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"Now I’m a scientific expert;
that means I know nothing about absolutely everything."

— A. C. Clarke, 2001: A space Odissey





Abstract

The Future Circular Collider (FCC) Study is a collaborative international initia-
tive led by the European Organisation for Nuclear Research (CERN). Its primary ob-
jective is to assess the feasibility of a new circular collider intended to explore physics
beyond the Standard Model. Toward this goal, developing superconducting radio-
frequency (SRF) accelerating cavities that offer the required performance in terms of
acceleration while maintaining cost-effectiveness represents a significant challenge.
The baseline option being explored involves the niobium-on-copper (Nb/Cu) tech-
nology, which consists in coating the inner surface of the copper cavities with a su-
perconducting thin film of niobium. The feasibility of using A15 compounds, partic-
ularly Nb3Sn, as coating materials is also being investigated, although this approach
is still in its early developmental stages.

This thesis work is focused on the initial phases of the Research and Develop-
ment (R&D) of superconducting thin films produced at CERN for coating SRF cop-
per cavities, namely when the coatings are produced and tested on their substrates
in the form of small samples.

To evaluate the quality of the films and study the impact of the chosen coating
parameters, it is important to analyze their superconducting properties. The critical
temperature (Tc) is a key parameter of interest, serving as an early indicator of the
film’s superconducting performance. For this, a dedicated experimental test station
designed for the inductive measurement of the Tc of superconducting thin films on
copper, now permanently installed at the CERN’s Central Cryogenic Laboratory, is
developed and described in this work. A non-contact method is chosen to avoid
any direct, and possibly destructive, manipulation of the sample, which allows for
further characterization tests to be performed on the same sample. On top of this,
the inductive measurement via a two-coil setup represents a fast, cheap and reliable
way of measuring Tc.

Additionally, this work presents a feasibility study of a new method called "re-
verse-coating" technique, aimed at producing seamless copper substrates for Nb/Cu
SRF cavities. The technique involves depositing a niobium layer on a mandrel
shaped like the final cavity, followed by electro-forming the copper cavity around
it. The mandrel is then removed, leaving behind a copper cavity with a functional
niobium layer. This technique also eliminates the need for the usual copper surface
preparation prior to superconducting layer coating. Preliminary results from flat
disk samples suggest the technique’s feasibility.

Finally, this work investigates the use of bipolar High Power Impulse Magnetron
Sputtering (HiPIMS) as a coating method for Nb3Sn films on copper. The study aims
to understand potential correlations between Tc, deposition parameters, and film
morphology data. The focus is on investigating if HiPIMS, as energetic deposition
technique already demonstrated for niobium, can provide dense Nb3Sn films on
copper which also exhibit the expected Tc and a correct stoichiometry. The study,
still ongoing, offers insights for optimizing the deposition process of Nb3Sn films on
copper.





Zusammenfassung

Die Future-Circular-Collider-Studie (FCC-Studie) ist eine gemeinschaftliche, internatio-
nale Initiative, die von der Europäischen Organisation für Kernforschung (CERN) angeführt
wird. Ihr vorrangiges Ziel ist die Beurteilung der Machbarkeit eines neuen Speicherrings,
dessen Zweck die Erforschung der Physik jenseits des Standardmodells der Teilchenphysik
ist. Eine erhebliche Herausforderung auf dem Weg zu diesem Ziel stellt die Entwicklung su-
praleitender Hochfrequenz-Beschleunigerkavitäten (SRF-Beschleunigerkavitäten) dar, wel-
che die erforderliche Beschleunigungsleistung bei gleichzeitiger Wahrung der Kosteneffi-
zienz bieten. Bei der untersuchten Basisoption handelt es sich um die Niob-auf-Kupfer-
Technologie (Nb/Cu-Technologie), bei welcher die Innenflächen der Kupferkavitäten mit
einer supraleitenden Niob- Dünnschicht beschichtet werden. Die Machbarkeit der Verwen-
dung von A15-Verbindungen, insbesondere Nb3Sn, als Beschichtungsmaterialien wird eben-
falls untersucht, auch wenn sich dieser Ansatz noch in einem frühen Entwicklungsstadium
befindet.

Die vorliegende Dissertation konzentriert sich auf die erste Phase der Forschung und
Entwicklung (F&E) supraleitender Dünnschichten, welche am CERN zur Beschichtung von
SRF-Kupferkavitäten hergestellt werden, nämlich auf die Herstellung und Charakterisie-
rung der Dünnschichten in Form kleiner Proben auf ihren Substraten.

Zur Beurteilung der Qualität der Dünnschichten und zur Untersuchung des Einflusses
der gewählten Beschichtungsparameter ist eine Analyse der Supraleitereigenschaften der
Dünnschichten unerlässlich. Die kritische Temperatur (Tc) ist ein Schlüsselparameter, wel-
cher als ein Frühindikator der Supraleitereigenschaften der Dünnschichten dient. Daher
wurde im Rahmen dieser Arbeit ein spezieller experimenteller Prüfstand entwickelt und
beschrieben, welcher zur induktiven Vermessung der kritischen Temperatur Tc der Dünn-
schichten auf Kupfer entworfen wurde und welcher nun dauerhaft im Kryogenen Zen-
trallabor des CERN installiert ist. Um eine direkte und möglicherweise destruktive Ma-
nipulation der Probe zu vermeiden, wird eine berührungslose Methode gewählt, was die
Durchführung weiterer Charakterisierungstests an derselben Probe ermöglicht. Darüber
hinaus stellt die induktive Messung, mithilfe eines Aufbaus bestehend aus zwei Spulen,
eine schnelle, preiswerte und zuverlässige Messmethode dar.

Weiterhin stellt diese Arbeit eine Machbarkeitsstudie einer neuen Methode namens "Re-
verse-Coating"-Technik vor, welche auf die Herstellung nahtloser Kupfersubstrate für
Nb/Cu-SRF-Kavitäten abzielt. Die Technik besteht darin, eine Niob-Dünnschicht auf einem
Aufspanndorn abzuscheiden, der wie der endgültige Hohlraum geformt ist, und anschließ-
end den Kupferhohlraum darum herum galvanisch zu formen. Anschließend wird der Auf-
spanndorn entfernt, wobei ein Kupferhohlraum mit einer funktionellen Niob- Dünnschicht
zurückbleibt. Diese Technik macht auch die übliche Vorbereitung der Kupferoberfläche vor
der Beschichtung mit der supraleitenden Dünnschicht überflüssig. Vorläufige Ergebnisse
von flachen, scheibenförmigen Proben legen die Machbarkeit dieser Technik nahe.

Abschließend untersucht diese Arbeit den Einsatz des bipolaren Hochleistungsimpuls-
magnetronsputtern (HiPIMS) als Beschichtungsverfahren für Nb3Sn-Dünnschichten auf
Kupfer. Ziel der Studie ist es, mögliche Korrelationen zwischen Tc, den Dünnschichtab-
scheidungsparametern und den Dünnschichtmorphologiedaten zu verstehen. Der Schwer-
punkt liegt auf der Untersuchung, ob mit HiPIMS, einer bereits für Niob demonstrierten
energetischen Abscheidungstechnik, dichte Nb3Sn-Dünnschichten auf Kupfer erzeugt wer-
den können, welche die erwartete kritische Temperatur Tcund eine korrekte Stöchiometrie
aufweisen. Die noch laufende Studie liefert Erkenntnisse zur Optimierung des Abschei-
dungsprozesses von Nb3Sn-Dünnschichten auf Kupfer.
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1

Introduction

Resonant cavities are the component employed in particle accelerators and colliders
to impart energy to the particle beam. In the simplest terms, a resonant cavity con-
sists of an enclosure made of conductor material, within which an electromagnetic
field, typically in the radio-frequency (RF) range, conveys energy to the charged
particles passing through it.

Despite the working principle being still the same today as its first applications
in the 1950’s [1], the technology developed for the construction and operation as
well as the variety of such devices have come a long way ever since [2], [3]. Super-
conducting materials entered the field in the 1960’s [4] to meet the need for higher
beam energy while containing the cavity power losses [5], which represented the
main limitation in copper cavities. An important advantage introduced by super-
conductors was, in fact, their much smaller surface resistance in the RF regime com-
pared to normal conductors. Niobium is nowadays the most employed material for
cavity production together with copper. It is an elemental superconductor particu-
larly suitable to the scope, as its superconducting transition temperature (9.2 K) is
the highest among the superconducting elements and it exhibits values for the sur-
face resistance several orders of magnitude smaller than copper (e.g. at 1.5 GHz,
bulk niobium shows a surface resistance of about 102 nΩ at 4.2 K and 10 nΩ at 2 K,
against the about 106 nΩ at 300 K and 105 nΩ at 10 K of bulk copper). However
niobium, as all conventional superconductors, requires to be operated at cryogenic
temperatures, therefore the choice on whether to employ it or copper depends on
the specific application. Superconducting materials are beneficial, for example, for
accelerators operating in continuous-wave mode or at high RF duty cycles, mitigat-
ing the power dissipated by the cavity during operation (discussions about the pros
and cons for the two materials can be found at [6], [7]).

The intrinsic quality factor Q0 represents an index of the number of RF cycles it
takes a cavity to dissipate the energy stored in it. Tremendous progress was made
in the last decades in improving the Q0 of bulk niobium cavities, typically operated
at 2 K, to the point that the bulk niobium technology is reaching its theoretical limits
in terms of accelerating fields [8]. Bulk niobium cavities can nowadays deliver up to
50 MV/m at 2 K with Q0 ≥ 1010, as in the case of the 1.3 GHz single-cell TESLA type
cavities upon custom temperature treatment [9].

Other than in its bulk form, niobium can be employed in the form of thin film
as the inner coating of bulk copper cavities [10], [11]. The niobium-coated copper
(Nb/Cu) technology for the production of SRF cavities offers several advantages
compared to bulk niobium: copper is much cheaper; it is easier to work; its thermal
conductivity is generally higher at liquid helium temperature. After this technol-
ogy was successfully introduced for the upgrade of Large Electron-Proton collider
(LEP) [12], 400 MHz Nb/Cu cavities are still being employed for the Large Hadron
Collider (LHC), at the European Organisation for Nuclear Research (CERN), for
which they provide a baseline accelerating gradient of 5 MV/m with Q0 ≥ 109 at
4.5 K operating temperature [13]. The operation of Nb/Cu cavities at 4.5 K benefits
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from the optimised surface resistance of the niobium film [14] and offers a substan-
tial cost-saving profit in contexts requiring a large number of cavities, as is the case
for colliders such as the LEP, the LHC and the Future Circular Collider (FCC). How-
ever, a degradation of Q0 with increasing accelerating field (the so-called "Q-slope")
is observed in Nb/Cu cavities. This issue is known to be related to the surface resis-
tance of the niobium film and is not observed in the bulk niobium case [14]. For this
reason, the research and development (R&D) efforts in the field of Nb/Cu cavities
are primarily addressed toward solving the Q-slope problem, which is, to this day,
not fully understood yet.

The next particle accelerators intended for fundamental research such as the FCC
proposed by CERN, introduce new challenges in the development of the SRF cavi-
ties. For the first stage of the FCC programme, namely the lepton collider FCC-ee,
the updated target with respect to what indicated in the conceptual design report
(CDR) [15] foresees the production of up to 280 400 MHz Nb/Cu SRF cavities which
should deliver a maximum accelerating gradient of 12 MV/m with Q0 > 3 × 109 at
4.5 K, which will require a maximum surface resistance of 65 nΩ for 2-cell elliptical
cavity geometry at 4.5 K [16]. Developing niobium films on copper capable of over-
coming the Q-slope to reach the required accelerating field is not a straightforward
task, and will constitute the central activity of the SRF R&D program at CERN for
the next years.

It is known that the purity, the lattice defect density, the surface morphology,
the adhesion to the substrate are film properties affecting its surface resistance, and
the film production technique plays a substantial role on these properties. Progress
in the mitigation of the Q-slope in Nb/Cu films was made in the last years [17]
by switching from the classically employed physical vapour deposition (PVD) tech-
nique of DC magnetron sputtering (DCMS) to the energetic condensation PVD tech-
nique of high power impulse magnetron sputtering (HiPIMS), which proved to al-
low better control than DCMS on the final properties of the film and to provide
denser coatings on complex surfaces [18], [19].

The fabrication process of the copper cavity structure and the preparation of the
substrate’s surface prior to the film deposition are also known to have an impact
on the surface resistance, therefore new paths are being investigated with regard to
these aspects too. One representative example is given by the efforts directed toward
the development of effective fabrication methods for seamless copper cavities, which
might promote a lower substrate roughness and reduce the losses directly connected
to the substrate’s critical areas [20] by removing seams and welds [21]–[23].

Superconducting materials other than niobium are also being investigated in the
quest for coated copper cavities providing high accelerating fields with high Q0 val-
ues. The main focus is on the A15 compound Nb3Sn, because of its critical tempera-
ture (18.3 K) twice as high as the one of niobium. Remarkably high fields larger than
20 MV/m at 4.5 K have been obtained with 1.3 GHz Nb3Sn cavities produced out of
bulk niobium cavities by vapour tin diffusion, whose performance main limitation
was the difficulty in maintaining thermal stability and preventing quenches [24].
This, in addition to the fact that the brittleness of Nb3Sn makes it only employable
in the form of thin film, is encouraging the investigation of PVD methods to form
the Nb3Sn A15 phase on a high thermal conductivity substrate like copper. The de-
velopment of Nb3Sn films is also motivated by the possibility of cooling the cavities
by conduction methods rather than using liquid helium, thanks to the availability of
cryocoolers exhibiting high cooling capacity at 4 K [25].

Nb3Sn films on copper have been object of study at CERN since the launch of
the R&D studies for the FCC programme, first via DCMS [26] and more recently via
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HiPIMS [27]. The technique is still in its early stage of development, with the R&D
strategy currently being the optimisation of the A15 phase formation and of some
key superconducting parameters, such as the critical temperature, on small samples.
Achieving good Nb3Sn films on copper, however, comes with its own challenges.
First of all, the temperature needed for the formation of the Nb3Sn A15 phase (≥
930 ◦C) is well above the temperature at which copper starts weakening (∼ 600 ◦C),
making it impossible for a large structure such as a cavity to sustain the coating
process without undergoing significant mechanical stresses. The mismatch between
the thermal expansion coefficients of Nb3Sn and copper also represents an issue,
affecting the strain status of the film, as well as the known phenomenon of copper-
tin inter-diffusion which can heavily affect the film stoichiometry. The introduction
of an intermediate layer between the copper and the Nb3Sn film, generally tantalum
or niobium, is being investigated as a solution to mitigate the last two.

The variety of factors affecting the film performance and their interdependence
make the identification of the problem and the implementation of a tackling strategy
a complex and often time-consuming task. As a consequence, it is crucial to estab-
lish a systematic and reproducible set of standardized characterisation techniques
for the quality assessment of the films. This should consist of structured checks of
the superconducting, thermal, morphological and RF properties of the film on its
substrate. Fast techniques for the early assessment of the superconducting proper-
ties of the film, such as the induction measurement of the critical temperature, are
helpful on this side and can save time and resources with respect to other techniques,
e.g. magnetometry measurements, which are undoubtedly necessary yet could be
saved for the samples which already demonstrated certain basic quality levels.

In the following, the content of this thesis work is introduced, with emphasis
given to the parts contributing to the activities needed for the advancement of the
thin film on copper technology discussed above, in the context of the R&D ongoing
at CERN for the SRF cavities of the FCC programme.

CONTENT OF THE THESIS

This thesis work is part of the R&D effort on materials and fabrication techniques
for SRF copper cavities being carried on at CERN, in the search for a cost effective,
reliable and reproducible recipe for the coating of the SRF accelerating cavities pro-
posed for the FCC.

In particular, this work is involved in the early stages of the development of the
superconducting thin films produced at CERN, namely in the activities which are
preliminary to the fabrication of the cavity itself, when the coatings and substrates
are still produced and tested in the form of small samples. The small-sample ap-
proach grants faster procedures and data collection, in addition to cost avoidance,
and possibly shortens the next phase of cavity prototype testing, which is usually
more demanding and time-consuming.

The first four Chapters of this thesis can be considered introductory: the basics
of the theory of conventional superconductivity and the figures of merit of RF super-
conductivity are presented in Chapter 1; the general properties of SRF cavities are
discussed in Chapter 2, with focus on the Nb/Cu case; the description of the FCC
study is given in Chapter 3; in Chapter 4 the basic concepts of magnetron sputtering
are introduced.

The key R&D works carried on for this thesis are then topic for Chapters 5, 6
and 7.
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The establishment at the CERN Central Cryogenic Laboratory of a permanent
test station for the contactless measurement of the superconducting transition tem-
perature of thin films for SRF cavity applications, as part of the film quality control
chain, is presented in Chapter 5. The working principle, design and characterisa-
tion of the test station are discussed. The induction coil technique chosen for this
test station offers a fast and cheap mean for the measurement of the Tc of the su-
perconducting films on different substrate materials, with the advantage of being
contactless, hence the sample is not damaged by the procedure and can undergo
more characterisation measurements.

Chapter 6 is dedicated to the introduction of the novel "reverse-coating" tech-
nique [28], inspired by the work on the production of small diameter beam vacuum
chambers [29], as a potential method for the production of seamless Nb/Cu cavities.
The results of the first dedicated feasibility study are presented to demonstrate the
applicability of the technique to the case of niobium HiPIMS coatings on copper up
to the first stage, i.e. the production in small samples of healthy niobium films from
the point of view of the purity and morphology.

A study of the features of Nb3Sn films deposited on copper via HiPIMS, to pur-
sue the parallel route of A15 compounds as alternative materials to niobium for the
production of coated SRF copper cavities, is presented in Chapter 7. The emphasis
is on the relation between the superconducting transition temperature of the films,
the deposition parameters and other properties as, for example, the film composi-
tion and surface morphology. The study intends to highlight the progress achieved
so far with the first development of HiPIMS coatings of Nb3Sn/Cu and to compare
it to the results obtained in the past with the more established DCMS deposition
technique [26].

At last, the thesis is wrapped up in the final Conclusions.
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Chapter 1

Theoretical background

This chapter is dedicated to the notions required for a basic understanding of conventional
superconductivity. To guide the reader through the main developments of the theory, Sec-
tion 1.1 will follow a chronological approach, whenever possible. The basics of RF supercon-
ductivity are then introduced in Section 1.2. The main sources of reference for this Chapter
are [30]–[32].

1.1 Essentials of superconductivity

The most striking indication that a conductor has entered the superconducting state
is the sudden and complete loss of electrical resistivity when cooled down below
its critical temperature Tc. This was first observed in 1911 by H. Kamerling Onnes
in mercury, a few years after he succeeded at liquefying helium [33] (Fig. 1.1a). Ex-
perimenting with superconducting wires, he then discovered a magnetic field can
destroy the superconducting state of pure metals if it exceeds a certain critical value,
known as the critical field Hc [34]. This was in turn related to the maximum electri-
cal current a superconductor can carry without electrical resistance, named critical
current or Jc. Twenty-two years later in 1933, W. Meissner and R. Ochsenfeld dis-
covered that an externally applied magnetic field is expelled from the interior of a
superconductor when cooled below Tc [35], [36] (Fig. 1.1b), provided that the ap-
plied field does not exceed the critical value Hc. However, according to Faraday’s
law of induction a conductor with infinite electrical conductivity is expected to con-
serve its interior magnetic field: remarkably, a superconductor was found to behave
as a perfect conductor only from the electrical point of view, while magnetically it
would rather behave as a perfect diamagnet. Nowadays, the loss of electrical resis-
tivity and the expulsion of magnetic fields (addressed as "Meissner effect") are still
the defining features of superconductivity, and both need to be observed in order to
claim that a new superconducting material has been discovered.

A first attempt to a phenomenological description of the experimental observa-
tions was proposed in 1935 by the London brothers [37]. To explain the absence
of electrical resistivity they reformulated the electromagnetic equations of a super-
conductor under the assumption that the electrons in it would move without the
presence of an electric field. This is represented in the first London equation:

E⃗ =
m

nse2 · d⃗j
dt

, (1.1)

where m, −e and ns are the mass, electric charge and the number density of the
superconducting electrons. From Eq. 1.1 it is possible to see that, when the electric
field E⃗ is zero the electric current j⃗ is constant. Applying the local Maxwell equations
to Eq. 1.1 and using the expression for the magnetic flux density B⃗ = µ0H⃗ (where µ0
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FIGURE 1.1: (a) Discovery of superconductivity in mercury (Reproduced
from [31] with permission of John Wiley and Sons). (b) Schematic representa-
tion of the Meissner effect, where B⃗ is the externally applied magnetic field, T is
the temperature of the sphere and Tc is the superconducting transition tempera-

ture.

is the magnetic permeability of vacuum and H⃗ is the magnetic field) one obtains the
second London equation:

B⃗ = −µ0λ2
L∇× j⃗ , (1.2)

for which the displacement currents originally included in Maxwell equations have
been neglected. Equation 1.2 can be manipulated further to obtain its differential
form, known as Helmholtz equation:

∇2B⃗ =
1

λ2
L

B⃗ , (1.3)

where λL, also appearing in Eq. 1.2, has the dimensions of a length and is defined as:

λL =

(
m

µ0nse2

)1/2

. (1.4)

The solution of Eq. 1.3 predicts the Meissner effect: the magnetic field is expelled
from a superconductor due to the screening effect of the currents flowing without
resistance near its surface. These supercurrents generate a magnetic field in the di-
rection opposite to that of the applied field. Equations 1.1 and 1.2 show that the
magnetic field and the current density decay exponentially within a distance λL be-
low the surface of the superconductor. Everywhere else inside the material perfect
diamagnetism is observed. The length λL is a characteristic quantity of supercon-
ductors and takes the name of London penetration depth.

While this macroscopic interpretation of the electromagnetism of superconduct-
ing phenomena was being developed, a description of superconductivity as a ther-
modynamical phase transition was proposed by C. Gorter and H. Casimir and pub-
lished in 1934 [38]. In parallel, several uncommon properties of liquid helium were
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being observed experimentally when it was cooled below 2.2 K. Below this temper-
ature, the liquid would abruptly stop boiling [39] and it would show a peak in the
specific heat [40], a surprisingly high thermal conductivity [41], [42] and the nearly
complete absence of viscosity [43]. This series of discoveries culminated in 1938,
with the separate works by P. Kapitza [44] and J. F. Allen and A. D. Misener [45], in
which the new concept of superfluidity was introduced. In the effort to explain the
properties of superfluid helium, F. London proposed that helium could be under-
going the phenomenon of Bose-Einstein condensation[46], [47] when cooled down
below 2.2 K [48], [49], and, starting from his ideas, L. Tisza developed the so-called
two-fluid model [50], [51]. According to the model, superfluid helium is described
as consisting of two distinct, mutually permeating fluids, the normal fluid and the
superfluid, each one having its own velocity and inertia, and between which there
is little to no exchange of momentum. The superfluid is characterised by frictionless
motion, while the normal fluid behaves like a regular, viscous liquid.

Following the observation of resistive losses in the surface screening layer of
superconductors under the effect of a high frequency electromagnetic field [52], the
assumption was made that normal conducting electrons were also present in the
superconducting phase, especially at temperatures close to Tc. Therefore, the two-
fluid model was also applied to describe superconductors [53], with the normal fluid
being associated to the electron gas in the metal and the superfluid to the ensemble of
electrons responsible for the supercurrents. The charge carrier density associated to
each fluid is expressed as nn and ns for the normal conducting and superconducting
carriers respectively, so that the total carrier density is expressed as the sum of the
two:

n = nn + ns . (1.5)

The normal and superfluid fractions, xn and xs, can also be introduced so that xn +
xs = 1 and the total carrier density can be reformulated as:

n = n(xn + xs) . (1.6)

The model also assumes the following temperature dependence for the supercon-
ducting carrier density:

ns = n

[
1 −

(
T
Tc

)4
]

. (1.7)

The total current in the superconductor is hence described as the sum of two separate
and independent components:

j⃗ = σE⃗ = j⃗n + j⃗s , (1.8)

where σ corresponds to the sum of the conductivities associated to the normal con-
ducting and superconducting electrons respectively, that is:

σ = σn + σs . (1.9)

This way one has j⃗n = σnE⃗ = −nne⃗v associated to the normal conducting electrons,
and j⃗s = σsE⃗ = −nse⃗v associated to the superconducting electrons. The expressions
for σn and σs in the harmonic regime will be derived later on in Section 1.2.

The first successful attempts at a microscopic understanding of superconductiv-
ity came with the phenomenological model proposed by V. Ginzburg and L. Landau
in 1950 [54]. The Ginzburg-Landau (GL) theory succeeded at combining elements



8 Chapter 1. Theoretical background

of the London theory with the robust theory previously developed by Landau on
phase transitions of second order [55], [56]. The theory starts from the assumption
that, in the absence of an applied magnetic field, the transition from the normal
conducting to the superconducting state represents a second-order phase transition,
characterised by the absence of latent heat. This was supported by the experimental
observation of the discontinuity in the specific heat of the superconductor, which
would exhibit a jump at Tc [57]. A change in the symmetry of the system is associ-
ated to such transitions, so that with lowering temperature the order of the system
increases. The reversibility of the Meissner effect as well suggested the supercon-
ducting phase to be characterised by lower entropy than the normal conducting one,
also pointing in the direction of a more ordered state. To describe the new phase the
order parameter Ψ, a physical quantity of extensive character, is defined so that:

Ψ(⃗r) = 0 for T ≥ Tc ,
Ψ(⃗r) = 1 for T = 0 ,

(1.10)

with r⃗ the position vector. It will be seen later that, within the microscopic the-
ory of superconductivity, the order parameter represents the wave function of the
collective system of superconducting electrons, so that the quantity |Ψ(⃗r)|2 = ns is
interpreted as the density of the superconducting charge carriers. By minimising the
thermodynamic free energy of the system, the GL theory shows that Ψ is governed
by a Schrödinger-like equation into which magnetic effects can be included via a
vector potential, whose solution not only accounts for the thermodynamic aspects
of the normal-to-superconducting phase transition, but also for the spatial behaviour
of the system at the normal-to-superconducting phase boundary.

Many physical concepts are introduced by the GL theory which help with the
understanding of the phenomenon of superconductivity. Due to the structure of
the theory, most of these are only valid in the limit T → Tc, like, for example, the
temperature dependency of the equilibrium density of superconducting electrons
and of the thermodynamic critical field, respectively:

ns(T) = ns(0)
(

1 − T
Tc

)
(1.11)

and

Bcth(T) = Bcth(0)
(

1 − T
Tc

)
, (1.12)

the latter representing the largest energy perturbation that the system can withstand
in the superconducting state before the transition to the normal conducting state
is triggered. The London penetration depth λL (Eq. 1.4) is also derived by the GL
theory, within which it assumes the same meaning. Another relevant length scale
introduced by the GL theory is the Ginzburg-Landau coherence length ξGL, repre-
senting the spatial extension within which the order parameter Ψ can change. By
introducing the definitions of these two lengths, which, in the limit T → Tc, are
given by:

λL =
λL(0)√
1 − T

Tc

, (1.13)

ξGL =
ξGL(0)√

1 − T
Tc

, (1.14)
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it is possible to define the Ginzburg-Landau parameter, independent of the temper-
ature and of the magnetic field, as the ratio of the two:

κ =
λL

ξGL
. (1.15)

Later on in this chapter κ will be used as criterion for the distinction between type-I
and type-II superconductors. At T ≪ Tc, λL is found to be approximately constant
(λL ≈ λL(0)), while its temperature dependence, inferred empirically, can be well
approximated by:

λL

λL(0)
∝

[
1 −

(
T
Tc

)4
]−1/2

, (1.16)

which again yields Eq. 1.13 for T → Tc [31]. The temperature dependence of the
critical field is well described by the empirical expression:

Bc(T) = Bc(0)

[
1 −

(
T
Tc

)2
]

, (1.17)

valid at T < Tc. The critical field Bc is known to coincide with Bcth for type-I super-
conductors, and indeed, for T → Tc, takes the same linear temperature dependence
predicted by the GL theory. Because of the dependence in Eq. 1.17, the supercon-
ducting transition happens at exactly T = Tc only in the absence of an applied mag-
netic field, otherwise Tc is lowered.

In 1952 A. Pippard proposed a modification of the London theory [58], in which
the expression for the supercurrent is related to the average of the vector poten-
tial calculated over an extended region around the point considered, i. e. it made
the London equations no longer local. The extension of the non-locality region, ex-
pressed by the parameter ξ, is assumed to depend on the purity of the material in
an analogous way to that of the mean free path l of normal conducting electrons in
a metal, and is connected to the latter via:

1
ξ
=

1
ξ ′

+
1
l

, (1.18)

where ξ ′ represents the extension of the non-locality region in the limit of a very
pure, ideal material, i. e. for l → ∞. It will be shown later how ξ and ξ ′ are con-
nected to ξGL and to ξ0, the coherence length arising from the microscopic theory of
superconductivity.

Inspired by the work of L. Shubnikov, V. Khotkevich, G. Shepelev and Y. Rjabinin
on the critical field of alloys [59], A. Abrikosov noticed that the GL theory not only
provided a description of the type-I superconductors for which it was meant, but
it also explained the type-II superconductivity discovered by Shubnikov: below a
certain critical concentration of its minor constituent, an alloy would behave like a
pure superconductor in the Meissner state and suddenly lose its superconductivity
at a critical field Bc; above this critical concentration, the external field would start
penetrating the alloy in the form of magnetic flux lines at a value Bc1 < Bc, thus
disrupting the Meissner state, while superconductivity would only cease at a higher
value of the field Bc2 > Bc. The concept is well represented in Fig. 1.2a, with a
practical case of an indium + 4 At% bismuth alloy [60] given in Fig. 1.2b. Further
increasing the bismuth concentration would lower the value of the lower critical
field Bc1 and extend that of the upper critical field Bc2.
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The mixed state of the superconductor resulting from the partial penetration of
the field before the disruption of superconductivity is also known as the Shubnikov
phase, schematically represented in Fig. 1.3a. For type-II superconductors, as pro-
posed by Abrikosov in 1957 [61], it is energetically favourable to let the magnetic
field enter the superconducting region in the form of magnetic flux lines, often ad-
dressed as Abrikosov vortices. The prediction that the vortices would carry a well
defined, quantized amount of magnetic flux was inspired by, and immediately fol-
lowed, R. Feynman’s work on the quantization of vortex lines in liquid helium,
published in 1955 [62]. The understanding of superconductivity was progressively
pointing towards its interpretation as a macroscopic quantum phenomenon. Later

FIGURE 1.2: (a) Schematic representation of the temperature dependence of the
critical fields and phase diagram of a type-II superconductor. (b) Critical fields
of an In+4%Bi alloy. (Both reproduced from [31] with permission of John Wiley

and Sons).

FIGURE 1.3: (a) Schematic representation of the Shubnikov phase (reproduced
from [31] with permission of John Wiley and Sons). (b) Spatial distribution of the
magnetic flux and of the order parameter for an Abrikosov vortex. The normal

core of the magnetic flux line is indicated in red dashed lines.
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on in 1961, the experimental evidence for the quantization of the magnetic flux in
type-II superconductors came from B. Deaver and W. Fairbank [63]: a continuously
increased applied magnetic flux was observed to penetrate a hollow cylinder made
of tin by only discrete, well-defined amounts. A single vortex is today known to
carry a magnetic flux equal to Φ0 = h/2e = 2.07 × 10−15 T m2, the so-called mag-
netic flux quantum, where h is Planck’s constant and e the electron charge. Each
vortex consist of a tube-like system of circulating supercurrents which, in addition
to the external magnetic field, generate the magnetic flux within the vortex. The
more the external magnetic field is increased above Bc1, the greater the number of
vortices entering the superconductor. The diameter of a single vortex is found to
correspond to λL, while its "core", that is the normal conducting region in which the
order parameter Ψ has zero amplitude, has the size of ξGL (Fig. 1.3b).

For a homogeneous superconductor in the Shubnikov phase, the vortices are
known to evenly position themselves according to a triangular lattice (the Abrikosov
lattice) representing the minimum energy configuration for the magnetic flux lines
inside the superconductor. The full analogy between this lattice and the 3D crystal
lattice of a solid can be made, to the point that a temperature dependent solid/liquid
lattice state transition is observed. The vortex system is strongly correlated at low
temperature (T ≪ Tc). When the temperature is increased to the point that the the
solid/liquid state line is crossed, the lattice "melts" and vortices can move freely.
This is, in general, considered as a disturbance of the superconducting state, as it
results in energy dissipation [64], hence a resistive behaviour. Eventually, this leads
to the disruption of the superconducting phase, as the critical current that the su-
perconductor can withstand approaches zero. Impurities and structural defects in
the material can "pin" the vortices, preventing their flow. For this reason, pinning
centers in the material can be actively exploited to prevent vortex flow. However,
depending on the application this can be an advantage (e.g. for superconducting
magnet, for which pinning points represent a stabilising factor for the critical cur-
rent of the superconductor).

The foundations for a microscopic theory were already being established in the
early 1950’s, when H. Frölich and J. Bardeen, independently, emphasized the obser-
vation that many good normal conductors, such as gold or copper, did not become
superconductors, suggesting that superconductivity might result from the strong in-
teraction between conduction electrons and phonons (the lattice vibrations) of those
metals which did not exhibit good normal conductivity [65], [66]. Based on these
assumptions, their work predicted that the transition temperature of different iso-
topes of the same superconductor should scale inversely to the square root of the
atomic mass, thus: Tc ∝ M−1/2. This was experimentally observed in the following
years and confirmed the role of the electron-lattice interaction proposed by Frölich
and Bardeen [67]–[69].

The first complete microscopic interpretation of superconductivity was presented
in 1957 by J. Bardeen, L. Cooper and J. Schrieffer (the BCS theory) [70]. In this work,
a quantum mechanical, attractive interaction is assumed to take place between the
conduction electrons of the superconductor, with the interaction being mediated by
virtual phonons1. This interaction results from the polarisation of the lattice of pos-
itive ions, induced by a negatively charged electron passing nearby, so that for an-
other electron in the vicinity it can become energetically favourable to move along

1The phonons only exist in their transfer between correlated electrons, and are not transferred to
the lattice as real phonons. This process would result in an energy transfer and, therefore, electrical
resistance.
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the polarisation "track" left by the previous one2. This electron-phonon interaction
results in the formation of electron pairs. Each pair, named "Cooper-pair" and indi-
cated as {⃗k ↑, −⃗k ↓}, consists of two electrons having opposite wave-vector k⃗ (or mo-
mentum p⃗) and spin, which are now correlated as a single system (the pair) whose
relevant motion is that of its center of mass and total spin the sum of the two. The
change from half-integer (single electrons are fermions with spin 1/2) to a total in-
teger spin (the pair is a boson and has spin 0) is crucial for the collective behaviour
of the Cooper pairs, which can now condense into a state whose physical quantities,
and in particular the center of mass momentum, are the same for all pairs. This is
the reason for the macroscopical manifestation of superconductivity. The size of a
Cooper pair is expressed as the BCS coherence length ξ0 and represents the distance
within which the pair correlation is active.

The electrons taking part into superconductivity are only a small fraction, those
whose energy falls within ±h̄ωD of the Fermi energy EF, with ωD being the Debye
frequency, the highest possible phonon frequency characteristic of the material. The
usual Fermi distribution of the electronic energy levels is affected by the attractive
interaction, so that the energy states near the Fermi level are redistributed (Fig. 1.4a).
It is found that, for a superconductor, there are no available states within an interval
of about EF ± ∆0, with the energy ∆0 depending on the cumulative properties of the
Cooper pair states. If a Cooper pair is broken, it yields two independent electrons,
or quasiparticles, whose energy can be expressed as:

EQP =
√
(ϵn − EF)2 + ∆2

0 , (1.19)

where ϵn is the energy of the same electron in the normal state. Equation 1.19 shows
the energy of a quasiparticle (Fig. 1.4b) has its minimum at ∆0: the Cooper pair in-
teraction still has an influence on the unpaired electrons as they cannot be into states
corresponding to EF, differently from what would be possible for single electrons in
the normal conducting state. For this reason, the quantity 2∆0 not only represents
the minimum energy needed to break a Cooper pair, but also the energy gap of the
pair-quasiparticle density of states which is distinctive of superconductors. At T > 0
a Cooper pair can be broken due to thermal fluctuations, resulting in quasiparticles
occupying the states available for Cooper pair condensation, hence reducing their
total number and their binding energy. At finite temperatures, it is observed that ∆0
approaches zero for T → Tc. The energy gap is related to the critical temperature of
a superconductor via [72]:

2
∆0

kBTc
= 3.528 , (1.20)

where kB is the Boltzmann’s constant, for the superconducting energy gap at T ≪ Tc.
A good approximation of the temperature dependence of the superconducting gap
is given by:

∆(T) = ∆0

[
cos

(
π

2

(
T
Tc

)2
)]1/2

. (1.21)

2A good human analogy to explain the phenomenon was proposed by P. Schmuser in a lecture
about superconductivity [71]: "Suppose you are cross-country skiing in very deep snow. You will find this
quite cumbersome, there is a lot of ‘resistance’. Now you discover a track made by another skier [...] and you will
immediately realize that it is much more comfortable to ski along this track than in any other direction".
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FIGURE 1.4: (a) Energy levels of the electrons in the normal conducting and su-
perconducting state (reproduced from [32] with permission of John Wiley and
Sons). (b) Qualitative trend of the quasiparticle energy as a function of the free

electron energy.

The coherence length ξ0 is found to be nearly temperature independent, and related
to energy gap via:

ξ0 =
h̄vF

∆0
, (1.22)

with vF being the Fermi velocity. Another relation introduced by the BCS theory is
that between ξ0 and the electron mean free path l, such that:

ξ0 ≃ l for l → 0 ,

ξ0 = 0.18
πh̄vF

2kBTc
for l → ∞ .

(1.23)

This suggests that ξ0 is closely related to the coherence length ξ ′ introduced in
Eq. 1.18, where one can see that ξ → ξ ′ for l → ∞. Thus it is possible to classify
superconductors into clean and dirty ones via the relative size of l with respect to ξ0.
One talks about:

clean superconductor for l ≫ ξ0 and
dirty superconductor for l ≪ ξ0 ,

(1.24)

referring to the amount of impurities in it affecting the size of l. Many parame-
ters derived from the London and GL theories are either obtained also within the
BCS theory, or in many cases connected to the BCS ones under certain assumptions.
For example, the real physical meaning of the GL order parameter Ψ becomes clear
within the BCS theory as it can be interpreted as the macroscopic wave function asso-
ciated with the collective system of Cooper pairs. λL and ξGL depend on the density
of Cooper pairs and are also put in relation (in the limit T ≪ Tc) to the electron mean
free path l by the BCS theory as follows:

λL(l) = λL(l → ∞)

[
1 +

ξGL(l → ∞)

l

]1/2

, (1.25)
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ξGL(l) = [ξGL(l → ∞)l]1/2 . (1.26)

This dependence was not yet taken into account in Eqs. 1.13, 1.14 and 1.16. From
Eqs. 1.25 and 1.26 one can see that, for decreasing l, λL increases and ξGL decreases.
This also translates into a strong dependence on l of the GL parameter κ. Again, since
l depends on the purity of the metal and can be regulated by controlling the amount
of impurities, a type-I superconductor can be changed into a type-II superconductor
as shown in the research by Shubnikov et al. [59], and κ is found [61] to perfectly
describe (and somehow quantify) such a transition. In particular it is shown that:

for κ <
1√
2

the superconductor is of type-I and

for κ ≥ 1√
2

the superconductor is of type-II .
(1.27)

The lower and upper critical fields of type-II superconductors can be also expressed
in terms of ξGL and λL:

Bc1 =
Φ0

4πλ2
L
(lnκ + 0.08) , (1.28)

Bc2 =
Φ0

4πξ2
GL

, (1.29)

and due to their connection to Bcth their temperature dependence exhibits the same
trend as Bc in Eq. 1.17. From the GL theory the following quantitative relation is
found for T → Tc:

Bc2 =
√

2κBcth , (1.30)

and in the limit κ ≫ 1/
√

2 one finds [61]:

Bc1 =
1

2κ
(lnκ + 0.08)Bcth . (1.31)

The relations in 1.27 somehow summarize the deep difference between type-I
and type-II superconductors, which becomes clear in their response to an applied
magnetic field Ba. To a superconductor of volume V in the pure Meissner state, with
fully developed shielding (that is its dimensions are all much larger than λL), a mag-
netic moment m can be associated to the screening currents, so that one can speak
of magnetization M = m/V of the superconductor. For a special sample geometry
such that no demagnetization effects can occur, one can also associate the magnetic
susceptibility χ = −1 of an ideal diamagnet, to which corresponds a magnetization:

M = χ
Ba

µ0
= −Ba

µ0
. (1.32)

In general, demagnetization effects are due to the enhancement of the magnetic field
at the sample surface due to the modification of the applied field lines which follows
the Meissner field expulsion. The field enhancement is promoted by the surface
roughness and features in the sample geometry such as, for example, sharp edges,
so that even if the homogeneous applied field Ba does not exceed Bc, it will at those
points at the sample surface where field enhancement occurs. The demagnetization
effects are accounted for by the demagnetization coefficient NM, which is only zero
for infinitely long rod-shaped samples or ellipsoids with their major axis oriented
parallel to the applied field. For any other shape, usually NM ̸= 0 and depends on
the specific shape and the applied field orientation. As a consequence, in the latter
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FIGURE 1.5: Magnetization as a function of an applied magnetic field for a type-I
(a) and a type-II (b) superconductor. (Both reproduced from [31] with permission

of John Wiley and Sons).

case, rather than Ba, one needs to consider the effective field at the sample surface:

Beff =
1

1 − NM
Ba . (1.33)

The theoretical magnetization of the superconductor as a function of the applied
magnetic field Ba is shown in Fig. 1.5a for type-I and in Fig. 1.5b for type-II. In the
first case, −M increases linearly until Ba = Bc and the transition to the normal state
takes place. However, for values of Ba < Bc such that Beff > Bc at certain spots on
the superconductor’s surface, superconductivity must be destroyed at least locally.
The superconductor cannot turn completely to the normal conducting state, since
in this case the field in the interior would be equal to the external field and, hence,
would be smaller than Bc. This situation will cause the superconductor to enter the
intermediate state, a state in which it becomes energetically favourable for it to split up
into superconducting and normal conducting domains, existing next to each other,
with the normal conducting fraction in the interior of the superconductor increasing
in such a way that the remaining field expulsion yields the value Bc at the surface
spots where initially Beff > Bc.

In the case of the type-II superconductor, the magnetization −M increases lin-
early with increasing applied field only until Ba = Bc1. At this point, as already
discussed, magnetic flux lines start entering the superconductor, with their num-
ber increasing with increasing Ba, resulting in a decreased −M. Flux penetration
increases until Ba = Bc2, when superconductivity breaks off.

The crucial differences in the behaviour described above result from the complex
balance between the magnetic field expulsion energy EM and the Cooper pair con-
densation energy EC at the normal to superconducting interface for the two different
superconductor types.

A layer within which EC and EM can change is associated to the interface, and
the wall energy EW is associated to the layer itself, given by the difference between
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the variations of EC and EM:

EW = ∆EC − ∆EM = (ξGL − λL)A
B2

a
2µ0

, (1.34)

where A is the area of the interface.

FIGURE 1.6: Schematic representation of the spatial variation of the magnetic
field density and Cooper pair density at the interface between the normal con-
ducting and superconducting regions for (a) a type-I superconductor and (b) a

type-II superconductor.

FIGURE 1.7: Schematic representation of the spatial variation of the magnetic ex-
pulsion energy and Cooper pair condensation energy at the interface between the
normal conducting and superconducting regions for (a) a type-I superconductor,
for which the resulting wall energy is positive, and (b) a type-II superconductor,

for which the resulting wall energy is negative.
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For type-I superconductors ξGL > λL, and the wall energy is positive, which
means it must be supplied, at the expense of the magnetic field, in order for the
normal to superconducting interface to be created. As a consequence, the size of the
domains cannot become arbitrarily small, but depends on the optimal energy config-
uration allowing the free energy of the superconducting state to keep its minimum
possible value.

For type-II superconductors, instead, ξGL < λL and therefore the formation of an
interface, represented here by the layer separating an Abrikosov vortex from the sur-
rounding superconducting volume, is accompanied by an energy gain, reason why
the penetration of flux lines is energetically favourable with respect to the complete
disruption of the superconducting state. Since the magnetic field can penetrate the
superconductor before the applied field becomes equal to Bcth, this must be taken
into account by the condition given in Eq. 1.34, which becomes

EW = ξGL A
B2

cth
2µ0

− λLA
B2

a
2µ0

< 0 , (1.35)

and therefore
B2

cth
B2

a
<

λL

ξGL
. (1.36)

As discussed earlier, the condition ξGL < λL can always be realised by making the
electron mean free path l sufficiently small (e.g. by alloying the superconductor with
a small amount of impurities), also shown in Eqs. 1.25 and 1.26.

The plots in Fig. 1.6 are representative of the concept of interface layer discussed
for type-I and type-II superconductors.

FIGURE 1.8: (a) Phase diagram of a type-II superconductor having κ ≈ 1/
√

2 and
a non-zero demagnetization coefficient N. The intermediate-mixed state (IMS),
in which the Meissner and the Shubnikov phase coexist, is highlighted in darker
gray. (b) Schematic representations of the Shubnikov phase and of the IMS, in-
dicating the characteristic lengths of the inter-vortex distance in the Abrikosov

lattice dVL and IMS domain size dIMS. (Both reproduced from [73]).
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As for most relations derived within the GL theory, also the net distinction indi-
cated in 1.27 is valid near Tc. In fact, for T < Tc and κ slightly larger than 1/

√
2 a

type-II superconductor can enter a state in which both the Meissner and the Shub-
nikov phases coexist. For example, this is the case for niobium [73], the most com-
monly employed type-II superconductor. As long as the superconductors is in the
Meissner state, the external field is expelled the same way as for a type-I supercon-
ductor. But if at the superconductor’s surface the effective field (NM ̸= 0) reaches
Bc1, macroscopic domains form, similar to the ones observed for a type-I supercon-
ductor in the intermediate state, in which the Shubnikov phase appears instead of
the normal phase. These structures are referred to as the intermediate-mixed state and
they are only observed for values of κ close to 1/

√
2. The temperature dependence of

the critical fields of a type-II superconductor represented in Fig. 1.2a is readapted in
Fig. 1.8a to include the intermediate-mixed state, starting at Bc1(1 − NM). In 1966, L.
Neumann and L. Tewordt [74] have extended the GL theory to temperatures below
Tc to find that there is a narrow range of κ values near 1/

√
2 for which the interac-

tion between vortices becomes attractive. It is due to this attraction that domains in
the Meissner state can coexist with domains featuring the Shubnikov phase.

1.2 RF superconductivity

1.2.1 The electrical conductivity of normal and superconductors in the
harmonic regime

The following relations, whose derivation can be found in [30], [53], [75], are re-
ported here as preparatory to the content of Section 1.2.2 and Section 1.2.3.

THE CLASSICAL DRUDE MODEL FOR NORMAL CONDUCTORS

In the classical Drude model, a conductor for which the Ohm law j⃗ = σ0E⃗ is satisfied
will exhibit a static (or DC) electric conductivity equal to:

σ0 =
n′e2τ

m
, (1.37)

with n′ being the electron density and τ the electron relaxation time. The Drude
model also predicts the complex conductivity of a conductor exposed to a time-
dependent electromagnetic field of the type E⃗(t) = E⃗eiωt:

σ′ = σ′
1 + iσ′

2 =
σ0

1 − iωτ
= σ0

(
1

1 + (ωτ)2 + iωτ
1

1 + (ωτ)2

)
. (1.38)

THE TWO-FLUID MODEL FOR SUPERCONDUCTORS

As anticipated in the previous Section, the electrical conductivity of a superconduc-
tor in the harmonic regime is expressed within the two-fluid model as the sum of
the conductivities associated to the normal and superfluid components (Eq. 1.9).
The normal component is known to correspond to the Drude conductivity given in
Eq. 1.38, while the superfluid component can be directly calculated from Eq. 1.1 by
implying the harmonic regime with E⃗(t) = E⃗eiωt. This way, the total conductivity
takes the explicit expression:

σ = σn + σs = σ′ − i
1

µ0ωλ2
L
= σ1 + iσ2 . (1.39)
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In this case, one must not forget that the relaxation time τ and the mass m included
in σ′ via Eq. 1.37 refer to the quasiparticles and do not necessarily coincide with the
quantities associated to the normal electrons. The same is valid for n′ appearing in
Eq. 1.37, which is here replaced by nn from Eq. 1.5.

In the low-frequency limit ωτ ≪ 1, Eq. 1.39 takes the form of two parallel
impedances, which can be expressed as a resistivity

σ−1
1 =

1
σ0

=
m

nne2τ
, (1.40)

and an inductivity
σ−1

2 = µ0ωλ2
L . (1.41)

This is representative of common approximation according to which, at low fre-
quency, the superconducting electrons "short-circuit" the quasiparticles/normal con-
ducting ones.

1.2.2 Surface impedance of normal conductors

An external electromagnetic field with magnetic field component H⃗(t) = H⃗eiωt ori-
ented parallel to the surface of a non magnetic, normal conductor, is known to decay
within the conductor surface according to [30]:

H⃗(x) = H⃗0e−γx , (1.42)

where x represents the direction inside the conductor perpendicular to its surface
and H⃗0 the initial field amplitude at the conductor’s surface. This is valid in the
limit where the wavelength of the field is large compared to the electron mean free
path. The complex attenuation constant γ is then expressed as:

γ = iω

√
µ0ε

(
1 − i

σ′

ωε

)
, (1.43)

where ε is the conductor permittivity. For a good conductor the approximation σ′ ≫
ωε can be made, so that Eq. 1.43 becomes:

γ ≃ (1 + i)

√
ωµ0σ′

2
= (1 + i)

1
δ

. (1.44)

Equation 1.44 defines the complex skin depth

δ =

√
2

ωµ0σ′ , (1.45)

representing the distance the harmonic field penetrates inside the conductor. Note
how the skin depth scales as δ ∝ (ωσ′)−1/2. Within the skin depth, currents flow at
the conductor surface, screening the electromagnetic field from the bulk. For those
cases when only the real part of the conductivity is relevant, σ′ in Eq. 1.45 is replaced
by σ0 given in Eq. 1.37.

The response function of the conductor to the field propagation within its surface
is known as the surface impedance, which can be expressed as:

ZS = RS + iXS , (1.46)
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with the real part RS representing the resistance of the conductor in the harmonic
regime, and the imaginary part XS giving the reactance and arising from the surface
currents not being in phase with the field.

By also considering the decay of the electric field component E⃗(x) = E⃗0e−γx it
can be found that:

ZS ≃ (1 + i)
√

ωµ0

2σ′ = (1 + i)
1

σ′δ
, (1.47)

where again the approximation σ′ ≫ ωε was made. When the conductivity has
only a real component, RS and XS are found to coincide, yielding the following final
expression for the surface resistance for a normal conductor:

RS = XS =

√
ωµ0

2σ′ =
1

σ′δ
. (1.48)

The relations discussed so far apply as long as the skin depth stays much larger
than the electron mean free path (δ ≫ l), condition which grants the locality of the
Maxwell equations and the validity of the conductor’s constitutive relations. How-
ever, in the moment one has l ≫ δ, the relation between the field and the current
density is no longer local and one finds, in this case, that δ ∝ (ωσ′)−1/3, known as
the "anomalous" skin depth [76].

1.2.3 Surface impedance of superconductors

A similar description can be applied to the case of superconductors, although a more
complicated behaviour is expected due to the coexistence of paired and unpaired
electrons. Even though the Cooper pairs can move without friction, they exhibit a
certain inertia in responding to the field oscillations3. This results in a non-perfect
screening of the field, which can penetrate the material’s skin depth and couple to
the unpaired electrons, leading to the appearance of the electrical resistance. The
complex surface impedance of a superconductor depends on the two-fluid conduc-
tivity given by Eq. 1.9, so that in general takes the form:

ZS =

√
iωµ0

σ1 − iσ2
. (1.49)

However, by considering that even at temperatures slightly smaller than Tc the con-
dition σ2 ≫ σ1 is verified, Eq. 1.49 can be further manipulated to extract the real and
imaginary components of the surface impedance, given respectively by:

RS ≃ 1
2

σnω2µ2
0λ3

L (1.50)

and
XS ≃ µ0ωλL . (1.51)

Equation 1.50 represents the surface resistance of a superconductor, and shows the
quadratic frequency scaling which makes the resistive losses of a superconductor
drop much faster than the ones of a normal conductor in the same frequency regime.

3This is also the case for electrons in a normal conductor: their inertia contributes to the electrical
resistance but becomes negligible compared to the contribution from scattering phenomena.
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For T ≪ Tc, for which λL ≈ λL(0), σn is proportional to the density of unpaired
electrons and is known from the BCS theory to decrease with temperature accord-
ing to a Boltzmann law, with ∆0 as characteristic energy. This dependency can be
approximated to:

RBCS = A(λ4
L, ξ0, l, σ−1/2

n )ω2e−∆0/kBT. (1.52)

The term A ∝ T−1/2 weakly depends on the temperature, so that RBCS is dominated
by the exponential term. The explicit dependencies of A on the material parameters
can be calculated in the BCS framework and are found in [77]. From Eq. 1.52 one
can again see the quadratic dependence of superconductor surface resistance on the
field frequency.

Based on the purity of the material, a relation is found between the RBCS and the
electron mean free path l, which extends the definition of clean and dirty supercon-
ductor given in Eq. 1.24 so that:

clean superconductor: l ≫ ξ0 ⇒ Rclean
BCS ∝ l,

dirty superconductor: l ≪ ξ0 ⇒ Rdirty
BCS ∝

1√
l
.

(1.53)

Between the clean and dirty limits, RBCS takes a minimum value when the electron
mean free path becomes comparable to the coherence length [77]. In Fig. 1.9 the
measured temperature dependence of the surface resistance of a 1.5 GHz niobium
resonant cavity is plotted with the theoretical prediction. It is possible to see that
below a certain temperature the data deviate from theory and approach a constant
value. This behaviour is taken into account with the residual resistance Rres so that:

RS = RBCS + Rres. (1.54)

While RBCS correspond to energy dissipation due to unpaired electrons, the term
Rres refers to the residual resistance of the material at very low temperatures.

1.2.4 Residual resistance of SRF materials

The causes for the residual resistance of superconducting materials in the radio-
frequency regime can be diverse. Some are intrinsic material factors, like lattice
structure imperfections and surface defects, which are known to play a role, as well
as impurities (e.g. hydrides and oxides are known to be an issue for RF applications
of niobium). In practical objects such as RF resonant cavities, assembly joints, seams
and welds, although they do not strictly affect the quality of the superconducting
surface, are also known to contribute significantly to Rres when placed at high-field
regions. Some other causes are extrinsic to the material, such as trapped magnetic
flux, and can be avoided by, e.g., practicing magnetic hygiene [78], [79].

A measure of the defects in a metal, and therefore an indication of its purity level,
is given by the residual resistivity ratio (RRR), defined as:

RRR =
ρ(300K)

ρ0
, (1.55)

where ρ(300K) is the electrical resistivity of the material at room temperature and
ρ0 is the residual resistivity measured at low temperature, usually 4.2 K for normal
metals or right above Tc for superconductors. Since the room temperature resistivity
is dominated by phonon scattering, one has RRR ∝ 1/ρ0 and hence proportional to
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FIGURE 1.9: Temperature dependence of the surface resistance for a single-cell
1.5 GHz niobium cavity (reproduced from [32] with permission of John Wiley

and Sons).

the electron mean free path l. Nevertheless, a direct relationship between Rres and
RRR is not yet established.

Pure metals, such as niobium, and pure intermetallic compounds with a well
defined stoichiometric composition, like Nb3Sn, commonly employed in SRF appli-
cations, are usually clean superconductors, provided that they exhibit a low amount
of crystalline defects. However, in most practical cases RBCS cannot be neglected,
and to limit its weight in the total RS is therefore important, when choosing the
superconducting material, to find the right compromise which maximizes Tc and
minimizes λL. Since the order parameter is sensitive to defects that are larger or of
comparable size to ξ0, materials with a large BCS coherence length will be less af-
fected in terms of increase of surface resistance. Type-II superconductors can have
a large Tc and a reasonably small λL, so that their RBCS can be small, even at rather
high cryogenic temperature. On the other hand, their BCS coherence length is small,
so type-II superconductors tend to display rather high Rres, unless they are prepared
“defect-free”.

Superconducting property

Material Tc (K) λL (nm) ξ0 (nm) Hc (A/m) Hsh (A/m)

Pb 7.2 39 83 – 92 6.4 × 104 8.4 × 104

Nb 9.2 32 – 44 30 – 60 1.6 × 105 1.9 × 105

Nb3Sn 18 110 – 170 3 – 6 2.5 × 105 3.2 × 105

YBCO 94 140 0.2 – 1.5 6 × 105 – 106 6 × 105 – 8 × 105

TABLE 1.1: Superconducting properties of lead (type-I), niobium (type-II with
κ ≈ 1/

√
2), Nb3Sn (type-II with κ > 1/

√
2) and YBCO (high temperature super-

conductor). (Source [80]).
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The development of SRF cavities has made it possible to identify several factors
influencing Rres, which have been systematically understood and partly controlled.
These are discussed into more detail in Section 2.3.1.

1.2.5 The superheating field

As observed by Bean and Livingston [81], a surface barrier exists against the nucle-
ation of fluxons inside type-II superconductors, which can be observed when an ap-
plied external field Ha is oriented parallel to the surface of the superconductor. This
barrier can prevent fluxons from nucleating inside the material even in those cases
when Ha exceeds the field of first flux entry Hc1 of the material. Under this condi-
tion, the superconductor can exist in a metastable Meissner state when exposed to
fields Ha > Hc1, up to a field Ha = Hsh > Hc1, addressed as superheating field,
at which the superconductor will enter the mixed state and fluxons will start nu-
cleating. In the case of SRF cavities, the existence of the Bean-Livingston barrier is
ensured by the field configuration. Although the metastable state can be achieved,
the presence of defects on the surface of a cavity will make the parallel-field condi-
tion fail at these spots and promote flux entry. The dependence of Hsh on the GL
parameter is calculated to be [82], [83]:

Hsh ≈ 0.89√
κ

Hc for κ ≪ 1,

Hsh ≈ 1.2Hc for κ ≈ 1,
Hsh ≈ 0.75Hc for κ ≫ 1.

(1.56)

Typical values of the relevant parameters for different superconductors are given
in Table 1.1 [80].
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Chapter 2

Superconducting RF cavities

SRF resonant cavities are the devices responsible for the acceleration of the beam in particle
accelerators and particle colliders. The specifications of a cavity strongly depend on the type
and final scope of the accelerator it is developed and built for, and on the involved particle
species. In this Chapter, the basics of SRF cavity design are given in Section 2.1. The figures
of merit of cavity performance are presented and discussed in Section 2.2. Section 2.3 will
focus on the properties, pros and cons of Nb/Cu cavities. Some considerations on the power
consumption, a central topic in the planning of the future accelerator projects, are presented
in Section 2.4, with emphasis on the possible role of Nb3Sn. Finally, the current guidelines
for cavity development are briefly discussed in Section 2.5.

2.1 The geometry trade-off

A resonant cavity can be described as a structure consisting of an enclosure made of
conductor material, within which electromagnetic radiation conveys energy to the
charged particles passing through it. The simplest structure of this kind is given
by a hollow cylinder with closed ends, as shown in Fig. 2.1, and takes the name of
"pillbox" cavity. The possible electromagnetic field configurations inside the pillbox
cavity are obtained as the solutions to the field wave eigenvalue equation [32]. Two
different sets of solutions can be obtained, which depend on the imposed boundary
conditions and represent the cavity modes. These sets are denoted as the transverse
magnetic (TM) and the transverse electric (TE) modes. For more complicated ge-
ometries than the pillbox, performing the calculation of the cavity modes does not
change conceptually, although it can become a highly complicated task for which it
often becomes necessary to turn to numerical methods. The electric and magnetic
field distribution for the TM010 mode of a pillbox cavity are depicted in Fig. 2.1 in
the cylindrical coordinate system.

The energy gain of a particle traveling across the cavity is proportional to the fre-
quency of the field oscillation, usually in the radio-frequency (RF) range. In order to
be accelerated, for half the RF period a charged particle travels a distance inside the
cavity along which it experiences the accelerating electric field pointing in the for-
ward direction. This distance, which defines the optimal cell length and addressed
as the cavity’s accelerating gap, is expressed as:

d = β
λRF

2
, (2.1)

with β = v/c being the ratio of the particle speed v to the speed of light c, λRF = c/ f
the RF wavelength and f the RF frequency. For particles with β ≈ 1 the accelerating
gap equals half a wavelength, and the cavity is typically built to operate at RF fre-
quencies between several hundreds of MHz and several GHz. For slower particles,
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FIGURE 2.1: Electric and magnetic vector fields inside the pillbox cavity for the
TM010 mode. Left: the electric field Ez on the ρ − z plane. Right: the magnetic
field Hϕ on the ρ − ϕ plane. The cylinder height is given by z while 2R represents
the cylinder diameter. (Reproduced from [32] with permission of John Wiley and

Sons).

the cavity operation frequency must be chosen so that λRF is large, to compensate
the small β and result into an accelerating gap yelding a satifying final accelerating
voltage. Based on the speed of the particles, accelerating cavities can be classified
into three major groups: high-, medium- and low-β cavities, the geometry of the
cavity changing dramatically for each group. Fig. 2.2a shows four different cavity
geometries, which cover wide cavity frequency and particle velocity ranges: quarter-
wave resonators, employed for heavy-ion machines (low-β), are usually operated at
frequencies between 50 and 200 MHz; elliptical resonators are employed for high-
energy proton accelerators (medium- to high-β) and for electron/positron acceler-
ators (high-β, usually multi-cell cavities), and cover frequencies in the 300 MHz –
3 GHz range; half-wave and spoke resonators cover the applications at intermediate
particle velocity and accelerating frequency.

The comparison between the performances of different cavities is often not im-
mediate. However, it can be shown [32] that the field equations for the cavity modes
can be scaled by a scaling factor a, which accounts for the linear dimensions, without
any loss of generality. It is also found that the spectrum of the cavity’s modes ωi is
inversely proportional to the cavity’s size, hence yielding the relation ωi ∝ a−1.

The most commonly employed quantities for the comparison of cavities of differ-
ent material and shape, namely the geometrical factor G and the geometrical shunt
impedance Ra/Q0, are discussed in Section 2.2.4.

2.2 Figures of merit

The most crucial parameters describing the performance of an SRF cavity are given
by the accelerating field, the dissipated power, the shunt impedance, the Q-value.
These depend on the surface resistance RS of the cavity’s inner walls. In order to
compare different cavity geometries, independently on the type of conductor em-
ployed for the production, some RS-independent parameters are also of common
use, such as the geometrical factor and the geometrical shunt impedance. The mean-
ing of these parameters is briefly presented in the following, with the discussion
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FIGURE 2.2: (a) Cavity geometry according to particle velocity (reproduced
from [84] with permission of World Scientific Publishing). (b) Electric and
magnetic field configuration in a single-cell SRF elliptical cavity (reproduced

from [85] with permission of Springer Nature).

being limited to the case of elliptical cavities (single and multi-cell) whenever an ex-
plicit reference is made. A summary of the meaning of these parameters together
with the desired optimization is given in Table 2.1.

2.2.1 Accelerating field

The energy received by a charged particle traversing the cavity depends on the elec-
tric field as "seen" by the particle itself along its path. If an electron is assumed to
travel along the z-direction, one can define the accelerating voltage (per cell) of the
cavity Vacc as the following path integral:

Vacc =

∣∣∣∣∫ d

0
Eel dz

∣∣∣∣ , (2.2)

where Eel is the electric field in the electron’s reference frame and d is the distance
travelled by it. Therefore, the average accelerating field Eacc experienced by the
electron along its path, also called gradient, can be defined as:

Eacc =
Vacc

d
=

2Vacc

βλRF
, (2.3)

where d has been replaced by the expression for the accelerating gap given in Eq. 2.1.
The typical distributions of the TM010 electric and magnetic field in a β = 1, single
cell elliptical SRF cavity are shown in Fig. 2.2b. The accelerating field Eacc is pro-
portional to the peak electric field Epk, as well as the peak magnetic field Hpk at the
cavity inner surface. For an elliptical cavity, the magnetic field is maximum near
the equator whereas the electric field is at a peak near the iris. Typical values for
Epk/Eacc are 2.0 – 2.5 and for Hpk/Eacc are 4 – 4.5 mT/(MV/m).

FIELD LIMITING FACTORS

Although there is no known theoretical limit to the value of Epk, and therefore to
Eacc, this is in reality limited by the phenomenon of field emission, usually starting
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at values of Epk ≈ 10 – 20 MV/m. When this happens, electrons in the cavity ma-
terial tunnel through the surface barrier, escape the cavity into the RF field region
and move along different trajectories (depending on the RF phase at the moment of
the emission) to eventually impact again on the cavity walls. These electrons absorb
and release the energy stored in the cavity, thus limiting its RF performance. Typical
signs of a cavity experiencing field emission are the observed temperature increase
at the electron impact site and the emission of X-rays by Bremsstrahlung due to the
electron curved trajectories [32]. Field emission is nowadays known to originate
mostly from sites, called emitters, where impurities and contaminants are found.
They occur in the form of particles whose size ranges between 0.3 µm and 20 µm,
accidentally introduced during preparation/assembly procedures or brought to the
surface during chemical etching (in the case of bulk niobium cavities). Not all im-
purities are emitters, that is, not all substances will affect the surface potential well
in a way that field emission will take place. Whether an impurity will lead to field
emission or not is found to depend, for example, on the particle shape, on its relative
positioning with respect to the electric field, or on the possible presence of an insu-
lating layer between the emitter and the cavity surface. To minimise the presence of
emitters, strict cleaning procedures and clean-room assembly of RF cavities are an
established routine, along with RF conditioning.

The limit imposed to the cavity gradient by Hpk, on the other hand, is known to
be dictated by the superheating critical field Hsh, discussed in Section 1.2.5. Average
values for the surface magnetic field of about 40 mT (and up to 90 mT peak values)
are observed for accelerating gradients ranging from 5 to 20 MV/m in bulk niobium
cavities. The two major limiting factors are given by the onset of thermal breakdown
(also known as cavity quench) and by the phenomenon known as multipacting.

Thermal breakdown occurs at surface defects sporting electrical resistivity val-
ues much higher than the surface resistance of the superconductor. At these sites,
typically sized < 1 mm, the surface reactance causes the RF currents to flow through
the defect (not around it, as in the DC case) and dissipate heat. If the temperature at
the defect area rises above Tc, the defect becomes normal conducting, power dissi-
pation further increases and the size of the normal conducting area extends, leading
to the thermal instability of the cavity. Experimental studies [86] demonstrated a
quadratic dependence on the local magnetic field for the onset and extension of the
thermal breakdown. According to a simplified thermal breakdown model based on
a spherical defect embedded in a bulk niobium sheet [32], an effective way to pre-
vent thermal breakdown at small defects is to increase the thermal conductivity of
the niobium, in order to maximise the power that can be dissipated in the material
(hence the tolerated magnetic field) before the transition to the normal state hap-
pens. The most commonly employed techniques to this aim are heat treatments such
as solid-state gettering [87]. Coating niobium films on copper cavities, a technique
developed at CERN for the 350 MHz accelerating cavities of LEP-II [88], is very ef-
fective preventing thermal breakdown (never observed on Nb/Cu cavities) because
of the thermal stability granted by the copper due to its high thermal conductivity
at low temperatures.

Multipacting takes place any time the impact of a stray electron with the cav-
ity surface yields the emission of secondary electrons, which in turn hit the cavity
walls producing more electrons. The electron build-up in the cavity absorbs the RF
power, making it impossible to increase Eacc by increasing the input power. For a
given secondary electron coefficient (SEC, material dependent), provided that the
electric field points towards the cavity surface at the moment of impact, there is po-
tentially no limit to the number of electron generations that can come in succession
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when multipacting is triggered. A multipacting field barrier is usually overcome by
allowing the phenomenon to progress, while gradually increasing the input power,
until it stops. Often more barriers occur at higher fields. Tuning the SEC of the mate-
rial and the geometry of the structure can be of great help in controlling the onset of
multipacting, to a point where the phenomenon is nowadays nearly fully controlled
in β = 1 cavities.

2.2.2 Dissipated power

The time averaged energy associated with the electric field in a cavity equals that
associated with the magnetic field, leading to the expression

U =
1
2

µ0

∫
V
|H⃗|2 dv =

1
2

ε0

∫
V
|E⃗|2 dv (2.4)

for the total stored energy, where H⃗ and E⃗ are the local magnetic and electric peak
fields. It will be seen later on how the energy stored in the cavity and the power
dissipated by the cavity are related via the cavity’s quality factor. The dissipated
power Pc, generally addressed as cavity losses, is related to the surface resistance RS
of the cavity’s inner walls via the following:

Pc =
1
2

RS

∫
S
|H⃗|2 ds . (2.5)

This dissipation, caused by the RF nature of the cavity field acting on the quasipar-
ticles existing in the superconductor at T > 0, manifests itself in the form of Joule
heating.

2.2.3 Shunt impedance

An estimate of the ability of a cavity to turn the RF input power into accelerating
voltage is given by the shunt impedance Ra. The complex impedance Z(ω) as-
sociated to the cavity equals Ra at resonance, i.e. Z(ω0) = Ra, so that the shunt
impedance can also be interpreted as the coupling strength of the cavity’s main
mode to the beam of charged particles. An expression for the cavity’s shunt im-
pedance is given by the ratio of the accelerating voltage to the power dissipated by
the cavity, as follows:

Ra =
V2

acc
Pc

. (2.6)

2.2.4 Quality factor

The quality factor Q0 of a resonant cavity represents an indication of the number of
RF cycles (multiplied by 2π) required to dissipate the energy U stored in the cavity.
It is expressed as:

Q0 =
ω0U

Pc
, (2.7)

where ω0 again represents the cavity’s main resonance mode. Quality factors as high
as 1011 have been observed in bulk-niobium elliptical cavities. By replacing U and
Pc with their expressions given in Eq. 2.4 and 2.5 it is possible to express Q0 as:

Q0 =
ω0µ0

∫
V |H⃗|2 dv

RS
∫

S |H⃗|2 ds
. (2.8)
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The geometrical factor G can be introduced at this point. Provided that RS of the
cavity is position and field independent, G does not depend on the surface resistance
and is used to compare resonators with different geometries and materials. It is
defined as:

G =
ω0µ0

∫
V |H⃗|2 dv∫

S |H⃗|2 ds
, (2.9)

and therefore it represents the ratio of the cavity volume to its surface for a given
frequency and field distribution. The quantity

∫
V |H⃗|2 dv/

∫
S |H⃗|2 ds is found to scale

like the scaling factor a ∝ ω−1
0 (previously mentioned in Section 2.1), which makes

G a constant factor. The ratio of the shunt impedance to the quality factor, called the
geometrical shunt impedance, is also constant and does not depend on the surface
resistance, allowing again the comparison between different RF structures:

Ra

Q0
=

V2
acc

ω0U
. (2.10)

Due to the fact that the the quantity V2
acc/U is found to scale like 1/a ∝ ω0, the

geometrical shunt impedance is also constant.

FIGURE 2.3: Qualitative dependency of Q0 for bulk niobium as a function of
the accelerating gradient Eacc for different cases, compared to the expected ideal

performance (readapted from [8] with permission of IOP Publishing).

The ideal curve for the quality factor for bulk niobium as a function of Eacc is
shown in Fig. 2.3, represented by the flat trend for increasing Eacc up to the theoreti-
cal superheating field limit Hsh

1.
The typical degradation due to the field limiting phenomena discussed above is

shown case by case. The curve indicated as "hydrogen Q-disease" and not discussed
in the text above, indicates the drop in quality factor which was commonly observed

1The assumption here is again that RS is position and field independent and can be taken out of the
integral defining the quality factor. The same assumption is often made when fitting the experimental
data of the Q0 vs. Eacc measurements. In reality, some slope is also observed in the ideal case, due to
the decrease of the energy gap with increasing field (see Eq. 1.52). An example of discussion on how a
more accurate calculation of RS can be addressed, which generally involves complicated calculations
and numerical methods, can be found in [89].
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in the past in bulk niobium cavities [90]. The reason for this was found to be the pres-
ence of hydrogen in the cavity bulk, introduced by the chemical treatments, which
would diffuse to the surface during cooldown and form niobium hydrides, known
to be weak superconductors. Nowadays, this issue is considered to be fully con-
trolled: high temperature cavity baking to reduce the amount of trapped hydrogen,
and a fast cooldown between 300 and 100 K to minimize the "transit" time through
temperatures at which the diffusivity of hydrogen into niobium is highest, are now
standard procedures adopted to prevent the Q-disease.

Parameter Description Optimization

Eacc Accelerating electrical field (or gradient) Maximise

Pc Power dissipated at cavity walls Minimise

Ra Shunt impedance Maximise

Q0 Quality factor Maximise

G Geometrical factor Maximise
Ra/Q0 Geometrical shunt impedance Maximise

TABLE 2.1: Summary of cavity figures of merit.

2.3 Niobium-coated copper SRF cavities

In parallel with the development of SRF systems based on bulk niobium, the tech-
nique of sputtering niobium films onto the inner walls of copper cavities was pio-
neered at CERN for the upgrade of LEP-II [91], [92] and still is a well-established
R&D branch at CERN and many different laboratories worldwide, such as INFN-
LNL (Italy), JLAB (VA-USA), STFC (UK) and Cornell (NY-USA). Over the last three
decades, high-β Nb/Cu cavities were developed and installed first at LEP-II (ellip-
tical four-cell, 350 MHz) and subsequently at LHC (elliptical single-cell, 400 MHz)
as they had already met the gradient requirements during the development for
LEP; low-β structures were also successfully developed for ALPI (quarter-wave,
160 MHz) and HIE-ISOLDE (quarter-wave, 100 MHz). Depending on the applica-
tion and on the coating technology progress status, different PVD techniques were
applied for the coating of these cavities, with the ones more in focus being the bias
diode sputtering in the early stages and DCMS in the more advanced phases of de-
velopment.

The films studied in this thesis are developed with the long-term goal to improve
the performance of the elliptical cavities. Extensive efforts are currently going on for
the R&D of the Nb/Cu SRF system proposed at CERN for the FCC-ee, with HiP-
IMS being the coating technique of choice due to its capability of providing denser
coatings [19], [93]. Both DCMS and HiPIMS techniques are introduced in Chapter 4.

Several reasons stood behind the choice to sputter-coat niobium on copper for
SRF purposes, the first of all being the increased thermal stability of the cavity. At
the time when the upgrade of LEP was in progress, the thermal breakdown of bulk
niobium cavities still represented the main limit to the highest achievable gradient.
As shown in Fig. 2.4, the thermal conductivity of OFE-grade copper (considering
RRR = 150) is about 1 kW/m K [94] and a about factor 102 larger than the one of
niobium at liquid-helium temperature, if compared to the data for RRR ≃ 40, rep-
resenting the typical niobium purity at the time of LEP-II. In order to screen the
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FIGURE 2.4: Thermal conductivity of bulk niobium at different RRR values (re-
produced from [80]) with added data for OFE-grade copper [94].

FIGURE 2.5: BCS resistance of niobium films as a function of the electron mean
free path for a 1.5 GHz elliptical cavity at T = 4.2 K (reproduced from [14] with

permission of Elsevier). Bulk niobium data added for comparison.

RF field, it is enough for the film thickness to be larger than the λL of niobium,
so that a 1 µm thick film can already serve to the scope. The larger thermal con-
ductivity of copper ensured the thermal stability of the niobium film during cavity
operation to a point that thermal breakdown has not been observed in Nb/Cu cav-
ities ever since. The cost mitigation introduced by the fact that copper is also much
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cheaper than niobium was another driving factor for the development of Nb/Cu, es-
pecially considering the high number (288) of units needed for LEP-II. Furthermore,
the sputtering route would leave open the possibility to investigate coatings of ma-
terials with higher Tc, such as A15 compounds (Nb3Sn, V3Si) or high-temperature
superconductors, whose bulk form cannot be machined due to its brittleness. This
option is discussed in Section 2.4.1.

During the development of a 500 MHz cavity tested and operated at PETRA [95],
prior to the production of the LEP-II cavities, it was observed that Nb/Cu struc-
tures could provide higher Q0 at low field than bulk niobium ones [92]. However,
the same Q-value also decreased quickly with increasing field. Thanks to stud-
ies on 1.5 GHz single-cell elliptical cavity prototypes, the high Q0 at low field for
Nb/Cu was found to be related to the lower BCS surface resistance of the films with
respect to bulk niobium [14]. In fact, the RBCS of the films was found to be dis-
tributed mainly around the theoretical minimum expected between the clean and
dirty limits discussed in Section 1.2, as shown in Fig. 2.5. Here the dependence from
both the electron mean free path l and the coherence length ξ0 is included in the
abscissae. Advances in the chemical polishing procedures of the copper also pro-
vided smoother surfaces which resulted in the improved adhesion of the niobium
film. Moreover, the surface resistance of the films was observed to be nearly unaf-
fected by the Earth’s magnetic field [14], allowing for the fabrication of simpler and
cheaper cryostats which no longer needed magnetic shielding.

FIGURE 2.6: Left: performance of the 352 MHz Nb/Cu prototype cavity for LEP
compared to bulk niobium (reproduced from [96]). Right: performance of a
400 MHz Nb/Cu LHC cavity (reproduced from [10] with permission of Elsevier).

The newly acquired expertise resulted in an improved low-field Q0 for the Nb/
Cu cavities developed for LEP-II. These performed better than the bulk niobium
counterpart up to a gradient of about 6 MV/m, after which the quality factor is again
observed to decrease with increasing field. The same technology was later applied
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for the production of the 400 MHz single-cell LHC elliptical cavities, although im-
provements in surface preparation and clean assembly procedures resulted in even
increased accelerating fields, with the cavities reaching gradients of 10 MV/m. Also,
the film superconducting properties, RRR and the low-field quality factor were ob-
served to depend on the impinging angle of the target atoms during deposition [97],
[98]. The RF performance of LEP-II and LHC Nb/Cu cavities compared to bulk nio-
bium is shown in Fig. 2.6. Despite the significant advances in the development of
the Nb/Cu technique, the decrease of the quality factor exhibited by these cavities is
an unresolved matter and still represents a central research topic in the field. A sum-
mary of the main attempted explanations of the phenomenon, investigated causes
and tackled experimental solutions is presented in the next Section.

2.3.1 Q-slope

The degradation of Q0, today addressed as the "Q-slope", depends on the residual
part of the surface resistance, which is thought to increase more strongly with in-
creasing field in the case of films compared to bulk niobium. Several phenomena
have been investigated and still are object of study, which might be connected to the
increased resistance of the films. Some selected highlights from the theoretical and
experimental research efforts made towards the understanding of the dissipative
mechanism leading to the Q-slope are summarised and listed below.

] The Q-slope is treated as an intrinsic property of the film, due to its limited
electron mean free path with respect to the bulk material, which can result in:
a reduction of Hc1 with consequent early nucleation of Abrikosov vortices [99];
a decrease in amplitude of the superconducting gap, as the supercurrent (and
hence the RF field) increases, with the velocity at which the gap decreases de-
pending on the film purity as indicated by the RRR [100]. Both mechanisms
would lead to an increase of the film surface resistance.

] Thermal runaway models: the dissipated power is assumed to depend on the
temperature difference between the inside (the RF side) and the outside (the
liquid helium side) of the cavity and to increase proportionally to the thermal
boundary resistance, with emphasis on localised film detachment or void ar-
eas at the Nb/Cu interface where the thermal resistance would increase and
enhance the loss mechanism [101], [102].

] Weak link models: the polycrystalline niobium film is modeled as a network of
intra-grain Josephson junctions, that is, the grain boundary is described as a
weak superconducting link at which the supercurrent exceeds its critical value
leading to dissipation [103], [104].

] Trapped flux model: possible film impurities represented by noble gas atoms
trapped during the coating process are assumed to act as pinning centers for
the magnetic flux lines [14], [105].

To this day, none of the proposed models has described completely the dependence
of the quality factor on the field amplitude, nor the experimental methods have sig-
nificantly controlled the issue, so that fixing the Q-slope is still an open task.
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2.4 Materials and power consumption

The appeal of superconductors as RF materials mostly relates to their surface re-
sistance: compared to the surface resistance of normal conductors, it can be up to a
factor 105–106 smaller, resulting in quality factors which are 105–106 higher at typical
accelerator RF frequencies. The employment of superconducting materials becomes
beneficial for accelerators operating in continuous-wave (CW) mode or at high RF
duty cycles, mitigating the power dissipated by the cavity during operation. Even
so, when it comes to power consumption several efficiency factors must be taken
into account for the mains to RF power conversion, which are different for normal
conducting and superconducting cavities. For example, unlike normal conducting
ones, superconducting cavities must be operated at cryogenic temperatures. This
aspect increases the total required AC power, due to the additional one needed to
run the cryogenic system, and introduces additional costs. The duty factor, shunt
impedance and beam current also play a role.

In Table 2.2 the Q0, dissipated power per unit length and AC power consump-
tion are indicated for a 500 MHz superconducting and normal conducting resonator
performing at 1 MV/m and 5 MV/m. Despite the power dissipation per meter is
reduced by a factor 4 × 104 in the superconducting case, it is possible to notice that
the power consumption is reduced by a factor ∼ 200 by only taking into account the
cryogenic efficiency.

In SRF based accelerators operated in CW mode, a major contribution to the
power consumption is still coming from the wall-plug power needed to cool down
the dissipated RF power. In good approximation, this power can be expressed as:

P =
V2

acc
(Ra/Q0)Q0

Ncavηcryo, (2.11)

where Ncav is the number of cavities. The aforementioned cryogenic efficiency ηcryo
results from the combined technical (ηtech) and Carnot (ηC) efficiencies, and can be
explicitly expressed as:

ηcryo = ηtech · ηC = ηtech
Top

300 K − Top
, (2.12)

where Top represents the operation temperature of the cavity. The technical effi-
ciency can approach 0.3 for large, modern systems. The typical cryogenic efficiency
of modern SRF systems corresponds to about ηcryo = 0.0042 for operation at 4.2 K.
The resulting power can be in the order of a few hundred MW for a lepton collider
with a number of about 104 required cavities operated at 1.8 K (temperature at which
ηcryo ≃ 0.0013) and a target centre-of-mass energy of about 500 GeV, increased by a
factor 10 − 102 with respect to facilities involving a smaller number of cavities and
targeting lower energies. Therefore, the need to limit the power consumption is
pushing the interest toward those technologies for which operation at higher tem-
perature (≥ 4.2K) is envisaged, resulting in an increased Carnot efficiency. However,
the focus must at the same time stay on the target performance in terms of Q0 and
maximum attainable gradient.

Highly valuable candidates toward this goal are compound materials like Nb3Sn,
NbN, NbTiN, V3Si, Mo3Re and MgB2, the first three of them being the most studied
to date. These materials, because of their mechanical properties, especially the brit-
tleness, are only employable in the form of films. Although higher Q0 values than
1010 are predicted for these materials at 4.4 K, early flux penetration at film defects is
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currently limiting the resulting accelerating gradients. One possible way to bypass
this issue is offered by multilayered (S’IS) coatings, in which a high-temperature su-
perconductor (S’) film of thickness ≤ 1 µm is deposited on a nm-thick insulator (I)
layer, in turn deposited on a thick niobium (S) substrate [106].

For Nb3Sn two are the main developed technologies: vapour diffusion [24] and
sputtering techniques, both briefly discussed in the next Section. In the case of S’IS
structures, Atomic Layer Deposition (ALD) [107] is a promising technique for the
coating of materials like NbN, NbTiN and MgB2 which allows to control precisely
the growth process and the film thickness. Although the progress status is less ad-
vanced than for the other cavity coating techniques, it holds good long-term poten-
tial for the development of cavities operated at T > 4.2 K.

Resonator type

Parameter Superconducting Normal conducting

Q0 2 × 109 2 × 104

Ra/Q0 (Ω/m) at f = 500 MHz 330 900

P/L (W/m) at Eacc = 1 MV/m 1.5 5.6 × 104

AC-power (kW/m) at Eacc = 1 MV/m 0.54 112

AC power (kW/m) at Eacc = 5 MV/m 13.5 2.8 × 103

TABLE 2.2: Comparison between the typical AC power consumption of a normal
conducting and a superconducting 500 MHz resonator (reproduced from [32]

with permission of John Wiley and Sons).

2.4.1 The Nb3Sn option

Nb3Sn is an inter-metallic superconducting material belonging to the class of A15
compounds, which have always been of interest for SRF applications due to their
high critical temperature, usually a factor 2 larger than the critical temperature of
niobium (9.2 K).

The most common technique to form the Nb3Sn phase is via high-temperature
tin vapour diffusion into a bulk niobium substrate [24], [108], [109]. Nb3Sn 1.3 GHz
cavities produced by vapour tin diffusion are expected to have a Q0 of about a factor
ten larger than bulk niobium cavities (about 109) at T = 4.2 K [110], which makes the
material attractive. For 650 MHz single-cell resonators this technique has delivered
Q values > 1010 at 20 MV/m. However, the repeatability of a precise stoichiometry
and the control of known issues such as magnetic flux trapping, cracking due to brit-
tleness and thermo-current generation during cooldown represent major challenges.
On top of this, vapour diffusion is only suitable to bulk niobium substrates.

Advanced sputtering techniques, such as HiPIMS, are being applied [26], [27] to
the deposition of Nb3Sn in the attempt to introduce an alternative production tech-
nique to vapour diffusion. So far the technique has achieved promising results on
small samples deposited on copper and dielectric substrate. The advantages of this
technique are mainly found in the control of the stoichiometry and the possibility to
deposit a wide range of compounds other than Nb3Sn on different substrates. On
the other hand, both the film quality and thickness depend on the complexity of the
substrate geometry [19].

As mentioned in the previous Section, beyond Nb3Sn, other A15 materials such
as V3Si, Nb3Al, the Mo-Re systems, nitrides like NbN and NbTiN, or MgB2 are of
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FIGURE 2.7: Lines of equal RBCS calculated as a function of the residual resistiv-
ity ρ0 and the critical temperature Tc at T = 4.2 K and 500 MHz. The substrate
temperature Ts is indicated for the coatings produced at low temperature. (Re-

produced from [111] with permission of Springer Nature).

interest for the application. It must be taken into account that, depending on the
production technique, these materials might introduce further complications. A
known example is given by the need, for A15 materials, to be deposited on a high-
temperature substrate in order to properly form the A15 phase and limit the film
granularity. When depositing on copper, this will most likely promote the diffu-
sion of copper from the substrate into the growing film, when conventional sputter-
coating techniques such as DCMS are applied. Also in this case the HiPIMS tech-
nique introduces some advantages, as it allows the transfer of the energy needed for
the formation of the A15 phase via the impinging target ions in the form of kinetic
energy, so that one can explore the possibility of coating on copper while circum-
venting the issue of copper inter-diffusion.

The typical values for some of these compounds are also shown so that it can be
seen as, for a given operating temperature, the best RF performance are provided by
the materials with both high Tc and low ρ0, including Nb3Sn. However, the BCS pre-
diction for the surface resistance of a superconductor at low temperature can differ
from the actual one due to the additional residual losses and depends on structural
condition of the real surface, as previously discussed.

In Fig. 2.7 the calculated BCS surface resistance is shown as a function of Tc and
of the residual electrical resistivity ρ0 [111] at T = 4.2 K and 500 MHz.

2.5 General guidelines for cavity development

Following the requirements set by the accelerator specifications and by the beam
characteristics, the final cavity design often results from a trade off among the choice
of the optimal material, the fabrication technique, the geometry and the operating
frequency. To different degrees, these aspects are all interconnected, making the de-
sign of the accelerating system of a particle accelerator all but a trivial task. The next
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generation of particle accelerators will require RF systems whose specifications are
beyond the state of the art, hence the R&D in the field is still advancing on both the
normal conducting and the superconducting RF technologies. For the latter, the fo-
cus is on bulk niobium and thin-film (including high-temperature) superconductors,
with the general goal to push the accelerating field delivered by a resonator at the
highest possible quality factors, while limiting the power consumption.

In the past five decades, the advances in bulk niobium technology have made it
possible to reach, at a high level of reproducibility, accelerating gradients of about
35 MV/m with Q values of ∼ 2 − 5 × 1010 at 2 K operation temperature. Bulk nio-
bium is approaching nowadays its limit performance [8], so that the search for cost-
effective and reliable alternative technologies is vital for the advancement of the
SRF accelerating systems. The pursued solutions all involve the development of
thin-films, in the attempt to:

] reduce the amount of employed superconducting material: a film thickness
in the order of 1 µm can theoretically replace the bulk material as the SRF per-
formance is dominated by the properties of a surface layer a few penetration
depths thick; combining this with the use of copper as a substrate increases the
thermal stability of the cavity and allows easier chemical treatments in terms
of hazardous substances and waste with respect to the ones needed for bulk
niobium;

] increase the operation temperature for same Q: the employment of new su-
perconductors such as alloys and A15 compounds also enables operation at
higher temperatures (≥ 4.2 K) and at the same time preserves a quality factor
in the order of 1010 up to 22-24 MV/m on bulk niobium substrates; the major
challenge is now to reproduce the same results on copper substrate;

] increase the maximum operation gradient: the development of multi-layer
coatings showing higher critical fields than niobium represents a promising
technique toward this end.

An ideal solution should combine all three goals. To this aim the priority should be
given to film deposition techniques which can be scaled up from small, flat samples
to complex cavity geometries, starting from the reproduction of the observed proper-
ties on 1.3 GHz prototypes. Promising methods are represented by plasma-assisted
physical vapour deposition (PVD) methods (HiPIMS, DCMS), chemical vapour de-
position (CVD), atomic layer deposition (ALD) and electro-deposition [112].

On top of these aspects, the optimisation of the fabrication and surface prepara-
tion of normal metal substrates, the development of high-efficient, cost-mitigating
innovative cooling techniques and the establishment of specialised infrastructures
and high-throughput testing methods and routines represent key factors for the suc-
cess of the future development of the SRF accelerating technologies.

The state of the art is discussed in more detail in Chapter 3, for the specific case
of the Future Circular Collider study.
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Chapter 3

Future Circular Collider

In this Chapter, the Future Circular Collider study is introduced, with the project being sum-
marized in Section 3.1. The requirements for the SRF cavities of the project’s first stage, the
FCC-ee, are then discussed in Section 3.2. Finally, Section 3.3 remarks on the sustainability
aspects of the FCC-ee.

3.1 The project

The design studies for the Future Circular Collider (FCC), a lepton/hadron collider
of 80-100 km circumference, started in 2014. The research activity within the FCC
program focuses on the development of the technology needed to establish the next
generation of particle colliders at CERN, with the goal to extend the fundamental
research done at the LHC towards New Physics investigations [113].

Inspired by the success of the LEP and LHC consecutive programs, FCC builds
on this legacy and on the experience of 60 years of operating colliding beam storage
rings. The current phase, the FCC Feasibility Study [114] started in November 2020
and will last until the release of a Feasibility Study report in 2025/2026. The Feasi-
bility Study addresses the key requests stated in the 2020 Update of the European
Strategy for Particle Physics (ESPP) [115], stating that “Europe, together with its inter-
national partners, should investigate the technical and financial feasibility of a future hadron
collider at CERN with a centre-of-mass energy of at least 100 TeV and with an electron-
positron Higgs and electroweak factory as a possible first stage. Such a feasibility study of
the colliders and related infrastructure should be established as a global endeavour and be
completed on the timescale of the next Strategy update.”.

The FCC integrated program covers an extensive, long-term physics research
plan to be realised in two stages: an electron-positron collider, FCC-ee [15] as first
stage, for the production of Z, W, Higgs bosons and top quarks at the highest lu-
minosity, and a hadron collider (proton or heavy ion with electron-hadron option),
FCC-hh [116] as second stage toward the high energy frontier. FCC-ee would oper-
ate at multiple centre-of-mass energies, spanning from 90 GeV to 400 GeV, while the
goal of the FCC-hh is to reach 100 TeV as centre-of-mass collision energy (for com-
parison: LHC has reached 13.6 TeV during Run 3). A potential time frame to start
the construction of the FCC is considered to be in the years 2026-2035.

Most of the R&D activities within the FCC program are currently mainly cen-
tered on the realisation of the FCC-ee, with focus on efficiency optimisation, devel-
opment of precision diagnostic tools, and achievement of the end performance in
terms of beam current and luminosity. Not only the pursue for highest efficiency,
but also the mitigation of the costs and of the environmental impact of the project
are central to the choice of technologies for the FCC-ee. Among these, high-Q super-
conducting RF cavities for the 400–800 MHz range are a crucial component.



40 Chapter 3. Future Circular Collider

The FCC-ee conceptual design report (CDR) [15], published in 2019, initially de-
scribed the baseline accelerator design with a circumference of 97.75 km and two
collision points. In 2021 the design was upgraded to a circumference of 91.2 km, due
to an established lower-risk ring placement, which would be compatible with either
two or four collision points. For this reason the CDR is under adaptation with the
new re-optimised machine parameters.

A possible layout of the lepton collider is shown in Fig. 3.1. The green ring indi-
cates the booster, while the collider ring is indicated in blue. Two experiment sites
(PA and PG, with the two additional optional ones PD and PJ) and four technical
sites (PB, PF, PL and PH) are foreseen, including the SRF systems. The main spec-
ifications of the FCC-ee, updated with respect to what presented in the CDR, are
summarised in Table 3.1 with emphasis on the main RF requirements and account-
ing for the possibility of two or four (in parentheses) interaction points. In fact, the
two experiment sites initially proposed in the CDR could also become four depend-
ing on the optimisation of design and costs.

FIGURE 3.1: Schematics of a possible layout of the FCC-ee [117].

3.2 SRF cavities for the FCC

In the attempt to reach higher particle energies, it is essential to increase the accel-
erating gradient in order to keep the facility to a reasonable size. As discussed in
Section 2.4, as a general guideline, pushing the quality factor of the cavities could
lower the electric power required for the cryogenic plants and/or decrease the size
of the system. The synchrotron losses are expected to be in the order of 50 MW per
beam for the FCC-ee [15] and must be compensated by the SRF system at afford-
able energy consumption. Affordable RF systems at industrial scale must also be
pursued via the optimisation of the fabrication costs.

The design of an efficient and cost effective system of high Q-value SRF cavities
for the 400-800 MHz range represents one of the major challenges for the completion
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of the FCC-ee, for which covering the different physics scenarios is also a challenge.
Three sets of elliptical cavities are planned to be developed, with the dedicated R&D
directed towards the production of:

] 56 single-cell 400 MHz Nb/Cu cavities to be installed at PL, for high-current
low-voltage beam operation at the Z production energy;

] 112 and 280 two-cell 400 MHz Nb/Cu cavities to be installed at PL, at the W
and Higgs operation energies respectively;

] a complement of 280 - 400 two to five-cell 800 MHz bulk niobium cavity system
to be added at PH, for low-current high-voltage operation at the top-quark
operation energy.

Alternative designs are also being explored, such as novel 600 MHz slotted waveg-
uide elliptical (SWELL) cavities [118], which might have the advantage of mitigating
the intervention activities between operating points.

Operation mode

Parameter Z W H tt̄
Circumference (km) 91.2

SR power/beam (MW) 50

Luminosity/IP (1034/cm2 s) 181 19.5 (17.3) 7.5 (7.2) 1.3 (1.25)

Beam energy (GeV) 45.6 80 120 182.5

Beam current (mA) 1400 135 26.7 5

Bunches/beam 16600 (8800) 1120 380 (336) 44 (42)

Energy loss/turn (GeV) 0.039 0.37 1.87 10

SRF system parameter One RF site Two RF sites

RF frequency (MHz) 400 400 400 400 – 800

RF voltage (GV) 0.12 1 2.48 4 – 7.76

Accelerating field (MV/m) 5.72 11.9 2 2 – 5

Cavities 56 112 280 280 – 400
Cells/cavity [Material] 1 [Nb/Cu] 2 [Nb/Cu] 2 [Nb/Cu] 2 – 5 [bulk Nb]

Total number of cryomodules 14 28 70 70 – 100

Operation temperature (K) 4.5 4.5 4.5 4.5 – 2

TABLE 3.1: Main specifications of FCC-ee as presented at FCC Week 2022 [119]
(updated with respect to the CDR) with emphasis on RF specifications.

3.2.1 R&D on thin-film coated copper cavities

The Accelerator R&D Roadmap of the ESPP 2022 [120] has clearly defined the goals
for the thin-film research oriented to the development of SRF cavities [112]. They
can be summarised into the following areas:

] Nb/Cu: reduce fabrication costs and reach bulk niobium RF performances on
Nb/Cu cavities via R&D based on 1.3 GHz prototypes, with a target perfor-
mance of Q0 = 1010 at Eacc = 20 MV/m first and 30 MV/m later on;
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] thin-films beyond Nb: advance the performance of new superconductors
(A15, MgB2) thin films on copper for saving of operational costs, and reach
a performance of Q0 = 1010 at Eacc = 15–18 MV/m and 4.2 K for Nb3Sn/Cu
1.3 GHz prototype cavities, whose proof of principle has been already demon-
strated for Nb3Sn on bulk niobium; demonstrate the feasibility of MgB2 coat-
ings on 1.3 GHz cavities; test the influence of mechanical deformations on the
RF performance of the coatings;

] multi-layer coatings: push the multi-layer coating on copper technology to
demonstrate improved performance on a 1.3 GHz cavity, in the order of 30–50%
increase in the maximum Eacc and a factor of two in Q0;

] substrate refinement: optimise the production techniques of copper cavities
via the development of seamless 1.3 GHz copper substrate (machined from
a monoblock, hydroformed or electroformed) to be scales down to 400 MHz
structures; optimise air-stable chemical treatments, such as electropolishing
(EP), buffered chemical polishing (BCP), heat treatments, passivation layers,
etc., for the preparation of the copper surface prior to film deposition;

] innovative substrate and cooling techniques: develop copper-aluminium al-
loy-based 1.3 GHz prototype substrates toward optimal thermal and mechan-
ical response (similar to niobium at 4.2 K) and controlled surface roughness
within 1 µm; reach bulk niobium performance for niobium films first, and new
superconductors (A15, MgB2) later on, deposited on electroformed and 3D
printed 1.3 GHz substrates at 4.2 K; demonstrate effectiveness of conduction
cooling techniques;

] infrastructures and high-throughput testing: establish dedicated buildings
for thin-film specific infrastructures (coating facilities, clean rooms, chemistry
pools, rinsing facilities, assembly points, etc.); establish systematic methods for
assessment of the superconducting properties (DC and RF), for surface charac-
terisation and cold test diagnostics for both flat samples and prototype cavities;
establish high-throughput RF test methodologies and facilities to ensure cavity
performance repeatability in preparation to series production.

This plan must be pursued for the SRF needs of the future European projects to be
met, included the FCC, and will require synergy between the existing R&D, testing
and handling laboratories (DESY, CEA, CNRS, CERN, INFN, to name a few) for the
coordination of activities toward the common goal.

3.2.2 Status of the Nb/Cu route at CERN

The advantages of choosing the Nb/Cu technology over the bulk niobium one,
among which the material cost mitigation, lowered power consumption and im-
proved thermal stability at cryogenic temperatures, as well as the issue represented
by the Q-slope, are discussed in Section 2.3. The expertise built on the successful
implementation of Nb/Cu SRF cavities for both LEP-II and the LHC is driving the
R&D activities towards the goal of delivering a functional 400 MHz prototype by the
year 2025.

The RF performance of the LHC spare cavities is shown in Fig. 3.2, where the re-
quired specification for a single-cell 400 MHz FCC cavity is also indicated [121] along
with the state of the art R&D at CERN. In order to meet the specifications, it is imper-
ative to cure the slope of the LHC cavities. The task is being tackled via parallel R&D
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activities, including the optimization of the cavity design [122]; the study of seamless
manufacturing processes (machining from monoblock, hydroforming, electroform-
ing) for 1.3 GHz prototypes, the optimisation of welding techniques such as internal
electron beam welding, the study of the influence of the manufacturing method on
the copper substrate purity [123]; the optimization of EP as surface treatment prior
to coating [124]; the optimization of the HiPIMS coating technique under study on
small samples and on 1.3 GHz prototypes via the assessment of the film morphol-
ogy, superconducting properties and RF performance [19], [119], [125]; the study of
coating materials alternative to niobium such as Nb3Sn [27]; the strengthening of
cavity diagnostics tools and film quality assessment methods [126], [127].

FIGURE 3.2: (a) State of the art performance of single cell Nb/Cu 400 MHz ellip-
tical cavities coated via DCMS and HiPIMS and tested at different temperatures.
The stars indicate the required specifications for LHC and for FCC-ee (one and

two-cell) [121]. (b) State of the art R&D for Nb/Cu 1.3 GHz prototypes [125].

3.2.3 R&D contribution within this thesis work

The work presented in this thesis is also framed into the R&D efforts ongoing at
CERN. Its contribution is given by the establishment of a test station for the mea-
surement of the critical temperature of superconducting thin-film small samples de-
posited on copper, for the quality assessment of the film on its substrate [128]; the
demonstration of the reverse-coating concept, start from samples of simple geometry
such as flat disks, toward the application to the production of seamless Nb/Cu cav-
ities [28]; the study of the properties of small Nb3Sn film samples deposited on cop-
per via the HiPIMS coating technique.

3.3 Considerations on sustainability

Among all the proposed Higgs and electroweak factories, the FCC-ee is the most
sustainable as it foresees the lowest energy consumption for a given total integrated
luminosity [129]. Nevertheless, scarcity of resources and climate change caused by
the excessive exploitation of fossil energy must be central aspects in the running
of the existing scientific facilities and in the choice of technologies to establish the
future ones. Until now, the electric power consumption relies primarily on fossil
fuels, and since carbon-neutral sources are still under development it is mandatory
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to focus on the realisation of sustainable concepts, as the increased performance of
the future accelerators also anticipates an increased energy consumption.

The energy efficient technologies toward which the R&D efforts are investing
cover several areas [130]: low loss superconducting resonators, efficient RF sources
[131]–[133], low-dissipation (e.g. permanent) magnets [134], highly efficient cryo-
genic systems for heat removal caused by beam induced energy deposition such
synchrotron radiation [135], superconducting electrical links [136] and use of heat
pumps. Concerning the superconducting resonators, the focus is on the reduction of
the cryogenic losses, which can become significant for accelerators in CW operation.
High priority is given to the improvement of the quality factor and on the devel-
opment of new superconductor coatings. As an example, Nb3Sn which has shown
good performance [137] at 4.5 K, temperature at which the cryogenic efficiency is
greatly improved, still providing reasonable Q values.

Eventually, the analysis of the carbon footprint of a new accelerator facility dur-
ing the design phase is vital to the assessment of the energy consumption for con-
struction and operation. Actions toward the mitigation of water consumption, the
choice of environmental-friendly materials, introduction and compliance with certi-
fications of source materials and waste minimization must all be general guidelines,
as thoroughly discussed in [138].
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Chapter 4

Thin film deposition via magnetron
sputtering

In the following, the PVD techniques of DC Magnetron Sputtering (DCMS) and High
Power Impulse Magnetron Sputtering (HiPIMS) are briefly introduced. The thin film sam-
ples studied in this thesis are produced via HiPIMS, however, the basics of DCMS are given
here as preparatory to the understanding of the HiPIMS technique.

4.1 General remarks

The vapour deposition techniques employed for the production of thin films can
be categorised into two main groups, depending on the nature of the underlying
process: chemical vapour deposition (CVD) and physical vapour deposition (PVD).

In CVD, the substrate is exposed to one or more precursors in the gaseous form,
which react at the substrate’s surface to produce the final material. Examples of CVD
are thermal CVD, plasma enhanced CVD and atomic layer deposition (ALD).

The technique of PVD relies on solid or molten sources from which the atoms to
be deposited are extracted via a variety of physical processes. Most commonly, ei-
ther thermal energy is imparted to the source causing the atoms to leave the surface
(evaporation) or kinetic energy is provided to the source atoms by bombarding with
energetic ions so that they are ejected from the surface (sputtering). In both cases,
thanks to the imparted energy, the source atoms are transferred to the substrate re-
sulting in the film growth.

To initiate and sustain a sputtering process, a noble gas plasma must be gener-
ated to bombard the source material. The plasma is ignited by applying a cathodic
potential to the source (also addressed as target), employed in solid bulk form: by do-
ing so, primary and secondary electrons are emitted from the surface and ionize the
gas atoms by colliding with them in an avalanche process. The gas ions impact the
target surface and remove material in the form of atoms, ions or molecules, which
travel toward the substrate in the low-pressure environment. The process must take
place in a low-pressure environment, to facilitate the transfer of the sputtered target
species. The effectiveness and stability of the process result from complex balance
of several factors, such as the atomic masses of the gas and of the source material,
the surface binding energy of the source material and the plasma regime. A com-
prehensive treatment of the details of thin film deposition techniques can be found
in [139].
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4.2 DC Magnetron Sputtering (DCMS)

In DCMS, a magnetron is placed below the target so that the free electrons, emitted
when a DC cathodic potential is applied, are confined by the magnetic field to stay
close to the surface after collision with the noble gas.

A graphical representation of a DCMS process with planar configuration is given
in Fig. 4.1, where a planar target is placed in front of the substrate holder, usually
at anode potential or grounded. The magnetic field can be either generated by per-
manent magnets or electromagnets, whose arrangement below the target defines the
shape of the field lines. When the field lines are closed, the magnetron is said to be
in the "balanced" configuration (which is the most commonly employed in DCMS)
and create a field tunnel which confines the electrons emitted from the target close
to its surface. In the region where the electric and magnetic fields are perpendicular
to one another, electrons drift under the Lorentz force in a cycloidal hopping motion
along the tunnel track length, which takes the name of "racetrack". Because ioniza-
tion of the sputtering gas is most efficient above the racetrack, the plasma is most
intense there.

In DCMS, electron confinement leads to an increased electron path length, which
results into a more efficient gas ionization process hence higher deposition rate in
DCMS with respect to other sputtering processes [139]. However, this also causes the
selective erosion of the target, which will be more depleted in the areas correspond-
ing to the plasma localisation, resulting in underutilisation of the target material and
the typical "track" erosion. A Nb3Sn target leaning on a circular magnetron is shown
in Fig. 4.2a, with the localised plasma generated by the same magnetron visible in
Fig. 4.2b (view from top). Fig. 4.2c shows the erosion track left on a niobium target
by a plasma of the same kind as the one shown in Fig. 4.2b.

FIGURE 4.1: Planar DCMS configuration with elliptical field lines. Readapted
from [140].
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The sputtering process itself takes place when the energy of the gas ions passes
a threshold energy (Eth) which depends on the surface binding energy (Eb) of the
target material and on the atomic mass of the employed gas (Mi) and of the sputtered
species (Ma). The threshold energy can be expressed as:

Eth = Eb

{
1+5.7(Mi/Ma)

Λ for Mi ≤ Ma
6.7
Λ for Mi > Ma

(4.1)

where Λ = 4Mi Ma
(Mi+M2

a)
is the energy transfer factor. The number of atoms sputtered

per impacting ion takes the name of sputter yield Y(E), and mostly depends on the
cathode/target voltage which determines the kinetic energy of the gas ions.

The energy of the sputtered material is independent on the energy of the inci-
dent ions, and is described by the Thompson formula [141], expressed in terms of
differential sputtering yield Y(E) of atoms sputtered with ejected energy E as:

Y(E)dE ∝
1 −

√
(Eb + E)/ΛE0

E2(1 + Eb/E)3 dE , (4.2)

for ions incoming with normal incidence. The sputtered atoms move to the substrate
where they finally deposit as adatoms to form the thin film over time.

FIGURE 4.2: (a) Nb3Sn target leaning on a circular magnetron employed for film
production at INFN National Laboratories of Legnaro (INFN-LNL Italy). (b) Top
view of an argon plasma generated by the same magnetron as in (a). (c) Erosion

track on a niobium target, also courtesy of INFN-LNL.

4.3 High Power Impulse Magnetron Sputtering (HiPIMS)

Magnetron sputtering can also be performed in AC regime, as in the case of HiPIMS:
instead of applying a DC potential to the target/cathode and the substrate/anode,
the power is released in pulses of fixed length and frequency which also define the
process duty cycle. The single pulse is addressed as "main pulse".

The time averaged power delivered in a HiPIMS process is comparable to that
of a DCMS process, although the peak power and current at the cathode during the
pulse can be a factor 102 larger than the average [142]. This peak current leads to
an increase in the plasma density and a larger cross-section for collisions between
the sputtered target atoms and the free electrons. Due to this, a large fraction of
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the sputtered atoms is ionised, which is also known as one of the advantages of
HiPIMS. In fact, the ionised atoms from the target can be accelerated towards the
substrate [143], [144] by applying a bias to it. This causes thin films produced via
HiPIMS to exhibit higher density and smoother surface than the ones produced via
DCMS [145].

It is also shown that the addition of a positive voltage pulse immediately after the
main pulse can further improve the film density and promote homogeneous deposi-
tion on substrates positioned at grazing angle with respect to the target surface [18],
[19]. The positive pulse technique, also known as bipolar-HiPIMS, turns out to be a
possible solution whenever applying a bias to the substrate is not possible, as in the
case of large objects such as SRF cavities, which are typically grounded during the
sputtering process.

A typical HiPIMS process with and without positive pulse is shown in Fig. 4.3.
The voltage (full lines) and current (dashed lines) signals are shown in the case of
HiPIMS without (blue) and with (red) positive pulse. Given the high power in-
volved, typical HiPIMS duty cycles are small (i.e. 0.1 to 5% with pulse lengths of 10
– 200 µs) to prevent excessive heating of the target and magnet damage. As a con-
sequence, a HiPIMS process will exhibit lower deposition rate than a DCMS process
for the same average power [146]. Short pulse lengths and high current densities
are found to increase the ionization efficiency [147], the ionised species mostly con-
sisting of sputtering gas ions immediately after the application of the pulse, and of
target material ions as the current approaches its peak [148].

FIGURE 4.3: Applied voltage pulse (full line) of 30 µs and corresponding dis-
charge current (dashed line) for HiPIMS without positive pulse or PP (blue), and

with PP (red) of +50 V and 200 µs. Reproduced from [19].
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4.4 Deposition parameters and film properties

The structure of the deposited film can be adapted by adjusting the deposition con-
ditions. This is well represented in structure zone diagrams (SZD), the most recent
of all being provided by Anders [149] and including the effects on the thin film struc-
ture by energetic PVD sputtering processes such as HiPIMS.

The diagram, shown in Fig. 4.4, chracterises the different growth zones of a thin
film by the generalised temperatureT∗ and the particle energy E∗ as variable process
parameters, as well as the relative film thickness t∗ [149].

The generalised temperature T∗ = Th + T′ corresponds to the homologous tem-
perature Th = Ts/Tm [150] plus a shift T′ caused by the potential applied to the
particles arriving on the surface, with Ts the substrate temperature and Tm the melt-
ing temperature of the deposited material. E∗ is the energy including displacement
and heating effects caused by the kinetic energy of bombarding particles and t∗ is
the relative film thickness, which can also go negative in case of ion etching.

Four zones can be identified in the diagram, each one corresponding to a differ-
ent film morphology as described in Fig. 4.4.

FIGURE 4.4: Structure zone diagram applicable to energetic deposition, the num-
bers on the axes are for orientation only. Reproduced from [149] with permission

of Elsevier.

The influence of the deposition conditions on the film structure is briefly de-
scribed in the following:

] substrate temperature: the adatom mobility increases as the process tempera-
ture is increased, promoting the diffusion of the deposited species and result-
ing in increased grain size and a denser film;

] deposition pressure: low base pressures in the coating system, prior to the
start of the sputtering process, are preferred as they are generally an indica-
tion of a good vacuum and therefore small amount of impurities which could
potentially contaminate the film. The pressure during the sputtering process,
instead, directly affects the kinetic energy of the sputtered atoms by changing
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their mean free path. Lower pressure corresponds to larger mean free path,
hence the particle loses less kinetic energy in collisions with the sputtering gas
atoms along its way to the substrate, reaching with enough energy for adatom
rearrangement. On the contrary, at higher pressure the likelihood for collision
increases and the particles will be less energetic when they reach the substrate;

] sputtering gas: noble gases which are inert, such as argon or krypton, are often
chosen for non-reactive sputtering processes. A large atomic mass of the gas
translates into a higher impact energy on the target, increasing the deposition
rate. Furthermore, massive gases are less likely to be trapped in the film during
growth;

] substrate bias: by applying a bias to the substrate the more energetic sputter-
ing gas ions can release this energy on the film when impacting on it, affecting
the surface properties such as roughness, texture and grain structure, to name
a few, resulting in ion-assisted deposition. The formation of new defects in the
film and their elimination arise as two competing mechanism when a substrate
bias is applied. Re-sputtering can also occur in those cases when the ions are
energetic enough to remove deposited material from the growing film. The
substrate bias can be exploited with both DCMS and HiPIMS, although in the
latter the target material ions are mostly involved. For HiPIMS, this also re-
sults into more conformal coatings on substrates with irregular structures, due
to the attraction of the target ions to the substrate introduced by the substrate
bias [19];

] cathode power: increased cathode power results into an increased sputter
yield, hence higher deposition rate. Less gas ion inclusions are observed for
higher power.

The stress level of thin films deposited via PVD is also known to depend on the pro-
cess conditions [151], [152]. Two are the main contributions to the stress present in
a thin film: the thermal stress, which originates from the difference in thermal ex-
pansion coefficients between the film and the substrate material, and the intrinsic
stress, due to the cumulative effect of the crystallographic defects built in the film
during growth. Intrinsic stress is known to prevail in high melting point materi-
als such as niobium. Furthermore, the deposition pressure is known to play a role
in the intrinsic stress of niobium thin films, with compressive stress becoming of
tensile type when a certain threshold pressure, which depends on the material, is
passed [153]. At high substrate biases however, the film stress is likely to remain in
the compressive state [154].



51

Chapter 5

Test station for the measurement of
the critical temperature

This chapter is dedicated to the description of the experimental station installed at the CERN
Central Cryogenic Laboratory for the measurement of the critical temperature (Tc) of the
thin films produced in the framework of the R&D for the SRF cavities of the Future Circular
Collider. The test station was built, tested and commissioned within the scope of this thesis
work. A conference proceeding on the test station [128] and an article on the first study
relying on the measurement station [19] are the first publications resulting from this work.
Section 5.1 will introduce the most commonly employed methods for the measurement of the
critical temperature, with more emphasis given to the induction coil technique, which is also
the one adopted for the measurement station. The experimental setup is described in Sec-
tion 5.2, along with the measurement procedure. The simulation work and measurements
performed to characterise the test station are presented in Section 5.3. The extraction method
for Tc and an example of data analysis are given in Section 5.4. In Section 5.5 the measure-
ments performed on reference samples of different materials are finally presented, along with
a brief discussion of what is observed when, for example, damaged samples are measured.

5.1 Methods to infer the critical temperature

The reason to characterise the basic superconducting properties of a known super-
conductor is practical as many applications rely on those. The critical temperature
Tc is one of the most important properties, along with the critical field and critical
current, of a material exhibiting superconductivity. In the context of this research
work, the emphasis is given to the measurement of Tc and to the shape of the super-
conducting transition as first assessment of the quality of the superconducting state
of physical vapour deposited films. Measuring Tc also provides knowledge about
the purity and residual stress of the films.

By definition, Tc is the temperature at which an abrupt change of well identified
material properties, such as, for example, the electrical resistivity, can be observed
due to the superconducting transition taking place. By measuring this change in
properties as a function of temperature, one can extract or infer the critical tempera-
ture.

Many methods exist to measure Tc, including the resistance method, the induc-
tion coil method, magnetometry techniques, specific heat methods and so on. Some
methods may be more suitable than others, depending, for example, on the homo-
geneity of the material or on whether the sample is in bulk, film or powder form. In
the following, the most employed techniques are described, with more emphasis on
the induction coil, the one chosen to build the test station presented in this work.
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ELECTRICAL RESISTIVITY

The extraction of the critical temperature of a superconductor via the measurement
of its electrical resistance across the transition point is done via a four-probe mea-
surement. The work by Murase [155] describes this experimental technique exhaus-
tively.

Two probes apply a small current at two opposite ends of the sample, while two
more probes monitor the voltage drop at the same ends. The sample is either cooled
down to its superconducting state before the measurement starts, without applying
any current, or in some cases one might choose to perform the measurement directly
during the cool-down process. A temperature sensor measures the sample’s temper-
ature at the same time. For warm-up measurements, the sample is often let warm
up naturally. As long as it is superconducting, the current flows without resistance
in it and no voltage drop is detected. As soon as the sample will turn normal con-
ducting the electrical resistance becomes detectable. The temperature at which this
is observed is interpreted as the critical temperature of the sample.

Due to the need to solder or press the probes against the sample, which can
results in sample damage, and because electrical current often follows preferential
paths especially in non-homogeneous materials, this method is preferred for homo-
geneous, bulk samples.

MAGNETOMETRY

The measurement of the magnetization also represents a method for determining
the transition temperature Tc. This choice, unlike the four-probe method, preserves
the sample’s conditions, as it is contactless and does not require any physical inter-
vention to perform the measurement.

After being cooled down in the absence of a magnetic field, the superconducting
sample is magnetised by a static external magnetic field, and placed within a coil.
The temperature is then increased and the self inductance of the coil, which increases
as the sample turns normal conducting, is measured as a function of the temperature
by exciting it with a small AC magnetic field. In modern systems, the change in self
inductance is detected by a Superconducting Quantum Interference Device (SQUID)
combined with the vibrating-sample technique (VSM with M standing for "magne-
tometry"): the dipole moment of the sample vibrated inside the coil is detected as
changing magnetic flux by a SQUID inductively coupled to the coil.

Compared to the four-probe measurement, this method is sensitive to non-ho-
mogeneous samples: if superconductivity can be indicated by a single continuous
current path in resistance measurements, despite the non homogeneity of the sam-
ple, the supercurrents must, instead, flow over the total surface of the sample in or-
der to provide perfect shielding and indicate a homogeneous superconducting state
in the magnetic measurement.

INDUCTION COIL

The measurement station built within this thesis work and described in this Chapter
is based on this method, which also exploits the magnetic screening of an external
field by the sample in the Meissner state. This contactless method to infer Tc is based
on the detection of the mutual induction between two coaxial coils which are placed
at the two opposite sides of the sample to be measured.

Figure 5.1 represents schematically the measurement principle. A usually flat
sample (S), whose side cross section is depicted here, is placed between two coils
and zero-field cooled well below its Tc to avoid magnetic flux trapping. One of the
two coils, generally addressed as the drive coil (D), after the sample is cooled down,
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FIGURE 5.1: Measurement principle of the induction coil technique: the super-
conducting sample (S) is in the Meissner state, therefore screens the magnetic
field generated by the drive coil (D) and prevents it from reaching the sensing
or pickup coil (P); as the temperature is increased, the sample turns normal con-
ducting and the field can pass through it, reaching the pickup coil and inducing
a voltage signal in it from which it is possible to infer the critical temperature of

the sample.

is excited with a sinusoidal current of constant amplitude to generate an alternating
magnetic field. The second coil, placed at the other side of the sample, passively
detects the voltage drop induced at its ends, according to Faraday’s law of induc-
tion, by the alternating magnetic field generated by the drive coil. This second coil
is addressed as pickup coil (P). Before the measurement starts, the sample is in the
superconducting state and expels the magnetic field generated by the drive coil,
preventing the field lines from entering the sample. By doing so, it also screens the
pickup coil placed behind it from the magnetic flux lines. However, if the sample
size is not extended enough to completely shield the pickup coil from the field gen-
erated by the drive coil, a background signal is detected at the pickup coil at this
initial stage of the measurement, due to the existence of the field leaking around the
sample. Starting from here, the sample’s temperature is increased until it turns nor-
mal conducting. The transition of the sample to the normal conducting state results
into a step-like voltage signal in the pickup coil, as described in Section 5.4, due to
the sudden increase in the amount of magnetic flux lines becoming able to cross the
sample, and consequently reach the pickup coil, as superconductivity breaks and
the screening currents cease to exist. The Tc of the sample can hence be defined as
the temperature at which the increase of the pickup voltage is observed.

This method of measuring Tc is well suited to flat samples and can measure bulk
as well as thin film samples on dielectric or metallic substrate, depending on the fre-
quency of the drive signal. It also has the advantage of being relatively cheaper and
easier to set up than magnetometry measurements, on top of not requiring any phys-
ical intervention on or modification of the sample, contrarily to the case of standard
magnetometry measurements, which are contactless but usually require the sample
to be cut to a very small size (typically about 1 × 1 mm) in order to fit inside the
sensing coil.
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Generally, two-coil systems based on this principle can be employed for the mea-
surement of the RRR, the penetration depth, the coherence length, the complex con-
ductivity of the sample. However, depending on the quantity to be measured, the
geometry of the setup, the needed instrumentation and read-out schemes might
change considerably, so that building one two-coil system able to measure many dif-
ferent quantities can turn into a particularly complex task. Examples of the versatil-
ity of this method are found in the work by Fiory [156], Boloré [157], Claassen [158],
[159], Turneaure [160], He [161], Kumar [162], Singer [87], Draskovic [163].

5.2 Description of the Tc test station

The description of the Tc measurement station presented here will follow a zoom-
out approach. The cryostat hosting the measurement system and the core part of
the measurement system itself, i.e. the two-coil experimental setup, are described
first, with Fig. 5.2 being the reference figure for this part. The description of the
instrumentation and the data readout system follows, referring to Fig. 5.4. Last, the
description of the liquid helium circulation system is given, referring to Fig. 5.6.

THE HOST CRYOSTAT

The two-coil system for the measurement of the critical temperature is operated in-
side a large neck, vacuum insulated, liquid helium vessel cryostat. A schematic
representation of the cryostat is given in Fig. 5.2 on the left. The vessel’s inner height
is 1.3 m, the inner diameter is 0.2 m.

The cryostat insert provides the support for the experimental chamber contain-
ing the two-coil system, the way of access for the samples to be measured, and, on
the warm side, the support for the connections to the electronics and to the helium
recovery system. Inside the cryostat, right below the insert, is a series of three copper
shields to screen the cold side from the thermal radiation coming from the warm side
of the vessel. The stainless steel insert tube is high-vacuum insulated and wrapped
with a multi-layer insulation (MLI) sheet to maximise thermal decoupling with the
surrounding cryostat environment. The experimental chamber and the vapour inlet
are also wrapped in MLI.

The removable dip-stick consists of a hollow stainless steel tube, having the con-
nections for the temperature sensors and the outgoing helium flow at the warm end,
and the sample holder at the cold end, onto which the samples to be measured are
mounted. The dip-stick can slide up and down the insert tube, to insert the sam-
ple into/extract the sample from the experimental chamber without removing the
insert.

The experimental chamber is made of copper and is mounted, via a stainless steel
flange, at the lower end of the insert tube. An indium seal between the chamber
and the insert flanges ensures the tightness of the connection. The chamber lies
above a liquid helium bath, in helium vapour environment. More details about the
experimental chamber are given in the next Paragraph.

EXPERIMENTAL CHAMBER

A schematics of the cross-section of the experimental chamber hosting the two-coil
system is depicted in the central part of Fig. 5.2. Four main parts can be identified:
the experimental chamber, containing the coil setup, the cryostat insert tube above
the chamber, to which the chamber is mounted, the inlet mounted below the cham-
ber, which allows the helium vapour to flow into the chamber, and the dip-stick,
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FIGURE 5.2: Schematic cross-section of the experimental chamber (central box)
hosting the two-coil setup. On the left, a drawing of the cryostat inside which
the two-coil setup is operated. On the top-right, a real-life image of the two-coil

system on its glass-fiber support.

FIGURE 5.3: (a) Drive (red) and pickup coil mounted on the glass-fiber sup-
port. (b) Standard size bulk niobium sample (left) and copper substrate (right).
(c) Sample holder front view. (d) Bottom view of the sample holder. (e) Experi-
mental chamber mounted on the insert tube, with the vapour inlet at the bottom.
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which holds the sample to be measured in place between the coils and can slide up
and down the insert tube.

The chamber, a hollow copper cylinder of 35 mm diameter, has the role to create
a separated environment where the temperature of the sample can be controlled via
helium vapour flow. It is mounted at the cold end of the insert tube via indium-
sealed stainless steel flanges.

The coils, placed inside the chamber, are mounted coaxially on a glass-fiber sup-
port, addressed as coil holder (CH). Both coils have the same length and inner di-
ameter, respectively 7.46 mm and 1 mm. The outer diameter of the drive coil (D) is
6 mm and that of the pickup coil (P) is 4.4 mm. The distance between the coils is
8.1 mm.

The sample holder (SH) is made of bulk copper and is mounted to the end of the
dip-stick. To thermally decouple the copper holder and the stainless steel dip-stick,
a glass-fiber connector (TD) is installed between the two. The sample is mounted
to the sample holder by pressing with screws its short edge against the inside wall
of a 2.2 mm wide slit present at the holder’s base, as shown in Fig. 5.2. The sam-
ple holder diameter (and therefore the length of the slit) is 13 mm. The measured
samples have a standard rectangular shape, with surface size of 11 × 35 mm2 and a
thickness varying from 0.5 to 2 mm. All the dimensions indicated in the text are also
listed in Table 5.1.

The orientation of the sample with respect to the coils is not relevant in the case of
bulk samples. However, it is chosen by convention that, in case of thin film samples,
the film (TF) side is placed in front of the drive coil, with the substrate (SUB) side
facing the pickup coil, as shown in Fig. 5.2.

Two temperature sensors are used to measure the sample’s temperature, depend-
ing on the sample type. The first one (TS-A), a Cernox ® AA-package, is placed in a
custom socket inside the sample holder. A 1 mm diameter hole connects the bottom
of the sensor socket to the slit where the sample is mounted, partly exposing the
sensor to the environment surrounding the holder and the sample itself. When mea-
suring thin-film samples on copper substrate, with the copper side of the sample in
good thermal contact with the sample holder (ensured by the pressure applied by
the screws), the sample’s temperature is measured by TS-A. The second sensor (TS-
B), a Cernox ® SD-package, is mounted at the sample’s back, usually pressed against
the sample via Teflon ® tape, and is used to measure the temperature of non-copper
samples (e.g. bulk niobium, aluminium, Al2O3 substrates) as in this case the mis-
match in thermal conductivity between the sample and the holder material does not
ensure the accuracy of the measurement by TS-A.

To control the temperature of the sample, helium vapour flows into the chamber
via the inlet at the bottom and leaves it via two parallel channels: the gap between
the insert tube and the dip-stick, which is directly accessible at the upper part of the
chamber, and the inside of the dip-stick tube itself, which the vapour can access via
a 1 mm diameter duct across the sample holder. The helium flow into and out of the
chamber is shown in Fig. 5.2 by the blue arrows. Two polyester pads are stacked
at the bottom entrance of the chamber to serve as flow distributors, minimising the
chances for laminar flow which would cause undesired temperature gradients inside
the chamber volume.

The temperature of the vapour is regulated via a wire heater (26.5 Ω) wound
around the inlet. The inlet is filled with copper mesh to facilitate the heat transfer
from the inlet walls to the vapour. To ensure the complete thermal decoupling of
the experimental chamber from the inlet heater, the connection is made with two
stainless steel flanges separated by a Teflon ® gasket and held together via fiber
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glass screws. To insulate the chamber, the insert tube and the vapour inlet from the
surrounding environment, a wrapping of MLI is applied. Figure 5.3 shows real-life
pictures of the parts described above.

MEASUREMENT STATION AND DATA ACQUISITION

A schematic representation of the measurement station with all the instrumentation
and read-out system is given in Fig. 5.4. The connections are represented by arrows
indicating the input direction.

To perform a measurement, the level of liquid helium inside the cryostat, moni-
tored via a liquid helium gauge, is kept below the vapour inlet entrance. To produce
vapour, a heater (heater 1) of 10.2 Ω resistance is placed inside the bath and acti-
vated as required. The temperature of the vapour entering the chamber is regulated
via a LakeShore Model 335 temperature controller. A wire heater (heater 2) of 26.5 Ω
resistance, wound around the inlet and connected to the temperature sensors via a
PID control feedback loop is employed to set the vapour temperature.

Once the sample is inserted and cooled down, the magnetic field is turned on
by exciting the drive coil with a sinusoidal current of constant amplitude and fre-
quency (30 mA, 21 Hz), generated by a Keithley 4221 current source. A DSP Lock-In
Amplifier Signal Recovery 7265 takes the drive current as input reference and and
reads the pickup coil voltage to extract the amplitude and phase signals. The raw
voltage signal of both coils (Vd and Vpu) is read out via an NI 9234 Analog Input
Module. This is live monitored and logged, together with the detected temperature
(T) and extracted pickup amplitude (Apu), via a custom made LabView data acqui-
sition software. All the connections between the experimental setup and the outer
electronics are made via feed-throughs at the insert. For simplicity, this is not rep-
resented in Fig. 5.4, where a conceptual schematic of the connections is given. The
arrows indicate the input direction.

The graphic user interface (GUI) of the acquisition software is shown in Fig. 5.5.
It presents five live monitors showing the temperature read by the two sensors, the
raw drive voltage signal, the raw pickup voltage signal (first row, left to right), and
the pickup voltage amplitude and phase (second row, center and right). The panel

Part Size (mm)

Cryostat inner height 1300

Cryostat inner diameter 200

Chamber inner diameter 35
Coil length 7.46

Coil inner diameter 1
Drive coil outer diameter 6
Pickup coil outer diameter 4.4

Coil to coil distance 8.1
Sample holder diameter / slit length 13

Slit width 2.2

Sample surface 11 × 35 (mm2)

Sample thickness range 0.5 − 2

TABLE 5.1: List of relevant sizes of the parts of the experimental setup.
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FIGURE 5.4: Schematics of measurement station. The connections to the instru-
mentation are represented by arrows indicating the input direction.

FIGURE 5.5: Graphic user interface of the LabView data acquisition system de-
signed for the Tc measurement station.
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on the left is to set the type of temperature control, the PID settings and the heater
settings. The central panel at the bottom is for the file naming and saving. The last
panel at the right bottom is to start and stop the measurement and data acquisition,
and to turn on/off the magnetic field.

When the data acquisition is started, a log file is created in which all the measure-
ment settings are stored. The logged data are: the drive and pickup coil raw voltage
signals, the pickup voltage amplitude as extracted by the lock-in amplifier, the two
temperature sensors and the time stamp. The extraction of the critical temperature is
done offline by first combining the temperature and amplitude data via the common
time stamp, then following the procedure described later on in Section 5.4.

HELIUM CIRCULATION SYSTEM

The helium circulation system to which the cryostat is connected is represented in
Fig. 5.6, where the valves and pressure gauges are all mapped with their respective
codes. The helium vapour flows into the chamber via the inlet at the bottom and
leaves via two parallel channels: the gap between the fixed tube and the dip-stick,
which is directly accessible at the top of the experimental chamber and the inside
of the dip-stick tube itself, which the vapour can access via the 1 mm diameter duct
across the sample holder, as shown in Fig. 5.2.

Three main parts can be identified in the helium circulation system for the Tc mea-
surement station: the helium source, consisting of a 500 L Dewar were the liquid
helium to fill the cryostat is stored; the cryostat housing the experiment; the helium
recovery system to which both the gasometer and the helium balloon are connected.
The stations with the connections to the helium recovery system, including the pip-
ing to the vacuum pumps (generally needed for purges or to pump helium to its
superfluid state), take the name of clarinet according to the laboratory jargon.

The Dewar and the cryostat are usually not directly connected, unless a helium
refill of the cryostat is needed, in which case they are connected via a transfer line
as depicted in Fig. 5.6. The Dewar and the cryostat are always connected to the ga-
someter, which is at 30 mbar over-pressure with respect to ambient pressure. This
way, in case of undesired small leaks in the vessels, the small over-pressure prevents
the atmospheric gas (air) from entering and contaminating the helium. At the same
time, the helium can be collected by the gasometer in case a pressure larger than
30 mbar builds inside the Dewar or the cryostat, e.g. during a helium transfer. The
only case when the Dewar is not connected to the gasometer, is during the helium
transfer, when building a small over-pressure inside the Dewar is of aid for the pro-
cess and the outflow must all be directed to the cryostat. The transfer is also the
only case when the connection to the helium bottles battery, represented in Fig. 5.6,
is needed. The helium in the bottles is at a pressure of 50 bar and is in fact used to
pressurise the Dewar to start the transfer. The amount of transferred liquid helium
is monitored via a helium-level gauge, as explained in the previous Paragraph, but
for convenience this is only shown in Fig. 5.4.

The connection between the cryostat and the helium balloon is only open during
a measurement run, to allow the helium vapour to flow from the cryostat into the
experimental chamber and up through the insert tube and dip-stick, then out to the
balloon via the mass-flow controller. The vapour flow needed to perform the mea-
surement is otherwise impeded, with the vapour staying in the cryostat or flowing
into the gasometer in case of over pressure. Since it is at a pressure 25 mbar lower
than ambient pressure, the balloon does not only serve as the recovery for the "dirty"
helium used in the measurement, but it also keeps the vapour flow (hence the sam-
ple’s temperature) stable.
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FIGURE 5.6: Helium circulation and recovery system for the Tc measurement
station.

5.2.1 Measurement routine

It is recommended to follow a standardized routine to operate the test station and
perform a measurement. In the following, the measurement settings and whole pro-
cedure are described in broad terms. For the future user of the test station, an ac-
curate, step by step technical description of the measurement, to be followed while
operating the system for the first times, is given in Appendix A.

The Tc measurement routine can be summarised by the following steps:

] fill the cryostat;

] start the helium flow to cool down the sample with the magnetic field off;

] turn on the magnetic field at the drive coil with the following settings:

– drive coil current amplitude: 30 mA;
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– drive coil current frequency: 21 Hz;

] start the data acquisition;

] start the temperature ramp at 1.5 K/min;

] when the ramp is over stop the data acquisition;

] turn off the drive field;

] turn off the heaters.

5.3 Characterisation of the experimental setup (I)

The response of the measurement station was characterised by simulating its defin-
ing features, such as the pickup coil response to the drive coil signal and the mag-
netic field amplitude generated by the drive coil. The simulated data was then
compared to the measured response under different conditions. COMSOL Multi-
physics ® is the software employed for the simulations.

The experimental chamber is modeled according to its real geometry and size.
The coils, a sample (bulk niobium, a niobium film on copper or a copper substrate,
depending on the case) and the copper chamber itself are taken into account by the
simulation. The coil and sample holders are neglected to avoid further complexity
in the model.

The chamber model is shown in Fig. 5.7: (a) shows a 3D rendering of the copper
chamber (1) with a bulk niobium sample (2) placed between the drive (3) and pickup
(4) coil, and the hole for the vapour inlet (5) at the bottom of the chamber, while (b)
and (c) show the view from the top and the side respectively. This represents the
geometry used for all simulation studies, with the exception that, depending on
the study, the sample is removed or replaced with a copper substrate or a Nb/Cu
sample.

Only the electromagnetic response of the system is studied, with the temperature
addressed as a static parameter, i.e. the transient thermal conditions of a measure-
ment were not simulated. The superconducting state of the sample is considered
only in terms of its magnetic properties, with the Meissner state reproduced by as-
signing to the magnetic permeability µ of niobium a parametric dependence on the
temperature, so that:

µ =1 for T ≥ Tc ,

µ =

[
T
Tc

]100

for T < Tc .
(5.1)

The resulting magnetic field expulsion is shown in Fig. 5.8, where the view is the
same as the top view given in Fig. 5.7 (b). The Meissner state is simulated for a
1.9 mm thick bulk niobium sample (left column) and for a 25 µm niobium film on
a 1 mm thick copper substrate (right column). The film faces the drive coil. The
magnetic flux density lines, shown in red, cannot penetrate the niobium when su-
perconducting at T = 8 K, hence they are forced to move around the sample. In both
cases, one can notice the enhancement of the magnetic flux lines at the sample edges
on the side facing the drive coil. In the normal conducting case, at T = 10 K, niobium
can be considered transparent to the magnetic field, and the flux lines cross the ma-
terial unperturbed. Only in the case of the Nb/Cu sample one can see that the field
is partly attenuated inside the copper because of the induced eddy currents.
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FIGURE 5.7: Model of the experimental chamber designed to simulate the two-
coil system, including the chamber itself (1), the niobium sample (2), the drive
and pickup coil (3 - 4). The inlet for the helium vapour (5) is visible at the bottom.

FIGURE 5.8: Top view of the simulated magnetic field lines inside the experi-
mental chamber. Two cases are shown: a bulk niobium sample and a niobium
film sample on copper for both the superconducting (T = 8 K) and the normal

conducting (T = 10 K) states are shown.
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FIGURE 5.9: Response of the pickup coil as a function of the drive coil current
frequency. The simulated and measured data are plotted for four different cases:
without a sample (only coils), bulk niobium at 10 K, bulk niobium at 8 K and a
copper substrate. The red band corresponds to the chosen operation frequency

for the measurement system.

The pickup coil response to the drive field was then simulated for four different
cases: in the absence of a sample (indicated as "only coils"), in the presence of a cop-
per substrate, and for a bulk niobium sample in the superconducting (T = 8 K) and
in the normal conducting (T = 10 K) state. Figure 5.9 shows the simulated and mea-
sured induced voltage amplitude in the pickup coil when a magnetic field generated
by a fixed drive current of 30 mA is applied, as a function of the current frequency.
The lines represent the simulated data, the markers represent the measurements.

The linear dependency of the signal amplitude in the pickup coil on the fre-
quency of the drive signal, expected according to Faraday’s law of induction, is
immediately seen in both the simulated and the measured data for the coil sys-
tem without sample. The reasons for the discrepancy between the simulated and
experimental data toward higher frequencies can be different. Most likely, the mis-
match between the real resistivity at low temperature of the wire employed for the
coils, and of the copper of which the experimental chamber is made, and the value
employed for the simulation plays a role. In the ideal case of pure niobium, the sim-
ulated data overlap the "only coils" case, where the normal conducting (T = 10 K)
sample is unresponsive to the magnetic field. In the real case, the bulk niobium data
separates from the ideal case even more with respect to the "only coils" case, due to
the weak eddy currents developed at high frequency which have the effect of mildly
screening the field from the pickup coil. In the superconducting state (T = 8 K), the
bulk niobium sample screens the source field almost completely, with the increase
towards higher frequencies being due to the field leaking around the sample and
reaching the pickup coil (also shown in Fig. 5.8). With the copper substrate, the
same behaviour as for the normal conducting niobium is observed, even though at
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much lower frequencies. In fact, for the same frequency value, the skin depth of cop-
per (see Eq. 1.45) is much smaller than the one of niobium, due to its much higher
electrical conductivity1, so that the signal is already attenuated by the eddy currents
at about 20 Hz. The separation between the simulated and the measured data for in-
creasing frequency is also in this case ascribed to the electrical conductivity assigned
to the copper substrate in the simulations, likely higher than the real value. The red
box indicates the frequency at which the test station is operated, for which all the
simulated cases are in good agreement with the data.

FIGURE 5.10: Simulated magnetic field amplitude along the coil axis. The line
path of calculation is indicated in red in the inset box. The central gray band

indicates the position of the bulk niobium sample.

FIGURE 5.11: Simulated magnetic field amplitude along the coil axis. The line
path of calculation is indicated in red in the inset box. The central brown band
indicates the position of the Nb/Cu sample, with the film facing the drive coil.

1At 10 K and 21 Hz one gets a skin depth of approximately 2 mm for copper (RRR ∼ 50) and 9 mm
for niobium (RRR ∼ 20).
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Due to the impossibility to install a magnetic field probe inside the experimen-
tal chamber, the absolute value of the magnetic flux density is also simulated along
the coil axis in order to ensure its value does not exceed the critical field of nio-
bium at the sample surface. This was done in the presence of a bulk niobium and
of a Nb/Cu sample in between the coils, as shown in Fig. 5.10 and Fig. 5.11 respec-
tively. In both images, the modulus of the magnetic flux density generated by the
drive coil for a fixed current of 30 mA and a frequency of 21 Hz is shown according
to its values calculated along the coil axis d. In both pictures, the inset on the left
shows the x − y cross section of the experimental chamber with the distance d along
which the magnetic flux modulus is calculated indicated as a red line. The vertical
dashed lines represent the distance covered by the drive coil (on the left) and the
pickup coil (on the right). In Fig. 5.10, the central gray area represents the position
of the bulk niobium sample, while in Fig. 5.11 the central brown area represents the
Nb/Cu sample. In both cases, the field was also calculated for the coils only and
for the copper substrate cases. A field of about 4 mT is produced inside the drive
coil, which decays by nearly one order of magnitude at the sample’s surface. This
field values are safely within the lower critical field of niobium (130 mT), so that it
can be reliably assumed the presence of the field during the measurement does not
have a detectable influence on the final Tc value. The screening of the field by the
superconducting sample is visible in both the bulk niobium and the Nb/Cu case,
resulting in a lower field reaching the pickup coil with respect to the signal in the
normal conducting state.

5.3.1 A real measurement

The typical outcome of the Tc measurement of a bulk niobium sample, showing
the raw data of the pickup coil voltage amplitude and the temperature, is given in
Fig. 5.12a. It is possible to see the evolution of both quantities over time as the tem-
perature ramp is started. After having cooled down the sample in zero field, the
field is turned on, resulting in a stable signal of about 0.8 µV. A temperature ramp of
1.5 K/min, set to rise from 7 K to 11 K (not visible in the plot), is then started. While
the temperature starts rising, the voltage amplitude in the pickup coil remains con-
stant for as long as the sample is in the superconducting state. The transition to the
normal conducting state is obvious as the temperature crosses Tc at about second 73
and results in the sharp jump in amplitude detected by the pickup coil as soon as
the magnetic field is no longer screened by the sample. It will be seen later that the
transition does not always appear as sharp, especially in the case of thin film sam-
ples. While the temperature keeps rising after the transition, the amplitude signal
stays constant at about 10.2 µV. The choice of a temperature set-point (11 K) far from
what the Tc is expected to be for the current measurement, is made in order to avoid
disturbances likely caused by the temperature oscillations taking place around the
set-point due to the PID settings.

The raw data as shown in Fig. 5.12a are then combined via the time stamp to plot
the curves of the type shown in Fig. 5.12b and to extract the values of Tc and ∆T as
explained later in Section 5.4.

The repeatability of a measurement performed with the test station is demon-
strated in Fig. 5.12b. Here the same bulk niobium sample used for the measurement
in in Fig. 5.12a is measured three times, on three different days, under the same drive
coil and temperature ramp rate settings. It is possible to see that, except for some
noise level depending on environmental factors, the three measurements fully over-
lap. Also, the maximum deviation in temperature from the mean value calculated
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along the transition slope for the three measurements amounts to

σ(T) ≤ 0.006 K , (5.2)

which represents an indication of the precision achievable with this type of mea-
surement. This should ensure the reliability of a Tc measurement performed with
this test station, provided that the standard procedure described in Appendix A is
followed carefully. On top of this, the typical root mean square noise observed for
the temperature signal, calculated over a time interval of 10 s, corresponds to:

ϵ(T) ≃ 0.004 K , (5.3)

so that the choice is made to assume the uncertainty on the Tc measurement to be
the transition width ∆T as defined later in Eq. 5.5.

FIGURE 5.12: (a) Raw pickup voltage amplitude and temperature data plotted
versus time as measured with the two-coil setup on a bulk niobium sample. (b)
The same sample as in (a) measured three times on three different days to demon-

strate the repeatability of the measurement.

5.4 Extraction of Tc from the superconducting transition curve

Since the remaining discussion on the characterisation of the test station will include
the analysis of the superconducting transition curves measured for different sam-
ples, the explanation of the method of extraction for Tc and an introduction to the
data processing is needed at this point. Section 5.5 will then complete the description
of the characterisation procedures started in Section 5.3.

5.4.1 The 10% – 90% method

As anticipated in Section 5.1 with the description of the induction coil Tc measure-
ment principle, a voltage signal is induced in the pickup coil whose amplitude
shows a step-like behaviour when the sample transitions from the superconduct-
ing to the normal conducting state, as the temperature rises and crosses the sample’s
critical temperature.
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An indicative example of how the curve would look like for a superconducting
transition measured with the inductive method is given by the drawing in Fig. 5.13,
where the trend of the amplitude of the voltage signal induced in the pickup coil is
shown against the temperature2. A drawing is used here for ease of depiction of the
involved quantities, with the real case described in the following Section.

Three main parts can be identified in the transition curve: the superconducting
part, corresponding to the low temperature plateau, the normal conducting part,
corresponding to the high temperature plateau, and the transition itself, represented
by the step-like part in between the two plateaus.

To extract the critical temperature Tc, the choice is made here to apply the 10% –
90% method, although not the only possible one, as discussed later on. A linear fit is
applied to each part of the curve, represented in Fig. 5.13 by the gray dashed lines.
The intersection points between the transition and the plateau lines are indicated as
’A’ and ’B’, so that the height of the transition is defined by the quantity

∆Apu = |Apu(A)− Apu(B)| . (5.4)

Starting from this quantity one can calculate the voltage amplitudes corresponding
to the 10% and the 90% of the total amplitude, Apu−10% and Apu−90% respectively.
The points ’a’ and ’b’ are then extracted from the data set as the data points corre-
sponding to these amplitude values. The temperature values corresponding to ’a’
and ’b’, labeled as T10% and T90% mark by definition the extremes of the transition,
so that

∆T = |T10% − T90%| (5.5)

represents the width of the transition. The critical temperature can be finally
defined as the middle temperature within ∆T:

Tc = T10% +
∆T
2

. (5.6)

Values of ∆T lower than 3% of Tc are considered acceptable when applying the 10%
– 90% method [155]. A different method to extract Tc and ∆T leading to similar re-
sults as the 10% – 90% method is to calculate the derivative of the amplitude data.
This way, Tc is extracted as the maximum of the derivative (corresponding to the
inflection point in the transition curve) and ∆T as the FWHM of the derivative. The
disadvantage of this approach lies in the fact that identifying the peak of the deriva-
tive becomes difficult if the initial data is noisy, requiring neat data filtering and
sometimes fitting before proceeding with the peak identification and finally making
the Tc extraction process needlessly lengthy. This method can be otherwise consid-
ered equivalent to the 10% – 90% method.

The use of the transition onset temperature, also indicated in Fig. 5.13, or of T90%,
as value for Tc is often encountered in literature too. It is especially common in mea-
surements of materials intended for superconducting magnets application. These
are operated with high DC currents and with the superconductor in the mixed state,
and for them the highest temperature above which the superconducting state of the
sample is fully disrupted is of main interest.

Superconductors for SRF cavity application are operated in the pure Meissner
state. Magnetic field penetration is undesirable as it leads to resistive losses in the
RF regime, as discussed in Section 1.2. The 10% – 90% method for the extraction

2Similarly, one could choose to use the real and imaginary components of the voltage signal, also
detected by the lock-in amplifier, for the extraction of Tc.
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FIGURE 5.13: Example curve of the superconducting transition. The 10% – 90%
method is used to extract the critical temperature Tc and the transition width ∆T.

of the Tc value is considered more conservative in this case, as it provides a value
in between the temperature of first field penetration and the temperature at which
the transition to the normal conducting state is completed. In addition, since the
Tc value extracted with this method only has full meaning when accompanied by
the associated transition width ∆T, it also provides information on the purity and
homogeneity of the sample.

The extraction of Tc from real data according to this method is demonstrated in
the next Section.

5.4.2 An example of data analysis

The application of the 10% – 90% method for the extraction of Tc to a real data set is
demonstrated in Fig. 5.14. The measured sample is a Nb3Sn thin film deposited on a
copper substrate with a tantalum intermediate layer. All the data processing is done
with Python.

The amplitude and temperature raw data are first combined via their common
time stamp, as described earlier in Section 5.3.1, and plotted as pickup voltage am-
plitude versus temperature. To reduce the noise and facilitate the extraction of the
quantities of interest, a basic filtering (of the Savitzky-Golay type) is applied. This
is shown in Fig. 5.14a, where the raw data is represented by the blue line and the
filtered data by the black line. The inset shows a zoom-in on the data to mark the
small, yet visible difference before and after the filtering.
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FIGURE 5.14: Example of routine data analysis for the extraction of Tc and ∆T,
demonstrated for a measurement performed on a Nb3Sn/Ta/Cu sample de-

posited at CERN via HiPIMS.

In Fig. 5.14b, the fitting of the superconducting, normal conducting and slope
parts of the transition curve is shown. The superconducting and slope parts are
here fitted with a linear function (’SC fit’ and ’slope fit’ respectively) as explained in
the previous Section. However, in this case, it is not possible to apply a linear fit-
ting to the normal conducting part of the curve. The OFE copper employed for the
substrates is expected to have a RRR ≃ 150 − 300, reason why the resistivity of cop-
per will start changing appreciably with temperature, starting from temperatures of
about 10 - 12 K and above. This reflects on the intensity of the eddy currents induced
in copper by the AC magnetic field generated by the drive coil, whose screening ef-
fect observed in the normal conducting part of the curve varies with temperature
proportionally to the variation of resistivity. For this reason, when samples on cop-
per which are expected to exhibit a Tc larger than 10 K are measured, the normal
conducting part of the curve is fitted with the low temperature and RRR dependence
function of the copper electrical resistivity as provided by [164]:

ρ(T, RRR) = ρ0 + ρi + ρi0 , (5.7)
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where:

ρ0 =
1.553 × 10−8

RRR
, ρi =

p1Tp2

1 + p1 p3T(p2−p4)exp[(−p5/T)p6 ]
, ρi0 = p7

ρiρ0

ρi + ρ0
, (5.8)

with the units being K for the temperature and VmA−1 for the resistivity, and the
term ρi0 representing the deviation from the Matthiessen rule. In the case of the
resistivity of copper, all the p1−7 coefficients have a known value [164]. To fit the
copper screening signal of the normal conducting part of the transition curve, the
p1−7 coefficients and the RRR (hence the residual resistivity term ρ0) are left as free
parameters, resulting in the curve indicated in Fig. 5.14b as ’NC fit’.

Once the three components of the curve are fitted, the intersection points ’A’ and
’B’ can be found and used to calculate the values of Apu−10%, Apu−90%, T10% and
T90% as indicated in Fig. 5.13, which finally represent the coordinates of the points
indicated in light red in Fig. 5.14c and from which Tc and ∆T are calculated.

The data analysis just described is the same applied for the extraction of Tc and
∆T of the Nb3Sn samples deposited on copper via HiPIMS which are object of the
study presented later on in Chapter 7. It is always applied to all types of measured
samples and materials, with the only difference being that, for copper substrates,
the normal conducting part of the curve is fitted with a linear function or with the
function in Eq. 5.7 depending on the RRR of the employed copper and on the tem-
perature range at which the measurement must be performed.

5.5 Characterisation of the experimental setup (II)

5.5.1 Reference samples

The measurements to assess the response of the system are performed on five dif-
ferent reference samples, discussed in the following, whose size and properties are
given in Table 5.2.

All the measurements are performed with the same settings and under the same
conditions as described in Section 5.2.1 and Appendix A, and all the samples have
the same standard surface size of 11 × 35 mm2. The thickness of the bulk samples
changes due to the size of the original sheet from which they were cut, that is 0.5 mm
for the lead sample and 3.6 mm for the niobium sample. The latter is reduced to
1.9 mm by milling and buffered chemical polishing (BCP) to fit the size of the slit
at the sample holder. The thickness of the film samples also changes, depending
on the technique used to deposit them and on the study they were made for: the
45 µm thick niobium film on copper was coated via DCMS in the context of the thick
films program [165] carried on at LNL-INFN (Italy); the 6 µm thick niobium film on
copper was coated at CERN via HiPIMS specifically as a reference sample for the
Tc measurement station; the 1 µm thick Nb3Sn film on ceramic substrate was coated
at CERN via DCMS as a reference sample to the Nb3Sn films deposited on copper
substrate [26]. The thickness of the copper substrate is of 1 mm in all cases. The
copper employed for the substrate of the thick film sample is OFHC grade, while for
the HiPIMS deposited sample OFE grade copper is used.

BULK LEAD

Lead is a type-I superconductor, hence the shape of the superconducting transition
is expected to appear sharp at the known temperature of 7.2 K. The transition mea-
surement shown in Fig. 5.15a shows a perfect correspondence to the literature value,
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with critical temperature Tc = 7.21 K and transition width ∆T = 0.03 K, validating
the good calibration of the measurement system. The slight broadening of the tran-
sition at the offset and onset points is likely due to the magnetic field at the surface
(about 0.4 mT) exceeding the critical field of lead near Tc (about 0.2 mT as reported
in [166]). This effect is also possibly promoted by the field enhancement at the sam-
ple edges, which could induce the intermediate state in small areas. The leak field
in the superconducting state corresponds to a background signal of 1.5 µV, which is
the minimum observed signal in case of a bulk sample and without applying any
physical noise shielding to the experimental setup.

From the reference measurement on lead, and upon comparison to the accepted
Tc value for lead of Tlit

c (Pb) = 7.19 K found in literature [167], [168], a level of accu-
racy of

100 − |Tlit
c (Pb)− Tc(Pb)|

Tlit
c (Pb)

× 100 ≥ 99% (5.9)

can be safely stated for the measurement station.

BULK NIOBIUM

Niobium is a type-II superconductor, with critical temperature Tc typically between
9.2 K and 9.3 K. A broadening of the transition curve may be expected in case of
type-II due to the fact that the sample will enter the intermediate-mixed state if the
field at the surface approaches the critical field. This is not observed in this case, as it
can be seen in Fig. 5.15b where the measurement of the superconducting transition of
a bulk niobium sample is shown. The curve shows a sharp transition at Tc = 9.38 K
with ∆T = 0.01 K. The field at the sample surface, estimated to be about 0.4 mT
as already mentioned above, does not exceed the critical field of niobium close to
Tc (about 9.8 mT as reported in [169]). Due to the absence of visible broadening of
the transition at the offset and onset points, possible demagnetization effects due to
field enhancement at the sample edges are also excluded in this case, so that the tran-
sition in bulk niobium is observed to be narrower than in lead. The higher critical
temperature with respect to the literature value is ascribed to the stress induced in
the material by the milling process applied to thin the niobium sheet from its initial

FIGURE 5.15: Inductive measurement of the superconducting transition of the
bulk lead (a) and bulk niobium (b) reference samples.
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thickness of 3.6 mm down to the required 1.9 mm thickness. The background (leak)
signal level is the same as the one observed in lead, corresponding to 1.5 µV.

THICK NIOBIUM FILM ON COPPER

This sample consists of a thick niobium film deposited sequentially via DCMS tech-
nique. The final film thickness of 45 µm is reached by coating eight consecutive lay-
ers each 0.5 µm thick, followed by a final 5 µm thick layer. This approach is pursued
in the attempt to reduce the residual stress of the final film [170] which would occur
naturally due to the PVD process. The measured critical temperature Tc = 9.33 K
extracted from the measurement in Fig. 5.16a is indeed comparable to the one of the
stressed bulk sample, with ∆T = 0.02 K. The background signal at 2 µV is slightly
larger than the one observed for the bulk samples as a consequence of the weaker
screening currents forming in the film. The small signal rise observable just before
the transition is due to early field penetration near Tc, most likely at the sample
edges.

THIN NIOBIUM FILM ON COPPER

This 6 µm thick sample was coated at CERN via HiPIMS technique purposely as a
reference sample for the Tc measurement station. The transition measurement of this
sample is shown Fig. 5.16b. The extracted critical temperature Tc = 9.44 K suggests a
higher stress level than the thick film deposited sequentially. The broader transition
with ∆T = 0.05 K, in comparison to the thick film, is generally an indication of a
poorer superconducting phase, as well as the larger background signal, here 2.5 µV,
is an indication of weaker screening currents.

FIGURE 5.16: Inductive measurement of the superconducting transition of a
thick (45 µm) niobium film on copper (a) and a thin (6 µm) niubium film con

copper (b) as reference film samples.

THIN NB3SN FILM ON CERAMIC

This film was deposited at CERN via DCMS as a reference to assess the influence
of the substrate on Nb3Sn films deposited on copper. It’s critical temperature was
already measured via four-probe to be 17.4 K [26], with the curve onset interpreted
as Tc. The measurement performed here is shown in Fig. 5.17 and proves good
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agreement with the four-probe measurement, with a Tc of 17.03 K (extracted with
the 10% – 90% method) and ∆T = 0.29 K. The broad transition is likely due to the
non homogeneity of the film. A background signal of 3 µV is observed, the largest
of all reference samples, indicating the weakest screening currents.

All the the samples on which these reference measurements were performed are
carefully stored at CERN and available upon request for a reassessment of the mea-
surement station response.

FIGURE 5.17: Inductive measurement of the superconducting transition of the
DCMS coated Nb3Sn film on Al2O3 ceramic substrate.

Material
Sample

thickness (mm)
Film/substrate

thickness (µm/mm) Tc (K) ∆Tc (K)

Bulk lead 0.5 – 7.21 0.03
Bulk niobium 1.9 – 9.38 0.01
Nb/Cu DCMS – 45/1 9.33 0.02
Nb/Cu HiPIMS – 6/1 9.44 0.05
Nb3Sn/cer. DCMS – 1/1 17.03 0.29

TABLE 5.2: List of reference samples for the Tc measurement station. All the
samples have the same standard surface size of 11× 35 mm2, while the thickness

is indicated in the table. The measured Tc and ∆T are also given.

Some general statements can be done at this point on the performance of the
test station and what can be observed with the Tc measurements. Although it does
not have a direct influence on the measured value of Tc, as a feature of these type
of measurements it is worth noticing how the signal at the normal conducting part
of the transition curve corresponds to different values for most samples. For lead
and Nb3Sn/ceramic a signal of about 10 µV is observed, corresponding to the only
coil signal as shown in Fig. 5.9. This is expected as 0.5 mm of lead and Al2O3 are
completely transparent to the magnetic field. Bulk niobium should also be transpar-
ent to the magnetic field, however the measured sample is thick enough to develop
eddy currents which are visible in the signal, lowered to about 8.5 µV. The copper
substrates also show a different behaviour: for the OFHC copper substrate a RRR of
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about 100 – 150 is assumed, which is not enough for the induced eddy currents to
cause a detectable screening at the involved temperatures. The observed signal of
10.4 µV is indeed compatible with the only coil signal. The OFE copper instead is
expected to have a RRR of about 150 – 300, which is enough for the eddy currents
to form a detectable shielding, resulting in a signal of about 6.2 µV, also compatible
with what shown in Fig. 5.9.

5.5.2 Features of damaged or "non-standard" samples

For elemental materials, one can associate a Tc close to the literature value to a good
purity level of the material. A higher value is always expected for thin films or for
stressed bulk samples. This changes for compounds such as Nb3Sn, as the Tc value
also depends on the film stoichiometry and the stress level affects differently Tc de-
pending on whether it is tensile or compressive [171]. A compact, homogeneous and
pure sample is expected to show a sharp transition.

FIGURE 5.18: (a) Superconducting transition of a damaged bulk niobium sample
sporting a bent shape towards higher temperatures due to the presence of me-
chanical stress in the surface layer. (b) Superconducting transition of the same
sample measured again after each one of two consecutive runs of BCP, meant to
remove about 100 µm of damaged material each time. The temperature axis is
zoomed in around the transition to highlight the separation between the curves.

FIGURE 5.19: SEM images of the damaged niobium sample cross section, as mea-
sured for the first time (a) and after two runs of BCP (b).
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As an example of what can be observed when this is not the case, the measure-
ment of the superconducting transition of a bulk niobium sample which happened
to be structurally damaged3 is shown in Fig. 5.18a. The transition starts sharp at
about 9.3 K but at approximately half-height, the curve appears to bend towards
higher temperatures. Under the assumption that this behaviour was due to mechan-
ical stress present at the sample surface, the sample was subjected to two separated
runs of BCP to remove, at each run, approximately 100 µm of damaged material.
The critical temperature of the sample was measured again after each BCP run and
the results are shown in Fig. 5.18b together with the initial measurement for com-
parison. The temperature axis is zoomed in closer to the transition to highlight the
difference between the three curves. From this graph it becomes clear how progres-
sively removing damaged material has the effect, at each step, of gradually restoring
the shape of the transition to the single step that would be expected to take place at
the temperature where the transition starts. The observed behaviour is supported
by the SEM images of the sample, where the initial damaged layer is clearly visible
in Fig. 5.19a, and the same layer of reduced thickness following the two BCP runs is
visible in Fig. 5.19b. The presence of the damaged layer, although reduced, after the
chemical treatments explains that the transition curve is not fully restored.

FIGURE 5.20: Superconducting transition of a Nb3Sn/Ta/Cu sample with coat-
ing on the substrate edges sporting (a) a step-like feature at the base of the tran-
sition and (b) a bent shape towards higher temperatures as also observed in the

case of a damaged bulk niobium sample (Fig. 5.18).

Another case of irregular transition curve is observed when a thin film sample
is not only deposited on the main face of the substrate, but also covers the side
edges. This is often observed to happen in samples coated with HiPIMS, as a high
amount of the sputtered species is ionised and hence accelerated toward all sides
of the substrate, unlike the neutral species in DCMS which fly ballistically toward
the substrate and mainly deposit on the sample surface directly facing the material
source. These dynamics of thin film physical vapour deposition processes are dis-
cussed more in detail in Chapter 4. The geometric effect of the position of the sample
edges with respect to the magnetic field lines inside the experimental chamber (see
Fig. 5.7) combined with the additional effect of a possible different film composition
in the case of non-elemental samples such as Nb3Sn can result in step-like features

3Possibly from the rolling or deep drawing process taking place during sheet production.
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or irregular transition shapes. Examples of these are shown in Fig. 5.20, where the
measurements of two different Nb3Sn/Ta/Cu samples are presented. In Fig. 5.20a,
a step-like feature appears at the base of the transition curve, while in Fig. 5.20b the
transition is bent forward towards higher temperatures (similar to what observed in
the case of the damaged bulk niobium sample in Fig. 5.18). In both cases, measuring
the sample again after having removed the coating from the edges of the substrates
results into a "fixed" transition curve.

A step-like feature similar to the one observed in Fig. 5.20a is also also observed
in Fig. 6.6, the measured transition curves of the niobium control samples deposited
on aluminium substrate for the reverse-coating study presented later on in Chap-
ter 6.

Disclaimer: this work, in particular the part about the simulations and the design of the
LabView user interface for the measurement station, was performed in collaboration with A.
P. O. Vaaranta, who spent his Technical Studentship at the Central Cryogenic Laboratory
at CERN during the time of the measurement station development, and is currently based
at University of Helsinki. The commissioning of the test station was guided by T. Koettig
and several mechanical parts for the test station were fabricated by A. Vacca, both from the
CERN Central Cryogenic Laboratory’s staff.
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Chapter 6

Reverse-coating technique for a
seamless copper substrate

In this Chapter, the first feasibility study of a new production method for seamless niobium-
coated copper SRF cavities, already published on Superconductor Science and Technology
[28], is presented and discussed. The method, addressed as ’reverse-coating’, inherits from
the original study for the production of non-evaporable getter (NEG) coated, small diameter
beam vacuum chambers [29], [172]. In Section 6.1 the method is introduced conceptually.
The preparation of the samples is presented in Section 6.2. Section 6.3 is dedicated to the char-
acterisation measurements. Finally, the results are presented and discussed in Section 6.4.

6.1 The reverse-coating technique

The performance of niobium-coated copper superconducting radio-frequency (SRF)
cavities is known to be closely related to the quality of the substrate [14]. While
parameters such as surface roughness can be optimised to a certain degree, the pres-
ence of seams and welds cannot be completely avoided with standard cavity fabri-
cation methods [21], [22], [91], [173], [174]. A possible way to avoid their presence
is offered by the production of copper cavities via electroforming around a sacri-
ficial aluminium mandrel, whose shape and size emulate the ones desired for the
final cavity. The electroforming technique has already been shown to deliver cav-
ities whose copper final properties are comparable to oxygen-free electronic (OFE)
grade bulk copper [23], [175], and whose inner surface mirrors the mandrel finish.

Once the quality of the electroformed copper cavity structure has reached a sat-
isfying level, the next step is to study the possibility of reproducing the process by
also integrating the functional superconducting layer. In addition to the production
of seamless niobium-coated copper cavities, a successful outcome of this process
would lead to better adherence, with respect to their counterparts produced accord-
ing to the standard methods, of the superconducting film to the copper substrate
and make the non-trivial chemical treatment of the substrate in preparation to the
coating, foreseen by the standard procedures (e.g. SUBU, EP), no longer needed as
the substrate is directly formed on the film itself.

The general concept is represented in Fig. 6.1: the aluminium mandrel (A), which
mimics the final cavity shape, is first coated with the niobium film (B), then with a
copper film (C) which will serve as an adhesive layer for the final copper structure
to be electroformed on it (D). Finally, the aluminium mandrel is etched (E) to deliver
the complete structure consisting of the copper cavity with the film already included
in it. This first study presented here is carried out on a simpler geometry than the
elliptical cavity, such as a flat disk. The main process of sample production is re-
peated twice: in the first case, the niobium layer is coated directly on the aluminium
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FIGURE 6.1: Schematic step sequence of the reverse-coating method for the pro-
duction of seamless Nb/Cu cavities.

disk, while in the second case a copper layer is coated on the aluminium, prior to
the deposition of the niobium film, for later protection of the niobium from possible
damage caused by the final chemical removal of the mandrel.

6.2 Sample preparation

Two sets of samples where produced for this study: the control set and the reverse-
coated set. The control samples, consisting of niobium-coated aluminium substrates,
served as check for the reverse-coated samples. The reverse-coated samples are pro-
duced by electroforming copper on a sacrificial aluminium mandrel which has been
pre-coated with a niobium thin film. The process consists of the following essential
steps:

1. manufacturing of the aluminium mandrel;

2. niobium coating of the aluminium mandrel;

3. copper coating on top of the niobium layer, to improve the adhesion of the
electroplated copper layer;

4. electroforming of the final copper structure on the coated copper layer;

5. chemical etching of the aluminium mandrel to obtain the final copper structure
with internal niobium coating.

The next Paragraphs provide the details about each step.

MANDREL MANUFACTURING

In this study, the sacrificial mandrel is represented by a 150 mm diameter and 1.5 mm
thick flat aluminium disk. The disks were machined in order to obtain a constant
surface roughness (Ra) of 0.3 µm and degreased with a commercial detergent so-
lution (60 ◦C, 30 min). The study was repeated identically with commercially pure
aluminium (AW-1050, 99.5% pure) and with an aluminium alloy in the wrought
aluminium-magnesium-silicon family (AW-6082) as base material, with the aim of
evaluating the potential impact of impurities originating from the mandrel on the
final niobium layer.

Two disks were prepared for each aluminium type: one for the control samples
and one for the reverse-coated samples. For the control samples, a total amount of
six substrates of size 11 × 35 × 1.5 mm3 were cut from the aluminium disks (three
per aluminium type) prior to the niobium coating.
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FIGURE 6.2: Readapted [172] schematics of the sputtering system used for the
coating of the mandrels. The aluminium mandrel is mounted on a translation
ultra-high vacuum (UHV) manipulator which allows its position to be adjusted
without venting the system. The targets, niobium (left) and copper (right), are
depicted with their magnet arrays providing the magnetron field. The shutters

cover the targets when not in use.

Material
Coating parameter Nb Cu (A) Cu (P)

PKr (mbar) 1.4 × 10−3 1.4 × 10−3 1.2 × 10−3

MP amplitude (V) -500 -760 -760

MP duration (µs) 50 50 50

Peak current (A) 33 22 20

Peak power (kW) 15 15 14

Average power (W) 280 350 310

PP amplitude (V) 130 130 130

PP duration (µs) 200 200 200

Delay (µs) 1 1 1

Frequency (kHz) 1 1 1

tcoat (min) 240 120 90

TABLE 6.1: Coating parameters for the deposition of the niobium film and cop-
per adhesion film (A) in Run I and Run II, and for the deposition of the copper
protective film (P) in Run II. All the coatings were performed in krypton atmo-

sphere. MP and PP stand for main pulse and positive pulse respectively.

COATING OF NIOBIUM AND COPPER

The coating chamber is equipped with both the niobium and copper cathodes. The
substrate/disk holder is placed at the extremity of a translation ultra-high vacuum
manipulator, as shown in Fig. 6.2, so that the disk can be moved from the position on
top of the niobium cathode to the one on top of the copper cathode (and vice versa)
without the need to open the chamber. Thanks to this system, the niobium and
copper films can be coated consecutively without venting the system in between,
hence avoiding the risk of contamination due to contact with air.
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Before the coatings, the bake-out of the system was performed at 120 ◦C for 24
hours. During the coatings, the equilibrium temperature reached by the system is
150 ◦C. All the coatings in this study were performed via bipolar-HiPIMS.

The control samples were coated first. A 1 µm thick niobium film was deposited
on the aluminium substrates and analysed in order to establish a custom coating
recipe and a reference to the structural and superconducting properties expected for
niobium films deposited on aluminium via bipolar-HiPIMS [17], [19], [176].

To produce the reverse-coated samples two different approaches were applied,
which are schematically represented in Fig. 6.3. In the first case (Run I), a 1 µm nio-
bium film was deposited directly on the aluminium mandrel. In the second case
(Run II), a 1 µm thick copper layer (addressed later on as protective layer (P)) is de-
posited on the aluminium mandrel prior to the niobium (i.e. between the aluminium
and the 1 µm niobium layer deposited later on). In both cases, a 3 µm thick copper
layer was finally deposited on top of the niobium film, to serve as adhesion layer (A)
for the electroforming of the final copper structure. The parameters of the sputtering
process are summarised in Table 6.1.

FIGURE 6.3: Schematics of the reverse coating technique steps for the case with-
out a copper protective layer (Run I) and with copper protective layer (Run II).
The etched layers are indicated in dashed contours and labeled in square brack-

ets.

ELECTROFORMING OF COPPER

After the coating, in order to electroform the final copper structure, the mandrels
were assembled on a special support which provides an electrical contact and, at
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the same time, protects the mandrel from the undesired deposition of copper on
the rear side. The electroplating of a 0.5 mm thick copper layer was performed in
a copper sulphate (CuSO4 5 H2O) sulfuric acid (H2SO4) bath with the presence of a
brightener, with an applied current of 200 A/m2 for a duration of 20 h. The mandrel
before and after the coating phase, and after the copper electroforming (with and
without support) can be seen in Fig. 6.4.

FIGURE 6.4: AW-1050 aluminium mandrel mounted inside the coating chamber
before the coating of the niobium and copper adhesion films (a), after the coating
(b) and after the electroplating of the final copper structure, still mounted on the

special support for the electroplating (c) and without the support (d).

ETCHING OF THE MANDREL

Finally, the mandrels were dismounted from the support for the electroplating and
samples of size 10× 35× 1.5 mm3 were cut from them to proceed with the character-
isation, which was done both with the aluminium mandrel still present (i.e. before
etching) and after the aluminium mandrel removal.

The chemical etching of the aluminium mandrel was performed in a sodium
hydroxide bath (NaOH 5 × 103 mol/m3, room temperature). For the samples
having the protective copper layer on top of the niobium, ammonium persulfate
((NH4)2S2O8 150 g/L, room temperature) was also used to chemically etch the pro-
tective copper layer after the aluminium removal. The etched layers are indicated
enclosed in square brackets (e.g. [Al], [Cu]) in Fig. 6.3 and in the text to follow.
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6.3 Sample characterization

After the production of every sample batch (control samples, reverse-coated sam-
ples without copper protective layer, reverse-coated samples with copper protective
layer), the morphology and superconducting performance of the niobium films were
evaluated. At this early stage of the study, it was important to assess the potential of
the reverse coating technique to deliver suitable niobium films for an SRF end-use,
exhibiting satisfying purity levels and regular morphology, free of porosities. Hence
the characterisation phase focused on the measurement of the critical temperature Tc
and on the imaging of the sample cross section. In the case of the reverse-coated sam-
ples, the measurement of Tc was performed before and after the mandrel removal
and the results are presented together for comparison. Based on the outcome, the
characterisation was carried further on with the measurement of the critical current
density Jc for a selection of samples that showed the best properties. This physical
quantity depends on the concentration of pinning centres [177], [178], provides in-
sight into the amount of structural defects [179] which can be present in the material
and is currently under investigation as a possible DC superconducting property that
can potentially give early insight about the later RF performance of the film [121],
[127].

The critical temperature was measured via the induction coil technique with the
test station presented in Chapter 5.

The cross section of the films for morphology investigation was prepared via fo-
cused ion beam and analysed via scanning electron microscopy (FIB-SEM). The used
equipment is located at the Materials and Metrology laboratory at CERN and con-
sists of a Zeiss Crossbeam 540 SEM equipped with FIB. The imaging is performed
by InLens and Secondary Electron Secondary Ion (SESI) detectors. In order to per-
form the milling needed for inspection of the sample cross section, a protective plat-
inum layer (20 × 2 × 1 µm3) is deposited with an ion beam current of 300 pA and
accelerating voltage of 30 kV. This is a standard practice in FIB-SEM applications,
as this additional layer protects the sample from high-energy ions during imaging
and reduces charging effects caused by the ion beam. Platinum is usually chosen
because of its high conductivity and contrast in electron microscopy. In this case, a
20 × 10 × 4 µm3 sample volume was then coarsely milled with an ion beam current
of 3 nA and accelerating voltage of 30 kV. Prior to imaging, the cross sectional sur-
face was smoothened with an ion beam current of 300 pA and accelerating voltage
of 30 kV. The SEM imaging of the sample cross sections was performed at an ac-
celerating voltage of 3 kV. Thanks to this technique it was also possible to infer the
average film thickness.

The critical current density of the films was measured at the University of Geneva
by means of a Superconducting QUantum Interference Device (SQUID) Vibrating
Sample Magnetometer (VSM) by Quantum Design. The device is equipped with a
superconducting coil able to generate magnetic fields up to 7 T and to cover the tem-
perature range 1.8 K – 400 K. For these measurements, the standard sample size is
3 × 3 mm2 with variable thickness: 1.5 mm for the aluminium substrate and 0.5 mm
for the copper substrate. By measuring isothermal loops of the magnetic moment
m(B) in the field range - 7 T – 7 T it is possible to calculate Jc in the frame of the Bean
critical state model [180] using the equation Jc(T, B) = 2∆m(T,B)

Vt , which is valid for a
slab geometry in parallel magnetic field, where ∆m(T, B) is given by the separation
of the branches of the magnetic moment loop m(B) measured with opposite field
sweep directions at a given temperature T, and Vt is the product of the volume V
of the superconducting sample and its thickness t. The temperature values at which
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the loops m(B) are measured range from 2.5 K to 9 K. This investigation also allows
the estimation of the upper critical field Bc2, defined here as the intersection point of
Jc(B) with the Jc = 0 line.

6.4 Results and discussion

In the following sections the outcome of the characterisation of the Nb-Al control
samples, the Cu-Nb-[Al] samples from Run I and the Cu-Nb-[Cu]-[Al] samples from
Run II is presented and discussed in detail for each case. The results of the charac-
terisation measurements are summarised in Table 6.2 for all the samples.

6.4.1 Nb-Al control samples

The niobium control samples deposited on the aluminium substrates were analysed
first, in order to assess the quality of the coating recipe and the features presented by
the film on the aluminium substrate. In Fig. 6.5 the substrates are shown mounted
on the disk holder before (a) and after (b) the niobium coating. Aluminium AW-1050
was used for samples 1, 2 and 3, while AW-6082 was used for samples A, B and C.

The inductive measurement of the critical temperature lead Tc = 9.33 K and
Tc = 9.32 K for the films on the AW-6082 and AW-1050 substrates respectively, as
shown in Fig. 6.6. The width of the transition curve, ∆Tc ≃ 0.11 K (AW-6082) and
∆Tc ≃ 0.1 K (AW-1050). The shape of the superconducting transition curves ob-
tained with the inductive measurement is shown in Fig. 6.6 and does not present
any unusual feature, suggesting the absence of anomalies in the control films that
could affect the superconducting state and the passage to the normal state. A higher
value of Tc is normally observed for niobium films with respect to their bulk coun-
terpart due to residual compressive stress induced during the sputtering process,
and is expected to decrease with increasing sample thickness [181]. The measured
values are nevertheless comparable to Tc of the pure bulk material [182], indicating
a good level of purity of the control films. In addition to this, it is possible to observe

FIGURE 6.5: Aluminium substrates mounted on the disk holder before (a) and
after (b) the coating of the niobium control film. The AW-1050 substrates are

labeled as 1, 2, and 3; the AW-6082 substrates are labeled as A, B, and C.
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FIGURE 6.6: Inductive measurement of the superconducting to normal conduct-
ing state transition of the niobium control samples deposited on the AW-6082
(circles) and AW-1050 (triangles) aluminium substrates (black). The bare coil sig-
nal is also shown for comparison (triangles, grey). The sample Tc is extracted as

the temperature corresponding to the half-height of the transition curve.

FIGURE 6.7: SEM micrographs of the FIB-milled cross section of the niobium
control samples. The sample deposited on the AW-6082 substrate is shown in (a)
and the one deposited on the AW-1050 substrate is shown in (b). In both images,
the platinum (Pt) protective layer is visible on top, followed by the niobium film
(Nb) in the middle and the aluminium substrate (Al) at the bottom. The indicated

film thickness of 1 µm also provides the image scaling.

that films deposited on aluminium alloys of different purity show the same Tc, sug-
gesting that the purity of the mandrel employed in the reverse coating process is not
expected to be relevant for the purity of the functional niobium layer. The transition
width ∆Tc is comparable to what is observed from typical inductive measurements
of bulk niobium (∆Tc ≃ 0.05 K), also an indication of a low concentration level of
impurities in the samples. The signal produced by the leak field when the samples
are in the superconducting phase (T < Tc) is the same, as shown by the overlapping
signal before the phase transition takes place, and differs towards lower tempera-
tures due to effects of the coating on the sample edges, as previously discussed in
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FIGURE 6.8: Critical current Jc of the niobium control samples calculated, in the
framework of the Bean critical state model, from the VSM-SQUID measured sam-
ple magnetic moment loops m(B) at different fixed temperatures. The upper crit-
ical field Bc2 is taken as the field value at which Jc(4 K) = 0. The curves measured
for the sample deposited on the AW-6082 and the AW-1050 substrates are shown

in plot (a) and (b) respectively.

Section 5.5.2. The difference in amplitude between the signals on the normal con-
ducting side of the curve (for T > Tc) does not depend on the films but rather on the
different composition of the aluminium alloys used as substrate. For temperatures
lower than 10 K, an electrical resistivity of ρ > 0.1 µΩ cm has to be expected for
the AW-6082 and AW-1050 alloys [183], which results into a minimum skin depth of
3.5 mm for the aluminium substrates at the applied frequency of 21 Hz. Although
this is more than a factor 2 larger than the substrate thickness, making it nearly
transparent to the magnetic field, the difference in resistivity between the two alloys
is such that the eddy currents induced in the aluminium by the magnetic field have
higher intensity for the alloy with smaller resistivity (AW-1050). This finally leads
to a stronger screening by the eddy currents induced into the AW-1050 substrate
than the ones in the AW-6082: the latter are indeed not strong enough to separate
the normal conducting signal from the signal induced into the pickup coil without
a sample in between the coils (shown in light grey in Fig. 6.6), while in the lower
resistivity alloy the currents are intense enough to partly screen the magnetic field
and separate the signal from the bare-coils one.

The SEM images of the niobium film FIB-milled cross section are shown in
Fig. 6.7, with the film coated on the AW-6082 substrate shown in Fig. 6.7a and the
one on the AW-1050 substrate in Fig. 6.7b. In both images, the protective platinum
layer (Pt) is visible as first layer on top, followed by the niobium film (Nb) below and
the aluminium substrate last (Al). Both niobium films appear dense, free of voids
and show good adhesion to the substrate. The columnar growth pattern typical of
PVD thin films is also visible, with a coarser structure at the substrate interface, this
being the first one to be deposited and therefore containing the initially nucleated
film grains [139]. The SEM imaging of the film cross section made also possible to
infer the average thickness of the niobium layer to be 1 µm along the milled length
for both samples. The critical current density Jc extracted from the m(T, B) loops is
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shown in Fig. 6.8a for the film deposited on the AW-6082 substrate and in Fig. 6.8 b
for the one deposited on the AW-1050 substrate. The m(T, B) loops were measured
at four different fixed temperatures: 2.5, 4, 6, and 8 K, and five different fixed tem-
peratures: 2.5, 4, 6, 8 and 9 K for AW-6082 and AW-1050 respectively. The resulting
Jc values at B = 0.2 T and T = 4 K are 0.29 MA/mm2 for the sample on the AW-6082
substrate and 2.5 MA/mm2 for the sample on the AW-1050 substrate. It is prefer-
able that niobium films produced for SRF application exhibit critical current values
which are as low as possible, and these values can be considered satisfying [179] for
a niobium film of 1 µm thickness within the scope of this study. However, they still
suggest the presence of high density of dislocations in the material [17]. One can
also consider further reducing this Jc value especially when compared to currently
used state-of-the-art bulk Nb that exhibits critical current density values in the order
of 10 kA/mm2[184]. From the measurements of Jc the upper critical field Bc2(4 K)
was estimated to be ≃ 0.95 T and ≃ 1.25 T for the films deposited on the AW-6082
and the AW-1050 alloy substrates respectively.

Overall, the control niobium films exhibited good superconducting properties
and classic structural defects, reason why the same coating recipe was also adopted
for the next two coating runs for the production of the reverse-coated samples. In
light of the results obtained with the characterisation measurements of the control
samples, to avoid redundancy only the results obtained for the samples produced
with the AW-1050 aluminium mandrel will be presented and discussed in the next
subsections.

6.4.2 Run I: reverse Cu-Nb samples without Cu protective layer

The inductive measurement of the Run I samples, shown in Fig. 6.9, lead to a regular
transition curve only for the Cu-Nb-Al (pre-etching) sample, while for the Cu-Nb-
[Al] (post-etching) it revealed a poor-to-absent superconducting phase. From the
measurement of the Cu-Nb-Al sample it is possible to extract a critical temperature
of Tc = 9.35 K, with a width ∆Tc of about 0.16 K, while the post-etching measurement
of the Cu-Nb-[Al] sample shows a poor-to-absent superconducting phase, as it can
be seen in Fig. 6.9. The signal for T > Tc corresponds to 9.2 µV and 9.6 µV for the
samples with and without the aluminium mandrel respectively. For T < Tc only the
Cu-Nb-Al sample shows superconducting screening with a constant signal at about
2 µV. The Cu-Nb-[Al] sample signal is 7.6 µV already at T = 8 K and rises smoothly
to its normal-conducting value showing an edge-like feature at a temperature of
9.35 K.

The fact that the Cu-Nb-Al sample showed a higher value for Tc than the control
samples is likely an indication of a higher compressive residual stress level. This can
be explained considering that in this case, not only the niobium film suffers from the
residual stress caused by the growth process on the aluminium, but it is also con-
strained by the additional copper layer grown onto it which in turn adds up to the
original stress introduced by the first coating. The increased transition width sug-
gests the possibility of larger concentration of impurities with respect to the control
samples. The signal for T > Tc is about 1 µV smaller for this sample with respect
to the control samples due to the presence of the copper layer. The copper electro-
formed according to the procedure described in Section 6.2 has been shown to have
properties comparable to the OFE-grade copper [23] employed at CERN for the pro-
duction of SRF cavities. One can assume RRR ≥ 50 and hence an electrical resistivity
ρ ≤ 0.03 µΩ cm for low temperatures (< 10 K). This results in eddy currents which
are a factor 3 - 4 higher in intensity than in the aluminium mandrel and whose effect
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FIGURE 6.9: Inductive measurement of the superconducting transition of the
Cu-Nb-Al sample (Run I) before and after the etching of the aluminium mandrel.
The phase transition in the Cu-Nb-[Al] sample appears degraded by the mandrel

removal process.

FIGURE 6.10: SEM micrographs of the FIB-milled cross section of the reverse
coated Cu-Nb-[Al] samples. In (a) is the sample etched for 27 hours, time needed
for the complete removal of the aluminium. In (b), the sample etched for 28

hours, showing the signs of damage from exposure to the etching solution.

results into a normal conducting signal which is about a factor 4 more damped for
the reverse coated Cu-Nb-[Al] sample than for the Nb-Al (AW-1050) control sam-
ple. The normal conducting signal for the Cu-Nb-Al sample is even lower as the
screening effect of the eddy currents generated into the aluminium adds up to the
ones in the copper. The Nb-Cu-Al sample also shows, for T < Tc, a superconducting
screening signal in full agreement with the screening levels observed in the control
samples. The fact that after the mandrel removal the niobium sample no longer
shows the signs of a superconducting phase (the screening is reduced by a factor
∼ 4, absence of a step-like signal corresponding to the phase transition across Tc)
suggested that the chemical etching process applied to remove the aluminium was
detrimental to the functional film.

The SEM images of the FIB-milled cross section of two Cu-Nb-[Al] samples are
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shown in Fig. 6.10 and support the interpretation that the observed degraded super-
conducting performance of the sample is due to the aluminium etching. Fig. 6.10a
shows the sample also discussed above in the inductive measurements, which was
left in the etching solution for as long as the etching process took place (27 hours)
and removed as soon as it was finished. The main difference observable here with
respect to the control film in Fig. 6.7 is that the first deposited niobium layer cor-
responds now to the upper part of the film, i.e. the former interface with the alu-
minium mandrel. The 3 µm thick coated copper adhesion layer is also visible as
the large, columnar band structure below the niobium layer. Apart from these as-
pects, the sample does not appear appreciably different from the control samples.
Fig. 6.10b instead was taken of a sample that was left in the etching solution for 1
hour longer after the etching process was finished (28 hours). Here the sample ap-
pears damaged, with the part exposed to the etching solution being porous and at
intervals, detached from the material below.

Naturally niobium is protected by an air-formed oxide layer (Nb2O5) which is
enough to prevent corrosion by the sodium hydroxide in short exposure times. How-
ever, the dissolution of the oxide layer and the activation of the underlying niobium
surface have been observed for niobium in NaOH solution (at different concentra-
tions and temperatures) with increasing exposure time [185]. In the case of the Cu-
Nb-[Al] sample, the niobium film was deposited on aluminium and never exposed
to air, which prevented the formation of the protective oxide layer on its surface. As
soon as the aluminium layer was completely removed, two main processes are likely
to have taken place resulting in the degradation of the niobium film: for the sample
that was removed from the solution right at the end of the aluminium etching, the
hydrogen produced in the reaction

2Al(s) + 2NaOH(aq) + 2H2O(aq) → 2NaAlO2(aq) + 3H2(g) (6.1)

started diffusing into the niobium; in addition to this, for the sample that was left
in the solution for 1 hour longer than the end of the etching of the aluminium, the
hydrogen diffused into the niobium creating enough defects to promote the propa-
gation of the reaction from the surface into the film. Based on this, it was decided
not to proceed with the measurement of the sample critical current, as it would have
not provided additional insight on the interpretation of the effects of the mandrel
etching on the niobium film, with respect to what was already obtained from the
inductive and SEM measurements. Instead the choice was made to modify the man-
ufacturing process adding a protective layer as presented in Section 6.2.

6.4.3 Run II: reverse Cu-Nb samples with Cu protective layer

The results of the inductive measurements performed for the samples from Run II
are presented in Fig. 6.11. For these samples a copper protective layer (indicated as
(P) in Fig. 6.3) was deposited on the aluminium mandrel prior to the deposition of
the niobium film, differently from Run I in which the niobium film was deposited
directly on the mandrel. At every production step (i.e. for Cu-Nb-Cu-Al, the sample
as-deposited; Cu-Nb-Cu-[Al], after the etching of the mandrel; Cu-Nb-[Cu]-[Al], af-
ter the etching of the copper protective layer (P)) the niobium film shows a regular
superconducting transition curve, which suggests the production process to be free
from steps that can negatively affect the superconducting properties. All the mea-
surements show values of the critical temperature Tc in accordance with the values
measured for the control samples. The superconducting transition appears sharp
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FIGURE 6.11: Inductive measurement of the superconducting transition of the
reverse coated Cu-Nb-Cu-Al sample (Run II) before any etching, after the etching
of the aluminium mandrel and after the etching of the copper protective layer.

FIGURE 6.12: SEM images of the FIB-milled cross section of the reverse coated
Cu-Nb-[Cu]-[Al] sample. The platinum (Pt) protective layer is visible on top, fol-
lowed by the niobium film (Nb) in the middle and the copper (Cu) at the bottom.

for all the samples, with transition width ∆Tc values in the range 0.04− 0.06 K which
are smaller than what observed for the control samples, ∆Tc = 0.07 K.

The normal conducting signal (for T > Tc) for the Cu-Nb-Cu-Al sample is 0.5 µV
smaller than the signal observed for the Cu-Nb-Cu-[Al] and Cu-Nb-[Cu]-[Al] sam-
ples, due to the screening effect introduced by the eddy currents in the aluminium
layer, as previously explained in the discussion of the results from Run I. The signal
for the Cu-Nb-Cu-[Al] and Cu-Nb-[Cu]-[Al] samples overlaps as the copper protec-
tive (P) layer is not thick enough (1 µm) for the eddy currents to result in a detectable
screening effect. The superconducting screening signal (for T < Tc) for all three sam-
ples is consistent with what observed for the control samples and for the samples
from Run I. The fact that the signal for T < Tc remains flat for the Cu-Nb-Cu-Al sam-
ple while it presents a positive slope for the etched samples suggests that the sides
of the niobium film (which are exposed to the etching solution along the cut sample
edges) were damaged, facilitating early penetration of magnetic flux lines into the
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sample as the temperature increased towards Tc. The slope remains unchanged from
the Cu-Nb-Cu-[Al] sample to the Cu-Nb-[Cu]-[Al] sample, also suggesting that the
mandrel etching process affected the exposed parts of the niobium film (introduc-
ing the slope), rather than the etching of the copper protective layer, after which the
shape of the transition curve remains the same.

The effectiveness of the copper protective layer (P) is confirmed by the SEM
images of the FIB-milled cross section of the Cu-Nb-[Cu]-[Al] sample shown in
Fig. 6.12, where the niobium film is visible between the platinum and the copper
layers. Other than the uppermost part of the film (the first one to be deposited),
which might present a different nucleation pattern with respect to the niobium films
deposited in Run I, which were deposited on aluminium and not on copper, there
are no structural differences that can be observed between these samples and the
ones coated previously. The film is dense, in good adhesion with the copper layer
and overall appears healthy.

FIGURE 6.13: Critical current Jc of the reverse coated Cu-Nb-[Cu]-[Al] sample
(Run II) calculated in the framework of the Bean critical state model, from the
VSM-SQUID measured sample magnetic moment loops m(B) at different fixed
temperatures. The upper critical field Bc2 is taken as the field value at which

Jc(4 K) = 0.

The VSM-SQUID measurement of the critical current density Jc of the Cu-Nb-
[Cu]-[Al] sample, from which the upper critical field Bc2 is also extracted,is shown in
Fig. 6.13. At a temperature of 4 K the low field value of Jc is about a factor 10 smaller
than the average of what was measured for the control samples. As Jc and Bc2 are
both expected to increase with the sample disorder [179], these measurements prove
that the procedure established in Run II for the production of the reverse-coated
samples can provide niobium films whose performance is comparable to the control
niobium samples deposited on the mandrel.

Given the above results, two advantages are to be underlined about the reverse
coating technique with respect to standard fabrication methods: not only it repre-
sents a potential method for the production of seamless cavities, but also removes
the surface chemistry (needed to prepare the substrate for the niobium coating) from
the list of mandatory production stages, from which the quality of the film can de-
pend strongly. The next natural step in the feasibility study is the assessment of the
RF performance of the samples, but the way to proceed still has to be defined. The
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Characterisation results

Tc (K) ∆Tc (K) d (µm) Jc (MA/mm2) Bc2 (T)

Control samples

AW-1050 9.32 0.07 1 2.5 1.25
AW-6082 9.33 0.07 1 0.29 0.95
Run I
Cu-Nb-Al 9.35 0.11 - - -
Cu-Nb-[Al] x x 1 - -
Run II
Cu-Nb-Cu-Al 9.34 0.04 - - -
Cu-Nb-Cu-[Al] 9.34 0.06 - - -

Cu-Nb-[Cu]-[Al] 9.33 0.05 1 0.16 0.95

TABLE 6.2: Summary of the results of the characterisation measurements of the
control and reverse-coated (Run I, Run II) samples. The material removed by
chemical etching is indicated inside square brackets in the sample label. The
measurements which were not performed are indicated by "-" while the mea-
surements which were not conclusive are indicated by "x". The values for Jc are

measured at 4 K and 0.2 T, and Bc2 is given at 4 K.

manufacturing of a sample suitable for quadrupole resonator [17] (QPR) testing is
not feasible. Loading a flat sample inside a high-frequency test resonator, or directly
manufacturing a higher frequency, elliptical cavity (e.g. 1.3 GHz) will be consid-
ered as options. With regard to this, the treatment of the mandrel surface, which in
principle could simply be machined with mirror-like surface finish, and the related
consequences on the RF behaviour of the film are yet to be studied. Whether and
how this will have an impact on the RF performance is currently an open question.

Disclaimer: this work was performed in collaboration with the CERN colleagues from the
Surface-Coatings-Chemistry Section G. Rosaz and L. Lain Amador who provided assistance
and the coatings, and from the Materials and Metrology Section S. Pfeiffer and A. Baris, who
provided the FIB-SEM measurements. The critical current measurements were performed by
M. Bonura at the Department of Quantum Matter Physics of the University of Geneva. All
the contributors to this work are listed as authors of the resulting published article [28].
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Chapter 7

Nb3Sn coatings on copper via
bipolar HiPIMS

To obtain Nb3Sn films suitable to the final use as SRF coatings on copper cavities, a good con-
trol on the material stoichiometry and a balanced choice of the coating parameters must be
mastered. Although promising results have been obtained so far on dielectric substrates (e.g.
sapphire [186]), achieving comparable results on copper is all but straightforward. Employ-
ing copper as a substrate limits the temperature at which the coating process can take place,
because of the low weakening point of copper (600 ◦C – 650 ◦C), and requires the presence of
an intermediate layer to prevent copper-tin interdiffusion. In addition to this, porosities and
voids in the film must be avoided at any cost while aiming at good RF performance. The de-
position of dense Nb3Sn films on copper may be achieved via the bipolar HiPIMS sputtering
technique, although it can also be considered unexplored territory. In this Chapter, the pre-
liminary results from the study of the properties of Nb3Sn films deposited on copper via the
bipolar HiPIMS technique are presented. In Section 7.1, the general properties of Nb3Sn are
recalled. Section 7.2 presents the main results from the study made at CERN, previous to
this one, on Nb3Sn coatings made via DCMS [26], [187]. The study on the Nb3Sn on Cu
coatings via bipolar HiPIMS, with the experimental and characterization techniques, the
choice of data set and the film analysis results is finally presented in Section 7.3. The study is
currently still ongoing at CERN, guided by G. Rosaz and S. Leith within the R&D activities
of the Vacuum, Surfaces and Coatings group. The results presented here, for this reason, are
not comprehensive and do not pretend to be conclusive, but rather to demonstrate the state
of the art of the technique.

7.1 General properties of Nb3Sn

As previously discussed in Section 2.4.1, Nb3Sn is of significant interest to the SRF
cavity community due to its high critical temperature (Tc = 18.3 K), which is nearly
twice that of niobium, and its low BCS surface resistance (RBCS ∼ 0.4 nΩ at 4.2 K and
500 MHz) [111].

The superconducting properties of Nb3Sn are well known to be dependent on the
relative Nb-Sn composition, grain size, and strain state of the material [188]. When
niobium is alloyed with tin, it can form Nb1−βSnβ or the line compounds Nb6Sn5
and NbSn2 as illustrated in the Nb-Sn binary phase diagram by Charlesworth et
al. [189] shown in Fig. 7.1. These line compounds are also superconductors, albeit
not of practical interest, since they both exhibit a critical temperature below 3 K [190].
The phase of interest of the Nb-Sn system occurs when 0.18 ≤ β ≤ 0.25, which can
be formed at temperatures higher than 930 ◦C in the presence of a Sn-Nb melt or at
lower temperatures through the reaction between niobium and Nb6Sn5 or NbSn2.
The critical temperature of this phase depends on the composition and can range
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from 6 K to about 18 K [191]. The dashed line within the Nb1−βSnβ stability range
indicates a Sn-rich preferential A15 formation in that area, as suggested by some
studies [191]. A graphic representation of the Nb3Sn unit cell is given in Fig. 7.2.
Due to the A15 crystal structure of the Nb1−βSnβ system, the reduced distance in
the niobium chains with respect to the distance between the atoms in bcc niobium is
believed to result in the increased critical temperature. The primary cause of the sig-
nificant variations in Tc is often interpreted in terms of long-range crystallographic
order: tin vacancies in the A15 structure, which are considered thermodynamically
unstable, will lead the niobium atoms to fill the vacancies, affecting the continuity of
the niobium chain and resulting in those variations [192].

FIGURE 7.1: Binary phase diagram of the Nb-Sn system by [189]. The dashed
line indicates the suggested area for Sn-rich A15 formation [191]. The low tem-
perature data in the inset [192] show the stability range of the tetragonal phase.

Reproduced from [188] with permission of IOP Publishing.

Nb3Sn is generally referred to as a strong coupling superconductor, as in the
electron-electron coupling is mediated by a strong phonon-mediated pairing inter-
action, which is dependent on the material composition. The BCS theory provides
a weak-coupling approximation for the energy gap (and the critical temperature)
of superconductors at zero temperature which relies on the assumption that the at-
tractive interaction between the electrons is constant (i.e. independent of energy,
direction or temperature), which in turn yields the weak coupling limit represented
by the constant ratio given in Eq. 1.20. In strongly coupled superconductors, the
expressions for the energy gap and the critical temperature derived within the BCS
theory are no longer valid as they become dependent on the details of the electron-
phonon interaction. This results in a rise of the ratio given in Eq. 1.20 above the weak
coupling limit of 3.528.

By measuring the critical temperature via the inductive method and the super-
conducting gap via tunnelling I-V characteristics of Nb-Sn films, Moore et al. [193]
have estimated this ratio as a function of the film composition, as shown in Fig. 7.3a.
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FIGURE 7.2: Nb3Sn unit cell. The tin bcc lattice is represented in yellow, while
the orthogonal chains of niobium atoms bisecting the bcc cube faces are shown in

blue. Reproduced from [188] with permission of IOP Publishing.

FIGURE 7.3: (a) Ratio 2∆0/kBTc as a function of the film composition [193].
(b) Results from literature for the critical temperature of Nb3Sn bulk (plain cir-
cles [191] and gray circles [191], [192]) and thin film (fine dashed line [193]) sam-
ples as a function of the composition. The coarse dashed line represents the Tc(β)
fit proposed by Devantay [191]. The full line represents the Tc(β) Boltzmann
fit, as proposed by Moore [193], applied to Devantay’s data by Godeke [188].
For both fits, β represents the atomic tin content. Both figures are reproduced

from [188] with permission of IOP Publishing.

The solid line in Fig.7.3a represents the BCS weak coupling limit of 3.528. For
most of the composition range, the Nb-Sn films exhibit weak coupling, while becom-
ing strongly coupled for compositions above 23% – 24% of tin, close to stoichiometry.
Notably, Moore’s composition range is wider than that generally accepted based on
the Charlesworth phase diagram (Fig. 7.1). The critical temperature as a function of
atomic tin content is shown in Fig. 7.3b, combining data from Moore et al. [193] on
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Nb-Sn thin films and Devantay et al. on bulk samples [191] with additional data by
Flükiger [192]. Moore’s data systematically show a lower critical temperature for the
same tin content, saturating at about 18 K at approximately 28% tin content. Devan-
tay’s data is more in agreement with the composition stability range proposed by
Charlesworth, generally considered more accurate. However, the different nature of
the samples probed should be kept in mind: electron-beam co-evaporated thin films
on Al2O3 substrates in Moore’s study [193] and bulk alloys prepared from Nb and
Sn powders via a sintering-melting-annealing process in Devantay’s study [191].

Moreover, De Marzi et al. [171] discussed the expected effect of applied uniaxial
strain on the critical temperature of A15 Nb3Sn based on their first principle cal-
culations. The critical temperature of the bulk material is expected to decrease in
both compressive and tensile directions relative to the maximum value to which the
equilibrium state (absence of strain) corresponds.

7.2 DCMS coatings at CERN

Prior to the study presented here, research had already been conducted at CERN to
investigate the potential use of Nb3Sn on copper as SRF material[26], [187]. In these
studies, thin films of Nb3Sn were deposited on copper substrates via DCMS using a
stoichiometric target, and their superconducting and morphological properties were
evaluated to determine their suitability for use as the inner coating of SRF cavities.

Based on the known properties of the material [189] and on the experience gained
through the R&D for Nb/Cu cavities, the starting point for the study was identified
in the following key concepts:

] a precise control of the film stoichiometry is needed;

] high temperature treatments are needed for the formation of the A15 phase;

] applicable annealing temperatures are limited by the copper substrate.

To have control on the effects of the copper substrate, the films were deposited on
both ceramic and copper substrates. Both krypton and argon were used as sput-
tering gases. The krypton-coated films were expected to have fewer residual gas
inclusions than the argon-coated films [194], as the amount of gas included during
coating depends on the relative masses of the gas and the target sputtered mate-
rial. Two heat treatment routes were pursued, including post-coating annealing in
a vacuum furnace at temperatures ranging from 600 to 800 ◦C (the coating was per-
formed at the equilibrium temperature reached by the sputtering system during the
process without additional heating) and in situ annealing by actively warming up
the substrates during the coating process at temperatures from 600 to 735 ◦C. It was
also found that additional post-coating annealing of films reacted during the coating
process increased the critical temperature [26]. Furthermore, the benefits of an inter-
mediate layer deposited between the substrate and the functional Nb3Sn film were
investigated, after copper diffusion from the substrate into the Nb3Sn film at high
temperatures was observed. Tantalum was chosen as an intermediate layer between
the substrate and the functional Nb3Sn film and proved effective in preventing cop-
per diffusion.

The produced samples were analysed to assess their morphology, composition,
critical temperature and microstrain state. The obtained critical temperature as a
function of the tin content for the films on copper substrate produced without and
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FIGURE 7.4: (a) Critical temperature measured for the Nb3Sn DCMS coatings
on copper substrate [26], [187]. The blue circles are for the samples annealed
after the coating process. The red circles are for the the samples coated at
high-temperature. The black triangles and the full line represent the reference
bulk data reported by Godeke [188]. (b) Critical temperature measured for the
Nb3Sn DCMS coatings on copper substrate after the introduction of the tanta-
lum intermediate layer to prevent copper diffusion. Both figures are reproduced

from [187].

with the tantalum intermediate layer are shown in Fig. 7.4a and Fig. 7.4b respec-
tively. The data is shown together with the bulk data by Devantay and Flükiger as
reported by Godeke [188]. Although the best critical temperature achieved on ce-
ramic substrate was found to be 17.5 K [26], the copper substrate seems to have a
detrimental effect in the Tc. This can be seen in Fig. 7.4a, were the highest Tc cor-
responds to about 16 K. Although the samples which were post-coating annealed
exhibited a higher critical temperature, as stated in [26], the SEM surface scans re-
vealed the presence of cracks [187], likely due to the release of the residual stress
built in the film during the coating process. However, this was not observed for the
high-temperature coatings. A difference was also observed between the films sput-
tered in argon and krypton atmosphere: the latter did not show cracks following the
annealing process, unlike the first ones. The introduction of the tantalum interme-
diate layer sensibly improved the results on the Tc, as reported in [187]. However,
more information about these coatings is not availabe in literature. In summary, the
above study [26], [187] yielded the following results:

] the films deposited with argon at high pressure exhibit a high tin content but
a rough and porous morphology;

] the films deposited with krypton as sputtering gas demonstrated a higher
atomic tin content under the same coating conditions, but increase in krypton
pressure leads to a decrease of the tin content, likely due to re-sputtering;

] unlike the films deposited in argon atmosphere, the films deposited with kryp-
ton showed a crack free surface following post-coating annealing;

] the post-coating annealing step mitigates the high disorder levels shown by
the films deposited with both gases, improving the critical temperature;
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] the post-coating annealing step removes the undesired Nb6Sn5 or NbSn2 phas-
es which are present in the film before the annealing;

] the films annealed during the coating did not show unwanted Nb6Sn5 or
NbSn2 phases;

] the films annealed after the coating show a better critical temperature than the
ones annealed during the coating, but also exhibit a cracked surface which is
incompatible with RF operation;

] under the same conditions, films on copper systematically exhibit a lower crit-
ical temperature than the ones on a ceramic substrate;

] the introduction of a tantalum intermediate layer prevents the diffusion of cop-
per into the Nb3Sn layer and helps decreasing the lattice mismatch and reduc-
ing the residual stress in the Nb3Sn film, with consequent improvement of the
critical temperature.

7.3 HiPIMS coatings at CERN

Experimental evidence has demonstrated the efficacy of the bipolar HiPIMS tech-
nique in providing dense and void-free films, especially on surfaces oriented at graz-
ing angles with respect to the target surface, as reported by Avino et al. in a study
on niobium [19]. This finding is particularly relevant, as it makes bipolar HiPIMS
an interesting candidate technique for compensating one of the main reasons which
are thought to be behind the Q-slope observed in Nb/Cu cavities, as discussed in
Section 2.3.1.

Based on the results obtained at CERN with the studies on the DCMS coatings,
discussed in the previous section, the option of producing Nb3Sn coatings for SRF
cavities with the bipolar HiPIMS technique is guided by the following key elements:

] krypton is to be preferred as sputtering gas, due to the better performance with
respect to argon in terms of residual gas inclusions, film composition and final
surface morphology;

] a coating process performed at high temperature is to be preferred to avoid
surface cracking due to post-coating annealing;

] a tantalum intermediate layer between the copper substrate and the Nb3Sn
film is to be implemented to prevent tin-copper interdiffusion and decrease
the lattice mismatch between the film and the substrate, possibly leading to
less stressed films and therefore a better Tc;

] the way to a correct stoichiometry, with tin atomic content in the 18% – 26%
range, is to be explored further, with the target composition possibly playing a
role in addition to the chosen film production technique.

7.3.1 Experimental procedure

From May 2021 to January 2023 (the time interval covered by the results presented
here) a total of 104 coating runs were performed. Of these, a subset of runs was
selected to define the samples to be included in this study. The selection criteria
for the subset are discussed in Section 7.3.3. Although more runs have been done
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afterwards or still are being performed, they are not included in this study as the
characterization of the samples was not completed yet.

The coating system for the production of the Nb3Sn samples is shown in Fig. 7.5.
The open coating chamber can be seen in Fig. 7.5a, where the two targets (the tan-
talum target on the left and the stoichiometric Nb3Sn target on the right) can be
identified, with the sample holder mounted on top, 10 cm away from the target, and
indicated by the red arrow. Similar to the coating system employed for the reverse-
coating study and described in Section 6.2, also in this case the coating of the tan-
talum intermediate layer and of the Nb3Sn film can be performed consecutively by
moving the sample holder from one target to the next one without having to open
the chamber. The sample holder placed above the tantalum target during the coat-
ing can be seen in Fig. 7.5b, where the plasma is also nicely visible. In Fig. 7.5c six
samples can be seen arranged on the sample holder after the coating.

FIGURE 7.5: (a) Inside of the coating chamber. The tantalum target is visible on
the left, the Nb3Sn target on the right. The sample holder in the center, above the
targets, is indicated by the red arrow. (b) Inside of the coating chamber seen from
a view port during the coating process. The sample holder, indicated by the red
arrow, is placed above the tantalum target. (c) Sample holder with six samples

mounted on it, after the coating.
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Substrate properties

Material OFE-grade copper

Size (mm3) 11 × 35 × 1

Surface preparation SUBU (20 min)

Ta interlayer coating parameters Value

PKr (mbar) 1.0 × 10−3

Tcoat (◦C) 750

tcoat (min) 40

MP amplitude (V) -500

MP duration (µs) 50

MP Frequency (kHz) 1

PP amplitude (V) 50

PP duration (µs) 200

Delay (µs) 4

Average power (W) 350

Tann (◦C) 750

tann (min) 45

Pann (mbar) 1.0 × 10−3

Nb3Sn film coating parameters Value or Range

Target type Stoichiometric or Sn-enriched

Gas type Kr

Pcoat (mbar) 7.0 × 10−4 – 5.0 × 10−2

Tcoat (◦C) 210 – 750

tcoat (min) 90 – 240

MP amplitude (V) -500

MP duration (µs) 50

MP Frequency (kHz) 1

PP amplitude (V) 35 – 130

PP duration (µs) 200

Delay (µs) 4

Average power (W) 350

TABLE 7.1: Summary table including the copper substrate properties and the
coating parameters employed for the deposition of the tantalum intermediate
layer and the Nb3Sn films. The abbreviations MP and PP stand for "main pulse"
and "positive pulse" respectively, and refer to the voltage pulses of the bipolar

HiPIMS process described in Chapter 4.
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7.3.2 Characterisation techniques

The following techniques were adopted for the characterisation of the Nb3Sn sam-
ples:

] inductive measurement of the critical temperature;

] SEM scans of the film surface;

] SEM scans of the film FIB-milled cross section;

] EDS analysis of the film composition.

As already discussed in Section 6.3, the inductive measurement of the critical tem-
perature provides an early insight into the superconducting performance of the film.
In the case of Nb3Sn films it also provides qualitative information about the relative
Nb-Sn composition, as discussed in Section 7.1. One should take care that gener-
ally the coexistence of off-stoichiometry phases with the main Nb3Sn phase having
a lower critical temperature cannot be detected with the induction coil method as all
the lower Tc phases are screened by the phase with higher Tc. As also discussed by
Godeke [188], this may result into a systematic overestimation of the critical temper-
ature of the films not having a single, homogeneous, stoichiometric phase.

The SEM scans of the film surface and FIB-milled cross section help assessing the
surface morphology, the film density and granular structure and allow for the esti-
mation of the film thickness. The experimental devices employed for the SEM/FIB-
SEM scans are the same as described in Section 6.3.

The Energy Dispersive X-ray Spectroscopy (EDS) technique is used to estimate
the Nb3Sn film composition by bombarding its surface with the beam of energetic
electrons produced by the SEM electron gun and detecting the characteristic X-rays
emitted by the excited element. The detector associated to the SEM used in this
study is a 50 mm2 X-Max EDS detector by Oxford Instruments with AZtec software
for chemical composition analysis.

7.3.3 Selection of the data set

Of the above mentioned 104 coating runs, a final subset of 58 runs was selected for
this study, in order to have a homogeneous set of samples. The substrate properties
and parameter space covered for the coatings of the Ta intermediate layer and of the
Nb3Sn films are given in Table 7.1 for the selected subset. The selection/exclusion
criteria which led to the final sample group are listed below.

First, the following runs were excluded, in which:

] the coating process was aborted for technical reasons, or

] argon or xenon is used as sputtering gas instead of krypton, or

] the intermediate layer is niobium instead of tantalum, or

] the substrate is bulk niobium or ceramic instead of copper, or

] only the tantalum layer was deposited without the final Nb3Sn film, or

] the Nb3Sn film did not show a superconducting phase.

Among the remaining ones, were selected the runs in which:
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] the coating parameters for tantalum intermediate layer were fixed to the ones
indicated in Table 7.1, and

] the cathode power did not vary for the deposition of the Nb3Sn film and kept
a constant value of 350 W for all the runs.

The complete list of chosen runs with the corresponding parameters is given in Ap-
pendix B. The analysis of the final data set is presented in the next Section.

7.3.4 Results and discussion

DATA OVERVIEW

An example of typical transition curves measured for this study is given in Fig. 7.6,
where a typical ’broad’ (Fig. 7.6a) and ’narrow’ (Fig. 7.6b) transition is shown. The
Tc ± ∆T

2 corresponding values are (9.5 ± 0.5) K and (16.3 ± 0.2) K for run 71 and 139
respectively.

An overview on the time progress of the main quantities associated to the se-
lected subset of samples is given in Fig. 7.7. The coating runs appear in chronological
order and are labeled by the run number along the x-axis. Stacked vertically is given
the time evolution of the quantities involved in the data analysis: the critical tem-
perature of the Nb3Sn films, the width of the superconducting transition, the coating
parameters such as the positive pulse, the coating pressure and coating temperature,
as well as the tin atomic content and the film thickness. The plain markers flag those
runs for which a Sn-enriched target was used instead of the stoichiometric one. The
full grid lines indicate those runs for which a post-coating annealing was applied.

For the runs in which the critical temperature was measured on more than one
sample, the average value of Tc and ∆T is plotted with the standard deviation as
error bar. In all the graphs shown after Fig. 7.7, the critical temperature is plotted
with error bars. These represent the width ∆T associated with the transition, as
discussed in Section 5.4. For this reason a different style is chosen for the bars, to
distinguish them from the error bars shown in Fig. 7.7 representing the standard
deviation.

Toward the later runs, some data for the tin content and the film thickness is
missing, due to the characterization measurements not being completed yet at the
time of the analysis being presented. The involved samples were anyway kept for
the study not to exclude the information on the measured critical temperature.

The critical temperature of the samples is seen to improve over time with some
oscillations, with the highest and lowest values of Tc ± ∆T

2 = (16.6± 0.3) K and Tc ±
∆T
2 = (15.5 ± 0.4) K recorded for the runs 147 and 113 respectively. The transition

width ∆T, after some strong variations, stabilised on values ranging from about 0.5 K
to 1 K.

The effect of the coating parameters on the critical temperature is difficult to eval-
uate separately for each parameter, as the final Tc is rather the result of the combined
effects of all the parameters. At a first look, it is possible to notice that the highest
Tc values were reached at 50 V positive pulse, with some obvious Tc degradation cor-
responding to higher positive pulse voltages. A similar consideration can be made
about the coating pressure, with the high pressure values generally corresponding
to a better Tc. Not much can be stated at this point on the influence of the coating
temperature if not in combination with the post-coating annealing, which seemingly
leads to higher Tc when applied to the coatings performed at lower temperature.

Due to the missing data, it is not yet possible to know if the best Tc values system-
atically correspond to the highest tin content. Surely a correct stoichiometry has a
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FIGURE 7.6: Typical transition curves for Nb3Sn/Ta/Cu samples deposited via
bipolar HiPIMS. Run 71 (a) represents a typical broad curve with Tc ± ∆T

2 =

(9.5 ± 0.5) K, run 139 (b) represents a typical narrow curve with Tc ± ∆T
2 =

(16.3 ± 0.2) K.

positive influence on the final Tc, although a good critical temperature results from a
combination of factors. It is to be verified whether the introduction of a Sn-enriched
target may be of help or not in reaching and maintaining the desired stoichiometry.
What can be already seen is that it does not appear to have a detrimental effect.

The information on the thickness is given for completeness, and from the present
data it does not seem to play a leading role on the film critical temperature.

OBSERVED DEPENDENCIES

In order to have a consistent set of data, the following analysis only includes the coat-
ings performed at high temperature (750 ◦C) with the stoichiometric target. Also, the
two most commonly occurring values of the coating pressure (7 × 10−4 mbar and
2.5 × 10−2 mbar) and the positive pulse (50 V and 100 V) were chosen in order to
investigate any relevant trend.

First, the dependence of the critical temperature on the positive pulse and the
coating pressure is analysed. In fig. 7.8a the critical temperature is seen to decrease
with increasing positive pulse voltage. This can be interpreted as the more energetic
particles degrading the film quality in terms of critical temperature. This effect is
visible at both pressures but is worsened at low pressure. One possible explanation
to this is that, at low pressure and at the given temperature, the mean free path of
the sputtered particles is in the order of the meter, which implies that no collisions
take place along the path from the target to the substrate, placed 10 cm away. In the
high pressure case, the mean free path is estimated to be roughly 5 cm, for which
on average a few (1 – 2) collisions may occur, decreasing the energy of the particle
before it lands on the substrate.

Since at higher pressure the likelihood for the sputtered particles to lose some
energy by undergoing collisions along their path is higher, the worsening of the crit-
ical temperature observed for the more energetic particles is mitigated with respect
to the case at low pressure. This reasoning is supported by the plot in Fig. 7.8b,
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FIGURE 7.7: Time progress of the main quantities involved in the analysis of the
Nb3Sn coatings. Along the x-axis the numbers associated to each coating run
are given. The quantity name and the unit are given in each plot’s legend. The
measured tin content and thickness are also given, although the latest data is still
missing. The plain markers indicate the runs for which a Sn-enriched target was
employed instead of a stoichiometric one. The full grid lines indicate the runs for

which a post-coating annealing was performed.
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FIGURE 7.8: Critical temperature of the Nb3Sn coatings as a function of the posi-
tive pulse (a) and coating pressure (b).

FIGURE 7.9: Atomic tin content of the Nb3Sn coatings as a function of the positive
pulse (a) and coating pressure (b).

FIGURE 7.10: Transition width of the Nb3Sn coatings as a function of the tin
content. The critical temperature is indicated in gray-scale.
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where the critical temperature is plotted against the coating pressure. It is observ-
able how the increasing pressure has a positive effect on the critical temperature,
with a more evident effect on the more energetic particles (those for which the posi-
tive pulse is set at 100 V) for which the degradation of the critical temperature at low
pressures is more effectively mitigated with increasing pressure.

Second, it is useful to analyse the dependence of the tin content on the same
variables under the same conditions. The data set appears reduced due to the miss-
ing data about the tin content of the latest coatings. In Fig. 7.9a a decrease in tin
content is observed as the positive pulse is increased, suggesting that re-sputtering
takes place by means of the more energetic particles, with again a slightly stronger
dependence observed at low pressure, for which, as discussed earlier, the sputtered
species are expected to reach the substrate with higher energy due to the larger mean
free path. A dependence which is almost mirroring the one observed for the criti-
cal temperature is also observed in Fig. 7.9b for the tin content versus the coating
pressure, explaining the degradation of the Tc against the positive pulse as the film
stoichiometry moves away from the ideal Nb-Sn ratio. Also here, the effect is gen-
erally stronger for higher positive pulse. Overall both the pressure and the positive
pulse are observed to have an effect on the critical temperature, with a similar ef-
fect observed for the tin content. However, the pressure seems to have a stronger
influence on the tin content and this can be reasonably connected to the effect on the
Tc values.

The width of the transition, in Fig. 7.10, also exhibits a dependence on the tin con-
tent. In this case the data set is larger as all the pressure, positive pulse and coating
temperature values have been included. A general trend can be noticed, according
to which the higher the tin content the narrower the transition. This appears to be
also associated to higher values of the critical temperature. Although this observa-
tion is in agreement with what has been discussed so far, it cannot be considered
conclusive. If on one hand it is possible to rely on the assumption that a good stoi-
chiometry contributes to a sharp transition (and, at the same time, to a satisfactory
Tc), on the other hand the sharpness of the superconducting transition results from
a combination of factors rather than from the tin content only. This reasoning is
immediately applied to the critical temperature as well.

COMPARISON TO KNOWN DEPENDENCIES

To understand whether the data trends observed by Devantay and Flükiger for
bulk Nb3Sn [191], [192] and by Moore for thin Nb3Sn films [193] (readapted by
Godeke [188]) are reproduced by the HiPIMS coatings, the critical temperature of
the films is plotted against the tin content, together with the fit curves by Godeke
and Moore. In Fig. 7.11 the plot is reproduced three times, each time with the data
being color-flagged according to the coating pressure, positive pulse and coating
temperature values. The distribution of the Tc can be generally considered to be in
accordance with the data already presented in literature. The color flagging again
confirms the advantage of choosing high coating pressures, with the best samples
in terms of Tc all being coated at 2.5 × 10−2 mbar, and a medium-low positive pulse
voltage, with the best samples being the ones deposited at 50 V positive pulse. Con-
cerning the coating temperature, the best samples seem to be delivered by both the
coatings performed at 750 ◦C and at the system equilibrium temperature (or "room"
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FIGURE 7.11: Critical temperature of the Nb3Sn bipolar-HiPIMS coatings versus
tin content. The trend curves for the Nb3Sn bulk data by Godeke (full line) [188]
and thin film data by Moore (dashed line) [193] found in literature are reported.
The data are flagged by (from top to bottom) coating pressure, positive pulse and
coating temperature. The abbreviation RT (P-A) stands for room-temperature

(RT) coated and post-coating annealed (P-A).
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temperature, RT) coatings which have been post-coating annealed (P-A) for 24 h at
750 ◦C. At the same time, the post-coating annealing performed on the films de-
posited at 750 ◦C does not seem to improve the film Tc sensibly. Although the RT-
deposited, post-coating annealed films exhibit the best critical temperature, it will be
shown in the next Paragraph that this is not the only parameter to rely on, as these
coatings will exhibit a morphology which is not RF compatible.

FILM MORPHOLOGY

As just anticipated in the previous Paragraph, the samples exhibiting the best Tc in
the Tc versus tin content distribution appear to have a morphology that is not RF
compatible. This can be seen in Fig. 7.12, where the SEM images of the surface of the
films coated in run 141 and run 142 are shown. The two runs are coated at 750 ◦C
without P-A and at RT with P-A respectively. It is immediately seen that, although
the coating from run 142 exhibited a higher Tc of 16.4 K, the surface appears cracked,
with smaller grains and a non-homogeneous grain size distribution. This was ob-
served for all the coatings performed at RT with P-A. The presence of cracks, also
observed in the DCMS coatings [26], is especially adverse for RF applications. On
the contrary, for the coating from run 141 a lower Tc of 15.8 K is measured, yet the
surface morphology appears dense, the grains are bigger and their size more homo-
geneously distributed. The cracking of the films is most likely due to the release of
the compressive stress during the annealing process, built in the film during the RT
deposition, which also results in the higher Tc. It is known, in fact, that compressive
stress lowers the Tc of A15 superconducting structures [171]. The measured transi-
tion width is helpful for weighing the information conveyed by the critical temper-
ature, as the damaged film from run 142 shows a ∆T of 0.7 K, 0.2 K larger than the
one measured for the film from run 141 exhibiting a better morphology.

The analysis of the effects of the positive pulse, coating pressure and coating
temperature on the film morphology is also investigated, in Fig. 7.13, Fig 7.14 and

FIGURE 7.12: Comparison of surface morphology between a coating performed
at 750 ◦C without annealing and a coating performed at low temperature and

post-coating annealed.
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FIGURE 7.13: Effect of the positive pulse on the bulk morphology of the
Nb3Sn films. The red circles indicate possible voids.

FIGURE 7.14: Effect of the coating pressure on the surface morphology of the
Nb3Sn films.

FIGURE 7.15: Effect of the coating temperature on the surface morphology of the
Nb3Sn films.
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Fig. 7.15 respectively. For each of these quantities, a film coated at three different
values is shown, with all the other coating parameters not varying.

The value of the positive pulse did not appear to affect the morphology of the
film surface, but an effect can be observed in the bulk. The FIB-milled cross sections
of the coatings from run 81, run 86 and run 83 are shown in Fig. 7.13 to which a
positive pulse of 50 V, 80 V and 100 V correspond respectively. The grain size seems
to slightly decrease with increasing positive pulse, but mostly voids in the film bulk
appear, resulting in a less homogeneous film texture.

In Fig. 7.14 the surfaces of the films from run 59, run 96 and run 81 are shown,
deposited at a coating pressure of 7× 10−4 mbar, 8× 10−3 mbar and 2.5× 10−2 mbar
respectively. It can be seen as increasing the coating pressure results in the formation
of bigger and better defined grains. The origin of the pores appearing all over the
surface in all three cases is not yet explained.

The surfaces of the films from run 140, run 94 and run 81, deposited at 500 ◦C,
650 ◦C and 750 ◦C respectively, are shown in Fig. 7.15. It can be seen also here how
the higher coating temperatures result in a larger grain size. The pores mentioned
earlier are also visible here, although only in the high temperature coating.

It is worth commenting that it is encouraging to notice how the film morphology
reflects that described by Anders [149] in his phase diagram for the structure of films
deposited by energetic physical deposition processes such as HiPIMS.

FINAL REMARKS

Although the analysis presented here is not conclusive, several considerations can be
carefully made at this stage of the study. In terms of the critical temperature, it seems
better to limit the kinetic energy provided to the sputtered species by adjusting the
positive pulse around medium-low values (50 V) and the coating pressure toward
higher values (2.5 × 10−2 mbar), with the exact values depending on the experimen-
tal setup1. These two quantities are seen to have an effect on the critical temperature
possibly via their effect on the film composition, with the film tin content showing a
dependency on the positive pulse and the coating pressure which is very similar to
the one observed for the Tc. In fact, the tin content is seen to decrease for increasing
positive pulse, possibly due to re-sputtering by the high-energetic particles. The tin
content also appears to increase with increasing pressure, due to the smaller mean
free path of the sputtered particles.

The critical temperature as a function of the tin content of the HiPIMS coatings
follows the distribution found in literature [188]. When combined with the informa-
tion about the positive pulse and the coating pressure, these data validate the state-
ment for which low positive pulse and high pressure are the preferable options to-
ward a high Tc film. These statements are supported by the observed film morphol-
ogy too, which also demonstrated the possibility of producing dense Nb3Sn films
via bipolar HiPIMS.

Concerning the coating temperature, a specific trend of the Tc value could not be
found. The coatings performed at 750 ◦C exhibited a wide range of critical tempera-
tures. Annealing the samples after the coating did not bring an improvement in this
sense. However, the coatings performed at room temperature and annealed after the
coating displayed the highest Tc values. It later became clear from the surface mor-
phology that these coatings cannot be RF compatible as they exhibit severe cracks,

1The same study performed with a coating setup having different geometry, magnetron configura-
tion etc. might reproduce the trends observed here but report different absolute values for the coating
parameters.
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analogous to what was previously observed for the DCMS coatings [26]. If the tran-
sition temperature is an indicator of a high purity, homogeneous and stress-free ma-
terial for elemental superconductors like niobium, the interpretation for a compound
such as Nb3Sn is less univocal. As discussed in Section 7.1, Tc is definitely related
to the stoichiometry of the material (i.e. the niobium-tin content ratio), but the long-
range order, mainly affected by the tin vacancies in the A15 structure and the grain
structure also play a role. These are also related to the stoichiometry, as a tin-poor
film would necessarily present more vacancies than a close-to-stoichiometry one.
A stoichiometric film will likely show a high Tc yet will not necessarily exhibit a
sharp transition, even though the two quantities are likely to evolve in the same
direction, as observed earlier. The analysis of the morphology of the HiPIMS coat-
ings suggested that homogeneity of the film, large and homogeneously distributed
grain size as well as a dense and void-free morphology are all factors contributing
positively to a sharp transition. Adding information about the possible presence of
spurious Nb-Sn phases would help in validating/rejecting these observations.

Disclaimer: this work was performed in collaboration with S. Leith and G. Rosaz from the
Surface-Coatings-Chemistry Section at CERN, who provided the coatings and exchanged
knowledge in support of this study, and A. Baris, S. Pfeiffer and B. Ruiz Palenzuela from the
Materials-Metrology Section at CERN, who provided the SEM, FIB-SEM and EDS charac-
terisation measurements.





113

Conclusions

In the context of this thesis, three R&D activities for the advancement of the SRF
cavity system of the FCC have been carried out, all having in focus the development
and characterisation of superconducting thin films on copper. The materials consid-
ered in this thesis are niobium and Nb3Sn, in the form of thin films deposited via the
energetic physical vapour deposition technique of bipolar HiPIMS. The performed
activities are wrapped up in the following.

TEST STATION FOR Tc MEASUREMENT

A test station for the measurement of the critical temperature (Tc) of superconduct-
ing thin films produced in small samples has been commissioned and permanently
installed at the CERN Central Cryogenic Laboratory. The measurement of Tc per-
formed with this station is now the first step in the characterization routine of the
superconducting films produced at CERN for SRF cavity development.

The measurement of Tc represents a simple and relatively cheap way for a first
assessment of the quality of the thin film: from the value of Tc itself it is possible to,
e.g., infer the purity of an elemental superconductor such as niobium or about the
stoichiometry of a compound such as Nb3Sn.

The measurement system of choice for the test station is the induction-coil tech-
nique, which exploits the screening effect of a superconducting sample placed in
between two coils when in the Meissner state. This is a contactless technique, and
as such does not need probe contact or soldering, with the advantage to leave the
measured film intact and in good conditions for additional characterisation mea-
surements. For this particular test station, the two coil system is installed inside a
helium bath cryostat and run in helium vapour environment, with the vapour tem-
perature regulation implemented via a PID control loop. The system is built so that
the whole experimental apparatus needs minimal handling and only the samples
must be inserted/extracted for the measurement via a dip-stick. A user-friendly
LabView interface was designed to set, run and control the measurement.

The measurement station was tested and characterised before the final commis-
sioning. In the characterization phase, the magnetic field produced for the measure-
ment was simulated to have an estimate of the field lines distribution around the
sample and of the field values inside the experimental chamber, especially at the
sample surface, where the field is expected to be around 0.4 mT. The pickup coil re-
sponse to the magnetic field was also simulated and found in good agreement with
the measurements.

Measurements on five different reference samples were also performed to assess
the response of the system. The samples were lead, bulk niobium, niobium thin
film on copper deposited via HiPIMS, niobium thick multi-layer film on copper de-
posited via DCMS and Nb3Sn thin film on ceramic deposited via DCMS.

Based on the measurement for lead, an accuracy level of at least 99% can be
stated for the measurement station. The error on the measured critical temperature
is chosen to be the width of the superconducting transition ∆T as extracted via the
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10% – 90% method, since the temperature fluctuations are estimated to be as small
as 4 mK over an acquisition period of 10 s.

REVERSE-COATING STUDY FOR SEAMLESS NB/CU CAVITIES

The reverse-coating technique, conceived for the production of non-evaporable get-
ter (NEG) coated, small diameter beam vacuum chamber, was implemented for the
first time for the production of a seamless copper substrate for Nb/Cu SRF cavities
having the niobium layer already present at the end of the fabrication process.

The study, thought to address the feasibility of the technique, was performed on
a simpler geometry than an elliptical cavity, such as flat disk samples. According to
the method, a niobium film is first coated via bipolar HiPIMS onto an aluminium
mandrel which emulates the shape of the final desired object (the disk in this case,
the elliptical cavity as final aim). A copper layer is then coated onto the niobium
film, to serve as a root layer for the final copper structure which is electro-formed
on it. Once the copper structure is formed the aluminum mandrel can be removed
chemically, so that the final product will have the niobium layer left in it.

The study on disk samples demonstrated that the possibility of obtaining healthy
niobium films (in terms of Tc, purity and morphology) via this technique is real, pro-
vided that an additional copper protective layer is also applied between the niobium
film and the mandrel prior to the deposition of the niobium. In fast, the protective
layer was observed to protect the film from possible degradation introduced by the
chemical etching of the mandrel. The future step foreseen for the assessment of the
technique is the study of the performance of the reverse-coated niobium films in RF
conditions.

NB3SN THIN FILMS ON COPPER VIA BIPOLAR HIPIMS
Nb3Sn is still an option under investigation for coatings on copper for SRF cavities,
as alternative material to niobium.

The fact that HiPIMS was never used before for the production of Nb3Sn coat-
ings and the extended coating parameter space with respect to DCMS makes it not
an easy task to find a good coating recipe. The quality of the produced coatings was
studied in terms of Tc, composition and morphology, and an initial investigation of
the possible correlations between the film features and the coating parameters was
performed. It was observed that a choice of parameters leading to a lower energy of
the sputtered species, such as low voltage pulses and high coating pressures, results
into improved film quality in terms of Tc, composition and morphology. No par-
ticular dependency was observed with respect to the coating temperature although,
as previously observed for the DCMS coatings, applying a post-coating annealing
to coating performed at equilibrium temperature improved the Nb-Sn composition
ratio of the films but resulted in a cracked surface which cannot be considered com-
patible with RF use. Not all the coatings for which a high Tc was measured exhibited
a sharp superconducting transition, confirming that the right stoichiometry is only
one of the required conditions for good Nb3Sn films. In fact, the coatings which ex-
hibited a homogeneous, dense and void-free texture, with large grain size, were the
ones that also showed a sharp transition. The production of these coatings is still on-
going and this study cannot be conclusive. Further investigation is needed to make
a final statement on whether the choice of bipolar HiPIMS can lead to a satisfying
coating recipe for Nb3Sn films on copper.
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Appendix A

User guide for the Tc measurement
station at CERN

It is recommended to follow a standardized routine to operate the test station and
perform a measurement. This Appendix is meant as a friendly guide to the users
approaching the test station for the first time. It includes the instructions for the
operation of the cryostat, the dipstick (Excalibur for friends), the data acquisition
system and to run a measurement of Tc from the beginning to the next sample. At
the risk of stating the obvious, the most basic operations will be also mentioned, with
the hope of saving the user time- and helium-consuming oversights. However, it is
important to bear in mind that the following instructions only apply to the specific
system described in Chapter 5.

PREPARATION OF THE CRYOSTAT

] If the cryostat was exposed to air or inactive for a long time, it is good practice
to purge it before the first fill. This is done by pumping vacuum in the cryostat
with the purge pump (box 1, Fig. A.1) and then flushing with helium by re-
connecting it to the gasometer. Repeating this operation for three consecutive
times should ensure only a few ppm of air are left inside the cryostat before
filling it with helium, provided that no leaks occur during the procedure.

] If the cryostat is completely warm, the first fill should transfer between 200 and
250 mm of liquid helium, which will likely evaporate soon completely due to
the strong heat load from the cryostat.

] The helium level gauge should be turned on when the transfer has started.

] If the cryostat is cold, it is enough to fill 200 mm of liquid helium, to safely
ensure the helium level is below the entrance of the vapour inlet.

] Before starting any other activity, make sure that: the cryostat connection to
the gasometer is open (box 2, Fig. A.1) and that the cryostat has reached the
equilibrium pressure (Patm + 30 mbar); that the cryostat and the dewar are dis-
connected, hence there is no transfer line (box 3, Fig. A.1) connecting the two,
with the respective connections being sealed.

MOUNTING OF THE SAMPLE

] The sample must be mounted at the slit of the sample holder. It is good practice
to ensure it is as centered as possible, in order to have a symmetrical arrange-
ment of the sample-coils relative position, to achieve approximately the same
amount of leak field on each side of the sample.
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FIGURE A.1: Helium circuit for the Tc measurement station. All the parts of the
system are explained in detail in Chapter 5.

] If the sample consists of a film+substrate sample, by routine it is mounted
so that the film faces the drive coil. Given the system geometry described in
Chapter 5, this is done so that the screws at the holder slit press on the film
side when tightened, to ensure the copper side is pressed against the holder.

] The outer temperature sensor (TS-B) can now be secured to the back of the
sample by tightening it with Teflon tape. One must be careful when doing so
on a copper substrate, especially is annealed, as they are soft and bend easily.
Although this sensor is not used for measurements on films, it is recommended
to do so not to have any free hanging object while inserting the sample in the
experimental chamber.

] Open the helium flow valve at the top of the dipstick (box 4, Fig. A.1), so that
the vapour can flow up in when inserting the stick, pushing out any possible
residual air.



117

] Carefully lower the dipstick down the cryostat insert tube, paying special at-
tention not to hit and bend (or damage) the sample. Follow the guide so that
the dipstick is aligned with the custom positioning block when completely
down. This will ensure the correct position of the sample between the coils.

] Seal the dipstick to the insert and connect the flow tube to the mass flow meter
and the connector with the electrical connections to the temperature sensors at
the top of the dipstick.

PREPARATION OF THE MEASUREMENT (HARDWARE)

] Turn off the helium level gauge, otherwise it will be a noise source during the
measurement.

] Open the hand valves connecting the helium flow from the insert tube and
from the dipstick to the mass flow meter (box 5 and 6 respectively, Fig. A.1).

] Check that the NI acquisition cards are ON and all the devices are correctly
connected.

] Turn on the mass flow meter, the temperature controller, the amplifier and the
current source.

PREPARATION OF THE MEASUREMENT (SOFTWARE)

] Open the data acquisition program CTM_Main.vi with LabView and start the
.vi (’CTM’ stands for Critical Temperature Measurement). The GUI in Fig. A.2
will appear (from now on the boxes mentioned in the following refer to it).

] Insert the settings:

– Box 1 – sample name: indicate the material, coating run number and
sample number, e.g. "Nb-Cu-Run37-1";

– Box 1 – folder: click on the folder icon, select the folder where to store the
data, then click "current folder"; click "enter";

– Box 2 – acquisition channels: click "settings" then open the "DAQmx
channel" scroll menu, click "browse"; select the acquisition channels ai0
and ai1 (both at the same time) and click "OK"; do not close the menu yet;

– Box 2 – measurement settings: still in the "settings" menu, and fill the
fields as follows: "current" = 30 mA; "frequency" = 21 Hz; "compliance
voltage" = 10 V; "acquisition time" is to be set depending on the mea-
surement duration; "acquisition rate A" = 10 Hz; "acquisition rate B+C"
= 10 Hz1(A, B and C refer to the names of the three live monitors at the
top row of the .vi, highlighted by box 5 in Fig. A.2); click "OK";

– Box 3 – temperature controller settings: click "settings LakeShore" and
the settings menu will pop up; then, depending on the helium level, the
amount of vapour left in the cryostat and the number of measurements
already performed before the current run, one might need to either cool
down (1) or warm up (2) the system to the starting temperature desired
for the next measurement:

1The actual acquisition rate here is the default one provided by the NI cards, but due to an unre-
solved bug in the LAbView program it needs to be set to the same value as the acquisition rate for the
temperature and amplitude data.
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1. Step A: go to the second column from the left in the settings menu,
"Device EH101" is the heater in the helium bath to produce helium
vapour (always set in open loop as it is not PID controlled): must
be turned on from the scroll menu at the bottom and "heater range"
must be set as "high"; Step B: go to the third column from the left,
"Device EH102" is the heater around the helium vapour inlet to reg-
ulate the vapour temperature (PID controlled): the start point of the
temperature ramp must be set at "Set point" → "Value" → insert de-
sired start value in Kelvin, then "Ramp" must be set ON and "Rate"
on 0 K/min (when the ramp rate is set to zero it directly goes to the
set-point temperature without running a ramp); Step C: click "Save";

2. skip Step A from above and keep EH101 off; execute Step B and, after
that, EH102 must be turned on from the scroll menu at the bottom
and "heater range" must be set as "high"; proceed with Step C.

RUN THE MEASUREMENT

] Box 4: click "START" on the main panel.

] Wait for the temperature to stabilize at the setpoint value. For the system to be
considered thermalised it is good practice to wait until the temperature differ-
ence between TS-A and TS-B is smaller than 50 mK.

] Wait for the EH102 heater power to stabilise below 30%.

] Box 4: the magnetic field can now be turned on by clicking on "DRIVE COIL
OFF" (OFF/ON stand for the current status of the coil); the button should turn
green, as shown in Fig. A.2.

] Box 4: the data acquisition can be started by clicking on "ACQUIRE"; the indi-
cator light on the button should turn green, as shown in Fig. A.2.

] Box 3: on the LakeShore settings, without clicking on the settings button (i.e.
staying on the current window), the temperature ramp can now be set on the
"Sample heater = EH102" column: "Set point" → "Value" → insert desired final
temperature value in Kelvin, then "Ramp" is set at 1.5 K/min. Operation in
helium vapour makes the available temperature range to be limited to 4.2 K –
20 K for stable measurements.

] Box 3: start the ramp by clicking "OK".

] Box 4: when the final temperature is reached and the ramp is over, the data
acquisition can be stopped by clicking on "STOP ACQUIRE"; the indicator light
on the button should turn red.

] Box 4: the magnetic field can now be turned off by clicking on "DRIVE COIL
ON"; the button should turn back to gray.

] Box 3: heater EH102 can be turned off by setting "heater range" to "off".

] The measured data is stored in a .tdms file, containing all the measurement
settings and the logged data for both temperature sensors, both coils raw volt-
ages, pickup coil voltage amplitude and phase as extracted by the lock-in am-
plifier and the clock time stamp for the temperature and amplitude acquisition.
The data analysis for the extraction of Tc is performed offline according to what
discussed in Section 5.4.2.
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FIGURE A.2: GUI of the LabView data acquisition program for the measurement
of Tc. The details of the instrumentation employed for the measurement station

are discussed in Chapter 5.

PREPARATION OF THE NEXT MEASUREMENT

] The mass flow controller must be turned off and the hand valve connecting it
to the dipstick and insert tube flows closed (box 6, Fig. A.1).

] After having turned off the LakeShore controller, the connector to the temper-
ature sensors can be disconnected from the dipstick.

] Disconnect the flow tube from the dipstick (box 4, Fig. A.1).

] Lift the dipstick up while leaving it inside the cryostat. Lock it in position
and leave it warm up slowly before taking it out, to avoid air condensation on
the coils and connections taking place if taken out when too cold. Slow warm
up (as well as slow cool down) is also recommended to avoid damage to any
soldered electrical connections.

] When the dipstick is warm, can be taken out of the insert. A new sample to be
measured can now be mounted.
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Appendix B

Nb3Sn coatings data selection

Run
no.

Tc
(K)

∆Tc
(K)

PP
(V)

PKr
(mbar)

Tcoat
(◦C)

Sn
(At%)

d
(µm)

Post-ann.
(Y/N)

Enr. targ.
(Y/N)

59 13.3 0.9 50 7 × 10−4 750 23.7 2.5 N N

60 14.1 0.9 50 7 × 10−4 750 23.7 3 Y N

61 13.7 1.1 50 7 × 10−4 750 24.1 2.7 Y N

62 6.3 0.6 100 7 × 10−4 750 20 2.6 N N

63 13.1 0.2 50 7 × 10−4 750 23.7 2.7 Y N

66 6.3 0.8 100 7 × 10−4 750 20.4 2.6 Y N

67 11.6 1.2 80 7 × 10−4 750 23.2 2.5 N N

68 13.6 0.9 65 7 × 10−4 750 23.1 2.4 Y N

69 15 0.7 50 5 × 10−2 750 25 2.2 N N

70 6.7 0.8 80 7 × 10−4 750 20.7 2.7 Y N

71 9.5 1.2 100 7 × 10−4 750 22.4 2.1 Y N

72 8 1.4 100 7 × 10−4 750 21 2 Y N

73 14 0.4 50 5 × 10−3 750 25.1 2.6 N N

74 13.9 0.6 50 5 × 10−3 750 24.4 3.8 N N

75 13.7 0.4 50 2 × 10−3 750 24.3 3.6 N N

76 14 0.5 50 1 × 10−2 750 24.8 3.7 N N

78 13.6 0.7 50 1 × 10−2 750 24.4 3.6 N N

80 14.8 0.5 50 2.5× 10−2 750 26 3.2 N N

81 14.9 0.7 50 2.5× 10−2 750 21.9 3.2 N N

82 14.3 0.7 35 7 × 10−4 750 25.3 2.7 N N

83 12.8 0.9 100 2.5× 10−2 750 23.1 3.4 N N

84 14.4 0.7 65 2.5× 10−2 750 23.1 3.2 N N

85 15.3 0.7 35 2.5× 10−2 750 26.4 3.3 N N

86 14 0.6 80 2.5× 10−2 750 22.5 3.2 N N

87 15 0.7 50 2.5× 10−2 700 25.9 3.2 N N

88 13 0.6 50 7 × 10−4 650 24.6 2.8 N N

TABLE B.1: Data set employed for the data analysis presented in Chapter 7. Con-
tinued in Table B.2.
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Run
no.

Tc
(K)

∆Tc
(K)

PP
(V)

PKr
(mbar)

Tcoat
(◦C)

Sn
(At%)

d
(µm)

Post-ann.
(Y/N)

Enr. targ.
(Y/N)

93 10.7 0.5 50 7 × 10−4 700 23.6 – N N

94 14.6 0.6 50 2.5× 10−2 650 25.9 – N N

96 13.9 0.5 50 8 × 10−3 750 25.2 – N N

112 14.9 0.7 50 2.5× 10−2 750 25.2 – N N

116 14.6 0.6 50 2.5× 10−2 600 25.9 – N N

118 14.4 0.5 50 2.5× 10−2 750 25.4 – N N

119 14.4 0.6 50 2.5× 10−2 750 26 – N N

121 14.6 0.6 50 2.5× 10−2 750 25.2 2.9 N N

132 16.1 0.6 50 2.5× 10−2 210 23.9 – Y N

133 15.5 0.8 50 2.5× 10−2 210 24.7 – Y N

137 16 1 50 2.5× 10−2 210 23 – Y N

139 16.3 0.5 50 2.5× 10−2 210 24.6 3.8 Y N

140 11.2 1.1 50 2.5× 10−2 500 26.3 – N N

141 15.8 0.5 50 2.5× 10−2 750 25.4 – N N

142 16.4 0.7 50 2.5× 10−2 210 24.3 – Y N

143 16.3 0.9 50 2.5× 10−2 210 24.5 – Y Y

144 16.4 0.7 50 2.5× 10−2 210 23.5 2.8 Y Y

145 16.2 0.9 50 2.5× 10−2 210 – – Y Y

146 16.2 0.8 50 2.5× 10−2 750 – – N Y

147 16.6 0.6 50 2.5× 10−2 210 – – Y Y

148 16.3 0.7 80 2.5× 10−2 224 – – Y Y

149 15.5 1.1 130 2.5× 10−2 230 – – Y Y

151 14.9 0.5 50 2.5× 10−2 235 – – Y Y

153 13.2 0.5 50 7 × 10−4 250 – – Y Y

154 14.8 0.9 50 7 × 10−4 260 – – Y Y

156 16.2 0.76 50 2.5× 10−2 750 – – N Y

157 15.3 0.7 50 2.5× 10−2 600 – – N Y

158 16.5 0.7 50 2.5× 10−2 240 – – Y Y

159 13.6 0.4 50 7 × 10−4 750 – – N Y

160 15.5 1.1 50 8 × 10−3 750 – – N Y

161 15.7 0.8 50 2.5× 10−2 750 – – N Y

162 15.2 0.5 50 2.5× 10−2 750 – – Y Y

TABLE B.2: Data set employed for the data analysis presented in Chapter 7. Con-
tinues from Table B.1.
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