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Kurzfassung

Hochtemperatur-Supraleiter (HTS) der zweiten Generation versprechen sowohl
einen hoheren Wirkungsgrad als auch eine geringere Masse in elektrischen An-
wendungen. Eine der verbleibenden Herausforderungen, die eine Kommerziali-
sierung dieser Technologien beeinflusst, ist die Stabilitdt und Betriebssicherheit
der Betriebsmittel. Es ist von Niedertemperatur-Supraleitern (LTS) bekannt, dass
Storungen einen lokalen Ubergang in den normalleitenden, verlustbehafteten
Zustand verursachen. Dieser Vorgang wird als Quench bezeichnet. Aufgrund
der hier auftretenden hohen Stromdichten kann dies schwerwiegende Folgen
mit sich ziehen, bis hin zur kompletten Zerstorung der Betriebsmittel. Obwohl
HTS grundsitzlich eine hohere Stabilitdt als LTS aufweisen, ist gleichzeitig die
Quenchausbreitungs-Geschwindigkeit (NZPV) um mehrere Grofienordnungen
kleiner. Dadurch kénnen “hot spots” entstehen die letztendlich auch die supralei-
tenden Systeme beschddigen.

Um bessere Schutzmafsinahmen zu entwickeln, die die Stabilitat von HTS Band-
leitern und Betriebsmitteln positiv beeinflussen, ist ein besseres Verstdndnis des
Quenchvorgangs entscheidend. Warmebildaufnahmen dieses transienten Quench-
vorgangs konnten einen tieferen Einblick in die Mechanismen eines Quenchprozes-
ses und den damit verbundenen thermischen Runaway liefern. Eine solche Mess-
technik existiert fiir die geforderten kryogenen Temperaturen und Zeitauflésungen
nicht, konnte sich jedoch als eine neu einsetzbare Methode fiir die Supraleiter-
Gemeinschaft als sehr wertvoll erweisen.

Im Mittelpunkt dieser Arbeit stand die Entwicklung und Demonstration einer
Warmebildmethode, basierend auf fluoreszierenden mikro-thermographischen
Aufnahmen, um diese fiir die Untersuchung von HTS Bandleitern und Spulen im
transienten Zustand einzusetzen. Durch die Hochskalierung der fluoreszierenden
Wairmebildtechnik, wird hier ein neues Messverfahren demonstriert. Die neue Me-
thode kann Temperaturen von Objekten, aufSerhalb des mikroskopischen Bereichs,
in der 2D-Ebene erfassen. Weiterhin sind die Aufnahmen dank einer kommer-
ziellen Hochgeschwindigkeitskamera mit einer deutlich besseren Zeitauflosung
moglich und dadurch erlaubt das Verfahren auch die Erfassung von transienten,
thermischen Effekten. Die hier prasentierte hochgeschwindigkeits-fluoreszierende
Warmebildtechnik benutzt europium tris[3-(trifluoromethylhydroxymethylene)-
(+)-camphorate] (EuTFC) als fluoreszierenden Farbstoff mit prézise gemessenen
temperaturabhingigen, fluoreszenten Lichtemissionen. Der Farbstoff wurde durch
Tropfchenbeschichtung auf die Oberfldche von Proben aufgebracht, und anschlie-
flend einer Warmebehandlung von 30 min bei 175°C unterzogen, um die Be-
schichtung zu stabilisieren. Die beschichteten Proben wurden bis 77K gekiihlt
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und die fluoreszierende Oberflachenbeschichtung mit UV LEDs angeregt. Im
Bereich von 77K bis 260K verringert sich die fluoreszente Lichtintensitidt na-
hezu linear, wobei die Farbe unverdndert bleibt. Um Temperaturen von den
Wiarmebildaufnahmen berechnen zu konnen, wurden zuerst sowohl die Kalibrie-
rung des Farbstoffs als auch die Aufnahmen mit der Hochgeschwindigkeitskamera
bei einer definierten Temperatur (hier 77 K, Siedepunkt von fliissigem Stickstoff
bei Atmosphédrendruck) normalisiert. In der Nachbearbeitung ldsst sich so die
Oberflichentemperatur in den Aufnahmen anhand der Kalibrierkurve bestim-
men.

Zur Demonstration wurde das Verfahren zur qualitativen Quenchmessung an
HTS Bandleitern sowie zur Bestimmung ihrer NZPV in fliissigem Stickstoff ein-
gesetzt. Hier wurden kurze Stromimpulse, nahe der kritischen Stromstérke, auf
mehrere Bander mit unterschiedlichen Architekturen angewendet, um die auftre-
tenden thermischen Effekte zu visualisieren. Bei Stromimpulsen zwischen 30 %
und 50 % tiber dem kritischen Strom des Supraleiters war eine Erwdrmung der
Bandleiter in Form von Streifen, gleichzeitig an mehreren Stellen, sichtbar. Dies
zeigt, dass die Quenchausbreitung komplexer als eine einzelne normalleitende
Zone ist, die sich mit einer gleichbleibenden Geschwindigkeit in eine Richtung
ausbreitet. Gleichzeitig kann die Amplitude des Strompulses nicht nur die NZPV,
sondern auch das Verhalten des Quench signifikant beeinflussen. Es wurde auch
gezeigt, dass Strome deutlich tiber dem kritischen Strom in Bandleiter mit Kupfer-
stabilisierung quasi sofort in die Stabilisierung iibertragen werden. Stromimpulse
rund um den kritischen Strom — sowohl in Leitern ohne Stabilisierung als auch
in stabilisierten HTS Bandleitern — verursachen jedoch eine einzige Quenchstel-
le, die sich ausbreitet und den Messbereich der Warmebildaufnahmen schnell
tiberschreitet.

Die durch die Warmebildaufnahmen ausgerechnete NZPV Werte wurden mit
elektrischen Messungen von Polytechnique Montréal, Kanada verglichen, um
das Verfahren zu evaluieren. Wahrend die beiden Methoden Quench und NZPV
aus verschiedenen physikalischen Ansitzen definieren, zeigten die Ergebnisse,
dass bei hohen Stromamplituden die NZPV dhnlich waren. Da die Erwdrmung
mit der zweiten Potenz des Stromes skaliert, wird angenommen, dass in Bandlei-
tern mit hohen kritischen Stromstidrken das elektrische Feld und die Erwdrmung
sich nahezu zeitgleich ausbreiten. In HTS Bandern mit niedrigeren kritischen
Stromstarken lieferte das fluoreszente Warmebildverfahren, durch die deutlich
geringere Heizleistung, jedoch konstant niedrigere NZPV Werte.

Die Warmebildmethode wurde tiber HTS Bandleiter hinaus, fiir das Testen von
zwei “Pancake Spulen” angewendet. Eine der Spulen wurde als konventionel-
le isolierte Spule gewickelt, wobei fiir die zweite Spule die neue nicht-isolierte
Wickelmethode benutzt wurde. In den Messungen wurde die Oberfldache der Spu-
len mit dem fluoreszierenden Farbstoff beschichtet und durch Leitungskiihlung
im Messaufbau bei 77 K gemessen.

Die Selbstschutzmechanik der nicht-isolierten Spule wurde durch Betrieb im
tiberkritischen Strombereich erfasst. Hier haben die Warmebildaufnahmen eine

VI



schnelle Umverteilung der Stréme (und Heizleistung) innerhalb der Spule gezeigt.
In einer anderen Messung wurde ebenfalls ein thermischer Runaway bei 110 %
des kritischen Stromes beobachtet. Uber einen Zeitraum von ~60 s verursachte ein
langsamer aber stetiger Spannungsanstieg einen Stromfluss in die radiale Richtung.
Jedoch wurden keine lokalen “hot spots” oder eine ausgepragte Aufheizung
erkannt. Ein schneller Temperaturanstieg zeichnete sich wihrend des Ubergangs
in den Normalleitenden Zustand ab. Hier haben sich die inneren Windungen
der Spule bis zu 100K erwarmt, was somit den schwéachsten Punkt der Spule
anzeigt. Die Spule wurde manuell entladen um Schaden vorzubeugen und die
Erwarmung konzentrierte sich in der Mitte der Spule und umfasste nur einige der
innersten Windungen. Die Ausbreitung der Warmezone in die Querrichtung war
vernachléssigbar.

Keine Erwdrmung wurde erkannt in der isolierten Spule wihrend Normalbetrieb.
Um einen Schwachpunkt kiinstlich zu erzeugen und die Stabilitidt der Spule zu
untersuchen, wurde ein elektrischer Widerstand auf die Spulenoberfldche geklebt
und als Heizelement benutzt. Nach einem 7 s langen Heizimpuls mit einer Lei-
stung von 3.2 W wurde ein thermischer Runaway erzeugt, bei dem sich die Spule
nach Ende des Heizpulses nicht mehr stabilisieren konnte. Der Temperaturanstieg
wurde um das Heizelement herum lokalisiert, wo er sich entlang der Wickelrich-
tung in Kontakt mit dem Heizelement ausbreitete, jedoch nicht in Querrichtung.
Es wurden Temperaturen von bis zu 150 K erreicht, worauthin die Spule schnell
entladen wurde. Sowohl die isolierte als auch die nicht-isolierte Spule haben ihren
urspriinglichen kritischen Strom beibehalten und zeigten keine Anzeichen von
Schdden auf.
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Abstract

Second generation high-temperature superconductors (HTS) are an enabling tech-
nology for high field magnets and also a promise for higher efficiency and reduced
mass in electrical applications. A technological challenge that remains and limits in
many cases the more widespread application of HTS is the stability and protection
of these devices. It is known from low-temperature superconductors (LTS) that
disturbances can cause a local loss of superconductivity and a quick reversal into
a normal-conducting, dissipative state. This transition is referred to as quench.
Due to large engineering current densities a quench can have severe consequences
including the total destruction of the superconducting devices. While HTS are
inherently more stable than LTS, their normal zone propagation velocity (NZPV)
is also inherently orders of magnitude slower. This means that localized hot spots
can still form, which may lead to damaging the superconducting apparatus.

A deeper understanding of the quench is crucial for better understanding the
stability of both HTS tapes and devices as well as for designing protection systems.
Thermal imaging of this transient effect is expected to give a deeper insight into
the mechanism of quench as well as thermal runaway in HTS applications. Such a
measurement technique does not exist for the required cryogenic temperatures and
time resolution, however it would prove most valuable as a novel measurement
technique for the superconducting community.

This work focused on developing a thermal imaging method, based on fluorescent
microthermographic imaging, to be used for investigation of HTS tapes and coils
in transient states. By up-scaling the fluorescent thermal imaging method to work
with objects outside of the microscopic domain as well as implementing it at
vastly higher speeds using a commercial high-speed camera, a new measurement
method is presented for 2D temperature mapping of superconducting applica-
tions at cryogenic temperatures. The introduced high-speed fluorescent thermal
imaging method uses europium tris[3-(trifluoromethylhydroxymethylene)-(+)-
camphorate] (EuTFC) as the fluorescent dye with a precisely measured temper-
ature dependent fluorescent light emission. The dye is applied as a coating on
a surface to be measured using droplet deposition, followed by a 30 min heat
treatment at 175 °C for stabilization. After cooling the sample to 77K, UV LEDs
were used for excitation, causing the coating to emit visible light as a function of
its temperature. Over a temperature range of 77 K to 260K the fluorescent light
intensity decays linearly, while the colour of the emitted light remains unchanged.
By normalizing both a thermal imaging measurement and the temperature calib-
ration of the fluorescent dye around a known reference temperature (for example
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77 K, the boiling temperature of liquid nitrogen at atmospheric pressure) in the
post-processing, the temperatures can be calculated using the initial calibration
curve within this range. The result is a sequence of images showing a surface
temperature map of the imaged object.

For demonstration the method was used for qualitative quench measurement in
HTS coated conductor tapes as well as to determine their normal zone propagation
velocity in liquid nitrogen. Short current pulses around the critical current were
applied to several tapes with different architectures and showed effects previously
also presented in the literature, however from a thermal perspective. The forming
of “banding quench” was visible on several occasions with short current pulses
30 % to 50 % above the critical current of the tapes. This indicates that the NZPV
may be more complex than a single zone propagating at a given speed and that the
current amplitude drastically changes the behaviour of the quench and not only
the NZPV itself. It was also shown that in tapes with a metallic stabilization layer
currents significantly above the critical current transfer quasi instantaneously into
the shunt layer and cause a uniform heating and film boiling over the surface.
Current pulses around the critical current in both stabilizer-free and stabilized
tapes caused a local, propagating zone, that quickly exceeded the temperature
limit of the thermal imaging.

The results of NZPV calculated from the thermal imaging were compared with
electrical measurement data provided by Polytechnique Montréal, Canada for
validation. While the two methods define quench from different physical ap-
proaches, the results indicated that at high current amplitudes the NZPV were
similar. It is hypothesised that since the heating scales with the second power
of the current, in tapes with a high critical current the electric field and heating
develop closely simultaneously. In tapes with a lower critical current, however,
the thermal imaging reported consistently slower propagation speeds due to the
significantly lower heating power.

The method was also implemented beyond single HTS tapes on two demonstrator
pancake coils, wound with and without turn-to-turn insulation. In these exper-
iments the coils” finished surface was coated with the fluorescent dye and were
measured in a conduction-cooled assembly at 77 K. In the non-insulated coil the
self-protecting behaviour was observed in an experiment where a sudden change
in current paths was recorded together with a quick redistribution of the heating
on the thermal imaging. In an overcurrent measurement at 110 % of the critical
current a thermal runaway was also captured. Over a duration of ~60s a slow yet
steady voltage rise indicated current transfer into the radial path, however no local
hot spots or distinct heating were identified. A rapid temperature rise became
apparent only at the point of the superconducting transition, where the coil’s
centre windings heated to approximately 100K, indicating this as the weakest
point. While the coil was manually protected to avoid damage, the heating was
concentrated around the coil’s centre and encompassed merely the innermost few
windings. Propagation in the radial path was minimal.



In the insulated coil no heating was detected during normal operation. To create a
localized disturbance and determine the stability, a resistive surface heater was
retrofitted on the upper side of the coil. A thermal runaway was detected in the
coil after a 7s long 3.2 W heater pulse, where the coil did not stabilize after the
heater was turned off. The temperature rise was localized around the heater where
it was spreading along the windings in contact with the heater, but not in the
transverse direction. Temperatures reached up to 150K at which point the coil
was rapidly discharged. Both the insulated and non-insulated coils have retained
their critical currents after the measurements and have shown no signs of damage.
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1. Introduction and motivation

Decades of development and engineering ingenuity led to an efficiency in the
range of 85 % to 95 % in today’s state-of-the-art electrical motors and generators.
In high-performance power transformers efficiencies of up to 99.85 % were also
reported [1]. Simultaneously, the average annual losses in the U.S. transmission
and distribution grid were estimated at 5 % by the the U.S. Energy Information
Administration (EIA) [2]. These extremely high efficiencies are already difficult
to challenge, however, there is still scope for improvement for niche applications
where for example mass and volume reductions are highly sought-after. There are
also technological challenges, which are hard — if not impossible — to overcome
with today’s conventional electrical technologies.

As wind turbines get bigger both in size and electrical output, direct drive generat-
ors are often used to avoid the need of complex and maintenance-hungry gearbox
systems. However, with increasing power output the size and correspondingly the
mass of the generator increases as well. Heavier generators need a more solid mast
and foundation for the wind turbine, which incurs in additional costs especially
in the case of offshore wind turbines [3]. High-voltage transformers use SFs gas
as well as oil for electrical insulation. The former of these is a hazardous green-
house gas while the latter poses a fire hazard in case of malfunction. On a power
transmission level, grid operators are faced with a challenge when disconnecting
transmission lines in case of a short-circuit due to high currents.

The use of superconductors, in particular high-temperature superconductors,
could be the answer to a range of technological challenges in the electrical sector.
Due to their peculiar property of practically zero electrical resistance below a cer-
tain temperature, they can replace traditional copper and aluminium conductors.
They are promising for electrical applications, such as motors, generators, cables
and high field magnets [4-8], due to their high critical current density in high
applied magnetic fields and to their mechanical properties. The benefits when
compared to conventional machinery and counterparts are increased current dens-
ity, the possibility of reduction in mass and volume as well as improved efficiency
and loss reduction.

Using superconductors for wind turbine generators would result in higher current
densities, an increased air gap flux density and consequently reduced size and
mass. This can then result in real cost reduction for the foundation and the tower
of the wind turbine as well as allow lifting the nacelle in one piece and avoid
expensive assembly on top of the wind turbine in harsh environments.
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In a superconducting transformer, fabricated from HTS, the dangerous materials
could be replaced by a cryogenic liquid that poses no environmental or fire haz-
ard. At the same time, reduction in size and mass can benefit industries such as
shipping.

Superconductors are not only able to replace traditional electrical equipment, but
also serve as an enabling technology for devices otherwise impossible. Due to
the extremely high current densities of superconductors, magnetic fields several
times higher than conventional copper coils may be generated. This property
was already commercially capitalized upon in several fields. Magnetic resonance
imaging (MRI) in hospitals would not be possible at the available resolution
without the use of superconductors. The state-of-the-art technology uses low-
temperature superconductors (LTS) that can generate strong and stable magnetic
fields of typically 1.5T [9]. The dipole magnets at the European Organization
for Nuclear Research (CERN), the magnets responsible for bending the particle
beam along the 27 km long tunnel, serve as another example. These generate
a magnetic field of 8.3T and carry a current of over 11 kA [10]. Achieving the
same result with traditional conductors would have required an underground
tunnel system over four times longer. Besides LTS, HTS applications are also being
realized, despite the relative infancy of the technology when compared to LTS. A
big advantage — compared to LTS —is that in most cases cooling by liquid nitrogen
is possible, at a fraction of the cost compared to liquid helium. In the framework
of the AmpaCity project, a 1 km long HTS cable was commissioned in the city of
Essen, Germany in 2012 with a transmission capacity of 40 MW [11]. The cable is
part of the local grid, connecting two substations and has been operating since
installation. Superconducting fault current limiters (SFCL) help solve the problem
of fault currents in the grid as well, by acting as a “transparent” component during
normal operation. Using the intrinsic physical property of superconductivity,
were a sudden increase in line current to happen, the sharp transition between the
superconducting and normal states would limit the current to manageable levels
and allow for safely disconnecting the affected part of the grid.

Despite the achievements of superconductors many challenges remain. Due to
defects in conductors, be it due to the manufacturing process or any other source,
cables as well as applications are prone to permanent damage due to the so-called
“quench” [12, 13]. A quench is the abrupt transition of a superconductor from
truly zero resistance state back into the normal conducting state. Due to high
current densities in a superconductor during operation, when a small section
of the conductor reverts to normal conductor and poses a finite resistance to
electrical current, local heating appears. This local heating, combined with low
heat capacities at cryogenic temperatures, can result in a local burnout. The joint
effect of heat conduction along the conductor and the continued joule heating
cause the local hot spot to propagate at a certain speed, referred to as the normal
zone propagation velocity (NZPV). While this speed can be in the range of ms™ in
LTS [14], in the case of HTS, it is generally in the order of only a few cm s71[15, 16],
with new techniques being worked on to achieve speeds in the ms™ magnitude
as well [17, 18]. Since a slow NZPV is generally correlated to a higher chance of



local burnout, quench and quench protection are crucial research focus points at
present time. This problem is directly related to magnets as well, where the stored
energy is converted to heat during a quench. Better understanding how, where
and why a quench happens in a superconducting device is the foundation for a
safer and more reliable operation.

For determining the safe and stable operation margins for superconducting devices
it is crucial to further investigate the behaviour of HTS coated conductors and
superconducting devices during quench and the corresponding NZPVs. Several
electrical measurement methods exist for measuring magnetic field and voltage
development in applications with high precision. However, so far no method
was available for measuring the heating over a 2D surface at cryogenic temper-
atures that would allow observing the thermal behaviour of superconducting
applications in operation. Such a measurement method could answer important
questions for the magnet community about the stability and performance of pro-
totype magnets and also prove useful for determining the thermal stability of
different appliances.

This work focused on developing a thermal imaging method — specifically for
use in cryogenic environments — to map surface temperatures in superconducting
tapes and devices at high speeds and over larger surface dimensions. The capab-
ility of mapping the temperature distribution over a 2D surface at thousands of
frames per second in a cryogenic environment constitutes the main novelty of the
method compared to previous works. The developed method consequently allows
capturing thermal images of transient effects over surfaces several centimetres
in size. To validate and show the merits of the method, HTS tapes were invest-
igated in a liquid nitrogen bath for quench formation and propagation. Apart
from demonstrating the method at high speeds the main goal was to provide new
insights into the development of the quench itself and an alternative to NZPV
measurements done by conventional electrical methods. To further demonstrate
the applicability of the presented thermal imaging technique, the experiments
were extended to two superconducting “pancake” coils; a conventional coil with
electrical insulation between the turns as well as one wound with a recently intro-
duced technique where the turns of the coil are not insulated from one another.
Measuring temperatures in coils at several positions simultaneously is challenging
with conventional approaches and hence the aim was to correlate the electrical,
magnetic and thermal recordings to get a deeper insight into the coils” thermal
behaviour, stability and eventually the normal transition. The thesis is structured
as follows.

Chapter 2 gives a brief introduction to superconductivity, focusing mainly on
the second generation of HTS tapes. The stability of such tapes is discussed
together with stability and particularities of HTS pancake coils, with focus on the
no-insulation winding technique presented for the first time in 2011.

Chapter 3 introduces the fluorescent thermal imaging method, applicable at high
speeds. The working principles of the fluorescent technique are explained in detail
including the preparation, application and calibration of the temperature-sensitive
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fluorescent coating, the choice of excitation UV light source, data acquisition using
a commercial high-speed camera as well as the post-processing method.

In Chapter 4 the introduced thermal imaging technique is implemented to in-
vestigate quench behaviour of various HTS coated conductors, in liquid nitrogen,
from two perspectives: normal zone propagation velocity and qualitative quench
propagation. In the former, thermally calculated normal zone propagation velocit-
ies were measured with the new method and compared with those of electrical
measurements reported from Polytechnique Montréal, Canada. The second part of
the chapter then details particularities about various behaviours of quench — from
a thermal perspective — in different HTS tape architectures.

Chapter 5 extends the presentation of the fluorescent thermal imaging beyond
single, flat HTS tapes and shows the merits of the method on the example of
two HTS-wound pancake coils. One of the coils uses the conventional insulated
coil winding technique whereas the second coil was wound without turn-to-turn
insulation to investigate the thermal behaviour of this newly introduced, passive
quench protection technique. Both coils were tested rigorously in a conduction-
cooled assembly while electrical readings as well as thermal images were taken
simultaneously and evaluated in detail. The investigation focused on the heating
effects due to varying coil current ramping speeds, natural local defects in the con-
ductor, sudden discharge, ac current ripples and finally overcurrent and externally
induced heat pulses in the non-insulated and insulated coils, respectively.

Chapter 6 summarizes the findings of the work including the applicability of the
introduced fluorescent thermal imaging method and relevant, new findings about
quench behaviour of both HTS tapes and coils. An outlook is also presented for
the further development of the measurement method highlighting applications of
particular interest.
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stability

This research work focused on developing and implementing a novel measure-
ment technique that can benefit the further development of superconductors and
appliances made from superconductors. The detailed explanation of supercon-
ductivity, the underlying physics as well as the various types of superconductors
is beyond the scope of this work. This chapter merely gives a general introduction
into the phenomenon of superconductivity and the concepts related to it that are
crucial for understanding the scope of this research. For more in-depth explanation
of superconductivity refer to sources such as [7, 19-22].

2.1. Superconductivity

2.1.1. Zero resistance in superconductors

Superconductivity is a phenomenon where a material completely and suddenly
loses its electrical resistance below a certain temperature. The discovery was made
in 1911 by a Dutch physicist, Heike Kamerlingh Onnes, when he noticed that if
mercury was cooled to 4.2 K its resistance could no longer be measured [23].

To better understand the peculiar properties of superconductors, a comparison can
be made between the electrical behaviour of common conductors (such as metals),
a hypothesised “perfect conductor” (a perfectly pure metal) and a superconductor,
at cryogenic temperatures. This is illustrated in Figure 2.1. When a conventional
electrical conductor is cooled, its resistance R decreases initially linearly and
at a certain temperature reaches a minimum, where further cooling no longer
reduces the conductor’s resistance. Assuming a perfectly pure metal the electrical
resistance would behave in a similar way, however, due to the lack of impurities it
might reach zero. Contrary to this, in a superconductor a sudden transition exists
at a specific temperature where the resistance abruptly drops to zero.

2.1.2. Critical parameters

The temperature point where the sudden loss of electrical resistance happens
is referred to as the critical temperature 7, of the superconductor as marked in
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Figure 2.1.: Typical behaviour of electrical resistance in conventional conductors,
a hypothetical “perfect conductor” and superconductors when cooled
to cryogenic temperatures.

Figure 2.1. However, keeping a superconductor below its critical temperature
alone is not sufficient to maintain the superconducting state. There also exists
a maximum current density that can be applied to a superconductor without
triggering transition into a normal conducting state. This is referred to as the
critical current density J. or often given more conveniently for a given conductor
architecture and cross-section as the critical current

I = J.A, 2.1)

where A is the cross-sectional area of the conductor.

Superconductors are also influenced by magnetic fields, where their critical current
density decreases with increasing field strengths. As such, a maximum magnetic
field can be defined as well, above which the superconducting state perishes.
This is referred to as critical magnetic field H., however in the superconductivity
community often the critical magnetic flux density B. is used instead as

B = uH, (2.2)

where 11 is the permeability of the material. This custom will be adhered to in this
work as well and the magnetic field will be reported hereafter in tesla (T).

Considering these three governing parameters: 7, J. and B. and their influence
on the critical current, there exists a “critical surface” that can be illustrated as in
Figure 2.2. The dark region indicates where the superconducting state persists in a
conductor and where crossing the critical surface causes the superconductor to
revert into normal conducting state.
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T, Critical surface
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>

B,

Figure 2.2.: A superconductor will remain superconducting as long as it stays
below its critical temperature, current density and magnetic flux dens-
ity. The superconducting region is shown by the coloured area in the
tigure.

2.1.3. Types of superconductors

Since the initial discovery, many pure elements of the periodic table as well as
compounds were found to show superconducting properties. Figure 2.3 [24]
shows the discovered superconductors from 1911 to 2015 with the name of the
compound as well as their corresponding critical temperature.

Superconductors can be grouped together based on several different aspects, how-
ever, perhaps the most important distinction can be made based on their critical
temperature. Here a separation can be made between low-temperature supercon-
ductors (LTS) and high-temperature superconductors (HTS). This distinction has
historical reasons, as at the time the prevailing Bardeen—Cooper—Schrieffer (BCS)
theory [25] predicted that superconductivity cannot exist above ~30K. When
eventually superconductivity above this limit was discovered in 1986 [26], the new
group of superconductors were called HTS.

Most pure element superconductors are called type I, whereas compounds — such
as HTS — are usually referred to as type II. This grouping is purely based on the
physics of superconductivity and describes the behaviour of the conductor in
a magnetic field. Type I superconductors expel magnetic fields from inside the
superconductor and the superconducting state is destroyed as soon as B > B.. In
type II superconductors, however, two distinct critical magnetic fields exist, B
and B, where By < Bp. While B < B, the magnetic field is expelled from
the superconductor’s interior, similar to that of type I superconductors. Whereas
when By < B < B, the magnetic field penetrates the material in the form of
flux vortices. This does not destroy the superconducting state immediately, the
conductor remains superconducting until the B, magnetic field limit is reached.
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Figure 2.3.: Discovery of various superconductors from 1911 to 2015 including
their critical temperatures and the boiling temperature of common
cryogenic liquids at atmospheric pressure [24].

Within HTS a further separation can also be made between first and second
generation conductors, commonly referred to as 1G and 2G HTS, respectively.
The former, 1G HTS were bismuth-based superconductors embedded in a silver
matrix. The focus point of this research work, however, is the latter subgroup,

hence in the following only second generation, high-temperature superconductors
(2G HTS) of type II will be discussed.

2.2. HTS coated conductor tapes

This work focuses on the measurements, characterization and stability of HTS
coated conductors and devices, more precisely REBa,Cu305., coated conductors
(also simply called REBCO). Here RE stands for rare earth and is commonly either
yttrium or gadolinium. The respective superconductors are then referred to as
YBay,Cu3Oy.« or GdBa,Cu30Oy., or more commonly YBCO and GdBCO. These
types of 2G HTS are also called “coated conductors” due to their structure and
related manufacturing process.

2.2.1. Structure of the tapes

HTS coated conductors are manufactured as layers of materials on top of a sub-
strate layer, such as illustrated in Figure 2.4. The manufacturing steps and techno-
logy varies between companies, however generally it begins with a metallic sub-
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Figure 2.4.: Typical architecture of a commercial, HTS coated conductor using
Hastelloy® C276 as a substrate with surround copper stabilization.
Note that the layers are not to scale.
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strate, which is commonly Hastelloy® C276 with a thickness ranging in between
50 pm and 100 pm [27-30] and a width of 4 mm and 12 mm. On top of the substrate,
buffer layers are deposited with a thicknes of only a few hundred nanometres.
These layers facilitate the growth and proper bonding of the superconducting
YBCO or GDBCO layer, which is commonly 1 um to 3 pm thick. Some manufac-
turers are, however, already providing superconducting layers of up to ~5pum,
which increases the I. of their tapes substantially [29]. The next layer is 1 um to
3um thick silver for protecting the superconducting layer and for finishing — if
required — 10 pm to 100 um thick metallic shunt layer, commonly copper. This
custom metallic shunt finish is not strictly required and tapes that omit this shunt
layer are often called “Ag-cap” or “stabilizer-free”. HTS tapes with some form of
metallic stabilizer on the other hand are referred to as “stabilized” or tapes with a
“metallic shunt”. This terminology will also be used throughout this work.

It is important to mention that the layer thicknesses, the composition and number
of buffer layers as well as the choice of the superconducting layer depend on the
manufacturing process of the supplier. More information on this can be found

at the respective manufacturer’s website and product data sheets, for example
[28-30].

2.2.2. Performance and applications

The critical current for commonly available 12 mm wide HTS ranges between
300 A to 500 A at 77K, in self-field (sf) [28, 30, 31]. This corresponds to engin-
eering current densities, considering the whole thickness of the tape, of up to
4.2 x 108 Am™[31].



2. Overview of HIS tapes and their stability

While LTS can also provide current densities required for high field magnets, due to
the J.(B) relationship a maximum field of about 15T is commonly achievable [32]
with the limits around 21 T for solenoids and 18T for dipoles [33]. The additional
benefit of HTS — apart from the higher allowable operating temperature — is
the improved performance in magnetic fields. This combination of high current
density in high magnetic fields make them an attractive candidate for a range of
electrical applications, such as motors, generators, cables and high field magnets
[3-8, 34]. As such, HTS can provide magnetic fields beyond 15T by using an
LTS magnet “outsert” generating a background field of 15T and an HTS magnet
“insert”, such as in the 32 T all-superconducting magnet at the national high field
magnet laboratory in Tallahassee, USA [32, 35-37] as well as several other projects
worldwide [4]. It is important to note that albeit the current price of HTS is often
still too high for commercial use, it is an enabling technology for magnetic fields
above 45T [38].

2.2.3. Anisotropy and magnetic fields

The thin yet relatively wide tape-like architecture gives rise to anisotropic material
properties in 2G HTS tapes. One of the prominent effects of this architecture is the
behaviour in magnetic fields. Generally speaking, magnetic fields perpendicular
to the superconductor layer cause a larger reduction in critical current density than
fields parallel to the superconducting layer. As such, J.(B, ©,T") can be defined for
such coated conductors, where © is the angle between the actual field orientation
and perpendicular. Here 0° and 90° mean a magnetic field perpendicular and
parallel to the face of the tape, respectively. The angular field dependence of the
critical current of a commercial, 12 mm-wide SuperOx tape is shown in Figure 2.5
at 77 K. This property of HTS tapes is especially important in HTS coils, where
different parts of the coil experience fields of varying magnitude and orientation.

2.2.4. Current-voltage characteristics

Since the amount of current a conductor can carry is limited by the critical current
density, in practical application the need arises to experimentally determine a given
conductor’s critical current. In a superconductor, measuring a voltage drop V.
between two points results in zero as long as the superconducting state exists. To
describe the current versus voltage characteristics, the “power law” is commonly
used for determining an electric field E. developed in a superconductor as

B — E(%)" (2.3)

where n describes the sharpness of the transition and is in the order of 30 to 80
for LTS and 10 to 40 for HTS and E, is commonly 1uVem™ (1 x 1074V m™) [22].
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Figure 2.5.: Dependence of the critical current on the orientation and amplitude
of the applied magnetic field in a 12 mm-wide SuperOx HTS tape at
77 K. An angle of 0° represents a magnetic field perpendicular to the
tape’s face, whereas 90° corresponds to a field parallel to the plane of
the tape.

Consequently, the critical current of a given superconductor is determined at the
point where Es. = E.. A typical E-J characteristic is illustrated in Figure 2.6, also
showing the effect of the n-value.

The E criterion is merely a limit, which can be measured by accurate measurement
devices. In the case of long length conductors, e.g. wound into the shape of a
pancake or racetrack coil, an even smaller electric field criterion can be used, such
as0.1uVem™ (1 x 107° Vm™), provided that the electric noise in the measurement
does not distort this reading. Yet again in other measurements with short, high
amplitude current pulses, a higher electric field criterion is used for claiming
the change between superconducting and resistive state. This is necessary in
fast measurements since the relatively slow nanovoltmeters are not suitable, and
instead analogue to digital converters (A/D converters) are implemented. These
allow a higher data acquisition speed at the cost of reduced sensitivity. In such
experiments an electric field criterion of 1V m™ to 10 Vm™ is commonly used [18,
39, 40].

2.2.5. Losses in HTS tapes

While in direct current (dc) operation superconductors are truly dissipation-free,
losses do arise when transient magnetic fields are present. The in-depth explana-
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Figure 2.6.: Definition of the critical current in superconductors using the £ cri-
terion and the importance of the n-value. While the conductors have
an identical critical current, the one with a lower n-value will develop
an electrical field sooner and hence incur %R losses as indicated by
the shaded areas.

tion of such effects is beyond the scope of this work, for detailed information on
transient losses refer to [22, 41]. An approximation can be given as

0, when I < I,
Poss = ¢ >0, when B = B(t) (2.4)
>0, when i(t) = Isin(wt).

Here Py is the power loss, I represents a dc current, i(¢) represents an alternating
(ac) current and w is the angular frequency.

Hysteresis losses

As mentioned in Section 2.1.3, in HTS tapes the magnetic field lines penetrate
the conductor in so-called flux vortices. As long as the magnetic field does not
change and the conductor is in superconducting state, these vortices are pinned to
material defects and cause no dissipation. However, in an alternating magnetic
field the vortices have to re-arrange continuously and do work, giving rise to
hysteresis losses. Based on the origin of these losses one may talk about transport
losses or magnetization losses. The former is caused by the transport current in the
conductor and the related self-field, whereas the latter is induced by an external
magnetic field.

12
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Resistive losses

Resistive losses arise in superconductors when the normal transition begins. As
visible in Figure 2.6, the conductor with a lower n-value would incur £ - J losses
even at current levels below the critical current. Above the critical current the
losses are determined by the compound electrical resistance of the conductor,
including the electrical resistance of the normal metal matrix.

Eddy current losses

Eddy current losses occur in the normal metal parts of 2G HTS tapes, such as
the copper stabilization, in the case of changing magnetic fields as Peaqy o f, B*.
Due to low magnetic fields discussed in this work, eddy current losses can be
neglected.

2.3. Stability of HTS tapes

Superconductors are generally bad electrical conductors at room temperature,
hence it is highly desired to keep them superconducting at all times when in
operation. Due to some disturbance, however, it can happen that a superconductor
experiences a local reduction in .J;, such as illustrated in Figure 2.7. This may be
caused by a locally increased magnetic field, a material defect or an additional
local heat load. Such a local reduction in critical current density can move the
local operating point of the superconductor closer and even above the critical
surface (Figure 2.2) and heating occurs in the form of Joule losses over a small
volume. If such a hot spot is undetected, the continued heat input will cause
further heating while at the same time the heat propagates, pushing the operating
point of an increasing volume potentially above the critical surface. Provided
that the rate of heating due to the Joule loss equals the rate of cooling (e.g. in
a cryogenic bath), the superconductor may still be in a cryostable state. And
while the situation is no longer considered truly lossless, the superconductor will
not be damaged and remains operational. Based on this definition a minimum
propagating zone (MPZ) can be calculated, defined as the minimum length of a
hot zone that will cause it to expand and lead to a thermal runaway. Any length
smaller than this will not produce enough heating to cause a thermal runaway
and will disappear due to the cooling. Any larger zone, however, will cause a
thermal runaway;, also referred to as a quench, which is a rapid and abrupt transfer
of the superconductor from superconducting to normal conducting state. The
energy required to cause an MPZ is referred to as the minimum quench energy
(MQE) and is an often-used characteristic describing the amount of energy input a
superconductor can absorb before quenching. To calculate the MPZ length I, in
a flat HTS tape submerged in a cryogenic bath a simplified equation can be given

13
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by equating the heat generation with the heat transfer away from the zone in both
directions as well as convective cooling as

K dAt(T — TO )

2 C

P paalmpa Ay = h(T = Top) Selmps 2= p)

~ ~~ ~ ~~ 7 mpz

Heating Convection ~ ~~ -~
Conduction

(2.5)

Here p.q is the compound electrical resistivity, A; the cross-sectional area of the HTS
tape, h the heat transfer coefficient to the ambient medium, 7" is the temperature
of the normal zone, T, is the ambient (operating) temperature, S; is the perimeter
of the conductor and x4 is the compound heat conductivity of the conductor. The
equation also assumes that the conductor is at the intial temperature of 7i,,. Then
expressing the MPZ gives [42]

- QK’CdAt (T — Top)
lmpZ - hSt . (2.6)

J2peq — Tt(T — Top)

The speed at which this thermal wave front propagates is called the normal zone
propagation velocity (NZPV). As indicated by eq. 2.5 this speed will depend on a
range of factors, including the operating current, temperature margin (difference

Convection

Conduction NZPV=dx/dt

ez  “MOQE
Quenched zone

T, \/

Temperature

\ Critical current

Length, x >
Figure 2.7.: Concepts of quench, normal zone propagation, minimum quench
energy and minimum propagation length in a HTS coated conductor
cooled in a cryogenic bath. The arrows represent heat transfer by
different mechanisms, whereas the bottom plot illustrates the critical
current density and temperature profile of the tape.
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between operating and the critical temperature), as well as the heat conductivity
and capacity.

LTS applications are often operated at 4.2 K, where the heat capacity of metals is
significantly lower than at room temperature and the temperature margin of LTS
is low. In HTS, on the other hand, when operated at 77K in liquid nitrogen the
heat capacity of common metals is two orders of magnitude higher. It is also not
uncommon to operate an HTS application at lower temperatures to yield a higher
operating current densities [37, 43]. This further increases the temperature margin
and consequently the amount of energy that can be absorbed. Assuming adiabatic
conditions during a fast quench and neglecting heat transfer to a liquid nitrogen
or helium bath as well as thermal conduction, the minimum quench energy is
described by [22]

Tes(Top)
Qme = / Cea(T)dT. (2.7)

Here C is the compound heat capacity of a unit volume conductor and 7
represents the current sharing temperature, defined as the point where current
starts flowing in the normal metal matrix. This is commonly defined as [22]

Tes = Top + (Tt — Top)(1 — ). (2.8)

[c, op

Here I, op is the critical current of the conductor at the operating temperature. A
comparison of MQE for LTS and HTS composite conductors is given in Table 2.1
[22]. It is clearly visible that HTS have a 2 to 3 order of magnitude larger MQE
than LTS.

Table 2.1.: Common values of T,

opr ATop and Qg for LTS and HTS [22].

LTS HTS
Top (K) ATop(lop) (K) QMQE (] Cm_3) Top (K) ATop(lop) (K) QMQE (] Cm_3)
2.5 0.3 1.2 x 10 4.2 25 1.6
4.2 0.5 0.6 x 1073 10 20 1.8
4.2 2 43 x 1073 30 10 3.7
10 1 9 x 1073 70 5 8.1
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2.3.1. Normal zone propagation

Reduced heat capacity, temperature margin and an increased thermal conductivity
of LTS operated at low temperatures causes local hot spots to spread rapidly in
case of a quench generally in the order of magnitude of several ms™! [14, 44]
with sources reporting speeds of up to kms™ [45, 46]. Hence if an LTS cable or
device quenches, the heating power is quickly distributed over a longer length
(and larger mass) of material and the current is limited by the high resistance.
HTS applications, however, are inherently more stable and resilient towards
disturbances due to the increased heat capacities as well as temperature margins.
On the downside, in the case of a local hot spot, they propagate significantly
slower than in the case of LTS devices. Therefore, the characteristic NZPVs in
HTS are in the range of cms™ [12, 13, 15, 16] with ongoing work to speed up the
propagation into the ms™ range [17, 18, 47].

The primary benefit of a metallic stabilization (Section 2.2.1) in HTS is to provide
an alternative path for the current in the case of a quench and to prevent damage
to the superconducting as well as the thin silver layer. At the same time, however,
it increases the thermal mass and thereby the stability as well (see eq. 2.7), and
reduces the NZPV [48] in the case of a quench. And while an increased stability is
definitely beneficial for most applications, in case of a quench a faster NZPV is
considered as a protection mechanism for the conductors and it is mostly well-seen,
even sought after [15]. For these reasons the quench and normal zone propagation
are an actively researched area of superconductivity [49].

2.3.2. Minimum quench energy measurement methods

For measuring the MQE, commonly the HTS tapes are cooled down and a steady
dc current is applied such that I,, < I.. Then, a small heater mounted on the
surface of the tape is pulsed with a short current pulse. The generated heat reduces
locally the I.. of the conductor and (provided that enough energy was supplied)
a quench is caused. The pulse energy level where the quench first appears is
usually called the MQE. In the same measurement, often an NZPV can also be
calculated for sub-critical current levels. Nevertheless, there is some degree of
uncertainty in measurements with heater pulses due to both heat transfer rates
into the superconductor as well as the heat capacity of the heaters themselves
[15]. Furthermore, the size of the heater directly determines the area absorbing
the supplied energy, where e.g. Pelegrin et al. [15] used a 4mm x 4mm x 0.2 mm
graphite-based heater.

Referring to Table 2.1, as a summary it can be stated that while LTS have an MQE in
the order of pJ cm™ [44] resulting in a vastly faster NZPV, HTS have an inherently
higher heat capacity and temperature margin, resulting in a larger MQE, in the
order of mJ cm™ to Jem™ [15, 16, 50], but a significantly reduced NZPV.
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2.3.3. NZPV measurement methods

The state-of-the-art method for calculating the NZPV in HTS conductors is to time
the appearance of an electrical signal over short distances of a conductor [15-18,
51-53]. An HTS probe is placed in a sample holder with several voltage taps
aligned over the surface at predefined distances, commonly ~5mm and similar to
that illustrated in Figure 2.8. The tape’s critical current density is reduced over
a single point by the use of either a heater, magnetic or a mechanical defect. The
sample is then cooled down in a liquid nitrogen bath and current is applied in
form of a short pulse. A quench is nucleated at the position of reduced J. and by
recording the developing electric field between the voltage taps, the “flight” of a
normal zone, NZPV, can be calculated.

2.3.4. Quench detection and protection

Apart from measuring voltage signals, other non-intrusive methods have also
been researched for quench detection and localization, some of which are also
suitable for determining the NZPV. Such are, for example, the use of optical fibres
or acoustic signals in a conductor.

The use of commercial optical fibres (embeded or co-wound in the conductor) for
quench detection and localization has been already investigated and validated for
the use in HTS applications [54-56]. The method may be implemented using dif-
ferent principles, but most of the recent applications focus on Rayleigh scattering.
The slight changes in temperature or strain in the optical fibre, caused e.g. by a
hot spot, change the scattering of light in the fibre, which can then be detected and
compared with reference signals.

Acoustic methods are also already available for detecting and locating quench
in superconductors. Passive acoustic emission can be used to forecast a quench
occurrence in LTS during training [57, 58]. An active technique for detecting and
localizing quench has also been validated by both simulations and experiments
[59, 60]. In this method acoustic pulses are sent across conductors and the change

Current contact
! V

S
Hﬂ),. Voltage taps

N O O A A R

G10 board Magnetic defect HTS sample

Figure 2.8.: Cross-section drawing of a common experimental setup used to meas-
ure the NZPV, showing several voltage tapes positioned in precise
distances.
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caused by hot spots in the measured signal is used for localizing the warmer
region with a detection accuracy of 1K.

Another electrical method proposed the use of magnetic field sensors to measure
changes in the magnetic field caused by current redistribution between strands
of an HTS tape [61]. Although the method requires the pre-processing of HTS
to have (at least) two separate strands, the technique can in principle forecast a
quench before any voltage signal could be measured.

2.4. HTS coils

As discussed in Section 2.3, due to the orders-of-magnitude larger heat capacity
of HTS, their stability is vastly superior to that of LTS counterparts. This applies
to magnets and coils alike and as such, premature quench due to small, local
disturbances — like in the case of LTS — is no longer a concern in HTS [22]. Nev-
ertheless, similar to single conductors, coils wound from HTS may experience
larger disturbances, due to issues with cooling, overcurrent, local material defects
or ac losses. If undetected, these can still lead to a local temperature rise that can
permanently reduce the I. of the coil. Therefore it is of high importance to detect
potential local hot spots and thermal runaways, preferably even before they would
occur. This means that a system for detecting a quench is required together with a
method to mitigate and protect the coil from permanent damage.

2.4.1. Quench detection and protection

Several active and passive methods exist for the detection and protection of coils
in the case of quench. Quench detection is often done using the bridge-balance
method [62], where a voltage signal is monitored between a potentiometer and a
coil centre tap. However, other methods for detecting a quench are also possible,
such as the described optical and acoustic methods in Ssection 2.3.3 or co-winding
the HTS coil with an insulated, metallic tape. This latter approach couples the two
systems magnetically and effectively cancels out the inductive coil voltage when
measured between the two windings, leading to a higher detection sensitivity
[62].

In all cases, a signal is measured (voltage, acoustic or optical) and compared to a
threshold value determined for the specific application. When this threashold is
exceeded and a quench is detected by one of the methods, a quench protection
system is engaged. Common, active quench protection systems include using a
dump resistor to discharge the coil energy [63-66], resistive heaters to create a
larger normal zone [32, 35, 49, 66], coupling loss-induced bulk heating (CLIQ)
[67, 68] or ac loss-induced heating. However, apart from active quench protection
methods, passive approaches exist as well for HTS coils, such as the no-insulation
winding technique as introduced by Hahn et al. [69].
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2.4. HTS coils

2.4.2. Non-insulated coils

Figure 2.9 illustrates the difference between an insulated and a non-insulated
(NI) coil wound from 2G HTS tapes. In an insulated coil (Figure 2.9a), the spiral
path of the conductor is the only path where current may flow and the coil can
be described by an equivalent circuit as in Figure 2.10a. The main difference to
an ordinary coil is that during the HTS tapes’ superconducting phase in direct
current operation there is no power dissipation. Nevertheless, a local disturbance
or defect in the material may still cause local dissipation, which can lead to local
heating and a thermal runaway inside the coil.

Contrary to this, in an NI coil (Figure 2.9b), the insulation between the turns is
omitted. This creates an alternative electrical path, where current may also flow in
the transverse direction as illustrated in the equivalent circuit in Figure 2.10b. The
benefit of this is an increased stability in case of a local disturbance, in which the
coil current may (partially) bypass the section with a locally reduced J.. While the
path across the turn-to-turn resistances is resistive, and hence incurs Joule heating,
the superconductor is protected from overheating and potentially a local quench.
The self-protection mechanism has already been reported and investigated in
several works both experimentally and in simulations [70-74].

Charging time constant

The universal time constant in an LR circuit is defined as

T=—= 2.9

. 29)
where L is the inductance and R the resistance of the coil. This is the time required
for the voltage or current to reach

1
-2 =063 (2.10)

of the final value after a switch has been closed in a voltage-driven circuit and
current started flowing. In superconductor coils, however, the voltage (or current)
is not applied in a step, but as a slow ramp. In this case the rise of current is
controlled and the measured voltage depends on the inductance and the ramping
rate,

dl,
Veoit = Lz + IRy = LR 2.11)

Here R, is the coil resistance across the transverse path (Figure 2.9b), R, is the
resistance along the spiral path (resistance of the superconductor), I, is the current

19



2. Overview of HIS tapes and their stability

Coated Electrical Transverse Coated
conductor insulation (radial) path conductor
Spiral
path
(a) Insulated coil, top view. (b) Non-insulated coil, top view.
I L -HHH T
(c) Insulated coil, cross-section. (d) Non-insulated coil, cross-section.

Figure 2.9.: Concept drawing of an insulated coil (a) and a non-insulated coil (b),
with corresponding cross-sections shown across the red dashed line
in (c) and (d), respectively. The red arrows indicate possible current

paths.
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Figure 2.10.: Simplified circuit diagrams for (a) an insulated HTS coil and (b) a
non-insulated HTS coil also showing the cryogenic environment. The
coil voltage is measured between points A and B.
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2.4. HTS coils

flowing in the radial path and I is the current in the spiral path. Furthermore,
in an NI superconducting coil the meaning of 7 is different as currents can flow
across the turn-to-turn contact resistances as well, effectively bypassing the coil’s
inductance, depending on the ramping rate. As a consequence, 7 depends on the
current ramping rate. Therefore, it is also different in case of a sudden discharge,
which can be interpreted as a step (infinitely fast) change in the coil current. Hence
one can differentiate between charging time constant 7, and a discharge time
constant 74own. Kim et al. defined the charging time constant of a coil, as the time it
takes for the magnetic field to reach 63 % of the difference between the maximum
tield and the field where the ramping has finished, measured from the time when
the current reached the target value [75]. This is illustrated in Figure 2.11a by the
dashed area, where the magnetic field changes from B, to B; and

7—up :tl‘Bl _tO‘BO- (212)

Discharge time constant

An NI coil discharge time constant 74own as shown in Figure 2.11b can be obtained
by ramping the coil to a specific current level and opening a switch in the circuit
(refer to Figure 2.10). In this case, without using any dump resistor, the coil’s
energy is discharged across the turn-to-turn resistances. From the moment the
switch was opened, the decay of the magnetic field is measured until it reaches

1
o = 0.368 (2.13)

of its initial value. The discharge time constant is then

Tdown = 1| Bmax — 10| Bmax-0.368 (2.14)

according to Figure 2.11b. Kim et al. showed that the discharge time constant does
not depend on the current level from where the coil is discharged in experiments
including 20 A, 40 A, 60 A and 80 A current plateaus [75]. They also concluded that
the characteristic coil resistance R. changes when calculated using 7, in eq. 2.9,
since the final current amplitude changes the 7, itself when the ramping rate was
held constant at 2 As™.
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Figure 2.11.: Concepts of various time constants. (a) shows the charging time
constant 7, in the hatched area and the charging delay #4clay in the
coloured area. (b) shows the discharge time constants 74own in the
coloured area. The features of the plots are exaggerated for visualiza-
tion.

Charging delay

In an NI coil the current may not fully follow the spiral path due to the lack of
insulation between the turns. As such the total current in the coil is

I = Is + I, (2.15)

where Il = Isource is the overall driving current of the circuit. Since the magnetic
tield is predominantly generated by the current in the spiral path (/;), frome.q. 2.15
and e.q. 2.11 follow that during the transient ramping phase the magnetic field
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2.4. HTS coils

will “lag” the net current supplied to the coil. And while the magnetic field does
stabilize eventually, it results in a certain charging delay. This is defined as the
time it takes for the coil to reach 99.3 % of its final magnetic field at the centre of
the coil, with respect to the time when the ramping has finished [76, 77]. This is
illustrated in Figure 2.11a, where the 99.3 % level originates from the 57 (five time
constants) and the charging delay is defined as

taelay = tlp,,.q- 1) — tla_g. (2.16)

=
e2

The charging time delay has a practical importance, especially in larger magnets
with large inductances, as it adds a considerable time to the total ramping duration
[77].

Turn-to-turn resistance

Another important aspect of NI coils is the resistance between the turns of the
coil often given as the turn-to-turn contact resistivity p., defined as the contact
resistance multiplied by the contact area and having units of nQecm?. This is
commonly calculated from the characteristic coil resistance R., which is the sum
of all turn-to-turn resistances [76, 78, 79],

Ng—1 Ng—1

. o pct
R. = z; Ry = Z Grm— (2.17)

=1

Here N, is the total number of turns, r; and R; are the radius and the resistance
across the i™ turn and wy is the conductor width. In practice, R. is calculated from
the coil inductance and the time constant, 7, according to eq. 2.9. However, as it
will become apparent in Chapter 5, the time constant not only changes during
charging and discharging, but it also varies depending on the ramping rate. It
follows then that the characteristic coil resistance must also change as a function of
the time consonant and consequently the ramping rate. For this reason, commonly
the discharge time constant is used in calculating R, since this does not depend
on the applied current.

According to eq 2.17 the characteristic coil resistance is directly related to the turn-
to-turn contact resistivity. Small resistivity values lead to a small coil resistance
and hence according to eq 2.9 a large 7, causing long charging delays. An approach
to mitigate this issue is the artificial increase of contact resistivity by means of
metal co-winding or various surface treatment techniques.

It is known that the contact resistivity strongly depends on the winding tension,
contact surface quality (roughness, oxidation), tape width and copper stabilization
thickness as well as the operating temperature [80-82]. Therefore it is difficult to
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2. Overview of HIS tapes and their stability

state common values, however 70 pf2 cm? [76] is commonly referenced in literature
and used in numerical simulations [73, 78, 83-85]. A broader range of resistivity
values can be given from 5nu cm? until 9.8 mQ cm? [74, 76, 78, 80-82, 86, 87]
depending on the previously mentioned features. These values are commonly
calculated indirectly by substituting eq. 2.9 into eq. 2.17 and solving for p,

p = —down (2.18)

Lu et al. [81, 82] carried out extensive measurements into surface contact resistiv-
ity between REBCO tapes using different surface cleaning methods as well as
temperature and load cycling. They showed that the surface contact resistivity
decreases with increasing load, but initially increases with an increasing number
of load cycles. The authors attributed this initial increase in surface resistivity
to cryogenic work hardening of copper at 77 K and measured resistivity values
between 26 u2cm? to 100 u2ecm?. In a later work they showed, however, that
after a peak resistivity, additional load cycles reduced p.; [82]. While this effect is
less pronounced at 77 K (up to a factor of ~6), at 4.2 K a large number of load or
thermal cycles may cause a surface resistivity several orders of magnitude lower
than initially.
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3. A high-speed thermal imaging
method for cryogenic
temperatures

The first part of this chapter is dedicated to briefly discussing for comparison
purposes two state-of-the-art thermal imaging methods: infrared thermal imaging
and fluorescent micro-thermographic imaging. The second part of the chapter
discusses the newly developed high-speed fluorescent thermal imaging method
for quench investigation in superconductors. The principles of fluorescent thermal
imaging are explained in sufficient detail to support the understanding of meas-
urement results presented in later chapters.

3.1. State-of-the-art thermal imaging methods

3.1.1. Infrared thermal imaging

A well-known thermal imaging method is infrared thermography (IRT), which
uses the black-body radiation of objects to determine their temperature. The
term “black body” refers to an ideal body in physics, which absorbs all incident
energy. With «a as the absorption, 7 the transmissivity and r the reflectivity the total
radiation at a surfaceis 1 = 7 4+ o + r, which in the case of a black body becomes
a = 1. Furthermore, an ideal black body is also considered as a perfect emitter and
has an emissivity of ¢ = 1. The emissivity of real objects is below this theoretical
maximum and it is hence used as a percentage of a black body’s. Black-body
radiation is an electromagnetic radiation emitted by all objects above absolute zero
temperature and it is proportional to the fourth power of the temperature

P=A-0c-¢-T" (3.1)

Here P is the radiated power, A is the surface area, o is the Stefan-Boltzmann
constant, and 7' is the temperature in kelvin. This implies that while “hot” bodies
radiate a lot of energy, “cold” objects radiate significantly less. This constitutes
one of the significant limitations of the IRT method. As the temperature of the
object to be measured reduces, the detectable energy emission decreases with the
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3. A high-speed thermal imaging method for cryogenic temperatures

fourth power. Therefore, when measuring objects at low temperatures, where
the environment temperature is significantly higher, can result in a considerably
low signal. For this reason most IRT cameras have an approximate minimum
temperature limit of —20°C to -50°C.

The wavelength of the black body radiation also depends on the temperature as
defined by Wien’s displacement law

b
)\peak = f (32)

where A,k is the peak emission wavelength in metres and b is Wien’s displacement
constant. While extremely hot objects can emit light in the visible spectrum,
mostly when measuring non-astronomical objects the emitted radiation falls in
the infrared (IR) spectrum of light, hence the therm “infrared thermal imaging”.
A plot of the electromagnetic spectrum between 250 nm and 1pm is shown in
Figure 3.1 for reference.

By substituting values into equation 3.2 it can be calculated that for example the
human body at a temperature of 37 °C would radiate energy at a peak wavelength
of 9.34 ym.

From eq. 3.1-3.2 it can be seen that for relatively low temperatures the wavelength
of the black body radiation falls always in the IR spectrum. While this radiation is
invisible for the naked eye (Figure 3.1), cameras can be designed to be sensitive
to this particular spectrum of light. Such infrared (or thermographic) cameras

uv Visible IR

e WAWANA
([t

ARYRY

300 400 500 600 700 800 900 1000
Electromagnetic spectrum, A /nm

Figure 3.1.: Representation of the electromagnetic spectrum between wavelengths
of 250 nm (near ultraviolet, UV) and 1um (near-infrared, IR). The
spectrum visible for the human eye between approximately 380 nm
and 780 nm is highlighted and shown with the colours matching the
wavelengths.
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3.1. State-of-the-art thermal imaging methods

can record the electromagnetic radiation of an object and use post-processing to
find its temperature. However, since the recorded radiation is the function of
the object’s surface emissivity, standard values for different surfaces have to be
empirically programmed into the post-processing algorithm. The method is also
known to perform rather poorly when imaging surfaces with high reflectivity
(such as metals) due to the excessive reflection [88]. When imaging such surfaces it
may be necessary to artificially reduce the reflectivity and increase the emissivity
by e.g. applying a black coating on the surface.

Apart from the useful temperature range of such an imaging technique another
difficulty is related to the fundamentals of its operation, namely the wavelength
of the recorded radiation. Since this falls in the infrared band of light, it limits the
maximum spatial resolution (minimum resolvable distance between two poitns)
obtainable to [89]

0.61\
Resolution = ——— .
esolution N A (3.3)

where N.A. is the numerical aperture of the imaging device, e.g. microscope.
Hence with an increasing wavelength the minimum resolution gets worse and as
such the IRT method’s resolution is limited by the wavelength of the black body
radiation itself.

To summarize, IR thermal imaging works on the basic principles of black body
radiation and hence does not require any coating or direct contact with the object
to be measured, in most situations. Nevertheless, due to the long wavelength and
low amount of energy radiation, IR camera sensors have to be manufactured with
increasing efficiency to measure at low temperatures that quickly becomes chal-
lenging. The maximum spatial resolution is also limited by the long wavelength
of the radiation, which can be limiting for microscopy applications.

3.1.2. Fluorescent micro-thermographic imaging

Fluorescent micro-thermographic imaging (FMI) is a method developed in 1982
by Kolodner et al. [90, 91] as a temperature measurement technique addressing
the shortcomings of the IRT method. Its goal was to provide high spatial and
thermal resolution, using the light intensity decay of fluorescence in rare-earth
compounds with changing temperatures. Contrary to infrared thermal imaging,
this method does not use the black body radiation emitted directly by an object,
but relies on the photoluminescence of an applied coating. The basic principle
is that if the fluorescence has a well-known temperature dependence, that is the
light intensity varies predictably based on the temperature, then after a careful
calibration measurement the temperature of an object can be calculated from
the light intensity emanating from the fluorescent coating. It was demonstrated
on MOSFETs in a packaged integrated circuit that such a method can have a
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3. A high-speed thermal imaging method for cryogenic temperatures

temperature accuracy of 0.01 °C and a spatial resolution of 15 um. A year later, a
temperature accuracy of 0.08 °C and a spatial resolution of 0.7 um were reported.
Haugen et al. [92, 93] then used FMI for the first time to image microscopic
superconducting bridges carrying small amounts of current and demonstrated that
measurements are possible in superconductors down to 4.2 K in an experimental
setup shown in Figure 3.2.

While the original concept uses solely the light intensity of a photoluminescent
coating, Nara et al. [94] and Ishiyama et al. [95] used instead the colour change
of a mix of different rare earths instead of a single fluorophore. By the use of a
mix of paints with different emission colours and temperature dependencies, the
colour change with respect to temperature was calibrated and calculated. As the
emission light intensity varies differently in the case of the two different paints, a
colour shift can be observed and allowed the authors to reduce measurement error
caused by the absorption of light along the path. Since in this method the actual
colour change is important, it requires the use of either a spectrometer, resulting in
only a point reading, or a colour camera. While this method provides quantitative
temperature readings, in the current implementation it was only demonstrated for
measuring thermal zones propagating over many seconds.

— Post-processing
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Optical window
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Coolant
—> Cold finger —+—— ]
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Figure 3.2.: Experimental setup used by Haugen et al. [92, 93] for fluorescent
micro-thermographic imaging until 4 K for imaging microscopic su-
perconducting bridges.
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3.2. High-speed fluorescent thermal imaging for quench analysis

3.2. High-speed fluorescent thermal imaging for
quench analysis

This work aimed at the further development of the already existing fluorescent
micro-thermographic imaging technique to make it usable at high speeds for
analysing quench and measuring normal zone propagation in HTS. The capability
of mapping the temperature distribution over a 2D surface at thousands of frames
per second over a liquid nitrogen-immersed HTS tape, cable or coil constitutes the
main novelty of the method compared to previous research. Although the method
provides a fine temporal resolution in the microsecond range, it is not referred to
as a “real-time” system, since the post-processing of the data is done separately.
Hence it is rather aimed at the analysis and investigation of the quench behaviour
itself and optionally also the recovery afterwards, in its currently introduced
form.

The measurement principle described in Section 3.1.2 was adapted to measuring
transient effects, the quench of a superconductor tape, at cryogenic temperatures.
The finished measurement setup used for measuring HTS tapes is illustrated in
Figure 3.3. A more detailed description of the assembly as well as the measurement
procedure is given in Chapter 4.

Glass cryostat

T o
O &
Liquid % qé
nitrogen|| HTS Yo
sample T
610 nm
/ ===« filter
Copper ™ Lens
terminal

Pulsed
current supply

Figure 3.3.: Cross-section schematic view of the experimental assembly. The
sample is placed in a double-walled glass cryostat and submerged
in liquid nitrogen. The UV LED array excites the sample at an oblique
angle and the high-speed camera records the fluorescent light emission
through a mirror due to the experimental arrangement.
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3.2.1. The basic principles of photoluminescence

Discussing photoluminescence in greater detail is beyond the scope of this work
and therefore only a brief introduction is given to aid the understanding of the
high-speed fluorescent thermal imaging method. For a deeper understanding of
these phenomena sources such as [96-98] should be consulted.

Fluorescence and phosphorescence are types of photoluminescence in which a
material absorbs incoming electromagnetic radiation and re-emits it at another,
usually higher, wavelength. In a simplified manner, the difference between fluor-
escence and phosphorescence is the duration of the delay between excitation and
emission, however this can be led back to how the relaxation happens in different
molecules. The process starts with the absorption of photons, whose energy is
used to elevate the photoluminescent molecule from their ground state to some
higher, excited state, as shown in Figure 3.4. At this excited state the molecule
loses excess vibrational energy and returns to the lowest vibrational state of the
excited state. Afterwards the fluorescent molecule can return to the the ground
state by emitting energy in the form of photons, fluorescent light. The relaxation
from the excited to the ground state is fast, in the order of 10~ s to 107 s [96],
meaning that if the excitation light source is terminated, the fluorescent light is
practically immediately stopped as well. In phosphorescence, however, molecules
are excited into a triplet state, as predicted by quantum theory. The relaxation
from the triplet state back to the ground state is difficult and hence the process
takes longer, often in the order of 10° s [97]. Since the molecules lose some of the
absorbed photons’ energy via vibrational relaxation, the fluorescent light is often
lower energy resulting in a higher wavelength. This shift in wavelength between
absorbed and emitted light is called the Stokes shift and is a characteristic property
for a molecule.

Based on previous research of Kolodner et al. and Haugen et al. [90-93], the two
rare-earths: europium tris[3-(trifluoromethylhydroxymethylene)-(+)-camphorate]
(EuTFC) and europium(Ill) thenoyltrifluoroacetonate (EuTTA) were selected as
candidates for carrying out measurements at 77 K for investigating the quench
in HTS tapes. Both compounds exhibit fluorescence, where the sample has to be
continuously excited to produce an emission. The exact absorption, emission and
temperature dependence of the fluorophores are discussed in Section 3.2.2.

3.2.2. Fluorescent spectroscopy and temperature dependence

The literature mentions optimal excitation light sources for the two fluorescent
compounds researched here as well as their emission spectrum, however, it was
necessary to confirm these for selecting optimal experimental devices. A spectral
analysis was done initially on the europium solution at room temperature for both
its emission and absorbance. The results are shown in Figure 3.5a, using arbitrary
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Figure 3.4.: Simplified diagram showing the mechanics of excitation, fluorescence
and phosphorescence including the representative duration of these
effects. The figure only shows internal conversion between electronic
states and intersystem crossing from singlet to triplet state, vibrational
relaxation within the electronic levels is not shown.

units for the absorbance of the fluorophore. This is defined by the Beer-Lambert
law

a=log(—), (3.4)

where I is the intensity of the incoming light and /; is the intensity of the light
measured after passing through the sample. Hence, an absorbance of 1 equals to
90 %, whereas an absorbance of 3 to an absorption of 99.9 % of the incident light
by the sample. It can be seen that over 90 % of the light between wavelengths of
360 nm and 400 nm is absorbed with the absorbance peaking at 376 nm. The noisy
part below 380 nm in the EuTFC sample is likely caused by the solvent.

Figure 3.5b then shows the emission spectrum of the two selected fluorophore
solutions at room temperature. The light intensity is here as well in arbitrary
units, however it is a linear scale and simply represents a digitalization and
has no physical units. The sharp emission peaks of both rare earths are visible
around 612 nm. The relative levels of fluorescence however show that EuTTA is
approximately twice as bright at room temperature.

Based on this information as well as availability, compatibility and price of differ-
ent components the light source as well as an optical filter were chosen. This latter
is required to block any light that is not strictly caused by the fluorescence and
hence improves the measurement accuracy and signal-to-noise ratio.
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Figure 3.5.: Measured (a) absorbance and (b) emission spectra of EuUTTA and
EuTFC in a polymethyl methacrylate solution at room temperature [99].
(a) shows an absorption of over 90 % of the incoming light between
340 nm and 400 nm for both compounds. In (b) the principal emission
peak at 612 nm is visible when using 380 nm excitation light.

3.2.3. UV excitation light

Measurements with fluorescent thermal imaging in the past commonly used either
Hg-Xe lamps [92, 93] or Hg-arc lamps [90, 91, 100] in microscopy setups as the
excitation source. The light of the lamp was filtered, only allowing the necessary
UV component to pass through and directed towards the sample using an optical
guide. Such optical guides, however, generally only allow a smaller area to be
illuminated due to their narrow cross-section.

However, advances in lighting technology, such as light emitting diodes (LEDs),
allow for a much more compact and focused illumination of larger surfaces. For
this reason, as well as due to size and place limitations, instead of a Hg-Xe or
Hg-arc lamp, UV LEDs were used in the experiment with a central wavelength
of 365 nm. At this excitation wavelength over 90 % of the light is absorbed by the
fluorophore, as shown in Figure 3.5.

The excitation light intensity is of paramount importance for fluorescent meas-
urements, especially when the measurement speed is of importance. In static
measurements the exposure time of the camera can be virtually arbitrarily chosen,
furthermore, additional post-processing can be applied to improve the final image
quality, such as adding subsequent exposures. Haugen et al. [92] have achieved
75mK resolution using an exposure time of 2 s at 84 K and previously Kolodner et
al. [90] have used 20's exposures and then combined into a total effective exposure
of 320 s to improve temperature resolution to 8 mK.

Achieving such high resolution comes at the price of measuring speed, as illus-
trated by the several second long exposure times used by these research groups.
When transient effects of the duration in the few tens of milliseconds are to be meas-
ured, the thermal resolution decreases unquestionably. As the recording speed
increases, the recorded light intensity becomes more and more faint and hence
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severely limits the accuracy. This can, of course, be compensated by either increas-
ing the thickness of the coating or by increasing the light intensity of excitation
light source. The satisfactory excitation light intensity was found experimentally
by a trial and error process. UV LEDs mounted on a star-shaped circuit board from
the company LED ENGIN were selected due to their wavelength characteristics,
easy handling and soldering as well as affordable price [101]. A total of 8 UV LEDs
with a typical output of 800 mW /unit, resulting in an approximate combined radi-
ant output of 6400 mW, were found adequate for measuring at speeds of around
2500 frames per second (fps). However, it must be noted that a great portion of the
radiant flux is actually lost during the measurement as stray illumination, that is
light not reaching the sample but the nearby objects. Furthermore, since the light
intensity is inversely proportional to the square of the distance, the exact light
intensity at the surface is difficult to tell. During experiments the light intensity
and camera speed were adjusted such that at the selected recording speed the
dynamic resolution of the high-speed camera was nearly saturated. This allowed
using the camera’s full digital resolution.

It was also found in initial experiments that UV light can propagate though
lengths of tens of centimetres in liquid nitrogen without considerable attenuation,
compared to attenuation in air. The issue of liquid nitrogen boiling at room
temperature will be discusses in Section 3.2.8.

3.2.4. Emission wavelength filtering

Since the emission peak of the chosen europium compounds is at 612nm, an
optical filter was used to filter out light apart from this wavelength. For this, the
nearest matching 610 nm bandpass filter was used with a 10 nm full width at half
maximum (FWHM) value. On the one hand side this ensures that ambient light
is even further reduced — improving the signal-to-noise ratio — and on the other
hand it also filters out any reflected component of the UV light from the LEDs
that would otherwise cause additional noise in the camera’s sensor. Requiring
such precise filtering in industrial high-speed cameras is not exactly “state of the
art” and therefore such filters usually have different mounting options and are not
readily supported by the camera’s f-mount. While in traditional photography a
filter can be easily mounted in front of the camera’s lens, this gives raise to central
wavelength (CWL) shifts in the filtering for light beams with shallow angles, such
that would happen at the edges of recorded images

n 3
Mo = o (1 -— sin? 9) , (3.5)

where )\j is the CWL at a given angle 6 (¢ = 0 being 90°, perpendicular to the filter),
n the refractive index of the surrounding medium and n, the refractive index of
the filter itself.
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Upon consultation with filter manufacturers about the problem and due to the
unavailability of suitable lens-mounted filters it was found best that the filter be
mounted in between the lens and the camera’s mount using a custom 3D-printed
frame. This allowed the light first to be collected by the lens and then to pass
through the filter and onto the camera’s CMOS sensor. A picture of the lens with
the inserted filter is shown in the Appendix, Figure A.1.

3.2.5. Image acquisition using the high-speed camera

For image acquisition a Memrecam HX3 high-speed camera was used. The most
important characteristics with respect to the high-speed fluorescent thermal ima-
ging are listed in Table 3.1.

Since the developed fluorescent thermal imaging method only requires the ima-
ging of light intensities and not the colours themselves, using a monochrome
camera is sufficient. The factors that impact the final result are rather the data
acquisition speed, the resolution at various speeds as well as the digital resolution.
The Memrecam HX3 high-speed camera used for the measurements has a digital
resolution of 12 bits, meaning that the analogue light signal can be digitized into
212 = 4096 units. This means a practical scale of 0 to 4095, where 0 represents abso-
lute darkness (no light) and 4095 represents a fully exposed pixel in the camera’s
CMOS sensor.

The camera’s speed can be increased by reducing the recording resolution and
vice versa as shown in Table 3.1. So a resolution of 1920 x 1080 can be recorded
at up to 4670 fps, yet by lowering the resolution to 1280 x 720 the speed can be
increased up to 10230 fps. From experience, using fluorescent light intensities in
measurements a recording speed of 2000 fps to 7000 fps was adequate for record-
ing quench propagation and provided in most cases almost saturated pixels at
liquid nitrogen temperatures. It is important to mention that while the recording
can be made in very high resolution, an object such as an HTS tape may only
occupy a fraction of the total image. Commonly for example a 15cm x 1.2cm
HTS tape had a resolution of approximately 450 x 150 pixels, whereas in the case

Table 3.1.: Important parameters of the Memrecam HX3 high-speed camera.

Property Unit Value

Resolution pixel 1920 x 1080 (at 4670 fps)
1280 x 720 (at 10230 fps)
Digital resolution  bits 12

Sensor - CMOS
Colour - Mono
Storage GB 16

Recording length  min ~12 (at 50 fps, 500 x 500)
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3.2. High-speed fluorescent thermal imaging for quench analysis

of the measured pancake coils (with a recorded surface area close to 100 cm?)
approximately 500 x 500 pixels.

Due to the high recording speed the camera needs to first store the recording in a
fast, internal memory, which is then available for download after the end of the
recording. While the post-processing is not particularly computationally intensive,
the saving and transferring of the data make the analysis process relatively slow.
The measurements — especially on coils — also generate tens of GB of data (time
series of images) per experiment that need manual inspection in each case, adding
to the time burden of data evaluation. However, the method could in principle
be turned into a true real-time quench detection method by using a standard
camera or localized spectrometers and much slower recording speeds, e.g. 20 fps,
allowing to post-process the recorded images directly. A balance between temporal
resolution and the detectable minimum temperature change would allow setting a
finer temperature margin for an emergency stop in the case of a localised quench.

3.2.6. Fluorescent film coating method

In order to measure the temperature of an object, for example an HTS tape, its
surface has to be coated with the fluorescent material. Ideally the coating has to
be thin enough to not alter the thermal behaviour of the object to be observed, but
at the same time sufficiently thick to produce a strong enough emission needed
for the measurements.

While many coating methods exist for creating thin layers, coating larger surfaces
uniformly with the fluorescent material proved challenging. Based on previous
works of Barton and Haugen et al. [93, 102] droplet deposition was applied that
yielded satisfactory results in terms of coating thickness and stability.

As a first step the fluorescent compound, EuTFC or EuTTA, is mixed with poly-
methyl methacrylate (PMMA) and acetone in a ratio of 1.3 wt%, 1.7 wt% and
97 wt%, respectively. This results in a high doping of a fluorescent material in a
polymer matrix, highly diluted in a solvent. The high doping ensures that the
fluorescence is strong while the polymer matrix is responsible for the mechanical
stability of the coating. Since the final solution is almost purely acetone with a
yellow taint from the europium compound, it can be brought onto the surface
of an HTS tape by droplet deposition. Upon placing a droplet of the solution to
the centre of the surface to be covered, the acetone spreads out and evaporates
rapidly, leaving behind the europium and PMMA over the surface. The coating is
followed by a heat treatment, where the tapes are heat treated at 175 °C for 30 min
[93]. The heating and cooling profiles were arbitrarily chosen to have a 175°Ch™
rise time, held for 30 min and then cooled down naturally to room temperature.
The temperature calibration was then based on this specific heat treatment process.
The final result is illustrated in Figure 3.6.
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3. A high-speed thermal imaging method for cryogenic temperatures

(b) Coated HTS tape in UV light

Figure 3.6.: (a) shows an HTS tape coated with EuTTA, where the thin coating is
vaguely visible over the centre of the tape. (b) shows the same tape
under UV light excitation as visible for the human eye.

The quality of the coating varied naturally from experiment to experiment, how-
ever its effects are not as severe as expected. Although the light intensity emitted
by the coating strongly depends on its thickness, these can be filtered and effect-
ively cancelled out during the post-processing as described in Section 3.2.8. In an
initial experiment a steel tape was coated with EuTTA, where one side of the target
was masked with a piece of tape to make a sharp line in the coating. The resulting
microscopy image is shown in Figure 3.7, where the red rectangles indicate the
approximate positions where atomic force microscopy was used to determine the
thickness of the coating. It is visible that the coating is not uniform over the left
hand side of the dummy and that the variations in thickness along the transition
zone at the centre are in the order of a few micro metres.

3.2.7. Temperature calibration

In order to extract temperatures from later measurements it is of paramount
importance to obtain an accurate temperature calibration of the fluorescent com-
pound to be used. For this purpose a sample coated with the rare-earth has to
be accurately temperature controlled, excited with a suitable light source and its
emission has to be recorded accurately.

Such an experiment was performed at KIT, at the Institute of Microstructure Tech-
nology (IMT) [99, 104]. A glass substrate was coated with EuTFC and cooled down
to <4 K in an Oxford OptistatDry — TLEX closed cycle cryostat with two optical
windows. A frequency doubled Ti:sapphire laser with an excitation wavelength of
365 nm excited the sample through the front optical window. Upon excitation, an
AvaSpec — ULS3648 high-resolution spectrometer was capturing the fluorescent
light through the other optical window (Figure 3.8). To keep consistent with later
measurements, the same 610 nm filter was used in this experiment as in all future
thermal imaging measurements. The cryostat’s temperature was controlled by
a LabVIEW program, where the continuous cooling was balanced by heaters to
achieve a temperature above 4 K. Consequently, during the calibration measure-
ment the sample was cooled first to 4 K and the light intensity was recorded. The
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3.2. High-speed fluorescent thermal imaging for quench analysis

Figure 3.7.: Microscopy image of a steel tape’s surface coated until half-way (left)
with EuTTA. The red rectangles show areas where atomic force micro-
scopy was used to approximate changes in thickness [103].

temperature was increased to 10K, during which the excitation laser’s beam was
optically blocked such that it no longer excited the sample. This was deemed
important to cancel any possible effects of photobleaching —a process where due to
prolonged excitation the fluorophore’s molecules are changed and the fluorescence
becomes progressively fainter — that would otherwise invalidate the measurement
results. The sample was left for 5min to reach thermal equilibrium at the new
temperature, the light intensity was measured and the process was repeated in
10K steps afterwards. With EuTFC after approximately 260K the fluorescence
became barely detectable and hence this temperature was chosen as the cut-off
temperature for future fluorescent thermal measurements. During post-processing
the results, the integral light intensity of the 610 nm +10nm was chosen as the
tinal value for the visualization and calibration constant determination.

The measurement results are shown in Figure 3.9 where the light intensity is
in arbitrary units as recorded by the spectrometer. Over the plotted range of
70K to 260K the fluorescent light intensity is decreasing almost linearly. The
measurement of the EUTTA sample in the same experiment did not yield any
usable relation between fluorescent light intensity and temperature, hence all
measurements use the EuTFC compound. Also, even though that in the initial
fluorescent spectroscopy at room temperature the EuUTFC sample produced some
fluorescence (Figure 3.5b), it was found that in practical measurement this light
intensity is so low that only accurate spectrometers can detect it.
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Figure 3.8.: Optistat Dry cryostat used for calibrating the temperature dependant
fluorescence in the EuTFC and EuTTA samples from 4K to 300 K.

Figure 3.9.:
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3.2. High-speed fluorescent thermal imaging for quench analysis

Since the present research focused on temperatures around 77K, this region was
investigated in detail during the calibration process. However, the method would
work equally well at lower temperatures and using the full calibration curve until
4K would allow calculating temperatures at this level as well.

3.2.8. Extracting temperatures and post-processing

As previously mentioned, the method uses the light intensity change over a range
of temperatures emanating from the fluorescent coating. Recording these changes
allows calculating the temperatures, based on the previously determined calibra-
tion curve. The difficulty arises from the fact that the calibration measurement — for
accuracy reasons — is usually done with a high precision spectrometer while the
imaging itself is done with a high-speed camera. This introduces the problem
that since the sensors are different, the digitalisation of the signals is also different
and hence such arbitrary units cannot be compared directly. This makes a direct
interpolation of measurement results over the calibration range impossible.

A solution to this problem was introduced by L. D. Barton [102] by using the
relative light intensity changes instead of the absolute recorded values. Let S(z,y)
represent the light intensity at a point in a 2D image. This value depends on
the: excitation intensity I(z,y), the optical collection efficiency n(z,y), the sample
reflectivity r(x,y), and the quantum efficiency Q(7'(x,y)). The relation can be
described as

In order to remove all optical artefacts, one can create a relative scale instead of
the absolute measurement and divide the hot (biased) image, Su(z, y), by the cold
(reference) image, Sc(x,y), to get the ratio Sr(z, y),

SH(xv y)

R = S y)

(Th(z, ) (3.7)

Since only the quantum efficiency of the fluorophore depends on the temperature,
all other spatial optical artefacts cancel out. Hence, the local variations, in for
example optical collection efficiency or excitation light intensity, are no longer
a concern. This allows the calibration to be done on a different measurement
device as the actual measurement. However, for all measurements a well-known
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3. A high-speed thermal imaging method for cryogenic temperatures

reference temperature is required at the beginning that can serve as the basis for
the normalisation.

Based on this principle first of all the calibration curve has to be normalized
around the same temperature where future measurements will take place. In
the case of objects immersed in liquid nitrogen this temperature can be taken as
77 K. The normalized calibration curve is shown in Figure 3.10. The temperature
dependence was determined as

Sr(z,y) — 1.4250

—0.005098 (38)

T(z,y) =

The same normalization is then to be carried out on the recordings as well, this
process is shown in Figure 3.11. Firstly a reference frame is created at the beginning
of the video, Figure 3.11a, which is usually the average of the first 1 to 10 frames.
Averaging on a pixel-by-pixel basis helps average out the noise in the camera’s
sensor and effectively allows using a longer exposure-equivalent image quality
for the reference. This reference frame is then used to normalize the rest of the
frames in the video, also on a pixel-by-pixel basis. The actual frame, Figure 3.11b,
is divided by the reference frame, where the tape is known to be at constant
temperature (here 77 K since it is immersed in a liquid nitrogen bath, but the the
tape could be held at any other reference temperature). As the light intensity of the
fluorescence decreases with increasing temperature, the reference frame is always
brighter than, or equal to, any of the later frames. The result of the normalization
is shown in Figure 3.11c, where the scale of 0 to 1 simply depicts the relative light
intensity change with respect to the reference frame. Here a value of 1 (white)
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Figure 3.10.: Light intensity of EuTFC embedded in PMMA, heat treated at 175 °C
for 30 min and normalized around 77 K. The R? value shows a satis-
factory fit to a linear approximation.
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3.2. High-speed fluorescent thermal imaging for quench analysis

means that no change has happened, whereas a value of 0 (black) would mean
that the fluorescent light at the given coordinates was fully extinguished. The final
step is the extraction of thermal data from the normalized frame, by interpolating
the values on the previously normalized calibration curve as shown in Figure 3.10.
The resulting scale in Figure 3.11d was therefore converted from the 0 to 1 range
to the applicable light emission range of the EuTFC coating, being 77 K to 260K in
this case. Note that the colour of the plot is merely a representation of values and
aids visualization.

As shown previously, a decrease in light intensity means that the local temperature
increased. Hence the expectation is that an object at a steady, known temperature
will emit a certain light intensity and upon some local heat input the light intensity
would decrease. This can be translated simply in bright = cold and dark = warm
with respect to the recorded (as well as to the normalized) images. Figure 3.12
shows the effects of post-processing that have to be taken into consideration. The
upper row, Figures 3.12a-3.12d, show excerpts of a recording at times 0 ms, 20 ms,
40 ms and 60 ms with the scale set to a digital resolution of 12 bits equalling 4096
brightness levels. The red lines and the arrow on the first image are a visual aid
and show the position and movement of a selected nitrogen gas bubble. It is
visible that as time passes, the bubble changes position and rises upwards. The
same is shown in the lower row, Figures 3.12e-3.12h. These are the normalized
frames, the quotient of the actual frame and the zero frame, and hence can only
take a value between 0 and 1.

Reference Frame 200 Normalized Thermal
t=0ms t=80 ms t=80ms t=80 ms
— 1.0
250
- 0.8 225
Y = A4
Y < 200 =
{ = 3
iy Rald™ o
: @ 175 3
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(a) (b) (c) (d)

Figure 3.11.: Post-processing steps illustrated on on an EuTFC coated HTS sample
measurement. (a) shows a reference image. (b) shows frame 200 of
the recording at 80 ms where some heating takes place at the centre of
the sample. (c) shows frame 200 normalized with the reference frame.
(d) shows the extracted thermal data from (c) using the calibration
curve shown in Figure 3.10.
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Figure 3.12.: Excerpts of a recording on an EuTFC coated HTS tape placed in a
liquid nitrogen bath in a vertical position. The effects of normalization
are shown in this figure. The upper four images, (a)-(d) show single
frames as recorded by the camera. The lower four images, (e)-(h),
show the software post-processed, normalized images, where the
same frame divided by frame 0. The highlights show areas of interests
and artefacts after post-processing.

The two important things to observe are related to the fact that a transient effect
is being recorded where movement takes place. In a stationary measurement the
following problems would not be present. Both issues are related to the relative
movement of the selected bubble and its appearance in different position on the
reference frame and subsequent frames. Since light is refracted at the surface of
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3.2. High-speed fluorescent thermal imaging for quench analysis

a gas bubble, depending on its position it can either cause a brighter or a darker
spot in the image.

The first observation is that while the gas bubble highlighted by the white arrow
clearly moves in Figures 3.12a-3.12d and causes a brighter spot, in Figures 3.12e-
3.12f it is stationary, as highlighted by the black arrow. The bubble’s position in
the reference, frame 0, has a higher brightness value than the same position in any
subsequent image (since the bubble has moved away). This would normally result
in a division where the pixel value is

LG ) T (3.9)

S, y)|e+ae
at the new position of the bubble and hence a second bubble should be visible.
This is shown with a red arrow in Figure 3.12h where the bubble should be.
However, as discussed before, the zero frame at a steady cold temperature has to
be always brighter than any later image (assuming no cooling below the reference
temperature). Hence the only explanation for a brighter spot in a later frame at the
same position could be either some form of noise from the measurement device or
some disturbance of the system. Since noise would not cause such huge changes,
the cause can be determined as a disturbance, the bubble in this case. This problem
is fairly straightforward to mitigate, an “if-else” statement in the program can
check for pixels in the video that got brighter and simply replace them with a
value of 1 in the normalized frame.

The second observation is that the normalized images retain a “burned-in” position
of gas bubbles as in the reference frame. Since the divisor image has artefacts on
it (a bubble on this zero frame) where the light intensity is higher than in later
frames, this position will always show a value considerable smaller as 1, as shown
by the black arrow in Figure 3.12h. As a consequence, the quality (distortion due
to gas bubbles) on the reference frame at the beginning of the recording has a large
impact on the quality of the entire recording.

The discussed gas bubble causes a brightly moving spot in this specific case,
however, bubbles can also cause a lowered light intensity. This is visible for
example in Figure 3.12h, highlighted by the red rectangle. Compared to this, the
same area in Figure 3.12f and Figure 3.12g has fewer dark spots. The reason in this
case is that in frame 150 (3.12d) a larger number of small gas bubbles are present
in this region that cause partial darkening. In this case the situation is the exact
opposite and the normalization at this position would result in a division

S(@,y)l

< 1, 3.10
(e )l (3.10)

meaning a dark point as visible in Figure 3.12h. This error is practically impossible
to correct since if a heating takes place simultaneously;, it is not know how much
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of the light intensity decrease is due to the heating and how much due to the
refraction due to the gas bubble.

The final observation to be made is that as shown in eq. 3.7, stationary optical
differences due to light intensity or coating thickness are cancelled out. This is
visible in the upper row in Figure 3.12, where a a brighter, horizontal strip is visible
around the centre of the tape. This is most certainly caused by a thicker layer of
coating, however this effect is no longer visible in the normalized images in the
second row.

3.3. Temperature resolution and accuracy

Even though the high-speed fluorescent thermal imaging method readily provides
qualitative information about the surface temperature of HTS tapes during a
current pulse, evaluating the accuracy and thermal resolution is important.

Due to the acquisition speed alone judging the method’s temperature resolution
and accuracy proved challenging. While the resolution can be calculated according
to eq. 3.12 for any recording depending on the maximum brightness in the given
situation, accuracy does not let itself be defined so trivially. The accuracy depends
strongly both on the calibration curve as well as on the individual measurement.

3.3.1. Noise

When a recording is made of a completely dark environment, by closing camera
shutter, the CMOS sensor does not record a value of true 0, but some higher value.
This value is not constant over the sensor, but varies slightly over time and over
position as well. Some areas of the sensor might record higher variations, which is
referred to as fixed pattern noise (FPN), and can be cancelled using post-processing
(this was done by the camera automatically upon exporting a recording). The
remainder of the noise is simply dark noise of the sensor and, being random,
cannot be removed from the recording or individual images. To get an idea of
the noise in the camera’s sensor, a short recording was made at two different
frame rates, both with and without the low-light mode (called “GXC” 1), with the
camera’s shutter closed. This blocks all light from reaching the sensor and hence
the recorded values are simply the noise. An example is shown in Figure 3.13,
with noise values similar to that in actual recordings, and an actual measurement
in Figure 3.14 shows the maximum relative error

€rel, max — max(S(x, y)|t+1 - S(ZE, y)|t) (311)

IThis setting was designed specifically for measurements in low light conditions and it effectively
increases the light sensitivity by four fold in the recordings, whereas the noise level only
increases two-fold.
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appearing in a video over time.

Figure 3.14 shows that while the recording speed does not influence the noise
level, enabling the GXC mode effectively doubles it. However, even though the
recording speed does not influence the noise directly, since it is related to the
recorded light intensity, it effectively changes the maximum recorded value and
thereby the relative error as well.

3.3.2. Thermal resolution

The maximum thermal resolution of the method is determined by the digitalization
of the measured light intensity and the temperature range of the measurement. As
previously discussed in Section 3.2.5, the high-speed camera has a 12 bit digital
resolution, meaning that a maximum of 2' = 4096 light intensity levels can be
recorded in the range [0,4095]. The camera’s special “GXC” mode also has the
effect that although the camera records in 12-bit mode, the actual light intensity
values saved in the final 16-bit TIFF file can have light intensities above the 12-
bit limit of 4095, due to the post-processing of the camera itself. Assuming a
maximum recorded value (of a selected pixel) of 4095 and a minimum value of 0,
the sensitivity can be computed as

Twax — Tmin 260K — 77K
4096 4096

Sensitivity = = 0.0447 K. (3.12)
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Figure 3.13.: Representation of a grayscale recording with a camera showing ran-
dom values, such as dark noise in the sensor of the high-sped camera.
The red rectangles and arrows highlight the relative change in recor-
ded light intensity of a selected pixel in the image.
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Figure 3.14.: Time evolution of dark noise in the camera with closed shutter at two
distinct recording rates with and without GXC. The levels represent
the single largest change of recorded light intensity of any pixel with
respect to its prior state.

On the one hand a recorded value of 0 is practically impossible due to various
noise sources in both the measurement as well as in the camera’s electronics. On
the other hand a value of 4095 is also just an approximation for the maximum light
intensity as for example due to the GXC mode of the camera intensities above
this level can be realized as well. Since this maximum recorded light intensity is
a function of sample-to-camera distance, UV excitation light intensity, average
coating thickness, position, sample temperature and recording speed, so is the
sensitivity in every measurement. Therefore it can be more useful to define the
accuracy as a function of noise and usable digital resolution as in Figure 3.15,
based on eq. 3.12. Here the red and green curves show the theoretical sensitivity as
well as the realistic sensitivity over a 2 x 2 pixel area. The blue and orange curves
show the single pixel sensitivity when using the camera without and with the
low-light GXC setting, respectively. Since the observed temperature range is only
183 K, disregarding noise, even low digital resolutions would result in reasonable
accuracy using the given camera. Accounting for noise, however, can reduce the
accuracy locally to several kelvins. Nevertheless, even though the relative error
of a single pixel may be in the order of 2K, the accuracy can be improved by
averaging over a small area. Averaging for example over a 2 x 2 pixel area already
reduces the noise by a factor of ~2.7 compared to the single pixel noise of 30.

It is important to note, however, that this sensitivity and relative error level is
specific to the high-speed camera used in this work.

46



3.3. Temperature resolution and accuracy

—— Single pixel (30)

Single pixel (60)

at D
o o
o o
(e=) [an}

—— 2 by 2 pixel mean (11)

4000 A Noise

Sensitivty

3000 1

2000 1

1000

Effective digital resolution, N.A.

o
1

0 1 2 3 4 5
Temperature accuracy, T /K

Figure 3.15.: Temperature measurement accuracy as a function of effective record-
ing digital resolution. The red curve shows the theoretical sensitivity,
while the green, blue and orange lines show a 2 x 2 pixel mean, and
a relative noise of 30 and 60, respectively. The black arrow shows the
effect of increased noise in the recordings.
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4. Quench propagation and
analysis in HTS tapes

The application of the previously introduced high-speed fluorescent thermal
imaging method is discussed in this chapter from a technical point of view. In
particular, the measurement assembly, data acquisition and the measurement
protocol are introduced. This is then followed by measurement results of various
superconductor tapes that are analysed in detail, highlighting aspects such as the
normal zone propagation velocity, temperatures during a quench as well as the
effect of defects or special architectures in coated conductors. The purpose of the
introduced method is not merely to measure the NZPV in HTS tapes, but also
to provide a qualitative investigation of the quench and its propagation at a fine
temporal resolution. Hence this chapter focuses on previously not investigated or
not well-defined and understood aspects of quench in HTS.

4.1. Experiment description

Figure 4.1 shows a detailed cross-sectional view of the measurement setup used
for short sample measurement. The large, outer enclosure — originally a cryogenic
bath itself — was used for the sole purpose of blocking out ambient light. The
actual measurement cryostat, a double-walled, glass cryostat was placed inside
the larger assembly and housed the sample holder. The high-speed camera was
facing downwards in another, cylindrical cryostat (part of the larger cryogenic bath
assembly), and viewed the sample holder and the HTS tape through a mirror. The
excitation UV light was positioned outside the cryostat, close to the glass interface
and excited the sample at an oblique angle from a short distance, typically ~10 cm.
The glass cryostat was filled with liquid nitrogen and a short, dc current pulse was
applied across the sample. Then, at the same time, a high-speed recording was
taken together with electrical measurements of the sample. By using a magnetic
defect at the centre of the sample, the quench formation and development could
be directly observed in the recording. Finally, with the help of post-processing the
temperatures during a quench could be calculated and the heat propagation was
visualized.
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Camera cryostat
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Figure 4.1.: Cross-section view of the experimental assembly for HTS tape meas-
urements. A larger cryostat bath is used as an outer enclosure, holding
a double-walled glass cryostat, a submersible, cylindrical cryostat for
the high-speed camera as well as the camera itself.

4.1.1. Experimental setup

The first requirement for the fluorescent thermal imaging method was a cryostat to
cool down HTS samples to 77 K and simultaneously allow the transmission of both
visible and UV light. In previous experiments using the high-speed camera [105,
106], the large volume liquid nitrogen bath cryostat was used with a submersible
secondary cryostat hosting the high-speed camera (outer enclosure shown in
Figure 4.1). This method, however, made it difficult to position the UV LEDs such
that they would provide sufficient light intensity as required for recording speeds
in the order of several thousand frames per second. In this configuration, first the
UV light had to cross 40 cm to 50 cm of liquid nitrogen and then the emitted light
the same distance. This caused large attenuation in the recorded light intensity
and was hence deemed unfit for the purpose. Instead, a much smaller volume
glass cryostat was designed and manufactured at KIT. This was a 60 cm long
double-walled cryostat made with an inner diameter of 10 cm from borosilicate
glass, which allows transmission of UV light. The space between the inner and
outer wall was evacuated to form an insulation. The experimental layout shown
in Figure 4.1 allowed placing the UV light in close proximity of the cryostat (and
the HTS sample), which then made recordings at up to 9000 frames per second
possible.

From the beginning, efforts were made to reduce the natural boiling of liquid
nitrogen at atmospheric pressure, as to avoid optical artefacts in the recordings as
introduced in Chapter 3. Unfortunately, however, this could not be accomplished
to the full extent. The cryostat itself was not perfect and due to some impurities
(either material defect, such as a scratch, or introduced during manufacturing)

50



4.1. Experiment description

there was a nitrogen gas nucleation point at the bottom of the cryostat. This
caused a “jet of gas bubbles” to rise from the bottom of the cryostat and pass in
front of the HTS sample. The problem was (at least partially) resolved by placing
a semicircle-shaped Teflon sheet at the bottom of the sample holder, just below
the HTS sample, at a 45° angle as shown in Figure 4.2. This then deflected the
majority of the nitrogen gas bubbles rising from below the sample holder to one
side of the cryostat, away from the HTS tape sample at the centre. At the same
time, the UV LEDs were placed on the opposite side, relative to where the “gas
jet” was deflected to, such that the incoming UV excitation light would not get
time-dependent scattering before exciting the sample surface.

With time the evacuated space between the cryostat walls partially “lost” the
vacuum insulation and condensation on the outer glass surface became an increas-
ing problem due to humidity in the ambient air. This problem was mitigated by
applying a stream of room-temperature air at the surface of the glass cryostat to
prevent the moisture from condensing. Boiling in the cryostat could not be avoided
to full extent, which created distortions during the measurements, as it will be
seen in this chapter. As introduced previously in Chapter 3, these distortions
are time-dependent and hence cannot be cancelled out during post-processing.
Consequently, the quality of the recordings varied between measurements.

4.1.2. Sample preparation

The measured HTS samples were generally 150 mm long, from which the current
leads occupied a total of 2 x 15mm, leaving a visible area of 120 mm. After the
sample was coated with the fluorescent coating (as introduced in Chapter 3), it was
placed in the sample holder, shown in Figure 4.2. This consisted of a glass-fibre
reinforced plastic (G10) board with a copper current contact terminal at the top
and bottom. A cylindrically-shaped G10 disk, perpendicular to the sample holder
board, helped positioning the sample holder inside the cylindrical cryostat and
at the same time prevented it from moving. The HTS tape sample was placed
on the G10 board, which hosted a small hole with a 3mm x 5mm, cylindrical
magnetic defect at its centre. The purpose of the magnet was to locally reduce
the I. of the coated conductor and ensure that the quench nucleation happened
at a well-visible position. The top and bottom of the tape was clamped with the
copper current contacts, using a thin sheet of indium foil in between the surfaces,
which provided satisfactory contact characteristics at current pulses going above
800 A.

Most of the unobstructed length of the HTS was coated with the fluorescent layer,
which due to the PMMA matrix is electrically insulating. This made it difficult to
measure simultaneously the quench propagation from a thermal and electrical
perspective, especially if one does not want to obstruct the view with voltage taps.
For this reason, only a single pair of voltage taps was used, further apart, outside
of the coated region. The purpose was not to measure the NZPV, but simply to
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4. Quench propagation and analysis in HTS tapes

Figure 4.2.: Close-up of the sample holder showing a 12 mm stabilizer-free sample
placed at the centre with two voltage taps. The approximated length of
the surface with the fluorescent coating as well as the “boiling diverter”
are shown.

get an electrical feedback about the quench in the tape and the developed electric
tield. For measuring the voltages, flexible pogo pins were used.

On special requests from the FASTGRID project [107] and the company Oxolutia,
experiments were made with shorter sample lengths, however, such samples
proved to be challenging to measure. In particular, problems were encountered
with samples of 50 mm to 60 mm in length. In such cases, 2 x 15mm length of
current contacts would have reduced the usable, visible area to almost nothing.
To maximize the visible area, in some experiments the current leads were only
contacted over a length of 5mm to 10mm to allow for the voltage taps and
fluorescent measurement. Such a small contact area proved problematic and
often caused a burnout of the tape — or serious /. degradation — under the current
leads. This was especially the case with tapes using artificially increased surface
resistivity. It was found that for the measurements and for avoiding damage to
the tapes, a minimum sample length of 100 mm is advisable.

4.1.3. Measurement procedure

The aim of the investigation was to see the development of the quench and NZPV
in HTS tapes, preferably without destroying the samples. To have fine control over
the time domain of the measurements and to avoid heating due to continuous
currents, pulsed current measurements were used. Short — tens to hundreds of
milliseconds — direct current pulses were applied to HTS tapes and simultaneously
the voltage development across the tape was recorded, parallel to high-speed
fluorescent thermal imaging. The shape of current pulses was similar to that
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shown in Figure 4.3. The pulse duration and amplitude were both varied based on
the HTS tape’s characteristics, most importantly the I. and the tape architecture.
To avoid accidentally damaging the samples, commonly the pulsed measurements
started slightly below the I. of the sample and in subsequent measurements the
amplitude was gradually increased. When a quench was first observed, further
tests were carried out by adjusting both the amplitude and the duration and see
the effects.

It is the deposited energy, @), in the tape over the duration of a pulse (not to be
confused with the MQE) that causes heating and inevitably a quench, governed

by

tp tp
Q :/ Pdt:/ I-Vdt. 4.1)
0 0

Here P is the dissipated power and ¢, is the duration of the current pulse. From
experience, pulse durations close to /. of more than 50 ms have a high probab-
ility of permanently damaging non-stabilized tapes. As a consequence, most
conductors were commonly pulsed for approximately 10 ms. Tapes with metallic
stabilization are inherently more stable and can bypass more current over the
metallic shunt. In such tapes much longer pulses could be applied, on occasion
up to 300 ms, without damaging the tape. Nevertheless, several hundred milli-
second long pulses were already long enough for nitrogen gas bubbles to form
on the heating copper current contacts at the bottom of the measurement probe.
This caused nitrogen gas bubbles to rise upwards and severely distort the view
making the acquisition of useful data near impossible. For these reasons, in most
measurements — stabilized and non-stabilized tapes — shorter current pulses were
preferred close to and above the I, of the respective sample.

A particular pulse shape is shown in Figure 4.3b, used to quench tapes with an
even higher stability. The initial, larger current amplitude would trigger a quench,
and by rapidly dropping the current to a lower level, damaging the sample could
be avoided.

plateau peak
= 1 ; = plateau
v \ p L
= =)
s b =
o l o
time time

(a) (b)

Figure 4.3.: Direct current pulse shapes applied to HTS tapes. (a) shows a rectan-
gular current pulse. (b) shows a rectangular current pulse, with an
initial peak at a higher amplitude for a short duration.
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4. Quench propagation and analysis in HTS tapes

The rising and falling times of the current pulses were adjusted empirically to
be as fast as required. Determined from experimental results, the pulsed source
can deliver currents up to 850 A within ~1.4ms. For occasional higher currents a
rising time of ~2 ms was used. Trying to request the peak current faster than these
levels caused switching noise and occasional overshoot in the source. Dropping
the current at the end of the pulse was possible within ~200 ps, however, generally
the same rate was used as for the ramp up.

4.1.4. Data acquisition

Since the measurements were done using short current pulses, apart from high-
speed recordings, fast electrical data acquisition was also required. Figure 4.4
shows a simplified diagram of the data acquisition procedure. For the acquistion
of analogue signals an 18-bit NI USB 6289 data acquisition unit (DAQ) was used
with a maximum available sampling rate of 625kSs™ together with a Dewetron
amplifier using four DAQP-LV-B modules. The modules have an adjustable
amplification factor of up to 500-fold, which allowed fine-tuning the measurement
sensitivity versus range. The amplifier also served as a galvanic insulation between
the measured voltage signals and the data acquisition unit, protecting the DAQ
from potentially high voltage spikes. A LabVIEW software was used to pre-
generate a finite duration, digital current waveform, which was then scaled to a
voltage waveform and finally converted to an analogue output signal by the same
DAQ. The analogue voltage waveform was fed into a Heizinger pulsed current
supply with a maximum output current of 1650 A and a maximum voltage of
~10V. The current supply’s output followed the input voltage and hence the
requested current pulse was obtained.

\/VI—I
]pulse Vihunt
> Ve /H/ — | Amplifier 3 | DAQ |3 | LabVIEW
T » | HS camera
Trigger/Sync

Figure 4.4.: Data acquisition of various voltage signals in the pulsed quench meas-
urements.
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The start of the measurement was signalled by a transistor-to-transistor logic (TTL)
SYNC signal, which was fed to the pulsed current source using a serial connector.
Simultaneously, the SYNC signal was split off to trigger the high-speed camera
and was also fed into the data acquisition using coaxial cables. By electrically
recording the SYNC signal, the beginning of the recording could be matched with
the electrical measurements with the help of accurate time-stamping.

The DAQ recorded three channels: current through a shunt resistor inserted into
the circuit, voltage drop in the superconductor measured across two voltage
taps and the reference SYNC signal going to the high-speed camera. The data
acquisition speed was varied based on the pulse duration, generally speeds were
in the range of 10kSs™ to 30kSs™ per channel.

The UV LEDs were powered by an Aim TTi QL355P dc power supply with up
to their rated current of 700mA [101]. The LEDs were only turned on for the
short duration of the measurement and were turned off directly after a pulse was
applied.

4.2. Optical NZPV measurements

While in the state-of-the-art NZPV measurement method the arrival of electrical
signals is detected at precise distances, as explained in Chapter 2, in the case of
an optical measurement another criterion is necessary for determining the NZPV.
This section focuses on discussing the applicability of the method to determine
the NZPV from a thermal perspective, calculated purely from the recorded raw
fluorescent or the post-processed thermal images. A more detailed discussion of
quench formation and behaviour follows in Section 4.3.

In order to cross-check the normal zone propagation velocity, electrical measure-
ments from the group at Polytechnique Montréal, Canada were reported for a
range of HTS samples. This was then compared with fluorescent thermal imaging
measurements at KIT on either the same sample or a sample from the same batch
of conductor.

Unfortunately, in the different measurement setups and conditions, the tapes
were not always quenched exactly in the same way. Even though all efforts were
made to apply closely identical current pulses, both in amplitude and duration,
differences still existed.

4.2.1. Measurement method

To determine the normal zone propagation velocity, first the recorded images’
axes were converted into millimetre scale. This was done by comparing the
number of pixels along the width of the tape and using the number of pixel
per centimetre ratio to also plot the longitudinal axis. Using the new, metric
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4. Quench propagation and analysis in HTS tapes

scale, a thin grid overlay was plotted on top of the recording, using lines in
2mm distances. Then, the temperature scale was limited to the range 77K to
93K, using the critical temperature of REBCO superconductors! as the upper
boundary. Here the assumption was made that sections of the tape transited to
normal conducting state when the critical temperature is exceeded, compared
to an empirically selected critical electric field, as in the case of electrical NZPV
measurements. Finally, the processed image sequence was evaluated in each case
manually, where the “flight of the 93 K zone” was calculated at different time steps
starting from the first sign of appearance of the quench at the magnetic defect.

Figure 4.5 illustrates the calculation of the NZPV using the thermal imaging
method. The position of the magnetic defect is known on the recording and hence
the centre line from where the normal zone propagates x, as well. On a subsequent
image at time ¢ the propagation of the 93K zone can be observed upwards until
point xflp. From this, the NZPV was calculated as

. Agj ZL‘L — X9
NZPV: —=——"—-_"%° 4.2
WAL ti—ty (42)

where Az and At represent the spatial and temporal change in the propagation,
respectively. If a visible difference was observed in the travelled distance by the
normal zone in the opposite direction (downwards in this case), the NZPV was
calculated at a later time 7 4 1 as

] Al’ [L’i+1 _ xi
NZPVitl — =2 _ Zdown “down 4.3
down T A¢ tin — b 43

An actual example of a post-processed recording is shown in Figure 4.6, with
the visual aid of the overlaid gridlines in 2mm intervals. In this example the
centre line, where the normal zone started developing, was at zp = 42mm, as
measured from the upper part of the tape. The normal zone development itself
was first observed at approximately ¢, = 7 ms. Starting from this time and position,
Figure 4.6a indicates that the normal zone propagated 4 mm up and 4 mm down
from the nucleation point until the 12.57 ms mark. Then, an additional 2.57 ms
later in Figure 4.6b (absolute time of 15.14 ms), the normal zone travelled 6 mm in
both directions. By knowing both the elapsed time and distance travelled (with
respect to ¢y and z,, respectively), the NZPV was obtained using eq. 4.2 for the
tirst time step

0.004m B
NZPV = o 51957s —0.007s ~ V- 72ms (44)

LCommon values used for the 7. of HTS coated conductors is in the range of 90K to 93K [6, 48,
73,108, 109].
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Figure 4.5.: Normal zone propagation in HTS tapes showing the steady-state op-
eration at 77 K as well as two time instances after the appearance of a
normal zone. The red coloured area indicates the propagation of the
93 K front, used as a criterion for calculating the NZPV.

and eq. 4.3 for the second time step

0.002m 1
= = . . 4-
NZPV = 505 4s —0.01257s 2 oms (4.5)

Images processed in this manner are difficult to use for other purposes and hence
this post-processing was solely used as an intermediate step for calculating the
thermal NZPV. For general visualization purposes and observing the behaviour of
the quench the grid lines were not plotted.

It must be noted that — especially in the case of some 12 mm wide tapes — determ-
ining an accurate NZPV using the above described method became tedious. It
happened on occasion that the 93 K wave front did not propagate uniformly; one
side of the tape quenched more rapidly than the other side, for example. In such
situations it became difficult to determine if the tape really quenched or not or
to what extent. To avoid such problems, in the measurements the criterion was
further specified arbitrarily as “the furthest point of the 93 K zone”. Apart from
this, the boiling also severely distorted the measurements and the temperature
rises were on occasion so quick that defining a 93K wave front did not make a
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Raw frame Thermal image Raw frame Thermal image
0 0

Length, x/cm

12.57
Xup
12.57
i Xdown

Normal

zone
initiation
0 1
Width, w/cm Width, w/cm Width, w/cm Width, w/cm
(a) t =12.57ms (b) t =15.14 ms

Figure 4.6.: Example of a recording post-processed for calculating the normal zone
propagation velocity. (a) shows the normal zone at time 12.57 ms and
(b) at 15.14 ms. Both show the raw frame (left) and a thermal image
(right), with a scale boundaries between 77 K to 93 K. The red grid lines
are 2 mm apart and the arrows indicate the nucleation point (caused
by the magnetic defect) and the distance travelled by the quench in
the up- and downwards direction.

practical sense. This happened frequently in stabilizer-free tapes during a quench,
where the tape was locally often either at 77K or at some higher temperature,
above the measurement limit of 260 K of the thermal imaging method.

The method is further limited in measuring the NZPV in the case of copper-
stabilized HTS tapes under certain current conditions. Exceeding the critical
current of the tape caused on more than one occasion the current to transfer into
the copper shunt practically instantaneously. While this is the expected behaviour
and exact function of the shunt layer in the first place, in such situations the
HTS tapes heated almost uniformly over the length. On other occasions (mostly
stabilizer-free) tapes rapidly developed film boiling over the entire surface, which
then distorted the recording and as a consequence, no “thermal wave front” was
visible that would allow calculating the NZPV. This was also due to current bypass
into the thin silver layer, however due to the significantly lower heat capacity, the
layer quickly heated up and entered a film boiling regime (refer to Figure A.3 in
the Appendix). An alternative here can be the use of the boiling development
over the tape’s surface, however, it is unknown how this then compared to the
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4.2. Optical NZPV measurements

measured NZPV as described previously.

For these reasons, while with electrical NZPV measurements it is possible to
measure the quench propagation velocity at multiple current levels (even far
above the tape’s 1), this is most often not the case with the described thermal
imaging method.

4.2.2. Results and comparison

The results of the NZPV measurements are summarized in Table 4.1 together
with the relevant properties of the tapes, where the normal zone propagation
velocity could be reliably calculated from the thermal imaging as introduced.
The discussion about the results is subdivided into three main groups based on
the architecture of the tapes: stabilizer-free HTS tapes, HTS tapes with metallic
stabilization and HTS tapes with some form of special architecture.

HTS tapes without stabilization

Results of sample 1 from Theva showed a good correlation between the thermal
imaging and the electrical measurement. With the tape’s critical current in the
range of 600 A to 700 A, 650 A and 625 A pulses for a duration of 12 ms have both
recorded a normal zone propagation velocity of 5ms™.

Sample 2 was practically identical to sample 1, however, this was damaged during
the pulsed measurements at KIT. Here a 5-fold lower NZPV was measured at
merely 63 % of the critical current.

Sample 6 was a tape from SuperPower with only an Ag-layer. With a current pulse
amplitude of 158 A, an NZPV of 1.82ms™" was measured electrically. With the
thermal imaging method a normal zone propagation was only observed much
higher at 180 A (over 60 % above the critical current) with a mere 0.83 ms™. This
is about half that of the electrical measurement result and the exact reason is
unknown.

A similar mismatch was observed in the electrical and thermal measurement res-
ults of sample 7 from SuperPower. Pulsing the tape with 100 % of its critical current
resulted in an NZPV of 1.96 m s™! in the electrical measurement and only 0.17 ms™
in the thermal imaging. This constitutes an order of magnitude difference in the
two measurement methods.

Sample 4 from SuperPower was interesting, since while with the electrical meas-
urement method an NZPV was determined for a current pulse of 85 A as 0.3 m s
at this current level the tape did not show any signs of a quench when measured
at KIT. A quench was observed only at 115 A first with a normal zone propagation
velocity of 0.71ms™.
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4. Quench propagation and analysis in HTS tapes

HTS tapes with stabilization

Sample 3 was a Theva sample with a nickel-copper alloy as a stabilization. The
NZPV was measured as 0.5ms™ at both institutes when pulsed with 600 A (),
showing a close match between the two methods.

Sample 9 was a sample from SuperOx with a standard 20 pm copper stabilization.
Applying a current pulse 20 % above the tape’s I. resulted in an NZPV of 0.5ms™,
however, data from Montréal was unfortunately not available for this tape.

HTS tapes special architecture

Two tapes with special, current flow diverter architectures [110] were also meas-
ured (this type of tape architecture is introduced in greater detail in Section 4.3.3).
Sample 5 was prepared from a sample practically identical to sample 4 by the
group at Montréal. While the electrical NZPV measurement showed a quench
propagation speed of 3.3 ms™!, an over 7-fold improvement, with respect to sample
4, thermal imaging could not reliably determine an NZPV. In the measurements,
the tape quickly developed a boiling region over the entire surface and as a con-
sequence no travelling wave front was observed. It is believed, however, that
this is the sign of a considerably improved NZPV as previously discussed in
Section 4.2.1.

Another current flow diverter sample was prepared by Oxolutia with a novel
process using inkjet printing [111, 112]. A sample was measured successfully — for
the first time — at KIT for NZPV with the fluorescent thermal imaging method.
A speed of around 7.5ms™ was obtained at approximately 93 % of the critical
current. This sample is discussed in more detail in Section 4.3.
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4. Quench propagation and analysis in HTS tapes
4.3. Qualitative quench investigation

The promise of high-speed fluorescent thermal imaging is the additional, qualitat-
ive information provided about the quench development aside the capability of
calculating the NZPV. This aspect of quench is not often researched and therefore
constitutes the focus point of this section.

Here the samples 3, 4, 5, 8 and 9 from Table 4.1 are discussed in greater detail with
respect to the quench formation and development. Electrical measurements are
shown for different current pulses together with both thermal and raw fluorescent
images. These latter are often valuable in recordings where liquid nitrogen boiling
considerably distorted the image. In such cases, the quench formation is better
visible on the raw images than on the post-processed thermal images.

4.3.1. HTS tape without stabilisation

Here the electrical and thermal imaging results of a 4 mm wide, 120 mm long
HTS sample from SuperPower are presented on the example of sample 4. The
stabilizer-free sample had solely a 1.2 um thick Ag coating, making it ideal to
show a characteristic quench propagation of such a tape. The . of the sample was
85 A, however, at current pulses up to 110 A no quench was visible on the thermal
imaging. The first six current pulses in Figure 4.7 show clearly visible voltage
signals, but again, no quench on the thermal imaging. The pulse duration was
kept constant at 10 ms and the current amplitude was increased from 85 A to 110 A.
The absorbed energies were 1.53], 1.62], 1.71], 1.8], 1.87] and 1.98], respectively,
calculated from eq. 4.1. Electric fields of up to 9V m™ were recorded that are in
the range where the electrical signals are used for NZPV calculation.

10
— 85 A
Pulse 90 A
— 95 A
— 100 A
105 A
f — 110 A

Electric field, £/Vm™!
<

0 5 10 15 20
Time, t/ms

Figure 4.7.: Sample 4 pulsed with 85 A to 110 A, 10 ms long pulses. Clear voltage

signals are visible, however, the thermal imaging showed no signs of
a quench.
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4.3. Qualitative quench investigation

The current amplitude was increased further and a quench became first visible at
115 A (135% I.). As indicated in Figure 4.8a, on the thermal imaging the quench
is first visible at 12.65 ms where the measured electric field was 6.3V m™. The
extracted images in Figure 4.8b-4.8d show uniform quench propagation along
the width of the tape and eventually heating to beyond 260 K. Note the gradual
voltage development across the sample over the time of the pulse. Calculating
the total deposited energy based on eq. 4.1 results in 4.36 ], whereas the absorbed
energy until a visible quench was merely 0.57].

150 T 30

0
<t 100 ( - 20 >
= / R
g 75 - 15 =
& Quench 3=
6 50 visible - 10 E

25 1 J i -5 =
0 . . . — 0
0 5 10 15 20 25
Time, t/ms
(a)

Raw frame Raw frame

Thermal image

Raw frame

Thermal image

Thermal image

Temperature, T/K

(b) t =14.65ms (c)t =17.65ms (d) t =21.65ms

Figure 4.8.: Sample 4 pulsed with a 115 A, 12ms long pulse. (a) shows the applied
current pulse and the recorded electric field across the tape. (b)-(d)
show raw and thermal images corresponding to times indicated by
the black vertical lines in (a).
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4.3.2. HTS tapes with stabilisation
Theva tape with 100 um Cu-Ni

Sample number 3 was prepared by Theva, using a special, 100 pm copper-nickel
electrical shunt (refer to Table 4.1) and the measurements on this sample show well
the general behaviour of metal-stabilized tapes. In the following, three separate
measurements are discussed where different current pulses were applied and,
accordingly, the tape quenched in different ways. These were the following

e 700 A (~100% I.) for 12ms
e 900 A (130 % I.) for 12ms
e 600 A (~100% I.) for 100 ms.

The shortcomings of the thermal imaging method are clearly visible — as it often
happened with metal-stabilised samples — where the current bypass rapidly heated
up the tape surface and formed a film boiling layer. This layer then partially or
completely prevented obtaining temperatures over the surface, however, the raw
images still showed the general quench behaviour.

Figure 4.9 shows the sample’s behaviour when pulsed with the 700 A, 12ms
long pulse. Unfortunately, the quench is only visible on the raw images. Here a
uniformly propagating quench region is visible, starting at the magnetic defect’s
location. It is also clear that the quench has only propagated about ~0.5 cm in total
as shown in Figure 4.9d. The energy deposited into the tape was also calculated
according to eq. 4.1, which yielded 2.09].

The sample was subsequently pulsed with 900 A for the same 12 ms duration as
indicated in Figure 4.10a. At this current level, the voltage drop across the sample
became too high and the current source went into voltage limiting, causing a drop
in the output current. Nevertheless, after the initial quench zone formation at
the magnet’s position, several additional quench zones became visible, as shown
in Figure 4.10d. The appearance of multiple quench zones — here and in other
measurement as well — is hypothesised by the presence of material defects, causing
local drops in the tape’s J. and thereby facilitating further quench nucleation after
the initial transition began. The energy deposited in the tape during this pulse
was 19.64], over the same 12 ms pulse duration.

In a third measurement a lower, 600 A pulse was applied but for longer, 100 ms.
As shown in Figure 4.11a, the current source was yet again driven into voltage
limit and the current across the sample dropped. However, this time the sample
only quenched at the magnetic defect and the quench propagated from there.
No multiple quench zones were observed in this experiment and the thermal
imaging showed heating to over 260K, due to an overall deposited energy of
51.42]. This energy is over twice as much as in the previous experiment, however
it was absorbed over the duration of 100 ms.
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Figure 4.9.: Sample 3 pulsed with a 700 A, 12 ms long pulse. (a) shows the applied
current pulse and the recorded electric field across the tape. (b)-(d)
show raw and thermal images corresponding to times indicated by
the black vertical lines in (a).

The three measurements would seem to indicate that a current pulse close to the
I, of the conductor would create a quench at the weakest point in the tape, at
the magnetic defect in this case. If the pulse duration is short, the normal zone
simply does not have enough energy (or time) to propagate. Increasing the pulse
duration provides this additional energy and hence causes a propagating quench
zone. On the other hand, if a current pulse considerably above the tape’s critical
current were applied, quench zones appeared at all (hypothesised) defects in the
conductor and spread the energy out over the entire surface.
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Figure 4.10.: Sample 3 pulsed with a 900 A, 12 ms long pulse. (a) shows the applied
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current pulse and the recorded electric field across the tape. (b)-(d)
show raw and thermal images corresponding to times indicated by
the black vertical lines in (a). The red arrows indicate the quench
nucleation positions.
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Figure 4.11.: Sample 3 pulsed with a 600 A, 100 ms long pulse. (a) shows the ap-
plied current pulse and the recorded electric field across the tape.
(b)-(d) show raw and thermal images corresponding to times indic-
ated by the black vertical lines in (a).
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SuperOx tape with 20 um Cu

Similar behaviour was observed on sample 9 from SuperOx with a 20 um pure
copper stabilization. The tape was pulsed with

e 500 A (150 % I..) for 50 ms
e 700 A (210 % 1) for 12 ms.

Figure 4.12 shows the 500 A pulse applied to the tape for 50 ms. While initially
a small quench zone appeared, Figure 4.12b, quickly multiple quench zones
developed as shown in Figures 4.12c and 4.12d. This is again hypothesised to
happen since the tape was pulsed with a high, 1.5],, pulse. Due to the longer,
50 ms pulse duration all of the initiated quench zones began spreading and formed
a film boiling over the surface. This again indicates that current pulses above the
conductor’s critical current cause quench nucleation at several locations, possibly
material defects. Calculating the total energy deposited in the tape during the
pulse shows that 8.45 ] were absorbed.

In the second measurement the tape was pulsed with an even higher amplitude,
but for a shorter duration, 700 A for 12 ms. Here the deposited energy during the
pulse was 7.02], about 15 % less than in the previous measurement. However,
as shown in Figure 4.13, the tape behaved completely differently. Again, the
shortcoming of the thermal imaging method is obvious: it is impossible to obtain
temperatures during the quench as the heavy surface boiling completely distorts
the image. Regardless, the raw fluorescent images can be relied on. Only a
single quench zone appeared, and quickly thereafter the entire surface of the tape
developed a film boiling. It is furthermore interesting — although difficult to see on
static images — that even though the quench initially started at the magnetic defect,
it quickly distributed along the edges over the length of the tape and thereafter
formed the film boiling. Applying currents far above the critical current caused the
current to transfer rapidly in the metallic shunt, where due to its finite resistance
this heated up, and caused surface boiling over the entire surface of the tape,
distributing the energy.
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Figure 4.12.: Sample 9 pulsed with a 500 A, 50ms long pulse. (a) shows the ap-
plied current pulse and the recorded electric field across the tape. The
arrows show the point where the quench is first visible on the thermal
imaging recording and where multiple quench zones started form-
ing. (b)-(d) show raw and thermal images corresponding to times
indicated by the black vertical lines in (a). The red arrows indicate
the quench nucleation positions.
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Figure 4.13.: Sample 9 pulsed with a 700 A, 12ms long pulse. (a) shows the ap-
plied current pulse and the recorded electric field across the tape. The
arrows show the point where the quench is first visible on the thermal
imaging recording and where multiple quench zones started form-
ing. (b)-(d) show raw and thermal images corresponding to times
indicated by the black vertical lines in (a). The red arrows indicate
the quench development.
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4.3.3. Tapes with current flow diverter architecture

A special application of fluorescent thermal imaging can be the qualitative inspec-
tion of quench in HTS tapes with special or experimental architectures, aimed at
e.g. accelerating the NZPV. A so-called “current flow diverter” (CFD) architecture
was proposed by Lacroix et al. [110] with this exact purpose. The principle is that
by creating an area of high inter-facial resistance between the superconducting
layer and the upper silver stabilisation along the centre of the tape, see Figure 4.14b,
in case of a quench the current is forced to flow along the edges, a lower resistivity
path. The increased current density in this smaller area causes local heating and
propels the quench quickly along the edges.

An alternative implementation of the CFD architecture is called b-CFD [47], where
no high-resistivity buffer layer is necessary between the superconducting layer
and the Ag coating (Figure 4.14c). Instead, the thickness of the silver stabilization
on the surface of the tape (superconductor side) is reduced, and simultaneously
increased at the back (Hastelloy® side). Then by adding a thin conducting bypass
around the longitudinal edges of the tape (e.g. silver) the current during quench
can be forced to transfer via the edges to the bottom of the tape, a path with
lower resistance. This, in effect, achieves the same goal of accelerating the quench
propagation via the low heat capacity electrical conductor along the edges of the
tape.

il Silve
e EECO f ¢ ReBCO ’;
j—Buffer (b-CFD)

Substrate

Substrate Substrate

(a) Stabilizer-free HTS (b) HTS tape with CFD (c) HTS tape with b -
tape. layer. CFD architecture.

Figure 4.14.: Cross-section of various HTS tape architectures. Subfigure (a) shows a
common HTS tape, with uniform inter-facial resistance, (b) shows the
CFD architecture with an artificially increased inter-facial resistance
and (c) shows the b-CFD concept where the thickness of the Ag
stabilization is changed on the front- and back-side of the tape [47].
The arrows indicate current sharing paths.

Inkjet printed CFD

Oxolutia is a company based in Barcelona, Spain, developing a novel method
to introduce a CFD architecture in HTS tapes. Their patented approach [113]
is to use inkjet printing to apply a highly resistive interface layer between the
superconductor layer and the silver finish [111, 112]. A sample was prepared
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4. Quench propagation and analysis in HTS tapes

by Oxolutia, using a THEVA tape as a basis, with a 100 um thick substrate. On
top, 3.5 pm MgO and a 3.1 nm thick GDBCO layer were deposited. This was then
followed by inkjet printing a ~110 nm thick Y,O3 layer over 90 % of the width
(centred), leaving the sides uncovered. The tape was then stabilized by sputtering
1pm Ag on the surface. As a result, the tape edges have a low contact resistance
between the superconducting and the Ag layer. Simultaneously, the Y,Os-covered
part of the tape has a high interface resistance and achieves the CFD architecture
similarly as shown in Figure 4.14b. Several shorter, 6 cm, samples were prepared
with the above manufacturing method and were tested at KIT to determine both
the NZPV as well as to observe whether the tape behaves differently during
quench. Unfortunately, the high interface resistance — together with the short
length — caused problems when injecting current in the samples. Often the contact
resistance was either too high to force current in the sample with the available
current supply or on other occasions the superconductor layer burned out under
the current contacts. No reliable measurements could be done on such short
samples. The first successful measurement was carried out on a longer, 10cm
sample. The I, distribution of this sample was measured at the Institut de Ciencia
de Materials de Barcelona (ICMAB) using Hall Scan Probe Microscopy [114]. The
sample was found to have an /. of over 700 A in a magnetic field of 47.9 mT.

Since this was a prototype HTS sample without any metallic stabilization, 12 ms
current pulses were applied where the current amplitude was gradually increased.
The sample eventually did quench at a current amplitude of 650 A, see Figure 4.15a,
and a peak NZPV of 7.5 ms™! was measured. The reason it is referred to as “peak
NZPV” is since the current got limited in the sample at around 11 ms, after which
the quench propagation slowed down. The electric field appeared suddenly
across the sample and saturated the amplifier’s 1V range. However, because the
current across the sample dropped, the current source must have gone into voltage
limiting due to the high resistance across the sample, which happens at ~10V.
Over the distance of the voltage taps in this measurement, the electric field across
the sample was, at least, 179 Vm™'. The appearance of the voltage signal matched
exactly the visual appearance of a quench in the sample.

The sample also revealed an interestingly-shaped quench zone. Looking at Fig-
ure 4.15c a hot zone is visible around the centre of the tape, where the magnet
is located. In addition, two further quench zones are visible at either side of the
magnetic defect, at the edges of the tape. This could very well be caused by the
CFD architecture, where after the initial quench at the magnetic defect the current
was diverted to a lower resistivity region around the edges of the tape and caused
rapid heating. The sample was measured after the initial quench and no damage
to the superconducting layer was discovered. This would seem to indicate that
the prepared sample is on track to meet the requirements set forth by the FAST-
GRID project, aiming at developing HTS conductors that can withstand electric
fields beyond 100 V m™ without damage [107]. Further measurements on closely
identical samples are currently ongoing at collaborating institutes to measure the
NZPV electrically as well.
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Figure 4.15.: Sample 8 pulsed with a 650 A, 12 ms long pulse. (a) shows the applied
current pulse and the recorded electric field across the tape. (b)-(d)
show raw and thermal images corresponding to times indicated by
the black vertical lines in (a).
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CFD architecture at Polytechnique Montréal

The measurement results of sample 5 are shown in Figure 4.8. It was prepared at
Polytechnique Montréal with a CFD architecture [18] using a conductor similar to
sample 4 as a basis and sent to KIT for NZPV measurement and for comparing
results. Having an /. of 85 A, this tape was pulsed with 85 A for a duration of
8 ms, where an NZPV of ~2.2ms™! was measured at Polytechnique Montréal
(see Table 4.1). Reproducing the same pulse at KIT using high-speed fluorescent
thermal imaging did not yield the same results, however. While a clear electrical
quench signal was visible as shown in Figure 4.16a, the thermal images did not
capture a propagating quench zone. The only visible sign of the quench was the
rapid development of a thin film boiling over the entire surface of the tape.

This behaviour is similar to that observed in metal stabilized tapes as previously
discussed, where in the case of over-critical current pulses the current would divert
into the electrical shunt layer and cause a rapid film boiling layer development.
Here, however, there was no metallic shunt layer, only the standard 1.2 pm thick
Ag coating together with the CFD architecture. Regardless of this, no reasonable
NZPV value could be obtained for this tape with the thermal imaging method.

There is no clear explanation for the behaviour of this Ag tape. It is believed
based on the existing experimental data, however, that the CFD architecture
indeed forces the current to divert rapidly to the edges of the conductor, where it
encounters a low resistivity path. Here it can flow again across both the length of
the conductor and across the width of the superconductor face. This can result in
a rapid surface boiling and in an almost instant, simultaneous surface boiling as
opposed to a propagating zone, where the current can locally transfer from the
superconducting layer into the silver layer directly above it. The results indicate
that the CFD architecture does help distribute the heating over the tape’s length
and as a result it can be considered as a viable method for quench protection in
HTS coated conductors.
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Figure 4.16.: Sample 6 (with a CFD architecture added at Polytechnique
Montréal [18]) pulsed with a 85 A, 8 ms long pulse. (a) shows the
applied current pulse and the recorded electric field across the tape.
(b)-(d) show raw and thermal images corresponding to times indic-
ated by the black vertical lines in (a). The red arrows indicate the
quench development.
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4.4. Summary

4.4.1. NZPV calculation validation

This chapter demonstrated that the normal zone propagation velocity can be ob-
tained via the introduced thermal imaging method purely from the developed
temperatures over the surface of an HTS tape. While in electrical NZPV meas-
urements the quench propagation is calculated as the velocity of the developing
electric field, in the shown thermal imaging approach the quench was defined as
“the furthest point of the 93 K wave font”. Consequently, the velocity of this wave
front was calculated to determine the NZPV from a thermal perspective. Due to
the development of film boiling regions and the inherent differences compared to
the electrical NZPV measurement method, the shown thermal imaging cannot be
used to calculate an NZPV in every case. The method is most suited in this respect
to investigations until approximately 150 %]...

Measurement results on several HTS samples were presented with varying archi-
tecture in terms of substrate thickness, silver layer thickness as well as copper
stabilization. Unfortunately data was not always available from both electrical and
thermal imaging NZPV measurements and as a consequence the comparison is
sparse. Nevertheless, several measurements indicate a reasonable match between
the two NZPV measurement approaches, using different physical principles. For
two Theva tapes, one stabilizer-free and another with a copper-nickel shunt both
methods reported comparable NZPV values at closely identical current pulses. In
another Theva tape measurement the sample quenched at a lower current level
in the optical measurement and hence a lower NZPV was obtained. In general in
the case of not matching results, the thermal imaging tends to under-estimate the
NZPV reported by the electrical measurement method. Two such prominent ex-
ceptions were recorded as well, in stabilizer-free samples from SuperPower. These
have shown a rather large discrepancy in the results between the two methods
with a factor of 2 to 10 times slower NZPV measured by the thermal imaging. This
was expected to a certain extent as the heating is a consequence of a developed
electric field in the tape, and as such the temperature rise must lag a voltage signal.
Simultaneously, the discrepancies between the two methods were observed in
tapes with a critical current roughly half when compared to measurements where
the two methods reported similar results. Since losses (and therefore heating)
are proportional to the second power of the applied current, this may suggest
that the thermally and electrically measured NZPVs are similar at higher current
amplitudes due to the higher heating power during a quench. This also applies
to a lower current amplitude, where a lower electric field may develop faster,
followed by a slower heating due to a lower power dissipation.

Measuring the NZPV using fluorescent thermal imaging has its own limitations.
Obtaining an NZPV for different current levels was difficult, especially for cur-
rents significantly above the I. of the respective conductor. Using high current
amplitudes the current rapidly transfers to the metallic shunt (if present) and
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causes quasi-uniform heating over the entire observed surface, thereby preventing
the formation of a propagating normal zone to be observed. In stabilizer-free tapes,
on the other hand, a thin film boiling appeared over the entire surface at such
high current levels, which then distorted the view and prevented the calculation
of an NZPV. While the method is capable of reporting the normal zone propaga-
tion velocity in HTS tapes, it was not aimed primarily for this investigation. The
method furthermore requires considerable manual post-processing that cannot
be completely automated. As a result, while the thermal imaging method can
serve as a comparison for NZPV measurement, it is not intended to replace other
methods.

4.4.2. Effect of metallic stabilization

In Section 4.3.2 samples 3 and 9 with the 100 um Cu-Ni and the 20 pm pure copper
shunt, respectively, were discussed. It was shown that although the thickness
of the metallic stabilization, as well as the composition, were different, the tapes
quenched in a similar way with respect to the applied current pulse amplitude
and duration. This is not to say that the NZPV or the stability of the tapes is
independent of the metallic shunt thickness, rather that the qualitative appearance
of quenched zones was observed in both tapes in a similar fashion.

4.4.3. Electric field development

When comparing the electrical measurement results of the Oxolutia sample with
the CFD architecture from Figure 4.15a (sample 8) with that of e.g the SuperPower
sample shown in Figure 4.8 (sample 4), the difference in the voltage profiles
is immediately obvious. While the SuperPower sample developed the voltage
gradually over the duration of the pulse, the Oxolutia sample answered with a
step-like response to the applied current pulse. At the time of writing this was
the first successful measurement on such a tape architecture and as such there
was no data available from other institutes to confirm the reproducibility of the
quench behaviour. The most likely explanation is related to the the presence of the
high inter-facial resistance between the superconducting and the covering silver
layer. With a good electrical connection between these layers (in conventional
HTS tapes), as soon as the superconductor’s .J. is approached locally, a voltage
can be recorded across the tape. Using a highly resistive CFD layer presents a
barrier to current transfer into the silver layer, essentially forcing the current to
stay in the superconductor. This could then cause J.(7') to drop rapidly inside
the superconductor, due to a tiny, dissipative zone and consequently cause a high
electric field in accordance with the power law (Chapter 2). At a high enough
voltage then current sharing between silver and superconducting layer will take
place and cause rapid local heating. In the shown measurement the electric field
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became so high that the current source could not maintain the required voltage to
supply the requested 115 A.

Furthermore, on the example of the same SuperPower sample, shown in Figure 4.8,
one can see that a relatively high electric field of up to 9Vm™ was recorded,
however no quench was visible on the thermal imaging. Simultaneously, at this
“not quenched” current pulse of 110 A an energy of 1.98] was absorbed by the
tape. Then in the measurement where the tape did quench at 115 A, merely
0.57] was absorbed over the first ~7 ms of the pulse (until the appearance of the
quench) and the electric field was 6.3V m™. This proves the existing difficulty that
measuring an electric field over a longer distance does not necessarily give accurate
information about the development of a localized dissipative zone. In general,
a quench could be identified on the thermal images at an approximate electric
field of 5V m™, however, this was highly dependent on the distance between the
voltage taps.

On occasion, HTS tapes did burn out during measurement if the deposited energy
was too high or concentrated in a single point. In most situations a burnout could
be easily identified on the electrical signal, without inspecting the tape. In such
cases the resistance of the tape section measured in between the voltage taps
became too large, which resulted in a large, sharp voltage drop. As the maximum
voltage of the current supply is limited, the current would consequently fall to a
sustainable level. Such a measurement signal, especially with stabilizer-free tapes,
indicated that the sample (most likely) suffered permanent damage. Tapes with
sufficient metallic stabilization on the other hand may survive such a scenario due
to their increased heat capacity. It was therefore surprising to observe that in the
case of the Oxolutia sample (number 8) with the inkjet-printed CFD - despite the
lack of a metallic stabilization — the sample did not suffer any damage even though
the developed electric field was high enough to cause a drop in the supplied
current.

4.4.4. Types of quench development

As shown in previous measurements, a quench can behave in several different
ways. Probably the biggest distinction that can be made is how the quench spreads:
starting from a single point or appearing at several locations almost simultan-
eously. Unfortunately, it was not possible to measure the NZPV in the current
experimental setup simultaneously using both the optical and electrical methods.
However, since the NZPV of HTS is routinely measured at other institutes for a
range of current levels (including over-/.) most likely the voltage profile during
such a quench with multiple nucleation points is indistinguishable from that of a
“normal”, propagating quench zone. From the thermal images and results presen-
ted here, at the same time, it is clear that in such scenarios the heat distribution
happened vastly differently.
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As a conclusion, one can say that it is not only the deposited energy in the tape
that is important, but how or rather what type of current pulse was applied, and
consequently the rate at which the energy was deposited (heating power). It
is already known that the NZPV of HTS is higher at higher current levels with
respect to I. [16], however the qualitative formation of normal regions was not
investigated in detail so far.

N. Nguyen et al. [115] previously discovered non-homogeneous “banding” boiling
over HTS and also showed that currents far above the tape’s I. caused a more
homogeneous quench. Conclusions similar to this were drawn in this work as
well and these can be summarized as follows. At “low” powers, corresponding to
low amplitude current pulses, HTS tapes developed a single quench zone and de-
pending on the duration of the pulse this zone then propagated. At “intermediate”
heating rates, ~30 % to 50 % above the 1., coated conductors seemed to develop
several quench zones almost simultaneously that rapidly expanded and caused
heating and boiling of the coolant over the tape’s (almost entire) surface. Then at
even higher heating power and pulse amplitudes, the current transferred almost
instantly into the metallic shunt and caused Joule heating over the entire tape
surface.

This is an interesting phenomenon worth further experimental investigation. By
designing HTS tapes with shunt layers having optimal heat capacity and resistivity
characteristics, they can be fine-tuned for specific applications (e.g. superconduct-
ing fault current limiters). By adjusting these parameters, several simultaneous
quench zones could be caused at the same time and if the temperature rise is kept
in control, the tape could be held in the nucleate boiling regime with optimal heat
transfer conditions (refer to Appendix, Figure A.3). In the current understanding,
a quench nucleates in an HTS at a single point and spreads with a given NZPV
along the length. This is supported by the standard electric NZPV measurements.
In light of the appearance of multiple quench zones presented in this work as
well, the quench and NZPV may not be defined as straightforward as previously
thought. Although the NZPV of HTS tapes is undoubtedly not fast enough, by
the appearance of multiple quench nucleatlion points, the energy could still be
distributed and a thermal runaway prevented.
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5. Fluorescent thermal imaging of
HTS pancake coils

Previous chapters described the working principles of the fluorescent thermal
imaging method when combined with high-speed recordings and also showed
its application in quench investigation and NZPV measurement of single HTS
tapes. This chapter shows the application of the method on the example of two
distinct pancake coils wound from 2G HTS tapes: a conventional insulated and a
non-insulated coil. The chapter details the design and preparation of the coils as
well as the experimental setup, sets the aims for their measurement and gives a
comparison on their final performance and behaviour in operation.

5.1. Experimental objectives

The stability and quench aspects of HTS coils were introduced previously in
Chapter 2. As a proof of concept, fluorescent thermal imaging was implemented
for measuring two HTS pancake coils, wound with different winding techniques.
The first coil was a conventional insulated coil, whereas the second coil was wound
without any turn-to-turn insulation.

Both coils have their own benefits and drawbacks and the aim of the investigation
was to observe the coils during operation from a thermal and electrical perspective.
Such a thermal imaging on insulated or NI coils was not carried out in the past
and was not commonly available using state-of-the-art measurement methods.
With the thermal imaging possible weak spots can be detected in the coil, coming
either from design, material defects or simply due to exceeding the critical current
of the coil locally due to some disturbance.

5.2. Electro-magnetic model

A number of numerical models exist using finite element modelling (FEM) and
finite difference modelling (FDM) as well as equivalent circuit models [73, 86,
116-120] for simulating the behaviour and calculating the critical current of super-
conducting pancake coils including NI coils.
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The development and simulation of a complete coil was beyond the scope of this
work, however, FEM was used as initial analysis to determine the expected critical
current, magnetic field as well as inductance and stored energy in the coils. A 2D
axisymmetric, magneto-static model of the coil was created in the commercial,
finite element method COMSOL Multiphysics 5.4 software, using the modified
load line method [121]. It was implemented using COMSOL’s magnetic field
module, which uses the magnetic vector potential A as a state variable and the
governing equations are

J=VxH (5.1)
B=VxA (5.2)
J =0E. (5.3)

In the model the HTS windings were simulated as homogenized superconducting
domains of concentric rings as shown in Figure 5.1.

The FEM model takes the electrical conductivity o, as input parameter, which
was defined using the power law from e.q. 2.3. Furthermore, to avoid numerical
instabilities — such as infinite or zero electrical conductivity — the final electrical
conductivity of the superconducting domains was defined as
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Figure 5.1.: (a) shows a cross-section view of the coil turns and the air domain
around it, where r is axis of symmetry. (b) shows a zoomed view of the
of the coil geometry as highlighted by the red rectangle in (a), where
each thin strip represents a turn of the pancake coil.

82



5.2. Electro-magnetic model

1
Je(B.0) ( |£] o +o ifose <o
O = ’ E’ Ec norm sc max (5 4)
Omax; otherwise.

Here E. = 1 x 10*Vm ™, 0porm = 1 x 10°Sm™! is the normal state conductivity
and oo = 1 x 10 Sm™! is an artificial maximum limit for the conductivity of
the superconductor. For simplification, adiabatic conditions were assumed at a
temperature of 77 K. To simulate the magnetic field distribution around the coil
an air domain was used as an approximation to the pure nitrogen environment in
the planned experimental assembly:.

The superconducting domain’s critical current was modelled using as input the
measured (B, ©) characteristic, as shown in Figure 5.2 [122]. The n-value was
also available for various background fields and angles and was consequently
applied in the model as n(B, ©) (see Figure A.4 [122]).

5.2.1. Non-insulated coil

In the case of the NI coil, the current density may vary among the turns as current
can bypass between them. Ignoring the resistive heating effects of such a bypass,
a solution is sought where

J(z,y) = Je(z,y)(B,0). (5.5)
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Figure 5.2.: Dependence of the critical current on the orientation and amplitude of

the applied magnetic field in a the 4 mm-wide SCS 4050AP HTS tape
used in the coils at 77 K [122, 123].
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The critical current of the coil was then calculated by integrating the current
density over all individual turns and finding the minimum

I min = min/JC(B,@)dAt, (5.6)

nt

and mean

I mean = mean/JC(B, ©)d A, (5.7)

nt

values. Here n, represents a given turn number and A, is the cross-section area of
a tape. When applying J.(B, ©) as driving current to the NI coil, the minimum
value of the surface integral current was 52.7 A whereas the mean value was 73.1 A.
These are 93 % and 109 % of the experimentally obtained critical current of 57 A
and 67 A (using the 0.1 pVem™ and 1 pV em™), respectively (see Table 5.1).

5.2.2. Insulated coil

In the insulated coil additional boundary conditions were necessary to restrict the
overall current in each turn to equality. In the first approach, the conductor was
homogenized with the additional thickness of the Kapton® insulation, resulting
in a total thickness of 210 um. In the second approach, both the HTS tape and the
insulation were modelled, with the electrical conductivity of the insulator layer
set to zero. To restrict current flow between turns in the homogenized approach

n-Jo =0, (5.8)

the boundaries were insulated electrically

olo =0, (5.9)

where (2 denotes the boundary of the superconducting domains.

To find the critical current of the insulated coil with the given boundary conditions,
a parametric sweep simulation was carried out, by applying uniform current from
0 A to 80 A to each turn of the coil. At each step the minimal critical current in the
coil was calculated according to

DuPont™and Kapton® are trademarks or registered trademarks of E.I. du Pont de Nemours
and Company.
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Lot = / J(B,©)dA,. (5.10)

it

By plotting the calculated critical current as a function of the applied current, the
critical current of the coil was obtained at the point that satisfies e.q 5.5.

Figure 5.3 shows the results of the simulation searching for the coil’s critical current
in steps of 1 A. The critical current line represents the limiting critical current of
the coil, when supplied with a corresponding applied current, I.(B(ypp), ©). The
intersection of the critical current and applied current line indicates the critical
current of the coil as 74.5 A, representing a 3.5 % overshoot compared to the
measured valued of 72 A (using the 1 uV em™ criterion).

5.2.3. Coil parameters

The magnetic field distribution around the cross-section of the coils is shown in
Figure 5.4. To compare this with measurement results, the calculated magnetic
field strength at position z,y = (0,0.004) (location of the Arepoc Hall-effect sensor
in the experiments) is plotted in the critical current measurements of the coils in
Figure 5.15 and Figure 5.30 in Section 5.4 and Section 5.5. The calculated field
strength of 250 mT to 260 mT at this point matches measurement results at currents
corresponding to the simulated data, within error limits obtained in the /..
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Figure 5.3.: Critical current search results using FEM simulation in the insulated
coil. The curve shows the critical current of the coil as a function of
the magnetic field, generated by the applied current as shown by the
dashed line. The intersection of the two curves indicates the critical
current of the coil.

85



5. Fluorescent thermal imaging of HTS pancake coils

40

g 0.40 &
z 30 0.35
£ 0.30
920 0.25 E
Z 0.20 o
< 10 0.15 &
= 0.10 &
0.05 <

P

0 0.00
40 50 60
Width, z/mm Width, z/mm
(a) Insulated coil (b) Non-insulated coil

Figure 5.4.: 2D magnetic field distribution over the cross-section of (a) the NI-coil
and (b) the insulated coil. The y-axes represent the axis of symmetry.

The stored energy of the coil e in the FEM model was calculated as the integral

of the magnetic field
1
coil = 5 /// B - Hdv. (5.11)

From this then the coil inductance was obtained using

o 26coil

L="5" (5.12)

at the critical current of the coil, as calculated from the model.

A summary of the calculated values together with design parameters of the coil
are presented in Table 5.1.

5.3. Coil preparation

This section discusses the main considerations in designing and building the
experiment and winding the coils, focusing on the aspects of:

e Cryostat: cool the coil to 77 K, but avoid boiling liquid nitrogen.
e Design: suitable proof-of-concept coil while keeping its surface unobstructed.

e Coil winding: make sure the tapes are aligned and that sufficient tension
is kept during winding. Co-winding with Kapton® to achieve an insulated
coil.

Electrical joints and instrumentation: properly solder electrical joints.

Fluorescent coating: apply fluorescent coating to the coil’s surface.
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5.3. Coil preparation

Table 5.1.: Specifications and properties of the NI and insulated coils, wound
from SuperPower SCS4050 AP tape. T At 77K, self-field. * Using the
0.1V em™ criterion. ® Using the 1 pV em™ criterion. © Calculated value.
! Represents the “ideal” field coefficient calculated from the maximum
magnetic field and current.

Parameter Symbol Unit  Non-insulated Insulated
Number of turns N; - 157 157
Tape width Wiape mm 4 4
Inner and outer diameter i, To mm 30 and 85 30 and 97
Tape length ltape m 28 31
Tape thickness ttape pm 163 163
Coil mass Meoil g 334.78 270.08
Tape critical current f I, tape A 141 141
Coil critical current 2 I, coil A 57 65
Coil critical current T P I, coil A 67 72
Coil critical current ' © I coil A 52.7 and 73.1 74.5
Inductance L mH 1.38 1.49
Inductance © L mH 1.1 1.49
Discharge time constant Tdown ms 610 -
Field coefficient ¥ k mT A™! 3.98 3.6
Stored energy ecoil (at 1) ] 2.48 4.12

5.3.1. Cryostat

To avoid complex and expensive vacuum and cryocooler setups with optical
windows — and since the aim was to test the coil only at 77K — an in-house, 2-
component cryostat was constructed. An aluminium container was placed inside
a polystyrene container and the space between the two was filled up with liquid
nitrogen, as shown in Figure 5.5. The coil was then placed in the aluminium box
and a good thermal contact was made between the two with the help of a thin
layer of thermal paste. This allowed the coil to be conduction-cooled to 77K via
the aluminium container’s walls. The remainder space in the containers was filled
with the evaporated, cold nitrogen gas, providing a cold and clear atmosphere,
ideal for the optical measurement. The high-speed camera was then positioned
above the setup and lowered close to the coil inside a separate optical cryostat that
kept the camera at room temperature. The UV excitation light was also placed in
the camera’s cryostat, facing downwards. The setup was finally surrounded by
multi-layer insulation from the top to prevent radiation heat loads, air movement
and mixing with the cold nitrogen gas as well as to block out any ambient light that
would interfere with the optical measurement. The result was a conduction-cooled
coil in a pure, cold, nitrogen atmosphere, where the continuous boil-off of liquid
nitrogen provided a flow of cold gas keeping the atmospheric moisture out of the
assembly. Cooling the coil from ambient temperature to 77 K was possible within
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5. Fluorescent thermal imaging of HTS pancake coils

30min as shown in Figure 5.6. However, to achieve complete thermal equilibrium
in both the entire assembly as well as in the measurement devices, the coil was
cooled for up to 3 h before the measurements started.

5.3.2. Coil design

The coil design was governed by the need of a large, optically visible area during
the measurement to be thermally imaged. Hence the inner coil former diameter
was made as small as possible while the outer diameter as large as possible,

1. Pancake coil
2. Polystyrene container
3. Aluminium contaner

4. Liquid nitrogen

5. Nitrogen gas

40 cm

6. Camera cryostat

7. Multi-layer insulation

8. UV LED array

50 cm

Figure 5.5.: Cross-section drawing of the coil measurement assembly. The coil is
fixed with thermal paste at the bottom of the aluminium container and
excited by the UV LEDs from inside a separate cryostat housing the
high.speed camera. Radiation heat load and ambient light are blocked
by sheets of multi-layer insulation.
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Figure 5.6.: Temperature profile of the two current leads and the coil former when
cooling the coil in the conduction-cooled assembly to 77 K. The dashed
line indicates the liquid nitrogen temperature at atmospheric pressure.
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5.3. Coil preparation

keeping in mind the length of superconducting tape required and minimum
bending diameter of the HTS tape [124]. As previously seen in Chapter 4 the
boiling of liquid nitrogen severely impacts the recording quality and therefore it
had to be avoided. As a consequence, the coil had to be conduction-cooled and the
current leads had to be designed in a way not to obstruct the view of the coil.

Considering these aspects, a copper cylinder with a diameter of 30 mm and a
height of 6 mm was prepared and served as the first current lead or contact. The
cylinder was equipped with a slit from the outside until its centre line, where a
4mm deep, M6 drill hole was present. To fix the HTS tape to the cylinder, the
coated conductor was inserted into the slit in the cylinder and pushed into the
centre hole. Here an M6 bolt with a vertical slit was pushed down onto the tape,
which was then fixed by turning the bolt. This pulled in a portion of the tape and
kept it mechanically stable for the first few turns of the winding. The bottom part
of the same copper former had a 12 mm wide and ~0.5 mm deep groove where
a 12mm HTS tape was soldered to provide the first current lead. This is shown
in Figure 5.7. The outer diameter of the coil was fixed at 85 mm, which required
about 30 m of HTS tape and was constrained by availability.

At the bottom and around the copper former, a “c-shaped”, 2mm thick copper
disk provided mechanical and cooling support for the coil. This copper disk had a
30mm hole at the centre — matching the diameter of the copper cylinder — as well
as a 12mm wide slit in one direction to allow space for the HTS current lead. In
the final assembly, the copper disk is insulated from the HTS current lead and the
windings of the coil. The last two turns of the coil were soldered together, purely
for mechanical reasons. The last turn of the winding was left to be ~20 cm longer
to be used as the second current lead.

f

e

*e iR
[k ¥

1
|

Soldered contact

Figure 5.7.: The back-side of the coil showing the 12 mm-wide HTS current lead
as well as the coil innermost windings soldered to the coil former.
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The current contacts were two copper blocks with a multi-contact plug attached to
them using an M8 thread and insulated from the aluminium container via a sheet
of Kapton® foil. These were clamping the HTS leads about 20 cm away from the
coil using a thin sheet of indium between the HTS surface and the copper block.
In the experiments it was found that by thermally anchoring the current leads in
the liquid nitrogen bath, the temperature of the current contacts did not rise above
78.5 K when applying current up to 74 A.

The insulated coil was designed according to the same specification and principles
as the NI coil, however, due to the additional thickness of the electrical insulation,
the coil parameters for an insulated coil could not be kept the same as those of the
NI coil. It was decided to keep the number of turns constant. As a consequence,
the inductance of the coil as well as the peak magnetic field and limiting critical
current are slightly different. Due to the added thickness of the Kapton® tape, the
coil outer diameter was 97 mm compared to 85 mm for the NI coil.

The winding was done exactly the same as in the case of the NI coil, with the
only difference that the turns were insulated from one another by a 4 mm wide
and 50 um thick Kapton® sheet. The instrumentation of the coil was done using
the same voltage taps, Hall-sensor, the same current leads (including the Pt100
temperature sensors) and a new Pt100 temperature sensor for the centre of the
coil, since this was bonded to the copper cylinder using X60, two-component
adhesive.

5.3.3. Coil winding

For both coils, SuperPower, SCS4050 AP tape was used with a width of 4.1 mm
and an effective thickness of about 163 pm, as governed by availability at our
lab. Although the specifications of the tape state 40 um copper stabilization on
either side, the effective thickness of the copper layer is considerably thicker at
some positions, as shown in Figure 5.8. Based on the dimensions of 30 mm inner
diameter and 85 mm outer diameter, this resulted in a total of 157 windings.

The coil was wound using the copper cylinder as a former (or target) and a spool of
the HTS tape on a source spool. Both were placed in level with one another to keep
a consistent winding profile. To further keep the tape in position, a cylindrical

[(2) Lange 130,37 umj

(4) Lange 141,11 ym — - o f

130.37 pym
Width: 4115.97 ym 500 pm

Figure 5.8.: Cross-section microscopy image of a SuperPower SCS4050 AP tape
used for winding the coils [125].
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5.3. Coil preparation

nylon roll with a 4 mm groove around its circumference was used to guide the
tape and smooth out any up/down swings resulting from the uneven alignment
of the tape on the source spool. Pictures of the winding assembly illustrating the
winding of the insulated coil are shown in Figure 5.9 and Figure 5.10.

Both the target coil and the source spool had a dc motor, the first for controlling
the winding speed and direction and the latter for keeping tension in the tape by
applying a constant torque. The dc stepper motor of the target coil was speed
controlled by a LabVIEW software and the motor of the source spool was keeping
tension in the tape, proportional to the applied current. The tape was aligned
during the winding such that it was continuously, yet barely, touching the bottom
copper disk and the result was a coil with a perfectly flat surface and a bottom
flushed to the copper disk. This is shown in Figure 5.10a and the finished coil with
an even surface in Figure 5.10b. Such an even surface was highly desired for an
easier coating application.

Jo et al. reported the effects of winding tension and correlated /. reduction on layer-
wound coils [126]. They found that coils wound with 4.9N to 78.4 N maintained
constant ~90 % of the short sample I. of the conductor. However, they went as
far as 107.8 N, where considerable /. reduction was already present. Although
literature also suggests that higher winding tensions are possible, Kim et al. used
1kg [74] and Yanagisawa et al. [127] 0.5 kg for winding a layer-wound coil and
Jeon et al. [79] used 40 N. Initial experiments with 4 mm wide pure copper tape
indicated that higher tensions tend to strain the tape either on the top or along the
bottom edge during winding. As a consequence, considering winding tensions
reported in the literature and the need to avoid any possibility of damage, a
relatively low winding tension of 2 kg to 2.5 kg was used.

5.3.4. Electrical joints

To provide good electrical contact and also to avoid high temperatures, a low
melting point In-Ag (97 %-3 %) solder was used for all of the electrical joints. The
melting temperature of this solder is 123 °C, which is below the temperatures that
would permanently damage HTS coated conductors [128]. The soldering in all
cases was done by first applying Spirflux 330® to the copper surface of the HTS
tape or the copper former.

First, the copper cylinder was heated up and pre-tinned over the surfaces where
the 12mm HTS and the 4mm HTS winding would later join. The 12 mm HTS
current lead was also pre-tinned and soldered to the copper cylinder using a
soldering iron. At this point the copper former — together with the soldered HTS
current lead — was fixed on the winding setup. The 4 mm HTS tape was attached
to the centre of the former and was pre-tinned over the length of the first winding.
A 3mm wide In-Ag soldering tape was placed in between the copper former and
the HTS coated conductor and the first few turns were wound to apply tension,
similarly as shown in Figure 5.10a. The soldering at this point was done using
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5. Fluorescent thermal imaging of HTS pancake coils

Figure 5.9.: Picture of the winding machine assembly, highlighting: (1) the source
spool of the 4mm HTS tape, (2) the spool of Kapton® being co-wound
with the HTS tape and (3) the target coil. Both tapes were passed

through a nylon cylinder (4) to keep them aligned during winding.

=

(a) (b)

(c) (d)

Figure 5.10.: (a) A coil being wound onto the 30 mm former, showing c-shaped
cooling plate as well. (b) The finished coil on the winding setup
with the soldered outer joint. (c) A close-up picture of the Kapton®
co-winding with the HTS tape. (d) A small material defect on one
of the insulated coil’s outer windings. The point defect is later also
visible in the finished coil.
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5.3. Coil preparation

a hot air blower until the soldering tape had visibly melted between the two
surfaces.

The outer two turns were soldered in a similar way and the result is partially
visible in Figure 5.9. Both the outer surface of the second last turn and the inner
and outer surfaces of the last turn were pre-tinned. Again a 3mm wide In-Ag
soldering strip was used between the turns, however in this case instead of a hot
air blower a soldering iron was used. Going around the coil in the direction of
the winding, the tape was heated until the solder melted between the outer two
turns. This method allowed a good mechanical contact between the two last turns
and avoided heating up the entire coil for soldering only a small section. Note
that this also means that in the insulated coil, the last two turns are practically
non-insulated as well.

The joint resistance was measured at current levels of 40 A and 50 A for both
the insulated and non-insulated coils using a nanovoltmeter and was found to
be approximately 200n(2 and 600nS?2, respectively. At these current levels the
superconducting transition was not yet observable, but the higher current allowed
measuring a voltage above the noise limit.

5.3.5. Coil instrumentation

A picture of the finished NI coil is shown in Figure 5.11 where the temperature
sensors, voltage taps and the magnetic field sensor are shown. During measure-
ments three temperatures were recorded: the two current leads each with a Pt100
temperature sensor embedded in the copper blocks and the central copper former.
This latter had a 1.5 mm x 1.5mm x 20 mm groove that allowed inserting a Pt100
temperature sensor. The sensors in the current leads were thermally bonded using
silicone paste and fixed to the copper blocks by zip-ties. The sensor in the coil
former was fixed in the groove using fast-drying, methyl methacrylate based X60
glue. This served as both mechanical support as well as thermal bonding. For
measuring the axial magnetic flux density B, an Arepoc hall-effect sensor, with
99.8mV T™!, was fixed with double-sided duct tape at the centre of the copper
cylinder, just above the M6 drill hole. To avoid any distortion and additional
unknowns in the coil, only a single pair of voltage taps were used, outside of the
coil. These were soldered with In-Ag solder to the HTS current leads a few cm
away from the coil. As a consequence, the voltage signal measured across the coil
includes two resistive joints. First, between the 12 mm HTS current lead and the
copper cylinder, and second, between the copper cylinder and the 4 mm windings
of the coil. However, this resistance was measured to be insignificant for any
practical purpose in this work.

The measurement devices used were closely identical to that described in Chapter 4
with the difference that for the coil several additional data acquisition channels
were used, including a parallel-connected nanovoltmeter measuring the voltage
drop across the coil. The Dewetron amplifier was used for four channels: current
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Thermal image

Current Lead A Pt100 sensor

Current Lead B S

Figure 5.11.: HTS non-insulated coil placed in the aluminium box and insulated
from the bottom via Kapton® sheet. Three Pt100 temperature sensors,
a pair of voltage taps, a Hall-effect magnetic field sensor as well as
the area covered by the fluorescent coating are indicated by the white
arrows. The black, dashed rectangle indicates the boundaries of the
area recorded by the camera, in the same orientation as presented
later in thermal images.

across an electrical shunt resistor, voltage drop across the coil, camera trigger
signal reference and the magnetic field from the Hall sensor. In addition, three
Dataforth SCM5B40/41 amplifier modules were used to acquire data from the
Pt100 temperature sensors. All channels, except for the nanovoltmeter, were
acquired using the NI USB 6289 DAQ.

In the case of the NI coil it was found that the Heizinger current source, used
also for the pulsed HTS tape measurements, was accurate enough to carry out
the experiments, despite the presence of some current ripples. These were mostly
“filtered” by the RL characteristics of the coil. In the case of the insulated coil,
however, even the smallest fluctuations in current caused large inductive voltage
responses and hence made accurate measurements impossible. Therefore a more
accurate, Cryogenic SMS120C, magnet ramping source was used that was spe-
cifically designed for inductive loads. The available ramping rates were slightly
different for this power supply, with the maximum being 12 As™".

The insulated coil — after measured for various ramping rates — was retrofitted
with a 5 resistor (at 77 K) to be used as a local heater and test the coil’s stability,
shown in Figure 5.12. The same X60 glue was used as for the Pt100 temperature
sensor at the centre of the coil and it was positioned approximately 1cm away
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5.3. Coil preparation

Figure 5.12.: A 5 resistor retrofitted and used as a heater on the surface of the
insulated coil.

from the coil former, opposite to the side of the HTS current lead. The heater was
deliberately positioned in the “body” of the coil, to allow the observation of heat
flux, not necessarily at the centre of the coil.

5.3.6. Fluorescent coating

To observe local heating, the coil’s surface was covered with the EuTFC-based
fluorescent coating. Several tries were made including an airbrush and using a
traditional paint brush to apply the coating to the coil’s surface, however the result
in all cases was not satisfactory as the coating became either too thin or highly
non-uniform. For example, using an airbrush proved to be difficult twofold: first,
the coating has no colour and therefore it was difficult to see which part was coated
already and how uniformly. Second, applying a successive layer over a coated area
to improve the coating thickness is not feasible, as the acetone from the coating
would dissolve any already existing coating. The only solution seemed to be the
use of a single layer coating rapidly sprayed over the entire surface. However, due
to the highly diluted coating solution, this method was not applicable and yielded
poor results.

It was found that the same droplet coating method, as used when measuring
single HTS tapes as described in Chapter 4 [129], worked best for the HTS coils as
well and provided a sufficiently thick and uniform coating for the measurements.
Figure 5.13 shows the quality of the final coating, where bright parts indicate
either a higher optical reflectivity (e.g. copper surface) or a thicker fluorescent
coating, whereas darker parts indicate a thinner fluorescent layer. Most of these
optical artefacts were cancelled out during post-processing.

The initial concern with this method — applied to a pancake coil — was the possibil-
ity of the acetone-PMMA solution entering the space between the windings and
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(a) Insulated coil (b) Non-insulated coil

Figure 5.13.: Raw fluorescent image of (a) the insulated coil and (b) the NI coil.
The image of the insulated coil already shows a retrofit resistor used
as a heater.

forming an insulation at certain positions. However, in lack of a better approach
for applying the coating and given the tight coil winding it was still adopted
and no related problems were encountered later on. Nevertheless the coating
was significantly more difficult that the coating of single HTS tapes. In the case
of the NI coil, the coating did remain mostly on the surface, even if some of it
entered in between the turns. With the insulated coil, however, problems were
encountered due to the slight height difference between the HTS tape and the
Kapton® co-winding. These two have effectively created a spiral-shaped groove
on the surface of the coil. When applying the liquid coating these grooves hindered
the distribution and caused highly non-uniform light intensity over the surface
as shown in Figure 5.14. Increasing the amount of coating applied to the surface
did not help as described above on the example of the air brush and at the same
time caused more coating to disappear in between the turns. For a satisfactory
coating it was found that instead of applying precise droplets continuously over
the coil (inherently resulting in non-uniform coating) applying the coating from a
larger height of 10 cm to 20 cm was more appropriate. This allowed the droplets to
splash in a larger radius and self-distribute better over the surface while avoiding
excessive coating solution build-up.

The high-speed camera, despite used at several thousand fps to measure quench
in single HTS tapes (refer to Chapter 4, [129]), was used at the slowest speed
setting of 50 fps, which was found sufficient for measuring the heating in the coils.
Depending on the position of the coil and the camera, this allowed an approximate
recording time of about 10 min to 12 min per experiment. In the post-processing
stage the recordings were generally averaged over 200 ms to reduce noise, without
any loss of information about the transient effects.
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Figure 5.14.: (a) shows the NI coil’s surface completely covered with the coating
solution. In (b) the fluorescent emission from the coating shows a
strong non-uniformity and partially missing spots.

5.4. Non-insulated coil measurement results

5.4.1. Critical current

The coil was initially measured in liquid nitrogen to safely determine the operating
margins. Figure 5.15 shows the results of this /. measurement, where using the
0.1uVem™ and 1V em™! criterion the critical currents were determined as 57 A
and 67 A, respectively. The magnetic field development, as simulated by the FEM
model, shows a lower expected field than experimentally measured. This is due
to the difference in current densities in the model and experiment as shown on
the calculated I, values in Table 5.1. After concluding all experiments presented
in this section, another I, measurement was performed to check whether the coil
was damaged in any way. It was found that the critical current of the coil did not
degrade in any measurable quantity.

5.4.2. Turn-to-turn resistance

The importance of the turn-to-turn contact resistivity in NI coils was introduced
previously in Chapter 2. By knowing the winding tension, R. can be calculated
from eq. 2.17 provided that measured data is available for R. In this case one
must assume that the initial measurements are accurate enough as well as that
the winding tension is constant during winding. For measuring the turn-to-turn
contact resistivity, the same setup was used as by Otten [130]. Two pieces of HTS
tape were placed face-to-back on top of one another with an overlap of 4 cm, and
were put in a hydraulic press and cooled to 77 K in liquid nitrogen. The hydraulic
press was operated manually by applying increasing pressure on the tape and,
simultaneously, a 10 A dc current was applied across the overlap of the two tape
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Figure 5.15.: Initial /. measurement of the NI coil showing the 0.1 pVem™ and
11V em! electric field criterion. The critical current of the coil is then
57 A and 67 A, respectively. The plot shows data points extracted
from the measurement and not the actual ramping plot.

pieces. The pressure dependence of the resistance was obtained by measuring
the voltage drop across the interface between the two HTS tapes as well as the
pressure by the use of strain gauges. To accurately reproduce the condition of the
demonstrator coils, the samples were taken directly from the spool and were not
cleaned before measurement.

The measurement results in Figure 5.16 show a surface contact resistivity of around
300 u2 cm?, which lies in the range reported by Otten [130] in a more extensive
measurement using the same face-to-back configuration. When substituting this
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Figure 5.16.: Surface contact resistivity measurement at 77K on two pieces of
SCS4050 AP tape from SuperPower during a single load cycle.
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value into eq. 2.17 to calculate the coil resistance numerically

B 156 3 x 1078 Q cem?

R. = :
‘ Z 2-7-(0.0015m + 7 - 163 x 10~°m) - 0.004m

=1

—6.6mQ.  (5.13)

However, deriving the characteristic coil resistance using eq. 2.9 with the discharge
time constant and inductance of the coil resulted in

1.38 x 1072 H
R = -2 = _293mQ, (5.14)
610 x 102 s

The two equations show a three-fold difference in the coil resistance when calcu-
lated using the two different approaches. This suggests either different surface
characteristics between the measured tape sample and the long length HTS used in
the coil, measurement inaccuracies or some fundamentally different behaviour.

5.4.3. Thermal and electrical effects of various ramping
speeds

In the conduction-cooled experiments, the coil was ramped using several ramping
rates, while being recorded at 50 fps to observe whether the different ramping
rates caused any heating. The tested rates were 0.1 As™, 05As™, 1As™, 2As™,
5As!,10As™,20As™, 50 As™ and 100 A s™! with the target current levels being
40A, 50 A and 55A. A representative part of the current and magnetic field
developments are shown in Figure 5.17 during coil ramping. The electrical results
of a single, typical ramping measurement are shown in more detail in Figure 5.18
where the coil was ramped with 10 As™ to 55 A. In each measurement the coil
was ramped with a specific speed and upon reaching the target current, it was
given 60 s to reach equilibrium. This was then followed by a ramp down, with the
same speed, followed again by a 60 s final relaxation time. In order to allow the
coil to return into thermal equilibrium after each measurement, a ~5 min beak was
kept between any two experiments and the liquid nitrogen level was continuously
monitored.

Due to the inductance and lack of turn-to-turn insulation of NI coils, during a
current ramp with an arbitrary d//d¢ a voltage is induced according to eq. 2.11.
While normally this would act against current flowing in the spiral path, in an
NI coil the current may also bypass the turns across the turn-to-turn resistances.
Hence the higher the inductance and the ramping rate, the more current will

For simpler visual representation, the inductive voltages from the measurements are always
represented as positive in the figures.
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Figure 5.17.: Time development of current and magnetic field in the non-insulated
coil during the first 60 s when ramped at various ramping rates to
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Figure 5.18.: Time development of measured current, voltage and magnetic field
in the non-insulated coil when ramped at 10 As™ to 55 A. The radial
and the spiral current (/;, I;) were calculated using eq. 5.15.

initially bypass the turns — or the coil itself — and revert back into the spiral path
with a delay. The inverse happens in a sudden discharge, where the current supply
is suddenly disconnected from the coil, e.g. by means of a switch (Figure 2.10),
and as a consequence the coil sees a large d//dt and develops a large voltage. This
voltage then forces currents to flow through both the superconducting spiral path
as well as the turn-to-turn resistances and dissipate quickly.

Assuming that it is predominantly the current in the spiral path /; that generates
the magnetic field, the current in the radial path I, may be approximated as
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5.4. Non-insulated coil measurement results

B
I = Teon — E (515)
Here k is the coil field constant defined as
B
p= 20 (5.16)

Since for an NI coil the magnetic field has a delay, k was obtained experimentally
after the magnetic field has stabilized as

Bmax —
k= = 0.00398 TA™". (5.17)

max

Knowing the amount of current bypassing through the turn-to-turn resistances,
the heating P and absorbed energy () may also be calculated using

Cz?coﬂ:/ P dt
0

:/OOIQR d (5.18)
0

[e) B 2
- Icoi__ cdt-
INCEOE

This equation, however, may only apply to the ramping and steady-state opera-
tion, when the coil is still in its superconducting state. After the superconductor
transition begins, the energy stored in the magnetic field of the coil will also begin
dissipating and it is more appropriate to use

Qeoil = /0 P di (5.19)
:/ Icoil‘/coil dt.
0

However, calculating the heat load using eq. 5.18 may result in uncertainties due
to the uncertainty in the value of R, itself as pointed out in Section 5.4.2. While
several groups have proposed complex equivalent circuit grid models to simulate
heating in NI coils [86, 117], the development of such models is beyond the aims
set forth in this experimental investigation. Instead, to approximate the current
sharing between the turns, the charging profiles were compared with the coil field
constant and the peak current bypass value was calculated from eq. 5.15. The
results are shown in Figure 5.19 for all ramping measurements. The plot shows
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Figure 5.19.: Estimated current bypass across the turn-to-turn contact resistances,
calculated using eq. 5.15, at various current ramping speeds.

that — as expected — a faster ramp causes higher (peak) radial bypass currents, with
less than 5 A of bypass until a charging rate of 2 As™.

In three of the (time-wise consecutive) measurements the coil’s lower-right sec-
tions showed signs of localized heating, later developing into a semi-circle and
disappearing during ramping down. In the these three experiments the coil was
ramped with 50 As™, 100 As™ and 0.1 As™ to 40 A, 40 A and 50 A, respectively.
The measurements are shown in Figure 5.20-Figure 5.22 with selected time ex-
cerpts of the thermal imaging along with the electrical measurements. As visible,
most of the coil remained at close to 77 K, with the exception of a select area. In
Figure 5.20b and Figure 5.20c the spreading of the warmer zone is visible just after
the end of the ramp and approximately half way through the 60s plateau. This
warmer zone then dissipated when the coil discharging began. Similar effects
are visible in Figure 5.21b and Figure 5.21c¢ showing the 100 A s™! ramping meas-
urement, where heating is still visible around the same zone as in the previous
measurement, although to a lower extent.

The effects are more expressed in the measurement ramping to 50 A as shown in
the thermal images Figure 5.22b and Figure 5.22c. Here, apart from the distorted
ring-shaped heating in the coil, it would seem that the heating is concentrated to
the path directly between the inner and outer current contact, despite the slowest
ramping rate tested.

Generally, in some of the measurements with target currents of 40 A and 50 A
the coil’s innermost windings showed moderate heating (80K to 85K) around
the centre copper former. However, the same heating was not observed when
targeting 55 A. In this latter case, some overall heating was observed in the coil
body, yet to very moderate levels of ~80K and without any deductible patters
with regards to ramping speed.
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Figure 5.20.: Electrical and thermal effects of 50 A s™! ramping rate to 40 A.

As a summary, in select measurements different parts of the coil were observed to
warm up to different levels, however no clear patter was recognized with respect
to ramping rate or target current level (below the coil’s I.). Therefore, from the
thermal imaging results, it cannot be clearly stated whether faster ramping rates
would incur in increased heat load in an NI coil. However, it has to be kept in
mind that the investigated coil’s inductance and characteristic resistance are low
and may be the cause of this result. While approximately a 5 min recovery time
was kept between all ramping measurements to allow the coil returning into a
steady state, it is possible that this time window was not sufficient, which may
also induced anomalies into the measurement.

103



5. Fluorescent thermal imaging of HTS pancake coils

x107% _ :
o) r 0.25
50 i -

- 4 F 0.20 %
< 40 = f =
~ 30 3= FO0.15 2
E o f <
= 20 - 2 = - 0.10 5
&} -~ I &0

= - 5 <

10 1 - 0.05 <
0 0 L 0.00

o

20 40 60 80 100 120

Temperature, T/K

(b)t=19s (c)t=34s (d)
Figure 5.21.: Electrical and thermal effects of 100 A s™! ramping rate to 40 A.
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Figure 5.22.: Electrical and thermal effects of 0.1 As™ ramping rate to 50 A.
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5.4. Non-insulated coil measurement results
5.4.4. Charging delay and charging time constant

Figure 5.23 shows the summary of all experimentally obtained charging delays
of the coil when ramped to 40 A, 50 A and 55 A with ramping rates ranging from
0.1As™! to 100 As™. The trend of the charging delays is clearly visible, and as
expected [75], a faster ramping rate resulted in a longer time delay. The 0.1 As™
measurement shows negative values, however, this is merely an artefact from the
calculation. At such a slow ramping rate the field increases closely with the coil
field coefficient and hence at the time when the ramping ends, the 99.3 % field
criterion is already reached. During data analysis this then may result in negative
values. Interesting is also that with higher target current, the charging delay was
moderately, yet consistently shorter. This can be caused by the field saturation of
the coil, where more current simply does no longer cause a linear rise in the field
and subsequently causes a faster perceived settling time. The plot also shows a
saturation effect of the charging delay, where the difference between 10 As™ and
100 As™! charging only causes a moderate few second difference.

In Figure 5.24 it is shown that the coil charging time constant (as introduced in
Chapter 2, [75]) is in fact a function of the ramping speed as well, where the higher
the ramping rate, the shorter the time constant. This is supported by the fact that
a faster ramping rate causes a higher voltage according to eq. 2.11, which in turn
causes more current to flow in the radial direction, through a larger number of
turn-to-turn contact resistances. This effectively increases the coil characteristic
resistance and hence results in a lower time constant in eq. 2.9. Interestingly, Kim
et al. [75] observed a correlation between the charging time constant and the target
current level. By using a constant ramping rate in a racetrack pancake coil, they
found that ramping to higher current levels caused a longer time constant. This

20 { W 40 A
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z§’15_ 55 A
z
< 10 -
=)

o0
=
25 I
o]
=
01 mg

0.1 0.5 1 2 5 10 20 50 100
Ramping speed, % JAs™!

Figure 5.23.: Charging delay t4el.y of the NI coil as a function of ramping rates
between 0.1 As™! to 100 As™!. Data for the 0.1 As™! ramping rate to
55 A is missing.
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was not observed in this work.

5.4.5. Sudden discharge

The coil discharge time constant was previously introduced in Section 2.4.2. To
determine this experimentally, as well as to determine if any local heating is present
in an accidental discharge, the coil was ramped to 30 A and 40 A in two successive
measurements, where it was held for 60 s to allow for the centre magnetic field
to stabilize. After this, the switch shown in Figure 2.10 was opened, allowing
the coil to rapidly dissipate the stored magnetic energy in the coil resistance.
The measurement results in Figure 5.25 show that the discharge time does not
depend on the current amplitude and it is approximately 610 ms. This observation
matches that of Wang et al. [76], where the same independence of the discharge
time constant from the current amplitude was observed. Additionally, so have
Kim et al. [75] come to the same conclusion with current amplitudes of 20 A, 40 A,
60 A and 80 A.

The energy stored in a coil at a given current level was calculated as

%L[Q. (5.20)

€coil =

By knowing the discharge time constant the power dissipation was then calculated
as

(=)

BN 40 A
B 50 A
N 55 A

no w = ot
1 1 1 1

Charging time constant, 7,p/s
—

e}
1

0.1 0.5 1 2 5 10 20 50 100
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Figure 5.24.: Charging time constant 7, of the NI coil as a function of ramping
rates between 0.1 As™ to 100 As™'. Data for the 0.1 As™! ramping
rate to 55 A is missing.
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From this the energy stored in the coil when held at 40 A was 1.1] and the power
dissipation approximately 1.8 W for a duration of 610ms. With a coil mass of
~0.270 kg and by approximating the heat capacity with that of pure copper at 77K
as 195J kg™ K™ [52, 131], the overall heat capacity of the coil would be 52.65J K.
Disregarding heat distribution and the effects of cooling, it is clear that the energy
released during a sudden discharge was not enough to cause any heating in the
coil. This is merely a consequence of the small size and inductance of the test coil.
In a larger coil with significantly larger inductance local heating may occur and
make additional protection measures necessary.

5.4.6. Overcurrent

Measurements were done above the limiting critical current of the coil to test
its behaviour without any artificial defect as to observe how a “natural” thermal
runaway would happen. In overcurrent measurements, the coil was first ramped to
a previously validated safe current level and from there slowly to higher currents.
Every few amperes the ramping was stopped and the coil held steady to observe
if the coil voltage was still stable. This stepwise ramping was then continued
until the coil voltage would no longer stabilise and a “natural” runaway would
start to appear. Special care was taken to manually ramp down the coil in case
of a high voltage to permit future experimenting and avoid any damages. In
different measurements, the transition point was observed at slightly different
current levels, which suggests that slight disturbances in cooling, ramping and
current levels can influence the thermal stability of the NI coil.
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Overcurrent at 72 A

In one of the experiments the coil was initially ramped to 71 A at a rate of 10 As™
and the voltage was monitored, as shown in Figure 5.26. This eventually stabilized
and so the coil was ramped higher to 72 A, this time at a slower 1 As™ rate, as
shown at time 160s. At this current level a slow, yet steady voltage shift was
observed and so the coil was held at this level.

Since the magnetic field also reduced with the increasing voltage, the current must
have been changing from the spiral to the radial path. This is also supported by
the quasi-linear voltage rise, as expected with increasingly more current flowing
through a resistor. In Figure 5.26b it is visible that initially the outer turns of the
coil were at a higher temperature, presumably due to slightly worse cooling. At
the same time, distinct heating is visible in the form of circles with varying width
(Figure 5.26c and Figure 5.26d, as shown by the white arrows), indicating that over
some turns the current was bypassing across the turn-to-turn contacts and caused
losses. However, at about 298 s into the measurement, the voltage dropped and
the magnetic field increased sharply, indicating that the current reverted — for an
unknown reason — back into the spiral path quite abruptly. Simultaneously, the
centre windings of the coil heated up, as shown in Figure 5.26e, where the ring-like
hot areas were replaced by a uniformly warmer zone, mostly on the left-hand side
of the coil. This showed that current flowing though the turn-to-turn contacts of
the coil can be seen on the thermal image as heating over possibly several turns,
which is most likely a function of the cooling performance and the distribution of
local defects in .J; along the length of the wound conductor.

Overcurrent at 74 A

To reproduce previous results and observe the same behaviour again, the coil
was ramped in a subsequent measurement directly to 72 A at a rate of 10 As™ as
shown in Figure 5.27. However, in this case no voltage drift was observed. The
coil was therefore ramped to 73 A and finally 74 A at a slower 1 As™! rate, where
the coil voltage became unstable and started increasing once again.

Over the course of two minutes at steady 74 A, the coil voltage was rising con-
tinuously up until its final value of 0.47 V, where the coil was manually ramped
down quickly to prevent any damage to the superconductor windings. During
the transition, the magnetic field started decaying with the developing voltage,
indicating a slow current transfer into the radial path. Then after 337 s a much
sharper voltage rise and accompanied field drop is visible, likely due to (some
of) the HTS tapes becoming resistive. In Figure 5.27b it is visible that the outside
of the coil is again at a higher temperature, however still cryostable. Warmer
zones are still visible around the centre and middle layer of the coil, indicating
heating due to currents bypassing across the turn-to-turn contacts. Figure 5.27c
shows that the middle layer seems to have cooled back mostly and at the same
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Figure 5.26.: Electrical and thermal measurement results of the 72 A overcurrent
measurement. Dashed lines indicate positions of thermal images. (a)
shows the time development of the applied current ramp, coil voltage
and magnetic field. (b)-(e) show thermal images, where white arrows
indicate specific features.
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time, due to the voltage rise of the coil, the innermost windings started heating up.
At the bottom of the image, where the outer current lead arrives at the coil, a hot
spot is also slightly visible. Then in Figure 5.27d distinct heating is visible around
the centre coil former. Finally in Figure 5.27e, just before the coil was ramped
down to protect it, the hottest temperature of around 100 K was reached at the few
innermost windings of the coil. Note that the heating is limited to the innermost
perhaps 1cm of windings and that the outer turns are virtually unaffected. It is
also interesting to observe that at the time when the coil voltage started rising, the
middle turns of the coil actually cooled down and when the voltage continued to
rise, the central windings started heating up instead. Most likely when the coil
voltage is low, only the “major” defects in the coil would be bypassed, however
at higher voltages more current could be forced across all turn-to-turn contacts,
thereby reducing the current in the superconductor as well as local heating. Due
to the larger overall thermal mass this could then manifest in a form of a local
cooling effect. At the same time, the centre windings see the combined effect of
superconducting to resistive transition of the HTS due to the reduced temperature
margin and high magnetic field, combined with the current bypass and Joule
heating due to the resistive joints.

5.4.7. AC current ripples

Most dc power supplies have a certain current ripple on the output either coming
from the grid frequency or due to the rectification of the current. In rotating
machines the changing magnetic field induces ac current in conductors that have
in principle a similar effect. Such ripples often appear at higher multiples of
the power line frequency and are commonly 1% to 3 % of the nominal current.
For these reasons the effect of ac current ripples was also investigated on the
test coil using various frequencies and ripple amplitudes, generated according to
eq. 5.22.

i(t) = I + ILipple - sin(27 f1) (5.22)

where [ was a steady dc current between 30 A and 50 A, Iip1 was between 1A
and 10 A and the frequencies, f, ranged from 0.1 Hz to 400 Hz. The measurements
were recorded both via fluorescent thermal imaging as well as electrically, making
sure that the data acquisition speed was fast enough to capture high frequency
signals with satisfactory resolution. By monitoring the change of magnetic field
at the centre of the coil simultaneously to currents, the actual amount of current
bypassing the coil — and as such flowing through the radial path — was determined
using the coil field coefficient. Table 5.2 shows the measured voltage and magnetic
tield peak-to-peak fluctuations with a 1 A and 10 A ac current superimposed on top
of a 30 A dc current in the coil with frequencies from 0.5 Hz to 400 Hz. Figure 5.28
then shows the fluctuations of the magnetic field with only the 10 A ac signal.
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Figure 5.27.: Electrical and thermal measurement results of the 74 A overcurrent
measurement. Dashed lines indicate positions of thermal images. (a)
shows the time development of the applied current ramp, coil voltage
and magnetic field. (b)-(e) show thermal images, where white arrows
indicate specific features.
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Figure 5.28.: Normalized magnetic field during an alternating current with an amp-
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50 Hz to 400 Hz. In (b) the power supply experienced initially a small
drop in the dc offset current, which was manually corrected for in
this plot.

The variations in field are too weak in the case of the 1 A ac signal, however they
are clearly visible with the 10 A ac current waveform. With the coil constant of
3.98 mT A}, a 20 A peak-to-peak signal - if completely following the spiral path
inside the coil — would generate magnetic field fluctuations of

k- imae = 0.0796T (5.23)
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in the measurement. Any lower change in field then indicates that the current
is proportionally bypassing the spiral path and flows through the turn-to-turn
contact resistances to some extent. The results in Table 5.2 indicate that this is the
case in most higher frequencies. Even at 1 Hz the field change is merely 32 mT,
representing about 53 % of the change, in case if the current were to completely
follow the spiral path. However, this is not unexpected, since even this frequency
already represents an effective ramping rate of 40 As™.

Further experiments using the same principle of dc offset current, as high as 50 A
(~80% I.), with modulated ac signals up to 100 Hz in frequency and 1 A, 2 A and
10 A in amplitude are shown in Figure 5.29. The coil was ramped with 5As™ to
the target current, where the ac current was applied at 1 A with frequencies from
0.1Hz to 100 Hz. After this the ac signal amplitude was increased and the signals
repeated. At the end the coil was ramped down using the same ramping rate as
during charging.

It was found that the 1 A ac current had no effect on the coil, however at 2 A
during the 25 Hz ac current, a visible hot zone was detected in the coil as shown
in Figure 5.29b and Figure 5.29c. The heating around the coil’s centre (indicated
by the white arrows) was already present after ramping the coil. A hot zone
on the upper right side of the coil appeared during the 25Hz signal. This was
shortly followed by 50 Hz and 100 Hz ac currents and as such the warmer region
of the coil did not recover and a temperature offset was visible until the end of the
signals. After this, the warmer region started to recover. No heating was observed
during ac signals with 10 A in amplitude for frequencies between 0.1 Hz to 5 Hz
and the coil was slowly recovering until the ramp down as shown in Figure 5.29d.

Table 5.2.: Peak-to-peak variations in central magnetic field and induced voltage
with a 1A and 10 A ac signal modulated on top of a 30 A dc current,
for frequencies from 0.5 Hz to 400 Hz. T Shows the percentage of the ac
current part bypassing the spiral path completely as calculated from
the coil field coefficient.

Frequency 1A ac current 10 A ac current
(Hz) ABmax (MT)  Vinax (MV)  ABpax (MT)  Vimax (mV) T Bypass (%)

0.5 - - 41.66 14.7 47.66
1 3.09 2.2 32.34 18.9 59.37
5 1.39 2.6 12.80 22.6 83.92
10 9.22 2.5 9.32 23.9 88.29
25 1.12 3.1 6.56 25.1 91.76
50 0.91 3.1 4.88 25.6 93.87
100 1.18 3.1 3.46 26.7 95.65
200 0.78 3.1 2.35 27.4 97.05
400 0.68 3.0 1.30 25.7 98.37
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Figure 5.29.: Electrical and thermal measurement results of 1A, 2 A and 10 A ac
current from 0.1 Hz to 100 Hz on top of a steady 50 A dc current. (a)
shows the electrical measurements with a normalized magnetic field.
Arrows indicate the amplitude of the applied ac current. (b)-(c) show
initial heating during the 2 A ac signal between frequencies 25 Hz to
100 Hz. (d)-(e) show the coil partially recovered and sudden, local
heating at the moment of ramping down.



5.5. Insulated coil measurement results

At the exact time when the coil discharging began at the end of the experiment, a
brief yet distinctly visible heating was detected once again in the same zone of the
coil as before, shown in Figure 5.29%.

Due to the limited thermal imaging recording length, the 10 A 25 Hz, 50 Hz and
100 Hz measurements were done in a subsequent measurement. While this meas-
urement was merely a few minutes after the previous one, no warmer zones were
observed with only minor heating during the experiment. A sudden heating at
the beginning of the ramp down was also not observed in this measurement.

5.5. Insulated coil measurement results

5.5.1. Critical current

The insulated coil was initially also measured in liquid nitrogen to obtain the
critical current of the coil. The results are shown in Figure 5.30, with the critical
current determined as 65 A and 72 A using the 0.1 pVem™ and 1pV em™ criterion,
respectively. Due to the added thickness of the Kapton® insulation between the
turns, the magnetic field generated by the coil is reduced and hence the critical
current is marginally higher, compared to the NI coil. After measuring the coil’s
critical current in liquid nitrogen and confirming the characteristic properties,
further measurements were carried out in the conduction-cooled experimental
assembly.
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Figure 5.30.: Initial /. measurement of the insulated coil showing the 0.1 pV cm™!
and 1pVem™ electric field criterion. The limiting critical current
of the coil is then 65 A and 72 A, respectively. The plot shows data
points extracted from the measurement and not the actual ramping
plot.
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5.5.2. Thermal and electrical effects of various ramping
speeds

The coil was ramped with 0.1As™, 05As™, 1As™!,2As™!, 5As!and 10As™
ramping rates until 40 A, 50 A and 60 A while both thermal images as well as
the magnetic field and coil voltage development were recorded. Unfortunately,
despite the more accurate magnet ramping current source, due to the inductance
of the coil and the minor current fluctuations, the noise in the fast DAQ system
was still too high to do reliable measurements. Hence, instead of the DAQ signal,
the nanovoltmeter was used at a higher speed with the readout range set to 1V for
sufficient accuracy. The inductance of the coil was determined using eq. 2.11 and
averaging over several ramping measurements was determined as 1.44 mH.

Figure 5.31 shows the magnetic field development of the coil with varying current
ramping rates. Compared to the NI coil (refer to Figure 5.17) it is visible that
this coil has no charging delay, the magnetic field is directly proportional to the
applied current.

Due to the zero resistance path of the superconducting windings and the lack of
turn-to-turn resistive bypass paths, no distinct heating was observed during the
ramping measurements. The used power supply did not allow the generation
of ac waveforms and the use of extended overcurrent was also avoided due to
accidental burnout. Instead, a different approach was used to try and determine
the stability of this coil.

5.5.3. Heat pulses

As the coil voltage rose relatively quickly around current levels of 70 A, going
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Figure 5.31.: Time development of current and magnetic field in the insulated coil
when ramped with a rate between 0.1 As™ to 10 As™! until 60 A.
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5.5. Insulated coil measurement results

considerably above the critical current was avoided in ramping measurements.
Instead, to detect any anomalies in the coil and observe its behaviour in transient
states, a heater was added on the surface and short heat pulses were applied. This
was previously introduced in Section 5.3.5 and shown in Figure 5.12.

The heat pulses were carried out using varying heating power, duration and at
different current levels. The three current levels used in the coil were 40 A, 50 A
and 60 A and the heater was pulsed with approximately 1.25W and 3.2W for
durations between 1s to 7 s. In the measurements the coil was ramped using a rate
of 5 As™!, where upon reaching the target current a 60 s stabilization period was
allowed. Thereafter, the heater was pulsed with the selected power for durations
incremented by 1s at a time. After each heater pulse the coil was ramped down
using the same 5 A s™! ramping rate.

Heating before detectable voltage

In the measurements up to 60 A coil current and heat pulses of up to 2s at a
power of 3.2 W no voltage was detected between the coil’s terminals. Figure 5.32
shows the results of this experiment where the heater was pulsed for a duration
of 2s with a nominal current of 800 mA. As visible in Figure 5.32a there was
no detectable voltage signal in the coil. However, looking at Figure 5.32b and
Figure 5.32¢, a minor amount of heat transfer is already visible from the heater
into the coil. While this is indeed barely visible in the static image, in the time
development of of the post-processed measurement the signal can be identified.
This indicates that while heat disturbances were visible, these do not necessarily
cause magnetic field fluctuations or any voltage response, provided that the local
critical current density of the coil is not exceeded by the transport current.

Normal transition

In the heater pulse measurements the coil remained stable until heater current
pulses of 800 mA (3.2 W) for a duration of 6 s, with a total heat dissipation of 19.2]
in the resistor. While a clear voltage drop was measured, the coil recovered after
each heat pulse ended. A normal transition was first observed when the pulse
duration was increased to 7s, providing about 3.2 W of heating power and an
overall energy of 21.4]. This measurement is shown in Figure 5.33a. The heater
was started just before 81s, which is visible in Figure 5.33b as the heating of
the resistor changes the reflected light and hence causes a false thermal reading,
nevertheless, useful for timing the heater. Approximately 2.5s after the heater
was started, a voltage signal was also detected. However, after turning the heater
off, the coil did not recover and a thermal and electrical runaway began. This is
visible in Figure 5.33c, where the heater was already off, yet the temperature kept
increasing. Figure 5.33d then shows that the heating is concentrated predominantly
to the turns touched by the heater and that propagation to neighbouring turns is
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5. Fluorescent thermal imaging of HTS pancake coils
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Figure 5.32.: Electrical and thermal measurement results of a 2.5s long heater
pulse in the insulated coil. (a) shows the time development of the
applied current ramp, coil voltage, magnetic field as well as the heater
pulse. (b) and (c) show thermal images, where white arrows indicate
specific features.

negligible. In this image one can see a hot ring reaching temperatures of 150 K. At
this point the sharp transitional voltage caused an overflow in the nanovoltmeter
and simultaneously caused the power supply to trigger quench protection and
drop the current to zero. As such, the coil was protected and the heat started to
diffuse further along the turn as well as into neighbouring windings as shown in
Figure 5.33e.

Unlike in the case of the NI coil, where the normal transition was slow and accom-
panied by a detectable reduction of the centre magnetic field, in this insulated coil
the field remained unchanged even with increasing voltage. A lack of electrical
bypass paths led to large voltages developed and quasi-local heating over the
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5. Fluorescent thermal imaging of HTS pancake coils

involved windings, which — if undetected — may have destructive consequences.
After the quench, the coil’s critical current was re-measured and was found to be
unchanged.

5.6. Summary

Two pancake coils were wound from HTS coated conductors into an approximately
3 cm inner and 10 cm outer diameter coil. The first coil was wound without turn-
to-turn insulation whereas the second coil used Kapton® as an insulating layer
between the turns. The surface of both coils was coated with the fluorescent
EuTFC-based coating with the aim to observe local heating in the conduction-
cooled assembly during various operating phases.

5.6.1. Non-insulated coil

Electrical measurements on the NI coil have shown than when ramping with
current rates between 0.1 As™! to 100 As™ to 40 A, 50 A and 55 A (60 %, 78 % and
85 % of the coil’s . respectively) the coil charging delay is a function of the ramping
rate, where a faster ramping rate increases the charging delay. This delay, however,
became increasingly saturated above 5 A s™. At this charging rate the coil needed
approximately 16 s to reach 99.3 % of the target magnetic field from the moment
where the ramping has ended. From sudden discharge measurements it was also
determined that the discharge time constant of the coil is 610ms and it is not
dependent on the current amplitude from where the coil was discharged.

Fluorescent thermal imaging measurements have not revealed a consistent increase
in heating at increased ramping rates. While heating was present in some parts
of the coil during some of the ramps, due to the lack of repeatability these may
be called anomalies related to the cooling performance inside the experimental
assembly or some other undetermined factor. Similar results were observed in the
case of the sudden discharge measurements, where no reasonable heating was
detected. Due to the size and stored insignificant amount of energy in the coil, no
heating was present in a sudden discharge. It is believed that larger coils with
considerably higher inductance would behave differently in many scenarios when
compared to the small test coil prepared in this work.

Overcurrent measurements of the coil revealed an anomalous behaviour, where a
continuously increasing coil voltage suddenly recovered. In the measurement the
magnetic field started dropping, accompanied by an increase in coil voltage, both
signalling an increasing current transfer into the radial path. However, instead of a
catastrophic thermal runaway, the coil current redistributed and both voltage and
magnetic field levels returned to normal. The effects were visible on the thermal
imaging, which revealed rapid current redistribution (and heating redistribution)
at the moment of sudden recovery.
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5.6. Summary

In yet another overcurrent measurement the coil was ramped to 74 A (110 % of
the critical current) and kept there until the beginning of a thermal runaway. The
thermal imaging measurements clearly showed that the origin of the normal zone
was at the centre of the coil, where a resistive joint exists between coil former
and superconductor. Simultaneously, this is the point of highest magnetic field.
Over the duration of several seconds, only the few innermost turns heated up to
approximately 100 K. The coil was manually protected by ramping it down and
measuring its /. after the quench revealed no degradation. The measurement has
shown that the thermal runaway was virtually constrained to the location where
it has started with little to no propagation in the radial direction.

Applied ac current to the coil, modulated on top of a steady dc current, mostly
bypassed the spiral path and hence caused only minor fluctuations in the magnetic
field. Heating due to the ac current was also not visible at ac amplitudes of 1 A
and 10A on a 30 A dc current due to the low characteristic coil resistance. A
10 A current ripple (which is already significant 15 % of the coil’s /) would cause
merely 0.2 W of heating when approximated as I?R losses with a characteristic
coil resistance of 2.23 m(), also assuming a complete and uniform bypass of the
spiral path. Sudden heating as a result of a 2 A 25Hz to 100 Hz ac current on
top of a 50 A dc current became visible in one of the measurements. In the same
measurement, the coil has shown local heating in the same position when ramping
the coil down. Interestingly, however, this behaviour could not be reproduced
in a subsequent measurement with the same frequencies using a higher, 10 A ac
signal. The local heat generation suggests that ac current bypass may not happen
completely uniformly in a coil, instead it could be concentrated to parts of the coil
with slightly different turn-to-turn resistance characteristics.

5.6.2. Insulated coil

In the prepared insulated coil, no distinct or characteristic heating was observed
when ramped from 0.1 As™ to 10 As™! until different current levels. To avoid
accidentally burning out the coil in an overcurrent measurement, instead a resistive
heater was mounted on the coil surface with the aim to observe the stability and
the normal transition behaviour. The coil withstood a continuous heat input of
3.2W for up to 6 s, where both the electrical and thermal signs of instability were
observable. Nevertheless the coil recovered on its own after the heater was turned
off. When the heater pulse duration was increased to 7s, a thermal runaway
began. Starting from the heater’s position a hot zone developed, which spread
predominantly along the turns in contact with the heater in a semi-circle shape.
Neighbouring turns were mostly unaffected by the thermal runaway. The coil
was automatically protected by the current supply’s built-in quench protection
mechanism. Measuring the coil’s critical current after the thermal runaway did
not reveal any damage in this case either.
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6. Conclusion and outlook

In this work a 2D temperature mapping method was developed for quench ana-
lysis in HTS tapes and applications. The application of high-speed fluorescent
thermal imaging was demonstrated at 77 K on several HTS tapes as well as two
HTS pancake coils, one of which was wound as a non-insulated coil.

Various HTS tapes were measured with pulsed currents to observe quench de-
velopment and propagation in liquid nitrogen caused by a magnetic defect. The
conductors varied in manufacturer, stabilization as well as architecture, including
the novel current flow diverter concept. By defining the normal zone from a tem-
perature perspective as areas above the critical temperature of HTS, a normal zone
propagation velocity could also be calculated from the thermal imaging method.
Cross-validating the measurement results with data provided on identical tapes
by Polytechnique Montréal, Canada revealed that at higher operating currents the
NZPVs calculated from electrical and thermal readings match more accurately
than at lower currents. In the latter case the thermal imaging consecutively repor-
ted slower NZPV, with up to one order of magnitude difference. This mismatch
between the NZPVs was ascribed to the quadratic dependence of heating power
on the applied current, P = I* - Ry.. While a fast electric field development was
possible in HTS tapes with low critical currents, the low heating power in these
tapes caused the thermal zone propagation to lag the electrical signal. On the other
hand, in tapes with a higher critical current (and hence higher applied currents),
the considerably higher heating power caused the propagation of the thermal
zone to match closely that of the electric field.

The appearance of multiple quench zones was visible in several tapes at current
pulses slightly above the critical current. The appearance of these additional
quench zones followed the initial quench almost instantaneously and the beha-
viour is ascribed to the presence of natural defects. The existence of a quench
in this manner may not be immediately obvious from electrical measurements
and indicates that the concept of quench and normal zone propagation in HTS is
not necessarily as straightforward as a single propagating zone at a given speed.
The presence of additional quench zones have a big influence on the heating
distribution in the tapes.

The test coils were measured using various current ramping rates and current
levels. Due to a low coil resistance and critical current, even a fast ramping rate
of 100 As™! did not cause any visible heating. However, this is most likely the
consequence of a small demonstrator coil. In a larger coil, where the ramping
would take considerably longer, resistive joints as well as currents bypassing
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6. Conclusion and outlook

through the turn-to-turn resistances would be expected to cause higher losses and
possible heating. Investigating ac current ripples on top of a steady coil current in
the coil yielded the same results, where the low currents involved made it difficult
to observe any heating related to the ac current.

The NI coil was also investigated in overcurrent scenarios, where the coil was
ramped until 72 A and 74 A (corresponding to 108 % and 111 % of the coil’s critical
current) and held steady to observe a thermal and electrical runaway. In the 72 A
measurement a voltage shift was observed across the coil’s terminals, which was
accompanied by a steady drop of the central magnetic field over the duration of
several seconds. This was a clear indication of an increasing fraction of the current
bypassing the spiral path and flowing across the turn-to-turn resistances. At one
point, however — without any intervention — the coil voltage fell back to previous
levels and the magnetic field also increased in a step-like manner. On the thermal
images a clear redistribution of the heating load was visible at the time of the
sudden change. The exact reason for this behaviour is currently not clear and
requires further investigation.

In a subsequent measurement the NI coil was ramped to the previously validated
current level, however at this time the coil remained stable. An instability became
only apparent when slowly ramped to 74 A, where the coil was held for a longer
period. During this measurement the coil voltage increased at a low, yet steady
rate and eventually a runaway was recorded where the coil was quickly ramped
down. On the thermal image clear heating was visible around the centre windings
of the coil, which — over the course of a few seconds — did not spread in the
axial direction in the body of the coil, but remained constrained to the innermost
few windings. Temperatures up to 100K were measured at this position. This
behaviour was expected in an NI coil without any artificial defect, since the centre
was the position of highest magnetic field coinciding with a resistive joint in the
design.

The results indicate that while NI coils are highly stable, their behaviour is not
completely understood yet. While no natural weak spots were detected during
operation, in the case of an overcurrent the heating did occur locally and was not
distributed rapidly.

Similar to the NI coil, the insulated coil was also thermally imaged in operation,
where no reproducible heating was visible in the coil during various ramping
speeds. Instead, to test the stability of the coil and the capabilities of the thermal
imaging method, a resistive heater was mounted on the surface of the coil (retrofit-
ted) and current pulses of varying length and amplitude were applied to the heater.
With increasing heater pulses the coil was destabilized using a heater power of
3.2W for 7s at a dc coil current of 60 A. Here a local hot spot development was
observed after the heater pulse at the position of the heat input and a temperature
of 150 K was measured before the coil was protected. The heating was concen-
trated to the initiation of quench and did not spread in the transverse direction. A
temperature rise was visible along the turns in a half-circle shape, constrained to
the windings initially disturbed by the heater.
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While the wound demonstrators coils have shown no heating due to local defects
or reasonable heating during various ramping measurements, this may be due to
the involved low coil resistance and current levels. Larger coils with significantly
higher inductance would incur a higher heat load during ramping and therefore
are expected to behave differently.

The introduced method has the potential measuring temperatures in superconduct-
ing applications. Beyond the work presented in this thesis, several improvements
are possible that would make the technique more applicable and useful for specific
scenarios. While the current coating technique was suitable for flat tapes, coating
uneven surfaces — even that of the coil — proved challenging. Researching another
method could make the coating process simpler and more reliable, however, it
would most likely require a novel solvent for the Europium fluorescent dye, which
would require further investigation regarding performance at cryogenic temperat-
ures and fluorescent properties. In this work, due to the required fast, transient
effects to be recorded, a high-speed camera was used. The working principles of
this camera prevented the method to be used in real-time. Simultaneously, due
to the different target market of the used camera, it has incurred in significant
noise at low light intensities. By the choice of the camera (for example higher
digital resolution), the method could be made more appropriate for specific meas-
urements where accuracy is of higher importance than acquisition speed. In this
case, the method could also be implemented in true real-time using simultaneous
post-processing.
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A. Appendix

Figure A.1 shows the 3D printed frame for the optical filter. Since such narrow
bandpass filters are commonly made for optics applications with given standard
sizes and mounting options, finding these in larger diameter for a camera lens
front-mount proved difficult. Using a custom-made frame allowed using a stand-
ard optical filter in between the camera lens and the camera’s CMOS sensor and
enabled blocking a wide spectrum of unwanted light.

UV lights for microscopy measurements often use light beams that illuminate a
small surface of only a few mm?. Commercial UV light fixtures used for curing, on
the other hand, while precise in emission spectrum are often extremely expensive
and bulky. As a compromise, an array of LEDs was used as shown in Figure A.2
built from an aluminium heat sink and several UV LEDs already mounted on a
starboard PCB.

The heat transfer between a submerged object and boiling liquid nitrogen at 77 K
is highly non-linear as shown in Figure A.3. The optimal heat transfer is between
10K to 20 K temperature difference. In practical applications and during a quench

3D-printed frame Bandpass filter

Camera lens

Figure A.1.: The 3D printed frame allowing to insert the optical bandpass filter in
between the camera and the lens.
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A. Appendix

Figure A.2.: Array of LEDs on a starboard PCB used as excitation light in the
experiments. The LEDs were connected in series and driven with
their nominal current of 700 mA.

of superconductors, exceeding this limit severely limits the cooling performance
due to the formation of a thin film boiling region that acts as an insulation.

Figure A.4 shows the dependence of the n-value on the applied magnetic field
and angle [122]. This data was used in the commercial FEM software COMSOL
Multiphysics to calculate the coils’ critical current.
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Figure A.3.: Typical heat flux between liquid nitrogen at a temperature of 77.3K
and a submerged object [106].
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