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Resumen
Desde principios del siglo pasado, la superconductividad ha supuesto un avance
espectacular para algunas aplicaciones. Algunas de ellas están muy consolidadas y otras
suponen una mejora considerable frente a las alternativas basadas en “materiales
tradicionales”, a pesar de que todavía existen ciertas limitaciones que se deben superar.
Un buen ejemplo de este último grupo son las aplicaciones de potencia (generación de
energía o aquellas relacionadas con la distribución): Máquinas rotativas – generadores o
motores –, cables, estabilizadores de red, etc. Para el desarrollo y mejora de estas
aplicaciones, la comunidad científica tiene que contar con las restricciones propias de este
tipo de materiales. Sus esfuerzos deben centrarse en la mejora de las propiedades
superconductoras, en el diseño y fabricación de conductores con arquitecturas que
muchas veces son complejas, y en la integración de esos cables y los diferentes
componentes en un sistema asegurando su fiabilidad. Es necesario prestar especial
atención al estudio y optimización de las propiedades mecánicas, térmicas y
electromagnéticas de esos conductores y, por ende, del sistema completo.
Un completo análisis del comportamiento desde el punto de vista térmico es esencial para
diseñar el correcto funcionamiento del dispositivo, sobre todo mientras trabaja en
régimen superconductor a temperaturas criogénicas. El comportamiento térmico está
fuertemente relacionado con las propiedades electromagnéticas de los materiales
superconductores, caracterizándose por curvas voltaje-intensidad con una alta nolinealidad y una fuerte dependencia de sus propiedades superconductoras con la
temperatura y el campo magnético. En este contexto, una parte importante de esta tesis
está relacionada con la estabilidad térmica de distintos dispositivos superconductores y
sus necesarios equipos auxiliares.
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Resumen
Desde el punto de vista de los materiales superconductores, su estabilidad térmica es
crucial para asegurar las condiciones de operación de todas las partes del sistema. A la
hora de diseñar un dispositivo superconductor y asegurar unas condiciones estables de
trabajo, se ha de tener especial cuidado con la generación y propagación de
inestabilidades térmicas (quench). Estas transiciones irreversibles desde el estado
superconductor a un estado normal (resistivo) mientras el sistema está en
funcionamiento, se pueden inducir aplicando sobrecorrientes o perturbaciones térmicas
en el conductor. Estos estudios son muy importantes tanto en el diseño de hilos y cables,
como en la configuración de bobinas.
Asimismo, el diseño del sistema criogénico auxiliar, necesario para mantener las
condiciones de operación de estos materiales, desempeña un papel importante en la
estabilidad térmica del propio dispositivo. La inyección de corriente al dispositivo puede
suponer, si no está bien diseñada, un aporte de calor que suponga que el superconductor
trabaje por debajo de su potencial. En consecuencia, es importante controlar la
generación de calor a lo largo de las barras de alimentación de corriente, así como
proporcionar un anclaje térmico a las distintas partes (superconductoras e intermedias)
para asegurar las adecuadas condiciones de temperatura.
Otra aplicación para la que la superconductividad ha supuesto una mejora relevante son
las cavidades resonantes de radio frecuencia. Estos resonadores se emplean en los
aceleradores de partículas y necesitan ser fabricados con materiales con una resistencia
muy baja para mejorar su rendimiento. De esta forma, los materiales superconductores
suponen una alternativa real que incrementa su eficacia notablemente. Las características
superficiales de estos materiales condicionan los fenómenos de superconductividad
superficial, por lo que para esta aplicación es necesario disponer de materiales con alta
pureza y controlar sus propiedades superficiales.
A lo largo de esta tesis se ha empleado tecnología láser para la modificación de
propiedades superficiales con dos finalidades diferentes relacionadas con materiales
superconductores y sus aplicaciones. En los láseres pulsados, la duración del pulso está
directamente relacionada con el aporte de energía a la superficie procesada. Pulsos más
largos que centenares de picosegundos inducen procesos principalmente térmicos por lo
que pueden usarse para calentar, fundir o generar ablación del material de la superficie.
Por otro lado, la interacción de la materia con láseres de pulsos ultracortos (más cortos
que unos picosegundos) se rige por otros mecanismos diferentes y facilita la formación
de nanoestructuras en la superficie. En este trabajo se han empleado distintos láseres
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Principales retos abordados en las publicaciones
(duración de pulso y longitud de onda diferentes) con diversos objetivos. Por un lado, se
ha utilizado un láser de infrarrojo cercano con pulsos de 200 ns para fundir, total o
parcialmente, un recubrimiento cerámico sobre sustratos metálicos. Por otro lado, se han
empleado diferentes láseres de pulsos ultracortos para nanoestructurar la superficie de
materiales superconductores: un láser ultravioleta de 300 ps y dos láseres que emiten en
el infrarrojo cercano con pulsos en el rango de los femtosegundos.
Esta tesis se ha estructurado de la siguiente manera: Se ha incluido un capítulo de Estado
del arte en el que se introducen tecnologías asociadas con la superconductividad y con el
procesado láser de superficies. En la primera parte, se presta especial atención a las
aplicaciones superconductoras relacionadas con el trabajo descrito en esta tesis, en
particular aplicaciones de potencia y las cavidades resonantes superconductoras.
Conjuntamente, en el apartado de tecnologías láser, se describen los procesos de fusión
y de nanoestructuración de superficies. A continuación, se incluye el compendio de
artículos, que agrupa los principales resultados obtenidos a lo largo de la tesis
relacionados con los principales retos abordados. Posteriormente, en la discusión de
resultados se completan las publicaciones con otros resultados parciales y trabajos
paralelos a incluidos en las publicaciones. Por último, se exponen las principales
conclusiones de la tesis, indicando además varias líneas de investigación que quedan
abiertas gracias a este trabajo.

Principales retos abordados en las publicaciones
En la primera parte de esta tesis doctoral, se analiza la estabilidad térmica de cables y
bobinas superconductoras. Se ha estudiado la generación y propagación de quench en
cables de diboruro de magnesio (MgB2) con geometría Rutherford. Este tipo de cables
trenzados aportan varias ventajas sobre otros conductores del tipo “monolítico” (hilos o
cintas), ya que suponen un incremento de la capacidad de transporte y la reducción de
pérdidas AC, que están relacionadas con la presencia de corrientes o/y campos
magnéticos alternos. Típicamente, se emplean dos configuraciones para estudiar los
quench: la generación de calor localizada, simulando un punto caliente gracias a un
calentador externo y, por otro lado, la aplicación de sobrecorrientes (corrientes por
encima de la corriente crítica del cable). En la publicación A se emplean los dos tipos de
experimentos para analizar el comportamiento de cables compuestos por 12 hilos, cada
uno de los cuales está formado por un único filamento de MgB2 rodeado por una barrera
de Nb y, todo ello, recubierto por una aleación de cobre-níquel. También se ha estudiado
9

Resumen
cómo influyen las propiedades de dicho recubrimiento metálico en el comportamiento
global del cable.
Por otro lado, se ha analizado la estabilidad térmica de una bobina tipo doble pancake
fabricada con cinta de material superconductor de alta temperatura de segunda
generación (2G-HTS), la cual se bobinó de forma continua y sin aislamiento entre espiras.
La bobina se ancló térmicamente al dedo frío de un crio-generador para ser enfriada por
conducción. Este tipo de bobinas sin aislamiento aportan mayor robustez ante
inestabilidades térmicas y son más compactas, pero generan un pequeño retraso entre
las rampas de corriente y del campo magnético, además de pérdidas adicionales durante
los procesos de carga y descarga, que pueden suponer un problema en algunas de las
aplicaciones. En la publicación B se analizó el comportamiento térmico y
electromagnético de esta bobina incluyendo los procesos de carga y de descarga, la
medida de la corriente crítica de la bobina, las pérdidas generadas, y sus diferentes
contribuciones, durante las rampas de carga y descarga, así como la conductancia térmica
que se establece en las diferentes uniones térmicas que se han utilizado para refrigerar la
bobina.
Para poder realizar estos estudios fue necesario inyectar de forma estable corrientes por
encima de los 400 A. Esto supuso un reto por el calor generado en el equipo y en las barras
de corriente, con un extremo a temperatura ambiente y otro a temperaturas criogénicas
con la bobina. Estas barras de corriente se han diseñado con tres partes, conectadas por
uniones atornilladas, que a su vez están termalizadas y presentan aislamiento eléctrico.
La estabilidad térmica de estas barras también se analiza en la publicación B.
Ese anclaje o disipador térmico necesita presentar buena conductancia térmica y
aislamiento eléctrico. La solución propuesta fueron piezas de cobre recubiertas por una
capa de alúmina proyectada por plasma. Esta capa mantiene el aislamiento eléctrico, pero
es necesario mejorar sus propiedades térmicas. En la publicación C se estudia cómo,
mediante el procesado laser de superficies, se puede densificar y re-fundir la capa de Al2O3
mejorando su comportamiento térmico sin que se vea comprometida la unión del
recubrimiento con el sustrato. Para ello ha sido necesario optimizar todos los parámetros
de procesado láser reduciendo la formación de agujeros y grietas en el fundido frío, así
como inducir un cambio microestructural en el recubrimiento que mejore las propiedades
térmicas de la unión.
La versatilidad de las tecnologías láser permite facilitar la formación de nanoestructuras.
Otro de los objetivos de este trabajo fue estudiar si las propiedades superconductoras
10
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pueden verse modificadas por la interacción con radiación láser. Una estancia de 3 meses
en el Bundesanstalt für Materialforschung und –prüfung (BAM, Berlin, Alemania) brindó
la posibilidad de emplear láseres de pulsos ultracortos para el procesado de superficies.
La utilización de estos láseres facilita la formación de micro y nanoestructuras en la
superficie del material con una disposición casi periódica, lo que abre un nuevo camino a
la ingeniería de superficies y una gran variedad de nuevas aplicaciones.
Desde el punto de vista de la superconductividad, en particular los superconductores tipo
II, una determinada red de defectos puede mejorar las propiedades magnéticas del
material, especialmente para campos magnéticos externos entre los campos críticos
inferior y superior, HC1 y HC2, respectivamente. Además de estos estudios que tienen una
componente de volumen importante, se han estudiado los efectos en la
superconductividad superficial, que persiste en una capa muy fina, incluso con campos
magnéticos superiores a HC2. Las publicaciones D y E son los primeros trabajos que
demuestran que estos tratamientos láser pueden modificar las propiedades
superconductoras del material. Para estos estudios se han utilizado muestras de niobio
por ser el elemento puro superconductor con una temperatura crítica y campos
magnéticos críticos más altos. Dichas estructuras han sido generadas con distintos láseres:
un láser ultravioleta con pulsos en el rango de cientos de picosegundos, y dos láseres que
emiten pulsos en el infrarrojo cercano en el rango de los femtosegundos. Además, se han
estudiado tratamientos en diferentes atmósferas. Esta modificación superficial es de gran
interés para una aplicación directa del material, como es la construcción de cavidades
resonantes de radio frecuencia.
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Overall objectives of the thesis
Since the beginning of the past century, superconducting technologies have meant a
spectacular upgrade in some applications. Some of them are already well stablished, some
others offer some advantages in comparison with those based on “traditional” materials,
but challenges still remain. Good examples of the latter type are power generation
applications and those related with grid technology: Rotating machines (generators and
motors), cables, grid stabilizers, etc. In order to develop and to improve these applications
and many others, scientific community has had to deal with intrinsic restrictions of these
materials. The development of these devices covers multiple aspects, from those directly
related with the improvement of the superconducting properties, through the design and
manufacture of complex conductor architectures, to those related to the correct
integration of the different components and the reliability of the system. Special attention
has to be paid to the study and optimization of the mechanical, thermal and
electromagnetic properties of the used conductors and the final device.
Thermal behaviour analysis is essential to a proper functioning of the device in the
superconducting operation regime at the required cryogenic temperatures. The thermal
performance of the device is directly linked with the electromagnetic properties of the
superconducting materials, characterized by highly non-linear current-voltage curves and
by the strong dependence of the superconducting properties with temperature and
applied magnetic fields. Within this context, a large part of this thesis is connected with
thermal stability of different superconducting devices and its required ancillary
technologies.
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Overall objectives of the thesis
From the superconductor point of view, thermal stability is crucial to ensure every part of
the device is working under the adequate operating conditions, whatever the
superconducting material used to fabricate it. When designing a superconducting device,
special care has to be taken with the generation and propagation of quenches, in order to
ensure stable working conditions. An overcurrent or a heat disturbance can trigger a
quench, which is the irreversible transition of the whole superconducting device to the
normal (resistive) state during operation. These studies are relevant both, in the design
of the wire and cable architecture as well as of the coil configuration.
Moreover, the design of the cryogenic system can play a relevant role in improving the
thermal stability of the system. Current injection to the superconducting device may
represent a heat overload, which can produce the superconductor to work below its
potential if it is not properly designed. Therefore, it is important to control the heat
propagation along the current leads and other ancillary equipment, as well as to provide
the correct thermal anchorage of the superconductor and heat sinks, to ensure the
appropriate temperature conditions.
Another application where superconductivity has been a step forward are the radio
frequency cavities. These resonators are used in particle accelerators, and thanks to
ultralow resistivity of superconducting materials, cavities performance has achieved an
extraordinary upgrade. Surface properties determine surface superconductivity in these
materials, being relevant their purity and surface control.
In this thesis, laser technology has been applied to modify the surface properties of the
materials in two very different requests related with superconducting materials and their
applications. Laser pulse duration has a direct relation with the energy delivery, so that
near infrared (n-IR) lasers with pulses duration longer than hundreds of picoseconds
produce mainly thermal processes that can be used to heat, melt or ablate the material
surface. By contrast, the interaction of ultrashort (shorter than few picoseconds) pulse
lasers with matter obeys to different mechanisms and eases surface nanostructuring.
During this work, different pulsed lasers, which differ in wavelength and pulse duration,
have been used with different objectives. In one hand, a laser of wavelength in the n-IR
and with pulse duration of about 200 ns has been used to melt, totally or partially, ceramic
coatings over metallic substrates. On the other hand, ultrafast laser irradiation has been
used to nanostructure the surface of superconducting materials. Different nanostructures
have been induced with a 300-ps UV and two fs n-IR laser sources.
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Main challenges addressed in the publications
This thesis is structured as follows. Next section after referring the thesis objectives is a
State-of-the-art where superconducting and laser technologies are presented. Taking into
account the applications of the superconducting materials that have been studied in this
work, this description has been centred on power applications and superconducting radio
frequency (SRF) cavities. On the other hand, laser technologies and their use in materials
processing, based on both, melting and surface nanostructuring treatments, have been
described. The following section is the compendium of publications and all the obtained
results related with the main challenges of this thesis. Furthermore, a joint discussion of
the main results of this thesis is exposed. Finally, main conclusions derived from the
presented work are depicted, indicating also some research lines that have been opened
as a result of the developed work.

Main challenges addressed in the publications
Opening works presented in this PhD thesis are related with the analysis of thermal
stability in superconducting cables and coils. Quench generation and propagation have
been studied in a MgB2 Rutherford cable. This braided-type conductor provides several
advantages over other conductors, such as an increase of current transport and a
reduction of alternating current (AC) losses. Usually, two different experimental
configurations are used to perform these analyses. The first option is to generate a
localised hot-spot using a heater. The second one is to induce the quench by overcurrents,
i.e., by applying currents higher than the critical current. In publication A, both
configurations have been used to analyse the behaviour of a cable made with 12 strands
of monocore MgB2/Nb/Cu10Ni wire during a quench, by measuring the evolution of intraand inter-strand voltages. The influence of the physical properties of the metallic sheath
in the wire performance has been studied.
Thermal stability has also been studied in a double pancake continuous coil. The first
objective has been to build a double pancake (DP) continuous coil fabricated with second
generation high temperature superconducting (2G-HTS) tape without insulation between
turns, being able to withstand high currents. It has been cooled by conduction (anchored
to a cryocooler’s cold finger). Then, thermal and electromagnetic behaviour of the coil
have been analysed. No-insulated coils are proposed to provide more robustness against
thermal instabilities than the standard ones. They also reach greater compactness. By
contrast, they present a delay between current and magnetic field ramps, together with
additional losses during charge and discharge that could be a drawback for some
17
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applications, where ramping should be as fast as possible. In publication B, the
electromagnetic and thermal properties of a DP coil have been analysed, including:
Charge and discharge characteristics, experimentally measured and numerically
estimated critical current values, different loss contributions during current ramps and
the thermal contact conductance between different parts of the double pancake coil.
Their implications on the coil thermal stability have been discussed.
In these studies, electrical currents higher than 400 A in steady conditions have been
implemented. This represents a challenge because of the heat generated in the current
leads that connect room temperature to the coil. Current leads have been designed in
three sections and were connected by bolted junctions that are thermally anchored to
heat sinks using electrical insulating junctions. The behaviour of these current leads has
been also described in publication B.
To develop the heat sinks of the cryocooler current leads, an option based on copper
pieces covered with a plasma-sprayed alumina (Al2O3) coating has been proposed. This
layer maintains the electric insulation, but its thermal conductivity needs further
improvement. In publication C, laser technologies have been applied to densify the
plasma-sprayed Al2O3 layer by remelting the alumina coating using a pulsed near infrared
laser. Laser parameters have been adjusted to minimize crack generation and to improve
the microstructure and thermal properties of the system, ensuring at the same time that
the ceramic remains attached to the copper.
Laser technologies are also a versatile tool for surface nanostructuring. The final objective
of this work has been to explore if superconducting properties can be modified by the
interaction of these materials with laser irradiation. A three-month stay at Bundesanstalt
für Materialforschung und –prüfung (BAM, Berlin, Germany) opened the possibility of
using ultrashort pulsed laser processing. Pulse laser duration in the sub-nanosecond range
can easily induce the formation of micro- and nanostructures on the irradiated surface
with a well-defined periodicity. Recent advances based on this new phenomenology have
opened a new path for surface engineering, creating a vast range of possibilities and
applications.
From the superconductivity point of view, in particular type II superconductors, a precise
lattice of defects can enhance its magnetic properties, especially in presence of external
magnetic fields ranged between lower (HC1) and upper (HC2) critical values. In addition to
these studied fields with a relevant bulk component, changes in the surface
superconductivity, which persists in a very thin layer for magnetic fields above HC2, have
18
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been examined. The two works, published in Publications D and E, are the first works
where it is demonstrated that these surface laser treatments modify superconducting
properties.
These studies have been performed on niobium samples, the superconducting pure metal
with the highest critical temperature, TC (9.28 K) and critical magnetic fields. Different
laser sources have been used to generate different nanostructures: An ultraviolet
picosecond laser and two near infrared femtosecond lasers. Moreover, the use of
different atmospheres during laser treatments has been studied. This surface
modification may have great interest in a direct application of this material, as, for
instance, in the construction of superconducting radio frequency (SRF) cavities.
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1. Superconducting Materials and
their applications
1.1 Phenomena, History and Materials
More than 100 years ago, in 1911, superconductivity was observed for the first time by
Kamerlingh Onnes, Nobel Prize laureate in 1913. He observed that electrical resistance in
mercury disappears below 4.2 K. Some years later, in 1933, Walther Meissner and Robert
Ochsenfeld discovered the so-called Meissner (Meissner-Ochsenfeld) effect. It consists in
the expulsion of the magnetic field, decaying exponentially inside the superconductor
over a distance λ, London penetration depth, behaving like a perfect diamagnetic
material. The temperature where the transition from superconductor to normal state
takes place is defined as critical temperature, TC. As we will see later, this parameter
commonly classifies superconducting materials between low and high critical
temperature superconductors, LTS and HTS, respectively.
The response of the material under magnetic field strengths, H, varies from type I to type
II superconductor. For the former, an abrupt transition from superconductor to normal
state takes place when H reaches a critical value, HC(T). However, type II superconductors
are characterized by an upper critical field HC2(T) and a lower critical field HC1(T). Below
HC1, the material is in the Meissner state, above HC2(T) superconductivity in the bulk is lost.
Between these two magnetic fields the superconductor is in the so-called mixed state,
where the magnetic field penetrates into the material forming a regular lattice of
quantized vortices, fluxons. These vortices have a normal core of radius equal to the
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coherence length, ξ, surrounded by annular screening supercurrents where the magnetic
field decays with λ. Both ξ and λ are characteristic for each material and depend on
temperature, being λ/ξ > 1/√2 for type II superconductors. When the magnetic field is
equal to HC2, these vortices overlap and the bulk material turns to normal state. The upper
critical field can be different depending on its relative direction respect to
superconductor’s crystallographic planes, in component parallel to plane ab, HC2∥ab, or
perpendicular to it, HC2ab. The ratio between both establishes the anisotropy factor, .
Above HC2, surface superconductivity phenomena persist in a thin layer until the applied
magnetic field reaches a value called HC3. In the case of flat surfaces, it was predicted that
the thickness of this layer is similar to the superconducting coherence length and that HC3
≈ 1.69 x HC2 when H is applied parallel to superconductor’s surface [1]. It is worth noting
that all superconductors used for practical applications are type II.
Another important variable to consider is the current density, J, passing through the
conductor for a given application. In the case of type II superconductors, in the presence
of a magnetic field (HC1 < H < HC2) this current density produces a force (Lorentz force, FL)
perpendicular to J and H that would tend to move the vortices. Movement of vortices,
called flux flow, cause the generation of an electric field, E, and therefore dissipation.
Nevertheless, defects with the size close to the coherence length can act, for a given
temperature and magnetic field, as vortex pinning sites. Some typical defects able to pin
the fluxon’s lattice are grain boundaries or interstitial non-superconductive phases. This
mechanism generates an average force, called pinning force (FP), opposite to FL. Thus, the
critical current density, JC(T,H), can be defined as the limit current density when FP = FL
and it decreases when increasing magnetic field and temperature. It is needed to mention
that in J < JC regime, the vortices can also move induced by thermal activation, especially
in HTS materials. Thermally activated flux-creep processes, which also increase with
temperature and magnetic field, will also cause dissipation. Irreversible magnetic field,
Hirr(T), is defined as the field at which JC tends to zero, and is always lower than HC2(T).
This parameter is thus crucial in superconducting application designs. It is important to
notice that in some materials, mainly HTS, there is a large difference between the upper
critical magnetic field and the irreversibility field.
After Onnes’ work on mercury at the beginning of the twentieth century,
superconductivity in many other metals, alloys and compounds have been found, being
niobium the pure metal that exhibits the highest critical temperature, 9.3 K.
Superconducting properties of several Nb alloys and intermetallic compounds were
discovered and have been widely used in different applications. Among these are NbTi
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with TC close to 10 K [2], Nb3Sn, with TC of 18.1 K [3] and Nb3Ge with TC 22.3 K [4]. The
unit cell structure of superconducting materials plays a significant role in their behavior.
Pure metal niobium (Figure 1.1(a)) and NbTi have a body-centered-cubic structure (the
second one, disordered BCC), Nb3Sn has A15 crystal structure [5] and all of them are
considered isotropic.

Figure 1.1 Crystal structures of various superconducting materials studied during this thesis
adapted from [5]: (a) BCC structure of niobium. (b) Y-123 perovskite structure (Green – ytrium,
yellow – barium, blue – oxygen and red – copper). (c) Supercell structure of magnesium diboride
where two organised layers of Mg enclose the B one.

75 years after the discovery of superconductivity, in 1986, Bednorz and Müller discovered
this property in cuprate-based materials below 35 K (Nobel-prized in 1987) and that was
the starting point of the so-called High Temperature Superconductors, HTS. The goal of
finding materials with superconducting properties at the highest possible temperature,
understanding their behaviour and fundamentals, and improving properties for their
applicability, established a new field of research that is open nowadays.
Some of the most widely studied and applied materials are the family of REBCO, meaning
RE = Rare Earth elements in the structure of REBa2Cu3O7-x. Due to its perovskite structure
(orthorhombic layered, CuO2 planes sandwiching RE atom) and its low ξ value, this ceramic
has very anisotropic properties, because supercurrents flow easier along the copper oxide
planes (ab plane) than in the perpendicular direction (c). Macroscopically, it exhibits weak
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link behaviour between grains, so it requires almost perfect crystallinity and very low
angle orientation between grains, both in-plane and out-of-plane, to achieve high critical
current densities. For instance, YBa2Cu3O7-x (Y-123, Figure 1.1(b)) belongs to this group of
materials. It was the first material discovered with a TC (92 K) above the boiling point of
liquid nitrogen (77 K) [6], showing a Birr = 0Hirr at this temperature between 5 and 7 T.
This fact, together with the suitability of the material for many applications and the good
knowledge of the manufacturing process, makes REBCO tapes one of the most used
superconductors.
Another relevant group of materials are the Bi-based cuprates with a general chemical
formula Bi2Sr2Can−1CunO4+2n+x (with n = 1 to 3) [7]. The two perovskites of this family with
the highest TC values are the Bi2Sr2CaCu2O8+x (Bi-2212), with TC ≈ 85 K, and the
Bi2Sr2Ca2Cu3O10+x (Bi-2223), with TC ≈ 110 K. Their crystal structure consists of CuO2 layers
intercalated between Ca, BiO and SrO layers. Owing to this, Bi-2223 and Bi-2212 exhibit
even more anisotropy than Y-123 (>100 and around 7, respectively), which causes a large
difference between HC2 and Hirr. This fact makes them not suitable for applications under
moderate magnetic fields (> 2 T) unless the operation temperature is lower than 30 K, and
consequently, the operation cost is increased. Similar superconductors are the Tl-based
like Tl2Ba2Can-1CunO2n+4 (with n = 1 to 3) or the Hg-based ones, like HgBa2CuO4 (Hg-1201).
Following the timeline observed in Figure 1.2, in 2001, superconductivity was found in
magnesium diboride, MgB2. This material, synthesized for the first time in 1953, has a TC
of 39 K [8] and BC2 = 0HC2 of 15 T at 4 K. This discovery evoked great interest both, from
a physics point of view, studying the mechanism of superconductivity, and also for its
applications. MgB2 crystallography presents the hexagonal space group P6/mmm
composed of alternating B and Mg sheets with boron atoms filling magnesium interstices
(Figure 1.1(c)). This material is cheap and easy to produce in wires, resulting in a
remarkably lower fabrication costs in comparison with cuprates, for example, and making
MgB2 good candidate for many applications, despite its TC is lower than HTS or its BC2
values are slightly smaller in comparison with other superconductors like Nb3Sn.
An important discovery was made some years later, in 2006: The appearance of
superconductivity in the compound LaFePO [9], with a TC around 4 K, which gave rise to
intense research in a new group of superconductors, so called iron-based family (Fe-SC).
FeSe is one of the simplest and most studied materials of this family with TC ranging
between 8 K and 38 K depending on the pressure [10][11]. Due to its brittleness, wires
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made of these compounds are fabricated using similar techniques than with MgB2 [12].
Critical temperature record, 109 K, was found in 2014 in single-layer Fe-Se films [13].
More recently, in 2015, superconductivity was reported for the first time in a hydrogen
based compound (H3S) under extremely high pressure (around 150 GPa) with a TC close
to 203 K [14]. Next step was given by Drozdov et al. in 2019 reporting superconductivity
in LaH at 250 K under 180 GPa [15]. Hydrides and pressure-driven superconductivity have
meant an extraordinary boost to this topics popularity, increasing the number of
publications in the last decade [16]. On this date, “room-temperature” threshold has been
passed and a photochemically transformed carbonaceous sulfur hydride system shows
superconducting properties at a maximum temperature of almost 290 K with pressures
ranging 140 to 275 GPa [17].

Figure 1.2 Timeline overview of discovery of different superconducting materials plotted against
its critical temperature. They are grouped by families depending on the mechanism: Dark green
circles – BCS theory. Light green star – Heavy-fermions-based. Blue diamonds –
Cuprates/ceramics. Purple inverted triangles – Buckminsterfullerene-based. Red triangles –
Carbon-allotropes. Orange squares – Iron-based. Adapted from [18].

It is shown the extraordinary activity, since 1911 until now, aiming at the discovery of new
materials that exhibit superconductivity and the continuous improvement of their
superconducting performance. One of the latest is graphene. Since its discovery in 2004,
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the scientific community has performed many studies on this atomic mono-layer material
related with its mechanical, electrical and thermal properties, for example. In 2018,
superconductivity was discovered in bilayer graphene twisted a magic angle one to
another [19].
It is worth clarifying that despite the great number of metals and compounds that have
shown superconductivity, just some of them are suitable for practical applications. This is
because, besides their superconducting properties, cost, easiness of production,
mechanical properties and the possibility of being manufactured in form of wires or tapes
(for example) are also important factors for their use in applications. The improvement of
superconducting properties in these materials is just the first step in the race of making
this technology competitive and useful.

Figure 1.3 Magnetic field - temperature diagram where it is shown BC2 (black lines) and Birr (red
lines) of several superconducting materials. Above BC2, bulk superconductivity is destroyed and
Birr is the limit where bulk critical current density goes to zero. Dashed vertical blue lines
represent the boiling point of several cryogenic gases [5].

As it has been mentioned, critical current density depends on temperature and magnetic
field. The higher the temperature and the magnetic field, the lower the critical current
density is. So, it is very important to know the requirements for the superconducting
material within the device in a given practical application. With this information, the
choice of the correct material and the design of the whole device to work properly
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requires ensuring that the operation conditions of the superconductor are below the
constraints, T < TC, H < Hirr and J < JC. Figure 1.3 presents, for diverse materials, the
difference between the upper critical magnetic field and the irreversible one, which will
determine the applicability of each superconductor.
Besides the superconducting behaviour, other considerations, such as mechanical or
thermal stresses, presence of alternating fields and currents, weight, cooling system,
vacuum, etc, are relevant and, thus, should also be considered in the design of the
superconducting device for each application.

1.2 Applied Superconductivity: From the laboratory
to the final application
An important link of the chain that connects the laboratory with the final application of
superconducting materials is how they are produced and their easiness to be integrated
in the final device. A large number of the applications of superconductors require
conductors in the form of wires or tapes with long length to construct cables or coils,
which are needed in many devices. In most cases, due to the ceramic nature of many
superconductors, and also because of thermal stability and mechanical requirements of
the final conductor, different designs of composite conductors (metal/superconductor)
are needed. Besides, some applications require other types or forms, such as bulks or thin
layer superconducting coatings on substrates.

1.2.1 Wires and tapes fabrication
This section presents a brief summary of the fabrication technologies of most widely used
superconducting materials, including some LTS, magnesium diboride wires and HTS
conductors.
Starting with some of the most widely used LTS materials, NbTi [20] wires have a
multifilamentary architecture (from tens to thousands microfilaments) and they are
fabricated by cold work (drawing) of NbTi rods in a copper matrix (shown in Figure 1.4
(a)). In the case of Nb3Sn, due to its high brittleness [3], it cannot be drawn directly from
the rods. It is necessary to draw the precursors embedded in a composite matrix and after
all the mechanical deformations; a heat treatment is applied to the final device (coil,
cable, etc) to form the superconducting Nb3Sn phase. In this process, a barrier, usually Nb
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or Ta, is needed to avoid reaction between different elements during the final synthesis
[21] (Figure 1.4 (b)).

Figure 1.4 Examples of LTS wires: (a) Cross-sections of multifilamentary NbTi wire embebed in a
Cu matrix. (b) Cross-sections of Nb3Sn wire in a bronze matrix (yellow) surrounded by Cu (orange)
fraction 20% to 60% separated by a diffusion barrier, Nb or Ta fraction 6% to 18% [22].

The manufacture of MgB2 wires has been studied since its discovery, using different
methods: The internal diffusion of magnesium (IMD) [23], which consists in the
combination of a Mg rod surrounded by boron powder, which after reaction results in
hollow tubes of MgB2 with high density, close to 100%. Another alternative is the PowderIn-Tube (PIT) technique, in-situ [24] or ex-situ [25] methods. In these cases, either the Mg
and B precursors or the reacted MgB2 powders, respectively, are introduced in a metallic
tube (sheath). Again, a cold work, such as drawing or swaging, is needed to generate long
lengths of wire with the required final shape (circular, flatten, etc). It is common to use
copper or similar metals in order to improve the thermal stability, although different
alloys have been tested. Due to the high chemical reactivity of Mg, it is important to use
a barrier (Nb, Ti, Ta, etc) around the superconducting core to avoid chemical reactions
with the stabilizer (usually Cu) during the heat treatment. Both techniques, combined
with cold working, allow the production of flexible mono- or multifilament conductors to
use in cables and coils. Multifilament wires are more demanded (due to their higher
current capability and better thermal and mechanical properties) and can be fabricated
in diverse architectures. Filaments are integrated in a metallic matrix with good thermal
properties (e.g. copper) and they are surrounded by the external sheath, typically a nickelor copper-based alloy, as well as stainless steel, which provides mechanical strength to
the wire. Examples of different configurations are shown in Figure 1.5.
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Figure 1.5 Different MgB2 wire cross sections: (a) SEM image of a monofilament made by
HyperTech using in-situ PIT technique. (b) SEM image of a multifilament (37 filaments) made by
Columbus (ASG Superconductors) using ex-situ PIT technique [26]. (c) Picture of a multifilament
with a copper core, made by Hitachi [27].

The production of wires and tapes with Bi-based superconducting materials has to take
into account their anisotropy and brittleness. As it was already mentioned, they are very
anisotropic and thus, a good alignment of the ab-planes (uniaxial texture of the grains) is
required to ensure high critical current densities of the conductor [28]. The most common
manufacturing process for Bi-2223 is the Oxide Powder In Tube (OPIT) [29], very similar
to the previously mentioned PIT technique. In this case, oxide precursor powders fill a
silver tube (or silver alloy) and drawing and rolling processes induce the alignment of the
grains. After the mechanical deformation, a heat treatment is applied to form the
superconducting phase inside the filaments. The final conductor also consists of many
filaments embedded in a metallic matrix similar to Figure 1.6. The conductors
manufactured using this technique are called first-generation high temperature
superconductors, 1G-HTS. Silver and silver alloys are mandatory because the chemical
compatibility with the precursors and the oxygen permeability during the heat treatment.
The high price of silver makes this material relatively expensive.

Figure 1.6 Cross-section of a 1G-HTS tape, Ag/Bi-2223 composite [30].

The current-carrying capacity of REBCO strongly depends on the grain to grain contact, so
that a small misalignment between crystals reduces JC exponentially [31]. Because of that,
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this superconductor demands more texture control. The required biaxial texture is
obtained by epitaxial deposition techniques [32], such as Ion Beam Assisted Deposition
(IBAD) [33] or Rolling Assisted Biaxially Textured Substrate (RABiTS) [34]. Other techniques
used are Pulsed Laser Deposition (PLD) [35], Metal Organic Deposition (MOD) [35], or
Metal Organic Chemical Vapor Deposition (MOCVD) [36]. These so-called coated
conductors are the second generation 2G-HTS.
Usually, the 2G-HTS layered tape similar to Figure 1.7 is composed by: A metallic
substrate, in the thickness range between 50 and 150 microns, normally nickel alloys such
as Hastelloy; a buffer oxide layer(s) over the substrate (e.g. MgO, CeO2 or Y2O3), which
avoids the chemical reaction between the thin superconducting layer and the substrate
and adapts gradually the lattice parameters to the superconductor; and a REBCO layer
deposited over the buffer stack, typically of 1-2m thickness. All this is surrounded by a
protective silver layer. Usually, there is a layer of copper around the conductor to improve
their thermal and electric stability. Other external sheaths, such as brass or stainless steel
instead of copper, can also be used, to improve the mechanical properties of the
conductor, or to tune the electrical resistivity at normal state, depending of the foreseen
application. These tapes have a typical width between 2 and 12 mm and their thickness
varies between 0.05 and 0.3 mm.

Figure 1.7 Scheme of different layers and composition of a 2G-HTS tape fabricated by
SuperPower Inc [37].

An important procedure to enhance the current transport properties of these tapes in
presence of magnetic fields is to introduce artificial pinning centres (nanoparticles or
other defects in the few-nanometres scale). 2G-HTS tapes behaviour has a strong
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dependence with the incidence angle of the magnetic field. The maximum critical current
is normally obtained when B is applied parallel to the tape (0°), meaning perpendicular to
the superconductor c-axis [38], but it strongly depends on the presence or not of artificial
pinning centres, and their type.

1.2.2 Conductors and Coils manufacturing - Technological
interest of SC windings
Once the conductors are manufactured in long lengths, they can be used to produce
cables and coils for different uses. Before getting into details of these applications, some
considerations have to be done. An alternate magnetic field involved in a given application
where a type II superconductor is used, or an alternate current passing through it, can
induce hysteresis losses and coupling losses (produced by coupling currents flowing
through the metallic matrix between different superconducting filaments). There are
some strategies to minimize AC losses. In order to reduce the loss component due to
hysteresis, fine filaments are required. Besides, the increase of the electrical resistance
between the filaments (or strands), and braiding or twisting them is required to uncouple
those filaments (or strands) in the presence of AC fields, minimizing this way the losses.
There are different geometries of cables that have been used, depending on the
properties of the superconducting material used in their fabrication. For example, it is
well-studied and implemented to braid LTS conductors (NbTi and Nb3Sn) to form
Rutherford wires [39][40][41] and recently, so it does MgB2 (Figure 1.8). This helix-shaped
cable geometry is composed by several wires packed together, resulting in a conductor
with an almost rectangular cross section and fully transposed current paths. Hence, an
increase of current capability and a reduction of AC losses are achieved. Sometimes, the
strands are braided around a metallic core, reducing the packing factor, changing
conductor mechanical properties but improving the overall electric behaviour since the
transverse coupling (between two faces of the planar core) is dramatically reduced.
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Figure 1.8 Rutherford cables: (Up) Cross-section of a 12-strand (each one monofilament) cable of
MgB2: Braided in IEE, Slovakia and studied during this thesis. (Bottom) 40-strand cable of Nb3Sn
with a stainless-steel core: (a) Large face view. (b) Cross-section view [42].

An important application of Rutherford cables is in coil fabrication for high-energy
experiments, for instance the superconducting magnets designed and built for particle
accelerators at CERN [40][41][43]. Rutherford cables have also been used to manufacture
superconducting coils in motors, where the presence of alternating magnetic fields makes
the AC losses reduction relevant [44].
This cable geometry allows good mechanical properties making the conductor suitable for
winding it into coils. Thanks to the good packing factor, the close contact between the
strands makes really important the study of thermal and electric properties of each strand
(metallic sheath’s behaviour) and also throughout the whole cable. A good thermal
conduction between strands can reduce the risks of hot-spots appearance, making the
cable more reliable. However, very low electrical resistance between strands would
increase the AC losses. Therefore, an equilibrium between both requirements is usually
needed. Rutherford cables based on MgB2 conductor have been proposed in the last few
years, and its thermal stability and quench propagation phenomena have been studied in
this thesis work, inducing superconducting-to-normal transitions (irreversible and abrupt)
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by both heat pulses and overcurrents. Different MgB2 cable architectures with diverse
strand configurations have been analysed, focusing in a monofilament 12-stranded cable
showed in Figure 1.8 (up), with a Cu10Ni alloy sheath. Work related with this analysis can
be found in the publication compendium section of this thesis, publication A.
Rutherford-geometry has also been implemented with HTS. One example is some tested
cables based on Bi‐2212 strands [45], with current densities attractive for some
applications.

Figure 1.9 Left images present Roebel cables configuration: View of several cables (top) and an
assembling scheme with two transversal sections A and B (bottom) [46]. Right images show
CORC® cables: Schematic figure (top) [47] and part of the manufacturing process (bottom) [48].

In the case of 2G-HTS tapes, Roebel and CORC architectures [49][46] have been chosen in
the attempt to achieve cables with high critical currents, improved mechanical properties
and reduced AC losses, retaining enough flexibility for the cable design requirements
(Figure 1.9). In the case of Roebel cable, the idea is similar to Rutherford cables but
without bending the superconductor, having a transposition pitch where each, in this
case, tape returns to the same relative position in relation to the other tapes that are part
of the conductor. Special mention should also be made of the Conductor on Round Core
(CORC®) cable architecture, where HTS tapes are wound around a circular-section core,
where optionally the cooling channel is fitted. These cables are not only designed for
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electric grid applications but also for accelerator magnets and high magnetic field
applications, since they can work above 20 T at low temperatures (< 4 K).
Due to the mechanical properties of the 2G tapes, the fabrication process of these cables
is in general more complicated than for LTS conductors.

Coils manufacture
As it has been previously mentioned, many of these superconducting wires, tapes and
cables are then used to wind them into coils. And, of course, depending on each
application, the coils will have different geometries. For example, in the case of motors or
generators, the coils use to be racetrack-shaped or saddle-shaped, because the magnetic
field is needed to be perpendicular to the long axis of the device (Figure 1.10).

Figure 1.10 Coil architectures representing both current, I, and magnetic field, B, direction. (a)
Racetrack and (b) Saddle configuration [50].

For Nuclear Magnetic Resonance (NMR) or Magnetic Resonance Imaging (MRI)
equipments (that will be introduced during application section), is common to use
superconducting solenoids in the inner ring, to create a magnetic field parallel to the
cylinder’s generatrix. On the other hand, high energy applications, such as fusion reactors,
need a toroidal architecture to focus the magnetic field lines inside the control chamber
(Figure 1.11).
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Figure 1.11 Different coil set-up: (a) Toroidal set up composed by circular-shaped coils and (b)
Solenoid shaped winding [50].

In the case of solenoids, two winding processes are more widespread, especially with
tapes (or rectangular-cross-section conductors): Pancake (or several pancakes piled up
forming a stack) configuration and layer-wound configuration.
In the former scenario, pancake configuration, the conductor is wound from the inside to
the outside in one single layer. If required, a double (or triple, etc) pancake coil can be
built, with the precaution of connecting each other properly: Innermost turn of one layer
with the outermost turn of the next one. Or, if enough superconductor material is
available, several pancakes, normally double pancake, could be built continuously
(without junction), facilitating thus the current feeding of the coil and avoiding an
additional contact resistance between pancakes. In this case, the winding sense has to be
changed from one layer to next one. The layer-wound configuration consists in winding
from the inside to the outside, all along the “main axis” (generatrix). During this winding
process, the mechanical properties of the conductors are relevant, so that the conductor
maximum axial tension and its minimum bending radius cannot be exceeded.
In the course of coil operation, it is important to avoid the appearance of a quench as far
as it is possible, and to protect the coil adequately if this were the case, to prevent
permanent damages. Quench can be produced for several causes, for example due to
mechanical or thermal effects. For instance, due to the electromagnetic forces acting
during the charge or discharge of the coil, some turns can be bent or move and defects
can be induced on the superconducting layer, which may trigger a quench. In particular,
for 2G-HTS coils, those tensions can also produce delamination of the tape. Different
expansion coefficients of the coil components can also produce enough tensions to
damage the coil.
In order to solve these problems, since the early tests, the coils are glued with different
resins which give stiffness to the whole device. These resins, mainly epoxies, are
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thermostable polymers and, once mixed with a catalyst agent, they cure and became
harder. They provide good electrical insulation and mechanical robustness to the coil.
Some different resins are tested and reported, even paraffin [51][52] and nowadays there
is no a clear choice of what is better to avoid all the possible failure modes (delamination,
excess or default of stiffness, etc) for a given application.
A more direct source of quenches is related with the thermal stability. If a hot spot (or
area) appears inside the coil, and this heat cannot be easily evacuated, the local operating
temperature may eventually surpass the current sharing temperature. That is, the current
is shared between the superconductor and the sheath or matrix metal, so that the
conductor becomes locally resistive. If this energy is not correctly managed, the
temperature of the coil in this region can increase above a safety threshold value. Here,
the thermal conductivity of the resins and of the stabilizer layer plays a very important
role.
Usually, superconducting coils are constructed by winding wires, tapes or cables, with an
insulated material between turns. HTS coils are more prone to hot spots than LTS ones,
due to low propagation velocities of quench. If a small zone of the HTS coil transits to
normal state, due to the difficulty of evacuating the heat to the surrounding coil area, the
temperature locally could increase, eventually damaging the conductor at this point, and
so the coil. Due to the difficulty of achieving thermally robust 2G-HTS coils, the
construction of coils without turn-to-turn insulation (non-insulted coils, NI coils), were
used in publication B to improve their thermal stability [53]. This configuration has been
studied previously by several groups noticing the coil’s robustness and thermal stability
but with some drawbacks during charge and discharge regimes [54][55][56]. In these
moments, a turn-to-turn electrical current appears. This has important implication in the
charge and discharge transitions and should be taken into account.
Summarising, design of coil’s protection systems is a fundamental part to improve the
associated superconducting technology, taking care of their electrical, thermal and
mechanical stability. The electrical functioning of the coil, for instance charge-discharge
regimes in addition to current transport affected by the intrinsic magnetic field has also
to be considered [54]. Thermal stability is crucial working at cryogenic temperatures,
constituting an essential part for the coil’s reliability, together with mechanical steadiness,
needed to avoid damages to the conductor and the whole device [57].
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1.3 Applications
Although superconductivity is almost 110 years old, the technology related with it and its
applications are nowadays a boiling field of research and there is a lot of effort and
resources (human and material ones) dedicated to improve or to develop new functions
of these materials.
Superconductivity is and will be involved in many applications related with medicine,
locomotion, physics, energy or electronics. Each one takes advantage of different
properties, for example: Some applications need to trap magnetic field and bulks of
superconducting materials, mainly BSCCO and REBCO, are used to fabricate extremely
compact parts (permanent magnets) for high-field requirements [58][59][60]. On the
other hand, electronic applications need nano-wires to fabricate superconducting circuits,
based on the Josephson junctions. Many efforts are put together to develop the first
quantum computer [61][62] grounded in this effect, although in this group the most
widespread application are the Superconducting Quantum Interference Devices (SQUIDs),
which are the most sensitive detectors of magnetic flux.
In the following section, some relevant applications of the superconductors, related
directly or indirectly with the content of this thesis, are briefly described.

1.3.1 High magnetic field applications
Many applications need to produce very intense magnetic fields. Related with medical
diagnosis, Magnetic Resonance Imaging (MRI) equipments are based on the interaction
between certain atomic nuclei in the presence of a strong constant external magnetic
fields (normally produced by a superconducting coil), when exposed to radiofrequency
electromagnetic waves. Gradient coils, which produce a gradient magnetic field that
superposed to the main magnetic field, allow spatial encoding of the MR signal inside
human bodies (mainly using the resonance signal of hydrogen nuclei). With the same
principle, Nuclear Magnetic Resonance (NMR) techniques are used for chemical or
biological analysis. Possibly, these are the most commercially successful applications for
superconducting magnets, but also important are the magnets for high-energy physics
and fusion nuclear energy, where particle accelerators involved in the Large Hadron
Collider (LHC) and in the HiLumi (HI-LHC) at CERN and the ITER project [63] are great
exponents.
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Due to its good behaviour in presence of high magnetic fields, LTS materials like NbTi with
BC2 (0 K) = 14 T, and Nb3Sn with BC2 (0 K) = 28 T, are nowadays the most used
superconductors for these applications. MRI coils, typically works in the range of 1.5 – 5 T
and NbTi (usually Nb(47% wt)Ti) is a perfect candidate for these working conditions. It
also presents the advantage of its manufacturing simplicity as it is relatively easy to draw
it into wires. Nb3Sn is commonly used together with some HTS materials to produce
magnets involved in NMR devices, which require stronger magnetic fields. An important
drawback of these LTS materials is however that they have to be cooled below 5 K, and
the only cryogenic liquid suitable that can be used as a coolant is liquid helium (LHe).
Although NbTi and Nb3Sn are well established materials for these applications, also MgB2
could play an important role in MRI systems [64][65]. It has higher TC (39 K) and delivers
a good performance in presence of magnetic field values. The introduction of this material
reduces cryogenic costs, partly because it makes not necessary the use of LHe, thus being
an interesting alternative for their use in remote areas. MgB2 has also been introduced in
projects like HI-LHC [66] thanks to its high current transport and good mechanical
properties, keys for the busbars fabrication to feed the superconducting magnets.

1.3.2

Electric power applications

Many superconducting devices, or different parts of the same system, are assembled
under the heading of electric power applications. It means that due to the absence of
electric resistance, these conductors can carry very high currents without heat generation
(Joule effect). With this in mind, power applications can be classified in two groups. In the
first group we can consider those already existing that can be improved through the
deployment of superconductor technology, by reducing size and weight of the final
devices and enhancing its performance, i.e., rotating machines, transformers, cables, etc.
A second group, where original systems take advantage of the superconducting
properties of the material, are for example Superconducting Fault Current Limiters (SFCL)
or Superconducting Magnetic Energy Storage (SMES).
An introduction of the main characteristics and types of these power applications are
described as follows. All of them can be found in different stages of the electrical grid:
Generation, storage, distribution and consumption. From wind turbines built with
superconducting generators, through cables with different architectures or
superconducting transformers in the distribution part, to energy storage or motors
fabricated with superconducting coils.
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Cables
Due to their urban planning, their population and their energy consumption profile, many
cities have to be connected through underground power cables (also for safety reasons).
Superconducting cables, which are able to transport the same current as a regular power
cable in a volume up to five times smaller, could thus answer to the requirements
associated with the increasing demand.
Transmission cables based on HTS materials are more efficient than the LTS ones due to
their lower refrigeration requirements, although the material costs are significantly
higher. Those cable architectures designed to transport alternating current need to take
into account the AC losses and to reduce them as much as possible. Additional
requirements of these cables are, to optimize the efficiency related with cooling the
conductors, to consider the reactive power and to reduce radiated stray electromagnetic
fields. Nowadays, the two principal configurations of HTS AC power cables are the warm
cable dielectric one and the cold dielectric cable one [67][68].

Figure 1.12 Single phase warm dielectric cable [68].

The first configuration (see Figure 1.12) is based on a HTS tape winding on a flexible
channel where the liquid nitrogen flows. Outer dielectric insulation layer is needed in
contact with the room temperature side. The principal advantage of this design is the
small amount of HTS material needed for a giving power level. On the other hand, it has
high inductance and relatively high electrical losses. Cooling stations are needed to be
closer to each other in comparison with other configurations.
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On the other hand, cold dielectric cable configuration (Figure 1.13) has two concentric
layers of HTS tapes separated by a cold dielectric. Refrigerant liquid has to be in contact
with both layers with two objectives: to cool down the conductors and to isolate them
from the outer layer. This solution is more expensive, mainly due to the material costs,
but can carry more current and has lower inductance, lower AC losses and lower radiated
electromagnetic fields. Both solutions can be implemented in a three-phase line.

Figure 1.13 Single phase cold dielectric cable [68].

Transformers
In the electric network that connects energy producers and consumers, transformation
centres decrease or increase the voltage level to reduce losses during the energy
transport. Conventional transformers, with a well-established technology since the end
of nineteenth century, are reliable and have an operation regime flexible enough to
absorb load changes in different voltage levels. Nevertheless, these systems have many
losses, approximately a fifty percent due to the conductors and other fifty percent related
with the magnetic hysteresis of the iron cores.
Since superconductors can transport much more current than regular copper conductors,
this technology can reduce the size of the transformers’ coils, lowering at the same time
the losses related with the conductor. But, to do that, it is necessary to have in mind
several aspects, as for instance, the implicit constraints of working at cryogenic
temperatures or the mechanical properties of the conductors. Two ideas have been
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proposed to overcome this situation [69]. The first option would be to design a
superconducting transformer following the same architecture of the conventional ones.
In this system, liquid nitrogen would replace oil as a coolant (cold core type). The second
alternative would be to isolate the core to reduce hysteresis losses and to cool down the
coils indirectly (warm core or conduction cooled types) [70].

Superconducting Fault Current Limiters (SFCL)
Superconducting Fault Current Limiters (SFCL) can be used to protect the electrical grid
against short-circuits. This type of elements would have small internal impedance during
regular operation but would be able to develop high impedance within the very short
times when a fault occurs. Superconductors are good candidates to this purpose since
they can change from zero impedance to a large one when they transit from the
superconducting to the normal state. Different superconducting materials have been
tested for this aim, from Nb-Ti to HTS and magnesium diboride conductors [71]. Typically,
SFCL are presented in three variants: Resistive, inductive and saturated core type
[71][72][73]. According to the necessities of the particular electric grid, there will be a
more convenient type (regarding the actuation time, cost, size, etc). For instance,
resistive-type fault current limiters can be attractive in DC systems [74], saturated core
FCL would be more interesting in high voltage grids whereas in a medium voltage grid
inductive ones could be a better choice.

Energy Storage
Superconducting technology can also be found in the energy storage part of the grid.
These devices are crucial for the network stability since the system needs to absorb a peak
of consumption (demand) for a brief period of time, or to have a backup in case a sudden
cut of the energy production. Two technologies presented here are used for different
purposes:
Flywheel Electrical Energy Storage (FEES), transforms kinetic into electrical energy. It is
used as a short-term spinning reserve in case a frequency regulation or a sudden balance
is needed. To reduce the losses related with the rotation, HTS bearings are implemented
[75].
The Superconducting Magnetic Energy Storage (SMES) systems are a second alternative.
Basically, these systems store electromagnetic energy directly in a superconducting
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magnet. This fact makes it a more efficient storage system because of the loss reduction.
Other important advantage is the capacity of giving a fast response to energy demands in
less than an AC cycle.
The SMES main components are the converter AC/DC, the superconducting magnet and
the switch. If this switch is also superconductor, the response of the system will be more
efficient. The inverter/rectifier, where the alternating current (AC) is transformed to
direct current (DC) and vice versa is the least efficient component, with losses rounding
3%. Despite this, the whole system has a mean efficiency of 95% [5].
The energy stored in a magnet is giving by the following expression:

𝑊=

𝐿𝐼 2
2

𝐵2

= ∮
𝑑𝑉
2µ
0

(Eq. 1.1)

Where W is the energy, L represents the inductance, I the current, B is the magnetic field
and µ0 is the permeability of free space. Therefore, larger inductance, which increases
with number of turns and coil diameter, and higher current, results in more energy stored.
In other words, higher magnetic field for a given volume means more energy, as well.
Several SMES configurations have been reported. For example, ones based on LTS
conductors (mainly NbTi) that reach energy capacities of hundreds of MJ [75]. Others built
with Bi-based HTS [76], usually provide less capacity.

Rotating machines: Locomotion, generators and motors
A different group of applications includes rotating machines; either for producing energy,
generators, or to transform this energy into movement, motors. In both cases,
superconductors contribute to a significant mass and volume reduction because of the
higher current densities going through the coils of both the rotor and the stator. The most
extended configuration consists of a superconducting cryogenic rotor where the poles are
made by wires or tapes windings, and a copper (room temperature) stator. By doing this,
superconducting materials can operate with direct current, reducing losses related with
AC operating conditions. Early works in superconducting rotating machines were
developed in 1970’s decade with LTS materials [77][78]. More recently, high temperature
superconductors have been widely tested [79][80].
From the viewpoint of the electric power generation, many efforts have been done in
developing, for example, more efficient wind power turbines. Here superconducting
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materials will have a relevant role, despite that the material costs (in terms of €/kA·m) are
still high. Many efforts have been done, especially in offshore wind turbines of high power
(several megawatts), thanks to the weight and volume reduction, the increased efficiency
of the system and the avoidance of using extra rare earth elements, needed in actual
models based on permanent magnets. To highlight some national and international
examples: ICMA and ICMAB Spanish centres of research (both participated by the Spanish
national research council – CSIC), together with Gamesa Innovation and Technology
company collaborated to design a 2 MW Double-Fed Induction generator (DFIG) oriented
to onshore wind turbines [81]. In addition, the EcoSwing European project finished in
2019, reaching the objective of developing the world's first superconducting low-cost and
lightweight wind turbine drivetrain on a large-scale commercial near-shore wind turbine
[82].
This research field has been boosted in the last few years because of the decision of many
governments and institutions of fighting resolutely the climate change. Pollution and the
emission of “greenhouse effect” gases have to be reduced and European Union claims for
a bigger percentage of renewable energy and more energy efficiency [83], [84].
Finally, due to the long-term strategy executed by the European Commission, the
locomotion applications with superconductors involved have also been pushed and many
companies have started big R&D projects. Ships, but mainly aircrafts are the centre of all
these studies [85][86].

1.3.3 SRF Cavities
A special application of superconducting materials, different to all above mentioned
types, has been largely used in high energy facilities such as particle accelerators. The
zero-electrical-resistance property of superconductors is crucial to develop high
performance radio frequency resonators, commonly named as Superconducting Radio
Frequency Cavities (SRF cavities). Their high quality factor, Q, enables to build resonators
that store energy with very low losses and a narrow bandwidth. Quality factor refers to
the energy lost per cycle; the higher the Q value, the lower the losses of the SRF cavity.
An RF cavity is the device through which power is coupled into the particle beam of an
accelerator. Electromagnetic fields are excited resonantly by tuning the RF source with
the cavity-mode frequency. In operation, the beam of charged particles (e.g., electrons,
ions, etc) passing through the cavity is thus accelerated by the resulting electric fields and
deflected by the magnetic ones. Figure 1.14 shows a simplified diagram of SRF cavities.
45

State Of The Art - 1. Superconducting Materials and their applications

Figure 1.14 Scheme of a niobium SRF cavity with one cell.

Years ago, these cavities were made of copper but nowadays, they turn to be built with
superconducting materials in order to improve the Q factor, which is directly linked with
the surface resistance. Typically, the resonant frequencies range from 200 MHz to 3 GHz
and have wall thickness between 1 and 3 mm of high purity niobium.
Despite some trials with more complex materials, i.e. REBCO [87], the widespread choice
for these cavities [88][89] is niobium because it presents type II superconductivity up to
9.2 K and also low microwave surface resistance values. Operating below TC to ensure a
very low resistivity on the surface (RS), extremely high values of Q can be reached because
Q is inversely proportional to RS. Many studies have been done related with the purity of
niobium and its effect on the performance of the SRF cavities [90], and also with the
treatments employed to enhance the niobium performance [91].
The presence of defects (e.g., roughness or morphology) may pin the surface current
vortices, like grain junctions do with the “bulk” vortices, resulting in an increase by more
than two orders of magnitude the surface critical current, iC. So, controlling surface
characteristics of pure niobium is crucial for the correct behaviour of these cavities.
Different techniques and their influence on the niobium magnetic properties (and surface
superconductivity) have been reported. Thermal etching, electropolishing or buffered
chemical polishing are usually done with this purpose [92][93]. Also the combination of
some of the preceding treatments together with a previous annealing process in
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controlled atmosphere has been shown to produce very low values of the microwave
surface resistance [94]. There remains, however, some uncertainty about the reasons of
why some of these used treatments lead to success. Some of them induce a reduction
(and others a rise) of HC3 values, while a certain combination of them eventually produces
an enhancement in cavities performance. These mechanisms are nowadays subject of
ongoing fundamental SRF research.
These devices are one of the key components for future developments in high energy
physics, nuclear physics or light source research. Some applications of these cavities are
the XFEL (X-ray Free-Electron Laser) project [95] and the FLASH (Free electron LASer in
Hamburg, result of the cancelled TESLA linear accelerator project) [96][97] in the field of
lasers and light sources. The same technology will be used, for example at the linear
particle accelerator of the International Large Collider (ILC) [98].

47

State Of The Art - 1. Superconducting Materials and their applications

1.4 References
[1]

D. Saint-James and P. G. de Gennes, “Onset of superconductivity in decreasing
fields,” Phys. Lett., vol. 7, 1963.

[2]

T. G. Berlincourt, “Emergence of NbTi as supermagnet material,” Cryogenics
(Guildf)., vol. 27, no. 6, pp. 283–289, 1987.

[3]

B. T. Matthias, T. H. Geballe, S. Geller, and E. Corenzwit, “Superconductivity of
Nb3Sn,” Phys. Rev., vol. 95, no. 6, p. 1435, Sep. 1954.

[4]

J. R. Gavaler, “Superconductivity in Nb–Ge films above 22 K,” Appl. Phys. Lett., vol.
23, no. 8, pp. 480–482, Oct. 1973.

[5]

D. Larbalestier, A. Gurevich, D. M. Feldmann, and A. Polyanskii, “High-TC
superconducting materials for electric power applications,” Nature, vol. 414, no.
6861, pp. 368–377, 2001.

[6]

Wu et al., “Superconductivity at 93 K in a new mixed-phase Yb-Ba-Cu-O compound
system at ambient pressure.,” Phys. Rev. Lett., vol. 58, no. 9, pp. 908–910, Mar.
1987.

[7]

H. Maeda, Y. Tanaka, M. Fukutomi, and T. Asano, “A New High-TC Oxide
Superconductor without a Rare Earth Element,” Jpn. J. Appl. Phys., vol. 27, no. Part
2, No. 2, pp. L209–L210, 1988.

[8]

J. Nagamatsu, N. Nakagawa, T. Muranaka, Y. Zenitani, and J. Akimitsu,
“Superconductivity at 39 K in magnesium diboride,” Nature, vol. 410, no. 6824, pp.
63–64, 2001.

[9]

Y. Kamihara et al., “Iron-Based Layered Superconductor: LaOFeP,” J. Am. Chem.
Soc., vol. 128, no. 31, pp. 10012–10013, Aug. 2006.

[10]

H. Okamoto, “The fese (ironselenium) system,” J. Phase Equilibria, vol. 12, no. 3,
pp. 383–389, 1991.

[11]

S. Medvedev et al., “Electronic and magnetic phase diagram of β-Fe1.01Se with
superconductivity at 36.7 K under pressure,” Nat. Mater., vol. 8, no. 8, pp. 630–
633, 2009.

[12]

Z. Gao, L. Wang, Y. Qi, D. Wang, X. Zhang, and Y. Ma, “Preparation of
LaFeAsO0.9F0.1 wires by the powder-in-tube method,” Supercond. Sci. Technol.,
vol. 21, no. 10, p. 105024, 2008.

[13]

J. F. Ge et al., “Superconductivity above 100 K in single-layer FeSe films on doped
SrTiO3,” Nat. Mater., vol. 14, no. 3, pp. 285–289, 2015.

48

1.4 References
[14]

A. P. Drozdov, M. I. Eremets, I. A. Troyan, V. Ksenofontov, and S. I. Shylin,
“Conventional superconductivity at 203 kelvin at high pressures in the sulfur
hydride system,” Nature, vol. 525, p. 73, Aug. 2015.

[15]

A. P. Drozdov et al., “Superconductivity at 250 K in lanthanum hydride under high
pressures,” Nature, vol. 569, no. 7757, pp. 528–531, 2019.

[16]

J. A. Flores-Livas, L. Boeri, A. Sanna, G. Profeta, R. Arita, and M. Eremets, “A
perspective on conventional high-temperature superconductors at high pressure:
Methods and materials,” Phys. Rep., vol. 856, pp. 1–78, 2020.

[17]

E. Snider et al., “Room-temperature superconductivity in a carbonaceous sulfur
hydride,” Nature, vol. 586, no. 7829, pp. 373–377, 2020.

[18]

P. J. Ray, Structural Investigation of La(2-x)Sr(x)CuO(4+y): Following a Staging
as a Function of Temperature. Niels Bohr Institute, Copenhagen University, 2015.

[19]

Y. Cao et al., “Correlated insulator behaviour at half-filling in magic-angle graphene
superlattices,” Nature, vol. 556, p. 80, Mar. 2018.

[20]

J. K. Hulm and R. D. Blaugher, “Superconducting Solid Solution Alloys of the
Transition Elements,” Phys. Rev., vol. 123, no. 5, pp. 1569–1580, Sep. 1961.

[21]

D. Larbalestier, P. Madsen, J. Lee, M. Wilson, and J. Charlesworth,
“Multifilamentary niobium tin magnet conductors,” IEEE Trans. Magn., vol. 11, no.
2, pp. 247–250, 1975.

[22]

“Bruker.” [Online]. Available: https://www.bruker.com. [Accessed: 08-Aug-2020].

[23]

J. M. Hur, K. Togano, A. Matsumoto, H. Kumakura, H. Wada, and K. Kimura,
“Fabrication of high-performance MgB2 wires by an internal Mg diffusion
process,” Supercond. Sci. Technol., vol. 21, no. 3, p. 32001, 2008.

[24]

B. A. Glowacki, M. Majoros, M. Vickers, J. E. Evetts, Y. Shi, and I. McDougall,
“Superconductivity of powder-in-tube MgB2 wires,” Supercond. Sci. Technol.,
vol. 14, no. 4, pp. 193–199, 2001.

[25]

G. Grasso et al., “Large transport critical currents in unsintered MgB2
superconducting tapes,” Appl. Phys. Lett., vol. 79, no. 2, pp. 230–232, Jul. 2001.

[26]

K. Konstantopoulou et al., “Electro-mechanical characterization of MgB2 wires for
the Superconducting Link Project at CERN,” Supercond. Sci. Technol., vol. 29, no. 8,
p. 84005, 2016.

[27]

“HITACHI
Inspire
the
Next,”
2019.
[Online].
Available:
https://www.hitachi.com/rd/news/topics/2019/1016.html. [Accessed: 08-Dec2020].
49

State Of The Art - 1. Superconducting Materials and their applications
[28]

B. Hensel, J.-C. Grivel, A. Jeremie, A. Perin, A. Pollini, and R. Flükiger, “A model for
the critical current in (Bi,Pb)2Sr2Ca2Cu3Ox silver-sheathed tapes: The role of smallangle c-axis grain boundaries and of the texture,” Phys. C Supercond., vol. 205,
no. 3, pp. 329–337, 1993.

[29]

T. Hikata, K. Sato, and H. Hitotsuyanagi, “Ag-Sheathed Bi-Pb-Sr-Ca-Cu-O
Superconducting Wires with High Critical Current Density,” Jpn. J. Appl. Phys., vol.
28, no. Part 2, No. 1, pp. L82–L84, 1989.

[30]

M. I. Adam and P. Mele, “Modulated Rate (Time)–Dependent Strain Hardening of
Ag/Bi2223 Composite Wire Flattened in a Low–Strength AgMg Alloy Matrix,” ES
Mater. Manuf., vol. 1, pp. 27–34, 2018.

[31]

D. Dimos, P. Chaudhari, J. Mannhart, and F. K. Legoues, “Orientation dependence
of grain-boundary critical currents in YBa2Cu3O7- bicrystals,” Phys. Rev. Lett., vol.
61, no. 2, pp. 219–222, Jul. 1988.

[32] Y. Iijima, N. Tanabe, O. Kohno, and Y. Ikeno, “In‐plane aligned YBa2Cu3O7−x thin
films deposited on polycrystalline metallic substrates,” Appl. Phys. Lett., vol. 60,
no. 6, pp. 769–771, Feb. 1992.
[33]

Y. Iijima, K. Kakimoto, M. Kimura, K. Takeda, and T. Saitoh, “Reel to reel continuous
formation of Y-123 coated conductors by IBAD and PLD method,” IEEE Trans. Appl.
Supercond., vol. 11, no. 1, pp. 2816–2821, 2001.

[34]

A. Goyal et al., “Recent progress in the fabrication of high-JC tapes by epitaxial
deposition of YBCO on RABiTS,” Phys. C Supercond., vol. 357–360, pp. 903–913,
2001.

[35]

D. M. Feldmann, T. G. Holesinger, R. Feenstra, and D. C. Larbalestier, “A Review of
the Influence of Grain Boundary Geometry on the Electromagnetic Properties of
Polycrystalline YBa2Cu3O7−x Films,” J. Am. Ceram. Soc., vol. 91, no. 6, pp. 1869–
1882, Jun. 2008.

[36]

V. Selvamanickam, Y. Xie, J. Reeves, and Y. Chen, “MOCVD-based YBCO-coated
conductors,” MRS Bull., vol. 29, no. 8, pp. 579–582, 2004.

[37]

“SuperPower
Inc.”
[Online].
Available:
http://www.superpowerinc.com/content/2g-hts-wire. [Accessed: 20-Mar-2018].

[38]

G. Ercolano et al., “State-of-the-art flux pinning in YBa2Cu3O7−δ by the creation
of highly linear, segmented nanorods of Ba2(Y/Gd)(Nb/Ta)O6 together with
nanoparticles of (Y/Gd)2O3 and (Y/Gd)Ba2Cu4O8,” Supercond. Sci. Technol., vol. 24,
no. 9, p. 95012, 2011.

[39]

L. Bottura and A. Godeke, “Superconducting Materials and Conductors:

50

1.4 References
Fabrication and Limiting Parameters,” Rev. Accel. Sci. Technol., vol. 05, pp. 25–50,
Jan. 2012.
[40]

A. Devred et al., “High Field Accelerator Magnet R&D in Europe,” Appl. Supercond.
IEEE Trans., vol. 14, pp. 339–344, Jul. 2004.

[41]

D. Schoerling and A. V Zlobin, Nb3Sn Accelerator Magnets: Designs, Technologies
and Performance. 2019.

[42]

E. Barzi and A. V Zlobin, “Nb3Sn Wires and Cables for High-Field Accelerator
Magnets,” Nb3Sn Accel. Magnets, p. 23, 2019.

[43]

J. Fleiter, B. Bordini, A. Ballarino, L. Oberli, S. Izquierdo, and L. Bottura, “Quench
Propagation in Nb3Sn Rutherford Cables for the Hi-Lumi Quadrupole Magnets,”
IEEE Trans. Appl. Supercond., 2015.

[44]

P. Kovac et al., “Rutherford cable made of internal magnesium diffusion MgB2
wires sheathed with Al-Al2O3 particulate metal matrix composite,” Supercond. Sci.
Technol., vol. 31, no. 1, 2018.

[45]

R. M. Scanlan et al., “Fabrication and test results for Rutherford-type cables made
from BSCCO strands,” IEEE Trans. Appl. Supercond., vol. 9, no. 2, pp. 130–133,
1999.

[46]

W. Goldacker, F. Grilli, E. Pardo, A. Kario, S. Schlachter, and M. Vojenciak, “Roebel
cables from REBCO coated conductors: A one-century-old concept for the
superconductivity of the future,” Supercond. Sci. Technol., vol. 27, Jun. 2014.

[47]

C. Barth, D. Laan, N. Bagrets, C. Bayer, K.-P. Weiss, and C. Lange, “Temperatureand field-dependent characterization of a conductor on round core cable,”
Supercond. Sci. Technol., vol. 28, Apr. 2015.

[48]

“Advanced
Conductor
CORC
cables.”
[Online].
Available:
http://www.advancedconductor.com/corccable. [Accessed: 20-Nov-2020].

[49]

D. Uglietti, “A review of commercial high temperature superconducting materials
for large magnets: From wires and tapes to cables and conductors,” Supercond.
Sci. Technol., vol. 32, Apr. 2019.

[50]

M. N. Wilson, “Superconducting magnets,” 1983.

[51]

H.-J. Shin et al., “Effects of impregnating materials on thermal and electrical
stabilities of the HTS racetrack pancake coils without turn-to-turn insulation,” IEEE
Trans. Appl. Supercond., vol. 23, no. 3, p. 7700404, 2012.

[52]

T. Takematsu et al., “Degradation of the performance of a YBCO-coated conductor
double pancake coil due to epoxy impregnation,” Phys. C Supercond. its Appl., vol.
51

State Of The Art - 1. Superconducting Materials and their applications
470, no. 17–18, pp. 674–677, 2010.
[53]

A. Cubero, A. B. Núñez-Chico, R. Navarro, L. A. Angurel, and E. Martínez,
“Electromagnetic behaviour and thermal stability of a conduction-cooled, noinsulated 2G-HTS coil at intermediate temperatures,” Cryogenics (Guildf)., vol.
108, no. October 2019, p. 103070, 2020.

[54]

S. Hahn, D. K. Park, J. Bascunan, and Y. Iwasa, “HTS Pancake Coils Without Turn-toTurn Insulation,” IEEE Trans. Appl. Supercond., vol. 21, no. 3, pp. 1592–1595, 2011.

[55]

K. Kim et al., “Operating Characteristics of an Insulationless HTS Magnet Under the
Conduction Cooling Condition,” IEEE Trans. Appl. Supercond., vol. 23, no. 3, p.
4601504, 2013.

[56]

S. Yoon et al., “The performance of the conduction cooled 2G HTS magnet wound
without turn to turn insulation generating 4.1T in 102mm bore,” Phys. C
Supercond., vol. 494, pp. 242–245, 2013.

[57]

A. B. Nuñez-Chico, E. Martínez, L. A. Angurel, and R. Navarro, “Effects of Thermal
Cycling and Thermal Stability on 2G HTS Pancake Coils,” IEEE Trans. Appl.
Supercond., vol. 25, no. 3, pp. 1–4, 2015.

[58]

J. H. Durrell et al., “Bulk superconductors: a roadmap to applications,” Supercond.
Sci. Technol., vol. 31, no. 10, p. 103501, 2018.

[59]

J. R. Hull and M. Murakami, “Applications of bulk high-temperature
Superconductors,” Proc. IEEE, vol. 92, no. 10, pp. 1705–1718, 2004.

[60]

T. Coombs, “4 - Bulk high temperature superconductor (HTS) materials,” in
Woodhead Publishing Series in Energy, Z. B. T.-H. T. S. (HTS) for E. A. Melhem, Ed.
Woodhead Publishing, 2012, pp. 101–139.

[61]

“intel.com,” 2015. [Online]. Available: https://newsroom.intel.com/newsreleases/intel-invests-us50-million-to-advance-quantum-computing/#gs.cm0jac.
[Accessed: 05-Aug-2020].

[62]

D. Castelvecchi, “Quantum computers ready to leap out of the lab in 2017,”
Nature, vol. 541, no. 7635, pp. 9–10, Jan. 2017.

[63]

G. Grunblatt, P. Mocaer, C. Verwaerde, and C. Kohler, “A success story: LHC cable
production at ALSTOM-MSA,” Fusion Eng. Des., vol. 75–79, pp. 1–5, 2005.

[64]

L. Bertora, “MRI Magnets based on MgB2,” in MgB2 Superconducting Wires, vol.
Volume 2, WORLD SCIENTIFIC, 2015, pp. 485–536.

[65]

W. Yao, J. Bascunan, S. Hahn, and Y. Iwasa, “MgB2 coils for MRI applications,” Appl.
Supercond. IEEE Trans., vol. 20, pp. 756–759, Jul. 2010.

52

1.4 References
[66]

M. Sugano, A. Ballarino, B. Bartova, R. Bjoerstad, C. Scheuerlein, and G. Grasso,
“Characterization of mechanical properties of MgB2 conductor for the
superconducting link project at CERN,” IEEE Trans. Appl. Supercond., vol. 25, no. 3,
pp. 1–4, 2015.

[67]

S. J. Lee, M. Park, I.-K. Yu, Y. Won, Y. Kwak, and C. Lee, “Recent status and progress
on HTS cables for AC and DC power transmission in Korea,” IEEE Trans. Appl.
Supercond., vol. 28, no. 4, pp. 1–5, 2018.

[68]

F. Schmidt and A. Allais, “Superconducting Cables for Power Transmission
Applications: A Review,” 2005.

[69]

J. Pelegrín, “Study of thermal stability processes in MgB2 and REBCO wires and
tapes,” 2013.

[70]

G. Donnier-Valentin, P. Tixador, and E. Vinot, “Considerations about HTS
superconducting transformers,” IEEE Trans. Appl. Supercond., vol. 11, no. 1, pp.
1498–1501, 2001.

[71]

A. Morandi, “State of the art of superconducting fault current limiters and their
application to the electric power system,” Phys. C Supercond. its Appl., vol. 484,
pp. 242–247, 2013.

[72]

L. Salasoo, A. F. Imece, R. W. Delmerico, and R. D. Wyatt, “Comparison of
superconducting fault limiter concepts in electric utility applications,” IEEE Trans.
Appl. Supercond., vol. 5, no. 2, pp. 1079–1082, 1995.

[73]

M. Noe and M. Steurer, “High-temperature superconductor fault current limiters:
concepts, applications, and development status,” Supercond. Sci. Technol., vol. 20,
no. 3, p. R15, 2007.

[74]

W. R. L. Garcia, P. Tixador, B. Raison, A. Bertinato, B. Luscan, and C. Creusot,
“Technical and Economic Analysis of the R-Type SFCL for HVDC Grids Protection,”
IEEE Trans. Appl. Supercond., vol. 27, no. 7, pp. 1–9, 2017.

[75]

T. M. Mulcahy et al., “Flywheel energy storage advances using HTS bearings,” IEEE
Trans. Appl. Supercond., vol. 9, no. 2, pp. 297–300, 1999.

[76]

S. S. Kalsi et al., “HTS SMES magnet design and test results,” IEEE Trans. Appl.
Supercond., vol. 7, no. 2, pp. 971–976, 1997.

[77]

C. Oberly, “Air force applications of lightweight superconducting machinery,” IEEE
Trans. Magn., vol. 13, no. 1, pp. 260–268, 1977.

[78]

H. Stevens, M. Superczynski, T. Doyle, J. Harrison, and H. Messinger,
“Superconducting machinery for naval ship propulsion,” IEEE Trans. Magn., vol.
53

State Of The Art - 1. Superconducting Materials and their applications
13, no. 1, pp. 269–274, 1977.
[79]

G. Klaus, M. Wilke, J. Frauenhofer, W. Nick, and H. Neumuller, “Design Challenges
and Benefits of HTS Synchronous Machines,” in 2007 IEEE Power Engineering
Society General Meeting, 2007, pp. 1–8.

[80]

W. Nick, J. Grundmann, and J. Frauenhofer, “Test results from Siemens low-speed,
high-torque HTS machine and description of further steps towards
commercialisation of HTS machines,” Phys. C Supercond. its Appl., vol. 482, pp.
105–110, 2012.

[81]

PROGRAMA RETOS de Colaboración, “Diseño de una nueva generación de
generadores y equipos auxiliares para energía eólica basados en
superconductores.” .

[82]

“Ecoswing.” [Online]. Available: https://ecoswing.eu/project. [Accessed: 08-Jul2020].

[83]

“EU Climate Strategies & Targets,” 2012.
https://ec.europa.eu/clima/policies/strategies/2020_en.

[Online].

Available:

[84]

“EU Climate Strategies & Targets,” 2018. [Online].
https://ec.europa.eu/clima/policies/strategies/2050_en#tab-0-1.

Available:

[85]

A. Patel, V. Climente-Alarcon, A. Baskys, B. A. Glowacki, and T. Reis, “Design
considerations for fully superconducting synchronous motors aimed at future
electric aircraft,” in 2018 IEEE International Conference on Electrical Systems for
Aircraft, Railway, Ship Propulsion and Road Vehicles & International
Transportation Electrification Conference (ESARS-ITEC), 2018, pp. 1–6.

[86]

F. Berg, J. Palmer, P. Miller, and G. Dodds, “HTS system and component targets for
a distributed aircraft propulsion system,” IEEE Trans. Appl. Supercond., vol. 27, no.
4, pp. 1–7, 2017.

[87]

D. Ahn et al., “Maintaining high Q-factor of superconducting YBa2Cu3O7-x
microwave cavity in a high magnetic field,” arXiv Prepr. arXiv1904.05111,
2019.

[88]

H. Padamsee, “High purity niobium for superconducting accelerator cavities,” J.
Less Common Met., vol. 139, no. 1, pp. 167–178, 1988.

[89]

P. Kumar, “High purity niobium for superconducting applications,” J. Less Common
Met., vol. 139, no. 1, pp. 149–158, 1988.

[90]

W. Singer, “Metallurgical and technological request for high purity niobium in SRF
application,” AIP Conf. Proc., vol. 837, pp. 51–63, 2006.

54

1.4 References
[91]

Z.-H. Sung, A. Dzyuba, P. J. Lee, D. C. Larbalestier, and L. D. Cooley, “Evidence of
incomplete annealing at 800 °C and the effects of 120 °C baking on the crystal
orientation and the surface superconducting properties of cold-worked and
chemically polished Nb,” Supercond. Sci. Technol., vol. 28, no. 7, p. 75003, 2015.

[92]

S. Casalbuoni et al., “Surface superconductivity in niobium for superconducting RF
cavities,” Nucl. Instruments Methods Phys. Res. Sect. A Accel. Spectrometers,
Detect. Assoc. Equip., vol. 538, no. 1–3, pp. 45–64, 2005.

[93]

M. Aburas, A. Pautrat, and N. Bellido, “Change of surface critical current in the
surface superconductivity and mixed states of superconducting niobium,”
Supercond. Sci. Technol., vol. 30, no. 1, p. 15009, 2016.

[94]

A. Grassellino et al., “Nitrogen and argon doping of niobium for superconducting
radio frequency cavities: A pathway to highly efficient accelerating structures,”
Supercond. Sci. Technol., vol. 26, no. 10, 2013.

[95]

“XFEL.” [Online]. Available: https://www.xfel.eu/.

[96]

“FLASH.” [Online]. Available: https://flash.desy.de/.

[97]

L. Lilje et al., “Achievement of 35MV/m in the superconducting nine-cell cavities
for TESLA,” Nucl. Instruments Methods Phys. Res. Sect. A Accel. Spectrometers,
Detect. Assoc. Equip., vol. 524, no. 1–3, pp. 1–12, May 2004.

[98]

J. Sekutowicz et al., “Design of a Low Loss SRF Cavity for the ILC,” in Proceedings of
the 2005 Particle Accelerator Conference, 2005, pp. 3342–3344.

55

2. Surface Processing by Laser
Technologies
Laser technology has played an important role in the development of the research works
presented in this thesis. In particular, laser melting and laser surface nanostructuring have
been used for different applications. In this section, the basics of laser radiation and lasermatter interaction will be described. Moreover, the most relevant laser processing
parameters will be defined.

2.1. Laser: Fundamentals
Since the last part of the twentieth century, the humankind is surrounded by laser
technology. Not only inside laboratories, but also in everyday products. This can give us
an idea of the importance of this invention. The first working laser device was built by T.
H. Mainman in 1960 [1], based on the works of C. H. Townes and A. L. Schawlow [2]. Laser
is the acronym of Light Amplification by Stimulated Emission of Radiation and the name
itself give us a small description of how it works.
Stimulated emission can be explained following these ideas. Considering individual atoms
or molecules, electrons orbiting around the atomic nucleus are placed in discrete levels
of energy (Figure 2.1). Initially, electron is placed in the energy level where it reaches its
equilibrium. This given electron can be excited to higher energy states if it absorbs
sufficient energy from photons (light) or phonons (heat), for example, to reach this level.
In the case of light, a specific wavelength will be necessary to induce this change, so the
electron will jump to the higher level consuming a photon. This electron will not stay in
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this level forever, so it will decay again to its ground level, emitting again a photon. When
this happens without external influence, it is called spontaneous emission, and the
emitted photon has the same wavelength as the absorbed one had, and random phase
and direction. But, if the electron is already in the higher level and receives the right
energy, for example the mentioned photon, it can drop to its ground level emitting a
second photon with the same wavelength, phase and direction. This phenomenon is
called stimulated emission.

Figure 2.1 Schematic description of (a) absorption, (b) spontaneous emission and (c) stimulated
emission phenomena within two discrete energy levels [3].

These physical events take place simultaneously inside the gain medium, where the light
is generated, and are caused by the pump source. The third essential part of the laser is
the optical cavity that maintains and amplifies the emission. When the number of particles
inside the gain medium in the excited state is larger than those in ground state, is called
population inversion. It means that the stimulated emission is larger than the rate of
absorption of light in the medium, so, finally, the light is amplified. Figure 2.2 shows the
essential parts of a laser.

58

2.1 Laser: Fundamentals

Figure 2.2 Scheme representing laser main components.

What make laser technology so important are the properties of the emitted light. Laser
beam is coherent, collimated and monochromatic, as a result of what happen inside the
gain medium, ending in an increase of the number of photons, all of them with the same
wavelength, direction and phase. The coherence of the electromagnetic wave can be
spatial and/or temporal: The spatial coherence can be defined as the distance where the
wave keeps it phase correlation. Due to this fact and to the low divergence, the laser beam
light is collimated and presents a high directionality. Also, temporal coherence can be
defined changing the spatial distance for a temporal range. It is relevant to mention that
these two concepts are independent. Figure 2.3 illustrates different coherent scenarios.
The monochromaticity is also a consequence of the stimulated emission process
(temporal coherence). Laser light has a narrow emission spectrum associated with the
resonant modes of the laser´s cavity. Over time, this wavelength can change due to small
fluctuations in cavity dimensions (of the order of 10-6 m for solid state lasers or 10-11 m
in the case of high stability gas lasers [3]) in the wavelength scale. These variations define
the laser linewidth. In addition to monochromaticity and coherence, directionality is also
important in laser systems. In order to minimize divergence, a lens system is generally
employed to focus the laser beam.
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Figure 2.3 Coherence description. (a) Perfect coherence. (b) Spatially coherent beam with only
partial temporal coherence (coherence time τ0). (c) Almost completely incoherent beam [3].

Output light emitted by the different laser sources can be found in the following ranges
of the electromagnetic spectrum, ordered by increasing values of wavelength (or the
equivalent decreasing photon energy values): Near ultraviolet, UV, divided in three parts:
UVC (200 - 280 nm, 6.2 - 4.4 eV), UVB (280 - 320 nm, 4.4 – 3.9 eV) and UVA (320 - 380 nm,
3.9 – 3.3 eV). Visible ranges from 380 nm (3.3 eV) to 780 nm (1.6 eV) where violet is settled
at 400 nm, green at 532 nm and red at 700 nm. Over that, finally appear those that emit
in infrared, which is also separated in three different ranges: Near infrared, n-IR (780 nm
> λ > 3 µm, 1.6 - 0.4 eV), mid-infrared, m-IR (3 µm > λ > 50 µm) and far-infrared, f-IR (50
µm to 1 mm). In Figure 2.4 the electromagnetic spectrum is represented far beyond the
emitting limits of lasers to put them into context.
In terms of irradiance, power per unit area, laser emission differs substantially from other
electromagnetic radiation sources. Pulsed lasers, and especially those with short and
ultra-short pulse duration, can reach irradiance values as high as 5·10 12 W/cm2, many
orders of magnitude higher than sunlight. Space agencies NASA and ESA have been
measuring total solar irradiance (TSI, at the top of Earth’s atmosphere) since 1978 as
1.36·10-1 W/cm2 in average [4].
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Figure 2.4 Electromagnetic spectrum [3].

2.1.1. Laser classifications
Diverse types of lasers are available, and they can be classified by different specifications.
For example, taking into account the operation mode, lasers can be classified in
Continuous Wave (CW) and pulsed lasers. CW lasers are used in applications where the
output power is needed to be constant. It requires a population inversion of the gain
medium in a constant replenishment by a steady pump source, which is not always
possible (and practical). Other commonly way to classify lasers, is by the gain medium,
because at the same time it characterizes its output wavelength. Output power and pulse
duration are also related with the gain medium.
Some well-known gas lasers (using gas discharges to amplify light coherently) are HeNe
systems, which the best-known operates at 632.8 nm; or CO2 lasers, a powerful laser
operating in m-IR (10.6 µm). Excimer lasers are also gas lasers with the special feature
that the molecules forming the gain medium only exist with one atom in an excited
electronic state. Good examples of this type are those based in noble gas compounds, XeF
or XeCl (emitting in 352 and 308 nm, respectively). Solid-state lasers form the second big
group, where the gain medium is frequently composed by a glass or crystalline material
doped with some rare-earth elements. Nd:YAG or Ti:Sapphire are the two main examples
within this large list of devices: The former (neodymium doped yttrium aluminum garnet)
61

State Of The Art - 2. Surface Processing by Laser Technologies
emits typically at 1064 nm and can operate in both, continuous CW and pulsed (via Qswitching) modes. Ti:Sapphire lasers are an example of tunable lasers because they can
emit between red (650 nm) and infrared (1100 nm), and are frequently used to generate
ultrashort pulses. Lasers based on diodes (so called semiconductor lasers) produce light
by the recombination of electrons and holes in a p-n junction. Depending on the
semiconductor material, these widespread lasers can emit in the range from IR to UV
spectrum. Another solid active medium gives name to its own group, the fibre lasers,
where an optical fibre doped with rare-earth elements works as a gain medium. And
finally, there is a third group, the liquid lasers, mostly based on dyes, where the wide gain
spectrum of available dyes (or mixtures of them), allows these lasers to be highly tunable,
or to produce very short-duration pulses.
On the other hand, pulsed lasers concentrate the average laser power, P0, in short pulses
with a constant repetition rate, frep. Pulse duration, 𝜏𝑝 , has to be much smaller than the
inverse of repetition rate. These pulses are characterized by the pulse energy, EP = P0 / frep,
the average pulse fluence FP = EP / A0 and the average pulse irradiance, IP = EP / (A0 𝜏𝑝 ),
when the beam is focused over an area A0. Typically, pulsed lasers can be divided in: Long
pulse lasers (operating in the range of nanoseconds to microseconds), short pulse lasers
(from tens of ps to few ns) and ultra-short pulse lasers (with pulse duration smaller than
few ps).
Most pulsed lasers use Q-switching or mode-locking to obtain the pulses. Q-switching
systems alter the quality factor of the cavity introducing an attenuator inside the
resonator. Hence, the stored energy is released with a high peak power. It leads to much
lower pulse repetition rates, much higher pulse energies, and much longer pulse durations
than mode-locking systems, which induce a fixed-phase correlation between the
longitudinal modes of the resonant cavity. This option is used in lasers that produce
extremely short pulses, in the range between pico- and femtoseconds. This fact allows
reaching irradiance values above 1016 W/cm2. A third alternative to operate in pulsed
mode is the pulsed pumping, which, as its name suggests, consists of using a pump source
also pulsed, like a flash lamps, for example.
Laser technology has evolved to develop ultrafast lasers that are able to emit pulses,
whose duration is typically below tens of picoseconds. First advantage of using these
lasers comes from the extremely high attainable level of irradiance. They are able to
concentrate established amounts of energy within a particularly narrow pulse enabling
the emergence of nonlinear events. Another important effect associated with ultrashort
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laser pulses and its time scale is that new interaction with matter mechanisms are
generated and ablation processes change completely, ending in a so-called “non-thermal”
(macroscopic) ablation.
The increasing availability of ps and fs lasers comes from the fact that much more
manufacturers are able to assemble very reliable ultrafast equipments and, in some cases,
more compact day by day. This, together with the wide range of applications opened,
makes this theme a hot-topic of research [5]. The final example of such availability of this
type of ultrafast lasers with high repetition rate would be its use in industrial applications,
where this technology has an enormous potential [6].
In addition to the above mentioned aspects, there is a special arrangement of matter in
some irradiated surfaces, whose study has been pushed up in recent years, thanks to
ultrashort pulse lasers: The generation of periodic structures induced by laser that will be
detailed in section 2.3.2.

2.1.2. Laser safety.
It is important to remark safety issues in the use of lasers. Damage in biological tissues
can be caused by lasers in different ways. Thermal damages (burns) occur when
temperature rises above the denaturation point of proteins that form the tissue.
Photochemical damages (light trigger chemical changes in biological material) can be
produced by shorter wavelengths laser sources, in the range from blue to ultraviolet.
Radiation is another damage mechanism mainly by photoionization [7]. This last harm has
been studied for ultra-short pulse lasers like Ti:Sapphire. Talking about pulsed lasers, it is
remarked that the shorter the pulses, the more dangerous they could be. Laser pulses
shorter than 1 µs can increase the tissue’s temperature very fast and the resulting
explosive boiling water will produce a shock wave that is potentially more hazardous than
the first impact. Recent experiments on ultra-short pulsed lasers point an extra risk that
has to be taken into account: Unwanted hazardous X-ray emissions are generated [8] and,
even though the X-ray dose emitted per pulse is low, high repetition rate lasers (several
100 kHz) induce accumulative doses beyond safety limits. Emission levels are especially
high when metallic targets are irradiated with those high-intensity lasers (studies
performed for 1014 W/cm2 irradiance peak values). Specific protective protocols have to
be taken and shielding materials need to be chosen efficiently (e.g., aluminium requires
30-40 times larger thickness walls than iron or lead to obtain the same protection level)
[9].
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Even the very low power devices, directly or via an intense reflection in a shiny surface,
can produce damages in human eyes. As it has been introduced, different injuries can be
caused for different wavelength lasers: Since photochemical cataract (clouding the eye
lens) by UV-A laser sources to retinal burn caused by near-infrared light and aqueous flare
or corneal burn in the range of 1.4 to 3 µm (IR).
To design the corresponding safety measures, lasers are classified depending on how
hazardous are to us. The current system, (view Table 2.1) is used since 2002. It is
supported by national and European Standards: UNE-EN 60825-1/A2 CORR:2002. In the
United States, the laser safety is ruled by the ANSI (American National Standards Institute)
Z136 series of standards.

CLASS

DESCRIPTION

1

Inherently safe, usually because the light is contained in an enclosure, for
example in CD players.

1M

Safe for all conditions of use except when passed through magnifying optics
such as microscopes and telescopes.

2

Safe during normal use. The blink reflex of the eye will prevent damage.
Usually up to 1 mW power, for example laser pointers.

2M

Safe because of the blink reflex if not viewed through optical instruments. As
with class 1M, this applies to laser beams with a large diameter or large
divergence, for which the amount of light passing through the pupil cannot
exceed the limits for class 2.

3R

Usually up to 5 mW and involve a small risk of eye damage within the time of
the blink reflex. Staring into such a beam for several seconds is likely to cause
damage to a spot on the retina

3B

Cause immediate eye damage upon exposure

4

It can burn skin, and in some cases, even scattered light can cause eye and/or
skin damage. Many industrial and scientific lasers are in this class.

Table 2.1 Classification of lasers according its safety by ANSI Laser Safety Standard and the
International Electrotechnical Commission (IEC). Blink reflex is in the order of 0.25 seconds.
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2.2. Laser-Matter interaction
One important application of laser technology is material processing. Photon-matter
interaction generates a wide phenomenology that can be applied in a broad range of
applications.

2.2.1. Photon-matter interaction
With the consistent idea of the laser as a very versatile tool, the interaction between
incident laser light and matter can be diverse. Such phenomena are mainly induced by the
photon-matter interaction, which is motivated by the promotion of specific electrons
from the valence to the conduction band by the precise wavelength range photons. This
interaction occurs in an ultra-short period of time and all the subsequent mechanisms
happen in different timescales, shown on Figure 2.5, where it is illustrated that ionization
process happen in the range of femtoseconds. Hot electrons start to transfer energy to
the lattice in timescale periods of picoseconds, fact that will trigger other relevant
processes.

Figure 2.5 Time scale (logarithmic) for different photon-electron induced processes.

As a consequence of the previous diagram, together with the availability of shorter pulse
lasers, is fair to say that new interactions have to be studied when the laser pulse duration
is comparable to the time lapse where the energy is transferred by hot electrons to the
vast material bulk (lattice). In some cases, multiphoton processes also take place.
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The photon absorption implies different electron transitions in the case of metals,
semiconductors or insulators. Thus, the final effect will depend not only on the laser
characteristics but also on the irradiated material properties, mainly thermal and optical
ones [10][11][12].
Overall, laser-matter interaction can be divided into photothermal and photochemical
mechanisms. Although, most of the times both interactions come out together with major
relevance of one of the terms. The former interaction mechanism is the conventional one,
and includes for instance free-electron excitation in metallic materials or lattice vibrations
within an insulator [11]. In those cases, the absorbed energy is dissipated as heat, as long
as the irradiance is not high enough to go over any damage threshold. The latter group,
photochemical mechanisms, is related with changes in chemical bonds caused by the laser
energy absorption. These reactions will definitely change the surface behavior of the
material.
In the thermal component, absorbed energy is transformed into heat due to several
mechanisms [13], which take place in the range of very few picoseconds, as mentioned
above. The macroscopic effect is a sudden increase of the surface local temperature
(variations that can be from the orders of 103 to 1010 K/s) where the heat capacity and the
global thermal conductivity are key factors to dissipate the heat. This heat accumulation
can induce phase changes like fusion, vaporization from the material surface, or even
plasma formation if the created vapor plume is enough ionized.
Among non-thermal mechanisms, photochemical processes, which produce the chemical
bond formation and rupture, take places in applications such as micro- and nanomachining. Other relevant non-thermal effects include photoelectrical mechanisms,
where electrons from the irradiated material surface are emitted as a response to the
laser incident irradiation [11][14]. Moreover, photophysical processes should also be
considered, which include photoablation, plasma induced ablation and photobreakage
[13]. Photoablation is caused by the breakage of the surface molecular bonds, ending in a
material disintegration and a local gradient of pressure that induce an ejection of the
affected volume. Ablation process induced by plasma differs from the previous case in the
small amount of melted material. Here, ionized plasma is commissioned (in charge) to
directly sublimate it. Photobreakage mechanisms include phenomena like shock wave
generation, jet formation and plasma sparking. All of them induce local mechanical
stresses strong enough to break the processed material. In some conditions, the resulting
strain of the surface hardens the material (shock hardening, laser blasting) [10][11][14].
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It is important to take into account that for ultrashort pulse lasers, pulse duration is in the
same time scale of photon-electron interaction (multiphoton absorption,
photoionization, electron heating, etc) and the characteristic relaxation times1 (Figure
2.5). Precisely, this time-scale avoids a large part of thermal mechanisms, in comparison
with larger pulses. This rapid energy impact on the bulk (“electron lattice”) is transferred
to phonon (quantized vibration) subsystem looking for equilibrium until complete
thermalization [15]. In the case of laser pulses of picoseconds (or shorter), heat diffusion
is frozen during material-laser beam interaction and the shock-like energy deposition
leads to ablation. For fs laser pulses, there are two competing mechanisms resulting in
material removal and ablation: the Coulomb explosion (“smooth” ablation) and thermal
vaporization (strong ablation) [16].

2.2.2. Material optical properties
Laser source emits a collimated coherent monochromatic and well-defined radiation, and
when it reaches the material surface, it can be reflected, absorbed or it can pass through
the material (transmission). Transmitted component uses to be companied with
refraction phenomena thanks to the index change between two mediums. Furthermore,
diffraction mechanisms are registered when the laser beam face appropriate gratings or
scattering effect occurs when light is forced to deviate its previous straight trajectory.
Therefore, all processes introduced during the previous section motivated by the photonmatter interaction, will not arise in every material in the same way because material
optical properties also affect the response to laser radiation. In terms of intensity, the
incident light (I0) has to be equal to the sum of transmitted (IT), absorbed (IA) and reflected
(IR) components.
The absorbed component of the incident laser beam is the responsible of generating some
modifications in the sample surface. In opaque materials, absorption and reflectance are
complementary. Reflectance is a component of the response of the electronic structure
of the material and has a wavelength dependence (called spectral dependence curve),

1

τe-e represents very short electron relaxation time due to degeneration of the excited electron
subsystem into equilibrium. τe-p represents electron phonon relaxation time during which energy
is transferred from the electronic to the phononic subsystem. And finally, phonon-phonon
relaxation time τp-p during which the redistribution of the energy is part of which phonon will lead
to the equilibrium of the whole bulk material. It can be considered that τe-e << τe-p and τp-p << τe-p. In
most cases, τp-p is around 10 τe-e and τe-p is from the order of few ps [22][23].
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and, it will constrain the amount of energy absorbed for the material. Figure 2.6 (a) shows
reflectance coefficient for different wavelengths in some metals. It is observed that
reflectance values are higher than 0.9 for wavelengths larger than 1 µm, while absorption
is much higher in the UV region. By contrast, non-metallic materials are often transparent
in the visible range and show a high absorption values in the m-IR range.
Absorption is not only a function of light wavelength but also several processing
parameters, as the incident angle or the laser polarization, are also relevant. Figure 2.6
(b) also shows that surface temperature modifies absorption, showing a sharp increase
when material surface reaches melting temperature. Surface quality is a key factor.
Surface roughness, for instance, can induce diffuse reflectivity (instead of specular), which
produces surface absorption changes [17]. In case of very rough surfaces, untreated areas
can appear. If the surface has pores of a specific size, they can scatter the incident light,
increasing, thus, the absorbance.

Figure 2.6 (a) Reflectance coefficient for different metals. (b) Metals absorption variation with
temperature [3].

Once part of the incident light is reflected, absorption happens in a very thin surface layer
and later, it will be transferred to the bulk material thanks to conduction mechanisms.
The intensity will decay according Beer-Lambert law:
𝐼(𝑧) = 𝐼0 𝑒 −𝛼𝑧

(Eq. 2.1)

Where I0 is the intensity of the incident light, I(z) is the resulting intensity at deep level z,
and α is the absorption coefficient (m-1). It is convenient to define the optical penetration
depth, δ = 1/α, which is the depth at which the intensity drops to 1/e of the initial value
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at the interface due to ohmic, dielectric or magnetic losses. 𝛿 =

𝜆
4𝜋𝑘

, where k is the

imaginary part of the complex-valued refractive index. For instance, in the case of metals
irradiated with CO2 laser (λ = 10.6 µm), δ ≈ 10 nm.
Finally, up to this point the processes that have been described correspond to linear
absorption where the absorption coefficient is independent of the optical intensity. For
non-linear absorption processes, this coefficient is a linear or high-order function of the
intensity. For example, two-photon absorption process is ruled by a α linear dependence
of the intensity. Multi-photon absorption processes, involved in laser-induced damage by
intense laser pulses, have a high-order dependency of intensity. These processes are not
exclusive of ultrashort pulse lasers because not-so-short pulses with enough irradiance
(and followed with a high repetition rate) can produce similar effects. Basically,
electromagnetic waves incident over certain surface induce a non-equilibrium state. Here,
Maxwell’s equations (classical basis of electromagnetism and laser-matter interaction)
have to take into account high-order terms of, for example the polarization field, since
EM laser fields are comparable (bigger) to the electric field strength inside the atoms [15].

2.3. Laser induced surface modifications
According to physical mechanisms previously mentioned, laser can induce a variety of
changes into different materials. When the irradiance levels are low enough, laser can be
considered as a heat source. The thermal component of laser interaction is bigger than
the non-thermal one but it does not have enough power to induce a phase change. This
situation can occur easily with continuous laser or long pulse duration, but in both cases
irradiance should be low.
For larger irradiance values, the thermal effect induces phase changes, like solid-liquid
transitions (melting) or, in the case of much higher irradiance values, direct sublimation
(vaporization) and plasma formation. This last one leads to distinct phenomena due to the
extremely high temperatures of plasma, together with its electric charge, since it is
completely ionized (see Figure 2.7).
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Figure 2.7 Incident laser beam and induced events. From left to right: Heating, melting,
evaporation and plasma formation processes.

Chemical changes over material surface can be induced as well by photothermal and/or
photochemical interaction with the laser. For example, oxidation or reduction processes
are frequent in metallic surfaces depending on the treatment atmosphere. In polymers,
for instance, bleaching (loss of colours) and carbonization (degradation of organic forms
into carbon forms) processes are also recurrent.

Ablation
Another characteristic thermal features, mostly related with pulsed lasers, although CW
lasers could also be involved [18], are those connected with ablation processes. Several
mechanisms, already introduced, can induce laser ablation over material surfaces, but
generally speaking, it consists of material removal. When pulse irradiance exceeds certain
threshold value, material is ablated from the surface. In order to make this happen,
various phenomena act together in this particular region limited by the material solid
phase (subsurface), its surface and the induced gaseous phase. The more relevant
mechanisms involved are heat conduction directed to material inner layers, chemical
reactions, gasification, plasma formation, photoacoustic and shock waves formation and
melt expulsion and redeposition.
It is important to take into account the number of pulses received for the surface, since it
may exhibit incubation phenomena [11][14][16]. This is associated to high repetition rate
lasers treating surfaces and occurs when there is not enough time between pulses to
reach something similar to thermal steady-state. Hence, energy accumulation over
surface takes place and laser-material interaction changes completely. Among other
alterations, surface temperature will rise, there will be an increasingly amount of melted
material and the consecutive pulses and their accompanying shockwaves will result in an
almost-liquid interface. It is important to remind that all mechanisms related with ablation
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process happen very fast, even with short laser pulses (pulse duration in the range of
nanoseconds). Ultrashort pulses can hardly be involved in incubation processes since the
thermal interaction with the surface is really brief. Much larger number of pulses or even
higher intensities should irradiate the sample for that to happen.
Nevertheless, ultrafast lasers can induce ablation processes as well, but slightly different
than the short-pulse lasers. While ablation induced by short pulses is driven by thermal
processes (Figure 2.8 (a)), ablation produced by ultrafast lasers changes since the energy
cannot be transferred “instantly”. Figure 2.8 (b) illustrates, in comparison, bigger pressure
effects and roughly no heat conduction towards the bulk material.

Figure 2.8 Models for different ablation processes for short (a) and ultrashort (b) pulses in
metallic surfaces [19].

Short pulse ablation directly depends on the achieved material temperature and is
determined by both evaporation and melt expulsion. Pulse duration and its capacity for
transfer the given energy will define the dominant mechanism. In the case of ultrashort
pulse ablation, the phenomena it is not completely clear but, at least in metals, it is usually
explained with the two-temperature model (TTM), electron and grid temperatures.
Briefly, TTM consists in the following: Before laser pulse, both temperatures are equal
(coupled). Once the pulse reaches the metallic surface, electron temperature becomes
much higher than the grid, then energy is transferred to the lattice, rising its temperature
and being at this moment much higher than the electron one. Subsequently, the energy
of the lattice can diffuse to material’s inner layers and the outer part or the surface can
be ablated. All these events, happened within the first picoseconds. Figure 2.9 shows
more in detail the differences between both ablation processes together with
mechanisms introduced in section 2.2.
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Figure 2.9 Energy absorption approximate time scales for nanosecond and femtosecond laser
ablation [16]. Also several processes that occur during and after the laser pulse are indicated.
Inverse Bremsstrahlung is connected with the deceleration radiation of particles. LIBS is an
acronym for Laser Induce Breakdown Spectroscopy

All these processes open a broad range of applications, where laser technologies have
been applied and nowadays are well-implemented in industrial practices (Figure 2.10).
Using the laser irradiation in controlled machining processes or just as a heat source as an
alternative thermal treatment, surface laser processing represents an excellent tool to
improve surface properties. The works presented in this PhD are mainly focused in surface
melting and surface nanostructuring processes.
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Figure 2.10 Typical power densities and interaction times for various laser processes [3].

2.3.1. Application of melting processes
As it has just been introduced, laser technology is a versatile tool with a relevant role in
industrial processes as a heat source and also used in machining processes where ablation
mechanisms are involved. It is also possible to engineer surfaces since the needed heat
contribution to a given purpose is easily and accurately controllable. These phenomena
can be separated in two groups: Those just producing microstructural changes, like
hardening, melting or texturing processes; and those that involve also changes in material
composition, like metal alloying, cladding, etc.
Some of the main advantages of using laser sources are the controlled power densities
supplied to the material surface, the cost-effective enhancement above certain power
densities and the attainable process temperature. Thanks to focused laser irradiation,
great heating/cooling speeds and large thermal gradients are present in localized areas of
the sample. These facts allow reaching enough temperature locally, to overpass the
material melting point, even in ceramic materials. That would be impossible (or at least,
not sustainable) using other techniques. This combination of melting processes and
relatively fast cooling can induce in multi-component samples the appearance of
metastable phases of two or more elements with, sometimes, better properties than the
regular mix of phases. These microstructures, called eutectic, open the possibility of
developing new improvements with better mechanical or chemical (among others)
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properties. Obviously, these large thermal gradients also generate thermal stresses in the
sample that, in the case of ceramics, is an important issue because they can produce
cracks on the sample and deteriorate its properties.
Another application of laser induced controlled melting is the growth of high quality
polycrystalline materials and single crystals. A well-studied method to achieve that
crystals is Laser Floating Zone (LFZ) technique, also named as Laser-Heated Pedestal
Growth (LHPG) [20]. LFZ consists in generate a circular crown-like heat affected zone in
cylinder shaped samples thanks to laser irradiation and the appropriate set of mirrors and
lenses. Meanwhile, the sample (feed rod and the resulting fibre) is rotating to have a
homogeneous melted zone along the cylinder section (see Figure 2.11). The first
equipment was developed by Haggerty [21], and lead the way to a simple and fast method
to growth crystals of large quality and also solving the problem with crucibles. Crucibles
were needed in other melting methods to withstand crystal precursors, but in addition to
problems with processing certain materials (i.e. refractive ones) they added impurities to
the crystal. LFZ do not need crucibles. It is also desirable to work inside a chamber that
allows treating samples under high pressures, enabling the growth of volatile and
metastable materials.

Figure 2.11 Schematic diagram of the typical Laser Floating Zone setup detailing the laser light
entrance to the chamber and the molten zone area [20].

LFZ enables the production of high performance materials for several applications: Doped
YAG (Y3Al5O12) for laser medium gains [22], thermoelectrics [23] or superconductors [24]
among others.
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This technique is very consistent and well-stablished for many applications. But, on the
other hand, there are other purposes that require bigger samples or larger treated
surfaces, and LFZ finds difficulties to scale up its results. Because of this, is also relevant
to achieve melting fronts over large horizontal surfaces. This is easily attainable with high
power CW or pulsed with high repetition rate lasers attached to galvanometric mirror
systems, which allow scanning of large surfaces.
Related with the previous technique, other widespread applications that involve laser
melting are those grouped as Additive Manufacturing (AM), particularly Selective Laser
Sintering (SLS) together with Selective Laser Melting (SLM). They result as a competitive
alternative to the conventional manufacturing process with powder precursors.
Traditionally, a powder, binders and stabilizers mixture is formed into the desire shape
with a mould before sintering at high temperature, resulting in a dense part. This process
involves multiple steps including, for instance, costly moulding process.
On the other hand, AM techniques try to overcome past difficulties. These methods have
been used to develop complex designs, especially those fabricated with metals and
polymers. Meanwhile, ceramic parts manufactured as the latter, represent a
technological challenge. They have an extraordinary potential in a large variety of
applications (aerospace industry, biomedical, energy sector, etc) because of the ceramic
properties themselves, but are precisely that properties (thermal and mechanical) those
who represent harder difficulties for their manufacture.
Ceramic AM can be divided into three groups: Binder-based techniques, extrusion-based
techniques and sintering and melting techniques [25]. In the first group, a ceramicmonomer suspension is solidified by photo-polymerization with UV laser. Second group is
based on an injection with a ceramic-binder mixture extruded through a nozzle layer by
layer. A following thermal treatment is needed in both cases to attain the final dense part.
On the other hand, SLS-SLM methods represent a binder-free process where it is possible
to synthesize new phases under non equilibrium conditions thanks to high speed laser
heating/cooling [26].
SLS is one of the current mainstream AM technologies. It was developed by Beaman and
Deckard in 1980’s decade [27] and basically consists in a powder bed fusion process, in
which fresh powder layers are applied sequentially and each layer is sintered selectively
by a laser beam according to a pre-determined path. An appropriate post-processing is
required to get the final parts. SLM reproduces the same idea with the difference that the
bed powder is melted in only one step using a much higher energy laser source. A scheme
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of the production steps (a) and the consolidation of the melting process (b) is shown in
Figure 2.12.

Figure 2.12 (a) Schematic basic steps of the SLM production: Starting with the raw powder and
the CAD design, continuing with the laser melting layer by layer, and ending with the final piece.
A moving platform is in charge of lower the already manufactured layers and set more powder in
the focus of the laser. (b) Illustration of the material consolidation process. Adapted from [28].

Sometimes, an additional problem that emerges when laser melting techniques are
applied to ceramics is the thermal shock, since those materials have a high melting
temperature and low expansion coefficient. Hence, it is frequent the emergence of cracks.
To avoid it, samples can be preheated in order to reduce the temperature difference
between the molten surface induced by laser and the remaining material. Two
alternatives in that sense are to preheat the sample/powder bed with a second laser
source (usually a CO2 laser) [29] (Figure 2.13 (a)) or to introduce the powder or the
sintered sample in a furnace and irradiate it at the same time (Figure 2.13 (b)) [30][31].
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Figure 2.13 Schematic illustration of: (a) Ceramic SLM experimental setup [28]. (b) Laser
processing with the sample placed inside a furnace.

During this thesis, ceramic (Al2O3) surface has been remelted by laser irradiation with the
additional challenge of being supported by a metallic substrate, where oxidation reactions
are important.

2.3.2. Application of nanostructuring surface processes
This universal phenomenon occurs when solid surfaces are exposed to linearly polarized
coherent electromagnetic radiation, for instance laser [32]. LIPSS, so-called ripples, are
formed in a wide range of pulse duration: From continuous wave radiation [33] down to
femtosecond pulses [34][35]. These surface structures are gaining prominence within the
scientific community. As an example of that, Figure 2.14 shows the number of
publications collected in “ISI Web of Science – Core Collection” database up to de date
03.08.2020. Searched by topic: “Laser-Induced Periodic Surface Structures”, 1111
publications are reported with a continuous rising number of references in many different
fields of research.
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Figure 2.14 Research intensity in the field of “Laser-Induced Periodic Surface Structures”
reflected in the number of papers published per year since they were named as LIPSS. Adapted
from [36].

The formation of these structures was firstly reported by Birnbaum in 1965 [37] on
polished germanium single-crystal surfaces after irradiating them with a ruby laser (λ =
694.3 nm and pulse duration in the range of milliseconds). Since that moment, many other
experimental and theoretical researchers have done an intensive study on this field.
Different structures were reported on a wide diversity of materials, and several theories
were stated trying to explain how these structures are formed. In 1980’s decade, Sipe’s
group proposed a first-principle theory and coined the actual terminology (laser-induced
periodic surface structures, LIPSS, see Figure 2.14) [38]. After that point, where efficacy
factor η was introduced to explain inhomogeneous energy deposition into the irradiated
surface, some other approaches were given, including those that involve surfacescattered electromagnetic waves (SEW), especially Surface Plasmon Polariton. Starting
21st century, together with ultrashort pulse laser expansion, different laser-induced
arrangements with smaller periodicity were reported and material feedback after laser
irradiation represented an attention-grabbing point of view. It becomes relevant, and old
theories were complemented with new models (Drude model) [39] and new calculations
(finite difference time domain, FDTD) [40], to understand these phenomena [41].
Although there is still controversy about a theory explaining LIPSS formation, two trends
are present nowadays: Those theories based on electromagnetic models and those based
on matter reorganization models. A complete review of both trends has been collected
by Bonse et al [42].
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Figure 2.15 Classification scheme of ultrashort pulse laser induced structures [41].

Generated structures have a strong correlation with the incident laser light polarization
direction and wavelength and typically range from few hundreds of nanometers to some
microns. Reported laser-induced periodic surface structures can be classified respect their
spatial periodicity, Λ: Low Spatial Frequency LIPSS (LSFL) exhibit periods in the range
between incident irradiation wavelength, λ, and λ/2. On the other hand, High Spatial
Frequency LIPSS (HSFL) have a structure periodicity much smaller than λ/2. In turn, both
formations can be subdivided in type I and II regarding their relative orientation with the
incident beam polarization as it is shown in Figure 2.15.
In addition to LIPSS, more structures like grooves and spikes have been observed. Both
are micrometric structures, and while grooves are typically oriented parallel to
polarization direction, spikes are less correlated with beam polarization. Hereunder,
Figure 2.16, shows several structures formed over niobium surface by UV subnanosecond irradiation (λ = 355 nm, 𝜏𝑝 = 300 ps): (a) Ripple arrangements, (b) drop-like
structures over those ripples, (c) groove-like structures and (d) spikes in form of
protrusions.
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Figure 2.16 SEM images showing structures generated over 6-µm thick Nb sheet. Induced by a UV
laser irradiation under N2 atmosphere and the effective number of pulses, Neff1D = 34 and
distance between consecutive lines, ds = 5 µm. Coloured arrow indicates laser polarization.
Repetition rate of (a) and (b) was 600 kHz and for (c) and (d) 300 kHz. The beam scanning
velocity, vL, was changed to maintain constant the effective number of pulses in all cases.
Fluence values correspond to: (a) 0.26 J/cm2. (b) 0.33 J/cm2. (c) 0.66 J/cm2. (d) 0.74 J/cm2.

In many studies, LIPSS have been obtained in single pulses. In Figure 2.16 it is shown that
by controlling the fluence level and the number of pulses it is possible to select the type
of micro- and nanostructures. Before going deeper into these parameters, it is needed to
clarify that the use of fluence values (expressed in J/cm2) to characterize the laser
treatment is widespread in literature. Nevertheless, since the pulse duration is relevant
in the energy deliver process, it is found more accurate to give also the pulse irradiance
values, so that different lasers can be compared. From the surface processing side, LIPSS
structures can be generated in 1-dimension scanning process, lines, and in 2-dimension
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procedures. Figure 2.17 shows an example of how different surface morphologies can be
obtained varying these parameters.

Figure 2.17 Different structures formed along a line processing over 100Cr6 steel with a
femtosecond laser. Notice both logarithmic axis and y-axis plots the peak fluence instead of the
introduced irradiance procedure (reported pulse duration for the employed laser was 30 fs) [43].

Different kinds of structures are generated as a result of certain irradiance pulse value
and a number of pulses. Above some threshold level (intensity and N), structure formation
mechanisms can change. Hence, together with Gaussian profiling of the majority of the
lasers, it is possible to observe different structures around the same spot (static laser
processing, zero-dimensional), like those shown in Figure 2.18.

Figure 2.18 SEM images of a silicon surface irradiated 180 fs-laser (λ = 1030 nm) with frep = 50
kHz, FP = 0.5 J/cm2 and N = 100 pulses. (a) Crater created by the laser pulses. White arrow
represents laser polarization direction and dashed colored circles serve for eye-guiding the
limited areas with different structures. (b) Zoom view of the bottom-right part of the crater
where can be found grooves (G) and ripples (R) together with nanoparticles (NPs) spread over
crater surroundings [44].

81

State Of The Art - 2. Surface Processing by Laser Technologies
As it has been introduced, LIPSS can be generated in almost every solid material surface
[45], being reported over metals [35][46], semiconductors [44][47], dielectrics [39],
polymers [48] or composite materials [49].
Many groups have also studied the influence of tuning the delay between consecutive
ultrashort pulses (through interferometers, for example) to understand the effect of
different pulses with the specific excitation-relaxation times (electron – phonon, etc).
Furthermore, other parameters like the angle of incidence, atmosphere or sample
temperature can induce changes in the formed structures [45].
These kind of self-ordered structures have become very relevant in the field of surface
modification. They can be produced reliably in just one step, without surface contact,
avoiding expensive methods (lithography) and in most cases eluding vacuum technologies
or the use of extra chemical products. Final nano- and microstructures created (ripples,
grooves, spikes, etc) over a wide variety of materials can modify physical and chemical
surface properties. This fact opens a considerable amount of new applications and
hereunder some are highlighted [45][50].
Due to its spatial periodicity, these structures can diffract the visible part of the spectrum,
acting like gratings. This effect produces an iridescence phenomenon (change of the color
depending on the illumination angle or the view angle) [46]. The color-change induced by
LIPSS can be very attractive to applications like, for example, laser marking, optical data
storage, encryption or anti-counterfeiting features, since it is extremely difficult to copy
intrinsic irregularities present in these structures. More applications related with
photonics are, for instance to induce anti-reflective properties to some glasses,
generating randomly distributed nanopillars [51] or an enhancement in luminescence, for
instance in light emission diodes based on GaN, producing LIPSS in the p-GaN layer [52].
Moreover, applications related with medicine and biology are also relevant. Some studies
reported antibacterial behavior of surface covered with LIPSS reducing the unwanted
bacterial film in humid environments [53][54]. Moreover, are notorious the results on cell
growth over laser-induced structures in polystyrene surfaces with an enhancement in
attachment and proliferation of human cells [55].
Many studies have been done to inspect tribological properties of non-biological surfaces
(metallic or ceramic) with laser-induced structures ending in a wear and friction reduction
[43].
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Another group of applications where these nanostructures play an important role are
those related with wetting properties and fluid control [56]. Wettability control can be
achieved generating hydrophilic or hydrophobic surfaces on metals, semiconductors or
dielectrics. These self-organized structures, induced in most cases by fs-laser irradiation,
have also oleophobic and oleophilic properties (LIPSS-covered metals presenting
hydrophobic behavior, also show oleophilic properties [57]). More results related with
fluidic transport [58] or anti-icing performance [59] are opened thanks to these
properties.
Some other innovative and very diverse studies related with LIPSS have been stated: It is
reported an increase of the Raman signal in Surface-Enhanced Raman Spectroscopy (SERS,
chemical analysis applications) thanks to periodic nanostructures [48]. In addition to an
enhancement of THz emitters based on GaAs optoelectronic [60] or an improvement of
the fuel atomization in injection nozzles for car engines [61]. An enhancement of the
catalytic activity on platinum electrodes [62] or changes in the superconducting
properties of niobium have been published as well, publications D and E [63][64].

2.4.

Gaussian optics and relevant processing parameters

In most laser applications, laser beam scans the material surface in different
configurations. In order to understand how energy is distributed on the surface and to
define the relevant parameters in laser material processing, an analysis of the energy
distribution in the laser beam and in the scanning protocol has to be performed.

2.4.1. Energy distribution within the laser beam
The most extended energy distribution (spatial and temporal) in the output pulsed laser
beams corresponds to Gaussian profile, involving the electric and magnetic fields in the
transverse plane. In some cases, other different beam profiles with high order modes are
used, as for instance the Hermite-Gaussian or Laguerre-Gaussian functions or a flattopped profile (called tophat beam), usually employed in several industrial applications.
The longitudinal mode of the laser emission has a small influence in the characterization
of the beam, by contrast the Transverse Electromagnetic Mode (TEM) has great
significance. The TEM depends on the cavity (geometry, alignment, spacing between its
internal optics), on the gain medium and on the resonator (if there are apertures on it or
not) [65]. Frequently, the laser’s cavity is designed to allow only the TEM00 oscillation, that
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corresponds to the Gaussian distribution, because it is more suitable to process materials.
As it can be observed in Figure 2.19, many other modes can be produced modifying the
cavity design.

Figure 2.19 Description of various cylindrical transverse mode patterns (TEMmn) [3].

A dimensionless parameter widely used to compare and describe the laser beam is M2,
the beam quality factor, and represents the variation of a beam from the Gaussian profile.
An ideal laser (mode TEM00) with Gaussian profile presents an M2 = 1. Real lasers present
a M2 value bigger than one. For example, solid state lasers present a M2 = 1.1 - 1.3 or
lasers based on diodes, M2 = 1.1 - 1.7 [3][66]. The lower M2 is, the better quality has the
laser beam. This factor is useful to compare lasers beyond from their wavelength.
Most TEM00 output laser beams have circular cross section with an amplitude envelope in
the transverse plane given by Gaussian spatial and temporal profiles. The irradiance
distribution is given by the product of two Gaussians:
2

𝒥𝑝 (𝑟, 𝑡) = 𝐼𝑝0 𝑒 −2(𝑟⁄𝑟𝑏 ) 𝑒 −2((𝑡−𝑡0 )⁄𝜏𝑝 )

2

(Eq. 2.2)

Where t is time, 𝜏𝑝 the pulse duration, r is the radial coordinate that gives the distance
from the beam axis, and rb is the beam radius defined with (1/e2) contour criteria.
EP can be calculated by the temporal and spatial integration of Eq. 2.2, as it is shown in
Eq. 2.3.
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In addition, the spatial fluence distribution in a pulse can be calculated as:
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Eq. 2.4 shows that ℱ𝑝 (𝑟) is also a Gaussian distribution with a maximum value at the
center of the pulse that is two times the average fluence value (FP = EP /A0).
The convergence or divergence associated with an optical system can change the radius
of the beam along the propagation direction. This is important because it modifies the
fluence and the irradiance values associated with the laser power. The variation 𝑟𝑏 (z) can
be observed in Figure 2.20. Close to the focal point, 𝑟𝑏 (z) follows a hyperbolic
dependence.

Figure 2.20 Variation of the beam width 𝒓𝒃 (z) along the propagation distance z showing
divergence waist 𝒓𝒃𝟎 and Rayleigh length zR [67].

This hyperbolic dependence allows us to measure the spot size (through the beam waist,
w) according the next expressions:
𝑧

𝑟𝑏 (𝑧) = 𝑟𝑏0 √1 + ( )
𝑧𝑅

2

, 𝑧𝑅 =

𝜋𝑛𝑟𝑏0 2
𝜆

(Eq. 2.5 , Eq. 2.6)

Where Rayleigh range, zR is defined as the distance along the propagation axis referenced
at the focus where 𝑟𝑏 (zR) is equal to √2 𝑟𝑏0 . This distance between two points separated
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2zR and centred in the focus, is called confocal parameter or depth of focus of the beam.
λ is the laser wavelength and n the refraction index of the propagation medium.
With these parameters in mind, divergence (total angular spread) Θ is calculated in
radians as:
𝛩 = 2 lim [arctan (

𝑟𝑏 (𝑧)

𝑧→∞

𝛩~2

𝑟𝑏0
𝑧𝑅

𝑧

)] = 2 arctan (

, Θ~2

𝜆
𝜋𝑛𝑟𝑏0

)

(Eq. 2.7)
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As it is shown in Figure 2.20, Θ can be simplified as a cone formed at z >> zR (where the
intensity drops to 1/e2 and 𝑟𝑏 (z) increases linearly with z) whose principal axis would be
the propagation axis z, and the radius would be 𝑟𝑏 (z). That cone contains 86.5 % of the
intensity power of the Gaussian beam. It is important to consider that the beam has a
minimum size at the focal point given by:
𝑟𝑏0 =

𝜆𝑑𝑓
𝜋𝑛𝐷

𝑀2

(Eq. 2.8)

where D is the output beam radius before the lens, 𝑑𝑓 is the focal distance of the lens.
In consequence, the beam width, 𝑟𝑏 (z), is the amplitude of the beam radius as a function
of z, and 𝑟𝑏0 (= 𝑟𝑏 (0)) is the value of the radius in the focus, so called waist radius, and, as
it was mentioned before, the intensity evaluated in this point is equal to 1/e2. For safer
use of lasers, the American National Standard Z136.1-2007 uses some similar criteria but
with a fail of the intensity to 1/e = 0.368 times, giving a beam width of 𝑟𝑏 / √2. Full Width
at Half Maximum (FWHM) criterion define the beam width as the distance of two
diametrically opposite points with intensity half of the maximum value, being 2 𝑟𝑏 (the
full width of the beam at 1/e2) = FWHM / √(2ln2). In Figure 2.21, these criteria are shown.
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Figure 2.21 Scheme of intensity distribution (Gaussian profile) with different criteria for the beam
width marked. Adapted from [68].

Since the beam size is a key factor for a controlled laser treatment, it is important to define
it properly. Different alternatives exist to characterize the laser beam experimentally. ISO
11146-(1,2,3):2005 is the international standard that specifies methods for measuring
beam widths (meaning diameters) and divergence angles. Here, D4σ (being sigma the
standard deviation) method is the standard, more general criterion than 1/e2, since it is
valid also for multimodal distributions. Nowadays the use of beam profilers based on CCD
cameras is widespread, especially for lasers in the visible and n-IR ranges, although there
exist detectors for larger wavelengths and also for UV lasers. Other techniques are those
profilers based on pinholes, slits or knife-edges that mechanically shutter the laser beam
and meanwhile a photodetector can measure the transmitted power.
In the case of Gaussian beams, mainly for those with ellipticity, ebeam (ratio between
perpendicular minor and major axis of the ellipse) values close to one (circular-shaped),
Liu [69] define a simple method to characterize the spot size of a pulsed laser through the
evaluation of the mark sizes left by different energy pulses laser blasts.
In some laser treatments ebeam is lower than 0.9, usually because of the use of a nonspherical lens. This fact can be beneficial during surface scanning when the spot is more
similar to a narrow line than to a circular small point. In that case, the intensity analysis
will be parallel to Eq. 2.2 but being more accurate if it is expressed as a product of three
Gaussian distributions: x and y directions, in addition to the temporal one, being a the
semi-axis in the x direction a b in the y direction.
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2.4.2. Processing parameters. Scanning surfaces
Usually laser treatments have to be performed over an area. One option is to couple the
laser to a galvanometric mirror system and to scan the sample surface.
There are two different strategies to scan the surface with a laser beam: Laser Beam
Scanning (LBS) and Laser Line Scanning (LLS) [70][71]. The first one, the most widely used,
consists in scanning the surface with consecutive lines that are separated a distance, ds,
meanwhile the irradiated target remains in a fixed position. The laser beam spot can scan
the given surface line by line with the same direction (typewriter-like, unidirectional) or
can meander the surface alternating the starting direction and the opposite (meandering,
bidirectional). It is important to take into account which strategy is better to scan the
surface, having in mind other parameters like scanning speed or repetition rate and the
acceleration and deceleration of the galvanometric mirrors: Unidirectional LBS can induce
temperature differences between the beginning and the end of each line due to
incubation phenomena, resulting in different surface modifications along the line.
However, bidirectional LBS strategy, since the beginning of each line is closer to the end
of the previous, provokes incubation in both ends of the line.
In the second scanning configuration, Laser Line Scanning (LLS), laser scans continuously
a given line with the spot moving in a giving direction (uni- or bidirectional), while sample
moves perpendicular to this line. Combining the time needed to scan a line and the sample
speed, vsample, it is possible to control the distance, and, in consequence, the distance
between two consecutives lines, ds. An important advantage of LLS is during the
processing of big areas (comparable to the size of the laser marking area). To scan large
surfaces with the LBS, the laser incident angle has to be modified continuously, which
could induce severe changes in the processing. However, laser line scanning maintains a
constant angle (between the laser source and the perpendicular to the line) minimizing
these problems, making this strategy perfect to scalable industrial processes.
In both configurations, the laser describes initially a line. In this line, the ratio between
scanning speed, vL and frep gives the distance between the centre of two consecutive
pulses, dp = vL/frep. This distance controls the energy distribution along the moving
direction of the beam due to its Gaussian profile. In Figure 2.22, the resulting fluence
distributions for different dp / rb ratios are shown, being rb the spot radius. It is observed
that for ratios of dp / rb < 0.9, energy distribution along the scanned line can be considered
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uniform with differences between maximum and minimum lower than a 1%. If the
criterion is established in 0.8, that difference is lower than 0.2‰.

Figure 2.22 Fluence distribution along scanning direction in the centre of the laser processed line
for different ratios dp / rb.

According to previous equations, accumulated fluence at the centre of the line, for
processing parameters that ensure homogenous energy distribution comes from the
following expression:
𝐹𝑐𝑒𝑛𝑡𝑟𝑒1𝐷 = 1.588

𝜋 𝑟𝑏
2 𝑑𝑝

𝐹𝑃

(Eq. 2.9)

Taking into account the overlapping between two consecutive pulses, the effective
number of pulses, Neff1D, can be calculated considering that in a given processing time
interval, t, the laser will emit N = frep t pulses and the beam covers a rectangle with an
area given by (2 rb) (vL t). The average fluence along the line is:
𝐹1𝐷 =

𝑁 𝐸𝑃
2 𝑟𝑏 𝑣𝐿 ∆𝑡

=

𝑓𝑟𝑒𝑝 𝐸𝑃
2 𝑟𝑏 𝑣𝐿

=

𝑓𝑟𝑒𝑝 𝜋 𝑟𝑏 𝐸𝑃
2 𝑣𝐿 𝜋 𝑟𝑏 2

=

𝑓𝑟𝑒𝑝 𝜋 𝑟𝑏

𝐸𝑃

2 𝑣𝐿

𝜋𝑟𝑏 2

(Eq. 2.10)
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𝐹1𝐷 = 𝑁𝑒𝑓𝑓1𝐷 𝐹𝑃
Being Neff1D:
𝑁𝑒𝑓𝑓1𝐷 =

𝑓𝑟𝑒𝑝 𝜋 𝑟𝑏
𝜋 𝑟𝑏
=
2 𝑣𝐿
2 𝑑𝑝

In the perpendicular direction, the fluence also exhibits a Gaussian fluence distribution
given by:
𝑦 2

𝑦 2

𝑟𝑏

𝑟𝑏

𝐹(𝑦) = 𝐹𝑐𝑒𝑛𝑡𝑟𝑒1𝐷 𝑒𝑥𝑝 [−2 ( ) ] = 1.588 𝑁𝑒𝑓𝑓1𝐷 𝐹𝑃 𝑒𝑥𝑝 [−2 ( ) ]

(Eq. 2.11)

By scanning in the perpendicular direction, also overlapping of Gaussian fluence
distributions takes place. Performing a similar analysis in this 2D scanning process, the
energy distribution can be considered uniform if ds / rb < 0.9.
The effective number of pulses in this 2D configuration, Neff2D, can be calculated
considering that the number of pulses required to cover a given processed area can be
approached by (N1dp) (N2ds) and the total energy deposited by the laser in this area is
N1N2EP.
𝐹2𝐷 =

𝑁1 𝑁2 𝐸𝑃
𝐴𝑟𝑒𝑎

=

𝑁1 𝑁2 𝐸𝑃
𝑁1 𝑑𝑝 𝑁2 𝑑𝑠

=

𝜋𝑟𝑏 2 𝐸𝑃
𝑑𝑝 𝑑𝑠 𝜋𝑟𝑏 2

(Eq. 2.12)

𝐹2𝐷 = 𝑁𝑒𝑓𝑓2𝐷 𝐹𝑃
The effective number of pulses in 2D, Neff2D, can be calculated as:
𝑁𝑒𝑓𝑓2𝐷 =

𝜋 𝑟𝑏 2
𝑑𝑝 𝑑𝑠

It is important to have in mind that the time between two successive pulses is of the order
of microseconds (for frep of the order of 20-1000 kHz), while the time between two lines
is of the order of several miliseconds. Also it is relevant to consider that this time includes
the scanning time and also acceleration and deceleration times at the beginning and end
of each line.
Another point to consider is that in this analysis we have only considered the energy
parameters with the laser emission, but, as it has been described in the previous section,
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other parameters as the material surface absorption or the incident angle can modify the
effective amount of energy that it is involved in the process.
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103070 (9pp).
A double pancake coil has been wound with 2G-HTS tape without turn-to-turn
insulation. Glued to a copper plate, the coil has been thermally anchored to the
cryocooler cold finger and cooled by conduction. Its electromagnetic behaviour and
thermal properties have been analysed during several thermal cycles, being fed with
high currents at different temperatures in the range between 5 K and 77 K, with special
focus for temperatures above 30 K. Charge and discharge characteristics, loss
contributions during current ramps and critical current measurements and numerical
estimations have been analysed. Moreover, the thermal contact conductance between
the different parts of the coil have been have been measured and discussed. My
contribution to this work has been related to the coil fabrication, the experimental
procedures and formal analysis, together with the writing cooperation.
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A. Cubero, E. Martínez, G.F. de la Fuente, I. García-Cano, S. Dosta, L.A.
Angurel, Large enhancement of thermal conductance at ambient and cryogenic
temperatures by laser remelting of plasma-sprayed Al2O3 coatings on Cu.
[Submitted] Journal of the European Ceramic Society.
Alumina coatings of around 150-micron thickness were plasma-sprayed over copper
substrates. The objective of this work is to analyse and to improve the thermal contact
conductance of this composite material, designed to electrically insulate the heat-sink
junctions of the current leads inside a cryocooler. Nanosecond pulsed laser irradiation
has been used to remelt and to densify the ceramic layer. Laser processing parameters
have been adjusted to reduce holes and crack formation in Al2O3 surface and to ensure
that no detachment takes place. Thermal contact conductance at cryogenic
temperatures has been measured. My contribution to this work has involved laser
processing together with thermal and surface characterization of the samples.
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145140 (7pp)
Ultrashort pulsed lasers can easily induce the generation of (quasi-) periodic
nanostructures (LIPSS, ripples) on the surface of different materials. In this work, picoand femtosecond laser has been used to irradiate niobium sheets surfaces. The
objective has been the characterization of the generated nanostructures and the study
of their possible influence on the superconducting properties of niobium. This is the first
work where the influence of surface nanostructure in superconducting properties has
been observed. My contribution has been related with the laser processing of the
samples and its characterization and with the original draft writing.
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A. Cubero, E. Martínez, L.A. Angurel, G.F. de la Fuente, R. Navarro, H. Legall, J.
Krüger and J. Bonse, Surface Superconductivity Changes of Niobium Sheets by
Femtosecond Laser-Induced Periodic Nanostructures. Nanomaterials 10 (2020)
2525.
Surface superconducting properties of niobium samples after different laser processes
have been studied. Based on previous works, femtosecond lasers have been used to
induce well-organized nanostructures over niobium surfaces. The possible influence of
the present atmosphere during the laser treatment has also been analysed. In addition
to magnetic measurements, chemical and morphological surface characterization has
been done. My contribution has been related with laser processing of the samples and
posterior analysis and also with the original draft writing.
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Global Discussion
During this thesis, several objectives have been accomplished. Along this chapter, the
general overview and discussion of the main obtained results are discussed.

1. Thermal stability and electromagnetic behaviour of
superconducting cables and coils
In the course of this work, thermal stability of different superconducting devices has been
tested. Worth to mention that the required cryogenic operating regime in these cases is
an important constrain and thermal analysis is very relevant. As a reminder, local
temperature gradients above a certain value can induce a sudden transition to normal
state. This can be caused by the existence of conductor defects or by the temporal
application of overcurrents (currents above IC), generating irreversible damages if the
conductor is not appropriately stabilized.

1.1

MgB2 Rutherford cables: Quench analysis

In this thesis, magnesium diboride conductors braided in Rutherford geometry have been
analysed. This work has been done in collaboration with the group of Dr. Kováč in the
Institute of Electrical Engineering in Bratislava (Slovakia), who manufactured the cables,
using wires fabricated by HyperTech Inc. (USA) as strands. Our main work was to analyse
the quench dynamics of these cables, which were new for MgB2. The results have been
published in publication A and presented in the EUCAS 2017 conference.
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Referred cables are composed by 12 strands braided with a transposition length of ≈27
mm, without metallic core between the upper and lower layer, and have a rectangular
cross-section with final dimensions on 2.7 mm width and 0.7 mm thickness. Filaments are
surrounded by a niobium barrier to minimise chemical reaction between the precursor
powders and the sheath during in situ formation of the MgB2 phase. Two different cable
configurations have been analysed, which differ on the type of wire used as strands, but
have the same dimensions: First, a 6-filament strands, each sheathed with copper. And
the second one, monofilament strands with a copper-nickel alloy sheath. Figure I shows
the cross-sections of both mentioned Rutherford cables (a-b), together with a picture of
the same cables with the installed heater, voltage taps and thermocouples to study their
behaviour against quench (c-d). In order to minimise effects related with the cable ends
(soldered to the current leads), the length of the measured cables was 25 cm and 11 cm
for the Cu- and Cu10Ni-sheathed cables, respectively, because of the higher thermal and
electrical conductivity of the former. In both cases, the cables were cooled by conduction
from the ends.

Figure I Analysed MgB2 Rutherford cables. (a) Cross-section of the copper-sheathed multifilament
configuration. (b) Cross-section of the monofilament cable with Cu10Ni alloy sheath. (c) Copper
sheathed cable with soldered thermocouples (TCi) and voltage taps (Vj). The heater is placed
between V0 and V1, separated 1 cm, and the distance between consecutive voltage taps V2 to V5
is 1.5 cm (d) Picture of a Cu10Ni-sheathed cable showing one of the used voltage tap
configurations.
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Unlike most monolithic conductors, such as wires or tapes, where the full cross section at
a given position can be considered equipotential in a good approximation, for Rutherford
cables this assumption may not be valid because of their braided geometry. The measured
voltages may thus depend on the relative position of voltage taps between the strands.
To facilitate the analysis of the quench dynamics across the strands and also along them,
several voltage taps have been soldered to different strands to measure both inter- and
intra-strand voltages. In addition, the cables have been instrumented with thermocouples
to measure the conductor’s temperature.
The analysis of the Cu-sheathed Rutherford cables consisted in their electrical
characterization and the study of quenches induced by heat pulses. These cables showed
an E versus J potential dependence with very low n-value of ≈2.5 (Figure II (a)). Due to
this dependence and to the copper’s high thermal and electrical conductivity, it was not
possible to induce quenches on it. For every heat pulse (of different duration and power),
recovery was always observed. As an example of this behaviour, during the heat pulse
showed in Figure II (b) none of the voltages measured between strands (following
configuration depicted in Figure I (c)) reached 10 µV, being some positives and others
negative as a result of the current redistribution among strands caused by the heat
disturbance. During the pulse, the maximum temperature values registered by the
thermocouples were 25.3 K and 21.4 K for TC1 and TC2 respectively, being the initial
temperature of 18.3 K.

Figure II Copper-sheathed Rutherford cable characterization (a) Current-voltage dependence of

the cable. (b) Time evolution of the voltage measured between different voltage taps during a
heat pulse of 1.68 J that stars at t = 0 s.
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For the cables made with Cu10Ni-sheathed strands, two types of test have been
performed to induce quenches: External heat pulse to reproduce a hot-spot in the
conductor, and overcurrents injected to the cable. Quenches induced by an external
heater present two distinct stages in their propagation. During the first one, the minimum
propagation zone (MPZ) is formed slowly, mainly by the strands in contact with the
heater. Here, current-sharing phenomenon takes place between the superconductor core
and the metallic sheath. Once the MPZ is developed, the quench propagates towards the
ends of the cable, which is much faster. Voltages measured between separated strands
could be negative due to unequal quenching of strand segments, causing local differences
in E(J) between them. Current redistribution and current transfer between strands can
induce the transition from negative to positive of that voltage signal, so that eventually
all strands transit to normal state.

Figure III Quench propagation velocities in Cu10Ni-sheathed Rutherford cables (RC-1 and -2 are
two different tested cables, names used in Publication A), as a function of the operating current
and at different temperatures. Symbols correspond to experimental values using different
criteria, as discussed in publication A: Solid symbols are values obtained with VΔt = 1 mV criterion
and open symbols with VΔt = Vnormal /2 criterion. Continuous lines draw Wilson’s model predictions
and dashed lines Dresner’s ones.

During these hot-spot studies, quench propagation velocities along the cable have been
analysed at different temperatures. The quench propagation velocities have been
estimated from the time delay between the voltages measured in different strand
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segments and the distance between the corresponding voltage taps. Two different criteria
were used, as described in detail in publication A. The obtained experimental values are
displayed in Figure III. They show relatively good agreement with those estimated by the
one-dimensional predictions made by Wilson and Dresner models. However, the
presence of inhomogeneities in the conductor, or some local differences in the E-J
function along the cable, can cause those variations in the experimental values compared
with the models.
On the other hand, overcurrents induce quenches almost simultaneously spread over the
cable. Copper-nickel alloy (Cu10Ni) showed high electrical resistance producing not
enough thermal stability along the cable under the studied cooling conditions. Hence,
during high current operation, induced quenches can deteriorate the conductor, being
advisable the introduction of higher conductive sheath in the strands to make the cables
more robust, at least for applications where AC losses are not critical.

1.2

2G-HTS coil: Electromagnetic and thermal behaviour.

Publication B has been devoted to the study of the thermal and electromagnetic
performance of a second generation high temperature superconductor double pancake
(DP), wound continuously and without insulation between turns (NI-coil). After the
winding of 30 turns per layer, the coil was impregnated with epoxy and then glued to a
copper support plate. This plate was anchored to the cold finger of a cryocooler (i.e., the
coil is conduction cooled). So, once the first challenge of building the coil was overcome,
the next objective was to study its thermal and electromagnetic behaviour under highcurrent operating conditions.
Several thermal cycles (from room temperature to cryogenic operating temperature)
have been performed without sensible degradation of the superconducting properties.
The temperature gradient has been measured between the copper plate and the lower
pancake coil and also between both, lower and upper pancake coils (Figure IV (a-b)). It
has been found that the adhesion between the copper plate and the epoxy must be
improved, since it is crucial to a proper coil thermalization, and after various tests, it was
needed to re-glue again. As it is shown in Figure IV (c), the coil performance improved in
the fifth cycle, after the coil was re-glued. This has opened new research lines in which
new epoxies have been explored and copper surface is being modified in order to improve
mechanical and thermal properties of these junctions. Thanks to the lack of turn-to-turn
insulation, thermal behaviour during regular (high current) operating regime was
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satisfactory and temperature in the most adverse point (upper coil, the one further from
the cold finger) slightly increased.

Figure IV (a) Schematic illustration of DP continuous coil connected to the current leads (orange
L-shaped parts), indicating the position of the thermocouples. Lower coil was the one attached to
the copper-support plate. (b) Time evolution of temperature in both coils with the copper plate
set at 30 K after applying 0.08W power to a heater placed over the upper coil. Measured
temperature increase was ΔTUp-Low ≈ 0.7 K and ΔTLow-Copper plate ≈ 1.4 K at steady conditions. (c)
Time evolution of upper-coil’s voltages during coil’s charging (T = 60 K, current rate 3 A/s up to
159 A) in different thermal cycles 3, 4 and 5.

From the electromagnetic viewpoint, the coil has been studied during charge and
discharge processes, with different current ramps rates and at diverse temperatures.
Maximum current tested above coil’s critical current has also been performed to analyse
its thermal stability. This way, resistive voltages (inferior to 50 V in the lower coil and
less than 350 V for the upper one) were hold without triggering a quench, a sign of the
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coil good thermal behaviour. Besides, an analysis of the experimental data has been
performed to estimate the different energy AC loss contributions during the current
ramps. Thus, the contribution to AC losses of the induced currents in the radial direction
between turns (as a consequence of the absence of insulation between neighbouring
turns), and those related with the superconductor (magnetic losses) have been identified.
Moreover, although turn-to-turn electrical contact resistance, Rt, depends on several
factors (such as tape surface condition, winding tension, etc) it was calculated as ≈ 110
µΩ cm2 at 77K, similar value to the one reported by other groups. In addition, it should be
remarked the good agreement between the experimentally obtained coils’ critical
currents and those calculated numerically using the modified load-line method and
magnetic finite-element simulations.
Previous to the study of the coil’s behaviour, thermal stability of the whole cryogenic
system was analysed, and the results have been also included in publication B. High
current injection (up to 400 A) in steady conditions is needed during this work, and that
means a heat entrance to the superconducting device that has to be controlled. Current
leads, through which the current flows from ambient temperature to the coil, have been
designed with two intermediate heat sinks (HS2 and HS1, thermally attached at the liquid
nitrogen vessel and at the first stage of the cryocooler, respectively). These have to be
electrically insulated and with sufficient thermal conductance in their joints to avoid heat
overloads both, in the leads and the coil. The solution proposed has been to design the
appropriate copper pieces (contact areas of 17 and 20 cm2) coated with plasma-sprayed
alumina (Al2O3). Stable conditions with high working currents were achieved for more
than 5 hours, thanks to thermal contact conductance values, hj, which were estimated ≈
1800 and 850 W m-2 K-1 at ≈ 80 K and ≈ 35 K, respectively. In the course of the experiments,
heat inputs are entering through the current leads via ohmic losses (current injection) and
also via thermal conductance (since one side on the lead is at room temperature and the
other end is working in cryogenic regime). With the maximum applied current, in
comparison with no-current situation, the temperatures of the lead in contact with the
sinks further increase by ∆T ≈3 K and ≈5.5 K in HS2 and HS1, respectively. These values
can be reduced by improving hj values, meaning better contact conductance in the heat
sink joints.
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2. Laser melting techniques to
properties of alumina coatings

improve

thermal

In order to further improve thermal behaviour of the alumina coatings mentioned above,
especially at cryogenic temperatures, publication C analyses how laser technology
enables remelting processes of the electrical insulation ceramic layer, increasing its
density and controlling crack generation without detachment between the Al2O3 and the
metallic support. A special setup, using a cryocooler, has been built, with both hot and
cold focus, to measure the thermal conductance of the insulating layer in samples of 2
cm2 surface contact at temperatures ranging from 10 to 77 K. Heat transfer via radiation
and convection has been neglected because of the radiation shield installed and the high
vacuum (≈ 10-5 hPa) conditions that have been used during the experiments. To ensure
good surface contact, Apiezon-N has been used as an intermediate layer between all
surfaces in contact.
Pulsed near-infrared laser has been used to densify the plasma-sprayed alumina coating
of around 150-micron thickness. Laser processing was done by the meandering laser
beam scanning (MLBS) method, where the laser beam follows a meander-shaped path,
covering this way the whole surface. Main laser processing parameters, such as average
pulse fluence (FP), irradiance (IP), repetition frequency (frep), pulse duration (P), laser beam
scanning speed (vL) and hatching distance between consecutive lines (ds) were adjusted
to control the melted front, to avoid the formation of holes in the surface and to minimize
crack generation. All those parameters had to be precisely controlled to process the
alumina coating without affecting excessively the copper substrate.
Figure V shows the evolution of surface topography during the optimization experiments
of the laser process. The first sample (a) has been irradiated with a laser power of 35 W,
using a P value of just 20 ns (FP = 1.17 J/cm2 and IP = 58.6 MW/cm2). Such short pulses in
combination with vL = 500 mm/s, ended in a flickering melting treatment over Al2O3, not
convenient for our purpose. The second one (b) has been treated with P = 200 ns, but
using frep = 300 kHz. Since this sample has been irradiated with FP = 7 J/cm2, vL was set at
1000 mm/s. The result was a strong ablation, without appreciable remelting. The third
sample (c) has been irradiated with P = 200 ns, frep = 900 kHz, FP = 1.17 J/cm2 (IP = 5.86
MW/cm2) with vL = 120 mm/s. Al2O3 was melted, but a large number of holes and cracks
emerge after the treatment, which are not suitable for good thermal contact applications.
Figure V (d) shows the result of appropriate relation of parameters (P = 200 ns, frep = 900
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kHz, FP = 0.91 J/cm2, IP = 4.57 MW/cm2 and vL = 50 mm/s) ending in a continuous and more
homogenous melted surface, with minimized number and size of formed cracks during
the processing.

Figure V SEM images of alumina coatings after several treatment tests with parameters given in
the text. In all of them with the laser beam scanning was horizontally. In (c) and (d) figures,
untreated surfaces are shown above and below processed areas.

Final samples were irradiated with IP = 4.57 MW/cm2, 900 kHz, P = 200 ns and vL values
between 50 and 80 mm/s with ds = 20 µm, in order to measure their thermal behaviour.
At these conditions, predominant metastable -alumina phase of as-sprayed coatings was
turned to -alumina (corundum).
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Thermal measurements of those samples threw out an enhancement of the thermal
contact conductance, especially in the range between 30 K and 77 K where an
improvement factor larger than two was achieved (Figure VI). Values of thermal
conductance of the as-sprayed coating samples presented in this work are slightly
different from those calculated in publication B. There are several reasons that explain
those differences. In one hand, the size of the samples is much smaller in the latter
analysis, so that the contact pressure during the measurements have not been the same
in both experiments due to the differences in the contact configurations. The optimization
of bolted configurations, to achieve homogenous contact pressures for large contact
areas, is the subject of ongoing research. On the other hand, the estimated hj values
presented in publication B, were calculated using the numerical calculated heat inleak in
the heat sinks and the experimentally measured T across the joint for different currents.
However, experiments have shown that the real heat values were of the order but
systematic higher than the numerical predictions, as explained in detail in publication B.

Figure VI Temperature dependence of the thermal contact conductance between copper and
alumina, for the as-sprayed alumina coatings and laser processed coatings with two optimum
laser processing conditions. Samples were processed with the same conditions except the
scanning speeds values that were 80 and 50 mm/s, respectively.
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3. Surface laser nanostructuring and superconducting
properties
Laser technology can be a useful tool for surface processing, allowing, thus, a change of
its properties. In this thesis, diverse lasers have been used to engineer superconducting
material surfaces. Pulsed lasers, which pulse duration range from hundreds of
picoseconds to tenths of femtoseconds, have been used to irradiate niobium surface. The
use of ultrashort pulse lasers eases the formation of micro and nanostructures in quasiperiodic arrangements. These laser-induced periodic surface structures, known as LIPSS,
may have diverse periodicities and shapes depending on the laser irradiation parameters
and the material optical properties. This fact opens the path to investigate how structures
with the size close to coherence length can affect the superconducting properties.
Niobium has been chosen since is the pure metal with the highest critical temperature
and critical magnetic field and has a large coherence length.
Publications D and E present the first studies about the effect of those nanostructures in
the superconducting properties of niobium. Diverse laser processing treatments have
been reported using three different lasers: An ultraviolet picosecond laser with repetition
frequencies in the range of hundreds of kHz, and two different near-infrared femtosecond
lasers (228 and 30 fs) irradiating with 1 kHz. All the analysed samples were treated on its
top and bottom surfaces, in order to identify better any possible modification of their
magnetic behaviour. The use of so different laser sources and processing parameters
results in treatments whose irradiance values differ by three orders of magnitude (IP
ranges from 0.3 to 5000 GW/cm2). Surface morphology characterization has been
performed by FESEM and AFM techniques, and EDX and XPS have been used for surface
chemical analysis as well. Wide range of nano- and microstructures has been generated
with different morphology, depth and spatial periodicity.
Initially, 1-mm thick samples of Nb were irradiated with the UV laser and rippled
nanostructures were formed over the surface (Figure VII (a)). It is clearly observed that
this ps-laser treatment has produced some changes in the superconducting properties of
the processed sample compared to the reference one (Figure VII (b)), with a small
reduction of the ΔM values at low magnetic fields, and an increase at magnetic fields
above 0.6 T. Then, in order to increase the effect of surface superconductivity over the
bulk (overall) contribution, thinner samples (25-µm) have been processed with both
femto- and picosecond near-IR lasers.
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Figure VII (a) SEM image of 1-mm thick niobium sample irradiated with 300-ps UV laser under
nitrogen atmosphere and group of parameters named C1 in publication D: IP = 0.45 GW/cm2,
frep=700 kHz, vL = 300 mm/s and ds = 5 m. Orange arrow indicates laser polarization direction. (b)
Magnetic field dependence, measured at T = 8 K, of the width of hysteresis loop, ∆M(H),
calculated as the difference between descending- and ascending-branch magnetization.

Surface nanostructures generated by both used fs-lasers are similar. These structures are
named low spatial frequency LIPSS (LSFL) (see Figure VIII (a)), whose main orientation is
perpendicular to the laser polarization and their observed periodicity (≈570 and ≈775 nm)
is well-correlated with the laser incident wavelength (790 nm and 1030 nm, respectively),
in agreement with reported results in literature. Those analysed structures show a peakto-valley depth of ≈150 - 200 nm and in between LSFL arrangements, also emerged high
spatial frequency structures (HSFL type) parallel to polarization with spatial periods
between 50 and 80 nm (Figure VIII (b)).
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Figure VIII Niobium sheet surface irradiated with 30-fs n-IR laser of centre wavelength 790 nm.
(This sample was named FS_air2 in publication E). LSFL are shown in the left image. HSFL are
depicted in the zoom-in right image. Laser polarization is parallel to x-axis. Some horizontal
macroscopic defects can be seen in the left image, which correspond to rolling process previous
to laser treatment.

Samples treated with 300-ps UV laser have presented a wider range of structures: Less
energetic treatments have originated ripples structures, sometimes with drop-like
nanostructures over those arrangements (shown in Figure IX (a-b)). On the other hand,
more aggressive irradiation processes (higher irradiance and larger number of pulses
overlapped) have derived in protrusions separated by distances of around 1 micrometre
(shown in Figure IX (c-d)). Low-fluence treatments have induced structures with spatial
periodicity of ≈337 nm, very close to the laser wavelength, and AFM topographies showed
a peak-to-valley distance less than 20 nm. Additionally, treatments with fluence values
above FP ≈0.3 J/cm2 have induced spike-type structures with less spatial homogeneity.
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Figure IX Niobium sheet surfaces irradiated with 300-ps UV laser. Vertical macroscopic defects
shown correspond to rolling process previous to any laser treatment. Orange arrow point the
laser polarization direction. Different fluence values were employed: (a) 0.14 J/cm2. (b) 0.23
J/cm2. (c) 0.33 J/cm2. (d) 0.59 J/cm2.

Studied samples have been treated in different controlled atmospheres (air, argon and
nitrogen). Surface chemical analysis has been performed to study the effect of the used
atmosphere. Firstly, EDX analysis done over 1-mm thick Nb sample, irradiated with UV
laser in N2 atmosphere, has shown that the amount of oxygen in the sample surface was
slightly reduced compared with non-treated surface. Niobium surfaces irradiated with fslasers under diverse atmospheres were analysed with both EDX and XPS, indicating that
Nb2O5 is the dominating type of oxide near the surface. In air-treated samples, the laserinduced oxide layer has a thickness of few tens of nanometers, being thinner in surfaces
irradiated under inert atmospheres. The latter case is comparable to the oxide layer of
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non-treated samples. Referred irradiation under nitrogen induces a small signal of that
element in chemical analysis but not consistent with the presence of niobium nitrides.
Regarding magnetic analysis performed in 25-µm thick samples, publication D presents a
clear influence on the measured current density values in some magnetic field ranges,
when the magnetic field is applied perpendicular to a sample’s surfaces, previously
irradiated with either UV and n-IR lasers. Moreover, publication E, shows magnetic
measurements with external fields above HC2 (parallel to the samples) to analyse the
effect of fs-laser irradiation on the surface superconductivity, which persists up to HC3.
Here, clear influences of the laser processing in the surface superconductivity have been
found, compared to non-irradiated samples.

Figure X Critical surface fields, µ0HC3, of all analyzed samples derived from χ’’(H) measurements
at T = 5 K, f = 10 Hz and µ0h0 = 10 µT, with the external magnetic field applied parallel to the xand y-axis. X- and Y-axis are plotted in Figure VIII.

As it can be observed in Figure X, HC3 values are lower for fs-irradiated samples (HC2
remains unaffected). It is worth to remark that the surface anisotropy generated by LSFL
(LIPSS) derives in higher values of HC3 when the external magnetic field is applied parallel
to the nanostructures main orientation. It is reported as well that a narrowing of the
normal-superconductor transition takes place in irradiated samples. Different
atmospheres used during fs-laser irradiation do not seem to have enough influence on
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the modification of the surface superconducting properties, since the ultrafast lasermatter interaction does not trigger chemical reactions with oxygen or nitrogen.
In addition to the work described in publications D and E, a very extensive analysis of laser
processes under several atmospheres and different laser sources have been done over
niobium surfaces. In general, the used atmosphere (nitrogen, argon or vacuum) does not
affect significantly the induced nanostructures on niobium, neither its magnetic
properties. An exception of this behaviour is observed when niobium is irradiated with UV
ps-laser in nitrogen atmosphere. In this case, there is a slight shift in HC2 towards higher
values, as it can be seen in heat capacity measurements shown in Figure XI. Heat capacity
is essentially a bulk property and is frequently used to define HC2, so this result encourages
us to continue with further analysis.

Figure XI Heat capacity measurements comparing non-irradiated Nb sheet (black, REF) with
samples treated with 228-fs n-IR (blue) and 300-ps UV (red) lasers under nitrogen atmosphere.
Black arrow just indicates the shift of grey dashed line (transition to normal) to the red one.

Finally, larger pulse duration (p = 800 ps) n-IR lasers have also been used to irradiate the
same 25-micron thick niobium sheets under different atmospheres. Surface processing of
metals with almost-nanosecond pulses in the infrared spectrum means more thermal
treatments. This fact can induce chemical reactions, for example oxidation when the hot
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metal is in contact with oxygen. It is worth to mention here that oxidation reaction is an
exothermic process. Hence, powerful enough treatments trigger thermal avalanche-like
mechanisms that end destroying any nanostructure and even bending the whole metallic
sheet.
Based on the obtained results, it is fair to conclude that laser irradiation is an innovative,
simple, dry and scalable method to tune superconductivity (both, surface and bulk
components). Particularly, lasers irradiation could be an alternative to previous
procedures like electropolishing or buffered chemical polishing.
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Thesis Conclusions
Along this thesis several research lines have been explored and here are presented the
conclusions of the work done within each one.

1. Thermal stability and electromagnetic behaviour of
superconducting cables and coils
Different architectures of Rutherford MgB2 cables have been analysed from the point of
view of their thermal stability and their behaviour against quench phenomena. To study
quench dynamics induced by local hot-spots and overcurrents, voltages inter- and
intrastrands were measured.
In the case of cables formed by monofilament strands sheathed with a copper-nickel
alloy, quench induced by local heat disturbance have shown two different time scales.
During the first one, MPZ formation along the strands in contact with the heater takes
place. The strand segments enter in the current-sharing regime, where the current is
shared between the superconducting core and the metal sheath. This time interval is
considerably longer than for single conductors. Once the MPZ has been formed, the
quench propagates towards the ends of the cable in shorter times.
Quench propagation velocities have been estimated experimentally, showing good
agreement with the predictions given by one-dimensional-geometry models. However,
important local variations of the quench propagation velocities across the strands near
the heater have been detected. This behaviour can be justified with the presence of
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some inhomogeneities in the cable structure or local differences in E(J) among strands
or strand segments.
Same inhomogeneities have also been observed in quench processes induced by
overcurrents. In this scenario, almost simultaneous nucleation of many normal strand
segments surrounded by superconducting ones in different parts of the cable has been
detected. Normal regions grew and collapsed resulting in the transition of the entire
cable.
Cu10Ni alloy has high electrical resistance and together with the quasi-adiabatic
conditions of the analysis, results in an insufficient thermal stability of the cables, which
are prone to deteriorate if transition to normal state occurs during high current
operation. So, higher conductive sheath involving the strands would be beneficial in
order to make the cables more robust. This has been observed when similar
experiments have been performed in wire with higher thermal and electrical
conductivity metal sheaths.
A double pancake (DP) continuous coil has been fabricated with 2G-HTS tape without
any turn-to-turn insulation. The coil has been epoxy impregnated after winding and
subsequently glued with an epoxy resin to a copper support plate. In turn, this plate was
anchored to the second stage of a cryocooler. The coil behaviour has been analysed
between 5 K and 77 K under conduction-cooling conditions and high currents, above and
below the coil critical current.
Charging and discharging tests have been performed and an electromagnetic analysis
have been done in order to estimate turn-to-turn contributions and magnetization
losses during the ramp, for different ramp rates, obtaining good correspondence with
the observed coil heating. The derived turn-to-turn contact resistance Rt ≈ 100 µΩ cm2 at
77 K and about half at 5 K, are of the order of results reported by other groups in similar
non-insulated 2G-HTS coils without epoxy resin impregnation.
Good correspondence between experimental coil critical currents and the estimated
values using a modified load-line method to account for the tape anisotropy were found
between 30 K and 70 K with almost identical temperature dependence, but with
experimental values ≈10% lower.
Currents above IC (I = 447 A) have been injected at 30 K, and resistive voltages above 250
µV during several seconds have been generated in the coil without triggering a quench.
Additionally, the coil has been subjected to several thermal cycles from room
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temperature to cryogenic operating temperatures without observing degradation of its
superconducting properties. That indicates its electro-thermal robustness.
The thermal contact between the different parts of the DP coil (i.e., copper support
plate, and lower and upper coils) has been analysed. It has been found that the joint
between the coil and the support plate constitutes the weak-point of the coil cooling
system. It has been detected that it is necessary to improve the adhesion properties
between cooper and epoxy.
Thermal stability of the whole cryogenic system has also been analysed, paying special
attention to the current leads behaviour. These current leads were designed with two
intermediate heat sinks with electrical insulation. A configuration, based on coating the
copper plates with alumina, has been studied. These junctions show thermal contact
conductance values, hj, of ≈ 1800 and 850 W m-2 K-1 at ≈ 80 K and ≈ 35 K respectively.
These values were obtained from the numerically calculated total heat inleak into the
heat sink and the measured temperature difference across the whole joint in steady
state conditions. The contact areas of both joints were 17 cm2 and 20 cm2, respectively.

2. Laser melting techniques to
properties of alumina coatings

improve

thermal

Laser melting techniques have been used to increase the density of the plama-sprayed
alumina coating in order to improve its thermal properties. Laser processing was done
by the meandering laser beam scanning method, using a n-IR Ytterbium pulsed fibre
laser, with central wavelength λ = 1060-1070 nm, 1/e2 beam diameter 2rb = 65 µm, pulse
repetition frequency of 900 kHz, and pulse duration of 200 ns. The effect of the main
laser processing parameters, including pulse fluence (FP), laser beam scanning velocity
(vL) and hatch distance between adjacent lines (ds) has been reported. The optimum
microstructures were obtained for FP ~ 0.9 J/cm2, ds ~ 20 µm (corresponding to ds / rb ~
0.6) and vL between 50 and 80 mm/s.
Thermal contact conductance as a function of the temperature has been performed in
samples selected on the basis of their better microstructural microstructure,
characterized by a layer of dense recrystallized alumina in the upper part of the coating,
near the surface, with a more porous layer near the copper substrate. An important
improvement of the thermal behaviour was observed at all conditions, from cryogenic
to ambient temperatures, as compared to the as-sprayed samples. The observed
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differences become particularly marked in the range between 40 K and 77 K, where the
thermal resistance RH values of the laser treated samples were about 3 to 4 times lower
than those corresponding to the plasma-sprayed samples. Values of the thermal contact
conductance, hj, as high as 0.95·104 and 1.55·104 Wm-2K-1 at temperatures of 40 K and 77
K, respectively, were obtained for the optimized laser processed sample for contact
areas of 2 cm2. These values include the contribution at the alumina/copper interface
and across the alumina coating layer itself.

3. Surface laser nanostructuring and superconducting
properties of Niobium samples
Different laser sources were used to nanostructure niobium sheet surfaces, differing in
wavelengths (ultraviolet, UV, and near infrared, n-IR) and in pulse duration (pico- and
femtosecond ranges). Laser induced periodic surface structures (LIPSS) were generated
and characterized over areas around 20 mm2 in 25-µm thick samples.
High irradiance processes, achieved with n-IR fs-lasers (with 𝜏𝑝 of 30 fs and 228 fs), have
induced low spatial frequency LIPSS (LSFL) perpendicular to laser polarization with
spatial periodicity between λ and λ/2, around 73% of λ, with a peak-to-valley distance
about 200 nm. Also high spatial frequency LIPSS (HSFL) have been generated parallel to
incident polarization with spatial periods between 50 and 80 nm.
On the other hand, UV ps-laser (𝜏𝑝 = 300 ps) laser has been used to induce a variety of
structures that range from ripples, with spatial periodicity similar but lower than λ and
depth about 20 nm, to spike-shaped structures distanced about 1 micron.
Laser treatments have been performed at different atmospheres. Ambient air,
pressurized argon and nitrogen, as well as vacuum conditions, have been tested and
surface chemical analysis have been done. In samples irradiated with fs-lasers, XPS
measurements have shown that laser treatments have generated very low oxidation
effects, with Nb2O5 being the dominating type of oxide. Upon fs-laser processing in
ambient air, a thin surface oxide layer of a few tens of nanometers extent was detected
through cross-sectional STEM/EDX analyses. When fs-laser processing has taken place
under inert gases the laser-induced oxide layer thickness of ≈ 5 nm was similar to that
found for the native oxide on the non-irradiated reference sample.
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In samples irradiated with UV ps-laser under nitrogen atmosphere, EDX analysis has
indicated that the amount of oxygen in the surface sample has slightly been reduced.
The O/Nb ratio has changed from 0.41 to 0.34.
Changes in niobium superconducting properties induced by laser nanostructuring have
been firstly reported. To perform magnetic measurements, samples were irradiated on
the top and bottom surfaces. Treated samples showed modifications in magnetization
hysteresis loops (directly related with critical current density) at certain applied
magnetic fields below HC2. These changes were observed also in a 1-mm thick sample
irradiated with the UV ps-laser.
Clear effects of the laser irradiation on the surface superconducting properties have
been shown. The surface critical field, HC3, was derived from AC susceptibility
measurements as a function of the externally applied DC magnetic field. HC3 values in all
the laser nanostructured samples show a reduction in comparison with the non-treated
samples. Narrower normal-superconductor transitions and lower χ’’(H) peaks have been
reported, while HC2 remained unaffected.
When fs-lasers have been used, generated LIPSS exhibit a high degree of orientation,
generating a nanostructure with high anisotropy. This is also reflected in their
superconducting properties. By performing experiments with the external magnetic field
applied parallel or perpendicular to the LIPSS main orientation, it has been observed
that HC3 reduction is stronger when the field is applied perpendicular to the LSFL
orientation.
Laser treatments open the possibility to develop a scalable method for tuning
superconductors at the manufacture level. In particular, fs- and ps-laser can be useful to
control surface superconducting properties of niobium, and could be an alternative to
some well-established procedures such as electropolishing or buffer chemical polishing.
Further studies should be necessary to completely understand the interaction of laser
generated nanostructures and (surface) superconductivity.
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4. Further, based on the former, research lines
All the previous discussed results and conclusions are part of the work accomplished
during this PhD thesis, and each one of them opens the possibility to continue further
investigations.
The collaboration with the group of Slovakia in the analysis of the thermal stability of
MgB2 Rutherford cables will continue with the study of new strand architectures with
different metallic sheaths.
Following the work related with DP-coil manufacture and its analysis in publication B, it
is planned to fabricate larger coils, with more layers. Also, an ongoing research is the
study of modifying copper surfaces in order to improve the mechanical adhesion and
enhance coil thermalization in junctions with epoxy. Derived from the use of 2G-HTS
tape, low resistance joints are under study within the group, being necessary to connect
coil layers or tapes. Part of this work is based on the irradiation of the stabilizer metallic
layer of these tapes with sub-nanosecond lasers, aiming at providing better surface
quality to the welding or soldering processes.
Remelting of plasma-sprayed alumina coatings by energetic pulse lasers to improve their
thermal properties is an easily scalable process, but since relevant parameters need to
be precisely chosen, more studies will be done in order to confirm and to scale the good
results obtained in this thesis for larger areas.
Publications D and E have opened new possibilities, never studied before. The influence
of LIPSS on surface superconductivity, are the first step of ongoing studies where other
processing parameters can enhance niobium (or other superconductors) behaviour, as
different laser sources (wavelengths and pulse duration) can be employed.
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A continuación, se detallan las conclusiones generales de la tesis, resultado de las
diferentes líneas de investigación que se han abordado a lo largo de este trabajo.

1. Cables y bobinas superconductoras: Estabilidad
térmica y comportamiento electromagnético
Se han analizado distintas arquitecturas de cables de MgB2 con geometría Rutherford,
desde el punto de vista de su estabilidad térmica y su comportamiento frente al quench.
Para realizar el estudio de la evolución de quench inducido por puntos calientes o por
sobrecorrientes, se han instrumentalizado los cables para poder medir los voltajes a lo
largo de un mismo hilo y los voltajes que se generan entre los diferentes hilos que
componen el cable.
En el caso de los cables formados por hilos monofilamento recubiertos por Cu10Ni, el
quench inducido térmicamente evoluciona en dos escalas de tiempo. En la primera, se
forma la zona mínima de propagación (MPZ) a lo largo de los hilos en contacto con el
calentador. Esos segmentos de los hilos entran en régimen de current-sharing donde la
transmisión de corriente se comparte entre el núcleo superconductor y el recubrimiento
metálico. Este intervalo de tiempo es considerablemente más largo que en conductores
tipo “monolítico”. Una vez que se ha generado la MPZ, el quench se propaga mucho más
rápido hacia los límites del cable.
Las velocidades de propagación del quench se han medido experimentalmente y los
valores obtenidos concuerdan con las predicciones obtenidas utilizando modelos
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unidimensionales. Sin embargo, se han detectado algunas variaciones en las velocidades
de propagación en los hilos cercanos al calentador. Este comportamiento se puede
justificar por la presencia de inhomogeneidades en la estructura del cable o por la
generación de diferentes valores del campo eléctrico entre hilos en función de la
densidad de corriente, E(J).
Estas inhomogeneidades también se han observado cuando el quench se genera
aplicando sobrecorrientes. En estos casos, se observan muchos segmentos de hilos en
distintas partes del cable que pasan a la vez a estado normal, y que están rodeados por
otras zonas aún superconductoras. Al final, las regiones en estado normal crecen y
colapsan, generando así la transición de todo el cable a estado normal.
La aleación de cobre-níquel empleada en el recubrimiento de los hilos, Cu10Ni, tiene
una alta resistencia eléctrica, que junto a las condiciones quasi-adiabáticas del ensayo,
provoca que la estabilidad térmica de estos cables sea insuficiente. Esto hace que se
puedan deteriorar fácilmente si la transición a estado normal ocurre en condiciones de
operación con altas corrientes. Un recubrimiento metálico de los hilos con mayor
conductividad térmica daría al cable mayor robustez. Esto se ha observado con
experimentos similares en cables con recubrimientos metálicos con mayor
conductividad eléctrica y térmica.
Se ha fabricado una bobina continua con configuración doble pancake con cinta 2G-HTS
sin aislamiento entre vueltas. Después del bobinado, el conjunto se impregnó con resina
tipo epoxi y posteriormente se pegó a un soporte de cobre que a su vez queda anclado
térmicamente al dedo frío de un crio-refrigerador. De esta manera, se ha podido
analizar el comportamiento térmico y electromagnético de la bobina, enfriada por
conducción a temperaturas en el rango desde los 5 K hasta los 77 K, y siendo alimentada
con altas corrientes (incluso por encima de su corriente crítica).
Se han realizado pruebas de carga y descarga y un posterior análisis para estimar, por
ejemplo, las contribuciones vuelta a vuelta o las pérdidas asociadas con la
magnetización durante las rampas de carga. La resistencia de contacto entre vueltas, Rt,
es ≈ 100 µΩ cm2 a 77 K y aproximadamente la mitad a 5 K, lo que coincide con
resultados de otros grupos que han estudiado bobinas similares.
Los valores de la corriente crítica de la bobina entre 30 y 70 K, obtenidos
experimentalmente fueron muy similares a los calculados usando el método load-line
modificado (que tiene en cuenta la anisotropía de la cinta) y con una dependencia de la
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2. Procesado láser para la mejora de propiedades térmicas de los recubrimientos de
alúmina
temperatura casi idéntica, siendo los valores experimentales aproximadamente un 10 %
más bajos que los obtenidos con las simulaciones.
Para realizar estos experimentos, ha sido necesario utilizar corrientes eléctricas por
encima del valor de la corriente crítica (I = 447 A) a 30 K, midiéndose voltajes por encima
de 250 µV sin desencadenar el quench. Además, la bobina fue sometida a varios ciclos
térmicos desde temperatura ambiente hasta la temperatura criogénica de trabajo, sin
observarse degradación de las propiedades superconductoras. Estos resultados
muestran la robustez térmica y electromagnética de este tipo de bobinados.
Al analizarse el contacto térmico entre las distintas partes de la bobina (entre las dos
capas de bobinado, así como entre la capa inferior y el soporte de cobre) se aprecia que
el punto débil en el proceso de enfriamiento es la unión entre el soporte metálico y la
bobina. Se ha detectado que es necesario mejorar la adhesión entre el cobre y la resina
epoxi.
Se ha analizado también la estabilidad térmica de todo el sistema criogénico, prestando
especial atención al comportamiento de las barras de corriente. Estas barras de
corriente fueron diseñadas con dos disipadores de calor intermedios con aislamiento
eléctrico. Para lograr ese aislamiento, pero manteniendo una buena conductividad
térmica, la solución estudiada ha consistido en depositar un recubrimiento de alúmina
sobre las piezas de cobre. Las uniones estudiadas, con áreas de contacto entre 17 y 20
cm2, mostraron unos valores de conductancia térmica de contacto, hj, de ≈ 1800 y 850
W m-2 K-1 a temperaturas de ≈ 80 K y ≈ 35 K respectivamente. Para obtener estos
valores, se utilizó el valor de flujo de entrada de calor en cada unión obtenido
numéricamente en el diseño de las barras, y la diferencia de temperatura medida
experimentalmente a ambos lados de la unión una vez que se ha alcanzado el estado
estacionario.

2. Procesado láser para la mejora de propiedades
térmicas de los recubrimientos de alúmina
Se han utilizado técnicas de procesado láser para fundir (total o parcialmente) y
densificar recubrimientos de alúmina para mejorar sus propiedades térmicas. Para ello
se ha empleado un láser pulsado que emite en el infrarrojo cercano (λ = 1060-1070 nm),
con una duración del pulso de 200 ns, un tamaño de haz 2rb = 65 µm y una frecuencia de
repetición de 900 kHz. Con el haz láser barriendo toda la superficie, y estando la muestra
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fija (movimiento bidireccional, describiendo meandros) se ha estudiado la influencia del
resto de parámetros del procesado como son: fluencia (FP), velocidad con la que el haz
escanea la muestra (vL), o la distancia entre las líneas de barrido (ds). Las condiciones
que generaron las mejores microestructuras fueron: FP ≈ 0.9 J/cm2, ds ≈ 20 µm
(resultando un cociente ds / rb ≈ 0.6) y valores de vL entre 50 y 80 mm/s.
Utilizando dichas muestras para fabricar las uniones, con una capa densa de alúmina
recristalizada y sin despegarse del sustrato de cobre, se caracterizó la conductancia
térmica de contacto en función de la temperatura. Al comparar el comportamiento de
estas uniones con otras fabricadas con el recubrimiento cerámico sin realizar el
tratamiento láser se ha observado una notable mejoría en el comportamiento térmico a
todas las temperaturas. La mejora es especialmente destacable entre 40 K y 77 K donde
la resistencia térmica RH de las muestras procesadas con láser es entre 3 y 4 veces
menor. Las muestras (con una superficie de 2 cm2) presentan valores de hj de 0.95·104 y
1.55·104 W m-2 K-1 a 40 K y 77 K, respectivamente. Estos valores incluyen la contribución
de la interfase alúmina-cobre y la del propio recubrimiento de alúmina.

3. Procesado láser para la nanoestructuración de
muestras de Nb y el estudio de sus propiedades
superconductoras
Se han empleado distintos láseres para nanoestructurar superficies de
aproximadamente 20 mm2 de láminas de niobio de 25 micras de espesor. Para ello se
han irradiado las muestras con un láser ultravioleta con pulsos de 300 ps y con dos
láseres de infrarrojo cercano con pulsos en el rango de los femtosegundos.
Los procesos con alta irradiancia, conseguidos con láseres de fs, inducen estructuras
periódicas en la superficie (LIPSS) con periodos del orden de la longitud de onda del láser
incidente (aproximadamente 73% de λ), perpendiculares a la polarización del haz y con
una altura pico-valle de alrededor de los 200 nm. También se observaron estructuras
periódicas con mayor frecuencia espacial (periodos mucho menores que λ, entre 50 y 80
nm), HSFL, perpendiculares a la polarización.
Por otro lado, las muestras tratadas con el láser ultravioleta presentan una variedad de
estructuras más amplia. Se inducen desde ripples con una periodicidad similar y
ligeramente inferior a λ, hasta protrusiones con menor ordenación y separadas unas
distancias próximas a la micra.
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3. Procesado láser para la nanoestructuración de muestras de Nb y el estudio de sus
propiedades superconductoras
Se han estudiado tratamientos láser en diferentes atmósferas: al aire, argón y nitrógeno,
y en bajo vacío. Las superficies se han analizado químicamente mediante XPS. En las
muestras tratadas con el láser de fs se aprecia muy poca oxidación, siendo Nb2O5 el
óxido prevalente. Las imágenes de secciones transversales obtenidas por STEM/EDX
muestran que los tratamientos al aire generan una capa de óxido de pocas decenas de
nanómetros, y que en los tratamientos bajo atmósferas inertes la capa de óxido
inducida por el láser tiene un espesor de ≈ 5 nm, un valor similar al medido en muestras
no irradiadas.
Las muestras tratadas con el láser ultravioleta en atmósfera de nitrógeno presentaron
una leve reducción en la cantidad de oxígeno en la superficie, tal y como se observa en
los análisis de EDX, en los que se observa una reducción del cociente O/Nb desde 0.41 a
0.34.
Estos trabajos muestran por primera vez cambios en las propiedades superconductoras
del niobio inducidas por nanoestructuración con láser. Para las medidas magnéticas, las
láminas se trataron por ambas caras. Estas muestras presentan cambios en los ciclos de
histéresis M(H), en especial en ciertos rangos de campos magnéticos por debajo de HC2,
estando esta medida directamente relacionada con la densidad de corriente crítica.
Estos cambios también se observaron en muestras de un milímetro de espesor
procesadas con el láser ultravioleta de 300 ps.
Los efectos del tratamiento láser son también evidentes cuando se analiza la
superconductividad superficial. El campo crítico superficial HC3 (derivado de medidas de
susceptibilidad alterna en función de campos magnéticos externos) se redujo tras
realizar los tratamientos láser. La transición desde el estado superconductor al estado
normal se estrechó y se observaron picos χ’’(H) más bajos mientras que HC2 no cambiaba
al realizar el tratamiento láser.
Los LIPSS generados con los láseres de femtosegundos tienen una dirección preferencial
(perpendicular a la polarización del láser), y esa anisotropía se ve reflejada también en
sus propiedades superconductoras. Al aplicar el campo magnético orientado
perpendicularmente a la dirección de las nanoestructuras, la reducción de HC3 es más
acusada.
Estos tratamientos láser abren la posibilidad de implementar y escalar un método para
modificar las propiedades superconductoras a nivel industrial. En particular, los láseres
de pulsos ultracortos pueden ser muy útiles en el control de las propiedades asociadas a
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la superconductividad superficial del niobio, siendo una alternativa a otros
procedimientos más establecidos como el electropulido o el pulido químico.

4. Líneas y trabajos futuros
Todos los resultados anteriores y las conclusiones derivadas del trabajo realizado
durante esta tesis generan la posibilidad de continuar diferentes líneas de investigación.
La colaboración con el grupo de Eslovaquia en el análisis de la estabilidad térmica de los
cables de MgB2 de geometría Rutherford va a continuar con el estudio de nuevas
arquitecturas de hilos y diferentes recubrimientos metálicos.
El trabajo mostrado en la publicación B va a seguir con la fabricación de bobinas más
grandes, con más capas. Además, un estudio que se está realizando en la actualidad, es
la modificación de superficies de cobre para mejorar la adhesión de resinas tipo epoxi.
De esta manera se podrá mejorar la termalización de las bobinas. Del trabajo
relacionado con las cintas 2G-HTS se están estudiando procesos para mejorar las
uniones entre cintas, con el fin de obtener bajos valores de resistencia eléctrica. Estas
uniones serán necesarias para poder conectar, por ejemplo, las distintas capas de una
bobina. Parte de este trabajo se basa en el uso de tecnologías láser para modificar la
superficie de las capas estabilizadoras de las cintas con el objetivo de conseguir
soldaduras de mejor calidad.
El re-fundido mediante láseres pulsados de recubrimientos de alúmina proyectados por
plasma, y la mejora de sus propiedades térmicas, es un proceso escalable, pero
necesitará de más estudios para ajustar los parámetros de procesado y confirmar esa
mejoría en superficies más grandes.
Las publicaciones D y E han abierto una nueva línea de investigación. La influencia de la
nanoestructuración en la superconductividad superficial es el primer paso de las
investigaciones que se están realizando en el grupo actualmente, con el objetivo de
mejorar el comportamiento del niobio (y otros superconductores) a través de otras
estrategias de procesado o mediante el uso de otros tipos de láser (distinta longitud de
onda o anchuras de pulso).
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“Life is like a trumpet. If you don’t put anything into it, you don’t get
anything out of it”
-William Christopher Handy. “Father of blues” (1873-1958)
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