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Abstract
The characteristic feature of loss-free current transport in superconducting materials is
-since its first discovery in 1911- stimulating ideas for fantastic technical applications.
However, the requirements of cryogenic temperatures to reach the superconducting
state, high critical fields and critical current densities as well as competitive prices
impose limits on many superconducting compounds on their technical usage. Still, a
handful of compounds have been discovered and enhanced such that they are suitable
for implementation in applications as technical (super-)conductors.
The era of high-temperature superconductivity (HTS) started with the discovery of

superconductivity in copper oxides in 1986 in the Ba-La-Cu-O system with a critical
temperature in the range of 30K [1]. A euphoric breakthrough was made the next year
as superconductivity was discovered in the Y-Ba-Cu-O (YBCO) compound system at
a critical temperature of 93K [2] which is above the boiling point of liquid nitrogen.
Comprehensive efforts of research and development were necessary to overcome issues to
design conductors out of this material which are reliable to be used in superconducting
assemblies. At the current state of the art, YBCO coated conductor tapes with a length
of several hundred meters are commercially available from a couple of manufacturers.
YBCO coated conductors are also known as 2nd generation (2G) coated con-

ductors, which -in comparison to the first generation of industrially manufactured
Bi2Sr2Ca2Cu3O (BSCCO) tapes- are not based on a multifilament architecture or c-
axis aligned grains but rather rely on a biaxially textured thin-film layer structure.
On top of a polished (non-magnetic) metallic substrate, buffer layers enable biaxially
alignment of the superconducting film when it epitaxially grows during its deposition.
Charge doping is performed after coating the conductor with oxygen permeable silver.
Stabilization of the conductor is done with copper plating. In the end, the tapes are
electrically insulated and have a thickness of ∼100 µm to 200 µm and typically a width
of 4mm.
The outstanding properties of HTS coated conductors, especially at low temperatures

(i.e. 4.2K), are a driving factor to further push their development. For example, upper
critical fields above 100T allow to exceed the practical limit of 23.5T of the Nb3Sn
low temperature superconductor in magnet applications. A giant step in improving the
flux density of superconducting laboratory magnets was performed in 2017/18, when
a 32T magnet with a HTS inlet coil became operational at the National High-Field
Magnet Laboratory (NHFML) in Tallahassee [3]. Beside magnet applications research
is done to employ HTS coated conductors in fault-current limiters, superconducting
generators or power transmission cables. Near-future prospects in large-scale facilities
for example are HTS based magnet coils of nuclear fusion reactors such as SPARC from
the Massachusetts Institute of Technology (MIT) [4].
Quality control of the tape along its entire length is inevitable prior to its implemen-

tation in a technical device. Local defects in the functional layer of the conductor might
significantly degrade the critical current locally which limits the total dissipation-free
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current throughput.
Routine characterization of long-length tapes is typically performed via contact-free

Hall array scans at 77K in self-field (SF). Direct, 4-probe characterization scan tech-
niques typically struggle at establishing dynamic noise-free contacts between the tape
and the measurement device. The natural formation of ice on the tape surface during
the characterization process turns out to be an issue as well.
In this work, a new continuous four-probe measurement method that scans supercon-

ducting tapes from one end to another in a 2.61T flux zone and at 77K was developed.
In this device, called M-Scan, the tape continuously translates from a take-off reel
through a bath of liquid nitrogen to a pick-up reel. Inside the bath, there is the four-
probe measurement stage employing contact rollers and a permanent magnet with a
channel through which the tape translates. This magnet generates the 4 cm long flux
zone of 2.61T. The voltage response of the tape, which is loaded with a pre-selected
constant transport current, is continuously measured during its translation with rollers.
This thesis is split into three major parts, namely:

1. Development and implementation of the M-Scan device with focus on the de-
scription of the permanent magnet, the developed low-noise rollers and gas-flow
heated feedthroughs that prevent the formation of ice on the tape surface during
the scan procedure.

2. The development of the model to determine the critical current from the mea-
sured voltage response of the tape during its translation through the M-Scan
device. The approach was experimentally verified with a sample in a 3T pulsed
electromagnet.

3. The main result is the experimental confirmation of the feasibility of the developed
M-Scan device. The measured Ic-curves obtained from the M-Scan were further
analyzed and discussed with the developed model. Finally, the impact of defects
on the critical current was investigated and compared with results from Hall-array
scans.
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Kurzfassung

Die charakteristische Eigenschaft des verlustfreien Stromtransports in supraleitenden
Materialien beflügelt, seit seiner Entdeckung im Jahr 1911, Ideen für vielversprechende
technologische Anwendungen. Die Anforderungen, diese Materialien auf tiefkalte Tem-
peraturen abzukühlen, um den supraleitenden Zustand zu erreichen, die Notwendigkeit
von hohen kritischen Feldern und kritischen Stromdichten sowie wirtschaftliche Konkur-
renzfähigkeit beschränken jedoch die Verwendung vieler supraleitender Verbindungen
in der Technologie. Trotzdem wurden bisher eine Handvoll dieser diesen Anforderungen
genügenden Verbindungen entdeckt und zu technischen Supraleitern weiterentwickelt.
Die Ära der Hochtemperatursupraleiter (HTS) begann 1986 mit der Entdeck-

ung von Supraleitung in den Kupferoxiden im Ba-La-Cu-O System mit einer
Übergangstemperatur im Bereich von 30K [1]. Ein Jahr später kam es zum Durch-
bruch, als Supraleitung im Y-Ba-Cu-O (YBCO) System bei einer kritischen Temper-
atur von 93K entdeckt wurde [2], die oberhalb der Siedetemperatur von flüssigem
Stickstoff liegt. In weiterer Folge wurde viel in Forschung und Entwicklung investiert,
um aus diesem Material einen technisch anwendbaren Supraleiter herzustellen. Nach
aktuellem Stand der Technik werden YBCO Bänder (coated conductor) mit einer Länge
von einigen hundert Metern von einigen wenigen Herstellern kommerziell gefertigt.
Die YBCO Bandsupraleiter sind auch als Bandsupraleiter der zweiten Generation

(2G) bekannt, die - im Vergleich zu den industriell hergestellten Bandsupraleitern
erster Generation (Bi2Sr2Ca2Cu3O - BSCCO) - nicht auf einer Multifilamentstruk-
tur oder in die c-Achse ausgerichteten Kristallkörnern, sondern auf einem biaxial
texturierten dünnen Kristallfilm aufgebaut sind. Im Zuge des epitaxialen Beschich-
tungsprozesses wird die biaxiale Ausrichtung des supraleitenden Films durch Puffer-
schichten auf einem polierten, nichtmagnetischen Substrat ermöglicht. Der Supraleiter
wird nach der Ummantelung mit Silber in einer Sauerstoffatmospäre beladen, das heißt
mit Ladungsträgern dotiert. Am Ende wird der Leiter durch eine Kupferschicht stabil-
isiert. Nach der elektrischen Isolierung ist der Bandsupraleiter ca. 100 µm bis 200µm
dick und weist eine Breite von 4mm auf.
Die überragenden Eigenschaften von YBCO Bandleitern, besonders bei tiefen Tem-

peraturen von 4.2K, treiben deren Entwicklung weiter voran. Das obere kritischen Feld
von über 100T der Hochtemperatursupraleiter liegt weit über dem Limit von 23.5T
der ”tieftemperatursupraleitenden” Verbindung Nb3Sn. Ein Meilenstein wurde in den
Jahren 2017/18 gesetzt, als ein 32T Hochfeldmagnet mit einer HTS Innenspule im Na-
tional High-Field Magnet Laboratory (NHFML) in Tallahassee in Betrieb genommen
wurde [3]. Außerhalb von Magnetanwendungen werden HTS Leiter in Fehlerstrombe-
grenzern, supraleitenden Generatoren oder in Stromübertragungsleitungen eingesetzt.
Aktuell widmen sich Großprojekte zum Beispiel dem Einsatz von Magnetspulen auf
HTS Basis in Kernfusionsreaktoren, wie dem SPARC des Massachusetts Institute of
Technology (MIT) [4].
Die Qualitätskontrolle der Bänder entlang der gesamten Bandlänge ist eine
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notwendige Voraussetzung vor deren Verwendung in technischen Anwendungen. Das
lokale Absinken des kritischen Stroms durch Defekte in der Funktionsschicht des
Supraleiters können den verlustfreien Stromfluss im gesamten Leiter stark limitieren.
Die Charakterisierung von langen Bändern wird routinemäßig von einem kontakt-

freien Hall-array Scanner bei 77K im Selbstfeld (SF) durchgeführt. Ein typisches Prob-
lem bei der vier-Punkt Methode ist die Kontaktierung von rauschfreien dynamischen
Kontakten, die das Band mit den Messgeräten verbinden. Die natürliche Ausbildung
von Eis auf der Bandoberfläche während dem Charakterisierungsprozess ist ebenso zu
berücksichtigen.
Im Zuge dieser Arbeit wurde eine kontinuierliche vier-Punkt Messmethode entwick-

elt und M-Scan bezeichnet. Das Band wird kontinuierlich von einer Abwickelspule
durch ein Bad von Flüssigstickstoff zu einer Aufwickelspule überführt. Innerhalb des
Stickstoffbads befindet sich die Messzelle, die sich aus den Kontaktrollen und einem
Permanentmagnet mit einer durchgehenden Öffnung, durch die das Band geführt wird,
zusammensetzt. Innerhalb des Magneten ist das Band auf einer Strecke von 4 cm
einer Flussdichte von 2.61T ausgesetzt. Die abfallende Spannung entlang des Ban-
des, welches mit einem zuvor bestimmten Transportstrom belastet wird, wird über die
Kontaktrollen kontinuierlich gemessen.
Diese Arbeit setzt sich aus drei Hauptteilen zusammen:

1. Zunächst wird die Entwicklung und der Aufbau des M-Scanners - mit dem Fokus
auf den Permanentmagnet, den entwickelten rauscharmen Kontaktrollen sowie
der beheizten Gasstrom Banddurchführung (gas-flow heated feedtrough), welche
die Bildung von Eis unterdrückt, beschrieben.

2. In weiterer Folge wird die Entwicklung des Modells erörtert welches den kritischen
Strom aus dem gemessenen Spannungsabfall bestimmt. Dieser Ansatz wurde
experimentell mit einem gepulsten 3T Elektromagnet überprüft.

3. Es folgt die Darstellung der experimentellen Überprüfung der Machbarkeit des
M-Scan und weiterführender Analysen der gemessenen Ic Kurven mit dem en-
twickelten Modell. Der Einfluss von Defekten auf den kritischen Strom wurde
untersucht und mit den Resultaten von Hall-array Scans verglichen.
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1
Introduction

Wissenschaft wird von Menschen

gemacht.

W. Heisenberg

1.1 The Phenomenon of Superconductivity

Superconductivity is a challenging and highly complex field of solid state physics. Ex-

otic properties like the capability of zero-resistance current transport enable unique

technical applications like loss-free power transmission and give opportunities for com-

parably cheap production of persistent magnetic fields in tens of tesla range. Incredibly

sensitive measurement devices to detect tiny variations of magnetic fluxes in the range

of 10× 10−15Tm2 can also only achieved by using superconducting materials (SQUIDs)

[5, 6, 7].

The first discovered superconductor was mercury in 1911 shortly after the liquefaction

of helium with the boiling point at ambient pressure at 4.2K became technologically

possible in 1908 [8, 9]. The interest of investigating the ohmic resistance closer and

closer to absolute zero for pure materials was huge at this time. Mercury, as it is the

liquid metal at room temperature, was comparably easy to clean from impurities and

therefore chosen for measurements. Surprisingly, when cooling the sample, its ohmic

resistance suddenly dropped to zero at 4K due to -at this time- unknown reasons [10,

11].

Later on, more and more materials were found to be superconducting and the field

of superconductivity started developing. The main obstacle in the beginning was the

required access to liquid helium which was only available to a handful researchers.

1



Introduction 1.2 Type II Superconductivity

Nowadays, this needs to be considered as well, as access to low temperatures requires

sophisticated machines and very expensive coolants such as helium.

For specific industrial applications, the requirement of low temperatures extremely

increases operation costs and therefore superconductors are only used when all other op-

tions fail. Reaching higher temperatures to achieve superconducting effects in materials

are consequently of great interest as each degree of increased temperature tremendously

lowers operational expenses and generally raise chances for establishing further feasible

applications.

In 1986 superconductivity was found in a new material class, the cuprates, and

shortly after superconductivity with Tc = 93K was found in the Y-Ba-Cu-O compound

[2] which is above the boiling point of liquid nitrogen at ambient pressure. This was

game-changing, as it potentially highly facilitates access to superconducting properties

and massively gained the interest in the development of superconductors for industrial

applications [12].

1.2 Type II Superconductivity

The counter-intuitive principles of quantum mechanics are essential in the understand-

ing of key features of superconductivity. Other macroscopic quantum phenomenon

in solid state physics like bose-einstein condensation or superfluid liquids like helium

II rely on quantum principles as well and are strongly related to superconductivity

[13]. The field of superconductors is extremely complex, challenging and still, since its

discovery in 1911, far from being well understood.

The great success of the Bardeen-Cooper-Schrieffer (BCS) theory, established in 1957

[14], suggests that the long-range coupling of two electrons are forming a bosonic quasi-

particle, called cooper pair, which is crucial for the appearance of superconductivity. In

the therein described conventional superconductors, phonons are primarily responsible

for a weak but still sufficient electron-electron coupling. For BCS superconductors, a

singlet pairing mechanism is considered to form cooper pairs with zero angular mo-

mentum and spin quantum numbers (L = 0 and S = 0), which is in practice usually

referred as s-wave pairing state.

The bosonic nature of cooper pairs quantum mechanically allow them to ’condensate’

into a common ground state. This condensation has to be understood as a condensation

due to statistics and must not be confused with condensation in the common sense

which is due to interaction of particles. Such a condensate in its ground state can

be described with a macroscopic wave function Ψ that describes all condensed (quasi-

Chapter 1
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Introduction 1.2 Type II Superconductivity

)particles at once. Unlike ’classic’ (i.e. atomic) Bose-Einstein condensates, a condensate

of cooper pairs in a solid is charged.

The condensation of paired electrons alters the electronic density of states leading to

a characteristic gap at the Fermi energy N(EF) that separates a pool of occupied and

unoccupied states. This gap opens below a critical temperature Tc and has a width of

2Δ(T ).

In a quantum mechanical description of charged particles the momentum operator

p̂ = −i�∇ is extended with an additional term containing a vector potential A in

order to take interaction with electromagnetic fields into account. Therefore, with the

charge of a cooper pair q = −2e the momentum operator p̂ is replaced by the canonical

momentum operator
�
i
∇ → �

i
∇+ 2eA. (1)

Despite the most prominent and well known effect of zero resistance below a certain

material dependent critical temperature Tc, the complete expulsion of a magnetic field

in the interior of a bulk superconductor, also known as the Meissner-effect [15], is seen

as the key feature that defines a material to be superconducting. Both effects, zero

resistivity and the Meissner-effect, are essential to understand superconductivity as a

thermodynamic phase and the transition from normal conducting state into supercon-

ducting state as a thermodynamic phase transition.

From the very first powerful phenomenological description of superconductors, the

London model [16], one key parameter of superconductors can be derived:

ΔB = − 1

λ2
B (2)

In general, the solution of a differential equation of the given type in equation (2) is ex-

ponentially decaying, in this case with a length-corresponding characteristic parameter

λ. It follows that despite the complete expulsion of any magnetic field inside a solid in

the Meissner-state, an external field still penetrates at its surface with exponentially

decaying flux density towards its center.

A generalization of the London model, as it was done by Pippard in 1953 [17],

allows the derivation of a second, evenly important key parameter of superconductors.

By relating the current at a specific location j(r) to the vector potential A(r�) in

the surroundings, the characteristic length ξ, called coherence length, appears. This

parameter ξ can be intuitively understood as the minimum length of the macroscopic

wave function Ψ at which its properties can be changed.

Chapter 1
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Introduction 1.3 High-Temperature Superconductivity in Cuprates

Both quantities, λ and ξ, can be calculated from the Ginzburg-Landau (GL) theory

as well [18]. Although it is apparent, the fathers of the GL theory only focused on the

description of materials with a small values of the ratio κ = λ
ξ
, in particular κ < 1√

2

[19].

In 1957, Abrikosov introduced a theoretical concept of a ’second group’ of super-

conductors that have negative surface energy, i.e. κ > 1√
2
, at their superconducting

phase border [20, 21]. These type II superconductors prefer the entrance of quantified

magnetic flux lines above a lower critical field Hc1 in a periodic vortex lattice [22, 23].

It turned out that most superconducting materials except pure elements and very

few compounds (one example is TaSi2 [24]) are of type II and therefore allow flux

lines to enter the material for an external field Hc1 < H < Hc2. Below Hc1 type II

superconductors are in the Meissner-state and above Hc2 superconductivity collapses.

In between, called the mixed, vortex state or Shubnikov phase, the material is still

superconducting and doesn’t produce electric field when a current below a threshold Ic

is applied. It is remarkable that µ0Hc2 can be in the range up to hundreds of tesla. This

property is relevant for the feasibility of superconductors in technological applications

which are therefore unexceptional of type II.

1.3 High-Temperature Superconductivity in Cuprates

The publication of the BCS theory in 1957 provided the first consistent quantum me-

chanical theory of superconductivity. In contrast to the prior empirical rules to find

superconducting compounds with higher and higher Tc [25], the prediction of the criti-

cal temperature Tc in this microscopic framework raised new opportunities of thinking

[26]. A famous equation for Tc from the BCS theory yields

kBTc = 1.13�ωDe
−1

N(EF )Ve−ph , (3)

with kB being Boltzmann’s, � Planck’s constant and ωD the Debye frequency of the

solid.

From this point of view one can think of increasing Tc by enhancing the density of

states at the Fermi level N(EF), strengthen the coupling mechanism between electrons

described by the electron-phonon coupling parameter Ve−ph and/or increasing the max-

imum frequency in the phonon spectrum, characterized by the pre-exponential factor

ωD [27].

After superconductivity was observed in oxides with Tc’s up to 13K [28, 29], super-

Chapter 1
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Introduction 1.3 High-Temperature Superconductivity in Cuprates

conductivity with higher Tc was suspected in other oxide compounds which was then

found in the La–Ba–Cu–O system in 1986 with a remarkably high Tc of 35K. Mixed

valences of Cu2+ and Cu3+ appearing from the added Ba were considered to enable

a strong electron-phonon interaction. The charge carrier density was further tuned

to its optimum value by varying the La/Ba ratio [1]. However, from the multi-phase

La–Ba–Cu–O starting material, the actual superconducting phase was identified to

be La2–xBaxCuO4 which exposes a layered perovskite structure and is responsible for

the high Tc [30]. Remarkably, the pure parent compound La2CuO4 is insulating due to

strong electron-electron repulsion [31].

Shortly after, the results of superconductivity in copper oxides were reproduced and

enhanced by increasing the chemical pressure within the compound via replacing La

with Y which has a smaller ionic radius. This yields a critical temperature of Tc = 93K

in the Y–Ba–Cu–O system as reported by Wu in 1987 [2].

Beside the outstanding high Tc, the layered crystal structure and especially the CuO2

planes are a common feature of the superconducting cuprates. In principle, undoped

CuO2 planes are Mott insulators due to a strong inter-electron repulsion. Charge car-

riers (electrons or more importantly holes as in the case of YBa2Cu3O7–x and most

other cuprates) are added from the charge carrier reservoir that sandwiches the prac-

tically two dimensional CuO2 square lattice. These carriers enter a single conduction

band in the CuO2 plane which is created via hybridization between the accidentally

degenerated singly occupied 3dx2−y2 orbital of Cu and the 2px and 2py orbitals of O. In

the undoped CuO2 plane, electrons are locally bond to the Cu-ions due to their strong

repulsion with their spins being antiferromagnetically aligned. The added extra carriers

from the surrounding reservoir blocks enable conductivity and superconductivity [32,

33].

Several families of cuprates categorized by the characteristic elements building up the

crystal structure were discovered so far. These are the well known rare-earth elements

(RE, especially Y), thallium (Tl), bismuth (Bi) or mercury (Hg) based cuprates. All

these cuprates exhibit a layered structure with (super-)current carrying CuO2 planes

and their Tc is highly dependent on stochiometric and lattice variations [34].

Experiments revealed the unconventional pairing mechanism of cuprates and strong

hints for a singlet d-wave coupling with wave quantum numbers S=0 and L=2 were

found. This is related to the strong electron-electron repulsion and despite the lack of

common consensus regarding the origin of this pairing mechanism, it seems that d-wave

superconductivity is possible in close relation to an antiferromagnetic phase [35, 36].

Chapter 1
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Introduction 1.4 Coated Conductors

1.4 Coated Conductors

From thousands of discovered superconducting materials so far, which can be catego-

rized in 32 superconducting materials classes [37], only a small fraction of a few single

compounds are suitable to be implemented as a technical superconductor. The criti-

cal temperature Tc of the superconducting material generally needs to be Tc > 4.2K

and the upper critical field Bc2 typically greater than 10T. Additionally, the critical

current density of the conductor shall exceed Jc >104Acm−2 to 105Acm−2 and the

material must be tolerant to engineering requirements such as mechanical stresses or

safety considerations [38]. The high Tc above the boiling point of liquid nitrogen and ex-

traordinary large upper critical field Hc2 are huge advantages for technical applications

of YBa2Cu3O7–x . Nevertheless, for the production of long-length coated conductors of

cuprate superconductors, several issues have to be taken into account.

One of the main obstacles is the short coherence length ξ of a cuprate superconductor

which can be calculated from BCS theory as follows

ξ =
a�vF
kBTc

. (4)

The parameter a is dimensionless, vF denotes the Fermi velocity, � Planck’s constant

divided by 2π and kB the Boltzmann constant. For high-Tc cuprates, an extremely

short coherence length is therefore predicted. Further, in d-wave superconductors ξ

is anisotropic (ξ⊥ 
= ξ�). As a consequence, any disturbances of the crystal lattice

periodicity will significantly block the current flow [39].

The weak link between high-angle misoriented grain boundaries of polycrystalline

samples leads to small inter-grain superconducting coupling and further to disappoint-

ingly small critical current densities. Typically, a grain-alignment within a tolerance

of 4◦ misorientation is necessary for strong superconducting coupling [40]. Therefore,

biaxially aligned YBa2Cu3O7–x crystals are required to achieve sufficiently high critical

current densities. This is achieved via biaxially aligned buffer layers on a substrate that

serve as pattern on which the HTS material is epitaxially deposited.

1.5 Superconductors in Technology

Up to now, virtually all technologically used superconductors are either the alloy NbTi

or the A15 compound Nb3Sn [41, 42, 43]. These conductors are sometimes referred as

LTS (low-temperature superconducting) materials and are generally cooled with liquid
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helium down to 4.2K. Other technologically used superconductors are MgB2, first

generation (1G) high temperature superconductors (HTS) Bi-2212 and Bi-2223 as well

as the second generation (2G) HTS conductors YBCO. Additionally, the discovered

iron-based superconductors in 2008 are a further promising class of technologically

relevant superconductors [44, 45].

This state of the art repertoire of technical superconductors is used in several im-

pacting technical applications [46, 47]. Main advantage is the outstanding perfor-

mance of superconducting conductors exceeding critical current densities of at least

Jc > 104Acm−2 [48] a value that is only hardly reached by conventional conductors

[49]. Advantage of such high loss-free current densities is obvious for technologies that

require the presence of high magnetic fields of several tesla which cannot be imple-

mented cost-effectively with conventional conductors. Examples are bending magnets

in particle accelerators or magnetic resonance imaging (MRI) facilities in medicine.

Beside these practical applications, various flagship projects in different research areas

are equipped with superconducting technology that further push the limits of research.

The following paragraph introduces a few of them.

The most advanced and large-scale projects in the field of nuclear fusion like the

tokamaks ITER (France) [50] and JT-60SA (Japan) [51] or the stellarator Wendelstein

7-X (Germany) [52] are using superconducting coils to produce sufficiently strong flux

densities to generate the magnetic cage for fusion plasma confinement. At the large

hadron collider (LHC) at CERN in Geneva, 1232 NbTi dipole magnets cooled with

superfluid helium down to 1.9K are bending the circulating particle beam in a 8T field

[53]. Additionally, superconductors are not only used in research devices for the aca-

demic sector but become more and more interesting for market and public applications

as well. This is already the case for previously mentioned commercial MRI medical

imaging systems. Another examples are magnetically levitating Maglev high-speed

trains that operate with a combination of superconducting and permanent magnets

and easily achieve traveling velocities of 500 kmh−1 [54, 55].

However, constraints in a broad replacement of conventional conductors with techni-

cal superconductors are coming from an economical point of view. Despite of specific

applications that explicitly rely on the outstanding performance of superconductors

which justifies the material costs and required cooling mechanisms, for many cases

conventional solutions are more practical. The requirement to cool down the super-

conducting parts in a facility to cryogenic temperatures is a process whose complexity

and cost in general correlates with decreasing temperature and increasing mass that

needs to be cooled. The high Tc of coated conductors therefore principally provide huge
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advantages but their complex manufacturing route is still a cost-intensive process.

Nevertheless, a breakthrough for coated conductors was achieved in 2018 when a

32T steady state superconducting magnet with HTS inlet coil became operational [56,

3]. Another example of a near-future large-scale project is the SPARC tokamak from

the Massachussets Institute of Technology (MIT) where it is planned to produce the

magnetic field for plasma confinement with HTS based coils [4].

1.6 Tape Characterization

Characterization of long-length tapes along its length is inevitable before their imple-

mentation into a technological application. Important concern of magnet designers is

the homogeneity of the critical current along the conductor length which is usually char-

acterized by manufacturers at 77K in self-field (s.f.) [57]. Testing the Ic homogeneity

in field is of importance as well as it has been shown that nominally identical RE123

coated conductors can yield significant deviations when exposed to magnetic fields due

to microstructural features [58]. High resolution characterizations of the critical cur-

rent homogeneity, preferably including the conductor’s low temperature and high-field

performance is needed.

However, systematic measurements at low temperatures and high fields are sophisti-

cated and the demand of expensive coolants practically disable routine characterization

of Ic at 4.2K, causing that low temperature measurements at high fields are typically

done only on short, representative samples. This leads to a lack of consistent quality as-

sessment of continuous performance of the tape along the entire length. Consequently,

a reliable method to continuously predict the critical currents at low temperatures and

high magnetic fields from measurement at 77K is ultimately desired.

Quality control of commercially available coated conductors is usually routinely per-

formed by contactless Hall array scan tools such as TapeStar (THEVA) which is oper-

ating at 77K in fields of a few mT [59]. In-field performance of tapes in fields up to

0.53T in arbitrary orientation are measured in the YateStar device [60, 61, 62, 58].

Another approach of a continuous reel-to-reel characterization tool is reported by

Kim et al. [63]. In this approach, the tape is guided through a liquid nitrogen bath.

The voltage drop between voltage rollers is kept at a constant value and hence the

feedback-adjusted transport current is directly related to the critical current. A further

characterization tool for critical current assessment in-field is described by Li et al. in

[64].

Chapter 1

����� 8



Introduction 1.7 Scope of this Work

1.7 Scope of this Work

The main goal of this thesis was the development of a 4-probe reel-to-reel scan tool for

critical current assessment of superconducting tapes. The main feature of this machine

is a permanent magnet in which a flux density of 2.61T (B ⊥ tape surface) is reached in

the center of a channel through which the tape is guided. The machine, called M-Scan,

was built from scratch and the first part of this thesis is dedicated to its development

and assembly. The purpose of this device is to scan tapes with a 4-probe configuration

in a bath of liquid nitrogen in a field of 2.61T. The contacts are provided by rollers that

are directly contacted to the tape. During a scan, the device continuously measures

the voltage drop due to a pre-selected transport current.

Cryo-measurements with an open liquid nitrogen bath give rise to certain issues that

needs to be avoided in order to establish a reliable scan method. These are especially

the formation of ice on the tape surface when the tape translates through a zone of cold

nitrogen vapor and air above the bath and signal noise mitigation that is generated

by moving electrical contacts. To adress these issues, gas flow feedthroughs (GFFs)

and dot-like contact (DLC) array rollers were developed. The functionality of the most

important components of the M-Scan device are described in the first sections of this

work.

Another important chapter of this thesis deals with the current-voltage characteris-

tics in inhomogeneous magnetic fields. Since the tape translates between the voltage

contacts through a local magnetic flux zone generated by the 2.61T permanent magnet,

the tape between the voltage contacts is exposed to a magnetic field B with a certain

distribution B = B(x). For the assessment of the critical current Ic, a model to eval-

uate the measured voltage drop along magnetic fields with B = B(x) is required. In

this thesis, the electric field and the voltage drop of tapes in inhomogeneous magnetic

fields was modeled via the ’Extended Alpha Approximation’ (EAA). This approach was

experimentally tested on a sample with a 3T pulsed electromagnet that was developed

in the scope of this study.

For the purpose of developing the M-Scan device, experiments have been conducted

on different test benches. These experiments were performed in order to characterize the

behavior of tapes and applying the results to the development of the M-Scan method.

In the following the test benches used for pre-study experiments are shortly described

to give an overview to the reader.

• Short sample holder. Short samples with a length of 12 cm are mounted and 4-

probe connected on a glass fiber reinforced composite sample holder. In addition,
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there is the possibility to apply a set of two stacked miniature permanent magnets

with the sample in between. In particular, two different kinds of magnet sets are

used with a flux density in the center of either Bmax = 0.57T for magnets with

rectangular shape and Bmax = 0.53T with cylindrical one. Measurements were

performed with and without applied magnets.

• M-Scan. The development of the M-Scan device is the central aspects of this

work. For the first tests of this device, tapes with lengths up to 100m are scanned.

The main feature of the M-Scan is a permanent magnet that provides a flux

density of 2.61T through which the tape is guided. The tape is scanned with a

constant transport current and the according voltage signal is tapped by rollers.

• Gas-Flow Cryostat. In order to model the voltage drop between voltage con-

tacts of tapes exposed to inhomogeneous fields B(x) a set of samples is charac-

terized in a gas-flow cryostat at 77K with different homogeneous fields up to 7T.

From the datapoints of the characteristic Ic − B curve, the dependence of Ic(B)

is modeled.

• 3 T Pulsed Electromagnet. The voltage drop of a sample in an inhomogeneous

field is modeled with the EAA approach and experimentally assessed with a

developed 3T pulsed electromagnet. A tape is inserted into the channel between

two copper coils. The flux density in a magnet pulse reaches at its maximum

Bmax = 3T in the center and B(x) decreases towards entrance and exit of the

slit. In the pre-study tests with the 3T pulsed electromagnet experimentally

confirmed the reliability of the EAA approach.

Finally, to test the M-Scan method, three different tapes were scanned with the de-

veloped device. The tapes investigated exhibit mainly double-disordered tape structure

(see section 2.2) but also a tape with standard (i.e. non double-disordered) structure. In

complementary tests, the tapes were additionally scanned with a commercial scanning

Hall probe device (TapeStar) which is typically used for routine tape characterization.

Based on this initial results, advantages and disadvantages of the developed M-Scan

approach are discussed in the end. Topics to further develop this method are highlighted

as well.

The end-to-end performance of a tape is lowered by defects that locally degrade the

critical current at the defect’s position which lowers the limit of current throughput. As

a consequence, locally appearing electric fields render currents dissipative and generate
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heat. The locally growing temperature increases the risk of a quench which propagation

is initiated at the defect’s position [65, 66].

In principle, defects can be imprinted at various stages of the production process

and are visible or invisible at the tape surface. Therefore, it is necessary to assess the

impact of defects on the tape performance and control the quality of the tape. The

impact of different kinds of defects on Ic was investigated in several experiments of this

work.
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2
Tapes and Samples

2.1 Processing Route

The main parts of this work was conducted at Bruker HTS GmbH and therefore the

production route of Bruker HTS tapes is shortly outlined in the following. This concerns

the key features of the production route of coated conductors with lengths up to 600m.

• Alternating Beam Assisted Deposition. As previously mentioned, biaxially

textured substrates are needed for epitaxial growth of second-generation high

temperature superconductors. One way is the deposition of a 1 µm to 2 µm thick

yttria-stabilized zirconia (YSZ) template buffer layer on typically 0.1mm thick

Cr–Ni stainless steel tapes. This process is called alternating beam assisted

deposition (ABAD) [67, 68].

• Pulsed Laser Deposition. Fast epitaxial growth of the superconducting layer

on the textured substrate is enabled via high-rate pulsed laser deposition (HR-

PLD) [69, 70, 71]. Prior to the HTS deposition, a cap layer of CeO2 on top of the

YSZ is added in the PLD processing chamber in order to avoid lattice mismatch

between the texture layer and the HTS film [72].

A schematic view of the PLD reaction chamber is given in figure 2.1. A fo-

cused laser beam is scanning the target enabling a fast repetition rate of laser

pulses. Target turns prevent inhomogeneous removal of material and maintain

deposition quality [73]. Inside the chamber quasi-equilibrium heating stabilizes

the substrate temperature [74]. Pulse-like modulation of oxygen pressure in the

deposition window create intrinsic disorders (i.e. stacking faults, nano-islands,
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nano-precipitates) which serves as additional pinning centers in double-disordered

tapes [75].

Figure 2.1 – Scheme of the multi-plume drum based PLD device. The beam scan
of a focused laser beam enables fast repetition rates of laser pulses. The figure was
provided by courtesy from Alexander Usoskin [70].

• Silver and Copper Plating Doping of the reduced YBa2CuO6 compound with

oxygen is done after coating the the conductor with a 1 µm thin silver layer.

The stabilization of the silver capped coated conductor is achieved by reel-to-reel

copper electroplating in a bath of copper sulfate CuSO4 [76, 77, 78]. Finally, the

conductor is insulated with a Kapton polyimide tape.

The cross section of the layer structure of the coated conductor is shown in figure 2.2.
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Figure 2.2 – Schematic view of the layer structure of coated conductors. On a
50 µm to 100 µm thick stainless-steel substrate a 1.5 µm to 3 µm thick layer of biaxially
textured yttria-stabilized zirconia (YSZ) enables epitaxial growth of the 1 µm to 2 µm
thick YBCO layer. The YSZ layer is previously capped with a ∼ 0.1 µm thick CeO2

layer. The layered conductor is coated with a silver layer (1 µm) and plated with
copper (up to 50 µm). The figure is taken from [79]

2.2 Double Disordered Tapes

In tapes employing a double disordered (DD) processing route record critical current

values of 309A in 31T field (B ⊥ tape surface) and 4.2K were observed [75]. These

outstanding current values originate from additional pinning centers of intrinsic and

extrinsic disorder of the superconducting layer.

The intrinsic disorder is a result of pulse-like oxygen pressure modulation in the PLD

process leading to stacking faults, nano-island, nano-precipitates in the HTS layer which

serve as pinning centers.

Extrinsic disorder comes from foreign atoms, such as Zr, Ce or Ho that add lat-

tice defects to the structure which are origin to local defects or bamboo-like nanorod

structures grow during the deposition process [80].

In comparison to standard (i.e. non double disordered) YBCO tapes, a shift of Tc to

lower values in the range of 84K to 86K than of the expected 93K for standard YBCO

tapes is observed. Additionally, extra ordinary high ratios between Ic(4.2K, 18T) and

Ic(77K, self-field), in the range of 5-15 are observed [73, 81]. Consequently, critical

currents in double disordered tapes at 77K are lower than those of standard tapes.

This is compensated by outstanding critical current densities at low temperature and

high-fields as reported by A. Usoskin et al. in [81, 79]
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2.3 Tapes and Samples

In the scope of this work, both, short samples with lengths up to 55 cm and tapes up

to 100m have been investigated. In the following tables an overview of investigated

samples and tapes is given.

All samples and tapes have a width of 4mm.

Most of the short samples are cut from a silver coated single tape #T-A which

parameters are given in table 2.2. The short samples are listed in table 2.1 and keywords

regarding the experiment in which the according sample is measured are noted in the

column ’Experiment’. The term ’Zooming effect’ and ’Diode effect’ will be described

in chapter 4.

Sample Length Surface Ic @ 77K Experiment Testbench

ID cm A

#S-1 12 Ag 8.5 @1T V -I Characteristic

Miniature PM
#S-5 12 Ag 8.5 @1T Zooming effect

#S-6 12 Ag 8.5 @1T Diode effect

#S-7 12 Ag 8.5 @1T Diode effect

#S-2 3 Ag 10 @1T EAA modeling
Cryostat

#S-3 3 Ag 10 @1T EAA modeling

#S-4 20 Ag 8.5 @1T EAA confirmation 3T pulsed EM

#S-8 55 Ag 12.5 @1T defects in M-Scan M-Scan

#S-9 3 Cu Tc measurement Cryostat

Table 2.1 – Table of investigated short samples in the scope of development of M-Scan.
Most samples, except #S2, #S3 and #S9 are cut from the same tape #T-1 which is
described in table 2.2. The critical current of #T-1 is not homogeneously distributed
and hence the cut samples have different nominal critical currents. Abbreviations PM
and EM refer to permanent magnet and electro magnet, respectively.

The following table 2.2 lists the tapes scanned in the developed M-Scan device. Tapes

with double-disordered structure are indicated with ’DD’. The scan runs are numbered

from 1-3 and labeled with a short description. Tapes #T-A, #T-B, #T-C and #T-D

are used to cut short samples and, although not scanned in the M-Scanner, listed in

the table for the sake of completeness.
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Tape scan ID Description tape scan Surface YBCO

ID # m m

#T-1 1 implementation of M-Scan 6 2 Cu DD

#T-2 2 long-length scan 94 80 Cu DD

#T-3 3 defects 10 10 Laminated standard

#T-A Used to cut samples #S1, #S4 - #S8 Ag DD

#T-B Used to provide sample #S2 Ag DD

#T-C Used to provide sample #S3 Ag DD

#T-D Origin of #S9 Cu DD

Table 2.2 – Table of tapes investigated. Tapes with double-disordered tape structure
are indicated with DD in the ’YBCO’-column.
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M-Scan Development

In this section the main components of the developed M-Scanner are described and an

overview of the functionality is given. The principle of the machine is as follows: the

tape is transported continuously from a take-off reel through the measurement stage to

a pick-up reel. In the measurement stage the tape is 4-probe connected with dynamic

contacts. Two main features are established in the M-Scan:

1. The tape translates through the channel of a permanent magnet assembly whose

magnetic flux desnity reaches 2.61T in the center.

2. A constant transport current Itr is applied on the tape during the scan and the

corresponding voltage drop recorded. This voltage drop is then related to the

critical current.

A rough scheme of the the transport scan method is given in figure 3.1 in which these

two features are pointed out. The magnetic flux in the center of the magnet is supposed

to be B ∼2T to 3T reducing the critical current ot a level to Ic ∼3A to 5A.

Beyond the presented very intuitive initial concept, the development and implemen-

tation of the M-scan device provides several characteristic features which are described

more precisely in the following paragraphs.
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I+

V+ V-
I-

SF
Ic ~ 50 A

B = 2-3 T
Ic ~ 3-5 A

LN2

Figure 3.1 – Rough scheme of the scan transport method. The tape translates
through a zone of a flux density of B ∼2T to 3T in which the critical current is
reduced to Ic ∼3A to 5A. The tape is 4-probe connected with current and voltage
rollers.

As already described above, it follows from the implementation of a magnetic flux

zone provided by a 2.61T permanent magnet in the center of the measurement stage

that the critical current is significantly reduced by ∼80% to 90% in comparison to

the critical current in self-field. In the case of double-disordered HTS tapes, which are

optimized for high in-field Ic performance at low temperatures, extremely high ratios

(up to 15) between in-field measurements of Ic(4.2K, 18T) and Ic(77K in self-field) are

observed [75, 81]. In comparison to ’standard’ (i.e. non double-disordered) tapes, the

values of Ic at 77K are therefore comparably low. This leads to a level of the critical

current in M-scans at 77K in 2.61T fields of 3A to 6A. In tape scans with standard

tapes, critical currents up to 18A were observed.

Working with such moderate transport currents (which are pre-selected to be slightly

above the critical current) naturally mitigates the risk of tape damage due to a quench

event while scanning. From quick estimations (as it is done later in table 5.2 in

section 5.3), it follows that the generated power density in case of quench is below

∼20mWcm−2 which is easily removed by the surrounding coolant.

The voltage drops mainly along the zone that is exposed to the magnetic field (i.e.

inside the magnet). This follows from the previously mentioned drastic reduction of

the critical current since the voltage response of a transport current representing only

a fraction of the critical current outside the magnetic field zone can be practically

neglected. However, this might be not true, when a severe defect degrades the critical

current already by more than 80%.

Placement of the tape carrying coils outside the bath of liquid nitrogen allows a
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rather easy interchange of tapes since the system doesn’t need to be heated. The main

challenges to establish the continuous reel-to-reel scan system in the presented design

and characteristic features of the developed M-scan are summarized in the enumeration

below.

In principle, four main difficulties were solved during the development of the M-scan

device, listed as follows:

1. A magnet providing a flux density between 2T to 3T needs to be designed and

implemented into the measurement stage of the M-Scanner. This was established

by the 2.61T permanent magnet which is described in section 3.2.

2. Development of a model to calculate the critical current Ic from a continuous

voltage measurement with constant transport current in a setup where a local

flux zone is applied.

3. Providing sufficiently good electric contacts to mitigate noise in nV range from

measurements on moving tapes.

4. A solution to the issue of ice formation on the tape surface preventing good electric

contacts needs to be implemented. Naturally ice forms on the tape surface when

the tape is translating through the nitrogen/air vapor above an open vessel of

liquid nitrogen.

3.1 Concept

In general, the M-Scan device consists of two major parts, an outer tape carrying

transport system and the inner measurement cell where the tape is measured. The

outer structure and concept of the scanner are described in this section. Main com-

ponents (2.61T permanent magnet, dot-array rollers and gasflow feedthroughs) of the

measurement cell are described in separate sections.

The outer tape transport system consists of two programmable motors that were

programmed to provide different tape translation velocities in the range from 1mms−1

to 15mms−1. Measurement stage, motors and tape guiding rollers are fixed on custom-

ary aluminum construction profiles. A comprehensive scheme of the M-scan system is

shown in figure 3.2 and described in the following.
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Figure 3.2 – Scheme of the developed M-Scan. The tape is translated from a take-off
reel (1) through the measurement stage (3) to a pick-up reel (2). Constant tape ten-
sion is provided by a ’dancer’ (4) which is a ballasted roller on a movable axis. Voltage
signals and transport currents are controlled with input/output devices (5). The tape
is 4-probe connected with rollers acting as current (6) and voltage (7) contacts. Be-
tween the contacts, the 2.61T permanent magnet (8) is placed. Gasflow feedthroughs
(GFFs) (9) prevent ice formation on the tape which would form an insulating layer
suppressing electric contacts between rollers and tape.

The tape is mounted on a take-off reel (1) and guided via rollers through the mea-

surement stage (3). In the M-Scan assembly the measurement stage is hung up on two

stainless-steel rods in order to minimize the heat introduction into the liquid nitrogen

bath by the comparably low thermal conductivity of stainless steel.

The tape is wound on a pick-up reel (2) on the other side. The measurement stage

is fully immersed in an air-tightened bath of liquid nitrogen during operation. The

consumption of liquid nitrogen is determined to be in the range of 1 L h−1 to 1.5L h−1.

During the scan procedure a constant tape tension from 12N to 20N is applied which

is provided by a ballasted roller mounted on a movable lever, called ’dancer’ (4). The

voltage signals and the applied transport current are applied and processed by in-

put/output devices (5). Small fluctuation of the resistance at the rotating dynamic

current contacts are automatically balanced within 2ms by the fast reacting digital

power supply which is operated in current control mode. In comparison, the voltmeter

takes 2-3 samples per second in high-resolution mode which is 2 orders of magnitude

slower than the current balancing operation by the power supply.

In the scheme, the current rollers are depicted as (6) and voltage rollers as (7). The
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current roller consist of stainless steel and the current is injected via the axis around

which the roller is gliding. The distance between the voltage rollers is Δxd=19 cm and

their concept is described comprehensively in section 3.3.

However, the current flowing through the current circuit is additionally checked and

recorded by the voltage drop along a calibrated ohmic resistor which is placed in series

of the circuit. This resistor consists of a copper wire and is placed in a small vessel

of liquid nitrogen to minimize temperature effects. It was previously tested, that this

current control resistor is operating stable for applied transport currents up to 19A.

Therefore, for the scans in this study, the current limit through the circuit is set to

19A, which is nevertheless sufficient for scanning the selected tapes in this work.

The 2.61T permanent magnet (8) is placed centered within the measurement

stage and is described in detail in section 3.2. The tape translates through gasflow

feedthroughs (9) to prevent the natural formation of insulating ice at the intersection

of liquid nitrogen and air/nitrogen vapor. This relevant component is described in sec-

tion 3.4. Typically, the tape is moving from (1) to (2) but it can be operated in both

directions.

A photograph of the measurement stage is shown in figure 3.3.

Figure 3.3 – Picture of the measurement stage showing the main components (gas
flow heated feedthroughs, current rollers, dot array voltage rollers and permanent
magnet). The tape is entering the stage from the upper left corner and leaving in the
upper right corner. The twisted cable for voltage measurement can be seen centrally
whereas current cables are hidden behind the rectangular stainless-steel rods on which
the assembly is hanged.
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The components are mounted on a stainless-steel structure which is fixed on two

rectangular steel tubes and fully immersed in liquid nitrogen during operation. In the

4-probe configuration, the outer stainless-steel rollers act as current contacts and the

inner ones as voltage contacts. These developed dot-like contact array (DLC-array)

rollers will be described in section 3.3. Brass brushes are fixed on the copper discs

of the voltage rollers and tap the voltage signal which is transferred to an electronic

device via twisted cables. The cubic shape of the 2.61T permanent magnet is visible

in the center of the measurement stage through which the tape is guided.

3.2 2.61 T Permanent Magnet

In the scope of this work, high-field permanent magnets (PMs) of different materials

have been used to create magnetic fields for tape characterization. Miniature perma-

nent magnets are used to characterize short samples in magnetic field and the 2.61T

permanent magnet assembly with a Halbach-array like configuration is placed in the

center of the M-Scan. Since permanent magnets therefore play an important role in

this work, a rough introduction to high-field permanent magnets (especially rare-earth

permanent magnets) is given in the following.

3.2.1 Introduction to High-Field Permanent Magnets

Each material shows a specific behavior when exposed to an external magnetic field

Hext. When a material tend to repel Hext from its inside, it is called diamagnetic.

A paramagnetic material posses unpaired electrons in one of each atom’s orbitals, in

which its z-component of the spin is therefore not determined by Pauli’s exclusion prin-

ciple. The unpaired electron creates a permanent magnetic moment. When exposed

to an external magnetic field, the moment of all unpaired electrons tend to orientate

in direction of the field Hext, thus reinforcing it. After switching off Hext the macro-

scopically directed moments dissipate and a favored direction of the moments cannot

be observed. Both effects, diamagnetism and paramagnetism are weak compared to

ferromagnetism in which a long range interaction couples the magnetic moments.

Due to this interaction, the moments are aligned in domains in order to maintain

a lower energy level. The moments will orient parallel in direction of an increasing

external magnetic field until saturation of the magnetization is reached. Since the

moments keep their direction when the external field is switched off, the material re-

mains magnetized and creates a persistent magnetic field. This residual magnetization
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is called remanescence Br and makes ferromagnetic materials responsible to be used in

commercially available permanent magnets.

When an external field is applied in opposite direction of its magnetization, the

ferromagnet tend to demagnetize. However, the ability to withstand demagnetization

is characterized by the coercitivity Hc. Its value allows classification of ferromagnets

in ’magnetically soft’ and ’magnetically hard’ materials, for a low and high coercivity

respectively.

Above all, the ferromagnetic properties are lost due to thermal motion above the

material dependent Curie-Temperature TC. The directed orientation of the magnetic

moments breaks up and the permanent magnet has to be magnetized again, which sets

TC as intrinsic limit for industrial application of permanent magnets.

For high-field permanent magnets, high values of both, the remanence Br and the

coercitivity Hc are desired. This is achieved in magnets that include elements of the

rare-earths, especially samarium (Sm) and neodymium (Nd). One key feature of mag-

net relevant rare-earth elements are unpaired and well protected magnetic moments

within the internal f orbitals. The unpaired electrons lead to paramagnetism and also

for some elements to ferromagnetism at comparably low temperatures. However, alloy-

ing rare-earths elements with a transition metal such as Co in the case of Sm or Fe in

the case of Nd (with addition of boron (B)) creates the strongest permanent magnets.

Both situations are shortly described in the following.

• NdBFe Magnets with the structure Nd2Fe14B were developed independently and

simultaneously by Sumitomo Specail Materials Co. and General Motors GM in

1984 [82, 83]. Neodymium magnets are known to have a typical residual field

Br = 1.3T. The very high coercivity Hc = 1.2T to 1.3T enables a high resis-

tance against demagnetization. Disadvantages are their comparably low Curie

Temperature TC about 500K to 600K as well as their brittleness and higher

vulnerability to oxidation than Samarium-Cobalt magnets [84, 85].

• SmCo The residual field of samarium-cobalt magnets is about 10% lower than Br

of neodymium magnets. There are two possible configurations, namely SmCo5

and Sm2Co17. The Curie-Temperature is higher in comparison to neodymium

magnets [84, 85, 86].

To give an overview, some key values of the high field permanent magnets are shown

in table 3.1. These values serve as references and are further tuned depending on

the specific magnet application. This is shown for example for the N48H grade of

neodymium based magnets, which is used for the 2.61T permanent magnet. Databases
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of technical specifications for magnet materials are openly accessible from commercial

magnet merchants.

Material Br [T] µ0Hc [T] TC [K]
AlNiCo 1.35 0.07 1020
SmCo5 1 0.83 1000
Sm2Co17 1.15 0.6 880
Nd2Fe14B 1.2 1.2 580
N48H 1.36 - 1.42 1.27 - 1.36 310

Table 3.1 – Typical properties of rare-earth magnets and the magnetically soft
AlNiCo alloy. The remanence and coercivity are described in tesla by Br and µ0Hc,
respectively. Additionally, the Curie-Temperature is given by TC. The materials can
be categorized into magnetically soft (AlNiCo) and magnetically hard (others). The
reference values are taken from [85] and for the N48H material from datasheets of
commercial magnet merchants, eg. [87, 88, 89].

3.2.2 Halbach Array

In 1973 John C. Mallinson theoretically found a special arrangement of permanent

magnets that let all the flux escape from one side of a magnetic structure while none

flux is leaving the other side [90]. Thereby the flux density is increased on the one

side, whereas it is reduced on the other side. This is schematically and qualitatively

shown in figure 3.4 and figure 3.5 where an assembly of five sintered NdFeB (type N48 -

similar remanence Br but lower coercitivity Hc, when compared to type N48H) magnets

are simulated with the FEMM (Finite Element Method Magnetics) code package. An

introduction to this code package is given in [91]. Figure 3.4 shows the configuration

with parallel magnetization direction for each magnet segment. With the Halbach

array like configuration, a flux density of ∼ 0.8T is reached on the high-field side in

the configuration shown in figure 3.5.
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Figure 3.4 – Flux density of five elements of N48 NdFeB magnets with parallel mag-
netization direction. The magnet configuration is calculated with the FEMM (Finite
Elemente Method Magnetics) code package, available at www.femm.info (accessed in
May 2021).

In figure 3.5 the magnet segments are rotated and hence the magnetization of each

segment is pointing in different directions. In the simulated configuration, the magnetic

flux is concentrated to one side.

Figure 3.5 – Halbach-array like configuration of the five magnet segments, calculated
with the FEMM code package. The magnetization of each element is pointing in
different direction and the flux density concentration to one side of the assembly
is clearly visible. The simulated concentration of the flux density reaches ∼ 0.8T.
Demagnetization due to the geometry of the configuration has to be taken into account.

The same properties were found independently from Klaus Halbach who proposed

a 16-piece quadrupole magnet in 1980 at the Lawrence Berkeley National Laboratory

[92]. In the aperture of his rare earth cobalt magnet (REC-magnet) he could reach an

aperture field of 1.34 T. However, with specially designed Halbach-array like configu-

rations magnet, a flux density up to 4T in the aperture of a magnet assembly can be

achieved [86, 93]. The permanent magnet used in this work reaches 2.61T (at 77K) in
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the aperture and is described in the following sections.

3.2.3 Assembly of the 2.61 T Permanent Magnet

The permanent magnet consists of two sets of four magnet segments of NdFeB (N48H)

material with a remanence of Br = 1.39T. The magnetized segments are fixed in

a stainless-steel chassis with specific orientation of each segment’s magnetization to

achieve a flux density concentration towards the center as described in previous sections.

The components are fixed mechanically and no glue is used. There is an air gap between

the two sets of the four magnet segments which has a cross section of 2× 20mm2. The

maximum flux density in the channel reaches Bmax = 2.54T at room temperature

(T = 293K) and Bmax = 2.61T at 77K. A surrounding iron housing shields the

stray fields except at a small region at the openings to a level below 0.5mT, which is

regarded as safety standard with respect to cardiac pacemakers [94, 95]. The total outer

dimensions of the assembly are 130× 128× 88mm3 and it weights 7 kg. The magnet

was assembled and delivered by the Bruker BioSpin GmbH, located in 34 Rue de

l’Industrie, 67160 Wissembourg, France. A picture of the permanent magnet assembly

is shown in figure 3.6.

Figure 3.6 – Picture of permanent magnet assembly. The magnetized NdFeB seg-
ments are surrounded by an iron housing. The entrance of the slit for tape throughput
is visible. Courtesy by Bruker BioSpin.

Within the channel, the the field lines are perpendicular to the tape and the channel,

i.e. B = Bz and in the central zone Bz is homogeneous within a precision of ∼1%.
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The flux density distribution along the channel B(x) will be discussed in section 3.2.4.

The mechanical stability of the structure and the persistence of the magnetic field was

extensively tested by repeated cooling cycles where the complete magnet assembly was

cooled down to 77K in a bath of liquid nitrogen and thawed up to room temperature in

an airtight box. This procedure was performed ten times and during each cooling cycle

a cryogenic InAs Hall sensor was placed in the center of the magnet channel and the

flux density recorded. When the magnet is fully cooled down, the flux density reaches

2.61T in the center.

3.2.4 Flux Density Distribution of the 2.61 T Permanent Magnet

The flux density distribution B(x) along the channel is shown in figure 3.7 before

the first and after the tenth cooling cycle, which is denoted as B0(x) and B10(x),

respectively. For the measurement of the distribution the Hall sensor is fixed on a

plastic reinforced holder and stepwise introduced in the channel. This Hall scan is

done at room temperature and matched to the flux density values at 77K in the center

of the magnet.
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Figure 3.7 – Flux density distribution along the channel of 2.61 T permanent magnet.
The dimensions of the housing and the magnet structure are depicted schematically as
grey areas. There is a 4 cm long homogeneous ’plateau’ Δxm from x = −2 cm to 2 cm
with a flux density of 2.61T in the center of the magnet. Out of Δxm, the flux density
rapidly drops and reverses at x = ±3.5 cm. The minimum field Bmin = −0.58T is
reached at x = ±4.8 cm.

In figure 3.7, the housing and the inner structure of the magnet are introduced
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schematically as grey areas. From comparison of the flux density distribution B0(x) and

B10(x) it is considered that the mechanical structure and the flux density distribution

in the magnet channel are sufficiently stable with respect to the repeated cooling cycles.

The maximum magnetic field of Bmax = 2.61T at 77K is reached within a homogeneous

flux zone. In the following, this effective length is also named ’plateau-zone’ and defined

to reach from Δxm=−2.0 cm to 2.0 cm. Out of Δxm, the flux density significantly

reduces and reverses at x = ±3.5 cm. The minimal value of the field Bmin = −0.58T is

found at x = ±4.8 cm. At the opening of the housing at x = ±6.5 cm, the flux density

is −2.5mT. The safety threshold of 0.5mT is reached at a distance of ∼ 8 cm from the

center i.e. 1.5 cm from the opening of the housing.

The 40mm long ’plateau’-zone of the flux density distribution is causing the over-

whelming part of the voltage drop of current loaded tapes during their scan procedure.

This means, that the tapes are scanned with a spatial resolution of 40mm.

3.3 Dot-Like Contact Array Rollers

Providing ’dynamic’ electric contacts of a four probe technique on translating tapes is

one of the main issues at the development of the M-Scan. It turns out that naturally self-

formed oxides on copper plated tapes mitigates the electrical conductivity and prevent

tapes from being sufficiently conductive. This is similar as well for silver coated tapes

since their surface tends to form silver sulfide Ag2S which also has a rather limited

conductivity [96, 97].

The challenge is to achieve practically noise-free signals for voltage and current mea-

surements in the range of µV and µA on translating tapes. This can be achieved

by sufficiently high pressure penetrating through these thin insulating layers [98]. A

concept that solves that problem is described in the following.

The voltage is taken from rollers around which the tape is guided during its trans-

lation. In the M-Scan setup, the tension of the tape shall not exceed a tensile force of

20N, which is considered to be a typical value of the tensile force of windings in tape

carrying coils [72]. At the contacting zones between roller and tape, a contact pressure

on the roller is created. This is shown schematically in figure 3.8.

The pressure between the tape on the roller is estimated from the relation for the

pressure

p =
|F|
A

. (5)

The force employed in equation 5 and further an expression for the pressure is derived
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in the following.

Figure 3.8 – Scheme of a tape guided by a roller. Forces on both ends of the tape
impose a tension on the tape. The tape is deflected on the roller and forces between
roller and tape are exchanged. These creates a pressure p between roller and tape
which is estimated in the following to be p = 1

wRF , where w is the width of the tape,

the value of the radius is given by R and |�F1| = |�F2| = F

For this estimation, no deformation of the tape, roller and no friction are assumed.

The force at the position r = R · r̂ is then given by Fn, where Fn = F(− sinϕ, cosϕ)T

and |F1| = |F2| = F. The value of the radius of the roller is given by R and the radial

direction by r̂.

To estimate the pressure, an expression for the force from the tape to the roller,

hence the component of Fn in direction of r̂ is needed. The component of the force

Fn in radial direction becomes only non-zero when an infinitesimal deviation of Fn is

considered. Since the force Fn denotes the force at the position r, the radial component

of the force can generally be written as dF · r̂.
In principle, the total force Ftot from the tape to the roller is given by integration of

all infinitesimal forces dF = F · r̂ ·dϕ along Δϕ , where Δϕ contains the angles between

which the tape is touching the roller.

Additionally, the area A that the tape covers on the roller is given by A = w · |dr| =
wR · dϕ, with w being the width of the tape.

The pressure between the tape and the roller can therefore be written as

p =
F

A
→ |dF · r̂|

w · |dr| =
|F · r̂ · dϕ · r̂|

wR · dϕ =
F · dϕ
wR · dϕ. (6)

This leads to the expression

p =
1

wR
F. (7)
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It turned out in the scope of several preliminary tests, that the tensile force of 20N on

a roller with 46mm diameter and a 4mm wide tape leads to pressure of p ∼ 0.2MPa,

which is insufficient for reliable contacts. A much higher contact pressure is needed,

however without exceeding the tape damaging threshold of pc ∼ 360MPa [72].

Finally, a dynamic contact roller was developed and implemented to the M-Scan that

exhibits a dot-like contact array (DLC-array). The underlying idea of this concept is the

reduction of the contacting area yielding significantly higher contact pressures between

the tape and the roller in comparison to the bare roller. The cross section of the design

is shown in figure 3.9. At both sides of the stainless-steel roller (1) two copper discs

(2) are mounted. There are 48 copper pins (3) fixed on each copper disc that simplifies

the soldering of a silver coated copper wire (4). Pan head screws (5) are used to fix

the discs on the stainless steel roller. The diameter of the roller is 46mm and the total

height of the cylinder is 10mm.

Figure 3.9 – Cross-sectional drawing of the dot-like contact array roller. Two copper
discs are mounted on the stainless steel roller (1). Several cooper pins (3), mounted
on a copper disc (2), simplify the soldering of a silver coated copper wire (4). Pan
head screws (5) are used to fix the copper disc on the stainless steel roller. The total
height of the cylinder is 10mm and the diameter is 46mm. Details on this concept
were developed together with my supervisor Dr. Alexander Usoskin.

From the tested arrangements of the silver coated copper wire, the ’criss-cross’

configuration, as shown in figure 3.10, turned out to be the most reliable concept to

achieve a noise-free signal. With the given diameter of the thin silver coated copper

wire, d = 0.07mm, the pressure at the contact dots is estimated using equation 7.

Assuming, that the tape during its translation is directly connected to one silver

coated copper wire at once, the pressure is estimated to be p ∼ 130MPa.
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Figure 3.10 – ’criss-cross’-configuration of the silver coated copper wire. The pressure
at the intersection between tape and roller within the red circle is estimated to be
p ∼ 130MPa.

All Ag-coated copper wires are connected to each other and hence having the copper

discs on each roller being on the same potential. This potential is tapped by gliding

brass brushes on each roller that are directly connected to the voltmeter. A picture of

on of the implemented rollers is shown in figure 3.11.

Figure 3.11 – Picture of the dot-like contact array roller. Thin silver coated copper
wires are soldered on copper pins which are fixed on copper discs. The ’criss-cross’
configuration, shown here, turned out to be the most favorable.

The implementation of the roller into the measurement stage is shown in detail in

figure 3.12. The gliding brass brush is tapping the voltage from the roller and is directly

connected to the voltmeter.
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Figure 3.12 – Implementation of the dot-like contact (DLC) array roller into the
measurement stage of the M-Scanner. Both copper discs of the DLC roller are on the
same potential, which is tapped by a gliding brass brush.

3.4 Gasflow Heated Feedthroughs

The natural formation of ice on the tape surface during its translation within a gaseous

environment of air and cold nitrogen vapor, which is naturally the case over an open

bath of liquid nitrogen, insulates the tape from being electrically conductive. It was

tested, that without a solution to the problem of ice formation on the tape surface,

dynamic four probe measurements are practically impossible. For reliable scans, a

method to prevent ice forming on the tape surface needs to be implemented into the

M-Scanner.

The first idea of course is to avoid the tape translating through the open gaseous

phase at all, which can be established by keeping reels and the tape altogether in liquid

nitrogen.

A second, well established approach is to keep the reels at room temperature and

protect the tape from air with an air-tightened cover above the cryostat. This is realized

in the TapeStar reel-to-reel measurement tool based on Hall-scan measurements on

coated conductors [99, 59].

The issue of ice formation is solved in the M-Scanner with a different approach that

is based on local gas-flow feedthroughs for the moving tape. A drawing of the gas-flow

feedthrough is shown in figure 3.13.
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Figure 3.13 – Drawing of the gas-flow feedthrough. The box in which the nitrogen
is evaporated is indicated with (1) and the stainless-steel tube with (2). The nitrogen
gas heater is depicted in (3). The gas-flow feedthrough is mounted at the warm end
with a double-prism holder (4). Liquid nitrogen is evaporated by a resistive heater
(5). The concept was developed together with my supervisor Dr. Alexander Usoskin.

The tape storing reels are placed at ambient temperature with a tape path translating

the tape in vertical direction into the liquid nitrogen bath. The tape is guided through

a stainless-steel tube (2) into the nitrogen bath in which a flow of warm nitrogen gas

is employed. This is provided by a nitrogen gas heater element (3), that is wrapped

around the tube. External power supplies control the current flowing in the heater and

therefore the generated heat. In this way, the nitrogen gas is heated to a temperature

of 20 ◦C to 30 ◦C. The cold end of the tube is, in comparison to the warm end, supposed

to be the closer end to the surface of the nitrogen liquid. The nitrogen gas is evaporated

via evaporator (5) from the cryo vessel within a small box (1) that is opened at the

bottom and tightly connected to the cold end of the tube. A steady flow of nitrogen gas

is therefore guided through the tube. The whole assembly is placed outside the LN2

vessel with a double-prism holder (4) that is mounted at the warm end of the tube to
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the outer structure of the M-Scan system. However, during operation the level of liquid

nitrogen in the vessel should be at the half-height of the box, with the evaporator fully

immersed in the liquid nitrogen.

On the tape surface, that is entering the liquid nitrogen vessel in vertical direction

through the ’input’ GFF, no ice is formed. Vice versa, the tape is heated in a dry

nitrogen gas back to room temperature (or slightly above it) in the ’output’ GFF,

when the tape is leaving the liquid nitrogen. The heating regime of the gas heater is

different for ’input’ and ’output’ GFF. This is especially true when the tape is translated

with a speed higher than 10mms−1. In this regime, the heating power at the ’input’

GFF is 10W to 15W while the heating power at the ’output’ GFF should be increased

to 35W.

The total energy consumption of both GFFs is in the range of 50W to 60W from

which only a minor fraction of 5% is dissipated in the liquid nitrogen bath. The

nitrogen consumption of the M-Scan vessel was determined to be 1 L h−1 to 1.5L h−1.

In table 3.2 an overview of calculated parameters and values of the GFFs are listed.

Parameter Value
Current I @ 45 W 1A
Heater Power 45W
LN2 consumption 1L h−1

0.000 278L s−1

0.278 cm3 s−1

0.194 g s−1

N2 gas flow 0.151L s−1

150.7 cm3 s−1

Volume tube 17.0 cm3

Volume tube/VN2 8.9 s−1

Target Vtube/VN2 1 s−1

Ptarget, min 5.1W
Ptarget, max 10.1W

Table 3.2 – Evaluated values of the parameters of the evaporator.

Finally, a picture of the gas-flow feedthrough is shown in figure 3.14. The previously

described elements (1)-(5) are indicated as well as in the drawing of the GFF (figure

3.13). The evaporator (5) is inside the box and not visible in this picture.
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Figure 3.14 – Picture of the gas-flow feedthrough. The elements stainless-steel box
(1), tube (2), heater (3), double-prism holder (4) and evaporator (5) are described as
well in figure 3.13.

3.5 Tape Windings on Coil

A trivial consideration that needs to be treated in long-length scans is the varying

effective coil diameter of tape carrying coils during a scan. It is obvious that the

stacking of the tape on the coil during the winding process is altering the distance

from the coil core from which the tape is taken or on which it is picked up. Therefore

the ’effective’ radius of the coil is chainging during a scan. Hence, when the tape is

driven by the tape carrying coils, a constant translation velocity of the tape through

the measurement stage generally requires a separate control the angular velocity of the

tape carrying coils.

Since it turned out to be useful in the scope of M-Scan development, an analytic

expression to calculate the tape length from its stacking height on the tape carrying

coil is derived in the following. This is done by line integration of an archimedian-

like spiral that starts from an inner core radius r0 of the coil. It is parameterized by
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modifying a circle that changes its radius r with increasing parameter t.

r

	
cos(ϕ)

sin(ϕ)



→ r(t)

	
cos(t)

sin(t)



(8)

The tape is wound on a coil with a solid inner core radius r0 which is, since the tape

has a thickness z, increased by z each turn. This can be written as

r(t) = r0 +
t

2π
z. (9)

The length of a curve γ(t) is calculated via the line integration as follows

L(γ) =

� ϕ

0

�γ̇(t)�dt. (10)

In this expression, the upper integration limit ϕ denotes the total angle of which the

coil needs to be turned in order to wind a tape with length L. The number of full turns

then can be calculated by N = ϕ
2π
.

From the previous parametrization (8) and with the radius r(t) from equation (9)

the curve γ(t) is immediately written as

γ(t) =

�
r0 +

t

2π
z

�	
cos(t)

sin(t)



(11)

which leads to the euclidean norm for �γ̇(t)� as follows

�γ̇(t)� =

�
z2

4π2
+

�
r0 +

t

2π
z

�2

. (12)

However, since the constant first term z2

4π2 � 1 for small z and much smaller than

the second term of the sum, the further calculation becomes much easier when it is

neglected. The integral (10) becomes then

L(γ) = L = r0ϕ+
z

2π

ϕ2

2
. (13)

In order to connect the tape length to the number of turns needed to wind it on a tape
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with inner core radius r0, the quadratic equation

z

4π
ϕ2 + r0ϕ− L = 0 (14)

has to be solved (where only the positive solution is used)

ϕ1,2 = −2πr0
z

±
�

4r20π
2

z2
+

4πL

z
. (15)

Equation (15) gives a relation between a tape with length L and thickness z that and

the turning angle that is needed to wind it on a coil with inner core radius r0. As

mentioned above, this angle can be converted to full turns of the coil via N = ϕ
2π
.

The previously derived set of equations can be used the other way round to estimate

the tape length from the height of the tape stack on the coil with core radius r0. This

is done by measuring the height h of the tape stack on the coil and the tape thickness

z which allows an estimation of N via N = h
z
.

N is then implemented in equation (13) via ϕ = 2πN . This gives the length of the

tape, estimated from the number of turns N = h
z
via

L = π
h

z
(2r0 + h). (16)

The derived equation (16) is an useful tool for a general estimation of the tape length

with thickness z from the stacking height h of its windings on a coil with inner core

radius r0.

The initially scan procedure developed in this thesis is based on a constant angular

velocity of the driving reels, which hence leads to deviations in the translation velocity

when the stacking height on the coils alter during a scan. This error is neglected in the

first scans conducted in this thesis.
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Voltage Response Modeling

In the 4-probe measurement stage of the M-Scanner, the tape travels through the

channel of the magnet assembly. Therein, the magnetic flux is focused to a central

region exhibiting a homogeneous plateau-like field distribution of 2.61T at 77K. This

means, that the magnetic field is not homogeneously distributed between both voltage

rollers but restricted to a local zone and the tape translates through edge gradients of

the magnetic field.

In this section, experiments on short samples are described in order to develop an

approach which is called ’Extended Alpha Approximation’ (EAA). An overview of the

measured samples was previously given in table 2.1.

4.1 Extended Alpha Approximation

4.1.1 V-I Characterization in Assembly with Miniature Permanent

Magnets

On short samples the critical current of a superconducting tape is typically evaluated by

ramping up a transport current and measuring the characteristic current-voltage curve

(V -I characteristic) of the sample. The critical current Ic of the sample is determined

when the measured voltage drop U exceeds a critical value Vc. This value is defined by

a criterion of an electric field, which is typically set to

Ec =
dVc

dx
= 1 µV cm−1. (17)
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In a homogeneous field, the critical voltage Vc can be evaluated by knowledge of the

distance Δx of the potential contacts. The corresponding critical current Ic follows

immediately from the measured V -I characteristic of the sample when the critical

voltage Vc is known.

The 4-probe short-sample testbench to evaluate the critical current from V -I char-

acterization at 77K is shown in figure 4.1. The 12 cm long sample #S-1 was fixed

on a glass-fiber reinforced composite holder and the voltage and current contacts were

carefully connected with low temperature solder in order to not damage the thin silver

coating. An assembly of two stacked miniature SmCo permanent magnets, with dimen-

sions 12× 10× 5mm3 was placed between both potential contacts. The magnets were

separated by two pieces of non-magnetic wires parallel to the tape in order to open

a slit of 0.67mm height for sample throughput. In this setup, the potential contacts

were separated by Δx = 3 cm and the V -I curve was taken (a) in self-field (s.f.) i.e.

without the magnet assembly and (b) with applied magnets as shown in figure 4.1.

After preparation of the sample on the holder and connection of all contacts, the whole

setup was immersed in a bath of liquid nitrogen and the V -I characteristics recorded.

Figure 4.1 – Testbench of V -I characterization for short samples. A stack of two
miniature permanent magnets was placed between the voltage contacts. The contacts
were soldered with a low-temperature solder and the voltage contacts separated by
Δx = 3 cm. The whole testbench was immersed in a bath of liquid nitrogen after the
sample preparation. Tests were performed with applied magnets and also in self-field.
Test with this sample holder are also reported in [100].

The flux density distribution of the miniature permanent magnet assembly was

recorded along the sample by a Hall probe which is shown in figure 4.2. The flux

density reaches its maximum Bmax = 0.57T around the region at x = 0mm which is

located in the center of the magnet stack. For the first test in this setup, the measured

field distribution was approximated by a rectangular shaped distribution as it is de-
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noted as black dashed line. The field is therein at its maximum value Bmax = 0.57T

from −5mm to 5mm, which is corresponding to the x-dimension of the magnet stack,

and zero elsewhere. It will be shown later in section 6.1.1 that the error due to this

approximation is estimated to be in the range of 4-5%.

However, when a drop of voltage is measured by the potential contacts that are

separated by Δx = 3 cm, the main contribution of the corresponding electric field is

restricted to the zone where the field is applied, hence inside the 1 cm long slit of the

magnet assembly.

20 10 0 10 20

Distance, mm

0.0

0.2

0.4

0.6

F
lu

x
 D

e
n
s
it

y
, 
T

data

approx.

Figure 4.2 – Flux density distribution of miniature permanent magnets. The max-
imum field Bmax = 0.57T is reached in the center of the magnet stack. The experi-
mental field distribution in initial tests was approximated with a rectangular shaped
distribution, which is indicated as dashed line.

Figure 4.3 shows the V -I curves of the previously shown sample for both cases, (a) in

self-field without the magnet assembly with green circles and (b) with applied magnets

with red triangles. The critical voltage for each case Vc is denoted by a solid black

horizontal line. In case (a) the critical voltage was set to V s.f.
c = 3 µV and for (b) the

critical voltage was set to V mag
c = 1 µV. The voltage criterion corresponding to the

length between the voltage contacts Δx is denoted as cr-1. The critical current was

then evaluated to Ic = 39A in self-field and to Ic = 11A when the stack of permanent

magnets was applied. Figure 4.3 shows the measured V -I characteristics which were

approximated by a power law with characteristic exponents n according to

U = Vc

�
I

Ic

�n

. (18)
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The values of the exponent n were determined by evaluating the slope of the curves

above the according voltage criterion. The n-values of n = 26 in self-field and n =

13 when the magnets were applied are used in equation (18) to model the measured

data. The quality of HTS tapes is related to the exponent n, and therefore the n-value

is relevant for tape characterization [62, 101, 102]. However, the n-value and Ic are

dependent on the magnetic field.
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Figure 4.3 – V -I characteristics of the measured sample. Case (a) denotes the
measurement in self-field and (b) when the magnet stack was applied. The different
values of Vc are depicted as black horizontal dashed line. Critical currents for case
(a) and (b) are found to be Ic = 39A and Ic = 11A, respectively. The according
n-values are n = 26 in self-field and n = 13 when the magnets are applied. A dotted
line cr-1 represents the critical voltage between the voltage contacts. The V -I curves
are approximated with a power law with indicated numerical exponents and depicted
with blue lines (solid, dashed).

4.1.2 HTS Tape Characterization at 77 K in Magnetic Fields

Earlier attempts of approximations for Ic(B) are not sufficient to be used as ’universal’

tool for Ic modeling [103, 104, 105]. In order to search a simplified mathematical

description for double disordered technical superconductors, the following approach

was chosen. This approach is also reported in [100].

The samples #S-2 and #S-3 were characterized in the gas-flow cryostat in which

magnetic flux densities up to 15T can be applied. The V -I characteristics of both

samples were taken at T = 77K and a pre-selected set of different magnetic fields in

the range of 0T to 5T. The obtained critical currents in dependence of the magnetic
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field for samples #S-2 and #S-3 are shown in figure 4.4 with red circles and blue

triangles, respectively.
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Figure 4.4 – Characterization of samples #S-2 and #S-3 at 77K and different mag-
netic fields with flux densities up to 5T. The experimental data are approximated
with a ’classical’ power law Ic ∝ B−α → Ic = 10B−0.3 and the ’Extended Alpha
Approximation’ from equation (20) with parameters taken from table 4.1.

In a first approximation a simple power law

Ic ∝ B−α, (19)

where α is an empirical parameter was applied. However, it can be seen that there is

a disagreement between the approximation with Ic = 10 · B−0.3 and the experimental

values for B > 1T. The ’classical’ power approximation is therefore not sufficient

to model the dependence of Ic(B) of double-disordered tapes at T = 77K and was

therefore extended with additional parameters. The approximation of Ic ∝ B−α is

indicated by a dashed line in figure 4.4.

The following equation (20) was made to model the dependence of the critical cur-

rent on the magnetic field appropriately and named ’Extended Alpha Approximation’

(EAA)

Ic(B) = I0 · (B̄ + δ0)
−(α0+β·B̄). (20)

The best fit of the experimental data was obtained with the values I0 = Ic(1T) = 10A

and the dimensionless parameters δ0 = 0.01, α0 = 0.3 and β = 0.2. I0 denotes the

critical current at 1T. In equation (20) B̄ is the applied magnetic field divided by 1T.
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The shifting parameter δ0 was introduced to avoid divergence at B = 0T.

As it was already indicated in figure 4.3, the n-value is generally a function of B as

the value of n decreases with increasing field. From the measured V -I characteristic of

samples #S-2 and #S-3, the according n-values were determined and the dependence

on the flux density B is shown in figure 4.5.
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Figure 4.5 – The n-values were determined from the V -I curves of two samples
#S-2 and #S-3. The dependence of n on the flux density B was approximated with
a function of similar structure as the ’Extended Alpha Approximation’ (solid black
line).

The best approximation for n of the samples #S-2 and #S-3 in figure 4.5 was found

to be

n(B) =

�
a+

b

B̄ + δ1

�
e−α1B̄. (21)

To model the n-values in figure 4.5 the parameters a = 15, b = 0.2, δ1 = 0.02 and

α1 = 0.245 were used.

To summarize the previously derived approximations for the n-values and the critical

currents Ic the curves are depicted together in figure 4.6.
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Figure 4.6 – Curves of the approximations for Ic and n derived from equations (20)
and (21), respectively. Both curves are strongly dependent on the magnetic field B.

To summarize this section, the parameters used in equations (20) and (22) found to

be suitable for double-disordered tapes are listed in table 4.1. For samples with lower

currents, the parameter I0 needs to be fine-tuned and set to e.g. I0 = 8.5A.

Parameter Quantity
I0 = Ic(1T) 10A
δ0 0.01
α0 0.3
β 0.2
a 15
b 0.2
δ1 0.02
α1 0.245

Table 4.1 – Set of parameters used to model the field dependence of the critical
current and the n-value for double-disordered tapes.
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4.1.3 Voltage in Inhomogeneous Magnetic Fields

The previously derived empirical approximation (18) is written in a more general B-

dependent form yielding

U(B) =

�
dU

dx

�
cr

·Δx ·
�

I

Ic(B)

�n(B)

. (22)

In this expression the term


dU
dx

�
cr

denotes the voltage drop per unit length i.e. the

electric field which is used as criterion for voltage evaluation. In equation (22) it is

assumed that the voltage contacts are separated by a length Δx in which the field is

homogeneously distributed. The previously experimentally determined relations for Ic

(20) and n (21) and can be substituted in equation (22) giving the following expression

U(B) =

�
dU

dx

�
cr

·Δx ·
�
I

I0
(B̄ + δ0)

+(α0+β·B̄)

�[a+b/(B̄+δ1)] exp(−α1B̄)

. (23)

In equation (23) a homogeneous distribution of the magnetic field between the 4-probe

potential contacts along Δx is assumed. To relate equation (23) to an inhomogeneous

field distribution B(x) along Δx, the following integral expression with B̄ → B̄(x) is

used to describe the total voltage response

Uint =

�
dU

dx

�
cr

·
� Δx

2

−Δx
2

�
I

I0
(B̄(x) + δ0)

+(α0+β·B̄(x))

�[a+b/(B̄(x)+δ1)] exp(−α1B̄(x))

dx. (24)

In this expression, the limits of the integrals are chosen in order to center Δx around

x = 0 which is suitable for magnetic fields with a symmetric field distribution. This is

true for the magnet of the M-Scanner and for other magnet assemblies investigated in

this work.

4.2 Tests on Short Samples

This section reports experimental tests of the previously derived model on short samples

#S-5 - #S-8. Additionally the impact of artificially introduced defects on the voltage

response was investigated.

The tests were performed on the short sample testbench with applied miniature

permanent magnets and in a setup where a sample tape translates through the magnet
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channel of the 2.61T permanent magnet. To create macroscopic defects on the tape, a

diamond hard spike tool was used to carefully remove the silver cap and the underlying

YBCO layer via scratching.

4.2.1 Zooming effect

The impact of defects on the critical current in magnetic fields with edge gradients is

discussed and experimentally tested in the following on a sample mounted on the short

sample test bench employing the miniature permanent magnet assembly. The results

of this section are already published in [100].

The 12 cm long sample #S-5 was placed on the short sample testbench in a bath

of liquid nitrogen and tested in different configurations, (a) in self-field and (b) with

applied miniature permanent magnets. In a second test sequence, a 2.4 cm long scratch

along the sample was introduced and the V -I characteristic was taken again (c) in

self-field and (d) with magnet assembly placed on the testbench.

The 2.4 cm long scratch was introduced with a hard metal spike tool and placed aside

the center with a distance of 1mm from the edge. It was priory confirmed in other tests,

that such a scratch in transverse direction completely interrupts the superconducting

current.

A scheme of the prepared sample is shown in figure 4.7 for case (d) where magnet

and scratch were both applied. The sample (1) was 4-probe connected with current and

voltage contacts, depicted as (2) and (3), respectively. In the scope of the measurement,

a magnet assembly (4) was placed on the sample and a scratch (5) was introduced in

the sample. The length Δx0 ≈ 3 cm denotes the distance between both voltage contacts

and Δxm ≈ 0.8 cm corresponds to the part where the tape is exposed to the magnetic

field.

In contrast to the measurement described above in section 4.1.1, a stack of two

cylindrical miniature permanent magnets is used to generate the magnetic field. The

flux density distribution is shown in figure 4.8 exhibiting a flat top in the center with

maximum flux density Bmax = 0.53T.
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Figure 4.7 – Scheme of the 12 cm long prepared sample in the short sample test bench.
The sample (1) was 4-probe connected with current (2) and voltage (3) contacts. The
voltage contacts were separated by a distance of Δx0. A stack of cylindrical miniature
permanent magnet (4) was placed in the center of the sample. The dimension of the
flux density distribution is denoted with Δxm. A longitudinal, 2.4 cm long scratch
(5) was introduced in the sample with a hard spike tool. The sample was placed in a
bath of liquid nitrogen and the V-I characteristic was taken. The experiment is also
described in [100].

The electric field generated by different applied currents I along the tape between the

stack of the miniature permanent magnets was modeled using the previously derived

approximations for the n-value (21) and the voltage drop (23). The combined equation

is explicitly written in equation (25)

E(x) =

�
dU

dx

�
cr

�
I

I0
(B̄ + δ0)

−(α0+βB̄)

�[a+b/(B̄+δ1)] exp(−α1B̄)

. (25)

This expression can computed by a straight forward calculation for which the parame-

ters listed in table 4.1 were used. To fit the lower critical current of sample #S-5, the

value of Ic at 1T was adapted to Ic(1T) = 8.5A.

In this way, the electric field E(x) in a tape exposed to the field B(x) was modeled for

currents from 10A to 12A and the experimental values of the magnetic field distribution

B(x) of the cylindrical miniature permanent magnets. The curves of E(x) are depicted

in figure 4.8 for the selected currents in the range of Itr = 10A to 12A. It turns out,

that the full width at half maximum (FWHM) of the electric field is FWHM = 7mm

and remains nearly unchanged for different transport currents. Appearing negative

values of B(x) for |x| > 5mm are too low to cause a sufficient electric field for a voltage

response. The minimum value Bmin is above Bmin > −0.06T which means that the

magnitude of Bmin is roughly one order of magnitude lower than the magnitude of the

maximum value Bmax.
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Figure 4.8 – Flux density distribution of the magnet stack with cylindrical miniature
permanent magnets. The maximum field is 0.53T in the center of the assembly. The
electric field E(x) was modeled for different transport currents Itr =10A to 12A. The
full width at half maximum is FWHM = 8mm for the magnetic field B(x) and FWHM
= 7mm for the calculated electric fields E(x).

The corresponding V -I curves of the 4-probe measurements are shown in figure 4.9.

The voltage contacts are separated by Δx0 = 3 cm and the criterion cr-1 denotes the

critical voltage of Vc = 3 µV. To evaluate the impact of the 2.4 cm long defect on Ic in

all cases (a) - (d), the criterion cr-1 was used to evaluate the critical current Ic.
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Figure 4.9 – V -I characteristics of short sample #S-5 in the short sample testbench.
Four tests were performed, (a) in self-field, (b) with artificially introduced scratch,
(c) with miniature permanent magnet and (d) with scratch and miniature permanent
magnet.
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The critical current in self-field (a) was determined to Ic
(a) = 39A with a related

n-value of n = 32. Applying the magnet assembly (b) degraded the critical current

to Ic
(b) = 12.1A and reduced the n-value to n = 12. Introduction of the longitudinal,

2.4 cm long scratch degraded the critical current to Ic
(c) = 35.2A in self-field and when

the magnets were applied it reached Ic
(d) = 11.5A. The n-values were found to be

n=23 in case (c) and n=9.4 in case (d).

The n-values and critical currents of the tests (a)-(d) are listed in table 4.2. Both,

the critical current and the n-value degrade when a defect is introduced to the tape (as

it is in cases (c) and (d)).

Case Ic, A n-value
(a) self-field 39 32
(b) magnet assembly 12.1 12
(c) self-field with scratch 35.2 23
(d) magnet assembly with scratch 11.5 9.4

Table 4.2 – For the determination of the critical current Ic in the investigated cases
(a)-(d) the criterion cr-1 was used. According n-values were determined from the
current-voltage characteristics.

It follows from the distribution of the inhomogeneous electric field within the tape,

that in the areas of low magnetic field practically no voltage response is expected.

Therefore, the voltage drop practically appears in the high-field zone within the region

of the applied magnets only. This means that, the ’out-of-field’ regions will retain

a higher Ic whereas the much lower applied transport currents Itr correspond to the

lowest Ic within the magnetic flux zone.

A tape defect is therefore most important within the high-field flux zone of the mag-

nets since the ’low enough’ applied transport current will not cause a voltage response

in the ’out-of-field’ region. This obviously doesn’t apply to ’severe’ local defects, that

reduce the critical current in the ’out-of-field’ zone to a level, that is below the critical

current Ic in the high-field zone.

This means that no contribution of Ic inhomogeneities will be detected in the ’out-

of-field’ regions in the voltage response between two potential contacts. Due to the

specific level of Ic
(a) and I

(b)
c , this applies if the degradation of Ic due to a defect or

inhomogeneities is lower than ∼ 1/3 of Ic
(a).

An estimation of the relative impact of the defect on Ic was calculated and the results
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written in table 4.3. It was considered, that the effective cross-section of the tape is

narrowed by the width of the scratch and a surrounding zone of HTS layer damaging

micro-cracks. In the case of the introduced scratch, the critical current was degraded

by 9.7% relative to the critical current of the ’clean’ tape.

Following from this reduction of Ic, the effective width of the scratch was assumed

to be ∼0.4mm corresponding to 10% of the tape width. A difference of the impact

of the defect between the cases whether with or without the applied magnet assembly

was observed.

When the magnet assembly was applied, the relative impact of the defect is only

4.9% which corresponds to ∼ 1/2 of the relative impact compared to the cases without

magnets.

Ic, A Ic
scr, A Impact (Ic − Ic

scr)/Ic
s.f. 39 35.2 9.7 %
mag. 12.1 11.5 4.9 %

Table 4.3 – Relative impact of scratch on the critical current Ic. In the case when
the magnets were applied, the degradation of the critical current due to the defect
was 4.9% whereas in self-field the degradation was 9.7%.

In the following, the equations of the EAA were used to model the response of the

voltage along the sample in the cases (b) where the magnetic field was applied and (d)

additionally introduced scratch with applied field.

Referring to the shape of the magnetic field B(x), the integral expression of the

voltage response (see equation (24)) can be split into two parts of homogeneous fields. In

the first part the homogeneous field is B0 = 0T and in the second part the homogeneous

field Bm = 0.53T.

Uint ≈
�
dU

dx

�
cr

��
I

I0

�n(0)

· δ0α0·n(0)(Δx0 −Δxm) +

�
I

I0
Bα0+βBm

m

�n(Bm)

·Δxm

�
(26)

The first term that contains (Δx0 − Δxm) can be neglected when the magnetic field

Bm is much larger than B0. In this case, equation (26) can be reduced to the following

expression

Uint ≈
�
dU

dx

�
cr

�
I

I0

�
B(α0+βBm)·n(Bm)

m ·Δxm. (27)
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The EAA equation (27) was used to model the current-voltage dependencies for the

cases (b) and (d), which shown in figure 4.10. The impact of the scratch was considered

formally by reducing I0 by 9.7% from originally I0 = 8.5A to I0
scr = 7.6755A.

Additionally, the curves were modeled using a simple power law (SPL), USPL =�
I
I0
· Bm

0.3
�n

·Δxm.
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Figure 4.10 – Comparison of experimental values and modeling with the ’Extended
Alpha Approximation’ (EAA). Equation (27) was employed to model the voltage
response. Red triangles denote the V-I characteristic in the magnetic field of the
miniature permanent magnet assembly. Blue squares denote the V-I characteristic
when a longitudinal scratch is additionally employed. In comparison to the EAA
modeling, the misfit obtained from a simple power law (SPL) is larger.

The agreement of the modeling with the EAA expression (27) matches not perfectly

to the experimentally found data. However, modeling with the simple power law shows

a larger misfit.

4.2.2 Diode Effect

The dependence of the V -I characteristic and the critical current on the polarity of the

transport current was investigated separately which is reported in this section.

In this study, the V -I characteristics of two different samples #S-6 and #S-7 with

different applied magnet stacks are compared. Both samples were silver capped (with-

out the copper layer), cut from the same tape and therefore from the same production

run. Additionally to ’simple’ V -I measurements, the polarity of the applied transport
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current was reversed and the following positive and negative voltage output recorded.

Surprisingly, it turned out, that the value of the critical current is dependent on the

current polarity when a stack of permanent magnets was applied. In self-field measure-

ments, no such deviations were observed in the measured samples.

In the following description, the polarity of the transport current is indicated with

I+ and I− and was considered only relative to the actual measured sample and cannot

be taken as ’absolute’ for all samples. In the following, the current polarity I+ con-

ventionally gives the lower critical current of both current directions when the magnets

were applied.

Two samples #S-6 and #S-7 with a length of 12 cm were prepared similar to sample

#S-5, presented in the previous section 4.2.1. A scheme of the prepared samples is

shown in figure 4.11. Current and voltage contacts are indicated as (1) and (2). Intro-

duced scratches are denoted as (3) and the applied magnet assembly by (4). It can be

seen that for sample #S-6 the stack of cylindrical magnets (Bmax = 0.53T) was applied

whereas for sample #S-7 the stack of rectangular magnets (Bmax = 0.57T) was used.

Again, Δxm denotes the spatial length of the flux zone, whereas Δx0 corresponds

to the distance between the voltage contacts. For both samples, Δx0 = 3 cm, but

Δxm = 0.8 cm for the cylindrical magnets applied to sample #S-6 and Δxm = 1 cm for

the rectangular magnets used for sample #S-7. In this setup, the length Δxm defined

the voltage criterion cr-mag in the measured V -I characteristics when the magnets

were applied. In self-field, the distance between the voltage contacts Δx0 defined the

value of the critical voltage using a standard criterion which is indicated as cr-1.

The longitudinal scratch of sample #S-6 had a length of ∼2 cm and was placed

asymmetrically to the center of the tape, similar to the scratch in sample #S-5. In

contrast, a vertical scratch with a length of 0.08 cm was introduced on one side of

sample #S-7 outside the flux zone Δxm. However, the scratch was placed at a distance

of ∼ 0.5 cm from the edge of the magnet and hence within the zone of reversed field of

the magnet assembly as it can be seen in figure 4.2.
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Figure 4.11 – Scheme of the prepared samples #S-6 and #S-7. Current and voltage
contacts are indicated as (1) and (2), respectively. Introduced scratches are shown as
(3) and the applied magnet assembyl is denoted by (4).

The V -I characteristics of sample #S-6 for both current directions I+ and I− are

shown in figure 4.12. On the right-hand side the measurements taken in self-field

are shown and the V -I curves with the cylindrical magnets applied are visible on

the left-hand side. All curves were taken 2 to 5 times and averaged values with the

corresponding standard deviation are shown.

The critical current in self-field measurements obtained from the critical voltage

defined by cr-1 is not affected by the reversion of the transport current polarity. This

is in contrast to the case when the magnet stack is applied and a difference on the

critical current of ΔIc = 0.15A is observed when the transport current polarity is

reversed.
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Figure 4.12 – V-I characteristics of sample #S-6 (cylindrical magnets applied with
Bmax = 0.53T). The critical current, obtained from cr-mag in the left part of the
figure deviates by ΔIc = 0.15A. In contrast, no difference in the critical current is
observed when the transport current polarity is reversed in self-field.
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An analogous result was observed for sample #S-7 which is shown in figure 4.13. In

self-field, the critical current, defined by the criterion cr-1, was on the same level for

both polarities I+ and I− of the transport current. Similar to the previous case and

when the magnet stack was applied, a difference of ΔIc = 0.3A of the critical current

was observed when the transport current polarity was reversed.
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Figure 4.13 – Diode Effect Sample #S-7 (rectangular magnets applied with Bmax =
0.57T). The difference of the critical current in dependence of the transport current
direction, obtained by cr-mag, is ΔIc = 0.3A.

It was observed that the value of ΔIc is higher for sample #S-7 than for #S-6. In

comparison to sample #S-6, the maximum value of the flux density of the magnet

stack applied in #S-7 was Bmax = 0.57A and larger than for #S-6, where it was

Bmax = 0.53T. Since the description of the origin of this effect was not focus of this

thesis, it is only presented here without further systematic investigation.

4.2.3 Semi-Dynamic M-Scan with soldered contacts

Sample Preparation

The silver capped sample #S-8 was investigated in a semi-dynamic configuration of

the M-Scan which means that the sample was moving through the magnet of the M-

Scanner but being still 4-probe connected with soldered contacts. In this chapter the

investigated impact of defects on the tape surface during the translation through a flux

zone is described. The flux density distribution in the the 2.61T magnet was already

shown in figure 3.7.
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The 55 cm long sample #S-8 was prepared exhibiting two artificial defects E1 and

E2, which were introduced with the diamond spike tool. The defects had a width of

1.1mm and 1.5mm and hence reduced the sample’s cross-section by about ∼30% to

40%. E1 was characterized as a vertical scratch with dimensions 1× 1.5mm2 and E2

was identified as defect zone with dimensions 2.5× 1.1mm2. The defects were separated

by a distance of ΔE = 7 cm i.e. during translation there was only one defect inside the

4 cm long homogeneous flux zone at once.

Voltage and current contacts were soldered with flexible wires at the outer ends of

the sample and a 20 cm long section of the sample was guided through the magnet. The

voltage signal was amplified in a 60 dB low-noise amplifier. The sample was prepared

such, that both defects fully translate through the channel of the permanent magnet.

In figure 4.14 a scheme of the prepared sample is shown. The sample was point-

welded to a stainless-steel tape which was connected by two motors driving. In this

setup, the tape translated with a speed of 1mm s−1.

Figure 4.14 – Scheme of the tape used in the M-scan with soldered contacts. Artifi-
cially introduced defects are indicated as E1 (vertical scratch, dimensions 1× 1.5mm2)
and E2 (defect zone with dimensions 2.5× 1.1mm2). The tape translated with a ve-
locity of 1mms−1 into the right direction.

Figure 4.15 shows the sample implemented in the experimental setup. The Magnet

and the sample was placed in a styrofoam vessel which was filled with liquid nitrogen.

Sample and magnet were fully immersed in liquid nitrogen during operation.
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Voltage Response Modeling 4.2 Tests on Short Samples

Figure 4.15 – Picture of the silver capped sample in the experimental setup. Sample
and magnet were fully immersed in liquid nitrogen during the scan.

A more detailed view is shown in figure 4.16. The sample is at its initial position

before the scans and both defects are indicated with blue circles as E1 and E2, re-

spectively. The tape was guided through the magnet channel by copper rollers at the

entrance of the magnet slit.

Figure 4.16 – More detailed view of the prepared sample. Defects E1 and E2 are
marked with blue circles. The sample was moving to the right with 1mms−1 during
operation.

Scan Results

By translating the sample with 1mms−1, the test area was fully traversed after 200 s.

After each scan, the sample was re-placed at its initial starting position. The sample

was loaded with different transport currents and the voltage drop of cases Itr = 5.0A,

6.3A and 6.9A is shown in figure 4.17. As expected, the level of the voltage drop is the

lowest for Itr = 5A and increasing with increasing transport current. All scans were

starting at t = 0 s. At t = 46 s, defect E1 reached the homogeneous 2.61T flux zone of
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the permanent magnet which was immediately followed by an increased response of the

voltage signals. The response was more pronounced in case with 6.9A in comparison

to the cases with 6.3A and 5.0A. The level of the peak in the case of 5.0A was 1 µV to

2 µV above its pre-peak value. The peak of E1 in the voltage signals decreased after 40 s

returning back to its pre-peak level. This corresponds exactly to the time of translation

through the 4 cm long homogeneous zone of the permanent magnet.

A similar situation was observed for the second defect, E2. At t = 123 s, E2 entered

the 4 cm long homogeneous flux density zone. Again the voltage signal increased and

a 40 s long peak was observed.
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Figure 4.17 –Measured voltage response of scan with soldered contacts and transport
currents Itr = 5.0A, 6.3A and 6.9A at a translation speed of 1mms−1.

Modeling with the EAA approach

The translation of defects like E1 and E2 through the 2.61T permanent magnet was

simulated with the EAA approach as well. The parameters of table 4.1 were used for

the calculation of U(B) and n(B) with equations (23) and (21), respectively. However,

the parameter I0 was tuned to be I0 = 12.5A to take the higher critical currents of

sample #S-8 into account.

To simulate the impact of the defects on the voltage response numerically, an 1-

dimensional array representing a discrete distribution I0(x) along the sample was con-

sidered. At some entries of this array, the value of I0 was lowered to a value ID which

corresponds to a local degradation of the critical current. In this way, the reduction of

the cross-section at the defects position was taken into account. In this simulation, the

mesh size of the 1-dimensional grid was set to 0.5mm.

The voltage drop Uint(B) along the tape was repeatedly calculated for each incre-

mentally varied position of the defect within the flux zone B(x). In other words, the

voltage response was modeled for each discrete step of the defect during its translation
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through the (static) magnetic flux zone.

Defect E1 (1× 1.5mm2) was simulated by reducing I0 locally from I0 = 12.5A to

ID = 7.8A along a simulated length of 1mm which corresponds roughly to a local cross-

section reduction by 38%. Similarly, the defect E2 (2.5× 1.1mm2) was simulated by

degrading I0 by 28% along a length of 2.5mm. At this length, I0 degraded locally from

I0 = 12.5A to ID = 9A.

In this way, the voltage response was simulated for both defects along the B(x)

distribution of the permanent magnet for the three applied transport currents. The

results of the simulated voltage response (dashed lines) of the defect’s transition through

the permanent magnet are shown together with the measured data (markers) in figure

4.18.
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Figure 4.18 – Comparison of the simulated voltage response with the EAA approach
and measured voltage response for three different transport currents 5.0A, 6.3A and
6.9A.

For the cases Itr = 5.0A and Itr = 6.3A the simulated data agrees with the measured

results. In the case with the highest Itr = 6.9A disagreement between measured and

simulated results was observed which apparently increases with increasing scan length

x. Two combined effects are considered to be origin to this behavior.

First, the current flow in the dissipative regime might partly flows through the sil-

ver cap layer of the superconducting sample. In a simple model of parallel connected

resistors between the silver and YBCO layer, the relative amount of current flowing

through the silver layer increases with increased applied transport current. Since the

simulations in the scope of this experiments consider current flow through the super-

conducting layer only, errors are made when neglecting the current flow in the silver.

However, errors due to this effect in the silver capped sample #S-8 were considered
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to play a minor role in comparison to a representative copper coated sample, since

the resistance of the thin silver layer is about ∼100 times greater than of the copper

coating.

Second, the critical current of the sample might be not homogeneously distributed as

it was assumed in the simulated tape. A gradual, ’slow’ decrease of the critical current

along x will result in an according increasing voltage response.

Finally, the slope of the voltage increase when the defect enters the magnet was inves-

tigated. Defects E1 and E2 differ in their dimensions (1× 1.5mm2 and 2.5× 1.1mm2,

respectively) as described above. In figure 4.19, the case of Itr = 6.3A is shown again

and the slopes of the increasing/decreasing voltage signal due to the defects are denoted

as black lines. The value k of the linearly approximated slopes with g(x) = kx + d is

written next to each slope.
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Figure 4.19 – More detailed view on the voltage response of the case Itr = 6.3A.
The value k of the slope is written next to each line. It can be seen, that |k| is in
general smaller for E1 than for E2.

Apparently, the slope |k| is larger for the peak E1 (average of |k1| = 1.88) than for the

peak E2 (average of |k2| = 1.2). This is considered to originate due to the different size

of the defects and consequently different time spent during their translation through the

edge zones of the homogeneous flux density distribution inside the permanent magnet.

This indicates the possibility of relating the impact of the defect by evaluation of the

derivative of the voltage signal.
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5
3 T Pulsed Electromagnet

The previously described approach for tape characterization in magnetic fields with

edge gradients was also tested and developed with a self-made 3T pulsed electromagnet.

In this section, the development of the assembly and experimental setup of the 3T

pulsed electromagnet is described.

The results of this experiment are published in [100].

5.1 Concept and Assembly

The electromagnet consists of two copper coils that are connected in series and are

fixed in an outer structure. A gap between the two spools with 2mm height makes

a channel for a tape sample. Both coils have a diameter of 10 cm and a height of

2.3 cm and consist of a copper wire with 2mm diameter. The magnet is designed to

produce a flux density of 3T in the center. This is achieved with current pulses of up

to 700A. The outer structure is able to compensate the appearing mechanical forces

during operation.

The total resistance of the electromagnet circuit when the magnet is fully immersed

in liquid nitrogen was determined to R = 30mΩ allowing a power introduction of the

previously mentioned 700A.

A drawing of the magnet design is shown in figure 5.1, showing the assembly’s cross

sectional view with the tape guiding channel in the center. Both coils are separated

with a plate made of carbon reinforced plastic.
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3 T Pulsed Electromagnet 5.1 Concept and Assembly

Figure 5.1 – Scheme of the 3T pulsed electromagnet. Two copper coils with diameter
10 cm and height 2.3 cm are connected in series. The flux density reaches 3.1T in the
center when the magnet is powered with a pulse of 700A in a bath of liquid nitrogen
at 77K. This drawing of the magnet is taken with courtesy by Alexander Usoskin.

The magnet was preliminary modeled based on Biot-Savart’s law to achieve flux

densities of 3T at maximum current of 700A. Nevertheless, the flux density distribution

of the field component normal to the tape surface (z-direction) Bz along the tape

channel was experimentally investigated via introduction of a Hall sensor. It turned

out, that at room temperature the magnetic field and the resistance due to ohmic

heating is sufficiently stable when the magnet is loaded with currents up to 20A. In

this stable regime, a Hall sensor was stepwise introduced into the channel and the values

of the magnetic field at each position recorded.

Since there is no iron core (or other soft magnetic material) placed in the center

of the windings, the produced magnetic flux density is directly proportional to the

current. Since, the inductance of the coil was estimated to increase not more than

∼0.5% due to thermal contraction of the copper material when immersed in liquid

nitrogen, temperature dependency was neglected.

The proportionality constant was experimentally determined by simultaneously vary-

ing the current load in the magnet and measuring the produced magnetic field. In the

following, the flux density is related to the current with the linear relation B = c · I,
where the coefficient is experimentally determined to c = 0.0044(1)TA−1.

The distribution of the magnetic field is shown in figure 5.2. The position axis (x-

axis) is aligned to the center of the magnet where the magnetic field reaches 3.1T.

From the center, the flux density is monotonously decreasing on both sides and there is

a zero-crossing of Bz at x = ±4.7 cm where the measured field reverses. The minimum
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value is reached at x = ±5.4 cm and then asymptotically approaches Bz = 0T again.
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Figure 5.2 – Flux density distribution of the 3T pulsed electromagnet at maximum
power of 700A. The field distribution at 700A has been determined from linear
extrapolation of field measurements at lower currents (in the range of up to 20A)
with the previously determined coefficient c = 0.0044(1)TA−1 at a regime where the
temperature and electrical resistance of the copper coils was stable.

For experiments, the 3T electromagnet was embedded in a setup as it is depicted

in figure 5.3. The power supply (a) provided current pulses up to 700A which were

feed into the magnet (e). The introduced tape was loaded with a specific, pre-selected

constant transport current Itr, which was provided from a second power supply (b). The

current in the magnet was recorded with a current clamp, that inductively measured

the current in the power lines. This signal was directly converted to the magnetic flux

density using the coefficient c = 0.0044(1)TA−1. Both, voltage and power signal were

recorded by an oscilloscope (c).

The 20 cm long sample #S-4 was guided through the slit and fixed on a plate at

the entrance and exit of the magnet. In one of these fixations a spring was employed

to keep tension on the tape constant and compensate forces appearing due to thermal

shrinking.

The voltage wires were made of a flat 50 µm thick copper tape that were insulated on

one side. Both wires were coming out of the same side of the slit in order to minimize

inductance in the conductor loop due to induction of changing magnetic fields due to

current pulses (dB/dt 
= 0). The raw voltage signal was amplified in a 60 dB low noise

amplifier (d). The assembly was placed in a cryo-vessel made of styro-foam (e).
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Figure 5.3 – Scheme of the 3T pulsed electromagnet testbench. The magnet (e)
was connected to a power supply (a) providing pulses of 700A. A power supply (b)
provided currents up to 10A which were loaded onto the tape. The current in the
magnet was assessed with a current clamp and stored together with the voltage signal
in an oscilloscope (c). The voltage signal was amplified by a 60 dB low-noise amplifier
(d). For voltage wires, 50 µm thick copper tapes were used entering the magnet from
the same side to avoid inductance in the conductor loop. Magnet and tape were placed
in a bath of liquid nitrogen (f) during operation.

The duration of the pulses were varied between 0.3 s to 3 s. When switched on, the

power input to the magnet (Pinput ≈ 14.7 kW) exceeded the cooling capacity of the

LN2 bath on the magnet surface (Pbath ≈ −2.5 kW) and hence the system was leaving

thermal equilibrium. Consequently, the temperature in the windings was increasing

during a pulse which generally lead to an increased resistance of the current carrying

copper material. Power limitation of the current source therefore reduced the maximum

current output and hence reduced the field inside the magnet. The maximum duration

of each pulse was set to 3 s and between two consecutive pulses the magnet was fully

chilled back to 77K by waiting a sufficient period of ∼60 s.

Figure 5.4 shows a picture of the magnet assembly in the cryo-vessel without liquid

nitrogen. The flat copper voltage wires are leaving the picture on the top. The power

cables that power the magnet are coming from the left side and the power lines to load

current on the tape are visible from the right side. The low-resistance contact from the

700A power cables to the 2mm thick copper wires of the magnet are made of soldered

meander-like pattern on a copper plate. One of these meander-like contact elements

is visible on the left side of the picture in figure 5.4. The whole assembly was fully

immersed in liquid nitrogen during operation.
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Figure 5.4 – Picture of the 3T pulsed electromagnet in styrofoam vessel. The flat
copper voltage wires leave the picture on the top. The magnet is powered from the
lines coming from the left side which are connected to copper plates on which the
meander-like patterned end of the copper wires of the magnet have been soldered.
The tape inside the magnet was loaded with currents up to 10A, coming from the
wires on the right. This picture is also published in [100].

The most important specifications of the magnet and the experimental setup are

summarized in table 5.1.

Description Symbol Quantity
Maximum magnet current Imax 700A
Maximum flux density (x = 0 cm) Bmax 3.1T
Minimum flux density (x = ±5.4 cm) Bmin −0.37T
Duration of magnet pulse Δτ 0.5 - 3 s
Sample length l 20 cm
Current load in sample Itr up to 10A
Voltage lead separation ΔdV 10 cm
Voltage signal amplification G 60 dB

Table 5.1 – Most important specifications of the 3T pulsed electromagnet setup.
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5.2 Modelling of Electric Field

The results of the modeling of the electric field from equation (25) for transport cur-

rents Itr = 5A to 8A are shown in figure 5.5. In this figure, the previously shown

field distribution of the 3T pulsed electromagnet is implemented as well using black

datapoints.

The calculated electric fields exhibit a peak at the center where the highest fields

occur and the maximum of the peak increases with increasing transport current. The

appearing local electrical fields exceed values of 0.1 µVmm−1, which is representing the

conventionally used criterion (1µV cm−1) for Ic assessment. The slope of the electric

field is rather steep reaching its half maximum value at |x| = 1 cm, hence the assumption

that the main voltage drop occurring only along a small zone in the center of the magnet

is valid in first approximation.

The value of the full width at half maximum (FWHM) is 20mm for the calculated

electric fields and nearly the same for all different transport currents. In comparison,

the flux density distribution exhibits a FWHM of 52mm.
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Figure 5.5 – Calculated electric field in a 4mm wide tape at 77K in the pulsed 3T
electromagnet. The calculation was done using the EAA approach and current loads
from 5A to 8A. The electric field exhibits a peak whose maximum increases with
increasing transport current. The previously discussed flux density distribution of the
magnet is additionally shown in black. This result is published in [100] as well.

A more detailed view of the electric field is shown in figure 5.6. Zero-crossings of

the magnetic field at x = ±4.7 cm define the minima in the calculated electric field. In

this view, it can be seen that the modeled electric field runs through ∼ 13 orders of
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magnitude. From this it is concluded, that large parts of the field distribution inside

the magnet and especially the zones of the negative return field (|x| > 4.7 cm) have

practically no impact on the real measured voltage drop. The severely dominating part

of the electric field is located in the center of the magnet.

This is illustrated by an example: the electric field in the center of the magnet reaches

E(x = 0) = 900 µV cm−1 in the case Itr = 8A. For the same transport current, the

electric field is reduced by roughly two orders of magnitude to E = 6 µV cm−1 at the

position |x| = 2 cm.
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Figure 5.6 – More detailed view on the electric field in pulsed 3T electromagnet on a
4mm wide tape at 77K loaded with transport currents from 5A to 8A. The calculated
electric field varies in a range of ∼ 13 orders of magnitude. For real measurements
the voltage drop can be neglected in the zone of negative return field (B < 0) and its
most dominant part is in the center. This result is published in [100].

5.3 Voltage Response

The 20 cm long sample #S-4 was prepared and investigated in the pulsed electromagnet

assembly. The voltage contacts of the 4-probe connected sample were separated by

ΔdV = 10 cm which were directly placed at the openings of the magnet channel.

From previous measurements of double-disordered tapes (see figure 4.4) at 77K and

3T field, the critical current was expected to be in the range of ∼4A to 5A. Therefore,

the voltage response for the cases Itr = 3A, Itr = 4A and Itr = 6A is explicitly

described and shown in figures 5.7, 5.8 and 5.9. Furthermore, in a subsequent analysis

the tape was loaded with higher transport currents up to 8A.
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For these tests, the magnet pulse was selected to be ∼1.5 s long. For convenience,

the time axes of the datasets were synchronized and the onset of the pulse chosen to

be at t = 0 s. In all figures, the signal of the magnetic field is shown in red color and

is already inverted from the signal of the current clamp.

The observation for the case of Itr = 3A is described in the following which is shown

in figure 5.7. At t = 0 s the power is switched on and the magnet builds up the field

at a maximum rate of 16T s−1. This is typically reached after ∼ 55ms. The flux

density increases until it reaches its maximum value of Bmax = 3.1T at t ∼ 350ms.

Subsequently, the flux density decreases due to increasing thermal resistance of the

windings at a rate not faster than 1T s−1 until the magnet is switched off.

voltage signal

flux density

Figure 5.7 – The sample #S-4 in the 1.5 s long magnet pulse of the 3T electromagnet
(red solid line) was loaded with a transport current Itr = 3A. The onset of the pulse
was chosen to be at t = 0 s. The according voltage response is shown as blue dots
with averaged values (black solid line). During the quick ramp-up of the magnetic
field from t = 0 s to its maximum at t ∼ 350ms a peak in the voltage response was
observed. This ’induced’ peak was considered to be a result of pushed flux vortices
that render the sub-critical transport current dissipative.

At t = 0 s a peak in the induced voltage signal, which reaches its maximum value

Upeak = 45 µV at t = 150ms, is visible. It is considered that this peak comes from tape

penetrating flux vortices produced by the magnetic field. Due to the rapidly increasing

flux density these flux lines are pushed inside the tape. As a consequence of moving

vortices, the sub-critical transport current of Itr = 3A is rendered dissipative.

When the maximum field is reached at t ∼ 350ms the induced voltage relaxes and

the ’induced’ peak disappears. In the following, the voltage signal remains at a constant
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level, which indicates that a transport current of Itr = 3A is sub-dissipative and hence

is considered to be below the sample specific critical current Ic. Finally, the magnet

is switched off at t = 1.45 s and the flux density returns to zero. The simultaneously

arising ’second induced’ peak in the voltage signal is not of importance and was therefore

neglected.

A comparable situation was observed when the transport current Itr was increased to

Itr = 4A which is shown in equivalent form in figure 5.8.

The previously described induced peak is visible again, but reaches a maximum value

of Upeak = 65 µV. In comparison to the case Itr = 3A, the higher voltage is clearly a

consequence of the increased transport current. After the first induced peak the voltage

doesn’t immediately return to a constant level as it was observed in the previous case,

but rather monotonously decreases in accordance with the decreasing magnetic field.

This is considered to be a result of the transport current that dissipates in the specific

flux density of the magnetic field B(t) at the time t.

flux density

voltage signal

Figure 5.8 – Magnet pulse with 3T electromagnet with a tape load of Itr = 4A. A
comparable situation to the case Itr = 3A was observed. The ’induced’ peak reaches
a maximum of Upeak = 65 µV. Subconsquently, the current monotonously decreases
to in accordance with the decreasing magnetic field B(t).

In the third case of Itr = 6A, the observed voltage drop is more pronounced in

comparison to previous shown results. The value of the previously described induced

peak increases to Upeak = 100 µV. In contrast to the other discussed cases, the voltage

signal further increases and reaching a ’main’ peak of Umax = 200 µV at t = 380ms.

Again, as the flux density decreases, the observed voltage drop decreases simultaneously.
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This ’main’ peak is resulting from dissipative current (Itr > Ic) in the region of highest

magnetic field .

flux density

voltage signal

Figure 5.9 – Magnet pulse with 3T electromagnet and a tape load of Itr = 6A. After
the induced peak, a ’main’ peak of Umax = 200 µV appears at t = 380ms. This peak
is resulting from dissipative current in the region of the highest magnetic field.

A detailed look on the timescale shows a delay between the instant of maximum field

Bmax and the instant of maximum voltage Umax in the range of ∼ 30ms. This is caused

by minor heat diffusion that slightly extends the dissipative zone formed in the tape

in the inhomogeneous field. This effect is small even at high induced voltages up to

900µV due to the drastically reduced critical currents in the magnetic field. Inside the

sample, the generated Joule’s heat can be estimated to be up to P = 18mWcm−2.

The cooling capacity of liquid nitrogen on tapes per surface unit is assumed to be

Pcooling = 8Wcm−2 [106]. In table 5.2 the ratio between generated heat in the sample

and cooling capacity of the liquid nitrogen reservoir is estimated.
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Quantity Unit Value
Bmax T 3
Itr,max A 8
Umax µV 900
Surface per tape-cm S cm2 0.4
P mWcm−2 18
P/Pcooling 0.225%

Table 5.2 – Estimated power dissipation in the experimental setup with inhomoge-
neous fields. The cooling power Pcooling is assumed to be 8Wcm−1 and it is shown that
the generated Joule’s heat P is easily compensated by the liquid nitrogen reservoir
even in cases of high dissipated voltage up to 900 µV.

The influence of thermal effects seems therefore negligible even in case of a highly

dissipative regime.

In the next step, the applied transport currents were increased to 8A and the total

voltage response of the tape in the field of the pulsed electromagnet was measured and

compared to the calculations from the EAA approach. Thereby the voltage contact

separation of 10 cm defined the limits of the integration of the electric field. For the

EAA modeling, experimental values of the flux density distribution B(x) were used.

The integral expression of the voltage response was calculated using equation (24),

yielding

Uint =

�
1µV

1cm

�
cr

·
� 5

−5

�
Itr
8.5

(B̄(x) + 0.01)+(0.3+0.2·B̄(x))

�n(B̄(x))

dx. (28)

The parameters have been already explicitly written in equation (28), where B̄(x)

denotes the experimental values of B(x), divided by 1T. The integration was repeated

for values of Itr = 4A, 6A and 8A. The n-value was calculated as before (equation (22))

using the explicit values
�
15 + 0.2/(B̄(x) + 0.02)

�
exp(−0.245B̄(x)). The parameter I0

was set to I0 = 8.5A.

Figure 5.10 shows the calculated voltage response for different transport currents

as the black lines. For comparison, experimentally determined values are introduced

as data points, where the case Itr = 8A is shown as blue diamonds, Itr = 6A as

orange squares and the case Itr = 4A is denoted as green circles. The voltage response

decreases by two orders of magnitude during the decreasing field from 3T to 1T.
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For the cases Itr = 6A and 8A the voltage is exceeding the critical voltage of 10µV
for a standard criterion of 1 µV cm−1 significantly. Because of reasonable agreement

between the experimental values and the predicted ones, even in the high dissipative

regime, it is expected that no additional effects influence the superconducting behavior

[100].
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Figure 5.10 – Comparison of modeled integral voltage response (black solid lines)
and experimental values (data points) for transport currents Itr = 4A, 6A and 8A.
This result is published in [100].
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6
Dynamic Tape Scans

This chapter deals with the implementation of the M-Scan method and presents results

of several scans of different tapes with lengths up to 100m. The tapes were normally

exhibiting double disordered tape structure but one tape scan was also performed for

a tape exhibiting a standard structure. In the beginning of this chapter the critical

current determination in the frame of the EAA model is described.

In comparison to the tests in previous chapters, the tapes were measured with ’dy-

namic’ four probe contacts of the M-Scan device and the feasibility of this method is

shown.

6.1 M-Scan Critical Current Determination

The objective of the M-Scanner is the assessment of the critical current Ic(x) in a

magnetic field with a flux density of 2.61T. During the scan procedure, the tape is

loaded with a constant transport current Itr > Ic when continuously translated through

the measurement stage. The corresponding voltage drop is directly measured on the

moving tape.

In the following sections, considerations about the determination of the critical cur-

rent from the measured voltage signal are described and discussed.

6.1.1 Influence of Edge Regions of the Magnetic Field

Modeling of the electric field and the voltage response between the voltage contacts

of a sample exposed to a magnetic field with inhomogeneous flux density distribution

B(x) was described and discussed above in chapter 4 and experimentally confirmed
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in the chapter 5. The expression of the voltage response in homogeneous fields (see

equation (22)) is the root of Ic determination in M-Scan. This general expression (22)

is modified as an integral expression for arbitrary field distributions B(x) yielding

Uint(Itr) =

�
dU

dx

�
cr

� Δx
2

−Δx
2

�
Itr

Ic(B(x))

�n(B(x))

dx. (29)

In this equation, the integration is done along a path with length Δx which denotes

the distance between the voltage contacts and with x = 0 at the center between the

voltage contacts. In real measurements, the tape is loaded with a pre-determined

transport current Itr and the voltage drop Uint between the voltage contacts is measured

during tape translation. The recorded voltage response is related to Ic.

However, as it was previously reported for the magnetic field of the 3T pulsed electro-

magnet in section 5.2, the measured voltage along the sample dropped overwhelmingly

in the center of the magnet, where the magnetic field exhibited its highest flux density.

The generated electric field exceeded the electric field elsewhere up to 8 orders of mag-

nitude. In other words, although the voltage contacts were separated by 10 cm in this

setup, the main voltage response occurred practically only along the central region of

maximum flux density inside the pulsed electromagnet.

This result is applied to the specific case of the permanent magnet assembly as well.

Only the electric field generated within the 4 cm long ’plateau-zone’ in the center of the

permanent magnet is therefore considered to practically cause a voltage drop. Within

this plateau-zone Δxm, the field is sufficiently homogeneous and denoted with Bm.

Nevertheless, the voltage drop Uint within Δxm = 4 cm is influenced by the field

gradients at the edges of the ’plateau-zone’. The impact of these ’edge zones’ is esti-

mated in the following by splitting the homogeneous field zone Δxm into a sum of (i)

a ’central’, homogeneous field region Δxm� and (ii) edge regions Δx1 = Δx2.

This was done by adapting the integral in equation (29) to a sum along the zones Δxm�

and Δx1 = Δx2 which is written in equation (30). In the permanent magnet flux density

distribution, the length of the central flux zone Δxm� = 3.68 cm and the correction

terms of edge regions with length Δx1 = Δx2 = 0.16 cm. It follows immediately

Δxm� +Δx1 +Δx2 = Δxm = 4 cm.

Uint =

�
dU

dx

�
cr

�
Δxm�

�
Itr

Ic(Bm)

�n(Bm)

+

�
Δx1

�
Itr

Ic(B1(x))

�n(B1(x))

dx+

�
Δx2

�
Itr

Ic(B2(x))

�n(B2(x))

dx

�
(30)

The parts of the sum of equation (30) were solved separately and the terms with

Δx1 and Δx2 put in a ratio to the total voltage drop Uint in order to determine their
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relative impact. The critical current for Bm and B(x)|Δx1 = B(x)|Δx2 in equation

(30) was modeled using the previously derived expression for the critical current Ic =

I0 · (B̄(x) + δ)−α0+βB̄(x) (see equation (20)) for two cases of I0, namely I0 = 8.5A and

I0 = 10A.

The results of the calculation are listed in table 6.2 for the samples with lower current

I0 = 8.5A and in table 6.1 for the initial case with I0 = 10A. Both calculations, the

edge regions (Δx1 and Δx2) and the drop along the central region Δxm� were performed

for different transport currents from Itr = 5A to 7A.

All values of the quantities Ic(Bm), n(Bm), Ic(B1(x)) = Ic(B2(x)) and n(B1(x)) =

n(B2(x)) were calculated from the EAA parameters for double disordered tapes and

values of Bm, B(x)|Δx1 and B(x)|Δx2 from the measured flux density distribution B(x)

of the permanent magnet. It follows from the calculations, that the edge regions yield

an impact of ∼3% to 4% to Uint along the homogeneous flux zone Δxm and have similar

values for both cases I0 = 8.5A and I0 = 10A.

Itr (I0 = 10A) 5A 5.5A 6.0A 6.5A 7.0A
Uint(Δxm�), µV 5.7 12.3 24.8 47.3 86.1
Uint(Δx1 = Δx2), µV 0.97 0.22 0.46 0.92 1.74
Impact of two edges, % 3.30 3.46 3.61 3.76 3.90

Table 6.1 – Calculation of the impact of both edges Δx1 and Δx2 on the total voltage
response Uint(Δxm). The relative impact increases with increasing transport current
and is conducted for I0 = 10A.

In comparison to the case I0 = 10A the relative impact of both edges on Uint is

higher for tapes with lower currents, I0 = 8.5A.

Itr (I0 = 8.5A) 5A 5.5A 6.0A 6.5A 7.0A
Uint(Δxm�), µV 21.1 45.6 92.1 175.8 320.0
Uint(Δx1 = Δx2), µV 0.39 0.89 1.88 3.73 7.05
Impact of two edges, % 3.58 3.75 3.91 4.07 4.22

Table 6.2 – Calculation of the impact of both edges on the total voltage response
Uint(Δxm). In comparison to the calculations with I0 = 10A, the relative impact for
each transport current is higher in the case of I0 = 8.5A.
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In an ideal homogeneous field Bm along Δxm, an impact of 8% to Uint along the edge

regions would be expected, since the spatial part of the edge regions is 0.32 cm/4.0 cm = 8%

of Δxm. However, it follows from the previous considerations, that the calculated

impact of 4% at the edge regions is ∼ 50% below the expected impact for the assumed

ideal situation. Consequently, if an ideal homogeneous field along Δxm is assumed,

the modeled voltage response Uint is overestimated by ∼ 4% compared to the voltage

response in the ’real’ field B(x). However, first approximations of the critical current

in this study assume the ’ideal’ situation, as it is described in the following.

6.1.2 Selection of Transport Current

To extract the critical current from the voltage drop, equation (29) needs to be trans-

formed to express Ic. The n-value can be obtained via the EAA approach (see equation

(21)) or determined experimentally using a power law. Regarding the considerations

above, the general expression is simplified when assuming the flux density distribution

B(x) = const. = Bm along the central zone Δxm and zero elswhere. In this case Bm

is replacing the general B(x) and the integral expression vanishes except along Δxm

where it yields:

Ic(B) = Itr ·
�
Δxm

�
dU

dx

�
cr

/Uint(Bm)

� 1
n(Bm)

(31)

In this way, the summation of infinitesimal x-dependent voltage responses via integra-

tion in presence of x-dependent fields B(x) is reduced to a simple power law in the

region Δxm.

The critical current Ic is evaluated by measurement of Uint and employing the deter-

mined n value in the exponent. However, the magnitude of the total voltage drop Uint

can be controlled by the pre-selected constant transport current Itr, which is feed into

the tape.

Figure 6.1 shows the determination of Ic from Uint(Itr) for a set of different transport

currents Itr in the range from 5A to 7A. Different curves of Uint(Itr) are related to

different transport currents. The curves were modeled using equation (31) employing

a typical value of n(2.61T) = 8 and Δxm = 4 cm. A horizontal dashed line indicates

a nominal critical current of Ic = 5A at 2.61T. A wide range of voltage drops from

4 µV to 50 µV for the determination of Ic is expected. The crossing points of the curves

with the horizontal dashed line indicate the associated voltage drop for each selected

transport current at the nominally assumed Ic = 5A. Note that the voltage drop Uint

in case of Itr = 5A is exactly 4 µV and hence giving the trivial result expected for the
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1 µV cm−1 criterion along a 4 cm long path. Nevertheless, the wide range of Uint from

which the critical current can be determined is visible in this figure.

Figure 6.1 visualizes, that the critical current Ic can be determined independently

from a wide range of pre-selected transport currents Itr. To find reasonable values of Itr

an initial current-voltage characteristics of a short representative sample of each tape

is recorded prior to the scan. Using the typical criterion of 1 µV cm−1 to determine

the critical voltage, the critical current of the representative sample is determined. In

the subsequent scan, a pronounced voltage signal is observed when the pre-selected

transport current exceeds the critical current, Itr > Ic. Typically Itr is selected to

exceed Ic by ∼30%.
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Figure 6.1 – Critical current Ic dependence on measured voltage response Uint for
given pre-selected transport currents Itr. Crossing points of the horizontal red dashed
line and the curves of Uint indicate the specific voltage drop for a sample with nominally
Ic = 5A for each pre-selected transport current Itr.

In the modeled curves of figure 6.1 a typical n-value of n = 8 is employed for the

calculation of Uint. However, the B-field dependent n-value needs to be determined in

real scans. This can be done on a representative sample in the beginning of the scan or

by an alternation of the transport current from Itr,1 to Itr,2. The corresponding change

in the voltage drop from Uint,1 to Uint,1 can be recorded and the n-value determined using

the following expression which is immediately derived from the power law U = (I/Ic)
n.

n(x) =
ln (Uint,1(x)/Uint,2(x))

ln(Itr,1/Itr,2)
. (32)
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6.1.3 ’Effective’ Transport Current

Up to now, only silver capped samples were investigated and current flowing solely in

the YBCO layer of the coated conductor was considered. However, in commercially

produced coated conductors, the copper coating protects and stabilizes the conductor

in case of dissipative fluctuations in the superconducting layer. Since the M-Scanner

is purposely operated in a dissipative current regime, i.e. Itr > Ic, it is expected,

that parts of the applied transport current ’escape’ from the YBCO and flow through

the copper layer instead. However, for a precise critical current determination, the

knowledge of the ’effective’ transport current, i.e. the part of the transport current

exclusively flowing through the YBCO, is required.

It is once again mentioned, that for the case of the pulsed 3T electro magnet, the

observed power dissipation of up to 18mWcm−2 was easily transported away from the

nitrogen coolant. It follows, that although the M-Scan is operated in dissipative regime,

the comparably low applied transport currents limit the maximum dissipated power far

below the amount which can be compensated by the coolant (Plimit = 8Wcm−2).

In the following, a model to evaluate the current share in current in the copper

layer ICu and current in the superconducting layer IYBCO is briefly described. Therein,

both layers are considered as being parallelly connected which is schematically shown

in figure 6.2. Further, the thickness of the copper layer is neglected and no contact

resistance is considered. Therefore, ideal current sharing is assumed.

The resistance of the copper RCu was characterized by extrapolating the voltage drop

of a representative double disordered copper coated sample in a resistive Tc measure-

ment to 77K. The voltage drop of U = 0.237 µV appears along the 3mm separated

voltage pins at a current of 10mA. The resistance RCu was then obtained by adapt-

ing the ratio R = U/I for a 40mm long tape piece, corresponding to the previously

evaluated dissipative ’plateau-zone’ Δxm. In this way, the resistance of the copper

coating RCu was calculated to be RCu = 0.32mΩ. Figure 6.3 shows the plot of this

measurement.
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Figure 6.2 – Scheme of the circuit of a
parallel Cu and YBCO layer. The ap-
plied transport current Itr = Iges splits in
two parts, namely ICu and IYBCO. From
knowledge of RCu, Iges and U = Uint, the
current IYBCO can be calculated.
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Figure 6.3 – Calculation of the resistance
in the copper layer along the coated con-
ductor from resistive Tc measurement of
a representative copper coated double dis-
ordered tape sample. The voltage drop
between the 3mm separated voltage con-
tacts for a 10mA current is extrapolated
to 77K and yields U = 0.237 µV. The re-
sistance along the ’plateau-zone’ Δxm is
then calculated to be RCu = 0.32mΩ.

In this parallel circuit model, the resistance of the YBCO layer is calculated by

RYBCO =
1

1
Rges

− 1
RCu

(33)

with Rges = Uint/Itr.

From the knowledge of RYBCO the current parts ICu and IYBCO can be determined as

follows

ICu =
RYBCO

RYBCO +RCu

· Itr

IYBCO =
RCu

RYBCO +RCu

· Itr
(34)

Below Ic, naturally no power dissipation is observed from which a transport current

flow through the superconducting layer only is concluded. It follows from the according

V -I characteristics of YBCO and Cu, that in dissipative regime, increasing transport

currents yield a power-law based growth in the resistance of YBCO and a linear one for

copper. Therefore, further increase of the applied transport current yields an increase

of the relative amount of current flowing through the copper, described by the ratio of
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ICu/Itr.

The presented ideal model of two parallel conductors is a very rough approximation.

In a more realistic consideration, the two conductors are in permanent interchange of

current due to the low interfacial resistance. Detailed analysis can be performed by a

current interchange model, which is discussed in e.g. [107, 108, 109].

6.2 Scan 1 - Implementation of M-Scan

In the following section, results of multiple 2m scans of tape #T-1 with the M-Scan

device are presented. For these scans, the pre-selected transport current was varied

between 4A to 6A and the voltage drop was recorded for each case.

6.2.1 Tape Preparation

Tape #T-1 has a copper surface and was selected as test tape with a rather large Ic-

inhomogeneity. Three defects were introduced into the first part of #T-1 reaching from

x0 = 0 cm to x = 1.25m. The first defect (D1) at x1 = 0.25m was introduced with

a punching tool of 2mm diameter, fully perforating the tape including the substrate.

For introduction of defect (D2) at position x2 = 0.75m the superconducting layer was

removed on a square shaped area with dimensions 2× 2mm2 with a diamond scratch

tool. Defect (D3) at position x3 = 1.25m is a perpendicular scratch introduced with

the diamond scratch tool as well and has dimensions 0.5× 2mm2. The introduced

defects are schematically depicted in figure 6.4. All three defects have a width of 2mm

and correspondingly a current-bypass width of 2mm. In contrast to the defect D1, the

copper layer on the bottom side of the tape is undisturbed for defects D2 and D3. As

indicated in figure 6.4, the scan was performed along the arrow.

(1) (2) (3)

x₁ x₂ x₃
Figure 6.4 – Schematic view of introduced artificial defects labeled (D1), (D2) and
(D3) at distances x1 = 0.25m, x2 = 0.75m and x3 = 1.25m from the staring point of
the scan x0 = 0 cm. The scan is performed along the arrow.
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6.2.2 M-Scan of #T-1

Voltage Signal

In the first and second scan, the tape was scanned with a constant transport current

of Itr = 4A the first time and with Itr = 5A the second one. Between both scans, the

tape was rewound and each scan started at the same initial position x0 = 0 cm. Each

time, the translation speed was selected to be 1mms−1.

The voltage drop along the scanned distance with pre-selected transport currents

Itr = 4A and Itr = 5A is shown in figure 6.5. In the case Itr = 4A the measured

voltage is within a range of 0.02mV to 0.15mV whereas for Itr = 5A the voltage

drop is between 0.1mV to 0.3mV. The shape of both curves follow the same trend

but obviously the amplitude of the observed periodic-like pattern along the scan is

more pronounced for the case Itr = 5A than for Itr = 4A. Defect-induced ’peaks’ in

the voltage response can be identified as a local increase of the measured voltage at

the according positions of the defects. The width of these peaks is 4 cm which is in

agreement with the width of the Bmax = 2.61T central flux density zone Δxm = 4 cm.
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Figure 6.5 – Scanned voltage response of tape #T-1 with Itr = 4A (blue) and
Itr = 5A (red). The periodic-like pattern of both curves follow the same trend with
a greater amplitude for the case Itr = 5A. At positions x1 = 0.25m, x2 = 0.75m and
x3 = 1.25m voltage peaks induced by the artificial defects are observed.

The depicted voltage represents the total voltage that was recorded between the

voltage contacts, but dropped overwhelmingly within the ’plateau-zone’ of highest field

Δxm. However, in a dissipative current regime, a part of Itr > Ic is expected to

flow through the copper layer of the conductor whose amount ICu is calculated in the

following. For accurate determination of the critical current ICu needs to be subtracted.
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Parallel Currents

Following the considerations of section 6.1.3, the amount of current flowing through

the copper layer is calculated. Since the voltage drop is considered to occur within

the 4 cm long region Δxm only, the resistance of the ’active’ 4 cm long copper layer

was previously found to be RCu = 0.32mΩ (see section 6.1.3 and figure 6.3). With

RCu = 0.32mΩ, the applied transport current Itr and the measured voltage drop Uint,

the current flowing in the YBCO layer IYBCO was characterized by equations (33) and

(34). IYBCO is sometimes referred as ’effective’ transport current in the following. Both

parts ICu and IYBCO are shown in figure 6.6 for the case Itr = 5A.

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

x, m
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I,
 A

Iges=5A ICu IYBCO

Figure 6.6 – The superconducting YBCO and normalconducting Cu layer were
modeled as parallelly connected resistors. Therefore, the applied transport current
Itr = Iges splits in two parts ICu (dotted line) and IYBCO (dashed line). Both parts
summed up return Itr (solid line). For an applied transport current Itr = 5A up to
20% of the current flows through the copper layer.

More generally, the ratio of current flowing in the copper ICu/Itr was determined for

all cases Itr = 4A, Itr = 5A and Itr = 6A. From a linear V -I characteristic of copper

but power-law based V -I relation of YBCO, it is expected that the relative amount

of ICu increases with increasing Itr. This result is shown in figure 6.7. The relative

amount of the total current flowing through the copper increases from 10% to 30% for

increasing transport currents from 4A to 6A.
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Figure 6.7 – The ratio of current flowing in the copper is increasing with increasing
applied transport current Itr. For Itr = 4A up to 10% of the total current are flowing
through the copper layer, whereas this amount increases up to 30% when Itr = 6A
are feed into the tape.

Critical Current Determination of #T-1

The previously discussed results about the shared currents are now implemented into

the Ic determination. The critical current was determined for all cases of the applied

transport current and all curves match. In the end, the determined critical currents are

compared to measurements from a commercial Hall array scanner (TapeStar - THEVA)

as well. For comparison reasons within the scope of this study, this was also done for

a scenario where the parallelly flowing currents are neglected.

The n-value in the exponent of equation (31) for critical current determination was

evaluated via equation (32) where the measured voltages for the cases Uint(4A) and

Uint(5A) were employed. For the according currents two scenarios were evaluated.

First, the according applied transport currents Itr = 4A and Itr = 5A were directly

implemented to determine the n-value ’of the tape’. In the second scenario, only the

according ’effective’ currents IYBCO were employed for determination of the ’effective’

n-value. The results are shown in figure 6.8 and compared to the value n = 7.954

obtained from the EAA model (equation (21) in section 4.1.2).
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Figure 6.8 – The n-value was calculated for different scenarios. The grey dotted
line shows the n-value ’of the tape’, i.e. its determination from the voltage drop
and the applied transport current Itr. On the other hand, the blue solid line shows
the ’effective’ n-value which is determined from the measured voltage drop and the
’effective’ current parts IYBCO. The n-value from the EAA model is n = 7.954 and
shown as a black solid line.

The samples for the determination of the n-values within the scope of the EAA

model (see section 4.1) were silver capped and only comparably low voltages in the

µV range were considered. Hence, current sharing could be generally neglected. The

EAA modeled n-value is therefore regarded as ’intrinsic’ n-value which is consequently

in good agreement with the determined ’effective’ n-value which was found around the

value n = 8.

In the additionally evaluated ’tape’-n-value, the applied transport currents Itr were

directly employed in the n-value determination. An increased current share into the

copper layer at higher voltages was not considered separately in this case which leads to

a ’flattened’ V -I characteristic followed by a reduction of the measured n. Therefore,

the n-value ’of the tape’ is only in the range n = 4-6.

’Imprints’ of the defects D1 at x = 0.25m and D3 at x = 1.25m are visible in the

’effective’ n(x) curve. In the previous consideration, the current share was assessed as a

whole along the 4 cm long ’active’ zone of highest field in the permanent magnet which

consequently determines the resolution width. However, due to the defect bypassing

currents, the voltage drop is raised in a local spot much smaller than 4 cm. This yields to

an correspondingly increased local copper current share, which is not resolved within the

length of 4 cm. Therefore, current flow in the copper is locally underestimated which,

analogously to the case where copper currents where completely neglected, leads to a

reduced n-value.

Additionally, these defects come together with removed parts of the copper as well

altering the copper resistance which was also not included in the model.
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In the following, the critical current was determined with equation (31) employing the

n(x) value for all ’effective’ transport currents of the cases of nominally applied Itr =4A

to 6A. The independence of the determined Ic on the pre-selected transport current

is shown in figure 6.9. The critical current Ic(Itr = 6A) is depicted with blue crosses.

Datapoints of the other cases Ic(Itr = 5A) and Ic(Itr = 4A) are represented by white

diamonds and circles, respectively. The critical current Ic(Itr = 6A) was also evaluated

employing the constant EAA value n=8. This approximation seems to be reasonable.

However, deviations at the defects positions x1, x2 and x3 are visible.
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Figure 6.9 – Evaluated critical current for three cases of Itr = 6A (blue crosses),
Itr = 5A (white circles) and Itr = 4A (white diamonds). Evaluation of these currents
employ n(x) described in figure 6.8. The evaluated critical current is independent
of the transport current. Additionally, the Ic value for Itr = 6A is shown for the
EAA-calculated constant n-value of n = 8.

Except at the defects positions, the determined critical current varies between 2.2A

to 3.0A and has an average value of Iavrgc = 2.54A. At the positions x1 = 0.25m and

x2 = 1.25m, the critical current drops below a level of 2A.

In a further analysis of the M-Scan result, the tape was additionally scanned with a

commercially available Hall array scanner (TapeStar). In order to directly compare the

critical current of the Hall array scanner with the evaluated critical current from the M-

Scan both Ic curves were normalized to their over-all average value, where the average

critical current evaluated from the TapeStar device were determined to be Iavrgc = 39A.

The comparison of the relative critical currents is shown in figure 6.10. Blue circles

represent the M-scan determined Ic which is compared to the TapeStar data (red line).

Apart from the defect positions, which are treated separately, agreement of the critical

current determined from the different scan devices is found. The conceptual case where

parallel currents in the copper layer are neglected, i.e. ICu = 0A, is depicted as white
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squares, which is accompanied with a larger misfit to the Hall array scan. The misfit

increases with increasing applied transport current, hence consideration of parallelly

flowing ICu is more crucial the further Itr exceeds Ic.
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Figure 6.10 – Comparison of the M-Scan Ic-curve with a commercial Hall array
Scanner (TapeStar). In order to compare the magnitude of the critical currents, the
curves were normalized by their corresponding averages. Blue dots represent the Ic
curve obtained from M-Scan. The M-Scan and TapeStar data (red line) reasonably
agrees with each other, which is different for the conceptual case of no current flow in
the copper (white squares).

Interpretation of Defect D1 with EAA

In the following section, the impact of defect D1 is investigated by analyzing the voltage

response with the derived equations from the EAA approach (see section 4.1.3). In

comparison to the simulation, described in 4.2.3, current sharing is now considered.

The simulation and its assumptions are described in the following and the output is

compared to the measured data.

The starting point of the simulation is again an array representing the tape. It is

filled with values of the EAA parameter I0 = Ic(1T) and a sub-array of values ID

corresponding to the defect’s size and determined cross-sectional narrowing. Based

on EAA equations, the voltage response between the voltage rollers is calculated by

summing up the electric field along the modeled tape array in presence of the magnetic

fieldB(x) and for a given effective transport current IYBCO. This procedure is iteratively

repeated for each position of the defect between both voltage contacts i.e. simulating a

transition of a defect through the magnet. Since the ratio ICu/Itr alters at the defect’s

position, the ’effective’ transport current IYBCO employed in the simulation is adapted

according to the evaluated values from measurements. Finally, the simulated voltage

drop U(x) on a distance between the voltage contacts can be directly compared to the
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measured voltage drop.

For the simulation a ’clean’ tape with I0 = 6.2A was assumed. The circular defect D1

with diameter of 2mm was implemented in the modeled tape and the voltage response

calculated during its simulated transition through the magnet.

The voltage drops are compared in figure 6.11. Panel (a) again shows the measured

voltage drop for the applied transport currents Itr =4A to 6A and in panel (b) the

voltage response of the modeled defect is shown for the same cases.

In principle the voltage drop due to the defect is well predicted by the EAA (panel

(b)), but however, the magnitude of the voltage drop doesn’t match everywhere. This

is due to the mismatching rough assumption of a ’clean’ tape with homogeneously

distributed I0 = Ic(1T) for a test tape that in reality employs a rather high critical

current inhomogeneity.
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Figure 6.11 – Comparison of the voltage response from measurement (panel a) and
modeling with EAA approach (panel b). The critical currents obtained from measure-
ments and simulation are shown in panels (c) and (d), respectively. As expected the
critical current is independent of the transport current and in reasonable agreement
with the measured data.
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The previously evaluated critical currents are shown in panel (c) and are compared

for the simulated critical current in panel (d). As expected, the simulated critical

current is independent of the applied transport current. For the simulation of Ic, the

n-value obtained from the EAA equation was used. However, reasonable agreement of

curves is found for Ic that was evaluated with constant n-value. Although the defect

has a diameter of 2mm and hence blocking 50% of the current path, its impact on Ic

in both curves is ∼15% to 20%. As it will be pointed out more comprehensively in

section 6.4, this is a consequence of the 1/n exponent of the power law used for critical

current determination. Roughly spoken, the determined critical current ’follows’ the

pattern of a voltage drop much slower than linear, namely with the n-th root.

The investigated artificial defect D1 was introduced with a punching tool fully perfo-

rating the tape. Therefore parts of the copper as well as the YBCO layer were removed.

This means, that the copper resistance is changing at the defect’s position which con-

sequently alters the evaluated ratio of ICu/Itr. In the presented scenario, the complete

removal of tape material was not taken into account as such and a constant copper

resistance was assumed for the whole tape.

Nevertheless, based on the described assumptions, reasonable agreement between

the EAA-modelled curves and the measurement data is shown. The precision of the

results on the EAA approach still can be further increased by a more comprehensive

characterization of the tape at the defects position.

6.2.3 Hall Array Scan of #T-1

Finally, the Hall map from the Hall array scanner (TapeStar) is shown in figure 6.12.

In the same way as the M-Scan, the Hall array scan was started at the initial position

x0 and scanned along the 2m long segment of the tape. The magnetic map is built

from induced superconducting shielding currents that hinder the 7mT background field

entering the tape. Darker areas therefore correspond to zones of higher shielding. Good

agreement between the shape of the magnetic map and the behavior of the directly

measured voltage drop of the M-Scan along the x-axis can be concluded.
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Figure 6.12 – Magnetic map of scanned part of tape #T-1 obtained via Hall array
scan. The external field of 7mT is shielded towards the center of the tape by in-
duced shielding currents in the tape indicated as darker areas. The vertical axis of
this figure is aligned to the vertical axis of the tape. Knot-like shapes at repeated
positions indicate a local pronounced shielding which can be consistently matched to
zones of highest critical current and lowest voltage response, see figures 6.9 and 6.5,
respectively. Defects D1-D3 can be identified as sharp vertical lines.

The defects D1, D2 and D3 at the positions x1, x2 and x3 can be identified as sharp

vertical lines. Additionally, the typical Ic-inhomogeneity, observed in the determined

critical current curve from the M-Scan can be matched the magnetic map of the Hall

array scan. Repeated ’knot’-like shapes are indicated as K4, K5 and K6 of the magnetic

map. These regions K4-K6 correspond to the regions with the highest measured critical

current observed in the investigated segment of #T-1.

6.3 Scan 2 - Scan of 100 m Tape Class

In this section, a test of the M-Scan device for long tapes is described. The in total 94m

long tape #T-2 was scanned with the M-Scan device along its length and the critical

current was determined. Before the scan, a set of artificial defect was introduced at the

ends of the tape which served as identification marker to ensure a reproducible tape

orientation in consecutive long-length scans.

The tape was additionally scanned with the Hall array scanner. A pronounced dis-

agreement between the Ic-curves of both scans was found which was further investi-

gated. It turns out that a longitudinal scratch has severe impact on the critical current

when evaluated via Hall array scan, which is in contrast to the directly evaluated critical

current of the M-Scan.
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6.3.1 Critical current of #T-2

The critical current along the first 80m of #T-2 was determined via the M-Scan device.

The tape translation speed was selected to be 5mm s−1 and the transport current was

pre-selected to Itr = 5.6A and kept constant during the whole scan. The ’effective’

transport current through the YBCO layer was determined analogously to scan 1 (sec-

tion 6.2.2) by considering the current share through the copper layer. The resistance

of the copper was again set to R = 0.32mΩ.

Prior to the scan, the current-voltage characteristic was determined at the initial

position of the scan from which the n-value was derived to be 7.05. During the scan,

the n-value was assumed to remain constant.

The determined critical current along the tape is shown in figure 6.13 and shows

a repeating pattern of inhomogeneities. Additionally, the level of the critical current

along the tape length can be split into different sections. From x =0m to 10m the

magnitude of Ic is centered at a constant level of 3.9A and is followed by a decreasing

magnitude between x =10m to 20m. The critical current is at constant level of 3.2A

from x =20m to 40m and is increasing from x =40m to 80m again. The end-to-end

average critical current is Iavrgc = 3.5A at 77K and 2.61T.

The inhomogeneity of Ic around the average level of each section in a periodic-like

pattern was also observed in the critical current obtained from the continuous Hall

array scan (see figure 6.14).
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Figure 6.13 – Critical current along the tape length of #T-2 determined via M-
Scan. The transport current of 5.6A was pre-selected and kept constant during the
entire scan. Prior to the scan, the n-value was determined to be 7.05 and in first
approximation assumed to remain unchanged. For the critical current evaluation,
current through the copper layer was considered equally as shown in section 6.2.2.
The average end-to-end critical current is Iavrgc = 3.5A.

The same section of the tape was scanned via Hall array scan (TapeStar) as well and

the determined critical current along the tape length shown in figure 6.14. The Hall
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array scan scan was performed at 77K in ’zero’, i.e. 0.007T, field and the evaluated

average end-to-end value is Iavrgc = 59.3A. In contrast to the Ic-curve obtained from

the M-Scan, a region with a pronounced degradation of the critical current is observed.

This deviation was found along a length of 1.5m from x =54m to 55.5m.
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Figure 6.14 – Critical current of the first 80m of the tape #T-2 scanned with the
Hall array scanner. The end-to-end average critical current is Iavrgc = 59.3A. In
contrast to the directly measured critical current, a pronounced drop of Ic is observed
on a 1.5m long section between x = 54m and x = 55.5m.

There was no difference of the tape surface found at the optical inspection of copper

surface along the tape length from x =53m to 56m from the tape surface elswhere. In

the next section, this zone of disagreement is investigated closer.

6.3.2 Defect Zone

After the localization of the defect zone with the Hall array scan, artificial defects that

can be identified in the Ic-curves were introduced via the punching tool into the tape at

x = 53m and x = 56m. This enabled a precise overlapping of Ic-curves of the following

scans.

However, the defect zone (now localized between the visible position markers) was

scanned again with both, the Hall array scanning tool and the M-Scanner. Technical

problems were excluded, since the same results were reproduced in each corresponding

scan. In the scope of the second M-Scan, the translation speed was slowed down to

1mm s−1 and the applied transport current was set to Itr = 5.7A.

In the first step of the analysis, both Ic-curves were normalized by its end-to-end

average value and plotted together in figure 6.15 where the relative impact of the

disagreement on both curves is visible at once. Obviously, there is an Ic drop of ∼ 30%

in the critical current obtained from the Hall array scan, which is not visible in the

M-Scan. The inhomogeneous pattern of the critical current from the M-Scan simply

continues in the defect zone.
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In figure 6.15 a grey-shadowed zone indicates the position at the ’transition’ from

undisturbed to disturbed area where a sample #B20 with a length of 20 cm was cut

for further analysis.
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Figure 6.15 – Normalized critical current determined by the M-Scan device (blue)
and the Hall array scanner (red). The according end-to-end critical current was used
for normalization. The critical current drops by about ∼ 30% in the outlined region
for the Hall array scan where for the M-Scan no such drop is recorded. For further
analysis, the 20 cm long sample #B20 was cut at the indicated grey-shadowed position
around the ’transition’ from undisturbed to disturbed area in the tape.

The magnetic map obtained from the Hall array scan is shown in figure 6.16. The

disturbed area is visible as a region with a reduced shielding in the field profile. It

is considered that in the disturbed area a longitudinal scratch in the center of the

superconducting layer is blocking the transverse currents. This mitigates to build up the

field profile and hence reducing the evaluated critical current. For direct measurements,

the reduction of the tape’s cross section is determining the impact of a defect on the

critical current. The impact of a very thin longitudinal defect (like a scratch) on the

critical current is therefore not visible in the M-Scan, especially when the width of the

defect is orders of magnitude smaller than the width of the tape. In this case, the

defect is practically not affecting the current bypassing width.

The width of a 1 µm thick scratch is three orders of magnitude smaller than the

width of the tape and hence considered to be practically not influential in the direct

measurements of the M-Scan.
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Figure 6.16 – Field profile of the defect zone obtained from the Hall array scan. At
the disturbed area a reduction in the field profile is observed. It is considered that this
reduction originates in a longitudinal scratch that is blocking the transverse currents
in the tape. This mitigates the building of the field profile and hence lowering the
evaluated critical current.

To confirm the consideration of a longitudinal scratch, further analysis was done. As

already mentioned above, the tape #T-2 was cut at the indicated position in figure

6.15 at the ’transition’ to the disturbed area and the sample #B20 with a length of

20 cm was used for further investigated. This sample #B20 is placed in a bath of

liquid nitrogen and scanned with a scanning Hall probe microscopy device [110] with

a resolution of 250 µm. The result of the scan, which was performed by my colleague

Sigrid Holleis, is shown in figure 6.17.

The x-axis of the Hall map is aligned to the center of the sample. Obviously, the influ-

ence of a longitudinal defect blocks transverse currents and hence ’splits’ the field profile

in two parts as observed. This influence of profile-splitting is visible from x =−50mm

to 100mm of the sample and becomes more pronounced as x increases. This matches

the expectation of the field profile at the ’transition’ from undisturbed to disturbed

area.

Figure 6.17 – Hall map of the 20 cm long sample #B20 with a resolution of 250 µm.
The x-axis is aligned to the center of the sample. According to the Hall map, the
transverse currents are blocked at the disturbed zone by a longitudinal scratch. This
yields a split of the field profile into two parts. Many thanks to my colleague Sigrid
Holleis for carrying out this scan.
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To make the longitudinal scratch optically visible, a sub-sample of 1 cm length was cut

of #B20 from 90mm to 100mm which was further investigated in an optical microscope.

The copper surface and underlying silver layer were removed.

The copper layer was etched by placing the sample in a solution of sodium persulfate

at 41 ◦C. The 2 µm thick silver layer was removed by a solution of ammonia and hy-

drogen peroxide. The bare surface of the remaining YBCO layer was then investigated

in a light microscope which is shown in figure 6.18.

Two parallel thin scratches become visible in the superconducting film. Both scratches

are separated by 350µm and are considered to have a width of ∼ 1 µm.

350 µm

1000 µm

Figure 6.18 – Picture of a representative position in the defect zone of tape #T-2
taken via light microscope. Copper and silver have been etched and two parallel,
∼ 1 µm thick scratches, separated by 350 µm are visible in the YBCO film. This
scratch blocks the transverse currents building up a disturbed field profile and hence
changes the value of the critical current evaluated by Hall array scans.

From this scan, two main conclusions can be drawn. First, the feasibility of long

tape scans (up to 100m) with the current M-Scan setup is confirmed. Secondly, a thin

longitudinal scratch in the superconducting layer causes severe impact on the evaluated

critical current from the Hall array scan, whereas the directly obtained Ic-curve from

the M-Scan is practically not affected.

6.4 Scan 3 - Scans of Tape with Defects

In this section, the standard (i.e. non double disordered) tape #T-3 was analyzed

with the M-Scan device. In the scope of this test, the standard tape was investigated

with the EAA approach which was initially developed for double disordered tapes.

The characteristic feature of the previously investigated tapes that employ a double

Chapter 6

����� 93



Dynamic Tape Scans 6.4 Scan 3 - Scans of Tape with Defects

disordered structure is an abnormally high ratio (up to 10) of critical current densities

measured at 4.2K, 19T and 77K, self-field [75]. From the irreversibility line of double-

disordered samples a low critical temperature Tc(0T) = 85K to 86K and Tc(3T) =

81K to 82K is observed. Therefore, the critical current at 77K of the standard tape

#T-3 is expected to be higher in comparison to the previously investigated double

disordered tapes. In particular the critical current at 77K and 2.61T was found to be

in the range of Ic ∼8A to 9A.

6.4.1 Tape #T-3

The standard tape #T-3 is a ∼10m long tape with a laminated surface. In comparison

to the typically used copper or silver surface, this surface is rather rough.

However, the tape was scanned along its entire length and closer investigated at

four positions D1, D2, D3 and D4 where defects are degrading the critical current. At

positions D1 and D4, the tape was perforated with the previously described punching

tool but at position D4 the tape was perforated a second time within a short section

of 2 cm. The diameter of each perforation is 2mm, i.e. half of the tape width. In the

following, these defects are called ’opening defect’ for D1 and ’double opening defect’

for D4. The origin of the defects D2 and D3 is unknown and therefore these defects

are called ’natural’.

For the M-Scan procedure, the tape was scanned with a constant transport current

of Itr = 8.5A. The n-value was pre-determined to be n = 7.59 and set constant along

the tape. The ’effective’ transport current through the YBCO layer is determined by

assuming a resistance of R = 0.32mΩ which was implemented for the Ic evaluation.

As it was performed for previous scans, tape #T-3 was scanned with the Hall array

scanner as well. In comparison to double disordered tapes, the standard tape #T-

3 employs a critical current at 77K in ’zero’ (i.e. 0.007T) field of a higher level,

calculated as end-to-end average critical current of Iavrgc = 109A. In the M-Scan at

77K and 2.61T, a end-to-end averaged critical current of Iavrgc = 7.3A is observed.

Figure 6.19 shows the Ic-curves along the tape for the Hall array scan (TapeStar - red)

and the M-Scan (blue).
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Figure 6.19 – Scan of #T-3 with Hall array scan (red) and M-Scan (blue). The end-
to-end averaged critical current is Iavrgc = 109A in the Hall array scan and Iavrgc =
7.3A for the M-Scan. Four defects D1, D2, D3 and D4 were identified and investigated
closer. Defects D1 and D4 were introduced artificially, whereas D2 and D3 have
unknown origin and therefore are called ’natural’.

In this overview, the Ic degradation due defects D1 and D4 locally coincides in both

curves whereas a defect (D2) is identified in the M-Scan curve only and vice versa

the impact of a defect (D3) is visible in the TapeStar curve. These four spots are

investigated closer and the expected voltage drop for the known defects D1 and D4

were calculated with the EAA approximation.

Known Defects D1 and D4

The measured and expected voltage drop of the known opening defect D1 and double

opening defect D4 is shown in figure 6.20 in panel (a) and (b) respectively. For the

modelling of the voltage response with the EAA approach the parameters I0 = 15A

and an ’effective’ transport current IYBCO = 8.1A were determined and employed in

the simulation. The voltage drop exhibits a ’flat-hat’ profile (panel a) and a ’double

flat-hat’ profile (panel b) at the according defects’ positions. It can be seen, that

both EAA predictions are in good agreement with the measured data. For the double

opening defect D4, the second step ’doubles’ the voltage in the profile which is due to

the simultaneous presence of both defects within the field zone of 2.61T. The height

of each steps is ∼ 0.1mV, yielding a total voltage response of ∼ 0.2mV for two defects

within the field zone.
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Figure 6.20 – Voltage drop of measurement (points) and the predictions from the
EAA approximation (dashed line) for the opening defect D1 (panel a) and the double
opening defect D4 (panel b). The voltage drop of 0.1mV for one defect inside the flux
zone ’doubles’ when both openings simultaneously are within the field zone during the
scan (panel b).

The impact of the defects on the Hall map from the TapeStar is shown in figure 6.21

for D1 and in figure 6.22 for D4. At the according positions each defect is resolved as

vertical line where the shielding of the 7mT background field is reduced.
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Figure 6.21 – Hall map of the Hall
array scan around defect D1. The
opening defect is visible as vertical line
where the shielding of the tape is re-
duced
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Figure 6.22 – The magnetic data
of D4 shows two lines for the double
opening defects.

The critical current at the defects’ positions D1 and D4 was evaluated from the

measured and the simulated voltage drop. The results of defect D1 is shown in panel

(a) and the results of defect D4 in panel (b) of figure 6.23. In contrast to the previously

discussed voltage response, the ’second step’ in the double flat-hat profile of D4 is not

of the same height as the ’first’ step. In the purely EAA-modeled critical current,

Ic degrades from initially 6.6A by 1.4A to Ic = 5.2A and, as soon as the second

defect enters the tape, the value drops a second time by 0.4A to Ic = 4.8A. This is

expected from the applied power law to determine Ic since the 1/n exponent of the EAA

equation (31) yields a nonlinear nth-root dependency on the inverse of the measured
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voltage drop. This gives a ’slower’ decrease of Ic for a corresponding increasing total

voltage drop Uint.
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Figure 6.23 – Determination of the critical current with the power law from measured
data (blue dots) and fully EAA-simulated data (black solid line) for defect D1 (panel
a) and defect D4 (panel b). Good agreement between the curves is found. The critical
current degradation due to D4 shows a ’double flat hat’ profile again, but with a
smaller step size for the ’second step’. This follows from the 1/n exponent in the
power law used for Ic determination.

Unknown ’Natural’ Defects D2 and D3

In contrast to the intentionally introduced opening defects D1 and D4, the impact of

two identified ’natural’ defects D2 and D3 on the critical current was evaluated. The

analyzation of the critical current was performed with the aid of the TapeStar scanner.

Figure 6.24 shows the normalized critical current evaluated from the M-Scan (blue

squares) and the Hall array scanner (TapeStar - red dashed line). As mentioned above,

the end-to-end averages of the critical currents were determined to be Iavrgc = 109A for

the TapeStar-Ic and Iavrgc = 7.3A for the M-Scan-Ic.

The normalized critical current around defect D2 is shown in panel (a) of figure 6.24.

In the M-Scan the normalized critical current degrades to ∼0.68 from its average level.

In contrast to the opening defects, the profile of this defect in the Ic-curve is rounded.

In the Hall array scan, however, a degradation to only to ∼0.92 from its average value

is observed.

The defect D2 is investigated closer by looking at the magnetic data which is shown

in figure 6.25. At the position, where the degradation of Ic is observed in the M-Scan

and Hall array scan, fringe-like imprints of both edges of the tape are visible. These
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defects are perpendicular to the tape length and match to the spikes in the TapeStar

curve at D2’s position.

One possible reason for the disagreement between the relative impact of both curves

is a local spot of reduced Tc. The dissipation of the constantly applied transport current

additionally increases during the translation of the low-Tc spot through the magnetic

flux zone of 2.61T. This yields to an increased measured voltage drop which is inversely

proportional to Ic. The possibility of D2 being a ’field dependent defect’ can also be

considered as some work was previously done in this direction e.g. by [58]
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Figure 6.24 – Normalized critical current around defect spots D2 (panel a) and D3
(panel b). For D2, the critical current degrades to ∼0.68 from its average level in
the M-Scan. On the other hand, Ic reduces to ∼0.92 in the TapeStar curve. It is
assumed that a spot of Tc reduction increases dissipation and hence degrading Ic.
For D3 (panel b), a vertical crack or scratch in the YBCO layer is assumed to block
longitudinal current flow.

The Ic profile of the unknown defect D3 is shown in panel (b) of figure 6.24 and

exhibits a flat-hat profile when measured with the M-Scan. The sharp drop of the

relative Ic observed in the TapeStar indicates a very localized weak spot of the tape.

The shape of impact on Ic is similar to that of D1.
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Dynamic Tape Scans 6.4 Scan 3 - Scans of Tape with Defects
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Figure 6.25 – The magnetic map
around defect D2 shows fringe-like im-
prints at the defects position. These
imprints coincide with the spikes of
the measured critical current with the
TapeStar. The impact of this defect on
the M-Scan is assumed to originate in
a spot of lower Tc. It is expected, that
dissipation of the constant transport
current is increased when the ’low-Tc’-
spot is entering the flux zone of 2.61T.
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Figure 6.26 – The magnetic map
around defect D3 has similar magnetic
response like defect D1. It is expected
that a perpendicular defect such as a
scratch or crack is blocking the longi-
tudinal currents along the tape causing
current sharing into the copper layer.

In the magnetic map of the unknown defect D3, shown in figure 6.26, a sharp vertical

line is visible, which is similar to the impact of D1 in the magnetic map. However, this

defect is of ’natural’ origin and it is expected to be a perpendicular crack or scratch in

the YBCO layer which is interrupting the current flow in longitudinal direction of the

superconductor causing additional current sharing to the surrounding copper layer.
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7
Conclusions and Outlook

In general, the assessment of the critical current along the tape length is required to

evaluate and control the tape’s quality prior to its implementation into a technical

application. This work describes the successful development and implementation of

the M-Scan device for characterization of long-length coated conductors. The main

feature of this machine is a permanent magnet with an aperture for tape throughput

in which a 4 cm long flux density zone of 2.61T at 77K is generated. During the scan

procedure, the tape is four-probe connected with contact rollers in a liquid nitrogen

bath and loaded with a pre-selected constant transport current while the according

voltage response is continuously measured.

This work was split in three major aspects which are shortly summarized below:

(a) In the first part of this work the concept of the main components of the M-Scan,

such as the high-field permanent magnet, the low-noise contact rollers and ice-

preventing gas flow heated feedthroughs as well as their construction and assembly

were outlined.

(b) Secondly, a method to model the critical current along the tape from the continu-

ously measured voltage response of the M-Scan was derived and named ’Extended

Alpha Approximation’ (EAA). Modeling of the electric field within the EAA ap-

proach between the voltage contacts predicted that the electric field practically

occurs only within the flux zone of the magnet. Further, the calculated voltage

response from the EAA approach was experimentally verified on different test

benches.

(c) In the third part, performed tape scans with the assembled M-Scan are described.

The tapes exhibited lengths up to 100m were prepared with artificial defects.
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The predictions of the voltage response from the EAA model on such tapes were

verified with the experimentally obtained data of the M-Scan.

In the following paragraph, a few topics are outlined regarding the summarized points

above.

Ad (a) Since the machine was built from scratch within the scope of this work, few points

for future improvement are pointed out in the following.

Regarding a future prospect of commercial and competitive implementation of

the M-Scan, a further increase of tape throughput through the scan device is

desired. The currently longest tape of ∼100m that was investigated within this

study, was measured with a translation speed of 5mm s−1. For competitive usage,

a ’benchmark’ value for a tolerable scan duration could be equivalently set to the

slowest process of tape fabrication. However, scanning a 1000m long tape with a

speed of 5mm s−1 would require ∼55 h to 56 h. Nevertheless, an increase of scan

speed of the M-Scan device is not limited per se and successful preliminary tests

showed feasibility of scans with a translation speed of 10mms−1. In the end, a

scan speed of 50mm s−1, which is equivalent to 180mh−1 is suggested for a final

M-Scan implementation.

Another aspect is the control of tape driving by motors. In the currently devel-

oped stage of the M-Scan, two motors with constant angular velocity are driving

the tape. This needs to be taken into account, since the tape is stacking on the

coil, which means that increasing length of investigated tapes results in a higher

stack inside the coil. The speed at the end of the stack for taking-off and picking-

up the tape is therefore varying during a scan. The difference in the velocity

on both ends of the scan is currently compensated by a roller with a movable

axis. For tests in this work, the current setup is totally sufficient and the error of

positioning was estimated to be about ∼1% to 2% (for 2m and 10m long tapes).

In the ∼100m scan, manual rewinding was done from time to time to balance

different relative motor motions. However, improvements on the tape carrying

mechanism are desired on the long term view. An elegant solution would be mo-

tors automatically adapting their corresponding angular velocity to a constant

tape speed with a constant tape tension.

The distribution of the flux density of the 2.61T permanent magnet limits the

spatial resolution at the current stage of this method to 40mm. However, higher

resolution is desired in a routine characterization device. In principle this could
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be achieved by alternative designs of the permanent magnet with a reduced zone

of maximum flux density. Another approach is to process the derivative of the

scanned voltage signal which is increased when a defect translates through the

edge regions of the flux density profile.

Ad (b) The impact of the edge regions of the flux density zone of the 2.61T permanent

magnet on the critical current is estimated to be in a range of ∼4% to 5%. The

calculation of Ic is simplified in the first performed tests by approximating a ho-

mogeneous flux zone within the magnet. In future considerations, if a ’narrower’

flux density is forseen to increases the resolution limit of the scan, the increased

relative impact of the edge zones needs to be taken into account.

Ad (c) The impact of defects on the voltage response is modeled and tested with the

EAA approach. However, these artificially introduced defects in the tape surface

are produced by hand via scratching with a hard spike tool or fully perforating

the tape with a punching tool. Two aspects are pointed out for these methods:

(i) precise reproducibility of defects is limited to the experimenter’s dexterity and

(ii) a full perforation of the tape as defect is not expected to occur ’naturally’. In

next-step comprehensive studies on defects, development of a tool for reproducible

defects is suggested. For defects, that remove parts of the copper layer as well,

the reduced resistance of the copper layer at this position needs to be taken into

account to predict the current sharing in copper and YBCO layer with higher

precision.

Although the principle of critical current assessment along the tape length might seem

to be a trivial task at the first glance, plenty of sometimes contrary requirements need

to be solved to establish a well-working characterization tool. Challenges are coming

from two sides, namely the engineering ones that addresses questions to the selection

of appropriate materials for the assembly, mechanical stabilities of the components,

possible issues due to thermal cycling et cetera. Fortunately, solutions on these topics

are often already existing and the task transforms to their correct implementation to

the own device. On the other hand, the produced data from the M-Scan needs to be

adequately interpreted in order to produce suitable results. For this purpose the EAA

model has been developed.

Typically, the characterization of superconducting tapes is routinely performed with

the TapeStar (THEVA) device [59] which is based on a Hall array that scans tapes at

77K and in ’zero’ (7mT) field. Another, well-established approach, is the YateStar
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device [60] that directly measures tapes via V -I-curves on consecutive positions. With

the M-Scan device a new four-probe scanning concept where the tape translates through

a 2.61T flux zone is introduced. Since TapeStar and M-Scan are based on different

Ic assessment principles, caution is needed when the results are directly compared.

Indeed, results of both devices on the critical current show both, agreement on parts

on the tape as well as significant disagreement on other parts, especially at the position

of defects. Analyzation of such disagreements have been started in this work with the

conclusion of possible ’field dependent defects’ or spots of lower Tc, which, of course,

can be continued in the future.

Although it was not focused in this work, an ultimate goal is definitively the predic-

tion of low-temperature (e.g. T < 30K) performance of tapes from 77K measurements.

There are some hints discussed in the literature that correlations might exist at higher

fields (e.g. in [111, 112, 58, 64]). Future studies in this direction might pick up some

ideas of in-field scans that have been developed in this thesis.

However, it is shown in this work that the derived equations of the ’Extended Alpha

Approximation’ predict in good agreement the impact of specified defects on the mea-

sured voltage response from the M-Scan. The successful first tests in this work confirm

the reliability of the M-Scan concept from which further research and development can

be started.
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