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Kurzfassung

In den letzten Jahren zeigten Studien liber die mogliche Verwendung technischer Hochtempe-
ratursupraleiter (Bandleiter) fiir zukiinftige Fusionskraftwerksspulen durchwegs positive Er-
gebnisse. Nach der Bestrahlung mit Neutronen erreichten Bandleiter anndhernd gleiche kriti-
sche Stromdichten und Temperaturen wie im unbestrahlten Zustand. Das Einbringen kiinstli-
cher Verankerungszentren durch Neutronenbestrahlung, deren Grofe ungefahr der Kohérenz-
lange des Supraleiters entspricht, fithrte sogar zu gréferen Verankerungskréften im Supraleiter
und dadurch zu hoheren kritischen Stromen bei hohen Feldern.

Zur Verwendung in zukiinftigen Magnetspulen, miissen die Bandleiter zu Kabeln verarbeitet
werden. Eines der erfolgversprechendsten Kabelkonzepte ist das Roebelkabel. Der Stromfluss
zwischen gekoppelten Einzelleiter in einem Roebelkabel, sowie die Wechselstromverluste ver-
ursacht durch gekoppelte Schleifen, sind bisher jedoch noch nicht génzlich verstanden.

Weiters wurden die mechanische Zugfestigkeit und die Abhéngigkeit des kritischen Stroms
von der mechanischen Zugspannung bisher nie an bestrahlten Proben untersucht. Aus diesen
und anderen Griinden ist die Eignung von Bandleitern bzw. von Roebelkabeln in Fusionsspulen
nach wie vor ungeklart. Einige dieser Fragen sollen mit Hilfe dieser Arbeit geklirt werden.

Suprastrome sollten die Moglichkeit haben, Defekte in einem einzelnen Leiter zu umfliefsen,
weshalb die Einzelleiter eines Roebelkabels resistiv verbunden werden sollten. Diese Verbin-
dungen bilden jedoch geschlossene Schleifen, wodurch in Wechselfeldern Kopplungsstrome
induziert werden, die wiederum zu Wechselstromverlusten fiihren.

Bisher wurden Roebelkabel mittels verschiedener Techniken gekoppelt, ohne allerdings Ein-
zelheiten des lokalen Stromflusses zu untersuchen. In dieser Arbeit wurden deshalb Einzelleiter
eines Roebelkabels in verschiedenster Weise miteinander gekoppelt und untersucht. Zusétzlich
wurde ein Modell zur Berechnung der Wechselstromverluste bei niedrigen und hohen Feldern
erstellt. Verlustmessungen an den gekoppelten Proben, sowie zeit-aufgeloste Messungen der
lokalen Felder zeigten gute Ubereinstimmung mit den theoretischen Modellen.

Weiters wurde ein Inversionsalgorithmus geschrieben, mit dessen Hilfe man den lokalen
Stromfluss und die Wechselstromverluste aus der Messung des lokalen Feldes berechnen kann.

Die lokale Stromverteilung wihrend einer Zeitperiode konnte dadurch aus Messungen der
lokalen Feldverteilung berechnet werden. Sowohl Feldverteilung als auch Stromverteilung wur-
den in Bezug auf schwach-, mittel- und stark gekoppelte Zustdnde in Wechselfeldern unter-
sucht. Es zeigte sich, dass die Breite der Bander (wie auch der Widerstand der Verbindungen,
Frequenz,...) eine kritische Grofe fiir die induzierten Stréme sowie fiir die Verluste darstellt.

Wie schon in vorhergehenden Arbeiten wurden aktuelle Bandleiter vor und nach Neutro-
nenbestrahlung charakterisiert, um den Fortschritt in der Entwicklung der Materialien nicht
aus den Augen zu verlieren. In dieser Arbeit wurde erstmals eine deutliche Reduzierung der

kritischen Stromdichte J. und der kritischen Temperatur 7. in einem Bandleiter nach der
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Bestrahlung beobachtet.

Ein Zugversuchsaufbau fiir Bandleiter, mit dem die Abhingigkeit des kritischen Stromes von
der Zugspannung gemessen werden kann, wurde im Rahmen dieser Arbeit entwickelt. Win-
kelaufgeloste Messungen in Magnetfeldern bis 1.4 T wurden bei angelegten Zugspannungen
realisiert. Die weltweit ersten Zugversuche an Bandleitern nach einer Neutronenbestrahlung
demonstrierten aufsergewohnliche mechanischen Eigenschaften der Bandleiter. Des weiteren
erhohte sich die Sensitivitdat von I, beziiglich der Zugspannung in einem Bandleiter deutlich
nach der Bestrahlung.

Die Ergebnisse zeigen viel-versprechende Aussichten fiir die Verwendung von HTS-Band-
leitern in zukiinftigen Fusionsspulen. Um jedoch allen Anforderungen einer Fusionsspule ge-
recht zu werden, sind weitere substanzielle Entwicklungen von Bandleitern und Kabeln not-

wendig.



Abstract

In recent years several studies on the usability of technical high temperature superconductors
(coated conductors) for future fusion power plants reported promising results. Neutron irra-
diation to the expected fluence has not shown significant reductions in critical currents and
temperatures. On the contrary, the introduction of defects with a size matching the super-
conducting coherence length has led to enhanced flux pinning. Nowadays, manufacturers are
trying to introduce artificial pinning centres during the fabrication process in order to achieve
the same pinning force enhancement. Coated conductors have to be assembled somehow for
engineering high field magnet coils and therefore powerful cables are needed. The Roebel
Assembled Coated Conductor - concept (RACC or Roebel-cable) and/or Rutherford cables
are promising options for such cables.

Many questions about inter strand coupling and therefore about AC losses in Roebel cables
have not yet been answered. Furthermore, mechanical stress, critical current and tempera-
ture behaviour of state-of-the-art coated conductors before and after neutron irradiation are
unknown. Therefore, the usability of Roebel cables made of coated conductors for fusion ap-
plications is still open. Important issues for the development of suitable cables are addressed
in this work.

Super-currents should be able to bypass defects in single strands of a superconducting
Roebel-cable. Therefore, resistive connections between these strands are needed. These con-
nections form closed loops and coupling currents induced by external AC fields lead to addi-
tional losses.

Strands of Roebel cables were coupled by different techniques in the last years and were
measured without a detailed knowledge about the mechanisms in the resistively connected
superconducting loops. Therefore, different coupling situations with different geometries have
been realised in this study. Models for AC losses at low and high fields were developed in
order to calculate the induced currents and their resulting losses. AC loss measurements and
time resolved maps of the local field penetration confirm the model calculations. An inversion
algorithm was written for the calculation of the local current flow and the global AC losses
from the field penetration. Current and field distributions have been mapped in detail during
one AC cycle for uncoupled, fully coupled and intermediate situations. This study shows that
the width (besides the resistive joints, frequency, ...) of the coated conductor plays a crucial
role for the induced currents and consequently for their losses.

Similar to previous work, state-of-the-art coated conductors have been measured before
and after neutron irradiation in order to monitor recent developments. For the first time
a significant reduction of J. and 7, has been observed in a coated conductor after neutron
irradiation.

A tensile stress apparatus for assessing the dependence of J. on tensile stress and strain in

vi



coated conductors was developed in this work. Angular resolved measurements in magnetic
fields up to 1.4T were performed. The world’s first tensile stress tests on coated conductors
after neutron irradiation demonstrate the outstanding mechanical properties of coated con-
ductors even after irradiation. Furthermore, a significant enhancement of the stress sensitivity
of I, after irradiation was found in the reversible region in one tape.

Promising perspectives for coated conductors and cables for fusion magnet applications can
be deduced from our results, but a substantial further development of conductors and cables

is needed to meet the requirements of future nuclear fusion plants.
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A Introduction

With the discovery of superconductivity in 1911 by Heike Kamerlingh Onnes, scientists and
engineers started to dream of large superconducting magnets. It took many decades before
the first superconducting magnet, cooled by liquid helium, was realised at the University of
Hlinois in 1954. This magnet reached nearly 1T and was wound with cold worked Nb. In
the following years one field record after another was broken with different niobium based
materials. In subsequent years, most magnets were made of NbTi or Nb3Sn and still work at
liquid helium temperatures.

In 1986, Bednorz and Miiller discovered superconductivity in Ba-La-Cu-O with a transition
temperature of 35 K and a new class of superconductors (High Temperature Superconductors
HTS) was born. Many copper-oxide compounds (cuprates) have been found to be supercon-
ducting. The highest transition temperature (164 K) was found in 1994 in HgBasCasCusOg.s
under high pressure. Transition temperatures above liquid nitrogen temperatures (64-77 K)
and high critical fields started a revival of the dream of high field superconducting magnets in
the scientific community. It was only a matter of time until technical problems of manufac-
turing and handling of the brittle HTS materials could be solved. While the origin of HTS is
not yet understood, the manufacturing process for technical conductors made of (RE)BCO-
compounds has become highly developed. So far, it appears that the coated conductor design
has won the race for a technical conductor architecture in high fields. Note, that BSCCO
(Bismuth-strontium-calcium-copper-oxide) tapes and wires are also promising materials for
low field and low temperature applications. However, due to their high amount of silver (high
neutron activation), their low stress resistance and their high sensitivity of the critical current
to high magnetic fields, BSCCO conductors are less viable for fusion magnet applications.
In recent years, (RE)BCO coated conductor manufacturing has improved and long length
conductors (km range) as well as first HT'S-coated conductor magnet systems have become
available on the market. Nevertheless, the question of a successful magnet cable design made
of coated conductors remains open.

The International Thermonuclear Experimental Reactor (ITER) is currently being con-
structed in Caderache (France). About 30% of the reactor’s overall costs arises from the
superconducting magnet system. Fields up to 12T are anticipated for the conductors of the
coils. NbTi and NbsSn at liquid helium temperatures will be used in the ITER coils.

The future availability of helium as a coolant is a major concern. HTS conductors can
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use other coolants, such as nitrogen and hydrogen. The question of whether HTS conductors
could be used for fusion coils has been under discussion for many years. In conceptual studies
from 2006, the power consumption of cooling systems was calculated to be reduced by 21% if
the magnets were cooled to 50 K and by 55% if liquid nitrogen temperature (77 K) was used
[1]. Furthermore, a complex radiation shield could be avoided in such a system, reducing
building costs. Other advantages of using HTS conductors are avoiding the complex NbsSn
“wind & react-technique” and much more convenient cold tests when using liquid nitrogen.
On the other hand, HTS conductors are currently more expensive than LTS conductors and
as yet there exists no suitable solution for the cable design. Nevertheless, there are promising
solutions for the cable design and a large part of this work (Chapter B and C) outlines one
possible solution, the Roebel cable concept.

During the ultimate research phase of ITER and in future fusion power plants, the deu-

terium (2H)-tritium (3H) reaction (DT-reaction) will be used as the fusion processes:

H +3 H —4 He(3.5MeV) + n(14.1 MeV) (A.1)

Under operating conditions, the a-particle (3He) with its kinetic energy of 3.5 MeV will heat
the plasma, whereas the fast neutron with a kinetic energy of 14.1 MeV will breed new tritium
from lithium in the blanket. Furthermore, the neutron should transfer its kinetic energy to
usable heat for the energy production.

By passing the blankets, neutrons will slow down before they reach the magnet coils. The
energy spectrum of the neutrons at the superconducting magnets was calculated for the
STARFIRE fusion plant|2]| and is shown in figure A.7. Although the neutrons are slower
than immediately after the DT-reaction in the plasma, they have a strong contribution in
the fast region (F >0.1MeV) and a destructive interaction with the coil material is expected.
The durability of HTS conductors due to fast neutron irradiation has been demonstrated for
YBCO coated conductors in recent years [3]-|5], but has become again a hot topic with new
state-of-the-art conductors, as will be shown in Chapter D.

The next step from ITER towards a working commercial fusion plant is the construction of
a demonstration reactor (DEMO). DEMO has four main goals [6]:

e To demonstrate a workable solution for all physics and technology questions.
e To demonstrate large scale net electricity production with a self-sufficient fuel supply.
e To demonstrate high availability and reliable operation over a reasonable time span.

e To access the economic prospects of a power plant.
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divertor

Figure A.1: Basic concept of DEMO.

Therefore, the fusion power of DEMO should be in the range of 2 - 5GW (compared to
500 MW in ITER). Figure A.1 shows an image of a conceptual study for a DEMO design.
The first steps towards a working HTS solution for the DEMO magnet system have been

achieved by many groups world wide. Nevertheless, a challenging path still awaits.

A.1 Expectations on HTS coated conductors for fusion magnets

Requirements on the HTS coated conductor in a fusion magnet are:
e High critical currents in high magnetic fields at high temperatures.
e The conductor has to withstand neutron irradiation without a performance loss.
e Homogeneity over long lengths of conductors and low resistive splicing.
e Current sharing between strands, but low AC losses.
e Mechanical strength and a low stress dependence of ..
e (Cables with a large heat removal capability.
e Easy to handle cables (preferable round).
e Materials should be inexpensive.

A few of these points can already be realised with coated conductors and some are still to
be resolved. In the following analysis, these expectations will be quantified. However, before
detailed information can be given, three basic parameters (J.,Jg,Jc ) have to be defined,

even if they may be trivial for most readers.
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The critical current of a technical superconductor is reached if a critical field E. (mostly
1 4V /cm) is detected on the superconductor. Accordingly, the critical current density:
I

J. = i (A.2)

is the critical current divided by the superconducting cross section A,.. Sometimes the critical
current per tape width, also known as sheet current density, is used for coated conductors.
Since the thickness of the superconducting layer is about two orders of magnitude lower than
the width, it makes sense to assume a two dimensional architecture, where only a sheet current
density:

Jep) _ e (A.3)

¢ Wse
is needed. Here wy. is the width of the superconductor.
The enhancement of J. in a superconducting material is a major subject in material science.
For an engineer or a coil designer, who wants to achieve a certain field with the winding, the

engineering current density:

I
Acond

Jg = (A4)

is the more important value. Here, A.o,q is the cross section of the entire conductor or cable.
In order to link the critical current to the cross section of the wound conductor we define a
critical engineering current density:

I,

Jep = A5
o Acond ( )

Hence, an enhancement of J. g is important for future fusion coils.

The highest fields (B),q:) and currents occur in the toroidal field coils (TF), denoted simply
as coils in Figure A.1. Therefore, the following investigations concentrate on these coils. For
the magnetic field close to the conductor, the magnetic field in the plasma (B;), the major
radius of the Tokamak (R,) and the plasma radius (a,,) are important. The maximum field at

the conductor can be estimated by [7]:

kB
Bas = ———x— (A.6)
Ry Ry

where A, is the distance between the internal plasma edge and the superconducting wind-
ing and « is an amplifying factor from the average field to take into account the sides of the

casing. Typical values in 7] were k = 1.03 and A;p;—1.9m.

The current in ITER TF coils is 68kA at 11.8 T and the corresponding engineering cur-
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rent density for the CICC!-conductor is ~ 0.52:108 Am~2. Note, that there is already space
for the coolant and copper in the underlying cross section. In a DEMO TF-coil, Jg could be a
little bit smaller ~ 0.42-10% Am~2 at a higher field of B,,.; ~14.4T [7]. For a safe operation,
J. of the cable should be about three times higher than the current density during operation.
Therefore, one can estimate for the critical engineering current density in a cable with space

for the coolant:

JPgm(15T) ~ 1.2 10° Am ™2

The most favourable alternative to cooling with liquid He is to use liquid nitrogen. The tem-
perature range of liquid nitrogen ranges from the boiling point of 77.36 K (1atm = 101.326
kPa) to the solidification point of 63.15K (0.124 atm = 12.52 kPa) [8]. Therefore, a minimum

operating temperature is defined as:

Trin = 64K

Note, that there also exist scenarios with less challenging requirements for HT'S conductors in
the community. In these concepts helium gas cooling, liquid hydrogen cooling (20 K) or liquid

helium cooling (4.2 K) is used.

At the highest magnetic field, one would always need at least Jcl?gm" .

As mentioned previously, neutrons from the DT-reaction escape to the magnet coils and
arrive at the conductor with a wide energy spectrum. The fast neutron fluence over the whole
lifespan t;; of ITER was calculated to be:

P - t1(E > 0.1MeV)—10%2 m~2

where ® is the neutron flux density. Note that all fluences in this work refer to fast neutrons
(E>0.1MeV). A wide spectrum of defects arise due to neutron irradiation. Point defects
and point clusters lower 7, and therefore J.. On the other hand extended defects — so-called
collision cascades — are produced by fast neutrons and increase J. as they are effective pinning
centres. At high temperatures, both effects compete with each other and with increasing
fluence the T; reduction becomes more dominant. Starting with J.o in a pristine conductor,
J. increases with increasing neutron fluence (® - ¢) until a maximum is reached at @ - ¢4,
Afterwards, J. decreases with increasing fluence reaching the initial value J.o at a certain
fluence. For higher fluences J. decreases further.

At all times during operation J. has to be higher than J.( in the conductor. Therefore,
the highest operating temperature could be used if J. is equal to the initial value J.o by the

end of the reactor’s lifespan.

!Cable in Conduit Conductor
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Jo(B,T,® - t;5) = Jo(B,T,0)

Currently two to three manufacturing lines exist worldwide which are able to produce ho-
mogeneous conductors of more than one km in one piece. The total conductor length of a
DEMO fusion coil was estimated to be in the range of approximately 300 000 km depending
on field, radius, etc. Therefore, cable splicings with as low as possible resistive joints are
needed. Splicing Roebel-Rutherford or coaxial cables seems to be possible, but has not yet
been demonstrated. Low resistive joints of single tapes have been investigated for various
samples. Joint resistivities of about 2-:107'2 Qm? have been reached with AMSC coated con-

ductors.

Local inhomogeneities reduce I.. As a consequence, thermal hotspots occur at the position of
the impurities during operation. The smaller the conductor, the higher are the requirements
on its homogeneity. Currents cannot bypass defects. if the conductor reaches the size of the
defects. Nevertheless, if hotspots occur in a conductor, the current flowing in this conductor
should be transferred to another one. Hence, resistive connections between single conductors
are needed. But these connections form closed loops in the cable and therefore introduce AC
losses. One has to optimise future cables with respect to these two effects and therefore a

detailed knowledge of AC loss phenomena is important.

At high magnetic fields and high currents, significant forces act on the magnets. These
forces can affect the superconductor in two different ways. Firstly they could damage the
conductor irreversibly and, secondly, the critical currents could decrease with increasing ten-
sile stress even if they are in the reversible region. Therefore, the irreversible stress limit o,
should be as high as possible and the sensitivity of the critical current (I.(c;-)) on stress as
low as possible. Since the irreversible limit in NbTi and NbgSn would be too low in ITER
(03rr &= 100 — 200 MPa, g;r =~ 0.4 % for a typical NbgSn/Bronze wire), the conductors have to
be wound under compressive stress. In other words, some pre-stress/strain is applied under
normal conditions. Furthermore, the CICC cables have to be mechanically stabilised by radial
plates in order to reduce the stress/strain on the superconductor. In fact, about 55% of the
cross-section material of the TF coils is 316LN structural steel. According to [9], the centering
force, vertical force and hoop stress maximum values of the TF coils are 403 MN, 205 MN and
470 MPa, respectively. In DEMO, the currents of the TF-coils are lower than in ITER, but
the field is higher. The forces acting on the superconductor will approximately be similar in
DEMO since F' o« J - B. Therefore, we assume a minimum criterion for the tensile stress for

coated conductors, without pre-compression of

Oirr,min — 500 MPa
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in this study. Note that the joints between the cables/strands also have to withstand these
stresses without a significant critical current reduction. Hence, tensile stress measurements

of different splicing techniques have to be performed in future cables as well.

The superconducting coil has to handle quenches (transitions to the normal conducting phase)
during operation. Hence, a certain amount of copper is necessary in order to limit the hotspot
temperature to a critical value (e.g. 150 K). If the temperature of the hotspot stays below this
critical temperature, the cable should be able to recover without damage. The amount of
copper has to be optimised for different cable designs. In the ITER NbsSn strands, the
copper /superconductor ratio is 1.3 [10]. In copper-stabilised coated conductors the ratio cop-

per/superconductor is typically 40.

The production costs of (RE)BCO coated conductors mainly depend on the expensive vac-
uum deposition technique. Therefore, the cost per kAm is high in comparison to Nb3Sn
(15$/kAm). Currently, the price for a SuperPower tape is about 175$/kAm. In recent pre-
sentations SuperPower Inc. predicted to reach a price of 30$/kAm within the next 4 years
[11]. This rather optimistic price could be reached by increasing the superconducting layer
thickness. Other experts suggest a low-end limit of 50 $/kAm, which cannot be further re-
duced due to the expensive vacuum deposition technique. Note, as previously mentioned, the
easier assembly technique of HTS cables could also lower the overall costs.

A genuine cost cut could be expected with “All chemical deposition techniques” (Chemical
Solution Deposition, CSD). Such techniques exist, but do not as yet reach the performance
of vacuum deposition techniques. Nevertheless, considerable efforts are being made (e.g. in

the EUROTAPES-Project) to improve such low-cost manufacturing techniques.

A.2 Cuprates and coated conductors

2 are based on

Coated Conductors, often referred to as second generation (2G) wires
(RE)BayCuzO7_s (REBCO or RE123) cuprates. RE denotes rare earth materials, such as Y,
Gd, Sm, etc. At the beginning of coated conductor development, most of the materials used
were Y-based. Figure A.2 shows the structure of the YBCO compound. The Cooper-pairs,
which carry the charge, are formed within the copper-oxide (CuOg) planes. Therefore, one
can speak of strong superconducting layers with weak superconducting planes in between.
In these weak superconducting planes, the order parameter is reduced. The layered struc-
ture causes strong anisotropy effects. Let us consider an applied field parallel to the CuOs

planes (a,b-planes), as illustrated in Figure A.3(a). Since HTS are type II superconductors,

first generation (1G) wires refer to BSCCO-2212 (BizSr2Ca;Cu20s) or BSCCO-2223 (BizSr2CazCuz010)
tapes
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Figure A.2: Crystal structure of YBCO. The a,b-plane is parallel to the CuOs planes, whereas
the c-axis is perpendicular to the CuOg planes. [12]

flux lines

Cu-O-planes

(b) Artificial pinning for H|lc. The
Lorentz force acts parallel to the a,b-planes
from left to the right.

(a) Intrinsic pinning for H||a,b. If the cur-
rent flows along the a,b-planes, the Lorentz
force acts perpendicular to them on the

vortices.

Figure A.3: Schematic illustration of intrinsic and artificial pinning in cuprates.
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flux lines — or vortices — penetrate into the material. The magnetic flux inside each vortex
is exactly the flux quantum ®g = h/(2e). Furthermore, the core of these flux lines is in the
normal conducting phase. The vortices are pinned in between the superconducting CuOs
layers since the superconductor does not have to spend the whole condensation energy of the
flux line on the core volume, if the order parameter is already suppressed between the CuOs
layers. This energy gain is caused by a pinning force and the whole effect is called intrinsic
pinning. As long as the Lorentz force (I x B) is smaller than the pinning force, currents can
flow in the superconductor without losses. When the Lorentz force becomes equivalent to the

pinning force, the critical current 1. is reached.

One can imagine that the situation drastically changes if the applied field is parallel to the
c-axis of the crystal. The flux lines can only be pinned at grain boundaries or impurities and
therefore smaller critical currents can flow. Scientists try to increase the pinning force in such
an arrangement by introducing normal conducting impurities — so-called artificial pinning
centres (APCs) — with dimensions close to the superconducting coherence length £ (a few
nm). Vortices will be pinned by these normal conducting impurities. Figure A.3(b) illustrates
such situations for two different kinds of defects. Neutron irradiation is an effective way to
introduce defects, but not applicable for a long-length conductor production. REO, particles
are often used to create point defects in MOD (Metal-Organic Deposition) conductors [13].
In MOCVD (Metal-Organic Chemical Vapour Deposition) coated conductors BaZrOg grows
in the form of correlated nano-columns during the vapour deposition process [14]. Note that
columnar defects can be oriented in different angles, leading to favourable field directions
beside Hl|a,b at low fields.

Manufacturers try to optimise their tapes not only by introducing different nano-defects,
but also by trying different rare earth elements in (RE)BCO, in some cases two or more, but
all 2G wires have more or less similar architecture. However, the manufacturing process and
the resulting characteristics differ greatly.

In recent years, two main concepts became successful and both need to provide a bi-axially
textured basis for the superconductor epitaxial growth. It is incredibly important that the
grains are well-aligned in the a,b-plane, as a misalignment between the grain boundaries will
lead to a significant reduction of the critical current [15][16].

One manufacturing process uses Ni-W alloys as a substrate and textures the substrate
mechanically by cold work. The so called RABITS™ (Rolling- Assisted Biaxially-Textured
Substrates) technology, used by AMSC, is a widely used synonym for this process. The buffer
layer between substrate and superconductor acts as a diffusion barrier and adjusts the lattice
parameters between the layers.

The second route uses metal alloys, such as Hastelloy ®), or stainless steel, as a substrate.
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epitaxial (Re)BCO film
/ \

epitaxial

biaxially textured
IBAD-YSZ or
-MgO buffer \

polycrystalline metal band biaxially textured substrate
IBAD-YSZ or IBAD-MgO RABITS

Figure A.4: The two main routes for coated conductor manufacturing.

Contrary to the first process, the surface of the substrate is untextured and therefore the buffer
layers deposited on the substrate have to be textured to align the superconductor during the
growth process. The IBAD (Ion Beamed Assisted Deposition) technique is, for instance, a
method to texture the buffer layer. Figure A.4 shows the two concepts.

The typical thickness of the substrate is between 50 um and 100 pm, of the buffer a few
100 nm and the superconducting layer is about 1 um thick. The critical current density de-
creases in thicker (RE)BCO layers, as J. drops in the upper regions of the film. However, the
engineering current density Jg could be increased with thicker superconducting layers even
if the critical current density of the superconductor J. becomes smaller. Note, that it is cur-
rently a major concern of company scientists to increase the superconducting film thickness.
Lastly, a thin silver layer (=~ 2pum) protects the (RE)BCO-film on the top, which allows a
better current and heat distribution and stabilises the superconducting layer chemically and
thermally. Most of the manufacturers additionally surround or laminate the conductor with

copper for electrical stability and better handling.

Usually companies do not provide their customers with detailed information about the su-
perconducting layer. In reality, they change compositions without changing the name of the
product which makes scientific work more difficult. In the case of the SuperPower samples
(see Chapter D) an YBCO layer was anticipated. Different behaviours were found in these
samples, especially after irradiation when compared with older samples. After discussing our
results with the company we finally received details of the the correct composition, which was
GdBCO and not YBCO.

10
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(a) Single Roebel strand [18] (b) Assembled Roebel cable [17]

Figure A.5: The Roebel cable concept

A.3 Cable concepts

(RE)BCO-coated conductors are the most promising HT'S-wires for future fusion magnet coils.
Cables with low AC losses and high current capabilities are needed to wind these coils. Due
to the coated conductor geometry, it is not possible to twist the individual filaments, as in
the CICC-cables for ITER. One of the most promising solutions to this problem is the Roebel
assembled coated conductor concept (RACC or just Roebel cable). The idea of winding Roebel
cables from coated conductors was first presented by Wilson 1999 and re-established by the
Karlsruhe Institute of Technology in 2006 [17]. A Roebel cable consists of single meander
shaped Roebel strands punched out of a coated conductor. These single strands, once wound
together produce a fully transposed cable. Figure A.5(a) illustrates one single strand wound
into a cable and Figure A.5(b) shows an assembled Roebel cable.

The degradation of the current carrying capabilities due to self-generated magnetic fields
is approximately 60 % in the Roebel cable.

Much work has been undertaken with Roebel cables in recent years. The feasibility of
producing long length Roebel cables has been demonstrated [19], a further reduction of the
AC losses has been obtained by striation of Roebel strands [20] and new concepts of winding
Roebel cables to Rutherford cables (Roebel-Rutherford cable) have been presented [21].

The cable with the highest I, reached 2628A (5 1V /cm criterion) at liquid nitrogen tem-
perature in self-field. The critical engineering current density of the cable was 9.53-107 A /m?.

By decreasing the strand width, the homogeneity of the coated conductor begins to play a
crucial role. The strand width reduction, due to punching or striation, reduces the possibility

of currents bypassing defects.

A further promising cabling technique is the coaxial cable. IEE Bratislava demonstrated
the ability of a coaxial cable, wound on a brass former, to carry currents up to 900 A [22].
Furthermore, they investigated the losses of different cabling methods [23|. Spiral wound
GdBCO-coated conductors on a flexible round cooper wire (Conductor on Round Core Ca-
ble CORCC) [24] were recently presented with the round cooper wire acting as a former for

mechanical stability. A future coil cable could use the space of the cooper wire as a cool-

11
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ing channel. A two-phase cable with an outer diameter of 10 mm reached an I, of 7561 A
(Jg = 9.6 - 107 Am~2) [25]. Similarly wound cables with an I. of 1232A were bent down
to a bending radius of 12.5cm without any reduction of I., which demonstrates the strong
durability of this cable. Stress and strain dependence are crucial for this kind of cable. For
instance, cable wound from an YBCO instead of GABCO-coated conductor would lead to a
higher reduction of I. due to a stronger dependence of I. on compressive strain|[26|. Figure

A.6(a) shows the cross section of a spiral wound cable.

(a) Cross section of a spiral wound (b) Current termination
coated conductor cable before soldering

Figure A.6: Images of a four layer CORCC cable taken from [24].

The advantage of such a cable is the good scalability, since there is less degradation of the
whole cable I, compared to the sum of each strand I.. Furthermore, the assembling technique
is less complex than that of a Roebel cable. One disadvantage, however, is the alignment of
the conductor surface in the non favourable field direction and, since the cable is arranged in
layers, a complete transposition of the tapes is not possible. Early in 2012s CORCC cables

became commercially available at Advanced Conductor Technologies LLC [27].

A.4 Neutron irradiation

As previously mentioned, a neutron escapes from the plasma during the DT-fusion reaction.
Most of its energy is deposited in the blanket (“first wall”) where the heat is removed by
a heat exchanger and used to drive a turbine. Due to the absence of electric charge, some
neutrons will pass the blanket as well as the radiation shield and will therefore reach the
magnet coils. From geometric considerations, it is obvious that the highest fluence will occur
in the central areas of the inner legs of the TF coils. The neutron spectrum at the coils
location was calculated for the STARFIRE fusion plant in |2]| and is shown in figure A.7. As

one can see, the neutron spectrum of the TRIGA MARK II reactor in Vienna is similar to

12
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Figure A.7: Neutron spectrum at the magnet location. The red curve refers to the neutron
flux density distribution calculated for the STARFIRE fusion reactor design. The
other curves labeled TRIGA, IPNS and RTNS refer to irradiation facilities used
for irradiation studies of the magnet components. Figure taken from [28§].

the fusion spectrum at high energies. Due to the higher flux density in a fission reactor by
a factor of ~ 10%, the expected lifetime-fluence can be applied in a rather short time. The
TRIGA reactor in Vienna has therefore demonstrated its suitability for simulating neutron
radiation effects at the magnet location in a future fusion reactor.

The damage in the material caused by the neutrons depends on the starting material. Fast
neutrons (E > 0.1 MeV) cause collision cascades by transferring sufficient energy to a primary
knock-on atom, which generates further collisions in cuprates [29][30]. This leads to local
melting of the lattice and spherical defects with a diameter of ~ 6nm. The size of these
normal conducting impurities is close to the size of a flux line core (2§, ~ 4nm at 77K) and
therefore to the dimensions of an optimal pinning centre. These defects are uncorrelated and
randomly distributed. Fast-neutron-induced cascades have been shown to be responsible for
flux pinning and intrinsic critical current enhancement in (RE)BCO [31][29].

For YBCO, it was shown that thermal and epi-thermal neutrons do not generally lead to
extended defects. Epi-thermal neutrons (keV range) may create point defects or clusters, if
the recoil energy of the excited atom is only high enough to displace the atom. These point
defects disturb the regularity of the CuOs planes, which reduces the critical temperature and
lowers the intrinsic peak. In YBCO, the reduction in 7T is rather weak (2K for ® -t = 10?2 m 2
[5]). Thermal neutrons (£ < 0.5€eV) will not affect the material, as their transferred energy
due to collisions is below the displacement energy of a single atom.

Nuclei with very high neutron caption cross-sections for thermal and epi-thermal neutrons
should be avoided in coated conductor materials. Unfortunately, new (RE)BCO coated con-
ductors, containing gadolinium (GABCO) and samarium (SmBCO), have very high neutron

capture cross-sections. After neutron capture, the excited nucleus emits y-rays and a recoil

13
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energy acts on the nucleus. If this recoil energy is sufficiently high, as in the transmuted
1%6Gd daughter of the 1®>Gd nucleus (29 eV [31]), a point defect is created. Hence, in Gd or
Sm-compounds the thermal and epi-thermal part of the TRIGA reactor neutron spectrum,
which deviates from the fusion spectrum, could play a crucial role.

In Chapter D, results on irradiated GABCO and Y-GdBCO tapes from SuperPower in the
TRIGA reactor are presented. They show a significant performance loss.

As already mentioned, the supplier of the samples did not inform us, about changing their
manufacturing process and the substitution of yttrium by gadolinium in their tapes. There-
fore, the samples were irradiated with the whole neutron spectrum. However, in future exper-
iments thermal and epi-thermal neutrons could be shielded by a gadolinium-foil around the
sample. The energy spectrum of the neutrons would then be closer to a fusion spectrum at the
magnet location. Results of such irradiation studies will be compared with the present results
and would provide important information about the physics of GABCO coated conductors

after neutron irradiation.
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B Coupling losses in different geometries

In order to understand coupling mechanisms in complex Roebel cables, single strands coupled
in different geometries have been investigated in this work. Simplified analytical and semi-
analytical models were developed for low and high AC fields that describe and predict the
time and frequency dependent losses as well as the coupling currents caused by AC fields.
AC loss measurements were performed by a calibration free method (CFM) and with AC Hall
scans. Both measurements confirm the model calculations. Furthermore, an algorithm for
calculating the current distributions and the time dependent losses from AC Hall maps was
developed in this work and will be presented in the following.

The losses in the coupled samples showed a strong frequency dependency. Different coupling

situations cause this frequency dependence and will therefore be discussed with respect to:

e Modelling
e AC Hall scan measurements (fields, current distributions and losses)

e (Calibration free method loss measurements

Furthermore, a striated Roebel single strand was investigated in order to test if the single

filaments are coupled to each other.

B.1 Samples

B.1.1 Two strand Roebel loops

The Roebel loops were assembled from two millimetre single Roebel strands. The original
conductor of the strands is a SuperPower 2G-HTS-SCS12050 YBCO tape. This tape is coated
with 20 pm copper stabilizer on both sides. The detailed architecture of this tape can be found
in section D.1.1 on page 79. The Roebel shape of the strand was manufactured by Industrial
Research Limited. The process is described elsewhere [19].

Seven samples were prepared. In order to distinguish between coupling and hysteresis
losses we always prepared one insulated and at least one coupled sample of nearly the same
geometry. Three insulated (Short(l),Intermediate(l) and Long(I)) and four coupled samples
(Short(©) Intermediate(©) Intermediate(“" M%) Long(®)) were assembled.

(C-HR)

Sample Intermediate was coupled with a higher resistivity than the others. Figure

B.1 shows the geometry of the samples.
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Figure B.1: Geometry of the coupled two-strand Roebel loop. The grey shaded area marks
the region of the coupling between the two strands. The resistance of the upper
left connection is denoted as R; whereas the lower right connection as Rs. AC
Hall scans were performed along the dashed line in y-direction.

The sample consists of two single Roebel strands each with one crossover part, which would
generate a conducting loop if connected. The dimensions are crucial for the losses, because
they are proportional to the area enclosed by the superconductor and therefore proportional
to the induced electric field. The widths of the two single strands were not always equal.
Hence, a mean value of w = (w; + wy)/2 was used for all calculations. Using geometrical
approaches, one finds:

I =a+ 2w (cot a + tan or/2) + bcot (B.1)

for the characteristic sample length, as indicated in figure B.1. Three different sizes of a were
realized. a ~ 6.5mm (short), a &~ 14mm (intermediately long) and a ~35mm (long). The
angle a of the crossover part was 30° for all samples. Three low resistive coupled samples
(short, intermediate and long length) were connected with soldered copper bridges marked by
the grey shaded area in figure B.1. The resistance between the single strands R 7 is about 7 ;€2
in the presence of the copper bridge. Typical dimensions of the copper bridges were 0.1 mm
x 2mm X 8mm. The high resistive sample (intermediate length) was soldered without a
copper bridge, resulting in a resistivity of about 20 uf) between the strands. An InAg-solder
was used with a melting point of 143° C to solder the materials. The three insulated samples
(short, intermediate and long length) had nearly the same dimensions as the coupled ones,
but an insulating Teflon sheet was sandwiched between the two strands.
Tables B.1, B.2 and B.3 show the details of each sample.

B.1.2 Striated tape

A further approach for reducing AC losses in Roebel cables was presented by the Karlsruhe
Institute of Technology in 2010[20]. So called striated Roebel strands were manufactured
by pico-second infra-red laser scribing of Roebel strands. Figure B.3 shows a typical sample.

The Roebel strands were punched out of a 12 mm stabilizer free SuperPower coated conductor

16



B Coupling losses in different geometries

Name a(mm) b(mm) w;(mm) wy(mm) ! (mm)
Short(©) 6.05 1.05 2.05 1.95 17.0
Short® 6.3 0.95 1.85 2.05 17.2
Intermediate(©) 13.85  0.85 2.0 1.80 23.1
Intermediate(“"HR) 14,05 1.10 1.95 1.8 24.1
Intermediate() 14.05  0.90 2.15 1.95 25.1
Long(®) 33.2 1.30 2.00 2.20 44.25
Long( 34.3 0.85 2.00 2.10 45.25
Table B.1: Geometrical details of the samples
Name Ry () Ro () I (A) Io(A) m no
Short(©) 7.0 7.0 38.9 38.8 26.7 29.6
Short(!) - - 38.8 38.6 245 26.3
Intermediate(©) 6.6 7.9 40.2 40.3 28.8 35.2
Intermediate(¢HR) 174 20.4 38.0 38.5 234 22.1
Intermediate(® - - 39.8 41.0 25.5 23.2
Long(©) 5.9 9.1 38.1 38.3 26.0 26.4
Long(® - - 38.5 37.5 23.7 23.7
Table B.2: Electrical characterisation of the samples at liquid nitrogen temperature (T
77K)
Name Lmeas (HH) Llf (HH) th (HH) fc,lf(HZ)
Short(©) 12.4 6.67 9.08 334
Intermediate(©) 14.0 10.9 15.1 212
Intermediate(“-HR)  16.0 12.0 16.1 502
Long(©) 29.2 25.2 33.6 94.6

Table B.3: Inductances of the coupled samples. Lj,cqs was measured with a standard RLC-
meter before joining the second bridge. L;¢, Lpy and f.;; were calculated from
(B.28), (B.38) and (B.36), respectively.
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Figure B.2: Photographs of the coupled samples. (a) Short(®); (b) Intermediate(®); (c)
Intermediate(“"H®); (d) Long(®)

Figure B.3: Striated Roebel strand from KIT

(SF12050). The distance between two filaments was found to be ~25 um and the reduction
of I. due to the grooving was less than 10% |20].
Figure C.9 on page 70 shows the separation of the superconducting layer into single filaments

obtained by the magnetoscan technique.

B.2 Experimental details and evaluation

B.2.1 Calibration free method (CFM)

Magnetic AC loss measurements of the Roebel loops were carried out during a research stay at
IRL (NZ) using a calibration-free electromagnetic technique. This calibration-free method for
measuring magnetic AC losses was originally developed by Souc from IEE Bratislava[32]. A
detailed description of the set-up used at IRL can be found elsewhere [33]. All measurements
were taken with the samples immersed in liquid nitrogen at a stable temperature of about
77 K. The applied AC field was always parallel to the c-axis of the superconductor.

The loss measurements always included background measurements without a sample in
the sample coil. Especially for the small and uncoupled samples, the background signal was
sometimes of the same order of magnitude or even higher than the signal from the sample.

Hence, the background signal was measured a few times and a mean value was used.
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B.2.2 Hall-scans in AC fields
Set-up

Hall scans in AC fields were performed with an AC Hall scan set-up, originally developed
by E. Pardo, at the Atominstitut in Vienna. Figure B.4 shows a sketch of the set-up. A

Xﬁ Stepper Controller
y T

[ Hall Signal

Lock In Amplifier

Phase Ref I

Wave Form
Generator

AC Signal I

Audio Amplifier

Gained AC Signal

Figure B.4: AC Hall scan set-up

sinusoidal AC signal is generated by a standard wave form generator. The signal amplified by
an audio-amplifier drives a normal conducting race track coil with a rectangular inner bore
of 15 x 1cm. The sample is then placed inside the coil and everything is immersed in liquid
nitrogen, ensuring a sample temperature of about 77 K during the measurement.

A cryogenic Hall probe measures the local field (B, signa) perpendicular to the sample.
The Hall probe is moved by a stepper motor slightly above (~ 100 um) the sample. The Hall
voltage is detected by a lock-in-amplifier using the wave form generator’s TTL output signal
as a reference. Fourier components up to the 9" harmonic are measured and allow a time
dependent resolution of the field at each position. For all AC Hall scan measurements in this
chapter, the Hall probe was only moved in the y-direction (see figure B.4 for the coordinate
system) above the sample. The spatial resolution was 100 ym. The centre of the sample with
respect to the x-axis was positioned below the Hall probe. The effective area of the Hall probe

was about 100 pm.

Evaluation of the local applied field

In order to find the accurate self-field of the sample at the positions of the Hall mapping,
it was important to determine the local applied field (uoH (y,t)), precisely. The generated
field was therefore measured without a sample at different fields. The local field along the

x-position was approximated by a fit to the measured data:

poH (y,t) = poHosin(wt) (1 +474.8 %) (B.2)
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Using (B.2), the local and time dependent applied field was entirely determined by Hy.

Under normal conditions, Hy has to be evaluated from the measured data when the sample
is inside the coil. A first approximation of Hy is achieved by choosing Hp in a way that
subtracting it from the measured field pattern would give zero at the outer edges. In a second
step, Hg is varied as long as the net current calculated by the inversion of Ampere’s law
is zero. Since no current sources exist in the bore of the magnet, this condition has to be
constantly fulfilled and therefore presents a strong constraint.

Thus, at a certain time, the local self-field B,(y,t) is obtained by subtracting the calculated
applied field poH (y,t) from the measured field B, signai(y)-

An accurate determination of the applied field is crucial for the inversion and loss evaluation

from the raw data.

Evaluation of the current distribution by inversion of Ampere’s law

The field above a one dimensional current distribution is obtained by Ampere’s Law for

infinitely long samples:

n_ Mo Yy -y (2D)
Bxy)—2ﬂ/ky_yf+«y_sz (y)dy (B.3)

where J(ZP) (y) is the local sheet current density. For discrete currents with mpar = lnas
single wires, where [,,4, i3 the number of measured fields and I,m are integers 1 < I,m <

lmaz = Mmaz, One can rewrite (B.3):

Mmazx

_ Mo Y — Ym

B, = 2 2 2
[ (Y1 —ym)” + (21 — 2m)

o = Fpn - Iy (B.4)

If one further assumes that the sample is slightly tilted to the scanning plane with an angle

©, one finds for Fy,,:

_ Ho A l—(m—%)cosgo

Fim =
: 2m y(l—(m—%) cosgp)sz2+((m—%) sincpAy+zo)2

(B.5)

if the grid for the current of the non tilted sample is shifted by Ay/2 with respect to the
measured field points. The distance between the highest point of the sample and the scanning
plane is zg. Figure B.5 illustrates the geometrical approach.

Fy,, can be easily calculated by numerical methods for this problem. Using a common linear
equation solver, I, can be calculated within milliseconds on a standard PC. In this work, the
standard linear equation solver (scipy.solve) from the scientific python package [34] was used.

A corresponding current density for each wire was calculated by dividing the discrete current

I, with Ay and the thickness of the superconducting layer d..

20



B Coupling losses in different geometries

z
Ay/2 Ay
scanning grid
O '2) e}
O < ¢ 7 4
L=1 2 3 4 >z
0
2 3
AP < i - —— __9)
m=1 i -
Current grid Ay

Figure B.5: Geometrical approach of the inversion of Ampere’s law

Evaluation of the magnetic moment and the AC loss

The magnetic moment per unit length of an infinitely long structure is given by:

a

M = [0 dy =Yy L (B.6)

—a

Once the magnetic moment per unit length is determined, the loss per cycle and unit length

can be calculated from the hysteresis loop:

Q= nglDdH— /MEdt— f: I, W g (B.7)
= Mo = Mo dt = Mo Ym Im dt .

where the integral over the applied field dH is replaced by an integral over the time t. The
applied field at each position m, as well as the derivative, at a certain time can be calculated

from (B.2), since m is identical with a certain y-value.

B.3 Calculation of the current distribution and the AC coupling

losses

The magnetic losses in a superconducting cable consist of:

Q = thst + Qcoupl + Qeddy (BS)

where Qpyst is the hysteresis loss according to Brandt[35], Qcoupi is the coupling loss, if one
has a closed loop, and Qcqqy is the eddy current loss mainly from the copper.

Hysteresis losses occur in all uncoupled superconductors due to the intrinsic shielding cur-
rents if a field is applied. If one connects superconducting tapes to a loop by resistive con-
nections, additional coupling currents flow in AC fields over these connections resulting in
the coupling losses. Coated conductors consist of many resistive components as substrates,

silver layers or copper surroundings. In AC fields, eddy currents will also be induced in these
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B Coupling losses in different geometries

non-superconducting materials. The losses corresponding to these currents are denoted as
eddy current losses in this work.

In this section, the hysteresis losses will be neglected since they are well described in [35]
and [36]. Nevertheless, in the following sections the coupling phenomena and their interplay
with the hysteresis phenomena is a major concern. The eddy current losses will be neglected
since they are mostly small when compared with the other losses. Ouly at high fields and high
frequencies the eddy currents inside the copper bridges might disturb the currents caused by
the hysteresis and coupling effects, as recently found in coupled parallel tapes [37]. However,
no influence of eddy currents was found in the samples described in this work.

In the following text, currents that cause the hysteresis loss or in other words currents that
flow in an uncoupled situation, are referred to as intrinsic shielding currents. Furthermore,
intrinsic shielding currents flowing when no field is applied are referred to as trapped flux

currents.

B.3.1 General

The induced voltage Vj,q in a current loop of an infinitely thin wire is given by Faraday’s law

Vind = —//BdA (B.9)

where B denotes the field inside the loop. In coated conductors, thin film behaviour has to be
considered. Assumptions to describe this behaviour in our samples will be presented in the

following sections. Figure B.6 shows the electric equivalent circuit diagram for our samples.

R Ric

Vind

Figure B.6: Electric equivalent circuit diagram for a Roebel loop

Rs. and R respectively denote the resistivity of the superconductor due to the power law
and the resistivity of the ohmic connections.
Substitution of Rg. by the power law V/V, = (I/I.)" gives for the First Kirchhoff Law:
dL dr I(t)™B)

I—+L—+RIt)+V,

Vg =0 B.10
dt dt d (B.10)
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B Coupling losses in different geometries

where V, is the critical voltage corresponding to a 1 ©V/cm criterion, I, is the critical current,
n the exponent of the power law, L is the inductance of the loop and B is the time dependent
local field. The inductance depends on the current distribution in the loop and therefore on
the history of the local magnetic field, too.

For the two regimes (high field and low field regime) calculated in the following sections we
found that the inductance can be assumed to be constant. Therefore, the first term in (B.10)
becomes zero in all our calculations.

In order to find an equation for the field dependence of I. and the n — value, the transport
properties of a 2mm wide single strand with H||c up to 8 T were measured. Details of this
measurements and the final equations of I.(B) and n(B) are listed in section B.4.

The field, where a single strand is fully penetrated, B,, can be calculated from [38] to
be B, = 1.569 py J.d/2. The calculated penetration field B, is about 20mT for our single
strands at 77 K.

For the modelling, the applied field is assumed to be homogeneous and sinusoidal:
H, = Hj sin(wt) (B.11)

B.3.2 Low field regime (coupling current I ,,piin, < 1.(0T))

At low fields, the hysteresis losses are very small, because they are proportional to B*[35],
thus only an equation for coupling losses and the induced coupling currents will be derived in
the following model. However, the intrinsic shielding currents that cause the hysteresis losses
are considered, as they influence the coupling currents and therefore the losses.

At low applied fields, vortices cannot penetrate into the superconductor and the applied
field is perfectly shielded. In uncoupled samples or at low frequencies, the currents flow as
indicated in figure B.7a in the sample if a field ﬁa = H, e, is applied. Note that the currents
are distributed over the whole width in a thin film. The arrows in figure B.7 only indicate

the maximum of the current distribution.

The currents in the overlapping part, illustrated by dashed lines, has to close the current
loops. A detailed study of this part remains open in this work. The field at the cross section

of the samples along the dashed line in figure B.1, is illustrated in figure B.8.

The flux inside the gap has to be nearly the same as far above the sample but focused by
about half the width of each single strand. Note that this assumption can only be made if the
gap is sufficiently wide and therefore the local field of the at the inner edges is small compared

to the penetration field B,,.
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B Coupling losses in different geometries

Figure B.7: Current distribution at maximum applied field (Hy, cf. figure B.11) in (a) the
uncoupled, (b) an intermediate- and (c) the fully coupled case. Panel (d) illus-
trates the formal approach of describing (a),(b) and (c¢) with two circular flowing
currents.

b+2W=AID

~ b+w

L

LULEL) sl L)

Figure B.8: Flux focusing between two coplanar parallel strips in in the uncoupled case.



B Coupling losses in different geometries

This so-called flux focusing effect was calculated and discussed in detail for infinite coplanar
parallel bulk pinning free stripes in the Meissner-state [39] and for penetrating fields [40][41].

With increasing frequency, the induced voltages and coupling currents begin to play a role.
Hence, currents flow over the resistive connections in the outer loop (see figure B.7b), whereas
the inner currents decrease. At the resistive connections, the induced voltage leads to the
coupling losses. An intermediately coupled situation takes place. Increasing the frequency
further leads to a field-free gap with clockwise flowing currents shielding the whole supercon-
ductor. This fully coupled situation is sketched in figure B.7c. Note that the current close to
the gap flows now in the same direction as the coupling current holding the gap field-free.

One can formally describe all three situations using two circular flowing currents. These
currents are denoted as 4 and I? in figure B.7d. The indices A and B denote different
current distributions with different duties. I shields the superconductor from the applied
field, whereas I” generates the field inside the gap.

Note that T4 primarily shields the superconductor and not the gap. Hence, a small amount
of flux ®49% would penetrate through the resistive connections and remain in the gap if I8
is zero.

In order to end up in the uncoupled situation, one can say that a current If coupled 11as to

n

generate the flux difference between the focused flux @i?f;oupl g and PA-9P o

HIowP — pAgap | pBgap (B.12)

uncoupled ~ uncoupled

Note that in (B.12) the applied field is already considered in ®49% and PB-gap 4 Which are

uncouple
functions of the applied field H,, as will be shown later. The net current in each strip flowing
through the parallel cross-section, indicated by the dashed line in figure B.7d, has to be zero
and therefore one finds in the uncoupled case:
Inet = IA + IuBncoupled =0 (B13)
I4 is flowing with the phase 7 to the applied field and shields the superconductor, whereas
IuBncoupl «q 18 in phase with the applied field in order to produce the focused flux.
In the fully coupled case T4 is still shielding the whole superconductor and the coupling
current has to cancel IZ PB-9ap

uncoupled uncoupled

1 fu”y coupledr Senerating formally equivalent —®49% t0 hold the gap field-free.

(which generates ) and further provide a small

These considerations lead to the conclusion that the distribution of the coupling current

has to be the same as the current distribution of IZ. Therefore, the inductance for low fields

is given by:
B,gap

Llf ~ ;ncoupled (B]_4)

uncoupled
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B Coupling losses in different geometries

In all coupling situations, the net current in one strip follows:

IStTip = IA + IuBncoupled + IcB (B]-5)

oupling

where the phase of I cBouplin , to the applied field is —7/2 — . The -7 /2 shift follows directly
from (B.9) assuming a sinusoidal field. The phase ¢ depends on the inductance of the sample,
the resistivity of the connections and the frequency of the applied field and will be caluclated
later.
In the uncoupled case or at very low frequencies the coupling current becomes zero and
(B.15) reduces to (B.13) and the focused flux from (B.12) @i?f;oupled is inside the gap.
to the applied field

is 7 (¢ = 7/2), cancelling Ifncoupled and adding some additional current to hold the gap

In the fully coupled case, the phase of the coupling current I2

coupling
completely field-free.

@gap

Since an analytic examination of the focused flux uncoupled

and the inductance problem
would go beyond the scope of this work, a few assumptions had to be made for the applica-
tion of existing equations.

The focused flux, current density distributions of I4 and Ip, and the already discussed
inductance were calculated for infinite coplanar bulk pinning free parallel stripes in the
Meissner-state by Brojeny et al.[39] in one dimension. If strong pinning centres and low
fields are assumed, the flux and current distribution should not change drastically for fields
slightly above B.;.

Similar to the uncoupled case of figure B.7a, the focused flux per unit length inside a gap

of two coplanar strips, assuming only Meissner currents, was found as Case D in [39]:

/2
K(K')

oiDgar o Ho (b4 2w)

uncoupled —

(B.16)

where (b4 2w) = Ajp is the distance between the outer edges of the stripes, as marked
in figure B.8, K is the complete elliptic integral of the first kind & = (b/2)/(b/2 + w) and
k' = /1 — k2. The flux inside the gap, generated by a current I, was found as Case B in
[39]:

9% — 1o Hoo (b + 2w) K (k) (B.17)

where Hy . is a characteristic field. The net current density distribution in the uncoupled

situation is zero in each strip. The current density distribution for I is given by Case A in
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[39]:
2 H, 2_ (5y2)"/?
JA =~ r _(#-G)) bzl <t +w
d |zl ((3 4+ w)? x2)1/2
=0 otherwise (B.18)

H b4 w)?
=2 g+ §<lzl < §+uw,
d |zl 9 bro b 2 5 1/2
((m - (3)?) ((§+w) - ))
=0 otherwise (B.19)
and the current is calculated with:
B b /

1% = 2H,. (5 + w> K(K) (B.20)

The characteristic field Ho is given in the uncoupled case by Case D in [39]:

E(K')
HO,uncoupled = Ha <K(l€/) - k2> (B21)

and for the coupling current by Case B in [39] with:

Icoupling
H ing = B.22
0,coupling 9 (% + ’LU) K(k‘/) ( )
where E is a complete elliptic integral of the second kind. Combining the equations from
Brojeny et al. with the considerations from the Roebel loops, the current distribution in the
low field regime results from (B.15), (B.18) and (B.21), (B.22) used in (B.19):
Jcoupled = JA + Jqﬁzcoupled + mepling
2 1 1
d || (:172 _ (%)2)1/2 (% —|—w)2 _ $2)1/2

[ (0 () om) e

(B.23)

27



B Coupling losses in different geometries

which simplifies in the uncoupled case to:
Juncoupled = JA + JuB;Lcoupled
T 1 1

(b '
H, ((g)Q 24 ZE((Z)) _ k2> (g + w>2> (B.24)

Figure B.9 shows the resulting current distributions in the uncoupled case, Juncoupled, from
B.9 as well as J7} (B.18) and meoupled (B.19). The calculations in figure B.9 are based

uncoupled
on the parameters of the long coupled sample at a field of 2mT.

1.10'0
5.10°
o«
IS L
$ O
-
_5.]_()9 - /’ JAuncoupIed """ —
,’ J uncoupled —
J —
_1_1010 R uncoupled i
1 1 1 1

y (m)

Figure B.9: Calculated current distribution according to (B.24).

The current distributions of the coupled case Jeoypied (B.23) at maximum applied field (p1gH=-
2mT at t=T/4) and for various frequencies are shown in figure B.10 using (B.30) for [ gmplmg-

Once again the parameters of the long coupled sample are used.

In the uncoupled case in figure B.10, Jg)upling according to (B.23) is zero and the current
distribution is again given by an coupled and Jﬂcoupl .q- With increasing frequency, the coupling
current meplmg becomes higher until the fully coupled situation is reached. As already
discussed in figure B.7c, small currents close to the gap have to flow in order to shield the gap

and therefore prevent any further enhancement of the coupling current.

28



B Coupling losses in different geometries
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Figure B.10: Calculated current distribution for the long coupled sample according to (B.23)
at a maximum applied field of 2mT (¢=T/4).

Note that the currents do not behave as in figure B.10 over the whole time period for alter-
nating fields. Due to the frequency dependent phase between induced voltage and coupling
current density J, fmplm @
This phenomenon is illustrated in figure B.11 and will be discussed further below.

the maximum of the coupling current occurs between zero and 7'/4.

For Roebel loops, one-dimensional considerations have to be extended to develop the two-
dimensional problem. Imagine a rectangular wire loop of length a’ and height &’. Multiplying
a flux per unit length, which is calculated for the distance b’ for an infinitely long loop (denoted
with ®1P ), with a length o', would lead to a flux density inside a rectangular area of ®,.eq =
(I)lD I (I)lD a b//b' — cI)lD Arect/b,-

The flux calculated in this way would underestimate the generated flux by neglecting the
closing currents at the ends. Nevertheless, in order to take advantage of a simple solution, the
calculated flux per unit length from (B.16) can be used for the focused flux in our samples:

/2

A
1D, out o
(I>1gt?£oupled = q)unchleed A1D = Mo Ha AOUt K(k‘/) = Mo Hfl Alf (B25)

where Ay, is the area, marked in figure B.14 with Vo"sie given by:

1 1 2
Aout:<a+w< a+tang>>(b+2w)—2w2 tang< - a—1> (B.26)
tan 5 2 2 sin g

and
Ay = Aoyt - /2 1/K(l<:') (B.27)

Ajf equals an effective area at low fields. Roughly, A;y is given by a (b + w) (see figure B.8
and figure B.1). However, in this work the more accurate effective area according to (B.27)

is used.
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B Coupling losses in different geometries

In order to find an equation for the inductance, similar considerations can be used for
&9 in (B.17). Using (B.14),(B.17) and (B.20), one finds finally for the inductance in low
fields:

Aout

Lip = puo K(k)/K(K') Ap (B.28)

where A1p = (b+ 2w) (see figure B.8). Table B.3 shows the calculated values of L;; for each

sample. From Faraday’s law (B.9) follows:

Vizfd = _/ Bgap dAgap = — 05" —poH, - Ay (B.29)

i uncoupled =

For I < I, the contribution of the superconductor in (B.10) can be neglected. Using the

complex Fourier description, one finally obtains:

lf
If 1 V. . Ly
lcoupling - E = L2 <1 - ]UJ—R > (BSO)
1+ U.)2R7f

where j = /—1. The phase between voltage and current is therefore given by:

Ly
© = atan [ w—= B.31
ata ( R> ( )

For large dimensions (i.e. high inductance), high frequencies and/or low resistivity, the phase
between current and voltage is close to 7/2, i.e. the field generated by the coupling currents
is opposite to the applied field and shields the gap. For small dimensions and low frequencies,

the phase between induced voltage and current shifts towards zero and the applied field is in

phase with the generated field inside the gap, as [Icoupling| becomes zero. Using
P =Re {‘/;nd : Icoupling} (B32)

(B.11), (B.29), (B.30) and

1 (3
Qcoupl:7 /T Pdt (B33)

2

one finds a final equation for the coupling loss in the low field regime:

2 f- poH? 1
i _ 2 2 Hotlg
Qcoupl - 7 ’ Alf T ’

R

_ (B.34)
sz—l{ +1

where [ is the characteristic length of the sample. Comparing (B.34) with equations from

Wilson [8]
wT

e (B.35)

Qcoupl X
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the relaxation time 7 is L/R and the critical frequency

1R
= B.
! 2w L (B.36)

Since the area A;s is squared in (B.34), the dimensions of the gap and especially the width
of the tape are crucial for the coupling loss.
Figure B.11 shows the time dependent results of (B.11), (B.29), (B.30) and (B.32) for

different frequencies during one time period for the coupled long sample.
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Figure B.11: Calculated behaviour at a low AC field for the long coupled sample (f.=95 Hz)
calculated from (B.11), (B.29), (B.30) and (B.32). Note that negative coupling
currents Ieoupling Circulate clockwise, i.e. have negative values of I, for y < 0

and positive values for y > 0 if y = 0 in the centre of the gap (see also dashed
line and coordinate system in figure (B.1).
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Icoupling (A

P T (uWS)

T2 3T/4 T

Figure B.12: Calculated coupling current and loss for the intermediately long high resistive
sample (fc=502Hz) for different frequencies. The colour code is identical with
figure B.11.

With increasing frequency the induced voltage in figure B.11 increases according to (B.29).
The phase shift (B.31) of the coupling current leads to a non trivial current distribution in
the strands at different times, as will be demonstrated later. The phase shift also leads to
the maximum of the loss per cycle @ at the critical frequency. The frequency dependent
maximum of the loss is hard to see in the plot of P - T in figure B.11, but the integral over
one period is higher at 89 Hz (close to the critical frequency) than at higher frequencies. With
increasing frequency, the losses become reactive losses, as indicated by the negative values
of the losses. Hence the integral over time and therefore @ become increasingly smaller at
higher frequencies. In other words, at low frequencies the loss is determined by the absolute
value of the coupling current (which is low for low frequencies) and at high frequencies the
loss is determined by the phase shift of 90°, resulting in high reactive losses and relatively
small ohmic losses. In between, at the critical frequency (at ¢ =45°) the ohmic losses have
their maximum.

Figure B.12 shows calculations for the intermediately long high resistive sample. Due to
the higher critical frequency of 502 Hz, the phase shifts only by up to about 45° at 535 Hz.
Note that the time dependent loss per cycle P(t)-T = P(t)/f is illustrated in figure B.11 and

figure B.12 for a better comparison of the different frequencies.

B.3.3 High field regime (coupling current I ,,piings > 1.(0T))

For high fields, full penetration of the applied field into the sample is assumed. The field
generated by the shielding currents is much smaller than the applied field.
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In the uncoupled or DC field-case, currents flow with I.(B) similar to figure B.7a reducing
the field inside the strands. A changing field induces an electric field in the whole supercon-
ductor. In the coupled case, the electric field reverses the intrinsic inner shielding currents if
1" > I.(B). Thus, the shielding current (I"/

the coupling current is 1.5 ... coupling

) flows circu-
larly around the whole sample trying to shield the entire geometry. Therefore, the intrinsic
shielding currents can be neglected in all further considerations and the shielding generated
by the coupling current is considered in the following. Similar to the low field regime, the
inductances of the Roebel loops are once again calculated from the magnetic moment per unit
length between two coplanar parallel strands. Due to the assumption of I?oj;plin 9> I. and the
power law, the current should be distributed nearly equally over the whole cross-section. The
field distribution B, prandt caused by a transport critical current in a thin film can be taken
from [35]. Superposition of the fields of the oppositely flowing currents gives the resulting
field distribution of two parallel conductors. Integration over the inner field leads to the flux

per unit length between the two strands. One finds after elementary calculations:

yo+w+b )
q)}L? = / Bz,Brandtdy = Mo Hc <%1H (1 — wt b) -2 (w + b) atanh <%>>

—%o Yo
(B.37)
where H. = I./(mw) and yo denote the y-position where the field changes sign. Point yq is

calculated from y3 — (w +b) y — w?/4 = 0. Figure B.13 illustrates the field of two coplanar

strips with oppositely flowing currents of I..

0.02

0.01

) V/

l

-wi2 Yo 0 w/2 w/2+b Wb+
y

Figure B.13: Magnetic field distribution of two infinite parallel strips of width w and oppo-
sitely flowing currents. The distance between the two strips is b.

Almost over the whole period, I, and therefore the flux generated by the I.-current distribu-
tion (@}l’}?), determines the inductance. With the same considerations as in (B.25) and (B.28)
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one finds for the inductance:

Oy r Lo <1 ( w—i—b) b <2y0>> Agut
Lyr~—————=">(=In(1-— —2(1+ —)atanh [ — B.38
h Icoupling 7T 2 Yo ( w ) w Aip ( )

Here the absolute value of I.qypiing depends on the magnetic and electric field, but the spatial
current distribution is given by the I.-current distribution, as discussed previously. Hence
I eoupiing is used instead of I, in (B.37) leading to (B.38). The electric field is lowest at
the inner edge of the loop and increases with the area of the enclosed magnetic field to its

maximum at the outer edge. In the following, we assume that I ht > [.(B) is reached very

coupling

rapidly, as we consider high fields. Therefore, we overestimate the hysteresis losses during the
short time when the coupling currents are smaller than the inner shielding currents of the
superconductor. In order to calculate the loss, the induced voltage V;,4 has to be calculated

using Faraday’s law (B.9). The induced voltage on the inner edge of the loop is given by:
g e = — //BdA = —B - Ainsigze = —B -ab (B.39)
and the voltage on the outer edge by:
vt = - ] Baa =B A (B.140)

Both voltages are indicated in figure B.14.

Voutside

Figure B.14: Voltage applying on the samples edges as defined in (B.39) and (B.40)

The mean value for the induced voltage can be written as:

) A Al .
Vol = =B (Ainside  Doutside 5 msme) =B Apy (B.41)
where again an effective area is introduced:
o w? o2
App=1(w+b) —b (bcota + wcotg) - 2@ (1 - sini) (B.42)
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The induced voltage VZ% from (B.41) is used as V in (B.10). Thus, the differential equation
for I can be solved numerically by the Euler formalism for several time periods and therefore
m (t) = I(t) is found.

coupling

The loss can be calculated from:

the coupling current

P

coupl

(t)y = VM1

ind coupling

(t) = o (1) Aps I

coupling

(t) (B.43)

and (B.33).

Figure B.15 shows the calculated properties at different applied fields. The dimensions of the
long coupled sample were taken for these calculations.

The field dependences of I, and the n —value are crucial in these calculations. Both values
were calculated with (B.49) and (B.50) from experimental single strand data.

1. and the n —value reach their maximum values in the absence of an applied field at t =0
and t = T/2.

At t=0, the induced voltage and I.(B) have a maximum. Therefore, the coupling current
has a maximum and due to the high induced voltage, the coupling current is significantly
larger than the self-field I.(0). With increasing field (0 to T/4) the critical current of the
strand and the induced voltage decrease. At T/4, the coupling current is reduced compared
to 1.(0) by approximately the same amount as it was enhanced compared to 1.(0) at t=0.
At t=0 the induced voltage dominates the coupling current (enhancement compared to 1.(0))
whereas close to T/4, the field dependence of I. dominates (reduction compared to I.(0)).
Both effects lead to a slightly changing coupling current (between 0 and T/4) with a mean
value, which is approximately the self-field I.. We will see later, that the assumption of a
field independent constant I. will give a good approximation for the losses in our sample (see
also figure B.34 on page 59) although it does not describe the entire physics. The short time
span when the coupling current changes sign is the time when the coupling current is smaller
s > I.(B) is not fulfilled. At higher

coupling

applied fields, this time span becomes shorter. Note that the phase between coupling current

than I.(B). During this time, the assumption

and induced voltage shifts towards zero with higher fields due to the increasing resistivity of
the superconductor compared to the constant inductance.

Due to the nearly constant coupling current, the magnitude of the loss mainly depends on
the induced voltage. Note that the loss has distinct maxima at 0 and T/2.

Finally the loss per unit length can be calculated using (B.33):

T
2

A +

h h h

chupl = w,uOHOwa/_Z Jcol;plmg(H, t) cos(wt)dt (B.44)
2
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Figure B.15: Calculated behaviour at different applied AC fields for the long coupled sample.
Solid lines refer to 100 mT, dashed lines to 150 mT and dotted lines to 200mT.
The frequency is 22 Hz (blue) and 535 Hz (orange) in the lower three panels.
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i

coupling

where J/

coupling

conducting layer.

= wdge is the current density and d. is the thickness of the super-

If J. was independent of the magnetic field and the coupling current density was limited
by Je, (B.44) could be solved easily by Jc}y;pling = cos(wt)/ |cos(wt)| J. for sufficiently high
fields (¢ — 0), leading to:

_ A
ot = 4 NOHO% wdJe (B.45)

for the loss per unit length. Note that the frequency dependence disappears in (B.45). As
discussed previously, (B.45) is a good assumption in our samples, as the coupling current

varies nearly symmetrically around the self-field J. during a time period.

For two coupled parallel tapes, Ap¢ is given by a (b + w) and therefore (B.45) becomes:

Je=const | — 4 oHy (b4 w)wdJ. (B.46)

coupl,parallel

with [ = a in a rectangular geometry. For b = 0, (B.46) is exactly the hysteresis loss at high
fields for a strip with width 2-w calculated by Brandt [35]:

Bravoi™ = 4 o (Ho — 1.386 He) w” d J, (B.47)

without the reduction of Hy by 1.386 H.. H, is defined in [35] as JC(QD)/T('. The discrepancy
with (B.46) vanishes for fields Hy > H), > H,, which was assumed in our high field model.
Due to the w? dependence in (B.47), the hysteresis losses are two times higher if two tapes of
the width w were connected to one tape of the width 2-w with superconducting joints. This
“superconducting coupling” is often referred to as single block limit and describes an upper
loss limit for a fully coupled sample. In other words, if one couples two insulated coplanar
parallel strips without a gap, one doubles the losses. Note that this is the main argument for
striating tapes.

The situation is different if there is a gap between the strips. In this case, the loss of the
fully coupled situation is proportional to (b + w)w as found in (B.46), whereas the loss of
each insulated strip is still proportional to (w/2)2. Thus, the upper limit for a fully coupled

situation is given by:

- w(b+ w) _ w
st = s a3 QZEJEZ@Z(E) (B.48)
(%) + (%)

where Q7<=¢"5! s given by (B.47) without the reduction of Hy. Thus, in a sample with w=2

uncoupled

and b=1, the upper loss limit is three times that of the hysteresis losses of the insulated tapes.

Lastly, another effect should be mentioned. The dominant and increasing resistivity of the

superconductor in high fields compared to more or less constant inductance Ly leads to a
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phase shift and a corresponding shift of the critical frequency f. of the loop to higher values.
The phase shift was also calculated numerically and can be found in measurements of the
long coupled sample in the following section. Note that the existence of a critical frequency
similar to the low field case with a decreasing loss above this frequency was not measured in
this work and is not expected at high fields. In the numerical calculation, a decrease of loss

was only found for very high frequencies (MHz) where the model is no longer valid.

The high field method developed can also be used to calculate the losses of AC ripples at
high DC fields. Figure B.16 shows the result of different AC fields in a 1T background field.

At 1T, I. and n — value respectively change more or less sinusoidal around 7.25 A and 11.2,
due to the DC background field. Hence, the critical current is more or less constant. The
coupling current appears rectangular, as expected from a field independent critical current.
Note that the more or less constant coupling current (between T /4 to 3T /4 and 3T /4 to T/4)
is higher than I.(B) due to the high induced voltage. The loss follows the absolute value
of the induced voltage since there exists nearly no phase shift between induced voltage and
current. The losses are much smaller with an applied DC field, due to the smaller coupling
current (smaller I.), whereas the induced voltage remains the same.

One has to be aware that at high fields and frequencies the surrounding copper acts as a
parallel loop and has to be considered. At 1T DC, 200mT AC and 22 Hz, the resistivity of
the superconductor using the power law would be two orders of magnitude lower than that of
the copper surrounding for the long coupled sample. Hence one can neglect the eddy currents
in the copper. At a higher frequency of 535 Hz, the resistivity of the superconductor is already
half that of the surrounding copper and therefore currents (which are not considered in these
calculations) will flow parallel to the superconductor in the samples. Furthermore, induced
eddy currents in the copper bridges will disturb the current flow of the coupling currents,
leading to an “enhancement” of the bridge resistivity. This effect was found for two 90 mm

long parallel tapes connected with 5mm x 5mm copper bridges in [37].

B.4 Single Roebel strand characterisation

The transport properties of a single Roebel strand are shown in figure B.17. A 26 mm long
piece was cut out of the insulated long sample. Since our model does not consider the parallel
copper loops, which become important at high fields, the data were fitted only up to 2 T with
the Kim-model:

Jo

Jo(B) = Tz (B.49)
By
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Figure B.17: Field dependence of a 2mm Roebel single strand at 77 K. Solid lines represents
the fit functions (B.49) and (B.50). Note that the fit range was limited by 2T
as no fields higher than 1T were calculated.

where Jy and Bj, were fitted and resulted in 2.54-10'° Am~2 and 0.135, respectively. The
average self-field was added to the applied field (poH) resulting in the local field dependence
of the critical current J.(B). The measured self-field JE of the strand was about 2.2-1010
Am~2.

The n — value was fitted by:

n(B) = — % __ (B.50)

(1+B%)a

with ng=31.2, B,=0.094 and a=0.43.

B.5 Results of the scanning measurements

B.5.1 Two-strand Roebel loop

In order to investigate field and current distributions in weaker and stronger coupled samples,
the intermediately long high resistive sample and the long low resistive sample were chosen
for scanning measurements. Line scans perpendicular to the tape direction (y-direction) were
performed at the centre of each sample, as indicated by the dashed line in figure B.1 on page
16. Three different AC fields (puoHpar=2mT, 26 mT and 50 mT) were applied during the
scans. The field of 2mT was chosen to investigate low field effects. 26 mT corresponds to
the penetration field observed in the AC loss measurements in section B.6 and the highest
possible field within the frequency range of our set-up was 50 mT.

The applied field was sinusoidal, hence the maximum field occurred at T/4 and becoming
zero again at T/2. Only the first half of the time period (0-T/2) is displayed in the following
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figures (B.18 - B.24). The field and current distributions from zero to T/4 and from T/4 to
T /2 are illustrated on the left and the right side of the figures, respectively. Since the samples
do not have a perfect two-dimensional structure, the distance between Hall probe and strand
was not always the same for each strip. Nevertheless, a constant distance was assumed for the
inversion of the field of the long sample. For the intermediately long high resistive sample,
an angle of 1° according to figure B.5 was assumed. At the two higher fields, the influence of
a small defect in the long sample on the left strip is seen as well. Note that the grey shaded

areas in the following figures mark the approximate positions of the superconducting strips.

AC scans at 2mT (low field regime)

In order to show three different coupling situations, the long coupled sample with a calculated

critical frequency of about 95 Hz was chosen for the low field limit.
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Figure B.18: Low field behaviour of the long coupled sample at 4.5 Hz. Nearly uncoupled case.
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Weak coupling

Figure B.18 shows the (nearly) uncoupled limit at the lowest measured frequency of f=4.5Hz.
At the beginning (¢ = 0), trapped fields and the corresponding currents are seen very clearly
at the edges of the superconducting strips. In the weakly coupled case, the coupling current
has a maximum close to zero and T/2 (see figure B.11: 4.5Hz), but is small due to the low
frequency. Nevertheless, the field inside the gap is slightly enlarged at zero field, hence a
very small coupling current flows. With increasing field, the shielding currents I and the
180° shifted IuBncoupled increase, whereas the coupling current stays small. Therefore, the
coupling current can always be neglected. In other words, the intrinsic shielding currents!
flow in closed loops at all times in each strip of this sample.

At the maximum field of 2mT (¢ =T/4), the flux is focused in the gap and therefore the
field inside the gap is higher than the applied field. With decreasing field, the field inside
the gap follows the applied field in phase, indicating that the coupling current is too small to
produce an out of phase field. Remember that the coupling current is at least -90° shifted to
the applied field (from (B.9)) and would therefore influence the time dependent field.

Strong coupling

Figure B.19 shows a nearly fully coupled case at f=535Hz. At ¢t = 0, a small trapped field
and a small field caused by the coupling current are present. At the outer edges, the influence
of the trapped flux currents? results in a local current density maximum (y ~ —2.2mm) in
the left strip and a local current density minimum (y ~ 2.5mm) in the right strip. The
small coupling current (see. figure B.11: 535 Hz) prevents an oppositely flowing trapped flux
current, as in the weak coupled situation. At the inner edges, the coupling current and the

corresponding field dominate, as the current distribution of the coupling current 12

coupling has

a maximum at the inner edge. Although the coupling current becomes nearly zero close to 0
and T/2 (see figure B.11: 535 Hz), its influence is still visible. Due to the remaining non-zero
field inside the gap, one concludes that the phase ¢ between induced voltage and current has
not reached the fully coupled regime (¢ = 90°). From (B.25) one finds ¢=80° (according to
a phase shift of -10° to T4 or the applied field). Therefore, the induced field “shields” the
gap before the field is applied. In other words, IZ

coupling

flows slightly ahead of the intrinsic
shielding current 7. Nevertheless, the situation is very close to a fully coupled scenario,
where the coupling current always cancels [ uBncoupled and, is therefore, in phase with 4. With
increasing field (0 to T/4), the coupling current increases and cancels with a slight phase

shift I uBncoupled‘ Thus, at all times mainly 7“4 flows in the sample corresponding to a current

'The intrinsic shielding currents were defined at the beginning of section B.3 as the currents shielding each
strip in the uncoupled case and causing the hysteresis losses.

2The trapped flux currents were defined at the beginning of section B.3 as the intrinsic shielding currents at
t=0 or t=T/2 (if no field is applied).

42



B Coupling losses in different geometries

0 T/4

T4 - T2
5 T T T T T T
A

4 7\ o 2 ik a\

2 I R I\

7 NN SN [N
3 —//// It I \\\- o //\\\ NN

B i\ i R 2 I\
~ 2t ! - L7 I~

= _ I L I

E W ] \\\ I

o 9 E "‘,‘\ 4 i L_-- W\ N ~~4
! N

’ -
l\“‘, ////
l‘\ /, T/4
i ‘\’/// 5T/16 —— |
l\, 3T/8 — —
7T/16 - --
i TR —
1 1 1 1 1 1
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3

y (mm) y (mm)

Figure B.19: Low field behaviour of the long coupled sample at 535 Hz. Nearly fully coupled

case.

43



B Coupling losses in different geometries

distribution shielding the whole superconductor. Most of the flux is expelled from the gap
and the superconductor, resulting in enhanced local fields at the outer edges.

At the maximum applied field (T/2), the current distributions are similar to the calculated
distributions for the fully coupled case in figure B.10. Due to the slight phase shift, the
current density at the inner edges, where the coupling currents have a local maximum, already
decreases between 3T/16 and T /4. With decreasing fields (T'/4 to T/2), the influence of the
phase shift at the inner edges is observed again, where the whole current distribution changes

the sign after 3T /8. This is again a result of the ahead flowing 12

coupling*

0-T/4 T4 - T/2

y (mm) y (mm)

Figure B.20: Low field behaviour of the long coupled sample at 89 Hz. The frequency is close
to the critical frequency, hence an intermediate coupling situation occurs.

Intermediate coupling
For all frequencies between the uncoupled and the fully coupled situation, intermediate cou-
pling situations occur. The situation for the sample close to the critical frequency (f=89 Hz)

is illustrated in figure B.20.
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From figure B.11, one deduces that the coupling current has a maximum at ¢ ~T/8 and
becomes zero at t ~37T/8 (corresponding to ¢ ~ 45° at the critical frequency). At ¢t = 0, the
field is generated mainly by the coupling current. Since the trapped flux currents are very
small compared to the coupling current, the shape of the current density is similar to JZ in
figure B.9. This fact justifies the approximation of section B.3.2 to calculate the inductance
with the current distribution found by Brojeny et al.[39].

With increasing field, the (absolute) coupling current increases more strongly than the
intrinsic shielding currents, reaching its maximum at T/8 (see figure B.11: 89 Hz). Hence,
a “fully coupled” situation occurs at T/8. Increasing the field further allows the intrinsic
shielding currents to increase and the (absolute) coupling current decreases. At T/4, when
the maximum field is applied, a mixed situation arises.

With decreasing field, the shielding currents as well as the absolute coupling current de-
crease. Since the shielding currents decrease more slowly than the (absolute) coupling current,
the focused flux inside the gap increases further. Close to 3T /8, the coupling current becomes
zero and therefore an “uncoupled” situation is found. By decreasing the field further, the
coupling current increases, whereas the shielding currents tends to zero at T/2. The distri-
bution of the coupling current at T/2 mirrors the currents at t—0. Due to the non negligible
magnitude and the phase of the coupling currents, no trapped flux currents are seen at this
frequency.

Such “uncoupled” and “fully coupled” snap-shots within a time period are observed for
every frequency but at different times. The “fully coupled” situation occurs at t = ¢/360-T
when the coupling current reaches its maximum and the “uncoupled” situation occurs at
t = ¢/360-T+T/4. For ¢ ~ 0° or ¢ ~ 90°, the uncoupled or the fully coupled situation,

respectively, dominate over the whole time period, as discussed previously.

AC scans at 26 mT (penetration field regime)

From the AC loss measurements, a peak in the I'-plots was found around 26 mT (see section
B.6) for all samples. At this peak, the field should be able to penetrate the whole sample,
leading to the highest loss factor I'. The low field assumptions are not valid, as the intrinsic
shielding currents are close to I.. Furthermore, the coupling current is close to I. for the
strongly coupled sample. Therefore, the power law begins to play an important role and the
assumption of a constant resistivity R of the loop is invalid either. As the coupling currents

are not higher than I. most of the time, the high field regime is unobtainable.

Weak coupling

In order to show a nearly uncoupled case, the data obtained from the intermediately long
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high resistive sample at 22 Hz is discussed. Note that the left strip of the sample was slightly
below the right one and therefore an angle of 1° according to figure B.5 was assumed. Figure
B.21 shows the nearly uncoupled situation.

At t=0, the remanent field of uncoupled strips is trapped in each strand. The minimum
of each field profile is a result of incomplete flux penetration. The field at the centre of each
strip should still be nearly zero at maximum applied field if the penetration field equals the
maximum applied field. In the present situation, the applied field seems to be slightly above
B,, resulting in small oppositely flowing currents in the centre of each strip at t=0 (see J, of
the right tape).

The shielding currents increase further with increasing field, reversing the trapped flux
currents at the centre. For fields above 20 mT (¢>T/8), the field dependence of I. is already
important. The gradient of the field becomes smaller and indicates that the current density
decreases. The current maximum moves towards the centre of the strip. Due to the field
dependence of I., the superconductor is unable to shield as much flux at T/4 as at T/16
inside each superconducting strip. Note that the gradients of the currents decrease at the
inner and outer edges of the superconducting strips up to T /4.

The currents at the edges reverse at decreasing field, reducing the net current and generating
two field domes in each strip. This effect is observed from 3T/8 to T/2, but should have
already started once the maximum field had been reached at T/4. The minimum field inside
the superconductor at 3T/8 is about twice the minimum at T/8. The shielding capability
is reduced by about a factor of two due to the trapped flux behaviour (i.e. the backwards
flowing currents at the outer edges of each strip). At 7T/16 the oppositely flowing currents

can be seen clearly.

Strong coupling
Figure B.22 shows the local fields and currents of the long coupled sample at 353 Hz.

At t=0, the current flowing inside the strips has a flat local maximum at the outer edges and
would be able to shield almost the entire sample if a positive field were applied. Note that this
current distribution is completely different from the current distribution at low frequencies
for the coupled sample. The trapped flux currents, as previously shown, are much stronger
and influence the shape of the distribution. Furthermore, the field is now able to penetrate
the strip-centre and therefore the coupling current has to shield more than the gap. Here, the
coupling current reverses the oppositely flowing trapped flux currents at the inner edges and
therefore the currents flow only in one direction in each strip. Due to the current distribution
of the intrinsic shielding currents (see t=0 in figure B.21), the current is lower at the inner

edges than at the outer edge at t=0.
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Figure B.22: Intermediate field behaviour of the long coupled sample
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Up to T/8, the currents increase trying to shield the entire sample. After T/8, I. decreases
because of the magnetic field, but on the other hand the coupling current is still increasing.
This is indicated by the slight increase of the maxima at the inner edges of the current
distribution. In the weakly coupled case, they are already reduced at this time. Note that
the maximum of the current distribution shifts towards the centre due to these effects. After
3T/16, the coupling current reaches its maximum and the field dependence wins, resulting in
a reduction of the current maximum at T /4.

With decreasing field, the currents should change their direction at the inner and outer
edges. This effect was clearly seen at lower frequencies (not depicted) if the coupling currents
were already lower. At 353 Hz, the backwards flowing currents are only observed at the outer
edges. If a transport current flows in one direction similar to the current distribution at T/4,
a reduction of the net current would take place by symmetric reverse flowing currents. As the
backwards flowing currents are only visible at the outer edges at 353 Hz, one can conclude that
the coupling currents close to the inner edge are still higher than the backwards flowing intrin-
sic shielding currents. At 7T /16, the currents have already changed their sign, cancelling the

previously flowing currents and once more the current flows only in one direction in each strip.

During the second quarter of the time period (T/4 to T/2), the shielding capability in the
uncoupled and the coupled case is strongly reduced due to the backwards flowing intrinsic

shielding currents.

AC scans at 50mT

Again the intermediately long high resistive sample measured at 22 Hz is used to illustrate
the weakly coupled case (figure B.23). The long coupled sample at 175.75 Hz represents the
strongly coupled case (figure B.24).

Weak coupling
At t = 0, each strip has a field dome generated by trapped flux currents (figure B.23). Since the
maximum applied field was about twice the penetration field, no minimum appears this time
at the centre of each strip. Between ¢ = 0 and ¢—T/16, the intrinsic shielding currents slightly
increase, indicating that the maximum applied field was slightly below twice the penetration
field (2 B,=52mT from the I'-plots). The maximum shielding is reached somewhere around
T/16. For higher fields, the field dependence of I, and the n — value reduce the currents in
each strip. Similar to the intermediate field case (26 mT), the gradient of the current decreases
from the inner and outer edges of the superconducting strips up to T/4.

After T/4, the currents at the edges are reversed. Due to the low I., the gradient of the

field is much smaller than at 26 mT'. Therefore, the backwards flowing currents are not visible
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until 3T/8. At 3T/8, the backwards flowing currents are generating two small field domes
inside each superconductor. After 3T/8, I. reaches higher values and the backwards flowing
currents start to dominate and shield the superconducting strips. At T/2, only two oppositely
flowing currents flow in each strip, leading to a maximum trapped flux in the superconductor
at T/2.
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Figure B.24: High field behaviour of the long coupled sample at 175.75 Hz.

Strong coupling

Similar to the intermediate field case (26 mT'), the currents flowing at ¢ = 0 would be able to
shield the whole sample, if a positive field would be applied (figure B.24). The coupling current
is so strong that it reverses the oppositely flowing trapped flux currents (which generate the
in phase field inside the gap in the uncoupled case). Thus, the resulting current flows only in
one direction in each strip. Until T/16 the current increases and shields the whole sample.
After T /16 the magnetic field dependence of I, becomes important. Hence, the maximum of

the current decreases and shifts towards the gap.
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After T/4 the backwards flowing currents become visible at 5T/16. Compared with the
weakly coupled case at 3T/8, one can see that the coupling current has already changed the
direction indicated by a phase ¢ < 45°. Furthermore, the coupling current is strong enough
to drive the currents in one direction most of the time. At T/2, the coupling current supports

the trapped flux current by generating a dome over the entire sample again.

Similar to the intermediate field case (26 mT), the shielding is strongly reduced in the second
quarter of the time period. The effect is stronger at higher fields.

Frequency dependence

In order to evaluate the frequency dependence of the losses, at least half of the time period
must be evaluated. Nevertheless, an initial estimate can be made by looking at the field
distribution at ¢ = 0 (or ¢ =T/2). The induced voltage has a maximum and the trapped flux
currents, which are largely independent of frequency, generate the same field at all frequencies.
The frequency dependent coupling currents on the other hand will cause a difference in the
frequency dependent field and current distributions. The higher the flux inside the gap (and
therefore the coupling current), the higher the loss will be. This prediction will become
inaccurate, when the coupling current does not behave sinusoidally, as at sufficiently high
fields.

The frequency dependent fields for the long coupled sample at T'/2 are shown in figure B.25

for a low (a) and a high field (b).
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Figure B.25: Frequency dependence of the local field of the long coupled sample at T/2.

At 2mT, the highest flux inside the gap occurs at 89 Hz, corresponding to the larger coupling

current at T/2(cf. figure B.11: 89 Hz and figure B.25(a)).

frequency (as will be confirmed in the section B.6).
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The frequency dependence is different at 50 mT. The maximum flux inside the gap is gener-
ated between 89 Hz and 175.75 Hz or even higher. In the low field regime, the critical frequency
is shifted to higher frequencies due to the additional resistivity of the superconductor (the
coupling currents are already higher than I.).

In reality, the situation is much more complicated, due to the previously mentioned field
dependence of I. and the n — value in (B.10) at higher fields. Nevertheless, looking at the
coupling current at higher fields, one also observes a frequency dependent phase shift and a
frequency dependent loss. Handling this frequency dependence with a critical frequency (or
time constant) is therefore practical, but one must be aware that the simplified picture from
the low field regime is no longer valid. Note that this point has already been discussed within
the high field model calculations.

Within the field range of the AC Hall scans, we were unable to entirely enter the previously
discussed high field regime. Nevertheless, the decreasing frequency sensitivity shown in figure
B.25(b) and the approximately rectangular current distribution at high fields (see figure B.24)
indicate that such a regime exists.

In section B.6, the term “critical frequency” is used to explain frequency dependent losses

even at higher fields, knowing that this will not describe all mechanisms.

B.5.2 Striated single Roebel strand

Magnetoscan measurements performed on the striated tape (see section C.9 on page 70) and
TEM images [20] show a good separation between the filaments of the striated single Roebel
strand. Hence, no frequency dependent changes of the local field and currents are expected.

Figure B.26 shows the results of the scanning measurements at t—T/2. At first glance, the
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Figure B.26: Remanent field and current for pgHp=50mT.

maximum field is slightly lower at the inner filaments at 175.75 Hz. The evaluation of the net
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B Coupling losses in different geometries

currents of each filament showed that a negative net current flows in the far left filament and
a positive net current flows in the far right filament. Thus, four point measurements with low
currents (100 mA) were performed between each filament in [37]. The measured resistivities
were the smallest between the outer filaments, higher between one outer and one inner filament
and highest between different inner filaments. The values did not change significantly within

these three situations. Hence, coupling through the substrate, as illustrated in figure B.27, is

A9
( ) ( ) ( ) ( ) ( )
Ile E]Rz |jR3 ﬁ]R4 IjRS

Substrate

suggested.

Figure B.27: Electric equivalent of the striated tape.

The outer filaments were found to be connected to the substrate with B = Rs ~0.4mf) and
the inner filaments with Ry = R3 = R4 =4 mf).

B.6 Results of the AC loss measurements by calibration free
method (CFM)

In this section, the frequency dependent losses at the different coupled Roebel loops are
discussed. Insulated and coupled samples of the same geometry are compared in order to
investigate the influence of the coupling. In order to compare the loss for different sizes, the
loss per unit length and cycle @ as defined in (B.33) was evaluated. In the following, @ will
be denoted as the loss. The characteristic length [, as shown in figure B.1, was used as the
length of the samples. Furthermore, the loss factor I' = /B2, gives a more intuitive picture
of the coupling mechanisms.

The hysteresis losses of the insulated samples are almost the same at all fields and for all
geometries. Only the short sample has a slightly higher loss due to the higher influence of
the transverse part if one divides it by the length [. A slight increase of the hysteresis loss
with frequency for all uncoupled samples was observed. This effect is described by [36] and
is a result of the power law. At low fields, the coupling losses are dominant compared to the
hysteresis losses. In general, the hysteresis losses are one order of magnitude lower than the
coupling losses in our samples at very low fields (1-2mT). The different loss mechanisms are

clearly seen in the I'-plots where the loss is normalised by the squared field. As expected [35],
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B Coupling losses in different geometries

the hysteresis losses increase with B* below the penetration field B, whereas the coupling
losses increase only proportional to B? (see (B.34)). Therefore, the loss factor I of the coupled
sample remains constant (I' = @/B?) until the hysteresis losses (indicated by the data of the
insulated samples) reaches a magnitude comparable to the coupling losses. Between 26 mT
and 28 mT, the field fully penetrates all samples. B, can be identified by the peak in I'-plots
of the uncoupled samples. For higher fields, the hysteresis loss becomes proportional to B as
expected from [35]. The coupling losses also become nearly proportional to B as expected
from (B.44). The applied AC field was sinusoidal an By referes to the amplitude of the applied
field in this section.

Each sample will be discussed in detail below.

B.6.1 Short sample

Figure B.28 shows the frequency dependence at 2mT. The critical frequency ( f.) at low fields
is 334Hz (cf. (B.36)). Since the critical frequency is higher than the maximum measured
frequency, the loss increases with frequency. The solid line in figure B.28 represents the loss
calculated from (B.34).
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Figure B.28: Frequency dependent loss of the short samples at Bp=2mT. The solid blue line
represents (B.34) after addition of the fitted hysteresis loss Q4" (dotted red
line).

Figure B.29 shows the loss and the loss factor for all measured fields and various frequencies.
The initial slope of the coupled sample losses at low fields (1-3mT) is similar at all fre-
quencies, as the low hysteresis losses do not contribute (see figure B.29). Furthermore, the

loss increases with frequency similar to the frequency dependence at 2mT (see figure B.28).
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Figure B.29: Loss/length and loss-factor CEFM-measurement of the short samples. Solid sym-
bols refer to the coupled sample and open symbols refer to the insulated sample.

With increasing field, the hysteresis losses increase more than the coupling losses and increas-
ingly influence the frequency dependence of the loss. The strands are fully penetrated by
an applied field of ~ 26 mT. For higher fields, the coupling current is still smaller than I,
in the small sample. Therefore, the inductance remains a crucial value in (B.10), leading to
a strong frequency dependence even at higher fields. Nevertheless, the loss of the coupled
sample becomes proportional to B for fields above B, as found in the high field model. Note
that the intrinsic shielding currents already flow with I. for By > B,,.

B.6.2 Intermediately long samples

In the low field regime, the loss further increases monotonously with the frequency in the
measured range (figure B.30). The critical frequencies of the samples are calculated to be
212Hz and 502 Hz for the low resistive and the high resistive sample, respectively. Once
again, the solid and the dashed line represent the calculated loss. The high resistive sample
was also characterized by AC Hall-scans. Thus, the calculated losses from the scans according
to (B.7) are indicated in figure B.30 by red triangles as well. The higher resistive connections
lead to a higher critical frequency and therefore to a different frequency dependence of the

loss.

Figure B.31 shows the loss in the low resistive sample in the entire field range. The strands
are again fully penetrated at about 26 mT. At higher fields, the frequency dependence be-
comes less pronounced once the coupling currents reach I. and therefore the resistivity of the
superconductor becomes more important for the coupling losses. At the highest fields, the

loss in the coupled sample is /2.5 times higher than the loss in the uncoupled samples. This
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Figure B.30: Frequency dependent loss at 2mT. The blue solid and the green dashed line
represent (B.34) for the low resistive and the high resistive sample, with Qhyat”
added. The full circles and triangles correspond to the CFM measurements

whereas the red open triangles to the loss measurements with the AC Hall-scan.

is beyond the upper loss limit of 2.89 calculated from (B.48). The loss of the high resistive
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Figure B.31: Loss/length and loss-factor CFM-measurement of the intermediately long low
resistive samples. Solid symbols refer to the coupled sample and open symbols
to the insulated sample.

sample, shown in figure B.32, never enters the high field regime, as the coupling current is
restricted by the higher connection resistivity. For higher fields, the frequency dependence is
therefore the same as in low fields, because of the negligible influence of the power law on
the coupling currents. The loss in the coupled sample at the highest frequency is ~3 times
higher than the hysteresis loss. Once again, this value is slightly below the calculated upper
loss limit of 3.17.
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Figure B.32: Loss/length and loss-factor CFM-measurement of the intermediately long high
resistive samples. Solid symbols refer to the coupled sample and open symbols
to the insulated sample.

B.6.3 Long sample

At 2mT, the loss peak appears at the critical frequency (figure B.33(a)). The loss first
increases with frequency up to about 90 Hz before the loss decreases again. The calculated
critical frequency is 95Hz. Once more, the loss evaluated from the AC Hall scan is in close
agreement with results obtained from the calibration-free method.

Contrary to low fields, the loss increases with frequency and no maximum is observed at
the higher field of 50mT. The high field assumption (B > B)) is not fulfilled at this field.
Nevertheless, the magnitude of the calculated loss (blue line) is in close agreement with the
measurements, whereas the frequency dependence is not as pronounced as in the measurement.
The results from the AC Hall scan underestimate the loss. Since the eddy currents of the
copper bridges are not considered in the AC Hall scan evaluation, this could explain the
slightly smaller losses. Furthermore, the calculated loss assuming a constant J. according to
(B.45) is illustrated.

Figure B.34 shows the frequency and field dependent losses obtained from the CFM. Due to
the large area, the induced voltage is the highest in this sample. Therefore, the long sample
shows the best indication of reaching the high field regime. For fields slightly above B,
the “resistivity” of the superconductor becomes dominant. At about 20mT, the frequency
dependence changes (see B.34(b)). Because of the shift of the critical frequency to higher
values, the loss increases monotonously with increasing frequency at higher fields, as previously
shown in figure B.33(b). The loss of the coupled sample at the highest measured fields is about
3.4 times higher than the hysteresis losses. This value is slightly above the calculated upper

limit of 3.29. The slight excess of the real loss compared to the calculated upper limit could
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Figure B.33: Frequency dependant loss of the long coupled sample. The solid lines refer to the
calculations from the (a)low field model and the (b)high field model, whereas
the cyan solid line represents the coupling loss calculation with a constant J, ac-
cording to (B.45). The blue line with rectangular points represents the numerical
calculation according to (B.44). J. in (B.45) was taken from Jy in (B.49).
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The cyan solid line represents the coupling loss calculation with a constant J,.
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B Coupling losses in different geometries

be caused by the slightly larger width of the strand of the coupled sample (2.1 mm) compared
to the insulated sample (2.05 mm).
The hysteresis loops for a maximum applied field of pgHo=2mT and pgHe=50mT are

shown in figure B.35. The maximum magnetic moment per unit length increases with fre-
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Figure B.35: Hysteresis loop of the long coupled sample obtained from AC Hall scans.

quency for poHo=2mT. Nevertheless, the area of the hysteresis loop, and therefore the loss,
is the highest at 89 Hz, due to the phase shift of 45° of the coupling current. Since the applied
field is smaller than the penetration field, the magnetic moment does not saturate.

For p1gpHop=50mT, the magnetic moment and the loss increase with frequency. A saturation
of the magnetic moment is expected at the penetration field (=20 mT), if the critical current
were independent of the applied field. In fact, the magnetic moment per unit length decreases
significantly due to the field dependence of I. above the penetration field. Note that the cou-
pling current causing the magnetic moment per unit length is higher than the critical current
I.(B).

Figure B.36 shows the time dependence of the loss evaluated from the AC Hall scans. Contrary
to the calculated coupling losses for low fields in figure B.11, the AC Hall scan measurements
represent the entire losses (coupling and hysteresis losses). Nevertheless, as the hystere-
sis losses are at least by one order of magnitude smaller at frequencies between 20 Hz and
550 Hz (see figure B.33(a)), the measurements for pyHo=2mT represent especially the cou-
pling losses. One also finds close agreement between the time dependent measurements and
the calculations (see figure B.11). The magnitude is only higher at 4.5 Hz. On the other hand,
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Figure B.36: Time dependent power of the long coupled sample obtained from AC Hall scans.
toHo=2mT (top) and pyHo=50mT (bottom).

the integral over the time period and therefore the loss @ is in very close agreement with
the calculation, as shown in figure B.33(a). With increasing frequency, the reactive loss also
increases, as indicated by the negative values. At 535 Hz, the reactive loss dominates.

At high fields the power law of the superconductor already plays a dominant role in the
measured frequency range up to 176 Hz. The time dependent loss is in most cases of an
“ohmic” nature. The coupling losses are about three times higher than the hysteresis losses

of the insulated strands (see figure B.33(b)) at these frequencies.

B.7 Prospects for coupled Roebel cables and conclusion

The problems discussed in this chapter will not occur “one to one” in an assembled Roebel ca-
ble. Nevertheless, they help to explain cable coupling mechanisms. The following section will
describe the coupling losses in an assembled cable based on our knowledge from the previous
sections. Coupling is only considered between neighbouring strands. Figure B.37 shows the
stepwise assembly of a five strand Roebel cable. In a two strand Roebel cable (figure B.37(a)),
the coupling losses of a twist pitch are identified by two Roebel loops. Due to the twisted
structure of the Roebel cable, the coupling currents in one strand flow oppositely in neigh-
bouring loops. In strand 1 (red current), the current flows to the left in the left loop and to the

right in the right loop. Hence, no net coupling currents flow over the entire length of the cable.

Using a third strand (figure B.37(b)) does not change much. Strand 2 (green) and strand
3 (blue) are able to form coupled loops as well as strand 1 (red) and strand 2 (green). Since
strand 2 is in between the two other strands, it does not form additional loops even with more

assembled strands. Yet again, neighbouring currents flow oppositely and therefore the net
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Figure B.37: Coupling currents in a five strand Roebel cable. Dashed lines indicates currents
flowing not on the top strand. The colour code of the currents denotes the strand
in which the current is flowing. (red) strand 1, (green) strand 2, (blue) strand
3, (brown) strand 4, (violet) strand 5

current from left to the right is zero. In low fields, the strands without local coupling currents
(i.e. strand 3 above strand 2 (green dashed line) in the outer most left coloured loop in figure
B.37(b)) will shield the strip with intrinsic shielding currents and therefore a slight influence
of such sections is expected. Nevertheless, the influence of the small intrinsic currents should
be small when compared with the coupling currents at low fields. Hence, the loss is about
four times the loss of the single loops in one twist pitch.

At high fields, where full penetration of the field is expected, the closed loops dominate and
therefore the loss per twist pitch should be deduced again from the four single coupled loops.

The situation changes drastically if a fourth and a fifth strand are assembled. Here, the
transverse parts are below the gap enclosed by the coupling currents. Figure B.37(d) shows
the most dense situation. For low fields, the transverse parts will partially shield the field
inside the gap and therefore will interact with the flux focusing effect. If the field is low
compared to the penetration field, the flux might be expelled from the gap, if the transverse
part covers the whole area. Hence, no coupling currents can be induced and therefore no
coupling losses will occur.

The situation is different if the transverse part does not entirely fill the space of the closed
loop (see figure C.1 on page 65). Here, the flux shielded by the transverse part shifts inside a
Roebel loop and the situation is similar to the two-strand Roebel loop. Therefore, a frequency
dependent loss occurs. Furthermore, due to the combination of different loops which shield

the same area, the interplay between the single Roebel loops has to be considered.
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In the high field regime, the intrinsic shielding would have no effect. As two current loops
shield the same area, they have to interact somehow. In the five strand Roebel cable, there
are always top loops and bottom loops, as indicated by the dashed and the solid lines in figure
B.37(d).

Note also that the penetration field depends mainly on I.. Therefore, the low field case
would allow much higher fields at lower temperatures. At 4.2 K the critical current density
of a coated conductor is about 2-10"" Am~2. Hence, the penetration field of the Roebel loops
would be about 200 mT.

However, the situation in a fully assembled Roebel cable is somehow related to the single
Roebel loops, due to the complete transposition of the strands and the oppositely flowing
coupling currents in a single strand.

In the low field regime, the width of the tapes play a crucial role, since the effective area in
Ay in (B.27) depends on them and A;; is squared in (B.34).

The situation is similar at high fields. Again the width of the tape appears squared in the
loss calculations in (B.44) (Aprw).

The use of small filaments and the reduction of the gap width and length should decrease
the coupling losses in the Roebel cable. These conditions are in good agreement with the
methods used in the CICC cables to reduce the AC losses. However, in thin film loops the
local field at the inner edge will be significantly enhanced due to the flux focusing effect in a
narrow gap. Therefore, the field penetrates from the inner edges and a kind of effective gap
width will occur. This gap width depends mainly on the applied field and I. of the strands.
In other words, the reduction of the geometrical gap width, is limited by this effective gap
width.
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C Homogeneity, current- and

field-distribution in single Roebel strands

The main aim of this chapter is to take a closer look at the homogeneity of different Roebel
strands (see also [42]). Assembly and preparation techniques as well as defects in the under-
lying coated conductor material influence the quality of the Roebel strands.

Two different techniques were used to characterise the homogeneity of the samples: the
contact free magnetoscan technique [43] and a method to measure the local self-field of the
tape under current flow. With an inversion algorithm [44], the local current flow was visualised.
From the latter method, the field and current penetration in single Roebel strands could be

evaluated and will be discussed in sections C.3.2 and C.3.3.

C.1 Samples

Two different Roebel strands (w=2mm and w=5.5mm) were used. Two 5.5 mm wide samples
were provided by the Karlsruhe Institute of Technology (KIT). One of these tapes was striated
and already discussed in the previous chapter. A detailed description of the striated tape can
be found in section B.1.2 and in [20]. Both KIT strands were punched from SuperPower
2G-HTS-SP12050 YBCO coated conductors. This tape does not have a copper stabiliser
on the silver layer. Due to the absence of a stabilisation layer, the IV-curve of the sample
was only measured up to a 0.4V /cm criterion. Extrapolating the data by the power law
E=E.(I/I.)" with E. =1V /cm results in a critical current of 134.1 A. The n — value was
31 and the distance between the voltage contacts was 110 mm. The width of the tape varies
from 5.35mm to 5.5 mm between the voltage contacts.

The 2mm wide sample, provided by Industrial Research Limited (IRL), is a single strand
taken out of a 5/2 (5 strands, 2mm width) Roebel cable. It was made of a SuperPower 2G-
HTS-SCS12050 YBCO coated conductor. This tape is coated with a 20 yum copper stabiliser
on both sides. The cable manufacturing process is described elsewhere [19]. The end-to-
end critical current of the single strand evaluated at a 14V /cm criterion is 35.9 A and the
n — value is 22. The width of the tape varies between 1.68 mm and 1.93mm. The distance
between the outer voltage contacts was 72mm. The distances of the voltage contacts on the
crossover part, the left straight and the right straight part were 4.2mm, 4.0 mm and 4.6 mm,

respectively.
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Figure C.1 shows an assembled cable made from the 2mm sample.

Figure C.1: IRL 5/2 Roebel cable

C.2 Experimental details and evaluation

C.2.1 Magnetoscan measurements

With the magnetoscan technique developed at the Atominstitut [43], a very fast and accurate
characterisation of long-length coated conductors is possible. Figure C.2 shows a schematic

view of the set-up. The whole part is immersed in liquid nitrogen and has therefore a temper-

Figure C.2: Sketch of the magnetoscan set-up taken from [45]

ature of 77 K. A cylindrical magnet with a height and diameter of 5mm is mounted 7.5 mm
above a coated conductor corresponding to an applied field of about 50mT at the sample
surface (yellow cylinder in figure C.2). A Hall probe is assembled in a stainless steel scaffold
below the magnet ~0.2mm above the sample. The Hall probe measures the local magnetic
field in z-direction caused by the induced super-currents and the applied field. As shown in
[45], the detected local field B,(x,y) is closely related to the local critical current density
Jzy(x,y) and therefore provides evidence for the local quality of the coated conductor. Scan-
ning the whole sample in x- and y-directions at a fixed z-position gives a descriptive picture
of the homogeneity of the tape. The spatial resolution of the Hall map is typically 0.2mm
in z- and y-directions. Figure C.3 shows the whole set-up with further details. The Hall
probe is fed by a standard current source with 10 mA and the Hall voltage is measured with
a Keithley 2700 multimeter. The multimeter and the xyz-table are controlled by a PC using

a home-written software.
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Figure C.3: Scanning set-up. (A) Rod with the Hall probe at lower end, (B) xyz-table, (C)
large dewar with an AC coil inside, (D) small dewar for magnetoscan and Hall
scan measurements under current flow, (E) measuring equipment and PC.

C.2.2 Hall-scan measurements under current flow

Figure C.4 shows the self-field scan set-up and the coordinate system used.

Figure C.4: Set-up for measuring the self-field of a coated conductor and coordinate system.
The single strand was fixed on the left and right side with the current connectors
as well as with Kapton tape. The left current connector can move in z-direction
to provide stress free cooling. After cool down, the connector was fixed by two
SCrews.

The Hall-scan set-up is similar to the magnetoscan set-up without a permanent magnet.
The Hall-sensor again detects the field component perpendicular to the sample surface (B.,).
In order to measure the self-field of coated conductors under current flow, the conductor is

connected to cables of a 300 A current source via pressed indium contacts. Voltage contacts

66



C Homogeneity of Roebel single strands

were made with silver paste. The PC shuts down the current source, when the detected
voltage on the sample exceeds a critical value. Critical transport currents were also measured
with these voltage contacts. The sample was always immersed in liquid nitrogen during
the measurements. Therefore, the temperature was stable at around 77 K. The 5mm wide
sample was fixed with Kapton tape and the Hall-probe holder was moved in the z-y plane in
contact with the Kapton tape. Hence, the distance between Hall-sensor and superconductor
was constant at about 150 um. The 2mm sample was scanned with the Hall-probe holder at
about 50 to 80 um above the conductor.

The calculations of the local current density distribution in two dimensions (J,,Jy) from
the Hall-map were done by a computer algorithm for the inversion of the Biot-Savart law
[44]. This algorithm was programmed for samples in the remanent state with no currents
flowing outside the scan area and does not allow current sinks or sources at the boundaries.
The currents flowing into and out of the scan area lead to artefacts, i.e. currents flowing near
the boundaries of the map (not shown in figure C.12), closing the postulated current loops.
However, these artificial currents rapidly decay towards the centre of the matrix. Nevertheless,

this problem will have to be solved in the future.

C.3 Results and discussion

Unlike a few years ago, state-of-the-art long-length coated conductors show very smooth mag-
netoscan images in accordance with homogeneous conductors. Therefore, the homogeneity of
pristine coated conductors will not be discussed in this chapter. Nevertheless, a magnetoscan
image of a 4 mm SuperPower SCS4050 tape similar to the 12 mm SuperPower SCS12050 tape
used for the Roebel strand samples in this chapter is shown in Figure D.31(a) on page 116.
Due to punching processes or mechanical treatment during the fabrication of Roebel strands,
the superconducting layer can be locally destroyed. Local inhomogeneities were detected by
short-length four-point measurements, magnetoscans and Hall scans under current flow. As
the last method gives additional information about the physics in the Roebel strand, it is
discussed in more detail in C.3.2 and C.3.3.

C.3.1 Homogeneity
IRL - 2 mm strand

A Roebel single strand from the 5/2 (5 strands, 2mm width) Roebel cable was used for the
characterisation. The width of the conductor varied from 1.77mm to 2.17mm, as shown
in figure C.5. Note that the regions labeled A-E in figure C.5 also mark the regions where
transport measurements were performed.

From the different geometrical cross-sections (different widths), one expects that the critical
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Figure C.5: Variation of the width of the single strand

current in the left parallel section should be significantly lower than that of the right parallel
section of the single strand. This was confirmed by the magnetoscan and the transport
measurements. The magnetoscan images (figure C.6 and C.7(a)a) indicate the lower I. by

the lower field signal on the left side.

0 0.5 1 1.5 2 2.5
B (mT)

Figure C.6: Magnetoscan of the entire sample

The results of the critical currents obtained by transport measurements in the regions B and
C show a degradation of I. by 15%, whereas the critical current density remains unchanged
(see also figure C.8). On the left and the right side of the geometrical reduction, the tape looks
homogeneous, as shown in figure C.7(a). No larger defects were located in this region. The
current calculations from the Hall-scan (figure C.15(b)) show the bottleneck in the parallel
section in more detail. The current density is significantly larger on the left side, due to the
reduction of the geometrical cross section.

Comparisons between the magnetoscan profiles of the left transverse and the parallel section
(figure C.7(b)) indicate a defect in the left corner. The local current calculations from the
self-field confirm the magnetoscan measurements (figure C.15(a)). Furthermore, they show
that the defect is located at the upper edge of the left corner. The current has to bypass
the defect on the lower side and therefore the current density increases close to the outer left

corner of the tape. This defect is also the limit for the overall critical current.

68



C Homogeneity of Roebel single strands

y (mm)
y (mm)
A Lo wn

55 1 15 2 02 04 06 08 1 12 1.4 16
B(mT) B(mT)
(a) parallel section (b) left transverse section

Figure C.7: Magnetoscan of the IRL 2mm tape

Magnetoscan and local current calculations indicate that the critical current or the current
density do not depend on the direction. Four-point measurements in region A and B confirm
these results.

The overall critical current was found to be 35.9 A. This is equivalent to 82% of the maxi-
mum critical current in region C (43.7A).

Geometrical effects based on the manufacturing process are the major reason for the change
of the critical current along the length of the sample. The difference in the cross-section leads
to a degradation of the critical current by 15%, while the defect at the inner-left corner
influences I.. only by additional 3%. The degradation over the entire sample is therefore 18%.
A variation between the current density in the parallel and the transverse section was not
observed. Striation of this particular strand would lead to a further decrease of I.. The
currents would not be able to bypass the defects within the superconductor, especially in the
transverse section. Striation requires an overall improvement of the homogeneity. In this

particular strand, the defects are more pronounced in the transverse section.

KIT - striated 5.5 mm strand

Magnetoscan images of the striated Roebel strand show a clear separation of the supercon-
ducting layers between each filament. Nevertheless, an defect in the pristine tape seems to be
responsible for a reduction of the local J. at £ =40 mm and y =3 mm in figure C.9. Currents
are unable to flow around this defect, due to the striation. Hence, this local inhomogeneity is

a weak spot in the strand.
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Figure C.8: Transport measurements on a single strand. Regions A-E refer to the positions
shown in figure C.5
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Figure C.9: Striated Roebel strand from KIT

70



C Homogeneity of Roebel single strands

C.3.2 Field distribution

The 5mm wide sample was scanned under currents of 30 A, 60 A, 90 A and 120 A (0.22, 0.45,
0.67 and 0.89 times I.) as well as in the remanent state after shutting down the current source.
Figures C.10(a)-C.10(c) show the field maps at 30 A, 120 A and in the remanent state. The
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Figure C.10: Field penetration for different currents. The vertical lines mark the position of
the field profile at x=8.6 mm shown in figure C.11

field profiles of the straight part are plotted for all measured currents in Figure C.11.

The field penetrates with increasing current from the edges to the middle of the sample.
Note that the field in y - direction |B,| is not detected in our measurements. With decreasing
current, the field changes at the edges, whereas the pinned field in the centre remains constant.
This behaviour is well described by the critical state theory for thin films [35][46]. The same
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Figure C.11: Field distribution at x=8.6mm. The solid vertical lines mark the edges of the
sample.

effects take place in the crossover section, but also an enhancement of the field at the inner
corners and a corresponding reduction at the outer corners. This geometrical effect was

confirmed by simulating a homogeneous current distribution flowing along the Roebel strand.

C.3.3 Current distribution calculated from the field distribution

Figures C.12(a)-C.12(c) show the calculated current distributions for different applied cur-
rents. The current starts to penetrate from the edges and surfaces. In the following, currents
penetrating from the edge are denoted as edge currents, and currents penetrating from the
top and bottom surfaces are denoted as surface-currents. In infinitely thin films, the self-field
produces a discontinuity of B, between by top and bottom surface. Therefore, a (sub-critical)
current is also flowing in the middle of the sample close to the surfaces from the beginning
[35][46]. At 30 A (Figure C.12(a)) the main part of the current is flowing along the edges of
the sample. The edge-currents flow parallel to the edges in the straight part. In the crossover
section the surface-currents change their direction later than the edge currents leading to a
non parallel configuration between edge- and surface-currents as indicated by the arrows in
Figure C.12(a). Close to I, (Figure C.12(b)) the current is nearly homogeneously distributed
over the cross-section and therefore flows parallel to the edges. The actual width of the tape
is 5.5mm on the left straight section, 5.4mm on the crossover section and 5.35mm on the
right straight section. The current density in the crossover and the straight right section is
nearly the same. On the left straight part, the current density is slightly lower than on the
right straight part due to the larger geometrical cross section. Between the inner and outer
corners at the ends of the crossover section, a minimum of the current density occurs, which
is caused by the larger cross-section along the line connecting the inner and outer corner.
With decreasing current, the change of the self-field starts at the edges and at the surfaces
of the sample (see also figure C.11 - remanent field curve). The derivative of the field changes

sign and internal currents flow backwards at the edges and close to the surface, decreasing
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Figure C.12: Current penetration into the two dimensional structure at different applied trans-
port currents. The plots show the absolute local current density. The white
arrows in panel (a) are parallel to the direction of the current close to the edges,
whereas the black arrows show the current direction of the currents in the middle
of the tape. Note that the size of the arrows does not have any physical meaning.
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Figure C.13: Cross section of the two dimensional current distribution at x=8.6mm. The
solid vertical lines mark the edges of the sample.

the net current through the sample. In the following we define the remaining forward flowing
current in the core as core-current. The backwards flowing surface-currents change their
direction in the crossover section again later than the currents in the core. Our algorithm
evaluates the current flow in a two dimensional structure and does not distinguish between
currents flowing close to the surface and those in the core. Therefore, the backwards surface-
currents cannot be seen directly in the plots, but they have two effects on our calculations for
the remanent state. Firstly, the backwards flowing surface-currents decrease J over the whole
cross-section. In the remanent case, the current is made up by the core-current compensated
by the backwards flowing surface-current. Figure C.13 shows the distribution of the current
component in forward-direction (—J;) in the straight part. Secondly, a forward-current, which
is not parallel to the edges anymore and originates from the difference in the directions of the
surface- and core-currents mentioned before. Figure C.14 shows the remanent current at the
right end of the crossover section. The non-parallel configuration can be seen very clearly.

In order to support our scenario, we subtracted the matrix of the current distribution at
60 A two times from the current distribution at 120 A, which formally leads to the remanent
state. The resulting current distribution is indistinguishable from that calculated by the
Biot-Savart inversion.

The current distribution of the whole conductor in the remanent state is shown in Figure
C.12(c).

C.3.4 Local defects

Self-field measurements and the Biot-Savart inversion are suitable for showing defects in coated
conductors. Small defects in the 5 mm wide sample occur between z =10 and 15 mm, leading
to a smaller current density (see figure C.12(b)). For demonstration purposes, we investigated
a faulty 2mm Roebel strand. The measurements were performed at 33 A (equivalent to 0.92

I.). The current distribution around a defect located in the inner-left corner is illustrated
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Figure C.14: Current flow at 0 A (remanent) in the crossover section. The initial current was
flowing from right to left. Due to the different angles of the surface-current and
the core-current the forward-current does not seem to flow parallel to the edges
anymore.
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in figure C.15(a). No damage in this region was visible by optical inspection of the strand
surface. This defect was either present in the unpunched coated conductor, or caused by the
strand manufacture. FEM calculations show that the peak Von-Mises strain occurs in the
region of the inner radius [47] if axial strain is applied to the strand. Since the defect is in this
region, it is likely that the defect was caused by overstraining the strand. The current has to
bypass the defect on the lower side and, therefore, the current density increases close to the

opposite corner of the tape. Figure C.15(b) shows the current-flow near the reduction of the
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(a) A defect at the inner left corner leads to an (b) Due to a reduction of the cross-section the cur-
enhancement of the current density close to the rent density is increased in the left section.

opposite edge.

Figure C.15: Current flow close to local defects.

tape width due to a misalignment of the punching machine. The current density on the left
part is significantly higher due to the reduction of the geometrical cross-section.

Comparing C.15 and C.7 shows good agreement between the contact free magnetoscan
technique and the Hall scans under current flow.

We determined a reduction of the overall I. by 18% due to these defects with conventional

four-point measurements.

C.4 Conclusion

Two major bottlenecks were identified in the 2mm single Roebel strand from both magne-
toscan and Hall-scan measurements. One was caused by a punching misalignment resulting in
different strand widths in the straight part. The other was likely to be caused by the applied
tensile stress during the production process (defect at the inner left corner).

The single filaments of the 5 mm striated strand were well separated, but one local inhomo-

geneity was found. It is suspected that this defect was already present in the coated conductor

before laser scribing.
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Self-field measurements under current flow were performed successfully on single Roebel
strands. Field and current distributions in the straight part agree with the critical state
theory of thin films. A slightly different behaviour for currents penetrating from the edges
and currents penetrating from the top and bottom surfaces was found in the transverse section
of the strand. This results in a non-parallel current flow in the crossover part of a single Roebel
strand. The local properties of the conductor can be detected with high-resolution Hall-scan
measurements under current flow. Therefore, this technique is very promising for finding

problems in the production process of Roebel assembled coated conductors.
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D Influence of neutron irradiation on

coated conductors

As discussed in Chapter A, fast neutrons will reach the superconducting coils of fusion devices.
The influence of neutron irradiation on various properties of a coated conductor are the main
topic in this chapter.

Characterisation of fast neutron irradiated coated conductors has a long history at the
Atominstitut in Vienna. The results in section D.3 continue previous studies by René Fuger
[3] and Michal Chudy [4]. Section D.4 presents the world’s first tensile stress measurements
on irradiated coated conductors. The set-up for these measurement was developed in this

work. Therefore, the set-up is described in more detail in D.2.4.

D.1 Samples

In 2009, the largest manufacturers of commercially available coated conductor were:

SuperPower Inc., a subsidiary of Furukawa Electric Co., Ltd. (Japan) located in
Schenectady, NY, USA [48]. Note that SuperPower was a subsidiary of Philips Holding
USA until February 2012.

American Superconductor (AMSC) located in Devens, MA, USA. [49]

Bruker EST (formerly European High Temperature Superconductors GmbH
EHTS), located in Alzenau, Germany. [50]

State-of-the-art coated conductors characterised in this work were manufactured either by
SuperPower or AMSC. Unfortunately, Bruker EST did not provide us with their newest
samples in 2009. Nevertheless, irradiation studies of older Bruker (EHTS) tapes are avail-
able and were presented in [3| and [4]. Other companies, such as Theva (Germany), Fu-
jikura Ltd. (Japan) [51] and SuUNAM (Korea) have demonstrated their ability to produce high-
performance coated conductors as well. Laboratories such as LANL (U.S.), KERI (Korea) and
ISTEC (Japan) manufacture high-performance coated conductors for R&D, but do not sell
them commercially.

The highest critical current per conductor width of the samples from 2009 used in this
work, was reached in the GdABCO-SuperPower tape. It was about 360 A/cm at 77K in self-
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field with a superconducting layer of 1 ym thickness. In 2011, the KERI-laboratory in Korea
presented a short length SmBCO tape with 1530 A/cm and a superconducting layer of 5 ym
at the EUCAS conference 2011. SuperPower presented a Zr:GdAYBCO tape with 961 A /cm
[11]. The superconducting layer is 2.8 pm in this sample.

The two most prominent manufacturers of Roebel cables are:

o Karlsruhe Institute of Technology (KIT) in Germany (formerly Forschungszentrum Karl-

sruhe)
e Industrial Research Limited (IRL) located in Wellington, New Zealand

The Karlsruhe group originally introduced the Roebel technique to HTS coated conductor
[17] and use automated punching and laser scribing methods for cutting and striating single
Roebel strands. The assembly of the final Roebel cable is done by hand. In 2010, IRL
showed the feasible production of long-length Roebel cables with an automated punching and

assembly manufacturing process [19].

D.1.1 SuperPower SCS4050

The SuperPower product code SCS4050 means:
e Superconductor with Copper Stabilisation
e 4mm width
e 50 um thick Hastelloy®) substrate

The Hastelloy substrate forms the basis of the whole tape. In order to achieve a smooth and
clean surface, the substrate is prepared by electro-polishing. An IBAD (Ion Beamed Assisted
Deposition)-MgO template generates the bi-axial texture for the superconductor material.
The GABCO layer is deposited by MOCVD (Metal Organic Chemical Vapour Deposition).
Lastly, the superconductor is electrically stabilised by a sputtered silver layer and surrounded
by electro-plated copper. Figure D.1 shows the architecture and dimensions of the tape.

In our sample of the SCS4050, the use of the rare earth element gadolinium (Gd) results
in a superconducting layer made of GdBayCuszO7_5. SuperPower often over-dope their RE-
content (Gd-content) in order to form RE;Os nano precipitates. These precipitates align
more or less parallel to the a,b-plane [14] and form pinning centres. Furthermore, the higher
RE-content suppresses the formation of undesired CuO and BaCu304 phases. In anisotropy
measurements, this results in an unsymmetrical behaviour with respect to the c-peak.

Seven stable isotopes of Gd exist. The neutron absorption cross-sections of the five isotopes
with the highest natural abundance are shown in Figure D.2.

At thermal energies, the neutron absorption cross-sections of 1°*Gd and ®7Gd are approx-

imately five orders of magnitude higher than that of yttrium (black line). In the epi-thermal
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Figure D.1: Architecture of the SuperPower SCS4050 tape. The picture is taken from [48]-
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Figure D.2: Neutron absorption cross section o(n,7y) of various stable gadolinium isotopes and
yttrium. The abundance is written in brackets next to the isotope. The data is
taken from [52].
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region (E < 0.1 MeV), resonances occur over a wide energy range, including lower energies
than for yttrium. Furthermore, resonances have at least one order of magnitude higher am-
plitudes in gadolinium at ~ 10keV. From the neutron absorption cross-sections, it is clear
that high fluences could influence a GdABCO conductor in a different manner than an YBCO

conductor. Results presented in the following will confirm this expectation.

D.1.2 SuperPower SCS 4050AP

The architecture of the SCS4050AP (Advanced Pinning) tape is similar to that of the SCS4050.
Additional artificial pinning centres containing RE and Zr have been introduced in order to
increase the pinning efficiency of the tapes. The superconducting layer partially contains Gd
and Y. The detailed content of Y and Gd is unknown for our sample. In earlier publications
SuperPower used a Zrg 0s5Gdo .65 Y0.65BaaCusO7 composition [14]. As previously mentioned,
the RE:Ba:Cu ratio of 1.3:2:3 (instead of 1:2:3) results in abundant nanometre-sized precipi-
tates of RE9Og3. The additional Zr content forms BaZrO3 nano-columns during the MOCVD
process. TEM images of such samples [14] show BZO nano-columns oriented primarily along
(but with a certain splay) the c-axis. RE9Os nano-precipitates have an average size of ~
9nm. The RE2O3 nano-particles self-align in planes nearly parallel to the a,b-planes of the

superconducting matrix.

D.1.3 AMSC 344C

American Superconductor uses the low cost RABITS™ /MOD (Rolling Assisted Bi-axially
Textured Substrate/Metal-Organic Deposition) process to manufacture HTS coated conduc-
tors. The samples used consist of a 75 um Ni 5 at.%W alloy as a substrate coated with 75nm
epitaxial buffer layers made of Y203, YSZ and CeOs. The NiW substrate is textured and
the buffer layers are deposited by sputtering. The approximately 0.8 pm thick YBayCuszOr7_s
layer is grown by MOD on the buffer. Finally a silver layer is deposited on the top. Depending
on the application, different stabilisers (copper, stainless steel or brass) are soldered onto the
HTS-strip. Figure D.3 shows the architecture and figure D.4 the cross-section of the final
tape.

Similar to SuperPower, AMSC introduces nano-particles during the the MOD process. The
detailed composition of the superconducting layer is unknown to author. A composition of
Dyo.5Y1BagCuzO7 for AMSC tapes is reported in [54]. The additional content of a RE(Dy)
forms nano-dots (size 10-100nm) of RE203 and REoCus05 during the MOD process [13].
Furthermore, it has been shown that increasing the Er content x in Er,Y;BasCu3zO7 from
zero to 0.5 decreases the ratio J.(H|a,b)/J.(H]||c) from 4.5 to 1.2 at 3T and 65 K. The ratio
in our AMSC samples was about 1.4 at 3T and 64 K. Therefore, a higher RE content can also

be expected in this samples.
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Figure D.3: Architecture of the AMSC 344 tape according to [49].
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Figure D.4: Cross section of the AMSC 344 tapes. The picture is taken from [53].

The product code 344C means:
e 4.4mm width
e Copper stabilised tape

Note that in 2011 AMSC changed the name of the 344 wire to Amperium™-wire. Further
details of the manufacturing process of AMSC can be found in [53].

D.1.4 AMSC 344S

The 344S tape is manufactured as the 344C except for its stabiliser. Stainless steel is used in

the 3445 conductor in order to enhance its mechanical properties.

Table D.1 shows information provided by the manufacturers of the coated conductors. Table

D.2 gives details of the dimensions and introduces our internal sample labelling.
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Type I. at LN (A) Maximum rated ten- Maximum rated Manufactured
sile stress(MPa) tensile strain(%)

SP SCS4050AP 94 <550 0.45 2010

SCS4050 140 <550 0.45 2009

AMSC 344C 81 150 (at ~ 300 K) 0.21 2009

AMSC 344S 115 300 (at ~ 300 K) 0.3 2009

Table D.1: Sample data provided by the manufacturers

#Sample code Type Purpose  Thickness (mm) Width (mm) Length (mm)
SP12 SP SCS4050 TR 0.1 4 26
AC3 AMSC 344C TR 0.21 4.4 26
AS3 AMSC 3445 TR 0.29 4.4 26
SP15 SP SCS4050 AN 0.1 4 26
SPAP1 SP SCS4050AP AN 0.1 4 26
AC4 AMSC 344C AN 0.21 4.4 26
SPZ16 SP SCS4050 TS 0.1 4 50
SPZ5 SP SCS4050 TS 0.1 4 50
ACZ1 AMSC 344C TS 0.21 4.4 50
ACZ4 AMSC 344C TS 0.21 4.4 50

Table D.2: Dimensions of the sample. (Purpose code: TR TRansport measurements; AN
ANisotropy measurements; T'S Tensile Stress measurements)
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D.2 Experimental details and evaluation

D.2.1 Irradiation facility

All samples were irradiated in the TRIGA Mark II reactor of the Atominstitut / TU Wien.
The TRIGA-reactor is a research reactor of the swimming-pool type that is used for training,
research and isotope production (Training, Research, Isotope Production, General Atomic =
TRIGA). The reactor has a maximum continuous thermal output power of 250 kW. The fuel
is in the form of a uniform mixture of 8 wt% uranium, 1 wt% hydrogen and 91 wt% zirconium,
where zirconium-hydride is the main moderator. A detailed description of the reactor type
can be found in |55].

As already mentioned in chapter A.4, this reactor type provides a “simulation” of the ex-
pected neutron spectrum at the position of fusion magnets. Figure D.5 shows the reactor

and the core configuration. The flux densities for different neutron energies at the central
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(a) Photograph of the reactor core during (b) Core configuration according to [28].
operation. Picture taken from [55] ZBR marks the central irradiation facil-

ity. Note that the FLIP (Fuel Lifetime Im-
provement Program) and STEEL rods are
rearranged, meanwhile.

Figure D.5: TRIGA Mark-II reactor core at the Atominstitut TU Wien

irradiation facility were determined in [28] and are shown in table D.3.

The fluence ®-t for different energies is calculated by multiplying the flux density ® with the
irradiation time t and, vice-versa, the irradiation time can be calculated for a desired fluence.
As in [3]-[5], ®=7.6 - 10" m 257! was used for the fast neutron flux density in the central
irradiation facility. The samples in this work were irradiated for 36h 35min and 62h 22 min to
obtain the desired fast neutron fluences of 1.0 - 1022 m~2 and 1.7 - 10*2 m~2, respectively.

For irradiation purposes, coated conductor samples were sealed in a quartz tube slightly
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Energy range Flux density ® (m~2s~!) Standard deviation (%)
Total 2.1-1017 +5.7
Thermal (E < 0.55¢eV) 6.1-1016 +5.1
Fast (E > 0.1 MeV) 7.6 - 1016 +11.6

(E>1MeV 4.0 - 1016 +11.8

Table D.3: Flux densities in the TRIGA reactor at a power level of 250 kW [28].

larger than the sample. Afterwards the quartz tube was embedded in an aluminium container
and mounted in the central irradiation thimble (marked as ZBR in figure D.5(b)). After the
calculated irradiation time, the aluminium container was stored inside the reactor pool at half
height between core and water surface. Due to the high activity of the samples, approximately
six months had to pass until the container and the quartz tube could be opened. Typical
measured dose rates of the short samples after opening were ~0.1 mSv/h and 0.3 mSv/h at a
distance of 5cm for ® - t=1.0 - 102 m~2 and 1.7 - 10?2 m~2, respectively. Note that the time
between irradiation and opening of the quartz tube was longer for the less irradiated samples,
due to organisational reasons. The samples were stored in lead containers when not used for

measurements.

D.2.2 Transport and irreversibility line measurements in the 17 T-magnet

Transport and irreversibility line measurements for fields H||c and Hlla,b were performed
in the 17 T-magnet set-up. In this set-up, a superconducting NbTi-Nb3Sn composite coil
is mounted vertically in a helium bath. Samples with their surface orientated parallel or
perpendicular to the field are inserted with a sample rod from the top into the VT (Variable
Temperature Insert). A pump connected to the VTI lowers the pressure inside the VTI
and therefore helium gas flows from the liquid helium reservoir passing a heater, the sample
and the bus bars to the external gas reservoir. By controlling the heater power, the sample
temperature can be varied. Fields between zero and 15T were used in this work. A four-point
technique was used in order to detect the voltage at a given current. The current contacts
were realised with pressed indium contacts and the voltage contacts with spring probes. The

temperature was measured with a cernox sensor fixed close to the coated conductor.

D.2.3 Anisotropy measurements in the 6 T-magnet

Anisotropy measurements at intermediate fields (0-6 T') were performed in the 6 T-magnet set-
up. Figure D.6(b) shows the whole set-up. The set-up is equipped with a superconducting
split-coil magnet, which is mounted in the liquid helium bath generating a horizontal field. A
sample holder with a vertically mounted coated conductor can be inserted into the cold part

(VTI) of the set-up. Hence, the field is always perpendicular to the current and therefore
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Figure D.6: (A) Split coil cryostat with horizontal magnetic field, (B) extracted rotatable
sample rod, (C) cold part inlet, (D) control- and measurement-equipment

maximum Lorentz force acts on the vortices. The angle © between the c-axis of the tape and
the applied field H can be varied by rotating the sample rod between zero and 360°. Figure
D.6(a) shows this configuration. The temperature is varied similar by the 17T set-up. Four-
point measurements were again performed in order to measure the resistivity. The current
contacts were implemented by pressed indium contacts and the voltage contacts were glued
with silver paste. A Cernox temperature resistor was used to detect the temperature close to

the sample.

D.2.4 Tensile stress measurements
Set-up

A tensile stress set-up was developed in this work and drawn with the CAD software Solid
Edge. Afterwards, it was manufactured by the workshop of the Atominstitut. Finally the
entire set-up was assembled and operated in the laboratory.

Tensile stress measurements on irradiated insulating materials at liquid nitrogen tempera-
tures for fusion coils have a long tradition at the Atominstitut, but characterisations of critical
currents under tensile stress were not performed at our laboratory so far. The existing set-up,
equipped with a 100 kN load cell, is not suitable for four-point measurements.

From the start, the idea of extending the available set-up was considered not viable. The
main reason for disregarding a potential extension was based on the expectation of the max-
imum force applied to coated conductors being in the range of 1kN rather than 100 kN.

Therefore, a new set-up was designed with the further advantage of being positioned in-
between an existing split-coil rotating 1.4 T-electromagnet in order to measure anisotropy

under tensile stress. By the end of the first year of this PhD, the majority of the tensile stress
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set-up as illustrated in D.7(b), was ready for operation.

(a) Tensile stress set-up. (b) Tensile Stress In-
sert.

Figure D.7: Photos of the tensile stress set-up. (A) Tensile stress insert assembled in between
the electromagnet, (B) electromagnet, (C) dewar with cold part of the tensile
stress insert inside, (D) control and measurement equipment, (E) stepper motor,
(F) removable spring, (G) load cell, (H) connections, heating resistor, thermal
switch, safety spring, etc., (I) cold part

Many parameters had to be considered in the design process and will be described in the

following.

e One limiting factor of the set-up was the space between the two poles of the electromag-
net. The cold part, marked I in figure D.7(b), had to fit into this space and therefore
the maximum diameter of the scaffold was limited to 5cm. The maximum applied force
had to be 1kN. In order to reach this value, minimum diameters of the push and pull

rods were given as well, which also reduced the space.
e Currents of up to 300 A have to flow through the bus bars to the superconductor.

e Varying liquid nitrogen levels in the dewar would lead to periodic thermal expansion
and compression of the scaffold, and therefore on the sample, if push and pull rods

behave differently.
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e Setting a certain force with a stepper motor was considered as difficult, as the maximum
applied force is expected to be at an elongation of typically ~0.6% i.e. ~0.3mm in a

typical sample.

Several designs were visualised with Solid Edge and finally a set-up with the following key

properties was realised:

e The scaffold is used as bus bar. Therefore brass was considered the material of choice
for the cold part. The current flows over the pull rod (B in D.8(a)) to the upper part
of the removable carriage (C in D.8(a)). The sample is connected with pressed indium
contacts (E in D.8(b)) to the upper and lower part of the carriage, whereas the guide
rods (O in D.8(c)) are insulated from the upper part. Hence, the current flows through
the sample and back to the current source through the push rods (A in D.8(a)).

e The applied force is measured by a 2kN load cell (Tedea-Huntleigh 615MG) at room

temperature.

e The stepper motor is mounted on top with its rotation axis parallel to the pull and
push rods. With a trapezoidal thread the rotation is transformed to a translation along
the pull rod axis. A ball bearing between load cell and thread rod prevents the lower
parts from rotating. A spring is used to transduce the force between the stepper motor
and the pull rod.! Differences in the thermal expansion of pull and push rod could be
disregarded with this solution as well. The force is set with a stepper motor (Nanotec
ST5709M1808A) controlled by a stepper motor controller (RN-Schrittmotor).

e The sample is fixed in a removable carriage. This has the advantage, that an irradiated
samples could be mounted first in a laboratory equipped for radioactive sample manip-

ulation and finally assembled with the whole set-up in the low temperature laboratory.

o A Hall sensor detects the magnetic field parallel to the tape surface (L in figure D.8(c)).
The signal measured by this sensor is a sine function of the angle between the active area
of the sensor and the applied magnetic field. This data is used during the evaluation
process to calculate the correct angle (©) of the applied field. During the measurements,
the angular information is obtained from the stepper motor, which controls the rotation

of the electromagnet.

e The voltage contacts are glued with silver paste to the conductor (G in D.8(b)), allowing

small position rearrangements due to elongation.

After initial tests the following key features were added:

!Thanks again to Florian Hengstberger for this brilliant and simple solution.

88



D Neutron irradiation

K

(a) Front view (b) Front view without push (c) Back view without push
rods rods and an artificial cut-out

Figure D.8: Detailed CAD-images of the lower cold part of the set up. Note that wires and
cables are not depicted. Description: (A) Push rods, (B) pull rod, (C) removable
carriage, (D) bolts, (E) indium sheets, (F) PVC-washers, (G) voltage contacts,
(H) coated conductor, (I) voltage pins, (J) thermal switch, (K) heating resistor,

(L) Hall probe, (M) strain gauge, (N) reference strain gauge on reference coated
conductor, (O) guide rods
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e Tensile strain also needs to be measured. In order to measure the strain independently
of the temperature, a stress-free strain gauge was assembled close to the sample (N in
figure D.8(c)) on a small coated conductor of the same type as the measured sample.
Another strain gauge was glued directly onto the coated conductor with epoxy resin (M
in fig. D.8(c)), measuring the strain of the sample. Both strain gauges were attached
to a tunable Wheatstone bridge as shown in figure D.9. The equilibrium state at zero
applied strain was set with a precision potentiometer R.,;. The measured bridge voltage

is given by:

Vupp
%m’dge = sujp Y Ke (Dl)

where Vi1, is the DC supply voltage, K is the gauge factor given by the strain gauge
and ¢ is the applied strain. Strain gauges for cryogenic use (TML CFLA-3-350-11-4FA-
LT) were used in the set up with a gauge factor K = 2.05 &+ 1%. The tensile strain e

can be calculated from equation D.1.

e Heating resistors and thermal switches were placed at the bottom (K and J in figure
D.8(b)) and close to the current plugs (H in figure D.7(b)). After the last measurement
or after a fault, the computer program automatically starts a heating sequence for
controlled heating to room temperature. The thermal switches were placed in series
connection with the heating resistors protecting the sample from high temperatures.
The upper thermal switch opens at 50°C and the lower switch at 70°. The temperature

at the sample never exceed 40°C during the heating process.

e An accurate Pt100-Class 1/5 resistor was used to measure the temperature close to
the sample. The resistor was calibrated in the 17T set-up with a Cernox-resistor.
Nevertheless, the temperature had a constant absolute error of about -0.3 K during all
measurements when compared to reference data of liquid nitrogen. One reason for this
constant deviation could be a thermo-voltage, as the current was not reversed during
one measurement in the tensile stress set-up. However, as the deviation did not change
during all measurements and due to lack of time, the temperature sensor was not re-
calibrated.

e Liquid nitrogen can be automatically filled by a computer controlled magnet valve for
cryogenic use (Consarctic SOL DN6 AS R1/4" 24VDC). Two non-calibrated Pt100-
Class B resistors were used to detect low and high liquid nitrogen levels in the dewar.

Both resistors were insulated and mounted on a push rod.

e The connections above the cold part (H in D.7(b)) were mainly sealed with a PMMA
(Poly Methyl MethAcrylate also known as Plexiglas®) tube, surrounding the whole
upper part. This casing reduced freezing of air moisture on the set-up and especially

along the pull rod.
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V,

supply

Figure D.9: Electric circuit of the strain gauges

The whole set-up was controlled by a self-written python-framework which was developed
in this work and in [56][57]. The open source software Gnuplot [58] and the python binding
pyGnuplot |59 were used for visualising data during the measurements. In the programming
code, special emphasis was given on simplicity, traceability and the usage of open source
software. Nevertheless, to adopt the set-up, basic programming knowledge is required. In
order to keep the code small and simple, no code was written for unnecessary graphical user
interfaces.

In the course of a master thesis [57], an external USB-ADC/DAC card LabJackU6 [60] was
implemented in the set-up in order to set the field of the magnet. Furthermore, the existing
stepper motor controller was implemented to control a second stepper motor in order to rotate
the magnet.

The external USB-ADC/DAC card has been recently also used to control a self-built relay
box to switch the water valve for magnet cooling, the liquid helium valve and the heating
resistors. Furthermore, the four-point measurements of the liquid nitrogen level temperature
sensors were also performed with the external USB-ADC/DAC card using their internal fixed
current source.

The features of the entire set-up are summarised by input and output parameters in the

following table.
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Input parameters

Description

1

F

poH

S)

Water valve

LN valve

Heater

Current through the sample. Set by the 40 A or 300 A-current
source.

Force applied to the sample. Set via the first stepper motor posi-
tion to values between 0 and 1kN (tested up to 0.5kN).

Applied magnetic field. Set via the DAC-card to fields between 0
and 1.4T.

Field orientation. Set via the second stepper motor position to
angles between 0 and 230°.

Cooling water valve (open/close).

Liquid nitrogen valve (open/close).

Heats up the cold part of the set-up.

Output parameters

Description

o

Thr, TLr
Water flow

Voltage at the sample, measured by a Keithley 182 Nanovoltmeter.
Current through the sample, measured over a 0.1 shunt.
Temperature close to the sample, measured with a Pt100 resistor.
Magnetic field perpendicular to the sample surface, measured with
a Hall sensor.

Applied force, measured with a load cell.

Applied strain, measured with a Wheatstone bridge and strain
gauges.

Field direction, evaluated from the position of the stepper motor
and/or the Hall voltage.

Temperatures at the position of the liquid nitrogen level sensors.

Flow rate of the cooling water (flow / no flow).

Measurement loop

The complete characterisation at one fixed applied force is done within one measurement loop.

A loop starts by increasing the force stepwise from the relaxed state to the desired force. At

each step, the self-field I. is measured. Between each step, the sample returns to the relaxed

state and I, is re-measured. Hence, the dependence of the self-field I. on the stress/strain

as well as the stress-strain dependence, are obtained from these measurements. If the sample

does not enter the irreversible region, where the sample is irreversibly damaged, anisotropy

measurements begin after reaching the final force. Anisotropy measurements were performed
at 0.17T,0.2T,047T,0.6T, 1T and 1.4T. After the last measurement, the computer program

begins the heating process.

It has proved practical to begin the heating process no later

than 30 hours after the beginning of the measurement loop. After 30 hours, problems with
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ice formation along the pull rod can influence the measurements. One measurement loop
required approximately 44 h, including 18h of heating. Typically, anisotropy measurements
were performed at nine different forces, leading to a net measurement time of typically around

400 hours for one sample.

D.2.5 I.-Evaluation

The critical current was evaluated at a critical electric field E, = 1 uV/cm corresponding to
a critical voltage V. = [ E.. Here | denotes the distance between the voltage contacts. The

transition between loss free and dissipative phase can be described by the power law:

E I\"

S D.2

==(1) 02)
In (D.2), the voltage-current behaviour is characterised by the critical current I. and the

n — value. Both values were evaluated by fitting the measured data. Figure D.10(a) shows

an example.

15 dalfi ; Te.onset (2 T) =85.9

15
data +

Ryrans

R, . —

lo=32.78 e
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)
-
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0
0 [ e i |
T (2T) = 85.0
- - -0.5
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(a) V/I curve of the pristine tape SP12 at 77K  (b) Resistivity of an IRL Roebel single strand at
and at 1.5 T. The solid green line is the fit accord- 77K and 2.0 T. The dashed lines mark the lower
ing to (D.2). Note that a DC offset was subtracted  and upper limit for the fit of the transition.
before. The grey shaded area marks the region of
the fit.

Figure D.10: Evaluation of I, from a V/I curve and T,(B) from a transport measurement.

D.2.6 Irreversibility line and Tj},,.(B)-evaluation

The critical temperature (7¢(0) or just T¢) is defined as the transition temperature between the
normal conducting and the superconducting phase at zero field. In this work, the transition

temperature at zero resistivity evaluated from the transition tangent and denoted as Tj,..(B)
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is used for comparison. The evaluation is shown in figure D.10(b). T, was evaluated at the
same criterion as T;.- in zero field. T;,,. is associated with the irreversibility field B

The evaluated values T;,..(B) can be plotted versus the applied field. These plots are called
“irreversibility line”. The obtained data is presented in section D.3.2.

Besides the definition of Tj..(B) and T,—onset(B), figure D.10(b) shows the change of the
resistivity of a coated conductor with changing temperature. In the normal conducting region

(T > 86 K), the current flows mainly through the surrounding copper.

D.3 Results and discussion of transport measurements

D.3.1 Homogeneity of the tapes

In recent years, the long-length homogeneity of coated conductors has continuously improved.
A few years ago, the magnetoscan technique, discussed in chapter C.2.1, detected several de-
fects in coated conductors. All samples of state-of-the-art tapes used in this work, were shown
to be fairly homogeneous and no large defects were detected in the pristine samples. Figure
D.31(a) and D.32(a) on page 116ff. show magnetoscans of a SuperPowerSCS4050 and an
AMSC-344C tensile stress sample before testing. The signal in both samples was undisturbed
over their entire length, due to the high quality of the superconducting films. The difference
in the magnetic field between the two samples originates from the paramagnetic NiW-alloy
substrate of the AMSC sample, which amplifies the applied field from the permanent magnet.
This paramagnetic field of the NiW-alloy also enhances the AC losses. Hence, several groups
try to find non-paramagnetic alloys for the RABIiTS process. The field of the permanent

magnet field was subtracted from the local field B in the magnetoscan images.

D.3.2 Transport properties in the main field orientations at high fields (0 to
157T)

The measurements presented in this section were mainly performed in the 17 T-set-up using
the samples SP12, AS3 and AC3. Since AS3 and AC3 behave similarly, only AC3 is dis-
cussed in the following. The pristine samples were characterised before and after irradiation
to ® -t = 1022m~2. In order to compare these results with results at higher fluences, the
transport measurements on SP15, SPAP1 and AC4 (up to 6 T) are included. The samples
SP15, SPAP1 and AC4 were irradiated to a fluence of ®-¢ = 1.7-10%2 m~?2 and characterised in
the 6T set-up. All samples with the same first letters (e.g. SP12 and SP15) were taken from
the same spool and therefore the same pristine performance can be expected. Nevertheless, if
the data prior and after irradiation were not obtained from the sample, the fluence is marked

with an asterisk (*) in the figures of this section.
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At high fields (>1T), the critical current density depends mainly on the intra-grain cur-
rents, whereas the critical current in low fields depends mainly on the misalignment between
the grain boundaries in unirradiated coated conductors [15|[16]. As previously mentioned,
two main mechanisms can generally be expected from neutron irradiation. The first is a
reduction of the critical temperature T, due to oxygen displacements (point defects). The
second is an enhancement of the pinning efficiency due to the introduction of uncorrelated
pinning centres by fast neutrons. After irradiation J, is reduced in low fields and enhanced
at high fields (at sufficiently low temperatures where the 7, reduction does not play a role)
providing evidence that the inter-grain J, is reduced after irradiation, whereas the intra-grain
J. is enhanced. The latter is explained in a straight forward way by the enhanced pinning
due to the additional pinning centres. An accumulation of the mobile point defects at the
grain boundary and/or an enhancement of the local field at the grain boundary, due to the

enhanced intra-grain J. was suggested to be responsible for this reduction at low fields|[5].

At low temperatures, the pinning efficiency is higher, due to the smaller thermal energy.
In particular, smaller defects become more efficient at low temperatures and the enhancement

of J. is after irradiation is more pronounced after the irradiation.

All these mechanisms influence the critical current density J.. At elevated temperatures
close to T, the T.-reduction dominates and J. decreases even at low fluences. At lower tem-
peratures, the enhancement due to the added pinning centres dominate and J. increases to
a certain fluence ® - t,,4,, before it decreases as the T.-reduction becomes dominant. This
critical dose depends mainly on field, temperature and on the starting material.

The previously explained effects can be described qualitatively with a temperature scaling
law for the pinning force. Note that it is not the author’s aim to explain the change of pinning
due to neutron irradiation theoretically but to figure out the changes of the critical currents
due to neutron irradiation by a strongly simplified model. The reduction of J. at low fields
and the enhancement of J, at high fields can formally be described by a higher Bj,.,.(0K) and
B, in irradiated samples.

In many scaling laws, the pinning force is expressed by:
F,(B,T)=1.B =Ch(T)f(b) (D.3)

where C is a constant, h(7T') is a function of temperature and f(b) is a function of the reduced

field b = B/B;;,. The temperature function can be expressed as:

n
h(T) ~ <%((70’))> (D.4)
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where B.o(0) is the upper critical field at 7' = 0 and 7 is typically ~2. The upper critical
field dependence can be approximated by:

Ba() ~ Ba(0) (1- (1)) (D.5)

where o is typically ~1.5 in coated conductors. One can rewrite D.4 as:

(- (&))

The field dependence of the pinning force is often given by [61]:
F(b) =¥ (1 b (D7)

where typical values for p and g are about 0.5 and 3 in coated conductors. The irreversibility

field is given by:
T ag

Using D.6 and D.7 in D.3 gives for the field and temperature dependent critical current:

e[l ()] ) ()] o

The left term in D.9 will always decrease with decreasing 7T,.. The right part depends mainly
on B;.(T), which is related to T, and Bj.(0) by D.5. An enhancement of B;..(T") would
lead to higher critical currents at higher fields but lower critical currents in lower fields. As
previously mentioned, neutron irradiation enhances the upper critical field B;,.., but decreases
T..

In order to get a feeling for the I, change after irradiation, two different situations are
illustrated in figure D.11 for typical parameters (p=0.5, ¢=3, 0 = 1.5, n = 2, T,=89K,
Birr(0)=B2(0)=120T).

I. in the pristine sample is represented by the red solid line (7, = 89 K), I. in the irradiated
sample with a small reduction of AT, =1.6 K is illustrated by the green dashed line and the
blue dotted line was calculated by assuming a higher T, reduction of AT.=6 K.

In D.11(a), a rather small enhancement of B;., is assumed that is similar to the situation
for Hlla,b. At high temperatures, the T, reduction dominates and I. in the pristine sample is
always higher than in the irradiated sample. At intermediate temperatures, I, remains more
or less the same after irradiation. At low temperatures and high fields, I. is enhanced for
AT,.=1.6 K. For the AT,=6 K-assumption, I, is always reduced.

Figure D.11(b) shows calculations for a rather high enhancement of B, similar to the

situation for Hljc. In this situation, the irradiated sample with AT,—1.6 K also reaches
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(a) Small enhancement of Bj(0) (b) Strong enhancement of Bj,(0)

Figure D.11: Changing of I. by changing of B;.(0) and T,

higher I .-values at high fields and temperatures $77 K. The I, reduction for the AT.=6 K-
assumption is not as pronounced as in the H ||a,b situation, especially at lower temperatures.
Crossover situations between pristine and irradiated samples should be observed in measurable
field ranges (0 to 15T) for such a configuration.

At the highest illustrated temperature (85 K), I. is reduced at all fields in both situations.

Note that p and ¢ in D.7 and D.9 describe the nature of the pinning forces in the su-
perconductor. Therefore, these parameters can change with irradiation as well. In [3| an
enhancement of p and ¢ to respectively ~0.7 and ~4 was found after irradiation. Further-
more, the introduced pinning centres are more effective at low temperatures, as previously
explained. Hence, a further enhancement at lower temperatures is expected (and therefore a
move of the crossover to lower fields). Both changes were not considered in figure D.11, but

will be seen in the following sections.

Irreversibility line

T. is reduced in irradiated samples, due to enhanced impurity scattering caused by point
defects and point defect clusters.

Figure D.12 shows the change of T},..(B) at all measured fields for the AMSC tapes. T, in
the pristine samples were 89.6 K and 89.8 K in the 344S and 344C tape, respectively. It is clear
from the difference of Tj,(15T) that the 344S tape has a steeper slope of the irreversibility
line and therefore a slightly higher B;,..(0). Hence, the pinning efficiency is slightly better
for the 344S tape, resulting in higher current densities at the same temperature. Indeed,

transport measurements showed higher critical currents in the 344S tape.
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Figure D.12: Irreversibility lines of AMSC pristine and irradiated samples. The data points
represent the T;,., values at various fields.

In earlier work, a linear reduction of T, with fluence by about 2:1022 Km? (2K at a fluence
of 1022 m~2) was found for YBCO coated conductors [5]. In the analysed samples, the reduc-
tion of T, is 1.4K for the 344S tape and 1.8K for the 344C tape at a fluence of 102> m=2.
At a fluence of 1.7 - 10?2 m~2, T, was reduced to 86.2K in the 344C conductor, which corre-
sponds to a reduction of 2.1 K/10?2m~2. The moderate reduction of T}..(B), and therefore
the reduction in B, (7") at high temperatures, is counterbalanced by the irreversibility line
becoming steeper and Bj,..(T') being enhanced at lower temperatures, due to induced defects.
The steeper irreversibility lines, especially for H||c, show that the pinning efficiency can be
further improved by defects. The difference between the steepness of the irreversibility line for
Hl||c between ®-t = 102 m~2 and ®-t = 1.7-10*2 m~2 in figure D.12(b) is significantly smaller
than that between the pristine sample and the lower fluence. This decreasing sensitivity due
to the defect density could indicate an upper limit for B;,.-(0T).

Figure D.13 shows the irreversibility lines of the SuperPower tapes.

The reduction of T, in the SuperPower conductors was significantly higher than in the
AMSC tapes. At a fluence of 1022 m~2, T, of the SCS4050 conductor was reduced from 92.9 K
to 86.7K in self-field (figure D.13(b)). At a fluence of 1.7 - 1022 m~2, T, decreased to 67.6 K.
This strong degradation in the GABCO tape may originate from the high density of point de-
fects, due to the high absorption of thermal and epi-thermal neutrons. These point defects are
pair braking in d-wave superconductors, resulting in a lower 7.. The slope of the irreversibil-
ity line changes significantly under irradiation. At 10?2 m~2, the slope is steep according to

a high B, (0K). This change is more pronounced than in the AMSC tapes, which indicates
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Figure D.13: Irreversibility lines of SuperPower pristine and irradiated samples. The data
points represent the T;,.,. values at various fields.

a lower pinning efficiency in the SuperPower conductor in this field direction for the pristine

sample. After irradiation to 1.7 - 1022 m~2, the irreversibility line becomes less steep again.

The pristine SCS4050AP tape (YGdBCO) has a lower 7, of 90.2 K in self-field (figure D.13(a)).
At a fluence of 1.7-1022m~2, T, was reduced to 76.9 K. The lower gadolinium content in this
sample leads to a smaller dependence of T, with respect to neutron irradiation. The slope of
the irreversibility line does not change noticeably for both field directions after irradiation,
which indicates that the pinning efficiency was already high.

The irreversibility line of the pristine AP-sample is significantly steeper compared to the
SuperPower sample without artificial pinning centres for H|lc. At 6T, T}, is only 1K lower
in the AP-sample whereas the difference in T, is 2.7K (compare T;..(6 T) in figure D.13(b)
with D.13(a)). One can extrapolate that for even higher fields Tj,»(B) of the AP-sample will
exceed that of SCS4050.

Note that in a previous study [62], GABCO bulk samples did not show a reduction of 7
after irradiation with thermal neutrons at low fluences (® -t < 9.75-10%°, E < 0.5¢eV). The
strong reduction in 7T is therefore an effect of the high fluence of thermal neutrons and/or
an effect of the epi-thermal neutrons. Thermal neutrons are hardly present at fusion coils,
whereas epi-thermal neutrons (0.5eV < E < 0.1 Mev) reach the magnets (see figure A.7 on
page 13). Hence, the question of which mechanism lowers 7, in GABCO is crucial for any

application in a fusion coil.
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Critical current density J.

Until the measurement of the 2009-SuperPower tapes (present tapes), all coated conductors
showed an enhancement of .J, at a fluence of 1.10*2 m~2 at 64 K and high fields and a reduction
of J. in low fields. The crossover between reduction and enhancement in the 2007-AMSC
samples was at ~8T and 0.37T for fields H|ja,b and H||c, respectively [3]. In the current
AMSC samples the crossover for H|la,b was found at ~6T and the currents for H||c were
enhanced in the entire measurement range (2T - 15T), as will be shown later.

In the 2007-SuperPower samples, the crossover at 64 K was at ~ 6T for fields H|a,b but
J. was enhanced in the entire measurement range (uoH <12T) for H||c[4].

As in the irreversibility line measurements, the current AMSC tapes correlate with the
previous results, whereas J, was significantly reduced at all fields in the current SuperPower
tapes. This reduction is caused by the same effect as the T,-reduction (higher cross-section

for neutron absorption), as discussed in the previous section.

In general, J. in the pristine SuperPower sample is higher than J, in the AMSC conduc-
tors for H|la,b. For H||c on the other hand, J. of the SuperPower tapes becomes comparable
or even smaller than J. of the AMSC tapes. Due to the greater thickness of the AMSC
samples (two and three times thicker for 344C and 3448, respectively) and the larger width
(4.4mm), the engineering current density is always significantly lower in the AMSC samples.

The critical current densities at different temperatures are discussed in the following in
more detail. Since the present AMSC tapes 344C and 344S primarily differ by a constant
factor, only the 344C tape is shown. Note that J. is slightly smaller in the 344C tape whereas

Jg is 1.4 times higher due to the smaller conductor thickness.

Low temperature (7'=50K)

e AMSC (figure D.14(a)): For Hl|c, the critical current density is enhanced in the entire
field range after irradiation. At 6.0 T, the critical current density is 1.9 times higher after
irradiation and 1.6 times higher at 15T. For H ||la,b, J. is reduced for fields below 4.25 T.
At 15T, J. is 1.4 times higher after irradiation. The introduction of efficient pinning
centres by neutron irradiation clearly dominates at this temperature. The engineering
current density (Jg ~ 0.5 108 Am~2) for H|a,b is still too small for fusion magnet

applications.

e SP (figure D.14(b)): The pristine sample reaches engineering current densities of more
than 2:10® Am~2 at all fields in the favourable field direction (H|a,b). This would be
sufficient for fusion coils. Unfortunately, Jg does not reach these high values for H]|c.
Only 0.3-108 Am~2 at 15T is found. After irradiation to 1-10%2 m~2, the critical current
density at H]||c is only slightly enhanced for fields below 4T. At 15T, J. is only half
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Figure D.14: Critical current densities in the main field orientations at T=50 K before and
after neutron irradiation

after irradiation. For H||a,b, J. is reduced at all fields. At 4T and 15T, J. is reduced
by a factor of 2.6 and 3.4, respectively. As opposed to the AMSC tape, the reduction of
T;rr by 6.2K results in a clear reduction of J. for nearly all fields. At the higher fluence

of 1.7-10%2 m~2, the critical currents are reduced by at least one order of magnitude.

Besides the strong reduction of J. at H|la,b in the SuperPower tape, the comparable J. at
Hl|c in both pristine samples is especially striking at 50 K (compare J. in figure D.14(a) with
D.14(b)).

Lowest possible liquid nitrogen temperature (7=64 K)

e AMSC (figure D.15): The critical current densities are ~ 1.5 times higher at all fields
(H||c) after irradiation up to 102 m~=2. For H||a,b, J. is slightly reduced at low fields
and slightly enhanced at high fields. The crossover occurs at ~6.5T. At 15T, the critical
current density in the irradiated sample is about 1.1 times higher than in the pristine
sample. For lower fields, J. in the irradiated sample is higher for H||c than for H|[a,b.
The crossover occurs at 6'T. Here, the degradation of the intrinsic pinning due to the
displacement of the lattice atoms weakens the intrinsic pinning, whereas the efficiency
of uncorrelated pinning is enhanced in the other direction (i.e. H||c). This effect occurs

at both irradiation levels.

For the higher fluence, J. is still enhanced for H |c, yet less than after the first irradiation
step (see figure D.15(b)). Therefore, the fluence optimising .J. is below 1.7-10>2 m~2 at
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Figure D.15: AMSC 344C: Critical current densities in the main field orientations at T=64 K
before and after neutron irradiation at 7=64 K. Panel (b) shows the intermediate
field range in more detail.

64 K. At low fields, J. is always higher for H||c, but a crossover seems to happen at 6 T

similar to the lower fluence.

At Hlla,b, the critical current density reaches only 0.7 to 0.78 times the initial value
at 2T and 6T, respectively. The red curve in figure D.20(b) on page 106 shows the
crossover situation where J.(H||c) becomes comparable with J.(H|a,b) at the higher

fluence.

e SP (figure D.16(a)): At 64K, the critical current densities for all field orientations
and fields are reduced in the SuperPower tape. The reduction is within the range
from 0.77 at 1T to 0.23 times the pristine J. at 15T for H|c and 0.43 at 1T to 0.27
times the pristine J. at 15T for Hlla,b. Since the temperature of 64K is closer to
T. = 86.6 K after the irradiation, the reduction of J. is higher than for 50 K. For the
highest fluence (1.7-1022m~2 and 7,=67.6 K), the critical current density is smaller by
orders of magnitudes and therefore not illustrated (self-field J, = 6.75 - 107 Am~2).

Boiling temperature of liquid nitrogen (7'=77 K)

e AMSC (figure D.17): After irradiation to 1-1022 m~2, the critical current densities for
H||c are slightly enhanced for fields above 1.5 T, whereas at lower fields J. is slightly
reduced (see figure D.17(b)). At ~6T, J. of the pristine and the irradiated sample
is similar for H||c. From the irreversibility line (figure D.12(b) on page 98), one can
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Figure D.16: SuperPower SCS4050: Critical current densities in main field orientations at (a)
T—64K and (b) 777K before and after neutron irradiation.
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Figure D.17: AMSC 344C: Critical current densities in the main field orientations at T=77K
before and after neutron irradiation. Panel (b) shows the intermediate field
range in more detail.
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evaluate a slightly enhanced By, (77 K) for ®-¢ = 1-10?2 m~2, indicating a higher pinning
efficiency. This enhancement is not as pronounced as at 7" = 64K and therefore the
effect of the lower T, more or less cancels the enhancement of B, at this temperature,
leading to a more or less similar J. before and after irradiation. For H||a,b, the critical
current density is reduced at all fields. The critical current density is 0.72 and 0.52
times the pristine values at 0.2 T and 15T, respectively.

After irradiation to 1.7-10%2m~2, the critical current density is reduced for all fields.
This is again evident from the irreversibility line (figure D.12(b)), because B (77 K)
and Tj,(B) are smaller at this fluence level. The reduction is stronger for high fields
than for low fields.

SP (figure D.16(b)): All critical currents are reduced after irradiation. For Hl||c, J.
of the irradiated sample (10*2m~2) ranges from 0.30 at 0.1 T to 0.032 times J. of the
pristine tape at 4 T. The irreversibility field B;..(77K) is also reduced from 9.2T to
5.8 T after the irradiation (figure D.13(b)). For Hl|a,b, J. is reduced to 0.30 times of

the pristine sample J. at 0.1 T and to 0.023 times of the pristine sample J. at 12 T.
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Figure D.18: Critical current densities in the main field orientations at T'=85 K before and
after neutron irradiation.

Elevated temperature (7=85 K)

o AMSC (figure D.18(a)): At 85K, J. is reduced for all fields. Note that 85K is already
close to the critical temperature and therefore B;,..(85K) is reduced after irradiation
as well. The irreversibility field B, (85 K)|lc evaluated from figure D.12(b) is 2.0 T
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and 1.35 T for the pristine and the irradiated sample, respectively. For H|a,b, the irre-
versibility field at 85 K was reduced from 4.9 T to 3.1T after irradiation. The reduction

of B (85K) and T, results in reduced critical current densities for all fields in both
field directions.

e SP (figure D.18(b)): For H||c, the irreversibility field at 85K is reduced from 3.6 T to
0.4T. Therefore, small critical current densities were only measured at very low fields
after irradiation. For Hla,b, the drop of B;.(85K) was even more significant. B, is
reduced from ~17T before irradiation to 0.7 T after irradiation. This strong reduction

of T is also responsible for the large reduction of J,.

D.3.3 Anisotropy at intermediate fields (0 to 6 T)

The samples SP15 (SCS4050), SPAP1 (SCS4050-AP) and AC4 (344C) were used for J.-aniso-

tropy measurements in the 6 T set-up. All samples were measured before and after irradiation
to @ -t=1.7-1022 m~2.

Figure D.19 shows the different angular dependence of J. in the pristine samples at 6T

and 2T at 64 K. At 6T, both SuperPower tapes have more or less the same performance at
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Figure D.19: Angular dependence of the pristine tapes.

64 K. J. is about 1.2 times higher in sample SCS4050 for H||a,b. The reason for this could be
a small discontinuity of the CuO-planes due to the c-axis oriented BZO nano-columns in the
SCS4050-AP conductor. Therefore, the intrinsic pinning is less effective. The AMSC tape
reaches the J, values of the SuperPower tapes for fields around H||c, but not for other field
directions. Therefore, the anisotropy is the lowest for the AMSC tape. This low anisotropy

indicates a strong over doping of the RE-content in the superconducting layer, which forms un-
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correlated nano-dots during the MOD process, as found in [13]. The AMSC and the SCS4050
tape are completely symmetrical with respect to the c-axis (0°and 180°) at 6 T. The AP-tape
on the other hand has a slight asymmetry.

At 2T, the SCS4050 tape shows the highest anisotropy of all three tapes due to the negligi-
ble contribution of uncorrelated pinning centres, which are effective at intermediate and low
fields in other tapes. The intrinsic pinning peak occurs clearly, as well as the c-axis peak, which
originates from the aligned defects (twin boundaries, dislocations, ...). The SCS4050-AP tape
has a smaller anisotropy, but the artificial pinning centres seem to be aligned in preferred
directions, leading to a maximum at around 20° (200°). Contrary to the SCS4050-AP, the ar-
tificial pinning centres in the 344C tape enhance the properties at all field orientations, which
also leads to the lowest anisotropy of the three tapes at 2T. Note that the angle between
the maxima of the SuperPower tapes is not exactly 180° at low fields (< 1T). This effect
is discussed in more detail in section D.4.4. Above a crossover field [63], the intra-granular

currents mainly determine J. and therefore asymmetry effects are hard to find at yoH =6'T.

Anisotropic properties change significantly due to the irradiation. Figure D.20 shows the

changed angular dependence for two different temperatures of the AMSC tape.
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Figure D.20: AMSC 344C: Anisotropy before and after irradiation.

At 77K and 4T, the artificial pinning centres in the AMSC tape are not as effective as
at low fields and therefore the anisotropy is higher in the pristine samples. This situation
does not change after irradiation. The introduced defect structure hardly competes with the
consequence of the T, reduction at these elevated temperature. Bj,..(77 K) is more or less the
same before and after irradiation (extrapolated from Hl|c in figure D.12(b) on page 98). This
results in a slight reduction of J. at all field angles. The a,b-peak is significantly weaker due

to the introduced disorder.
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At 64K and 6 T, one can see the high efficiency of the introduced uncorrelated pinning cen-
tres. J. is enhanced at all angles, expect close to H||a,b. This applied field (6 T) corresponds
to the crossover in figure D.15 on page 102, where J. for H||c becomes as high as for Hla,b.
At a lower fluence, J.(H||c) is expected to be even higher than J.(H ||a,b) (according to figure
D.15).

Direct comparisons similar to figure D.20 are not possible for the SuperPower tape, since
the J. reduction was too strong.

Each sample will be discussed in detail in the following sections.

SuperPower SCS4050

J. in the pristine sample (figure D.21) is asymmetric with respect to the c-axis at 64 K and
77K for low fields. This asymmetry may be caused by tilted planes of GdOs precipitates.
Due to the absence of BZO nano-columns, the anisotropy is higher than in the SCS4050AP
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Figure D.21: Angular dependence of the pristine SuperPower SCS4040 tape.

sample for all fields and temperatures. Because of the gadolinium, J. is reduced by two
orders of magnitude (7,=68.6 K) in the irradiated sample. Figure D.22 shows an anisotropy
measurement at 7' = 50 K. The critical current density is symmetric to the c-axis even at
low fields. No local minima close to the a,b-peaks occur after irradiation at this temperature
as T'/T, is still too high.

SuperPower SCS4050AP

The data of the pristine SCS4050AP sample are highly asymmetricat 7= 64 K and T = 77K
at low fields (figure D.23). The nano-columns seem to be correlated and the local maximum
in J, shifts by 20°-30° from the c-axis. At elevated fields, the BZO nano-columns and the

(RE)Og2 nano-participates become ineffective and the angular dependence of J. is similar to
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Figure D.22: Angular dependence of the irradiated SuperPower SCS4050 tape.

that in a tape without BZO nano-columns (SCS4050).
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Figure D.23: Angular dependence of the pristine SuperPower SCS4050-AP tape.

After irradiation (figure D.24), J. is reduced by one order of magnitude at 64 K (7.=77.4 K).
The degradation is not as pronounced as in the SCS4050 conductor, as yttrium has only
partially been substituted by gadolinium. At 64K, the a,b-peak is wider than before the

irradiation but the anisotropy is not significantly reduced unlike at 50 K where a reduction of

the anisotropy is clearly visible.

AMSC 344C

The pristine AMSC tape has a very low J.-anisotropy at low fields (figure D.25). The RE2O3

nano-particles are mostly uncorrelated since no distinct local maximum occurs besides the
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Figure D.24: Angular dependence of the irradiated SuperPower SCS4050-AP tape.
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intrinsic peak. The angular J.-dependence is always symmetrical. At 64 K the J.-anisotropy
is higher than at 77 K for the same fields and a c-axis-peak is visible. Hence, at low temper-
atures the nano-dots are not as effective as at high temperatures compared to the intrinsic

pinning.

At 64K (figure D.26(a)), a local maximum develops between fields parallel and perpendic-
ular to the a,b-planes at high fields after irradiation and the currents are smallest close to
Hlla,b at 3T and 4T. At 6T, the critical current density at H||c equals the critical current
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Figure D.26: Angular dependence of the irradiated AMSC 344C tape.

density at Hlla,b (see figure D.15(b)). One can conclude from figure D.15 that at even higher
fields the intrinsic pinning would again dominate as at 77K at high fields (figure D.26(b)).

At 77K (figure D.26(b)), the maximum of the angular dependent J, occurs around the
c-axis for low fields. At higher fields, a local minimum develops once more at the c-axis
position. The crossover, where J.(H||c) becomes smaller than J.(H|a,b) is also somewhere
between 1T and 2T (see figure D.17(b)).

D.4 Results and discussion of tensile stress measurements

In BSCCO tapes, the linear dependence of I, with stress/strain was entirely explained by the
pressure dependence of the critical temperature (7;) [64]. Due to the dependence of 1. on T'/T,
(see left part of equation D.9), the sensitivity on stress/strain also changes with temperature.
For temperatures close to T, the I.-sensitivity is stronger. Furthermore, the relative change
of I. with stress/strain increases with applied magnetic fields in BSCCO. Additionally, the
in-plane stress/strain dependence in BSSCO is isotropic.

The correlation between pressure dependence (7. dependence) and applied stress/strain is
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more difficult if the in-plane strain dependence of I. becomes anisotropic as in (RE)BCO. In
YBCO single crystals, T, increases linearly with pressure along the b-axis (1.9+£0.2 K/GPa)
and decreases with pressure along the a-axis (-2.04-0.2 K/GPa) [65]. Hence, twin boundaries?
and in-plane misalignments change the stress/strain dependence. The microscopic structure
has to be considered in order to understand the macroscopic behaviour. A qualitative corre-
lation between the uni-axial pressure dependence of T, and the reversible stress/strain-effect

was found in [26]. Figure D.27 shows two different situations in YBCO thin films.
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Figure D.27: Explanation of the I, strain dependence in IBAD-MOCVD (RE)BCO coated
conductors, taken from [26]: (a) Twin boundaries are oriented at 45° to the
superconducting film. (b) Twin boundaries perpendicular to the tape direction
when stress/strain is applied along the superconducting film.

The situation in D.27(a) corresponds to the alignment of the a,b-planes in IBAD-MOCVD
(RE)BCO coated conductors (as the SuperPower tape in this work). The a-axis or b-axis is
oriented parallel to the tape axis. A current flowing from left to right first flows parallel to the
b-axis, but parallel to the a-axis after passing the twin boundary. If stress/strain is applied
along the tape direction, T, and therefore J. decreases in the left grain and increases in the
right grain, as indicated in the inserts. In other words, up to the optimum stress/strain state
the right grain limits I. and afterwards the left grain limits I..

If the a- and b-axes of the unit cells are tilted by 45° to the tape direction as in ISD (Inclined-
Substrate Deposition) (RE)BCO coated conductors, the opposite T.-0 /e dependencies cancel
each other in each grain and the critical current is no longer sensitive to the stress/strain.

Both situations were measured in [26]. Note that the situation in D.27(b) would also occur,
if stress/strain was applied at an angle of 45° to an IBAD-MOCVD conductor. This would
have a positive effect in IBAD-MOCVD twisted cables [26].

Note that dislocations on the other hand can introduce a relatively large amount of stress/-

*Neighbouring lattices which are rotated by 90° in the a,b-plane.
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strain and therefore change the initial lattice stress/strain state.
Of further interest is the lower strain sensitivity of GABCO coated conductors, which was
found to be 58% smaller than in YBCO coated conductors [26].

Until now, no tensile stress measurements on irradiated coated conductors have been reported.
Therefore, no reference data existed before these measurements were started. Tensile stress
measurements on pristine coated conductors show that tensile stress can be applied up to
the irreversible stress/strain-limit (o, /) without a permanent reduction of the critical
current once the stress has been released. On the contrary, as previously mentioned, an ideal
stress/strain exists, where a maximum of the critical current is expected.

Due to the missing reference data for irradiated samples and the prototype-status of our
set-up, all measurements were performed with high resolution (i.e. in small intervals of angle,
field and forces). Therefore, the full characterisation of a sample took about two months
(see section D.2.4). Since the measurements on one sample were always terminated when the
irreversible region was entered, the sample was damaged and could no longer be used. Hence,
in contrast to the transport and anisotropy characterisation, the measurements before and
after irradiation could not be performed on exactly the same sample, but on different samples
cut from one long piece of a tape.

In particular tensile stress measurements, generally require statistics from many measure-
ments. Note that our results refer to only one sample of each manufacturer, in order to keep
the total effort compatible with the available time.

In the following, the irreversible stress/strain limit (o, €irr) is defined as the last stress/-
strain before I. in the relaxed state is reduced to 95% of the initial value. The exact irreversible
limit of the pristine AMSC 344C tape was not determined, as the sample reached the irre-
versible limit between two anisotropy measurements at 303 MPa. Hence, only lower limits of

the irreversible parameters can be given for this sample.

D.4.1 Stress-strain dependence

The stress-strain dependence was measured at the same time as the self-field I. - dependence
on the stress (between the anisotropy measurements).

SuperPower SCS4050

Figure D.28 shows results for the SuperPower tapes. Right from the beginning, the ap-
plied stress led to a permanent deformation in both samples. The yield strength of the
substrate (Hastelloy) is 700 MPa at 76 K [66] which correlates to a stress of 347 MPa in the
SCS4050 tape. The yield strength is significantly lower than the irreversible stress limit, and

therefore, the deformation occurs early in our measurements. A reduction of this deformation
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Figure D.28: Stress strain dependence of the SuperPower tape. Different symbols mark dif-
ferent measurements labelled by the maximum of the applied stress after each
measurement.

was always observed after heating the sample to room temperature. The Young’s modulus or
E-modulus (e) of all measurements was evaluated and the results are shown in the legends of

the figures. Straight lines mark the fitted linear dependency (e - €).

The maximum deformation was about 0.5 % before internal cracks released stress from the
pristine sample, which led to a higher strain after relaxing (figure D.28(a)). After the first
cracks occurred, the strain without applied stress was higher than 0.3 %. The cracks occurred
at an applied stress of 740 MPa, in this sample. The fitted® E-modulus in this sample varied
between 147 GPa and 172 GPa with a mean value of 163 MPa. These data are similar to values
from literature for this sample. The irreversible stress limit was specified to be >550 MPa by

the manufacturer. The real limit was significantly higher in our samples.

In the irradiated sample, up to 800 MPa, no significant jump of the strain occurred after
relaxing. The highest deformation of the sample was about 0.14 % after applying 800 MPa.
The fitted E-modulus varied between 129 GPa and 154 GPa with a mean value of 139 GPa.
Therefore the measured E-modulus changed to a lower value after irradiation.

Note that the measurements for maximum applied stresses of 300 MPa and 400 MPa were
not usable due to ice formation on the pull rod. Therefore, these measurements are not
illustrated in figure D.28.

AMSC 344C

Figure D.29 shows the stress-strain dependence of the AMSC 344C conductor. Similar to the

3The lower margin of the fit was always 50 MPa and the upper margin was the maximum applied stress of
the previous measurement (e.g. 100 MPa for the 200 MPa measurement).
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Figure D.29: Stress strain dependence of the AMSC tape. Different symbols mark different
measurements labelled by the maximum of the applied stress after each mea-
surement.

SuperPower tapes, the early irreversible deformation was partially cured after heating to room
temperature. The yield strength of the substrate (Ni-bat% W) was reported to be 260 MPa [66]
at 76 K which correlates to a stress of 84 MPa in the AMSC 344C tape. The yield strength
is significantly lower than the irreversible stress limit and, therefore, the deformation once
again occurs early in our measurements. The pristine sample (figure D.28(a)) was irreversibly
damaged between two anisotropy measurements and therefore only a lower limit of 303 MPa
and 0.33% respectively, was determined as irreversible stress and strain limits. The E-modulus
varied from 100 GPa to 109 GPa with a mean value of 106 GPa.

The maximum tolerable tensile stress for this sample was specified to be 150 MPa at room
temperature by the manufacturer. This value includes a broad safety margin, as our samples
were able to withstand at least twice the rated irreversible stress at liquid nitrogen tempera-
tures. In [67] the irreversible strain limit for a similar sample was found to be 0.38% and the

E-modulus of the initial slope was 132 GPa.

The irradiated sample (figure D.29(b)) was loaded up to the irreversible limits, which were
oirr =410 MPa and g4, =0.53%, respectively. Once more, the irreversible limits are signif-
icantly higher than specified by the manufacturer. The E-modulus at higher applied stress

varied at around 100 GPa and was therefore slightly lower than in the pristine sample.

D.4.2 Self-field critical current (I.)
SuperPower SCS4050

In the relaxed state, the critical current in self-field (I.o) of the irradiated sample was about

12% of I.g in the pristine sample. Detailed absolute values are reported in table D.4 on page
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117. Figure D.30(a) shows the change of I, in the absence of an applied field.
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Figure D.30: Stress dependence of the self-field critical current in all measured tapes. The
critical currents are normalised by the self-field critical current in the relaxed
state I.q (see table D.4 on page 117).

After applying 740 MPa/e—0.55%, the critical current was permanently reduced in the
pristine sample. Two major cracks occurred between 740 MPa and 800 MPa. After the initial
reduction, I, was further reduced to 120 A (= 0.83 I.o) and the remaining strain on the sample
after releasing the stress was above 0.3 % as previously shown in figure D.28. After applying
790 MPa a second crack reduced I. to 105A (= 0.71.9). It was not possible to determine
the irreversible destruction via optical inspections, but magnetoscan imaging showed the lo-
calised destruction of the superconducting layer, as will be shown in the next section. At the
irreversible stress limit of 740 MPa, I. was only reduced to 95 %. Note that measurements of
other pristine SCS4050 samples from the same batch showed irreversible limits of stress up
to 800 MPa (not shown in this work).

For the irradiated sample, the irreversible stress/strain limit was reached at 800 MPa/e=0.65 %.
The irradiated sample has greater sensitivity to applied stress than the pristine sample. Close
to the irreversible stress limit of 790 MPa, I. was reduced to 67 %. Neutron irradiation didn’t
influence the irreversible stress/strain limits, whereas the stress/strain-sensitivity of I. was
significantly enhanced. This effect could be explained by the lower 7, and therefore a higher
T /T, ratio in the irradiated tape at 77 K. As previously mentioned, a higher sensitivity for
temperatures closer to T, was found in BSCCO tapes in [24].

AMSC 344C

Figure D.30(b) shows the stress dependence of I, in the AMSC conductor. The sensitivity of

I. does not change after irradiation at all, but a slight maximum around 100 MPa may exist.
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The pristine sample was irreversibly damaged during the anisotropy measurements at
303 MPa, therefore no data exist for higher stress values. Below 303 MPa (¢=0.33%), I. was
never reduced to below 98%. I. of the irradiated sample is reduced to 92 % at the irreversible
stress limit of 410 MPa (¢=0.53%).

Note that the absolute I.q was reduced to 76% in the irradiated tape compared to the

pristine value.

D.4.3 Homogeneity

Magnetoscans of the pristine samples were performed before and after tensile stress measure-
ments. Before applying stress, both conductors were quite homogeneous with no significant
defect (figure D.31(a) and D.32(a)).
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(b) After applying 320 N (800 MPa)

Figure D.31: Magnetoscan of the pristine SuperPower sample before and after the tensile
stress measurements.

The pristine AMSC conductor had a slightly lower I. on the left edge. Since the current
contacts were connected over a length of ~15mm at both edges, this slight I. reduction can
be disregarded.

After applying the maximum load (figure D.31(b) and D.32(b)), both conductors were
irreversibly damaged. The superconductor was damaged over a long length and not exclusively
along single cracks. In both samples, the centre part (where the voltage contacts and the strain
gauge is located) remained nearly intact. The left and right ends, where pressed contacts held
the sample, also remained superconducting. Hence, the load of the current terminations does

not destroy the sample and good current feed can be ensured.
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Figure D.32: Magnetoscan of the pristine AMSC sample before and after the
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measurements.
Sample Oirr Eirr IcO(O T) Timean Tinin Trnazx Titq
pristine SP (SPZ16) 740 MPa 0.55% 142.7A 77.07K 76.98K T77.11K 0.04K
irrad. SP (SPZ5) 800 MPa 0.6 % 16.52A 7716 K 77.03K 7745K 0.13K
pristine AMSC (ACZ1) >303MPa  >0.33% 88.4A 7727TK T76.93K T7747TK 0.16 K
irrad. AMSC (ACZ4) 410 MPa 0.53% 67.1A 724K 77.18K T77.39K 0.06K

Table D.4: Summary of the irreversible limits from the self-field measurements.
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D.4.4 Anisotropy

I.~anisotropy measurements were performed at 0.1T, 0.27T, 0.4T, 0.6 T, 1.0T and 1.4T for
tensile forces up to 400 N.

For the lowest field (11H—0.1T), for an intermediate field (pgH —0.6 T) and for the highest
possible applied field (ugH=1.4T), the critical currents over the whole angular range are
summarized in figures D.33 to D.35 and D.39 to D.41 for the SuperPower and the AMSC
sample, respectively.

The field was parallel to the tape surface at +=90° and perpendicular to the tape surface at
0°. For the SuperPower conductor the left maximum peak (= —90°) and the right maximum
peak (= —90°) are referred to as Ojcpr and Opigne, respectively. In the AMSC sample, the
peaks are referred to as a,b-peaks, as they are positioned at the classical a,b-peak position of
+90°.

The colour profile of the 3D figures indicates the relative change of the critical current with

regard to I, at the maximum at about 90°(SuperPower: ©,;gn; or AMSC: Oy).

SuperPower SCS4050

The critical currents in the pristine sample at 0.1T (figure D.33(a)) are asymmetric with

respect to the c-axis, due to the tilt of the a,b-plane and/or the Gd2O3 precipitates. The
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Figure D.33: Anisotropy of the SuperPower tape under tensile stress at pyH—=0.1T.

left maximum is shifted by -11° and the right maximum by -6.5° to the the tape surface in
the relaxed state. The minimum is located at around -30°. The ratio between maximum and
minimum is about 1.7 and does not change with applied stress. As expected from the self-field
measurements, the change that occurs in I, upon applying tensile stress is rather small. The

angular position of the left and right maxima does not change with applied stress.
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The difference between the shift of the two maxima with respect to the tape surface disap-
pears for the irradiated sample at 0.1 T (figure D.33(b)). Both maxima are shifted by about
5.5° to the tape surface in the relaxed state. The asymmetric behaviour changes to a more
symmetric one in the irradiated sample. Again I /I™" does not change with applied stress.
It is about 1.8 to 2 and therefore slightly higher than in the pristine sample. The maximum
I. occurs at around 200-300 MPa for all field orientations, which is indicated by the yellow

colour in the diagrams (according to a relative enhancement).

At 0.6'T, the critical current of the pristine sample is more symmetric to the c-axis than

at 0.1T (figure D.34(a)). Furthermore, the anisotropy is enhanced. A small local minimum
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Figure D.34: Anisotropy of the SuperPower tape under tensile stress at pygH=0.6T.

occurs at &~ —35° and a small local maximum appears at ~10°.
The angular dependence of I, in the irradiated sample is more or less symmetrical to the
c-axis (figure D.34(b)). Again, an enhancement of I. is found at around 200 MPa and the

sensitivity on the applied stress is significantly higher than in the pristine conductor.

At 1.4 T (figure D.35), the pristine sample has a slight maximum similar to a conventional c-
axis-peak at about 0°. The flux lines are pinned by defects aligned along the epitaxial growth
direction. The local minimum at negative angles next to this peak is slightly smaller than the
minimum at higher angles. The left maximum is shifted by -4.6° and the right by -3.7° with
respect to the tape surface in the relaxed state. The angular dependence of I, becomes more
symmetric at higher fields, as the APCs becomes less effective. The ratio of I, at the right
maximum and at the c-axis-peak is 2.6.

The irradiated sample no longer shows a c-axis-peak at 1.4 T (figure D.35(b)). For both

maxima, the shift to the surface is about 4°. The ratio between the right maximum and the
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Figure D.35: Anisotropy of the SuperPower tape under tensile stress at pyH—=1.4T.

minimum located close to 0° is 6.4 indicating a high anisotropy. At 1.4T, the maximum at
about 200 MPa is not observed.

Figure D.36 shows the shift of the maxima with respect to the tape surface, depending on field

and stress, in detail. At low fields, the shift of the left maximum is nearly twice as large as
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Figure D.36: Peak shift of the left (O f¢) and right (0,;45:) maximum with respect to the tape
surface. The left peak shifts (A©j.s) are indicated with dashed lines, whereas
the right peak shifts (A®,44:) corresponds to the solid lines. The different
colours mark different applied stresses.

the shift of the right maximum in the pristine sample (figure D.36(a)). Up to 1.4T, the shift
of both maxima converge to a constant value of about 4°. The decreasing pinning efficiency
of the correlated GdyO3 participates explains the shift of the maximum peaks towards their

orientation at low fields. The remaining shift of ~4° on the other hand is likely to be caused
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by tilted a,b-planes as found in [68]. The difference in the positions of the left and the right
peak at low fields is unclear at present.

In the irradiated sample, the difference between both maxima becomes significantly smaller.
Nevertheless, the peaks move from ~-7° (173°) to ~-4° (176°). Similar to the pristine sample,
the peak shift converges at 4° at higher fields, consistent with a tilt of the a,b-planes..

Furthermore, ©,,¢; is always higher than ©;.y;.

Tensile stress does not influence the angular dependence and therefore the positions of the

maxima are also not affected.

As previously found, slightly higher I. values occur for stresses around 200 MPa in the ir-
radiated samples for fields <1 T (figure D.33(b) and figure D.34(b)). A more detailed analysis
was performed for various fields parallel to the right maxima and for H||c (0°). Figure D.37
and D.38 show the results.
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Figure D.37: Stress dependent 1. reduction for various fields parallel to the right maximum
peak (H|[®rignt). In the pristine sample I. at 1.4T was normalised by the
I.-value at 100 MPa, since the temperature was too low during the 25 MPa mea-
surement.

In the pristine sample, I. is reduced slightly more for H||©,gn (figure D.37(a)) than for
H||c (figure D.38(a)) with increasing field. I. is reduced to 90% of I.o at 700 MPa, 1.4 T and
H HG)M-ght. With increasing field the stress dependence of I. becomes stronger. A similar field
dependence was also found in YBCO coated conductors for H|ja,b [69].

After irradiation (figure D.37(a)), I. is reduced to 50% of I.o at 800 MPa, 1.4T and
H||©pight- A maximum of the critical current occurs at around 200 MPa for all fields ex-
cept for the highest applied field of 1.4 T. Furthermore, the highest reduction of I. is observed

at 1.4T and I. decreases monotonously with field.

Contrary to H||®rigns, the lowest reduction of I, occurs at an intermediate field of 0.4 T
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Figure D.38: Stress dependent I, reduction for H||c . In the pristine sample, I, at 1.4T was
normalised by the I.-value at 100 MPa, since the temperature was too low during
the 25 MPa measurement.

for H||c in the pristine sample (figure D.38(a)). For lower and higher fields the I. degradation
is stronger. A similar behaviour for H||c was found with a maximum /. at 0.25T in YBCO
conductors [69].

The critical current of the irradiated sample reaches a maximum at an applied stress of
200-300 MPa (figure D.38(b)). At intermediate fields (0.6 T and 1.0T), significantly higher
values of 1. are reached at 200 MPa. On the other hand at higher applied stresses, the critical
currents are monotonously reduced with field. Once again, the reduction of I, is significantly

higher in the irradiated sample.

AMSC 344C

Unlike SuperPower tapes, the I.-angular dependence of the AMSC tape is always symmetric
with respect to the c-axis. The APCs introduced during the MOD process form nano-dots,
as shown by TEM images [13]. These nano-dots are mostly uncorrelated since the a,b-peak
is parallel to the tape surface for all fields and no further maxima appear. As previously
explained, the AMSC APCs are very efficient at low fields.

At 0.1T (figure D.39(a)), only a slight angular I.-dependence is observed in the pristine
sample. Similar to the self-field tensile stress dependence, I, does not change with applied
forces. The critical currents of the irradiated sample (figure D.39(b)) are reduced to ~ 70%
compared with the pristine values. A very slight enhancement of I. between H|a,b and

H||c was observed in the irradiated sample.
At an intermediate field of 0.6 T, the pristine sample has small maxima for H|la,b (figure

D.40(a)) and no significant I. reduction with applied stress. The irradiated sample on the

other hand has a clear global maximum for H||c, due to the introduced pinning centres.
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Figure D.39: Anisotropy of the AMSC 344C tape under tensile stress at puyH=0.1T.
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Figure D.40: Anisotropy of the AMSC 344C tape under tensile stress at pyH—=0.6T.
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At 14T, I. is again the highest at H||a,b in the pristine sample and the anisotropy is rather

low (figure D.41(a)). The critical currents of the irradiated sample are enhanced for orien-
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Figure D.41: Anisotropy of the AMSC 344C tape under tensile stress at pugH=14T.

tations around H||c and local maxima occur around the a,b-peaks (figure D.41(b)). I. for
H ||c is nearly equal to the value of the pristine sample

According to figure D.17(a) on page 103, the ©-dependence will not change significantly
with even higher fields at this neutron fluence. Again, only a slight reduction of I. occurs in
relation to the applied force.

A detailed analysis of the stress dependence for H||c and H||a,b is shown in figures D.42
and D.43.
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Figure D.42: Stress dependent I. reduction for H ||a,b.
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Figure D.43: Stress dependent I, reduction for H]|c.

The critical current of the pristine sample never decreases up to the maximum applied stress
of 303 MPa (figure D.42(a)). The irradiated sample behaves similarly, but a degradation to
~90% of the initial value occurs at 389 MPa, slightly beyond the irreversible limit of 410 MPa,
(figure D.42(a)). A field dependence was not observed up to the second highest applied stress
of 346 MPa. For the highest applied stress of 389 MPa, the degradation is clearly higher at
higher fields. The critical current dependence on applied stress is similar for fields H |la,b and
Hllc .

The stress sensitivity of the AMSC tape does not change after irradiation. Since the closeness
of the temperature to the critical temperature is crucial for the change of I. with applied
stress/strain, the lower 7T, of the SuperPower tape could be an explanation for the more pro-
nounced change in sensitivity in the SuperPower sample. Hence, the point defects, which
cause the T, reduction, appear to be responsible for the increased stress sensitivity of the

SuperPower conductor.

Note that the mechanical and irreversible limits remain more or less the same for both samples

before and after neutron irradiation.
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fusion magnet coils

In this final chapter, the requirements on coated conductors specified in A.1 will be discussed.

High critical currents in high magnetic fields at high temperatures

The estimated critical engineering current density of J£§m°(15 T) ~ 1.2 - 10°Am~? was
nearly reached (= 0.9 - 103 Am~2) in the pristine SCS4050 conductor at 64K for the field
applied parallel to the a,b-planes. For fields parallel to the c-axis, the critical engineering
current density is too low by about one order of magnitude. In 2008, the highest value of
Jo.£(15T)a 0.5 - 108 Am ™2 was reported in SuperPower YBCO coated conductors [3], which
is about a factor of two lower than in the SuperPower SCS4050 conductor investigated in this
work.

In recent years, the enhancement of the critical current density in coated conductors has
been impressive. Furthermore, SmBCO conductors with increased superconducting layer
thickness in short samples (centimetre range) reached about four times higher critical sheet
current density when compared with the SuperPower sample of this work. If these remark-
able improvements in coated conductor development continue, the desired engineering current

densities at 64 K could be reached in the forthcoming years.

The conductor has to withstand neutron irradiation without a performance loss
Unfortunately, unlike YBCO coated conductors, GABCO coated conductors were not able to
withstand the full-neutron-spectrum irradiation of the TRIGA reactor without a significant
loss of performance. The high neutron capture cross-section of gadolinium seems to be re-
sponsible for the strong reduction of T, as the recoil of the excited atoms, when emitting
gamma rays, create point defects that disturb the superconducting phase. However, a fusion
spectrum consists of significantly less thermal and epi-thermal neutrons (which are mainly
captured by the Gd nucleus) than the fission spectrum of the TRIGA reactor. Therefore, the
usability of gadolinium and samarium coated conductors for fusion magnet coils, needs to be
further investigated.

At 64 K, the YBCO coated conductors investigated in this work always showed an enhance-
ment of J, at high fields after irradiation. Therefore, YBCO coated conductors once again

demonstrate their ability to withstand neutron irradiation.
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Homogeneity over long lengths of conductors:

Contrary to previous results [3], no significant local defects in today’s commercially available
coated conductors were found. Geometrical imperfections and local defects found in narrow
prototype Roebel strands should be avoidable in the future. Striating Roebel strands by
pico-seconds infra-red laser pulses seems to be a promising technique, as the filaments are
well separated from each other by a tiny gap and the coupling is very weak. Nevertheless, the

quality of the striated strand is limited by the homogeneity of the underlying coated conductor.

Current sharing between strands with low AC losses
Coupling losses of Roebel loops were investigated in detail. It was found that the losses
strongly depended on the width of the tapes. Therefore, one should aspire narrow Roebel
strands with small gaps between the strands, which should be filled nearly completely with
transverse sections of the strands in order to lower the AC losses.

Currently, no coupled solutions for commercially available Roebel cables exist. The ques-
tion of how to couple single strands (at certain points or throughout the entire cable) is still

open.

Mechanical strength and a low stress dependence of I,

In the pristine samples, the critical current of both YBCO and GdBCO coated conductors
minimally depends on the applied stress. After irradiation, the critical current dependence
on stress was significantly enhanced in the GABCO conductor, whereas nearly no change was
observed in the YBCO conductor. This effect is likely to be caused by the lower 7, in the
irradiated GABCO conductor, as the sensitivity of I. on applied stress becomes higher at
temperatures closer to T.. However, the irreversible limits did not change after irradiation.
The irreversible stress limits of coated conductors far exceed those of conventional NbgSn
conductors. The irradiated SuperPower tape showed a reversible behaviour up to 800 MPa,
which is well beyond the (estimated) required irreversible limit of 500 MPa for a DEMO cable.

Cables with a large heat removal capability

The two main cable-concepts (Roebel cable and coaxial cable) based on coated conductors
designs have a good heat removal capability because of the copper stabilisation. Nevertheless,
an accurate prediction should consider the cable design and the coolant. Since neither the

cable design nor the coolant is specified, this issue was not addressed in this work.
Easy to handle cables (preferably round)

As previously mentioned, the Roebel cable and the coaxial cable are both promising candi-

dates for a future fusion cable design. The main advantage of the Roebel cable is the full
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transposition of the strands. On the other hand, the overall current is reduced by self-field
effects in the cable. Furthermore, its industrial assembly is rather complicated. Tensile stress
applied to a Roebel cable might lead to defects at the (inner) corners of the strand. There-
fore, the use of Roebel cables without mechanical reinforcement is questionable. A long length
production of a Roebel cable is complicated, but was already demonstrated.

In contrast, the strands of a coaxial cable are not fully transposed, but the concept is
easy to scale up and an industrial assembling process is already established. The coated
conductors are wound under compressive stress in this cable and therefore the entire cable
should withstand even higher stresses than single strands.

Currently, both concepts are subject to research and none of them has proven to be superior

yet.

Materials should be inexpensive

(RE)BCO coated conductors are still by far more expensive than conventional LTS conduc-
tors. These costs need to be reduced if coated conductors were to be used in fusion coils.
The higher costs compared to Nb3Sn could nevertheless be partially balanced by several cost
savings due to the higher operating temperature. Furthermore, radical cost cuts are expected,
if thicker superconducting layers could be realised or if coated conductors could be manufac-

tured by chemical methods.

It should be emphasized, once again, that the use of liquid helium as a coolant is no option for
a sustainable energy source, since the amount of helium is limited on earth. Therefore, from

today’s perspective, HT'S coated conductors are the only option for future fusion magnet coils.
Promising perspectives for coated conductors and cables for fusion magnet applications can

be deduced from our results, but a substantial further development of conductors and cables

is needed to meet the requirements of future nuclear fusion plants.
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