
DISSERTATION

High Temperature Superconductors For
Fusion Magnets

ausgeführt zum Zwecke der Erlangung
des akademischen Grades eines

Doktors der technischen Wissenschaften
unter der Leitung von

Univ. Prof. Dr. phil. Dr. h.c. Harald W. Weber
E141

Atominstitut

eingereicht an der Technischen Universität Wien
Fakultät für Physik

von

Mag. Michal Chudý
e0727452

Alliiertenstraße 4
1020 Wien

Wien, Dezember 2010

 
 
Die approbierte Originalversion dieser Dissertation ist an der Hauptbibliothek 
der Technischen Universität Wien aufgestellt (http://www.ub.tuwien.ac.at). 
 
The approved original version of this thesis is available at the main library of 
the Vienna University of Technology  (http://www.ub.tuwien.ac.at/englweb/). 

 



ii



Acknowledgements

I would like to thank Prof. H.W. Weber for giving me an opportunity to spend the last
few years at the Atominstitut. It was my pleasure to work under his supervision on such
an exciting scientific topic as superconductivity. I thank very much for all the support,
patience and freedom which I had on my experimental work.
Thanks to Michael Eisterer for his support and patience. This work would not be like

it is without his valuable ideas, advices and frequent discussions.
Then special thanks to B. Holzhapfel for his outstanding leadership of the NESPA

network programme which covered the financial support for this scientific work; to B.A.
Glowacki for his great supervison during my stay in Cambridge.
Thanks to all my colleagues in the group for good atmosphere and work environment,

to Marcus Weigand, René Fuger, Florian Hengstberger and Tom Withnell for assistance
by the experiments.
Thanks to all NESPA fellows for collaboration and great times on the NESPA events.
Thanks to Wolfgang Moens, Lukas Jadachowski, Matej Klas, Ondrej Štuller, Tibor

Óbert for interest in my work and interesting discussions regarding physics. Many thanks
to all my friends and also to those who were not interested in physics, but supported me.
And finally, special thanks to all my family, my parents, my sister Zuzana and of course

to Katka Kraliková for their support and patience.

iii



Kurzfassung

Die Anwendung der Kernfusion zur Energieerzeugung ist gegenwärtig eine der größten
technischen Herausforderungen. Die leistungsstarke zweite Generation von hochtempe-
ratursupraleitenden Bandleitern (sogenannte Coated Conductors), die auf dem Kuprat
Yttrium-Barium-Kupfer-Oxid (YBa2Cu3O7-δ) basieren, sind dabei mögliche Kandidaten
für den Einsatz in den Magnetspulen künftiger Fusionskraftwerke und müssen hohe Fluen-
zen von schnellen Neutronen überstehen, die während der Fusionsreaktion erzeugt wer-
den. Deshalb wird in dieser Arbeit eine detaillierte Studie über den Einfluss der Be-
strahlung mit schnellen Neutronen auf Bandsupraleiter durchgeführt. Als Proben wurden
die besten kommerziell verfügbaren Coated Conductors verwendet. Die Bestrahlung wurde
im TRIGA Mark II Reaktor am Atominstitut in Wien durchgeführt.
Die Proben wurden in mehreren Stufen bestrahlt und nach jedem Schritt wurden Tran-

sportsstrom und Magnetisierungmessungen durchgeführt. Da schnelle Neutronen zusät-
zliche Verankerungszentren im Supraleiter erzeugen, verändert sich dessen Leistung deut-
lich. Die Bestrahlung erhöht die kritischen Stromdichte, kann aber nach einer gewissen
Stärke auch zu einer Erniedrigung führen.
Die Diskussion der Ergebnissen ist durch die zwei Hauptaspekte der Arbeit bestimmt.

Vorrangig ist dabei die Untersuchung der Leistungsfähigkeit im Hinblick auf Fusion. Die
Proben wurden auf eine Fluenz von über 1x1022 m-2 bestrahlt, was dem gesamten Fluss
entspricht, der auf den Magnetpositionen während der ITER-Lebensdauer auftritt. Die
Leistung der Bandsupraleiter wird dann mit den Anforderungen eines Fusionskraftwerks
verglichen. Da die Bestrahlungsbedingungen in Kernspaltungreaktoren unterschiedlich
von jenen eines Kernfusionreaktors sind, wird eine Studie durchgeführt, um die Ver-
wendbarkeit des TRIGA Mark II Reaktors zu bestätigen. Die Bandleiter bestehen aus
chemischen Elementen, die sich während der Bestrahlung aktivieren. Deshalb werden die
Konsequenzen auf die Anwendbarkeit in der Fusion diskutiert.
Der zweite Teil der Arbeit behandelt das Phänomen der Flusslinienverankerung durch

die Defekte, die durch die Bestrahlung mit schnellen Neutronen entstehen. Die zahlre-
ichen Messungen bieten genug Information für eine umfangreiche Studie mit Schwerpunkt
auf dem Mechanismus der Flusslinienverankerung. Die winkelabhängigen Transportmes-
sungen sind dabei besonders interessant. Spezielle Merkmale der Winkelabhängigkeit vor



und nach der Bestrahlung mit den schnellen Neutronen werden definiert, analysiert und
erklärt. Die Wirkung der durch die schnellen Neutronen erzeugten Defekte auf die Flus-
slinienverankerung wird mit den Ergebnissen anderer Autoren verglichen. Zum Schluss
wird ein komplexer Pinningmechanismus vorgeschlagen.
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Abstract

Thermonuclear fusion is one of the main challenges of current scientific research. High
temperature superconductors are considered to be the most likely candidates to be applied
in future fusion power plants. The second generation of high temperature superconduct-
ing wires (coated conductors) are the most powerful high temperature superconducting
wires. They are usually based on a cuprate structure of yttrium-barium-copper-oxide
(YBa2Cu3O7-δ), which has a critical temperature of 92 K. The superconducting wires ap-
plied in the coils of a fusion reactor have to withstand significant fast neutron fluences.
The neutrons are produced directly by the fusion reaction. Therefore, a detailed investi-
gation of fast neutron irradiation on coated conductors was performed in this thesis. The
best available commercial coated conductors from the world leading manufacturers (Su-
perPower, EHTS - Bruker, American Superconductor - AMSC) were chosen as samples.
TRIGA Mark II reactor in Vienna was employed as the irradiation facility. The samples
were sequentially irradiated and, after each step, fully characterized by direct transport
and magnetization measurements. The most complex characterization has been performed
on the unirradiated samples.
The fast neutrons introduce additional pinning centres into the superconductor, which

can significantly change the performance of the superconductor. The critical current densi-
ties are often enhanced, but can also be reduced after a certain irradiation level is reached.
The discussion and analysis of the results can be divided into two goals: The first is study-
ing the performance with regard to fusion requirements. The samples will be irradiated
beyond a fast neutron fluence of 1x1022 m-2, which corresponds to the ITER lifetime flu-
ence at the magnet area. The performance of the coated conductors will be then compared
with the fusion requirements. The irradiation conditions in fission and fusion reactors are
very different. Therefore, a detailed study approving the employment of the TRIGA
Mark II reactor as an irradiation source simulating the fluences of fusion machines will be
presented. The coated conductors consist of chemical elements, which are activated and
transmutated during the irradiation procedure. Thus the superconducting wire becomes
a radiation emitter. The consequences resulting from this activation and transmutation
for the coated conductors regarding the performance and the fusion applications will be
also investigated and discussed.



The second goal deals directly with the phenomena of the flux pinning enhancement
caused by fast neutron irradiation. The numerous measurements performed for fusion
studies offer enough data to perform a study with focus on the flux pinning mechanism
in coated conductors. The angular resolved transport measurements will be especially
interesting for this purpose. The coated conductor from SuperPower exhibits unique
critical current dependence of its angle as a function of the applied external magnetic
field. Therefore, the unique features in the dependence will be defined, analyzed and
explained before and after irradiation by fast neutrons. The effect caused by the pinning
centres introduced by fast neutrons will be connected with other phenomena studied by
various authors. It will be presented as a complex pinning mechanism.
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1 Introduction

1.1 Thermonuclear fusion and superconductivity

Over the last few decades, non-renewable resources are consumed much faster than ever
before. Pollution and coupled global warming begin to influence our lives in negative
ways. The world population is reaching enormous numbers and it is starting to be very
hard to satisfy even basic nutritive and material needs of everyone. The situation with
energy production is very similar. As the non-renewable resources are getting used up,
the production of electricity will be increasingly difficult and expensive. New technologies
and developments allow us to manufacture devices with much better energy efficiency,
but it might be still not enough, as the demand is continuously increasing. Countries
such as India and China, which cover about one-third of the world population, are being
massively industrialized. A similar process is happening also in the third world countries.
Fast industrialization is connected with a huge pressure on the environment. This is one
of the reasons, why most developed countries in the world are trying to promote science
and make legal regulations to use only the best and the cleanest technologies for electricity
production. The European Union especially is very active in this area and supports many
relevant projects and programs. It strongly supports renewable energy sources, which
are very important because of their accessibility. However, we will probably never be
able to gain all the needed energy from them due to their low efficiency or reliability. At
present, these sources are considered to be more a secondary energy source. Nowadays, the
most promising solution for the energy problem seems to be nuclear fusion. Thousands of
researchers and engineers all around the world are working on national and international
projects related to fusion. The biggest project is ITER, an international project, in which
basically every developed country takes part. ITER will be a TOKAMAK (from russian
abbreviation: toroidal chamber with axial magnetic field) type of the reactor. TOKAMAK
is a machine producing a toroidal magnetic field to confine a plasma. It was invented in
the 1950s by the Soviet scientists Igor Yevgenyevich Tamm and Andrei Sakharov, inspired
by an original idea of Oleg Lavrentyev [1]. ITER will be based on the fusion reaction

H2 +H3→He4(3.5MeV ) + n1(14.1MeV ), (1.1)

1



Chapter 1. Introduction

which runs under ~ 150 mil. ºC in a TOKAMAK reactor. At these temperatures, the
plasma must be confined so that it does not touch the vacuum vessel. It is the reason,
why the strong magnetic fields are necessary. In ITER all the magnets and coils will be
made of low temperature superconductors (NbTi, Nb3Sn). The employment of supercon-
ductors in the reactor was chosen, because the required magnetic fields are beyond the
performance available from conventional magnets. The second reason is a better energy
efficiency of superconducting devices than of conventional ones. Superconductors do not
lose any energy by ohmic heating and once the magnet reaches a certain magnetic field
with corresponding current, the magnet will keep the field constant without any addi-
tional energy source, as long as the wires in the magnet are in the superconducting state;
it could be seconds, minutes, but even years. Some energy dissipation occurs by ramping
a current up or down into the coil (AC-loses). Some energy is also needed for cooling
to keep the temperature in the area of superconductivity. But the sum of these losses
means much lower energy demand than the ohmic loss in conventional conductors. These
superconductors will be cooled by supercritical helium to the target temperature of about
4 K in ITER. High temperature superconductors, which this thesis deals with, should be
employed in the next generation of a fusion reactor (DEMO), which is meant to produce
electricity for the grid. Therefore the highest efficiency is needed. The latest ITER reports
show that high temperature superconductors will be employed even in ITER. It will be
only a small employment - current leads [2], which will supply the current to the other
superconducting parts within the main cryostat. High temperature superconductors were
discovered by Alex Müller and J. Georg Bednorz in the Ba-La-Cu-O system in 1986 [3].
From this point a massive development in the cuprate high temperature superconductors
(HTS) has been started. The critical temperature was increased from ~40 K in Ba-La-
Cu-O up to 153 K in Hg-Ba-Ca-Cu-O under high pressure. (Even a critical temperature
of ~255 K was reported in Tl-Ba-Ca-Cu-0 under the very high pressure of 5 Gpa [4].) In
2008, a new family of iron based superconductors was discovered by the group of Hideo
Hosono [5]. This opened new directions of the HTS research. Currently the most pre-
ferred material suitable for various applications is Y-Ba-Cu-O (YBCO) or more general
(RE)BCO, where (RE) means a rare earth element, e.g. Y-Yttrium, Sm -Samarium. Both
bulks and wires are fabricated from this material. The wires are coated conductors (CCs)
or second generation superconducting wires. The first generation of superconducting wire
was based on Bi-Sr-Ca-Cu-O (BISCCO or Bi-2212 and Bi-2223 - the numbers mean the
quantities of Bi, Sr, Ca and Cu in the crystal). The critical temperatures of these materials
are quite high, 94 K and 110 K, but the performance in higher magnetic fields is rather
low at 77 K. The main advantage of these first generation superconductors is the easier

2



Chapter 1. Introduction

and cheaper fabrication process than in the case of the second generation. But in the last
years, the fabrication methods of coated conductors have made a massive progress and
it is not a problem to fabricate top quality tape with very high critical current densities
and homogeneous distribution in scale of hundreds meters. These tapes are strong candi-
dates to be employed in future fusion reactors (DEMO), but before it happens, a lot of
scientific research and testing needs to be done. This thesis is also part of that research
and hopefully will be a small step forward in the research of superconductors for fusion
magnets.

1.2 Introduction to neutron irradiation of superconductors

The main part of this thesis deals with the irradiation of the second generation of the high
temperature superconducting wires. The irradiation has been provided for two purposes:
The first purpose concerns the thermonuclear fusion and the possible future application of
CCs in fusion machines. The second purpose is rather theoretical and includes studying
flux pinning and its changes after fast neutron irradiation.
The CCs, which will be employed in future fusion power plants have to withstand sig-

nificant fluences of fast neutrons. The neutron is the main energy carrier in the fusion
reaction from Eq. 1.1. An ideal case would be that all the energy transported by the
neutron is absorbed in the wall of the vacuum vessel (blanket) and then transformed into
electrical energy. However, some fraction of neutrons penetrates into the magnet system
in a real thermonuclear maschine. These fluxes are significantly lower, than the fluxes
impinging on the blanket elements. The neutron energy is also lower than 14.1 MeV. The
neutron energy distribution at the magnet position in a fusion reactor will be presented
and discussed lated (Sec. 3.4, Figure 3.5). It is well known, that some types of irradia-
tion can improve some superconducting properties of conventional and high temperature
superconductors [6, 7], which is very good news for fusion. Mainly neutron irradiation,
but also other irradiation types, change the material composition resulting in activation
of elements. The superconductor becomes radioactive, which prohibits its employment in
any possible applications with the exception of thermonuclear fusion. However, irradiated
superconductors enjoy a great attention from scientists, mainly in the physics of pinning.
They are an interesting research material with numerous unanswered and unexplained
questions. Due to rather small neutron fluxes at the magnet location in fusion machines
(compared to the fluxes impinging on the blanket), the TRIGA Mark reactor II in Vienna
was employed as an irradiation facility. The neutron fluxes in the middle of the reactor
core are high enough to reach in couple of days fluences of fast neutrons, which corre-
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Chapter 1. Introduction

spond to the estimated ITER whole lifetime fluence. This topic will be more described in
Chapter 3. Moreover, this thesis will present results important for the future employment
of high temperature superconductors in fusion and it will try to explain some aspects of
the physics of pinning. This thesis practically continues the work of R. Fuger [8]. The
measurement techniques and a part of the samples remain the same. However, additional
measurements, straight focusing into particular goals and measurements after different
levels of irradiation have been performed. In addition, characterization of newer types of
CCs has been done either. This thesis is less focused on the description of experimen-
tal techniques and instruments but rather on the relevant problems concerning neutron
irradiation in a fission reactor for thermonuclear fusion.

4



2 High Temperature Superconductors
(HTS)

2.1 Supercurrent flow and flux pinning

The discovery of high temperature superconductors launched an intensive development
in the physics of pinning. All the HTS are type II superconductors, which means that
they stay in the superconducting state up to a magnetic field Bc2 = κ

√
2Bc, where Bc

is the thermodynamic critical field. However, it still does not mean that they are able
to transport high transport currents without any resistance. The Lorentz force causes
a movement of the penetrated magnetic flux, which creates a voltage (according to the
Maxwell-Fadaray equation). If any voltage is detected, currents are no longer loss free.
The introduction of “small” defects into the crystal lattice reduces the mean free path of
charge carriers, which increases the Ginzburg-Landau (GL) parameter κ and Bc2 as well.
However, it is not still clear if this mechanism remains the same for the high temperature
superconductors. The “small” defects are called pinning centres or pinning sites and are
responsible for high suppercurrent flow in the type II superconductors. The flux lines
are attracted by any defects, which are either not superconducting or have a large GL
parameter κ. Around the flux lines, as the superconductor tries to shield the penetrated
magnetic field, supercurrent vortices, Abrikosov vortices, are created. The vortex field Bv

can be approximated by [9]:

Bv = φ0
2πλ2


ln
(
λ
r

)
if ξ < r � λ(

πλ
2r

) 1
2 e
−r
λ if r � λ

.

A sketch of a pining centre together with the Abrikosov vortex is shown in Figure 2.1.
Here, it is important to note that the superconductor can transport current without

resistance, until the vortices begin to move. The movement is initialized at the moment
the pinning force is lower than the Lorentz force. The volume pinning force usually does not
come from single pinned flux lines. The flux lines interact with each other. If the defects
in a superconductor are very small and distributed randomly, they are unable to pin a flux

5



Chapter 2. High Temperature Superconductors (HTS)

Figure 2.1: Abrikosov vortex, ns-
Cooper pairs density, B -
penetrating magnetic field.

Figure 2.2: Layered structure of an
YBCO crystal.

line lattice effectively. What they can do, at least in low temperature superconductors, is
to affect the secondary superconducting parameters through the charge carrier main free
path reduction. However, bigger defects such as dislocations, stacking faults, second phase
precipitates etc. can pin the flux line lattice.
Coated conductors are the second generation of HTS wires and are designed for high

current transport at high magnetic fields. They have a layered structure consisting of
several buffer layers with various functions. YBCO creates crystals, which belong to a
perovskite structure (Figure 2.2). It is a layered structure with the best supercurrent
transport properties within the ab plane. Low angle grain boundaries are also crucial for
high supercurent transport. As a consequence, the crystals have to be biaxially textured
in a film. Only by the biaxial texture of the crystals, optimal conditions for the highest
suppercurrent transport can be achieved. Therefore, special manufacturing techniques are
employed to ensure the right texture of the YBCO thin film. These techniques will be
presented later in more detail (Sec. 2.2). The fabrication process is one of the crucial points
defining the pinning in YBCO and the resulting tape properties. The pinning mechanism
of YBCO coated conductors or thin films is one of the main interests of this work. YBCO
thin films are some kind of “scientific” coated conductors, because they do not consist
of additional buffer layers. They are widely used for research on pinning, because the
superconducting layer can be traced by transmission electron microscopy (TEM). Indeed,
their production is easier than in the case of coated conductors due to missing protecting
shunts and layers. Untypically, the studies on pinning will be done on coated conductors
in this thesis. This is a consequence of the main purpose of the neutron irradiation, which

6



Chapter 2. High Temperature Superconductors (HTS)

is fusion. A complex study focused on types of pinning centres and possibilities to enhance
the performance of HTS wires has been done by S.R. Foltyn et al. [10]. To achieve ideal
pinning and the required performance by the manufacturing of a CC, several parameters
have to be tuned.

• Ideal YBCO thickness. The maximal critical current of a tape is not propor-
tional to the thickness of the YBCO layer, since the critical current density of a
superconductor is usually lowered with increasing layer thickness. Therefore, find-
ing the highest thickness with still high values of critical current densities can be
crucial for applications.

• Substrate surface decoration. This is a procedure, where metal particles such
as Ag, Ir or oxides e.g. Y2O3, are processed on a substrate before the YBCO grows.
The flux pinning can be enhanced in this way. The lattice planes are disordered
or abrupted and pinning centres such as antiphase boundaries or dislocations are
created.

• Impurity addition. Adding impurities into the YBCO crystallographic structure
can have similar effect as the surface decoration. An yttria-stabilized zirconia (YSZ)
addition is widely used. Vertical nanocolumns of BaZrO3 particles can be created
in the YBCO lattice, which can be effective pinning centres.

• Rare earth elements addition or substitution Probably the most complex
pinning enhancement mechanism arises from a replacement of yttrium from the
YBCO with other rare-earth elements, e.g. Ga, Pr, La, Sm. Although it has been
known for a long time that the (RE)BCO compounds exhibit different and sometimes
enhanced critical current densities Jcs, the mechanism is still not well understood
up to now. One of the possible explanations emerges from a spatial variation of Tc.

The types of the defects present in YBCO thin films are illustrated in Figure 2.3. It is
important to notice, that all those illustrated defects are responsible for extrinsic pinning.
The intrinsic pinning is caused by the natural structure of YBCO, e.g. a layered structure.
The critical current density (Jc) is not necessarily improved by a simple addition of new
pinning centres. The Jc drops after a certain level of defect concentration is exceeded or if
a special combination of the defect types is present. Some of the defects affect the Jc only
in a particular magnetic field orientation. As a result, various shapes of the Jc(φ) curve
can be created, which will be investigated later on.

7



Chapter 2. High Temperature Superconductors (HTS)

Figure 2.3: YBCO thin film defects as possible pinning centres [10].

2.2 Fabrication methods of HTS wires

2.2.1 First generation of HTS wires

Bismuth based superconductors are multifilamentary tapes, where many thin supercon-
ducting filaments are stacked together into a conducting matrix (Figure 2.4). The preferred
types of superconductors for this architecture are: BSCCO-2212 (Bi2Sr2Ca1Cu2O8) with
a critical temperature of 95 K and BSCCO-2223 (Bi2Sr2Ca2Cu3O10) with 108 K [11].

Figure 2.4: Multifilamentary BSCCO tape.

A great effort is currently being put into
forming this kind of superconducting tape
by the "powder in tube" method. This sim-
ple method ensures uniaxial texture of the
HTS material. Tapes over a kilometer long
have been made from the Bi-2223 mate-
rial. The achieved critical current densi-
ties are above 104 A/cm2 at 77 K. The
Bi-2212 material must be kept below 20
K. However, its superconducting proper-
ties are superior at those temperatures.
The “Powder in tube forming” is a rather
easy and economical method to produce
BSCCO tapes. BSCCO in powder form

can be heat treated and then packed tightly into a cylindrical silver billet. Cylinders of
about 1 mm diameter are formed by repeated drawing of the filled tubes. A group of such
cylinders - filaments are rolled together and deformed into a tape with a width of about 4
mm and a thickness less than 0.2 mm. Finally, the tape is sintered. The main problem of
this type of superconductor is silver. Silver is used because of its outstanding conductive
properties and softness which allows to form the tapes. However, silver is very expensive
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and the softness causes rather bad mechanical properties of the tapes. Moreover, the
Bi-2223 superconductor at 77 K significantly loses the superconducting properties even in
lower fields. Although the world leading manufacturers up-scaled the production lengths
up to kilometers of homogeneous tape, the industry with all the possible applications is
focused more to the second generation of HTS tapes because of theirs superior properties.

2.2.2 Second generation of HTS wires

The second generation of the HTS tapes is well-known as coated conductors. In the last
few years, most of the manufactures transferred the main focus into these perspective HTS
tapes. The biaxial grain arrangement plays a crucial role in the manufacturing process.
Although the production process is far more difficult than in case of the first tape genera-
tion, the superconducting as well as the mechanical properties are better. The production
process consists of more steps because several different buffer layers have to be deposited.
Each buffer layer requires a special sophisticated method of deposition, which demands
high investments to the fabrication equipment. Although the absence of the massive silver
shunt from the case of the first generation of HTS can save some material costs, employ-
ment of rare elements such as Y, increases the price again. Moreover, the tape must be
produced fast enough, in long lengths and with certain performance and homogeneity to
be commercially competitive. Therefore, the world leading manufacturers invest a lot of
finances to improve manufacturing techniques. A short time after the introduction of the
second generation of HTS to the market, the research was mainly focused on the Jc en-
hancement and the homogeneity of tapes. Later on, the main focus moved to up-scaling
the tape lenghts up to kilometers and the speed of the production. Here, the most com-
mon manufacturing techniques of CCs are presented. A general simplified sketch of a CC
is plotted in Figure 5.21, where all the crucial buffer layers are shown. Commercial CCs
have usually even more buffer layers, which improve grain arrangement, electrical contact,
electrical stabilization or mechanical properties. However, every additional buffer layer
increases the production cost.

Substrate The substrate is the core of every CC. It is usually a non-magnetic alloy,
but some manufacturers use also magnetic materials due to lower costs. However, the
magnetic substrate increases AC losses. During the fabrication process, the substrate is
usually electropolished to achieve a smooth and clean surface as a prerequisite for successful
addition of other buffer layers.
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Figure 2.5: Sketch of a coated conductor.

Figure 2.6: Illustration of IBAD process.

Template buffer layer The template buffer layer plays a crucial role in introducing the
biaxial texture for the superconducting crystals. One of the most preferred production
techniques is Ion Beam Assisted Deposition (IBAD). A simplified sketch is plotted in
Figure 2.6. A highly in-plane oriented template is done by deposition of yttria stabilized
zirconia (YSZ) - (EHTS, Sec. 2.3.2) or MgO (SuperPower, Sec. 2.3.1) in the presence of
a well-collimated assisting ion beam. The beam is directed to the substrate at a certain
angle. Then, a cap layer (often CeO2) is epitaxially deposited. This procedure was
modified and improved by Bruker (before EHTS) and denoted as ABAD (Alternating Ion
Beam Assisted Deposition) [12].
The most spread alternative to the IBAD method is RABiTS (Rolling Assisted Biaxially
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Textured Substrate). RABiTS is used, e.g. by American Superconductor for second gen-
eration HTS fabrication [13] (Sec. 2.3.3), due to its relative low costs and high reliability.
The template is highly cube-textured as high-purity nickel and certain alloys are thermo-
mechanically processed and recrystallized. The cap buffer layers are then deposited epi-
taxially on the RABiTS template. Other possible options are E-beam deposition, Pulsed
Laser Deposition (PLD), sputtering, sol-gel, ink-jet printing etc.

Superconducting layer The superconducting layer is apparently the crucial part of every
CC. Usually, an YBa2Cu2O7-δ (YBCO) compound is used, but it can be replaced by a
(RE)BCO. Still, all of them are perovskite structures (Figure 2.2). In the last few years,
many different methods for the deposition of the superconducting layer were developed.
A very common method is above mentioned PLD, which is schematically shown in Figure
2.7. It is a physical deposition method. Other physical deposition methods are vapor plat-
ing, Molecular Beam Epitaxy (MBE), magnetron sputtering (single direction, alternating,
high frequency). The other commonly used methods are chemical methods: Metal Or-
ganic Deposition (MOD) or Metal Organic Chemical Vapor Deposition (MOCVD), spray
method, plasma-spray method, salt-gel method, spray – pyrolysis, ink-jet printing. The
preferred methods by world leading producers are MOD/MOCVD and PLD, because of
low cost, high speed, efficiency and reliability. However, other methods may become more
important after certain technical improvements, for example, where big surfaces of YBCO
are needed. Ink-jet printing looks very promising in this way [14], although further de-
velopment is needed. In addition, it is also possible to create other buffer layers by this
method.

Figure 2.7: Illustration of a PLD process.
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Covering layer The covering layer is supposed to provide an electrical contact and act
as a tape stabilization too. Pure silver is commonly due to its outstanding electrical
properties. In comparison to the first generation HTS only a very thin layer (few µm) is
used. This layer does not radically increase the production cost. Silver is usually sputtered
onto the superconducting layer.

Coating layer The coating layer protects the inner layers from mechanical and also chem-
ical damage, it works as an electrical stabilization and also provides the electrical contact.
Some producers use completely surrounding coatings and the others deposit only a robust
layer on the top of the tape. Depending on application, copper or stainless steel are usu-
ally used as the coating material. The thickness of the coating can be very different for
different types of CCs.

2.3 Samples

All the studied coated conductors (CCs) were commercially available products from the
world leading manufacturers. All the samples were characterized without any changes in
structure, cross section or composition. The largest part of this thesis deals with a coated
conductor from SuperPower. The other studied samples were: CC from European High
Temperature Superconductor EHTS (recently Bruker), 344 CC from American Supercon-
ductor. American Superconductor CC was fully and EHTS CC partially characterized
in the PhD. thesis from R. Fuger [8]. In this thesis, some results from his work will be
used. Also other kinds of characterization employing different measurement techniques
were done in this thesis.

2.3.1 SuperPower

SuperPower developed one of the most powerful and reliable coated conductors on the
market [15]. The second generation of coated conductors is denominated as: “2G HTS
SCS 4050” [16]. The tape is fully surrounded by a copper stabilizer. The substrate is
non magnetic, made of high-strength Hastelloy® C-276, which results in lower ferromag-
netism, AC and eddy current losses. Several MgO buffer layers made by Ion Beam Assisted
Deposition (IBAD) serve as template layers to introduce the biaxial texture for the super-
conducting film. The YBCO layer is 1 µm thick and made of the unique Metal Organic
Vapor Deposition technique (MOCVD). A thin, 2 µm thick silver layer made by a sput-
tering technique provides an outstanding electrical contact. The tape is 0.089 mm thick
and 4 mm wide.
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Figure 2.8: Sketch of the coated conductor from SuperPower.

Improved manufacturing methods allow to produce long lengths (kilometer class) of the
conductor with very homogeneous critical currents. The parameters of the particular tape
used in this work are presented in Table 2.1.

Table 2.1: Parameters of SuperPower CC.

Tape no. SCS 4050
Width 4 mm
Length 2.2 m
Cu thickness 20+20 µm
Total thickness 89 µm
YBCO thickness 1 µm
Ic @77 K, self field (1µV/cm) 102 A

The chemical composition of the SuperPower CC: Cobalt (Co) – 1.3% ; Chromium (Cr)
– 8.2%; Copper (Cu) – 44%; Iron (Fe) – 3%; Manganese (Mn) – 0.5%; Molybdenum (Mo)
– 8.2 %; Nickel (Ni) – 29%; Silicon (Si) -0.1%; Silver (Ag) - 4.3%; Tungsten (W) – 2%;
Vanadium (V) -0.2%; YBCO – 1%.

2.3.2 European High Temperature Superconductors

The coated conductors consist of a stainless steel substrate, several buffer layers, an YBCO
layer and a protecting layer. The substrate is highly resistant against oxygenation and
is non-magnetic. The tape is stabilized by a copper layer. The excellent bonding to
the coated conductor reduces the interface resistance between the Cu-layer and the HTS
film. Therefore, the Cu-layer efficiently plays the role of a shunt that protects the YBCO
superconductor during current overloads. The yttria-stabilized zirconia (YSZ) buffer layer
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Figure 2.9: Architecture of the EHTS coated conductor.

Table 2.2: Parameters of EHTS CC.

Tape no. 555
Width 4 mm
Length 1 m
Cu thickness 17 µm
Total thickness 120 µm
YBCO thickness 2.5 µm
Ic @77 K, self field (1µV/cm) 171 A

is deposited by an Ion Beam Assisted Deposition (IBAD) technique with a typical in -
plane alignment (φ - scan) of 10-12° (FWHM)). An interlayer of 20-80 nm thick CeO2

is deposited between the YSZ and the superconductor by in-situ high-rate pulsed laser
deposition (HR-PLD) in order to improve the homogeneity. The same technique is used for
the superconducting YBCO layer deposition. A high-rate-deposition (HR-PLD) technique
increases the deposition rate and improves the homogeneity of the superconductor resulting
in higher critical current densities. It was developed by EHTS (Bruker) [12]. The data
sheet of the sample is shown in Table 2.2.

2.3.3 American Superconductor

American Superconductor (AMSC) is the producer of the 344 (2G) coated conductor [13].
The AMSC coated conductor also has a multi-layer architecture (Figure 2.10 ). This
CC is based on the RABiTS™ template. This template is the basis for the textured
substrate along with the metal organic deposited (MOD) YBCO layer. The substrate
consists of a textured nickel tungsten alloy, then followed by three additional epitaxial
buffer layers: an yttrium oxide (Y2O3) layer, a layer of yttrium-stabilized zirconia (YSZ)
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Figure 2.10: Architecture of the AMSC coated conductor (left). View on the tape with
visible protection edges (right).

and a layer of ceria (CeO2). The Ni-W alloy has a thickness of 75 µm and forms a magnetic
substrate for the tape. A 75 nm thick Y2O3 seed layer was deposited by electron beam
evaporation. Both, the YSZ barrier and the CeO2 cap layer were subsequently deposited
by rf-sputtering. Both these layers are again 75 nm thick and deposited by a continuous
reel-to-reel process. The superconducting layer is formed by a decomposition of chemically
deposited metal-organic precursors (MOD). The resulting YBCO thickness is estimated to
be 1.2 µm, measured by SEM cross-section analysis. However, Rutherford backscattering
(RBS) data have shown that the mass of the film corresponds only a 1.0 µm thick fully
dense, stoichiometric film. A 3 µm thick silver cap layer provides the electrical contact and
also protects the superconductor. The tape is fully coated by a 50 µm thick copper strip,
which ensures electrical, mechanical and environmental stabilization. Since the total width
of the tape is 4.4 mm and the superconducting layer is only 4 mm wide, the remaining ~
0.2 mm on the edges work like a corrosion protection and electrical stabilization. Due to
the relatively low number of buffer layers and easier manufacturing techniques this tape
has lower production costs and hence a much more competitive market price. The sample
parameters are listed in Table 2.3.
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Table 2.3: Parameters of AMSC CC.

Tape no. 344
Width 4.4 mm
Length 20 m pieces
Cu thickness 50 µm
Total thickness 0.18- 0.22 mm
YBCO thickness ~1 µm
Ic @77 K, self field (1µV/cm) 70 A

2.4 Superconductors for fusion magnets

The applicability of HTS as a primary material in fusion magnets is presently not possible
although it would be desirable to use HTS in future fusion reactors, e.g. DEMO and
beyond. The main purpose of the HTS is to use them either at high magnetic fields,
e.g. 20 T, or at high operation temperatures e.g. 64 - 77 K. The second option would
drastically reduce the requirements for cooling and, therefore, a huge amount of energy
could be saved. A suitable HTS wire for fusion should be selected according to these
properties [17]:

1. High engineering current density in the conductor at a specific temperature and
magnetic field.

2. Sufficient mechanical strength or option for reinforcement.

3. Tolerable hotspot and quench behavior.

4. Optimized current distribution, i.e. feasibility of good joints and optimized inter-
strand resistance and inductance.

5. Possibilities to limit the AC losses.

6. Compatibility of coolant choice, e.g., nitrogen, helium, neon or hydrogen.

7. Tolerable activation due to neutron irradiation.

High engineering current density in the conductor at a specific temperature and mag-
netic field. A high performance of the HTS wires is an essential condition for fusion
applications. Since high neutron fluences are present during operation, the issue of their
influence on the critical current density in the HTS wires must be taken into account.
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Detailed studies on selected CCs dealing with this topic are one of the issues of this work
and will be presented later. Regarding the fusion applications, an even more important
parameter than the critical current density is the overall engineering critical current den-
sity of the wire, which is indeed influenced by the neutron fluxes. The engineering critical
current density depends on the amount of the electrical stabilizer, the architecture of the
wire, the space for coolant within the cable and also other materials used in all the buffer
layers of the conductor. The engineering critical current density has to be high enough to
generate the desired field with a tolerable number of windings. The number of windings
is important for the magnet inductance: in case of a fast discharge, a high voltage, which
might be critical, arises.

Sufficient mechanical strength or option for reinforcement. The performance of the
superconductor is reduced under a high mechanical strain. In the case of a high field
operation, the Lorentz force may cause massive problems for the materials. In the YBCO
or BISCO wires, cracks or other hot spots, which will drastically limit the current density
could be created.

Tolerable hotspot and quench behavior. In case of a quench, where superconductivity
is locally lost, the coil current will deposit a large amount of energy due to ohmic heating
at this place. If a fast discharge of the coil is triggered, the conductor has to withstand
the energy deposition until the coil is discharged completely. Therefore, good stabilization
is essential.

Optimized current distribution, e.g. feasibility of good joints and optimized inter-
strand resistance and inductance. Very good joints of superconductor-superconductor
in the scale of few nOhm are essential. Otherwise the generated heat at the joint might
create a hot spot under high currents.

Possibilities to limit the AC losses AC losses in HTS conductors are presently one of
the most discussed topics. AC losses are present in all type II superconductors during
changes in the transport current. Especially, they are critical for the classical Tokamak
design that uses the field ramping of the central solenoid to drive the plasma current. A
great achievement would be to limit the coupling and eddy current losses to the level of
the hysteresis losses. A great and simple solution to reduce the AC losses is twisting of
the parallel superconducting wires. However, it is not a simple problem with unflexible
HTS materials as coated conductors. A promising solution lies in the ROEBEL cable [18]
(Figure 2.11).
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Figure 2.11: View of the 16 strand ROEBEL assembled coated conductor [17].

Compatibility of coolant choice, e.g., nitrogen, helium, neon or hydrogen. Usually,
there are no difficulties in this point. The most important is the chemical stability of all
the conductor components to the coolant. Therefore, rare gasses such as helium and neon
are very desirable.

Tolerable degradation and activation of materials due to neutron flux. In the ideal
case, the assembled superconducting devices should remain in operation without any lim-
itation during the whole life time of the fusion reactor. For this reason, it is necessary
to test superconductors up to neutron fluences corresponding to the whole reactor life-
time and beyond. Another important issue is the activation of the materials. A too high
activation and corresponding high level of radiation might make it impossible to make
even small services on the superconducting and any devices close to them. Therefore, the
preferred materials are those, which produce mainly short lived nuclides.
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3 Irradiation

3.1 TRIGA Mark II Reactor

The TRIGA Mark II reactor in Vienna is a pool type research reactor that is used for
training, research and isotope production (TRIGA - Training, Research, Isotope produc-
tion, General Atomic) [19]. The reactor has a maximum continuous thermal power of
250 kW, though the power can be increased up to 250 MW for about 40 ms in the pulse
regime. The center fuel temperature is about 200 °C. The reactor core consists of 80 fuel
elements (3.75 cm in diameter and 72.24 cm in length), which are arranged in an annular
lattice (Figure 3.1). The fuel is in the form of a uniform mixture of 8 wt% uranium,
1 wt% hydrogen and 91 wt% zirconium, where the zirconium-hydride is being the main
moderator. This fuel mixture is covered by a fuel rod cladding. The maximum neutron
flux density of 1017 m-2s-1 at 250 kW is reached in the ZBR (Central Irradiation Facility).
The reactor is controlled by three control rods which contain boron carbide as absorber

material. When these rods are fully inserted into the reactor core, the reactor remains
sub-critical. For the chain reaction initialization, a start-up neutron source (Sb-Be pho-
toneutron source) is present in the reactor core. If the absorber rods are withdrawn from
the core, the number of fissions in the core and the power level are sequentially increasing.
The reactor can be shut-down either manually or automatically by the safety system. It
takes about 0.1 s for the control rods to fall into the core. In accordance with its purpose
as a research reactor, the TRIGA Mark II is equipped with a number of irradiation de-
vices: 5 reflector irradiation tubes, 1 central irradiation tube, 1 pneumatic transfer system
(transfer time 3 s), 1 fast pneumatic transfer system (transfer time 20 ms), 4 neutron beam
holes, 1 thermal column, 1 neutron radiography facility. In this thesis, the central irra-
diation facility was used for most of the irradiation procedures. The reflector irradiation
tube was employed for some experiments as well. The sample temperature in both cases
is estimated to remain below 50 °C during the irradiation process. The neutron fluxes at
maximal reactor power in both irradiation facilities are shown in Table 3.1.
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Figure 3.1: Reactor core and the core configuration of the TRIGA Mark II reactor.

Table 3.1: Neutron fluxes in the TRIGA Mark II reactor.

250 kW Thermal
neutrons

E < 0.55 eV

Fast neutrons
E > 0.1 MeV

ZBR [19] 6.1x1016 m-2.s-1 7.6x1016 m-2.s-1

Ref. irr.
tube [20]

1.73x1016 m-2.s-1 4x1015 m-2.s-1
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3.2 Neutron interaction with matter

Neutrons cannot interact by electromagnetic interactions. Therefore, the only one way of
an effective interaction occurring is with a nucleus. The classification of neutron interac-
tions with matter is not unified. Different literature sources present different classifications.
In the next sections, the classification taken from [23] is presented, where the elastic scat-
tering was not considered as a nuclear reaction. It is the only case, where the nucleus
remains unchanged and unexcited. Inelastic scattering is considered as a kind of nuclear
reaction. The nuclear reactions are classified in Sec. 3.2.2.
In solids, the effect of elastic or inelastic collisions is emphasized. If the target nucleus

receives a momentum from the incident neutron, it is be able to produce further displace-
ments before being slowed down. The target nucleus composition remains unchanged in
this process (except (n; 2n) reactions, Sec. 3.2.2). If the nucleus is excited, it can be
de-excited either during deceleration or when it stops. In superconductors, elastic and
inelastic scattering are the most interesting, as they mainly influence the changes of the
superconducting properties. In the case of the other nuclear reactions, the neutron is
captured by the target nucleus and a subsequent interaction occurs. If the reaction is
exothermic and the cross section high enough for low energy neutrons, atomic displace-
ments can be made, even by thermal neutrons, which usually do not have enough energy
to generate defects in direct collisions [22]. An example of such an exothermic reaction
is the fusion blanket reaction: 6Li (n; α) 3H. In this case, the cross section increases as
1/√En with decreasing neutron energy.

3.2.1 Elastic scattering

A sketch of an elastic scattering is shown in Figure 3.2.

Figure 3.2: Sketch of elastic scattering, m- particle mass, M - nucleus mass, ν - scattering
angle.
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The laws of kinetic energy and momentum conservation are valid in the case of elastic
scattering:

1
2mv

2 = 1
2mv

′2 + 1
2Mv2

M (3.1)

m~v = m~v′ +M ~vM . (3.2)

All parameters are described in Figure 3.2. In superconductors, the kinetic energy 1
2Mv2

M

is the source for lattice defects formation.

3.2.2 Nuclear reactions

a+A→ b+B... (3.3)

Eq. 3.3 is a general formula for nuclear reactions, where a = n - neutron, A - target nucleus
with b+B... being the products. The nuclear reactions cause changes within the nucleus
of the atom, but do not influence directly the crystal lattice. They cause changes in the
isotope and element composition of the superconducting layer and other buffer layers in
CCs. The radioactivity of a neutron irradiated sample is a clear evidence of this kind of
interactions.
The capture of neutrons proceeds through a compound nucleus, A*, which is an isotope

of the element A : n + A→ A*→ b + B... . The excitation energy of the compound
nucleus, A*, is equivalent to the kinetic energy of the absorbed neutron. The lifetime of
A* is usually in a range of 10-20 – 10-12 s. Metastable states of A*, so called isomers, are
special cases and their lifetime can be even a couple of years.

The classification of nuclear reactions with respect to the b particle:

Inelastic scattering ((n; n‘), (n; n,γ), (n; 2n)) The law of kinetic energy conservation is
not valid. The nucleus A is after the collision in an excited and unstable state A*, which is
a strong argument to consider inelastic scattering as a nuclear reaction. The classification
of the (n; 2n) reactions in this group is debatable, however it is often reported in literature
[23].

Radioactive capture (n; γ) By probability one of the most common nuclear reactions,
present also at low and very low energy neutrons (thermal neutrons). The formed com-
pound nucleus, A*, emits only a gamma photon. In other words, the product nucleus is
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an isotope of the same element as the original nucleus. The mass number is increased by
one.

Transmutation ((n; p), (n; d), (n; α)) A nucleus may absorb a neutron forming a
compound nucleus, A*, which is later de-energized by emitting a charged particle, either
a proton (p) or a deuteron (d) or an alpha particle (α). This produces nuclei of different
elements.

Fission (n; f) This is a type of reaction, where the compound nucleus is separed into
two or more fission products, B..., and the escaping particle, b, (Eq. 3.3).

Nucleus collapse The nucleus collapses into elementary particles or several different
structures. This type of reaction may occur at very high energies of the primary neutrons
(En>100 MeV).

3.3 Coated conductors in fission and fusion reactors

If coated conductors are irradiated, all parts of the wire have to withstand the same neutron
fluences, which occurs across the sample. The neutron spectrum in the ZBR irradiation
facility of the TRIGA Mark II reactor is rather vast (Table 3.1). Therefore almost all of
the presented neutron interactions from Sec. 3.2.2 are possible (although nucleus collapse
is probably very sparse). It is important to notice that apart from single crystals where
pure YBCO was irradiated, coated conductors consist of several additional layers which
irradiation may influence. The main influence will be probably the mechanical weakening
of the material, although detailed studies have not yet been done on this topic. However
the impact of neutron irradiation on the superconducting properties coming from other
buffer layers in the CC are investigated in this thesis.

3.3.1 Isotope effect

The superconducting properties may be changed by the substitution of another isotope
in the lattice. This dependence is a consequence of BCS theory and has been proven by
many experiments. The equation

Tc ∼M1/2 (3.4)

describes the change of the critical temperature of the superconductor with the mass of
the lattice atom. The isotope effect has also been studied in YBCO. It is already well
established, that the oxygen isotope effect is rather small in optimally doped cuprates
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(highest Tc), but larger in the uderdoped ones [21]. 16O was replaced by 18O in those
experiments. Studies on the copper isotope effect were also performed and the conclusions
are very similar to the oxygen ones. The 63Cu was replaced by the heavier isotope 65Cu.
The isotope effect was pronounced again in the underdoped samples by a reduction of Tc

of up to 0.7 K [24]. Although this effect disappeared or was even reversed in the optimally
doped YBCO. For future applications of coated conductors in fusion power plants, the
Tc of the superconductors operating in the coils might be reduced because of the isotope
effect. However, the isotope effect is rather weak even by complete replacement of one
isotope for the other [21, 24] . By irradiation, only a very small amount of different isotopes
will be produced (<�< 1%), which cannot have any effect on the Tc. Therefore, the isotope
effect is negligible and does not need to be considered.

3.3.2 Lattice defects

Lattice defects are the most important effect caused by any type of irradiation on su-
perconductors. Introduced lattice defects can locally depress the superconducting order
parameter and pin the magnetic flux vortices. During the irradiation process, an incom-
ing particle of certain energy collides with a target atom (Y, Ba, Cu or O) producing
primary knock-on atoms (PKA). A PKA is able to produce defects, if its energy exceeds
the threshold energy for a permanent displacement (Ed). Typical values of Ed for solids
are 15 - 40 eV [6]. The primary defect is usually considered to be a vacant lattice and an
interstitial atom. The final defect can consist of clusters of point defects, if the vacancy
or the interstitial atom are mobile enough. In the case of high energy particles, mainly
heavier ones such as neutrons or protons, the primary displacement atom can produce
even several hundreds of secondary displacements together with a certain amount of en-
ergy, which is released as heat. The energy of the primary atoms is uniformly distributed
from zero to the maximum, which occurs in a head-on collision. As reported by many
authors in numerous publications, the defects caused by fast neutrons (E> 0.1 MeV) are
big enough to be effective pinning centres and can enhance Jc of superconductors [7, 25].
Defects in the nanometer range are usually effective pinning centres in HTS at higher
temperatures, although in the HTS material also smaller point - pinning centres can be
effective [7]. Fast neutrons can cause defects in the HTS lattice of up to few nm in size.
Penetrating neutrons interact with atoms in the lattice and create a cascade. Due to
the emerged heat, the surrounding material melts and creates a spherical defect object
of amorphous material of up to a few nanometers (usually 1- 5 nm) in size. Later on a
recrystallization may occur, however the new crystal grows in different conditions, which
results in a different GL parameter = pinning centre. The GL parameter is decreased also
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due to possible high angle grain boundaries or an ab plane misalignment of the crystal.
Point - defects can be introduced by less energetic neutrons as well and usually these are
able to move within the superconductor. Thermal neutrons do not have enough energy to
displace atoms from the lattice.
As was presented above in Sec. 3.1, the temperatures at the irradiation facilities of

the TRIGA reactor are about 50°C. Therefore, all the irradiations were performed at
those temperatures, despite the fact that in a fusion machine the superconductors must
withstand fluences at the operating temperature of the superconducting magnets. It is
well known that irradiation at higher temperatures causes less defects than at lower tem-
peratures. The main reason for this is due to lattice recovery caused by temperature
oscillations. Most of the literature from this area deals with solid materials, e.g. semi-
conductors and metals, and not with superconductors. Therefore, the major part of these
published results deal with temperature ranges from 400 K and above, e.g. H. Ohyama et
al. [26], which is far from the operating temperature of any superconductor. Nevertheless,
for any solid material the difference in the neutron induced damage is interesting mainly
close to the melting point. More accurately, the “differential of the neutron damage func-
tion” is steep close to, but almost flat far below the melting point. The melting point of
YBCO is >1000 °C, which is high enough to assume no significant changes between ~323
K (~50 °C) and 77 K or 64 K (~-196°C, ~-209 °C). Despite significant technical difficulties,
some neutron irradiation experiments at low temperatures have been performed. H. P.
Wiesinger et al. [27] irradiated an YBCO single crystal in the low-temperature irradiation
facility (TTB) of the FRM reactor in Munich. The results of this experiment demonstrate
that the irradiation leads to a large enhancement of the critical current densities in YBCO,
which are comparable to results obtained under standard irradiation conditions (~50 °C).
The main differences were found in the Tc. The annealing to room temperature led to a
recovery of Tc by 1 K of the radiation-induced depression, which was estimated to be 3
K. This behavior is attributed to oxygen reordering. However, the superconducting parts
of a fusion reactor will be also heated up to room temperature at some points during the
reactor life time.
The experiment of Weisinger brought also another important outcome. The radiation-

induced enhancement of the Jc, which amounted up to 2500% (at 5 K and 4 T), decreased
by only ~20% after annealing. Thus the majority of the defects responsible for pinning
remain stable during the annealing treatment. It is an evidence, that the collision cascades
and the larger point defect clusters play the most important role for the radiation-induced
flux pinning enhancements.
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3.3.3 Secondary radiation from created isotopes

It is well known that only neutrons above a certain energy will lead to defects, which
can be effective pinning centres. Nevertheless, most of the studies were done on single
crystals [7]. The important difference between single crystals and CCs lies in the layered
structure of the CCs (2.3). These buffer layers can be activated by (mainly thermal)
neutrons and emit secondary α, β and γ radiation . As was mentioned in Sec. 3.3.2,
any particle of certain energy can displace an atom from the crystal lattice. Neutrons are
very effective due to the absence of energy loss by ionization. However, other types of
radiation (e.g. deuterons, protons [28]) can be also effective in the producion of pinning
sites. An exemplary comparison of the displacement pairs produced by different types of
radiation is presented in Figure 3.3. The figure shows, that electrons of energies close to
Ed produce only the simplest vacancy pattern consisting of isolated, randomly distributed
vacancy-interstitial pairs. Heavy charged particles as deuterons produce small groups of
pairs, whereas fast neutrons can produce large groups containing several hundreds of pairs
(clusters of point defects). Indeed, fast neutrons can produce also large defects as was
described in Sec. 3.3.2. The γ radiation is not relevant, since only very small changes
in the superconducting properties were observed [29]. The situation is different for β
radiation, which was studied on YBCO single crystals and reported by J. Giapintzakis et
al. [30]. According to their studies, the threshold minimal energy of the β particles for
producing pinning centres is between 400 and 600 keV. These values can be derived, if the
threshold energy (Ed) of 20 eV is considered for Y, Ba, Cu or O atoms and assuming a
simple relativistic version of the particle scattering equation (from Eq. 3.1, Eq. 3.2):

EM = 2MEm(Em + 2mc2)
(m+M)2c2 + 2MEm

(3.5)

Thus the calculated threshold electron energies needed for Y, Ba, Cu, O displacement are:
532 , 730, 413, 129 keV, respectively. The secondary electrons do not have problems to
penetrate the superconducting layer, since the direct contact is present between the other
buffer layers with the YBCO layer.

Thermal neutron irradiation of the SuperPower coated conductor To demonstrate the
relevance of β radiation for the introduction of pinning centres, the following experiment
has been performed. A sample from SuperPower was irradiated in the reflector irradiation
facility to a thermal neutron fluence of 7x1020 m-2. Potential β emitters in the tape are
listed in Table 3.2. Angular resolved transport measurements were performed. These will
be discussed in detail in Sec. 5.1. The resulting Jc(φ) curve is compared to the Jc(φ)
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Figure 3.3: Diagram showing the displacement pairs caused by electrons near Ed,
deuterons well above Ed and neutrons [6].

Table 3.2: Maximum energy of β particles of selected isotopes.

Isotope Max. Energy (keV) Probability per decay
Ag 110m 530 0.305
W 187 626.7 0.587

1312.5 0.251
687 0.055
694.1 0.035

Co 58 475 (positron) 0.201

measured on the pristine sample and to the Jc(φ) measured on a sample irradiated to a
fast neutron fluence of 2x1021 m-2 (Figure 3.4). No real influence on the sample irradiated
by thermal neutrons is observed comparing to the pristine sample. However the influence
of fast neutrons is remarkable.
Based on calculations, the fluence of β radiation in the SuperPower sample (26 mm

long) is estimated to be 1013 m-2 - 1015 m-2 (resulting from a thermal neutrons fluence of
7x1020 m-2). At the same time, the fast neutron fluence in the reflector irradiation tube
corresponds to 1.63x1020 m-2. This rather small fast neutron fluence is significantly higher
than the expected β fluence, which would make it hard to distinguish contributions from
these two influences. Moreover, due to the β decay character (neutrino with variable energy
emission), many β particles have even lower energies than is shown in Table 3.2. Thus
the expected effective fluence of β particles is too low to create enough effective pinning
centres. Later on (Chapter 6) will be also shown that the point defects do not influence the
critical current densities in CC. As a conclusion, the final effect of the secondary radiation
in the SuperPower CC was evaluated as negligible.
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Figure 3.4: Jc of a SuperPower tape at 64 K, 6 T, unirradiated, irradiated by fast neutrons,
irradiated by thermal neutrons.

3.4 Irradiation in a fission reactor for fusion applications

As was mentioned before, fast neutrons are not the only particles present in the irradiation
facilities of the TRIGA Mark II reactor . However, the situation is different in fusion power
plants where the slow or thermal neutrons are present only in very small amounts, where
the superconducting magnets are located. Estimated neutron energy spectra of fusion
reactors (magnet location) in comparison with spectra in the TRIGA Mark II reactor
(ZBR) and in the Intense Pulsed Neutron Source (IPNS, Chicago) are presented in Figure
3.5. It is not clear from the figure, that the TRIGA Mark II reactor is suitable as an
irradiation facility for testing superconductors for fusion magnets. The average fluence is
about 4 orders of magnitude higher and this difference is considerably enlarged at lower
energies. However, higher fluences can be a great advantage in irradiation experiments
because of shorter irradiation times. The whole ITER lifetime fluence at the magnet
location is estimated to be 1x1022 m-2 fast neutrons [31]. This fluence can be reached in
the ZBR irradiation facility in 36.55 hours. The inhomogeneous distribution of neutrons
with different energies may pose a more serious problem due to the presence of high fluences
of thermal neutrons. However, resulting from the work of F.M. Sauerzopf et al. [7] and the
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conclusions presented in the previous section (Sec. 3.3.3), thermal neutrons do not affect
the Jc of CCs. Another issue concerning different temperatures during the irradiation in
the fission reactor and during actual operation in the fusion device was discussed in Sec.
3.3.2. The observed difference was considered to be negligible as well and not affecting the
properties of the CCs. Finally, it can be concluded that the Central Irradiation Facility
(ZBR) of the TRIGA Mark II reactor in Vienna is suitable for test irradiation of CCs as
possible candidates for fusion magnet applications.

Figure 3.5: Comparison of neutron energy spectra from different sources.

3.5 Irradiation procedure and analysis

Beside the positive effect of neutron irradiation on CCs - introduction of additional pinning
centres - a negative effect is also present, which is the activation of elements. Studies on the
flux pinning enhancement are presented in the next chapters. As was already mentioned,
the activation of the elements is an inconvenient side effect that completely disqualifies the
use of this otherwise effective way of pinning enhancement for most real applications. The
only real use of irradiation is connected to academic research on pinning or application in
facilities such as fusion reactors. The irradiation of CCs in this work has been done for
both those reasons.
The irradiation procedure started by sealing samples into quartz glass. The sealed

quartz glass tube with the samples inside was inserted into an aluminum capsule, which
had been designed to be plugged into the ZBR. The irradiation took between 7.31 and
36.55 hours, which corresponds to fast neutron fluences of 2x1021 m-2 and 1x1022 m-2.
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The samples were irradiated and measured after reaching fluences of: 2x1021 m-2, 4x1021

m-2, 1x1022 m-2 and 1.3 x1022 m-2 with respective irradiation times: 7.31 h, 14.62 h,
36.55 h and 47.51 h. The usual activity of the samples just after the irradiation is up
to several mSv/h. Fortunately, most of the radiation comes from short and very short
lived nuclides whose activity is significantly reduced after a couple of days. During the
decay time, the capsule with the samples was kept in the reactor pool, though out of the
core. As the maximum allowed radioactivity for the sample handling was set to 1 mSv/h
(close geometry - distance less than 1 cm), it was necessary to wait a certain time until
the activity decreased below this value. Expected activities, which had been calculated
before the irradiation procedure, were in a good agreement with the values obtained by
measuring the samples after irradiation. Gamma spectra of both sample types irradiated
for the purpose of this work (EHTS, SuperPower) are shown in Figure 3.6.

Figure 3.6: Gama spectra of SupePower and EHTS CCs measured about 6 months after
irradiation.

The SuperPower sample with removed copper coating and the silver shunt shows a very
different gamma spectrum than the regular one (Figure 3.7). The irradiation time was 30
min in the reflector irradiation tube and the gamma spectrum was measured about 24 h
later. Irradiation doses from both previous samples are not comparable with this one due
to different irradiation times and irradiation facilities used. However, the major radiation
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Figure 3.7: Gamma spectrum of the SuperPower CC with removed copper coating and
silver layer.

is coming from 137W, which is not present in Figure 3.6. It is a clear evidence, that the
main part of the radiation is coming from the silver shunt and the radiation of the YBCO
and buffer layers of the SuperPower CC is very small.
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4 Methods and Instrumentation

4.1 Transport Measurements

A direct transport measurement is the simplest method of investigation of superconducting
wires. Three different set-ups in Vienna and one in the laboratory of Applied Supercon-
ductivity and Cryoscience Group at the University of Cambridge were used. All devices
were adjusted to measure CCs without any special sample preparation methods such as
etching or pattering. All measurement devices can measure samples of uniform size, which
usually was ~ 4 mm width and 26 mm long. The standard 4 - point technique (Figure
4.1) was employed. The samples were mounted on special sample holders and connected
according to Figure 4.1. Special sample holders for each device will be introduced in the
next sections. Indium press current contacts proved to be most suitable. A thin indium
foil was pressed between the sample and the current leads to reduce the mechanical load
on the sample and to achieve minimal resistance. The soldered contacts have generally
very good electrical properties. However, the heat generated by soldering can degrade
the HTS in the tape and cleaning the sample is rather complicated, which could cause
problems in the subsequent irradiation process. The wires of the voltage contacts (C, D)
were connected to the tape with a special silver paste. The default distance L between the
contacts was 3 mm. The voltage wires must be twisted and shielded to reduce possible
noise. Small resistivity of the wire is vital as the measured voltages are usually in the
nano - to millivolt range.
Cernox temperature sensors were used for temperature measurements in helium gas

flow cryostats. A temperature measurement is crucial due to the temperature variations

Figure 4.1: Experimental arrangement for the standard 4 - point technique.
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in the VTI (Variable Temperature Insert). A good thermal contact was ensured between
the sample and the sensor temperature. Therefore, the temperature was monitored very
carefully and longer holding times after temperature changes were kept. While measur-
ing under ramping temperatures, the ramp rate was chosen to be small enough to ensure
minimal gradients and the sample was always close to the thermal equilibrium. In cases
of measurements in a liquid coolant, e.g. liquid nitrogen, a very precise temperature mea-
surement is not necessary. Therefore, another cheaper and less precise type of temperature
sensor was used.

4.1.1 Critical currents (Ic), Critical current densities (Jc)

The main output from a characterization of superconductors are these two quantities. The
macroscopic critical current Ic (end-to-end critical current) is most relevant for applications
of superconducting wires and cables. The critical current of the entire conductor is defined
by the smallest local critical current along the whole tape. The critical current density
Jc is usually used in theoretical studies, because it represents a general property of the
superconducting substance. The relation between those two quantities is defined by:

Jc = Ic
Asup

(4.1)

Je = Ic
Aw

(4.2)

where Asup denotes the cross-section of the superconducting layer and Aw the cross section
of the whole wire. Je is the engineering critical current density, which is an important
parameter of every cable or tape. Measurements are executed by a continuous ramping
of the current until an abort criterion (defined voltage) is reached. The criterion must
be chosen very carefully. If the criterion is too low, the current-voltage curve (I-V curve)
will not contain enough information. On the other hand, if the criterion is too high, the
sample can be damaged or completely destroyed. This criterion has never been chosen
above 6 mV, which corresponds to ~ 0.2 mV/cm between the C, D contacts (Figure 4.1).
Many criteria are used for Ic. A voltage criterion was used in this work and it was set

to 1µV/cm for all the measurements. This criterion has no real theoretical background.
It was chosen purely empirically for the convenience in the evaluation. An important
attribute of the criterion is a value well above the noise, but not too far from the zero
resistance phase. The I-V curve close to the transition to the normal phase obeys the law:

E = Ec

(
I

Ic

)n
∝ In (4.3)
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Every measured I-V curve was interpolated by Eq. 4.3. Thus, Ic was determined from this
interpolation. The exponent n, which is a free parameter in the iterations, is an important
characteristic value of superconductors denoted simply as n-value. The interpolated I-V
curve is shown in Figure 4.2. The figure shows that Eq. 4.3 describes well the I-V
characteristic close to the transition.

Figure 4.2: Example of I-V curve of transport measurements together with the fit. The
measurements are done at high field close to Bc2. The n-value is rather low.

4.1.2 Critical Temperature

The critical temperature was determined by the resistivity method. The same setting,
as shown in Figure 4.1, was employed. The transport current was not ramped up, but a
stable very small current was constantly flowing through the sample when the temperature
was slowly decreased. The current was chosen very small (10 mA) in order to avoid heat
production. The transition occured, when zero (offset) voltage was measured. The voltage
was constantly measured in fixed intervals. A relay was employed in the current circuit,
which allowed to change the polarity of the current. Then every experimental point was
evaluated on the basis of two voltage measurements with different current polarities. Thus
the voltage with the offset correction

V = V + − V −

2 (4.4)

was easy to calculate.
A generally used critical temperature criterion does not exist. This is the reason why it
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Figure 4.3: Critical temperature criterion.

is important to define a special criterion for each paper. This thesis deals with supercon-
ductors for applications, where it is important to keep wires in the zero resistance mode.
Therefore the criterion that was used is rather strict, Vc = 0.1 μV/cm. Figure 4.3 shows
the critical temperature criterion definition.

4.1.3 The electromagnet set-up

The electromagnet set-up was employed for angular resolved transport measurements.
This set-up disposes of a 1.4 T water cooled electromagnet. As a cryostat, a simple tube-
shaped vacuum vessel (flask) is used. The sample holder is statically mounted between
the magnet poles. A change of magnetic field direction is then caused by the rotation of
the magnet poles. The whole magnet body is then placed on a cross band with a precise
rotation mechanism. The maximal rotation range is up to 200° and the maximal angular
resolution is 0.5°. The angular resolved transport measurements using a regular sample
holder are possible only in the maximal Lorentz force configuration (Sec. 5.1.1). The
sample holder is equipped with a temperature sensor and also a Hall probe was added for
some special measurements. The standard indium press contacts were used to transport
the current through the sample. Voltage contacts are glued to the sample surface by a
conductive silver glue.
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(a) View on the rotating magnet
and the cryostat.

(b) Detail on the sample holder.

Figure 4.4: Electromagnet set-up.

4.1.4 6 T set-up

The 6 T set-up (Figure 4.5a) is a gas flow cryostat equipped with a 6 T split coil. Horizontal
magnetic fields allow to provide angular resolved transport measurements with a rotating
sample holder so that the principle of measurement is identical to that in the electromagnet
set-up. The simple rotating sample holder (Figure 4.5b) can be replaced by a 2-axis probe
sample holder which is equipped with an additional stepper motor and the sample can
also be tilted. However, the 2-axis probe is not suitable for characterization of CCs as it
is built for low transport currents up to 5 A.
The single axis rotating sample holder is equipped with a sensitive Hall probe, a Cernox

temperature sensor and with a rotating mechanism with the stepper motor. Current
contacts are typically indium press contacts and the conductive silver glue is used for the
voltage contacts as before. The maximal possible angular resolution of measuremets is
bellow 0.05°. The mounted CC sample is presented in Figure 4.5b. The standard 26 mm
long and 4 mm wide samples of the CCs were used. A 170 A current source is available
in this set-up.
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(a) View on the 6 T measurement set-up (b) Mounted sample on the single axis sample
holder.

Figure 4.5: 6 T measurement set up and the sample holder used

4.1.5 17 T set-up

The 17 T set-up is a helium flow cryostat. This machine is equipped with a 17 T supercon-
ducting coil, which generates a magnetic field in vertical direction. The VTI has a radius
of about 3 cm and the magnetic field is homogeneous in a vertical length of about 3 cm.
These parameters limit the maximum samples lengths to 26 mm. The sample holders,
built specially for the CCs, allowed to provide transport measurements in the field parallel
to the ab plane or the c-axis (Figure 4.6). Both sample holders were adapted for indium
press current contacts and the voltage wires were mounted by conductive silver glue. A
Cernox temperature sensor was employed. A powerful 300 A current source was available
for the transport characterization.

(a) H||c. (b) H||ab.

Figure 4.6: Sample holders used in 17 T set-up.
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4.1.6 2-axis high current goniometer

Since parts of the construction and the initial measurements of this set-up have been
performed as a part of this PhD work, special attention will be paid for a detailed de-
scription of this set-up. The 2-axis high current goniometer (ASCG Cambridge, Figure
4.7) is designed for the characterization of superconducting tapes - CCs of up to 14 mm
wide with sample lengths of up to 30 mm. The standard 4 - point technique is employed
for transport measurements. This device is equipped with a sample holder with multiple
sprung current contacts (Figures 4.7b, 4.8b) and large - diameter current leads allowing
transport currents up to ~200 A to be applied routinely, which are significantly higher
than in commonly used goniometers [32, 33]. The connections were developed especially
for the characterization of CCs with very high critical currents. The sample holder body
is massive in order to provide better temperature stability. High currents in this range
are needed for characterization of full - width commercial tapes without etching or other
destructive sample preparation. The sample current contacts are soldered with indium at
temperatures below 250 °C to minimize possible degradations of the superconducting layer
of CCs. The sample holder is equipped with 2 perpendicular Hall probes, allowing the
direction of the magnetic field to be verified for every sample orientation in rotation and
tilt. The orientation is controlled using stepper motors (Figure 4.8b), geared to achieve
a step size of ~0.005° and delivering a positional accuracy of ~0.1° with zero position
repeatability of ~0.5°. For the work reported here, a full 360° rotational scan range was
available and 110° in tilt. All measurements were made in liquid nitrogen with a maximum
external magnetic field of 0.5 T generated by a water-cooled electromagnet. The simple
cryostat for liquid nitrogen used here can readily be replaced by a helium flow cryostat if
required.
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(a) Experimental set-up in the
ASCG laboratory.

(b) Schematic sketch.

Figure 4.7: 2-axis high current goniometer (ASCG Cambridge).

(a) Detailed view on the massive
sample holder .

(b) Detailed view on the stepper
mechanism.

Figure 4.8: Parts of the 2-axis high current goniometer.
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Figure 4.9: Magnetisation loop from VSM.

4.2 Magnetization measurements

4.2.1 The Bean model

To derive a critical current density Jc from the irreversible magnetization the Bean model
[35] is widely used due to its simplicity and good approximation to the real Jc. The
expression

Jc(B) = Jc,0
(B +B0)η (4.5)

is widely used to express the relation between three parameters (Jc,0,B0,η). In the Bean
model, η is equal to zero, which means

Jc(B) = constant. (4.6)

Eq. 4.6 describes the particular properties of the irreversible magnetisation for an infinitely
long cylinder. Boundary conditions must be considered for real samples. An example of the
irreversible magnetisation dependence is shown in Figure 4.9. The irreversible magnetic
moment mi can be calculated from any two neighboring lines.

mi = −m(a) +m(b)
2 = m(b) +m(c)

2 = m(c)−m(d)
2 = −m(d)−m(a)

2 (4.7)
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The Bean model assumes a constant Jc in the whole sample. This can be a good approxi-
mation for CCs, when the field is in the c direction and the currents are within ab planes.
Then the total magnetic moment is a result of simple integration:

~mi = 1
2

ˆ
d3r~r × ~Jc. (4.8)

The result for a rectangular sample with a volume Ω = a× b× c, (a = b) is

Jc(H) = |mi(H)|
Ω .

4
b(1− b

3a)
. (4.9)

However, one is rather interested in Jc(B) than Jc(H). The procedure is done by nu-
merical integration and successive iterations and is fully described in [36]. The Jc(B)
evaluation has always been done along the b and c curves (Figure 4.9) in this work. For
integration and the transformation of Jc(H) to Jc(B), a special software has been used.

4.2.2 Vibrating Sample Magnetometer (VSM)

The MagLab VSM from Oxford Instruments [34] was employed for all magnetic measure-
ments. The set-up allows magnetization measurements at up to 5 T in the temperature
range from 1.5 K to 350 K. The set-up is equipped with a measurement head (vibrator,
amplifier and position motor), pick-up coils and the 5 T coil with horizontal field. The
cryostat itself consists of a helium reservoir, nitrogen reservoir, vacuum chambers and the
VTI. The VTI controls the temperature in the sample space by heating the helium gas
coming from the helium bath regulated by a needle valve. A schematic sketch of the set-up
is shown in Figure 4.10. The sample oscillates typically with an amplitude between 0.1
– 1.5 mm at a frequency of 55 Hz. The samples are mounted on a rigid rod, made of a
material which produces negligible background signal. This sample holding rod can be
rotated over 720 ° and moved vertically to find the central position between the pick-up
coils. The magnet consists of several coaxial solenoid sections made from NbTi wire. The
maximum sweep ramp of the magnet is 0.6 T/min. The oscillation of a sample with a mag-
netic moment induces a voltage in the pick up coils. This voltage is defined by U = ∂tφ,
which is derived from the Maxwell–Faraday equation. The resulting voltage is a function
of the the magnetic moment of the sample. The induced voltage is used to determine the
magnetic moment of the sample as a function of the applied magnetic field. The Bean
model is used to determine the Jcs.
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Figure 4.10: Sketch of the VSM set-up [34].
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5.1 Angular resolved measurements - anisotropy studies

The Jc anisotropy at varying orientations of the external magnetic field is a typical prop-
erty of high temperature superconductors. This interesting phenomenon is caused by the
perovskite crystallographic structure. This structure is layered and the supercurrent flows
in the ab planes (Figure 2.2). Although the material is superconducting in the c-axis
direction as well, the critical current densities are higher within ab planes. The spaces
between particular ab planes act as effective pinning centres in the case, where the ex-
ternal magnetic field is parallel to the ab planes. Therefore, the ideal high temperature
superconductor without any defects would have a significantly higher critical current in
the case of this magnetic field orientation. Fortunately, all thin films contain numerous
lattice or other defects, which may be effective pinning sites. Understanding the micro-
scopic mechanisms behind the flux pinning in the HTS tapes is essential for the design of
optimal superconducting wires suitable for various applications, it is also interesting from
the scientific - theoretical point of view. The angular dependence of the critical current
density - Jc(φ) is an important parameter describing the pinning landscape of thin films.
Therefore, this kind of measurements was an issue of great interest in the last few years.

5.1.1 Maximal Lorentz force characterization

In the context of the angular resolved measurements on HTS tapes, one usually under-
stands angular measurements at the maximal Lorentz force configuration (Figure 5.1). A
simple goniometer with a single rotational axis in a magnetic field can be used for this
type of measurements. The resulting output is the critical current density Jc (or critical
current Ic) as a function of the angle φ of the applied external magnetic field, Jc(φ). A
typical Jc(φ) dependence of the YBCO tape is presented in Figure 5.2. Two peaks can
be recognized on the Jc(φ) curve: c-axis peak (about φ = 0°) and an ab peak (at about
φ = 90°). The ab peak is more pronounced and is partially caused by intrinsic pinning.
The c-axis peak is caused by extrinsic pinning, probably by columnar defects in the c-axis
direction. The electronic mass anisotropy of YBCO together with random pinning is de-
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Figure 5.1: Sketch of measurements at maximal Lorentz force configuration.

scribed by the red line in the figure. This line is a result of the anisotropic scaling approach
[37] and will be discussed together with the pinning character of the samples lateron (Sec.
6.1.1). It has been observed, that the shape of the Jc(φ) curve strongly depends on the film
microstructure. Every type of engineering defects adds one or several features to the Jc(φ)
dependence. For example: adding a non-superconducting second phase like BZO nanorods
aligned along the c-axis direction can induce a broad c-axis peak [38] which can be even
higher than the ab peak; replacing the Y atoms in the crystallographic structure by other
rare earth elements changes the shape of the Jc(φ) (Figure 5.3); the shape of Jc(φ) for
undoped samples varies with the density of the columnar pinning sites [39], different types
of irradiation, e.g. irradiation by heavy ions leads to columnar pinning centres enhancing
the Jc(φ) in a certain field direction [40], adding BaMO3 (M = Zr, Sn, Ir, etc.) inclusions
form film penetrating rods with a diameter of a few nm [38]. Numerous other studies have
been done on the topics of pinning (or the Jc) enhancement and the results were often
reported as angular resolved measurements in the maximal Lorentz force configuration.
Looking at Figure 5.2, the important message is that strong columnar pinning centres in
the c-axis direction produce a broad c-axis peak. Then the isotropic pinning sites, e.g.
BZO nanoparticles, change the overall shape of the Jc(φ) curve, but do not produce a
c-axis peak.

5.1.2 Anisotropy at 77 K

Although the angular resolved measurements show Jc values in wide angular ranges, the
main attention is always paid to the two main orientations of the external magnetic field.
The main positions are: H||c and H||ab and their angular positions are φ = 0°, φ = 90°.
However, those positions are not always correct. Sometimes, as will be presented in the
next sections, the ab planes are misaligned from the tape surface, resulting in a shift in
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Figure 5.2: Jc(φ)of a real sample – black dots, electronic mass anisotropy of YBCO- red
line.

Figure 5.3: Angular dependence of the critical current at 77 K, 1 T of (Gd,Y)BCO tapes
with 5%, 7.5%, and 10% Zr [41].
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(a) SuperPower. (b) EHTS.

Figure 5.4: Ic(φ) - Angular resolved measurements in liquid nitrogen – 77 K, a) SuperPower
b) EHTS.

Table 5.1: Anisotropy factors from Figure 5.4.
200mT 500mT 700mT 1000mT 1400mT

Jc(H‖ab)
Jc(H‖c)

Jmax
c

Jmin
c

Jc(H‖ab)
Jc(H‖c)

Jmax
c

Jmin
c

Jc(H‖ab)
Jc(H‖c)

Jmax
c

Jmin
c

Jc(H‖ab)
Jc(H‖c)

Jmax
c

Jmin
c

Jc(H‖ab)
Jc(H‖c)

Jmax
c

Jmin
c

SuperPower 2.01 2.01 2.15 2.26 2.16 2.32 2.17 2.34 2.11 2.37
EHTS N/A N/A 1.76 2.04 1.75 1.97 1.53 1.65 1.64 1.73

the H||c and H||ab positions by a few degrees backwards or forwards (usually 2°-3°). For
simplicity, the measurements at φ = 0°, φ = 90° will further be denoted by H||c and H||ab
if the precise position is not important to the content.
The results of this thesis will be plotted for two different physical quantities: current

in Amperes, current density in A/m2. These two options alternate depending on the
plot message, though both are often present. In Figure 5.4 the Ic(φ)s measured on two
different CCs are shown. A Hall probe was not employed in these measurements. Hence
the reference angle φ = 90° was defined by the top of the ab peak. The differences in the
critical currents of the CCs are caused by the different thickness of the YBCO layer. The
next figure (Figure 5.5) shows the same measurement in critical current densities. The
comparison together with the AMSC CC is presented in the next series of plots (Figure
5.6). The anisotropy factor is an important attribute of a tape. It can be understood as
a quantity of anisotropy for the YBCO CCs. They were determined from the ratio of the
measured currents between the fields parallel to the ab plane and parallel to the c-axis
and between the maximum current and the minimum current. (Table 5.1 )
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(a) SuperPower. (b) EHTS.

Figure 5.5: Jc(φ) - Angular resolved measurements in liquid nitrogen – 77 K.

(a) Ic(f). (b) Jc(f).

Figure 5.6: Coated conductors, comparisons of the Ic(φ) and Jc(φ).
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Figure 5.7: Angular dependence of Jc(φ). The angular scale refers to the sample sur-
face. The tape was measured twice, once in field of 700 mT and then in the
reversed field. The insert represents both measurements on a single angular
scale covering 220°.

The SuperPower tape shows no Jc(φ) symmetry with respect to any vertical axis (both
peaks are asymmetric). The evidence of this asymmetry is presented Figure 5.7, where
the same tape was measured in two opposite directions of the magnetic field and the
resulting curves are not uniform. It means the period of the Jc(φ) function is not 90° but
180°. Similar measurements on the EHTS tape show the same effects, but they are much
reduced. The AMSC CC is symmetric. Table 5.2 shows the comparison of the anisotropy
factors from the measurements at reversed magnetic fields of +/- 700 mT.
The biggest advantage of the measurements in a liquid coolant such as liquid nitrogen is

the possibility of measurements at low external magnetic fields, where the critical currents

Table 5.2: Anisotropy factors from Figure 5.7.

Jc(H‖ab)
Jc(H‖c)

Jmax
c

Jmin
c

700mT 2.15 2.67
-700mT 2.16 2.32
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Figure 5.8: Angular resolved measurements at low fields, 77 K, Super Power.

are high. The liquid nitrogen is a very effective coolant, which assures powerful cooling
also when high transport currents are measured. The measurements at low fields (from
50 mT up to 400 mT) on the SuperPower CC are plotted in Figure 5.8. The low fields
are interesting mainly for transformer applications. The changes in the shape are quite
noticeable. The anisotropy at 50 mT is considerably decreased (coefficient (Jc (H||ab))/(Jc

(H||c)) = 1.56) compared to that at 400 mT (coefficient (Jc (H||ab))/(Jc (H||c)) = 2.13).
At lower fields the c-axis peak is less and less pronounced and at 50 mT completely
absent. The ab peak seems to be moving towards the c-axis, but the angular resolution
at this measurement is too low to observe this change precisely. However, this shift is the
motivation for the investigations in the next sections.

5.1.3 Anisotropy of the SuperPower CC

As described in the previous section (Sec. 5.1.2), the angular resolved measurements on
the Super Power tape do not show the expected φ = 0° - axis symmetry (Figure 5.7). The
same behavior was observed by Y. Chen et al. [42] or B. Maiorov et al. [43], where doping
by BZO nanoparticles or tilting the YBCO ab plane off from the tape surface can cause a
similar effect. In Z. Chen’s work [44], the ab planes were slightly tilted and additionally
the second phase precipitates were tilted from the MgO template too. The resulting effect,

49



Chapter 5. Measurements

beside the already mentioned asymmetry, was that the ab peak was placed a few degrees
off from φ = 90°. The other observed phenomenon was a “shift” of this ab peak by the
varying magnetic field. At higher magnetic fields (> ~ 400 mT), the ab peak was situated
at the position corresponding to the misalignment angle between the tape surface and the
ab planes. However, the ab peak was changing its location at low fields and was moving
towards the c-axis peak. When the field was increased, this effect disappeared and the
peak stayed stable. This field was rather low (200 mT - 400 mT) and possibly, it is a
threshold field from grain limited current to grain boundary limited current. A possible
explanation of this ab peak shift was given by Silhanek et al. [45]: it is caused by a
misalignment between the externally applied magnetic field H and the internal field B.
The effective corelated pinning centres might be tilted either. Granularity effects may be
considered as a cause too [46, 47].
In the next experiments, the origin of the Jc(φ) angular asymmetry was investigated.

The mentioned tilt between the YBCO ab planes and the other buffer layers of the CC
is the strongest candidate for the observed effect. The investigation was performed in 2
ways: first, regular anisotropy measurements were done, however the angular resolution
was assessed and the angular position was interpreted by a sensitive Hall probe, which was
mounted on the sample holder parallel to the sample surface. Second, X-Ray Diffraction
(XRD) investigations were performed.

5.1.3.1 X-ray diffraction (XRD)

The possible misalignment angle between the ab planes of the YBCO layer and the other
buffer layers was investigated in Cambridge by XRD 1. The XRD is a method of deter-
mining the arrangement of atoms within crystals, in which a beam of X-rays strikes a
crystal and diffracts into specific directions. The X-rays are then detected and from the
intensity it is possible to determine the positions of the atoms in the lattice, their chemical
bonds, disorder and other information. It is possible to investigate the alignment of the
YBCO grains in thin films with this method as well. Therefore, the following experiments
were performed to investigate the ab plane alignment within the YBCO layer of the Su-
perPower CC. The Figure 5.9 is a simple schematic plot of a XRD measurement set –
up. The sample is mounted on the sample table, which can be rotated in Φ and also Ψ
direction. Two different methods were employed to investigate the vicinality of the tape:
rocking curves (Figure 5.11) were done in Φ = 0°, 90°, 180°, 270° (the sample is parallel
to the X-ray beam at 0°). If we know the source angle position ω, for example for the 005
reflection ω = 38.42°, the maximal intensity should be detected at an angle of ω/2, when

1special thanks to Marcus Weigand
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Figure 5.9: XRD measurement set-up.

Figure 5.10: Difference of the X-ray diffraction for different sample misalignment angles.

the ab planes are well aligned. If the sample is vicinal (Figure 5.10), the maximum will be
shifted to higher or lower values. The vicinal angle will then be estimated as half of the
offsets measured at Φ = 90° together with Φ = 270° (Figure 5.11). The second method is
a Ψ angular scan at Φ = 90°. The result is shown in Figure 5.12. A well aligned sample
should show the maximum intensity at Ψ = 0°, which is not the case. The peak is fitted
by the Gauss interpolation (Figure 5.12– red line) and the maximum is estimated at Ψ
= -1.9°, which corresponds to the misalignment angle between the YBCO ab planes and
the sample surface. This result is consistent with the first experiment of rocking curves,
where the resulting misalignment angle α ~ 1.8°. Both experiments show a misalignment
angle α = 1.8°-1.9° between the YBCO ab planes and the sample surface.

5.1.3.2 Anisotropy measurements

In the previous section (Sec. 5.1.3.1), the vicinality of the SuperPower tape was investi-
gated by the XRD method. The angular resolved transport measurements were performed
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Figure 5.11: Rocking curves for the 005 diffraction (0°, 90°, 180°, 270°).

Figure 5.12: Ψ angular scan measurement with a Gauss fit (red line).
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Figure 5.13: Measurements at 64 K, Hall probe employed.

for the same purpose. The measurements were focused on the following goals: first is the
position of the ab peak at higher magnetic fields and the second is the ab peak “shift”
at varying low magnetic fields. The measurements were performed in the 6 T set-up, a
single rotating sample holder equipped with a sensitive Hall probe was used (Figure 4.5b).
For better precision, the angular position was assessed via the Hall probe voltage in these
measurements. The Hall probe was tested for offset and linearity before the experiment.
The output positions from the stepper motor were only for information. The results at 64
K are shown in Figure 5.13.
The ab peak is remarkably off from the φ = 90° axis. The misalignment of the peak is

estimated toΔφ = 2° +/- 0.25°. The measurements were performed at rather high external
magnetic fields B > 4 T, where the ab peak is already locked in the stable position. The
shift could be pronounced at fields lower than 1 T. However, it is rather problematic to
measure at such low fields in the gas flow cryostat due to high heat produced by transport
currents. A similar situation with high heat is present also at other temperatures, such
as 50 K and 77 K. Nevertheless, the measurements at ~ 77 K could be performed in the
electromagnet set-up in liquid nitrogen. The high cooling power of liquid nitrogen allows
to measure at very low fields or even without field without any dangerous sample heating.
In the electromagnet set-up, the angular resolved measurement was done at 1 T and the
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Figure 5.14: Electromagnet set-up - shift of the ab peak.

position of the ab peak was estimated. Since the Hall probe was not employed in this
measurement, the relative angular position was estimated only from the stepper → φ =
90° at the top of the ab peak. The following measurement was done at μ0H = 0.1 T and
finally the last measurement again at μ0H = 1 T (990 mT). The ab peak at 0.1 T changed
the position, whereas the reproducibility of the curve at 1 T (990 mT) was demonstrated.
The resulting Ic(φ) curves are shown in Figure 5.14.
A similar ab peak shift was observed also at 85 K (Figure 5.15). The measurement was

again performed in the 6 T measurement set-up at low magnetic fields which were not
problematic at such high temperatures.

5.1.3.3 Other features of asymmetry

The main attention will be focused to the second or c-axis peak in this section. This
peak was fixed at the same position and rather symmetric at lower temperatures (64
K, 50 K), where the magnetic field was always above 3 T. According to the Hall probe
investigation, the real position of the c-axis peak (discussed in Sec. 5.1.3.1, 5.1.3.2) is
at φ = 2° . However, to avoid confusion with the previous sections from the ab planes
misalignment, the position of the ab peak was set to φ = 90°, which results the position
of the c-axis peak at φ = 0°. This approximation is feasible, since no shift of the ab
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Figure 5.15: Low field anisotropy measurements at 85 K.

peak is observed in the resulting Jc(φ) curves (Figure 5.16). The c-axis peak at 77 K is
asymmetric and its maximum occurs out of the tape normal (φ = 0°), e.g. at 1 T the
peak is at φ = −5°. At lower fields, the peak shift is even more pronounced (Figure 5.7),
whereas at high fields is almost aligned at φ = 0° (μ0H > 5 T). Thus it is again at the
same position as at lower temperatures. The H and B competition [45], mentioned already
by the ab peak shift, must be considered as a possible explanation. However, this effect
in the case of the ab peak occurs at higher magnetic fields where the critical currents are
higher. Therefore a shift of the c-axis peak was unexpected at those fields. In addition,
the c-axis peak shapes differ: symmetric and well pronounced at 64 K (eventually 50 K),
asymmetric and unclear at 77 K. It indicates different c-axis peak origins at the selected
temperatures. This assumption is clarified from the n-value investigation, presented in
Figure 5.17, where the n-values exhibit very different behavior at 77 K and 64 K. The
pinning properties are possibly changed due to magnetic flux thermal activation and the
loss of the pinning efficiency at high temperatures [72]. However, any assumptions do
not satisfactory clarify the observed features without microstructural knowledge of the
tape. It can be only annouced that the c-axis peak arises from natural and also artificial
pinning centers. The possible natural candidates are twin planes [48, 49, 50], edge and
screw dislocations [51, 52], artificial centres can be e.g. BZO nanorods. The c-axis peak
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probably results from a combination of them.

Figure 5.16: Jc(φ) at 77 K and 64 K in fields up to 6 T.

Figure 5.17: n-values of angular resolved transport measurements.
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5.2 Characterization in a 2-axis goniometer

After performing the simple angular resolved measurements, the interest was focused on
advanced 2 axis angular resolved measurements. These measurements were provided by
the high current 2-axis goniometer (Sec. 4.1.6). The Jc(φ) characterizations at different
“tilt” angles could be valuable for the further investigation of the flux pinning mechanism,
e.g. misaligned pinning sites, but also for various applications (fault current limiters,
transformers and high field coils). Concerning fusion, the stellator [77] machines may
need HTS with highest performance in exotic magnetic field orientations, therefore the 3D
Jc (φ, θ) maps could be valuable.

5.2.1 Standard 2-axis measurements

The transport measurements were performed in the full circle angular range φ <0°,360°>
and tilt angles of θ <-10°,100°> , usually at a magnetic field of 500 mT. All measurements
were performed in liquid nitrogen at a temperature of 77 - 78 K. The default φ scan
resolution was set to 2°. However, the most interesting areas (around the peaks) were
measured also by very fine 0.5° angular resolution. The step size of the tilt angle θ was
changed irregularly and usually only after finished a φ scan. The angular position of the
sample to the magnetic field was controlled by two stepper motors and two Hall probes.
The transport measurements were performed employing the standard 4 - point technique
with a voltage criterion of 1μV/cm. The resulting Jc(φ) resp. Ic(φ) curves at field of 500
mT for the SuperPower CC, the EHTS CC and the AMSC CC are presented in Figures
5.18, 5.19, 5.20. All plots show only very small differences between the φ scans at maximal
Lorentz force (θ = 0°) and at a tilt angle θ = 45°. Then the differences were enlarged and
Jcs emphasized approaching to a tilt θ = 90°. In the case of the SuperPower CC (Figure
5.18), reaching the tilt angle of θ = 90°, both characteristic peaks (ab peak and c-axis
peak) were sequentially approaching (from θ ~ 70°) each other. Finally, they collapsed
into a single peak roughly at φ = 0° at a tilt angle of θ = 85°. This another evidence of the
already reported asymmetry (Sec. 5.1.3.1, 5.1.3.2) of the SuperPower CC. The additional
asymmetry measurements and theoretical assumption on this tape will be presented in the
next section (Sec. 5.2.2). Moreover, the asymmetry of the tape is evident also from the
other feature present in Figure 5.18. The c-axis peak is never at φ = 0° and the collapsed
peak shifts with tilt angles θ from 85° - 90° - 95°.
The next figure shows (Figure 5.19), that almost all the asymmetry effects disappear in

case of the EHTS tape. The measurement at θ = 0° is not completed, due to a burnout of
the sample at very high transport currents. All presented Jc curves meet at the point of
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Figure 5.18: The 2-axis angular resolved measurements of the SuperPower CC at a field
of 500 mT.

Figure 5.19: The 2-axis angular resolved measurements of the EHTS CC at a field of 500
mT.
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Figure 5.20: The 2-axis angular resolved measurements of the AMSC CC at a field of 500
mT.

the ab peak, which corresponds to the theoretical expectation that the ab planes are well
aligned with the sample surface.
The last characterized CC is the 344 CC from AMSC (Figure 5.20). This CC shows a

schoolbook symmetric behavior with missing c-axis peak. The crossection of the Jc (φ)
for all θ angles meet at one point, φ = 90°. The ab peak at φ = -90° is slightly deformed
and the crossover misaligned. The possible reasons are Lorentz force forcing the sample
out of the sample holder and surface pinning [53]. The curves at θ = 80° and θ = 100° are
not identical, which one would expect only for asymmetric tapes. This disagreement is
possibly not caused by any special pinning mechanism, as a slight - appx. 2° misalignment
between the Hall probe and the sample holder has been found. The previous reasons must
be also taken into account as well. The stepper is reset according to the Hall probe before
the measurement campaign and therefore, all the presented tilt (θ) angles correspond to
the real tilt minus two (θ = θ-2°). It is the same for the SuperPower CC in Figure 5.18
and for the EHTS CC in Figure 5.19.
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Figure 5.21: Sketch of a sample with tilted ab planes rotated in magnetic field ~B.

5.2.2 Additional asymmetry measurements on the SuperPower CC

The 2-axis high current goniometer gives a special opportunity for additional investigations
of the asymmetric Jc behavior of the SuperPower CC. The shift of the ab peak in different
tilt angles θ can be easily calculated, if the misalignment angle α is known. The sample
surface normals can be described according to Figure 5.21 :

ee =


sin θ cosϕ
− cos θ

− sin θ sinϕ

 ew =


cos θ cosϕ

sin θ
− cos θ sinϕ

 et =


sinϕ

0
cosϕ

 .
The vector ecrepresents the c-axis of YBCO layer (ec⊥ab planes). It can be derived

from ew, et an from the misalignment angle α:

ec = ew cosα− et sinα

ec =


cos θ cosϕ cosα− sinϕ sinα

sin θ cosα− 0
− sinϕ cos θ cosα− cosϕ sinα


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Figure 5.22: Calculated ab peak position dependency on the angle θ. The misalignment
angle α = -1.9°.

The ab peak is placed at the angle φ, where the ab planes || B:

ec. ~B = 0

cos θ cosϕ cosα− sinϕ sinα = 0

ϕ = arctan(cos θ cosα
sinα ). (5.1)

The function in Eq. 5.1 for α = -1.9° is plotted in Figure 5.22. It shows that the ab peak
holds its position up to about 70° and then starts to move. This is in excellent agreements
with Figure 5.18.
Additional very fine resolved angular measurements were performed to test Eq. 5.1.

The ab peak shift was investigated at small tilt angles θ . The step of the each Jc(φ) scan
was set to 0.5 ° and the step of the tilt angle θ was 1 °. The measurements were done in
a tilt interval of θ = <-10,10>. The results from this measurements are shown in Figure
5.23. Hence no differences between the Jc(φ) lines were noticed as expected. The ab peak
holds its position which was expected. The ab peak is on the each Jc(φ) curve placed
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Figure 5.23: Investigation of a peak shift in the SuperPower tape at -500 mT.

about 2° off the axis (92°). An important outcome for applications is the Jcs of the CCs
are not affected by small tilt angles at least up to ~10 °.
The next measurements were performed at various external magnetic fields (100 mT,

300 mT and 500 mT) and also at higher tilt angles (Figure 5.24). The situation at 300
mT and 500 mT is rather similar and the peak position stays at 92° and the movement
starts from a tilt angle θ > 70°. At 100 mT, the movement has started at lower angles
already and the explanation can be again the same as presented in Sec. 5.1.3, e.g. the H
and B competition.
Finally, a tilt scan at φ = 90° was provided. (Figure 5.25). The Ic is not affected until

θ = 70° and then a noticeable drop is observed. The same Ic(θ) for a perfectly symmetric
tape would be a horizontal line. This scenario perfectly corresponds to a vicinal tape and
Eq. 5.1.
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Figure 5.24: Detail of the ab peak at different magnetic fields and tilt angles.

Figure 5.25: Tilt scan of the SuperPower CC at φ = 90°.
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5.2.3 Isocurrent investigations

The 2-axis angular resolved measurements allow to spread the area of the Jc anisotropy
investigation. The results from this kind of measurements can be presented as complex -
2D or 3D Jc(φ,θ) maps. An isocurrent area is understood as an area with equal Ics , resp.
Jcs. The next graph shows 3D and 2D isocurrent area maps of the SuperPower CC and
the AMSC CC (Figures 5.26, 5.27) . A large amount of I-V curves is needed to create a
map with a reasonable resolution. Therefore, the 2-axis goniometer was constructed to
measure with rather high speed and in long measurement campaigns. The data presented
in Figures 5.26, 5.27 are the same data as presented in Figures 5.18, 5.19. The 2D and 3D
maps show the areas with highest critical currents and the asymmetry of the SuperPower
CC in contrast with the perfect symmetry of the AMSC CC.

(a) SuperPower. (b) AMSC.

Figure 5.26: Ic 3D maps of CCs.
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(a) SuperPower. (b) AMSC.

Figure 5.27: 2D Ic - contour diagrams.

5.3 Measurements after irradiation

The main goal of this thesis will be presented in the next sections. The transport and
magnetization measurements were performed after various levels of the fast neutron irradi-
ation. Several samples of CC from SuperPower and EHTS were selected and characterized.
The samples for transport measurements were irradiated up to 3 different fast neutron flu-
ences: 2x1021 m-2, 4x1021 m and 1x1022 m-2. The samples suitable for magnetization
measurements were irradiated up to fluences: 2x1021 m-2, 4x1021 m-2, 1x1022 m-2 and
1.3x1022 m-2. The irradiation procedure was described in Sec. 3.5. This procedure was
repeated for each irradiation step.

5.3.1 SuperPower

Each sample was scanned by the magnetoscan scanning technique [54, 55] before the
irradiation process. The initial measurement was performed on a longer piece of tape
(about 22 cm). The tape was scanned to prove the homogeneity of the whole tape (Figure
5.28).

65



Chapter 5. Measurements

Figure 5.28: Magnetoscan of a 22 cm long piece of SuperPower CC.

This longer piece exhibits good homogenity, though small rather regularly distributed
cracks are still present. Some of the samples used for the characterization were cut from
that 22 cm long piece. Magnetoscan maps - contour diagrams of the samples characterized
by transport measurements are presented in Figure 5.29. Every sample has at least one or
two smaller cracks. Hoverer, the magnetic moment of the central area is not significantly
affected in none of the cases. All the contour diagrams shown in Figure 5.29 are very simi-
lar. Due to this positive information the samples do not need to be considered individually
and the results obtained from each of them can be considered and processed together. The
same conclusion was obtained from the later transport measurements, where the self field
critical currents were compared. These Ics were very similar and the differences between
the measurements on a particular sample were often higher than differences in average Ics
between different samples. This proves that the results from every sample are very con-
sistent and every sample represents the whole CC reel (Table 2.1). However, the samples
can be easily damaged by handling, heat, high current or by the irradiation process. The
magnetoscan scanning technique was frequently employed to discover any kind of degra-
dation cracks in a suspicious sample. An example of a partially damaged sample during
the characterization procedure is presented in Figure. 5.30

Figure 5.30: Partially damaged sample during characterization.

The samples were usually not scanned after each irradiation step due to problematic
handling with a radioactive emitter in the open air cryostat. The scanning was usually
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(a) (b)

(c) (d)

Figure 5.29: 26 mm long SuperPower samples for transport measurements.

provided in special cases, where the performance of the tape dropped. An example of the
sample comparison before and after fast neutron irradiation up to a fluence 2x1021 m-2 is
shown in Figure 5.32. It is important to notice that the magnetoscan of the unirradiated
sample was done as a initial measurement, the other scan was performed after irradiation
and following characterization. The new cracks are placed mainly, where the current press
contacts were made. It clearly demonstrates that cracks in the irradiated tape are intro-
duced by the transport measurements and not by the irradiation procedure. Moreover,
in contour diagrams of the smaller, 4 mm long samples for magnetic characterization,
noticeable (with respect of introducting new cracks) changes before and after irradiation
have never never been observed. An example of such a comparison is in Figure 5.32.
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(a) unirradiated. (b) irradiated to 2x1021 m-2.

Figure 5.31: Magnetoscan comparison of a SuperPower sample before and after fast neu-
tron irradiation

(a) unirradiated. (b) irradiated to 2x1021 m-2.

Figure 5.32: Magnetoscan comparison of the SuperPower sample for magnetization mea-
surements.

5.3.1.1 Angular resolved transport measurements up to fields of 6 T

The angular resolved investigation before and after irradiation by fast neutrons was per-
formed in the 6 T set-up (Sec. 4.1.4). The measurements were performed at three different
temperatures: 50 K, 64 K and 77 K. The characterized samples were irradiated to three
different levels of fast neutron fluences: 2x1021 m-2, 4x1021 m-2 and 1x1022 m-2. The
graphs comparing an unirradiated sample and the samples after 3 different irradiation
steps are presented in Figures 5.33, 5.34, 5.35. These figures offer the best description
of the nature of the fast neutron irradiation on the SuperPower CC, because the overall
effect on the angular anisotropy is shown. Beside a strong Jc - enhancement at most
of the angular positions, a great reduction of anisotropy is reported. The corresponding
anisotropy coefficients are listed in Table 5.5.
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Table 5.3: Anisotropy coefficients of SuperPower CC.

50 K unirr irr 2x1021m-2 irr 4x1021m-2 irr 1x1022m-2

Jc(H‖ab)
Jc(H‖c)

Jmax
c

Jmin
c

Jc(H‖ab)
Jc(H‖c)

Jmax
c

Jmin
c

Jc(H‖ab)
Jc(H‖c)

Jmax
c

Jmin
c

Jc(H‖ab)
Jc(H‖c)

Jmax
c

Jmin
c

6 T 1.68 2.16 1.31 1.7 1.2 1.58 1 1.43
5 T 1.56 2.01 1.23 1.61 0.97 1.31 0.95 1.4

64 K unirr irr 2x1021m-2 irr 4x1021m-2 irr 1x1022m-2

Jc(H‖ab)
Jc(H‖c)

Jmax
c

Jmin
c

Jc(H‖ab)
Jc(H‖c)

Jmax
c

Jmin
c

Jc(H‖ab)
Jc(H‖c)

Jmax
c

Jmin
c

Jc(H‖ab)
Jc(H‖c)

Jmax
c

Jmin
c

6 T 1.84 2.02 1.35 1.5 1.25 1.41 1.1 1.37
5 T 1.67 1.85 1.2 1.48 1.09 1.33 0.95 1.37
4 T 1.55 1.86 1.14 1.54 1.03 1.35 0.89 1.42

77 K unirr irr 2x1021m-2 irr 4x1021m-2 irr 1x1022m-2

Jc(H‖ab)
Jc(H‖c)

Jmax
c

Jmin
c

Jc(H‖ab)
Jc(H‖c)

Jmax
c

Jmin
c

Jc(H‖ab)
Jc(H‖c)

Jmax
c

Jmin
c

Jc(H‖ab)
Jc(H‖c)

Jmax
c

Jmin
c

6 T N/A N/A N/A N/A N/A N/A N/A N/A
5 T 12.05 16.98 8.38 8.38 9.96 9.96 N/A N/A
4 T 5.12 5.78 3.78 3.78 4.21 4.21 N/A N/A
3 T 3.19 3.43 2.39 2.39 2.37 2.37 2.8 2.8
2 T 2.44 2.68 1.71 1.72 1.65 1.65 1.64 1.64
1 T 2.02 2.39 1.53 1.98 1.39 1.7 1.24 1.4
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(a) 50 K, 6 T. (b) 50 K, 5 T.

Figure 5.33: Angular resolved transport measurements in the 6 T set-up after different
irradiation steps (50 K).

The obtained results show, that fast neutron irradiation can significantly change the
properties of the CCs. The most important outputs from these angular investigations are:

• Generally, the Jc after each irradiation is improved in a wide angular range compare
to the pristine samples.

• The highest Jcs are found after a neutron fluence of 4x1021 m-2 (or 2x1021 m-2 in
some cases). The irradiation up to a fluence of 1x1022 m-2 leads to reduction of
the Jcs compared to lower irradiation levels. However, the obtained Jcs at this
irradiation level are still higher than the Jcs of the pristine samples.

• The ab peak at a neutron fluence of 1x1022 m-2 is significantly smaller than at lower
irradiation fluences or in the pristine samples.

• The c-axis peak disappeared completely after the first irradiation step.

• The Jcanisotropy is reduced after the irradiation. Every other additional irradiation
step usually reduces the previous anisotropy coefficients (Table 5.5).

• Additional “shoulder-like” and “plateau-like” features close to H||ab are created
(most pronounced at 64 K and 50 K). The origin of these shoulders will be ana-
lyzed and described in Sec. 6.1.

• The asymmetry of the ab peak survived all irradiation steps.
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(a) 64 K, 6 T. (b) 64 K, 5 T.

(c) 64 K, 4 T. (d) 64 K, 3 T.

Figure 5.34: Angular resolved transport measurements in the 6 T set-up after different
irradiation steps (64 K).
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(a) 77 K, 6 T. (b) 77 K, 5 T.

(c) 77 K, 4 T. (d) 77 K, 3 T.

(e) 77 K, 2 T. (f) 77 K, 1 T.

Figure 5.35: Angular resolved transport measurements in the 6 T set-up after different
irradiation steps (77 K).
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(a) Unirradiated. (b) Irradiated to 1x1022m-2.

Figure 5.36: Super Power CC at high fields.

The measurements at 77 K and 64 K were made without any technical difficulties. Indeed,
the minimal field measured at 64 K is 3 T. However, it must be mentioned that the results
at 50 K are not 100 % reliable. Again, the high Ic causes heating and unstable sample
temperatures during the transport measurement. In the case of a 4 mm wide CC, the
sample temperature can increase by up to 2 K. However, the samples were mounted in
the same way and the same measurement sequence was used over all the characterization
procedures. It means that although the results are well comparable, the temperature value
of 50 K is only approximate. Moreover, the results at 50 K with the “plateau-like” feature
will play a crucial role in Sec. 6.1, where the pinning mechanism is discussed.

5.3.1.2 Transport measurements in the 17 T set-up

The next transport measurements were performed in the 17 T set-up (Sec. 4.1.5) at four
different temperatures (50 K, 64 K, 77 K, 85 K). The available magnetic fields were up to
15 T. The same samples irradiated to the same fluences were characterized here. Typical
results on the unirradiated sample and on that irradiated to a fast neutron fluence of 1x1022

m-2 are shown in Figure 5.36. The same measurements were done on several samples at 3
different irradiation levels. For better comparison, the measurements are shown for each
temperature and plotted together with the Jcs of a pristine- unirradiated sample (Figure
5.37).
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(a) 50 K. (b) 64 K.

(c) 77 K. (d) 85 K.

Figure 5.37: Characterization of SuperPower CC, in the 17 T set-up after different irradi-
ation steps.

It is important to recall that the measurements at H||c and at H||ab are not really
according to the ab planes, but according to the sample surface. As was presented in Sec.
5.1.3.1, 5.1.3.2, 5.1.3.3, the SuperPower CC has the ab planes about 2 degrees off to the
sample surface. As a consequence, the transport measurements at H||ab do not represent
the peak value of Jc (from angular resolved measurements - Figures 5.33, 5.34, 5.35) but
a value about 2° off the ab peak . Since the ab peak is not symmetric, the critical currents
can be different with the orientation of the tape on the sample holder. The problem with
the misaligned ab planes is negligible for measurements at H||c, as the c-axis peak is rather
wide and blunt and the other possible shape features are also rather flat. Even if the results
do not correspond to the H||ab position, they have a great value for practical applications
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e.g. in coils, where the tapes are possibly aligned due to sample surface and not to the
ab planes. All results are in a good agreement with the results from angular resolved
measurements performed in the 6 T set-up (Sec. 5.3.1.1). An unique crossover and higher
Jc at H||c than at H||ab at low fields can be observed in Figure 5.36b. Focusing to Figure
5.37, the measurements show no real improvement of Jc at H||ab . At low fluences e.g.
2x1021 m-2, one might notice slight improvements, though they are still within the error
of the measurement. The effect is rather opposite with increasing neutron fluence. Jc is
reduced (85 K, 77 K). Jc is constant at 64 K and then improved at 50 K. The situation at
H||c is very clear. Jc increases with neutron fluences until the fluence exceeds 4x1021 m-2.
Then, it is reduced at higher fluences. However, the situation at 85 K, which is very close
to Tc, is different. Each irradiation causes a Jc reduction. The transport measurements
provided at 50 K are always rather problematic and risky due to heating when very high
currents are passing through the conductor. Therefore, the characterization at 50 K has
not always been successful and some lines are missing.

5.3.1.3 The influence of fast neutron irradiation on Tc and the irreversibility fields

Several studies on neutron irradiated YBCO HTS reported a reduction in Tc [7, 58].
The Tc reduction is caused by the induced disorder in the YBCO lattice. From previous
transport measurements, a drop of Jc after irradiation was found at 85 K. Since this
temperature is very close to Tc, the Tc reduction is a good explanation of this Jc drop.
Therefore, an important part of the characterization of the irradiated CCs are the Tc

measurements at μ0H = 0 and identical measurements at higher fields, which describe
the irreversibility fields. The irreversibility lines were measured up to 15 T for several
irradiation levels (Figure 6.10). It is evident from the figure, that Tc (defined at μ0H =
0) and the irreversibility fields were reduced due to fast neutron irradiation. Table 5.4
contains the precise results from the Tc measurements. The irreversibility lines are affected
at both directions of the magnetic field. Although all previous transport measurements
(Sec. 5.3.1.1, 5.3.1.2) showed that Jc is affected by irradiation mainly at H||c, it is the
other way round in this case (Figure 5.38). The main drop of the irreversible fields is
observed at the H||ab field direction and the changes at H||c are smaller. This paradox is
elucidated in the next figure (Figure 5.39), where the same irreversibility lines are rescaled
by the reduced temperature T/Tc.
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Figure 5.38: Irreversibility lines of the SuperPower CC .

Table 5.4: SuperPower Tc .

irr. level (m-2) 2x1021 4x1021 1x1022 1x1022

Tc(K) 89.1 88.35 87.36 86.2

Figure 5.39: SuperPower, Irreversibility lines on reduced temperature scale.
76



Chapter 5. Measurements

Thus the irreversibility lines are in agreement with the other results obtained from
transport measurements.

5.3.1.4 VSM measurements

The magnetic measurements of critical current densities were performed in the VSM (Sec.
4.2.2). These measurements are fast, reliable and without an electrical contact. The
samples used are much smaller – typical size 4x4 mm, due to the high induced signal. In
addition, the smaller samples allow easier handling after high irradiation, as the activity
is simply lower. The VSM measurements are valuable, as the Jcs could be measured at
low temperatures, where direct transport measurements are not available anymore. The
results on the SuperPower CC are presented in Figure 5.40. All measurements correspond
to the H||c magnetic field orientation. The irradiation enormously enhanced the Jc s at
lower temperatures, such as 5 K or 20 K. The effect is rather weaker at higher temperatures
(> 77 K). Jc is improved at temperatures, except 85 K.
A crossover in the Jc(B) dependence between the pristine and the irradiated samples

is observed at some temperatures (Figure 5.40). This feature is fully described by Eis-
terer et al. [57]. The crossover is present at low or very low fields, where a possible
transition between the critical current density limited by grain boundaries (Jc,GB) and
critical current density limited by grains (Jc,G) occurs. Two different mechanisms can
explain this behavior. They are independent, do not exclude each other and may work
together. First, the radiation induced defects are mobile during irradiation process. The
grain boundaries are the natural barriers in this motion and accumulate the defects. This
accumulation causes a deterioration of grain boundaries. Although the number of large
defects induced by irradiation (~ 1x1022 m-2) is too low to significantly reduce the cross
section for the current transport, Jc can be reduced if the current transport is limited by
grain boundaries, which are damaged. The second mechanism is based on the field pro-
duced by intra-granular shielding currents on the grain boundaries. In general, irradiation
by fast neutrons increases Jc,G. Evidence for this is the fact that Jc is always improved
at high fields. If Jc,G > Jc,GB, additional magnetic flux remains trapped inside the grains.
Afterwards, when the external field changes, the trapped circulating currents generate an
additional field at the grain boundaries, which reduces the intergranular current transport.
The enhancement of this mechanism after fast neutron irradiation is an effect of the Jc,G

improvement due to irradiation induced pinning.
Another interesting issue is to estimate the fluence, which enhanced Jc most. The

investigation has been done at 77 K and 64 K at certain fields (Figures 5.40d, 5.40e -
black vertical lines). The resulting graphs are presented in Figure 5.41. Figure 5.41a is
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(a) 5 K. (b) 20 K.

(c) 40 K. (d) 64 K.

(e) 77 K. (f) 85 K

Figure 5.40: Measurements in the VSM at different fluences of fast neutron irradiation,
H||c.

78



Chapter 5. Measurements

evaluated from several measurements performed on 5 different SuperPower samples. The
plot includes the variances of the data points as well. As a result, Jc is mos improved at
a fluence of 4x1021 m-2. This is the level, where the next irradiation begins to reduce the
previously enhanced Jc.

(a) (b)

Figure 5.41: Relative Jc enhancement after different irradiation steps.

5.3.2 EHTS

Similar kind of characterizations were performed on the CC from EHTS, although the
major part of the characterization on this CC has already been done by R. Fuger [8].
Therefore, only a few missing measurements were made, i.e. transport measurements at
high fields and angular resolved transport measurements. Magnetoscan measurements had
been performed before the initial transport measurements and the irradiation procedure.
Scans of several 26 mm samples had shown very good homogeneity, similar to that one
reported for SuperPower (Sec. 5.3.1). Figure 5.42 shows an example of a magnetoscan of
a homogeneous EHTS sample.

Figure 5.42: Magnetoscan of the EHTS CC.
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(a) 600 mT. (b) 400 mT.

Figure 5.43: EHTS CC measured at low fields in the electromagnet set-up.

The irradiation was done up to a fast neutron fluence of 1x1022 m-2. Unfortunately,
none of the irradiated 26 mm long samples was superconducting at fluences above 2x1021

m-2. It is possible that the deterioration is due to moisture inside the quartz glass or
maybe by the bad sealing of the ampule, which is done at high temperatures (~1000 °C).
Nevertheless, the results at the fluence of 2x1021 m-2 are satisfactory for studying the pin-
ning mechanism. However all the 4 mm samples characterized by magnetic measurements,
which were irradiated separately, show very good properties even after irradiation to very
high fluences, such as 2x1022 m-2.
Figure 5.43 presents angular resolved transport measurements at relatively low fields.

The measurements were made in the electromagnet set-up (Sec. 5.14), where the effective
liquid nitrogen cooling ensures reliable measurements with very high transport currents.
As shown in the figures, the critical currents were relatively high. The ab peak was stable
before and after irradiation as well. An important information is that the Jc(φ) is enhanced
for every possible angle φ . The following anisotropy measurements were performed in the
6 T set-up (Sec. 4.1.4) and the resulting graphs can be found in Figures 5.44, 5.45.
Except for the ab peak at the 64 K - 6 T measurement, no other Jc(φ) degradation due to
irradiation is observed. However, the critical currents are very high at this temperature,
which produces heat and some unreliability of the result as shown by the noisy Jc(φ) and
the deformed ab peak. ( Figure 5.44a after irradiation).
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Table 5.5: Anisotropy coefficients of EHTS CC.

64 K unirr irr 2x1021m-2

Jc(H‖ab)
Jc(H‖c)

Jmax
c

Jmin
c

Jc(H‖ab)
Jc(H‖c)

Jmax
c

Jmin
c

6 T 1.98 2.185 1.45 1.45
5 T 1.86 2.04 1.44 1.46
4 T 1.68 1.82 1.48 1.5

77 K unirr irr 2x1021m-2

Jc(H‖ab)
Jc(H‖c)

Jmax
c

Jmin
c

Jc(H‖ab)
Jc(H‖c)

Jmax
c

Jmin
c

6 T N/A N/A N/A N/A
4 T 10.6 11.2 8.45 8.45
2 T 2.56 2.78 2.37 2.42
1 T 1.93 2.22 1.81 1.97

(a) 64 K, 6T. (b) 64 K, 6 T.

Figure 5.44: EHTS CC measured in the 6 T set-up at a temperature of 64 K.

Other features such as a “shoulder-like” behavior or the missing c-axis peak are present
after the irradiation as well. However, they are much less pronounced than in the Su-
perPower CC. The minima (64 K) near the ab peak are shallow and some remains of the
c-axis peak are still noticeable close to φ = 0°. The anisotropy coefficients are listed in
table 5.5.
Transport measurements at high magnetic fields were done in the 17 T set-up (Sec.

4.1.5). The results are shown in Figures 5.46, 5.47. The measurements at 64 K and 77 K
(both H||c) show the Jc enhancement after irradiation. The situation is different at 85 K
again, where Jc is reduced is reported. A crossover between Jc at H||c and Jc at H||ab is
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(a) 77 K, 6 T. (b) 77 K, 4 T.

(c) 77 K, 2 T. (d) 77 K, 1 T.

Figure 5.45: EHTS CC measured in the 6 T set-up at a temperature of 64 K.
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Figure 5.46: EHTS CC measured in 17 T set-up at H||c.

observed just like in the SuperPower CC.
From the magnetization measurements on the EHTS CC [8], Jc as a function of the fast

neutron fluence at 77 K and 1 T is shown in Figure 5.48, which demonstrates that the CC
from EHTS keeps a high performance even at high fast neutron fluences. Conclusions:

• The EHTS CC is characterized by high critical currents Ic, but lower critical current
densities Jc.

• The tape has probably well aligned ab planes with the sample surface, though it still
shows a slightly asymmetric Jc(φ).

• Fast neutron irradiation to a fluence of 2x1021 m-2 reduces the anisotropy and en-
hances Jc(φ) for all the angles φ. The CC is very resistant to neutron radiation, and
fluences, such as 2x1022 m-2 , still enhance Jc at high temperatures (77 K, 1 T).

• Although a “shoulder-like” feature close to H||ab is created, it is significantly less
pronounced than in the SuperPower CC.
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Figure 5.47: EHTS CC at 85 K before and after irradiation.

Figure 5.48: Relative Jc at 77 K and 1 T for the EHTS CC (VSM, H||c).
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6 Impact of Neutron Irradiation on Coated
Conductors

6.1 Pinning mechanism

One of the issues of this thesis is to elucidate the pinning mechanism induced by fast
neutron irradiation. The enhancements of Jc in YBCO single crystals or tapes have been
already discussed many times [7, 8, 58] and satisfactorily explained. Accordingly the
enhancement is caused by the introduction of additional effective pinning centres with a
diameter of 1-5 nm. Smaller point defects explain the Tc reduction by the introduction of
disorder into the YBCO lattice, particulary the oxygen sublattice. However, the features
observed in the SuperPower CC at angular resolved measurements (Sec. 5.3.1.1) require
an additional explanation, especially the “shoulder-like” feature created on the both sides
of the ab peak.
The anisotropic scaling approach [37] is a powerful tool, which allows to study the Jc(φ)

angular anisotropy of CCs within collective pinning theory [59] and distinguishes between
correlated or uncorrelated pinning in various angular intervals. Transforming isotropic to
anisotropic functions in the Ginzburg-Landau and London equations is done by a scaling
rule [37]:

Q(ϕ,H, T, ξ, λ, ε, γ) = sQQ̃(εϕH,T/ε, ξ, λ, γ/ε), (6.1)

where ξ is the planar coherence length, λ - magnetic penetration depth, ε - anisotropy,
γ - scalar disorder strength, H - applied magnetic field, φ - enclosing angle and T -
temperature. An example of the anisotropic scaling on the SuperPower CC is presented
in Figure 6.1. A standard transformation

Jc(H,ϕ) = Jc(H̃) (6.2)

H̃ = Hε(ϕ)

ε(ϕ) = (cos2ϕ+ γ−2sin2ϕ)−
1
2
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is commonly used for (RE)BCO HTS material. The mass anisotropy for YBCO is [60]:

γ =∼ 5− 7. (6.3)

According to L. Civale et al. [60], different regimes in a default Jc(φ) dependence were
defined. The first is near the ab planes, the intrinsic pinning is considered as a pinning
source. This pinning is associated with the periodic modulation of the superconducting
order parameter, which arises from the layered structure of YBCO. If the applied magnetic
field is progressively tilted from the ab planes, the vortices are still pinned until a certain
angle φL is reached. The angle φL is called lock-in angle and therefore this regime will
be denoted as the lock-in regime. A Jc(φ) plateau is present in this regime (Figure 6.1 -
inset). It is usually rather small in CCs and φL does not exceed 0.1°. The second regime
is defined as the “staircases” regime. In this regime, a monotonic decrease of the Jc(φ)
is observable. The border angle φt is defined by the full width at half ab peak maximum
(FWHM). As the peak base the crossover of the Jc(φ) with the Jc,asa(φ) fit is taken. This
is an intermediate regime, where the effect of intrinsic pinning is smeared out. A broad ab
peak comes from mass anisotropy and not from intrinsic pinning. Thus the next regime (φt

- φtC) is affected by electric mass anisotropy of YBCO and uncorrelated pinning centres.
The last regime is present near the broad c-axis peak. A trapping angle φtC is defined as
the place, where the Jc(φ) merges with the Jc,asa(φ) fit. As was already mentioned, the
c-axis peak can arise from natural correlated defects such as twin planes, edge and screw
dislocations [51, 52]. For angles above φtC, Jc(φ) is not affected by this correlated pinning
anymore.
During the last years, the Blatter anisotropic scaling approach has become a widely

used tool to study the origin of pinning in anisotropic superconductors. The sequence
utilized by L. Civale (Eq. 6.2) was applied in numerous papers from different authors. V.
Silhanek together with L. Civale [61] succeeded to scale even YBCO crystals with columnar
defects. Others, e.g. Gutierrez et al. [62] scaled YBCO with γ = 3, which is out of the
realistic range of γ. Similar inconsistencies, where the scaling is problematic, strange or
hardly possible are present in many types of YBCO tapes or single crystals. The Blatter
model describes Jc(φ) arising from the electronic mass anisotropy and isotropic point
defects. It is not clear, how does this approach apply when the strong pinning is dominant.
From the collective pinning theory, there is no reason that Blatter scaling works for the
strong pinning. Therefore, N.J. Long presented a different model describing the angular
anisotropy of Jc in his work [63]. His model emphasizes the statistical distribution of the
pinning encountered by a vortex as determining the observed Jc(φ) features. According
to his model, the Jc(φ) function can be always derived from anisotropic defect population
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Figure 6.1: Pinning regimes in YBCO, SuperPower CC at 77 K, 5 T, Jc,asa(φ) fit (red line)
is done with γ = 3. The inset does not correspond to a real measurement.

and the wide usage of the Blatter scaling for YBCO tapes is a misunderstanding of the
paper from Blatter [64].

6.1.1 Blatter scaling of the SuperPower CC

The scaling of the SuperPower CC (before irradiation) can be classified as quite prob-
lematic. The first reason is the observed asymmetry (Sec. 5.1.3.1, 5.1.3.2). However, it
is easily possible to correct the ab peak in the Jc(φ) plot to the position φ = 90° and
exclude the measurements at very low fields, where the ab peak is not stable and is being
shifted. The Jc(H,ϕ) = Jc(H̃) (Eq. 6.2) transformation of the SuperPower CC at 77
K is shown in Figure 6.2. The figure explores the second scaling problem, as the curves
collapse better at lower γ (γ=3) than according to Eq. 6.3. The resulting scaling de-
pendence is plotted in Figure 6.1 and corresponds quite well to the experimental results
between the angles φtC and φt. The scaling at 64 K has been done in very similar way
and the resulting scaling curve is shown in Figure 6.3 . The third scaling problem has
been detected after the Jc(H,ϕ) = Jc(H̃) transformation with any γ from an interval γ =
<3,7>. The curves only partially collapse, however the approximation was more accurate
with a double exponential function: Jc = A1exp(−H̃/t1)+A2exp(−H̃/t2)+JC0 than with
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(a) g = 3. (b) g = 5.

Figure 6.2: SuperPower 77 K, Jc(H,ϕ) = Jc(H̃) transformation.

Figure 6.3: SuperPower scaling at 64 K, 6 T, red line represents angular measurements
after irradiation to a fluence of 2x1021 m-2.
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Figure 6.4: SuperPower 64 K, irradiated to 2x1021 m-2 Jc(H,ϕ) = Jc(H̃) transformation.

a generally used fit Jc = H̃−β. A good match of the shape of the scaling curve Jc,asa(φ)
with the Jc(φ) is noticed between 20° and 70° and only at intermediate magnetic fields.
Further to the ab peak, the minimum of the “shoulder-like” feature is present. Indeed,
it can not be well described by the scaling curve Jc,asa(φ). The “shoulder-like” feature is
even more pronounced in the measurement after fast neutron irradiation, which is shown
in Figure 6.3 as well. One could notice, that the shape of this Jc(φ) curve after irradiation,
except the area close to the ab peak, corresponds quite well to the shape of the scaling
curve Jc,asa(φ) (Figure 6.3, φ <-20,70>). This could be easily explained as an effect of
the pinning centres introduced by neutron irradiation which are randomly distributed.
However, the Jc(φ) curves of the SuperPower CC after irradiation do not obey the Blatter
anisotropic scaling approach at all. The clear evidence is shown in Figure 6.4, where the
transformed curves with Eq. 6.2 do not collapse at any point.

6.1.2 Strong and weak pinning

A basic knowledge of differences between strong and weak pinning is necessary to elucidate
the pinning mechanism in the irradiated SuperPower tape. Strong pinning is responsible
for the failure of the Blatter scaling in the case of the irradiated SuperPower tape.
The competition between elasticity of the vortex lattice and pinning produces different
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Figure 6.5: Participation ratio τ as a function of the dimensionless surface tension G [65].

phases of vortex matter in HTS [65]. The weak - collective [59] and the strong pinning
regime [66] can be recognized. A complex study regarding the transformation between
this two regimes has been done by A. Tanguy and T. Vettorel [67]. They studied the case
of a one-dimensional elastic line driven at zero temperature on a pinning surface. Their
study starts a definition of the instabilily criterion and with an equation for the pinning
energy (Eq. 6.4):

Vp = −
L̂

0

dx

u(x)ˆ
0

dy(γSV (x, y)− γSL(x, y)). (6.4)

where γSV (x, y) and γSL(x, y) are spatially varying solid-vapor and solid-liquid tensions,
L is the size of a contact line and d is the distance. Weak pinning occurs if the contact
line is infinitely rigid and moves as a whole. In the opposite case, each site moves inde-
pendently, which corresponds to strong pinning. The distinction between strong and weak
pinning was done introducing a parameter characterizing the elasticity to pinning ratio G
(dimensionless surface tension) and the participation ratio τ (Figure 6.5).
When α ≤ 1, the elastic energy dominates at large scales and pinning is weak. When

α > 1, the pinning energy dominates at large scales: pinning is strong. As a result, the
small pinning centres will act rather as weak pinning (neutron - point defects) and the big
ones as the strong pinning (neutron - big spherical defects of a few nm in size).
Very often, both pinning mechanisms are present and this mixed behavior state can be

very wide. A method to separate the weak pinning contribution from strong pinning was
presented by J. Gutierrez et al. [62]. The Jc(T ) function at fixed magnetic field consists
of two components: weak pinning component Jweakc and the strong pinning component
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Figure 6.6: Jc(T ) lines for SuperPower CC before and after irradiation to 2x1021 m-2.

Jstrongc , whereby [65, 68]:

Jc(T ) = Jweakc (T ) + Jstrongc (T ) (6.5)

Jweakc (T ) = Jweakc (0)exp(−T/T0) (6.6)

Jstrongc (T ) = Jstrongc (0)exp(−3(T/T ∗)2) (6.7)

This method was applied to the SuperPower samples before and after irradiation. Since
the magnetic measurements in the VSM have been done at a wide scale of temperatures,
the data were used in Figure 6.6 . It is important to call, that all the data correspond
to the H||c field orientation. The data were fitted by the function (Eq. 6.5), where
Jweakc (0),Jstrongc (0), T0 and T ∗ are free parameters. The fits are shown in Figure 6.7 for
two different magnetic fields. Since the differences between the fits on irradiated and
unirradiated samples were negligible, Figure 6.7 represents only unirradiated samples.
Moreover, the best fit curve (green) could not well describe all the experimental points.
However, it shows that strong pinning dominates, which is not too surprising as the initial
Jc(T ) dependence comes from H||c, where the c-axis peak arises from correlated pinning
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(a) 0.2 T. (b) 5 T.

Figure 6.7: Separation of weak pinning from strong pinning at H||c.

centres, which are bigger strong pinning sites. If the sample is irradiated, strong pinning
is dominant as well. Then the effective pinning centres are the defects of diameter 1-5 nm,
which are strong pinning centres. Extremely interesting would be identical measurements
at different magnetic field orientations, where the scaling curve is identical with the exper-
imental points (Figure 6.3, φ <φt-φtC>). Unfortunately, this kind of measurements is not
available in the VSM up to now. However, angular resolved measurements in the VSM
were investigated by F. Hengstberger [69] resulting in very good agreement with transport
measurement. Thus, it is disappointing that the fit Eq. 6.5 does not work very well for
the SuperPower CC.
From these results, the following statements can be made (although they are not well

proven because of missing VSM measurements at different angles and not very successful
fits with Eq. 6.5):

1. The Blatter anisotropic scaling does not work for strong pinning, even when strong
pinning centres are randomly distributed.

2. The effective pinning centres induced by irradiation are big defects of diameter 1-5
nm, which are strong pinning centres.

Indeed, the Blatter scaling failed for all strong pinning sites, such as the correlated pinning
creating the c-axis or the ab peak. Scaling at 64 K, where the “shoulder-like” feature
is pronounced, was rather complicated (Figure 6.3), and finally scaling failed after fast
neutron irradiation, which introduces perfectly randomly distributed spherical defects big
in size (Figure 6.4).
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6.1.3 Jc(f) before and after irradiation

The Jc(φ) dependence of SuperPower CC contains some interesting features after as well
as before irradiation by fast neutrons. In the case of the pristine samples, the “shoulder-
like” features on both sides of the ab peak were mainly pronounced at lower temperatures
such as 50 K, 64 K (Figures 5.33, 5.34). Similar features were reported in studies by B.
Maiorov et al. [70], who explained the “shoulder-like” feature as coming from extended
particles, which exhibit a different Jc(φ) dependence than the point-like defects. The
extended particles are rather bigger strong pinning centres, just like the effective pinning
centres introduced by fast neutrons. If the pinning is strong, the collective pinning theory
is irrelevant and the single vortex can be considered individually.
The vicinality of the CC tape is probably not a reason explaining the deep minima

beside the ab peak, although it is most likely the reason of their different sizes. According
to B. Maiorov et. al [70], there are two possible scenarios responsible for the deep minima
beside the ab peak. They do not exclude each other and both of them can contribute.
First by the case of big pinning sites (bigger than the coherence length), the cross section
of the vortex core varies in the rotating magnetic field approaching the field, where H||ab.
This results in a reduction of the pinning energy close to H||ab [71]. The other scenario is
the extended pinning along the c axis. This very broad c-axis peak is also coming from
some strong pinning centres, most likely oriented along the c-axis, and the minimum is
then placed in the common base of the c-axis and the ab peak. However, the neutron
induced defects are not correlated, but random, and they do not create a c-axis peak, but
the “plateau-like” feature (Figure 5.33). Since this plateau is for some reasons lost close
to the ab peak (Figure 6.8), only the first scenario can be taken into account.
Thus the minimum is created putting together the plateau contribution with the contri-

bution of intrinsic pinning or other pinning in the ab direction. If these two contributions
are added together (Figure 6.8), the final Jc(φ) can exhibit the shape, which was reported,
e.g., in Figure 5.33 after irradiation.
Also another observed phenomenon must be taken into account, when analyzing the

pinning mechanism after fast neutron irradiation. At 50 K and 64 K after the irradiation to
the highest fluence - 1x1022 m-2(Figures 5.33, 5.34), Jc at the ab peak is significantly lower
than Jc of the “shoulder-like” or the “plateau- like” features. Moreover, the “shoulder-like”
or the “plateau- like” features are much less pronounced in the EHTS CC (Figure 5.44).
This indicates that apart from the simple big spherical, randomly distributed pinning
centres addition, another pinning mechanism is present. A similar Jc(φ) behavior was
reported by D.M. Feldmann et al. [73], who observed a dramatic change in the shape
of Jc(φ) caused by a growth temperature of YBCO by PLD. This sharp change occured
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Figure 6.8: Pinning contributions to the Jc(φ), black - regular pinning behavior, red -
pinning induced by randomly distributed spherical defects.

between a temperature of 810 °C and 830 °C (pressure 200 mtorr) and it is identical to
the Jc(φ) shape change between the pristine and the irradiated SuperPower sample to a
fluence of 1x1022 m-2 measured at rather lower temperatures (such as 64 K and 50 K).
They found, that a phase transition from a Ba-Cu-O solid phase to a Ba-Cu-O liquid
phase was present in this temperature range and under certain pressure [74]. The liquid
Ba-Cu-O behaves similar to the hybrid-liquid phase epitaxy fabrication process [75], which
may result in similar pinning centres, such as threading dislocations and secondary phases.
The similar effect after fast neutron irradiation is then not so surprising considering the
YBCO lattice interaction with a high energy fast neutron (Sec. 3.3.2), because the high
energy of the collision causes melting of surrounding material. A TEM investigation of
the CCs after irradiation is only hardly possible due to silver and copper shunts on top
of the YBCO layer. However, the results from [73], where at temperatures above 830 °C,
a high number of Ba-rich or Ba-deficient secondary phases has been found, seems to be a
reasonable explanation.
However, the Jc(φ) curves at 77 K on irradiated tapes are very different from those at

lower temperatures. This phenomenon was already studied in [72]. It was shown from the
measured n-values (Figure 5.17), that the pinning mechanism differs at 77 K and 64 K
(50 K).
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Table 6.1: Comparison of ITER and DEMO concept parameters [79].

ITER DEMO
Major plasma radius R (m) 6.2 7.5
Minor plasma radius a (m) 2 2.5
Plasma current Ip (MA) 15 20

Toroidal magnetic field Bt (T) 5.3 6
Fusion power Pfus (MW) 500 2410
Electrical Power Pel (MW) 0 ~1000

6.2 Thermonuclear fusion

6.2.1 Requirements for fusion magnets

In parallel to the ITER preparation, power plant conceptual studies have been carried out
for the design of a fusion demonstration reactor – DEMO [76]. The construction of DEMO
is scheduled to start in about 20-30 years. Different concept possibilities were studied
which have in common that DEMO will be a tokamak and the radius and the toroidal
magnetic field have to be larger than that of ITER. However, strong improvements of the
stellator fusion reactor concept [77] may change the main directions of fusion research in
the future from the tokamak to the stellator concept. Thus the commercial fusion plants
would be stellators and not tokamaks. Nevertheless, this is a speculation only and DEMO
will be most likely still a tokamak, as the development of the stellator technology is about
one decade behind that of the tokamaks. The coefficient Q (output energy/input energy)
for ITER is estimated Q = 10, whilst for DEMO Q = 25 [78]. Higher performance,
which will be needed in DEMO, can be achieved by an increased reactor size and by
higher toroidal confinement fields Bt. However, the higher fields must be reached at
higher temperatures to save energy for cooling. These ambitious goals can be reached
by employing high temperature superconductors instead of conventional low temperature
superconductors.
The ITER magnet system is presented in Figure 6.9. Different types of magnets have

various requirements for the wire performance. The highest performance is needed for the
toroidal field coils (TF Coils), because the plasma is confined by this magnetic field in the
reactor. The design parameters for the conductors were extracted from ITER and DEMO
concept studies [79]. The parameters are compared in Table 6.1.
The radial extension of a tokamak has to be considered, to determin the maximum field

at the position of the conductors. The maximum field can be calculated according to J.L.
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Figure 6.9: ITER magnet system, TF - Toroidal Field (18 coils), PF - Polodial Field (6
Coils).

Duchateau et al.[80] by the formula:

Btmax = kBtavg (6.8)

Btavg = Bt

1− 1
A −

4int−tcas
R

(6.9)

The required parameters for this equation, including the resulting Btmax are presented in
Table 6.2. The crucial parameters for the superconductors are the required critical cur-
rent density of the whole wire (engineering critical current density JCE) and the maximal
applied magnetic field. The limits for ITER are already calculated and approved, though
they are still not clear for DEMO. There are several DEMO concepts, which will be recon-
sidered after successful operation of ITER. Therefore, higher JCEs of the superconducting
wires will be needed. The required engineering current densities for superconducting ca-
bles for toroidal field magnets are estimated to 5.2x107 A/m2for ITER [79]. Thus, it
results about 1.4x108 A/m2 for DEMO (using the factor ~ 2). ROEBEL cables [18] con-
taining coated conductor strands are considered to be the best solution for DEMO. Thus
the ratio between engineering current density and the current density of the tape will
be the same as for coated conductors (coolant is not taken into account). The critical
engineering current density of CCs results from the current divided by the cross-section
of the whole tape, including also the not superconducting parts. It is usually about 2
orders of magnitude lower than the current densities of the superconducting layer. The
engineering current density of the SuperPower CC is only 1.12 % of the current density of
the superconducting layer. The corresponding ratios for EHTS and AMSC CCs are: 2.08
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Table 6.2: ITER and DEMO concept parameters [80].

ITER DEMO
Maximum field on the conductor Btmax(T) 11.8 14.6

Increasing factor due to the casing k 1.07 1.07
Average magnetic field on the conductorBtavg(T) 11.02 13.62

Toroidal magnetic field Bt(T) 5.3 6
Major plasma radius to minor plasma radius ratio R/A 6.2/3.1 7.5/3

Front thickness of the casing tcas 0.1 0.1
Internal plasma edge and the superconducting winding distance ∆int 1.125 1.6

% , 0.5 % . With these values, it is then easy to calculate the required critical current
densities for each tape to reach the needed engineering critical current densities for ITER
and DEMO. These values for ITER are: for SuperPower ~4.6 x109 A/m2, for EHTS CC
~2.3 x109 A/m2. For DEMO they are simply multiplied by a factor 2. Here, the ~2.5 µm
thick YBCO layer of EHTS CC seem to be an advantage even despite the rather lower
critical current densities.

6.2.2 Critical superconducting design parameters

High values of irreversibility fields in the range of 64 - 77 K are crucial for future fusion
magnet applications. The irreversibility lines define, if the CC is still in the supercon-
ducting stage at fields required, e.g., for the TF coils. Unfortunately, the measurement
set-up does not allow to apply fields above 15 T. As a consequence, the most interesting
temperature range (64 K- 77 K) is not fully covered for none of the characterized CCs.
The irreversibility lines of all 3 types of CCs are shown in Figure 6.10. The differences
are rather small at the H||ab field direction. Larger differences in irreversibility fields are
pronounced for H||c. For instance at 77 K, the irreversibility field of the AMSC CC is
only ~ 5 T, but the best value ~ 9 T is achieved by the EHTS CC. The SuperPower CC
is in the middle of this range with an irreversibility field of ~7.8 T.
However, the irreversibility lines do not contain another important information on the

CCs performance. The critical current density and engineering critical current density can
behave differently from that one could expect from the irreversibility field dependence. The
Jcs (JCEs) of the SuperPower CC together with the corresponding ITER (DEMO) require-
ments are shown in Figure 6.11. As discussed above, the ITER and DEMO requirements
(blue line - ITER, red line - DEMO) must be calculated for the each tape separately. The
requirements in the case of the EHTS CC are shown in the next plot (Figure 6.13). The
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Figure 6.10: Irreversibility lines of 3 different types of CC.

(a) H||ab. (b) H||c.

Figure 6.11: Jc of the SuperPower CC after irradiation together with the expected fusion
requirements (pink area - toroidal field on axis, blue area - maximal toroidal
field, central solenoid).
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Figure 6.12: Jc of the SuperPower CC at 50 K (pink area - toroidal fields on axis, blue
area - maximal toroidal field, central solenoid).

requirements are fulfilled better than in the case of the SuperPower CC. Despite of lower
critical current densities of the YBCO, this tape is closer to the fusion needs than the other
ones, even the SuperPower CC with the highest achieved critical current densities. The
investigation has been usually performed at temperatures 50, 64 and 77 K. Unfortunately,
the transport measurements at temperature of 50 K were affected by the typical problem
of heating due to very high transport currents. The measurements at 50 K are presented
in Figure 6.12 and the performance is above ITER and partially also above the DEMO
requirements. The magnetic measurements were performed also in this temperature range,
but the maximal available magnetic field of 5 T is not interesting for fusion.
However, measurements on similar CCs at temperatures of liquid helium were performed

in other laboratories. Here, the samples were etched and superconducting layer abridged.
Pulse magnets are often used for characterization in very high magnetic fields. This kind
of measurements were performed e.g. by A. Xu et al. [81]. Their resulting Jcs are:
~3.5x1010 A/m2 - 7T ; ~2.2 x1010 A/m2 - 15 T; ~ 1.5x1010 A/m2 -30 T at H||c and ~10.8
x1010 A/m2 -7T; ~10.8 x1010 A/m2 - 15 T; ~10.5 x1010 A/m2 - 30 T at H||ab magnetic
field configuration. All of these Jcs are safely above the estimated Jc ITER and DEMO
requirement for the SuperPower CC.
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Figure 6.13: Jcof EHTS CC together with fusion requirements (pink strip - toroidal fields
on axis, blue strip - max. toroidal fields, central solenoid).

6.2.3 Results and fusion requirements

The present results show an enormous potential of high temperature superconductors.
Their performance at temperatures of liquid helium (~ 4.2 K) can satisfy also high re-
quirements estimated for future fusion reactor concepts as DEMO. The projected coil
systems for ITER could be easily replaced by HTS superconducting coils, if the operating
temperature stays unchanged or increases only slightly. However, the employment of these
materials at this temperature range does not make sense due to very high costs of the HTS
materials compared to the conventional low temperature superconductors. This is also one
of the reasons, why HTS have not spread to wider applications. The real chance of HTS
and CC employment comes with increasing operating temperature to the range of liquid
nitrogen (64 K - 77 K). This raise of the operating temperature can save an enormous
amount of energy spent on cooling, which can be crucial for a fusion power plant to be
effective. The energy saving on cooling was reconsidered in the ITER design either. As a
result, the current leads for ITER magnets will be based on HTS materials (BSCCO) [2].
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7 Summary

Coated conductors as strong candidates for future fusion applications were studied in this
work. Three different kinds of commercial CCs were measured: SuperPower, EHTS and
AMSC. The main focus was bond on the samples from SuperPower, which were stepwise
irradiated to a fast neutron fluence of 1.3x1022 m-2 and fully characterized. Only parts of
the characterization of the EHTS CCs was done in this work. The rest of the characteri-
zation made on the EHTS CC as well as the complete characterization of the AMSC CC
can be found in the work of R. Fuger [8]. However, several additional characterizations
have been performed on the AMSC CC in this work as well.
The TRIGA Mark II reactor was employed as an irradiation facility. The ZBR (Central

Irradiation Facility) of the TRIGA Mark II reactor was used for the simulation of the
neutron spectrum in a fusion reactor. After considering several possible problems and
disagreements, the ZBR of the TRIGA Mark II reactor was evaluated to be suitable
irradiation facility for irradiating CCs for fusion applications. A brief introduction into
neutron physics, more precisely into possible neutron interactions with particular parts of
the CCs was presented. Changes in the CCs, such as the production of activation products,
were studied employing gamma spectroscopy. The SuperPower CC shows rather high
radioactivity after irradiation, due to the presence of silver in the silver shunt. The half-
life of decay of silver (110mAg) is 250 days. This fact was complicating the characterization
process, since long relaxation times for the samples after irradiation were needed. Also an
additional analysis dealing with the impact of the activation of the other CCs buffer layers
on the superconducting properties was performed. No real impact has been found. The
EHTS tape showed usually one order of magnitude lower radioactivity at the same level
of irradiation than the comparable sample from SupePower. The major part of radiation
was coming from 60Co in this case.
Direct transport and magnetization measurements show strong Jc enhancements after

fast neutron irradiation for all CCs. The direct transport measurements were performed in:
17 T set-up, 6 T set-up, electromagnet set-up and 2-axis goniometer set-up. The MagLab
VSM was used for magnetization measurements. The characterization was focused on
two main goals of the thesis: evaluate the performance of the CCs before and after fast
neutron irradiation with respect to fusion requirements; studies of pinning focused on the
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flux pinning mechanism in the CCs after fast neutron irradiation. The results from the 17 T
set-up and from the VSM were compared with fusion requirements for toroidal and central
solenoid magnetic fields. From the results is concluded, that the present CCs do not fulfill
the fusion requirements in the temperature range of liquid nitrogen. The SuperPower CC
has the highest critical current densities. However, the EHTS CC has better properties
for this application due to its thicker superconducting layer resulting in higher engineering
critical current densities. The ITER requirements are well achieved already at 50 K for
the EHTS CC and the SuperPower CC. At 64 K and 77 K the performance was rather
insufficient for all the CCs. The good news is, that even the fluences projected over the
whole ITER lifetime did not reduce the critical current densities below the values of the
pristine samples, but it was usually the other way round. The bad news is, that still a
lot of research and development is needed to achieve the required performance for fusion
machines at temperatures of liquid nitrogen.
Fast neutron irradiation results in special phenomena of flux pinning. The angular re-

solved transport measurements offered the best opportunity for studies on the flux pinning
mechanism. Especially the SuperPower CC shows unique Jc(φ) curves after, but also be-
fore fast neutron irradiation. The Jc(φ) curves exhibited extraordinary shapes, such as
“shoulder-like” or “plateau-like” features. Although it is not usual to study the flux pinning
mechanism on commercial CCs without any special sample preparation techniques, such
as etching or patterning, the extraordinary Jc(φ) shapes were a strong motivation to do
so. Moreover, advanced measurement techniques and the employement of several set-ups
allowed to perform reliable measurements in a wide range of temperatures and magnetic
fields. A 2-axis high current goniometer was developed for this purpose in Cambridge.
The angular resolved transport measurements in the maximal Lorentz force configuration
were crucial for the flux pinning investigation. The “shoulder-like” or “plateau-like” fea-
tures in the Jc(φ) dependencies were explained on the level of microscopic flux vortices
behavior. The vortex (pinned by a big defect caused by fast neutron) cross section varies
close to the parallel field orientation (H||ab). It causes a drop of the pinning energy close
to H||ab. The other contributions to the unique Jc(φ) behavior are the pinning centres
created after melting due to neutron collisions and following recrystallization. The pinning
centres created in this way are similar to the centres created by the liquid phase epitaxy
process.
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