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UNIVERSITAT AUTÒNOMA DE BARCELONA

Abstract
Department of Physics

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

Doctor of Philosophy

Superconducting Coated Conductors for Proton Beam Screens in High-Energy Particle Accelerators

by Artur ROMANOV

In order to drive high-energy research beyond the lifetime of the Large Hadron Collider (LHC), the European Organi-
zation for Nuclear Research (CERN) kicked off an R&D initiative for a 100 TeV proton-proton collider with 100 km
circumference, the so-called Future Circular Collider (FCC). Part of the FCC study is to rethink the design of the beam
screen, an accelerator component that houses the particle beam and thermally shields the cold bores of the steering
magnets from the synchrotron radiation. The concept of the LHC beam screen is based on a stainless steel tube coated
in its interior with copper. However, in the foreseen operating conditions of the FCC, i.e. 40-60 K, 16 T and 0-1 GHz
proton bunch frequency, the copper coating might not display a low enough surface impedance to guarantee a stable
beam. The only known material class, which exhibits a lower surface resistance at given conditions, is formed by
superconductors.
Since January 2017, the Superconducting Materials and Large Scale Nanostructures group at the Material Science
Institute in Barcelona (ICMAB-CSIC) started a collaboration with CERN to evaluate the suitability and optimization
of REBa2Cu3O7−δ (RE = rare-earth) coated conductors (CCs), a structure consisting of a superconducting material
layer on top of a flexible, metallic substrate, as a possible beam screen coating alternative to copper.
In the framework of this thesis, we characterized the electrical properties of several commercially available REBCO
CCs with both direct and high-frequency current excitation in a wide cryogenic range and at large magnetic fields
up to 9 T, where we employed a Hakki-Coleman type dielectric resonator with resonant frequency 8 GHz for sur-
face impedance measurements. Complementary to this, we explored the compatibility of REBCO CCs with vacuum
and field-quality requirements within the FCC beam screen and developed an attachment technique which enables
the large-scale coating of curved, metallic surfaces, like the beam screen chamber, with REBCO CCs. Generated
results not only demonstrate that commercially available REBCO CCs fulfill the promise of exceptionally good high-
frequency properties at measurement conditions, but also propose practical solutions to issues which previously hin-
dered the usage of REBCO in the beam screen chamber or other high-field microwave applications.
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http://faculty.university.com
https://icmab.es/




vii

Acknowledgements
First and foremost, I would like to thank my two PhD supervisors. Prof. Teresa Puig, head of the SUMAN group at the
ICMAB, for giving me the opportunity to participate in the special ’REBCO CCs for FCC-hh beam screen’ project.
From the start, she fostered my career by offering an exciting PhD program part of which were conferences, a summer
school and research stays abroad. The door to her office was always open for professional and personal advice.
Dr. Joffre Gutierrez for providing guidance when needed and freedom where possible. His trust and confidence in me
allowed me to grow both as a scientist and person. He found important missing pieces in experimental work and gave
travels to measurement facilities and conferences a light-hearted touch.
The two of them dedicated consistently time to numerous discussions on generated results and upcoming contributions.
The meetings were utterly helpful and kept me motivated throughout all years. Thank you!

My gratitude goes to the members of our project consortium. Prof. Joan O’ Callaghan, Dr. Xavier Granados, Dr.
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1. T. Puig, P. Krkotić, A. Romanov, J. O’Callaghan, D. A. Zanin, H. Neupert, P. C. Pinto, P. Demolon, A.
Granadeiro Costa, M. Taborelli, F. Perez, M. Pont, J. Gutierrez & S. Calatroni. "Coated conductor technology
for the beamscreen chamber of future high energy circular colliders." Superconductor Science and Technology

32.9 (2019): 094006. DOI: https://doi.org/10.1088/1361-6668/ab2e66

2. FCC collaboration. "FCC Physics Opportunities: Future Circular Collider Conceptual Design Report Volume
1." European Physical Journal C 79.6 (2019):474. DOI: https://doi.org/10.1140/epjc/s10052-019-6904-3

3. FCC collaboration. "FCC-ee: The Lepton Collider: Future Circular Collider Conceptual Design Report Volume
2." European Physical Journal: Special Topics 228.2 (2019):261-623. DOI: https://doi.org/10.1140/epjst/e2019-
900045-4

4. FCC collaboration. "FCC-hh: the Hadron collider: future circular collider conceptual design report volume 3."
European Physical Journal: Special Topics 228.4 (2019):755-1107. DOI: https://doi.org/10.1140/epjst/e2019-
900087-0

5. FCC collaboration. "HE-LHC: The High-Energy Large Hadron Collider: Future Circular Collider Concep-
tual Design Report Volume 4." European Physical Journal: Special Topics 228.5 (2019):1109-1382. DOI:
https://doi.org/10.1140/epjst/e2019-900088-6
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7. P. Krkotić, A. Romanov, N. Tagdulang, G. Telles, , T. Puig, J. Gutierrez, X. Granados, S. Calatroni, F. Perez,
M. Pont & J. O’Callaghan. "Evaluation of the nonlinear surface resistance of REBCO coated conductors for
their use in the FCC-hh beam screen." Superconductor Science and Technology 35.2 (2022): 025015. DOI:
https://doi.org/10.1088/1361-6668/ac4465

To be submitted journal articles:

1. G. Telles, A. Romanov, S. Calatroni, X. Granados, T. Puig & J. Gutierrez. "Field quality and surface resistance
studies of a superconducting REBa2Cu3O7−x - Cu hybrid coating for the FCC beam screen." To be submitted.

2. FCC consortium collaboration. "Novel high-temperature superconducting coatings for large scale microwave
applications." To be submitted.





1

Chapter 1

Introduction

The Large Hadron Collider (LHC) represents today’s biggest particle accelerator in the world with 27 km circumfer-
ence and approximately 8 T dipole magnets that are required to steer charged particles on a circular track [1, 2]. This
facility allows collisions with 13 TeV. Its most spectacular accomplishment was the discovery of the Higgs boson in
2012 [3]. Nicknamed by the physicist Leon Lederman as the god particle [4], it explains how matter receives its mass
and was the last missing piece to complete the standard model of particle physics. A year after its announcement, the
theoretical proposal for the Higgs boson, made Independently by François Englert and Peter W. Higgs in 1964, was
awarded with the Nobel Prize in Physics [5]. Since 2018, the LHC undergoes a long beam shutdown during which the
machine is technically enhanced. The so-called high-luminosity upgrade will increase the likelihood for rare events
during collisions and improve the statistical confidence of already discovered phenomena [6]. However, entirely new
physics are expected to be locked behind energy frontiers unattainable by state of the art particle accelerators. To this
end, the European Organization for Nuclear Research (CERN) launched studies addressing the successor of the LHC
[7]. Among all possible options for a next generation particle accelerator, the Future Circular Collider-hadron hadron
(FCC-hh) asserted itself as the most likely project to be realized [8]. Historically, the particle physics community
pushed both the limits of knowledge and technology likewise and opted to continue with its tradition by recommend-
ing the most ambitious future for particle accelerators at CERN. The FCC-hh will be a ring roughly four times longer
(100 km) and subjected to up to two times larger magnetic fields (16 T) than the LHC [9]. A topographical scheme of
the two particle accelerators is presented in Fig. 1.1. The increased magnitudes will allow eight times bigger collision

FIGURE 1.1: A map of the LHC trace, proposed FCC trace, local study boundaries and important
geological factors. Adapted from [9] with kind permission of The European Physical Journal (EPJ).
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energies of protons reaching 100 TeV. The unprecedented energy scale of the beam comes with repercussions. When
steered by the magnets, charged particles will generate an immense amount of synchrotron light, 160 times higher
than in the LHC, that requires a complete new design of the beam screen chamber [10].

The beam screen chamber is a stainless steel tube that houses the particle beam and thermally shields the supercon-
ducting magnets held at 1.9 K from synchrotron radiation. An illustration of the latest beam screen design is presented
in Fig. 1.2. The close proximity to accelerated particles, in particular 1011 protons in 8 cm long bunches, gives rise

FIGURE 1.2: Latest beam screen chamber design. The HTS-Cu hybrid structure is a coating option
that is going to be investigated in chapter 7 of this thesis. Adapted from [9] with kind permission of

The European Physical Journal (EPJ).

to induced mirror charges in the metal oscillating with up to 1 GHz. The wake fields produced by the mirror charges
interact electromagnetically with the protons and cause beam instabilities. In order to mitigate this effect, the cham-
ber’s interior is dressed with a highly conductive material. The beam coupling impedance, the quantity aimed for
reduction, scales proportionally with the surface impedance of the beam facing material. Due to its high conductivity,
abundance and proven use in electronics, copper is the coating of choice for the LHC. However, the increased mag-
nitude of synchrotron radiation within the FCC demands an increase of operational temperature of the beam screen
chamber in order to keep the refrigeration costs sustainable. The rise from 20 K in the LHC to prospected 40-60 K
in the FCC-hh is considerable and renders the copper coating critically resistive. At this temperature, the surface
impedance of copper might lie above the threshold that guarantees a stable beam operation [11]. The material class
known to significantly undercut the surface impedance of copper is constituted by superconductors. In fact, the frame-
work of operation, elevated temperatures and extremely large fields, narrows down suitable coating alternatives to
high-temperature superconductors (HTS).

As part of the FCC study, CERN commissioned two investigations on potential HTS usage for the application. One
explores the possibility of thallium-based superconductors as coating candidate [12, 13], the other the potential of
REBa2Cu3O7−δ (REBCO, with RE = rare earth)-based coated conductors (CCs) for the new beam screen chamber
[14, 15]. The latter endeavour forms the heart of this PhD thesis and was conducted at the Institute of Materials
Science of Barcelona (ICMAB-CSIC) within a consortium consisting of experts from ALBA Synchrotron, Polytechnic
University of Catalonia (UPC), The Institute for High Energy Physics (Institut de Fisica d’Altes Energies, IFAE) of
Barcelona and CERN. Second-generation high-temperature superconductor tapes, or simply coated conductors, is a
laminar structure with a several tens of microns thick metallic base, followed by functional oxide buffer layers on top
of which microns of bi-axially textured REBCO superconductor is grown. The HTS is terminated by Ag and when
demanded with an additional Cu layer or jacket. In Fig. 1.3, a scheme of described CC is shown.
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FIGURE 1.3: Schematic depiction of RE based HTS wire, known as coated conductor. The structure is
demonstrated by jutting out the laminar layers, which are labeled and quantified in terms of their typical

thickness.

The penetration into the market succeeded in areas where the extremely large current-carrying capacity of REBCO
does not face any competition. Today, the largest volume of CCs finds its customer in high-field magnets [16], operated
at low temperatures (below 10 K) and at magnetic fields above 10 T. However, applications like rotating machines,
used at 20-40 K and above 1 T, power cables and fault current limiters, operation window spans 65-77 K and below
0.1 T, comprise commercial corner stones, too [17]. As a consequence, REBCO’s superconducting properties have
been studied in and optimized to these specific direct current regimes.

While superconductors are no newcomers to the field outside of direct current, most notably elemental niobium is used
as coating for radio frequency (RF)-cavities [18], HTS pick up coils are employed to increase the signal-to-noise ratio
for nuclear magnetic resonance [19] and HTS antennas are applied for low-noise and narrow-band receivers [20], the
technological demand was mainly entrenched in high-frequency and zero applied field regimes. The advent of high-
frequency, high magnetic field applications, like the beam screen chamber of the FCC-hh or haloscopes for the search
of cold dark matter, at which the superconducting state of low-temperature superconductors (LTS) like Nb breaks
down, brings HTS into new spotlight. Different from conventional superconductors, magnetic field can penetrate the
HTS as quantized flux threads rendering the superconductor into the so-called mixed state. This phenomenon allows
superconductivity to survive even strong magnetic fields. As a consequence, the interest to study the superconducting
properties at high frequencies and high magnetic fields has reached new heights.

In this thesis, we characterize several commercially available REBCO CCs with respect to its compatibility with the
beam screen chamber of the FCC-hh. One of the key figures in this study is the surface impedance of the coating
material as it is directly related to the beam stability. Within our consortium, colleagues undertook the challenging
task to design and build a device tailored to measure the macroscopic high-frequency response of highly conductive
samples like copper or REBCO CCs at cryogenic temperatures and high magnetic fields. The result is a dielectric
loaded resonator (DR) that can fit into a cryostat, surrounded by a 9 T-magnet, and allows replacement of its cavity
endplates by roughly 12×12mm2 samples. Information about the material’s surface impedance can be deduced from
modifications to the quality factor and resonant frequency of the cavity, both measurands of the system. Since dimen-
sions of the resonator are restricted by the bore diameter � ≈ 25mm of available cryostat, the choice of dielectric is
limited to rutile (TiO2) because of its capability to focus the electromagnetic field within the cavity strong enough to
discard contributions from the metallic enclosure. The geometry of the DR fixes the resonant frequency of character-
izing TE011 mode to around 8 GHz, significantly above the 1 GHz excitation frequency in the FCC-hh. At the start
of the thesis, only few experimental data on the surface resistance of commercial thick REBCO CCs was available in
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literature and to our knowledge, no comparative study between various CCs at high magnetic fields. No data at all
on the surface reactance of mentioned CCs could be found. Over the course of this work, we characterized REBCO
tapes in terms of both surface resistance and surface reactance, the real and imaginary part of the surface impedance,
at 8 GHz in a wide temperature range 10-70K and up to 9 T where we compared it to copper. At 8 GHz, 50 K and
9 T, the closest FCC-hh conditions realizable with our setup, the surface resistance of best performing CCs undercuts
copper by more than a factor of 4.5. Modelling suggest that the performance advantage tilts further into REBCO’s
favor at FCC conditions, where REBCO could outperform copper in terms of surface resistance by up to a factor of
70. Employment of impedance transformation allows us to estimate the contributions of the layers below REBCO
to the overall measured surface impedance which amount only few percent at experimental conditions. In addition,
by extracting and comparing high frequency vortex parameters of several REBCO films, we are able to suggest mi-
crostructural features beneficial for the operation at high frequencies and large magnetic fields, a regime to which,
until recently, the CCs industry had no reason to adopt.
A major issue relates to the attachment of REBCO to the beam screen chamber. The coating of even curved RF cav-
ities with elemental niobium works well using either Nb foil or by sputter deposition. In contrast, REBCO requires
stringent controlled elemental stoichiometry, temperature and oxygen partial pressure during growth in addition to
epitaxy, so a highly textured template, for highest performing properties to emerge. This fact makes it virtually impos-
sible to grow epitaxial REBCO directly on curved cavities or other metallic chambers. Ahn et al. [21] demonstrated
that gluing REBCO CCs to RF cavities yields high quality factors in the coated cavity and bypasses the problem of
direct growth. We developed an alternative coating technique that is based on upside down soldering of Cu coated
REBCO tapes to metallic walls and subsequent delamination of the substrate from the REBCO layer. This approach is
advantageous in terms of exposed surface side as will be explained in the thesis and is proposed as a coating solution
for the FCC-hh beam screen chamber.
More points on a checklist that a superconducting coating candidate has to fulfill like sustaining 25 A peak currents
at extreme FCC-hh conditions, tolerance to synchrotron radiation or suppression of electron cloud generation are
addressed and discussed in more detail in this work. Without further ado, the thesis is structured as follows

• Chapter 2 encompasses relevant fundamental concepts in pursuit of facilitating the reader the interpretation of
generated results.

• Chapter 3 presents details about the experimental setups, applied data treatment and material processing. It
includes a introduction to the high frequency characterization measurement system, part of which are the vector
network analyzers, the dielectric loaded resonator and the PPMS, a short summary of the used magnetometers
and reports about sample fabrication for and technicalities of direct current (DC) transport characterization.

• Chapter 4 introduces the architecture of analyzed CCs, explaining the purpose of each layer in the laminar
structure. Special focus is put on growth characteristics that yield differences in microstructure. DC-transport
and magnetization analysis reveal a wide range of superconducting properties among the REBCO films. We link
them to corresponding microstructures and discuss whether magnitudes of DC-properties meet the threshold
values imposed by the FCC-hh.

• Chapter 5 continues with analysis of high-frequency properties. The surface resistance of eight different CCs
is compared with copper’s as a function of magnetic field up to 9 T at 8 GHz, 50 K. In this regime, the most
optimized superconductivity technology out-performs copper by a factor more than 2, proving its potential as
a coating alternative. High-frequency pinning property extraction is performed in the realm of a mean-field
model, the Gittleman-Rosenblum model, and demonstrates a large variety of magnitudes which is associated
to differences in REBCO microstructure. A section is dedicated to the correct interpretation of surface reac-
tance measurements of thick REBCO films with a DR. Understanding all possible contributions to the resonant
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frequency and taking sample mounting precautions is key in order to generate reliable data. Finally, based on
extrapolations, we discuss what high-frequency performance of CCs and copper to expect at FCC-hh conditions.

• Chapter 6 proposes a coating solution for the beam screen chamber. A sequence based on upside-down solder-
ing copper covered CCs to a curved metallic wall and a subsequent exfoliation of the substrate from the REBCO
layer has proven itself as practicable attachment technique. The exposed bottom side of the REBCO displays no
significant ripping damage in the sample center but excellent pinning performance, even improved with respect
to the usually characterized top surface. The role of residual buffer layers on delaminated bottom surfaces is
analyzed in terms of its high-frequency response.

• Chapter 7 addresses a series of additional issues associated to the use of CCs in a high-energy particle accel-
erator beam screen chamber. Residing within the beam screen chamber, superconducting currents of REBCO
can decrease the field homogeneity, an important factor endangering the beam stability. We demonstrate that
converting CCs into hybrid coatings, consisting of alternating REBCO and Cu stripes, decreases the supercon-
ducting currents to acceptable values while maintaining low surface resistances. Second, the electron cloud
generation is a common problem to occur within particle accelerators. In the past, strategies were developed to
prevent this problem. In collaboration with CERN, we tested the compatibility of CCs with surface cleaning and
thin layers of amorphous carbon, both cures for high secondary electron yields. Third, interactions between syn-
chrotron radiation and the superconducting state is not well studied yet. After exposing CCs for several weeks
to synchrotron light at ALBA synchrotron, the critical current density and critical temperature were compared
with the initial state to estimate possible material degradation.

• Chapter 8 concludes the thesis with summarizing the results and bringing them into a bigger context.
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Chapter 2

Theoretical background

In this chapter, the reader will be provided with a short introduction to the most meaningful phenomena related to
superconductivity, a discussion on the structural properties of REBCO, the material under investigation, and brief
treatise of high-frequency electrodynamics. These subjects combined are supposed to serve as a theoretical backbone
to follow the interpretation of generated results.

2.1 Superconductivity and its milestone

In the following, a timeline is given that touches upon selected discoveries and theories related to superconductivity.
Note that this overview has by no means the ambition to represent a complete history of superconductivity but is rather
a vehicle to establish concepts, important for this thesis, in a quick way.

• Discovery of superconductivity in 1911 [22]: Three years after the successful He liquefaction, the dutch
physicist Heike Kammerlingh Onnes made a striking observation. Unlike expected from ordinary metals whose
electrical resistance decreases gradually when approaching absolute zero temperature, the resistance of mercury
dropped abruptly to zero below a critical temperature Tc, a phenomenon unseen at this time. Anecdotally,
this finding was so groundbreaking that Onnes and his team of researches considered a short-circuit to be the
most plausible explanation. Luckily, experimental refinements led to a more interesting conclusion: mercury
reached a new thermodynamic state characterized by zero electrical DC resistance which was later coined as the
superconductive state.

• Meissner Effect in 1933 [23, 24]: 22 years after its discovery, Meissner and Ochsenfeld revolutionized the un-
derstanding of superconductivity. Having a zero DC resistance, superconductors have been regarded as perfect
conductors. With Faraday’s law

∮
Edl = − ∂Φ

∂ t , any loop consisting of perfect conductor prevents a change of
magnetic flux lines. This argument can be extended to a bulk specimen of a perfect conductor. A bulk sample
can be modulated as a infinite amount of conducting paths. Since the flux through each path is fixed, it follows
that the rate of magnetic flux density within the bulk conductor is zero. Thus, exposing a superconductor in its
normal state to a magnetic field and then cooling down below Tc results in a freezing of the magnetic field inside
the superconductor assuming perfect conductor behavior. Meissner and Ochsenfeld demonstrated that this did
not happen. Rather all the magnetic field gets expelled from the interior of a superconductor and allows penetra-
tion only in a narrow layer with thickness λL, later labeled as the London penetration depth, when chilled below
Tc. So, in addition to zero DC resistance, superconductors are characterized by perfect diamagnetic behavior,
the so-called Meissner effect. The existence of such reversible Meissner state implies that superconductivity
will be destroyed beyond a critical field Hc, a field that carries the energy difference between the normal and
superconducting state in zero field, known as the condensation energy of the superconducting state.
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• Two-fluid model in 1934 [25]: Proposed by Gortor and Casimir, the two-fluid model succeeds in describing im-
portant concepts of superconductivity by replacing normal electrons as charge carriers with two fluids consisting
of electron-like quasiparticles and a superfluid condensate of electrons. While not covering the entire micro-
scopic picture, it can be used in combination with established models and equation to derive superconducivity
phenomena in a descriptive way as done in section 2.5.2.

• London theory in 1935 [26, 27]: The brothers Fritz and Heinz London postulated two constitutive relations for
superconductors that describe mathematically the influence of electric and magnetic fields on the supercurrent,
contrasting Ohm’s law for regular conductors. Even though these equations are based on physical intuition
rather than a formal derivation from accepted laws, they entail both the perfect conductivity and Meissner
effect in superconductors in a elegant and simple form. An unsound and not rigorous derivation of the London
equations is given in section 2.5.2.

• Ginzburg-Landau (GL) theory in 1950 [28]: Bothered by the inability of the phenomenological London equa-
tions to determine the surface tension between normal and superconducting state or to describe the breakdown
of superconductivity by a magnetic field or current, the soviet physicists Vitaly Ginzburg and Lev Landau put
forward a complex pseudo wave function |ψ| as an order parameter within Landau’s theory of second-order
phase transitions. This |ψ| describes the local density of superconducting electrons according to |ψ|2 = ns,
where ns is the charge carrier density of superconducting electrons. Under inclusion of variation principles and
series expansions, they could derive a Schrödinger-like equation for the order parameter and address the short-
comings they lamented. The GL theory introduces the temperature coherence length ξ (T ), the distance upon
which the superconducting electron density decays at an interface of the superconducting and normal state. Far
below Tc, ξ (T )≈ ξ0, where ξ0 is the temperature independent coherence length as introduced by Pippard [29].
The coherence length constitutes, together with the London penetration depth λL, the so-called GL parameter κ

according to

κ =
λL

ξ
. (2.1)

The GL parameter κ varies rather slowly with temperature, in first approximation according to (1+(T/Tc)
2)−1

[30]. For classical elemental superconductors λL ≈ 50nm and ξ ≈ 300nm, thus κ � 1, associated to a positive
surface energy. The GL parameter helped, later in time, to formally distinguish two sorts of superconductors
that differ in the magnitudes of κ , as described in section 2.2.

• BCS theory in 1957 [31]: John Bardeen, Leon Cooper and John Robert Schrieffer shaped the understanding
of superconductivity with the first microscopic theory. The genius of their theory lies in the realization that
two electrons with opposite momentum and spin interact attractively with each other, if the energy difference
between the electronic states involved is smaller than the phonon energy h̄ω . In other words, in the super-
conducting state, electrons form pairs, coined as Cooper pairs, because the attractive force mediated by lattice
vibrations dominates the repulsive Coulomb interaction. Cooper pairs behave as bosons and fall into a coher-
ent ground state forming a Bose-Einstein condensate. Electrons in the Bose-Einstein condensate travel without
scattering. Not only does the theory confirm that superconductivity is a second-order phase transition and the
dependence of Tc on the isotopic mass (which is connected to lattice vibrations). It also predicts the minimum
energy required to break a Cooper pair E(T ) = 2∆(T ). This energy is related to the energy gap between the
ground state and superconducting state ∆, whose existence was only assumed at that time.
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• Discovery of HTS in 1986 [32]: Before 1986, many believed that superconductivity was restricted to metals
and their alloys with limited Tc around 25 K. Hence, the discovery of superconductivity in a ceramic Ba-La-Cu-
O system with Tc in the 30 K range by Goerg Bednorz1 and Karl Müller caused another paradigm shift in the
community. It prompted a rally in search for high-Tc superconductivity in a new material class, the so-called
cuprates, and arguably culminated in the discovery of YBa2Cu3O7−δ (YBCO)2 [34] in 1987, whose critical
temperature was measured to be Tc = 93K, well above the boiling point of liquid nitrogen (77 K). The liquid
nitrogen coolant is more abundant, easier to liquefy and store than helium which makes the maintenance of
superconductivity in HTS like YBCO much cheaper. In contrast to metallic superconductors, HTS materials
are usually layered, anisotropic and exhibit strongest superconductor behavior in preferred planes. Although
they obey the same general phenomenology as classic superconductors, the microscopic mechanism mediating
superconductivity at such high temperatures is still not understood.

2.2 Type-I and type-II superconductors

The GL theory with its general principles of second-order phase transitions allows an important distinction between
two sorts of superconductors when exposed to critical magnetic fields. The key quantity here is the surface energy
associated with the normal-state to superconducting-state interface. Per unit area of interface, the surface energy is
γ ∝ H2

c δ , where Hc is the critical field that transforms the superconductor from the Meissner state into the normal state
and the length δ ≈ ξ −λL relates coherence length and penetration length to each other [30].

If δ and thus the surface energy is positive, then the superconductor maintains a stable equilibrium of macroscopic
volumes of the two phases. Elemental metal superconductors like Hg or Nb exhibit exactly this behavior with ξ >

λL and are nowadays categorized as type-I superconductors or simply conventional superconductors. Ginzburg and
Landau showed that the GL parameter κ = λL

ξ
can be used as an precise indicator for the sign of surface energy.

At κ = 1/
√

2, a crossover from positive to negative surface energy occurs. By the time of their work, only type-I
superconductors were studied and negative surface energies were just treated as a theoretical construct.
In 1957, Alexei Abrikosov philosophized about negative surface energies in real superconductors and came to the
conclusion that the behavior of such superconductor in magnetic field must be significantly different [35]. To gain a
more favourable energetic state, the interfaces between normal and superconducting state would start to multiply. This
is what is found in type-II superconductors3 where a new phase emerges beyond the Meissner state, the Shubnikov
or mixed state, when magnetic fields exceed the lower critical field Hc1. The new phase favours the penetration of
so-called vortices (or fluxons), quantized magnetic field tubes with flux Φ0 =

h
2e ≈ 2.07×10−15 Tm2, whose core is

in fist approximation normal conducting, of diameter �= 2ξ and outlined by a circular supercurrent Js. A schematic
drawing of a vortex can be found in Fig. 2.1. Increase of applied magnetic field results in an increase of the flux
density in the superconductor. When the upper critical field

Hc2 =
Φ0

2πξ 2 (2.2)

1During a summer school (EASISchool 1) at the Technical University of Vienna in 2018 [33], I had the opportunity to meet Georg Bednorz in
person and listen to a lecture entitled ’From low - to high Tc superconductors’ given by him. Especially interesting was his story about how the
discovery of HTS caused initial backlash from respectable experts in the field of superconductivity. The Tc in the investigated cuprate exceeds the
maximum limit predicted by the BCS theory and was thus met with scepticism. Many thanks go out to the organizers of the event and Prof. Teresa
Puig for proposing the school to me.

2YBCO is the most prominent candidate of the rare-earth based cuprates summarized as REBCO.
3The distinction between type-I and type-II superconductors was initiated by A. Abrikosov.
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FIGURE 2.1: A drawn representation of a vortex. The order parameter |ψ|2 drops to zero at the axis
of the flux tube resulting in an approximated normal core radius of ξ . Suppercurents Js shield the flux

line from penetrating into the sample further than λL. Reprinted from [36] with permission.

is reached, the cortex cores overlap and the material is rendered through a second-order phase transition into the
normal state. Since vortices penetrate type-II superconductors only partially, the diamagnetic energy cost of keeping
the field out is small, so Hc2 can be much greater than the thermodynamic Hc. This property has led to an expansion
of superconductivity applications, one of which is the realization of high-field superconducting magnets [37]. Typical
representatives of type-II superconductors are metallic alloys like NbTi or NbSn3 and all HTS. In Fig. 2.2, we present
phase diagrams of both types of superconductors.

FIGURE 2.2: Magnetic phase diagram for type-I (a) and type-II (b) superconductors. Adapted from
[36] with permission.

Essmann and Träuble found in 1967 [38] that the vorticies distribute themselves in a hexagonal lattice with density
nv =

µ0H
Φ0

when penetrating the type-II superconductor. The hexagonal side length a∆, see Fig. 2.3, relates to the
applied magnetic field according to [39]

a2
∆ =

2√
3

Φ0

µ0H
. (2.3)

Note that a precise theoretical description of the hexagonal vortex lattice exists only for homogeneous materials, since
the lattice exhibits usually distortions and defects.
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FIGURE 2.3: Magnetic bitter decoration of the vortex lattice in a YBCO single crystal sample. Adapted
from [40] with permission.

2.3 Vortex matter

This section gives a very brief introduction into the behavior of vortices in type-II superconductors focusing on the
HTS REBCO when exposed to a magnetic field and carrying a transport current. Presented discourse is based on
introductory textbooks [30, 41, 42] and previous PhD theses of the SUMAN group at the ICMAB [36, 43, 44].

2.3.1 Vortex pinning

Type-II superconductors have huge potential for practical applications, such as the mentioned high magnetic field
solenoids or energy storage devices among others, due to their high upper critical fields. However, the interplay
between currents and flux lines in the mixed state results in a Lorentz-like force with form

FL = J×B, (2.4)

where J is the transport current density flowing through the superconductor. Drift of the vortices would generate
an associated electric field and cause dissipation in the material, because of its normal core [39]. In this case, the
superconductor would loose its desirable property of perfect conductivity. A strategy to counter this effect is to pin
the vortices with inhomogeneities in the microstructure of the material and crystal defects. An important quantity that
defines the applicability of a superconductor is the critical current density Jc. It is defined as the current density that
causes a Lorentz-like force big enough to match the pinning force per unit volume applied by the defects on the flux
lines Fp according to

Fp = Jc×B. (2.5)

The structural inhomogeneities in the material give rise to a local reduction in the order parameter |ψ|2. As a result,
when a vortex docks on a pinning center, it can lower its free energy. The energy saved by a pinned vortex is known as
the temperature and field dependent pinning energy Up ∝ B2

cVi [39], and it is proportional to the intersection volume
Vi between the pinning center and the flux line. For pinning centers to be effective in HTS, their size should be on the
scale of ξ . This kind of pinning coined core pinning.

In HTS like REBCO or other type-II superconductors (SC), defects can be desired for improvement of superconduct-
ing performance, however, they must not lead to grain discontinuity that decreases percolation currents. Since ξ in
REBCO is of the order of a few nm, many structural and atomic defects occurring naturally in the growth process
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qualify as pinning centers. The task to engineer predominantly pinning effective defects4 while avoiding those that
compromise current percolation and grain connectivity is a very challenging one and leads to a rich variety of REBCO
microstructures optimized for specific applications as discussed in chapter 4. Defects are usually categorized accord-
ing to their dimensionality and an overview of typical inhomogeneities is presented in Fig. 2.4 and discussed in detail
in [45, 46].

FIGURE 2.4: Schematic drawing of typical defects in the REBCO microstructure arranged according
to their dimensionality. Defects acting as pinning centers (PC) are colored in pink. Adapted from [44]

with permission.

Defects smaller than the coherence length ξ , for example, interstitials, impurity atoms or interchange of rare-earth
and barium atoms, are of zero dimension (0D). Together with the 3D disturbances of order ξ , such as precipitates,
nanoparticles and its associated strained regions or voids, 0D defects form the so-called isotropic defects since they
contribute to pinning irrespective of the magnetic field direction. Isotropic imperfections are usually distributed ran-
domly and thus are named uncorrelated. In contrast, anisotropic defects, also named correlated defects, are of 1D
and 2D and give pinning a direction dependence. Dislocations and columnar defects are regarded as 1D irregularities,
while defects such as small angle grain boundaries, anti-phase boundaries and surfaces of large precipitates have two
dimensions.
It should be noted that not all defects are desirable. Large defects such as misoriented REBCO grains, coarsened
secondary phases or porosity can decrease the superconducting cross section and reduce the current percolation. In a
high performing REBCO film, these kind of microstructural features are avoided. We discuss the defect landscape of
studied CCs in chapter 4.

2.3.2 Magnetic phase diagram

Depending on the microstructural disorder, temperature and magnetic field, HTS display different vortex liquid and
solid phases when rendered into the mixed state, see Fig. 2.5. In single crystal samples, that are clean and virtually
defect-free, a vortex lattice, also known as Abrikosov lattice, is observed at low temperatures. Samples full of un-
correlated point defects exhibit a vortex glass state which is reduced in its long-range translational and orientational
symmetry. This state promotes line wandering. In contrast, correlated defects like columnar defects or twin boundaries
put the vortices into a Bose glass state where vortices are rather localized. These three states are considered as solid
phases and differ from each other in their degree of vortex-vortex and vortex-pin interaction. The former favours an
ordered lattice state, while the latter a glass.

4The effectiveness of a defect for pinning is temperature and field dependent.
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FIGURE 2.5: Qualitative magnetic phase diagram with some of the most important solid vortex phases
separated by the irreversiblity line from the liquid vortex state. Adapted from [44] with permission.

At high temperatures, thermal energies start to overwhelm vortex-vortex and vortex-pin interactions and melt the vor-
tex solid into a liquid phase. The phase transition is represented as a concave upwards line in the magnetic phase
diagram, see Fig. 2.5. The line is denoted melting line if the specimen is a highly homogeneous and defect free crys-
tal. In this case the transition is of first-order. For defect rich samples, like the CCs studied in this thesis, the transition
is of second-order and phase separating line is called irreversibility line.
Beyond the irreversibility line, the material, though superconducting in the sense of non-zero order parameter, is found
in a resistive state, corresponding to easy flux flow. In the flux-flow region, the pinning is so weak that the material
is always close to the equilibrium flux distribution which allows a reversible vortex movement. Naturally, the techno-
logical applicability of type-II superconductors is limited by the irreversibility line. Successful strategies to shift the
irreversibility line to higher temperatures involve the introduction of correlated defects into the microstructure [42].

2.3.3 Bean’s critical state model

In the mixed state of a defect free type-II superconductor, magnetic vortices arrange themselves in a homogeneous
hexagonal lattice minimizing the interaction between flux lines. The presence of microstructural defects, however,
leads to flux pinning. These pinning centers oppose the free penetration and removal of vortices within the supercon-
ductor when exposed to a magnetic field. This results in flux density gradients and magnetic hysteresis. C. P. Bean
proposed a macroscopic critical state model that explains the magnetic properties in the material [47].
In its simplest form, the model assumes the specimen to be a infinitely long slab with width w, where thermal forces
are neglected and Bc1 = 0 [48]. When considering a virgin slab (zero-field cooled), flux lines will start entering the
specimen from its edges, moving to the center as we increase the magnetic field. Bean assumed the non-homogeneous
flux distribution to be always in its critical state, i.e. the magnetic field gradient is maximum in all points within the
sample, in the sense that the magnetic pressure exerted from the interaction between vortices matches exactly the pin-
ning forces. This maximum field gradient causes the current density to be either critical J =±Jc in vortex-populated
regions or zero in the volume that vortices have not reached. Fig. 2.6 depicts an illustration of described field penetra-
tion for an applied field H < Bs/µ0, where Bs is characteristic full penetration field, i.e. the field strength at which the
two critical states formed at the edges meet in the center.
Magnetization profiles generated in a zero-field cooled, infinitely long cylinder with radius d/2 are given for specific
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FIGURE 2.6: Introduction of vortices according to the critical state in an type-II superconductor in
shape of a slab with width w and infinite length. The applied magnetic field is H < Bs/µ0. The
critical current density Jc arises as an intrinsic property from the overlapping supercurrents of the non-

homogeneous vortex distribution. Recreated from [49].

magnetic field values in Fig. 2.7 (a).
The saturation magnetization −Msat of the sample is reached when the full penetration field Hs = Bs/µ0 is applied.
Upon further increase of applied field, the total flux density in the specimen rises while maintaining at all time the
maximum flux gradient. The slope of the magnetization gives the direction of Jc. A negative slope indicates a flow
into the reading plane and vice versa. The inverse magnetization process is shown in Fig. 2.7 (b). Beginning from
H = 2Bs/µ0, the applied magnetic field is decreased. Flux lines will start leaving the superconductor by its edges,
reversing the magnetic flux gradient and hence the current direction. When the applied field reaches zero, a significant
amount of flux remains trapped in the superconductor. The flowing currents within the specimen cause the supercon-
ductor to be positively magnetized. The sample magnetization is fully saturated in the specific case of coming from
fields H ≥ 2Bs/µ0. So, as the external field is cycled, the magnetization M−H curve becomes a hysteretic loop.

FIGURE 2.7: Internal magnetization profiles of an infinite cylindrical superconducting sample with
radius d/2 subjected to an increasing (a) and decreasing b() magnetic field. H = Bs/µ0 is the maxi-
mum external field that can be screened out at the midplane of the superconductor and corresponds to

saturated magnetization. Recreated from [48].

It can be shown that the critical current density for an infinite cylinder with the magnetic field applied perpendicular
to the sample plane can be derived within the critical state model to be [41]

Jc =
3∆M
2R

, (2.6)
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where R is the radius of the cylinder and ∆M corresponds to the hysteresis magnetization loop M−H when it is
saturated. In subsection 3.2.3, we will discuss the determination of Jc from a measured magnetization loop in a
REBCO CC.

2.4 Crystal structure of REBCO

The "123" class cuprates RE1Ba2Cu3O7−δ (REBCO), where the RE stands for rare earth elements and can represent
candidates like Y, La, Nd, Sm, Eu, Gd, Ho, Er and Lu, crystallize in a highly layered and anisotropic structure
[30]. In particular, it is a triple perovskite-like structure5 whose unit cell, as shown for YBCO in Fig. 2.8, can be
imagined as a YCuO3−1 perovskite-like sandwiched by two BaCuO3−(0.5+δ ) perovskite-likes while sharing the CuO2

planes. Considering this, the amount of oxygen atoms in REBCO reduces from nine, as expected from three regular
perovskites, to 7−δ .

FIGURE 2.8: Orthorhombic Y1Ba2Cu3O7−δ unit cell. The stacking of planes in the c-direction starting
from the lowest is as follows: CuO1−δ , BaO, CuO2, Y, CuO2, BaO, CuO1−δ . Adapted from [36] with

permission.

The BaO planes separate the CuO2-planes from the CuO1−δ layers, that is responsible for the oxygen deficiency δ in
REBCO. The average occupancy of the oxygen sites in the CuO1−δ plane ranges from 0 (δ = 1) to 1 (δ = 0) which
corresponds to a fully depleted and loaded state, respectively. The oxygen depletion level δ determines the crystal
structure of REBCO [50]. If δ is greater than 0.65, the few oxygen atoms distribute themselves randomly in the
CuO1−δ plane resulting in a tetragonal symmetry with equal lattice parameters a = b. This state presents an insulating
behavior in an antiferromagnetic phase [51]. For δ ≤ 0.65, there are enough oxygen atoms to form chains with the
copper along the b-axis upon which a transition to orthorhombic structure with a < b occurs, which corresponds to
a metallic-superconductor state. Within the orthorhombic crystal structure, the oxygen content represented by δ has
profound impact on the critical temperature of the film, due to its link to the carrier concentration as shown for YBCO
in Fig. 2.9.
The strong sensitivity to carrier doping and the fact that cuprates like REBCO are only superconducting in a limited
range of δ is stated as one of the main reasons for discovering high temperature superconductors with such an delay

5A perovskite structure is adopted by many oxides with the chemical formula ABO3, where A and B are cations of different sizes and O stands
for oxygen.
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FIGURE 2.9: The variation of critical temperature Tc with the oxygen content for YBCO. Adapted from
[52] with permission.

with respect to the initial finding of superconductivity [41]. Electronic features resulting from the layered triple
perovskite structure in REBCO are listed in the following.

• The charge transport takes place in the CuO2 plane lying normal to the c-axis. Due to the sharp localization of
the carriers within the planes, REBCO, and cuprates in general, display extremely anisotropic properties with
poor conductivity in the c-direction. An important contributor to the electronic transport, as expected from the
strong influence of δ , are the b-axis directed CuO chains. They contain free charge carriers from hole doping
which are coupled through a charge transfer mechanism to the CuO2 planes. The quasi-2D nature of REBCO
requires a biaxial epitaxial growth with minimal grain misalignment to reach the best possible superconducting
properties.

• Compared with a regular metals, the charge carrier density in REBCO is relatively low. The less heavy screen-
ing, causes a large London penetration depth λ ab

L (0K) = 150nm [53] for current flow within the a−b plane and
even a larger in c-direction λ c

L(0K) = 890nm [41].

• REBCO like all cuprates exhibit extremely short coherence lengths ξ ab = 2nm and ξ c = 0.3nm [41]. On the
one hand, it makes thermal fluctuations quite strong and on the other hand, it gives nanometric defects like
impurity concentrations, grain boundaries or artificially added nanoparticles importance, as they can contribute
to vortex pinning. The extreme mismatch with the penetration depth causes the GL parameter to be κ > 50
making REBCO an extreme type-II superconductor.

2.5 High-frequency electrodynamics

This section aims to provide general knowledge on how materials, here restricted to conductors and superconductors,
respond to an non-static electromagnetic field on a macroscopic scale. From fundamental concepts, we will derive
explicit expressions for parameters that describe the interaction involved, namely the skin depth and surface impedance
of a conductor. Presented deductions are based on [30, 54–56].
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2.5.1 Conductors

Starting point is an electromagnetic plane wave propagating through vacuum that impinges perpendicularly the surface
of a conductor with infinite expansion into a half space. A sketch of outlined situation with a reference coordinate
system is given in Fig. 2.10. Maxwell’s equations describe the interaction of conductor and electromagnetic field

FIGURE 2.10: A plane wave with electric field strength vector E and magnetic field strength vector H
impinging the surface of a conductor with normal vector n. The wave propagation vector is named p.

Recreated from [55].

∇ ·D = ρc (2.7)

∇ ·B = 0 (2.8)

∇×E =−∂B
∂ t

=−iωµH (2.9)

∇×H =
∂D
∂ t

+J = iωεE+σE = (iωε +σ)E, (2.10)

where H = H0eiωt is the magnetic field strength vector, E = E0eiωt the electric field strength vector with sinusoidal
time dependencies, B the magnetic flux density vector, D the electric displacement vector and ρc the charge carrier
density. In the following, a source-free conductor is assumed, so that the charge carrier density ρc = 0. The constitutive
relations

D = εE (2.11)

B = µH (2.12)

J = σE (2.13)

indicate that the response of an electromagnetic material to an electromagnetic field can be described by three con-
stitutive parameters, namely the complex permittivity ε = ε

′ − iε
′′
, the complex permeability µ = µ

′ − iµ
′′

and the
conductivity of the material σ . They also give the distance to which the electromagnetic field penetrates into the
conductor as we will see later. By applying the curl operator to eq. (2.9) and eq. (2.10), exploiting the vector calculus
identity ∇× (∇×A) = ∇(∇ ·A)−∇2A and under consideration of eqs. (2.7) and (2.8), we obtain

∇
2E = iωµ(iωε +σ)E (2.14)

∇
2H = iωµ(iωε +σ)H. (2.15)
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In the context of the thesis, we deal with highly conductive materials for which σ � ωε , meaning that the conductive
current is much bigger than the displacement current, so that eqs. (2.14) and (2.15) are simplified to

∇
2E = iωµσE (2.16)

∇
2H = iωµσH. (2.17)

As defined in Fig. 2.10, the traveling wave is characterized by electric and magnetic field being perpendicular to
each other and its direction of propagation. Setting arbitrarily t = 0, fixing the propagation into the z-directions and
E = (Exex,0,0), we can rewrite previous expressions to

∂ 2Ex

∂ z2 = iωµσEx (2.18)

∂ 2Hy

∂ z2 = iωµσHy. (2.19)

A solution to these equations has the form
Ex = E0e−γz, (2.20)

where the time dependence is eiωt but has been dropped here for simplification, E0 is the electric field strength at the
surface of the conductor, so at z = 0, and γ is the complex propagation constant

γ = α + iβ =
√

iωµσ = (1+ i)

√
ωµσ

2
. (2.21)

The real part α is denoted as the attenuation constant, the imaginary part β as the phase constant. The so-called skin
depth δs is defined as

δs =
1
α

=

√
2

ωµσ
(2.22)

and describes the distance the electromagnetic field travels into a highly conductive material before it decays by factor
e−1. At microwave frequencies, the order of the skin depth for metals is 10−7 m. Plugging eqs. (2.21) and (2.22) into
the solution of the electric field intensity (2.20) and its magnetic field intensity counterpart, we get

Ex = E0e−
1+i
δs

z (2.23)

Hy = H0e−
1+i
δs

z
. (2.24)

With this, we can express eq. (2.9) as

∂Ex

∂ z
=−iωµHy⇒ Hy =

i
ωµ

∂Ex

∂ z
=

i
ωµ

(
− (1+ i)

δs

)
E0e−

1+i
δs

z
=

(1− i)
ωµδ

E0e−
1+i
δs

z
. (2.25)

With the definition of the skin depth, we can write ω = 2
µσδ 2

s
and insert it into above relation to get

Hy =
(1− i)δsσ

2
E0e−

1+i
δs

z
. (2.26)

The presented derivation allows us to give an explicit expression for the in general defined surface impedance Zs =

Rs + iXs =
E||
H||

, where the real part of the surface impedance is denoted surface resistance Rs, the imaginary part is
named surface reactance Xs and E|| and H|| are the electric field intensity and magnetic field intensity components
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tangential to the surface of the conductor, as:

Zs =
E||
H||

=
Ex

Hy
=

E0e−
1+i
δs

z

(1−i)δsσ

2 E0e−
1+i
δs

z
=

2
(1− i)δsσ

=
(1+ i)

σδs
=
√

iωµρ, (2.27)

with σ = 1
ρ

and ρ the electrical resistivity of the conductor. For normal conductors, the conductivity σ is a real number

and the surface resistance Rs and surface reactance Xs have the same magnitude Rs = Xs =
√

µω

2σ
, see eq. (2.27), that

scale with ω1/2.

2.5.2 Superconductors

In order to derive fundamental expressions and ideas describing superconductors, the two-fluid model is introduced
in the paragraph Two-fluid model. With the aid of mentioned model and previous derivations for conductors, we
will be able to describe the interaction of electromagnetic fields with superconductors as shown in paragraph Surface
impedance without applied magnetic field. Following examinations are based on [30, 54, 57, 58].

Two-fluid model

In contrast to normal metals in which current is carried by electrons, it is assumed that there are two types of fluids
involved in the charge transport of a superconductor: normal electrons, also known as quasiparticles, corresponding to
a carrier density nn and electron pairs, also known as Cooper-pairs or superconducting carriers, with carrier density ns

whose coupling is mediated by lattice vibrations that allows scattering-free travel. The total carrier density is defined
as n = ns + nn and displays an increasing pair electrons to normal electrons fraction with decreasing temperature
according to [59]

ns = n ·

(
1−
(

T
Tc

)4
)

(2.28)

nn = n ·
(

T
Tc

)4

. (2.29)

Note that the electron pair density ns approaches zero at the transition temperature Tc.

It is worthwhile to consider the equations of motion for the two charge carrier densities under the influence of an
applied electric field E. The force acting on an electron pair is given by

2m
dvs

dt
=−2eE (2.30)

with m being the electron mass, vs the velocity of the paired electrons and e the electron charge. An additional force
from the scattering with the atom cores acts on the normal electrons so that we have

m
dvn

dt
+m

vn

τ
=−eE, (2.31)
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where vn is the electron velocity and τ the momentum relaxation time describing the magnitude of losses. The current
densities of electron pairs and normal electrons can be written respectively as

Js =−nsevs (2.32)

Jn =−nsevn. (2.33)

Further algebraic manipulations allows non-rigorous deduction of meaningful concepts. Let us consider that the
unpaired electron density nn is negligibly small, a reasonable assumption at low temperatures. In this case, it is
sufficient to consider only eq. (2.30) and inserting eq. (2.32) into it yields the first London equation [26]:

Λ
∂Js

∂ t
= E (2.34)

with Λ = m
nse2 . This equation postulates the relaxation time τ for electron pairs to be infinite, so no scattering be-

tween charge carrier and defects take place. It successfully describes the transport process in a superconductor in a
phenomenological way. Taking now the curl of eq. (2.34) and considering Faraday’s law ∇×E =− ∂B

∂ t yields

Λ
∂

∂ t
(∇×Js) =−

∂ B
∂ t

. (2.35)

Integrating with respect to time and setting the integration constant to zero6 gives the second London equation

Λ∇×Js =−B. (2.36)

Applying a curl to eq. (2.36) and exploiting Ampere’s law ∇B = µ0J gives an useful representation of the second
London equation according to

∇
2B =

1
λ 2

L
B, (2.37)

where λL =
√

m
µ0nse2 is the so-called London penetration depth. Eq. (2.37) implies that the magnetic field is screened

exponentially from the interior of the superconductor with λL, which describes the Meissner effect. Inserting the
temperature dependence of ns (see eq. 2.28) into λL reveals the corresponding temperature response as

λL = λL(0)

[
1−
(

T
Tc

)4
]−1/2

. (2.38)

The penetration depth has a minimum λL(0) at 0 K and amounts for YBCO around 150 nm [53].

Let us now assume the normal carrier density to be relevant and time dependent electromagnetic fields varying in
sinusoidal manner. This gives

Js = Js,0eiωt , Jn = Jn,0eiωt , E = Eeiωt . (2.39)

Substituting eqs. (2.32) and (2.33) into the corresponding equations of motions (2.30) and (2.31) while considering the
new time dependencies yield explicit expressions for the current densities. Summing them up yields the total current
density as

J0 = Jn,0 +Js,0 =

[
nne2τ

m(1+ω2τ2)
− i
(

nse2

ωm
+

nne2τ2ω

m(1+ω2τ2)

)]
E0. (2.40)

6Main reasoning comes from the fact that the second London equation does require a constant to describe experimental results.
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With this expression, we can introduce the complex two-fluid conductivity σ2 f according to

J0 = σ2 f E0 = (σ1− iσ2)E0, (2.41)

where

σ1 =
nne2τ

m(1+ω2τ2)
and σ2 =

nse2

ωm
+

nne2τ2ω

m(1+ω2τ2)
. (2.42)

Figure 2.11 shows the electrical circuit analogue to the current flow within a superconductor. It can be represented
as a parallel connection consisting of a parallel resistor Rn and inductor Ln, which corresponds to the normal fluid,
and a pure lossless inductor Ls, which corresponds to the superfluid channel. At zero frequency all of the current
flows trough the inductors and there is no Ohmic loss, known as the most famous property of a superconductor.
At non-zero frequencies the inductive part of the circuit becomes highly reactive and current is shunted into the
resistive channel. This explains phenomenologically why a superconductor is not lossless outside of the DC-regime.
More accurate methods based on BCS theory exist in order to derive the complex conductivity, that take fundamental
material parameters into account and can be found in the following reference [30, 41, 60] but are outside of this thesis’
scope.

superfluid

normal fluid

Ls

Ln

Rn

FIGURE 2.11: Electrical circuit analogue that describes the current flow in superconductors by means
of the two-fluid model. Figure recreated from [58].

Surface impedance without applied magnetic field

Having understood the concept of two-fluid conductivity, it is worthwhile to return to the solution of the wave equations
(2.18) and (2.19) as derived in subsection 2.5.1:

Ex = E0e−γz (2.43)

Hy = H0e−γz, (2.44)

with propagation coefficient γ = α + iβ =
√

iωµσ . Substituting the complex conductivity σ2 f (see eq. (2.41)) into
the propagation coefficient, yields

γ =
√

iωµσ2 f =
√

iωµ(σ1− iσ2). (2.45)
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This can be written as

γ =

√
iωµ(−iσ2)(

σ1

−iσ2
+1) =

√
ωµσ2

√
1+ i

σ1

σ2
. (2.46)

For temperatures well below the transition temperature, the supercurrent dominates the normal charge carriers so that
σ2� σ1. Executing a Taylor expansion on the second term in eq. (2.46) around σ1

σ2
= 0 allows to separate the real and

imaginary part of the propagation coefficient according to

γ = α + iβ =
√

ωµσ2

(
1+ i

σ1

2σ2

)
. (2.47)

Similar to the skin depth δs for conductors, the inverse of γ’s real part gives the characteristic depth at which a
impinging electromagnetic wave exponentially decays by a factor e−1. It is called the London penetration depth λL

and is given by

λL =
1
α

=
1

√
ωµσ2

. (2.48)

An equivalent derivation of λL resulted in eq. (2.37). It should be noted that well below the transition temperature, λL

is frequency independent since σ2 ∝ 1/ω , see eq. (2.42).

We can now return to the deduced surface impedance expression for conductors, see eq. (2.27) and substitute with the
two-fluid conductivity σ2 f according to

Zs =

√
iωµ

σ2 f
=

√
iωµ

(σ1− iσ2)
. (2.49)

In an analogous way to the propagation coefficient, so re-arranging terms, assuming σ2� σ1 and expanding, allows
to isolate the real and imaginary part of the surface impedance

Zs = Rs + iXs =

√
ωµ

σ2

(
σ1

2σ2 + i

)
. (2.50)

The resistive and reactive parts can be extracted as

Rs =

√
ωµ

σ2

σ1

2σ2
Xs =

√
ωµ

σ2
. (2.51)

In order to see the frequency dependencies clearer, the σ2 from eq. (2.48) can be substituted:

Rs =
ω2µ2σ1λ 3

L
2

Xs = ωµλL. (2.52)

So, the the two-fluid model leads to the prediction that the surface resistance is proportional to ω2, whereas the fre-
quency dependence for metals is

√
ω as shown in eq. (2.27). This means that the surface resistance of a superconductor

decreases much more rapidly with frequency than the normal conductor counterpart which will become relevant later
in the discussions of chapter 5. At lower frequencies, the surface resistance of superconductors are much smaller than
for normal metals but as the frequency increases it eventually surpasses the values of metals. The crossover frequency,
so the frequency at which the superconductor surface resistance becomes larger than metals, amounts for copper and
a thin film of HTS several hundred gigahertz [57].
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2.5.3 Phenomenological formulation of surface resistance for type-II SC

Leaving the realm of classical type-I superconductors and examining HTS, a new phase occurs when increasing the
outer magnetic field above the lower critical field Hc1. In fact, in order to describe the surface impedance of a type-
II SC, the movement of vortices in the mixed state has be taken into account. We consider the expression for the
experimental surface resistance of a type-II superconductor as a function of RF field Hr f , externally applied flux
density B and temperature T [11]:

Rs(Hr f ,B,T ) = RBCS(Hr f ,0,T )+Rres(Hr f ,0,0)+R f l(Hr f ,B,T ) (2.53)

with BCS formalism deduced component RBCS
7 that depends on the gap parameter of the superconductor [61] and the,

in general, field and temperature independent residual surface resistance Rres resulting from impurities and defects. It
has been experimentally found that Rres ∝ ω2 in high-Tc SC [62, 63]. The externally applied magnetic field dependence
enters through R f l which represents the losses induced by the movement of vortices, also known as fluxons, when
rendered to the mixed state [11, 64]. For cuprates the vortex cores are of radius ξ ∼ nm, known as the coherence
length as was introduced in section 2.1. The last term is subject of many theories [65, 66] and will be integral part of
our high-frequency analysis.

Vortex-motion model

As described by equation (2.53), the microwave response with applied magnetic field is driven by the movement
of fluxons in the superconductor. Consider a single vortex from an externally applied magnetic field B = nΦ0, n

is the number of fluxons per unit area, in a type-II superconductor under a harmonic transport current density J =

J0 exp(i2πνt) na,b with J0 not close to the critical current density Jc. Here, ν is the current frequency in the range of
1− 100GHz and na,b a unit vector perpendicular to the applied magnetic field with unit vector nc. The vortex will
be exposed to a Lorentz force FL = J×Φ0 nc exerted by the interplay with the electrical current. However, under
the presence of pinning sites, the vortex motion is constrained by pinning potential wells. This results in a pinning
force Fp = −kpx which can be assumed to be linear to its vortex displacement x. The pinning constant or Labusch
parameter kp defines the curvature of the pinning potential Uc (kp)rigid ≈ L−1

c (d2Uc/dx2) (in the limiting case of rigid
vortices with infinite line tension), here Lc is the average distance between pinning sites along the vortex length [67].
Additionally, the moving normal conducting vortex core gives rise to a viscous force Fv = −η ẋ, with η being the
vortex viscosity. It can be understood either as a conversion of Cooper pairs to quasiparticles where energy is lost [30]
or Joule dissipation within the vortex core [31]. By considering the fluxon mass to be very small [68] and neglecting
it, the equation of motion for a single vortex becomes [67, 69]

η ẋ+ kpx = J×Φ0 nc + fth, (2.54)

where fth is a thermal stochastic force. This equilibrium of forces is valid for not too large vortex displacements x in
relation to the size of the potential wells within the superconductor. Moreover, nonlinearities are not considered in this
model [69] and are discussed in the context of the FCC-hh elsewhere [70, 71]. The response function to eq. (2.54) can
be written in generalized form as [69]

ρvm,χ = ρ
′
vm,χ + iρ ′′vm,χ =

Φ0B
η

χ + iν0/νc

1+ iν0/νc
, (2.55)

7An explicit representation of this component is given in eq. (2.52).
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where ν0 is the resonant frequency. The adimensional normalized creep factor χ(T,H) considers thermal activation
which cause vortices to jump out of their pinning sites. For χ ≈ 0 vortices stay unaffected by thermal force and
for χ ≈ 1 the thermal force renders pinning potential completely ineffective [66, 69]. The material characteristic
frequency νc, denoted νp in the absence of thermal effects, is proportional to the pinning strength and separates
microwave dissipation regimes within the superconductor. Eq. (2.55) represents with three parameters χ , ν and νc

a highly complex function which, when only related to two independent data sets stays underdetermined. A suitable
approach to determine all three parameters is the measurement of Rs(H) and Xs(H) at several measurement frequencies
as discussed in [72].
Although, thermal activation plays for REBCO especially at temperatures close to Tc a significant role [66, 72], for
intermediate temperatures, it can be useful to neglect the flux creep in order to decrease the degrees of freedom in eq.
(2.55). For no thermal force fth = 0 limit, eq. (2.55) simplifies the vortex-motion resistivity to

ρvm = ρ
′
vm + iρ ′′vm = ρff

1
1− iνp/ν0

=
BΦ0

η

1
1− iνp/ν0

, (2.56)

which is known as the Gittleman-Rosenblum (GR) model, named after its founding fathers [65]. νp =
kp

2πη
denotes the

depinning frequency, that is the material characteristic frequency above which the vortex response changes from the
pinning to the flux-flow regime. The former is dominated by reactive, the latter by resistive contributions. At ν0� νp

the vortex motion resistivity is in first approximation completely imaginary with ρvm = i2πνBΦ0/kp. ν0� νp reaches
the extreme of the flux-flow regime in which ρvm = ρff.
We plot the frequency behavior of eq. (2.55) and (2.56) in Fig. 2.12 in order to visualize the two mentioned dissipation
regimes and point out the differences between both models. On the one hand, the creep model approaches ρ

′
vm,χ =

ρ f f · χ 6= 0 = ρ
′
vm at extremely low frequencies. On the other hand, when considering creep, the peak value of the

imaginary part is decreased by the factor (1−χ) as compared to the GR model. In the following, we will always refer
to the vortex motion in the context of zero creep.

FIGURE 2.12: The vortex motion resistivity without (ρvm) and under (ρvm,χ ) consideration of flux
creep with χ = 0.2, corresponding to ≈ 50K [66, 72]. The characteristic frequency νc or, in case of
χ = 0, depinning frequency νp separates the pinning, low-loss, from the flux-flow, high-loss regime.

Visualization inspired by [69].
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Having elaborated the microwave response of the vortex motion, the total surface impedance of a type-II superconduc-
tor in the mixed state can be expressed analogously to metals as shown in eq. (2.27) but assuming a complex resistivity
ρ̃:

Zs =
√

iωµρ̃. (2.57)

In general, ρ̃ holds contributions from the normal/super fluid charge transport [73] and the dissipative movement of
vortices [66]. The two-fluid model σ2f =

1
ρ2f

= σ1− iσ2 describes the first contribution and the Gittleman-Rosenblum
model with its vortex motion resistivity ρvm the second part. Thus, the complex resistivity results to [73]

ρ̃ = ρ2f +ρvm =
1

σ1− iσ2
+ρvm. (2.58)

For T � Tc, this is assumed throughout the microwave measurement analysis, the two-fluid conductivity tends towards
the super fluid, with σ1 � σ2, and we can write in a first approximation ρ2f = i/σ2. Holding on to eq. (2.57), the
surface impedance yields

Zs =
√

iωµ0ρ̃ '
√

ωµ0(−
1

σ2
+ iρvm), (2.59)

with 1/σ2 = ωµ0λ 2
L . Without an applied external field ρvm = 0, the entire surface impedance becomes reactive

Z '
√
−ωµ0/σ2 = iωµ0λL. With this, we can express the surface resistance originating only from vortex movement

as

Rvm = Rs(T,B)−Rs(T,0) = ∆Rs = iωµ0

√
λ 2

L −
i

ωµ0
ρvm. (2.60)

This expression becomes relevant in chapter 5, where we fit measured ∆Rs in order to obtain the depinning frequency
νp of characterized REBCO CCs.
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Chapter 3

Experimental Methods

In this chapter, an introduction to utilized measurement techniques and sample fabrication methods will be given. It
is divided into three sections. The dielectric resonator measurement system, with which we characterize the high-
frequency response of REBCO CC as a function of magnetic field at cryogenic temperatures, is described in section
3.1. Therein, subsection 3.1.4 is dedicated to the data acquisition and raw data treatment of corresponding measure-
ments. The two used magnetometers are detailed together with examples of typical measurements in section 3.2.
Finally, we provide some background on DC-transport characterization in 3.3. The sample fabrication to create an
electrical circuit for low temperature transport experiments is explained in subsection 3.3.2.

3.1 Dielectric resonator measurement system

The acquisition of REBCO coated conductor’s surface impedance data is realized with a setup consisting of a a two-
port vector network analyzer (VNA), a custom built dielectric resonator and a Physical Property Measurement System
(PPMS) by Quantum Design. Fig. 3.1 provides a scheme of the experimental layout. The three main components of
this setup are discussed separately in the following sections.

Port 1 Port 2

Vector Network 
Analyzer

Room 
temperature

Calibration 
plane

Cryogenic environment

PPMS cryostat

Dielectric 
Resonator

Q0,ν 

Cryogenic, non-magnetic 
coax cables

S21

S21

Test 
coax cables

H

FIGURE 3.1: Scheme of experimental setup consisting of a two port vector network analyzer (VNA),
a cryostat which is part of the PPMS and the dielectric resonator (DR). The coaxial cables leading up
to the cryostat are calibrated before each microwave measurement. The cables from the cryostat head
to the DR are inaccessible and in addition, subject to changing temperature gradients. This part of
the transmission line stays uncalibrated and affects the measured scattering coefficients (S-parameters).
Effects resulting from cross talk between the couplers or phase delay of the uncalibrated lines are met
by using a special fitting strategy for the scattering parameter S21 that takes non-idealities into account.

The green arrows labeled S21 give the signal flow for this particular S-parameter.
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3.1.1 Vector Network Analyzers

Measurement principle

A vector network analyzer represents an high-accuracy instrument that combines mainly a microwave power source,
signal separation devices and detectors for determination of network parameters such as the scattering coefficients,
known as S-parameters [54]. The S-parameters describe how a device under test (DUT) affects the excitation signal,
the amplitudes and phase angles of waves (vector in complex plane), that is transmitted or reflected in forward or
reverse direction [74, 75]. The mathematical equivalent of it gives a scattering matrix S constituted by S-parameters
Si, j which relates incident waves ai to reflected waves bi. For a two-port network, the network exclusively used in this
work, we can write (

b1

b2

)
=

(
S11 S12

S21 S22

)
×

(
a1

a2

)
. (3.1)

Here, the waves ai, bi with i = 1,2 can be defined in terms of power waves as [76]

ai =
Vi +ZiIi

2
√
|Re(Zi)|

=
V+

i

2
√
|Re(Zi)|

, bi =
Vi−Z∗i Ii

2
√
|Re(Zi)|

=
V−i

2
√
|Re(Zi)|

, (3.2)

where Vi and Ii denote the voltage and the current at the i-th port, Zi the port impedance and Z∗i its complex conjugate.
The VNA basically measures the two forward traveling waves a1 and a2 and two reverse traveling waves b1 and b2

independently.
Some limiting cases help with the interpretation of Si, j:

• For a forward measurement (|a1| > 0) and matched DUT port 2 (a2 = 0), S11 defines the reflection coefficient
of DUT port 1 as S11 = b1/a1 =V−1 /V+

1 .

• For a forward measurement (|a1| > 0) and matched DUT port 2 (a2 = 0), S21 defines the forward transmission
coefficient as S21 = b2/a1. Given that the characteristic impedances of the two ports are the same Z1 = Z2, we
can write S21 = b2/a1 =V−2 /V+

1 .

• For a reverse measurement (|a2|> 0) and matched DUT port 1 (a1 = 0), S22 defines the reflection coefficient of
DUT port 2 as S22 = b2/a2 =V−2 /V+

2 .

• For a reverse measurement (|a2| > 0) and matched DUT port 1 (a1 = 0), S12 defines the reverse transmission
coefficient as S12 = b1/a2. Given that the characteristic impedances of the two ports are the same Z1 = Z2, we
can write S12 = b1/a2 =V−1 /V+

2 .

We show a chart with the signal flow corresponding to a two-port network with ideal source-load match in Fig. 3.2.

S21

S12

S11 S22

forward
measurement

a1

b1,fw
b2,rev

reverse
measurement

b1,rev a2

b2,fw

DUTPort 1 Port 2
FIGURE 3.2: Visualization of signal flow and S-parameters in an ideally matched source load ports

network. Figure recreated from [75].
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For all microwave experiments within this thesis, the four scattering coefficients Si, j, with i, j = 1,2, serve as the raw
data from which all surface impedance data presented in the following chapters are deduced.

Employed VNAs

Over the course of this PhD, we took two different VNAs into operation. The specifications of the used VNAs are
gathered from data sheets of the providers [77, 78] and listed in table 3.1.

Keysight FieldFox N9918A Rohde & Schwarz ZNB 20
Frequency range 30 kHz-26.5 GHz 100 kHz-20 GHz

Frequency accuracy ±0.7 ppm (spec) + ± 1 ppm/yr,
will not exceed ±3.5 ppm

±0.5 ppm (spec) + ± 1 ppm/yr

Extended power range (8 GHz) −15 dBm -30-12 dBm
OS Custom OS Windows

Measurement speed Reference 3-5× faster
Dynamic range (8 GHz) 95 dB (spec) >120 dB (spec)

Type Handheld Stationary VNA

TABLE 3.1: A list of relevant specifications of the VNAs employed in this thesis.

Without additional software, each measurement point, the S-parameters as a function of frequency at specific tem-
perature and magnetic field, has to be recorded manually with the corresponding VNAs. We developed Python based
scripts in order to improve and automatize the measurement procedure. The main features of mentioned programs are

• Establishing communication between the VNAs and the PC in the low temperature lab of the ICMAB.

• Allowing to remote-control the VNAs.

• Automatized measurement loop involving the tracking, measurement and saving of resonance curves.

• Real time visualization of loaded Q-value Ql and resonant frequency ν0 as a function of time and magnetic field
(R&S script).

A measurement script for the portable Keysight FieldFox N9918A, named DRΩMS, was written by members of the
project consortium. A user manual of the same name intended to assist users with its operation was created and can
be found in the consortium repository [79].
An additional Python program was developed for the Rohde & Schwarz ZNB 20 with the support of Dr. Bernat
Bozzo by me. It is based on a Github library created by a user called Terrabits and described as an instrument
control library for general purpose Rohde & Schwarz instruments, and in particular the vector network analyzer
[80]. Additional inspiration was taken from DRΩMS and the measurement procedures of the engineering department,
section of applied physics group in Roma Tre University. As compared to the DRΩMS software, we implemented the
possibility of magnetic field sweeps that can be measured three times faster with an eight times higher point density,
save and reliable data storage on the PPMS computer, instead of an external pen drive, and real time data plotting of
measureands, a feature especially useful for surface reactance measurements.
The file named ’vna_plotting_script.py’ starts the measurement loop and is saved on the computer of the PPMS II.

3.1.2 Dielectric Resonator

Different from non-resonant methods, known as a broadband technique, where information about electromagnetic
properties of materials over a frequency range can be obtained, a resonant method is used to get knowledge about the
permittivity, permeability or surface impedance of materials at one single or several discrete frequencies [54].
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In this thesis, we use a Hakki-Coleman type dielectric loaded resonator [81] with resonant frequency ν0(50K)≈ 8GHz
to measure the high-frequency response of the coated conductor samples at 10 K to 70 K and fields up to 9 T. It is
a transmission type resonating structure where samples under investigation replace the end walls of a well known
resonator cavity upon which the resonant frequency and quality factor of the resonator will be changed. Then, the
electromagnetic properties of the sample can be derived from the changes of the resonant frequency and quality factor
of the resonator [54].
The resonator was designed and optimized for operation at low temperatures and large magnetic fields by members of
the project consortium [82].
It consists of a 37mm long, hollow metallic cylinder with an outer diameter �resonator = 24mm, the dimensions have
been chosen in order to fit the cylinder into the cryostat bore. The actual cavity is of height h = 3mm and radius
a = 11mm which we load with a dielectric TiO2 rod of height h = 3mm and radius r = 2mm and terminate by two
12mm×12mm HTS sample squares on brass blocks. The elements are clamped together by CuBe springs forming a
cylinder cavity with the dielectric terminated axially by the specimen under investigation that can structurally sustain
material expansions and contractions in a wide cryogenic temperature range. Electromagnetic waves are guided into
the cavity and picked up by two laterally inserted coaxial cables with coupling loops at its end whose insertion length
is adjustable. On the basis of boundary conditions, the annular cavity geometry with h < 2.1 · r [54] allows for a TE011

working mode excitation with circular electric field line distribution (see Fig. 3.3 (c) or [83]) that drives currents
through the ab-planes of studied REBCO superconductors. We provide a scheme of the DR in Fig. 3.3 (a)-(b) and a
more detailed characterization of the resonator system is given in [82].

The defining quantities of a resonance are the resonant frequency ν0, the frequency at which induced electromag-
netic fields oscillate with greatest amplitude, and the unloaded quality factor or simply Q-factor Q0, a dimensionless
parameter representing the ratio between time-average stored energy W and energy loss per second Pr [74] with

Q0 =
ω0W

Pr
, (3.3)

where ω0 = 2πν0 is the angular resonant frequency. Energy dissipation occurs both in every conductive cavity surface
and the loaded dielectric volume so that the power Pr can be expressed as

Pr = ∑
i

Pc,i +Pd . (3.4)

Pc,i is the power loss arising from surface currents Js running through conductive surface Si of the cavity given by

Pc,i =
Rs,i

2

∫
Si

|Js|2 dS. (3.5)

Here, Rs,i corresponds to the surface resistance of conductive surface Si. The power dissipated in the dielectric volume
V can be expressed as

Pd =
ω0

2

∫
V

ε
′
ε0 tan(δ )|E|2 dV. (3.6)

In this equation, ε
′

is the real part of the permittivity of the dielectric ε = ε
′− iε

′′
, ε0 the vacuum permittivity, the loss

tangent of the dielectric material is defined as tan(δ ) = ε
′′

ε
′ and E is the electric field at resonance.

Plugging eq. (3.4) into the inverse of eq. (3.3) gives

1
Q0

=
∑i Pc,i +Pd

ω0W
= ∑

i

1
Qc,i

+
1

Qd
(3.7)
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FIGURE 3.3: (a) Cross section of resonator body with important components that constitute our reso-
nant system. Pressing the lids on the resonator body creates a rutile loaded cylinder cavity with samples
as endplates. (b) Top view of half assembled resonator with the TiO2 rod centered on a sample. (c)

Schematic field distribution of TE011 mode. Redrawn from [54].

and under consideration of eq. (3.5) and eq. (3.6) we get

1
Qc,i

=
Rs,i

∫
Si
|Js|2 dS

2ω0W
=

Rs,i

Gi
, (3.8)

where Gi =
2ω0W∫

Si
|Js|2 dS denotes the geometrical factor of the i-th surface and

1
Qd

=

∫
V ε

′
ε0 tan(δ )|E|2 dV

2W
= p tan(δ ), (3.9)

with p =
∫
V ε
′
ε0|E|2 dV
2W being the filling factor, respectively. Here we have to assume that the dielectric rod under test is

linear, isotropic, homogeneous, and nonmagnetic.
For a resonator coupled to external transmission lines, the so called loaded Q-factor Ql has to be considered with

1
Ql

=
1

Q0
+

1
Qex

=
1

Q0
(1+∑βi), (3.10)

where Q0 is the unloaded Q-factor, which takes only losses in the resonator into account and Qex is the Q-factor
corresponding to losses in the external transmission lines and coupling elements [74]. The external losses can be
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summarized in the coupling coefficients βi. In our two-port system with unequal coupling

β1 =
1−S11

S11 +S22
, (3.11)

β2 =
1−S22

S11 +S22
, (3.12)

S11 and S22 are the S-parameters measured at resonant frequency [84]. The magnitude of βi describes the coupling
between external circuit and resonator. At an over-coupling setup βi > 1, the energy dissipation in the transmission
lines is larger than in the cavity. βi = 1 describes a state with equal energy dissipation in the external circuit and
resonator and is denoted critical coupling. For βi < 1, we have an under-coupling state where the energy dissipation in
the external load is smaller than in the resonator [54]. Naturally, the determination of βi represents a source of errors,
so that an error optimized system features βi ∼ 0, hence, Ql ≈ Q0 [85]. Throughout this thesis, our resonator stayed
in the under-coupling regime with βi ≈ 0.1−0.8 for which Ql 6= Q0. A common technique to tune the coupling is the
variation of coupling loop insertion into the resonator [56].

For our specific case, of a metallic resonator body terminated by REBCO CC samples and loaded with a dielectric
disk, the unloaded quality factor Q0 relates to the losses within the resonator in the following way [82, 86] (compare
with eqs. (3.7)-(3.9))

1
Q0

=
RCC,1

s

GCC,1 +
RCC,2

s

GCC,2 +
Rm

s

Gm + p tanδ . (3.13)

The first three terms of the sum are losses caused by the exposed conductive surfaces within the cavity, where the
superscripts ’CC,1’, ’CC,2’ and ’m’ stand for the coated conductors terminating the cavity and metallic enclosure,
respectively. Because of rutile’s much higher relative permittivity1 ε

′
r(8GHz,50K) ≈ 111 than the one of the sur-

rounding medium, vacuum, the electromagnetic field is mainly focused in the dielectric. Thus, p ≈ 1 and we are
allowed to discard the contributions from the lateral metallic walls Rm

s
Gm ≈ 0. Given the high homogeneity of commer-

cially available coated conductors, we can assume top and bottle sample to be identical and write RCC,1
s

GCC,1 ≈ RCC,2
s

GCC,2 = RCC
s
G

to end up with

RCC
s (T,B) =

G
2
·
[

1
Q0(T,B)

− tanδ (T )
]
. (3.14)

The procedures for numerical and empirical determination of G are described in [82], whereas tan(δ )(T ) is adopted
from [87]. The numeric values used throughout this thesis are given as a function of temperature in appendix A. The
erros on the Rs values for the different CCs shown are estimated following a careful analysis of the error sources
(see the supplementary information of [14]). From this analysis we have determined that the error we commit in the
determination of the values of Rs for the different CC providers is at maximum 10%. Note that this error is dominated
by the non-homogeneity of the samples, i.e. by Q0, and the exact placement of the cylinder that changes from one
measurement to another.

In analogy to the surface resistance, the imaginary part of the surface impedance Zs = Rs + iXs can be extracted from
microwave measurements, too. The reactive response of a resonator reflects in the resonant frequency ν0 according to
[88],[86]:

−2
∆ν0

ν0,ref
=

∆XCC,1
s

GCC,1 +
∆XCC,2

s

GCC,2 +
∆Xm

s

Gm + p
∆ε ′r
ε ′r,ref

, (3.15)

where Xs is the surface reactance, ε ′r the real part of the relative dielectric permittivity. By ∆x we mean the difference

1The relative permittiviy is a dimensionless quantity defined by εr =
ε

ε0
= ε

′−iε
′′

ε0
= ε

′
r− iε

′′
r = ε

′
r(1− i tan(δ )).
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of a quantity from it’s reference value xref. Using the same approximations made already for the surface resistance, we
get

∆XCC
s (T,∆T,B,∆B) =−G

[
∆ν0(∆T,∆B)
ν0,ref(T,B)

+
p
2

∆ε ′r(∆T )
εr,ref(T )

]
. (3.16)

The uncertainty in the surface reactance is, in a first approximation, dominated by the non-homogeneity of the samples
and alignment uncertainties of the rutile disk and stays below 10 %.

3.1.3 Physical Properties Measurement System

In the context of large-field, high-frequency characterization of REBCO CCs, some essential elements of the PPMS
have to be explained2.

• Dewar: The dewar represents a special type of vacuum vessel used for storage of cryogens. The liquid-helium
bath is jacked by a primarily aluminium built outer flask that gets evacuated in order to minimize the heat
transfer with the environment.

• PPMS probe: The probe is composed of several concentric stainless steel tubes decorated with sophisticated
electronic components and immersed into the liquid-helium bath of the dewar. Major components of the probe
are the sample chamber (surrounded by a cooling annulus and several vacuum tubes) with sample space bore
diameter �≈ 25mm that limits the x-y dimensions of the resonator, temperature regulating impedance assem-
bly, and the superconducting solenoid NbTi 9 T magnet. The top part of the probe protrudes out of the dewar
and is referred to as the probe head. When the resonator, which hangs on coax cables, is introduced into the
sample space, the access port is sealed by clamping an O-ring between flanges of the PPMS probe head and the
transmission line fixture.

• Model controllers: The Model 6000 PPMS Controller is an integrated user interface that houses the electronics
and the gas-control valves for the PPMS. Gas valves and gas lines inside the Model 6000 are used to control
temperature. The Model 6700 Magnet Controller allows the control of the magnet.

Multivu, a software developed by Quantum Design, allows with the aid of the model controllers the adjustment of both
the temperature, it is homogeneous in a volume starting at the blind puck sitting on the pins of the sample chamber
and extending 10 cm higher, through considered liquid-helium flow into the cooling annulus, and of the magnetic
field which has its its center 5.4 cm above the sample puck. Set temperatures correspond to the one measured close
to the sample puck. An additional CERNOX thermometer was mounted within the resonating structure which allows
monitoring the thermal state of the samples under investigation, however, it is not used for temperature control because
of its high magnetoresistance. A full thermalization of the resonator, which means limiting the temperature drift to
∼ 10mK/15min3, takes approx. 2-3 h and an almost constant temperature offset of 7 K between thermometer at the
sample puck and thermometer at the resonator prevails in the range Treso = 20−70K.
The resonator is designed in such a way that, when sunken into the sample space of the PPMS probe, the bottom
mass touches the puck in order to establish better heat transfer. The length of the coaxial cables is adjusted so that
the resonating cavity resides approximately in the center of magnetic field. A schematic cross section of the resonator
inserted into the PPMS probe is given in Fig. 3.4. Inserting the DR into the PPMS probe, we are able to flexibly set up
specific temperatures and magnetic field densities with homogeneous distributions in the vicinity of the characterizing
twin samples in order to characterize the surface impedance of REBCO CCs at cryogenic temperatures and large
magnetic fields.

2Setup details are taken from the PPMS Hardware Manual [89].
3This temperature drift is only achievable for PPMS set temperatures T set

PPMS ≥ 23K. At lower temperatures, heat transfer provoked by the coax
cables prevents to reach such stable drift values.
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FIGURE 3.4: Cross section of bottom part of PPMS probe while housing the DR. Major components
are labeled. Inspired by drawing from [89].

3.1.4 Data treatment and setup conditions

Determination of Q-Factor and resonant frequency

In subsection 3.1.2, it has been demonstrated that the surface impedance Zs = Rs + iXs of samples under study reflects
itself in the measurable Q-factor Ql and resonant frequency ν0 of a resonating mode. To this end, it is essential to
establish a reliable and precise procedure for measurand determination.
Starting with the equation of motion of a simple resonator circuit, Laplace transforming it and solving for the trans-
fer function, one obtains with some approximations4 the complex transmission coefficient S21, the voltage ratio of
transmitted voltage to the incident voltage, as a function of frequency in ideal conditions as [85, 90, 91]

S21(ν) =
SM

1+2iQl
ν−ν0

ν0

, (3.17)

where SM = S21(ν0) corresponds to the point with maximum magnitude. For an undercoupled setup, β1 ∼ β2 � 1
[85], the modulus of eq. (3.17) gives

|S21(ν)|=
|SM|√

1+4Q2
l (

ν−ν0
ν0

)2
. (3.18)

This equation describes a Lorentzian bell with resonant frequency located at the maximum of the magnitude. In Fig.
3.5, we show the measured transmission coefficient magnitude |S21| offset by |SM| for a measured coated conductor
that clearly resembles a Lorentzian curve. The most straightforward and from a computational viewpoint most efficient
strategy to obtain Ql and ν0 is the−3.01 dB method [91]. It consists of linking the position of the peak maximum to ν0

and determining the bandwidth BW = ν0/Ql of the resonance curve, the distance between the half power ratio points,
in order to relate it to the loaded Q-Factor Ql . However, this method, relies on discrete points and ideal measurement
conditions which can give poor results in real experimental scenarios or small signal to noise ratios.

4A complete derivation can be found in [90].
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FIGURE 3.5: The magnitude of the transmission coefficient S21 in dB representation offset by its max-
imum value as a function of frequency of SuperOx APC coated conductor measured at 50 K without
applied field. The horizontal dashed line indicates −3.01 dB, the purple horizontal line gives the band-
width of the resonance curve BW and the dashed vertical line runs through the maximum value |SM |

and corresponds to the resonant frequency ν0.

In addition, this simple approach does not take non-idealities into account, that can arise at measurement conditions.
Two perturbations are the most common to occur. On the one hand, cross coupling (also known as cross talk) between
cables and coupling elements and on the other hand, phase delays because the coupling ports of the resonator do not
necessarily coincide with the plane of the measurement [56, 91] (which is usually tried to be minimized by calibrating
the transmission lines [92]). The so-called Fano resonance model considers both effects by adding a complex number
SX = ScR + iScX , representing cross talk, and a constant phase delay φ to the ideal Lorentz curve to yield [91]

S21(ν) =

(
SM

1+2iQl
ν−ν0

ν0

+SX

)
eiφ . (3.19)

The constant SX gives the ideal Lorentzian of |S21| an asymmetric shape, whereas the phase delay does not affect the
magnitude of S21 but its phase (remember S21 is a complex number). Fitting eq. (3.19) with six real fitting parameters
to the transmission parameter S21 in the complex plane following the least-squares Levenberg-Marquardt algorithm
[93, 94], referred here to as the complex fit model, is considered as the most accurate and precise technique, especially
at small signal to noise ratios [56, 91, 95].
A simplified fit to the magnitude of |S21| with the modulus of eq. (3.19), called the absolute fit model, offers itself
as a possible alternative. It was demonstrated in [56] that for Monte-Carlo simulated curves with Qnominal = 10000,
ν0,nominal = 15GHz, SX = 0.010+ i0.015 (this cross talk introduces considerable asymmetry into |S21| as seen in Fig.
1 within [85]) and φ = π/19 and signal to noise ratios SNR > 10 (see definition of SNR in [91]), the absolute fit and
complex fit model both yield |Q f it −Qnominal |/Q f it < 1% and |ν0, f it − ν0,nominal |/ν0, f it < 0.1ppm. Considering our
upper boundary error on Rs and Xs which amount 10%, the absolute fit model satisfies our accuracy and precision
demands excellently with the additional benefit of being faster and more computational cost efficient than the complex
fit. Thus, this method was chosen in this thesis for the reliable determination of Ql and ν0. We show the same data
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points from Fig. 3.5 fitted with the modulus of eq. (3.19) in Fig. 3.6.
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FIGURE 3.6: The modulus of the transmission coefficient S21, blue crosses, measured for SuperOx
APC CC at 50 K and without applied magnetic field together the modulus of eq. (3.19) used as a fit
function, purple line. The inset displays the converged fitting parameters. The small ScR and ScX are in

accordance with the symmetric shape of the Lorentzian.

The fit displays splendid accordance with the measurement data and a similar fitting quality for all other |S21| recorded
in this thesis.

Data acquisition

In the following we condensate all essential setup conditions for the acquirement of surface impedance data used
within this thesis in form of bullet points.

• RF-Power: The used RF power of −15 dBm translates to Hmax = 28.68A/m or 0.036 mT field in the cavity
[96]. We have previously demonstrated that this power corresponds to the linear regime for pristine coated
conductors as the measured surface resistance is mostly independent of the field amplitude [15]. A power
dependence study with larger RF-powers, close to the ones expected in the beam screen chamber of the FCC-
hh, was recently conducted within our consortium [71] but is outside of this thesis’ scope.

• Frequency span: It was shown in [56] that the frequency span of measured S-Parameters can have an impact on
the accuracy and precision of obtained Ql and ν0. A too narrow span disregards the full dynamic of resonance
curves, while wide frequency spans sacrifice point density that leads to poorer fits. Within our measurement
procedure, we fix the frequency span to be ten times the resonance curve’s bandwidth BW at the first measure-
ment point, i.e. at the beginning of a magnetic field sweep or a temperature sweep, and keep this frequency span
until the sweep finishes. In all cases, we choose 201 as the number of points for each S-Parameter sweep, in or-
der to establish a good compromise between measurement accuracy and speed. Alimenti simulated the relative
uncertainties of loaded Q-factor σQl ,r = σQl/Ql and relative uncertainty of resonant frequency σν0,r = σν0/Ql

as a function of frequency spans when fitting resonance curves that consists of 1600 simulation points and have
varying degrees of non-idealities with the absolute fit model [56]. He found an absolute minimum of σQl ,r when
choosing the frequency span to be about six times the resonance bandwidth BW and an absolute minimum for
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σν0,r when choosing the frequency span to be about four times the resonance bandwidth BW . Nevertheless,
varying the frequency span between 3 times and 10 times the resonance peak’s bandwidth BW changed σQl ,r by
only 0.03% and σν0,r by only 0.01%. Thus, the uncertainties we introduce by fixing frequency span to 10 ·BW

stay quite small and are irrelevant when assuming the upper error limit on the surface resistance and reactance
to be 10%, as mentioned above.

• Intermediate frequency bandwidth: The dynamic range of a VNA can be increased by lowering the band-
width of the digital intermediate frequency (IF) filter which suppresses the noise level around the measurement
frequency. However, the measurement time increases with smaller filter bandwidths. For small bandwidths, the
measurement time is governed by the filter settling time, which is inversely proportional to the bandwidth [75].
We set the intermediate frequency bandwidth (IFBW) of the VNA to 1 kHz for all acquired high frequency data
within this thesis. The Q-factor and resonant frequency acquired with IFBW = 1kHz deviate less than by 0.1 %
from the values acquired with IFBW = 0.1kHz for SuperOx CC at 70 K and 9 T. The mean acquisition time of
the four S-parameters S11,S21,S12 and S22 with IFBW = 1kHz amounts about 4.5 s.

• Calibration: Transmission lines, the part from the VNA ports to the cryostat (see calibration plane in Fig. 3.1)
are always subject to a calibration process before starting acquisition of S-parameters in order to minimize sys-
tematic and reproducible errors. For this, we set the frequency sweep range to 7.6 GHz to 8.1 GHz and execute
the TOSM (Through–Open–Short–Match) (see [75]) calibration with a ZN-Z135 calibration kit standard. Based
on this calibration, the derived error correction terms get intrapolated when limiting the frequency range to a
single resonance peak with span 10 ·BW .

• Field sweeps: The acquisition of Q-factor and resonant frequency as a function of magnetic field at fixed
temperatures is carried out with the following sequence. From 0 T, we start with sweeping up the magnetic field
to a desired magnetic field Hdes.. Then, we sweep the magnetic field from desired magnetic field Hdes. back to
0 T. The sweep up and sweep down magnetic field branches correspond to a sample in zero-field cooled state
and field cooled state, respectively. Finally, in order to minimize the effect of trapped fields, the superconducting
external field magnet is demagnetized, i.e. the magnet is set to−1 T and subsequently to 0 T in oscillating mode.
A typical magnetic field profile of a surface impedance field sweep, as described here, is shown in Fig. 3.7. The
magnetic field is always applied normal to the sample substrate and ramped with 180Oe/s.

FIGURE 3.7: Shown is the applied magnetic field as a function of time corresponding to a field sweep
experiment at fixed temperatures for surface impedance data acquisition. The sequence of the applied
magnetic field is the following. First, we ramp the magnetic field up from 0 T to a desired magnetic
field, here 9 T,(blue line). Second, we ramp down the magnetic field from the desired magnetic field

back to zero field (red line). Finally, a demagnetization process is executed (yellow line).
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3.2 Magnetometers

We perform non-invasive induction measurements of CCs under study using two different magnetometers. In par-
ticular, with the Quantum Design Magnetic Property Measurement System (MPMS) XL-7 SQUID DC and with the
Vibrating Sample Magnetometer (VSM) option for the PPMS.

3.2.1 MPMS XL-7 SQUID DC magnetometer

The MPMS is as a family of analytical instruments to measure magnetic properties of small samples over a broad
range of temperatures and magnetic fields [97]. Main components are a vacuum cryostat allowing stable experimental
temperatures in a range 1.8−400K, a superconducting magnetic reaching fields up to 7 T, a motion control system to
move the sample and a second-order gradiometer with superconducting pick-up coils coupled to a direct current Su-
perconducting Quantum Interference Device (SQUID) that handle the extremely sensitive magnetic moment reading.
The sample under investigation is mounted perpendicular to the applied magnetic field and moved during operation
along the superconducting pickup coils, inducing currents ∆I = ∆Φ/L, where ∆I is the current induced by the flux
change ∆Φ and L is the circuit’s inductance [98]. It is important to note that the induced current is independent of
the rate of flux change, thus samples can be moved arbitrarily slowly without performance degradation. The signal
is amplified by the SQUID sensor which serves a very high sensitive current-to-voltage converter. With the proper
magnetic shielding this system allows to resolve magnetic moments as low as 1×10−8 emu even at 7 T applied field
[98].
The data was recorded using the Reciprocating Sample Option (RSO). In this type of measurement, the sample is
displaced periodically around a reference position within the coils which results in an oscillating current profile. The
frequency of the sample movement is set to 4 Hz and one measurement point is an average over 25 cycles.

3.2.2 Vibrating Sample Magnetometer option

The Vibrating Sample Magnetometer option is a modular expansion that is fully compatible with the PPMS. It primar-
ily consists of a VSM linear motor transport (head) responsible for vertical sample translations, pick-up coils arranged
in a first-order gradiometer within a puck for magnetic moment detection and corresponding electronics [99]. Within
the gradiometer pick-up coil samples are vibrated typically with 2 mm amplitude at 40 Hz. The changing magnetic
flux will induce a voltage drop in the coils according to Faraday’s law of induction

Vcoil =−
dΦ

dt
=−

(
dΦ

dz

)(
dz
dt

)
, (3.20)

with Φ the magnetic flux within the pick-coil, z the displacement from a reference position and t the time. For a sinu-
soidal sample movement, the coil voltage is proportional to a calibration constant C, the amplitude of the oscillation
A, its angular frequency ω and the magnetic moment of the sample m, thus

Vcoil =CAωm · sin(ωt). (3.21)

The output of the pick-up coil is amplified and lock-in detected with a VSM detection module. This reading tech-
nique leads with the large bore coilset, which is used throughout this thesis, to a magnetic moment sensitivity of
1.5×10−6 emu. Being compatible with the PPMS, the VSM option allows fast and sensitive measurements of the
sample magnetization in conditions realizable within the PPMS, i.e. in a temperature range 1.8-400 K and up to mag-
netic fields of 9 T. In addition, the higher oscillation frequency as compared to the SQUID allows for faster acquisition
of magnetic moments and thus reduces the effect of thermally induced magnetic flux creep.



3.2. Magnetometers 39

3.2.3 Typical magnetization measurements

Magnetization loops

In Fig 3.8, we present a full magnetization loop of a SuperPower CC sample acquired at 20 K with the VSM option of
the PPMS. In this specific case, the following five magnetic branches (I-V) are measured.

• Branch I: Magnetic field sweep from 0 T to maximum positive field 9 T.

• Branch II: From 9 T gradual removal of magnetic field.

• Branch III: Magnetic field sweep from 0 T to maximum negative field −9 T.

• Branch IV: From −9 T gradual removal of magnetic field.

• Branch V: Magnetic field sweep from 0 T to field > 2H
′
.

Following Bean’s critical state model, we can calculate the critical current Ic of a rectangular slab with width w, length
l and thickness t from its fully saturated magnetization loop width ∆µ(H) = µ

+
sat(H)− µ

−
sat(H), where µ

+
sat(H) and

µ
−
sat(H) are the positive and negative branch of the magnetic moment, respectively, according to [100]

Ic(T,H) = wt
∆µ(T,H)

w(1− w
3l )

. (3.22)

Note that paramagnetic contributions from the CC substrate to the magnetization curves are cancelled out in the
determination of ∆µ and leave Jc(H) unaffected. All magnetic moment loops presented in the thesis are recorded with
the VSM option of the PPMS.

FIGURE 3.8: Magnetization measurements of a SuperPower CC acquired with introduced magnetome-
ters. (a) Shown is a full magnetization loop recorded at 20 K with the VSM option. The greek numbers
(I-V) refer to the sequential order with which the branches are generated. Orange points connected by
orange line highlight the width of the magnetization loop at −1 T. (b) Normalized magnetization of
sample in Meissner state as a function of temperature. The sample is zero-field cooled to 70 K, a small
magnetic field 0.2 mT is applied that renders the sample into the Meissner state, and finally warmed up
with 0.5 K/min. The onset of magnetization marks the critical temperature Tc (orange point), the transi-
tion width ∆Tc (orange line) can be deduced from the distance between the cross sections of µ = 0.9µ0

and µ = 0.1µ0 with the magnetization curve. Experiment was carried out with a SQUID.
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Diamagnetic response

In order to measure the critical temperature Tc and its transition width ∆Tc of a superconducting film with macroscopic
dimensions, the sample under investigation is zero-field cooled. Once the starting temperature is reached, an extremely
small magnetic field 0.2 mT is applied that provokes the superconductor to fully shield its interior from the external
field, i.e. enter the Meissner state. During warming the sample with 0.5 K/min, the magnetic moment of the sample is
measured. Since the superconductor turns above Tc into its normal state and looses its diamagnetic signal, we define
Tc as the temperature at which the magnetization has its onset. The transition width ∆Tc is here defined as the distance
between the temperatures at which the magnetic moment drops to 90% and 10% of its extrapolated value at 0 K µ0.
An exemplary measurement corresponding to SuperPower CC is presented in 3.8 (b).

3.3 DC-transport characterization

3.3.1 Experimental means

We employed the PPMS in order to perform electric transport measurements. As already introduced in subsection
3.1.3, a 9 T superconducting magnet and a helium cryostat, which allows for accurate temperature control between
1.8 K and 400 K, are part of the device. For electrical sample characterization, the system includes a nano-voltmeter
and a dc/ac current source that can provide currents as low as 1µA and as high as 2 A with a 0.1µA resolution.
When attaching the CC sample, precautions are taken. Due to the conducting metallic substrate, two squares of sticker
paper are placed between sample and a metallic gold covered puck with the purpose to cut electrical contact. Thermal
conduction is optimized by applying GE varnish to the sample bottom. Connecting the sample electrically with the
puck is realized by means of silver wires with diameter � = 50µm that are attached to the contact pads with Ag
conductive paint. A photograph through the lense of a magnifying glass shows a prepared sample puck in Fig. 3.9.

FIGURE 3.9: Top view of a contacted CC sample with well defined bridges attached to sample puck
for electrical resistance characterization. Photograph taken through lens of magnifying glass.

As a reference for the set temperature, a thermometer is mounted right below the puck in the sample chamber of the
PPMS probe.

3.3.2 Sample configuration

We carried out electrical resistance characterization of REBCO CCs samples in two main configurations, either on
pattered samples with well defined bridges or in Van der Pauw geometry. Both techniques are based on 4-point
probing to rule out resistance contributions from contacts and leads, and yield equivalent results. In the following, we
provide some background to the corresponding configurations.
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Patterned bridges

For a material with uniform and known length l, width w and thickness t, the electrical resistivity ρ can be derived
from a measured point-point resistance R according to

ρ =
wt
l

R, (3.23)

which goes back to G. S. Ohm and his electrical circuit experiments where he discovered the relation between elec-
tromotive force, current and resistance in the early nineteenth century [101]. Because of REBCO’s enormous current-
carrying capabilities, films are usually manipulated into narrow bridges containing structures when faced with electri-
cal pinning properties measurements. A smaller material cross section allows for smaller characterizing currents and
hence, minimizes the effect of Joule heating. Although IV -curves measurements (see [36, 44, 48] for group internal
work on this) for determination of Jc are outside of this thesis’ focus, we processed samples with photolithography
into structures with ∼ 10− 100µm wide bridges that are fit for future IV−curves studies. These samples allow also
for determination of electrical resistivity according to eq. (3.23) whose realization steps are going to be reported in
the following.
The starting point is always a CC cut into a square shape (side lengths depend on the size of the mask and range
between 5−8µm). We begin with explaining the procedure that corresponds to a naked CC, i.e. a CC stripped off its
Ag and Cu layers as provided by some manufacturers. Illustrations of processing steps that support the protocol are
given in Fig. 3.10.
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FIGURE 3.10: Illustrations of sample stages when running through process steps that yield a completed
electrical circuit for low temperature transport characterization of REBCO. Details are provided in the

text.
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1. Creating micro mask for contacts: The film is first cleaned with acetone in a ultrasonic bath to get rid of
organic and ionic impurities (see Fig. 3.10 (a)). Next step is spin-coating the sample with a positive photoresist,
Microposit(TM) Shipley 1813 (TM), at a = 5000rpm/s and v = 12500rpm for 25 s in order to homogenize the
resist thickness to ≈ 1µm. Subsequently, the CC is placed on a hot plate kept at 95 ◦C during 60 s to remove
organic solvents from the resist, known as curing (see Fig. 3.10 (b)). In a micro-writer by Durham Magneto
Optics Ltd., as can be found in the Nanoquim clean room facility, the sample is aligned with a designed mask
whose pattern is intended to get transferred to the resist. Then a 385 nm laser light-source operating at spatial
resolution 1− 5µm, illuminates the photosensitive resist through the mask. Stirring the exposed mask in a
developer solution (Microposit MF 319) for 45 s removes the activated areas of the photoresist (see Fig. 3.10
(c)).

2. Contact preparation: Silver deposition takes place in a TSST sputter system, again part of the Nanoquim
clean room facility. The masked specimen is passed through a load-lock into the vacuum chamber where a
300-500 nm thick Ag layer is sputtered on the sample (see Fig. 3.10 (d)). During deposition a 0.1 mbar argon
atmosphere and 350-400 V voltage between target and sample holder are kept. Areas where the silver is not
intended to stay get removed in the lift-off process. The sample is cleaned with acetone in a ultrasonic bath
during few seconds which carries away all the Ag sitting on resist, leaving behind the Ag deposited directly on
the REBCO surface (see Fig. 3.10 (e)). In order to minimize Joule heating during electrical characterization
at low temperatures, low contact resistance or interface resistance between the silver and superconductor are
desired. To this end, the sample undergoes thermal treatment inside a quartz tube in a tubular furnace at 450 ◦C
for 1 h in 0.12 L/min oxygen flow. The exact temperature profile is given in Fig. 3.11. At this annealing
conditions only small modifications to the micostructure are expected [102].
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FIGURE 3.11: Thermal profile of Ag contacts annealing process.

3. Patterning bridges: In a second photoresist work, a new mask is created. This time with a pattern that outlines
the entire electrical circuit, i.e. narrowed REBCO bridges, REBCO contact leads and the Ag contacts itself
(see Fig. 3.10 (g)). The procedure runs analogously to the descriptions given earlier. Once the new mask is
developed, one final step remains: the etching of excess REBCO in water diluted H3PO4. All REBCO which is
unprotected by the photoresist is etched away transferring the micropattern of the resist to the sample (see Fig.
3.10 (h)). A common problem to occur with wet etching techniques is the over-etching. It is the undeliberate
thinning of the REBCO bridges beyond the nominal values owing to the acid leaking below the photoresist and
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attacking there the superconductor. This effect can be minimized by using solutions with moderate etching rates.
We found freshly prepared 1:20 H3PO4:H2O save to use as it has an etching rate of about 5nm/s. Finally the
residual photoresist can be removed with acetone. An example of a patterned sample is shown schematically in
Fig. (see Fig. 3.10 (h)) and through a microscope in Fig. 3.12.

FIGURE 3.12: Optical microscope image of CC after deposition of Ag contacts (shiny yellow) and
processing the REBCO (dark grey) into well defined bridges and contact leads. The greenish area are
exposed buffer layer which usually lie below the REBCO. The current and voltage labels represent the
correct contacting for a 4-point resistance measurement of the first bridge. Shown sample is based on a

SuperOx CC.

CC manufacturer have some flexibility in which form they provide their CCs. Typical types are naked CCs, i.e. no
Ag and Cu capping, or CCs with either Ag or Ag+Cu deposited on REBCO. Using Ag terminated CCs for electrical
transport characterization can be advantageous with regard to the sample preparation. Silver employed by the providers
serves as a catalyst for oxygen transfer during the oxygenation process carried out with a temperature profile that yields
extremely low contact resistances. The possibility of exploiting the Ag deposited by manufacturer as electrical contacts
would save us the sputtering process and thermal treatment associated to the Ag annealing.
To this end, we developed a completely top-down micropatterning routine that starts with an Ag covered CC and yields
a sample ready for electrical transport measurements. Fig. 3.13 illustrates the most relevant stages during the sample
processing.

1. Patterning bridges: Since silver is already present in the stack of layers (see Fig. 3.13 (a)), the first pho-
tolithography measure is drawing the outline of the finished electrical circuit onto hardened photoresist. Once
the mask is developed (see Fig. 3.13 (c)), the unprotected Ag is etched with a solution of 1:1:x NH3:H2O2:H2O,
with x = 4− 20 controlling the reaction violence. The now exposed REBCO (see Fig. 3.13 (d)) is in turn wet
etched, too. Here, special care has to be taken, due to risk of over-etching. After removing the resist, the pattern
of the photolithography mask is transferred to the Ag+REBCO layers (see Fig. 3.13 (f)).

2. Removing residual silver: The next step targets the elimination of the Ag shunt above the REBCO bridges.
Engaging with micropatterning, a new mask is created that covers only the contact areas (see Fig. 3.13 (h)).
Exposed silver is then etched away with described solution (see Fig. 3.13 (i)). The processing has finished after
dissolving the resist in acetone (see Fig. 3.13 (j)).

Van der Pauw method

In 1958, J. L. van der Pauw addressed the issue of labor-intensive preparation of samples into specific forms (bar or
bridge) before an electrical sample characterization was possible. In his report, he elaborated on a theorem, the Van
der Pauw method, that allows the measurement of the specific resistivity and Hall effect of conducting discs with
arbitrary shape [103]. The proposed theorem applies for conducting samples that fulfill four conditions.
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FIGURE 3.13: Illustrations of sample stages when running through process steps starting with an Ag
coated CC and ending up with a completed electrical circuit for low temperature transport characteri-

zation of REBCO. Details are provided in the text.

1. The contacts are placed on the sample edges.

2. The contacts are sufficiently small. It can be shown that a finite contact size with diameter d introduces an error
on the calculated specific resistivity according to σρ/ρ ∼ d2/D2, where D is the sample diameter [103].

3. The sample must not exhibit isolated holes.

4. The sample exhibit a homogeneous film thickness.

Having an eligible sample, it is possible to calculate the specific resistivity ρ , as a function of two measured resistances
RAB,CD and RBC,DA and film thickness t according to

ρ =
π · t
ln2

RAB,CD +RBC,DA

2
f (

RAB,CD

RBC,DA
). (3.24)
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The first two indices of the resistance quantity define the contacts between which the current is applied and the second
two between which the voltage is read. In particular, we have

RAB,CD =
VD−VC

IAB
, (3.25)

RBC,DA =
VA−VD

IBC
. (3.26)

The correction factor f (RAB,CD
RBC,DA

) is calculated by solving

cosh(
RAB,CD/RBC,DA−1
RAB,CD/RBC,DA +1

ln2
f
) =

1
2

exp
ln2

f
(3.27)

and is a function of the resistance ratio which starts at one for RAB,CD
RBC,DA

= 1 and decreases towards zero for RAB,CD
RBC,DA

> 1
[103]. For in this thesis presented data, f usually stays within less than 1 % close to 1. We display a scheme of samples
in van der Pauw geometry in Fig. 3.14.
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FIGURE 3.14: Schematic representation of samples in van der Pauw geometry with contacts A,B,C
and D. Source and voltmeter are applied to measure RAB,CD. (a) A sample of arbitrary shape. (b) A

squared samples as used for resistivity characterization in this thesis.

For characterization with the Van der Pauw method, CCs are cut into approx 5× 5mm2 pieces. A photoresist mask
designed to define the area and location of the contacts is deposited on to the sample. By means of DC-magnetron
sputtering, we cover the masked CC with a thin layer (approx. 300 nm) of Ag. Cleaning the sample with acetone, the
photoresist dissolves and removes all the unintentional Ag from the surface, leaving only well defined contacts behind.
Here, the contacts are chosen to be 0.5× 0.5mm2 in area and placed into the sample corners keeping a distance of
300µm from the edges. Prepared samples resemble schematically the illustration in Fig. 3.14 (b).
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Chapter 4

Architectures and superconducting
properties of REBCO coated conductors

Nowadays, a wide variety of second generation coated conductors produced in large scales (several thousands of km
per year [104, 105]) are available on the market. In attempts to unlock the huge potential of REBCO, the industry has
diversified and matured the CC technology immensely by developing different REBCO tape architectures and efficient
production plants [106]. Growth process tuning and quality control tools gave rise to a new discipline for material
scientists in this sector: microstructure engineering of the superconductor. Depending on the targeted application,
suppliers grow either highly ordered, rather clean HTS for optimized operation at zero field and high temperatures or
trigger imperfections like normal-conducting precipitations [107], dislocations [108] and/or add non-superconducting
particles to introduce nanoscale defects into the REBCO matrix. Latter are known as artificial pinnning centers (APCs)
and reduce vortex mobility which improves performance at high magnetic fields [109]. The richness in available
applications for REBCO CCs, power cables, rotating machines, high-field magnets (to name a few), propagates to
the variety in optimal microstructures. However, the contextualization of REBCO CCs in the realm of microwave
applications is new and thus, marks the field where the potential for microstructure optimization is still untapped.
This fact incites the motivation to study a range of different CCs as potential beam screen coating. A goal of this
thesis is to identify the most beneficial defects and propose a microstructure optimization recipe to the suppliers
targeting this specific application at high frequencies. This chapter builds the foundation of our aim by studying the
superconducting properties in DC regime demonstrating links to REBCO microstructure. Moreover, the DC properties
of studied superconductors are examined in terms of possible operation in the FCC-hh beam screen chamber. They
have to guarantee lossless operation despite challenging conditions. This aspect will be investigated, too.

Six industrial providers, Bruker HTS GmbH, Fujikura Ltd., SuNAM Co. Ltd., SuperOx, SuperPower Inc. and THEVA
Dünnschichttechnik GmbH, participate with eight CCs in this work.
The first gatekeepers to check the compatibility of CCs with the beam screen chamber are the envisioned 25 A image
currents induced by proton brunches at 16 T dipole field and 50 K operation temperature within the FCC-hh. These
represent extreme conditions for the superconductor to sustain the superconducting state and implicitly, the potential
advantages over copper. In order to generate lucidity, we characterize the classical superconducting properties of the
REBCO layers. First, we extract material specific resistivities, critical temperatures and irreversibility fields with self
and in-field resistance versus temperature measurements as shown in section 4.2. Second, we calculate the critical
current density as a function of magnetic field up to 9 T at several cryogenic temperatures by means of inductive
measurements in section 4.3. Besides testing for maximum current carrying capability, we will draw links between
microstructure and in-field behavior of the CCs by fitting the Jc(H) curves. Generated conclusions on the interplay
between microstructure and superconducting properties in DC regime will be picked up in the next chapter, where we
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analyze the high frequency properties of REBCO CCs under study.

Before jumping to the electrical characterization, we start by introducing the CCs’ architectures and growth methods
that carry implications for the microstructures in section 4.1.

4.1 Architectures of studied REBCO CCs

The eight CCs studied within this thesis are provided by six different manufacturer, that produce pieces of hundreds
of meters length [110] with industrial throughput [106]. The corresponding characterizing key parameters and tape
architectures are listed in table 4.1. The relevance of given characteristics is broken down in the following.

Samples REBCO
layer

Artificial
pinning centers

Growth techn. Buffer Substr.

Bruker
[111, 112]

YBCO
(1.6µm)

BZO
nanorods

PLD Y-stabil. Zr (2µm)/
CeO2 (70 nm)

Stain. steel
(100µm)

Fujikura
[113]

GdBCO
(1.8µm)

- PLD Al2O3/Y2O3/MgO/
CeO2 (700 nm)

Hastelloy
(75µm)

Fujikura APC
[114]

EuBCO
(2.5µm)

BHO
nanorods

PLD Al2O3/Y2O3/MgO/
CeO2 (700 nm)

Hastelloy
(50µm)

SuNAM
[115, 116]

GdBCO
(1.5µm)

- RCE-DR Al2O3(40 nm)/Y2O3(7 nm)/
MgO(10 nm)/MgO(20 nm)/
LMO(20 nm)

Hastelloy
(100µm)

SuperOx
[117, 118]

GdBCO
(0.9µm)

- PLD Al2O3(50 nm)/Y2O3(40 nm)/
MgO(6 nm)/LMO(40 nm)/
CeO2(150 nm)

Hastelloy
(60µm)

SuperOx 2
[104]

YBCO
(3µm)

Y2O3
nanoparticl.

PLD Al2O3(40 nm)/Y2O3(7.5 nm)/
MgO(6 nm)/MgO(100 nm)/
LMO(40 nm)

Hastelloy
(40µm)

SuperPower
[119, 120]

[Gd,Y]BCO
(1.3µm)

BZO
nanorods

MOCVD MgO(10 nm)/MgO(30 nm)/
LMO (30 nm)

Hastelloy
(50µm)

Theva
[121–123]

GdBCO
(up to 2.8µm)

- EB-PVD ISD MgO(2.5µm)/
MgO(300 nm)

Hastelloy
(100µm/
50µm)

TABLE 4.1: Characterizing parameters and stack architectures of analyzed CCs.

The choice of rare-earth element sets the upper limit of achievable critical temperature Tc and can have an impact of
the irreversibility field. The REBCO film thickness, determined with a profilometer for samples with etched steps,
scales the expected current carrying capabilities and magnetic moments of magnetized samples given a Jc.

The artificial pinning centers can constitute an important part of REBCO’s microstructure. They represent non-
superconducting phases which are deliberately added to the initial REBCO composition in order to achieve better
vortex pinning. The non-superconducting phases, here for example, the perovskites BaZrO3 (BZO) and BaHfO3

(BHO) or the Y2O3, which belong to the phase diagram of YBCO, are used. They have to be of diameter ≈ ξ in order
to offer vortex immobilization. Their distribution is homogeneous and the average distance among them is 10-30nm.
This nanotechnology is especially applied for CCs which target operation in high magnetic field applications [46].

One of the main determinants for the type of grown REBCO microstructure is the growth technique. It relates to
the degree of supersaturation during the film growth, growth kinetics and direction [17]. Pulsed laser deposition
(PLD) [124] favors with high deposition rates an abundance of very mobile atoms and thus, high supersaturation
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levels. It yields high nucleation rates, fine crystallites and strong drive for vertical growth. Defect hallmarks are
2D grain boundaries and optionally, APCs through the addition of non-stochiometric functional oxides in the growth
process resulting in columnar rods [125] and randomly distributed 3D particles [126]. These APCs can be grown
heteroepitaxially with REBCO [127]. The defect density of associated films is very large and operation best suited to
in-field applications.
Theva produces their HTS tapes by a electron-beam physical vapor deposition (EB-PVD) technique in the so-called
inclined substrate deposition (ISD) geometry. Importantly, the first MgO buffer layer is thermally evaporated and
reactively grown on a Hastelloy substrate that is tilted by 25-30 ◦ with respect to the incoming MgO vapour [128].
Due to shadowing effects, only MgO grains with good in-plane alignment and a distinct surface angle survive leaving
a terraced surface [129]. An additional thin MgO layer, deposited in normal incidence, homogenizes the surface for
subsequent GdBCO growth. GdBCO nucleates on the inclined (200) MgO plane which features a c-axis inclined
by roughly 27 ◦ to the substrate normal and lateral overgrowth of secondary phases or misoriented grains, due to the
staircase structure of the ISD MgO layer resulting in very high active HTS thicknesses [122]. Growth on staircase
MgO terraces limits the grain sizes of the HTS to the size of the terraces which is in the order of 200 nm [129].
Although, physical vapor deposition is linked to high to moderate supersaturation growth, characteristics of associated
microstructures are superimposed by the mentioned features typical for ISD.
MOCVD, short for metal-organic chemical vapour deposition, uses a precursor gas mixture which undergoes pyrolysis
before it is injected through showerheads on hot substrates. Multizone showerheads with each zone plumbed to
different precursor composition allows continuous time and spatial variation of the film composition [130]. The
growth is associated to moderate supersaturation and the same defect types occur as found for PLD growth but with a
lower density [17].
Reactive co-evaporation deposition and reaction (RCE-DR) [115, 131] counts as a low supersaturation method. First,
amorphous precursor films are co-evaporated with an e-gun at low temperatures under low oxygen pressure. The
second step consists of a ex-situ reaction to transform the precursor film via a liquid reaction into REBCO under
elevated temperatures and high oxygen pressure. With an off-stoichiometric composition, precipitations of secondary
phases can be triggered. Owing to the low supersaturation and the 2D-like REBCO growth, uncorrelated defects like
randomly distributed 0D point-like defects and big 3D nanoparticles prevail instead of columnar defects [17]. These
samples with overall lower defect densities exceed at high temperatures and low fields operation.
We show in Fig. 4.1 a visual representation of the typical microstructural features corresponding to the growth methods
as reported in [17].

In addition, the processing method serves also as an indicator for production pricing since the costs associated with
vacuum and laser equipment or operation are considered to be higher than chemical methods.

Each layer of the buffer layers fulfills a specific function, e.g. passivation, planarization and texturing. The buffer
layer sequence given in table 4.1 begins with layer closest to substrate and ends with layer closest to REBCO. For
the specific case of characterizing the bottom surface of REBCO in the context of CC assembly to metallic surfaces
for high-frequency applications, see chapter 6, the type of used buffer layers becomes relevant from a microwave
performance viewpoint.

The last characteristic we provide is the substrate and its thickness. The limitations of substrates are governed by the
necessity for biaxially textured REBCO growth compatibility. The substrate thickness is another important parameter.
The superconducting performance Jc is often normalized by the total CC thickness to give rise to the engineering
critical current density Je that reflects the achievable power density of devices consisting of several stacked CCs.
Consequently, thinner substrates can reduce the costs of CC based devices because of its higher Je. This factor has led
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FIGURE 4.1: A schematic linking of growth method to typically generated REBCO microstructure.
Upon increase of supersaturation, the amount of correlated pinning centers rises (2D grain boundaries
and potentially 1D nanorods), i.e. the disorder. On the one hand, it might cause current blocking, but on
the other hand, more defects are available for vortex pinning. The amount, dimension and distribution
of generated defects can be tuned within each growth method. For example, Fujikura provides one CC
with BHO nanorods (denoted Fujikura APC) and one CC without any APCs (denoted simply Fujikura),
although both CCs are grown with PLD. A similar case is made for SuperOx who grow their CC with
PLD, too. One type of their CC has small and randomly distributed Y2O3 nanoparticles acting as APCs
(named SuperOx 2), their other CC type does not employ any APCs (denoted simply SuperOx). Note
that rather big 3D nanoparticles, for example secondary phases, can emerge natively during growth (see

SuNAM or Theva) and hence, are not considered as APCs. Visualization inspired by [17].

to substrate thickness reduction initiatives within the community [132].

4.2 Characterization of electrical properties from resistance measurements

4.2.1 Resistivity and critical temperature

An integral part of superconducting property characterization resides in electrical resistance measurements. At zero-
applied field, one can extract the resistivity curve ρ(T ), the critical temperature Tc as well as its transition width ∆Tc.
All three are control parameters for the film quality and outline the maximum operation temperature for superconduc-
tivity applications without applied magnetic field.
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We present the electrical ab-plane resistivities ρ1 as a function of temperature at zero applied magnetic field for all
studied CCs in Fig. 4.2 (a).
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FIGURE 4.2: Characterization of transport properties based on electrical resistance measurements. (a)
The resistivity ρ as a function of temperature at zero applied field for all studied CCs. The normal-
state resistivity below the superconducting transition is extrapolated from linearly fitting the decrease
in ρ(T ) within the temperature range 105 K-285 K and is displayed as dashed lines. (b) Zoom into
the superconducting transition. The differences in Tc and ∆Tc among the samples are well appreciable.

Both figures share the same legend and the right ordinate corresponds to Theva 120.

In the normal-state, so for temperatures above Tc, the resistivity follows a linear, metal-like behavior as observed
for optimally doped YBCO samples [133, 134]. In order to acquire normal-state resistivity for temperatures below Tc,
which will become important in chapter 5, we fit the linear resistivity behavior between 105 K and 285 K to describe
the normal-state resistivity according to

ρn(T ) = c ·T +ρ0, (4.1)

where ρ0 represents the resistivity at absolute zero temperature and c the resistivity slope.
The normal-state resistivities vary considerably among the CCs and represent electronic scattering with different defect
landscapes [135] and hole doping states of REBCO [133]. Although the introduction of APCs to the superconductor
causes defects in the REBCO matrix, it does not necessarily govern the measured resistivity as visible for two tapes
that incorporate both APC nanorods. Fujikura APC marks the second highest ρ(300K), while SuperPower displays
the lowest ρ(300K). This trend remains valid down to temperatures below Tc as visible in the linearly extrapolated
normal-state resistivity shown in Fig. 4.2 (a). Hence, the differences in ρ(T ) cannot be exclusively ascribed to the
introduction of APC but depend on the electron scattering with the overall microstructure, crystallinity and doping
state of the sample.
Presented data is in accordance with previously reported values for high crystalline quality, close to optimally doped
YBCO [133, 136]. With the exceedingly high normal-state resistivity, the CC by Theva presents an exception. The
c-axis of this REBCO tape is tilted by 27 degrees with respect to the substrate normal, transversely to the tape length
[122]. For this sample the resistivity was measured in Van der Pauw geometry (see paragraph 3.3.2), so current flow
was driven both within ab-planes and along the c-axis. Owing to the intrinsic electronic mass anisotropy of REBCO,
electrons flowing along the c-axis have a higher effective mass than those flowing along the ab-planes which explains
the increased resistivity [14]. We should note that the electric field distribution of the TE011 mode in our DR gives rise
to analogous inter ab-planes current flow for Theva samples.

1Calculated according to eq. (3.23) and eq. (3.24).
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A zoom into the superconducting transition is displayed in Fig. 4.2 (b). We determine both the critical temperature Tc

and the superconducting transition width ∆Tc from ρ(T ), taking into account the temperature gradient dρ

dT . Tc follows
the maximum derivation criterion, as described in [137], and ∆Tc is extracted from the derivation peak’s full width at
half maximum. As way of example, we visually demonstrate the determination method of Tc and ∆Tc for SuperOx 2
CC in Fig. 4.3. An overview of the calculated Tc and ∆Tc can be found in table 4.2.
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FIGURE 4.3: Visual demonstration of how we determine Tc and ∆Tc from ρ(T ). Shown data corre-
sponds to SuperOx 2.

The transition temperature lies for all CCs, as expected, around 90 K. Referencing the envisioned 50 K beam screen
operation temperature, the high critical temperature of REBCO CCs towers above the required threshold and entitles
this material class as a natural beam screen coating option. Not of highest relevance for the FCC-hh but interesting
from a scientific standpoint, the transition temperature between studied CCs vary by more than 7 K. This large spread
in Tc suggests that some providers have optimized their CCs for specific applications in a way where sacrifices in Tc

have been taken to gain in other quantities.
As a highly correlated electron system, REBCO’s complex phase diagram is spanned by the temperature T and doping
level p (which is controlled by the oxygen deficiency δ ) [51]. The phase diagram shows that superconductivity occurs
for a narrow range of p in which Tc follows approximately a dome shape whose maximum marks the optimally doped
state. The two shoulders correspond to the under- and overdoped region of superconductivity. As an extension of
this, the choice of employed rare-earth affects Tc, too. It is reported that for slightly overdoped samples, increasing the
ionic radius of the rare-earth causes strain-induced charge redistribution between the charge reservoir and the transport
carrying CuO2 planes resulting in lower charge carrier density n and an increase of Tc [138].
In agreement with it, we measure Tc < 91K for Y (smallest ionic radius) based CCs, for SuperPower with Y-Gd mixed
rare-earth Tc = 91K and for Gd or Eu (largest ionic radii) based CC Tc > 91K.
The transition width ∆Tc is for all CCs quite sharp and ranges between 3 K and 1.1 K. Small ∆Tc, below 2 K, point
usually towards close to optimal oxygenation and/or high film homogeneity [40].
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4.2.2 The irreversibility line

Resistance versus temperature characterization with applied magnetic field, where now the penetration of vortices
into the specimen governs the superconducting state, allows a determination of the irreversibility field Hirr and irre-
versibility temperature Tirr. Both quantities combined represent the coordinates of the irreversibility line. Since the
irreversibility line marks a solid-liquid phase transition in the H − T map at which thermal energies give rise to a
resistive vortex state and hence, it limits the appeal window for in-field applications. The expression that describes the
irreversibility line when the magnetic field is applied along the c-axis is given by[139, 140]

µ0Hirr = µ0H0
irr(1−

Tirr

Tc
)β , (4.2)

where H0
irr and β represent fitting parameters.

In Fig. 4.4 (a), we show the resistive transition to the superconducting state for a Bruker sample at several magnetic
fields applied normal to the substrate plane. The transition to the superconducting state broadens as the magnetic
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FIGURE 4.4: (a) Resistivity curves for Bruker sample at different magnetic fields applied along the
c-axis (b) Shown are determined Hirr according to eq. (4.3) (markers) and a fit to the data with eq.
(4.2). From the fit, we can estimate the irreversibility field to amount µ0Hirr(50K) = 53T. The error

on Hirr(50K) was estimated from Tirr criterion variations to be σHirr(50K) = 3T.

field increases. This phenomenon can be attributed to the presence of disorder that affects the vortex motion in the
liquid state. In order to determine the irreversibility temperature Tirr at each field Hirr from the ρ(T ) data, we use the
criterion

ρ(Tirr)/ρ(95K) = 0.1%. (4.3)

We fit the irreversibility temperature and field with equation (4.2) to reconstruct the irreversibility line for the REBCO
layer of the CC2, as shown in Fig. 4.4 (b). The fit with eq. (4.2) enables an estimation of the irreversibility field at 50 K,
the operation temperature of the FCC-hh beam screen. For the Bruker specimen, we find that µ0Hirr(50K) = 52±3T
surpassing the maximum 16 T by a good margin. Although, the extrapolation to 50 K is quite far away from our
measurement points, we find reasonable agreement with literature. Experimentally determined values from 61 T-
pulsed magnetic field measurements for a pristine YBCO crystal yield µ0Hirr(50K) ≈ 43T [141, 142], while the
inclusion of nanoparticles can lead to even higher irreversibility fields [43, 46, 143].
The fitting parameters for Bruker give µ0H0

irr = 183T and β = 1.4 and range for all CCs between µ0H0
irr = 97−190T

and β = 1.2− 1.6. It is proposed that eq. (4.2) could arise from the flux pinning model [140]. Hence, H0
irr and β

2For consistency reasons Tc was determined here with the criterion ρ(Tc)/ρ(95K) = 0.1%.
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vary according to the present defect pinning landscape and provide links to the microstructure of the material. In
accordance with our results, many authors found β values spanning from 1 to 2[144–148]. The fitting values for all
providers are given in table 4.2.
The irreversibility lines of all analyzed CCs, but Theva because the inclined c-axis prevents the validity of eq. (4.2)
for these samples, are compared in Fig. 4.5.
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FIGURE 4.5: The irreversibility line for all analyzed CCs from resistive transitions (markers) and
corresponding fits with eq. (4.2) (lines).

Two trends are observed. On the one hand, Y based CCs, Bruker and SuperOx 2, exhibit due to the decreased Tc smaller
µ0Hirr at high temperatures, but surpass the irreversibility line of other CCs for temperatures > 70K (see Hirr(50K) in
table 4.2). Rare-earths with smaller ionic radius cause higher charge carrier densities n in the superconducting CuO2

plane [138] and lower electronic anisotropy resulting in higher Hirr [104, 149].
On the other hand, the samples Bruker, Fujikura APC and SuperOx 2, all CCs with APCs, display the highest µ0H0

irr.
As discussed earlier, the introduction of APC into the REBCO matrix causes various defects and thus affects β and
H0

irr, both determinants of the irreversibility line. SuperPower CC presents an exception to both observations, since
it employs Y mixed with Gd as a rare-earth and uses BZO nanorods, without showing the characteristic features.
Possibly, the MOCVD growth process generates a defect structure that undermines the characteristics associated to
employing Y and nanorods APCs, see the low β and µ0H0

irr.
Discussed quantities derived from ρ(T,H) are summarized for all CCs in table 4.2.

Provider ρ(300K) (µΩcm) ρ(100K) (µΩcm) T der.
c (K) ∆Tc (K) µ0H0

irr (T) β µ0Hirr(50K) (T)
Bruker 272 91 86.7 1.1 183 1.42 53

Fujikura 280 90 94.1 0.8 126 1.42 43
Fujikura APC 395 150 91.6 0.7 145 1.35 49

SuNAM 255 82 93.9 0.3 109 1.32 43
SuperOx 290 94 93.4 0.5 119 1.36 45

SuperOx 2 329 108 89.9 0.6 190 1.58 52
SuperPower 258 81 91.0 0.3 97 1.16 38

Theva 1510 929 92.7 0.7 - - -

TABLE 4.2: Quantities derived from ρ(T ) curves at different magnetic fields applied parallel to the
substrate plane of the CCs.
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4.3 Critical current under applied magnetic field

HTS can sustain a limited current flow before the Lorentz-like force overcomes the pinning force and renders the
material resistive. As shown in eq. (2.4), the Lorentz-like force is a function of current density and applied magnetic
field. In the context of the FCC-hh, it becomes essential to check whether the CCs can sustain the 25 A peak mirror
charges at 16 T and 50 K without being driven into the normal state. Before entering the experimental results, it is
instructive to discuss the magnetic field intensity dependence of Jc.

4.3.1 Magnetic field dependence of Jc

Equation (2.3) describes a starting point to understand the phenomenology related to vortex penetration into the su-
perconductor. The augment of applied magnetic field H is accompanied by a vortex density nv increase which divides
up Jc(H) in three different pinning regimes as shown in Fig. 4.6.
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FIGURE 4.6: Typical magnetic field dependence of Jc with pinning regimes indicated in the plot. We
define the characteristic field H∗ as the crossing between the small magnetic field plateau Js f

c (red line),
which corresponds to single-vortex pinning, and the tangent to the power law decay at intermediate
fields (blue line) associated with collective, or vortex-vortex, pinning where interactions between vor-
tices dominate. Approaching the irreversibility field Hirr, an even faster drop of Jc is observed. As way

of example, we picked the Jc(H) that corresponds to SuNAM CC at 60 K.

In the single-vortex pinning regime, there are fewer vortices than pins. The vortex matter is characterized by large
distances between fluxon lines resulting in weak vortex-vortex but strong vortex-defect interaction. All vortices are
pinned individually. Here, Jc(H) depends only weakly on the magnetic field and can be approximated with Jc(H) ∼
Js f

c , where Js f
c is the critical current density that the HTS can withstand at self-field (sf), the magnetic field arising

from the current itself [150, 151].

Upon increase of the magnetic field intensity, the crossover field H∗ is reached that is associated with a transition in
pinning regime. Beyond this boundary, collective effects become more relevant than the vortex-defect interaction. For
correlated pinning sites [152] and without strong thermal excitation [153], H∗ is often associated with the matching
field HΦ, the field at which the vortex line density nv matches the defect density nd . As a result, the mean distance
between defects dpc coincides approximately with the hexagonal side length s≈ dpc.
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Passing the crossover field H∗, collective pinning effects gain relevance and the magnetic field behavior changes from
a plateau to a power law decay of the form

Jc(H) = A(µ0H)−α , (4.4)

where A and α are constants. Theoretical approaches analyzing the vortex-vortex interaction predict α = 0.5−1 [154–
156], which is in agreement with experimentally obtained values from fittings [157]. Nanostructuring of YBCO thin
films lead to a even wider range in the power law exponent α reaching even values between 0.25 and 1.2 [157–160].

Approaching the irreversibility field Hirr, Jc’s sensitivity to the magnetic field becomes stronger and it drops very fast
to zero.
Phenomenologically, the entire Jc can be described by one single equation that includes the characteristic parameters
[161]:

Jc(H) = Js f
c

[
1+

H
H∗

]−α [
1− H

Hirr

]2

. (4.5)

This equation will be later employed for Jc extrapolation to 16 T, the maximum field in the FCC-hh.

4.3.2 Experimental results

Comparing critical current density at 50 K

The critical current density as a function of magnetic field Jc(H) of all analyzed CCs measured with a VSM at 50 K
is displayed in Fig. 4.7 (a). The CCs provided by the manufacturers are 12 mm in width. Owing to restricted sample
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FIGURE 4.7: The critical current density variation with magnetic field Jc(H) at 50 K for all analyzed
CCs. Shown values are based on magnetization measurements acquired with a VSM.

dimensions for magnetometer measurements, the CCs were reduced to≈ 4mm×4mm squares. The cutting technique
plays a significant role for sample preparation since it determines how much area of the superconductor close to the
cutting edges gets damaged. During the course of the PhD thesis, we optimized the preparation for minimal specimen
destruction as discussed in section 6.1.2. For the samples presented in this chapter, cut by sharpened scissors far
away from the pivot point in order to minimize shear forces, we estimated the sample damage to amount up to 30 %.
We found that cutting damages impair the affected area absolutely, hence, Jc values are underestimated but the field
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behavior represents the magnetic field response of not manipulated CCs. In addition, sticking to the very same cutting
technique for all CCs legitimizes a comparison of absolute Jc values, when assuming a similar damage in all of them.

Among the CCs from different providers, we observe a wide variety. The critical current densities at self field Js f
c

span over more than one order of magnitude from about 0.85 MA/cm2 in Theva 120, to 10 MA/cm2 in SuperPower.
In addition, the magnetic field behaviors Jc(H) differ strongly in all CCs. Take for example Bruker. It has a moderate
Js f

c ≈ 4.5MA/cm2 which results to be the third smallest of the measured bunch but presents one of the least steepest
Jc(H) decrease and thus exhibits together with Fujikura, SuperPower and SuperOx 2 one of the highest Jc at 9 T. It
should be noted that Fujikura APC reports much higher Jlit.

c (0T,50K)≈ 5−8.3MA/cm2 than our measured values,
but reported field behavior is in accordance with the one we measured [114]. This could suggest that our received
sample batch is bad. A similar situation applies for Theva CCs. They added to the samples an information sheet with
nominal Ic values that our samples do not match, maybe due to long length tape inhomogeneities [123] or sample
deterioration. Taking possible cutting damage and tape inhomogeneities into account, our measured data shows good
agreement with reported values of other providers [104, 112, 114, 116, 118, 119].

Extraction of pinning parameters

Fitting with eq. (4.4) allows the extraction of pinning defining parameters α and H∗ . We demonstrate an example
fit to the Jc(H) of SuNAM CCs at 60 K in Fig. 4.6. We adjust the fitting range of eq. (4.4) for all CCs to cover the
ranges where most linearity in log-log scale is observed, in particular, 0.3 T-2 T at 20-30 K, 0.3 T-0.8 T at 40-50 K
and 0.25 T-0.7 T at 60-70 K. With this, we intend to highlight the characteristic power law decays in Jc, related by
α , among the different CCs, while maintaining method consistency. The Js f

c plateau is chosen to rest on the highest
measured critical current density and its intersection with eq. (4.4) determines H∗.

We present the obtained Js f
c , H∗ and α for all CCs as a function of temperature in Fig. 4.8 (a), (b) and (c), respectively.

The CC technology displays considerable adaptability to specific applications with its variety in Jc(H) parameters
which arises from the wealth of realizable pinning landscapes. The pinning behavior at specific temperature and field
in the (T,H) diagram is determined by defect characteristics like the size, distribution and type of pinning defects [46].

Starting the discussion with the critical current density at 0 T Js f
c , see Fig. 4.8 (a), the best performing CC at 70 K is

the one from SuNAM. The low supersaturation RCE-DR process generates 0D point-like defects, 2D grain boundaries
and relatively big 3D nanoparticles, the last of which are reportedly effective to pin flux lines produced by the current
at zero applied field and high temperatures [17]. The very high Js f

c indicates that the defect density is controlled in a
way that allows for high percolation currents. At higher temperatures, other CC technologies catch up. An explanation
for this could be the as compared to the RCE-DR growth process (SuNAM) smaller 3D nanoparticles in the REBCO
matrix of CCs grown by PLD (Bruker, Fujikura, SuperOx) and MOCVD (SuperPower) [17] which could allow better
self-field pinning due to better vortex-defect matching because of the reduced correlation length at lower temperatures
[162].
Important to mention is that the increase of normal conducting fraction in the microstructure can also have a detrimen-
tal effect on Jc. The addition of APCs into the REBCO matrix generally results in an elevated normal conducting defect
density that, above a certain threshold, which is believed to amount around 30% vol, gives rise to the phenomenon of
superconducting current blocking and a decrease of Jc [163]. So, the optimal microstructure for high Js f

c constitutes of
many pinning centers that effectively pin self-field and a small enough normal conducting volume fraction to prevent
supercurrent blocking. The MOCVD technique seems to generate in this regard with its 1D nanorods, 2D columnar
grain boundaries and 3D nanoparticles a very advantageous microstructure since Superpower demonstrates across all
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FIGURE 4.8: Critical current density at self field Js f
c (a) and pinning defining parameters H∗ (b) and

α (c) as a function of temperature extracted from fittings with eq. (4.4). Dashed lines connecting the
markers indicate the presence of APCs in CCs. The color bars visualize the desirable values for high

field applications.

temperature a very high if not the highest Js f
c . We remind that the measured Fujikura APC and Theva samples have

suffered deterioration. Hence, their measured Js f
c has limited meaningfulness.

Continuing with Fig. 4.8 (b), the crossover field H∗ exhibits an antiproportional dependence on the temperature T as
reported in [160]. This suggests that the type of effective pinning centers change with temperature and that the density
of the effective pinning centers decreases with increasing temperature. The spread in H∗ amounts at 70 K around
0.7 T and increases at 20 K to approx. 1.5 T demonstrating again the importance of the REBCO microstructure to the
superconducting performance. Below 50 K, a separation in terms of H∗ occurs for SuNAM and SuperOx CCs with
the other CCs. The temperature dependence of named CCs becomes quite weak in comparison with their competitors
but similar to each other, although, SuNAM and SuperOx are grown by two entirely different processes (RCE-DR and
PLD, respectively). This indicates that the microstructure is not only determined by the choice of growth technique
but the subtle tuning within each growth process. Fuijkura, Fujikura APC and SuperOx 2, all grown by PLD, exhibit
a much stronger temperature dependence below 50 K than SuperOx which support aforementioned argument.
Nevertheless, a trend that emerges is the improved H∗ at temperatures below 50 K for samples with APCs in the
REBCO matrix, whose primary (1D nanorods or 3D nanorparticles) and secondary (0D defects) imperfections give
rise to extended single-vortex pinning regimes, as visible for Bruker, Fujikura APC, SuperOx 2 and SuperPower.
An interesting case represents the specimen by Theva since it shows the highest H∗ over the entire temperature range.
An explanation for it could be the effect of the inclined substrate technology. The applied magnetic field during
the experiments is not directed along the REBCO’s c-axis, but is tilted by θ ≈ 27 ◦ away from it [122]. Due to the
anisotropic nature of REBCO, this translates into the superconductor being exposed to an effective magnetic field
along the c-axis (Bc

e f f ) which is lower than the applied one according to Bc
e f f = ε(θ ,γ)B [164], where ε(θ ,γ) =√

cos2(θ)+ 1
γ2 sin2(θ) and γ is the material electronic anisotropy, which for REBCO ranges between 5 and 8. In

the case of Theva CCs Bc
e f f ≈ 0.9B [14] whose decreased effective magnetic flux density could result in an extended

single-vortex pinning regime.
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Finally, we discuss the magnetic field dependence at elevated fields represented by the power law exponent α , as
shown in Fig. 4.8 (c). Different from the Js f

c and H∗, low values are desirable for high field applications because it
represents a weaker Jc(H) decay and stronger vortex-vortex pinning. Again, a temperature dependence in the pinning
parameter can be appreciated, although, it differs for most of the CCs.
SuNAM and Fujikura APC, exhibit one of the strongest temperature variations, in particular, decreasing α upon low-
ering the temperature from 70 K down to 20 K. Even though, the qualitative behaviors are alike, the absolute values of
α differ widely between those two CCs. SuNAM CCs display between 20 K and 50 K an only weakly varying α ∼ 0.7
and rises above 50 K quite strongly to reach α ∼ 0.85 at 70 K. The effective pinning centers at higher temperatures
relies in this case on isotropic, quite big 3D nanoparticles, while at lower temperatures (below 20 K) secondary 0D
local disorder defects caused by fast growth take over [17, 165]. The effective defect landscape in the PLD based
Fujikura APC samples is very different. Both, the employed 1D BHO nanorods [114] and the PLD characteristic 1D
dislocation lines along 2D columnar grain boundaries, can be, depending on the defect size and distribution, effective
across all temperatures [17, 166]. At very low temperatures, below 20 K, secondary, very small 0D defects become
dominating. This defect landscape features less steep Jc(H) decays with α(20K)∼ 0.3 and α(70K)∼ 0.45.
The conceptually similar grown Bruker CCs, with PLD and BZO nanorods, display also low α , but undercut Fujikura
APC at high temperatures and resides with higher values at low temperatures, possibly, owing to alternative character-
istics in defect size and spacing.
The other three PLD based CCs, Fujikura, SuperOx and SuperOx 2 have qualitatively resembling α , quite constant in
the measured temperature range around αFuji ∼ 0.45, αSO ∼ 0.5 and αSO2 ∼ 0.42, respectively. On the one hand, it
highlights the commonalities in microstructure associated to the same PLD growth technique. On the other hand, it
suggests again that within each processing method reside a lot of tuning parameter to change the type and effectiveness
of a microstructure.
The CCs provided by SuperPower are grown by MOCVD. Owing to the lower degree of supersaturation during growth,
when comparing to PLD, one would expect a less aggressive columnar growth associated with larger REBCO grains
and thus less grain boundaries [167]. The loss in grain boundary density is counteracted by a high density of 1D BZO
nanorods and employment of two rare-earth elements (Y and Gd) which can generate 0D defects. This microstructure
results in a very low α ∼ 0.31 above 40 K and an increased but still strong α ∼ 0.45 below 40 K.
The ISD technique by Theva can be associated with high to moderate supersaturation and thus to 2D columnar grain
boundaries and accompanying 0D defect pinning dominance, in addition to the inclined c-axis. The measured α

follows above 40 K the trend line of Fujikura and below 40 K not enough measurement points are available to draw
conclusions.
The here reported α are in reasonable accordance with values reported in literature [17, 120, 160].

Concluding this part, the overall shape of Jc(H) determine all three here discussed parameters Js f
c , H∗, α , in addition

to Hirr (see eq. (4.5)). The tuning of these parameters is highly susceptible to microstructure changes and significant
understanding of effective pinning centers at each temperature and field range was generated over the past years (see
[17, 165, 166] and references within) that helped to link REBCO microstructure to superconducting performance in
this section. Further, there is no such thing as a perfect microstructure. Depending on the targeted application, a more
crystalline (low fields, high temperature) or defect rich (large fields, low temperature) REBCO body yields the highest
performance.
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Extrapolation to FCC-hh conditions

With all Jc(H) defining parameters estimated, we can now extrapolate with eq. (4.5) the critical current per cm-width
Ic/width = Jc · t, where t is the REBCO layer thickness, up to 16 T in order to see if the analyzed CCs can sustain the
prospected harsh conditions in the FCC-hh. During operation, the beam screen will face peaks of image currents up to
25 A. Taking into account the designed beam screen chamber dimensions, a tube with diameter �≈ 2.7cm [10, 168],
it translates into Ic/width≈ 3A/cm.
For the extrapolation with eq. (4.5), we access the Js f

c (50K), H∗(50K) and α(50K) as given in Fig. 4.8 and Hirr(50K)

form table 4.2. The critical current per cm-width calculated from VSM measurements can be found together with
corresponding extrapolation in Fig. 4.9. Important to note are the not convincing fits to measurement data at large
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FIGURE 4.9: The critical current per cm-witdh Ic/width of all analyzed CCs as a function of magnetic
field up to 9 T at 50 K. Markers represent measurement points and the solid lines an extrapolation with

eq. (4.5) to larger fields.

fields for some providers, see Bruker, Fujikura APC, SuperOx, SuperPower and Theva. This might have several
reasons. For instance, estimated pinning parameters and real pinning parameters associated to VSM data might be
distinct. VSM measurements are at large fields susceptible to flux creep, thus magnetization and Jc are in this range
underestimated. Consequently, the irreversibility fields related to this data are underestimated in comparison with the
real values and extrapolation based on transport deduced Hirr will lie above VSM data.
Moreover, the collective pinning regime cannot always be described with all its details by a simple power law decay
with one exponent α as presented in eq. (4.5). Instead of a linear behavior in log-log scale, the collective pinning
regime can consist of a more rounded Jc(H) decay in log-log scale, as observed for Bruker, Fujikura APC, SuperOx,
SuperPower and Theva. It is a consequence of highly complex defect landscapes present in the HTS whose pinning
contributions of single defects do not add up to a simple linear decay in log-log scale. Thus, the model employed in
eq. (4.5) might not account for the physical reality of complex microstructure and leads naturally to a mismatch with
experimental data.
Nevertheless, the model still describe VSM data of Fujikura, SuNAM and SuperOx 2 quite well. Interestingly, these
are all CCs with an rather classical microstructures, i.e. no incorporation of 1D nanorods nor inclined c-axes, which
might outline the type of samples suitable to be modelled with eq. (4.5). To this end, we display the experimental data
only together with the more trustworthy extrapolations and reported Ic/width at 16 T in Fig. 4.10.
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FIGURE 4.10: The critical current per cm-witdh Ic/width of all analyzed CCs as a function of magnetic
field up to 9 T at 50 K. Markers represent measurement points and the solid lines an extrapolation with
eq. (4.5) to larger fields. The detached purple star at 16 T correspond to reported Ic data of Fujikura
CC [114]. We added a bottom directioned error bar to account for the fact that this data point was
acquired with DC transport. Thus, it gives an upper limit of Ic when put into context with VSM data.
The black dashed horizontal line corresponds to the maximum induced mirror charges when operating

in the FCC-hh.

Assuming that the existing Ic/width in-field trends will continue, all extrapolated CCs stand easily above the thresh-
old of the FCC-hh. In contrast, the Ic/width of SuperOx and Theva 120 might, judging from the data until 9 T, possibly
not sustain the prospected peak image currents at 16 T. However, both SuperOx and Theva have by now higher per-
forming series of their CC available, see sample SuperOx 2 and [169].

In order to evaluate the quality of the extrapolations, there is not much Ic(H) of REBCO CCs at rather high tempera-
tures and large fields in literature available because of the untypical operation window when comparing to conventional
applications like large field magnets (low temperature at large fields) or power cables and fault current limiters (high
temperature at small fields). However, comparing with one example, a published critical current per cm width at 50 K
and 16 K measured with transport by Fujikura [114], indicated as a star in Fig. 4.10, we see good accordance with
our extrapolation. This is quite an important result. On the one hand, it increases the credibility of generated pinning
parameters and extrapolations performed for Fujikura, SuNAM and SuperOx 2. On the other hand, it confirms perfor-
mance margins of the CC technology for the beam screen chamber.
In order to build upon our conclusions, significant importance should be attributed to the experimental critical current
characterization of REBCO CCs at temperatures around 50 T and increased magnetic fields up to 16 T. It could further
help to assess the quality of large field extrapolations, point out performance differences between CCs at larger fields
and generate much needed accurate reference Ic(50K,16T) data for all CCs that would quantify the margins available
in the beam screen chamber of the FCC-hh. The abundance in current carrying capacity of a CC would allow for
thinner REBCO layers which in turn would cause an investment drop for the FCC-hh project when engaging with the
CC technology.
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4.4 Conclusions

The main conclusion that should be drawn from this chapter can be broken down to two key points.

• Commercially, in large-scales available CCs are performant enough to sustain superconductivity at ex-
treme FCC-hh conditions, i.e. 25 A current flow at 50 K and 16 T. We measured the critical temperatures
Tc and irreversibility fields Hirr with transport and the critical current densities Jc with VSM characterization
at several cryogenic temperatures and up to 9 T. Extrapolating the generated data with established models elu-
cidate that the irreversibility field of all measured CCs are well above 16 T and the critical current of 25 A can
be sustained by selected CCs at 50 K and 16 T. This finding is of great importance since it demonstrates the
maturity and fitness of already available CCs technology for this specific application.

• The CC technology proves its variety in a range of different architectures and most importantly, in rich
REBCO microstructures variability that allows tailoring to specific applications. Although all CCs are
REBCO based, significant differences in optimal operation regimes were identified owing to microstructure
differences. Rather simple factors like the employed rare-earth element or degree of oxygenation have al-
ready profound impact on the Tc and Hirr. More complex manipulation like the deliberate generation of non-
superconducting defects affect the pinning behavior. For impurities to become effective for pinning, they have
to match the size and distribution of vortex matter. Since the coherence length ξ , diameter of a single fluxon,
depends on the temperature and the vortex density on the magnitude of applied magnetic field, one static defect
landscape can only be optimized for one specific region in the H−T coordinate system.
This finding is of great importance because it emphasizes the potential for further REBCO microstructure tuning
in order to increase the performance of already available CCs and hence decrease the technology price.
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Chapter 5

High-frequency response of thick REBCO
coated conductors

Motivated by REBCO CCs as a potential beam screen coating alternative, we evaluate the high-frequency response of
HTS available on an industrial scale at FCC conditions. In particular, we compare the surface impedance Zs =Rs+ iXs,
where Rs and Xs denote the surface resistance and surface reactance, respectively, of several commercially available
CCs with Cu in a wide cryogenic temperature range T = 20−70K at ν0 = 8GHz and up to 9 T. In-field analysis of it
allows a discussion about vortex physics of CCs and its link to different microstructures. The vortex-motion parameters
depinning frequency νp, vortex viscosity η and Labusch parameter kp = 2πνp · η are derived with two different
methods, both of which are based on the Gittleman-Rosenblum model [65]. The model proposed by Gittleman and
Rosenblum is a mean-field theory for vortices in a periodic pinning potential driven by high-frequency oscillating,
subcritical currents without considering thermal activation. It modulates both the resistive and reactive response of
vortices to the driving field.

In our first approach, we focus our analysis on the field behavior of the surface resistance Rs while neglecting the sur-
face reactance Xs. The appeal of this procedure lies in the fact that the surface resistance is experimentally much easier
and quicker obtainable than the surface reactance. However, by considering only the real part of the surface impedance,
the vortex-response model remains underdetermined and has to be compensated by additional confinements. With a
modified Bardeen-Stephen model [31], which describes the motion of vortices in a type-II superconductor, we can
estimate the vortex viscosity η when taking flux-flow resistivities ρ f f from DC-transport measurements into account.
This reduces the Gittleman-Rosenblum model parameters to only one, the depinning frequency νp, and thus permits
the determination of it by fitting the measured surface resistance Rs. The experimental surface resistance of char-
acterized REBCO CCs is presented in section 5.1.2 and is followed up by the mentioned evaluation of microscopic
vortex-motion parameters in subsection 5.1.3.

Prior to continuing with the second approach, we report about the challenging requirements facing the dielectric
resonator setup to allow reliable surface reactance characterization of thick CCs. It is essential to guarantee a large
frequency accuracy, a large stability of measurement temperature and a large mechanical stability of the resonating
cavity. The latter has not been addressed in literature yet but is shown to be necessary in order to exclude external
interfering effects to the intrinsic reactive response of the CC. After demonstrating experimentally the need for the
setup requirements, we explain how to meet them. Finally, having the experimental prerequisites established, we
disclose the reactive microwave response of several commercial REBCO CCs at 50 K and up to 9 T. All of this is
described in section 5.2.
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In the second approach to determine the vortex-motion parameters, we consider both the field response of surface
resistance and surface reactance. While this method is experimentally more elaborate and expensive, it allows us to
determine vortex-motion parameters consistently within the Gittleman-Rosenblum model using exclusively surface
impedance data. Calculated parameters are compared to the values from our first approach and set into a wider context
by referencing literature values and parameters of other superconductors. This paragraph is detailed in section 5.3.

Finally, we address the shortcoming of not having experimental surface impedance data at FCC-hh conditions available
yet. With estimated vortex-motion parameters at hand, we can extrapolate the surface impedance of CCs down to
1 GHz and up to 16 T within the Gittleman-Rosenblum model. Those surface impedances are compared to the expected
microwave response of Cu at FCC-hh conditions. The extrapolation and analysis of it is given in section 5.4.

We start this chapter by discussing how the different multi layers below the HTS in a CC contribute to the measured
surface impedance.

5.1 Surface resistance of thick CCs

5.1.1 Influence of multilayered structure on surface impedance

In a general case, when exposed to a propagating microwave field, CCs’ entire complex architecture consisting of
a thick superconducting layer with tSC ≥ 0.9µm on top of a buffer layer stack with tdielectric > 0.5µm backed by a
metallic, flexible substrate with tm ∼ 50µm contributes to the microwave response, where t stands for the thickness
of specified layers. Following transmission line analogy and impedance transformation [170], the effective measured
surface impedance of the CCs ZCC can be written as

ZCC = ZSC
Zstack + iZSC tan(kSCtSC)

ZSC + iZstack tan(kSCtSC)
, (5.1)

with
ZSC =

√
iωµ0ρ̃ (5.2)

being the surface impedance of the superconductor (valid in the local limit) and ρ̃ the complex resistivity [69],[67].
Zstack is the effective measured surface impedance of the layers below the superconductor (dielectric buffer lay-
ers/metallic substrate) and kSC = µ0ω

ZSC
the propagation constant of the superconductor. So, when interested in the

characteristic surface impedance of the superconductor ZSC, knowledge about the microwave response of the entire
multilayer stack below the superconductor Zstack is necessary. However, equation (5.1) can be simplified, if considering
the characteristic screening lengths in the material under study. In the framework of the two fluid model, |kSCtSC| � 1
implies ZCC ≈ ZSC, where the influence of the layers below the superconductor can be ignored [171]. This is known
as the thick film approximation. |kSCtSC| can be estimated for samples in our experiments. By assuming Tc = 93K,
ρn(70K) = 60µΩcm and λL(0K) = 150nm, typical values for YBCO, and T = 70K, ν0 = 8GHz, as measurement
conditions where the smallest propagation constant is expected, we get for our thinnest and thickest CC (tmin ≈ 0.9µm,
tmax ≈ 3.0µm ) |kmintSC| ≈ 5 > 1 and |kmaxtSC| ≈ 16 > 1, respectively, which does not clarify unambiguously if the
thick film approximation is applicable. However, Silva et al. [171] provide a numerical example for the deviation of
the thick film approximation from equation (5.1). For 1µm YBCO on a LAO single crystal substrate at ν0 = 30GHz
and T = 72K, the error on the characteristic surface resistance by ignoring the substrate R′SC+LAO = RSC is smaller than
5 %. This error becomes even smaller when decreasing ν0. In conclusion, by applying the thick film approximation
for the samples in this work, we make a systematic error on the characteristic surface resistance of the superconductor
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and all values derived from it that is smaller than 5 %. With regard to specific microwave applications like the FCC-hh,
the ZCC is still a very relevant quantity, as it determines the effective microwave response of CCs in use.

5.1.2 Experimental surface resistance of commercially available CCs

The surface resistances are calculated based on the quality factors of the electromagnetic resonance in the cavity as
described in section 3.1.2. In Fig. 5.1 (a), we show measured forward transmission coefficient |S21|, from which the
quality factors are derived, as a function of frequency corresponding to SuNAM CC at 50 K and several applied mag-
netic fields starting from zero-field cooling (ZFC) state and ending at 9 T. The resonance curves exhibit a symmetric
and noise-free shape with resonant frequencies ν0 manifesting around 8 GHz. The symmetry and signal to noise ratio
of |S21| data is of comparable quality for all high-frequency measurement sets acquired in this thesis. Upon increase
of applied field, the resonant frequency drops and curves become wider, which results from smaller Ql , i.e. larger dis-
sipation in the resonating system. We present loaded quality factor Ql of corresponding curves together with unloaded
quality factors Q0 (see eqs. (3.10)-(3.12)) as a function of magnetic field in Fig. 5.1 (b).
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FIGURE 5.1: (a) The measured |S21| as a function of frequency corresponding to SuNAM CC at 50 K
and several applied magnetic fields. We reduced the point density of the curves by a third for better
depiction. (b) ZFC and FC (zero field cooling and field cooling, respectively) branches of loaded quality
factor Ql and unloaded quality factor Q0. The data corresponds to the measurement from Fig. 5.1 (a).

Over the field span 0-9 T, loaded Q-factor Ql varies roughly in one order of magnitude, from about QZFC
l (0T) = 86000

to QZFC
l (9T) = 11000. At all measurement conditions, at 20 K-70 K with fields up to 9 T, the loaded quality factor

stays within the range of Ql = 104− 105 or very close to it for all analyzed CCs. Having the small geometrical fac-
tor of the exposed twin samples in mind G(50K) ∼ 213Ω, the measured quality factors point towards low surface
resistances of REBCO CCs.

In Fig. 5.2, we show Rs of three selected coated conductors as function of applied magnetic field µ0H at several
cryogenic temperatures T . SuNAM represents a CC whose defect landscape is not adjusted for large-field applications,
see Jc(H,50K) in Fig. 4.7. Its microstructure relies on intrinsic growth defects including large 3D particles of Gd2O3

that were not converted to GdBCO (see Fig. 4.1) and can be associated in this context with medium vortex-pinning. On
the contrary, the other two picked CCs by Bruker and SuperPower represent a group of CCs with high vortex-pinning
microstructures that yield better performance when exposed to large magnetic fields. Usually, this is achieved by the
deliberate incorporation of APCs, so non-superconducting secondary phases of diameter ξ , into the REBCO matrix
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as it is done with BZO nanorods in Bruker and SuperPower, BHO nanorods in Fujikura APC or Y2O3 nanoparticles
in SuperOx 2.

FIGURE 5.2: Absolute surface resistances Rs of three selected coated conductors as a function of
magnetic field at T = 20−70K. The markers (squares, triangles, circles) represent measurement points.

We see that the corresponding CC microstructures control the field behavior of the surface resistance. The SuNAM
sample has a steeper increase in Rs with magnetic field B ≈ µ0H especially at mid and high T as compared to Su-
perPower or Bruker. The higher in-field performance of APC based superconductors known from critical current
measurements [48],[127] is encountered here, too. This points towards an influence of APCs on the surface resistance,
hence, vortex dynamics where pinning is meaningful (pinning regime). As a reminder, at higher frequencies, precisely
above the depinning frequency νp, pinning becomes ineffective and the vortex dissipation is governed by viscosity
(flux-flow regime). From this we can already suspect that the depinning frequency of characterized CCs is likely to be
greater than the resonant frequency.
Comparing Bruker with SuperPower, the field behavior at low and intermediate temperatures up to 50K is fairly simi-
lar. At higher T , a slight difference in Rs emerges, visible particularly at 9 T. It is in accordance with Bruker’s ’double
disordered’ coined microstructure which is designed to pin vortices strongly at 4.2 K and large fields at expense of
performance at higher temperatures [112]. In particular, we observe lower Tc and Hirr(70K) in Bruker comparing with
SuperPower, see Fig. 4.5, which is in accordance with its higher microwave losses at 70 K and 9 T.

The features of the surface resistance’s field behavior that categorize the CCs into medium vortex-pinning and high
vortex-pinning REBCO microstructure are observed for all measured samples. Figure 5.3 shows Rs as a function of
magnetic field at T = 50K for all considered CCs in comparison with Cu intended to be used in the FCC-hh beam
screen chamber, i.e. 300µm thick Cu on stainless steel colaminated by CERN. The surface resistance of Cu was
measured without applied magnetic field and field-independence was assumed. In the plot, the field performance of
CCs is colored into two regions, coined medium vortex-pinning and high vortex-pinning REBCO region, that refers
to the type of microstructure, as already discussed above for a few examples. The materials belonging to the first
group are REBCO CCs whose pinning capacity originates from defect landscapes that are not specifically adjusted
for effectiveness at intermediate temperatures and large fields. Both, their increase in Rs(H) and decrease in Jc(H)
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FIGURE 5.3: Surface resistance magnetic field dependence of all analyzed CCs in comparison with
FCC Cu at 50 K. The field performance of CCs can be roughly categorized into two regions, coined
medium vortex-pinning and high vortex-pinning REBCO region, that refers to the type of microstruc-

ture.

show a steeper magnetic field dependence. SuNAM, SuperOx and Theva belong to this group. The second group
includes CCs with APCs (BZO and BHO nanorods or Y2O3 nanoparticles) based REBCO matrices, in particular,
Bruker, Fujikura APC, SuperOx 2 and SuperPower. The Fujikura CC represents an exception with its high pinning
performance despite the omission of APCs in its microstructure. For this CC, specific growth conditions must have
been established that promote the generation of intrinsically occurring effective pinning defects. Its microstructure
is ’simpler’ through the omission of APC, however, not much less effective since it gives a weak field-dependence,
similar to the one of Bruker.
Analogous to Jc(H) (see Fig. 4.7), the spread in Rs(H) comparing all CCs showcases the variety and richness of
possible defect landscapes in REBCO and their profound impact on in-field microwave performance at 8 GHz.
CCs with high pinning microstructures outperform FCC-Cu widely up to 9 T. Even though the shown measurement
conditions (ν ≈ 8GHz, µ0H ≤ 9T) do not represent the setting in the beam screen chamber (ν ≈ 1GHz, µ0H ≤ 16T),
it is a good hint for what to expect at FCC-hh conditions. Later in section 5.4, we will extrapolate measured surface
resistance to mentioned conditions by means of the Gittleman-Rosenblum model.

Figure 5.4 shows two Rs(H) curves, one recorded after ZFC, the other one after FC, for each considered CCs at
T = 50K and smaller fields. The surface resistance at zero fields Rs(0T) varies between approximately 0.25mΩ

and 1mΩ among all CCs. A hysteretic behavior associated to field cooled/zero field cooled measurement procedures
occurs at fields < 2 T, which indicates an influence of trapped vortices. In Table 5.1, we present Rfc

s (B=0T)−Rzfc
s (B=0T)

Rzfc
s (B=0T)

for all measured samples. Interestingly, the hysteresis appears in different magnitudes for each CCs ranging between
5% and 55%. An in-depth study about the effect of trapped field on the surface resistance of CCs and its relation to
the superconducting layer’s architecture remains to be conducted. Nevertheless, in chapter 6 we already demonstrate
that the as buffer layer employed LaMnO3 influences the hysteretic Rs(H) behavior at small fields significantly.
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FIGURE 5.4: Rs(H) of CCs measured at T = 50K and ν ≈ 8GHz. The colored markers guide the zero-
field cooled measurements, while the white markers connect the values recorded with field cooling.

Below 2 T a hysteretic behavior can be observed that points towards influences of trapped vortices.

Provider Rfc
s (B=0T)−Rzfc

s (B=0T)
Rzfc

s (B=0T)

Bruker 44 %
Fujikura 31 %

Fujikura APC 55 %
SuNAM 47 %
SuperOx 5 %

SuperOx 2 37 %
SuperPower 18 %

Theva 18 %

TABLE 5.1: Surface resistance hysteresis after exposing to 9 T for all CCs at 50 K.

5.1.3 Evaluation of microscopic vortex parameters

Determination of vortex viscosity

As shown in Fig. 5.2 and 5.3, it becomes evident that the vortex response, namely the field dependent part of the
surface resistance dominates the total surface resistance under sufficiently high applied magnetic field. Hence, a good
grasp of a superconductor’s in-field performance under the influence of microwaves can be gained by estimating the
vortex properties η and νp, which are function parameters of equation (2.56).
We start by determining the vortex viscosity η . Bardeen and Stephen derived for the approximation of a superconduc-
tor in the ideal local limit (l > ξ0) an expression for the flux-flow resistivity ρff. They assumed a normal conducting
core of finite size with radius ξ0 ∼ 1√

Bc2
. The flux-flow resistivity is governed then by the normal-state resistivity

ρn and the vortex core size, thus ρff ∼ ρn
B

Bc2
[31], [30]. This approximation was derived for s-wave superconduc-

tors. With the time dependent Ginzburg-Landau theory, Ivlev and Kopnin modified the flux-flow resistivity for YBCO
by the factor a = 1.45 to account for the layered structure of the anisotropic uniaxial superconductor in the range
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µ0Hc1� B� Bc2 [172],[173] :

ρff = ρn
B

a ·Bc2
. (5.3)

Comparison of equation (5.3) with equation (2.56) yields for the vortex viscosity of REBCO superconductors

η = a
Φ0Bc2

ρn
. (5.4)

A possible way to determine the vortex viscosity is by DC transport measurements from which the normal-state
resistivity ρn and upper critical field Bc2 of the superconductors can be estimated. In Fig. 5.5 a), we show the
resistivity as a function of temperature in the range T = 85− 300K at different applied magnetic fields up to 9 T for
one exemplary CC. The magnitude of ρ follows values reported in literature [53].
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FIGURE 5.5: By way of example, data for Fujikura without APC is shown. a) ρ vs. T at various
applied magnetic fields. The blue line is a linear fit to ρ(T ) well above Tc which is used to estimate ρn.
The inset zooms into the range where ρ = ρff. b) The ratio Bρn/1.45ρff as a function of temperature, as
determined by flux-flow scaling. Solid red line in the figure represents the upper critical field Bc2(T ).

ρn below Tc can be characterized in a first approximation from a linear extrapolation of the metallic behavior
well above the critical temperature Tc. It was demonstrated in [174] that the free flux-flow model applies for a
considerable part of the resistive transition. For this reason, we can determine the magneto resistance measured
close to Tc as ρ(T ≈ Tc,B) = ρff(T,B). According to equation (5.3), the envelope of Bρn(T )

aρff(T )
represents points where

ρ(B) = ρff(B) and gives an estimate for Bc2(T ) as shown in Fig. 5.5 b) for an example CC. As proposed in the
theory of 3-D GL superconductors [30], the upper critical field follows a linear temperature dependence β (Tc−T ),
with β = 1.6− 1.9T/K depending on characterized CC. The slope coincides with values β = 1.9− 2.1T/K given
in previous reports [174],[175]. Even below T = 78K, where the upper critical field of YBCO crosses over to 2-D
behaviour with Bc2 ∼ (Tc−T )1/2 [30], our estimates of Bc2(20K) = 115− 135T from the linear extrapolation yield
reasonable accordance with reported values Brep.

c2 (20K)≈ 120T [176].
Equation (5.4) is fed with estimated ρn and Bc2 in order to calculate the vortex viscosity for measured temperatures.
The values are presented in Fig. 5.6 for all CCs but Theva. Vortex parameters of samples from THEVA Dünnschicht-
technik GmbH are not presented in this section. The inclined REBCO c-axis in Theva CCs requires the consideration
of anisotropy in quasiparticle and/or vortex dynamics which goes beyond the scope of presented elaborations and
deserves a separate study. Error bars are derived from the determination of ρn and Bc2 and then propagated to η . The
vortex viscosity is for all samples inversely proportional to the temperature. While the magnitudes of η for most of the
CCs are within the errors relatively close together, the sample Fujikura with APC significantly undercuts the other CCs
by a factor of up to 4 depending on the temperature. Since η relates to the conversion of cooper-pairs to quasiparticles
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and vice versa of a moving flux line [177], the entire microstructure of a CC may contribute to η and explain the
variety between values of different providers. In the specific case of Fujikura APC, the normal-state resistivity ρn is
unexpectedly high as seen in Fig. 4.2 which affects the present calculation of the vortex viscosity η . Later, in section
5.3, we will evaluate the vortex viscosity only with surface impedances, not taking the normal-state resistivity into
account.
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FIGURE 5.6: Vortex viscosity for all CCs but THEVA determined from equation (5.4) at T = 20−70K.
The solid lines are guides for the eyes.

Determination of depinning frequency

The second vortex parameter νp in applied magnetic field can now be extracted from equation (2.60). When constrain-
ing the Gittleman-Rosenblum model with the determined vortex viscosities (see Fig. 5.6), we can employ νp as a fitting
parameter to the measured field response of the surface resistance Rvm(B) = ∆Rs. By way of example, ∆Rs of a Bruker
sample is shown together with corresponding fits according to equation (2.60) for T = 20− 70K in Fig. 5.7. Up to
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FIGURE 5.7: The markers show the dissipation under microwaves of ν0 ≈ 8GHz with applied magnetic
field µ0H up to 9 T at different temperatures of a Bruker CC. Corresponding fits equation (2.60) are

represented by solid lines. The lines follow the same color code as the markers.

50 K, ∆R increases quite steadily with
√

B, as described by theory [73, 178]. At higher temperatures, especially at high
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fields, measurement data deviates from the predictions with a steeper increase than
√

B. The Gittleman-Rosenblum
model is limited to the mean-field regime, that is where the displacement of vortices from the pinning potential min-
ima is small enough so that the flux tubes stay inside the wells and vortex-vortex interaction is infinite, resulting in a
collective movement as a lattice [67],[69]. There are two possible explanations for the observed model deviation. On
the one hand, thermal activation can excite hops between pinning sites, which a mean-field model cannot account for
[179]. On the other hand, at high fields we are approaching Birr. For example, Birr(T = 70K) ≈ 16T for Bruker. In
this case, the long-range order gets disturbed and the infinite vortex-vortex repulsion of mean-field models loses its
validity.

Figure 5.8 a) shows the depinning frequency νp extracted from fits with Gittleman-Rosenblum model for all CCs at
T = 20−70K.

FIGURE 5.8: a) Depinning frequency determined from fits with equation (2.60) and b) Labusch-
parameter for all CCs determined from the relation kp = 2πνp ·η at T = 20−70K in 10K steps. Error
bars for νp are derived from the quality of the fittings and are propagated together with uncertainty of

η to the error of kp. The solid lines are guides for the eye.

Except for Fujikura with APC, the deviation of depinning frequencies as function of temperature is quite small and
inversely proportional to temperature. A correlation between microstructure and depinning frequency can be observed.
Bruker (double disorded), SuperPower (BZO nanorods) and Fujikura APC (BHO nanorods) characterized by the use
of artificial pinning centers exhibit increased depinning frequencies as compared to SuNAM or SuperOx CCs that are
not optimized for large field application. Remarkably, Fujikura without APC has within the errors the same depin-
ning frequency as Bruker and SuperPower at all temperatures which points towards a nanoengineered microstructure
that resembles the pinning properties of both CCs with APC. The determined values for all but one CC remain in
accordance with literature which report mostly νp = 10−50GHz in the given temperature range (see [180],[67] and
references within). The depinning frequency of Fujikura with APC exceeds conventionally measured νp both in mag-
nitude and steepness of the temperature dependence. As already mentioned above, Fujikura with APC is the only CC
that incorporates Eu as the rare earth and BHO as the nano additive. Whether these two changes are the governing
factors for the increased depinning frequencies cannot be concluded unambiguously without additional studies.
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5.2 Challenging ∆Xs(B) measurements with rutile DR

Up to this point, we considered and analyzed exclusively the surface resistance derived from the quality factors of the
resonance curves according to equation (3.14). The measurement procedures for acquiring the surface resistance of
a superconducting film with a Hakki-Coleman type dielectric resonator are well documented in literature [81, 181].
More recent publications discuss in great detail the reliable determination including measurement limits of both surface
resistance and surface reactance for superconducting thin films grown on single crystal or multilayered CC structures
[86, 88].
To our knowledge, surface reactance measurements of thick REBCO CCs taken with a DR have not been the focus
of studies yet. The correct resonator design and coupling tuning aside, we concluded the following features to be
indispensable for reliable ∆Xs(B) characterization of thick REBCO CCs with a rutile DR:

1. Large stability of temperature.

2. Large accuracy of frequency tracking.

3. Large mechanical stability of the cavity.

The first two aspects are well known from thin film characterizations but are briefly reviewed, too, before moving to
the third point which emerges as a new requirement for setups in which thick superconducting samples are employed
as cavity endplates.

5.2.1 Large stability of temperature

For convenience, we give eq. (3.15) with applied approximations

− ∆ν0(B,T )
ν0,ref(B,T )

=
∆XCC

s (B,T )
GCC(T )

+
∆ε ′r(T )
ε ′r,ref(T )

. (5.5)

There are three terms that influence the position of the resonance peak ν0,ref and its variation ∆ν0(B,T ). First, the
variation of surface reactance with temperature and field that is intrinsic to the superconductor ∆XCC

s (B,T ). Second,
the permittivity of the employed dielectric εr,ref(T ) with its temperature variation ∆ε ′r(∆T ). Third, the geometrical
factor GCC(T ) that is assumed to stay constant during magnetic field sweeps at fixed temperatures.
In order to employ the resonant frequency as a measurand for superconductor characterization, the contributions of
the dielectric need to be negligible with respect to the superconductor response.

Let us estimate the governing term of equation 5.5, if a field sweep from 0 T to 0.5 T at 50 K was performed with a
temperature instability of 1 K. Rutile has an extremely large permittivity εr,ref(50K) ≈ 111, useful for confining the
electromagnetic field in the crystal, but also steep ∆ε ′r(∆T ) above 20 K [87]. With a temperature instability of 1 K at
50 K, ∆ε ′r(49.5K−50.5K)≈ 0.05 and thus, we would get ∆ε ′r(49.5K−50.5K)

εr,ref(50K) ≈ 4.5 ·10−4.
From eq. (2.59) and literature (see [67] and references within), we expect the magnitude of the surface reactance
change with magnetic field ∆Xs(H) to coincide with ∆Rs(H) (the change of surface impedance with a temperature
variation of 1 K can be neglected). With Rs(50K,0.5T)−Rs(50K,0T) ∼ 0.1mΩ (see Fig. 5.4), we can estimate
2 ∆Xs(50K,(0.5T−0T))

GCC(50K)
≈ 9.4 ·10−7.

The term corresponding to the rutile permittivity is three orders of magnitude larger and would thus mask the reactive
response of the superconductor in the resonant frequency. Ideally, a perfect temperature stability is desired when
performing field sweeps so that ∆ε ′r(∆T → 0) = 0 and the resonant frequency holds only the intrinsic superconductor
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response. Then equation (5.5) becomes

−2
∆ν0(B,T )
ν0,ref(B,T )

= 2
∆XCC

s (B,T )
GCC(T )

. (5.6)

Evidently, this condition cannot be practically achieved but we found that within the time, which it takes for ramping
the magnetic field with 180 Oe/s from 0 T to 9 T and back to 0 T, a temperature drift of about 50 mK at 50 K is accept-
able. We reinforce the discussion by experimental data presented in Fig. 5.9.

FIGURE 5.9: The influence of temperature instability on the resonant frequency. The measured samples
are Theva CCs. (a) The resonant frequency as a function of magnetic field for two different temperature
drifts at approximately the same temperature. The black and white filled markers represent the data
points collected at sweeping the field up and down, respectively. (b) The time evolution of temperature
T (upper subplot) in comparison with the time evolution of resonant frequency ν0 (middle subplot)
and magnetic field µ0H (lower subplot) as shown in (a). The stronger drift for the green data points
becomes clear when comparing the temperature slopes (dotted lines) between starting and end (dashed

lines) of the magnetic field sweep in the upper subplot.

The resonant frequency ν0, in this case ν0(0T) = νref, is given together with its magnetic field change ∆ν(B) for two
magnetic field sweeps with different temperature drifts at temperatures very close to 50 K in Fig. 5.9 (a). The green
and purple line color corresponds to a temperature drift of ∆T = 300K and ∆T = 60mK, respectively, while the black
and white filled markers represent the data points collected at sweeping the field up and down, respectively. The drifts
have to be understood as temperature drifts per full magnetic field cycle (0T→ 9T→ 0T).
We want to highlight the spreading between the ramping up and ramping down curve of the green data points. In
this case, the temperature drift is significant enough in order to change the permittivity of the rutile ∆ε ′r(T ) and su-
perimpose the surface reactance signal of the superconductor ∆XCC

s (B), see equation (5.5). For a temperature drift
of ∆T = 60mK per magnetic field cycle, see purple data points, the ramping up and ramping down curves collapse
almost perfectly on top of each other, indicating a negligible influence of the rutile crystal. The resonant frequency
of the purple data points are slightly elevated because of the higher measurement temperature, Tpurple = 50.31K as
compared to Tgreen = 49.52K.
For better understanding, we add in Fig. 5.9 (b) the time evolution of the magnetic field sweeps and resonant frequency
shown in 5.9 (a) together with the monitored temperature. Focusing on the temperature subplot, the temperature drifts



74 Chapter 5. High-frequency response of thick REBCO coated conductors

for the corresponding field sweeps can be read as the difference between end- and start point of the field sweeps
∆T = T (Hend = 0T)−T (Hstart = 0T). The dips in temperature profiles during the field sweep result from the magne-
toresistance of the used CERNOX temperature sensor.
We show in Fig. 5.10 how the instability in temperature translates into the according to eq. (5.6) calculated surface
reactance change with magnetic field ∆Xs of a CC. The reference resonant frequency ν0,ref is always chosen to be the
highest measured frequency, so the value at zero field of the FC curve νFC

0 (0T), in order to fulfil ∆Xs(B = 0T) = 0
and ∆Xs(B > 0T)> 0.
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FIGURE 5.10: The according to eq. (5.6) calculated change in surface reactance with magnetic field
∆Xs of Theva CCs for two magnetic field sweeps with different temperature stabilities ∆T at 50 K.
The larger temperature instability of the green measurement points accompanies an non negligible
contribution from rutile’s permittivity, larger total surface reactance values and larger spreading between
curves corresponding to sweeping field up (black markers) and down (white markers), which results in

masking of the intrinsic superconductor response (see purple data points).

For the greater temperature instability (green points), the permittivity change of rutile ∆ε ′r(T ) is not negligible which
masks the intrinsic superconductor’s microwave response, see eq. (5.5).

In order to guarantee a stable enough temperature for reliable surface reactance measurements, we established a
thermalization protocols before performing the magnetic field sweeps.

5.2.2 Large accuracy of frequency tracking

In the previous subsection, we already estimated the surface reactance sensitivity which would be desirable in order
to resolve the surface reactance field behavior sufficiently well for REBCO CCs. It is δXs ≈ 0.1mΩ when analyzing
∆Xs(H) at small magnetic fields. With equation (5.6), we can determine the required frequency accuracy δν required
to resolve such small surface reactance changes:

δν = ν0 ·
δXs

GCC

⇒ δν = 8GHz
0.1mΩ

213Ω
≈ 3.8kHz,

where we assume a resonant frequency ν0 = 8GHz and GCC = 213Ω, which corresponds to the value at 50 K.
The accuracy in frequency tracking depends on the vector network analyzer and its optional add-ons. In table 3.1,
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we detail the nominal frequency accuracy, which amounts (without taking time deterioration into account) δνFF =

±0.7ppm ·ν0 and δνZNB20 =±0.5ppm ·ν0 for the FieldFox N9918A and R&S ZNB20, respectively. For a resonant
frequency ν0 = 8GHz, we get δνFF = 5.6kHz and δνZNB20 = 4kHz which is in the same order of magnitude as the
desired δν ≈ 3.8kHz.

We confirmed the large frequency accuracy experimentally by tracking the sample temperature together with the
resonant frequency of SuperPower CCs with the FieldFox VNA as shown in Fig. 5.11.

FIGURE 5.11: Experimental demonstration of FieldFox VNA’s frequency accuracy. The resonant fre-
quency as a function of time matches excellently the temperature reading of a CERNOX sensor and can
be thus identified as a signal that corresponds to the sample temperature. Each tick on the frequency
ordinate amounts 5 kHz which encompasses several distinguishable data points of temperature signal.
This shows that the frequency accuracy of our FieldFox VNA is within the limit of desired accuracy

δν = 3.8kHz.

In this experiment, we stabilized the temperature within a range of≈ 100mK close to 50 K. For such small temperature
variations, the change of surface reactance of the CCs samples is negligible, ∆Xs(T )≈ 0, and equation (5.5) simplifies
to

− ∆ν0(T )
ν0,ref(T )

=
∆ε ′r(T )
ε ′r,ref(T )

.

Within small temperature variations in the range of 100mK at 50 K, the permittivity change with temperature of rutile
∆ε ′r(T ) is linear and antiproportional to the temperature, so that the change of frequency with temperature ∆ν(T )

tracks basically the change of sample temperature. Plotting the time evolution of resonant frequency (black crosses)
together with the time evolution of temperature recorded with a CERNOX temperature sensor close to the samples
(red circles), we observe an almost perfect alignment of both quantities. This implies that we indeed track the sample
temperature with resonant frequency and that measured frequency changes correspond to a signal. In Fig. 5.11,
each tick on the frequency ordinate amounts 5 kHz which encompasses several distinguishable data points of a signal.
Thus, we can attest that the frequency accuracy of our FieldFox VNA is within the limit of desired frequency accuracy
δν = 3.8kHz.

In this subsection, we have explained the need for a VNA with very large frequency accuracy in order to measure
∆Xs(B) with high resolution and demonstrated theoretically and experimentally that our employed VNAs fulfill this
requirement.
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5.2.3 Large mechanical stability of cavity

We found magnetic forces originating from the interplay between HTS and applied magnetic field to disturb surface
reactance experiments.

From magnetostatics [182] one can derive the magnetization force, as known from levitating force experiments [183],
on a HTS in a magnetic field as [184, 185]:

~Fm =
∫

HTS

(~M ·∇)~B dV, (5.7)

where ~M is the magnetization of the HTS and can be in our present setup, a loaded DR with sample planes normal
to applied magnetic field, approximated with ~M = M(x,z)~ez. Then the vertical force component of equation (5.7)
becomes

Fz =
∫

HTS

M
δBz

δ z
dV, (5.8)

where δBz/δ z are field inhomogeneities in z-direction that corresponds to field perturbations induced by the metallic
housing of the DR enclosed in a magnetic field.
The magnetic force direction depends on the cooling history of the sample. Adopted from literature [183, 186], we
show in Fig. 5.12 how Fz acts on YBCO as a function of distance from a permanent magnet in a levitating force
experiment. For samples cooled in zero field, the force Fz is repulsive, increases with the magnetic flux penetrating
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FIGURE 5.12: Levitation force Fz acting on YBCO as a function of distance from a permanent magnet
at 77 K. (a) Varying the distance of a permanent magnet from a zero field cooled (ZFC) YBCO bulk
sample, the force becomes hysteretic upon reversing the magnetic field motion but always repulsive.
Data replotted from [183]. (b) Vertical force vs. distance from permanent magnet for a field-cooled
thin film YBCO sample. Upon retreating the magnet, the force becomes an attractive retention force.

Arrows indicate course of cycling. Data replotted from [186].

the sample and becomes smaller but still repulsive upon retracting the magnet. The magnetic hysteresis changes for
field cooled HTS. Increasing the magnetic flux in the sample generates again a repulsive force, but causes a change in
vertical force sign with decrease of magnetic flux through the sample.

The magnitude of the vertical force scales linearly with the superconductor’s magnetization M, thus Jc, and its volume
V , see eq. (5.8). The considerable CC sample volume VCC ≈ 12mm×12mm×2µm and its excellent current-carrying
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capabilities Jc(77K) ∼ 1− 3MA/cm2 lead to significant pressure on the twin samples that can cause the endplates
of the resonating cavity to move when applying a magnetic field. In the thesis, before reversing the field direction,
applied magnetic fields reach 9 T and samples become fully penetrated with vortices, thus magnetic forces will follow
the hysteretic curves of a field-cooled HTS as presented in Fig. 5.12 (b).
We show in Fig. 5.13 how ramping the applied magnetic field affects the cavity volume and consequently the measured
resonant frequency ν0(B) for a resonator loaded with Fujikura CCs at 20 K. Before moving forward, it is recommended
to review the nomenclature of the resonator components in Fig. 3.3.

FIGURE 5.13: The variation of resonant frequency with magnetic field measured at 20 K for a DR
loaded with Fujikura CC twin samples. Levitation forces cause cavity instabilities, depicted in the

insets, that manifest as hysteretic resonance frequencies.

When changing the applied magnetic field in the PPMS, we are generating currents in the metallic frame of the res-
onator which create magnetic field inhomogeneities in its interior (where the CCs reside). These inhomogenieties δBz

δ z

are responsible for the appearance of the magnetization force Fz as described in eq. (5.8). Analogous to approaching a
permanent magnet closer to the superconductor, the samples experience a repulsive force when we increase the applied
magnetic field. The bottom sample hits the side walls of the cavity and stays immobile while the top sample pushes
against the spring and, if the repulsive force is large enough to overcome gravity and the suspension of the spring,
opens up new cavity volume through uplift of the top endplate. Upon reversing the magnetic field in the PPMS, analo-
gous to pulling the permanent magnet away from the superconductor, the levitation force changes in direction. Given
again that the force is large enough, the cavity volume change is reversed as the top sample hits the resonator body and
the bottom endplate sinks (see inset of Fig. 5.13). The mechanical shifts of the cavity are allowed by the configuration
used in the resonator and cause repercussions since the height of a cavity strongly affects the resonant frequency [54].
In consequence, the hysteresis in levitation forces propagates to the reference resonant frequency ν0,ref which masks
the intrinsic surface reactance response of the superconductor, see eq. (5.6). The resonant frequency curves from
ramping the magnetic field up and down do not match at fields > 2T as would have been expected for a resonant
frequency signal originating from the CC’s surface reactance (see Fig. 5.9). In total accordance with equation 5.8, this
phenomenon is encountered more pronounced for samples with large thickness, high Jc and at lower temperatures.
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As a proof of concept, we demonstrate in Fig. 5.14 that counteracting the levitation force, consequently increasing the
mechanical stability of the cavity, reduces the hysteresis in the resonant frequency.
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FIGURE 5.14: The resonant frequency with variation of magnetic field for two different resonator
mountings loaded with Fujikura CC twin samples at 20 K. It is demonstrated how the inclusion of a
spacer, referred to as high pressure mounting, reduces the hysteresis in resonant frequency which is

associated with a larger stability of the resonance cavity.

As compared to the conventional sample mounting, denoted as low pressure mounting in the inset of Fig. 5.14 (a), a
teflon spacer of ≈ 2mm thickness is placed between top sample block and spring, denoted as high pressure mounting
in the inset of Fig. 5.14 (b), in order to compress the spring and apply a larger restoring force. The additional constraint
on the upper sample movement restricts the change of cavity volume as indicated in the inset of Fig. 5.14 (b), i.e.
improves the cavity stability. In this example, it was not necessary to include a spacer to the lower volume of the
resonator, suggesting that the spring constant of the bottom spring is larger than the top spring’s constant.

In order to form a better understanding about how the cavity expansions affect the resonant frequency ν(B) and con-
sequently contribute to the magnetic field variation of surface reactance ∆Xs(B), we launched an additional study.
The pressure on the top and bottom samples can be controlled by the spring constant of the used springs or by com-
pressing the springs to provoke larger restoring forces according to Hooke’s law. There are two adjustment parameters
for the spring compression:

1. Thickness of spacers t.

2. Tightening of lid screws with torque D.

We fixed the spacers while controlling the torque on the lid screws to study the change in measured ∆Xs(B), calculated
with eq. (5.6), for SuperOx 2 twin samples at 20 K as presented in Fig. 5.15. The corresponding resonator mounting
specs are listed in table 5.2.

By increasing the tightening of the top lid screws with torque D, we increase the pressure on the top sample and thus
the resistance of the cavity against mechanical expansions caused by levitation forces as shown in Fig. 5.13. This
condenses in smaller hystereses between ZFC and FC cooled curves. Starting from a torque of D ∼ 2.5Ncm, the
hysteresis at large fields δ1 drops almost to zero, rendering ∆Xs(B) reversible for fields >1T. The hysteresis at zero
field δ2 follows a similar pattern. It decreases with increase of torque D, however, it does not drop to zero within our
line of experiments. So, the forces exerted by the springs on the samples are big enough to remove δ1 but not δ2.
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Mount. Top spacers t Bot. spacers t Top screws D Bot. screws D
M1 tsample block + 2·tteflon spacer=

6.99 mm+2·2.09 mm = 11.17 mm
tsample block + tteflon spacer=
8.23 mm+2.11 mm = 10.34 mm

∼ 0.01 Ncm 13 Ncm

M2 ” ” ” ” ∼ 0.1 Ncm 13 Ncm
M3 ” ” ” ” 10 Ncm 10 Ncm
M4 ” ” ” ” 11.5 Ncm 13 Ncm
M5 undocumented undocumented undocumented undocumented

TABLE 5.2: The resonator mounting specifications for experiment shown in Fig. 5.15. Mounting M5
is not part of the initial experiment line, so its exact specs remain undocumented, however, it was a

mounting with intention to exert extremely high pressure on the samples.

FIGURE 5.15: (a) The variation of surface reactance with magnetic field ∆Xs of SuperOx 2 sam-
ples measured at 20 K for different torques of top screws that correspond to mountings M1-M5 as
detailed in table 5.2. For each mounting, we display two curves. One represents the ramping field
up (ZFC) with black filled markers and the other ramping field down (FC) with white filled markers.
δ1 = ∆XFC

s (8.9T)−∆XZFC
s (8.9T) and δ2 = ∆XFC

s (0T)−∆XZFC
s (0T) indicate the degree of hysteresis

introduced to the surface reactance due to instability of the cavity as shown in Fig. 5.13. (b) The hys-
teresis δ1 between ZFC and FC curves at large fields decreases and reaches values close to 0 rapidly
with the mountings, thus with the pressure exerted on the top sample. (c) The hysteresis δ2 between
ZFC and FC curves at small fields decreases constantly with increasing the pressure on top sample.
A saturation value was not achieved within performed experiments. Comparing with the hysteresis of
the surface resistance Rs, which is at max about 0.4mΩ (Fig. 5.4), the magnitude of δ2 ≈ 4mΩ in the

mounting M5 appears to be big.

This suggests that the levitation forces Fz have their maximum at small magnetic fields causing the strongest cavity
expansion, which is in line with the description in equation (5.8), since Fz scales linearly with the magnetization of
the sample that has its maximum at zero field. A further increase of tightening of the lid screws would result in higher
pressure on the samples and consequently a bigger stability of the cavity with respect to levitation forces. However,
we remark that the pressure on the samples exerted by the springs should be limited to an extent where the dielectric
crystal neither breaks or causes indentation in the samples.

We have demonstrated the necessity to counteract the mechanical expansion of the cavity caused by levitation forces,
in order discount extrinsic effects to the measured resonant frequency and consequently the surface reactance. By
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adjusting the pressure on the samples with thickness variation of spacers and torque change on lid screws, we could
completely eliminate the irreversibility of ZFC and FC curves without damaging neither the samples nor the rutile
crystal at fields >1 T. As shown in Fig. 5.15, a hysteresis δ2, most likely originating from levitation forces, remains
even for the mounting where we exerted maximum pressure. This extrinsic effect can be approximately discounted by
a simple offset as discussed in the next section and shown in Fig. 5.17 (c).

Finally, we show the surface reactances Xs(B) = X0 +∆Xs(B) as a function of magnetic field at 50 K for several CCs
in comparison with FCC Cu in Fig. 5.16.

FIGURE 5.16: Surface reactance and its magnetic field dependence (displayed are the FC curves) of
analyzed CCs in comparison with FCC Cu at 50 K. Similar to the surface resistance case, the field
performance of CCs can be roughly categorized into two regions, medium - and high vortex-pinning

REBCO, that refers to the type of microstructure.

The field independent surface reactance part of HTS can be written within the BCS theory as X0 = XBCS = 2πνµ0λL,
where λL stands for the London penetration depth. The london penetration depth can be calculated by assuming the
conventional temperature dependence [30]

λ
2
L =

λ 2
L (0K)

1− (T/Tc)
4 (5.9)

with λL(0K) = 150nm [53] and Tc the critical temperature measured by transport measurement of corresponding CCs.
With this, we can estimate the expected surface reactance XBCS(T = 50K,ν = 8GHz)≈ 10mΩ. The field dependent
part ∆Xs(H) is extracted from resonant frequency measurements, during which we established large temperature and
cavity stability, according to equation (5.6). For the surface reactance of Cu, we have assumed that the Hagen-Rubens
limit (Rs = Xs) [187] is appropriate.

Analogous to the field behavior of Rs, the REBCO microstructure of CCs influences the imaginary part of the surface
impedance, too. Interestingly, the ranking at high fields among the providers stays unaffected with respect to Rs(B).
As a rule of thumb, we can derive experimentally that a microstructure engineered for high-field performance in Rs

yields favorable results for Xs, too. This observation lines up with theoretical formulations as presented in eq. (2.59)
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since both the real and imaginary part of the vortex-motion resistivity ρvm, see eq. (2.56), are governed by the same
vortex parameters η and νp that are directly linked to the REBCO microstructure.
At elevated frequencies around 8 GHz, HTS CCs present higher Xs whose gap to Cu grows larger with increasing
magnetic fields. Depending on the provider, XCC

s (9T) ≈ 3− 5 ·XFCC Cu
s (9T). In section 5.4, we will compare the

microwave performances of REBCO CCs with Cu at 1 GHz, a frequency closer to the prospected operation conditions
of the FCC-hh.

5.3 Model consistent extraction of vortex-motion parameters

For samples where both the surface resistance Rs and the change of surface reactance with magnetic field ∆Xs was
measured, we have two independent data sets available. Thus, we can determine the real and imaginary part of
the vortex-motion (VM) resistivity ρvm = ρ ′vm + iρ ′′vm within the Gittleman-Rosenblum model from eq. (2.59). As
mentioned earlier, the GR model neglects thermal flux creep, thus errors on the VM parameters decrease with distance
to Tc and Hc2. For temperatures where thermal effects become significant, the model provides lower boundaries for νp

and kp and an upper limit for η [188]. Consequently, by neglecting thermal effects, we give pinning parameters that
underestimate the pinning performance.
With some algebra one can express the VM resitivity as a funtion of surface impedance1

ρ
′
vm(T,H) =

2∆Rs(T,H) · (∆Xs(T,H)+ωµ0λL)

ωµ0
(5.10)

and

ρ
′′
vm(T,H) =

(∆Xs(T,H)+ωµ0λL)
2−∆Rs(T,H)− (ωµ0λL)

2

ωµ0
. (5.11)

The London penetration depth is calculated according to equation (5.9). We did not use any magnetic field dependence
for λL as it does not significantly change the final result [189].

However, before calculating the vortex-motion resistivity ρvm, we should scrutinize the experimentally determined
field change in surface resistance ∆Rs(H) and in surface reactance ∆Xs(H). From theory which considers only the
intrinsic vortex-motion response of a superconductor, we would expect a power law increase of both surface resistance
and surface reactance with magnetic field according to Rvm

s (H) ∝ Hα1 and Xvm
s (H) ∝ Hα2 with α1,2 = 0.5− 1 [73,

178]. In the course of this thesis, we have found that the ∆Rs(H) and ∆Xs(H) of a CC include external effects that
superimpose the intrinsic vortex-motion response of the superconductor. To illustrate this mathematically, we can
write the field change of the surface resistance as

∆Rs(H) = Rs(H)−Rs(0T) (5.12)

=
(
Rvm

s (H)+Rext.
s (H)

)
−
(
Rvm

s (0T)+Rext.
s (0T)

)
. (5.13)

Here, Rext.
s represent the external contributions that mask the intrinsic superconductor response. Without applying a

magnetic field, the superconductor is free of vortices so that Rvm
s (0T) = 0. With this, eq. (5.13) simplifies to

∆Rs(H) =
(
Rvm

s (H)+Rext.
s (H)

)
−Rext.

s (0T). (5.14)

1The derivation is given in appendix B.
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Analogously, we can write for the field change of the surface impedance

∆Xs(H) =
(
Xvm

s (H)+Xext.
s (H)

)
−Xext.

s (0T). (5.15)

Two main sources have been identified that constitute Rext.
s and Xext.

s when characterizing CCs with a DR:

1. Magnetic forces lead to mechanical expansion of the DR cavity which cause shifts in the resonant fre-
quency ν0, directly affecting the measured ∆Xs at small magnetic fields.
The effect manifests itself in a strong hysteresis between the ZFC and FC branches (ramping magnetic field up
and down, respectively) of ∆Xs and is appreciable for small fields in Fig. 5.17 (a) or (b) (see subsection 5.2.3
for more detailed analysis of origin). This phenomenon is mainly contained in Xext.

s .

2. Trapped fields and its interaction with a magnetic buffer layer or inferior REBCO seed layers mask the
vortex-motion response, i.e. both ∆Rs and ∆Xs, of the HTS at small magnetic fields.
Referencing Fig. 5.17 (a) or (b), at fields µ0H < 1T, especially the surface resistance shows a more plateau-like
behavior before it passes over to the expected power law increase. We will demonstrate in subsection 6.2.2
that the buffer layer LaMnO3 present in some CCs alternates the measured surface impedance from the intrinsic
vortex-motion response of the REBCO. Another example for small field contributions, comes from Theva which
uses REBCO seed layer [190] of inferior superconducting quality as a growth template, which will affect the
small field range of the high-frequency response. These phenomena are contained in Rext.

s and Xext.
s .

As mentioned, both external effects affect mostly the small field range (µ0H < 1T) while leaving the surface
impedances at higher fields undisturbed. In consequence, we can discriminate the field change in surface resistance
∆Rs according to their field range as

∆Rs(H) =

(Rvm
s (H)+Rext.

s (H))−Rext.
s (0T) for µ0H < 1T

Rvm
s (H)−Rext.

s (0T) for µ0H > 1T.
(5.16)

Knowing this, we can develop a strategy to eliminate the field independent constant Rext.
s (0T) coming from external

effects. Since the determined ∆Rs above 1 T represent the pure vortex-motion response, we ignore the data below 1 T
and approximately extrapolate the power law behavior from the field range µ0H > 1T down to zero field for ∆Rs. The
crossing between the extrapolation and the ordinate has to be understood as the field independent constant Rext.

s (0T) to
fulfill the boundary condition Rvm

s (0T) = 0, see Fig. 5.17 (a). Now that Rext.
s (0T) is identified, it can be easily added

to ∆Rs. After addition, we get

∆Roffset
s (H) = ∆Rs(H)+Rext.

s (0T) =

Rvm
s (H)+Rext.

s (H) for µ0H < 1T

Rvm
s (H) for µ0H > 1T.

(5.17)

With this procedure we can isolate the intrinsic vortex-motion surface resistance Rvm
s of the REBCO for fields above

1 T, see Fig. 5.17 (b).
An analogous case can be made for the field change of the surface reactance ∆Xs, where the field independent external
contribution to the surface reactance Xext.

s (0T) is identified by extrapolating the field behavior of ∆Xs from higher fields
to 0 T as illustrated in Fig. 5.17 (a). This contribution can be eliminated at high fields by offsetting with Xext.

s (0T)
according to

∆Xoffset
s (H) = ∆Xs(H)+Xext.

s (0T) =

Xvm
s (H)+Xext.

s (H) for µ0H < 1T

Xvm
s (H) for µ0H > 1T.

(5.18)
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The demonstrated case in Fig. 5.17, corresponds to Fujikura CC measured at 40 K and we get for the field independent
external offset Rext.

s (0T) = 0.5mΩ and Xext.
s (0T) =−1.8mΩ. We have to note that this approach is to a considerable

FIGURE 5.17: Comparing measured and offset surface impedance of Fujikura without APC at T =
40K. (a) Shown here is the measured change of surface impedance with magnetic field. (b) The
corresponding offset ∆Rs and ∆Xs that discounts extrinsic influences on the vortex-motion response.
The offset adjusts the measurement data, shown as transparent markers, to the expected field behavior
intrinsic to a superconductor and amounts here 0.5mΩ for ∆Rs and −1.8mΩ for ∆Xs. (c) Zoomed into
small field area where offset ∆Xs data is shown together with expected ∆Xs(H) (pink dashed line). (d)

Same field range with ∆Rs plotted together with expected ∆Rs(H) (light blue dashed line).

degree error-prone since predicting the correct field behavior for each individual sample and temperature turns out to be
challenging, but it is necessary in order to isolate the vortex-motion response. In appendix B.2, we compare the vortex-
motion parameters ρvm(H), νp(H) and ρ f f (H) when either calculated from simply ∆Rs(H) = Rs(H)−Rs(0T) and
∆Xs(H) = Xs(H)−Xs(0T) (see eqs. (5.14) and (5.15)) or from the corrected data ∆Roffset

s (H) = ∆Rs(H)+Rext.
s (0T)

and ∆Xoffset
s (H) = ∆Xs(H)+Xext.

s (0T) (see eqs. (5.17) and (5.18)). There, it is shown that using ∆Roffset
s and ∆Xoffset

s

yield consistent results in terms of physical understanding and GR model. In the following, we only analyze the results
where the deviation of ∆Rs(H) and ∆Xs(H) from the expected intrinsic superconductor response is small enough to
allow a reasonable estimation of the field independent offset corrections Rext.

s (0T) and Xext.
s (0T).
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In Fig. 5.18, we show how the offset ∆Zs +Zext.
s (0T)2 transforms into the vortex-motion resistivity ρvm according to

equations (5.10) and (5.11) for SuNAM CC at 20 K. The field responses of the real and imaginary part of the vortex-
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FIGURE 5.18: The vortex-motion response of SuNAM CC at 20 K up to 9 T. (a) measured change in
surface impedance that is offset by ∆Rs = 0.3mΩ,∆Xs = 0.3mΩ to discount extrinsic effects. (b) The

corresponding vortex-motion resistivity calculated with equations (5.10) and (5.11).

motion resistivity are almost perfectly linear as expected from equation 2.56. However, at fields µ0H < 1T, especially
the real part ρ ′vm shows a more plateau-like behavior, which we associate with external effects, before it passes over to
the expected linear increase. A similar field dependence is prominently present in the surface resistance of the sample
as shown in the inset of Fig. 5.18 (a) and as already mentioned, it can be associated with the present buffer layer
LaMnO3+δ . LaMnO3+δ (LMO) as used in SuNAM CC can exhibit metallic properties when grown in its rhombohe-
dral phase and wildly different magnetic properties depending on its oxygen stochiometry δ [191], which masks the
intrinsic response of the superconductor. Later, in subsection 6.2.2, we will demonstrate that indeed the LMO give a
considerable microwave signal. The signal of the buffer manifests in all measured temperatures as presented in Fig.
5.19 and requires a small offset.
With the variations in CC architectures, i.e. the variations in superconductor thickness or quality, type of buffer layers
used and their corresponding thicknesses, each provider exhibits different degrees of masking of intrinsic supercon-
ductor response by extrinsic effects.

To our knowledge, no group reported the REBCO CC vortex-motion resistivity at 8 GHz yet. However, the ρvm from
SuNAM CC at 20 K (see Fig. 5.18 (b)) is in line with results from similar measurement conditions. Alimenti et al. dis-
close ρ ′vm(27K,9T,14.9GHz)≈ 0.1−0.6µΩcm and ρ ′′vm(27K,9T,14.9GHz)≈ 0.3−0.8µΩcm for ∼ 100nm thick
YBCO grown on single crystal substrates [192], while Tsuchiya et al. detail ρ ′vm(30K,9T,31.7GHz)≈ 3.5µΩcm and
ρ ′′vm(30K,9T,31.7GHz)≈ 3.4µΩcm for a 50µm thick YBCO single crystal [178].

We compare the vortex-motion resistivity determined from the ZFC branch of several samples at 70 K, the temperature
at which ∆Xs most of the CCs could be characterized due to moderate magnetic forces, in Fig. 5.20 (a)-(b).
The errors considered in the plot correspond to the frequency accuracy of the VNA Rhode & Schwarz ZNB20 δν =

0.1ppm · ν allowing an upper limit error estimation for the surface resistance σRs = 0.05mΩ and change in surface
reactance σ∆Xs = 0.05mΩ which were propagated to the vortex-motion resistivity. Focusing primarily on the com-
parative aspect of the analysis, systematic errors originating from uncertainties in geometry factor, permittivity of the

2Offsetting ∆Zs(H) by Zext.
s (0T) means explicitly offsetting ∆Rs(H) by Rext.

s (0T) and ∆Xs(H) by Xext.
s (0T).
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FIGURE 5.19: The change of surface resistance with magnetic field ∆Rs (ZFC branch) for SuNAM
CCs at all measured temperatures. The inset highlights the plateau-like behavior at small fields owing

to the magnetic properties of the LaMnO3+δ .

rutile or correct adjustment offsets in ∆Rs and ∆Xs are not included in the error bars as they affect approximately all
samples in the same way.

The magnetic field behavior of ρ ′vm stay linear until approximately 7 T after which they take an upward swing, deviating
from the model expectations. This phenomenon occurs only at higher temperatures 60-70 K and is stronger for samples
without APCs, see SuNAM and Theva, suggesting that either, the pinning regime where vortex - pinning center
interactions are dominant gets surpassed, or the irreversibility field is approached. Both phenomena would interfere
with the GR model and are discussed in context of the surface resistance deviation from approximately power law
behavior in subsection 5.1.3. In contrast, the imaginary part of the vortex resistivity ρ ′′vm follows a linear behavior in
the entire measurement range.

Again, the losses associated with the vortex-motion correlate with the microstructure of the samples. The CCs not
optimized for large field operation, SuNAM, SuperOx and Theva, show the biggest losses both in real and imaginary
part of ρvm. Interestingly, Fujikura without APC competes in the same low loss range as CC with APCs, a demonstra-
tion that the native GdBCO matrix allows for effective intrinsic pinning centers when sufficiently nano-engineered.
At lower temperatures, for example at 50 K shown in Fig. 5.20 (c)-(d), we find similar trends for the VM resistivity
as a function of applied field ρvm(H), as previously discussed. On the one hand, the CC performances follow the
well described categorization into medium vortex-pinning and high vortex-pinning REBCO microstructures. On the
other hand, the field increase is linear for fields > 1T and exhibit a plateau-like behavior for smaller fields due to the
magnetic properties of LMO or other extrinsic effects.

We present the temperature behavior of the complex VM resistivity of several CCs at 9 T in Fig. 5.21.
As expected, for all CCs the microwave losses, visible in both real and imaginary part of ρvm, drop with decreasing
temperature since it is accompanied by increase of superconductor’s pinning strength. CCs with high vortex-pinning
microstructures exhibit a less steep temperature dependence than their medium vortex-pinning counterparts suggesting
that high pinning microstructures comprise a balanced mix of weak pinning center, active at low temperatures, and
strong pinning centers, active at high temperatures [43, 165]. Moreover, in comparison with medium vortex-pinning
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FIGURE 5.20: The real (a),(c) and imaginary part (b),(d) of the vortex-motion resistivity ρvm of several
CCs as a function of magnetic field at 70 K ((a)-(b)) and 50 K ((c)-(d)).
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FIGURE 5.21: The real (a) and imaginary part (b) of the vortex-motion resistivity ρvm of several CCs
at 9 T as a function of temperature.

CCs, the ρvm of CCs with defect rich microstructure remain in a smaller magnitude range across the entire temperature
range. The ranking among the CCs for the VM losses reflects generally their pinning strengths as represented in form
of Jc(H) in Fig. 4.7.
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5.3.1 Vortex viscosity and flux-flow resistivity

Within the GR-model, the vortex viscosity or viscous drag coefficient η can be calculated as a function of the VM
resistivity. Starting from equation (2.56), equivalent transformations yield

η = Φ0B · ρ ′vm

ρ ′vm
2 +ρ ′′vm

2 =
Φ0B
ρ f f

. (5.19)

The vortex viscosity based on measured Zs and determined from equation (5.19) is presented in Fig. 5.22 (a) at
70 K for all studied CCs. Different from our previous analysis in subsection 5.1.3, where η originates from ρn and
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FIGURE 5.22: Viscous drag coefficients calculated from eq. (5.19) for all characterized coated con-
ductors. (a) η as a function of magnetic field at 70 K. (b) η(9T) as a function of temperature.

Bc2 (Bardeen-Stephen model) estimated by transport, the given vortex viscosity can be displayed as a function of
magnetic field. At intermediate and high magnetic fields, the field dependence is very weak, almost non existent.
It falls into expectations with the Bardeen-Stephen model, since the upper critical field Bc2 and the normal-state
resistivity of REBCO ρn are field independent quantities. At lower magnetic fields, extrinsic effects superimpose the
field dependence.

The introduction of APC into the REBCO matrix does not have a clear effect on the magnitude of η . Take for instance,
Fujikura APC and SuperPower which are both based on nanorods. The former has one of the lowest, while the latter
the highest vortex viscosity eta among all samples. Beyond APCs, the η must be influenced by additional factors like
inhomogeneities and nanoscale defects. Microstructure analysis by transmission electron microscopy could reveal
explicit links between defects and vortex viscosity.

In Fig. 5.22 (b), the analysis of η at 9 T is extended to lower temperatures. For all providers, we observe generally an
increase of the magnitude with decreasing temperature, in line with expected ρn and Bc2 temperature behaviors.
The calculated values are in excellent agreement with literature. For example at T = 50K, the reported values range
from ≈ 2×10−7 Ns/m2 measured with pulse transmission [193] to ≈ 10×10−7 Ns/m2 characterized with a parallel
plate resonator at 5.5 GHz [194] for YBCO thin films.
The vortex viscosities calculated from two different approaches, on the one hand the Bardeen-Stephen description [31]
with η = Φ0Bc2

ρn
and on the other hand Tinkham´s model [30] η = Φ0B

ρ f f
, are presented together with literature results

in Fig. 5.23. The black line approximates the results obtained for a YBCO thin film with microwave measurements,
which are approximated with η(T ) = η(0)(1− ( T

Tc
)2)/(1+( T

Tc
)2) with Tc = 88K and η(0) = 1.2×10−6 Nsm−2, as
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FIGURE 5.23: Comparison of vortex viscosity calculated from two different approaches. The filled
markers relate to surface impedances based and the open markers to transport measurement based η .
The black line approximates the results obtained for a YBCO thin film with microwave measurements

as reported in [67].

reported in [67]. Independent of the chosen approach, our η is within the same order of magnitude to those reported
values in thin films. This describes the limitations of the REBCO microstructure on η . The temperature dependence
of the reported values is more akin to the one obtained from surface impedance which is not surprising considered that
both result from microwave measurements. The deviation of values based on transport measurements from microwave
results at low temperatures might arise from increasing uncertainties in estimation of ρn and Bc2 with decreasing
temperature. Comparing the vortex viscosities of our two approaches, interestingly, the succession among the CCs
is quite similar. SuperPower samples display the highest values, while Fujikura, SuNAM and SuperOx stay in the
intermediate range. Fujikura APC represents an exception. While from microwave measurements its η(T,9T) lines
up with the intermediate values from Fujikura, SuNAM and SuperOx, the η calculated within the Bardeen-Stephen
model shows extremely low values. As already mentioned in section 5.1.3, the very low values for η arise from the
high normal-state resistivity ρn that we estimated in Fujikura APC from the normal state. It seems that the ρn does
not influence so much the η estimated from microwave measurements which is measured while the film remains in its
superconducting state.
However, this exception aside, the two applied ways to determine η yield similar magnitudes and are consistent in
predicting how different microstructures of REBCO compare to each other in terms of vortex viscosity.

The flux-flow resistivity ρ f f =
Φ0B

η
, see equation (2.58), shows a different perspective on the same aspect. While the

vortex viscosity gives the drag or friction to move the vortex, the flux-flow resistivity marks the upper limit of possible
microwave losses [69].
In Fig. 5.24, we disclose the flux-flow resistivity as a function of magnetic field at 50 K for several CCs. The almost
linear in-field behavior implies the almost constant field behavior of the vortex viscosity that we already have seen
in Fig. 5.19. The losses at 9T can differ by a factor of two comparing SuperPower and Theva. However, we have
to remember that Theva exhibits an inclined c-axis which will force microwave currents to exit the best conducting
ab-planes and result in additional dissipation. All other CCs deviate by at most 30% from each other.

Comparing the flux-flow resistivity with other superconductors, demonstrates the potential of REBCO in high-temperature,
in-field microwave applications. Nb3Sn was reported to show ρ f f (10K,9T) ≈ 8µΩcm and MgB2 is expected to
demonstrate even higher losses [189]. The characterized coated conductors perform at the same magnetic field but
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FIGURE 5.24: The flux-flow resistivity ρ f f as a function of magnetic field at 50 K for all characterized
CCs.

significantly higher temperature, 50 K, considerably better ρ f f (50K,9T)≈ 2.3−5.1µΩcm, as shown in Fig. 5.24.

5.3.2 Depinning frequency and pinning constant

The depinning frequency νp informs about the excitation frequency of a material above which the real part of the
VM resistivity ρ ′vm exceeds half of its maximum. It basically separates the low-frequency, low-losses from the high-
frequency, high-losses regime (see Fig. 2.12). With the VM response at hand, one can isolate the depinning frequency
by forming a VM resistivity ratio in the following way

νp(B) =
ρ ′′vm(B)
ρ ′vm(B)

·ν . (5.20)

Note that the vortex parameter is in this formulation expressed as a function of magnetic field. We disclose the
depinning frequency as a function of magnetic field for several CCs at 70 K calculated according to equation (5.20) in
Fig. 5.25 (a). The decrease of νp with magnetic field in the relevant field range is observed for all CCs but SuperOx 2.
In the case of a constant vortex viscosity with changing magnetic field, this is approximately what we observe in Fig.
5.22 for analyzed CCs at 70 K, a field dependent depinning frequency suggests a pinning regime with many vortices
per pinning site [67, 189, 192]. Consequently, it occurs at large magnetic fields or temperatures where few pinning
sites are active. In this regime, depinning frequencies are smaller and field dependent.
Among the CCs, a quite wide range of depnning frequencies is covered, 7-20GHz at 9 T, which is in accordance with
the microstructure relevance to the vortex-motion parameters. The introduction of APC to the REBCO matrix seem
to result in elevated values. Other groups report similar values for the depinning frequency. Alimenti et al. measure
νp(67K,9T) ≈ 16GHz for a thin film of CSD-YBCO with 5 % BZO and νp(65K,12T) ≈ 20GHz for a thin PLD
pristine YBCO [192]. Golosovsky et al. disclose νp(70K,0−0.8T)≈ 15GHz for a thin YBCO film [67, 194].

We present the high-field depinning frequency as a function of temperature for all analyzed CCs in Fig. 5.25 (b). One
can observe that νp scales inversely with temperature uniformly for all CCs. Especially relevant for the FCC-study are
the values at 50 K. Depending on the sample, they are roughly between 12 GHz and 30 GHz which suggests a low-loss
operation of CCs at excitation frequencies around 1 GHz, as foreseen for the FCC-hh, and up to fields of 9 T, given
the validity of the GR-model.
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FIGURE 5.25: (a) The depinning frequency νp as a function of magnetic field at 70 K for several
CCs.(b) The depinning frequency as a function of temperature at 9 T for all analyzed CCs.

We find quite good accordance with depinning frequencies obtained from fits of the surface resistance as presented in
Fig. 5.26. On the one hand, the found magnitudes for the depinning frequencies of both approaches match. On the
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FIGURE 5.26: Comparison of depinning frequency calculated from two different approaches. The
filled markers relate to surface impedances based and the open markers to fits from surface resistance

data.

other hand, independent of chosen approach, samples with APCs display higher values.
A main difference is the weaker temperature dependence of the depinning frequencies calculated from the fitting
method. As shown previously in Fig. 5.23, the η estimated from transport displays a very strong temperature de-
pendence which probably overestimates the real η at low temperatures because of the increasing uncertainties in
determination of ρn and Bc2 with decreasing temperature. The overestimated temperature dependence of η propagates
then into an underestimated temperature dependence of νp obtained from ∆Rs fits since η is always a constraint in
equation (2.56).
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Finally, the pinning constant or Labusch parameter kp, which defines, in the limit of no vortex-vortex interaction, the
restoration force per displacement of a vortex from its pinning potential minimum, can be expressed as a product of
vortex viscosity and depinning frequency

kp = 2πνp ·η . (5.21)

We present kp as a function of magnetic field at several temperatures for a SuNAM CC sample in Fig. 5.27 (a). In the

0 1 2 3 4 5 6 7 8 9 10

0
H (T)

0

5

10

15

k
p

(N
m

-2
)

104

20K
30K
40K
50K
60K
70K

10 20 30 40 50 60 70 80

T (K)

0

0.5

1

1.5

2

2.5

3

3.5

k
p

(N
m

-2
)

105 @ 9T

Fujikura APC
Fujikura
SuNAM
SuperOx
SuperOx 2
SuperPower
Theva 500A

(a)

(b)

FIGURE 5.27: (a) The Labusch parameter kp as a function of magnetic field at several cryogenic
temperatures for SuNAM CCs. (b) The Labusch parameter at 9 T as a function of temperature for all

analyzed CCs. The full black and dashed curves demonstrate approximations for kp(T ) [67].

range between 20−70K, the Labusch parameters at large fields span roughly (2− 11) · 104 Nm−2 indicating varying
pinning mechanisms with temperature.
At low temperatures, thermal vortex displacements are small enough that fluctuations in the uncorrelated point-like
defect (e.g. oxygen vacancies which are weak pinning center) density contribute together with strongly correlated
disorder like twin boundaries, screw dislocations or artificially introduced pinning centers (strong pinning center) to
the overall pinning. With increasing temperature, thermal fluctuations cause a quick smearing out of the uncorrelated
disorder potential so that this type of pinning becomes ineffective. At the same time, thermal vortex displacement
becomes too large to allow vortex pinning of a single correlated defect, the vortex becomes delocalized and can only
be pinned by an assembly of correlated defects. Now, only fluctuations in the correlated defect density lead to pinning
of the vortex line, which reduces the overall pinning [164].
The field evolution of the pinning constant varies with temperature, too. The presence of various active pinning
centers, weak and strong, at low temperatures allow for an individual pinning regime with many pinning sites per
vortex. In this regime, kp is constant in field since vortex - pinning center interactions are dominant over vortex-vortex
interactions. At higher temperatures, uncorrelated defects and pinning through single correlated defects break away
as active pinning centers. The pinning site per vortex distribution shifts towards an abundance of vortices, the vortex-
vortex interaction kicks in and kp decreases with magnetic field. This phenomenon becomes apparent at about 60 K for
SuNAM CCs as demonstrated in Fig. 5.27 (a). In addition, thermal energies cause smoothing of the pinning potential
which reduces the overall magnitude of kp with increasing temperature [164].

We compare the kp at 9 T of various CCs as a function of temperature with approximations found in literature in Fig.
5.27 (b) [67]. The full black curve corresponds to klit

p (T ) = kp(0)(1− ( T
Tc
))4/3(1+( T

Tc
))2 with Tc = 90K and kp(0) =
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3×105 N/m2. The dashed line adds an exponential term to klit
p in the following way: klit,2

p = klit
p (T ) ·exp(−T/T0) with

T0 = 30K which is a characteristic temperature associated with thermal fluctuations. In the first case, the temperature
dependence originates from the temperature dependence of the superconducting parameters, such as condensation en-
ergy, while in the latter, a term is added that accounts for thermal smearing of the pinning potential [67, 164, 195].
The experimental kp of medium vortex-pinning CCs, like SuNAM, SuperOx or THEVA, match the klit,2

p both in
magnitude and temperature evolution quite well. The CCs with high vortex-pinning microstructures exhibit larger
values, which might correspond to more active pinning centers, and although only high-temperature values are avail-
able, seemingly a temperature behavior that is more akin to klit

p (T ). The slower decrease of kp with temperature of
high vortex-pinning CCs would match the microstructure picture. Nanocolumns or 3D nanoparticles, trademarks of
high vortex-pinning CCs, are strong pinning centers that are more effective at higher temperatures [164] which could
smooth out the decay of kp in temperature.
Finally, we compare the Labusch parameters as a function of temperature obtained from our two different approaches
in Fig. 5.28. Since kp = 2πνp ·η , both quantities νp and η superimpose in order to constitute kp. The calculated
values of both approaches remain at all temperatures in the same order of magnitude. However, due to the very strong
temperature sensitivity of η obtained from transport data, corresponding kp undercuts the Labusch parameter from
surface impedance data at high temperatures and overestimates it at low temperatures. The deviation between both ap-
proaches is minimal at 50 K, yielding, within error bars, the same values for Fujikura, Fujikura APC and SuperPower.

FIGURE 5.28: Comparison of Labusch parameters calculated from two different approaches. The filled
markers relate to surface impedances based and the open markers to fits from surface resistance data.

5.4 Extrapolation of surface impedance to FCC-hh conditions

Transverse beam coupling between accelerated hadrons and the introduced image currents within the beam screen
coating pose one of the performance limitations in the current FCC-hh design. The transverse beam coupling impedance
is directly proportional to the surface impedance of the material facing the particle beam [12],[196].

In Fig. 5.3 and in [14], we compare the surface resistance of the potential FCC-hh beam screen coating Cu with
the CCs presented here. At T = 50K, µ0H = 9T and ν ≈ 8GHz, the best performing CC has a 2.5 smaller surface
resistance than Cu. Aforementioned work and previous discussions enable extrapolation of the surface impedance of
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Cu and CCs to FCC-hh conditions, so to lower frequencies and higher fields. The microwave response of 300µm
thick Cu colaminated on stainless steel by CERN is measured with the presented dielectric resonator and amounts
RFCC Cu

s (50K,0T,8GHz) ≈ 7.5mΩ (see Fig. 5.3). Since the surface impedance of a normal, non-magnetic metal is
related to its skin depth, as derived in chapter 2 or in [197],

δ =

√
2ρ

2πνµ0
(5.22)

by
Zmetal

s = (1+ i)
ρ

δ
, (5.23)

we can deduce the surface resistance of Cu at FCC conditions to be

RFCC Cu
s (50K,0T,1GHz) =

√
1GHz
8GHz

·RFCC Cu
s (50K,0T,8GHz)≈ 2.65mΩ.

The change with applied magnetic field is insignificant. As indicated by equation (5.23), Rs = Xs for normal conduc-
tors.
Returning to equation (2.53), the field independent part for the surface resistance RBCS of a superconductor in the
dirty limit (short mean free path) has a quadratic frequency dependence for T < Tc and not too high frequencies
(2πν � 2∆/h̄, ∆ is the energy gap) [62]. Rres can exhibit different frequency dependencies [198], however, in
high Tc superconductors quadratic frequency behaviors were observed [62],[63]. In this setting, it can be considered
RCC

BCS(50K,0T,1GHz)+RCC
res (50K,0T,1GHz) =

( 1GHz
8GHz

)2 ·RCC
s (50K,0T,8GHz)≈ 10µΩ.

The field independent part of the surface reactance can be written within the BCS theory as XBCS = 2πνµ0λL, where
λL stands for the London penetration depth. Assuming the conventional temperature dependence [30] (see eq. (5.9))
with λL(0K) = 150nm [53] and Tc the critical temperature measured by transport measurement of corresponding CCs,
we can estimate the expected surface reactance XBCS(T = 50K,ν = 1GHz)≈ 1.2mΩ.

Finally, the field dependent part of the superconductor’s surface impedance at FCC conditions is calculated from
equation (2.59) and estimated pinning parameters from surface resistance fits at T = 50K3.

In Fig. 5.29, we present FCC conditions extrapolated surface impedance as a function of magnetic field for FCC Cu in
comparison with all CCs covered in this work. The surface resistance of the CCs at 16 T is expected to be by a factor
of 15-70 (depending on the provider) smaller than that of Cu. The surface reactance of CCs exceeds that of Cu by a
factor of 1.5-2.3. So, the use of current state of the art CCs in the beam screen chamber results in highly decreased
surface resistance with the trade off of slightly increased reactive microwave response as compared to Cu. Realized in
practice, the decrease in surface resistance would equate to significant benefits in terms of beam stability margins and
resistive power losses, while the increased surface reactance would result in a minor drop of maximum beam current
within the FCC [73].

Furthermore, the CC technology offers room for optimization. As pointed out in the previous section, CCs under

3A discussion on the limits of this approach is given in the following. Presented calculations for the field dependence of CCs’ surface impedance
are performed within the mean-field approximation which are very successful in elevated frequency ranges ν ≥ 8GHz [199]. Going to lower
frequencies increases the excursion of the vortices, thus vortex-vortex interaction and thermal fluctuations become more relevant [179]. Close
to conditions where the vortex-liquid transition is passed, data is better described by scaling models. Wu et al. found the crossover frequency
νx ∼ 8−9GHz at T = 80.2K and H = 0.4T for YBCO [179]. It defines the frequency at which the liquid-glass transition occurs. The crossover
frequency νx at T = 50K remains unknown but is expected to be dependent on microstructure and lower than at 80.2K since oscillations are less
influenced by thermal activation.
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study perform at FCC conditions in the pinning regime. Hence, from an engineering point of view, it is desirable to
use superconductors with large pinning constants kp = 2πνp ·η , that is, large depinning frequency and vortex viscosity
for this particular application. As shown in Fig. 5.8 a), incorporation of artificial pinning centers have positive impacts
on the depinning frequency. The vortex viscosity η can be increased by either decreasing the normal-state resistivity
ρn or increasing the upper critical field Bc2 as indicated by equation (5.4).

5.5 Conclusions

In this chapter, we have studied the surface impedance, Zs =Rs+ iXs, and vortex properties (νp, η and kp) at microwave
frequencies of several commercially available REBCO coated conductors as a function of magnetic field up to 9 T at
ν = 8GHz and 20 K to 70 K with a Hakki-Coleman type dielectric rutile resonator.

Comparing the surface resistance as a function of magnetic field Rs(H) of the CCs with the one of copper, the beam
screen coating standard, we found that the best performing CC outperforms copper by about a factor of 2.6 at 50 K,
8 GHz and 9 T, so at the closest FCC-hh conditions we can experimentally realize. This demonstrates the excellent
microwave performance of CCs in large-field RF applications. Moreover, studied CCs have been categorized into
medium and high vortex-pinning REBCO groups. The latter are, one exception aside, APCs based CCs and cause
less microwave dissipation than their medium vortex-pinning counterparts. This underlines the link between REBCO
microstructure and microwave in-field performance.

By calculating the vortex viscosity η of CCs based on flux-flow resistivity transport measurements, we were able to
use it as a constraint in the GR-model and treat the second model parameter, the depinning frequency, as a fitting
parameter to ∆Rs(H). The connection between microwave performance and REBCO microstructure propagates to the
pinning parameter νp. High vortex-pinning REBCO matrices yield higher depinning frequencies which puts forward
the usage of APCs as a viable technique for microwave performance improvement. Also the vortex viscosity shows
some spread in its magnitude for different CCs. It can be increased by either increasing the upper critical field or
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decreasing the normal-state resistivity of the REBCO microstructure. Mentioned findings provide material engineers
a recipe to potentially improve the already outstanding microwave performance of CCs even further.

The reliable and reproducible measurement of CCs’ surface reactances with a DR was a meaningful hurdle to take.
Besides the required high accuracy in frequency and large temperature stability, we identified large mechanical cavity
stability to be essential, since magnetic forces, as known from levitation experiments, expand the resonance cavity
when characterizing ∆Xs(B) of CCs during magnetic field sweeps. We showed a save modification to the setup,
meaning without damaging neither the setup nor the samples, to limit the mechanical movement of the cavity. This
allowed the controlled measurement of ∆Xs(H) with the DR. We show that the surface reactance of studied CCs is
XCC

s (9T)≈ 3−5 ·XFCC Cu
s (9T) at 50 K.

Having both the surface resistance and surface reactance available, we used the two data sets to calculate the character-
istic vortex-motion resistivity ρvm and vortex-motion parameters η , νp and kp again with the GR-model, but this time
without model constraints from transport measurements. In this instance, it was demonstrated that external microwave
contributions like hysteresis in ∆Xs due to cavity movement or magnetic properties of the buffer layer LMO, mask
the intrinsic superconductor response at small magnetic fields. This contribution can be removed for fields µ0H > 1T
through a simple offset. The most significant difference between our two approaches is observable in the determined
η , which is expected considering that it was determined from two completely different techniques. The η from sur-
face impedance data shows a much milder temperature behavior than its tranport counterpart. Besides this, obtained
vortex-motion parameters are quite consistent within the two approaches in terms of magnitudes and general trends.

Further, we have calculated the surface impedance of CCs at FCC conditions (T = 50K,ν = 1GHz and 16 T) by means
of the Gittleman-Rosenblum model. The surface resistance is expected to be a factor 15-70 smaller (depending on the
provider), while the surface reactance stays in the same order of magnitude with respect to the surface impedance of
copper. Realized in practice, the decrease in surface resistance would equate to significant benefits in terms of beam
stability margins and resistive power losses, while the increased surface reactance would result in a minor drop of
maximum beam current within the FCC.

The estimated outstanding microwave performance of CCs at FCC conditions encourage to take next steps in the
feasibility study. Namely, to determine experimentally the surface impedances at 1 GHz and 16 T, study the different
ways to attach tens of meter-long CCs to the beam screen chamber taking into account the mechanical properties of
the stainless-steel/ CC ensemble, ensure magnetic field quality inside the beam-screen chamber, and study possible
hazards such as a dipole magnet quench. Some of these factors will be examined in detail in the next two chapters as
they represent essential puzzle pieces for a final, reliable cost-benefit assessment for this solution.
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Chapter 6

Scalable technique to coat metallic surfaces
with REBCO for large-field microwave
applications

Promising as the high-frequency properties of REBCO CCs are, the practical issue of how to coat the beam screen
chamber in large scales has not been addressed yet. In fact, until recently REBCO CCs did not play a significant role
in the history of microwave applications.

Since the late 1960s, superconductors are employed as materials for radio-frequency (RF) cavities because of their
operation at higher acceleration voltage gradient and lower AC power demand than normal conducting alternatives[18].
In this field, Nb films are the most widely used among the single element superconductors owing to its highest critical
temperature Tc and highest RF critical field Hsh and the ease of coating even curved structures with Nb foils or
sputtering. Usually, this is done without big performance compromises in contrast to its compound counterparts like
Nb3Sn. High purity Nb avoids thermal breakdowns and allows the achievement of ultra low surface resistances in
the order of 1nΩ [200]. The defects which are still present in the material let magnetic flux lines, originating from
earth’s magnetic field or stray fields from accelerator magnets, penetrate and cause with the movement of its normal
core the residual resistance. So generally speaking, in the scenario of RF cavities with zero applied field, defect free
superconductors are desired in order to minimize the losses.

Emerging high magnetic field RF applications, like next generation high energy accelerators [9, 11] or potential axion
detection cavities [201, 202] call, however, for other superconductors because of niobium’s low Hc2(T = 5K) <

0.5T. With applied magnetic field, penetration of magnetic field lines into the superconductor cannot be avoided and
thus, the strategy becomes the immobilization of quantized magnetic vortices by means of defect pinning. The most
mature superconductors for high field applications are nowadays Nb-Ti, Nb3Sn and REBCO. The high-temperature
superconductor REBCO offers opposed to NbTi and Nb3Sn a larger technological flexibility due to its higher critical
temperature T REBCO

c ≈ 90K as compared to T NbTi
c = 9K, T Nb3Sn

c = 18K and larger upper critical field HREBCO
c2 (4K)>

100T as compared to HNbTi
c2 (4K) = 12T, HNb3Sn

c2 (4K) = 27T [53]. In addition, in a comparative study it was shown
that REBCO exhibits promising microwave properties [189]. Unfortunately, its usage in RF cavities is impeded by
complicated material growth that requires meticulous stochiometry control and biaxially textured templates, making
it virtually impossible to grow REBCO directly on cavities with complex geometry.

To bypass the issue of direct REBCO growth on cavity walls, we initially envisioned to solder stripped coated con-
ductors, so without their protecting Ag and Cu layers, with their metallic substrate side to the cavity [203]. Recently,
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a similar idea has been put into practice. For axion search at large fields, Ahn et al. coated successfully a cavity with
YBCO CCs by gluing the substrate side to the cavity walls [21, 204]. With the metallic substrate side attached to the
cavity, the YBCO ends up being exposed as the topmost layer. Their cavity presents high Q-factors and it demonstrates
a practical use of REBCO coated conductors for microwave applications.

In this chapter, we disclose a novel, non-destructive technique to coat REBCO coated conductors on metallic, curved
surfaces compatible with large scale microwave applications like the beam screen chamber of the FCC-hh. As opposed
to our initial idea and Ahn’s attachment of coated conductors to metallic walls, our method involves ’face-down’
soldering of the coated conductor and subsequent delamination of the superconductor from the tape. This results in
the bottom side of the superconductor to be exposed to the cavity and has positive implications for the microwave
performance.

This chapter is structured in the following way: In section 6.1, we start with describing the process steps that define
the attachment technique. Subsequently, we assess the integrity of the technique. Potential damage, for example
due to excessive heat during soldering or the mechanical exfoliation are analyzed with magnetization measurements.
Finally, we compare the topography of exfoliated bottom surface with the standard top surface via scanning electron
microscopy.
In section 6.2, we continue with high-frequency analysis by means of a dielectric resonator. Firstly, the surface
sensitivity of this technique is quantified by calculating the penetration depths of the electromagnetic fields in REBCO
CCs when exposed to large magnetic fields. Secondly, we compare the surface impedance of exfoliated REBCO
bottom side with its top surface counterpart for several CCs in a wide cryogenic temperature range and up to 9 T.
Thirdly, we report about the first results of a spin-off collaboration with the RADES (Relic Axion Detector Exploratory
Setup) project at CERN. Here, we coated haloscopes, specially shaped Cu cavities, with REBCO CCs using our
proposed attachment technique in order to achieve high Q-factors at large fields while searching for axion dark matter.

The delamination and soldering technique was developed in collaboration with other members of the SUMAN group at
the ICMAB. My main contribution to it lies in the high-frequency characterization and analysis of exfoliated samples
as presented in this chapter. As an ongoing work, our group studies the optimization of REBCO with the aim to induce
as few damage to the REBCO layer as possible. The feedback is supplied by Hall Scan Microscopy, Scanning Electron
Microscopy and optical microscopy. The conclusions of our labor can be soon found in [205] and PhD dissertations
of Guilherme Telles and Neil Lamas.

6.1 Coating technique

6.1.1 Process steps

The coating technique to attach REBCO CC to a metallic and possibly curved surface can be broken down into two
integral steps.

1. The fully protected coated conductor, find cross section of it in Fig. 6.3 (a), needs to be soldered ’face down’
(with face we refer to the top surface of the superconductor, see again Fig. 6.3 (a)) to the desired surface.
Starting point is the pre-tinning of the CC surface with a Sn:Pb:Cu 60:38:2 solder that contains in addition some
dissolved flux. For this, the sample is placed ’face up’ on a heater, warmed up to 200 ◦C and brought into contact
with a solder wire in order to cover the surface with a thin layer of tin alloy. The amount and distribution of
solder on the stabilizing Cu is shown to affect the quality of delaminated samples and both parameters were
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optimized by spreading the solder with a tilted carbon fiber blade as reported in [205]. The soldering part is
initiated by homogeneously pressing the pre-tinned side of the CC with ≈ 5bar on a cleaned metallic surface.
Note that the CC is here placed ’face down’. Then, the sample is heated for three minutes to 230 ◦C. Once the
sample is cooled off, it is soldered to the metallic surface and one can move to the next step.

2. The metallic substrate has to be delaminated off the oxide laminar structure, which will expose the bottom side
of the superconductor, potentially covered with films or patches of buffer layers, see 6.3 (d). In principle, this
is achievable by mechanical upwards pulling without any additional process manipulation since the soldered
interface is more robust than the oxide layer interfaces within the CC. However, the presence of the Cu jacket
which holds the CC layers together, see 6.3 (a) or (c), will result in inhomogeneous pulling direction and force
distribution. Multilateral breaking within the oxide layers, including ripping REBCO from the sample, are the
consequences. A key step to diminish this effect is to cut the sides of the Cu envelope in order to allow the
pulling force to be evenly distributed across the entire CC width. Another optimization factor for homogeneous
delamination is the way with which the substrate is detached from the oxide structure. For example, attaching
the substrate to a cylinder and rolling it subsequently over the tape results in homogeneous peeling.

One positive aspects, intrinsic to our proposed technique, should be underlined here. The soldering process is carried
out with CCs that are fully protected by their Ag and Cu layers. This facilitates the handling of the tapes, since it
reduces mechanical damages to the REBCO. A more detailed description of the coating process is disclosed in [205].

6.1.2 Assessment of attachment technique integrity

A suitable attachment technique for CCs is distinguished by the preservation of the critical current after all manip-
ulating steps were taken. On the one hand, soldering with too high temperatures and large time scales can lead to
oxygen out-diffusion resulting in degradation of current carrying capabilities [206]. On the other hand, the mechanical
exfoliation can take off some REBCO material and leave some small excavations in the REBCO layer of interest.
The potential damage inflicted on the superconductor by these two steps can be assessed with magnetization measure-
ments.
We soldered a 12 mm×12 mm SuperPower coated conductor sample ’face down’ on a brass block, ripped the metallic
substrate from the oxide structure and finally, unsoldered the exposed superconductor again by heating the brass block
to 190 ◦C. The unsoldered sample and the CC’s substrate side counterpart are presented in Fig. 6.1.
Two observations are noteworthy. On the one hand, the exfoliated REBCO is bent due to solidified solder on the
backside of the sample. Thus, care has to be taken in this process to not bend the tape beyond the critical bending
radius which would damage the superconducting layer properties. On the other hand, the substrate side piece shows
reflections in a purple and greenish color, pointing towards the possibility that the metal substrate has dragged some
of the buffer layers together with it.
An ≈ 3.5mm×3.5mm piece was carefully cut out from the exfoliated REBCO center (see Fig. 6.1) and its magne-
tization measured up to 9 T at T = 50K. In Fig. 6.2, we compare its magnetization and the critical current density to
a similar sized SuperPower CC sample, which was not subjected to the manipulating steps required for exfoliation of
REBCO.
The exfoliated REBCO sample has an only ≈ 6% larger volume but a ≈ 36% larger magnetization at 0 T than its not
delaminated counterpart. We assume that the superior magnetization stems from a less damaging cutting technique
that we used for the exfoliated sample. It is known from literature that mechanically slitting CCs may deform the
superconductor at the edges resulting in a degradation of the critical current [207]. For the sample preparation of the
VSM experiment, the not delaminated CC was cut with a sharped scissor. Here, the end parts of the scissor blades
were used in an attempt to minimize the shear force on the sample. In contrast to this, the exfoliated REBCO was
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cut piece 
from center

FIGURE 6.1: Bottom part: Exfoliated 12 mm×12 mm REBCO sample, which was soldered on a brass
block, stripped off the metallic substrate and removed from the block again by melting the solder. We
cut out a≈ 3.5mm×3.5mm piece from the center (red dashed square) and measured its magnetization.

Top part: The complementary substrate side CC piece of the exfoliated REBCO sample.
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FIGURE 6.2: (a) Magnetization loops of a SuperPower CC sample as provided from the manufacturer
cut to 3.3 mm×3.4 mm in comparison with a CC based REBCO sample that was soldered, exfoli-
ated, unsoldered again before cut to 3.3 mm×3.6 mm at 50 K. (b) The critical current density of the

corresponding magnetization measurement. The inset shows the normalized critical current.

split by a box knife blade which was aligned planar on the stabilizing Cu layer before being hammered trough the
sample. From this we can conclude that if soldering and/or delamination deteriorates the carrying current capabilities,
it is significantly less severe (for the sample center) than the damage we induce when cutting with scissors. For future
CC cutting, it is recommended to stick to the blade plus hammer technique until a more profound study is undertaken.

We analyzed the effects of soldering and delamination on the critical current degradation with larger samples and spa-
tially resolved scanning Hall probe microscopy. Our main findings establish that the sample edges are the most prone
areas to degradation of critical current, while the central part of the samples usually preserves the superconducting
properties. The work is summarized in [205] and is part of another PhD thesis.
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6.1.3 Delaminated samples for DR measurements

In this chapter, it becomes necessary to introduce a new specification for measured samples. The customary surface
impedances so far reported stems from CC stripped off their stabilizing Cu and Ag and glued ’face up’ to a brass block
as displayed in Fig. 6.3 (b). In this instance, the side of the superconductor, which is furthest away from the metallic
substrate, faces the cavity and characterizing electromagnetic fields. In the following, we denote these samples as the
REBCO top surface.
Contrarily, when we solder the CC upside down on a brass block (see Fig. 6.3 (c)) and delaminate it, the supercon-
ductor’s surface closer to the metallic substrate gets exposed to the cavity. These samples will be called REBCO
bottom surface. The exposed surface can be quite complex after delamination. Depending on the CC provider and
the delamination parameters (speed and pressure), several surfaces are present in different proportions such as closed
buffer layer on top of the HTS (delamination between buffer layers), a layer of HTS with patches of buffer layers on
top and/or trenches where thin layers of HTS got excavated (multi layered delamination between buffer layers and
between last buffer and HTS layer) or a layer of HTS possibly with shallow craters (delamination between last buffer
and HTS layer), see Fig. 6.3 (d).
Fig. 6.3 supports the two described sample types with a visualization.

FIGURE 6.3: Schemes of characterized sample types. (a) Cross section of commercial available CC
which serves as starting point for used samples. (b) CC stripped of the Cu and Ag protective layers
and glued with top face up on a brass block for characterization in DR. (c) CC soldered upside down
on brass block. (d) After delamination, the sample exposes either (1) a closed buffer layer on top of
the HTS (delamination between buffer layers), (2) a layer of HTS with patches of buffer layers on top
and/or trenches where thin layers of HTS got excavated (multi layered delamination between buffer
layers and between last buffer and HTS layer) or (3) a layer of HTS possibly with shallow craters

(delamination between last buffer and HTS layer).

We compare the topography of top and bottom surfaces for several CCs with scanning electron microscopy (SEM)
and present in Fig. 6.4 the images corresponding to SuperOx with APC. The main features of the top surface, Fig.
6.4 (a), are a dense YBCO film with several inclusions of secondary phases precipitates with diameter in the range
of µm. Other than reported by the provider [104], we have not found (100)- and (010)-oriented YBCO grains on
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the top surface. Moreover, in case of Theva, secondary phases and misaligned grains are known to be pushed to the
top surface during growth processes leaving ’dead’ surface layers, meaning layers devoid of good superconducting
properties, behind [122].
The bottom surface , Fig. 6.4 (b), consists of a very dense, smooth and much cleaner YBCO film with terraces of
buffer layers. The contrast of the SEM image suggests different buffer films to be exposed and energy-dispersive
X-ray spectroscopy analysis confirms that both LaMnO3 (LMO) and MgO can be the topmost layer.
CCs of all providers display similar trends in the topography of their corresponding top and bottom surfaces.

(a) (b)

MgO

YBCO LMO

FIGURE 6.4: Scanning electron microscopy image of (a) the of Cu and Ag stripped top surface and
(b) the delaminated bottom surface of a SuperOx APC coated conductor. The morphology of the top
surface stands out because of its secondary phases precipitates, the bottom surface contains patches of

MgO and LaMnO3 buffer layers on top of smooth YBCO.

6.2 High-frequency response

6.2.1 Complex penetration depth

In order to quantify the probing depth of the electrodynamic RF field within a REBCO CC exposed to applied magnetic
fields, we will turn to the concept of complex penetration depth λ̃ . It describes the exponential decay of the magnetic
RF field in the superconductor. The complex penetration depth λ̃ governs the entire surface impedance according to
the following relation [30, 66]

Zs = Rs + iXs = iωµ0λ̃ (ω,B,T ) = iωµ0

√√√√√λ 2
L −

i
2 δ 2

v (B,T,ω)

1+2i λ 2
L

δ 2
n f (B,T,ω)

, (6.1)

where µ0 is the vacuum permeability. We see that λ̃ is composed of three other characteristics lengths. Firstly, the
London penetration depth λL which describes the response of the superfluid. Secondly, the normal fluid skin depth
δn f which corresponds to the response of the normal fluid and thirdly, the complex vortex motion skin depth δv arising
from the movement of vortices. The explicit expressions of the two latter lengths are

δn f =

√
2ρn

ωµ0
, (6.2)
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with ρn as the normal state resistivity and

δv =

√
2Φ0B
µ0ω

1

η− i kp
ω

, (6.3)

when flux creep can be neglected. The vortex viscosity η and the pinning constant kp are the in chapter 2 introduced
vortex motion parameters. For temperatures not too close to the critical temperature of the superconductor Tc, δn f >>

λL and the complex penetration depth λ̃ from Eq. (6.1) can be simplified to

λ̃ (ω,B,T ) =

√
λ 2

L −
i
2

δ 2
v . (6.4)

This expression is equivalent to the relation from equation (2.59). We estimate ρn, η and kp of coated conductors
used in this study for high fields and at low temperatures with DC transport and surface resistance characterization
as described in chapter 5 and [15] and compute the penetration depths according to Eq. (6.3) and Eq. (6.4). In Fig.
6.5, we show the penetration depths of SuNAM coated conductor as a function of temperature at 9 T and 8 GHz which
marks the upper limit of penetration depths that can occur for all examined CCs in the thesis.
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FIGURE 6.5: Penetration depths as a function of temperature at 9 T and 8 GHz. The estimation is
shown for coated conductors provided by SuNAM. They exhibit the largest penetration depths among

the samples under study.

Apart from the rather constant behavior of λL, the temperature dependencies of the penetration depths are quite strong.
At 70 K, the real part of λ̃ reaches the three fold value of the ≈ 300nm found at 20 K. The real part of the vortex
motion penetration depth δv shows a similar behavior. At 70 K, the δv is increased by a factor of four with respect to
the ≈ 300nm encountered at 20 K.
With the thickness range≈1.3µm to 3.0µm of the studied REBCO layers in mind, we can conclude two things. On the
one hand, it becomes clear that the underlying substrate layers can contribute to the signal but the influence is small as
already pointed out in subsection 5.1.1 of chapter 5. In addition, this influence decreases with decreasing temperature.
Below T = 40K the penetration depths become at least three times smaller than the REBCO film thickness, which is
commonly considered as a good indicator for when layers below the film do not contribute significantly to the signal
[208].
On the other hand, since the real parts of λ̃ and δv are mostly fractions of the REBCO film thickness, we are probing
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different volumes of the film when characterizing a REBCO layer either from the top or bottom side. Assuming that
the microstructure of the REBCO is not completely uniform along its film thickness, we could expect to measure
different surface impedances that depend on the sampling side of the film. Indeed, this is what we experimentally
observe as shown in the following section.

6.2.2 Surface impedance of top and bottom surface

Fig. 6.6 shows the real and imaginary part of the surface impedance Zs(H) = Rs(H)+ iXs(H) for the top and bottom
surface of SuNAM coated conductor at 20 K and 70 K. We display the data which is recorded both during an up-sweep
of the magnetic field starting at 0 T (colored markers) and the subsequent down-sweep to zero field (white markers).
Comparing the two magnetic field branches, a hysteretic behavior can be observed below 1 T, most likely due to
trapped fields and their contribution to the surface impedance. Interestingly, the hysteresis is much stronger at the
bottom surface of samples. This points towards a magnetic influence of buffer layer LMO as will be discussed further
below.
At both temperatures, the bottom surface exhibits a larger surface resistance at zero-field Rs(µ0H = 0T) than its
counterpart on the top. At µ0H ≈ 0.5T a crossing between the surface resistances of top and bottom surface occurs,
due to the weaker field dependence in Rs of the bottom surface. The situation for the surface reactance is similar. At
small fields, the bottom surface shows larger surface reactances before it undercuts the values of the top surface at
about 1T as a consequence of better in-field performance.

The signal differences corresponding to top and bottom surface could be linked to a superconductor’s microstructure
quality gradient in thickness. For REBCO growth, microstructure gradients along their thickness are well known in
the community. For example, misoriented YBCO grains are mostly located close to the top surface for SuperOx APC
CC [104] and Fig. 6.4 (a), Theva reports on differences in grain sizes between bottom surface (∼ 200nm) and top
surface (500-600 nm) [129], or YBCO layers closer to the substrate were observed with better epitaxy than upper
layers for thick thick film growth on SrTiO3 substrates [107]. All these effects could result in a microstructure that
is less effective to pinning closer to its top surface. Taking into account the electromagnetic field penetration depths
of our DR which are in the hundreds of nm range, the volumes which are probed when either top or bottom surface
is characterized should comprise different thickness sections of the layer and therefore different microstructures. In
chapter 5 and previous publications, we have already demonstrated that the microstructure of the superconductor’s
layer has a strong impact on the high-frequency response to an electromagnetic field [14, 15] and thus, this could
explain the differences in surface impedance when comparing the top and bottom surface of film.

Differences in high-frequency properties of top and bottom surfaces of coated conductors were observed by another
group, too. Yang et al. compared the surface resistance of the top and bottom surfaces of coated conductors as a
function of temperature without an applied magnetic field [209]. They found the bottom surface to be by about a
factor of 2.2 and 1.3 smaller than the top surface at 20 K and 70 K, respectively1. They ascribed the performance
differences also to variations in microstructure with thickness of the superconducting layer.

The microstructure quality gradient in thickness has quite an interesting implication for the use of the coated con-
ductors in microwave applications at large magnetic fields. Our generated results suggest that exposing the bottom
surface of the superconducting layer to a RF cavity, which is native to our coating technique, gives rise to less losses at
elevated fields as compared to when the standard top surface is facing the cavity. The performance difference between

1Although, we show at zero fields the opposite trend in Fig. 6.6, we have to remark that in our case the intrinsic response of the superconductor
is masked by the LMO buffer layer in this field range. Removal of the LMO would render the surface resistance of bottom side lower than the
surface resistance of the top side at zero fields.



6.2. High-frequency response 105

top and bottom surface is provider dependent but increases always with magnetic field as shown in Fig. 6.8.
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FIGURE 6.6: Measured surface impedance as a function of applied magnetic field at 20K (a) and
70K (b). The top (blue line) and bottom surface (red line) of the superconducting layer are compared.
Values recorded during ramping the magnetic field up and down are represented by black and white
filled markers, respectively. Both the surface resistance and surface reactance of the bottom surface

exhibit a stronger in-field behavior. The inserts zooms into the surface resistance at small fields.

Zooming into small fields, the inserts in Fig. 6.6 illustrate that Rtop
s (H) rises monotonously with magnetic flux enhance-

ment, whereas Rbottom
s (H) presents a curious sequence of increases and dips before it continues with an monotonous

increase. The exact shape and positions of the increase-dip sequence is temperature and provider dependent as can be
seen in Fig. 6.8. Ahn et al. observed similar field behaviors at small magnetic fields when characterizing their YBCO
tape coated axion cavity. They etched the YBCO from the coated conductor and measured the magnetic signal of the
tape. Indeed, they found a magnetization pattern of the tape that matches the signal from microwave measurements.
They attributed the magnetization to the Ni-9W metallic layer [204].

Since we measure anomalous magnetic field behavior, arising on structures which are not comprised of the metallic
substrate, we think that it originates from the interaction between vortices and the magnetic properties of coated
conductor’s buffer layers, not the metallic substrate itself. In case of measuring the top surface, buffer layers are
covered by the superconducting layer which screens most of the probing microwave electromagnetic field. However,
when probing the bottom surface of the superconductor, patches of buffer layers that remain after delamination on the
HTS are directly exposed to the probing field and contribute thus stronger to the signal as can be seen in the inserts of
Fig. 6.6.

In the following, we provide experimental support for our hypothesis. After soldering and delaminating a SuperOx
APC CC, we first characterized the high-frequency response of the exposed bottom surface. We emphasize again,
buffer layers, in this particular case MgO and LaMnO3, remain on the bottom surface as seen in Fig. 6.4 (b). In the
next step, we ion milled the exposed surface with the intention to remove residual buffer layers. Indeed, the aspect
of the samples, in particular the color of the reflected light on the sample surfaces, changed after ion milling them as
can be seen in the inset of Fig. 6.7, which indicates a considerable thickness reduction or entire removal of the buffer
layers.

The milled specimen are measured with the dielectric resonator and compared to the untreated pair in terms of surface
impedance at 70 K in Fig. 6.7. We show the data corresponding to ramping the magnetic field up starting at 0 T (colored
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markers) and down from 9 T (white markers). The most noticeable change after buffer layer thickness reduction is
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FIGURE 6.7: Depicted is the surface impedance, Rs in circles and Xs in triangles, for the exfoliated
bottom side of SuperOx APC CC before (red) and after ion milling (green) as a function of magnetic
field at T = 70K. Data from both sweeping the field up (colored markers) and down (white markers)
is shown. Clearly, the small field peak for Rs and Xs, which we associate with interaction of vortices
and the LMO and/or MgO remains, disappears upon surface processing. The inset shows the sample
surface aspect. The reflection hue changed after milling, a hint for removal or significant thinning of

buffer layers.

the absence of the small field peaks for both surface resistance and surface reactance at about 0.5 T to 0.75 T. In
fact, the field dependence at small applied fields of the milled sample resemble the ones that are measured for top
surfaces (see Fig. 6.6 (b)), where the influence of the buffer layers is suppressed. For mid and large magnetic fields
the surface impedance of milled sample shows a slightly stronger field dependence which might result from a minor
REBCO deterioration caused by milling, but the overall surface impedance matching of milled and not-milled samples
across this field range suggests that buffer layers impact the surface impedance primarily at fields < 1T. The magnetic
properties of buffer layers seem to interact with the trapped fields inside the superconductor since the hysteresis of
ramping field up and down branches is much larger before ion-milling.

We compare the superconductor’s top and bottom side of six different CCs in terms of Rs(B) at 50 K in Fig. 6.8 (a)
and its surface resistances at 9 T for several temperatures between 20 K to 70 K in Fig. 6.8 (b).

The tendency of the bottom surface to perform better in-field prevails for all studied CCs. This trend is nuanced by the
surface resistance difference between top and bottom side. At 50 K and 9 T, for example, SuperPower yields Rbottom

s =

2.7mΩ and Rtop
s = 3mΩ, so a difference of only a few tenths of mΩ. In contrast, Theva gives Rbottom

s = 4.0mΩ

and Rtop
s = 7.3mΩ, which is a more significant variance. This observation could be explained by microstructure

inhomogeneity in thickness which varies for different growth techniques. The CCs whose in-field performance is less
dependent on the surface side of the superconductor, could have a more homogeneous nano defect landscape in its
microstructure across the entire film thickness.

The full field sweeps corresponding to Fig. 6.8 (b) are archived in appendix C.
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FIGURE 6.8: Comparing the surface resistance of several CCs. The marker edge color relates to the
provider and the marker face color indicates the probed surface (white color–> bottom surface; other
color–> top surface). (a) Displayed is Rs as a function of magnetic field at 50 K. Just like in Figure
6.6, the top and bottom surfaces of each provider display different surface resistances, both in terms of
zero-field values and field behaviors. (b) Here, we present the surface resistance of studied CCs at 9 T
as a function of temperature. The trend of better performing bottom surfaces observed at 50 K, applies

for a wide temperature range.

6.2.3 Spin-off collaboration with RADES group at CERN

The presented coating technique has been already applied for a large-scale microwave experiment. One of several
techniques for dark matter search are axion haloscopes, a radio-frequency cavity embedded in magnetic fields acting
as a detector [210]. Axions are proposed candidates for the building blocks of dark matter that could elegantly solve
the strong-CP problem within the standard model of particle physics [211, 212]. Theory predicts a conversion of
∼ µeV axions to two photons when transversing magnetic fields. Given a correct resonant frequency tuning, this
conversion can be detected with a haloscope as a narrow linewidth signal [210, 213].
The sensitivity of axion detection scales with ∝ V QB2 where V corresponds to the cavity volume, Q the quality factor
of the cavity and B the applied magnetic field [201, 214]. This relation indicates the preference for a low loss and
high magnetic field sustainable coating material like type II HTS within the haloscope. A NbTi based superconducting
cavity based haloscope has been already employed with success increasing the quality factor of the cavity and thus the
potential axion signal with respect to copper cavity haloscopes [201].

The good results from our delaminated samples raised interest in other communities of high-energy physics, like the
in the one of Axion detectors and sparked a spin-off collaboration with the RADES (Relic Axion Detector Exploratory
Setup) team at CERN. Our proposed soldering and attachment technique was applied to a RADES cavity by members
of the SUMAN group at the ICMAB. They coated the center of the Cu cavity with bending radius r = 9mm using
Theva CCs. Characterization of the REBCO coated haloscope at CERN yielded Q(11T,4.2K,9GHz) ∼ 60000 in
comparison with a pure Cu based haloscope Q(11T,4.2K,9GHz)∼ 40000 [215], thus an improvement of the quality
factor by 50%. With that in mind, we are interested in the microwave performance of CCs at even lower temperatures
than previously relevant for the FCC-hh study.
In Fig. 6.9, we demonstrate the surface resistance sensitivity to magnetic fields at 10 K, close to the lower limit of
achievable stable cooling temperatures with our setup, of several CCs. The full markers refer to the top surface and
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FIGURE 6.9: The surface resistance as a function of applied magnetic field 10 K for several CCs.
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samples.

white markers to the bottom surface of corresponding samples. All CCs display extremely low Rs even up to 9 T
demonstrating their suitability for low T , large H microwave applications. Informed by this plot, we can expect an
improvement of the quality factor contribution from the REBCO in the RADES haloscope by at least a factor of 2.75
at 11 T and 4.2 K when coating with Fujikura APC instead of Theva. This factor is estimated as the lower bound
since we assume that both CCs, Theva and Fujikura APC, perform as presented in Fig. 6.9 when assembled in the
haloscope. However, we find that Theva suffers from considerable Rs increase when bent with radius r = 9mm which

FIGURE 6.10: The effect of bending a CC on its surface resistance at 10 K and up to 9 T. Compared
are samples from two different manufacturer. Fujikura APC exhibits virtually no change in Rs after
bending with radius r = 9mm. In contrast, Theva is harmed by the bending since it shows an almost

field independent surface resistance increase that amounts ≈ 1.5mΩ.

corresponds to the haloscope test cavity’s curvature. In contrast, this bending effect is not encountered in Fujikura
APC as shown in Fig. 6.10. We believe that Theva CCs are more susceptible to bending damages because of their
inclined c-axis technology. When taking the one-sided deterioration due to curving into account, the improvement of
cavity quality factor upon replacing Theva with Fujikura APC could amount a factor five at 10 K and 9 T.
Further details about the bending study will be disclosed in future works of our group.
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6.3 Conclusions

Facing the issue of unattainable direct growth of REBCO on RF-cavities, on the one hand, and the demand for a high-
performing and practical material for high-temperature, large magnetic field microwave applications, for example in
the FCC-hh study, dark matter research or muon collider physics, on the other hand, we have introduced a technique
to coat commercially available REBCO CCs on flat or curved, metallic surfaces compatible with large scale high-
frequency applications. In this context, we detailed the procedure which is based on upside down soldering and
delamination of the metallic substrate. This method brings advantages with respect to handling and lifetime of the
samples.

We characterized small delaminated samples with a magnetometer in order to gauge the deterioration caused by
the coating process. It was revealed that big parts of the sample center stay unaffected, thus Jc(H) maintains the
large values measured for samples as provided from the manufactures. An extended study about damage assessment,
targeting especially the parts close to the sample edges and differences in breaking planes among the providers, is
currently conducted by colleagues for samples in cm lengths.

Moving to the high-frequency characterization, we measured the surface impedance of delaminated samples in a
wide cryogenic temperature range, up to 9 T and compared them to their top-surface counterparts. Not only do the
delaminated samples display very low surface impedances, they even outperform their corresponding top surfaces.
Other groups observed similar phenomena and attributed a gradient in the microstructure and thus varying pinning
efficiencies across the film thickness to this effect.
The role of buffer layers which partially remain on the delaminated sample surface, as demonstrated by SEM, has
been investigated in connection with microwave response. We found that, in particular, LMO features a peak in the
surface impedance at fields < 1T, while leaving higher fields unaffected.

The proposed attachment technique has been already put into practice in a spin-off collaboration with the RADES
project at CERN. Colleagues have coated the center of an axion cavity with CCs by Theva. Large field characterization
at CERN yielded an improvement of 50 % in cavity quality factor for the REBCO coated haloscope as compared to a
copper haloscope. A bending study revealed that employed Theva CCs suffered damages in superconducting properties
when applied to the haloscope. Since this bending effect does not occur for Fujikura APC CCs, we assume that it is
related to the inclination of the c-axis found in Theva CCs.

All in all, the practicality of the proposed attachment technique supported by generated experimental results offer a
possible solution to the critical issue of how to coat the beam screen chamber of the FCC-hh with REBCO CCs. To
a greater extent, our study could lead to a wider penetration of coated conductors into other microwave applications
where large magnetic fields are required.
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Chapter 7

Requirements for use of CCs as a beam
screen coating

Besides having a low surface impedance, a potential beam screen coating needs to fulfill many more compatibility
points. In this chapter, we tackle three critical issues that arise when envisioning the use of CCs in a particle accelerator.

1. Persistent currents in the superconductor should not degrade the magnetic field homogeneity inside the beam
screen, since it would endanger the trajectory stability of accelerated particles. Subdividing the superconducting
coating into narrow parallel decoupled segments has been shown to effectively reduce superconducting persis-
tent currents. Therefore, in order to avoid this undesirable effect, a hybrid coating composed of alternating
longitudinal segments of REBCO superconductor and copper was suggested. Previous simulation studies bring
additional relevance to this option [196, 216].
In collaboration with group members, a finite elements numerical (FEM) analysis is carried out which formu-
lates guidelines for hybrid coating geometries to comply with the field quality criterion imposed by CERN
[217]. Within this chapter, we describe the production of CC based REBCO-Cu hybrid coatings which respect
the geometry rules by the FEM simulations. The produced samples are analyzed in terms of their high-frequency
response in a wide cryogenic temperature range and up to 9 T. In addition, we estimate the microwave losses
expected from interruptions in the REBCO coating due to beam screen chamber segmentation.

2. Electron cloud build-up in the chamber, which depends significantly on the beam facing coating material, has to
be suppressed during operation [218]. In cooperation with the Technology Department - Vacuum, Surfaces and
Coatings (TE-VSC) group at CERN, we characterize the secondary electron yield (SEY) of pristine REBCO
CCs and apply two surface treatments in order to lower the SEY to acceptable levels. On the one hand, CCs
are conditioned with an e-beam, on the other hand, CCs are coated with thin films of amorphous carbon (a-C)
and titanium. The compatibility of the a-C+Ti with CCs is assessed in terms of conservation of superconducting
properties and low surface resistance. Part of presented results are published in [14].

3. The third aspect we explore is the impact of synchrotron radiation, the energy that charged particles emit when
they are accelerated on a circular track, on the superconducting properties of coated conductors. In collaboration
with ALBA Synchrotron, we expose CC samples to high-energy residual X-rays of low intensity for several
weeks with the objective to estimate long term damages.
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7.1 REBCO-Cu hybrid coatings for high field quality and low beam cou-
pling impedance

Acceleration of proton bunches with 50 TeV in the FCC-hh requires extreme beam stability for unperturbed operation.
One measure to decrease the beam coupling impedance, a source for beam disturbance, between accelerated beam and
mirror charges is the coating of the beam screen chamber with superconductors [15]. This, however, introduces a new
obstacle: the magnetic field generated by the persistent superconducting currents of the HTS will decrease the field
homogeneity in the beam screen chamber, another important factor for beam stability.

A typical way to reduce AC-losses in YBCO is to decrease its aspect ratio, so the ratio between film width and
thickness. For example, it has been shown that by dividing a YBCO film into narrow filaments, AC-losses could be
decreased by two orders of magnitude owing to the decrease of film magnetization [219]. The striation strategy to
decrease trapped fields within a superconductor has been picked up for the FCC study. Hybrid structures consisting of
REBCO and Cu stripes are proposed as a possible beam screen coating solution to offer low beam coupling impedance
without endangering the field quality. However, these two aspects of the coating are heavily dependent on its geometry.

In order to find the best compromise between high field quality and low coating surface impedance, we employed a
finite element model that simulates the field quality inside the FCC-hh beam screen chamber for variable REBCO-
Cu segmentation. Our approach parameterizes the REBCO-Cu hybrid structure into the ratio of superconducting
material within the hybrid coating p and the number of superconducting segments that the hybrid structure is split
into n. The model accounts for the inherent flux creep of HTS, the anisotropy of REBCO currents, the critical current
dependency with the magnetic field, and beam-induced vortex shaking, while considering superconducting properties
from commercially available CCs. The performed simulations are part of another PhD thesis and further details about
it are disclosed in [217]. Grounded in the simulations, we formulated geometry guidelines for REBCO-Cu hybrid
coatings that comply with the maximum allowed relative field disturbance of the order η ′max = 1×10−4 and produced
several REBCO-Cu structures based on SuperPower CCs. This chapter section is structured as follows: First, we
inform about the preparation of CCs based REBCO-Cu hybrid structures via photolithography. Then, we report on the
surface resistance of hybrid samples with ring geometry. Subsequently, we demonstrate experimentally the importance
of a correct hybrid structure layout by discussing the surface resistance of hybrid samples with stripe geometry. In
the third subsection, we estimate the high-frequency contact resistance between REBCO and Cu. Finally, we draw
conclusions.

7.1.1 Ring REBCO-Cu layout

Hybrid structure fabrication and sample choice

As we have reported in Chapter 6, the CC soldering to the beam screen and subsequent delamination of the metallic
substrate from the REBCO layer can be employed as a non-destructive large scale coating technique for the FCC-hh.
After the delamination procedure, the exposed REBCO sits on its Ag and Cu protective layers, see Fig. 6.3 (d) which
can be exploited for hybrid REBCO-Cu samples fabrication, based entirely on CCs.
In Fig. 7.1, we disclose the process steps that involve photolithography and wet etching. The exfoliated sample, as
it is depicted in Fig. 6.3 (d), is first covered with a positive photoresist by spin coating (see Fig. 7.1 (a)). After
curing the photoresist, the area desired for Cu representation is exposed to a laser light source in a microwriter and
subsequently, the sample gets stirred in a developer solution resulting in a patterned photoresist (see Fig. 7.1 (b)).
The remaining photoresist protects the underlying layers from etching, allowing propagation of the pattern. We use
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a 1:10 diluted H3PO4:H2O acid solution to decompose REBCO (Fig. 7.1 (c)) followed by a 1:1:5 NH3:H2O2:H2O
solution for selective Ag removal (Fig. 7.1 (d)). The photoresist is dissolved in acetone to end up with narrow stripes
of REBCO alternated by Cu, the structure simulating a REBCO-Cu hybrid coating for the beam screen chamber (Fig.
7.1 (e)). The shown stripe geometry is used for experimental characterization of trapped fields in striated CCs by
means of scanning Hall probe microscopy, the results are reported in [217], and gives just an example for any possible
hybrid structure layout.

Photoresist patterning REBCO etching

Ag etching Photoresist removal

(a) (b) (c)

(d) (e)

FIGURE 7.1: The fabrication steps that lead from a photoresist coated delaminated CC sample (a) to
the finished REBCO-Cu hybrid structure (e). The stripe geometry is just an example for any possible

hybrid structure layout.

In fact, the layout has to be adopted for high-frequency measurements with a DR. We want the circular currents
generated in a cylinder cavity, that resonates in the TE011 mode, to be confined within one material (either supercon-
ductor or Cu). This is needed in order to emulate the longitudinal stripes of the REBCO-Cu hybrid coating, which are
translation-invariant under movement direction of accelerated particles, in the FCC-hh beam screen chamber. Such
geometry avoids contact resistance contributions arising from driving currents from REBCO to Cu and vice versa
whose phenomenology will be explained in subsection 7.1.2. To this end, following the electric field line distribution
[83] in the cavity, the sample striation is realized in a ring pattern.

In order to point out the differences between sole REBCO and hybrid REBCO-Cu coatings, we created three specimen
pairs. One coated conductor sample pair is not striated, here denoted as R0, whereas the other two pairs, R1 and R2,
exhibit REBCO alternated by Cu grooves. The sample processing follows the steps described in Fig. 7.1.
The exact geometry of mentioned samples can be found in Table 7.1 and was chosen with the help of the simulations in
such a way that the created REBCO-Cu hybrid structure complies with the field quality requirement within the FCC-
hh beam screen chamber in the most demanding case of no dipole field correction by means of corrector magnets,
see [220] for more details. In particular, we estimated the maximum relative field disturbance for a hybrid coating
corresponding to the geometry of samples R1 and R2 with a finite element model as described in [217] and found a
relative field disturbance of ηmax ≈ 1.6× 10−4 for both samples which complies with the field quality target in the
FCC-hh. The percentage of superconductor p given here refers to the relative amount of superconductor that is present
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below the dielectric rutile disc with �= 4mm in the center of the sample.

Sample name p w(µm) g(µm) ηmax(×10−4)

R0 1 - - -
R1 0.92 121 10 1.56
R2 0.42 232 250 1.55

TABLE 7.1: Nomenclature of the samples produced to simulate hybrid coatings. R0 refers to a delam-
inated sample without any additional manipulation. R1 and R2 are delaminated and subsequently stri-
ated into rings by means of photolithograpy representing REBCO-Cu hybrid coatings. p corresponds to
the amount of superconductor present in the sample center under the dielectric, w is the superconductor

ring width and g the Cu groove width. ηmax is the maximum relative field disturbance.

Figure 7.2 displays photographs of the R0, R1 and R2 samples taken through a magnifying glass where the ring
striation can be appreciated.

FIGURE 7.2: Top view of samples used for characterization in dielectric resonator. (a) Delaminated
SuperPower coated conductor denoted as R0. After delamination of coated conductor, patches of buffer
layers, shiny areas, remain on the REBCO surface. (b) First REBCO-Cu hybrid structure in ring ge-
ometry with p = 0.92, w = 121µm and g = 10µm denoted as R1. (c) Second REBCO-Cu hybrid
structure in ring geometry with p = 0.42, w = 232µm and g = 250µm denoted as R2. The lower part
shows REBCO that was ripped away during delamination of coated conductor. Since the EM-field in
our cavity is mainly confined in the dielectric, a centered cylinder with r = 2mm, we do not expect a
strong influence of the ripped HTS on measured surface resistance. The REBCO color on the picture
of sample R0 (black) differs from the REBCO color of samples R1 and R2 (brownish) due to the from

Cu grooves reflected light.

Surface resistance characterization

In Fig. 7.3, we present the surface resistance as a function of magnetic field of the two hybrid coatings R1 and R2 in
comparison with a pure REBCO, R0, and pure Cu sample, electroplated copper that is used in the SuperPower CCs
as a stabilizer, at T = 50K. For copper, we measured only Rs(µ0H = 0T) and assumed no dependence on the field,
whereas for the superconducting samples the magnetic field was ramped after zero-field cooling.
At 8 GHz and 50 K, the microwave losses for both hybrid coatings are well below the ones of Cu in the measured field
range. In the worst case at measurement conditions, the 92 % REBCO hybrid sample beats out Cu by a factor of 2.5.
The difference between the two analyzed hybrid coatings are substantial. The 92% sample R1 undercuts the surface
resistance of its 42% counterpart R2 by a factor 1.6-2.5 depending on the field. We observe that decreasing the RE-
BCO ratio p in a hybrid coating has two contextual effects. It shifts the Rs to higher values but in return weakens the
field dependence, the latter is better appreciated in Fig. 7.5 (b).
Qualitatively, the field dependence for all superconducting samples is quite similar. Starting at intermediate fields, we
observe an almost

√
B behavior of the surface resistance for samples R0 and R1, typical for REBCO at high magnetic

fields [73, 178], and a more linear behavior for sample R2. Below≈ 1T, the microwave signal peaks anomalously. As
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shown in chapter 6, this peak can be attributed to remaining buffer layers after the delamination process, see Fig. 7.2
(a) for remaining buffer layer patches.
Finally, it is remarkable to see how close the 92 % hybrid sample R1 performs to the not striated sample R0. The sur-
face resistance increase remains quite constant over the measured field range and amounts about 0.15mΩ to 0.25mΩ.
Weighing this rather marginal increase in surface resistance against the decrease in trapped field, as seen from scanning
Hall probe measurements [217] a reduction by one order of magnitude and more is feasible, the REBCO-Cu hybrid
coating crystallizes itself out as a promising candidate for the FCC-hh beam screen coating. It should be noted that for
large-scale applications the geometry parameters p and n of the presented hybrid coatings are limited by the minimum
groove width that are realizable nowadays. A prominent large scale striation technique like laser scribing allows for
groove widths g≈ 23µm [221]. In any case, the potential of corrector magnets within the FCC-hh, see [220] for more
details, could drastically relax the field quality constrain. Simulations suggest that hybrid coatings with parametric
combinations p = 0.95 and n < 10 would be allowed in the beam screen chamber, if the dipole distortion component
is corrected [217]. This translates to HTS segments close to the 2mm or 4mm width of some commercially available
coated conductors. As a matter of fact, slightly decreasing the HTS ratio p would completely eliminate the need to
striate the coating, benefiting the simplicity and cost of the production process.
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FIGURE 7.3: The surface resistance of pure Cu and pure REBCO in comparison with two hybrid
samples as a function of applied magnetic field at T = 50K measured with a dielectric resonator at

ν ≈ 8GHz.

The high-frequency characterization for temperatures beyond T = 50K is shown in Fig. 7.4. All described tendencies
remain there valid, too. Thus, our conclusions can be extended to a wide cryogenic temperature window around
T = 50K.

In order to understand the physics behind the microwave losses of hybrid coatings clearer, we employ an extremely
simple, heuristic model. In a first approximation, one could assume that the present materials within a hybrid coating
contribute linearly according to their exposed surface area to the total measured losses of a hybrid structure. In our
case, this assumption translates mathematically to

Rhybrid
s (H) = p ·RREBCO

s (H)+(1− p) ·RCu
s (H), (7.1)

where RREBCO
s and RCu

s denote the surface resistances of the hybrid sample constituents, i.e. the REBCO and Cu,
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FIGURE 7.4: The surface resistance Rs of two hybrid coatings (42% and 92% REBCO) in comparison
with Cu used in the SuperPower coated conductor and delaminated SuperPower as a function of applied
magnetic field at several cryogenic temperatures. The trends for T = 50K, described explicitly in the
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respectively. This simplification arises from simulations of our DR loaded with a perfect conductor where the EM-
field is focused spatially inside the rutile [96]. As a consequence, microwave currents are primarily driven through
the conductor that is present below and above the dielectric rutile, letting the center area, presumably, of any sample
govern the microwave losses.
The theoretical hybrid structure surface resistance, calculated according to eq. (7.1), is shown together with surface
resistances of samples R0, R1 and R2 in Fig. 7.5. Our simple model predicts the experimental data qualitatively well.
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FIGURE 7.5: Measured surface resistances as a function of applied field at T = 50K, ν ≈ 8GHz
(full points) and Rs curves of hybrid coatings calculated with a simple model described in the text
(empty points). (a) Absolute values of the surface resistances. (b) Substracted surface resistances
by the corresponding zero-field, or self-field value Rs f

s in order to highlight the field behaviors of the
samples.

When decreasing the amount of REBCO p, the absolute Rs value of the hybrid coating increases, see Fig. 7.5 (a),
while the field behavior Rs(H) of hybrid coatings flattens, see Fig. 7.5 (b). Nevertheless, this model overestimates
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absolute Rs values and underestimates the magnetic field dependence of Rs. We propose two possible explanations for
the model mismatch. On the one hand, the ratio of the superconductor p we are using to calculate the Rs(H) of the
hybrid coating with eq. (7.1) is estimated from the approximate relative amount of HTS under a centered dielectric
disk with � = 4mm. This is not necessarily the real percentage of superconductor that contributes to the total signal
of the hybrid coating, since RF-currents are not evenly distributed under the dielectric according to simulations [96].
The error we are making in estimating p scales with the groove width g and could thus explain why the model diverts
stronger from sample R2. On the other hand, the more superconductor-like behavior of the experimental as compared
to model data (smaller total surface resistance values but stronger field dependence), could hint towards the assump-
tion that microwave currents have a preferential flowing medium within the hybrid structure. The system could focus
more microwave currents into the REBCO than Cu in the pursuit to reduce losses.
In conclusion, while our model, represented by eq. (7.1), yields quantitative mismatch between theory and experimen-
tal data, it is able to explain the main trends of Rs(H) in striated hybrid coatings quite well.

7.1.2 Striped REBCO-Cu layout

Sample choice

In order to demonstrate experimentally the importance of correct hybrid coating patterning, we produced additionally
two hybrid structure sample pairs with stripe layout. Denoted S1 and S2, they exhibit narrow REBCO filaments
alternated by Cu grooves.
The exact dimensions of produced samples can be found in Table 7.2. Just like in the case of the ringed samples, we
chose the stripe dimensions based on field quality simulations [217], in order to let the S1 and S2 comply with the field
quality requirement within the FCC-hh beam screen chamber. More precisely, the maximum relative field disturbance
for hybrid coatings corresponding to the dimensions of samples S1 and S2 is ηmax ∼ 1×10−4 for both samples.

Sample name p w(µm) g(µm) ηmax(×10−4)

S1 0.91 122.6 12.4 ∼ 1
S2 0.50 239 251 ∼ 1

TABLE 7.2: Nomenclature of the samples produced to simulate hybrid coatings. S1 and S2 are de-
laminated and subsequently striated into stripes by means of photolithograpy representing REBCO-Cu
hybrid coatings. p corresponds to the amount of superconductor present in a sample, w is the su-
perconductor stripe width and g the Cu groove width. ηmax is the calculated maximum relative field

disturbance.

Fig. 7.6 depicts the top view of the two samples from Table 7.2 taken with a magnifying glass.

Surface resistance characterization

The surface resistances as a function of magnetic field of the two hybrid coatings in stripes layout S1 and S2 are shown
together with the corresponding quantity of samples R0, R1, R2 and SuperPower Cu at T = 50K in Fig. 7.7.
The stripe structures perform meaningfully worse than REBCO/Cu hybrid samples in ring configuration. While the
in-field behaviors of hybrid samples with similar p but different layout match, i.e. R1 with S1 and R2 with S2, the
absolute Rs differ at 9 T for samples R1 and S1 by 2.49mΩ and for samples R2 and S2 by 0.88mΩ. This suggests, as
already alluded to, that misaligning the pattern of a hybrid coating to the current distribution causes contact resistances
arising from longer surface current paths, see Fig. 7.9. Since the earlier introduced heuristic model to describe the
surface resistance of hybrid structures does not account for contact resistances, see eq. (7.1), we can compare it
with experimental data of striped hybrid structures and thus roughly estimate the contact resistance as the mismatch
between model and experimental data.
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FIGURE 7.6: Top view of samples used for characterization in dielectric resonator. (a) First REBCO-
Cu hybrid structure in stripe geometry with p = 0.91, w = 122.6µm and g = 12.4µm denoted as S1.
(b) Second REBCO-Cu hybrid structure in stripe geometry with p = 0.50, w = 239µm and g = 251µm

denoted as S2.

0 1 2 3 4 5 6 7 8 9 10

0
H (T)

0

1

2

3

4

5

6

7

8

9

10

R
s

(m
)

SuperPower Cu
S2: 50% REBCO
S1: 91% REBCO
R2: 42% REBCO
R1: 92% REBCO
R0: 100% REBCO

Rings

Stripes
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The theoretical hybrid structure surface resistance, calculated according to eq. (7.1), is shown together with surface
resistances of samples R0, S1, S2 and copper in Fig. 7.8.
Our simple model predicts the qualitative differences between the two striped hybrid structure S1 and S2 quite well.
When decreasing the amount of REBCO p, the absolute Rs value of the hybrid coating increases, see Fig. 7.8 (a),
while the field behavior Rs(H) of hybrid coatings flattens, see Fig. 7.8 (b). In addition, the field behaviors of hybrid
coatings are matched outstandingly by the calculated values. Nevertheless, since the model does not account for con-
tact resistances, it underestimates absolute Rs values depending on the samples in different severity. The experimental
data is for sample S2 at 9 T 0.7mΩ and for sample S1 at 9 T even 2.0mΩ larger than the model. The increase is almost
field independent.

Phenomenologically, the microwave contact resistance can be explained by taking the topography of the samples into
account. According to the operation in the TE011 mode, the induced currents in our resonator flow in a circular path,
mostly below the dielectric [83]. For samples in hybrid stripes configuration, the current flow direction is not parallel
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the corresponding self-field value in order to highlight the field behaviors of the samples.

to the striation and thus currents are driven through different materials of varying height, see Fig. 7.9 (a), from REBCO
to the lower laying Ag to the lower laying Cu and vice versa, see Fig. 7.9 (b), where additional losses resulting from
longer surface current paths occur. In particular, the topography becomes relevant to the measured surface resistance
if t � δ [222, 223], where t is in our case the stripe thickness, so about 1.5µm, and δ is the skin depth, for REBCO
δ = λL ≈ 150nm. Engaging with direct current analogy, we can estimate the additional loss due to longer current
path, which will depend on the interface materials, in form of a contact resistance Rcont.

s expected at each REBCO/Cu
interface.

Rcont.
sTE011

(a)

(b)

Rcont. s Rcont. s

FIGURE 7.9: (a) Top view of stripe hybrid structure with the current flow direction associated to the
TE011 mode represented as white arrows. (b) Cross section of striped hybrid structure with current flow
direction represented as white arrows. In the REBCO/Cu interfaces additional losses resulting from

contact resistance are expected which are visualized as red lines.

Assuming that the offset in experimental data as compared to model predictions arises only from losses associated to
REBCO/Cu interfaces, we can estimate the mean contact resistance Rcont.

s in the following way

Rhybrid, exp.
s (H) = Rhybrid model

s (H)+4n ·Rcont.
s , (7.2)

where n is the number of HTS segments in the hybrid coating as introduced earlier. Multiplying n by 4 gives the
number of interfaces that the current passes through per circular revolution, two times per REBCO-Cu interface on
the upper sample half and the same amount on the lower sample half, thus the total number of times the contact
resistance can contribute to the measured surface resistance of the hybrid structure Rhybrid, exp.

s . The contact resistance
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can be normalized by the interface area A through which the surface currents flow in order to give a sample geometry
independent quantity, the contact resistivity, or specific resistance:

ρ
cont.
s = Rcont.

s ·A. (7.3)

We choose A = w · 4mm, because w is the REBCO stripe width, so the width of the interface, and 4 mm equals
the diameter of the dielectric under which most of the surface currents in our DR flow. Table 7.3 shows the contact
resitances and resistivities calculated for samples S1 and S2. It is remarkable how close together the calculated contact

Sample name n Rhybrid, exp.
s (9T) (mΩ) Rhybrid, model

s (9T) (mΩ) Rcont.
s (µΩ) ρcont.

s (nΩcm2)
S1 88 5.4 2.9 7.1 35
S2 24 5.5 4.8 7.3 70

TABLE 7.3: The according to Eq.7.2 and Eq.7.3 calculated contact resistance and contact resistivity at
50 K.

resistances for samples S1 and S2 are, which actually follows expectations as both samples are based on CCs from the
same batch. Although not completely comparable, interestingly, the calculated contact resistivity ρcont.

s is in line with
specific resistances found for soldered CC joints measured with IV-curves ρ

CC joints
c (77K) = 20−300nΩcm2, where

the main contribution to the specific resistance is associated to the REBCO-stabilizer and stabilizer-solder interfaces
[224].

7.1.3 Estimation of high-frequency contact resistance

Within the FCC-hh arcs, the continuity of the beam screen chamber will be broken at about every 14 m because of
dipole magnet interconnections [10]. The vacuum pipe will be held together by some flexible metallic connectors,
known as RF-fingers, maintaining the electrical contact between magnets. Consequently, the potential HTS beam
screen coating will be interrupted by non-superconducting elements.
In order to estimate the additional microwave losses caused by these interruptions, we picked up the contact resistance
estimations from section 7.1.2 and launched a dedicated experiment based on the ring striated samples. The R1
sample pair was subjected to another patterning step with the purpose to create a centered cross of Cu grooves with
width 10µm superimposed over the ring patterning as shown in 7.10. This results in four REBCO-Cu joints per
ring. These joints are supposed to emulate the interruptions expected in the REBCO coating within the beam screen
chamber in a very simplistic manner.

10 μm 
Cu grooves

FIGURE 7.10: Top view of sample R1 before and after patterning with a centered cross of 10µm in
order to create REBCO/Cu interfaces that are perpendicular to the current flow direction.

In Fig. 7.11, we compare the surface resistance as a function of applied magnetic field of sample R1 before and after
the cross pattern at 70 K. Importantly, we see again an almost field independent increase for the manipulated R1
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sample, suggesting microwave losses at the interfaces that are normal to the current flow direction.
The total surface resistance of the new pattern with four REBCO-Cu joints R4 joints

s can, analogously to eq. 7.2, be
expressed as

R4 joints
s (T,H) = RR1

s (T,H)+RCu cross
s (T )+8n ·Rcont.

s (T ), (7.4)

where RR1
s (T,H) is the measured surface resistance of sample R1 at temperature T and applied magnetic field H,

RCu cross
s (T ) = RCu

s (T ) · ACu cross
Asample

, with ACu cross = 2 ·10µm ·12000µm and Asample = 12000µm ·12000µm corresponds
to the additional surface resistance contribution arising from the new Cu grooves and n is the number of rings under
the dielectric. We need to multiply n by 8, because the circular surface currents will encounter eight REBCO-Cu
interfaces, two for each Cu groove, per ring. Rcont.

s is the mean contact resistance per ring and can be normalized by
the area A through which the surface currents flow when passing a REBCO-Cu interface in order to get the contact
resistivity or specific contact resistance:

ρ
cont.
s (T ) = A ·Rcont.

s (T ). (7.5)

As a first approximation, we estimate the REBCO-Cu interface width as the entire width of the REBCO ring w and
the interface length to be 1 mm, thus A = w ·1mm. The calculated mean contact resistances Rcont.

s and specific contact
resitances per ring ρcont.

s at several cryogenic temperatures around 50 K are shown in table 7.4. Comparing the values

T (K) n R4 joints
s (9T) (mΩ) RR1

s (9T) (mΩ) RCu cross
s (9T) (mΩ) Rcont.

s (µΩ) ρcont.
s (nΩcm2)

70 15 6.3 5.8 0.02 4.9 6.0
60 15 4.3 3.8 0.01 3.4 4.1
50 15 3.1 2.9 0.01 1.8 2.3
40 15 2.5 2.2 0.01 2.6 3.2
30 15 1.9 1.7 0.01 1.9 2.3

TABLE 7.4: The according to Eq.7.4 and Eq.7.5 calculated contact resistance and contact resistivity at
30-70 K.

at 50 K to the one calculated in subsection 7.1.2, we see a decrease in Rcont.
s by half an one order of magnitude and in

ρcont.
s a decrease by one order of magnitudes. If one takes the simplicity of the used model and the crude estimations
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of the to the high-frequency contact resistance contributing areas A into account, all calculated values coincide quite
well. Beam coupling impedance simulations will need to assess the impact of the experimentally acquired contact
resistances’ magnitude on the beam stability.

7.1.4 Section conclusions

In this section, we addressed a major point of concern associated with the usage of superconductors as beam screen
coating in the FCC-hh: persistent currents are expected to perturb the dipole field which guides the particle beam. A
potential cure for this problem is the segmentation of the superconductor into narrow filaments which diminishes the
trapped fields inside the HTS to a meaningful extent. However, removing superconducting material from the beam
screen coating will necessarily result in deterioration of microwave performance. Looking for a compromise between
high field quality and low surface impedance, we produced completely CC based REBCO-Cu hybrid structures whose
dimensions are chosen in a way so that samples comply with the field quality target imposed by CERN. Two layouts
were characterized, a ringed and a striped one.

To our knowledge as the first group, we disclose the surface resistance of these REBCO-Cu hybrid structures and in
addition, compare them to the ones of pure Cu and REBCO samples, all measured with a dielectric resonator at 8 GHz,
cryogenic temperatures and up to 9 T. We find a big difference in surface resistance between the two employed layouts.
The striped REBCO-Cu configuration suffers as compared to the ring layout additional microwave losses associated to
the longer surface current paths, when forced through the uneven height profile of different materials. These losses are
denoted here as high-frequency contact resistances, due to the analogy in the DC regime. Its magnitudes are estimated
with a simple, heuristic model to be similar to contact resistances found between CC joints measured with IV-curves.
We identify tendencies, valid independent of the stripe or ring layout, for how alteration of hybrid structures affect its
surface resistance: decreasing the REBCO content in the hybrid coatings renders the measured surface resistance, as
someone would intuitively expect, more similar to the microwave response of pure copper, i.e. increasing the surface
resistance but decreasing the magnetic field receptivity. With the 92 % REBCO sample in ring layout, outperforming
pure Cu significantly while exhibiting only marginal trapped fields, we demonstrate the conceptual maturity of the
hybrid coating technology to be used in the FCC-hh beam screen chamber.
In addition, we estimate the additional microwave losses expected from interruptions in the REBCO coating due to
beam screen chamber segmentation. Calculated high-frequency contact resistances coincide quite well within our set
of measurements. The impact of the additional losses on the beam stability have to be assessed by beam coupling
impedance simulations.

For final considerations before usage in a high-energy particle accelerator, the entire surface impedance, both surface
resistance and surface reactance, of REBCO-Cu hybrid structures has to be characterized at FCC-hh conditions, so at
1 GHz, around 50 K and up to 16 T, to exclude any unforeseen effects at altered frequencies and fields. Moreover, it
has to be assessed what REBCO-Cu configurations are feasibly realizable at large scales. However, considering that
the dipole component could be cancelled electronically within the FCC-hh, hybrid coatings with HTS segment widths
of 2mm or 4mm could still comply with the field quality requirement. Since some manufacturer supply their CCs in
the mentioned widths, it would allow a cost-efficient hybrid coating solution.
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7.2 Surface treatments for low secondary electron yield

The build up of secondary electrons is a common barrier to overcome in designing high-energy particle accelerators.
A secondary electron yield (SEY) of the beam screen material, defined as the number of secondary electrons emitted
from one incident electron, well above unity is likely to generate electron clouds inside the chamber. The generation
of electron clouds can be catastrophic for the stability of the proton beam. For this reason, among other challenges,
we have to study the SEY of REBCO, a potential beam screen coating candidate. Seed electrons, for example photo-
electrons generated from synchrotron radiation hitting the walls of the beam-screen chamber, can be slingshot by
proton bunches back into the walls. In turn, these electrons will excite more electrons if the SEY of the wall (REBCO
in our case) is high enough. This results in a positive feedback loop which produces a cascade effect [225]. These free
electrons will be attracted by the proton bunches generating an electron cloud around the protons, highly disrupting the
proton beam [218]. Other consequences of secondary electron multiplication are dynamic pressure rises and thermal
load in cryogenic vacuum systems [226].

The SEY of REBCO CCs was measured in a customized SPECS UHV system (base pressure of 2×10−9 mbar)
of the Technology Department - Vacuum, Surfaces and Coatings (TE-VSC) group at CERN which is based on the
apparatus described in [227]. The SEY operational vacuum chamber consists of an electron gun (ELG-2/EGPS- 1022
from Kimball Physics) and a revolving sample holder. In standard measurements, the electron dose was estimated
to be below 1×10−6 C/mm2 on a 2 mm2 area and assumed to have no surface conditioning effect. The SEY is
determined by measuring the sample current in two consecutive steps. In the first step, the CC samples are positively
biased (nominal 45 V). Primary electrons of variable energies Eprim between 100 and 1800 eV1 impinge with normal
incidence on the surface and are collected by the sample. It can be assumed that the sample current is the current of
the primary electrons Isample,1 = Ipe . In the second step, the CC sample are negatively biased (nominal −45 V). All
secondary electrons generated by the primary electron beam are forced to leave the sample. We define this sample
current as the absorbed current Isample,2 = Iabs and the amount of generated secondary electrons can be defined as
Ise = Ipe− Iabs. With the above mentioned definitions, the SEY δ is determined by

δ =
Ise

Ipe
=

Ipe− Iabs

Ipe
.

We chose two samples for SEY characterization, both of which are provided by SuperPower and were stripped off
their stabilizing Ag and Cu layers, as they would be mounted in the beam screen chamber. Sample details are given in
Table 7.5.

Sample name Provider History
Sample a SuperPower Stored in silica gel, cleaned in acetone
Sample b SuperPower Stored in alu foil, not cleaned

TABLE 7.5: Samples for SEY surface conditioning study.

7.2.1 SEY of pristine Coated Conductors

The SEY as a function of primary electron energies Eprim is given in Fig. 7.12. It should be noted that for sample a,
δ is averaged over three different spots in the center of the sample, while for sample b, δ is averaged three times over
the same sample spot in the sample center. In the as received state, the maximum SEY for sample a is δmax = 2.95
and for sample b δmax = 2.81. Both values surpass the maximum limit δ lim

max = 1.0, established for safe operation in

1In the context of particle accelerators especially the range between 0 and 1000 eV is of significance [10].
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FIGURE 7.12: The SEY δ as a function of primary electron energies Eprim after several conditioning
steps for (a) sample a and (b) sample b. The black dashed lines represent the SEY threshold δ lim

max = 1.0
for save operation in the FCC-hh.

the FCC-hh [9]), significantly. Over the past years, a number of surface treatments were tested in the beam pipes of
several particle accelerators, some of which are surface conditioning, applying a thin coating with low SEY and cham-
bers with grooves or slots [226]. In an attempt to enable compatibility with the e-cloud requirements of the FCC-hh,
we engaged with the first two techniques.

7.2.2 Surface conditioning to decrease the SEY

In Fig. 7.12, we present the remeasured SEY of sample a and sample b after surface conditioning steps with increasing
electron doses. Sample a shows constant suppression of the SEY for increasing doses until 8×10−4 C/mm2 where
it reaches in its maximum δmax = 2.1. Upon further increase of the dose, up to 3.8×10−3 C/mm2, the δmax saturates
and no further suppression can be achieved.
For sample b, a more rapid and significant decrease of the SEY with increasing the conditioning dose is observed. The
SEY could be decreased to δmax = 1.54 when conditioning the sample before measurement with a 8×10−4 C/mm2

dose. The threshold of δ lim
max = 1.0 was not achieved here but the monotonous decrease of the SEY suggests that lower

SEY values could potentially be realized upon increasing the dose. The dependence of δmax with the conditioning
dose for both samples is summarized in Fig. 7.13.

7.2.3 Thin a-C coatings to decrease the SEY

The second SEY mitigation strategy that was tried on REBCO coated conductors is the deposition of thin amorphous
carbon (a-C) and titanium layers. For that, coated conductor samples were mounted onto a beam screen wall through
which a short cylindrical magnetron sputtering source with a titanium and graphite target was pulled by cables, simi-
larly as described in [223].
Either a thin layer of a-C was directly deposited on the HTS or a titanium interlayer was sputtered on the superconduc-
tor before depositing the a-C. The role of the Ti is the enhancement of the adhesion between superconductor and a-C.
During the a-C deposition, Ti is also deposited simultaneously, in order to keep the hydrogen partial pressure low via
the getter-pumping effect which guarantees low SEY of the a-C layer [228]. Important for low SEY is, moreover, a
high roughness of the a-C layer in order to trap the secondary electrons which is achieved through low sputtering rates.
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FIGURE 7.13: The SEY maximum δmax as a function of conditioning dose for sample a and sample b.
The black line represents the maximum allowed SEY δ lim

max = 1.0 in the FCC-hh.

The exact a-C deposition conditions are given in Table 7.6. It is noteworthy that a-C coatings have been already used
in large scale applications. They were extensively validated and applied to the Super Proton Synchrotron accelerator
[223].

Layer Vacuum pressure Sputter gas Power Voltage Current Sputter rate

a-C 1×10−6 mbar to 2.4×10−5 mbar Ar 20 W 342 V 0.06 A 0.5 nm

TABLE 7.6: Sputter conditions for the a-C layer.

Several sputter depositions were run resulting in different SEY coatings for CCs provided by SuperPower and Bruker.
The chosen film thicknesses had to account for a compromise between low SEY and small surface resistance Rs. The
processed samples with their corresponding coating thicknesses are listed in Table 7.7. After deposition of the a-C
films, the samples were wrapped in aluminum foil, a measure to prevent oxidation. The effect of the a-C coatings

Provider Ti thickness a-C thickness
SuperPower - 50 nm
SuperPower 100 nm 50 nm
SuperPower 150 nm 100 nm

Bruker 150 nm 100 nm

TABLE 7.7: List of coated conductor samples that were coated with Ti and a-C films in order to decrease
the SEY.

on the SEY is presented in Fig. 7.14. It is clearly appreciable how thin layers of a-C can decrease the SEY over the
entire primary electron energy range. For 50 nm a-C layers, the maximum SEY δmax is between 1 and 1.25 for the
SuperPower sample, while for thicker a-C films (100 nm), the δmax < 1 for SuperPower and Bruker CCs. In the case
of 100 nm thick a-C coatings, the maximum SEY is reduced below the acceptable threshold of the FCC-hh.

The damage of the sputter deposition on the superconductive properties is assessed from magnetization measurements
using Bean’s critical state model. We present the critical current density Jc as a function of magnetic field at T = 77K
of a CC before and after coating with a-C and a-C plus Ti in Fig. 7.15. Within the uncertainties, no deterioration of
Jc(H) is observed, neither for SuperPower nor Bruker coated conductors.
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In addition, we measured the magnetization versus temperature in zero-field cooling conditions of mentioned samples.
Fig. 7.16 displays the sample magnetization normalized by the magnetization at 50 K as a function of temperature.
From this, we determined the critical temperature Tc, defined here as the onset of magnetization, and the supercon-
ducting transition width ∆TC = T (µ = 0.9 ·µ0)−T (µ = 0.1 ·µ0).
With an estimated error of σT = 0.3K on the determination of temperature values, the change in Tc and ∆Tc after
sputter depositing thin layers of Ti and a-C are small. Tendentially, an increase of Tc upon sputter manipulation is
discerned, while no consistent one-sided change in ∆Tc. Both observations point towards the assumption that varia-
tions in Tc and ∆Tc stem more likely from production dependent inhomogeneities in CCs than from sputtering induced
deteriorations.

Finally, we characterized the surface resistance of the discussed multi-layer systems with a dielectric resonator. The
surface resistance Rs as a function of temperature, measured in zero-field cooling, with resonant frequency ν0 ≈ 8GHz
for uncoated, a-C and Ti plus a-C covered CCs in comparison with FCC Cu Rs is provided in Fig. 7.17. An almost
temperature independent increment in Rs is observed for samples with e-cloud preventing coatings below Tc, when the
superconducting state is reached. The surface resistance increase amounts 4% ·RCu

s (50K) and 11% ·RCu
s (50K) for

150 nm Ti + 100 nm a-C coated SuperPower and 150 nm Ti + 100 nm a-C coated Bruker, respectively. The explicit
experimentally recorded increment

∆Rexp
s = Rcoated,exp.

s −Runcoated,exp.
s

at T = 50K is given in table 7.8 for all coated samples.
Similarly to the calculation of the effective surface resistance of a layered structure like a CC, we can compute the
theoretically expected surface resistance of a CC covered with thin layers of Ti and a-C Rcoated,theo.

s according to eq.
(5.1). Important parameters for the estimations of the surface resistance of Ti and a-C are their electrical resistivities
that are chosen to be ρTi(50K) = 4×10−8 Ωm [229] and ρa-C(50K) = 3.9×10−5 Ωm [230], respectively. This results
in the following skin depths: δTi(50K)≈ 1.1µm and δa-C(50K)≈ 35µm. With that we can compute Rcoated,theo.

s and
hence also the expected rise in surface resistance

∆Rtheo.
s = Rcoated,theo.

s −Runcoated,exp.
s ,
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FIGURE 7.15: The critical current density Jc as a function of magnetic field at T = 77K for (a) a-
C covered SuperPower and (b) a-C covered Bruker samples in comparison with the corresponding

uncoated counterparts.
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FIGURE 7.16: The critical current density Jc as a function of magnetic field at T = 77K for (a) a-
C covered SuperPower and (b) a-C covered Bruker samples in comparison with the corresponding

uncoated counterparts.

given at 50 K in table 7.8. From the calculated values it becomes clear that a-C is almost transparent in terms of
microwave response and that the Ti layer is governing the increase in the surface resistance. The mismatch between
recorded and estimated ∆Rs is reasonable and can be explained by differences in titanium purity and thus its resistivity
between deposited titanium and assumed Ti (Ti with RRR = 30). We reiterate that the microwave performance below
Tc of Ti+a-C covered CCs is favorable as compared to FCC Cu, albeit the additional increase in Rs. Below the criti-
cal temperature, Bruker samples exhibit a surface resistance of several mΩ smaller than FCC Cu, while SuperPower
samples undercut Cu by approximately one order of magnitude in surface resistance.
We present the in-field behavior of a-C coated samples at 50 K in Fig. 7.18. Even in the worst case, at maximum
applied field of 9 T, the superconducting samples cause less losses than Cu. The fully coated (150 nm Ti + 100 nm
a-C) Bruker and SuperPower samples have a by approx. 4mΩ and 5mΩ, respectively, lower surface resistance than
the metal. This equates to a performance gain of 50 % for Bruker and 63 % for SuperPower with respect to copper.
Analogously to Fig. 7.17, the increase of surface resistance upon coating ∆Rexp.

s manifests itself as a constant over
the entire field range. We can conclude that neither titanium’s nor amorphous carbon’s magnetic properties influence
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Provider Coating ∆Rexp.
s (50 K) ∆Rtheo.

s (50 K)
SuperPower 50 nm a-C 0.09 mΩ 1.4×10−7 Ω

SuperPower 100 nm Ti + 50 nm a-C 0.16 mΩ 0.4 mΩ

SuperPower 150 nm Ti + 100 nm a-C 0.32 mΩ 0.7 mΩ

Bruker 150 nm Ti + 100 nm a-C 0.92 mΩ 0.7 mΩ

TABLE 7.8: A list of CC samples with e-cloud reducing coatings and its experimentally measured and
theoretically calculated increase in surface resistance as compared to pristine CCs.

the measurement to a noticeable degree. The longevity of the thin Ti + a-C coatings in terms of Rs(H) was tested as
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FIGURE 7.18: The surface resistance Rs as a function of applied magnetic field for a-C covered CC
samples in comparison with the corresponding uncoated counterparts and FCC Cu at 8 GHz and 50 K

shown in Fig. 7.18. Storing the 150 nm Ti + 100 nm a-C coated Bruker sample for 1.5 y in silica gel, we repeated the
Rs field sweep at 50 K and observed close to perfect reproducibility, suggesting no degradation of any of the involved
layers.
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7.2.4 Section conclusions

We have found that REBCO CCs show in their untreated state a too high SEY in order be used safely in the beam
screen chamber of a particle accelerator. Possible cures for the e-cloud generations are conditioning of the sample
surface with high-energy electrons or depositing an amorphous carbon coating on it.
The second means is especially promising as it is proven for large scale deposition and shows that an a-C layer as thin
as 100 nm is enough to bring down the SEY to required levels. Titanium before a-C deposition acts as an hydrogen
getter in the sputter chamber and an adhesion layer between carbon and HTS. We demonstrated that the applied sputter
conditions do not deteriorate the superconducting properties of the CCs. Moreover, we show that thin layers of a-C
have a negligible impact on measured surface resistance, whereas thin titanium layers cause a small increase. The
contributions are found to be constant over the analyzed temperature and magnetic field range. In particular, a 150 nm
Ti + 100 nm a-C coating that suppresses the SEY below the necessary threshold, increases the surface resistance by
Rexp.

s (50K) = 0.32− 0.92mΩ as compared to an uncovered CC. This increase equates 4− 11% of copper’s surface
resistance at 50 K and lets CCs outperfrom copper in the entire field range.
In conclusion, a-C is an utmost suitable coating candidate for CCs in order to enable compatibility of the HTS tech-
nology with particle accelerators like the FCC-hh since it decreases the SEY to required levels while causing only few
additional microwave losses.
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7.3 Impact of synchrotron irradiation on superconducting properties

Synchrotron radiation (SR) is understood as the emitted electromagnetic radiation of charged particles moving uni-
formly on a circular path [231]. In circular particle colliders, it is mainly generated when accelerated charged particles
enter a magnetic dipole field where they get deflected by Lorentz force. For high-energy particles, relativistic effects
become relevant and the SR is emitted forwardly as a collimated beam [232]. The spectrum of SR emission depends
on the beam energy and the intensity of the particle deflecting magnetic field. With the unprecedented 50 TeV beam
energy and 16 T bending magnets, the FCC-hh’s SR linear power density is expected to be 160 times larger than in the
LHC.

The detrimental effects of SR hitting the highly conductive beam screen coating were considered and tried to be miti-
gated by the new double chamber design of the FCC-hh beam screen. In full beam energy operation, most of the SR
will exit trough the 7.5 mm aperture of the primary chamber where it hits the sawtooth Cu profile of the secondary
chamber as seen in Fig. 1.2. Nevertheless, the potential HTS beam screen coating cannot be completely spared from
synchrotron irradiation: at the sawtooth Cu, the majority of SR will be absorbed but a few can get reflected back into
the primary chamber. In addition, low power tails of the SR will still touch the primary chamber. At last, during beam
injection at 3.3 TeV, vertical beam alignment rises to 4 mm for short time causing SR to hit the interior of the primary
chamber [10].

Two main concerns arise. On the one hand, SR causes heating which could potentially result into oxygen diffusion
in the superconductor or quench-driving, local hot spots. On the other hand, high-energy photons can interact with
superconducting charge carrier by breaking the cooper pairs. If the breaking rate surpasses the recombination rate of
the cooper pairs, superconductivity will break down.
As a preliminary study, we analyzed possible long-term deterioration of the superconductor by irradiating CCs of
several providers with high-energy SR of low intensity performed at ALBA Synchrotron Light Source.

7.3.1 Long term irradiation at ALBA Synchrotron

As shown in Fig. 7.19, the photon flux spectrum at the ALBA Synchrotron Light Source is in terms of energy spectrum
quite comparable to the one expected at the FCC-hh. For the long term irradiation experiment, we tested the effect of

FIGURE 7.19: Photon flux vertically integrated per second, 0.1 % BW and mrad(H) spectra of the
FCC-hh in comparison with the full and attenuated ones of ALBA Synchrotron Light Source. Adapted

from [233] with permission.
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the high-energy spectrum tail on the superconductor. Five different HTS-CC samples were mounted behind the ALBA
crotch absorbers and irradiated by the high-energy residual X-rays that traverse the 35 mm copper absorber and 2 mm
steel anti-chamber wall. The CCs were aligned in such way that the synchrotron beam passes through the entire sample
cross section as it is demonstrated in Fig. 7.20. By making use of the normal operation of the Light Source for user,
the irradiation time was in the order of several days and weeks. Table 7.9 summarizes the used irradiation parameters.
The dose estimation was done internally at ALBA Synchrotron with the Monte Carlo simulation package FLUKA
[233].

FIGURE 7.20: Irradiated 5 mm×5 mm Bruker sample attached to X-Ray sensitive paper. The syn-
chrotron beam passes through the sample center.

SR current Attenuator Irradiation time Photons at sample
100 mA Crotch absorber (35 mm Cu) 144 h 552 h 4.96e14 4.10e18

TABLE 7.9: Irradiation parameters used for experiment.

After irradiating the samples for 144 h and 552 h resulting in a deposition of 4.96e14 and 4.10e18 photons, re-
spectively, we re-measured the magnetic moments. By way of example, the critical current density as a function of
magnetic field Jc(H) at 77 K, calculated from magnetization measurements, and the normalized magnetic moment
recorded after zero-field cooling µ/µ0 of SUNAM CCs is compared before and after irradiation in Fig. 7.21. The

FIGURE 7.21: Effect of long term high-energy, low-intensity SR on the superconductive properties
of SuNAM CC.(a) The critical current density as a function of magnetic field at 77 K of SUNAM CC

before and after irradiation. (b) The magnetic moment after ZFC of the mentioned samples.
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Jc(H) curves collapse excellently on each other, suggesting that neither the photons, nor the exposure to air had any
detrimental impact on the superconducting properties. The same picture is painted for the ZFC measurement. Within
the measurement accuracy error, we find the same Tc and ∆Tc for the samples before and after SR exposure. The
superconductive properties of all analyzed CCs stay unaffected after the high-energy, low-intensity SR irradiation for
several weeks as shown in Fig. 7.22, where the critical current density at self-field Js f

c before and after the experiment
is given. Accounting for uncertainties in the determination of Js f

c , within an estimated error of 5%, no difference in
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FIGURE 7.22: The critical current density at self-field Js f
c at T = 77K before and after irradiation with

SR for several CCs.

the magnetizing properties after SR irradiation can be reported.

7.3.2 Section conclusions

In order to assess possible long term damage on superconductors by SR, we irradiated several state of the art CCs
for several hundred hours with an attenuated high-energy spectrum emitted in the ALBA Synchrotron Light Source.
By comparing the superconducting properties of the samples before and after irradiation, we have demonstrated that
all CCs stay unaffected in terms of their critical temperature Tc, their transition width ∆Tc and Jc(H) up to 9 T at
T = 77K. Further work regarding the effect of synchrotron radiation on CCs’ superconductivity was performed within
our consortium under the lead of ALBA Synchrotron. Critical temperature and surface resistance were measured in-
situ while being exposed to synchrotron radiation of a wider spectrum and higher photon intensity. The results are
presented in [234] and discussed in the doctoral thesis of Patrick Krkotić.

7.4 Chapter conclusions

In this chapter, we addressed three major concerns associated with the usage of REBCO CCs as a beam screen coating.

1. Persistent currents in the REBCO will degrade the magnetic field homogeneity inside the beam screen,
endangering the trajectory stability of accelerated particles: We analyzed a REBCO CCs based REBCO-
Cu hybrid structure consisting of superconductor and copper filaments as a method to decrease the screening
currents. By means of finite element simulations, we determined the exact REBCO and Cu filament widths,
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in order to comply with the field quality requirements imposed by CERN and used them as guidelines for
the dimensions of produced hybrid structures. Scanning Hall probe microscopy of hybrid structures attested
excellent agreement with sample magnetizations predicted by finite element simulations, see [217]. Performing
high-frequency characterization of hybrid structures in ring configuration, this layout was shown to be necessary
to conduct electrical currents parallel to the material just like it will be done in the FCC-hh. Measurements with
a 8 GHz DR illustrated that surface resistance depends significantly on the amount of REBCO present in the
hybrid structure. We showed experimentally that a hybrid structure with 92 % REBCO exhibits extremely low
surface resistances, comparable to a pristine REBCO sample, while satisfying field quality requirements. This
sample represents a very profitable trade off between two competing attributes, low surface resistance and small
persistent currents, and could serve as a geometry assembly blueprint for a REBCO-Cu hybrid coating in the
FCC-hh beam screen chamber.

2. A beam screen coating material with secondary electron yield above unity will generate electron clouds,
disturbing the beam stability: In collaboration with the TE-VSC group at CERN, we demonstrated that un-
treated REBCO CCs exhibit too high SEY, depending on the provider between 2.7 and 3.0, to be savely used
in the beam pipe chamber. Coatings of 150 nm titanium plus 100 nm amorphous carbon on top of REBCO
CCs were shown to decrease the SEY below the required level for CCs of two different providers. The com-
patibility of this Ti + a-C coating with REBCO CCs was validated by two means. On the one hand, sputter
depositing the coating did not deteriorate the superconducting properties of REBCO. On the other hand, cap-
ping the REBCO layer with the low SEY coating increased the surface resistance only marginally. In particular,
a 150 nm Ti + 100 nm a-C coating increased, independent of temperature and magnetic field, the surface re-
sistance by Rexp.

s (50K) = 0.32− 0.92mΩ with respect to an uncovered CC. This increase equates 4− 11% of
copper’s surface resistance at 50 K. In absolute terms this means that REBCO CCs capped with low SEY coat-
ings outperform copper by a factor of 1.8-2.5 (depending on the provider and purity of Ti) at 50 K and 9 T. In
conclusion, we experimentally verified the compatibility of the low SEY material a-C with REBCO CCs. Ap-
plied in the beam screen chamber, it would prevent electron cloud generation without sacrificing the microwave
performance sharply.

3. Interaction of beam emitted synchrotron radiation with REBCO could have detrimental effects on su-
perconducting properties: As a joint effort with ALBA Synchrotron Light Source, we analyzed the long term
irradiation effect of attenuated high-energy photons on several REBCO CCs. The HTS were exposed for several
hundred hours to mentioned synchrotron radiation at the ALBA Synchrotron Light Source, whereupon the sam-
ples were characterized in terms of their superconducting properties and compared to the state before irradiation.
Within our analysis, we found unchanged properties. In particular, there was no effect on the critical tempera-
ture Tc, the transition width ∆Tc or the critical current density up to 9 T at 77 K. While this experiment excludes
long term irradiation damages from attenuated high-energy synchrotron radiation as a show stopper, this study
needs to be extended. A broader synchrotron energy range, closer to the one expected at the FCC-hh, has to
be tested with REBCO CCs in terms of long term irradiation deterioration. More key experiments involve the
measurement of superconducting and microwave properties during synchrotron irradiation. Preliminary studies
addressing this point were already conducted by ALBA Synchrotron and will be disclosed in the future.
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Chapter 8

General conclusions

Motivated by a key question the FCC-study wants to address, this work explores the advantages, potential risks and
general feasibility of employing REBa2Cu3O7−δ coated conductors (REBCO CCs), a tape structure based on a high
temperature superconductor (HTS), as a beam screen coating for the next generation particle accelerator planned by
CERN. The Institute of Materials Science of Barcelona has established a collaboration agreement with six international
manufacturer, namely Bruker, SuNAM, SuperOx, SuperPower and Theva, that offered us their large scale produced
REBCO CCs for superconducting properties and high-frequency characterization.

Laying the foundation of the study, we analyzed the architecture and electrical properties of all REBCO CCs. Not
only vary the different HTS tapes in the thicknesses of the REBCO layers ranging from 0.9µm to 3µm but also in the
REBCO microstructure whose complexity is constituted by for example, the choice of rare earth element, the incor-
poration of normal conducting nanoparticles or the growth technique. All these attributes impact the defect landscape
in REBCO and consequently its electrical properties. Based on resistance as a function of temperature measurements,
we found a spread in critical temperature Tc and normal state resistivity ρn among the CCs. Former originates from
the doping state and utilized rare-earth element, while latter is tied to the doping state, too, and disorder in the REBCO
matrix. By application of several magnetic fields to mentioned experiments, we were able to estimate the irreversibility
fields Hirr(T ), a critical quantity that informs about the upper limit of in-field operation. At 50 K, the expected beam
screen chamber temperature within the FCC-hh, REBCO CCs exhibit an irreversibility field between 38 T to 53 T,
where two tendencies for larger irreversibility fields were identified. One is the incorporation of artificial pinning
centers (APCs), BZO or BHO nanorods, and the other, the use of yttrium as rare earth element. The estimated Hirr

agree with previously reported values, confirming a sustained superconducting state at expected maximum fields of
16 T in the FCC-hh.
Moreover, we performed magnetization measurements of CC samples in wide cryogenic range around 50 K and up to
9 T in order to extract the critical current densities Jc(T,H). With a model that accounts for changing pinning regimes
upon magnetic field increase, we extracted characteristic pinning parameters Js f , H∗ and α . The determined quantities
vary in their magnitudes with the differences in the REBCO microstructures of analyzed tapes. An important observa-
tion for the FCC-hh study is that APC based CC exhibit weakest in-field dependence, indicating efficient pinning, at
intermediate temperatures close to 50 K, as visible in their low α . Nevertheless, the total Jc(50K,9T) is not necessary
lower for CCs that rely only on intrinsic pinning centers as represented by Fujikura, since the total performance draws
from all mentioned parameters Js f , H∗, Hirr whose entanglement with the microstructure is complex and requires
further study.
With the aid of mentioned phenomenological pinning model, we extrapolated the critical current densities to fields
up to 16 T, unattainable by our present magnet. CCs associated with ’classical’ REBCO microstructures, i.e. no 1D
nanorods or inclined c-axis, allow for quite decent model approximation of measurement data up to 9 T and gives Jc

at 16 T which are credible since backed by accordance with reported values. Extrapolated results demonstrate that the



136 Chapter 8. General conclusions

best performing CCs of our study will sustain the peak image currents of 25 A induced by proton acceleration when as-
sembled in the beam screen pipe of the FCC-hh. They trump the FCC-hh threshold of Ic/width(50K,16T)= 3Acm−1,
a value that calculates from dividing the 25 A peak image currents by the circumference of the beam screen cham-
ber, by more than one order of magnitude. The generated data attests the suitability of nowadays produced REBCO
CCs for applications that require high-performing direct current properties at conditions as demanding as found in the
FCC-hh.

Next, we move the discussion to the high-frequency characterization of the HTS samples. After the successful design
and fabrication of a rutile loaded dielectric resonator (DR) with resonant frequency close to 8 GHz by ALBA Syn-
chrotron and Polytechnic University of Catalonia (UPC), we collaboratively installed the DR in a 25 mm magnet bore
of a Physical Property Measurement System (PPMS) for high-frequency response investigation of REBCO CCs at
cryogenic temperatures and large magnetic fields up to 9 T. This allowed us to run a two-fold comparative microwave
study.

For one thing, we measured the surface impedance, both the real (surface resistance) and imaginary (surface re-
actance) part, of eight thick REBCO CCs at cryogenic temperatures around 50 K, 8 GHz and large magnetic fields
up to 9 T. High-frequency data of commercially available REBCO CCs at large magnetic fields was not available
in literature at this point, marking it an important contribution to microwave applications which considers the use
of this technology. We demonstrated that good pinning capabilities of the REBCO layer is the dominant factor that
yields low surface impedances at high magnetic fields in presented experimental conditions. In consequence, analyzed
REBCO CCs differ in high field performance as they are founded by microstructures with unique defect landscapes.
Understanding this correlation opens the door to improvement of material’s high-frequency properties through mi-
crostructure tailoring. Surface impedance data in the context of a mean-field vortex motion model unveils explicit
relations between tuneable material properties and the two most relevant pinning parameters for high-frequency ap-
plications: depinning frequency νp and vortex viscosity η . The depinning frequency can be increased by the addition
of APCs or the manifestation of additional intrinsic pinning defects as it is proportional to the critical current density.
Whereas, the vortex viscosity augments with lower normal state resistivity ρn and higher upper critical field Bc2. The
increase of both pinning parameters gives material scientists a leverage point to further optimize the performance of
REBCO CCs at high frequencies and large magnetic fields. Regardless of future performance optimization, the deter-
mined pinning parameters attest already available REBCO CCs excellent microwave performance at large magnetic
fields. The depinning frequencies amount depending on the sample νp(50K) ≈ 14− 33GHz and surpass the opera-
tional frequency in the FCC-hh significantly, thus reinforcing the use of REBCO in the beam screen chamber. The
vortex viscosity η(50K,9T) ∼ 5 ·10−7 is higher than the vortex viscosity of Nb3Sn or MgB2 at 10 K and 9 T which
equates to smallest microwave losses at large magnetic fields among all technologically relevant superconductors.

The correct measurement of the surface reactance in thick REBCO CCs deserves a special technical mention. The
extremely strong magnetic forces within the superconducting layer cause the end plates of measurement cavity to
shift when exposing to magnetic fields which only marginally affects the measured quality factor but significantly the
resonant frequency. As a consequence, extracted field change of surface reactance is masked by this effect and does
not represent the intrinsic HTS response. We modified the resonator to avoid the mechanical shifts and were able to
obtain reliable surface reactance results.

For another thing, we confronted copper, the habitual beam screen coating, with the mature HTS technology in
terms of surface impedance at conditions close to the accelerator environment. Copper gets outperformed by best
performing CCs by a factor of roughly 2.5 (top surface) and 4.5 (bottom surface) at 50 K, 8 GHz and 9 T in terms
of surface resistance, while the surface reactance of copper is significantly lower, more than by a factor 3, than the
best performing CC at the same conditions. Within our study, however, the real competition takes place at lower
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frequencies and higher fields, namely at 1 GHz and 16 T, the conditions present in the FCC-hh. Although we do
not have the corresponding setup available yet (it is in construction) to measure the surface impedances in mentioned
regime, we have extrapolated surface impedances to values expected in this situation using the vortex movement mean-
field model. The performance advantage tilts further towards REBCO CCs as they expect to exhibit surface resistances
by a factor of 15-70 (factor depends on the provider) lower than copper while maintaining their surface reactance in
the same order of magnitude at 50 K, 1 GHz and 16 T. Realized in practice, it would mean significant benefits in terms
of beam stability margins and resistive power losses but possibly a lesser maximum beam current limitation within the
FCC. Disregarding potential improvement of high-frequency performance through microstructure tuning, the REBCO
CCs tapes present themselves already in its current form as a mature candidate for high-frequency applications at large
fields because of its low surface resistances unmet by competitors.

Practical challenges bother the wide spread usage of REBCO as a coating material for the beam screen chamber or,
more generally, microwave cavities. The HTS material class requires epitaxial growth, so highly textured substrates,
for useful superconducting properties to emerge. Having this in mind, a reasonable doubt that arises is how this
material could coat metallic and curved surfaces. Instead of direct growth on the metallic surface, we proposed a
scalable REBCO CC attachment technique which is based on upside down soldering and subsequent delamination
of the tape between buffer layers and REBCO. Following this recipe, our technique exposes the bottom surface of
REBCO, the first layers formed during growth, to the interior of the cavity. We demonstrated that the breaking of the
multilayered architecture does not induce damage in the center of the superconducting sample. Moreover, scanning
electron microscopy analysis was carried out to analyze the topography of exposed bottom surface. It showed, on the
one hand, that parts of buffer layers remain after the delamination process on the superconductor and on the other hand,
that the bottom REBCO layer is purer in comparison to its top surface where usually misaligned grains or secondary
phases are found. High-frequency characterization of delaminated REBCO bottom surfaces revealed superior surface
resistances as compared to its top surface counterpart. Reminding ourselves that the vortex penetration depth reaches
only up to approximately 650 nm at 8 GHz and 50 K, different REBCO volumes are probed when measuring the
surface impedance of either top or bottom surface. Hence, we associate the improved performance to a microstructure
quality gradient in the REBCO film which decreases from the first formed layers at the buffer interface towards the
last grown layers. This phenomenon is well known in the HTS community as it limits the growth of arbitrarily thick
films with good properties.
We elucidated the role of LMO buffer layer, parts of which remain on the REBCO surface after delamination, in
surface impedance measurements. It influences the field behavior at small magnetic field thus it is not of big relevance
for the FCC-hh.
The benefits of the proposed coating technique like the reliance on already established REBCO CCs or the simplicity
and scalability of attachment led to a collaboration with the RADES group in CERN with the aim to coat a haloscope
with REBCO CCs for axion search. A first test coating yielded higher cavity quality factors than achieved by Cu or
Nb3Sn at 4.2 K and 11 T. Thanks to additional studies, we expect significantly higher cavity quality factors with the
second coating trial.
The collaboration with the RADES group aside, our proposed coating blueprint could facilitate the penetration of CCs
into other microwave applications where large magnetic fields are required, one of which is certainly the beam screen
chamber in the FCC-hh.

Finally, we addressed an array of concerns associated with CC usage in the beam screen chamber. All our related
experimental studies show compatibility of REBCO CC technology with the beam screen.
First, trapped vortices are expected to perturb the dipole field which steers the particle beam. As a first group, we
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produced a completely CC based REBCO-Cu hybrid structure that consists of narrow HTS and Cu filaments. The stri-
ation strategy was demonstrated to diminish the trapped fields inside the REBCO meaningfully. In fact, the geometry
for produced REBCO-Cu hybrid structures was directed by a numerical analysis model1 in a way to keep the field dis-
turbance caused by the trapped fields below a specific field quality threshold imposed by CERN. The high-frequency
response of manufactured hybrid structures was measured with the 8 GHz DR in a wide cryogenic temperature range
around 50 K and up to 9 T. We found that the percentage of HTS present in the hybrid structure drives measured
surface resistance. The hybrid structure consisting of 92 % REBCO and 8 % Cu outperformed a pure Cu coating
significantly, while exhibiting only marginal trapped fields because of the striation into filaments. This represents an
experimental confirmation that REBCO CCs can be engineered into a coating that has an negligible impact on the
magnetic field profile while maintaining the desired low surface resistance.
Second, the secondary electron build-up is a common problem to overcome in high-energy particle accelerators. The
likelihood for electron cloud generation depends on the surface state of beam facing material, in our case REBCO,
and is expressed numerically in the so-called secondary electron yield (SEY). A SEY well above unity leads to elec-
tron multiplication inside the beam screen chamber that can have catastrophic consequences for the beam stability.
In collaboration with the Technology Department - Vacuum, Surfaces and Coatings (TE-VSC) group at CERN, we
measured the peak SEY to range between 2.5 and 3 in two untreated CCs samples by SuperPower. Thus, a goal had
to be the reduction of the SEY. Apart from conditioning the sample surface with an electron gun, another method to
terminate seconday electrons is the application of a thin film consisting of a material with low intrinsic SEY. In the
particle accelerator community, amorphous carbon (a-C) has proven itself as a suitable coating candidate because of
its high roughness that prevents electrons from leaving the surface and its convenient large scale deposition. Con-
sequently, REBCO CCs of two different providers were coated with thin films of a-C and titanium interlayers. We
have demonstrated that the application of 150 nm thin a-C and 100 nm thin Ti on REBCO CCs is already enough to
decrease the SEY to required levels. Further studies attested an extensive compatibility of a-C with REBCO CCs
since the coating did neither cause degradation of the superconducting properties nor did it increase microwave losses
meaningfully.
Third, synchrotron radiation aging effects were investigated. Collaborating this time with ALBA Synchrotron, CCs of
several providers were exposed for up to 552 h to synchrotron radiation attenuated by a 35 mm Cu crotch. The energy
spectrum of loaded synchrotron radiation is attenuated and on the high-energy range tail when comparing to the full
spectrum expected in the FCC-hh. We have demonstrated that the magnetic properties of irradiated samples remain as
high as before irradiation. In particular, we showed it for the critical temperatures, the transition width and the critical
current density up to 9 T at 77 K.

All in all, generated results within this thesis not only encourage further investigation in the possibility to deploy
REBCO CCs as a beam screen coating for a more efficient Future Circullar Collider hadron-hadron but have demon-
strated that REBCO CCs are attractive coating options for other microwave applications that require large magnetic
fields. For this, it was important, on the one hand, to show experimentally that commercially available CCs exhibit
excellent high-frequency properties at large magnetic fields and on the other hand, to offer a REBCO coating solution
for metallic, curved surfaces.
However, before deciding whether REBCO CCs should be used as beam screen coatings, more experimental data is
required. Especially interesting would be to measure the surface impedance of REBCO CCs at 1 GHz and up to 16 T.
To this end, our consortium is working on extending its instrumental repertoire in form of a parallel plate resonator
with 1 GHz resonant frequency and a new cryostat compatible with the bigger resonator and equipped with a 16 T

1This model was run by my PhD colleague Guilherme Telles.
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magnet. The high-frequency response at those more extreme conditions should be recorded with increased excita-
tion power amplitudes, as quite high powers are expected within the FCC-hh. Simulation work is required to assess
how the surface impedance of the coatings translates into the beam coupling impedance which will quantify the real
benefits for the FCC-hh when using REBCO CCs. Moreover, studies on the mechanical properties of REBCO CCs
has to be intensified. Magnetic field ramping during accelerator operation will cause magnetic forces that act on the
beam screen chamber and consequently on the soldered and already bent CCs. It has to be shown that these effects are
not of concern for the operation of the HTS. Another important concern is the operation of superconductivity under
synchrotron radiation. The energy spectrum has to be extended with respect to previous experiments and supercon-
ducting properties have to be measured during the actual irradiation. Having mentioned these aspects, all work should
culminate in a proof-of-concept device, simulating as best as possible the operation in real FCC-hh conditions.
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Appendix A

Appendix to chapter 3

In table A.1, we provide the reader with the geometry factor G determined by Patrick Krkotic as described in [82]
corresponding to the DR used in this thesis, permittivity ε ′ and the loss tangent tan(δ ) of rutile adopted from [87]. For
temperature conditions other than the ones given, values were intrapolated from the points in table A.1.

T (K) G(Ω) ε ′ tan(δ )
100 218.37 105.48 1.21e-5
95 217.73 106.10 1.03e-5
90 217.27 106.55 9e-6
85 216.70 107.12 8e-6
80 216.05 107.77 7e-6
75 215.46 108.36 6e-6
70 214.86 108.98 4.5e-6
65 214.38 109.51 3.71e-6
60 213.79 110.09 3.09e-6
55 213.32 110.67 2.31e-6
50 212.85 111.07 1.92e-6
45 212.51 111.37 1.56e-6
40 212.17 111.79 1.28e-6
35 211.91 112.07 9.5e-7
30 211.84 112.13 7.74e-7
25 211.77 112.22 6.34e-7
20 211.75 112.23 4.39e-7
15 211.74 112.27 2.7e-7
10 211.74 112.31 1.9e-7
6 211.74 112.31 1.5e-7

TABLE A.1: Geometrical factor G, ruile permittivity ε ′ and loss tangent of rutile tan(δ ) as a function of
temperature that were used in the context of this thesis for the determination of REBCO CCs’ surface

impedances.
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Appendix to chapter 5

B.1 Derivation of eqs. 5.10 and 5.11

Starting from eq. (2.59), we can write the following:
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If we now equate the real and the complex part of the expression (A.2), we continue with two equations:
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The surface impedance can be expressed as a field independent part and a term which describes the change of surface
impedance with the magnetic field

Zs = Rs + iXs = (Rs,0(T )+∆Rs(T,H))+ i(Xs,0(T )+∆Xs(T,H)). (B.5)

Without an applied field there are no contribution to the surface impedance from the vortex motion and ρvm = 0. With
equation (A.5), we can write equation (A.1) as

Zs(H = 0) = Rs,0(T )+ iXs,0(T ) = iωµ0λL



144 Appendix B. Appendix to chapter 5

This concludes

Rs,0(T ) = 0

∧ Xs,0(T ) = ωµ0λL

⇒ Rs = ∆Rs(T,H) (B.6)

∧ Xs = ωµ0λL +∆Xs(T,H). (B.7)

Plugging equations (A.6) and (A.7) into (A.3) and (A.4) gives us equations (5.10) and (5.11).

B.2 The necessity for external effect removal when calculating vortex mo-
tion parameters

Based on the calculation of VM parameters, it can be demonstrated why offsetting ∆Zs(H) by Zext.
s (0T)1 is necessary

in order to extract the intrinsic response of REBCO. We present the vortex motion parameters ρvm(H), ρ f f (H) and
νp(H) when calculated from ∆Rs(H) = Rs(H)−Rs(0T) and ∆Xs(H) = Xs(H)−Xs(0T) (see eqs. (5.14) and (5.15))
in Fig. B.1 corresponding to Fujikura CC at 40 K. These can be compared with the same vortex motion parameters
calculated from corrected data ∆Roffset

s (H) = ∆Rs(H)+Rext.
s (H) and ∆Xoffset

s (H) = ∆Xs(H)+Xext.
s (H) (see eqs. (5.17)

and (5.18)) in Fig. B.2. Moving to the VM resistivity ρvm in Fig. B.1 (b), we see that linear fits to the field range
µ0H > 2T of ρ ′vm and ρ ′′vm (see red line) highlight ρvm(0T) 6= 0. This is certainly not consistent with neither the GR
model (see eq. (2.56)) nor intuition, since in absence of vortices there should be no vortex motion resistivity. In
contrast, when removing external contributions for field µ0H > 1 from the ∆Zs, so when applying the offset Zext.

s (0T)
to ∆Zs, the vortex motion response has in first approximation no residual contribution at zero-field which establishes
consistency with intuition and the GR model.
The consistency in ρvm propagates to both VM parameters flux-flow resistivity ρ f f and depinning frequency νp. The
flux-flow resistivity ρ f f (H) calculated from ∆Zs(H), see Fig. B.1 (c), exhibits a complicated field behavior for fields
below 4 T which is at odds with the model prediction of a strict proportionality ρ f f ∝ H, see eq. (5.19). While
determining ρ f f (H) from ∆Zoffset

s (H), see Fig. B.2 (c), the linearity in field is conserved for fields >1 T, so in the field
range where external effects have been eliminated from the vortex motion response.
A similar picture is painted for the depinning frequency νp. For depinning frequencies calculated from ∆Zs, see
Fig. B.1 (d), the field behavior of the depinning frequency decreases from high values at small fields and approaches
asymptote-like a constant value close to 40 GHz at large fields. This field behavior is not predicted by the GR-model. It
either foresees a constant field behavior for the regime where we have more pinning sites than vortices or a νp ∝ H−1/2

decrease for the regime where the number of vortices surpass the number of effective pinning centers [67]. The field
behavior of νp calculated from ∆Roffset

s , however, shows an almost constant field behavior for fields above 2 T, as
expected from GR-model.
In conclusion, based on one example, we have demonstrated that eliminating the field independent external effect
Zext.

s (0T) from ∆Zs(H) renders calculated VM parameters much more in line with physical intuition and expectations
of the GR model.

1Offsetting ∆Zs(H) by Zext.
s (0T) means explicitly offsetting ∆Rs(H) by Rext.

s (0T) and ∆Xs(H) by Xext.
s (0T).
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FIGURE B.1: (a) The experimentally determined field change of surface resistance ∆Rs(H) and surface
reactance ∆Xs(H) corresponding to a Fujikura CC sample at 40 K. The vortex motion parameters
calculated based on ∆Rs and ∆Xs are shown in (b)-(d). The straight red lines in (b) are fits to ρ ′vm and
ρ ′′vm in the field range > 2 T and highlight by means of their crossing with the ordinate that ρvm(0T) 6= 0

which violates the GR-model and intuition.
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FIGURE B.2: (a) The experimentally determined field change of surface resistance ∆Rs(H) (transparent
blue squares) and surface reactance ∆Xs(H) (transparent red squares) in comparison with ∆Roffset

s (H)
(solid blue squares) and ∆Xoffset

s (H) (solid red squares) corresponding to a Fujikura CC sample at 40 K.
The vortex motion parameters calculated based on ∆Roffset

s (H) and ∆Xoffset
s (H) are shown in (b)-(d).

The straight red lines in (b) are fits to ρ ′vm and ρ ′′vm in the field range > 2 T and highlight by means of
their crossing with the ordinate that ρvm(0T)≈ 0 which is in line the GR-model and intuition.
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Appendix to chapter 6

We contrast here the surface resistance of top and bottom surface as a function of applied magnetic field for six
different CCs. Presented are field sweeps at 70 K (see Fig. C.1), at 60 K (see Fig. C.2), at 50 K (see Fig. C.3), at 40 K
(see Fig. C.4), at 30 K (see Fig. C.5) and at 20 K (see Fig. C.6).
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FIGURE C.1: How the surface resistance varies with magnetic field for several CCs at 70 K. The black
filled and white filled markers correspond to ZFC and FC curves, respectively.
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FIGURE C.2: How the surface resistance varies with magnetic field for several CCs at 60 K. The black
filled and white filled markers correspond to ZFC and FC curves, respectively.
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FIGURE C.3: How the surface resistance varies with magnetic field for several CCs at 50 K. The black
filled and white filled markers correspond to ZFC and FC curves, respectively.
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FIGURE C.4: How the surface resistance varies with magnetic field for several CCs at 40 K. The black
filled and white filled markers correspond to ZFC and FC curves, respectively.
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FIGURE C.5: How the surface resistance varies with magnetic field for several CCs at 30 K. The black
filled and white filled markers correspond to ZFC and FC curves, respectively.
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