f = (0:(Nf/2));

407 Pt = transpose(P1);

408
409 figure

410 hold on

411 bar(f,P1)

412 xlim([0 12])

413 xticks([1:2:11])

414 grid on

415 xlabel ('Modes')

416 ylabel('Multipole Coefficients')

417 title(sprintf('Disturbance Multipole Expansion: n = %01d, p = %01d%%', ...

418 N,100*pt))

419
420 figure
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421 hold on

422 bar(f,P1(:,find(Bex>=1,1,'first')))

423 plot([min(f) max(f)],[1e-4 1e-4],'g')

424 plot([min(f) max(f)],Brmax(find(Bex>=1,1,'first')).*[1 1],'r')

425 xlim([0 12])

426 ylim([1e-6 1e-2])

427 set(gca,'Yscale','log')

428 xticks([1:2:11])

429 legend('B_{ex} = 1 T','Field Quality Criterion', ...

430 'Maximum Field Disturbance')

431 grid on

432 xlabel ('Modes')

433 ylabel('Multipole Coefficients')

434 title(sprintf('Disturbance Multipole Expansion: n = %01d, p = %01d%%', ...

435 N,100*pt))

436
437 %savefig([savepath,savename,'_Multipole1T.fig']);

438 %saveas(gcf,[savepath,savename,'_Multipole1T.png']);

439
440 %% Extract entire data:

441
442 data = mpheval(model, ...

443 {'t','J','mu0*Happ','mu0*Hx','mu0*(Hy-Happ)','mu0*Hy'});

444
445 t = data.d1;

446 J = data.d2;

447 B = data.d3;

448 dBx = data.d4;

449 dBy = data.d5;

450 By = data.d6;

451 x = repmat(data.p(1,:),length(t(:,1)),1);

452 y = repmat(data.p(2,:),length(t(:,1)),1);

453 dB = sqrt(dBx.^2+dBy.^2);

454 r = sqrt(x.^2+y.^2);

455
456 tr = t(r<=r0);

457 dBr = dB(r<=r0)./B(r<=r0);

458 tr = reshape(tr,length(tr)/sum(B(r<=r0)==1),sum(B(r<=r0)==1));

459 dBr = reshape(dBr,length(dBr)/sum(B(r<=r0)==1),sum(B(r<=r0)==1));

460 dBrmax = max(abs(transpose(dBr)));

461 tex = tr(:,1);

462
463 iB=(find(Bex>=1,1,'first'));

464
465 model.result('pg1').feature('surf1').set('expr', ...
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466 'sqrt(Hx^2+(Hy-Happ)^2)/Happ');

467 model.result('pg1').setIndex('looplevel', iB, 0);

468 model.result('pg1').run;

469
470 solplot = mphplot(model,'pg1','rangenum',1);

471 title('|B_{ext}| = 1 T');

472 xlabel('x (m)')

473 ylabel('y (m)')

474
475 savefig([savepath,savename,'_dB1T.fig']);

476 saveas(gcf,[savepath,savename,'_dB1T.png']);

477
478 save([savepath,savename]);

479
480 Time = tex;

481 MaxField = transpose(Brmax);

482 ExtField = transpose(Bex);

483 MpCoeff = transpose(P1(1:11,:));

484
485 FieldQuality = [Time,ExtField,MaxField,MpCoeff];

486
487 save([savepath,savename]);

488 save([savepath,savename,'_FieldQuality.txt'], 'FieldQuality', '-ASCII');

489 save([savepath,savename,'_FieldQuality.mat'], 'FieldQuality');
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A.2 Simulation of AC Field Demagnetization

The effect of a perpendicular AC field in the dipole-induced current distribution in HTS segments was studied by
considering a second component to the resistivity of the HTS domains, derived from Equations 2.37 and 2.47:

ρsc = ρsc1 +ρsc2 (A.1)

ρsc1 =
Ec

Jc

∣∣∣∣ J
Jc

∣∣∣∣N−1

(A.2)

ρsc2 = 2µ0 f d2
∆h (A.3)

∆h =


Hx−Hp

dJc
, (Hx > Hp)∧ (t > tin j)

0 , (Hx ≤ Hp)∨ (t ≤ tin j)
(A.4)

Hp =
1
2
(dJc −|Js|) , (A.5)

where tin j = 75s stands for the starting moment of injection, when a dipole field of 1 T is reached, and the conditions
defining ∆h are enforced by multiplying Hx−Hp

dJc
by a step function of time centered at t = 75s and a ramp function of

Hx −Hp centered around zero.
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A.3 Quadrupole and Other Field Configurations

In Chapter 5, most of the simulations discussed require a magnetic field angle with respect to the HTS segments that
is different than those originally considered in the dipole field simulations. This is included by the means of two
variations to the model:

1. A new coordinate system is added so that the external magnetic field and the beam screen can be centered around
two distinct points in space;

2. The boundary conditions of the vacuum chamber must allow for magnetic fields with any number of poles 2np

and tilted by an angle ψ; and

3. The REBCO electromagnetic properties must reflect the effect of multiple simultaneous field angles ∆θ .

The first modification is achieved by creating two cylindrical coordinate systems around which the magnetic field
and the beam screen are centered, respectively named sys2 and sys3. Any displacement of the beam screen (and
of sys3) with respect to the origin of sys2 is included by changing the origin of sys3 and moving the beam screen
accordingly. The position of the HTS segments is calculated with respect to sys3 while calculations with the magnetic
field use sys2 as the reference.

The vacuum chamber remains aligned with sys2. The external magnetic field imposed at its boundaries is therefore
given by Equations 5.9 and 5.10, rewritten here for convenience, where φ is the angle with respect to sys2:

Hx,b = Hapt sin(φ(np −1)+npψ)

Hy,b = Hapt cos(φ(np −1)+npψ) .

To preserve symmetry in ideal multipole fields and account for the fact that COMSOL uses angles in the interval
[−π,π] instead of [0,2π], we calculate the angle between the magnetic field and the HTS segments by adapting
Equation 5.8:

θ = remainder
[

π

2
−φ2(np −1)−npψ, π

]
−θHT S , (A.6)

where φ2 stands for the angular position in sys2. The angles of the HTS segments θHT S are stored in a piecewise
function that correlates them with their angular position in sys3, shown in Figure A.1. Similarly, θHT S is given
by

θHT S = pw1(remainder[φ3 +2π,π]) . (A.7)

FIGURE A.1: Piecewise function pw1 that correlates the angles of the HTS segments (y-axis) with their
angular position in sys3 (x-axis).
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A.4 Thermomechanical Simulations

The thermomechanical simulations are comprised of two components, each with its own geometry, material properties
and physics. The first component, comp1, is very similar to those presented in the previous sections of this appendix,
whose purpose is to calculate the effects induced in the beam screen by the magnetic field produced by the supercon-
ducting magnets. Its geometry considers only the HTS segments and vacuum surrounding it, neglecting any currents
induced in the other materials of the beam screen. The second component, comp2, on the other hand, considers not
only the HTS segments, but also the metallic structure of the beam screen and the different layers of the delaminated
coated conductors themselves, which will be relevant when computing the temperature and stress distribution across
the beam screen and its coating.

The distributions of current density, electric field and magnetic field calculated via comp1 are then used as inputs
for comp2, which contains the physics for the computation of the thermomechanical behaviour as well as the effects
induced by the beam. Communication between the two components is attained by the means of linear extrusion
functions, which correlate the variables in the HTS domains of comp1 to the HTS domains in comp2. It is worth
noting that while an homogenizing factor k is used in the HTS segments of comp1 to facilitate computation, it is not
necessary for comp2, leading to different thicknesses. The current density values must therefore be corrected by the
same factor k when moving between components.

The simulation of the beam effects has as a goal the determination of the image current distribution along the
inner surface of the beam screen. It was originally designed as a magnetic field simulation, with a current imposed
at the very center of the vacuum chamber corresponding to the average beam current. By considering all the beam
screen materials to be perfect conductors, we could then obtain an approximated average of the surface current density
distribution. Nevertheless, during development we noticed that the same results could be achieved with a much shorter
computation time by considering an analogous electrostatic situation instead.

To explore this analogy, let us consider the two scenarios in question:

1. The beam current induces a magnetic field distribution in the vacuum chamber, which in turn induces surface
currents in the beam screen; and

2. A static charge density replaces the beam current, inducing an electric field in the vacuum chamber, which in
turn induces surface charges in the beam screen.

The first step to prove the analogy is to consider a shift in the reference frame. If we consider the first scenario
but change the reference frame to be that of the moving particles, they will generate only an electric field, since
they are now static, resulting in the second scenario. This can be further corroborated by considering the Lorentz
transformations of the electric and magnetic fields [143]:

E′
∥ = E∥ (A.8)

B′
∥ = B∥ (A.9)

E′
⊥ = γ(E⊥+ v×B) (A.10)

B′
⊥ = γ

(
B⊥+

1
c2 v×E

)
, (A.11)

where γ = [1− (v/c)2]−0.5 and the indices ∥ and ⊥ refer to components parallel and perpendicular to the relative
velocity between the reference frames. If we consider the primed variables to be those of scenario 1 and the unprimed
to be those of scenario 2, all the fields parallel to the movement vanish and we can use Equation A.11 to obtain the
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relationship between the magnetic field in the reference frame 1 with the electric field in reference frame 2:

B1 =
γ

c2 v×E2 . (A.12)

Using the constitutive relations D = ε0E, B = µ0H, and ε0µ0 = c−2, we get

H1 = γv×D2 , (A.13)

and finally, by considering that all materials are perfect conductors, the magnetic intensity H and the electric dis-
placement D have their magnitudes equal to the sheet current density Js and the electric charge surface density ρs,
respectively, at the material boundaries. Since all fields are perpendicular to v, this results in

Js,1 = γvρs,2 , (A.14)

confirming that these two distributions are analogous. This means that a linear charge density of 1 C/m will induce a
surface charge density that is numerically equal to the sheet current density induced by a 1 A current. After comparing
simulations of both scnearios and obtaining numerically identical results, we have decided to employ the electrostatic
analogy to decrease simulation time, by the means of COMSOL’s Electrostatics Interface [144]. The magnitude of D
at the beam screen boundaries calculated in such a manner is then converted to its equivalent sheet current density by
multiplying it by 1 m/s, and used as input for the heat and force sources of the thermomechanical interfaces.

It is worth noting, though, that all these calculations consider only the average beam current, and therefore neglect
dynamic effects which could play a relevant part, especially in the solid mechanics simulations due to beam-induced
vibrations in the beam screen structure.

The material properties used for the thermomechanical interfaces in comp2 are given by Table A.1. All the materials
were considered to be in their elastic regimes and the silver layer of the CC was merged with the copper layer due to
its very thin thickness.

TABLE A.1: Material properties for the thermomechanical simulations. Values are based on data from
[87, 145–148] and COMSOL’s standard values.

Stainless Steel Copper Solder Alloy REBCO
Density (kg/m3) 7850 8960 9000 6300

Heat Capacity (J/kg/K) 95 100 50 79
Thermal Conductivity (W/m/K) 5.8 1016.69 50 27 (ab-plane); 4 (c-axis)

Young’s Modulus (GPa) 200 110 60 150
Poisson’s Ratio 0.3 0.35 0.4 0.2
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A.5 Magnet Quench Simulations

The simulations of the coated beam screen under a magnet quench are mostly based on the thermomechanical sim-
ulations during normal operation. The main differences consist in the removal of the beam-induced effects and the
replacement of the general form PDE physics by an approximated analytic calculation of the electric field and the
current induced by the variation of the dipole field in the beam screen.

Firstly, for the purpose of obtaining the electric field, the magnetic field is assumed to be unaffected by the induced
currents. From this, we then get E from 7.1. Once the electric field is determined, the current density can then be
calculated from the overcritical resistivity of the REBCO, given by Equation 2.6, and from the resistivity of the other
materials. The material properties used for this simulation setup are based on [87, 145–148] and COMSOL’s standard
values. The electric resistivity of the steel and of the solder alloy is given by

ρss = 480+0.8T [nΩm] (A.15)

ρsolder = 11.25+0.075T [nΩm] , (A.16)

and the thermomechanical properties of the solder alloy and of the REBCO segments are considered constant for the
relevant temperarture range due to its relatively small thickness. The employed heat capacity, thermal conductivity
and electric resistivity of copper and stainless steel are presented in Table A.2.

TABLE A.2: Material properties included as interpolation functions for the magnet quench simulations.
Data from [145–147].

Temperature (K)
Heat Capacity (J/kg/K) Thermal Conductivity (W/m/K) Electric Resistivity (nΩm)
Copper Stainless Steel Copper Stainless Steel Copper

50 100 95 1016.69 5.8 0.668
55 863.41 0.861
60 128 135 749.43 6.8 1.08
65 665.27 1.34
70 167 170 603.13 7.6 1.62
75 557.09 1.93
77 188 195 8.07
80 197 205 522.79 8.26 2.26
85 497.08 2.60
90 230 230 477.68 8.86 2.96
95 462.95 3.32
100 250 251 451.68 9.4 3.69

To avoid convergence issues due to having N dependent on T , which itself is calculated using N, this feedback
loop between the variables is broken by using the nojac operator in COMSOL, which excludes a given mathematical
expression from the Jacobian solver [149]. This solution is only necessary for N and not for Jc since the former is an
exponent and therefore presents higher non-linearity.
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A.6 Transverse Current Simulations

As mentioned in Chapter 8, the transverse current simulations employ the Magnetic Field Formulation and the Mag-
netic Field, No Currents interfaces from COMSOL to calculate the current distribution in electronically coupled HTS
segments through a copper slab. These simulations question whether the HTS segments can be considered insulated
in long devices, that is, whether the total currents flowing longitudinally through the HTS segments are always zero.
The simulations files were adapted from [150, 151].

While the resistivity of the superconductor is still described by the power law, both Jc and N are considered constant
for all field values to decrease simulation time. For the same purpose, the HTS segments are homogenized by a large
factor k so that the resulting equivalent thickness is similar to that of the copper slab, that is, around 300 µm. In a
similar manner, when non-zero contact resistance is considered, an intermediate layer is added between the REBCO
and the copper, with a similar thickness and with a resistivity ρc given by

ρc =
Rc

dc
, (A.17)

where Rc and dc are the contact resistance and the thickness of the added layer.

The applied dipole field is increased at a constant pace until the HTS has reached full penetration, at which point
the induced currents in the structure remain nearly constant and the behaviour discussed in Chapter 8 can be ob-
served.
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