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CERN’s helium gas-cooled, twisted-pair superconducting cable design, typ-
ically consisting of intercalated superconducting and copper (stabilising)
tapes, is a novel design which offers low cable inductance for high-current
DC power transmission. The electrical and thermal contacts between the
copper and superconducting tapes, which are given by wrapping the com-
plete ‘sandwich stack’ of tapes together in Kapton, are important param-
eters for current sharing, cryogenic stability and quench propagation. Ob-
servation of both I and superconductor-stabiliser contact inhomogeneities
due to the mechanical twisting process and the gas-cooling regime has shed

light on overcoming the unique challenges these create in cable operation.

Both an MgB, twisted-pair cable assembly manufactured at CERN and a
short-length single-sandwich strand made at the University of Southamp-
ton have been studied and a novel method for measuring contact resistance
in situ has be designed and validated. Tests included measuring thermal
runaway propagation velocity (v,) and minimum quench energy (MQE)
plus long-period stability tests for the cable, along with characterisation
of current transfer as well as contact resistance measurements between the
superconductor and stabiliser layers in the single-sandwich. The results sug-
gest that an optimised cable operation strategy may exist, being a trade-off
between: high stabilisation with lower superconductor-stabiliser contact re-
sistance; and fast propagation resulting in easier quench detection with
higher superconductor-stabiliser contact resistance. The results of the in-
vestigations are relevant to both the CERN LHC High Luminosity upgrade

and future superconducting power transmission projects.
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Glossary

B, Critical magnetic field or magnetic flux density: property of a superconducting
component which is a function of component temperature and applied current;
for Type I superconductors, in a magnetic field below this value the component
will be superconducting and above this value it will be in the normal or resistive
state; for Type II superconductors two critical values H.; and H.y exist between
which the magnetic field is able to penetrate the superconductor (breakdown of
the Meissner effect) but a superconducting current is still able to flow. 3, 4, 6, 9,

12, 13, 56

H, Critical magnetic field strength: property of a superconducting component which
is a function of component temperature and applied current; for Type I super-
conductors, in a magnetic field of strength below this value the component will
be superconducting and above this value it will be in the normal or resistive
state; for Type II superconductors two critical values H.; and H.o exist between
which the magnetic field is able to penetrate the superconductor (breakdown of

the Meissner effect) but a superconducting current is still able to flow. 4, 9

I. Critical current: property of a superconducting component which is a function of
component temperature and applied magnetic field; if a current less than this is
applied and flows through the component it will do so in the superconducting
state; if a current equal to or greater than this is applied and flows through
the component then it will begin the transition from the superconducting to the
normal or resistive state. 3, 6, 12, 13, 31, 34, 49, 56, 63, 69, 94, 102, 103, 123,
128, 141, 156, 175, 176, 199, 202, 205, 206

I

quench, Quench current: value of current which, when applied to a superconducting

component, instigates a quench or thermal runaway event; characterised by non-
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linear increase in both voltages measured across the component and local com-

ponent temperature. 102, 124, 126, 128, 146, 156, 163, 175-177, 199, 205

J. Critical current density: critical current (I.) divided by cross-sectional area; cross-
sectional area is usually that of the whole superconducting component i.e. includ-
ing both the superconducting material and the normal metal matrix - if cooling
infrastructure and component housing are also included, it is generally referred to
as Jg; property of a superconducting component which is a function of component
temperature and applied magnetic field; if a current density less than this is ap-
plied and flows through the component it will do so in the superconducting state;
if a current density equal to or greater than this is applied and flows through
the component then it will begin the transition from the superconducting to the

normal or resistive state. 3

Je Engineering critical current density: critical current (1.) divided by cross-sectional
area; cross-sectional area is usually that of the whole superconducting component
i.e. including both the superconducting material and the normal metal matrix
plus that of the cooling infrastructure and component housing i.e. the working

critical current density; see also J.. 3, 65

R~ Contact resistance: electrical resistance between two electrical conductors in con-
tact; function of contact surface area; measured in Qcm?. 96, 97, 101-105, 109,
110, 112, 113, 119-121, 125, 126, 134, 136, 141, 146, 151, 156, 171, 175-177, 194,
197, 198, 200, 201, 211

T. Critical temperature: property of a superconducting component; below this tem-
perature the component will be superconducting; above this temperature it will
be in the normal or resistive state. 3, 6, 10, 12, 45, 56, 79, 102-105, 130, 134,
141, 151

2 m preliminary cable test Tests carried out on the 2 m MgBy-Cu CERN cable in
the 5 m Nexans semi-flexible cryostat at the University of Southampton. The

cable was that initially used in [1]. 39, 40, 56, 58, 74, 94

AC Alternating Current. 30, 203
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AMSC American Superconductor

http://www.amsc.com/. 17

BCS Bardeen-Cooper-Schrieffer Theory: first complete microscopic theory of low tem-
perature superconductivity devised in 1957; predicts the breakdown of the super-
conducting state at temperatures greater than 30-40 K and does not describe the

mechanisms of high temperature superconductivity. 10

Belleville washer Frusto-conical shaped washer which deflects a known amount un-
der a given force; also known as a Belleville spring, coned-disc spring, conical

spring washer, cupped spring washer or disc spring. 87, 88, 101, 125

BL Bolts Loosened. 101, 125, 126, 136, 141, 146, 151, 156, 163, 167, 171, 175-177,
194, 197-199

BSCCO Bismuth Strontium Calcium Copper Oxide. 19, 20

BT Bolts Tightened. 101, 102, 125, 126, 130, 136, 141, 146, 151, 156, 163, 167, 171,
175-177, 194, 197-199

Bus-bar Electrical links in which cable assemblies feeding multiple circuits are routed
together to form a single current transport system to a common connection. 22,

26, 30

Cable General context: Electrical connector including conductor(s), electrical and
thermal insulation e.g. dielectric, coolant (if necessary) and cable housing. Specif-
ically in the context of this project: See entry for strand twisted-pair. May also
be referred to as a ‘sub-cable’. 17, 20-26, 28, 30, 31, 33-36, 39, 40, 42, 45, 48-50,
53, 56-58, 63, 71, 74, 75, 77, 81, 94, 124, 175, 202-206

Cable assembly Link or bus-bar consisting multiple cables or sub-cables. 3, 28, 30,
31, 40, 49, 52, 53, 63, 199

CDA Copper Development Association. 105

CERN Formerly Conseil Européen pour la Recherche Nucléaire, now European Or-
ganisation for Nuclear Research. 15, 20, 22, 25, 26, 28, 30, 31, 33, 35, 36, 39, 40,
50, 56-58, 71, 74, 77, 81, 86, 95, 202, 203, 205
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Cernox Thin film resistance temperature sensor with high sensitivity at cryogenic

temperatures. 50, 83, 99

Constantan A copper-nickel alloy, often used with copper to make Type T thermo-

couples (TCs). 99, 100, 200

Cryostat A device or vessel in which a very low temperature can be maintained. 12,
13, 22, 26, 27, 39, 40, 42-46, 48-50, 56-58, 75, 81, 96, 100

CTL Current Transfer Length. 79, 94, 95, 136, 151

Cu Copper. 28, 36, 39, 50, 61, 63, 71, 74, 75, 89, 92, 94-97, 99-101, 104, 105, 107,
109, 110, 112, 113, 115, 118-120, 123, 126, 130, 132-136, 141, 146, 151, 156, 175,
176, 207

DC Direct Current. 30, 63, 203

Dewar Vacuum-insulated vessel used in this context to contain cryogenic liquids.

Named after inventor, Sir James Dewar. 46

FCL Fault Current Limiter. 15, 25

FSU-CAPS Florida State University Center for Advanced Power Systems. 22

G-10 Grade of glass-reinforced epoxy laminate electrically insulating material. 83, 86

GE varnish Insulating varnish often used to insulate or thermally anchor electrical
wires to solid surfaces in cryogenic applications due to its good electrical and
chemical resistance and good resistance to thermal cycling. See [2-4]. 58, 83, 97,
100

H-Phase Heated current sharing phase; used to describe current sharing between a
superconducting tape and a normal metal tape when a tape heater in the centre
of the tape is used to force a temperature gradient so that the centre of the tape
is at a higher temperature (and therefore quenches at a lower current) than the
ends of the tape; the majority of current transfers from the superconducting tape
to and from the normal metal tape close to the centre (around the heated point),

causing the zero-point to be in or around the tape centre. 115, 135, 177
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High Temperature Superconductor(s) (HTS) Superconducting materials that
become superconducting at ‘high’ temperatures, generally considered to be those
achievable with liquid nitrogen i.e. the critical temperature of the conductor is
above the freezing point of nitrogen, 63 K (and usually above the boiling point
of nitrogen, 77 K); however, may also be considered to refer to materials with a
critical temperature above approximately 35 K at which point the BCS theory
predicts that superconductivity should not be possible. 10, 11, 14, 15, 17, 20-23,
25, 26, 28, 30, 45, 48, 50, 65, 81, 83

HiLumi CERN LHC High Luminosity Upgrade Design Study.
http://hilumilhc.web.cern.ch/about/fp7-hilumi-lhc. 27, 28, 31, 35, 39,
71, 203

HL-LHC High Luminosity Large Hadron Collider (LHC). 20, 22, 26-28, 30, 31, 35,
48, 71, 203, 205

ID Inner Diameter. 43

Kapton Electrically insulating polyimide film with good thermal conductivity for a
non-metallic solid at cryogenic temperatures. 34, 35, 52, 56, 58, 61, 75, 86, 92,
97, 198, 203

Knot Fixed point in a spline curve approximation or points between which the curve
generated can be described using separate, independent functions. 110, 112, 113,

115, 117, 120, 134

L-Phase Left-hand current sharing phase; used to describe current sharing between
a superconducting tape and a normal metal tape when the majority of current
transfers from the superconducting tape to the normal metal tape on the Left-
hand side (LHS) causing the zero-point to be left of the tape centre. 115, 130,
132, 133, 151, 156, 163, 167, 175

LHC Large Hadron Collider. 15, 20, 22, 25-27, 35, 36, 39, 40, 43, 45, 50, 71, 203

LHS Left-hand side. 96, 99, 109, 132, 136, 141, 146, 151, 156, 175, 197, 198
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Link Cables or cable assemblies connecting two or more components electrically. 22,

26-28, 30, 35, 39, 50, 71, 205
LIPA Long Island Power Authority. 23
LNG Liquid Natural Gas. 24

Low Temperature Superconductor(s) (LTS) Superconducting materials that
become superconducting at ‘low’ temperatures, generally considered to be those
unachievable with liquid nitrogen i.e. the critical temperature of the conductor
is below the boiling point of nitrogen, 77 K (and usually below the freezing point
of nitrogen, 63 K); however, may also be considered to refer to materials with a
critical temperature below approximately 35 K at which point the BCS theory
predicts that superconductivity should not be possible. 10, 11, 14, 20, 22, 26, 65

MATLAB® High-level language and interactive environment for numerical compu-
tation, visualization, and programming.

http://www.mathworks.co.uk/products/matlab/. 110, 112, 113, 201, 207
MQE Minimum Quench Energy. 6365, 67, 71, 74, 203, 204
MRE Maximum Recovery Energy. 63, 64
MRI Magnetic Resonance Imaging. 15

MSS Arc skew sextupole magnets [5]. 27

Nexans Manufacturer of cables and cabling solutions.

http://www.nexans.com. 39, 40, 50
NMR Nuclear Magnetic Resonance. 15

Normal metal matrix Part of a superconducting material which is made from a
non-superconducting or ‘normal’ metal such as copper, nickel or silver; usually
takes the form of an outer structure containing superconducting filaments or a
substrate as part of several layers of materials; enhances both structural and

thermal stability. 14, 19, 30
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OD Outer Diameter. 43

PID Proportional-Integral-Derivative. 48, 83

Platform Removable cryostat-sample interface and sample holder that allows for ease
in connection and changing of samples; provides both thermal link to cryocooler
and electrical link to current leads (see section 4.2.2). 81, 83, 86, 89, 92, 94, 97,
99-101

PPMS Physical Property Measurement System. 105

PTFE Polytetrafluoroethylene. 52, 92

Quench Term commonly used to describe the process which occurs when part of a
superconductor or superconducting component undergoes a transition from the
superconducting to the normal or resistive state with exponential voltage increase
and tape heating or thermal runaway; may cause irrecoverable system damage;
see, for example, p. 200 [6]. 11, 14, 15, 28, 56-58, 63, 67, 69, 71, 74, 102, 117,
126, 130, 175, 199, 200, 203-206

R-Phase Right-hand current sharing phase; used to describe current sharing between
a superconducting tape and a normal metal tape when the majority of current
transfers from the superconducting tape to the normal metal tape on the Right-
hand side (RHS) causing the zero-point to be right of the tape centre. 115, 130,
132, 133, 167, 175, 176

RHS Right-hand side. 96, 109, 121, 133, 136, 141, 146, 151, 156, 171, 175, 197, 198

RRR Residual Resistance Ratio: Usually defined as the ratio of the resistivity of a
material at room temperature (p(300K)) to that at 0 K (p(0K)); however for the
CDA cryogenic properties of copper data as shown in figure 4.18, RRR is defined

: i, P2T3K)
by the following ratio: DK - 105

Sandwich Alternating layers of superconductor and stabiliser tapes; a ‘single-sandwich’

is comprised of three tapes in a stabiliser-superconductor-stabiliser formation and
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a sandwich stack refers to a formation of alternating stabiliser and superconduc-
tor tapes with more than one superconductor layer. 30, 36, 39, 71, 75, 83, 86,
94-97, 101, 123, 124, 202, 204

Sandwich stack Alternating layers of superconductor and stabiliser tapes; in the con-
text of this project, the structure of three layers of MgBo and four layers of copper
held together by being wrapped in layers of Kapton tape is generally assumed
unless stated otherwise. 30, 31, 33-36, 56, 77, 86, 199

SC Superconductor. Here, unless otherwise stated, refers to MgBo. 89, 92, 94-97,
99-101, 104, 107, 109, 110, 112, 115, 117, 118, 120, 123, 130, 132-135, 141, 151,
156, 175, 176, 205, 207

SHETL Scotish Hydro-Electric Transmission Ltd. 23

SLM Shape Language Modelling: method of producing functions from datasets which
allows for extensive control of the curve shape.
http://uk.mathworks.com/matlabcentral/fileexchange/24443-slm-shape-
language-modeling. 110, 112, 120, 201, 207, 210, 211

SMES Superconducting Magnetic Energy Storage. 15, 25

Spline The Oxford Dictionary definition of a mathematical spline is, “a continuous
curve constructed so as to pass through a given set of points and have a certain

number of continuous derivatives”. 110, 112, 120
SS Stainless Steel. 31, 52, 87

SS-Phase Settled Sharing current sharing phase; used to describe current sharing
between a superconducting tape and a normal metal tape when the majority of
current transfers from the superconducting tape to the normal metal tape on the
LHS, remains in the normal metal tape for the majority of the length of the tape,
then returns to the superconducting tape on the RHS, with the zero-point being
in or around the tape centre. 115, 130, 132, 134-136, 141, 146

SSE Scottish and Southern Energy plc. 23
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Glossary

Strand Single length of conductor; in this context a ‘conductor’ is comprised of a sand-
wich stack of layers of superconductor and stabiliser tapes; two strands twisted
together form a twisted-pair or cable. 30, 31, 34-36, 39, 40, 49, 50, 52, 53, 56,
58, 61, 63, 69, 71, 74, 75, 86, 95, 124, 202—-204, 206

TC Thermocouple (in this instance Type T, copper-constantan). 69, 83, 97, 99-101,
105, 200, 201

Thermal runaway Positive feedback heating loop resulting from quench. 11, 14, 15,
28, 56, 71, 94, 96, 102, 123, 146, 177, 200

Twisted-pair Two strands (or, occasionally, referring to instrumentation wires), elec-
trically insulated from each other but in thermal contact, twisted together to

reduce inductive voltages. 31, 33-35, 39, 40, 50, 52, 53, 58, 71, 203, 206

US-Phase Unsettled Sharing current sharing phase; used to describe current sharing
between a superconducting tape and a normal metal tape when the current trans-
fers to and from the superconducting tape and the normal metal tape multiple
times over the tape length, causing three zero-points to be observed. 115, 133,
134, 141, 156, 163, 176

V-tap Voltage-tap; wire(s) attached to components/samples to measure the voltage
difference across them. xii, 50, 56, 58, 61, 65, 69, 71-74, 77, 95, 97, 99-101, 105,
107, 109, 112, 176

WPD Western Power Distribution. 23
YBCO Yttrium Barium Copper Oxide. 10, 19, 20

Zero-point Position along the length of the sandwich sample at which no current is
transferring between the superconducting and normal metal tapes; also position
at which current transfer direction is changing and the cumulative voltage in the
superconducting tape is equal to that in the normal metal tape or the voltage
difference between the two tapes is equal to zero. 130, 132, 133, 146, 151, 176,
177
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Introduction

1.1 Introduction to Superconductivity

1.1.1 Discovery and Superconducting Properties

In 1908 at the University of Leiden in The Netherlands, Professor of Experimental
Physics Heike Kamerlingh Onnes and team liquefied helium gas in his purpose-built,
renowned cryogenics laboratory [7]. This was the first time that helium had been
liquefied; and helium, having at 4.2 K (-268.8 °C) the lowest boiling point of the gases
naturally occurring in the atmosphere, was considered the last gas to be liquefied. The
advances that Onnes’ experiments enabled in the understanding of thermodynamics
were paramount and for this he was awarded the Nobel Prize for Physics in 1913 [8].

As well as thermodynamics, the ability to reach such low temperatures allowed
scientists to further investigate their understanding of the electrical properties of ma-
terials. The relation between temperature and electrical resistance of metals was of
particular interest at the time and it was during his investigations into this property of
mercury that Onnes made another, very important discovery.

As can be seen in figure 1.1, as a sample of mercury measured by Onnes was cooled,
its resistance decreased. Initially the decrease was linear; however, around the boiling
temperature of helium, 4.2 K, within a temperature change of 0.01 K the resistance
decreased dramatically and by several orders of magnitude from around 1 x 10~! Q to
what is marked in figure 1.1 as 1 x 107> €, before disappearing entirely. Figure 1.1
comes from the repeat of the original experiment, some 6 months before, in which it was

observed that between 4.3 K and 4.2 K the resistance decreased by a factor of almost
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400; then at 4.13 K and below, no resistance at all was measured using equipment

capable of around 30 nV resolution (by Ohm’s Law, resistance, R, is equal to voltage,

V, divided by current, I, see equation 1.1) [9].

%
R= T (1.1)
Figure 1.1 therefore shows the first recorded example of the transition of mercury
from the resistive state to the non-resistive state or from being a standard electrical
conductor to a perfect electrical conductor exhibiting a flow of electrical current with-
out resistance: a superconductor [10]. Initially described by Onnes in his notes as
‘supraconductivity’, the phenomenon came to be known as superconductivity. Onnes

went on to observe superconductivity in other elemental metals such as tin and lead

which made the transition at 3.7 K and 7.2 K respectively [11].
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Figure 1.1: Historic graph from [10] showing the resistance of the mercury sample tested
by Onnes as a function of temperature, including the first documented transition to a

superconducting (zero-resistance) state [12].



1.1 Introduction to Superconductivity

The temperature at which the transition to the superconducting state occurs is
known as the critical temperature or T,.. This temperature is a material property
and is one of the three defining characteristics of a superconductor, the others being
critical magnetic field, B, and critical current, I.. If a temperature, magnetic field and
current below the critical values is applied then the material will be superconducting;
above these values and it will be resistive. The transition between the superconducting
and resistive states due to a change in temperature above or below T, is direct and
instantaneous. The nature of the transition due to a change in magnetic field above
or below B, is dependent on whether or not the material is a Type I or Type II
superconductor as described in the following section. The transition due to a change in
applied current above or below I, is not instantaneous and the subject of much in-depth
study.

These three critical properties are interdependent and as such form a critical surface
defining the conditions under which the superconducting state can be achieved for a
given material. An example of a typical critical surface is shown in figure 1.2a while the
critical surface of the first commercially available superconducting compound, NbTi,
developed by Westinghouse Research Laboratories in 1962 [13], is plotted with that
of the later developed NbsSn in figure 1.2b. Note that the critical properties can be
written in alternative forms, as in figure 1.2. Instead of I., critical current density,
Je can be used. Equation 1.2 shows the general relationship between current (/) and
current density (J) where A is cross-sectional area of the conductor:

J = (1.2)

1
e
J. is found by using I, in equation 1.2. In a superconductor, the cross-sectional

area, A, could be:
e The cross-sectional area of the superconducting material only (rarely used),

e The cross-sectional area of the superconducting material plus the rest of the
superconducting component e.g the normal metal matrix - as described in section

1.2.2 (most common definition of J..), or,

e The cross-sectional area of the cable assembly including cooling infrastructure,

most commonly referred to as ‘engineering critical current density’ or Je.
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Likewise, instead of critical magnetic flux density B, measured in Tesla, the property
critical magnetic field strength H,. measured in Am~! is often referred to.

The superconducting state is defined, however, by two characteristics:

e Perfect electrical conductivity — or zero electrical resistance as first observed

by Onnes in 1911 [10], as discussed above, and,

e The Meissner effect — or the complete expulsion of a magnetic field, as ob-

served by Walther Meissner and Robert Oschenfeld in 1933 [16].

Meissner and Oschenfeld observed the latter characteristic while investigating the
effects of magnetism on materials in the zero-resistance or superconducting state. In
particular, they were interested in the effect of diamagnetism.

It is known from the Maxwell-Faraday equation that a magnetic field changing with
time is always accompanied by an electric field changing in space; the addition by Lenz
of the minus sign ensures that the conservation of energy or Newton’s Third Law is
obeyed and gives us the Maxwell-Faraday-Lenz equation, equation 1.3, where E is the

electric field vector, B is the magnetic field vector and ¢ is time.

0B

E=——
V x 5

(1.3)

If applied to an electrical conductor, the electric field caused by the changing mag-
netic field will cause electrons to flow by way of the Lorentz Force (equation 1.4) and
electric currents will be induced, known as eddy currents. The induced current will
in turn create a magnetic field which, thanks to the addition by Lenz, will oppose the
original magnetic field. In equation 1.4, F is the Lorentz Force vector which causes a
charged particle (in this case and electron) to move, ¢ is the charge on the particle and

v is the velocity vector of the particle.

F = ¢[E + (v x B)] (1.4)

In materials with a high magnetic permeability, or ferromagnetic materials such as
iron, nickel and cobalt, the induced current is significant; indeed, this is the principle

of an electric generator. All materials, however, respond in some way to an applied,
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(a) Typical critical surface for a Type II superconductor.
(14]

(b) Critical surfaces for niobium-tin (NbgSn) and
niobium-titanium (NbTi) superconductors, the latter be-
ing the first commercially available superconducting com-
pound (both Type II). [15]

Figure 1.2: Examples of superconducting critical surfaces (3D plots showing interdepen-

dence of critical values).
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changing magnetic field either by attraction (paramagnetism) or repulsion (diamag-
netism), as demonstrated by Faraday in 1845. This response is generally very small

and, often, negligible compared to the ferromagnetic response where this is present.

The effects of diamagnetism can, however, be seen and felt with a strong enough
magnetic field. Figure 1.3 shows a ball of water and a live, un-harmed frog diamgenti-
cally levitating in a magnetic field of about 16 T at the Nijmegen High Field Magnet
Laboratory. With such a high magnetic field, the vertical component of the diamag-
netic effect on the frog and the water is enough to counter the effect of gravity on them,
causing them to levitate [17].

In a perfect electrical conductor, such as a superconductor, one would expect that
sufficiently large eddy currents could be generated by a moving magnetic field, that the
magnetic field that such currents induce would be enough to completely counteract the
original magnetic field. In other words, a superconductor is often described as a perfect
diamagnet. However, what Meissner and Oschenfeld observed was not only perfect
diamagnetism in the presence of a changing magnetic field but the complete expulsion
of a magnetic field, whether changing or constant, even if the field were applied before
the transition to the superconducting state had occurred. This effect is known as the
Meissner effect [16]. Figure 1.4a shows a magnet resting on a superconducting pellet at
room temperature. Figure 1.4b shows the effect of cooling the pellet below its critical
temperature with liquid nitrogen: the magnetic field of the stationary magnet, which
could penetrate the pellet whilst it was in the normal or resistive state, is expelled from
the pellet once it becomes superconducting; its effects are counteracted, causing the

magnet to levitate.

In summary, a material is considered to be a superconductor if can be shown to
exhibit both the effects of perfect electrical conductivity (or zero-resistance) and not
only perfect diamagnetism but also the complete expulsion of a magnetic field (or the
Meissner effect) within the conditions bound by its critical properties, T, I. and B..
As well as the materials mentioned here, namely mercury, tin, lead, NbTi and NbsSn,
many others have been shown to exhibit superconductivity in this way. Those materials

relevant to this project are discussed in more detail in section 1.2.2.
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(a) Diamagnetic levitation of a ball of water.

(b) Diamagnetic levitation of a live, un-harmed frog.

Figure 1.3: Examples of diamagnetic levitation in a 16 T magnetic field at the Nijmegen
High Field Magnet Laboratory, Radboud University, The Netherlands [17].
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(a) Disc magnet resting on a superconducting pellet in

the resistive state.

(b) Disc magnet levitating above a superconducting pel-

let in the superconducting state, levitating due to the
complete expulsion of the magnetic field, known as the

Meissner effect.

Figure 1.4: Meissner effect demonstration, before and after the transition to the super-
conducting state by cooling with liquid nitrogen; demonstration designed and built at the

University of Southampton.
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1.1.2 Superconducting Theory and Application

1.1.2.1 From London to Gorkov

It took many years after the discovery of the phenomenon of superconductivity to
theorise the mechanisms driving it. In 1935 brothers London and London were able
to show that the Meissner effect was dependent on the presence of a superconducting
current [18]. In 1950 Landau and his student Ginzburg described the macroscopic
properties of superconductivity in terms of phase transitions in what became known as
the Ginzburg-Landau theory. This theory accurately predicted the presence of Type I
and Type II superconductors. In the same year Maxwell and Reynolds made important
progress that pointed towards the electron-phonon interaction mechanism [19] [20].

The difference between Type I and Type II superconductors comes from the way in
which they make the transition to the normal state when exposed to a magnetic field
greater than or equal to B.. In a Type I superconductor this transition is immediate
and both the Meissner effect and the perfect conductivity immediately break down.
Type I superconductors are all elemental metals and since they possess relatively low
B, values they were not greatly developed.

Type II superconductors possess not one critical magnetic field value but two: B
and B.o, often referred to in terms of critical magnetic field strengths, H.; and H,o.
If exposed to a magnetic field of strength equal to or greater than H.; but less than
H.o, the Meissner effect will break down in the Type II superconductor; however, a
superconducting current will still be able to flow. Between H.; and H.o the supercon-
ductor is in a mixed state also known as the ‘vortex state’ in which regions of normal
or resistive material are surrounded by vortices of superconducting current as demon-
strated in figure 1.5. This allows penetration of the magnetic field without loss of the
superconducting current as is experienced in Type I conductors since the magnetic field
is still excluded from the superconducting regions. As figure 1.5 shows the resistive re-
gions are evenly spaced throughout the material. As H.o is approached the resistive
cores grow and so become more closely packed together; however, as long as the vor-
tices are stationary a superconducting or zero-resistance current can still flow. Note
that, given the interdependence of the critical properties of a superconductor, H.o can
be approached not only by increasing the applied magnetic field strength but also by

increasing the applied current or temperature. At H.o the force of the superconducting
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current is such that it can cause the vortices to move and the superconducting state
is lost. At this point the material has made the transition to the resistive state and

exhibits neither the Meissner effect nor perfect electrical conductivity.

Super’curren’g‘ Mo mal

) Closer packing of normal regions occurs
Normal regions == 300 nm at higher terperatures or higher
external magnetic fields.

Figure 1.5: Superconducting current vortices surrounding normal or resistive regions in

a Type II superconductor in the mixed or vortex state [21].

In 1957, some 46 years after superconductivity was discovered, Bardeen, Cooper
and Schrieffer described the microscopic theory of superconductivity known as BCS
theory, involving Cooper pairs and electron-phonon interaction [22]. In 1959 Gorkov
showed that BCS theory reduced to the Ginzburg-Landau theory close to the critical
temperature; in fact the Ginzburg-Landau theory can be derived from BCS theory [23].

BCS theory does not account for superconductivity above approximately 30-40 K,
which was first observed by Bednorz and Miiller in 1986 in a group of materials known
as the cuprates [24]. For this reason superconducting materials with a T, above this
temperature region are often referred to as ‘High Temperature Superconductors’ or
HTS and those with a T, below this as ‘Low Temperature Superconductors’ or LTS.

For the first 75 years of superconductor technology, all discovered superconductors
had to be cooled with either complex and costly liquid helium systems (the most com-
mon), liquid hydrogen (boiling point -253 °C or 20 K) systems which were rarer due
to safety issues or, by the late 1970s, cryocoolers. In 1987 however, Wu and a team at
the University of Alabama in collaboration with Chu and a team at the University of

Houston observed superconductivity in Yttrium Barium Copper Oxide (YBCO) at 93

10
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K. This was the first superconducting material that could be cooled with liquid nitro-
gen (boiling point -196 °C or 77 K) [25]. Liquid nitrogen is much cheaper to produce
than liquid helium given its availability, the primary source being the air, and its higher
boiling temperature. Once used the nitrogen gas boil-off can return to the atmosphere
so the only limits to the supply of liquid nitrogen are the energy required to liquefy it,
unlike liquid helium for which there is only a finite and diminishing source of gaseous
helium available to liquefy [26]. Furthermore, nitrogen, unlike hydrogen, is completely
inert and therefore the safety systems it requires are much less complex. For this reason
it is also common to distinguish between HTS and LTS materials as those with critical

temperatures above and below the boiling point of nitrogen, 77 K.

1.1.2.2 Quench and Thermal Runaway

The behaviour of the material near its critical regions and the nature of its transition
between the superconducting and the resistive states, in particular the phenomena
known as ‘quench’ and ‘thermal runaway’, are also important when differentiating
between LTS and HTS, as well as leading to important design considerations for all
superconducting applications.

Working at such low temperatures and with such high current densities, the main
problem that any superconducting system is likely to face is that of a disturbance
to the system resulting in thermal instability and, hence, a positive feedback heating
loop which may result in irrecoverable damage to the system. This heating scenario is
referred to as thermal runaway and it is caused by a quench.

The thermal stability of a superconducting component or system is dependent on the
system cooling and any Joule or electrical resistance heating that may occur. When an
electrical current flows through a conductor of finite electrical resistance, said resistance
causes the dissipation of energy as heat, given by equation 1.5, where P is Joule or

resistance heating power, I is current and V' is voltage.

P=1V (1.5)

Combining with Ohm’s law, equation 1.1, the relation between heating power and

electrical resistance is:

11
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VZ
P=I°R=—. 1.6
I (1.6)

Under normal working conditions, a superconducting component is cooled to and
maintained at a temperature below its 7, and it is working within its other critical
values, I. and B., so that the electrical resistance and, therefore, the Joule heating
of the component is zero. The sources of heat in the system in this situation would

therefore be:

e Resistive joints between components if there is more than one superconducting

component in the system,
e Resistive joints between the component(s) and the current source,

e Radiation from outside the cryostat or other component housing.

Counteracting the heating effects of the above on the component should all be within
the capacity of the cooling system. Therefore, under normal working conditions no
temperature change within the component should occur.

However, as discussed in the previous section, superconductivity is a microscopic
phenomenon and, as such, subtle differences in behaviour or critical properties may
occur within any given section of superconducting material. Furthermore, tempera-
ture, upon which superconductivity is supremely dependent, is almost impossible to
accurately control on such a small scale for much larger components or systems (see
section 1.2.3).

It is possible, therefore, for some disturbance or local or global change in the temper-
ature, magnetic field or applied current experienced by a superconducting component,
to force all or part of it to be in a state outside of its critical range i.e. above the critical

surfaces described in figure 1.2. Examples of such disturbances include:

e Temperature increase — caused by, for example:

— A loss of or change in flow of a cooling fluid (global),
— A failure of system insulation (global),
— A disturbance in the flow of a cooling fluid (local),

— A breakage or fault in the insulation causing a part of the component to be

more susceptible to heating from the external environment (local),

12
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— A joint between components or between a component and the current supply
which is or becomes more resistive than the other joint(s) and therefore heats
at a greater rate under what would otherwise be normal working conditions

e.g. due to bad soldering (local),

— A section of the component(s) where the I. or B, is lower than the rest of
the component(s) so that it becomes resistive and therefore heat-generating

under what would otherwise be normal working conditions (local);
e Current increase — caused by, for example:

— A current supply disturbance, fault or input error (global),

— Current diverting from one component to another due to a local increase in

temperature or a lower local I. or B, (local);

e Magnetic field or field strength increase — caused by, for example, a surge
or fault in a magnet or magnetic component in the vicinity of the superconducting

component (which could include the component itself) (global or local);

e A mechanical disturbance to the system — caused by, for example, an
impact by an external body on the cryostat or component housing, which could

cause, directly or indirectly, any of the above.

As described in [6], these disturbances can be classified in one of four categories
within a ‘disturbance spectrum’ encompassing the spacial and temporal domains. These

are described in table 1.1 which also gives the standard units of measurement of such

disturbances.
Space
[Units of measurement] ] p‘ )
Point Distributed
. Transient J Jm™3
Time . N
Continuous W W m~

Table 1.1: The ‘disturbance spectrum’ as described in [6]. Disturbances are categorised
as either discrete (point, transient) or continuous (distributed, continuous) in space and

time. Suggested units of measurement of each disturbance category are given.

Should a disturbance such as those described above occur, some or all of the cur-

rent flowing will no longer be superconducting but resistive and, as such, some Joule

13
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or resistive heating will occur. As many superconducting materials are poor electrical
conductors when not in the superconducting state, this resistive current will often be
carried by the normal metal matrix or stabilising component of the superconductor
design (see section 1.2.2). The resistivity of the normal metal and the current transfer
resistance between the superconducting and normal metal components become impor-
tant factors in understanding and predicting system behaviour at this point.

If the disturbance is transient and a combination of the system cooling and current
sharing with the normal metal are sufficient, the system may recover and return to
normal working conditions. However, if this is not the case, the area around the
disturbance will continue to exhibit Joule or resistive heating which will spread to
neighbouring areas. As the temperature rises in these areas, even if no other disturbance
or change of conditions occurs, they too will be forced into the resistive state and
further heating will therefore occur. Heat will continue to spread throughout the system
causing more and more of it to become resistive and thus a positive feedback heating
loop is set up, known as a thermal runaway event as the system temperature increases
exponentially. Exponential increases in voltage are indicative of this occurring and this
self-perpetuating transition to the resistive state with such characteristic signatures is
known as quench.

Usually, whether due to the local nature of the disturbance or some local inhomo-
geneity in component critical values, the initial resistive zone which initiates a quench
will be small compared to overall component or system size; and the spreading of the
heat and, hence, transition to the resistive state will propagate from this initial zone
throughout the component. By recording voltage and temperature in a component
undergoing a quench, it is possible to measure the propagation velocity of the resis-
tive zone. Factors such as superconducting and stabilising normal metal materials,
component design, cooling and contact resistance between superconducting and stabil-
ising components all have an effect on resistive zone propagation and, hence, quench
behaviour. The effects are complex but, in terms of materials at least, this can be char-
acteristic; as a general rule, the lower the critical temperature of the superconducting
material, the sharper the transition to the resistive state or the steeper the increase in
measured component voltage and temperature with applied current, magnetic field or
system temperature, or for fixed conditions over time. Thus LTS can also be classified

by a sharp quench or thermal runaway and HTS by a slower or smoother transition.

14
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The majority of superconducting applications are designed to work well below their
critical conditions so as to avoid quench and thermal runaway. However, the conse-
quences are so drastic (often resulting in irreversible system damage) that the addition
of stabilising materials as well as quench detection mechanisms are a vital part of

superconducting application design (see, for example, section 1.3.3.1).

1.1.2.3 Transporting People and Power

Although the most common application of superconductors is in the form of very strong
magnets such as those used in Magnetic Resonance Imaging (MRI) scanning machines,
Nuclear Magnetic Resonance (NMR) spectroscopy and particle accelerators such as
the CERN LHC, the ability to cool superconductors with cryogens other than liquid
helium has opened the door to many more applications. Such applications already
in development include Fault Current Limiters(FCLs), energy storage in the form of
very large magnets such as Superconducting Magnetic Energy Storage (SMES) and
flywheels, transformers, and generators such as for use with wind turbines. Other
applications on the horizon but requiring further development include motors for all
electric aircraft (see figure 1.6).

However, the main application made feasible due to the discovery of Type II HTS
materials is, in fact, the one that Onnes himself envisioned would be the primary use of
the perfect electrical conductor, but which unfortunately had to wait nearly a century

to become a reality: electrical power transmission.

1.2 Superconducting Power Transmission

1.2.1 Overview of Power Transmission Research Projects

Since Onnes’ discovery of superconductivity in 1911, it has been anticipated that the
ability to transmit electrical power without resistive losses would revolutionise modern
society. However, due to the complex and costly nature of cooling with liquid helium, it
was not until the discovery of superconducting materials which could be cooled by liquid
nitrogen, which didn’t occur until the late 1980s, that this became a real possibility.
Transmission losses have a major effect on our energy consumption today. In the
financial year 2011/12, the recorded value of electrical transmission losses alone for

Great Britain was 6.12 TWh [28]. Of these the main component was resistive heating
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Figure 1.6: Design concept for E-Thrust all electric aircraft; currently the only electric

motor with a high enough power density to generate enough lift for a passenger aircraft
would be superconducting [27].
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losses, caused by Joule heating due to the electrical resistance of the cables and com-
ponents. Resistive heating losses accounted for nearly 80 % of the total system losses
of the UK National Grid in financial year 2011/12 and it is estimated that this will
increase over the next 5 years [29]. Further to this are the more complex distribution
losses discussed, for example, in [30]. Leading superconducting cable manufacturer,
AMSC, have suggested that, for 1,000 km of cable, even whilst taking into account
the required cooling power, superconducting cables would lose only a third as much
energy in transmission as conventional ones [31]. On a smaller scale, a 35 % reduction
in transmission losses compared to conventional cables has been estimated for a 20-m
long, 18.5 kA HTS cable cooled using an optimised two stage turbo-Brayton cryocooler
[32].

It is not just the reduced losses that make HTS power transmission systems a
truly viable long-term solution but also their high current density. Many urban areas
around the world are reaching the capacity of their current electrical power transmission
systems. Power consumption has increased to a level well beyond that expected when
the power transmission networks were designed 30-50 years ago [33]. In order to meet
the demand the systems need to be upgraded. To do this using conventional conductor
technology would require vast increases of space taken up by underground ducts or
overhead pylons which is both impractical and unsustainable. HTS cables can achieve
a practical current density (i.e. taking into account the cross-sectional area of cooling
systems, insulation and stabilising materials as well as that of the superconductor) at
least two to five times greater than that of conventional cables [34]. Therefore, simply
by retrofitting existing underground ducts, up to five times more energy can be brought
to an urban area. Saving weight as well as space is also an important factor and a recent
study suggests that an HTS transmission system including 20 m of cable could result
in a 93 % decrease in system weight compared to a conventional system using copper
cables at ambient temperature [32].

For these reasons many governments, electrical power suppliers and research insti-
tutes around the world have been investigating the plausibility of HT'S power trans-
mission systems and their integration into national power grids since ¢.1991. The main
projects identified are documented in table 1.2. Note that superconducting cables still

require a voltage rating in order to integrate with conventional circuits.
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. Cable Length Voltage Current . Publication
Project Country AC/DC Material
(m) (kV) (kA) Dates
AmpaCity  Germany 1000 10 4 AC BSCCO/YBCO 2011-2012
LIPA T USA 600 138 24 AC BSCCO 2005-2010
LIPA 11 USA 600 138 2.4 AC YBCO 2011
SuperACE Japan 500 66-77 3-5 AC BSCCO 2002-2007
Albany 1 USA 350 34.5 2.3 DC BSCCO 2005-2008
Albany II USA 350 34.5 2.3 DC 320 m BSCCO 2009-2011
30 m YBCO
Yokohama Japan 250 66 3 AC BSCCO 2009-2011
Bixby USA 200 13.2 4.9 DC BSCCO/YBCO 2005-2007
Moscow Russia 200 20 1.5-2 AC BSCCO 1998-2012
Superpoli France 200 20 28 AC BSCCO/YBCO 1999-2008
Edison USA 120 24 4.2 AC BSCCO 1999-2002
Gochang S. Korea 100 22.9 2.2 AC BSCCO 2006-2011
htpFF USA 50 115 3.3 DC BSCCO 1993-2001
Chongwan S. Korea 30 29 1.7 DC BSCCO 2005-2006
Chongwan II  S. Korea TBC 154 3.2 AC BSCCO 2007
NKT Denmark 30 36 2 AC BSCCO 1991-2002
Querétaro Mexico 5 23 10 DC BSCCO 2003

Table 1.2: HTS power transmission projects identified, in order of descending cable length.

NOILONAdOY.LNI ‘T
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1.2.2 Superconducting Materials for Power Transmission

There are many materials which have been shown to exhibit superconducting properties
and many more are constantly being discovered. For the purposes of this project,
which is concerned with the application of superconductivity for power transmission,
only those materials deigned suitable for this purpose are discussed. It is noted, of
course, that these materials are also used and being developed for applications other

than power transmission.

1.2.2.1 YBCO and BSCCO

The majority of superconducting power transmission projects, such as those listed in
table 1.2, use either YBCO or BSCCO cooled by liquid nitrogen. They are both
commercially available on a large scale and have critical currents of 93 K (YBCO), 92
K (Bi-2212) and 110 K (Bi-2223) where the numbers refer to the element coefficients
of bismuth, strontium, calcium and copper in the compound. Examples of YBCO and
BSCCO tapes are shown in figures 1.7 and 1.8 respectively.

It is noted that the conductors do not consist purely of the superconducting mate-
rial; rather a combination of superconductor, normal metal conductor and, in the case
of YBCO, other stabilising materials as required. As can be seen from figures 1.7 and
1.8, the final YBCO-based conductor takes the form of a tape made up of laminated
substrates, whereas BSCCO architecture tends to take the form of superconducting
filaments in a normal metal matrix. The normal metal conductor part of the overall

compound may be referred to as the ‘matrix’ (as in normal metal matrix) or ‘sheath’.
Ag (~1 um)

YBa,Cu,0,_, (~1 pm)

CeO, (~75 nm) fo’

YSZ (~75 nm)

¥;0, (~76 nm)

Metal alloy substrate
(80 - 75 jum)

Figure 1.7: Architecture of YBCO cable manufactured by AMSC. [35]
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Figure 1.8: Sample of standard BSCCO tapes consisting of HTS layers 200 pum thick
(superconducting filaments in a normal metal matrix); shown with and without copper

reinforcements. [36)

1.2.2.2 MgB,

Magnesium diboride, or MgBs, was first reported to be superconducting at tempera-
tures below 39 K by Nagamatsu et al. in 2001 [37]. Whether or not it is considered to
be HTS depends on the chosen definition as discussed previously in section 1.1.2.

However, a critical temperature of 39 K is sufficiently high that it can be cooled
with cold helium gas as opposed to liquid helium. Therefore, although liquid helium
is in short supply globally [26], where cold gaseous helium is readily available, MgB,
becomes a viable contender as a power transmission cable material. Where gaseous
helium is not available, liquid hydrogen has also been considered as a potential coolant
[38].

MgB, also has many other preferential properties in terms of both cost and perfor-
mance. Its properties in magnetic fields are highly favourable compared to those of the
more traditional niobium-based LTS materials [39]. Furthermore, it is estimated that
the cost/performance ratio (measured in US Dollars per kiloampere-metre product)
could be approximately four times less than that of YBCO and 20 times less than that
of BSCCO [40] due to the following properties:

e Consists of two readily available elements,
e Requires relatively low-temperature manufacturing processes,

e Can be drawn into wires or manipulated into other usable forms using variants

of already-established techniques,

o Works effectively with a copper sheath rather than the silver sheath often required
by HTS materials.

It has therefore been studied in particular detail with regards to the CERN High
Luminosity LHC (HL-LHC) upgrade [41] (as discussed in section 1.3) and all tests
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carried out as part of this project have concentrated on MgBs. An example of an
MgB, superconducting tape as used in this project, including its constituent parts,

their surface area and overall tape dimensions, is shown in figure 1.9.
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Figure 1.9: Architecture of MgBs tape including stabilising components and normal
metal (nickel) matrix. [42]

1.2.3 Cooling Methods for Superconducting Power Transmission Ca-
bles

The majority of HTS power transmission projects use liquid nitrogen as the cable
coolant. However, gas-cooling has been considered in some contexts.

Unlike liquid-cooling, gas-cooling poses the challenge of temperature inhomogeneity.
As the gas flows along a cable absorbing heat from it (thus, cooling it) its tempera-
ture increases creating a temperature gradient along the gas flow, potentially resulting
in a temperature gradient along the cable length. Furthermore, both the gas flow

itself and its interaction with the cable are complex and create further temperature
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inhomogeneities which are difficult to predict. Depending on the cooling system, the
interaction of multiple gas streams can also add complexity.

Despite these complications, gas-cooling has its advantages and helium gas-cooled
superconducting cables were investigated as part of the CERN HL-LHC upgrade (dis-
cussed in more detail in section 1.3). In this instance gaseous helium is readily available

for cooling HTS cables as the LHC cryogenic system provides [43]:

e Liquid and superfluid helium — for the cooling of the magnets and LTS

magnet links,

e Helium gas at 4.5-20 K — for the cooling of the beam screen and resistive

parts of the HTS current leads,
e Helium gas at 50 K — for the cooling of the cryostat thermal screens.

As well as availability, using a gas as a coolant as opposed to a liquid is advan-
tageous in the CERN LHC upgrade case as it is unusual in requiring long lengths of
vertical cable housing over a large elevation [44], which is less suitable for liquid cooling.
Furthermore, a greater range of temperatures will be available and an improved range
of superconductor properties will therefore be achievable. A potential bus-bar cooling
method for use of gas-cooled HTS power transmission cables in the LHC upgrade is
given on p. 26 of [45].

Cold gas-cooled power transmission lines have also been investigated outside of
the LHC, albeit much less extensively than their liquid-cooled counterparts. In 2000,
Anghel et al. published a study on a prototype neon gas-cooled system. A Joule-
Thomson valve was used to reduce the temperature of the neon to approximately 45
K and, by adjusting the operating pressures of the system and introducing a heater, a
temperature range of 30-70 K was shown to be possible [46].

In 2011 and 2012 the Florida State University Center for Advanced Power Systems
(FSU-CAPS) tested the feasibility of a helium gas-cooled HTS cable. Focusing on
the cooling capabilities of the system, a superconducting cable was simulated by a
stainless steel bar of an approximately similar thermal mass. The cryostat was tested
and the temperature gradients studied and compared to a theoretical model. The
experimental and theoretical results showed good agreement. It was identified that

though the system could remove up to 20 W of heat per m of simulated cable without
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substantial temperature gradients, a greater helium gas flow rate would be required for
large-scale applications such as naval and aeronautical applications [47]. In addition, a
feasibility study of pressurised gaseous helium as a dielectric was also carried out. A
partial discharge inception voltage of approximately 16 kV was shown, which was well
within the design requirements and the dielectric performance of the helium gas-cooled

cables described as ‘promising’ [48].

1.2.4 Integration into Current Power Transmission Systems

Given the scale of national and regional electricity networks and the immense disruption
to society that any interruption of their services would cause, any changes to such sys-
tems would need to be gradual. For that reason the majority of projects concentrate
on the integration of superconducting components into existing power transmission
systems. One of the key projects demonstrating the feasibility of HT'S power transmis-
sion is the Long Island Power Authority (LIPA) project. The 600 m-long HTS power
transmission cable installed into the LIPA grid in 2008 is still connected to this day,
efficiently providing electricity to thousands of people [49].

Taking the UK as an example, a preliminary investigation into the form this transi-
tion may take and the role of superconductors in it has been carried out in collaboration
with both transmission and distribution companies, namely The National Grid, Scot-
tish and Southern Energy plc (SSE)/Scotish Hydro-Electric Transmission Ltd (SHETL)
and Western Power Distribution (WPD).

From the perspective of the National Grid, the most promising potential application
of superconducting technology would be in the upgrade of conductors connecting micro-
generation circuits to the main grid. Creating new connections to what is already
considered to be a ‘saturated’ grid is expensive due to the required reinforcement of the
main grid. However, retrofitting existing connections with superconductors to increase
their capacity would not require the same modification of the main grid. Furthermore,
the increase in development of HT'S technology production is allowing it to become a
more and more economical option [50].

Two potential areas for superconducting applications were identified in discussion
with SSE/SHETL, namely ‘congested corridors’ and offshore wind farms. As in the
LIPA case described in [49], the high current density of superconductors makes them

highly favourable as short-length ‘joints’ in circuits where it is required to carry a
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large current through a small space, generally in urban and industrial areas. The term
‘congested corridors’ has been coined to describe this scenario. Proving the technology
and familiarising the electrical network industry with it via projects like this could
work as a good stepping stone to further integrate it into the system in the future. In
a current offshore wind farm system, multiple turbines are currently connected to one
circuit by 33 kV cables. Each circuit is connected to land by approximately 40-50 m
of 132 kV or 200 kV cables. An immediate superconducting application in this area
could therefore be the replacement of the short turbine-turbine connections in order to
improve efficiency [51].

From the perspective of a distribution company, reliability is the most important
factor to consider - even more so than cost. Superconductors could potentially be used
as security or ‘back-up’ cables to carry anticipated spikes in the network load. Although
it is aimed for the future grid system to be managed in such a way that a fairly constant
demand and supply are produced (for example with increased use of energy storage and
‘smart’ devices), in the transition period there may be even greater ‘load swings’ than
exist already. Cables of greater capacity may therefore be required to cope with this,

if not to be in constant operation [52].

1.2.5 Further Power Transmission System Development

As the electrical transmission grids strive to take on the challenges of greater capacity in
a reduced space and increased interconnectivity, in the long term it is anticipated that a
radical re-design of such systems will be required. Some such concepts in development
are ‘SuperGrids’ and ‘micro-grids’ in which superconducting components are predicted
to play an important role.

It is likely that fuels such as fossil fuels (while the resources remain) and hydrogen
will continue to be part of the future energy economy. As such, the issue of transmission
from source to point of use, typical of such geographically-limited energy sources (unlike,
for example, domestic solar generation), will therefore continue to exist [53]. A solution
to the combined transmission problems of both electricity and fuels has been given the
name ‘SuperGrid’ [38] and consists of a very long superconducting cable or ‘SuperCable’
[54], for example stretching between the East and West coasts of the USA, cooled by
liquid hydrogen, liquid methane or Liquid Natural Gas (LNG). Electricity and fuels
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could then be tapped off at various strategic points along the cable for distribution or
immediate use [55].

As mentioned, the loss problem of transmission (and of step-up/step-down trans-
formers) exists because energy generation rarely takes place on or near the point of
consumption. However, with the development of generation techniques that can be
incorporated into or very close to a populated environment, such as solar panels and
small-scale wind turbines, electricity can be taken directly from the point of generation
to the consumer, bypassing national-scale grids [56]; this network design is known as
a ‘micro-grid’. If the majority of generation within a micro-grid is based on renew-
able energy sources which provide non-constant power (such as wind and solar) then
energy storage also becomes a significant component of such a system. On the micro-
grid scale, superconducting storage systems such as SMES could significantly enhance
the dynamic system stability [57]. Superconducting FCLs are also being investigated
as components in a stabilised micro-grid [58]. Although the majority of studies focus
the role of superconductors in these areas of storage and current-limiting components,
superconducting cables are also being considered.

As micro-grids aim to reduce transmission distances and keep generation close to
consumption regions, the transmission infrastructure will be in close proximity to pop-
ulated areas. The reduced spacial requirements of a high-current-density conductor
and the increased safety of low voltage transmission, as well as the increased efficiency,

make superconducting cables an attractive option [59].

1.3 Superconducting Power Transmission at CERN

1.3.1 Pioneering a New Technology

In the early days of the CERN LHC development, HTS technology still posed the

following problems:
e Poor mechanical properties,
e Low critical current density,

e Sensitivity to magnetic field at high temperatures.
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However, it was nevertheless envisaged that HTS technology would have a significant
role to play and was considered by CERN to be worth investing in - which proved an
auspicious approach. The introduction of HTS current leads in the LHC design, which
provided a thermal break between the liquid helium-cooled magnet circuits and the
power input at room temperature, reduced the heat leak into the helium bath by a
factor of 10 and, consequently, the cooling power consumption by a factor of three [60].
Furthermore, the project pioneered HTS technology by being the “largest current lead
project ever undertaken” at the time [61].

As the materials developed, so did their potential applications within the LHC.
During the review process of the planned upgrades of the LHC, the following potential
HTS applications were identified: switches, cables and, in the long-term, magnets [62].
This project concentrates on the use of HTS cables in the LHC upgrade(s).

LTS cable links are already in use at the LHC, connecting magnet systems. These
links typically operate at the same narrow temperature range as the magnet circuits
and share a common refrigerant of liquid or supercritical helium. HTS links or bus-
bars, however, would operate at a wider temperature range with cooling by exhaust
helium boil-off gas and integrate smoothly with the current lead systems up to room

temperature [44].

1.3.2 The LHC High Luminosity Upgrade Phases I and 11

The HL-LHC upgrade was originally to be rolled out in two phases. The Phase-I up-
grade aimed to increase luminosity to 2-3 x 103 cm™2 s~!. This would have caused an
increase in electromagnetic radiation in the LHC tunnel, posing a danger to any elec-
tronic equipment housed there such as control valves, level gauges and other devices
housed in the current lead cryostats which are sensitive to radiation. Such equipment
would have needed to be moved to a relatively radiation-free area away from the beam
[45]. HTS cables could have been used to form the link between the magnet circuits and
the current lead systems as they are less susceptible to degradation from the radiation
than LTS cables [63]. HTS cables could also have been used to replace LTS links be-
tween magnets. These applications would have required links of between approximately
30 and 100 m in length and 10 m in elevation.

The Phase-I upgrade was merged with the Phase-1I upgrade which aimed to increase

the luminosity by a further factor of 10 to values above 10%> cm~2 s~! [64]. To ensure
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that all sensitive devices and components, including power converters, were unaffected
by the increased radiation, it was suggested that they be moved above ground, requiring
superconducting links of up to 500 m in length and 150 m in elevation. Removal of
power converters, current leads and their cryostats from the underground area would
also increase the space around the accelerator and allow quicker access to the power
system components for maintenance [41]. The combined upgrades of Phase-I and Phase-
IT are known as the HL-LHC (High-Luminosity LHC) and the Design Study programme
of the upgrade as ‘HiLumi’.

After further evaluation, a power transmission system for the LHC requiring 10
superconducting links was designed as part of the HiLumi programme. The link spec-

ifications were as follows (see figure 1.10):
e 4 X links at Point 1 and 4 x links at Point 5:

— Multi-purpose:

* Removal of current leads and their cryostats to a safe distance from the

beam
x Upgrade of high luminosity (magnet) triplets
* Feeding of arc and MSS magnets

— Vertical (surface to tunnel installations)
— 300 m-long
— 156 kA total current-carrying capacity in the form of:

* 12 x 120 A conductors
* 28 x 600 A conductors
* 23 x 6 kA conductors

e 2 X links at Point 7:

— Single purpose: Removal of current leads and their cryostats to a safe dis-
tance from the beam

— Semi-horizontal (tunnel installation)

— 500 m-long

— 29 kA total current-carrying capacity in the form of:
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* 48 x 600 A conductors

The use of HTS in the proposed links, as opposed to conventional Cu or aluminium
based cables, would also have the advantage of removing the large, warm, heavy stan-
dard power transmission cables, increasing the space around the accelerator and de-
creasing the heat leak into the system. For example, in one original design for individual
magnet-feeding power links at Point 1, it was estimated that over 70 tonnes of copper
would be required if conventional copper cables were used [45]. Based on this reason-
ing, extensive research has been carried out into the design and operation of HTS cable

assembly links for use in the HL-LHC upgrade through the HiLLumi project.

1.3.3 Cable Designs

1.3.3.1 Design Considerations

The following considerations were important when designing the CERN cable assembly

structure:

e Compact design — Space is limited both in the tunnels and tunnel alcoves
and in the channels that the cable assembly will pass through during installation.
Therefore a compact design was required not only to allow the cable to fit but

also to allow access for installation, connection and maintenance.

¢ Reducing induced voltages — Conductor lengths were to be twisted both into
pairs and around formers where possible to reduce induced voltages. Discussed

in more detail below.

e Thermal stability — Sufficient stabilising material was to be included to min-
imise the possibility of thermal runaway occurring and to ensure that the cable
assembly was recoverable should a thermal runaway event occur. This was even
more critical than in other HTS power transmission projects given the reduced

access to the cables available for maintenance or repair should damage occur.

e Quench detection — A system must be put in place to detect a quench or

thermal runaway event should it occur.
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(b) LHC map showing proposed superconducting links (yellow).

Figure 1.10: LHC maps with and without superconducting links shown. [65]
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e Conductor material and form — A number of suitable superconducting ma-
terials exist which can be manufactured as both wires and tapes, depending on
their individual material properties, and the unique behaviour of each form needed

to be considered.

e Cooling system requirements — The cable was to be cooled using the helium
boil-off gas from the liquid and superfluid helium used to cool the magnet circuits
posing the dual challenges of gas-cooling and integrating the cable cooling system

not only into the magnet cooling system but also the helium recovery system.

1.3.3.2 Strands and Twisted-Pairs

Both superconducting wires and tapes have been considered in the design process. In
particular, the formation of stabilised ‘sandwich’ strands using tapes has been studied.
A strand in this context consists of alternating layers of superconducting and stabilising
tapes, the stabilising tapes being made of a normal metal conductor such as copper.
This strand configuration is also referred to as a ‘sandwich stack’, an example of which
can be seen in figure 1.11. These stabilisation layers are additional to the normal metal
matrix already incorporated into superconducting tapes.

The requirements of the CERN HL-LHC cables are unusual in that, unlike most
commercial and national network transmission cables, they are operating with a Direct
Current (DC). The cable requirement is therefore simply two conductors per magnet
circuit carrying ‘current in’ and ‘current out’, as opposed to standard conventional
conductor three-phase Alternating Current (AC) power transmission cables.

The magnetic inductance due to the transport of such high currents is significant, yet
its exact calculation is complex, as with all inductance calculations - there is to take into
account the self-inductance of each conductor, the mutual inductance between current-
in and current-out conductor pairs and, in a bus-bar link feeding multiple magnet
circuits with a single cable assembly, the mutual inductance between neighbouring
conductor pairs [66]. This is known as a ‘self-field’ scenario in which no external
magnetic fields are applied but the induced fields are taken into account.

Such an induced self-field scenario was modelled for a cable consisting of two con-
ductors carrying a DC current in and out as part of investigations by CERN into the

feasibility of using HT'S cables [67]. The conductors modelled were strands in the form
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of sandwich stack layers of tapes such as those described above and the results showed
that when the two conductors were parallel, the induced fields forced a non-uniform
current distribution among the tapes in each strand, resulting in locally reduced I.
values. However, by twisting the conductors together, each surface alternates between
being an inner and outer surface so that, over the length of the cable, the induced fields
are cancelled out. The twisting together of paired instrumentation wires to minimise
signal noise due to induced voltages is fairly standard practice and the modelling in [67]
shows that, by applying this to the current transport conductors in the CERN HL-LHC
cables, a significant degradation of I. can be avoided. This ‘twisted-pair’ configuration
has therefore been integrated into the cable design.

However, laying two or more twisted-pairs parallel to each other would nullify the
effect and induced fields would still be experienced. Therefore, all the twisted-pairs
in a cable assembly are also twisted about a former or central support tube, generally
made of Stainless Steel (SS), to further reduce induction.

Unlike conventional, ductile, normal metal wires and cables, a superconducting
component cannot be easily drawn, formed or twisted, for various reasons. All of the
superconducting materials considered for the HiLumi project are brittle and can snap
or break during bending, stretching or twisting. Furthermore, the superconducting
properties of a material depend on its microscopic structure, which is also affected by
bending, stretching and twisting. Each material therefore comes with a recommended
minimum bending radius, bending above which its superconducting properties should
still be effective. In the HiLumi cable designs, a twist pitch of 0.4 m was generally
adhered to in order to reduce any degradation of the superconducting properties. How-
ever, it is still possible that damage could have occurred during the twisting process,

causing an inhomogeneous I, distribution or other degradations in the cable properties.

1.3.3.3 Imitial Designs

An early design for a 26 x 600 A-rated twisted-pair (52 x strands) cable assembly,
where each strand consisted of 2 x superconducting tapes and 1 x copper stabilisation
tape, is shown in figure 1.12.

A series of later designs based on MgBs wire, as opposed to tapes, is shown in
figure 1.13. Similar designs based on the other superconducting materials studied and

validation of the cable concept can be found in [68], in which the concentric designs of
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Figure 1.11: An example of a sandwich stack strand formation consisting of 2 x super-
conducting (MgBs) and 3 x stabilising (Cu) tapes wrapped in Kapton tape.
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Figure 1.12: Initial cable designs: 26 x 600 A twisted-pairs cable assembly structure;
crosses denote current-in strand and circles denote current-out strands; each strand consists
of 2 x superconducting tapes (of Y-123 or Bi-2223) and 1 x copper stabilisation tape [43].
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figure 1.13, which lend themselves well to a twisted-pair formation, are favoured over
the grid-like design of figure 1.12. However, the use of sandwich stacks of alternating
superconducting and normal-metal stabilising tapes has been generally favoured over

the use of wires.

(a) 3 kA cable sub-assembly. (b) 14 kA cable sub-assembly.

(c) 8 x 600 A cable sub- (d) 7 x 14kA,7 x 3kA, 8 x 600

assembly. A cable assembly.

Figure 1.13: Various MgB, wire cable assembly configuration concepts with copper sta-
biliser where MgB, is solid (green) and copper is hatched (white) [41].

The performance of 2 m-long sample cables were tested in a collaboration between
CERN and the University of Southampton [1, 67]. The cable unit was a twisted-pair
assembly of two cables, each made from sandwich stacks of three superconducting and
four stabilising tapes. The sandwich stacks were electrically insulated from each other
and then twisted together to form a pair. Five cable ‘Types’ were tested and their

configurations are summarised in table 1.3.
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Type’ Conductor  Supplier (A) (A)
Type-1 Bi-2223 Bruker HTS 260 1270
Type-2 Bi-2223 Sumitomo 493 2885
Type-3 YBCO SuperPower 295 4410
Type-4 YBCO AMSC 310 3220
Type-5 MgBso Columbus n/a 4205

Table 1.3: Summary of properties of 2 m-long, single twisted-pair sample cables studied
in a collaboration between CERN and the University of Southampton [1, 67].

Each of the cables tested incorporated a sandwich stack of 3 x superconducting
layers intercalated with 4 x copper layers (of dimensions 4 x 0.2 mm?), giving a total
of approximately 3.2 mm? (4 x 0.8 mm?) cross-sectional area of copper stabiliser, per

unit length. The copper laminations took the following forms:

e Type-1, Type-3 and Type-5 — copper tapes interleaved between supercon-
ducting tapes during the preparation of the strands to form sandwich stacks; elec-
trical contact between superconductor and stabiliser made by pressure of Kapton

tape wrapped around the sandwich stack,

e Type-2 and Type-4 — copper alloy laminations soldered onto both sides of

each superconducting tape.

The electrical insulation of each strand was provided by Kapton tape (6 mm x 50
pm), wrapped with 50 % overlapping back and forth around each strand and again
around each twisted-pair. The twist pitch of each twisted-pair cable unit was 0.4 m for
all types.

Critical currents were established at 4.2 K for all samples and at 77 K for the
cuprate conductors only, both under self-field and in a homogeneous external field of
up to 10 T. The averages of the values found for the two strands of each material tested
are given in table 1.3. Further investigations ascertained critical currents of the sample
cables as a function of temperature between 10 and 77 K, as seen in figure 1.14, and it

was verified that the cables remained stable with 80-95 % of I. applied for 5 minutes

1.
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Figure 1.14: Critical current as a function of temperature for several 2 m-long, single
twisted-pair sample cables as summarised in table 1.3 [1].

1.3.3.4 MgBs Sandwich-stack Cable Design for LHC Point 7 Links

The final chosen cable configuration designed specifically for the requirements of the
links at Point 7 in the HL-LHC (see figure 1.10), namely a 29 kA-rated cable made
up of 48 x 600 A-rated conductors, is known as the MgBs-Cu sandwich stack design
and is based on the Type-5 design described above and in table 1.3 and figure 1.14. It
is a novel superconducting power transmission cable concept developed by CERN in
line with the requirements of the CERN LHC combined Phase I and Phase IT upgrade
or HiLumi/HL-LHC projects described previously and uses assemblies of twisted-pair
strands [64].

As described above, each strand consists of alternating layers of superconducting
material (MgB2) and stabilising tapes made of a normal metal conductor (copper).
Two strands, electrically insulated from each other by being wrapped in Kapton tape,
are twisted together to form a twisted-pair. The Kapton wrapping also holds the
superconducting and stabilising layers together, providing the pressure contact which

is the only contact between the tape layers since they are not soldered or adhered to
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each other in any other way. This pressure-only contact is another unique feature of
the CERN cable design. The normal metal layers are added for enhanced electrical and
thermal stabilisation due to the inaccessibility of the cables once installed in the LHC
tunnels. In the configuration presented here each strand is comprised of three layers of
MgBs and four layers of Cu as shown in figure 1.15.

Note also that ‘single-sandwich’ refers to three tapes in a stabiliser-superconductor-
stabiliser formation and a ‘sandwich stack’ refers to a formation of alternating stabiliser
and superconductor tapes with more than one superconductor layer, such as the strands
described above. A ‘half-sandwich’ refers to two tapes, one stabiliser and one super-
conductor.

It is this cable concept which has been tested at the University of Southampton,
forming the basis of this body of work, and described in the following chapters.
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superconducting
tapes

Kapton®

copper insulation

stabiliser

(a) Left: Schematic of a pair of MgBs-Cu strands including individual Kap-
ton wrapping. Right: (upper) schematic of two strands twisted together to
form a twisted-pair; (lower) twisted-pair Kapton wrapping process. [68]

Kapton
wrapping

(b) Portion of sandwich stack in cable assembly tested at University of
Southampton with Kapton pulled back to reveal Cu and MgBs tapes.

Figure 1.15: Kapton-wrapped MgBs-Cu strands as tested at the University of Southamp-

ton.
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Preliminary Tests and
Motivation: CERN Cable Testing

Facilities at Southampton

2.1 Introduction

As a continuation of the collaboration between CERN and the University of Southamp-
ton to investigate superconducting power transmission cable designs for use in the LHC
Point 7 link as part of the HiLumi upgrade design project, a purpose-built vessel re-
ferred to as the ‘6 m Nexans semi-flexible cryostat’ was designed and built. This was
designed for the testing of up to 5 m-long, multi-strand prototype cables following on
from the 2 m-long, single twisted-pair sample cables described in the previous chapter
and in [1, 44, 67].

Before the full multi-strand prototype cable tests were carried out, the Type-5
MgB,-Cu 2 m-long, single twisted-pair sample cable from [1, 44, 67] was used to test
the workings of the 5 m Nexans semi-flexible cryostat. These tests, which are henceforth
referred to as the ‘2 m preliminary cable tests’, allowed the cryostat cooling configu-
ration and behaviour to be tested and optimised. These tests also lead to two further
series of experiments from which the two main research threads of this body of work are
derived, namely 5 m-long, multi-strand cable stability tests and 200 mm-long single-
or half-sandwich current transfer tests.

This chapter therefore describes: the test facilities designed and built by CERN and

39



2. PRELIMINARY TESTS AND MOTIVATION: CERN CABLE
TESTING FACILITIES AT SOUTHAMPTON

the University of Southampton to test 5 m-long multi-strand cable prototypes; and the
results of the 2 m preliminary cable tests that led to the two main research questions
behind this body of work.

2.2 Test Facilities

2.2.1 The Cryostat

In order to carry out thermal stability and quench characterisation tests on a cable
assembly of the design described in section 1.3.3.4, the 5 m Nexans semi-flexible cryostat
was designed and assembled at the University of Southampton [1]. Cable assemblies
of up to 50 strands or 25 twisted-pairs connected in series could be tested in the
cryostat. Strands were connected in series so that they could be tested using one pair
of current leads and one power source which significantly simplified the cryostat design.
Further work outside the scope of this project is being carried out by the University of
Southampton and CERN to design and build a test facility for 24 independently loaded
twisted-pairs, simulating the context in which the cable will be used in the LHC i.e.

powering 24 individual magnet circuits.

2.2.1.1 General Structure

A schematic showing all major inputs and outputs of the cryostat is given in figure
2.1. Figure 2.2a shows the cryostat in the laboratory environment at the Institute
of Cryogenics, University of Southampton. Figure 2.2b highlights some of the main
features of the general structure of the cryostat.

The top of the cryostat (as labelled in figures 2.1 and 2.2b) features the main entry
and exit ports and the connections to the sample. It is also at the top that the cryostat
opens for the loading and connection of samples. The main cable housing of the cryostat

can be seen as the long, black, corrugated middle section in figure 2.2.
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2. PRELIMINARY TESTS AND MOTIVATION: CERN CABLE
TESTING FACILITIES AT SOUTHAMPTON

Cryostat closes here: these two flanges
come together and are clamped

Entry/exit ports Test chamber flange

(b) Main features.

Figure 2.2: 5 m Nexans semi-flexible cryostat at the University of Southampton [1].

2.2.1.2 Thermal Shielding

To ensure that the sample could be efficiently maintained at the required low temper-
atures in the cryostat, multiple thermal shielding techniques were used.

The main cable housing consists of four concentric flexible tubes incorporating a
vacuum environment, a liquid nitrogen jacket and a corrugated pipe in which the su-

perconducting cable to be tested was placed. The external diameter of this section is
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220 mm and the ID/OD of the corrugated pipe is 84/92 mm (see figure 2.3). This

set-up represents the current baseline for proposed future LHC applications [44].
Radiative heat transfer is governed by the Stefan-Boltzmann law which states that,

for the case of ‘a pipe passing through an enclosure large in size relative to the pipe

diameter’ [69], heat exchange by radiation is determined by equation 2.1:

. 4 4
Qradiati(m = Apipe X Epipe X o X (Tpipe - Tenclsom"e) (21)

where Qrqdiation is the rate of heat transfer between the ‘pipe’ and the ‘enclosure’, A,;pe
is the radiating surface area of the ‘pipe’, €pipe is the emissivity of the ‘pipe’ surface, o
is the Stefan-Boltzmann constant (5.67 x 1078 W m=2 K—%), Thipe is the temperature
of the ‘pipe’ surface and T, cjosure 1S the temperature in the ‘enclosure’ at the surface
of the ‘pipe’.

However, here, unlike in most conventional heat transfer cases, the ‘pipe’ represents
the cryostat, the temperature within which is very low, and the ‘enclosure’ is the warm
body or cryostat surroundings, i.e. the laboratory. Heat therefore transfers from the

‘enclosure’ to the ‘pipe’, so we can rewrite equation 2.1 as:

: 4 4
Qradiation = Aenclosure X Eenclsoure X 0 X (Tenclosure - Tpipe) (22)

where Acnclosure 18 the surface area of the ‘enclosure’ in contact with the ‘pipe’ surface
and €cnelsoure 1S the emissivity of the ‘enclosure’ at the surface of the ‘pipe’.

Without a thermal shield, T,,cosure Would be the temperature of the laboratory
environment, ~300 K. By surrounding the inner chamber of the cryostat (in which the
sample is held) by a jacket of liquid nitrogen to form a thermal shield, Tepcosure 1S
significantly reduced to the temperature of the liquid nitrogen or 77 K. For T};,. values
of 10-40 K, the addition of the liquid nitrogen thermal shield results in a decrease in
radiative heat transfer into the internal cryostat chamber by a factor of between 230
and 250, before taking into account the effects on emissivity.

It is noted that it is also possible to use gaseous helium at 20-50 K, such as that
which would be produced by the cooling of magnet circuits in the LHC, as the low-
temperature fluid in the cooling jacket.

This significant reduction in heat transfer into the system from the surroundings

would be compromised by conduction and convection heat transfer if the cryogen jacket
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He,-cooled Outer wall of
test chamber cryostat:
220 mm OD
Test chamber Vacuum
wall: 84 mm ID
Test chamber Nz(,, or Heg,
Cables to be jacket

vacuum layer

wall: 92 mm OD tested placed

in here

Figure 2.3: Cross-section of the main cable housing of the 5 m Nexans semi-flexible

cryostat at the University of Southampton.

was in direct contact with the test chamber outer wall. However, as can be seen in
figure 2.3, vacuum layers are used to prevent this.

Furthermore, the liquid nitrogen does not come into direct contact with the outer
flanges at either end of the cryostat. A series of insulated pipes carry the liquid nitrogen
from wells at either end of the main chamber into and out of the cryostat. In place of
the liquid nitrogen jacket thermal shield at each end, then, there is instead a copper
shield which sits with one end in the nitrogen wells and so is cooled to the liquid
nitrogen temperature by conduction.

This copper thermal shield is particularly important at the top of the cryostat as
the majority of entry and exit ports are housed here. In particular the connection to the
current supply here creates an unavoidable direct thermal connection to equipment at
room temperature. Therefore, at the top of the cryostat, as well as the copper thermal

shield, superinsulation is used. The superinsulation consists of alternating layers of:

e Aluminised Mylar — a thin, light, plastic sheet coated in aluminium whose

reflective properties reduce heat transfer by radiation,
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e Synthetic (e.g. Nylon) netting — which prevent the Mylar sheets from being
in contact with each other to prevent heat transfer by conduction via the ther-
mally conductive aluminium layers; a thermally resistive material, often synthetic,
such as nylon, is chosen and a design which significantly reduces the contact area
between layers such as netting so as to continue to reduce conductive heat transfer

(see equation 2.3).

Rate of heat transfer by conduction, anduction, is given by Fourier’s law:

AT x A

_ 2.3
Pthermal X Ax ( )

Qconduction = -

where AT is the temperature difference between the two bodies in contact, A is the
contact area, pPipermal 18 the thermal resistivity of the material and Az is the material

thickness or length along which heat has conducted.

2.2.1.3 HTS Current Leads

As mentioned previously, the top section of the cryostat separates from the main body of
the cryostat to allow samples to be inserted. This extra joint, along with the connection
to the current supply, means that reducing heat transfer into the system at this point is
particularly important. To this end, as well as the thermal shielding described above,
HTS current leads were used, as in the LHC itself as described in section 1.3.1. Figure
2.4 shows the top section of the cryostat, which houses the current leads, separated
from the main cryostat body.

As mentioned, the electrical connection between the sample and the power supply
creates an unavoidable thermal link between the cold system inside the cryostat and
ambient conditions. The use of HT'S current leads reduces the heat entering the system

at this point in two ways:

e Thermal break — The current leads, kept at an interim temperature by the
cold He,) exiting the cryostat, provide a thermal break, reducing the temperature
difference seen by the sample cable to be tested, and helping to reduce heat

entering the system via conduction,

e Reduced heat generation — The current leads, being maintained below their
T, and therefore in the superconducting or non-resistive state, do not produce any

Joule heating and so do not add to the heat entering the system at this point.
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Therefore the use of current leads is more advantageous than simply using conventional
current connections cooled to the same temperature.

Furthermore, helium gas heat exchangers within the current lead unit further reduce
heat leak into the system via conduction along the current leads. The heater exchangers
unconnected to a sample are shown in figure 2.5a and with a sample connected in figure

2.5Db.

Figure 2.4: 5 m Nexans semi-flexible cryostat: current lead unit separated from main

body of cryostat; test chamber flange also visible [1].

2.2.1.4 Helium Gas Cooling

The sample in the test chamber is cooled using helium gas for which there are two
independent entry/exit ports, one at each end of the cryostat. The majority of the
cooling is done by the bottom gas feed. The top feed was originally installed as an
optional flow, mainly used for counteracting the remaining heat leak into the system
via the connection to the power supply. However, it has since been seen that a mixing
of the two gas feeds can help to provide a homogeneous temperature inside the vessel.

The helium gas is supplied by Dewars of liquid helium. In each Dewar a resistance
heater is inserted into the liquid to control the helium boil-off rate by manually con-

trolling the power applied to the heater. The pressure of the gas leaving the Dewar
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(b) With sample connected.

Figure 2.5: Current lead heat exchangers in 5 m Nexans semi-flexible cryostat at the

University of Southampton.
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is monitored. Before entering the cryostat, the helium gas passes through a gas ‘con-
ditioner’ used to adjust the temperature and flow-rate of the helium gas entering the
cryostat for which purpose it contains a second resistance heater and a thermometer.
The power applied to the conditioner heater can be controlled manually or by using a
suitable control device, such as a PID controller, whose inputs can be the gas pressure
or the gas temperature. This is shown schematically in figure 2.6. The combined he-
lium flow is channelled out via the HTS current leads, to maintain them below their

critical temperature, on its return to ambient temperature.

DC
To cryostat
{—v—,P Gas conditioner ; Y
|

=3

Optional link

Lo

b

1o se8 wnijaH

PID controller

Hegg

He)

Helium Dewar

Figure 2.6: Schematic for control of helium gas feeding 5 m semi-flexible Nexans cryostat

at the University of Southampton. Configuration used for both top and bottom gas feeds.

Gas-cooling is used here to simulate the HL-LHC environment in which the cables
will be cooled using boil-off gas from the magnet-cooling helium feeds. However, com-
pared to conventional cooling by liquid cryogens, the heat transfer coefficient for gas
cooling is typically lower by at least an order of magnitude. While such a reduced heat
transfer capability is an important design and operation consideration for gas-cooled
superconducting cables, it becomes particularly challenging for the cable testing. Elec-
trical and thermal characterisation tests must be conducted with applied currents that

are near and above the critical current and in scenarios in which the heat dissipation
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in the superconductor exceeds the cooling capability. Furthermore, by definition, there
will always be a temperature gradient with forced-flow cooling since the temperature
of the coolant increases along the direction of flow as it absorbs the heat energy of
the body which it is cooling. Therefore, assessing cable characteristics such as the
isothermal determination of critical current (I.) over a long length of sample cable is
not straightforward.

It was seen in the preliminary tests that the following operational steps helped
to mitigate the difficulties of low heat transfer by gas cooling in this cryostat and
minimise the temperature gradient along the length of the cryostat in order to attempt
to homogenise the temperature of the sample and were therefore used in all following

experiments:

e Increase main gas flow — It was seen that the temperature gradient along
the 5 m test vessel could be reduced to 1 K or less by increasing the main gas

flow rate (bottom gas feed).

e Use of secondary gas flow — By maintaining the secondary gas flow (top
gas feed) at a lower temperature than that of the main gas flow, it was able to

compensate for the temperature increase in the main flow.

¢ Encourage mixing of gas flows — The mixing of the two gas flows at different
temperatures produced strong natural convection currents which travelled in the
opposite direction to the main flow with a substantial penetration into the main
vessel, resulting in a further reduction of the temperature gradient. This had
been observed as the temperature measured in the middle or bottom of the vessel

reacted to a change in the conditions of the top gas feed.

It was also originally intended that the the ends of a cable assembly to be tested,
where the inter-strand joints were situated, were maintained at a lower temperature
than the rest of the cable in order to compensate for heat generation due to resistive
joint components such as solder and copper. To this end a heater was installed at the
top of a baffle situated in the cryostat at the bottom end; samples would be loaded into
the cryostat so that the baffle was positioned between the joints and the main cable.
The gas would therefore flow past the joints at a low temperature governed by the gas

conditioner, then be forced around the baffle and past the heater which would control
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the temperature of the gas seen by the cable. However, it was soon determined that
the strong natural convection currents of the combined flow were far more dominant
in controlling the flow temperature than the heater which therefore became redundant

and was not used.

2.2.2 The 2 m-long, Single Twisted-Pair Sample Cable Assembly

The 2 m-long, single twisted-pair sample cable used in the preliminary tests in the 5
m semi-flexible Nexans cryostat was that used in [1] of the design described in section
1.3.3.4 with the alterations described below.

The two strands of the twisted-pair cable were labelled ‘V’ and ‘N’ and additional
voltage taps or ‘v-taps’ were placed at the positions shown in figure 2.7. Voltage
differences between various v-tap pairs could be read with the use of external junction
boxes. Voltage taps V3, V4, N3 and N4 were those connected to the cable at the
University of Southampton in addition to those connected at CERN and used during
the tests described in [1].

Temperature was measured at the following points on the cable using cernox ther-

mometers:

V strand, top,

e N strand, top,

Unspecified strand, middle,

Unspecified strand, bottom.

A resistance heater, H1, was installed in the middle of the cable, as per figure 2.8.

2.2.3 The 5 m-long, Multi-Strand Prototype Cable Assembly

To test the design of the HTS links required at Point 7 of the LHC, an assembly of
23 twisted-pairs, each rated at 600 A, of MgB,-Cu strands (a cable) was designed and
built at CERN for testing at the University of Southampton. It is noted that the
original specification was for 24 x twisted-pairs or 48 x strands. However, during the
manufacturing and assembly processes, two of the strands were damaged, namely #5

and #6. The damaged strands were shorted out so that a joint between strands #4
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Figure 2.7: Voltage tap positions on 2 m-long, single twisted-pair sample cable.
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Figure 2.8: Attachment method of resistance heater H1 to 2 m-long, single twisted-pair

sample cable.
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and #7 was made. It is noted, therefore, that while all 48 strands were present and
strands retained their original numbering for reference, only 46 of the 48 strands were

actually tested.

2.2.3.1 Strands and Twisted-pairs

In the cable assembly configuration as tested: each strand was wrapped in a layer of
electrically insulating Kapton tape (as described in figure 1.15a); each twisted-pair was
then also wrapped in Kapton; and, finally, the whole cable assembly was wrapped in a
last layer of Kapton. The cable assembly was structurally supported by being twisted
around a SS former. Figure 2.9 shows the top of the cable assembly in which all the

Kapton wrapping processes can be seen as well as other cable features.

Current infout
strands, #1 and #48 Twisted-pairs Cable assembly
(V01-02 and V93-94) Top joints (inter-pair) wrapped in Kapton wrapped in Kapton

Individual strands

SS former Instrumentation
wrapped in Kapton

wires

Figure 2.9: Top of 46-strand cable as set up for testing at the University of Southampton
showing: current in/out strands; Kapton wrapping of strands, twisted-pairs and cable

assembly; inter-pair joints; stainless steel former; instrumentation wires.

2.2.3.2 Joints

Joints between strands were made by soldering them together inside copper bars. The
bars, of a diameter approximately twice the strand width, had a rectangular cutaway
in which the strands were placed. This was then filled with solder and a flat copper
strip or ‘lid” was placed on top. The bars, and hence the joints, were approximately
200 mm long and were separated and electrically insulated from each other by a PTFE
holder. A profile of a joint is shown in figure 2.10. Assembled joints for testing are

shown in figure 2.11.
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Joints between two strands which formed a twisted-pair or ‘intra-pair joints’ were
located at the bottom end of the cable. Joints between twisted-pairs or ‘inter-pair
joints’ were located at the top of the cable - note that this includes the joint between
strands #4 and #7 which was made by the shorting out of damaged strands #5 and
#06; strands #4 and #7 are clearly not a twisted-pair and this joint is located at the
top. Figure 2.12 shows the cable assembly as tested at the University of Southampton.

Copper ‘lid’

Rectangular cutaway
filled with solder

Strands between

which joint is made

Copper bar

Figure 2.10: Profile of a joint between strands. The same configuration was used for

both inter-pair and intra-pair joints.
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Figure 2.11: Assembled intra-pair joints at the bottom of the cable. Notable features
include copper joint lids and PTFE holder/separator.
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Top Heater on strand #44 Middle Bottom
cernoxes (non-stabilized) cernox cernox

Intra-pair
Inter-pair Heater on strand #37 joints
joints (top) (fully stabilized) (bottom)

Current in/out
(strands #1 and #48)

(a) Schematic of 46-strand cable including positions of cernox thermometers

and heaters.

(b) Relative positions of strands (top view, inter-pair joints). Note that
although there are 48 strands in the cable #5 and #6 were damaged and
therefore had been shorted out (and a connection between strands #4 and

#7 made), hence 46 strands were tested.

Figure 2.12: Schematics of 46-strand cable experimental set-up at the University of

Southampton.
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2.3 Preliminary 2 m Cable Tests: Research Questions

The 2 m-long sample cables used in the 2 m preliminary cable tests were monitored
using v-taps which were attached to one of the superconducting tapes in each strand at
CERN during the cable manufacturing process. For the tests of the Type-5 MgBs-Cu
cable in the 5 m cryostat, extra v-taps were soldered to each strand of the cable to
increase the resolution of the voltage measurements. This was done by locally cutting
and unwrapping the Kapton around the region where the new v-taps were to be placed
and soldering to the edge of the tapes.

For the testing of the cryostat each strand was treated as a single conductor, assum-
ing that the current was distributed evenly among the superconducting tapes and that
a voltage was only measured when current entered the copper tapes because either I,
B or T was above I., B. or T, i.e. it was assumed that which tapes within a strand the
v-taps were attached to did not affect the voltage measurement. However, during the
2 m preliminary cable tests, it appeared that a negative voltage value was measured
between certain v-tap pairs at the start of a quench or thermal runaway event. It was
shown that this was not a reverse of polarity as the voltage value would eventually
become positive. Perhaps it was the result of some inductive effect? But this did not
explain why it was observed between certain v-tap pairs and not others.

It was ascertained that the negative voltage was only measured between pairs in-
cluding one of the newly added v-taps. On closer inspection of these it appeared that
where the new v-taps had been soldered to the strands, the solder had spread across
the edges of multiple tapes and, furthermore, was not consistent in the tapes to which
it had adhered; therefore measuring between a new v-tap and its neighbour did not
measure the voltage across single tapes and, indeed, often measured between tapes. It
was therefore deduced that the negative voltage measured was attributed to current
transfer between tapes in the sandwich stack. It is from this observation that the two

main research questions of this project were formed:

e What effect does the current transfer between the tapes within a strand, and the
contact resistance between the tapes on which the current transfer is assumed to

depend, have on cable behaviour?

e Can we observe and measure the current transfer between the tapes and therefore

measure the contact resistance between them?
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Quench Propagation and
Detection in CERN 46-Strand
Cable

3.1 Introduction

The 5 m-long demonstration cable described in the previous chapter, was built at CERN
for testing at the University of Southampton in a purpose-built cryostat. As well as
concept validation tests, showing that the cable could work within the design specifi-
cation carrying 600 A at 25 K, stability tests were carried out to see how the cable
behaved in response to disturbances. Investigations into the nature of quench propaga-
tion in this particular cable configuration were carried out, as well as experimentation

to understand the most effective form of quench detection.

A key feature of the novel CERN cable design is the pressure-only contact between
the superconductor and stabiliser layers, and it was unknown how this would effect
current sharing and hence stabilising properties. Therefore, adjustments were made to
the CERN demonstration cable at the University of Southampton so that the effect of
increasing contact resistance between superconducting and stabilising layers could be
investigated. The experimental set-up, results and analysis of these tests are discussed

in this chapter.
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3.2 Experimental Set-up

In order to study the quench properties of the cable, local heaters were used to apply
point-like heat deposition to two strands, #37 and #44, which were chosen for their
accessibility. Strand #37 was used as the fully stabilised or control case which, apart
from the addition of a heater and extra thermometers and v-taps, was unchanged from
the original CERN configuration. Strand #44 was used as the (partially) non-stabilised
case in which the copper and superconducting tapes were separated by layers of Kapton,
as described below. In this way, the effect of the contact resistance in the pressure-only
contact between superconducting and stabilising layers could be investigated. In both
cases, sections of the outer Kapton wrapping were removed locally to allow access for
applying extra v-taps, heaters and thermometers. Great care was taken when applying
additional instrumentation and techniques were developed to improve the accuracy of
soldering the new instrumentation wires compared to those used in the 2 m preliminary
cable tests.

The positions and nomenclature of the strand and joint v-taps attached at CERN
are shown in figure 3.1; for strand numbering see figure 2.12b. For example, the voltage
measured across strand #2 is that measured between v-taps V04 and V05, written
VS04-05 (note the ‘S’ denotes a strand rather than a joint); for strand #3 the voltage
measured is VS06-07; the joint between them, which is located at the top of the cryostat,
since they do not form a twisted-pair, is that measured between v-taps V05 and V06,
written V05-06.

3.2.1 Fully Stabilised Strand

In the fully stabilised case, two 47-{) resistance heaters connected in series were applied
to the strand, giving a total heater resistance of 94 €. Solder was applied across the
revealed edge of the tapes, improving the thermal link between them and increasing
the homogeneity of heating throughout the strand. The heaters were glued to a strip
of copper which was then attached to the solder using GE varnish and insulated from
it with a layer of paper. Where v-taps were added solder was also applied across the
edges of all the tapes. The positions of the extra v-taps relative to the position of the
heater are shown in figure 3.2 where v-taps VS70 and VS71 are those at the top and
bottom of strand #37.
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Strand V-taps
(top view)

P R:ET 78-79

Strand V-taps
:‘::3 82-83 (bottom view —
84-8 twisted pairs)

Joints V-taps
(top — inter-pair)

Joints V-taps
(bottom — intra-pair)

(b) Positions of joint v-tap pairs.

Figure 3.1: Strand and joint v-tap positions, 46-strand cable assembly. Note that V09 is
on strand #4 and V10 is on strand #7 and that since damaged strands #5 and #6 have
been shorted out, effectively forming a joint between strands #4 and #7, V09-10 measures

the voltage across this inter-pair joint.
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3.2 Experimental Set-up

3.2.2 Non-Stabilised Strand

In comparison, an effectively infinite electrical contact resistance between the Cu and
MgBs tapes was created in strand #44 by separating them with Kapton dividers,
as shown in figures 3.4a and 3.4b. However, the thermal resistance of Kapton is not
infinite and the thermal stabilisation effect of the Cu tapes was not completely removed.

Therefore strand #44 may be referred to as the ‘(partially) non-stabilized’ case.

The separated zone was approximately 12 cm long. 47-C) resistance heaters were
applied to each of the superconducting tapes, in the center of this zone, by gluing
them to copper ‘flags’ which were soldered to the edge of the MgBs tapes (see figure
3.4c). The three heaters were connected in parallel, giving a total resistance of 15.7 €,
and shared a common power source. The positions of the extra v-taps relative to the
positions of the heaters are shown in figure 3.3 where v-taps VS84 and VS85 are those

at the top at bottom of strand #44.

(a) Kapton layers removed to reveal approximately 12 cm of strand

#44.
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(c) Resistance heaters attached to copper ‘flags’; a ‘foot’ of a flag

is soldered to the edge of each of the three MgBsy tapes in strand

#44; heaters are connected in parallel to a single power supply.

Figure 3.4: Adding the Kapton dividers and tape heaters to non-stabilised strand #44,
46-strand cable at the University of Southampton.
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3.3 Characterization of Thermal Stability

3.3.1 Minimum Quench Energy (MQE)

For both the stabilised and non-stabilised cases, the same method was used to estimate
the Minimum Quench Energy (MQE). First, a constant, direct current was applied to
the cable. Then a heat pulse of known duration and power was applied to the strand,
from which the applied energy could be calculated. The local temperature increase due
to the heat pulse was such that the applied (DC) current was greater than the I. for
the new, increased, local temperature but still below I. for the rest of the cable.

At applied energies lower than the MQE, a voltage would be observed in the strand
that would rise, peak and then decay - the strand would have recovered from the
point disturbance. At energies above the MQE the strand would quench. For each
given current and operating temperature, heater energies of increasing increments were
applied. The MQE lay between the highest energy at which the strand recovered and
the lowest energy at which it quenched. An example of such quench and recovery
measurements plotted together is given in figure 3.5. Pauses were left between each
measurement to allow for cooling before applying the next heat pulse. For temperatures
between 22 K and 31 K a variety of current values were applied and the MQE measured
for each one.

It is noted that, while every effort was made to insulate the heated region and
maintain adiabatic heating of the superconducting tape within the strand, some of
the energy will have been lost to the cooling helium gas. Furthermore, as mentioned
previously, in the (partially) non-stabilised case, the thermal stabilisation effect of the
copper was not completely removed. Both of these factors will have had an effect on
the measured MQE values.

Figure 3.6a shows the range between the measured values of Maximum Recovery
Energy (MRE) and MQE plotted against normalised current density, 7. It is shown that
the MQE is higher in the fully stabilised case (1.8 — 9.8 J) than in the non-stabilised
case (0.2 — 7.9 J). In both cases the MQE values are higher than has been reported
for MgBs tapes without additional Cu stabilisation i.e. which is less than 1 J per tape
(less than 3 J for three tapes) [70-74].

To calculate j, I. data taken from preliminary measurements with the cable assem-

bly was used to calculate the approximate I. value for a given nominal temperature, by
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Figure 3.5: Example of quench and recovery measurements used to define MQE plotted
together. Example shows V600n-p voltage trace taken from fully stabilized case (28.4 K,
740 A) at applied heater energies 2.67 J and 2.87 J (27 V and 28 V respectively across 94
Q for 0.34 s).

linear extrapolation. Equation 3.1, from equation 1.2, where A is cross-sectional area,

was then used:

. Japplied o Iapplied A o Iapplied
7= = X = .
Jo(T) A Ie(T)  1c(T)

In figure 3.6b, the MRE-MQE range is plotted against j. MRE is taken as the

(3.1)

maximum applied energy which caused no voltage (and therefore transition to the
resistive state) in the sample and MQE is taken as the minimum applied energy which
caused a voltage in the sample. The range MRE-MQE is plotted using error bars,
where the upper and lower bounds of the bars are MRE and MQE respectively, and
the mean of the MRE and MQE values is the plotted point between them. Error bars
are also used in the j axis where there were uncertainties in the overall temperature
at the time the measurement was taken. Figure 3.6b shows that as critical current
is approached, the MQE does not disappear, as predicted by the critical state model,
but appears to approach a constant value, as predicted by the power law model. Both
models predict that for a single MgBs tape, in the one-dimensional case, MQE has the

following dependence on operational temperature, Tg:
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cp(Th) k(To)
MQE ox a8 x4t x (T = Th)

where ¢, Je, k, p and T¢ are the specific heat, engineering current density (see glossary

[SJIe]

(3.2)

entry for J,), thermal conductivity, normal state resistivity and critical temperature of
the MgBs tape respectively [6]. In the analysis that follows, physical properties of the
MgBs tape have been taken from [75] and T¢ is taken as 37.5 K.

In equation 3.2, the material properties solely dependent on temperature can be
grouped together to form a constant of proportionality. Considering the non-stabilised
case, and Ty = 23 K and 31 K, constants of proportionality of 0.00429 and 0.00577
respectively are found. This suggests that the MQE at 23 K should be approximately
75 % of the MQE at 31 K. However, as figure 3.6a shows we have measured a higher
MQE at 23 K than at 31 K and, indeed, a general trend for MQE to decrease as
temperature increases; a trend which is also seen in [73] and [74]. Further study is

required to explain this phenomenon.

3.3.2 Propagation of Resistive Zone

The measurement of the useful property ‘normal zone propagation velocity’ is less
straightforward in materials with a smooth superconducting-to-non-superconducting
transition (e.g. most HTS, MgBs), than in those with a sharp transition (e.g. most
LTS) [76, 77]. However, an approximation of a ‘resistive zone propagation velocity’, vy,
can be made.

Here, this was done by measuring the time between a resistive zone first appearing
at one v-tap and at the next v-tap in the direction away from the disturbance source,
then dividing by the distance between v-taps. The resistive zone was taken to have
appeared at a v-tap when an electric field measuring 1 ¢V /cm was measured between
it and the previous v-tap i.e. that closer to the disturbance source.

In the non-stabilised case velocities of up to 35 cm/s were measured, increasing with
applied current and decreasing with temperature (see figure 3.7). Some variation in the
three MgBs tapes was shown, particularly at higher currents. For the fully stabilised
case the non-distinct nature of the initial resistive zone was particularly apparent and
very few traces with clear propagations were captured. More data could be collected

with improvements to the measurement method, for example, by applying more v-taps

65



3. QUENCH PROPAGATION AND DETECTION IN CERN
46-STRAND CABLE

10 T T
Triangles: stabilised
Circles: non-stabilised
8
Vv 24K
v 25K S
— v 26K
S gL | v o2
w 23K
g —0— 31K ‘
uu B
x 4 : YA
=
k W V 1
v vy
4 Y
2 N W
\.\
i i b
0 i H i H H H H
0.0 0.2 0.4 ) 0.6 0.8 1.0

J

(a) MRE to MQE range as a function of normalised current density
7; MQE and MRE values shown as upper and lower bounds of error
bars respectively; plotted point value is MRE and MQE mean (j

error due to uncertainties in local temperature measurement).

10 — T
Triangles: stabilised V 24K
Circles: non-stabilised || V 25K
Vv 26K
Vv 28K
23 K]
® 31K v
\
50 vy - ——vV v
v
& v
= vv /
1

0.01 o1 1
1-j

(b) MQE as a function of 1 —j, where j is normalised current
density. Both stabilised and non-stabilised cases shown for various

temperatures.
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data as a function of (3.6a) j and (3.6b) 1 —j.
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closer to the heated region/simulated point disturbance. However, early indications
suggest that v, is greater in the non-stabilised case, following the trend that an increase
in MQE corresponds to a decrease in v,. Not only has this trend been reported elsewhere
[70-74] but it also follows from an analytical approach to investigating the properties

MQE and v,. The reasoning is as follows:

1. Adiabatic normal zone propagation velocity can be calculated using equation 3.3:

J pk . Je pk
o LahS— _— 3.3
Upadiabatic = % Tow — 1o ] cpY x Tow —To (3:3)

where J is the applied current density, C' is the specific heat capacity and « the
density of the of the MgBs tape, taking v = 8000 kg/m?, Ty, as calculated in
equation (3.4):

To + T,
Tow = % (3.4)
and all other terms as defined in equation (3.2) [6].
2. Comparing equations 3.2 and 3.3 it can be seen that:
k Jev/ pk
MQE VE ile vy o 2T (3.5)
Jer/P Cp

3. It is therefore not unexpected that an increase in MQE generally corresponds to

a decrease in v,.

Figure 3.7b shows that although only a few data points in the fully stabilized case
have been captured they show good agreement with the adiabatic propagation velocity
as calculated in equation 3.3. In the (partially) non-stabilised case however, measured

vp values are less than half of those expected from equation 3.3.

3.3.3 ‘Hot Spot’ Temperature

During the quenches in which the MQE and v, measurements were made, temperature
increases in the ‘hot spots’ or regions around the resistance heaters attached to the
sample (see figures 3.2 and 3.3) of up to 63 K were observed (e.g. an increase from 24

K to 97 K). Under different conditions, it was also observed that a quench could be
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Figure 3.7: Resistive zone propagation velocity, v,, as a function of normalised current
density, 7, for stabilised and non-stabilised cases.
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induced in the sample after an increase in local hot spot temperature of only 5 K, from
26 K to 31 K. The variation appears to be partially due to the ratio of the applied
current to the critical current for the given nominal sample temperature, or j (see
equation 3.1), where a lower j leads to a higher temperature increase. This could be
explained by the fact that when I4,,1;cq Wwas much lower than I., a much higher energy
needed to be applied to the sample heater in order to induce a quench, potentially

leading to the greater local temperature increase.

Interestingly, the highest hot spot temperature increases were seen in the fully
stabilised case, as can be seen in figure 3.8. In the (partially) non-stabilised case,
temperature rises of up to 29 K (e.g. from 23 K to 52 K) were observed in the vicinity
of the heater and increases of 26 K in the vicinity of v-tap ‘V2’, 2.5 cm away from the
heater, as can be seen in figure 3.9. Note that the TCs across the three superconducting
tapes were measured as one, with the overall signal measured being divided by three,

so the temperatures measured here are an average of the three tapes in the strand.
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Figure 3.8: Local ‘hot spot’ temperature rise during quench in strand #37, fully stabilised
case, for various applied currents and temperatures (i.e. various j values), and various

heater pulse lengths.
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Figure 3.9: Local ‘hot spot’ temperature rises during quench in strand #44, (partially)

non-stabilised case, for various applied currents and temperatures (i.e. various j values).
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3.3.4 Quench Detection

Quench detection is a vital part of any superconducting component design as discussed
in previous chapters. Conventional quench detection relies on voltage measurements.
For large-scale/long-length applications such as the CERN HL-LHC proposed super-
conducting link, a quench or thermal runaway event must generate a high voltage in
order to be detectable above the high signal noise. Although the sandwich design in-
creases the thermal stability of the system by increasing the MQE, the time constant
before such a detectable voltage is reached, and, therefore, before a quench becomes
detectable, is also increased. This is the result of the decreased v, and the temperature-
homogenizing properties of the added Cu tapes.

For example, in the stabilised strand, as shown in figure 3.10, the point at which the
quench has most likely propagated 1.25 cm away from the heater to v-taps Strand_Vn
and Strand_Vp lies between points I and II. The overall voltage measured across the
strand at this point is between 2 and 7 mV. Almost a second later at point III, when
the quench has reached v-taps V_100n and V_100p 10 cm away, the overall voltage is
20 mV.

By increasing the contact resistance over a short length, as in the (partially) non-
stabilised case, this voltage noticeably increases as shown in figure 3.11. At point I,
where the quench has propagated to v-taps V2 and V3, 2.5 cm away from the heater,
the overall voltage is 21 mV; this is potentially between 3 and 10 times as large as
the voltage in the stabilised strand at a similar point of propagation. Less than half a
second later at point II, where the quench has propagated 6 cm away from the heater
to v-taps V1 and V4, the overall voltage is 31 mV, an increase of at least 1.5 compared
to the stabilised case at a similar point of propagation. The cable remains sufficiently

stable or ‘recoverable’ as in the fully stabilised case.

3.4 Conclusions

3.4.1 Design Specification and Thermal Stability

Design specification and thermal stability tests were carried out on a 5 m-long, 24 x

twisted-pair, MgBo-Cu sandwich cable designed by CERN as part of the LHC HiLumi
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Figure 3.10: Stabilised strand #37. Point I: Overall strand trace V600n-p starts to
deviate from Strand_Vn-p; Point II: Change in slope in Strand_Vn-p; possible points of
propagation past v-taps Strand_Vn and Strand_Vp. Point III: V600n-p deviates from
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v-taps V100n and V100p.
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project. The cable design has been tested within the given working specification of 600
A at 25 K and it has been shown that this is well within the capabilities of the cable.

By attaching resistance heaters to individual strands within the test cable it has
been possible to apply point-like heat deposition and simulate point disturbances such
as those which the cable may experience when in use. Properties such as minimum
quench energy (MQE) and resistive zone propagation velocity (v,) have been measured
under a number of conditions by varying operating temperature, current applied and
contact resistance between MgB, and copper tapes within the strand. It has been shown
that the addition of the copper tapes increases the MQE, meaning that the cable is
more robust than it would be without the additional copper and able to withstand
greater disturbances before a quench occurs.

However, this comes at the cost of reduced v, so that, should a sufficient disturbance
occur and the cable quench, the heated zone would remain localised and an undesirably
steep temperature gradient would be produced. Furthermore, the voltage read across
the heated strand at this time remains low as only small portions of the strand have
started the transition from the superconducting state (where no voltage is measured)
to the resistive state. Since the majority of quench detection systems currently rely on
voltage measurement, and given the large signal noise expected due to the size of the
cable, an increase in voltage measured during a quench is desirable.

These results suggest an optimisation of the cable design. It is hypothesised that
by adjusting the parameter MgBo-Cu tape contact resistance, a cable can be designed
that is optimised for both thermal stability (or resistance to quench) and detectability

of quench should it occur.

3.4.2 Current Transfer and Contact Resistance

In order to further understand and investigate such an optimisation, more information
about the nature of the transfer and distribution of current between superconducting
and stabilising layers, as well as how this is affected by contact resistance, is required.
During the 2 m preliminary cable tests, it was found that it was possible to measure
current transfer between layers within a strand and that the direction of transfer was
indicated by the polarity of the voltage measured.

In these tests, as well as the v-taps attached at CERN during the manufacture and
assembly of the cable, additional v-taps were added at the University of Southampton.
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As described as part of the experimental set-up in section 3.2, the process of attaching
new instrumentation wires to the test cable was not simple once the cable had been
mounted in the cryostat. The strands within the cable were not easily accessible. This

was due to both:

e The outer Kapton wrapping — which had to be removed around the area to

be worked on, and

e Limited workspace around the cable — since the cable needed supporting

along its entire length to avoid stresses on the cable-cryostat joints.

To compliment the tests on the 5 m-long demonstration cable, therefore, a bespoke
test rig was designed to investigate the current transfer in a single MgBo-Cu sandwich

under various contact resistance configurations.

75



3. QUENCH PROPAGATION AND DETECTION IN CERN
46-STRAND CABLE

76



4

A New Method for Measuring
Current Transfer and Contact

Resistance

4.1 Introduction

From the cable tests described in the previous chapter, contact resistance between the
superconducting and stabilising tapes has been identified as an important variable in

understanding the behaviour of the CERN sandwich stack cable design.

4.1.1 Standard Conductor Contact Resistance Measurements

Methods for measuring contact resistance between standard conductors have long been
established. Two solid surfaces are held in contact while one conductor is connected
to the positive terminal of a current supply and the other to the negative terminal. A
v-tap is also connected to each conductor, a current is passed between them and the
voltage measured divided by the current applied gives the resistance of the connection
[78, 79]. There are many variations in contact forms and holding configurations but
the principle of measurement remains the same.

As with all electrical resistance, the greater the surface area of the conductor - or,
in this case, the contact area between the two conductors - the smaller the electrical
resistance. For a standard conductor this is shown by equation 4.1:

_pxl

="

(4.1)
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where p is the electrical resistivity of the conductor, a material property dependent on
temperature, [ is the conductor length and A is the conductor cross-sectional area.

When looking at the resistance caused by the contact between two conductors,
the length of the contact is on the microscale and generally not measurable. The
contact area, however, remains an important variable, especially when designing an
electrical connection. In the design process it is, in fact, more useful to know the
contact resistance in units of 2 x unit area for a given pair of materials in a given
contact configuration than to know the resistance in €2 of a specific conductor pair set
up. For example, if it is known that the contact resistance of a particular electrical
joint configuration is 10 Qcm? then, if the design requirement is a resistance of 2 €, a
joint of 5 cm? is required; but, equally, if the design is restricted to an area of 2 cm?,
then the resistance will be known to be 5 €.

When talking about contact area between two conductors with reference to the
contact resistance between them, what is actually being discussed is generally ‘apparent
contact area’ or the common surface area of the two conductors. Even the most polished
surfaces are uneven on the microscale and the actual points of contact are determined
by surface asperities or roughness. Only the peaks of the asperities will make contact
with each other and these points of contact form ‘a-spots’, as depicted in figure 4.1a,
the combined area of which makes the actual contact surface area, which is generally

only a fraction of the apparent surface area, as visualised in figure 4.1b.

-
4 |
¢ £ . top
confact View
spots -
(S v -

current flow

(a) Electrical contact occurs only at peaks (b) Actual contact surface area (blue) is only

of surface asperities. a fraction of the apparent contact surface area
(light green).

Figure 4.1: Schematics of an electrical contact as seen from: (4.1a) the side, showing
the surface roughness of the electrical conductors and the restricted current flow between
them; and (4.1b) the top, showing the area of actual contact or ‘a-spot’ area [80].
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For the majority of materials and contact configurations, the actual contact area
increases with pressure, as shown in figure 4.2. This is because as the conductor surfaces
are forced together under pressure, the a-spots deform, widening and flattening, and
the actual contact surface area increases. How readily the a-spots deform depends on

the hardness of the conductor materials.

4.1.2 Contact Resistance Measurements Involving Superconductors

Unlike in standard conductor contact resistance measurements, temperature is a very
important factor in contact resistance measurements involving superconductors. Due
to the high currents applied, the heat transfer both between and within components
and due to the cooling system, and the strong dependencies of material properties such
as electrical resistivity and heat capacity on temperature, particularly at cryogenic
temperatures, the electrical and thermal properties of the system form strong and
dynamic co-dependencies which are not seen in standard conductor systems. Note that
a superconducting system above its critical temperature, T, can generally be treated
as a standard conductor system with a severely reduced current-carrying capacity.
Tests have so far been carried out to measure the joint resistances of joints between
two superconducting components [81-85] and between superconducting and resistive
components [86, 87] using much the same experimental set-ups as those used for stan-
dard conductor contact resistance measurements such as those described in [78, 79].
Investigations into determining the Current Transfer Length (CTL), the length over
which current transfers from the normal metal matrix to the superconducting filament
within a superconducting component, both theoretically and experimentally, have also

been carried out [88, 89].

4.1.3 Superconductor-Stabiliser Contact Resistance Over a Signifi-
cant, Un-Soldered Length

However, no evidence of measurement of contact resistance along a significant length
of un-soldered superconductor-stabiliser contact has been found. Nor has any com-
prehensive study of the current distribution between superconducting and stabilising

components or layers.
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Figure 4.2: Contact resistance, R, for various common conductor materials and contact

styles (‘rods’ which are crossed rod contacts and ‘plates’ which are nominally flat contacts),
plotted against contact load, P, where: solid lines show clean contacts; dashed lines show
materials in air (which have therefore become covered by a monolayer of oxygen); and
associated solid and dashed lines are shown by shading between lines [78].
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To this end, bespoke experimental facilities were designed and built to simulta-
neously test the contact resistance and map the current distribution between super-
conducting and stabilising tapes of up to 200 mm in length, in a temperature range of
approximately 30-40 K, in the small-sample cryogenic testing facilities at the University
of Southampton. For the superconducting layer, MgB, tapes in a nickel matrix from
the same manufacturing batch as those used in the CERN prototype cable described
in chapter 3 were used. For the stabilising layer, copper tapes of the same specification
and dimensions as those in the CERN cable were used. This chapter describes the
testing facilities, the experimental and sample set-ups and experimental methods, and
the contact resistance calculation methods. The results and conclusions are discussed

in chapter 5.

4.2 Test Facilities

4.2.1 The Cryostat

A double-walled, vacuum-insulated stainless steel vessel was used to contain samples
in a cryogenic environment. Samples were brought to cryogenic temperatures by use of
a cryocooler. The thermal connection to the cold head of the cryocooler was provided
by copper bars which were soldered to the cryostat-sample interface (or ‘platform’ - see
section 4.2.2) and soldered and bolted to a copper flange which was in turn connected
to (but electrically insulated from) the second stage of the cryocooler.

The electrical connection to an external current supply was provided via HTS cur-
rent leads which were cooled by liquid nitrogen. These provided a thermal break in
the system between the sample at very low temperatures and the external environment
at room temperature, thus increasing the system efficiency. The cryostat also featured
sealed exit ports for instrumentation and control connections. Figure 4.3 shows the
internal features and connections of the cryostat including a sample mounted on the

sample-cryostat interface or ‘platform’.

4.2.2 The Cryostat-Sample Interface (Platform)

The cryostat was designed for use with multiple samples. To allow samples to be

changed easily a cryostat-sample interface or ‘platform’ was used. The platform con-
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Cryocooler (part ex-
ternal to cryostat)
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(cryostat ‘lid’)
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Copper flange con-
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(thermal link)

Copper bars connecting
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copper flange (thermal link
to cryocooler) and HTS
current leads (electrical

link to current supply) Sampl ted ont
ampie mounted onto

platform using be-
spoke sample holder
Platform

Figure 4.3: Experimental set-up for current transfer and contact resistance measure-
ments: inside the cryostat, with sample-platform-cryocooler-cryostat connections high-

lighted, at the University of Southampton.
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sisted of two copper plates mounted on and electrically insulated from each other by a
G-10 holder.

A copper bar was soldered to each of the plates. These bars provided both the
electrical connection to the external current supply (via HTS current leads) and the
thermal connection to the cryocooler via the copper flange connected to the second
stage of the cryocooler.

The platform temperature was monitored using cernox thermometers. Cernoxes
in their protective housing were coated in grease for better contact and fitted inside
small copper blocks which were glued to each side of the platform with GE varnish. A
resistance heater with a layer of grease was bolted to each side of the platform. Using
a PID controller to adjust the power to the heaters, the temperature of each side of
the platform could be controlled. The PID had two input and two output channels so
the heater-cernox pair on each side of the platform could be controlled independently.
Samples, either directly or in bespoke sample holders, could then be mounted on the
platform with one end soldered to each copper plate.

The platform also featured capacity for connections for instrumentation. A piece of
stripboard attached to the ‘left’ side of the platform provided a thermal reference point
for TCs. This was covered by a copper strip which provided a thermal shield from the
crycooler cold head above it.

Figure 4.4 shows the platform away from the cryostat with a sample mounted using
the bespoke sample holder used for the contact resistance measurements. Figure 4.5

shows the platform layout.

4.3 Experimental and Sample Set-Up

4.3.1 Experimental Set-up: Simple Clamp Sample Holder

For a series of preliminary tests to validate the concept of measuring contact resistance
between superconducting and stabilising tapes over a significant, un-soldered length,
a prototype experimental set-up was designed and built, known as the ‘simple clamp
sample holder’.

The clamp consisted of two pieces of copper bar each glued to a rectangular strip of
G-10. Helicoils were inserted into one G-10 strip and clearance holes were drilled in the

other so that the two sides of the clamp could be bolted together. The sandwich tapes
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Figure 4.4: Experimental set-up for current transfer and contact resistance measure-
ments: cryostat-sample interface or ‘platform’ with sample mounted using bespoke ad-
justable clamp sample holder, at the University of Southampton.
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(b) Schematic of figure 4.5a.

Figure 4.5: Experimental set-up for current transfer contact resistance measurements:
layout of platform components including sample mounted using bespoke sample holder, at
the University of Southampton. Note: For unlabelled components on left side of platform
see equivalent components on right side.
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were clamped between the copper bars which were covered in adhesive Kapton tape
to electrically insulate them from the sample. The purpose of the copper bars was to
homogenise the temperature along the length of the sample. The clamp simulated the
pressure contact made by the non-adhesive Kapton wrapping in the CERN sandwich
strand design.

The G-10 pieces were shorter than the sample to be tested. The protruding ends
of the sample were soldered between small copper blocks which in turn were soldered
to the platform, providing the electrical and thermal link to the current supply and
cooling system.

The tests carried out using this clamping system validated the concept of contact
resistance and current transfer measurements within a sandwich stack over a significant

length (up to 200 mm).

4.3.2 Experimental Set-up: Adjustable Clamp Sample Holder

To further the investigations, an adjustable clamping system was constructed which
gave greater control over the pressure under which the sample was held, allowing mea-
surements to be taken under multiple pressure configurations and therefore tape be-

haviour under different contact resistances to be observed.

4.3.2.1 Clamp Pieces

The clamp consisted of two pieces of aluminium each 164 mm long, 25 mm wide and
5 mm thick. In one of the clamp pieces pairs of 3 mm clearance holes were drilled
at 20 mm intervals; these were mirrored by pairs of 3 mm tapped holes in the other
clamp piece. In between each pair of holes on each clamp piece were 3 mm-wide and
1.5 mm-deep grooves to run instrumentation wires in and to account for the thickness
of the solder attaching the instrumentation wires to the sample. Adhesive Kapton tape
was used to electrically insulate the clamps from the sample. G-10 runners were glued
to one of the clamp pieces to keep the sample in position. The aluminium clamp pieces
are shown in figure 4.6. Note that the end holes were of a larger diameter to allow
for fixings to the copper blocks which provided the electrical and thermal link to the
platform.

Aluminium was used, like the copper bars in the preliminary sample holder, to

homogenise the temperature along the length of the sample. Although aluminium
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has a lower thermal conductivity than copper and would therefore be less effective a
material at temperature homogenisation, it has the benefit of being easier to machine.
By clamping directly with the homogenising material rather than via a bar of it attached

to a clamp, more control was given over the pressure applied.

3 mm clearance holes

Electrically insulating Kapton tape

(a) Front clamp piece.

3 mm hex socket cap SS bolts

Electrically insulating Kapton tape screwed into 3 mm tapped holes G-10 runners

(b) Back clamp piece.

Figure 4.6: Adjustable aluminium clamp, made at the University of Southampton.

4.3.2.2 Controlling Clamping Pressure

The clamping pressure was adjusted using 3 mm SS bolts and Belleville washers.
Belleville washers or disc springs are frusto-conical shaped washers which behave like
a spring in that they deflect a known amount under a given force. In this instance

washers of 6 mm external diameter, D., were used which had a maximum deflection,
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smaz., of 0.15 mm per washer under a force of 109.9 N. A schematic of a Belleville
washer is shown in figure 4.7.

In order to increase the deflection per unit force so that it is easier to measure, it
is possible to stack Belleville washers in parallel. In this instance a stack of 12 washers
was used on each bolt so that the maximum deflection was 12 x 0.15 mm = 1.8 mm.
A schematic of a 12-washer parallel stack is shown in figure 4.8a.

Note that by stacking washers in series, the amount of force required to produce the
same deflection would increase; for example, figure 4.8b shows a 12-washer series stack
which, if made of the same washers used here, would deflect 0.15 mm under 12 x 109.9
N =1,318.8 N. However, this technique was not used in this instance.

By measuring the deflection of the washer stacks it was therefore possible to esti-
mate the force being applied under each stack. Each full turn of the bolt head whilst
tightening corresponded to a deflection equal to the pitch of the bolt thread, in this
instance 0.5 mm. A tightening regime was instigated to minimise buckling and bend-
ing of the sample whilst applying pressure homogeneously: bolts were tightened half a
turn at a time (0.25 mm deflection) starting from the bolts in the middle of the clamps
and working outwards. Washer stack height was monitored while applying pressure by
counting the number of turns the bolts were tightened, and then measured with digital
vernier calipers to confirm homogeneous final deflection, s. s was calculated from the

stack height using equation 4.2,

s = hO,stack - hfinal,measured (42)

where h final,measurea 15 the final, measured washer stack height and hg gecr can be

found using equation 4.3,

hO,stack = hO,singlewasher X Maashers (43)

where hg singiewasher 15 the undeflected height of a single washer and n,qshers is the num-
ber of washers in the stack. In this instance hg singiewasher = 0.45 mm and ngshers = 12
50 ho,stack = 5.4 mm.

Note that equation 4.3 is valid since the Belleville washers were stacked in parallel.

If the washers were stacked in series, Iy stqcr Would be found using equation 4.4,

hO,stack = hO,singlewasher + (nwashers - 1) Xt (44)
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where ¢ is washer thickness.

Using the measured final deflection, the force applied under each washer stack could
therefore be interpolated from the force-deflection data in [90], reproduced in figure 4.9
as a function of both measured deflection and no. of turns (where one turn corresponds
to 0.5 mm deflection). As 12-washer stacks were used under each of the 16 bolts in
the adjustable clamp sample holder (including those which also provided fixings to the
copper blocks described in section 4.3.2.3), the total force applied would be 16 x this
value.

In order to calculate the pressure under which the sample was measured, this force
must be divided by the sample area. During initial tests pressure-sensing film was used
to monitor the local pressure and confirm the homogeneity of the pressure applied.
During these tests it was noticed that the area under the grooves in the clamps was
under little or no pressure. Therefore the area of sample under pressure, A,pderpressures
is the difference between the total clamped area and the area under the grooves, as in

equation 4.5:

Aunderpressure = Wsample X (lsample,clamped - lgrooves,total)- (45)

The sample width, wsgmpie, in this case refers to that of the Cu tape which is 3 mm.
The SC tape was wider at 3.5 mm but only the part of the SC tape in contact with the
Cu tape was under pressure. The length of sample which was clamped, lsqmpie,clampeds
is also that of the Cu tape which is approximately 1 mm shorter than the length of the
clamps at each end or 164 mm - (2 x 1 mm) = 162 mm. Since each of the grooves
are 3 mm wide and there are 9 grooves in total, the total length of sample under the
grooves is 9 x 3 mm = 27 mm. Therefore the area of sample under pressure is 3 mm
x (162 mm - 27 mm) = 3 mm x 135 mm = 405 mm? or 4.05 x 10~* m2. The sample
pressure applied as a function of both measured deflection and no. of turns (where one

turn corresponds to 0.5 mm deflection) is shown in figure 4.10.

4.3.2.3 Connection to Platform

As with the simple clamp, the sample was connected to the platform via copper blocks.
On one side (the front) the blocks were L-shaped so that the clamps could rest on them

and be suspended above the platform. The clamps were electrically insulated from the
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Figure 4.7: Schematic of a Belleville washer. D, is external diameter, D; is internal

diameter, hg is un-compressed washer height (0 mm deflection) and ¢ is thickness, [90].

WAV
TAVAVAVAVTAVTAY

(a) 12-washer parallel stack as used in the (b) 12-washer series stack (example, not
adjustable clamp sample holder; deflection used here); deflection of stack is the same
of stack is 12 x deflection of a single washer as the deflection of a single washer under

under a given force. 12 x the force.

Figure 4.8: Schematics of Belleville washer stacks.
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(a) Force vs deflection, s.

(b) Force vs no. turns.
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Figure 4.9: Force applied as a function of (4.9a) Belleville washer deflection and (4.9b)

no. of bolt head turns (where one turn corresponds to 0.5 mm deflection) for a 12-washer
parallel stack. Adapted from [90].
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Figure 4.10: Pressure applied to sample as a function of (4.10a) Belleville washer deflec-

tion and (4.10b) no. of bolt head turns (where one turn corresponds to 0.5 mm deflection)

for 16 x 12-washer parallel stacks over a sample surface area of 4.05 x 10™% m?. Adapted
from [90].
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blocks by both adhesive Kapton tape and L-shaped pieces of PTFE, as seen in figure
4.11.

On the other side (the back) the copper blocks were in two pieces: the main block
which was connected to the platform and to which the sample was soldered (figure
4.12); and a flexible extension of the main block in the form of a pair of copper tabs
attached to either end of a piece of copper braid, with one tab bolted to the main
block and the other to the back clamp (and electrically insulated from it by adhesive
Kapton tape). A sample in the adjustable clamp sample holder with both front and
back copper blocks highlighted is shown in figure 4.13.

The original design used L-shaped copper blocks supporting both the front and back
clamps. However, this did not leave any flexibility to account for differential thermal
contraction of the various materials in the system. Furthermore, should all of the parts
not have lined up perfectly due to any imperfections in their manufacturing, the sample
could have ended up under potentially damaging strain. The contact between the SC
tape, the Cu tape, the clamps and copper blocks could also have differed significantly
from one end of the sample to the other creating inhomogeneities in the temperature and
current sharing. The back blocks were therefore adapted to the block-and-tab design
described above. This added a degree of flexibility to the system whilst maintaining

thermal contact between the back aluminium clamp piece and the platform.

- | Adhesive Kapton ass through both .

e and end holes in

| while soldering
(a) Inner face. (b) Top view.

Figure 4.11: One of two front copper L-shaped blocks used as the thermal and electrical
link from the sample in the sample holder to the platform; shown from two different angles;
including Kapton tape and L-shaped PTFE strip used to electrically insulate blocks from

clamps.

92



4.3 Experimental and Sample Set-Up

Sample soldered here

Used to bolt front & back blocks
together while soldering; bolts
can be removed when soldered

(a) Inner face. (b) Side view.

Figure 4.12: One of two back copper blocks used as the thermal and electrical link from

the sample in the sample holder to the platform; shown from two different angles.

Copper tab bolted to back copper

block
Copper braid

Back copper block

Copper tab bolted to aluminium

clamps, insulated by Kapton tape V-tap soldered to washer bolted

to copper block

Aluminium clamps
L-shaped front copper block

Bellville washer stack; longer Front & back blocks bolted together

while soldering; bolts can be removed
when soldered

bolts used here to go through
copper blocks as well as clamps

Figure 4.13: Front and back copper blocks, including copper tabs joined by copper braid,

assembled with the aluminium clamps and soldered to the platform; top view.
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4.3.3 Preliminary Sample Set-up: Single Sandwich in Simple Clamp
Sample Holder

The preliminary tests in the simple clamp sample holder were carried out on a ‘single-
sandwich’ consisting of one MgBs tape in the middle of two Cu tapes. After clamping in
place between the aluminium clamp pieces, the ends of the tapes were soldered together
and then soldered to and bolted between the small copper blocks which provided the
electrical and thermal link to the platform. Current injection was therefore to all three
tapes simultaneously. However, it is known that copper forms a better electrical contact
with the commonly used tin-based solder than the nickel metal matrix of the MgBs
tape. Therefore it can be assumed that some or all of the current initially injected into
the Cu tapes and transferred into the SC tapes over a length comparable to the CTL

within a superconductor.

A resistance heater was installed in the centre of the sandwich to give greater control
over thermal runaway occurrences and current transfer between layers. For example,
current transfer from the SC to the Cu tapes could be induced by using the tape
heater to create a temperature gradient along the length of the sandwich and applying
a current that was below I. for the ends of the tape where the temperature was lower
but above I. for the heated section of the tape; therefore current would flow in the SC
tape at the ends where it offered the least resistive path and then be forced to transfer

into the Cu tapes around the heated section.

Voltage taps were placed at seven points along the SC tape and one of the Cu tapes.
Voltage was measured along each tape and between the SC and Cu tapes at each point.
It was noted that, as observed in the negative voltage seen in the 2 m preliminary
cable tests, the polarity of the SC-Cu voltage measurements changed depending on
the direction of current transfer. For example, when the tape heater was used and
current was diverting into the copper tapes around the heated section, SC-Cu voltage
on one side of the heated section was positive (suggesting SC-to-Cu current transfer)

and negative (suggesting Cu-to-SC current transfer) on the other side.
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4.3.4 Intermediate Sample Set-up: Single Sandwich in Adjustable
Clamp Sample Holder

Originally, the same single-sandwich configuration of one MgBs tape and two Cu tapes
was tested in the improved experimental set-up of the adjustable clamp sample holder,
with v-taps on the superconducting tape and on one of the stabiliser tapes, and a tape
heater in the middle to induce temperature gradients along the tape length. As with
the preliminary set-up, it was shown that current transfer could be observed and that
the direction of the transfer was indicated by the polarity of the voltage measured
between Cu and SC tapes. However, it became clear that, with the single-sandwich
configuration, it was not possible to accurately ascertain or measure the magnitude of

current transferring as the following factors were unknown:
e The CTL of the current injection into the SC tape,
e How much current the SC tape was carrying either side of the heated section,
e Any information about the unmeasured Cu tape.

With regards to the second, unmeasured Cu tape, it was originally assumed that
the unmeasured tape would behave similarly enough to the measured tape that the two
Cu tapes could be considered symmetric. However, it became apparent that this was
an invalid assumption. For example, at one stage during test development, the non-
measured Cu tape was replaced when the measured Cu tape was not. Contamination
and oxidation of the old, measured Cu tape meant that the SC-Cu contact was much
worse on the measured side than the non-measured side where no such degradation
had yet occurred to the new tape. This yielded strongly asymmetric current transfer
between the SC tape and the two Cu tapes and, consequently, the results were very

difficult to interpret.

4.3.5 Final Sample Set-up: Half-Sandwich in Adjustable Clamp Sam-
ple Holder

The final sample, described as a ‘half-sandwich’, consisted of a single SC tape and
a single Cu tape. As in the previous sample set-ups, the tapes were held together

by compressive forces only to simulate the conditions of the CERN sandwich strand
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design. The half-sandwich configuration using a single Cu tape, as opposed to a SC tape
sandwiched between two Cu tapes trialled in previous set-ups, had multiple advantages.

With only two tapes in the sample, all tapes could be measured where it would not
have been possible to measure three tapes to the same resolution without significant
adjustments to the small-sample cryostat. This vastly simplified the required inter-
pretation of the measurements and ensured that the current distribution of the entire
sample could be measured throughout the tests.

Another of the problems in interpreting the results was that the current was injected
into all three tapes at once and, due to the superior solder contact of the Cu tapes, it
was very likely that the current injected preferentially to the Cu tapes rather than the
SC tape. To overcome this issue, the final sample set-up was designed so that the SC
tape was longer than the Cu tape. Only the SC tape was soldered to the copper blocks
and the Cu tape was shorter than the clamp pieces so that the current injected fully
into the SC tape.

This set-up meant that all the current applied could only be flowing in the SC tape
at the ends of the sample and if it was forced to share with the single Cu tape this could
only happen within the measured section so that a complete current transfer journey

could be mapped.

4.3.5.1 Tape Heater

As in the preliminary and intermediate tests, a resistance heater was applied to the
centre of the sample to give greater control over local thermal runaway current and
current transfer between the SC and Cu tapes. However, in this case, the control it
gave served a slightly different purpose, since the current was injected only into the SC
tape and there were only two possible current paths - the SC and Cu tapes - which
already gave more control over the current transfer than previously.

Due to the almost symmetrical nature of the current transfer from SC to Cu on the
LHS and from Cu to SC on the RHS, Rc measurements in the centre where the direction
of transfer changed and very little current transferred, were often inaccurate. By using
the tape heater to create a temperature gradient along the sample and, therefore, force
more current to transfer in the central regions, Rc values closer to the centre of the
sample - or, more accurately, the point of the change of direction in the current transfer

as this was observed not to be in the very centre of the sample - could be obtained.
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Similarly, the reduced current transfer at the ends of the tapes in the heated cases
meant that the measured Ro values here were less reliable and so non-heated cases
were still investigated to ensure a full range of R¢ values could be calculated.

The tape heater was attached to the SC tape using the ‘flag’ method described in
the large cable tests in section 3.2.2 and figure 3.4c: a resistance heater was glued to a
copper ‘flag’, the ‘foot’ of which was soldered to the edge of the SC tape. An example
of such flags are shown in figure 4.14. Note that the sample shown in figure 4.14a still
used the method of laying instrumentation wires along the sample edge and securing
them with GE varnish which was not used in the final experimental method (discussed
in the following sections). Figure 4.14b shows the tape heater in the final sample set-up
with current in/out wiring attached. In order to prevent a short circuit between the
copper flag and the aluminium clamp pieces, extra Kapton tape was used, as shown in

figure 4.15.

(a) Tape heater attached to SC tape (b) Tape heater in final sample set-up

of sample using copper ‘flag” method; with current in/out wires attached.
note that the method of attaching

other instrumentation shown here is
not the final method used.

Figure 4.14: Tape heater used to improve range of R values available.
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T,

12 3 4

Figure 4.15: Aluminium clamp piece with electrically insulating Kapton tape including
extra coverage in middle to avoid short circuit between the tape heater flag and the clamp
piece. The SC tape would lie from 0 cm to 20 cm on the steel rule shown in the figure.

4.3.5.2 Voltage Measurement

V-taps which, on the SC tape, doubled as TCs (see the following section 4.3.5.3), were
soldered to the tapes at nine positions at 20 mm intervals, as shown in the schematic
in figure 4.16. V-taps were labelled 1 to 9 from left to right, consistent with the left
and right sides of the platform as shown in figure 4.5.

Another advantage of the half-sandwich configuration was the ability to solder volt-
age taps to the sides of the SC and Cu tapes (of widths 3.5 mm and 3 mm respectively),
rather than the edges of the tapes (of thicknesses 0.65 mm and 0.2 mm respectively).
Whilst developing the test method, with wires soldered to the edges of the tapes, the
twisted instrumentation wires were drawn along the edges of the tapes and secured
with GE varnish to minimise wire bending and potential for wires to break or become
disconnected from the sample. However, it was discovered that the GE varnish pene-
trated between the SC and Cu tapes significantly increasing the contact resistance. In
the half-sandwich set-up with the wires soldered to the sides of the tapes it was pos-
sible to securely bring the wires vertically away from the tapes and out of the clamps,

without any need for GE varnish inside the clamps.

4.3.5.3 Temperature Measurement

Temperature measurement of the sample was carried out using TCs. By twisting in a
constantan wire with the copper v-taps and soldering the copper-constantan joint to
the sample, temperature could be measured at the same points as voltage without a

high increase in instrumentation demand. The copper-constantan junction formed part
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Omm 60mm 100mm 200mm
SC 1 2 3 4 5 6 7 8 9
O O O O O O O O O
Fcu O O O O O O O O‘

Figure 4.16: Schematic showing positions of v-taps and TCs on SC and Cu tapes in
half-sandwich sample, labelled 1 to 9 from left to right, at 20 mm intervals.

of a differential Type T TC. Type T is a common choice of TC for cryogenic functions
due to its ability to measure at very low temperatures.

Using differential TCs, a reference point was required and in this case the platform
was used. The copper-constantan wires were brought to and soldered to the strip-
board which was glued and bolted to the LHS of the platform. From the stripboard
copper wires brought the signals out of the cryostat (see figures 4.4 and 4.5). The con-
stantan-copper joint via the stripboard acted as the differential joint at the reference
temperature. It was assumed that all the joints on the stripboard were at the temper-
ature of the platform, which was taken to be the nominal set temperature measured by
the platform cernoxes. It was also assumed that, along with the homogenising prop-
erties of the aluminium clamps, the contact between the Cu and SC tapes was good
enough that there was little or no temperature difference between them; therefore only
the temperature of the SC tape was measured.

The voltage difference measured across the copper-constantan junction on the sam-
ple was relative to the temperature difference between that junction and the reference
junction on the stripboard or the measured point on the sample and the nominal or
platform temperature. The temperature of the sample could therefore be interpolated

using the nominal temperature and Type T TC voltage difference-temperature data.
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4.3.5.4 Other Instrumentation Configuration

At each position along the sample the Cu wire on the Cu tape (v-tap) and the Cu and
constantan wires on the SC tape (v-tap and TC) were gently twisted together by hand
before the sample was placed in the clamp, to form a ‘twisted-triplet’. Faster twisting
methods which resulted in a smaller twist-pitch such as using an electric hand drill were
experimented with (twisting wires together before soldering to the tapes); however, the
extra stresses caused by this method on the wires led to them breaking very easily,
sometimes causing short circuits between the sample and the aluminium clamps.

The twisted-triplets of instrumentation wires from each point were then brought
along the edge of one of the clamp pieces to the centre (around point 5), being secured
to the outer edge of the clamps by GE varnish. This minimised the induction loops in
the measured signals which would be significant given the large current that would be
flowing in the tapes. It also made the system more robust as the wires were less likely
to be disturbed, tugged, caught or broken when manoeuvring the sample holder. The
bundle of 27 wires was then coated in GE varnish and brought to the stripboard where
the individual wires were connected (as seen in figure 4.5 and discussed in previous
sections).

As mentioned previously, the stripboard, which was glued (also using GE varnish)
to the platform was used as the thermal reference point for the TCs. It was also the
point of connection for the instrumentation wires soldered directly to the sample and
the instrumentation wires that would carry these signals to the instrumentation ports
of the cryostat. This connection also increased the robustness of the system by further
protecting the fragile instrumentation wires from any buffeting during experimental set-
up as well as making it easier to load and unload multiple samples using the platform.

The measuring configuration was designed so that real-time voltage-time data was

acquired and displayed for the following:
o Vsox —y — Voltage drops between neighbouring sections along the SC tape,
e Voux —y — Voltage drops between neighbouring sections along the Cu tape,

e Vso_cuwx — Voltage drops between SC and Cu tapes at each position,
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e Vrox — TC voltage measurements on the SC tape at each position, which were
later converted to the temperature difference between the sample and the platform

in K (and, consequently, the temperature of the sampe).

Note that in this instance ‘2’ refers to the position of a given v-tap (labelled 1-9 as

in figure 4.16) along the tapes and ‘y’ to the neighbouring position where y = = + 1.

4.4 Measurement Method

The following is a description of the test procedure of the final sample and experimental
set-up, a half-sandwich in the adjustable clamp sample holder. This procedure was
derived from the concept validation tests using a single sandwich in the simple clamp
sample holder and the set-up finalisation tests using a single sandwich in the adjustable
clamp sample holder.

Measurements were carried out at various temperatures and applied currents for two
pressure contact scenarios, both with and without use of the tape heater. Both steady
state and transient conditions were investigated. The final measurement methods and

scenarios investigated are described below.

4.4.1 Pressure Contact Between SC and Cu Tapes

The two contact scenarios tested were as follows:

e ‘Bolts Tightened’ — In the Bolts Tightened (BT) scenario, the bolts of the
adjustable clamp were tightened to full Belleville washer compression, a total
washer deflection of 1.8 mm. From the data in figure 4.10a this equates to a tape
contact pressure of approximately 5.6 MPa. This is the best contact or lowest

R¢ achievable with this particular experimental set-up.

e ‘Bolts Loosened’ — In the Bolts Loosened (BL) scenario, the bolts of the
adjustable clamp were loosened so that the total Belleville washer compression
was 0.6 mm. From the data in figure 4.10a this equates to a tape contact pressure
of approximately 2.1 MPa and therefore provided a higher Ro case to compare

with the BT scenario.
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4.4.2 Applied Current

At temperatures below T, steps of increasing current were applied until the critical
current, I, and, then, the quench or thermal runaway current, I;,encn Were reached.
The criteria used to define these characteristic current values for the sample were as

follows:

e ‘Critical current’, I, — The current at which 10 ¢V was measured across a
given section, i.e. 5 pVem™! since each section was 2 cm long. This was the most
reliable voltage measurement resolution possible for the observed signal noise,

after filtering (smoothing).

¢ Quench current, I e, — The current at which both an exponentially in-

creasing voltage and sample heating were observed.

Thermal runaway current data gathered in the preliminary sample and experimen-
tal set-up tests were used was used to estimate the I. region of the sample at each
temperature. This is shown in the results and discussion chapter in figure 5.1.

The current was applied in two steps, each lasting one second, where the first step
was a ‘sacrificial’ current step: the large change in current from 0 A to the applied
current induced voltages in the system seen as a ‘spike’ in the voltage-time trace; to
avoid this spike interfering with the data or unintentionally causing a quench, the first
current step was always lower than I. so that after the spike no voltage was seen
due to flow of current in the sample; the first step was long enough (one second)
that the induced voltages had settled (the voltage traces had returned to their zero
values after the spike); and the difference in current between the first, ‘sacrificial’ step
and the measurement step was small enough that the induced voltages due to this
change in current were minimal. Thus, the effect of ‘inductive voltage spikes’ on the
useful measurement data caused by the step application of current to the sample was
minimised.

At temperatures above T, where low currents were used, the inductive voltage spikes
were negligible and single current steps of 5, 10 and 15 A were applied, each one second

long.
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4.4.3 Nominal Temperature and Forced Temperature Gradients

Each scenario was investigated at temperatures above and below the T, of MgBo which
is between 37.5 K and 38 K. The temperatures investigated were: 40 K, 37.5 K, 37
K, 36 K, 35 K, 34 K, 33 K. Measurements were also attempted at 31 K but this was
at the limit of the capability of this experimental set-up due to the high I. at this
temperature; and at 38 K and 39 K but they were not significantly different from the

40 K measurements.

As described previously in section 4.3.5, a tape heater was used to create temper-
ature gradients along the sample length and allow a wider range of R¢ values to be
calculated. Unlike the large-scale tests described in chapter 3, in which a constant
current was applied and then a pulse of power applied to the heater, in this instance
a steady temperature gradient was set up by applying a constant power to the tape
heater and waiting for the temperature gradient to settle. Then the current steps (two
steps, each one second long) were applied as in the non-heated scenarios. Measurements
were taken with three different heater powers creating three different temperature gra-
dients, as shown in table 4.1. When post-processing the data it was observed that the
‘3 V7 scenario provided a practical compromise between sufficiently measurable forced
current transfer (unlike the ‘2 V’ scenario) and minimised overheating (unlike the ‘4
V’ scenario). The ‘heated’ scenarios used in the analysis that follows therefore refer to

the 3 V measurements unless otherwise stated.

Heating Scenario - voltage Heater Power Local Temp. Increase

across heater (V) (mW) (K)
2 64 0.2
3 144 0.4
4 257 0.8

Table 4.1: Heating scenarios tested using tape heater to create temperature gradients
along sample length. Note: ‘Local Temp. Increase’ estimated using average difference
between TC readings at point 5 (heated region) and nominal sample temperature with no

current applied.
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4.4.4 Steady State and Transient Cases

At temperatures at and around T, the current distribution was constant with time or
‘steady state’. For analysis purposes, an average value of the measured voltages was
used in these scenarios. It is noted that although a small amount of Joule heating
was exhibited, the cooling was sufficient that the effects of this on the system were
negligible.

In the majority of cases, however, the response investigated was transient. For a
given applied contact, current and nominal temperature, current would redistribute
within the measured one second step, as signified by the measured voltage-time traces.
In order to analyse these cases, data was extracted for given instances in time or ‘time
slices’. The times at which data was extracted were generally those at which the highest
voltages were reached before the effect of heating on the resistivities of the Cu and SC
tapes became dominant. Where multiple ‘phases’ of current distribution (as discussed
in the following results section) were observed, multiple time slices which demonstrated

an example of each phase were investigated where possible.

4.5 R Calculation Method

As discussed previously, the measurement of contact resistance between a supercon-
ducting and normal metal tape, over the length of the tape, at cryogenic temperatures
and, in particular, at a nominal temperature below the T, of the superconducting ma-
terial, is not a simple process. The method described in this body of work underwent
many iterations during its development. Of these, two key iterations which function as

independent methods are described in this section:

e A preliminary method which was first used to approximate R¢ values and validate

the concept, and,
e The final method from which the analyses that follow are derived.

In the following method descriptions, the examples shown are from a series of tests
taken at 40 K i.e. above the T, of the sample but still at a low temperature. This is
because without the added heat and current transfer complexities seen when the sample

is the superconducting state - that is, treating the tapes as two normal conductors of
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varying resistivity values - gives the clearest picture of the R calculation methods.
Results from tests carried out at temperatures below the T, of the sample are discussed

in the analyses that follow.

4.5.1 Preliminary Method: Discrete Resistors Model

The simplest way to interpret the voltage measurements was to model the tapes as a
series of discrete resistors, as shown in figure 4.17.

First, the temperature of each resistor was estimated by taking the mean of the
TC readings either side of it. For example, for the resistor modelling a tape section

between v-tap 1 and 2, the temperature of that section, T7_o was given by,

T+ T
Typ="2122 (4.6)
2
Equation 4.6 can be written more generally as:
Ty 4+ Tinaa
Ty = —— 5 (47)

where n is the v-tap number.
Using the temperature for a given section of Cu tape modelled as a single, discrete
resistor, its resistivity could be interpolated from the resistivity of copper as a function

of temperature. Two copper resistivity data sources were considered:

e Resistivity of a sample of the Cu tape used, calculated at the University of

Southampton using a PPMS, and,

e Reference data for copper with a RRR of approximately 400, available from the
CDA [91].

As can be seen from figure 4.18, for temperatures down to approximately 30 K, the
measured resistivity of the Cu tape is highly comparable to the CDA reference data
although, at temperatures below 30 K, it is clear that the residual resistivity of the
measured sample is higher than that of the reference data. However, as all tests were
carried out at temperatures above 30 K and the reference data contained more data
points, a linear interpolation of the CDA reference data was used to calculate copper

resistivity.
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Figure 4.17: Schematic of discrete resistors model of ‘half-sandwich’ tapes including

voltage tap numbers. Note that current injection is via the SC tape only.
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Figure 4.18: Copper resistivity as a function of temperature: PPMS2015 - from a sample
of the Cu tape used, as measured at the University of Southampton in a PPMS; CDA -
RRR~400 - reference data for copper with a RRR of approximately 400 [91]; CDA - RRR
= 200 - reference data for copper with a RRR of 200 [91]; Values used - resistivity values
used in calculations that follow.
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The resistance of a given section of Cu tape, at a given temperature, could then be

calculated using equation 4.1 and the Cu tape dimensions, as shown in equation 4.8:

PCu (T) X lsecti(m

Asection

RCusection =

(4.8)

where lsection, the length of the tape section modelled as a resistor, is the distance
between two v-taps, in this case 20 mm or 2 x 1072 m; and Agection, the cross-sectional
area, is that of the Cu tape, in this case 3 mm x 0.2 mm or 6 x 107 m?.

The current carried by each section of Cu tape, Icyn—(nt1), could therefore be

calculated simply using Ohm’s law, equation 1.1, interpreted in this case as:

VCu,nf(n+1)

ICu,n—(n—i—l) = (49)

RCu,n— (n+1)

where Vi, ;,—(n+1) 18 the measured voltage drop across a section and Rgy, p—(n41) 18 the
resistance of a section as calculated in equation 4.8.

As current must be conserved, any difference in current between neighbouring Cu
tape sections must be attributed to current transferring between the Cu and SC tapes.
For example, working from left to right, if Ic, 1-2 was less than Ic, 23 then current
would have transferred into the Cu tape, from the SC tape, between voltage taps 1 and
3. In the discrete resistors model it was assumed that this current transfer happened
at point 2 and that the vertical resistor shown there between the SC and Cu tapes
represents the contact resistance at that point (as shown in figure 4.17).

This simplifies the calculation so that to calculate the contact resistance at point
2, the voltage measured between the SC and Cu tapes at point 2, Vsc_cy,2 would
be divided by the estimated current transferred between sections 1-2 and 2-3, namely
Icu2-3 —Icy,1—2. This can be written more generally as is shown in equation 4.10, the

contact resistance equation used for the discrete resistors model:

_ Vsc—cum
ICu,m—(m+1) - IC’u,(m—l)—m

Re(pRr)m (4.10)

where m is the v-tap number such that, from previous equations, m = n + 1. An
example of a contact resistance profile as calculated using this method is shown in
figure 4.19.

It is important to note that this model results in a contact resistance with the units

of 2 as it represents a particular resistance to the current flow between two particular
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Figure 4.19: An example of contact resistance approximation along tape length as calcu-
lated using the discrete resistors model; 40 K, no tape heater, 15 A applied, bolts tightened.
Note that the negative value at 8 cm has no practical sense and is an artefact of the mis-
alignment of the measured SC-Cu voltage and the assumed point at which the estimated
change in direction of current transfer takes place. Note also that this method is limited
in the z-range i.e. it does not estimate R¢ values for the full length of the Cu tape (2-18
cm from the end of the SC tape).
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conductors in contact and does not, therefore, give contact resistance information as
would be useful in the design process, as was discussed in introductory section 4.1.1.

It is clear that since the tapes are in continuous contact along their length, the
current transfer did not take place at discrete, arbitrary points denoted by the position
of the v-taps. Since we are looking at the cases in which it was preferable for current
to share with the Cu tape and since current was only injected in/out of the sample
via the SC tape, the current transfer can be assumed in a steady state case to change
homogeneously with length or position along the sample such that it is: large and
positive (SC-to-Cu) on the current-in side/LHS; staying positive but decreasing in
magnitude as you move left-to-right along the sample; zero at some point near the
middle; becoming negative (Cu-to-SC) and increasing in magnitude as you continue to
move left-to-right; and negative and large on the current-out side/RHS.

Assuming this homogeneity of current transfer as a function of position along tape
length from left-to-right /current-in-to-current-out, then the current transfer calculated
as the difference between two neighbouring sections could therefore be taken to be
an average value, corresponding to the actual estimated value at the central position
between extreme voltage taps; for example, in the case above, between voltage taps 1
and 3, the position of the average current transfer would be at point 2. Under this
assumption the calculation of R¢ using equation 4.10 is still valid.

However, it is still clear that the fact that the model does not take into account
the continuous nature of the current transfer along the length of the tapes remains a
key limitation. The voltage measurements attributed to driving said current transfer
are likely to be done so wrongly, yielding inaccurate contact resistance results. An
example of this is the contact resistance value calculated at point 4, 8 cm from the end
of the SC tape, in the 40 K, 15 A example shown in figure 4.19, which is negative. A
negative contact resistance has no practical sense and this is the result of a misalignment
between the voltage attributed to current transfer at this point and the estimated
current transfer direction. In this case, the current difference estimated between Iy, 34
and Icy4—5 was estimated to be -0.1 A, whereas the voltage measured Vsc_cy 4 Was
small (~ 1 pV) but positive. The assumption that the estimated current transfer took
place at point 4 was not reflected by the measured voltage difference there.

Furthermore, this method does not estimate R¢ values for the full length of the Cu

tape. It is for these reasons that the method was further developed.
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4.5.2 Final Method: SLM Spline Model

A new method was developed for estimating the transfer current between the tapes
and, from this, a method to calculate contact resistance, Rc, in units of Qcm?. The
MATLAB® code referred to throughout the method description is given in the ap-
pendix, chapter 7.

In order to compare this method with the preliminary, discrete resistors method,
the same dataset (40 K, 15 A, bolts tightened) has been used to generate exemplar
plots. However, to describe certain aspects of the final, SLM spline method, a lower
temperature example has been used (35 K, 198 A, bolts loosened, no tape heater,

snapshot 2.03 s from measurement start).

4.5.2.1 Creating a Continuous V¢, (z) Function

Firstly, the cumulative voltage drop across both SC and Cu tapes as a function of
continuous position along tape length, x, is plotted by summing the individual voltage
drops between points and finding the difference between the cumulative values and the
total voltage drop. An example is shown in figure 4.20a.

A continuous approximation of the cumulative voltage drop in the Cu tape is then
made using the MATLAB® SLM function. The SLM function creates a spline approx-
imation using the cumulative voltage data points given to it and, unlike other spline
approximation methods and functions, allows for control of the shape of the spline
where desired, appreciating that a known pattern or physical factor can be adjusted
for by visual inspection. An example of an SLM spline approximation of a cumulative
voltage drop seen in the Cu tape is shown in figure 4.20b.

The shape adjustments applied to the SLM spline approximations of cumulative

voltage drops seen in the Cu tape in this method are:

e Boundary conditions — As the Cu tape was shorter than the SC tape, current
transfer could not take place either side of the ends of the Cu tape; therefore the
change in Vi, with z at these points (taken to be 2 cm and 18 cm from the end
of the SC tape), or the first derivative of Vi, (x) with respect to z, was set to

zero here.

e Numbers and positions of spline knots — The knots are fixed points in

the approximated curve or the points between which the curve generated can be
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(a) Cumulative voltage drop plots for SC and Cu tapes.
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(b) Cumulative voltage drop plot for Cu tape with spline approx-
imation of voltage drop as continuous function of position along
tape length, produced using MATLAB® SLM function with 6

evenly spaced knots.

Figure 4.20: Examples of SC and Cu cumulative voltage drops (measured point data
and, for Cu, approximated continuous function) as a function of position along the tapes:
points correspond to v-taps 1-9 from left to right where v-tap 1 is at 2 cm from the end of
the SC tape etc.; 40 K, no tape heater, 15 A applied, bolts tightened.

111



4. A NEW METHOD FOR MEASURING CURRENT TRANSFER AND
CONTACT RESISTANCE

described using separate, independent functions; spline curve data is generated
such that there is as smooth as possible a continuation from one section to the

next at the knots.

The adjustments were added using the ‘slmengine’ input to the SLM function in
MATLAB® as seen in line 56 of the function ‘slmfilenameknotsplotall’ found in the
appendix, chapter 7.

It is noted that the ends of the Cu tape are in fact approximately 1-2 mm either
side of the first and last voltage taps or approximately at positions z = 1.8-1.9 cm and
x = 18.1-18.2 cm. This has been primarily treated as an z-error since it is already
known that due to the nature of the method of soldering the v-taps to the tapes it is
possible that « position discrepancies of up to half a groove width or 1.5 mm occurred
in any or all of the v-tap positions. It is therefore reasonable to take it that both the
measurements at v-taps 1 and 9 and the ends of the Cu tape were positioned 2 cm and

18 c¢m from the end of the SC tape respectively.

4.5.2.2 Knot Value Choices: Numbers of and Positions of Knots

The choice of knot values (numbers and positions of knots) affect not only the shape
of the generated Vg, () curve but also that of the I, (z) curve that it is later used to
calculate as part of this method. As this method was developed iteratively, the methods
for calculating Iy, (z) and, consequently, R¢, were already known at the stage in which
the refinement of knot values choices was taking place. In order to present the full
method in the order in which it was applied to generate the data used in the analysis
which follows, the explanation of this choice of knot values, which relies on observation
of the effects of changing them on the resultant I, (x) curves, is shown here; and the
methods for generating the I, () curves are given in the following sections.

The criteria for knot selection were that:
1. Little or no negative (and therefore meaningless) R values were generated,
2. Minimal I, (z) curve features were produced,

3. Any Icy(x) curve features produced were supported by Vgo_cu(x) data.
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In the development phase of this method, the MATLAB® function ‘slmcompar-
ercknotrange’ (see appendix, chapter 7) was used to aid decisions on knot values by
generating data using evenly spaced knots. This gave an overview of the effects of
different numbers of knots at various positions. Initially Rc plots were generated di-
rectly in MATLAB® so that, in the first case, knot configurations could be judged on
whether or not they generated meaningful Ro data. However, it was observed that the
negative values of R generated were an artefact of a misalignment of curve features, in
particular, features in curves resulting from the I, () curve and the Vso_cy(x) data.
Therefore a visual inspection of the Iy, (z) curve became the primary method for knot
choice. An example of continuous Vi, (z) curves generated using between three and
nine evenly spaced knots and the resultant ¢, (z) curves are shown in figure 4.21.

The measured Vgo—cy(x) and cumulative voltage data was then inspected to ascer-
tain the expected features in the Iy, (z) curve, which could be compared to the Iy, (x)
curves generated using ‘slmcomparercknotrange’. The polarity of the Vso_cy () data
showed whether the current in the Cu tape was increasing or decreasing while looking
from left to right along the tape length i.e. the shape of the I¢y,(x) curve. The mag-
nitude of the Vgo_cy(x) values showed the rate at which the current in the Cu tape
was increasing or decreasing i.e. the slope of the Iy, (x) curve. The Vso_cw(z) and
cumulative voltage data for the example in figure 4.21 are shown in figure 4.22a. From
this, the expected features in the Iy (z) curve of the example scenario are: a steep
increase in I, between 2 and 4 cm, a peak between 4 and 5 cm, and a much less steep
decrease in I, between 5 and 18 cm. By comparing with the o, (x) curves in figure
4.21, it is possible to start identifying which knot positions may lead to the best fit,
with minimum curve features.

Using this information, the position of knots in areas where the Iy, (x) curve devi-
ated from these expectations could be experimented with. Continuing with the example
in figure 4.21, the results of such experimentation, with the expected features and the
selected knot choice highlighted, are shown in figure 4.22b.

Through this experimentation it was discovered that overall four, five or six knots
worked best. It was also identified that for the range of data collected the Iy, () curves,
supported by the measured Vgo_cy () data, took one of five shapes; and that using five
unique knot values configurations, one for each characteristic Cu tape current profile,

consistently gave the best fit I, (x) curves and consequent Re values. As the Io, ()
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(b) Icwu(z) curves generated using the SLM spline approxima-

tions of a continuous Vi, () function shown in figure 4.21a.

Figure 4.21: Examples of approximated continuous Cu cumulative voltage drop func-
tions and resultant curves representing current carried by Cu tape, both as a function of
position along the tapes; using evenly spaced knots in the knot configuration investigation
process; 35 K, no tape heater, 198 A applied, bolts loosened, snapshot taken at 2.03 s from
measurement start.
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represents the profile of the current in the Cu tape which in turn is representative of the
current sharing between the Cu and SC tapes, these characteristic shapes were referred

to as ‘current-sharing phases’. The five current-sharing phases identified were:
e Left or L-Phase,
e Right or R-Phase,
e Unsettled sharing or US-Phase,
e Settled sharing or SS-Phase,
e Heater or H-Phase.

The current sharing phases are described in more detail in the following chapter, with
their characteristic plots shown in figures 5.3 to 5.7. Through the experimentation
with knot values described above, reliable knot value configurations for each phase
were found and are given in table 4.2. These are the knot value configurations that

were used in all the calculations which follow.
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(b) Icu(x) curves generated using the SLM spline approxi-
mations generated using various knot configurations; expected
features and selected knot configuration highlighted.

Figure 4.22: Examples of refining the knot values configuration by adjusting knot values
following results in figure 4.21; 35 K, no tape heater, 198 A applied, bolts loosened, snapshot

taken at 2.03 s from measurement start.
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Current-Sharing Current Sharing When in Quench

Phase Characteristics Process Observed

Knot Positions

(cm from end of SC tape)

Initial sharing/beginning
Left (L-Phase) Mostly on LHS
of quench

. Initial sharing/beginning
Right (R-Phase) Mostly on RHS
of quench

Unsettled Sharing  Mostly at ends with some .
Later sharing

(US-Phase) fluctuation in the middle

Settled Sharing Later sharing, when approaching
Mostly at ends .

(SS-Phase) steady-state/Joule heating only

Heater (H-Phase)  Mostly in middle When heater applied

[24.57 12 18]
2915 18]

(24714 18]

[25.28411.6 14.8 18]
(6 evenly spaced knots)
[2 810 12 18]

Table 4.2: Current-sharing phases observed in contact resistance measurements including characteristic/identifiable features and

best-fit knot positions for SLM spline approximation of Vi, (x) curves.
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4.5.2.3 Creating a Continuous I¢,(z) Function

As all current injection occurred directly to the SC tape, there could only be current in
the Cu tape if current had transferred there from the SC tape. An increase in current
transfer from the SC tape to the Cu tape was therefore also signified by an increase in
the current being carried by the Cu tape shown by an increase in the function Vi, ()
with z; and it follows that a decrease in the function Vi, () with x signifies a decrease
in the current being carried by the Cu tape similarly due to a decrease in or reverse
of direction of current transfer. Therefore the ‘rate’ of change of Vi, (z) with z, or
the first derivative of the function Vi, () with respect to x, shows the electric field in
the Cu tape due to the current flow within it. Note that in this case ‘rate’ does not
refer to the function changing with time but with position along the sample length or
with increasing x. For both methods presented in this chapter either an instant in time
is considered or a steady state scenario. As Vg, (x) has been plotted as an electrical

potential drop, decreasing with increasing x, the electric field itself, Ecy,(x) is given by:

1ﬁsu(x)::-—6“4220”). (4.11)

Equation 4.12 below is an alternative form of Ohm’s Law (equation 1.1):
E=pxJ (4.12)

where F is the electric field, p is the resistivity and J is the current density (see
equation 1.2). Using equation 4.12, the current density of the Cu tape as a function of
position along tape length, Jec, (), can be calculated using the calculated Ecy,(x) and
the resistivity of the Cu tape, poy.

Assuming homogeneity of the Cu tape, the resistivity is only a function of tape
length insomuch as the temperature of the tape is a function of tape length and the
resistivity is a function of temperature. However, in most of the tested cases, differences
in pcy, values with position due to local temperature differences were negligible at the
times looked at and a constant pc, value taken from the curve in figure 4.18 based on
the nominal sample temperature was used. The function Je,(z) was then calculated
using this pc,, value and the function E¢y, (z) from equation 4.11.

A more accurate model would take into account the dependence of pc, on temper-

ature and is recommended as further work for this project as it would allow analysis of
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the data after the point at which the effect of local heating on p becomes a dominant
factor, which would be useful as the voltage differences measured here are typically
much larger and would therefore lend themselves to easier interpretation and less error
in R¢ calculations.

The current carried by the Cu tape as a function of position along tape length can

therefore be calculated using the tape dimensions since:
Iow(x) = Jow(z) X Acy (4.13)

where Ag, is the cross-sectional area of the Cu tape which here is 3 mm x 0.2 mm

or 6 x 1073 cm?

, as used in equation 4.8. An example of the function I, (z) plotted
with the discrete current values calculated in the discrete resistors method is shown in

figure 4.23.

4| Icu(x) i
® Icy data (DR Method),

Current (amps)

0 2 4 6 8 10 12 14 16 18 20
V-tap distance from end of SC tape (cm)

Figure 4.23: Current carried by Cu tape as a function of position along tape length:
symbols - calculated using discrete resistors method, symbol is plotted in centre of section
modelled by resistor i.e. between two v-taps; curve - approximated continuous function
with 6 evenly spaced knots, as part of the SLM spline approximation method; 40 K, no
tape heater, 15 A applied, bolts tightened.

Recalling that the end of the Cu tape is approximately at z = 2 cm and 18 cm, it
is logical that I, =0 A at z < 2 cm and z > 18 cm. Combining equations 4.11, 4.12
and 4.13, it is seen that this is achieved by setting the first derivative of Vi, (x) with
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respect to x to zero at x = 2 cm and x = 18 cm:

Ecu(z) _ Acy " _ dVou(z)

. 4.14
PCu PCu dx ( )

ICu(x) = ACu X JC’u(CU) = AC’u X

This is the other shape adjustment applied to the SLM spline model of the continuous
Vew(z) function described previously (the first being the selection of knot values).
Calculating the I, (z) function is useful both for visualising the current distribution
and, in combination with the Vgo_ ., data measured, assessing the validity of the spline
knot numbers and positions, as described previously. However, for the R calculation,

it is the derivative of Iy, (z) or, in fact, the second derivative of Vi, (x) that is required.

4.5.2.4 Calculating Ry for Given Values of =

As any increase or decrease in current in the Cu tape, as signified by the function
Icy (), must be due to current transfer to and from the SC tape, we can therefore use
Iow(z) to quantify current transfer as a function of position along tape length x. The
derivative of the function Iy (z) with respect to x therefore shows the rate of change
of current in the Cu tape or the rate of current transfer. Note that here, again, the
term ‘rate’ is not referring to how the current transfer changes with time, rather with
position along tape length.

It is assumed that the current transfer is homogeneous with the width of the Cu
tape, wgy. Note that while the SC tape is 0.5 mm wider than the Cu tape, transfer
can only occur where the tapes are in contact and hence the width of the Cu tape is
used. The rate of change in current transfer per unit width, o(z), with x is therefore
given by:

docu(z) 1 " dl(x)'

4.1
dz Wy dx (4.15)

Combining equations 4.14 and 4.15 gives the derivative of current transfer per unit

width with respect to position along tape length:

docu(x) _ Acu PVou _ tew | dPVou

— = 4.16
dx PCuWCn da? PCu da? (4.16)

where the cross-sectional area of the Cu tape, Acy, is the product of the tape width,

Wey, and thickness, toy,.
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4.5 R Calculation Method

With this method of estimating current transfer between tapes, the contact resis-

tance can be calculated using equation 4.17:

Vsc—cu()
dx

This model results in a contact resistance the unit of which is 2 X unit area e.g.
Q—cm?.

An example of a contact resistance profile as calculated using this method is shown
in figure 4.24. As can be seen, a greater contact resistance on the RHS, observed using

the preliminary R¢ calculation method, is also seen here.

0 ——¥¥F¥" 1 ——"—"——7—

60 =

RC (HQcm?)
8 8 8 S
T T T T T
[ )
1 1 1 1

=
o
T
|

0 A S RN S RN SR RN S NN SR N S R S RS R
0 2 4 6 8 10 12 14 16 18 20

V-tap distance from end of SC tape (cm)

Figure 4.24: Contact resistance approximation along tape length as calculated using the
SLM spline model; 40 K, no tape heater, 15 A applied, bolts tightened.
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Current Transfer and Contact

Resistance in an MgB->-Cu
Half-Sandwich

This chapter presents the results generated using the methods described in chapter 4

and their discussion.

5.1 Preliminary and Intermediate Experimental and Sam-

ple Set-up: Thermal Runaway Current Measurement

The results using the preliminary sample holder validated the concept of measuring
current transfer within a SC-Cu sandwich but an improved experimental set-up was
required to produce results which could be interpreted meaningfully enough to under-
stand the current transfer mechanisms and estimate contact resistance.

The preliminary set-up was not designed to measure I. and the signal noise was
such that the standard 1 gVem™! criteria measurements were not possible. However,
the opportunity was taken to measure thermal runaway current of the sample both
stabilised (with the Cu tapes) and un-stabilised (the SC tape on its own) as a function
of temperature. This information allowed us to become familiar with the behaviour of
this particular batch of SC tape and was useful in consequent experiments. The results
are shown in figure 5.1. The use of the tape heater has been accounted for by adding

0.25 K to the nominal tape temperature for every 20 mA applied to the heater.
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Figure 5.1 was used as a guide to estimate the I yencn, region for a given temperature
in the intermediate 200 mm single-sandwich tests, the final 200 mm half-sandwich tests,
and the 5 m multi-strand cable tests. With a single superconducting tape the Ijyench
values could be read directly from figure 5.1 for a given temperature; for the 5 m multi-
strand cable tests the Iyyencn values in figure 5.1 had to be multiplied by the number
of superconducting tapes in the sample cable to be tested i.e. three.

Although measurements were taken using the intermediate set-up (a single-sandwich
in the adjustable clamp sample holder), as discussed in the previous chapter, these
proved difficult to usefully interpret. This led to the development of the final experi-

mental and sample set-up.

00— 77T T T T T T T T T T 1
F Tape Heater Setting
[ B 0 mA ]
700 - 0 10 mA (+ 0.125 K) u
. 20 mA (+ 0.25 K) ]
I 40 mA (+ 0.5 K) -
600 - ® I 50 mA (+ 0.75 K) ]
§’ 500 _ e Stabilisation N
c L 8 M Stabilised (with Cu tapes) |
g r [0 Unstabilised (SC tape only)| ]
3 400 F o © ]
5 |
$ 300 F C% ]
3 [
& $e
200 | PS 3
100 g ° e ]
0 1 1 1 1 1 1 1 1 1 " 1 . Q 1

26 27 28 29 30 31 32 33 34 35 36 37 38 39
Temperature (K)

Figure 5.1: Thermal runaway or quench current as a function of temperature for MgB,
tape (stabilised: sandwiched between two copper tapes; unstabilised: without any copper

tapes) tested in preliminary sample holder mounted on platform of multi-purpose cryostat,
at the University of Southampton.

5.2 Final Experimental and Sample Set-up

For each sample set-up, a new MgBs tape was used. For all experiments discussed in

this body of work, the MgB2 tapes used were from the same manufacturing batch.
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Recall from section 4.4.1, the two contact scenarios tested in the final experimental

and sample set-up were as follows:

e ‘Bolts Tightened’ — In the BT scenario, the bolts of the adjustable clamp
were tightened to full Belleville washer compression, a total washer deflection of
1.8 mm. From the data in figure 4.10a this equates to a tape contact pressure of
approximately 5.6 MPa. This is the best contact or lowest R achievable with

this particular experimental set-up.

e ‘Bolts Loosened’ — In the BL scenario, the bolts of the adjustable clamp were
loosened so that the total Belleville washer compression was 0.6 mm. From the
data in figure 4.10a this equates to a tape contact pressure of approximately 2.1

MPa and therefore provided a higher R¢ case to compare with the BT scenario.

It is noted that for the profile figures described here and all those that follow, where
individual points are plotted (as opposed to continuous curves), points correspond to
v-taps 1-9 from left to right where v-tap 1 is at 2 cm from the end of the SC tape etc.
- see also figure 4.16 for reference. This is consistent with all profile plots in both this

chapter and chapter 4.

5.2.1 Data Selection

In order to calculate R¢, as described previously, tape profiles were investigated. This
could be done at a given instance in time or, for a steady state scenario, an average
over a length of time could be taken. For dynamic scenarios, profiles were studied for a
range of time ‘slices’ to see if there was any significant change in the calculated values
of Ro as the voltage signals changed with time. Generally, five to six time slices were
used, each 10 ms apart which, at the recording frequency of 200 Hz, equated to two
datapoints apart.

A 4-point adjacent averaging smoothing function was applied to the measured
voltage-time signals to reduce the signal noise. After some experimentation, this was
the smoothing method deemed to offer the best compromise between mitigating the
effects of signal noise and losing the least signal information.

Selection of the time slices was based on two criteria:
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1. The voltage signal was greater than 10 pV so that the signal was sufficiently
distinctive from the signal noise (which was seen to have an amplitude of up to

10 pV after smoothing);
2. The effect of heating on the resistivity of the Cu tape was not dominant.

The second criterion was necessary because the current method for calculating R¢
uses a constant value of Cu resistivity. A method to adapt the model to take into
account the change in Cu resistivity with temperature based on the data in figure 4.18
has been investigated and is discussed as potential future work in section 5.4.

It is also noted that R can only be calculated in scenarios where the supercon-
ducting tape was undergoing the transition to the resistive state and therefore was a)
sharing the current with the copper tape and b) producing a measurable electric field
which is, of course, not the case when in the superconducting (non-resistive) state.

During the experimentation process, current steps of increasing magnitude, at
coarse intervals when below the Iyyencn, region and then at fine intervals of 1 A when
approaching the Iy,encn region, were applied until a transition to the resistive state had
begun and current sharing between the tapes was observed. In some situations, partic-
ularly in the lower pressure or BL scenarios, there was a very distinct transition with
no voltage measured above signal noise at £ A and clear, exponential voltage signals
showing the characteristic positive feedback loop due the interdependent heating and
resistivity of a quench at z 41 A. In other cases, almost solely in the higher pressure or
BT scenarios, there were a range of currents over which the beginning of a quench could
be observed through to the clear exponential voltage signal appearing. Therefore, for
the R calculations, where interesting, more than one applied current was investigated
at a given temperature and heater set-up.

As described previously, measurements were taken both with and without use of a
resistance heater in the centre of the tape (the ‘tape heater’) giving additional control
over the current sharing between the tapes during a quench. The difference in results
found with and without the heater are discussed in the sections which follow.

The final scenarios for which the Ro profile was calculated based on the above

selection criteria are summarised in table 5.1.
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Contact | Nominal Temp. (K) | Tape Heater | Applied Current (A)
off 354
33
on 319
off 270
34
. on 238
= 194
a off
g 35 195
§ on 166
=
i 110
= 36 ©
" on 84
2 37 off 40
M
37.5 off 20
40 off 15
off 351
33
on 333
off 270
34
on 248
=) off 198
a8 35
< on 174
5 36 off 115
g on 100
P 37 off 55
Cg 37.5 off 20
40 off 15

Table 5.1: Summary of tested scenarios for MgBo-Cu half-sandwich sample for which R

profiles were calculated and current transfer investigated.
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5.2.2 Characteristic Currents

Although this experimental set-up was not specifically designed for critical current
measurements, some characteristic current data was collected to aid experimentation,

using the criteria below, also discussed in section 4.4.2:

e ‘Critical current’, I. — The current at which 10 ©V was measured across a
given section, i.e. 5 pVem™! since each section was 2 cm long. This was the most
reliable voltage measurement resolution possible for the observed signal noise,

after filtering (smoothing).

¢ Quench current, I cn., — The current at which both an exponentially in-

creasing voltage and sample heating were observed.

Figure 5.2a plots both the measured I. and Igyench values together. For all values
in figure 5.2a the effect of the use of the tape heater has been compensated for by
adding 0.4 K to the nominal temperature. This value was that estimated as the local
temperature increase due to applying 3 V to the tape heater, as shown in table 4.1.

Figure 5.2b shows the characteristic currents measured in the adjustable clamp
sample holder described above and in figure 5.2a plotted alongside the Igyencn values
measured using the preliminary sample holder as described in figure 5.1. It can be
seen that higher characteristic current values were measured in the tape used in the
later tests. These differences are likely due to the fact that for each sample set-up,
a new MgBo tape was used. Although the MgB2 tapes used were from the same
manufacturing batch, inhomogeneities in characteristic current values are still possible.

All following results and discussion refer to the tape for which the measured char-

acteristic current values are shown in figure 5.2a.

5.2.3 Current Sharing Phases

Without the tape heater, the current transfer that occurred when the tape was forced
into the resistive state (by applying a current greater than the I. for the tape tempera-
ture) took the form of one of four ‘phases’ as described in section 4.5.2.1 and table 4.2.
When the tape heater was applied, the current transfer took the form of a fifth phase,
also described in section 4.5.2.1 and table 4.2.
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550 T T T T T T T T T T T T T T
3 ) Heater power
500 7Y = 0V H
L " 3V
450 |- Current type H
| O Critical (5 uv/cm)
A Quench (exp. V increase + heating)
400 H
Contact
I m BT
350 [ ] o BL J
< | ¢
— 300 - 4
c
9 r [
= 250 —
=1
s $
200 ¢ —
150 e —
I ¢
100 —
L 8
L]
50 - é —
0 I i 1 i 1 i 1 i 1 i 1 i 1 i 1 [ ]
30 31 32 33 34 35 36 37 38

Temperature (K)

(a) Characteristic current values from the final sample set-up
as a function of temperature: Circles - Critical current, I.;
Triangles - Quench current, Iyuench. Use of tape heater was

accounted for by adding 0.4 K to the nominal temperature.

800 N T T T T T T T T T T T T ]

F /Adjustable Clamp Sample Holder 1

L Small, opaque symbols q

700 | e Heater power B

[ " 0V ]

b m 3V (+04K) :

600 | Current type B

[ O Critical (5 uV/cm) 1

500 L 8 . A Quench (exp. V increase + heating)|
2 X o Contact b
< F = BT ]
S F O BL 1
g 400 I |Preliminary Sample Holder . 4
S [ |Large, semi-transparent symbols [} 8 ]
O 300 |-|Tape Heater Setting 9 3
I 0 mA 9. & ]

F [ 10 mA (+ 0.125 K) ve & ]

200 [ 20 mA (+ 0.25 K) Ps Py J

[ (I 40 mA (+ 0.5 K) $ 1

- (I 60 mA (+ 0.75 K) L] ]

100 [ [stabilisation o.® ¢ ]

[ | B Stabilised (with Cu tapes) (") ]

[ | O Unstabilised (SC tape only) { ] 8 ]

0 n I n I n I n I n 1 i 1 i 1 1 1 i 1 i 1 i [ 1 i
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Temperature (K)

(b) Comparison of preliminary and final sample set-up char-

acteristic current values from figures 5.2a and 5.1.

Figure 5.2: Characteristic current values as a function of sample temperature with the
criteria: Ic - current at which 5 pVem ™! was measured; Iquench - current at which both
exponentially increasing voltage and sample heating were observed. Different MgB, tapes

from the same manufacturing batch were used for each set-up.
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The current-sharing phase occurring at a given point in time could be identified

from the SC and Cu cumulative voltage drops using the following:

e Where Vg was greater than Vi, current was transferring from the SC tape to

the Cu tape,

e Where Vi, was greater than Vg, current was transferring from the Cu tape to

the SC tape,

e Where the Vso(z) and Vo (x) crossed or Vso =~ Vi, little or no current was
transferring and it was at this point along the tape length where the current
transfer was changing direction; this is hence referred to as the ‘zero-point’ as it

represents zero current transfer.

Figure 5.3, taken from the same scenario as that in figure 4.20a (40 K, no tape
heater, 15 A applied, step average, BT), shows the above current sharing identification
characteristics of the SC and Cu cumulative voltage drops and the resultant Ic,,(z)
profile. This is an example of ‘settled-sharing’ or SS-Phase current sharing which was
generally observed in the scenarios at temperatures at and around 7, and later in the
quench process in other scenarios.

In this current sharing phase, the majority of the current would transfer from the SC
tape to the Cu tape within a relatively short length of the sample, with the amount of
current transferring decreasing as approaching the tape centre. Then the current would
return from the Cu tape to the SC tape, with current transfer increasing in magnitude
as approaching the tape end, again with the majority of current transferring within a
relatively short length of the sample. In SS-Phase current sharing, current would be
carried preferentially by the Cu tape rather than the SC tape, for as much of the tape
length as possible.

Generally, as in figure 5.3, there would be a single zero-point with current transfer-
ring from the SC to the Cu tape on the left of it and from the Cu tape back to the SC
tape on the right of it. During an SS-Phase, the single zero-point would be generally
close to the centre but it was observed to move with time, even within a given applied
current, temperature and tape pressure contact scenario. In other phases it was seen
to be positioned more extremely to the left or right of centre, as in the L-Phase and

R-Phase current sharing.
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25— F—+—F——+—1—
i ® Cumulative V_Cu data| |
L ] Cumulative V_SC datd |
Zero-point, no
20 ® current transfer. Note: large current transfer at tape| " |
close to tape centre .
3 e $ / P ends, current transfer decreasing | A
: Current transferring from as approaches tape centre :
<) s
E 1.5 HSC to Cu tape P i
S | Y ] ° |
[ ]
g r 12 J e i
o o -
S1op Lt ] _
7
roE s . ]
L < J
_G 6 =
0.5 1 o T~_|Current transferring from B
2F 4
3 Cu to SC tape 1
B 00 2 1‘1 é é‘l 1‘0 1‘2 1‘4 1‘6 18 20 7
i V-tap distance from end of SC tape (cm) T
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Distance from end of SC tape (cm)

Figure 5.3: Main figure: SC and Cu cumulative voltage drops as a function of position
along the tapes: points correspond to v-taps 1-9 from left to right where v-tap 1 is at 2 cm
from the end of the SC tape etc.; Inset: Current carried by Cu tape as a function of position
along tape length; Both annotated to show an example of how current sharing phase and
features of Iy, (z) profile can be deduced from cumulative voltage drops; SS-Phase current

sharing, 40 K, no tape heater, 15 A applied, step average, bolts tightened.
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In an L-Phase current sharing phase, the zero-point was to the left of the tape
centre and the majority of current transferred from the SC tape to the Cu tape over
a short length on the LHS, then returned to the SC tape over the remaining longer
length of the tape. Figure 5.4 shows an example of both SC and Cu cumulative voltage
drops and the resultant I, (z) profile in a scenario in which L-Phase current sharing
was observed for the selected time slice. Unlike SS-Phase sharing, current appeared to

be only carried by the Cu tape locally.

5———F————F——F——F——F——F—+—F—"—1—"—1—
- 80 T T Current transferring from —r— ° Cumulat!ve V_CU data 4
N /Sc 1o Cu tape: majority of Cumulative V_SC data| |
- / )
4 _— o current tranasferred over
| realtively short length
L 0 4
- E 40 q 1
<) B 8
>3 s
E7] -
o L 4
(@) L 4
©
= r 0
o2 0 2 4 6 8 10 12 14 18 20 _
> | V-tap distance from end of SC tape (cm)
B b Zero-points to LHS 1
r o7 lof tape centre Current transferring from Cu to Sc b
I tape: over realtively long length
1+ . =
I . ]
¢ [ ]
L ° . ° 4
0 L | L | L | L | L | L | L | L | L | L
0 2 4 6 8 10 12 14 16 18 20

Distance from end of SC tape (cm)

Figure 5.4: Main figure: SC and Cu cumulative voltage drops as a function of position
along the tapes: points correspond to v-taps 1-9 from left to right where v-tap 1 is at 2 cm
from the end of the SC tape etc.; Inset: Current carried by Cu tape as a function of position
along tape length; Both annotated to show an example of how current sharing phase and
features of I, (z) profile can be deduced from cumulative voltage drops; L-Phase current
sharing, 36 K, no tape heater, 110 A applied, time slice 2.24 s, bolts tightened.

Likewise, in an R-Phase current sharing phase, the zero-point was to the right of
the tape centre. The current transferred from the SC tape to the Cu tape over a

length greater than half of the tape length and the majority of current sharing from
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the Cu tape back to the SC tape occurred on the RHS of the tape. Figure 5.5 shows an
example of both SC and Cu cumulative voltage drops and the resultant Iy, (z) profile

in a scenario in which R-Phase current sharing was observed for the selected time slice.
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0.4 . Zero-point on RHS ~e ]
H tape: over a relatively longer length [ ] i
H 4 ; ; — ; ; ; of tape centre 4
) ul -
> 1 ]
Eosfp | -
m = r | -4
(@) H 4
© 1 i
= o
@] H g 1
=02k <[ T -
i 3 J
h Current transferring from Cu to SC E
: 1+ tape: majority of current transferred :
0.1k over a relatively short length —
H o i
H 0 2 4 6 8 10 12 14 16 18 20 i
- V-tap distance from end of SC tape (cm) g
0.0 1 | 1 | 1 | 1 | 1 | 1 | 1 | \ | \ | \
0 2 4 6 8 10 12 14 16 18 20

Distance from end of SC tape (cm)

Figure 5.5: Main figure: SC and Cu cumulative voltage drops as a function of position
along the tapes: points correspond to v-taps 1-9 from left to right where v-tap 1 is at 2 cm
from the end of the SC tape etc.; Inset: Current carried by Cu tape as a function of position
along tape length; Both annotated to show an example of how current sharing phase and
features of I, (x) profile can be deduced from cumulative voltage drops; R-Phase current
sharing, 35 K, no tape heater, 194 A applied, time slice 2.265 s, bolts tightened.

The majority of current-sharing scenarios started in either an L-Phase or an R-
Phase. Sharing would often then shift to a state of unsettled sharing or a US-Phase
with three zero-points and current transferring (from left to right): from the SC tape
to the Cu tape, back to the SC tape, back to the Cu tape and finally back to the
SC tape. Figure 5.6 shows an example of both SC and Cu cumulative voltage drops
and the resultant Iy, (x) profile in a scenario in which US-Phase current sharing was

observed for the selected time slice.
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The US-Phase was the hardest to model and led to the most unreliable R values
with no knot values found which led to no negative R¢ values being generated 100 %

of the time. The final knot positions used were those which led to the most consistent

R values.
3.0 ® Cumulative V_Cu data
: rr—r—rrr Cumulative V_SC data|
. 14 T T T T T T T
Current transferring Zero-point 1
from SC to Cu tape 12 | -
25
10 p B
20 <
<) _3 er )
>
£ st ) 1
~ Current transferring Current transferring
Q -
%1.5 2L from Cu to SC tape from SC to Cu tape .
£ [
(@] 0 1 1 1 1 1 1 1
> 0 2 4 6 8 10 12[4 14 16 18 20
Zero-point 1 g .
10 o - o V-tap distance from end of SC tape (cm) Current transfering
1 () ® / from Cu to SC tape
v (VY 3
3---_@ °
ero-point
0.5 F n
0.0 i 1 i 1 i 1 i 1 i 1 i 1 i 1 i 1 i 1 i
0 2 4 6 8 10 12 14 16 18 20

Distance from end of SC tape (cm)

Figure 5.6: Main figure: SC and Cu cumulative voltage drops as a function of position
along the tapes: points correspond to v-taps 1-9 from left to right where v-tap 1 is at 2 cm
from the end of the SC tape etc.; Inset: Current carried by Cu tape as a function of position
along tape length; Both annotated to show an example of how current sharing phase and
features of I, () profile can be deduced from cumulative voltage drops; US-Phase current
sharing, 34 K, no tape heater, 270 A applied, time slice 2.165 s, bolts tightened.

Eventually in most scenarios a settled sharing phase or SS-Phase would be estab-
lished. It was possible to regard all of these phases in most of the non-heated scenarios
investigated by observation of the SC and Cu cumulative voltage drops for various time
slices. However, by the time SS-Phase sharing occurred, the effect of heating on the
Cu tape resistivity had usually become dominant and so I¢y(z) and R¢ profiles have

only been calculated for this phase at temperatures greater than or in the region of T,
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where applied currents were very low and so the effect of heating was minimal.

A fifth current sharing phase was observed when the tape heater was used. Instead
of ‘escaping’ to (and from) the Cu tape over as short a length of tape as possible so
that as much current as possible was shared with the Cu tape, as in the SS-Phase, in
the H-Phase or heated phase current would remain in the SC tape as much as possible,
transferring to and from the Cu mostly around the heated section. Figure 5.7 shows an
example of both SC and Cu cumulative voltage drops and the resultant Iy, (x) profile

in a scenario in which H-Phase current sharing was observed for the selected time slice.

7 [l e Cumulative V_Cu data 180
3 Cumulative V_SC data| .
- Current transferring from
- o Cu tape
6 SC to Cu tap
: ’é\.loo
5 -_ * [ ] iso
: . 60
S I e °
E4f e
N o \\
8_’ i (" % 2 4 6 8 10 12 14 1 18 2
L . V-tap distanee from end of SC tape (cm)
C_j s Zero-point, no ek .
g i current transfer: very [} ]
L close to tape centre ° j
2 ° o ]
[ [Note: large current transfer | |Current transferring from[ | |
[ |at tape centre, current Cu to SC tape ]
1 [ |transfer decreasing as B
[ approaches tape ends ]
olL— vy i i i N
0 2 4 6 8 10 12 14 16 18 20

Distance from end of SC tape (cm)

Figure 5.7: Main figure: SC and Cu cumulative voltage drops as a function of position
along the tapes: points correspond to v-taps 1-9 from left to right where v-tap 1 is at 2 cm
from the end of the SC tape etc.; Inset: Current carried by Cu tape as a function of position
along tape length; Both annotated to show an example of how current sharing phase and
features of I, () profile can be deduced from cumulative voltage drops; H-Phase current
sharing, 33 K, 3 V tape heater setting, 319 A applied, time slice 2.26 s, bolts tightened.
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5.2.4 Results with No Tape Heater, At and Around T

At 40 K, in the cold but resistive state, without use of the tape heater, in both the BT
and BL or ‘good’ and ‘bad’ contact scenarios, SS-Phase current sharing was observed.
In figures 5.8a (BT) and 5.10a (BL) it can be seen that the voltage measured in the
Cu tape was constant with time in both cases. Being in the resistive state, ohmic or
Joule heating would have been occurring but the cooling was sufficient that this did
not lead to an increase in the voltages measured. By observing the cumulative voltage
drops in figures 5.8b (BT) and 5.10b (BL) and the I, () profiles in figures 5.9a (BT)
and 5.11a (BL) it is seen that current sharing is almost symmetrical, entering the Cu
tape on the LHS and leaving at a similar ‘rate’ on the RHS with the I, () maximum
slightly to the left of the tape centre.

It is also clear that the increased R¢ in the BL scenario has decreased the amount
of current that can be shared with the Cu tape over the tape length, from the following

observations in figures 5.9a and 5.11a:

e In the BT scenario, most of the current that transferred to and from the Cu
tape did so in approximately the first and last 2 cm at either end of the tape
contact length and the Cu tape is seen to have carried the majority of the current,

approximately 14 A out of the 15 A applied at its maximum,

e In the BL scenario, however, practically half the length of the tape contact was
required to transfer current to and from the Cu tape and not only was the maxi-
mum current shared less, being approximately 13 A out of the 15 A applied, but
it carried this maximum percentage of the applied current over a shorter distance,

due to the greater transfer lengths (CTLs).

Looking at the R values calculated, in figures 5.9b (BT) and 5.11b (BL), we can
see that the BL scenario does indeed have an increased contact resistance compared
to the BT scenario; but also that, in both contact cases, there appears to be a higher
Rc on the RHS of the sample than that on the LHS. This phenomenon is observed

consistently throughout the results and discussed in section 5.2.8.

136



5.2 Final Experimental and Sample Set-up

T T T T T T 118
| [— Current (Total Current Applied: 15 A)] |
10° 415
H12
S10° g
) 19 @
5 N N Yo | =1
S i i S
> F--cut2] ! i |
---cuz23 | | 46
10° - { [ -~ Cu3-4 i ) t
s Cud-5( | i H
Ml Cu5-6| | ;
L ‘.u: - - - Cu6-7| ~——{Step average used|————= 43
shl |---curg | (15-2.0'5) |
tobl |- - -cus-9] i
il i i
10° o, | : | | I | Jdo
1.2 14 1.6 1.8 2.0 2.2
Time (s)

(a) Voltage-time traces for sections of Cu tape indicating time
slice(s)/step average investigated.

25 — 77— T — T T ——— T
- ® Cumulative V_Cu data .
3 Cumulative V_SC data] 4
20 —
L ° ]
- . .
L ® ]
<) B b4 E
> 15| " =
\E/ B ® 7
- 20 T T T T T 7
8‘) L @ Cumulative V_Cu data L] PS 4
9 | SLM Calculated V_Cu(x) functior ° ]
=) - 15p 1 .
3 1.0 i ]

s
E
L 510 ]
L] s ]
0.5 0s .
0 2 4 6 8 10 12 14 1 18 2

o Distance from end of SC tape (cm) ~

00 I I i I i I i I i 1 " 1 " 1 " 1

0 2 4 6 8 10 12 14 16 18 20

Distance from end of SC tape (cm)

(b) Main figure: Measured cumulative voltage drop profiles for SC
and Cu tapes; Inset: Measured cumulative voltage drop profile and
continuous SLM spline approximation for Cu tape.

Figure 5.8: Plots for 40 K, no tape heater, 15 A applied, bolts tightened scenario; SS-
Phase current sharing (continued in figure 5.9).
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Figure 5.9: Continued plots for 40 K, no tape heater, 15 A applied, bolts tightened
scenario; SS-Phase current sharing.
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(b) Main figure: Measured cumulative voltage drop profiles for SC
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continuous SLM spline approximation for Cu tape.

Figure 5.10: Plots for 40 K, no tape heater, 15 A applied, bolts loosened scenario; SS-
Phase current sharing (continued in figure 5.11).
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Figure 5.11: Continued plots for 40 K, no tape heater, 15 A applied, bolts loosened

scenario; SS-Phase current sharing.
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At 37.5 K, which is approximately the T, of the SC tape, we see also a steady
state, SS-Phase current sharing regime occurring in both BT and BL scenarios, with
less current being shared in the BL scenario (maximum 9 A of the total applied 20 A,
figure 5.15a) than the BT scenario (12 A of the total applied 20 A, 5.13a). In both
cases less current is shared than at 40 K, suggesting that the SC tape is partially in
the superconducting state, sharing only the excess current above I, with the Cu tape.
The effects of decreasing the contact pressure between the BT and BL scenarios, as
observed at 40 K, are repeated in the I, (x) profiles and calculated R values at 37.5
K; as is the observed higher Rc on the RHS than on the LHS. Furthermore, R¢ values
calculated at 37.5 K are of the same order of magnitude as those calculated at 40 K
(see figures 5.13b and 5.15b).

Just below the T, of the SC tape, at 37 K, we observe a further effect of the contact
pressure on the current sharing behaviour. In the BT scenario, steady state sharing is
still just about observed, with some signs of increasing voltage due to ohmic or Joule
heating (see figure 5.16a). However, the current sharing regime is US-Phase, with
current transferring to and from, and to and from, the Cu tape (see figures 5.16b and
5.17a). This suggests that although an equilibrium in time was reached, the mechanisms
driving the current sharing between the SC and Cu tapes, may not have been wholly
dominated by R¢; for example, local I. inhomogeneities in the SC tape may exist.
It is interesting to note that, at all other temperatures where US-Phase sharing was
observed it would, after time, resolve to SS-Phase sharing - whereas here it appeared
a stable (with time) current sharing phase. Current was still being carried in the
superconducting state so that less than 6 A of the 40 A applied was carried by the Cu

tape at its maximum.
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(b) Main figure: Measured cumulative voltage drop profiles for SC
and Cu tapes; Inset: Measured cumulative voltage drop profile and

continuous SLM spline approximation for Cu tape.

Figure 5.12: Plots for 37.5 K, no tape heater, 20 A applied, bolts tightened scenario;
SS-Phase current sharing (continued in figure 5.13).
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Figure 5.13: Continued plots for 37.5 K, no tape heater, 20 A applied, bolts tightened

scenario; SS-Phase current sharing.
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(b) Main figure: Measured cumulative voltage drop profiles for SC
and Cu tapes; Inset: Measured cumulative voltage drop profile and

continuous SLM spline approximation for Cu tape.

Figure 5.14: Plots for 37.5 K, no tape heater, 20 A applied, bolts loosened scenario;
SS-Phase current sharing (continued in figure 5.15).
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Figure 5.15: Continued plots for 37.5 K, no tape heater, 20 A applied, bolts loosened

scenario; SS-Phase current sharing.
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Figure 5.18a shows that, in the BL scenario, the voltages measured are no longer
constant with time, unlike the BT equivalent, and so a time slice at the end of the
current step, with the highest measured voltages, is observed, in figures 5.18 and 5.19.
Also unlike the BT scenario, in the equivalent BL scenario, SS-Phase current sharing
is still observed (see figures 5.18b and 5.19a). However, much more current is shared
with the copper tape than both the the equivalent BT and the higher temperature BL
scenarios, with up to a maximum of 35 A in the Cu tape of the 55 A applied; the
system had become unstable with a positive feedback heating loop preventing a steady
state equilibrium being reached.

A further difference between the different contact scenarios, not seen at higher tem-
peratures, is that, unexpectedly, higher currents are required to start a thermal runaway
in the BL than in the BT scenario. This is also observed at some lower temperatures,
as shown by the differences in Iyenen in figure 5.2a, and possible explanations of this
are discussed in section 5.2.6.1.

As observed at 40 K and 37.5 K, the difference between the BT and BL I¢y,(x)
profiles and calculated R¢ values is also present at 37 K; as is the observed higher R¢
on the RHS than on the LHS. The R¢ values calculated also show consistency across
all three temperatures, with BT values being around 10 to 70 pQcm? and BL values
around 50 to 500 pQcm?, with the variation being with position along tape length
rather than between the different temperatures. R¢ results at positions around that
of the zero-points or maximums in the I, (z) curves appear somewhat unreliable, a
trend which is observed at all temperatures measured and which is discussed in section

5.2.6.2.
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(b) Main figure: Measured cumulative voltage drop profiles for SC
and Cu tapes; Inset: Measured cumulative voltage drop profile and
continuous SLM spline approximation for Cu tape.

Figure 5.16: Plots for 37 K, no tape heater, 40 A applied, bolts tightened scenario;
US-Phase current sharing (continued in figure 5.17).

147



5. CURRENT TRANSFER AND CONTACT RESISTANCE IN AN
MGB,-CU HALF-SANDWICH

6 — 11—+
Total Current Applied: 40 A
US-Phase:
5F knots at[24 7 14 18] cm |
4 4
@
Q
g st i
_3
2 .
1F .
0 " " " 1 1 " 1 " 1 " 1 " " "
0 2 4 6 8 10 12 14 16 18 20

V-tap distance from end of SC tape (cm)

(a) Current carried by the Cu tape as a function of position along tape
length, continuous function derived from differentiation of SLM curve
in figure 5.16b (Inset).

100 LA I A B S B S I R R AR I S B A R A
I Masked: 1
90 - |- values < 0 aem? 7
[ |- values > 1E-4 Qcm?® 1
80 |- |Us-Phase: 4
L knots at [2 4 7 14 18] cm
70 - -
\'D 60 .
§ | * e |
(e} L i
3 50
O L 4
x 40 I ]
30 -
- L] 4
20 ® -
L ° J
[
o ° o i
0 I PR T S N SR N SR NN SR NS S S S SR S S ]
0 2 4 6 8 10 12 14 16 18 20

V-tap distance from end of SC tape (cm)

(b) Contact resistance approximation along tape length as
calculated using the SLM spline method.

Figure 5.17: Continued plots for 37 K, no tape heater, 40 A applied, bolts tightened

scenario; US-Phase current sharing.
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(b) Main figure: Measured cumulative voltage drop profiles for SC
and Cu tapes; Inset: Measured cumulative voltage drop profile and
continuous SLM spline approximation for Cu tape.

Figure 5.18: Plots for 37 K, no tape heater, 55 A applied, bolts loosened scenario; SS-
Phase current sharing (continued in figure 5.19).
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Figure 5.19: Continued plots for 37 K, no tape heater, 55 A applied, bolts loosened

scenario; SS-Phase current sharing.
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The most stable current sharing regime at and around the sample 7, has been shown
to be for the majority of the current to be carried by the Cu tape as the resistivity of Cu
is lower than that of the SC tape in the resistive state, which is mainly dependent on
that of its nickel alloy sheath. The nature of the contact between the tapes determines
the CTL and the total current shared: the better the contact (the higher the contact
pressure and the lower the contact resistance), the shorter the CTL and, over a finite
length, the more current was shared. How the current was distributed, however, was

not solely reliant on R, as will be seen in the following lower temperature results.

5.2.5 Results with No Tape Heater, Below T

At 36 K, L-Phase current sharing can be observed in both the BT and BL scenarios,
as shown in figures 5.20b and 5.21a (BT) and 5.22b and 5.23a (BL). Higher R¢ values
are once again calculated on the RHS in both cases (figures 5.21b [BT] and 5.23b
[BL]). It appears that in these scenarios, the higher Rc on the RHS is the dominant
mechanism in driving the current transfer regime, forcing current to share with the Cu
tape predominantly on the LHS of the sample. It is worth noting the different I, ()
shapes in the BT and BL scenarios, with more current shared in the BT scenario, both
over the length of the tapes and with a higher maximum (71 A of the applied 110 A
compared to 41 A of the applied 115 A in the BL case). Higher R¢ values are seen in
the BL scenario overall, and all R¢ values are of a similar order of magnitude to those
calculated at higher temperatures.

Note that in figure 5.23b, R¢c values calculated at = 12 cm are not reliable values.
This has been observed for R¢ values estimated around the zero-points and is discussed

in section 5.2.6.2.

151



5. CURRENT TRANSFER AND CONTACT RESISTANCE IN AN

MGB,-CU HALF-SANDWICH

T T T
[— Current (Total Current Applied: 110 A) |

10° |

- - Cul-2 - smoothed (aav, 4pts)
- - Cu2-3 - smoothed (aav, 4pts)
- — Cu3-4 - smoothed (aav, 4pts)

Cu4-5 - smoothed (aav, 4pts)
F Cu5-6 - smoothed (aav, 4pts)
- — Cu6-7 - smoothed (aav, 4pts)
- - Cu7-8 - smoothed (aav, 4pts)
- - Cu8-9 - smoothed (aav, 4pts)

N
S
&
T

Voltage (V)

" NI

f
N /- \
" i A HA

i
°
&

- ,r\r\\
14 v 2
M I l\\ I‘\\,,)\I)/“‘ “m
L "u ‘/,\,J/n\, ,, v\‘ 1

Y M Nt

‘ \mw'b’ 1) ey

I
g ol
Wl \

! “I)'l|{" i¥] " 1 1

[V

\ I
U
Wy

’ /==

N

= /
“ N \u\ b 1\/, 5

m\'\,\l Uy
i

i il
" ?\Time slices /‘%‘
; ; i

| investigated
i T

10°
1.2 1.4 1.6

Time (s)

(v) wauny

(a) Voltage-time traces for sections of Cu tape indicating time

slice(s)/step average investigated.

5 T T T T Y T

@® cCumulative V_Cu data|
Cumulative V_SC dat:

w

N

Voltage (mV)

Time slices
(points of increasing size)
1.91s
2.03s
2.12s
2.21s
2.23s
2.24s
2.25s
2.26s
2.27s

Voltage (mV)
[
o
T

o
@
T

0.0

e Cumulative V_Cu data

SLM Calculated V_Cu(x) function

Distance from end of SC tape (cm)

20

o
®
co0 @

!

!

H

|

|

!

6 8

10

12

14

16

Distance from end of SC tape (cm)

18

20

(b) Main figure: Measured cumulative voltage drop profiles for SC

and Cu tapes; Inset: Measured cumulative voltage drop profile and

continuous SLM spline approximation for Cu tape.

Figure 5.20: Plots for 36 K, no tape heater, 110 A applied, bolts tightened scenario;

L-Phase current sharing (continued in figure 5.21).
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5.2 Final Experimental and Sample Set-up
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(a) Current carried by the Cu tape as a function of position along tape
length, continuous function derived from differentiation of SLM curves
in figure 5.20b (Inset) - Main figure: 2D plot, zoomed scale; Inset: 3D
plot showing evolution with time, scale reflects total applied current.
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calculated using the SLM spline method.

Figure 5.21: Continued plots for 36 K, no tape heater, 110 A applied, bolts tightened
scenario; L-Phase current sharing.
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5. CURRENT TRANSFER AND CONTACT RESISTANCE IN AN
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(b) Main figure: Measured cumulative voltage drop profiles for SC
and Cu tapes; Inset: Measured cumulative voltage drop profile and

continuous SLM spline approximation for Cu tape.

Figure 5.22: Plots for 36 K, no tape heater, 115 A applied, bolts loosened scenario;
L-Phase current sharing (continued in figure 5.23).
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(a) Current carried by the Cu tape as a function of position along tape
length, continuous function derived from differentiation of SLM curves
in figure 5.22b (Inset) - Main figure: 2D plot, zoomed scale; Inset: 3D
plot showing evolution with time, scale reflects total applied current.
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Figure 5.23: Continued plots for 36 K, no tape heater, 115 A applied, bolts loosened
scenario; L-Phase current sharing.

155



5. CURRENT TRANSFER AND CONTACT RESISTANCE IN AN
MGB,-CU HALF-SANDWICH

As shown in figure 5.2a, at temperatures below 36 K, in the BL scenarios I. was
equal to Igyencyn, Whereas in the BT scenarios Igyencn remained between 2 A and 9 A
higher than I.. In the case of the 35 K BT scenario, under the definition for I uenen
given in section 5.2.2, the first exponential voltage increase with sample heating was
measured at 194 A - however, this temperature increase was only seen in the far right
of the SC tape. The 195 A scenario is therefore also shown here.

This has led to an interesting observation. As figures 5.24 and 5.25 show, in the
BT 194 A scenario, current sharing was only just beginning, with a maximum of 4 A
estimated to be carried by the Cu tape. However, this current was shared predominantly
on the RHS of the sample, which is contrary to what was observed at 36 K, and what
is seen in the BL 35 K scenario, in which L-Phase current sharing was observed (see
figures 5.28 and 5.29). Despite the higher R on the RHS side of the sample, which
was still observed at 35 K (figures 5.25b [BT 194 A], 5.27b [BT 195 A] and 5.29b [BL)),
current, albeit a relatively small amount, was transferring to the Cu tape preferentially
on the RHS than on the LHS where Ro was shown to be lower. This suggests, as with
the US-Phase scenarios, that a mechanism other than the higher Rc on the RHS was
determining the current transfer regime.

In the BT 35 K, 195 A scenario, US-Phase current transfer is observed (figures
5.26 and 5.27). It is believed that this increase in current transfer on the LHS, with
a secondary peak in the Ig,(z) curve on the RHS, occurs as the higher Rc on the
RHS becomes more dominant in driving current transfer than any other mechanism,
for example, potentially lower local I. on the RHS. Figures 5.28 and 5.29 show the

results of the 35 K BL scenario, once again with L-Phase current sharing.
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5.2 Final Experimental and Sample Set-up
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(b) Main figure: Measured cumulative voltage drop profiles for SC
and Cu tapes; Inset: Measured cumulative voltage drop profile and

continuous SLM spline approximation for Cu tape.

Figure 5.24: Plots for 35 K, no tape heater, 194 A applied, bolts tightened scenario;

R-Phase current sharing (continued in figure 5.25).
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5. CURRENT TRANSFER AND CONTACT RESISTANCE IN AN
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(a) Current carried by the Cu tape as a function of position along tape
length, continuous function derived from differentiation of SLM curves
in figure 5.24b (Inset) - Main figure: 2D plot, zoomed scale; Inset: 3D
plot showing evolution with time, zoomed scale.
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Figure 5.25: Continued plots for 35 K, no tape heater, 194 A applied, bolts tightened
scenario; R-Phase current sharing.
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(b) Main figure: Measured cumulative voltage drop profiles for SC

and Cu tapes; Inset: Measured cumulative voltage drop profile and

continuous SLM spline approximation for Cu tape.

Figure 5.26: Plots for 35 K, no tape heater, 195 A applied, bolts tightened scenario;

US-Phase current sharing (continued in figure 5.27).
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5. CURRENT TRANSFER AND CONTACT RESISTANCE IN AN
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(a) Current carried by the Cu tape as a function of position along tape
length, continuous function derived from differentiation of SLM curves
in figure 5.26b (Inset) - Main figure: 2D plot, zoomed scale; Inset: 3D
plot showing evolution with time, zoomed scale.
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(b) Contact resistance approximation along tape length as
calculated using the SLM spline method.

Figure 5.27: Continued plots for 35 K, no tape heater, 195 A applied, bolts tightened
scenario; US-Phase current sharing.
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(b) Main figure: Measured cumulative voltage drop profiles for SC

and Cu tapes; Inset: Measured cumulative voltage drop profile and

continuous SLM spline approximation for Cu tape.

Figure 5.28: Plots for 35 K, no tape heater, 198 A applied, bolts loosened scenario;

L-Phase current sharing (continued in figure 5.29).
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(a) Current carried by the Cu tape as a function of position along tape
length, continuous function derived from differentiation of SLM curves
in figure 5.28b (Inset) - Main figure: 2D plot, zoomed scale; Inset: 3D
plot showing evolution with time, scale reflects total applied current.
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Figure 5.29: Continued plots for 35 K, no tape heater, 198 A applied, bolts loosened

scenario; L-Phase current sharing.
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5.2 Final Experimental and Sample Set-up

At 34 K, US-Phase current sharing is observed in the BT scenario and L-Phase in
the BL scenario (see figures 5.30 to 5.33). Unlike at all other temperatures measured,
Iyyench was the same in both the BT and BL scenarios at 34 K.
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Figure 5.30: Plots for 34 K, no tape heater, 270 A applied, bolts tightened scenario;
US-Phase current sharing (continued in figure 5.31).

163



5. CURRENT TRANSFER AND CONTACT RESISTANCE IN AN
MGB,-CU HALF-SANDWICH

110 T T T T T T Total Current Applied: 270 A\
r |— 21659 Fetiii 150
100 | —2.175s Knots at (24 7 14 18] cm 100
| |——2.185s| as0 50
90 e 2,195
[ |2.205s| l \ g ™
L \ g 10
80 L ~3 100
50 247
"
70 - | \ 2 4 6 8 10 12 14 16 18
L Distance from end of SC tape (cm)
0
Q. 60
= I
<
S 50 4
- L
40 4
30 4
20 4
10 - 4
0 L L L L L L L
0 2 4 6 8 10 12 14 16 18 20

V-tap distance from end of SC tape (cm)

(a) Current carried by the Cu tape as a function of position along tape
length, continuous function derived from differentiation of SLM curves
in figure 5.30b (Inset) - Main figure: 2D plot, zoomed scale; Inset: 3D
plot showing evolution with time, scale reflects total applied current.
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Figure 5.31: Continued plots for 34 K, no tape heater, 270 A applied, bolts tightened
scenario; US-Phase current sharing.
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Figure 5.32: Plots for 34 K, no tape heater, 270 A applied, bolts loosened scenario;
L-Phase current sharing (continued in figure 5.33).
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Figure 5.33: Continued plots for 34 K, no tape heater, 270 A applied, bolts loosened
scenario; L-Phase current sharing.
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5.2 Final Experimental and Sample Set-up

At 33 K, we see R-Phase sharing once more in the BT scenario, although unlike
at 35 K, it is far more substantial, with a maximum of 190 A of the 354 A applied.
L-Phase is continued to be observed in the BL scenario. (See figures 5.34 to 5.37.)
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Figure 5.34: Plots for 33 K, no tape heater, 354 A applied, bolts tightened scenario;

R-Phase current sharing (continued in figure 5.35).
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Figure 5.35: Continued plots for 33 K, no tape heater, 354 A applied, bolts tightened
scenario; R-Phase current sharing.
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Figure 5.36: Plots for 33 K, no tape heater, 351 A applied, bolts loosened scenario;
L-Phase current sharing (continued in figure 5.37).
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Figure 5.37: Continued plots for 33 K, no tape heater, 351 A applied, bolts loosened
scenario; L-Phase current sharing.
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5.2 Final Experimental and Sample Set-up

5.2.6 Summary of No Tape Heater Scenarios and Reliability of Re-
sults

In the BT scenarios without application of the tape heater, in which the tapes were held
under a pressure of approximately 5.6 MPa, the mean value of Rc was calculated to be
32.7 uQcm? with a standard deviation of 18.1 uf2em?, excluding ‘outliers’, values below
0 and above 100 uQcm?, (Rc of 31.5 ufdlem? with a standard deviation of 29.9 uQcm?
including outliers). In the BL scenarios without application of the tape heater, in which
the tapes were held under a pressure of approximately 2.1 MPa, the mean value of R¢
was calculated to be 126.3 uQcm? with a standard deviation of 116.5 uQcm?, excluding
‘outliers’, values below 0 and above 1000 pQcm?, (Re of 129.4 uQem? with a standard
deviation of 163.5 ufem? including outliers). This, and the variation in the shapes of
the Iy (x) curves, have shown the effects of the change in contact pressure using the
adjustable clamp sample holder.

However, due to the presence of a higher R~ on the RHS of the sample, which was
observed consistently throughout the tests carried out on this sample and is discussed
in greater detail in section 5.2.8, a more accurate picture can be painted by looking
at the mean R¢ values and there standard deviations for each position along the tape
length. These are presented in tables 5.2 (BT) and 5.3 (BL). Although an increase in
R¢c between the BT and BL cases is observed across the length of the sample, this is
particularly apparent on the RHS where the increase is almost by a factor of 10.

It is noted that both when all values are considered and when looking at individual
positions along the tape length, the effect of the outliers on the mean R values is
not as great as it is on the standard deviations, as positive and negative outliers were
observed in roughly equal numbers.

R¢ values for each time slice for each no tape heater scenario are plotted against
position along sample length in figures 5.38 (BT) and 5.39 (BL), along with the mean

R¢ values and standard deviation for each position.
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Position (cm) 2 4 6 8 10 12 14 16 18

R. (uQcm?) 213 163 21.4 375 40.6 301 300 53.6 43.0
R, (uQ2em?), with outliers 21.8 14.5 214 381.7 404 180 39.5 53.6 43.0
Standard Deviation (ufcm?) 142 119 51 179 197 9.0 123 155 15.0
Standard Deviation (uQcm?), with outliers | 14.2 12.3 5.1  21.9 27.0 4.8 51.0 155 150

Table 5.2: Mean R, values and standard deviations for each position along the tape length (shown in cm away from the end of
the SC tape), with and without ‘outliers’ (values below 0 and above 100 u2em?), for all BT scenarios without the tape heater. All
values given to one decimal place.

Position (cm) 2 4 6 8 10 12 14 16 18

R, (1Qcm?) 74.6 44.1 40.7 40.7 52.1  209.7 167.8 210.5 304.0
R, (uQlem?), with outliers 74.6  35.6 388 40.7 52.1 209.7 1678 210.5 334.8
Standard Deviation (ulcm?) 28.0 379 225 288 8.3 133.3 40.3  41.0 158.5
Standard Deviation (uQcm?), with outliers | 28.0 55.9 23.8 28.8 8.3 188.8  40.83  41.0  359.2

Table 5.3: Mean R, values and standard deviations for each position along the tape length (shown in cm away from the end of
the SC tape), with and without ‘outliers’ (values below 0 and above 1000 uQcm?), for all BL scenarios without the tape heater. All
values given to one decimal place.
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Figure 5.38: All BT, no tape heater scenario R, values calculated, including each time slice depicted by symbols of increasing size,

plotted against position along sample length.
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Figure 5.39: All BL, no tape heater scenario R, values calculated, including each time slice depicted by symbols of increasing size,

plotted against position along sample length.
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5.2 Final Experimental and Sample Set-up

5.2.6.1 Variable Current Sharing and Unexpected Increase in I;,cnchn

Additionally, it has been seen that the sample appears to have higher Rz on the RHS of
the sample. This is identified as one of the mechanisms determining the current sharing
regime in the non-heated scenarios, including being a driving factor behind the current
sharing phase, the maximum current shared with the Cu tape and the shape of the
Icy () curve, but not the sole mechanism. It is possible that there are inhomogeneities
in the I. distribution throughout the SC tape, and that the interaction of this non-
linear phenomenon with the linear effect of the higher Rc on the RHS are what give
rise to the various current sharing regimes.

The capture of R-Phase current sharing at 35 K and 33 K in the BT scenarios
suggests, for example, that part of the tape on the RHS had a lower local I. than the
rest of the tape, driving current to initially share with the Cu tape here. It is highly
likely that this was always the case in the BT scenarios but it is unusual that it was
only captured in these cases. This is not seen in the BL scenarios. One theory is that
when the R¢ is increased, the sample is not able to undergo this local sharing on the
RHS, so the SC tape carries the excess current, heating resistively, until the whole tape
starts to transition, including the LHS where current starts to share more easily - and,
hence, only L-Phase current sharing has been observed in the BL scenarios below 37 K.
However, this theory has a flaw in that this proposed resistive current carrying on the
RHS has not been measured. Unless the non-linear nature of the phenomenon means
that this resistive current carrying on the RHS existed for such a short period of time
and/or led to such a low voltage that it was hidden in the signal noise (less than 10
V), therefore, it is unlikely to be the case.

This would, however, explain the higher Iy,encn, values recorded in the BL scenarios
than the BT scenarios, which is somewhat counter-intuitive; it would be expected that
the ‘better’ contact and improved sharing possibilities would make the system more
stable, more robust and more difficult to quench - as was shown in the large cable tests
- and that Iyencn, would therefore be seen to be higher in the BT scenarios, which was

not the case. Other possible explanations for this include:

e By putting the sample under the maximum pressure the rig could create (approx-

imately 5.6 MPa), consequent stresses in the SC tape caused temporary degra-
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dations in I. (temporary since the BL measurements took place after the BT

measurements),

e That the nominal temperatures assumed were not consistent between measure-
ments - from figure 5.2a, a difference of approximately 0.25 K or less would

account for the Iyyencn, differences observed between BT and BL scenarios.

However, neither of these phenomena would account for the R-Phase and US-Phase

current sharing observed.

5.2.6.2 Reliability of Ry Values Around Zero-Points

It has also been noted that the Rc values calculated around the zero-points are not
reliable values. This is where it was most common for either negative or uncharacter-
istically small or large Rc values to be calculated.

As mentioned, since current was injected into and out of the SC tape only, in order
to share current with the Cu tape it must have transferred both to and from the tape
within the Cu tape length. Therefore, there is a point, generally in the middle region of
the tape, although often to the left or right depending on the current-sharing phase, at
which the current flow changes direction from SC-to-Cu to Cu-to-SC. This is denoted
by a maximum in the I¢,(z) curve and so da%i’;(x) = 0 A m~2 at this point, and is
very small around this point. This point should correspond with the x-value at which
Veu(x) is equal to Vgo(x) or at which Vso—cw(z) = 0 V (for example, around z = 8
cm in figure 5.3).

However, as mentioned previously, there may have been discrepancies between the
actual position of the v-taps with reference to the end of the SC tape and the nominal
or assumed positions, of up to 1.5 mm or half a groove width, as the nominal positions
are taken to be in the centre of the grooves in the aluminium clamps and the v-tap
connections were all aligned with the grooves. There also may have been some error in
the position of the grooves with reference to the end of the SC tape adding to the z-error
in the position of the v-taps and therefore of the Vgo_cy () function. Furthermore, with
the spline approximation of the Vg, (x) curve from which the da%i;(x) term is derived,
it is likely that the estimated z-value of the zero-point does not exactly correspond

to the physical position of the zero-point. This ‘misalignment’ of the zero-points in

the docuy (I)

7= and Vso_cu(r) terms leads either to division of or by very small values
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resulting in insensibly high or low R (x) values; or a change of sign occurring in one
term before the other resulting in negative values of R¢(x) which have no meaning.
More reliable values of Rc(z) close to the centre could be found in scenarios in which

the tape heater was used.

5.2.7 Results With Tape Heater

Using the tape heater allowed greater control over the current transfer in the sample
and, by increasing the current transfer taking place near the zero-point, made conse-
quent Ro values calculated around this point more accurate. Consequently, there is
some divergence of calculated R¢o values at the ends of the tape where the current
transfer is smaller. However, overall there is seen to be more consistency in the R¢
values calculated from the tape heater scenarios than those without it, including less
variation with time, temperature and position along tape length. There still remains
an unreliable result at the position closest to the zero-point.

Figures 5.40 to 5.55 show: the time slices investigated indicated in the Vi, (t) plots
and, for these time slices, the cumulative voltage drops and the calculated Vi, (z),
Ioy(z) and Re profiles. In all cases H-Phase current sharing is observed and higher
currents were required to force a measurable thermal runaway in the BL scenarios than
the BT scenarios, as was seen when the tape heater was not used; in the tape heater
scenarios, the difference in Igyencn, between the BT and BL scenarios is bigger (10-16

A) than those at the same temperatures without the tape heater (0-5 A).
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(a) Voltage-time traces for sections of Cu tape indicating time
slice(s)/step average investigated.

09 T T T T T T T T T
1.0 ————1—— 1 osf s o
F o7t
I 06|
L s
Eos}
r )
08k ¢ Soal
R s
I ] I
L ] sl
L Cumulative V_Cu data|
| Cumulative V_SC data v oLr
= . . . . . . . .
> 0.6 |- [Time slices 000 2 4 6 8 10 12 14 16 18 20
1S I |(points of increasing size)| Distance from end of SC tape (cm)
~ | |2.265 ° ]
% 2.27s
T | |2.28s 1
= [ |2.20s 1
g 0.4 |- [23s () i
I . ]
I . ) ]
0.2 —
0.0 s 1 s 1 s 1 s 1 s 1 s ! s ? s s s
0 2 4 6 8 10 12 14 16 18 20

Distance from end of SC tape (cm)

(b) Main figure: Measured cumulative voltage drop profiles for SC
and Cu tapes; Inset: Measured cumulative voltage drop profile and

continuous SLM spline approximation for Cu tape.

Figure 5.40: Plots for 36 K, tape heater applied, 84 A applied, bolts tightened scenario;

H-Phase current sharing (continued in figure 5.41).
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5.2 Final Experimental and Sample Set-up
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in figure 5.40b (Inset) - Main figure: 2D plot, zoomed scale; Inset: 3D
plot showing evolution with time, scale reflects total applied current.
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(b) Contact resistance approximation along tape length as
calculated using the SLM spline method.

Figure 5.41: Continued plots for 36 K, tape heater applied, 84 A applied, bolts tightened
scenario; H-Phase current sharing.
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5. CURRENT TRANSFER AND CONTACT RESISTANCE IN AN
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(a) Voltage-time traces for sections of Cu tape indicating time
slice(s)/step average investigated.
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(b) Main figure: Measured cumulative voltage drop profiles for SC
and Cu tapes; Inset: Measured cumulative voltage drop profile and
continuous SLM spline approximation for Cu tape.

Figure 5.42: Plots for 36 K, tape heater applied, 100 A applied, bolts loosened scenario;
H-Phase current sharing (continued in figure 5.43).
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5.2 Final Experimental and Sample Set-up
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(a) Current carried by the Cu tape as a function of position along tape
length, continuous function derived from differentiation of SLM curves
in figure 5.42b (Inset) - Main figure: 2D plot, zoomed scale; Inset: 3D
plot showing evolution with time, scale reflects total applied current.
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(b) Contact resistance approximation along tape length as
calculated using the SLM spline method.

Figure 5.43: Continued plots for 36 K, tape heater applied, 100 A applied, bolts loosened
scenario; H-Phase current sharing.
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5. CURRENT TRANSFER AND CONTACT RESISTANCE IN AN
MGB,-CU HALF-SANDWICH

T T T T T T T T T T T T 4175
qut
3 - 150
107 [M_ _cut-2- smoothed (aav, 4pts)
| |- - Cu2-3 - smoothed (aav, 4pts) 1
~ -Cu3-4 - smoothed (aav, 4pts)
r Cu4-5 - smoothed (aav, 4pts) - 125
Cus-6 - smoothed (aav, 4pts)
| |~ - Cu6-7 - smoothed (aav, 4pts) 4
— - Cu7-8 - smoothed (aav, 4pts)
9 104 i — =Cu8-9 - smoothed (aav, 4pts) 4 100 o
< L Wi c
o 3 i 3
= r Iy g
s 3 S TAG =
5 STt 17 5
> el Z
| 1"\"/\/ e BV NZNG |
7\ PR v
5| fnr=> 40 -
10 WA 50
> ey,
L I L N N ) N 4
N ,n/r’"‘ Mt I,’ N
Iy A T
\r . |'v'| :\.‘,, Il‘_”‘ll\l i ‘S&\Time slices - 25
! J i X
A ',";1,' NN 111l Tlinvestigated .
i) ,“rwl il
10° LA | | | | | T | | Jdo
11 12 13 14 15 16 17 18 19 20 21 22 23

Time (s)

(a) Voltage-time traces for sections of Cu tape indicating time

slice(s)/step average investigated.

6 T T T T T T T T T
< Cumulaive v_Cu data
s
sfpo & ]
T T T T T T T T T T X
6 - 4 ]
L s
L E
e 5ot ]
5 ® i b S
L ° : o 2F 1
F $ H ®
L ° S
—~ L] b 1F 1
Saf e
[ F Cumulative V_Cu data| . B
~ T Cumulative V_SC data| o 0 . L . L L v . . L
[} - t o 2 4 6 8 10 12 14 16 18 20
[=2] r " " Distance from end of SC tape (cm)
& 3| [Time sllce_s o a
° F (points of increasing size)| & 1
S [ s Py ]
[ |Lozs ] s o N
2 |93 5 ' B
[ 1.94s ]
L 1.95s 4
1+ n
ol — v v vy e e e ]
0 2 4 6 8 10 12 14 16 18 20

Distance from end of SC tape (cm)

(b) Main figure: Measured cumulative voltage drop profiles for SC
and Cu tapes; Inset: Measured cumulative voltage drop profile and
continuous SLM spline approximation for Cu tape.

Figure 5.44: Plots for 35 K, tape heater applied, 166 A applied, bolts tightened scenario;
H-Phase current sharing (continued in figure 5.45).
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5.2 Final Experimental and Sample Set-up
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(a) Current carried by the Cu tape as a function of position along tape
length, continuous function derived from differentiation of SLM curves
in figure 5.44b (Inset) - Main figure: 2D plot, zoomed scale; Inset: 3D
plot showing evolution with time, scale reflects total applied current.
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(b) Contact resistance approximation along tape length as
calculated using the SLM spline method.

Figure 5.45: Continued plots for 35 K, tape heater applied, 166 A applied, bolts tightened
scenario; H-Phase current sharing.
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(b) Main figure: Measured cumulative voltage drop profiles for SC

and Cu tapes; Inset: Measured cumulative voltage drop profile and

continuous SLM spline approximation for Cu tape.

Figure 5.46: Plots for 35 K, tape heater applied, 174 A applied, bolts loosened scenario;

H-Phase current sharing (continued in figure 5.47).
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5.2 Final Experimental and Sample Set-up
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plot showing evolution with time, scale reflects total applied current.
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(b) Contact resistance approximation along tape length as
calculated using the SLM spline method.

Figure 5.47: Continued plots for 35 K, tape heater applied, 174 A applied, bolts loosened
scenario; H-Phase current sharing.
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(a) Voltage-time traces for sections of Cu tape indicating time
slice(s)/step average investigated.
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(b) Main figure: Measured cumulative voltage drop profiles for SC
and Cu tapes; Inset: Measured cumulative voltage drop profile and
continuous SLM spline approximation for Cu tape.

Figure 5.48: Plots for 34 K, tape heater applied, 238 A applied, bolts tightened scenario;
H-Phase current sharing (continued in figure 5.49).
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5.2 Final Experimental and Sample Set-up
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in figure 5.48b (Inset) - Main figure: 2D plot, zoomed scale; Inset: 3D
plot showing evolution with time, scale reflects total applied current.
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(b) Contact resistance approximation along tape length as
calculated using the SLM spline method.

Figure 5.49: Continued plots for 34 K, tape heater applied, 238 A applied, bolts tightened
scenario; H-Phase current sharing.
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(a) Voltage-time traces for sections of Cu tape indicating time

slice(s)/step average investigated.
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(b) Main figure: Measured cumulative voltage drop profiles for SC
and Cu tapes; Inset: Measured cumulative voltage drop profile and

continuous SLM spline approximation for Cu tape.

Figure 5.50: Plots for 34 K, tape heater applied, 248 A applied, bolts loosened scenario;

H-Phase current sharing (continued in figure 5.51).
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(a) Current carried by the Cu tape as a function of position along tape
length, continuous function derived from differentiation of SLM curves
in figure 5.50b (Inset) - Main figure: 2D plot, zoomed scale; Inset: 3D
plot showing evolution with time, scale reflects total applied current.
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(b) Contact resistance approximation along tape length as
calculated using the SLM spline method.

Figure 5.51: Continued plots for 34 K, tape heater applied, 248 A applied, bolts loosened
scenario; H-Phase current sharing.
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(a) Voltage-time traces for sections of Cu tape indicating time

slice(s)/step average investigated.
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(b) Main figure: Measured cumulative voltage drop profiles for SC
and Cu tapes; Inset: Measured cumulative voltage drop profile and
continuous SLM spline approximation for Cu tape.

Figure 5.52: Plots for 33 K, tape heater applied, 319 A applied, bolts tightened scenario;
H-Phase current sharing (continued in figure 5.53).
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5.2 Final Experimental and Sample Set-up
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plot showing evolution with time, scale reflects total applied current.
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Figure 5.53: Continued plots for 33 K, tape heater applied, 319 A applied, bolts tightened
scenario; H-Phase current sharing.
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Figure 5.54: Plots for 33 K, tape heater applied, 333 A applied, bolts loosened scenario;

H-Phase current sharing (continued in figure 5.55).
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Figure 5.55: Continued plots for 33 K, tape heater applied, 333 A applied, bolts loosened
scenario; H-Phase current sharing.
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Overall, the measurements with the tape heater led to more consistent R¢ results
than those without. In the BT scenarios a standard deviation decrease of up to 15.1
pQlem? was seen without outliers considered (and a decrease of up to 46.4 uflem? in
cases with outliers considered). In the BL scenarios a standard deviation decrease of up
to 122.7 uQlem? was seen both with and without outliers considered. Rc comparisons
for both BT and BL scenarios at 33 K are given in figures 5.56 and 5.57 respectively,
where it can be seen that the tape heater results show less variation over time in both

the BT and BL cases.
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Figure 5.56: Contact resistance comparison plots at 33 K, no tape heater vs tape heater,

for both BT scenarios, as calculated using the SLM spline model.
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Figure 5.57: Contact resistance comparison plots at 33 K, no tape heater vs tape heater,

for BL scenarios, as calculated using the SLM spline model.

196



5.2 Final Experimental and Sample Set-up

In the heated scenarios, as in the non-heated scenarios, an increase of Ro of ap-
proximately a factor of ten is seen between the BT scenarios and the BL scenarios,
and a higher R¢ is observed on the RHS than on the LHS. Interestingly, for the 33
K example used in figures 5.56 to 5.58, the R on the LHS in the BL scenarios with
the tape heater is calculated to be lower than those without, being around 25 pQcm?
compared to up to 100 uQ2em?. Figure 5.58 compares BT and BL R¢ at 33 K with the

tape heater.
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Figure 5.58: Contact resistance comparison: BT (319 A applied) and BL (333 A applied);
calculated using the SLM spline model; H-Phase current sharing, 33 K, 3 V on tape heater.
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5.2.8 R¢ Inhomogeneity Along Tape Length

When calculating the contact resistance using both the preliminary and the final
method, it was noted that Ro appeared to be much higher on the RHS than on the

LHS. Using the data from the scenarios in which the tape heater was used:

e In the BT scenarios, this difference was approximately 40 pQcm? between 30

pQcem? on the LHS and 70 puQem? on the RHS,

e In the BL scenarios this difference was approximately 500 pf2dcm? with between

up to 150 uQem? on the LHS and 650 p2cm? on the RHS.

This consistent difference in contact resistance between ends of the sample suggested
either inhomogeneities in the tapes or that, despite efforts to make the clamp system
apply a homogeneous pressure, it was not in fact the case. This inhomogeneity of
clamping could have been caused, for example, by differences arising in the surface
finish of the clamps which were cleaned and sometimes polished between tests to ensure
no debris could break the Kapton tape and cause the samples to come into contact with
the clamps. Furthermore, slight differences in the angles between the clamps or the
clamps and the tapes due to inaccuracies in the manufacture of the assembly parts
could also have played a part in creating the inhomogeneous contact.

Another possible explanation for this discrepancy is a small amount of damage to
the clamps which occurred. As noted in the description of the sample holder, section
4.3.2.1, the bolts holding the clamps together were fixed to one of the clamps (which had
3 mm tapped i.e. threaded holes) and were free to move in the other clamp (clearance
holes). Aluminium being a relatively soft material, in one of the holes on the RHS the
thread became worn and disappeared. It was assumed that since the clamping pressure
came primarily from the tightening of the nuts and care was taken to make sure that
the bolt did not spin around when tightening and that it was tightened evenly with the
rest of the nut-bolt pairs, this would have little effect on the system. However, it may
be that this extra degree of freedom contributed to lower clamping pressures at the
end of the sample where it was situated and hence to the calculation of higher contact

resistance on the RHS.
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5.3 Conclusions

A new method for calculating contact resistance along a length of MgBs tape stabilised
with an additional copper tape has been devised, tested and validated. The contact
resistance has been changed by altering the applied pressure creating ‘good’ contact
(BT, 5.6 MPa pressure applied) and ‘bad’ contact (BL, 2.1 MPa pressure applied)
scenarios and the effects of this observed, both in the nature of the calculated current
profiles or current sharing phases and in the calculated contact resistance values.

Contact resistance data has been calculated over a range of temperatures from 33 K
through to 40 K, using snapshots in time of various points in quench development under
different transitions and good agreement has been seen in the results. This suggests
that the method is robust.

By using a measurement set-up similar to that used in the cable assembly tests
described in chapter 3, rather than the standard two-point contact resistance mea-
surement set-up described at the beginning of chapter 4, this method has laid the
groundwork for being able to measure contact resistance between superconducting and
stabilising tapes in situ, using instrumentation that could also be used to gather other
data e.g. for quench detection. There are still some limitations of the method which
would need to be overcome, such as the fact that this relies on the knowledge that all
current is initially injected into the superconducting tape and that any current in the
stabilising tape has transferred there from the superconducting tape. In a sandwich
stack such as those described in previous chapters, with multiple superconducting and
stabilising tapes and current injected into all tapes simultaneously, the method would
need to be refined to account for the distribution of current across the tapes. Further
suggestions of method refinement are given in section 5.4.

An unexpected inhomogeneity in the contact between tapes led to the further ob-
servance of the effects of contact resistance on current transfer between the supercon-
ducting and stabilising tapes, including an unexpected increase in Igyencn Which was
observed when contact resistance was increased. Furthermore, it has been identified
that mechanisms other than the contact resistance are driving the current transfer.
Potential additional mechanisms driving these observations have been identified as:
inhomogeneities in the I. distribution across the tape length; a temporary change in

tape I. caused by the stress of applying the clamping pressure; and differences in the
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nominal recorded temperatures and the actual temperatures. Further information is

required to confirm the presence of any of these mechanisms.

5.4 Future Work

As described and discussed above, the current model uses a constant copper resistivity,
pcw, value for each scenario i.e. that correlating to the nominal temperature in the

data in figure 4.18. This limits the R¢ calculations in two ways:

1. The accuracy of the I¢,(z) — If heating during a quench is not taken into
effect, the po, will be underestimated and, therefore, the inversely proportional

Iy, will be overestimated.

2. The data available to calculate Ro — It was observed that only early in a
thermal runaway or self-heating event could the pc,, be assumed to be constant
before the effects of heating meant that the overestimated I, gave unreasonable
results. Only this ‘early’ data could therefore be used at which measured voltages
were still relatively low, most likely leading to greater error. By accounting for

the change in pc, with temperature, higher voltage data would become available.

It is therefore recommended that to improve the presented Ro calculation method,
a method for accounting for the dependence of the pc, on temperature and the de-
pendence of temperature on both position and time (or the dynamic nature of local
temperature and therefore local copper tape resistivity) is constructed. Progress on
this aspect of the work to date is discussed below.

Using the sample TCs it was possible to measure temperature profiles of the sample
and also, by interpolating from the data in figure 4.18, resistivity profiles of the copper
tape. However, here we encounter our first problem which must be solved. The TC
at position nine along the tape, i.e. 18 cm from the end of the superconducting tape,
referred to as ‘TC9’, was observed to pick up stray voltage signals. This is most likely
due to a slight gap between the copper and constantan wires meaning that as well
as the thermoelectric effect, the wire pair was also picking up voltage signals due to
current flow in the tape to which it was soldered. This was observed in the form of TC9
signals changing inversely to the other TCs during heating when current was applied

i.e. during a quench but changing with the same polarity as the other TCs when the
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sample was heated or cooled but no current was applied. Attempts to mitigate this
effect were trialled by, for example, taking this zero-current data and using it to help
separate the with-current voltage signal into thermoelectric effect and current flow. This
showed some promising results but was highly time-consuming and no final method was
realised in the scope of this project. If this method were to be developed further, it is
recommended that it is applied to all TC signals to see if there is a significant voltage
contribution to those too as, although they all changed in a way which correlated with
changes in temperature, it is possible that there was some additional voltage signal
which is adding error to the interpolated temperatures.

Assuming that all TCs apart from TC9 gave temperature readings within a reason-
able error margin, the measured TC and interpolated pc,, profiles could still be used
e.g. by assuming the temperature at point 9 was either: the same as the temperature
at point 8; the same as the nominal temperature; or interpolated from the difference
between the the temperature at point 8 and the nominal temperature as these would
be, in effect, the neighbouring points of measurement.

Here we reach the second conundrum which must be dealt with to make use of this
data for more accurate R¢ calculations, namely that the po,, profile available is that of

discrete points rather than a continuous curve. There are two possible paths to tread:

1. Use only discrete point data for the R¢ calculation from the point of calculating
the Iy, () profile (equation 4.11), thus losing the subtlety that gives this method
its strength.

2. A continuous function interpolation of the pc,, profile is made and used in the cal-
culations, e.g. via the same SLM spline method used to interpolate the continuous

Ve () function, thus introducing error.

The second option appears at first to be the most promising and a first recommen-
dation would be to adapt the MATLAB® code to trial this and compare results to see
if the introduced error is acceptable. However, some thought must also be given to the
nature of po, as a function of position along tape length, the variable against which

Vo is differentiated. Equations 4.12 to 4.16 would become:

Ecu(z) = p(T[x]) X Jou(z), (5.1)
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Ecy(x) 1 dVe ()
Iow(x) = Ay X Jou () = Agy X ————~ = Aoy X X — , (5.2
oule) = AcwxJoule) = Aowx TRl = A0 X pou@ia) < T da 0 0P
docu () _ Acy d 1 d*Veu _ d 1 d*Veu
dr  wey % %(pcu(T[x])) T tou %<pcu(T[$])) T T (53)

where all terms are as defined previously. Interpreting the term %(pou (lT[:BD) requires
further investigation.

It is also suggested that further investigation is carried out into the effects of twisting
the strands on I. distribution, current sharing and contact resistance. To this end
a prototype twisted adjustable clamp sample holder has been designed and a rapid
prototype model 3D printed to verify the design. The final clamp pieces would be able
to hold 200 mm-long samples in a single- or half-sandwich configuration in a 90° turn

with the twist pitch of 0.4 m used in the CERN cable design.
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Conclusions

As part of the HiLumi upgrade project, designing the CERN HL-LHC, CERN have
designed a novel, 150m-long, superconducting power transmission cable consisting of
superconducting MgBs tapes sandwiched between copper tapes to form a strand; with
two strands (electrically insulated from each other by Kapton wrapping) twisted to-
gether to form a twisted-pair. Unlike other superconducting power transmission cables,
the CERN design is both DC feeding individual magnet circuits (as opposed to being
built into existing 3-phase AC infrastructure) and gas-cooled, due to the large volume
of cold helium gas available in the LHC, rather than liquid- or conduction-cooled. A
5 m-long cable consisting of 23 current-carrying twisted-pairs has been tested at the
University of Southampton. The work for this PhD centred around the tests carried
out on this cable for CERN and subsequent investigations into the mechanisms behind
the phenomena discovered and in explaining the behaviour of the cable.

The following tests were carried out during the project:

e Cable specification tests — The cable design was tested within the given
working specification of 600 A at 25 K and it has been shown that this is well
within the capabilities of the cable.

e Thermal stability tests — By attaching resistance heaters to individual strands
within the test cable it was possible to apply point-like heat deposition and simu-
late point disturbances such as that which the cable may experience when in use.
Properties such as minimum quench energy (MQE) and resistive zone propaga-

tion velocity (vp) have been measured under a number of conditions by varying
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operating temperature, current applied and contact resistance between MgBsy and
copper tapes within the strand. It has been shown that the addition of the copper
tapes increases the MQE, meaning that the cable is more robust than it would be
without the additional copper and able to withstand greater disturbances before
the phenomenon known as ‘quench’ or thermal runaway (a positive feedback loop
which leads to exponential heating and potentially irrecoverable system damage)
occurs. However, this comes at the cost of reduced v, so that, should a sufficient
disturbance occur and the cable quench, the heated zone remains localised and
an undesirably steep temperature gradient is produced. Furthermore, the voltage
read across the heated strand at this time remains low as only small portions of
the strand have started the transition from the superconducting state (where no
voltage is measured) to the resistive state. Since the majority of quench detec-
tion systems currently rely on voltage measurement, and given the large signal
noise expected due to the size of the cable, an increase in voltage measured dur-
ing a quench is desirable. Early estimations of functions describing the variation
of MQE and v, with operating temperature, applied current and tape contact

resistance have been made.

e Contact resistance and current transfer tests — A small-scale test rig was
designed and built to look closely at the transfer of current between the MgBy
and copper layers within a flat (un-twisted) sandwich under various conditions;
and to ascertain whether or not contact resistance, and important property in
determining cable stability in a design such as that described above, could be
measured on a cable sample in situ. With this small-scale rig it was possible
to adjust the contact resistance between the layers with more accuracy than
simply changing from finite to effectively infinite contact resistance (by separating
the MgBs and copper tapes) as was the case in the large-scale tests described
above. A new contact resistance measurement method was devised, validated
and proved robust, with measurements carried out over a range of temperatures
from 33 K through to 40 K, using snapshots in time of various points in quench
development and under two different contact scenarios. A greater understanding
of the current transfer process was also gleaned and important mechanisms driving

current transfer investigated.

204



Using the data generated during the large-scale cable tests and examining the gov-
erning equations, progress has begun in finding a greater understanding of the mech-
anisms driving quench propagation in this cable configuration. Our evidence from the

small-scale tests suggests that the mechanisms driving current transfer are:
e Local contact between SC and stabilising tapes, and,
e Local I..

Both of these may be inhomogeneous along the sample length. Contact homogeneity
depends on the clamps and clamping process. Local I. inhomogeneities make exist due

to:

The manufacturing process,

The twisting process,

e Temporary I. degradation due to stresses caused by clamping,

Local temperature differences due to inhomogeneities in heating and cooling.

Contact resistance appears to have a linear relationship with current sharing as in
the higher the contact resistance the less current is shared in that region; whereas the
relationship with local 1. inhomogeneities is more complex. There still remain questions
as to the exact nature of the effects of changing contact resistance on the Iyyencn of the
sample and therefore its effect on detectability of quench and robustness of cable design.
However, it has been shown that even in the ‘worse’ contact or lower contact pressure
scenarios, the copper stabiliser tapes are still carrying excess current in reaction to
a disturbance and therefore making the cable design more robust to disturbances; it
is therefore feasible to suggest that contact between superconducting and stabilising
layers could be optimised for quench detectability without compromising robustness of
design.

These results have paved the way towards an analysis of the optimisation of the
cable design. As well as optimising for both thermal stability (or resistance to quench)
and detectability of quench, it is also anticipated that the minimum number of voltage
taps required to successfully be able to detect quench anywhere along the cable length

could be found. This is important in the CERN HL-LHC Point 7 links cable operation
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given that there will be 48 strands each 150 m long requiring constant detection; and
equally valid in future power transmission projects where cables may be more accessible
but they would likely be much longer.

The following areas have been highlighted as potential sources of future work outside

the scope of this project:

¢ Refinement of contact resistance calculation method — To account for:
pcn changing with temperature; additional superconducting and stabilising lay-

ers; and current injection into multiple tapes.

e Critical current degradation and small-scale twisted-pair tests — In
order to further investigate the effect of the mechanical twisting process on I
degradation a set of prototype twisted clamps have been designed and a rapid
prototype 3D printed. Based on the clamp design used in this project (section
4.3.2) the twisted clamps also create a 90° twist in the sample over the same pitch

length as that in the cable design.

e Non-standard quench detection — Initial investigations have been made
into unconventional quench detection methods; rather than measuring the voltage
appearance, it may be possible to detect a quench by measuring the accompanying
temperature increase. Temperature could be measured by laying optical fibres
along the cable length which have promising response times and accuracies at low

temperatures.
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Appendix: MATLAB® Code

MATLAB® code used to calculate contact resistance using SLM as described in section
4.5.2. Note the data files used in each case are .csv files containing three columns of

data:
e Position (in cm from end of SC tape),
e Cu tape cumulative voltage data (in volts),

e Measured transfer voltage between SC and Cu tapes.

Function: SLM Filename Knots Plot All

Using SLM function, takes a file name and no. of knots or knot positions, makes mul-

tiple plots and stores data in a .txt file. Used for generating data which was analysed.

%% SLM Filename Knots Plot All
% ARGUMENT NOTES

% rho_Cu must be in ohm—cm

o

0

% Function which takes a filename, number of knots/knot

positions

% and rho_cu and returns plots and data in .txt files
for:

% — V_.Cu(x) interpolation

%o — I.Cu(x) based on this interpolation

% — Re(x) based on this interpolation

% The interpolation applies the specified number of knots to
the
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% interpolation prescription
% Created: 10/11/15
% JCS

%% Function definition

function [] = slmfilenameknotsplotall (filename , noknots,

rho_cu)

%% Constants and .txt file set—up variables

% Declare sample constants

% NB:— rtho_Cu assumed constant here

% rho_cu given (in ohm—cm)
t_cu = 0.02; % cm

w_cu = 0.3; % cm

a_cu = t_cuxw_cu; % cm”2

% Load and unpack data from file

data_packed = importdata(filename);

data_array = data_packed.data;
posl = data_array (:, 1);

vcu = data_array (:, 2);

vsccu = data_array (:, 3);

% Get current directory
parentfolder = cd;

% Make new folder for .txt files

foldername = filename (1:(length (filename)—4));

mkdir (foldername ) ;
path (path, foldername):;
cd(foldername) ;

% Create file prefix, data file names from filename and no.
knots

underscorestr = ’_7;

noknotsstr = num2str(noknots);

knotsstr = ’knots’;

txtsuffix = 7. txt’;

poslstr = ’posl—based data’;

xevstr = 'xev—based data’;

fileprefix = [foldername underscorestr noknotsstr knotsstr

underscorestr |;
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51 posldataname = [fileprefix poslstr txtsuffix];
s> xevdataname = [fileprefix xevstr txtsuffix];

51 %% Continuous curve data (x = xev)
55 % Create and plot interpolation of V_Cu(x) data

9 )

56 slm = slmengine (posl, veu, ’'plot’, ’on’, ’'knots’, noknots,
leftslope’, 0, ’rightslope’, 0);

s7 title ("V_{Cu}(x)7);

ss xlabel (’Distance from end of SC tape (cm)’);

5o ylabel(’Voltage (volts)’);

)

6o legend(’Interpolated curve’, 'Knot positions’);
¢1 xev = linspace (2, 18, 1001);
o2 vcuinterp = slmeval(xev, slm, 0);

63
62 % Evaluate first derivative of interpolated function
o5 dveudx = slmeval(xev, slm, 1);

o % Calculate E_Cu(x)

6s ecux = —dvcudx;

0 % Calculate J_.Cu(x) assuming constant rho_Cu
71 jeux = ecux/rho_cu;

3 % Calculate and plot I-Cu(x)

72 ICUX = jcuxX*a_cu;

5 figure

7w plot(xev, icux);

7o title (TI-{Cu}(x)’);

s xlabel (’Distance from end of SC tape (cm)’);
7 ylabel(’Current (amps)’);

80 grid on;

2 % Transpose all xev—based variables

53 Xevtrans = transpose(xev);

s1 vcuinterptrans = transpose(vcuinterp);
55 dvcudxtrans = transpose (dvcudx);

ss ecuxtrans = transpose (ecux);

s7 jecuxtrans = transpose (jcux);

ss icuxtrans = transpose (icux);

o0 % Make new .txt file with xev—based variables
o1 xevtable = [xevtrans, vcuinterptrans, dvcudxtrans, ecuxtrans,
jcuxtrans , icuxtrans];
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save (xevdataname, ’xevtable’, ’—ascii’, '—tabs’);

%% Data point data (x = posl)
% Evaluate second derivative of interpolated function
d2vcudx2 = slmeval(posl, slm, 2);

% Calculate dSigma_Cu(x)/dx
dsigmadx = —d2vcudx2xt_cu/rho_cu;

% Calculate and plot Re(x)

rc = vsccu./dsigmadx;

figure

plot (posl, rc, ’'07);

title ('R.C(x)7);

xlabel (’Distance from end of SC tape (cm)’);
ylabel (’Contact resistance (ohm—cm~2)’);
grid on;

% Make new .txt file with posl—based variables
posltable = [posl, vcu, vsccu, d2vcudx2, dsigmadx, rc];
save (posldataname, ’posltable’, ’—ascii’, ’'—tabs’);

%% Return to parent folder
cd(parentfolder)
end

Function: SLM Compare Rs Knot Range

Using SLM function, plots R¢ values for a knots in a given range e.g. 3-9 knots. Used
when ascertaining best knot numbers and positions. Limited to creating a range of

evenly spaced knots.

%% SLM Compare Rc¢ Knot Range

% ARGUMENT NOTES

% rho_Cu must be in ohm—cm

% posltable cols:

%  Position; V_.Cu(x); V.SC—Cu(x); d2V_Cu(x)/dx; dSigma_Cu(x)/
dx; Re(x)

% xevtable cols:

%  Position; V_.Cu(x); dV_Cu(x)/dx; E_Cu(x); J.Cu(x); I-Cu(x)

%
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% Function which takes a filename and a range of knot numbers

and for each

% knot number uses function ’slmfilenameknotsrc’ to:
% — return data in .txt files for:
% — V_.Cu(x) interpolation
% — I.Cu(x) based on this interpolation
% — Re(x) based on this interpolation.
% — plot Re(x) on a comparison plot.
% Created: 11/11/15
% JCS
%% Function definition
function [] = slmcomparercknotrange (filename , knotrange,
rho_cu)
legendarray = [];
for i = 1:length(knotrange)
knotno = knotrange (i);
legendlabel = slmfilenameknotsrc (filename , knotno,
rho_cu);
legendarray = [legendarray; legendlabel];

legend (legendarray ) ;
end
end

Function: SLM Filename Knots R¢

Using SLM function, takes a file name and no. of knots or knot positions, plots R¢(x)

only and holds ‘on’ so that when looped (e.g. in ‘slmcomparercknotrange.m’) generates

a comparison plot, and stores all data in a .txt file.

%% SLM Filename Knots Rc
% ARGUMENT NOTES

% rho_Cu must be in ohm—cm
% poltable cols:

%  Position; V_Cu(x); V.SC—Cu(x); d2V_Cu(x)/dx; dSigma_Cu(x)/

dx; Re(x)
% xevtable cols:

%  Position; V_Cu(x); dV_Cu(x)/dx; E_Cu(x); J_.Cu(x); I.-Cu(x)

%
% Function which takes a filename , number of knots and a
rho_Cu value and
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% returns data in .txt files for:

% — V_Cu(x) interpolation
% — I.Cu(x) based on this interpolation
% — Re(x) based on this interpolation.

% Plots Rc(x) only and holds ’on’ so that when looped

generates a

%  comparison plot.

% The interpolation applies the specified number of knots to
the

% interpolation prescription.

%

% NB:— Future Adaptation: take temperature

from data!
% Created: 11/11/15
% JCS

%% Function definition

interpolate rho_Cu

function [legendlabel] = slmfilenameknotsrc(filename , noknots,
rho_cu)

% Declare sample constants

% NB:— rho_Cu assumed constant here

% rho_cu given (in ohm—cm)
t_cu = 0.02; % cm

w_cu = 0.3; % cm

a_cu = t_cuxw_cu; % cm”2

% Load and unpack data from file
data_packed = importdata(filename);
data_array = data_packed.data;

posl = data_array (:, 1);

vcu = data_array (:, 2);

vsccu = data_array (:, 3);

% Get current directory
parentfolder = cd;

% Make new folder for .txt files

foldername = filename (1:(length (filename)—4));

mkdir (foldername ) ;
path (path, foldername):;
cd (foldername) ;
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% Create legend label , graph title, file prefix, data file
names from

%  filename and no. knots

underscorestr = ’_7;

spacestr = 7 7;

dashstr = =7

noknotsstr = num2str(noknots) ;

knotsstr = ’knots’;

rexstr = 'R.C(x)’;

txtsuffix = 7.txt’;

poslstr = ’'posl—based data’;

xevstr = 'xev—based data’;

legendlabel = [noknotsstr spacestr knotsstr];

titlestr = [rcxstr spacestr dashstr spacestr foldername];

fileprefix = [foldername underscorestr noknotsstr knotsstr
underscorestr |;

posldataname = [fileprefix poslstr txtsuffix];

xevdataname = [fileprefix xevstr txtsuffix];

% Create, calculate and save to .txt files all data necessary
to

%  calculate Rc(x), plot Re(x)

% Create and save to .txt file V_Cu(x) interpolation

slm = slmengine(posl, vcu, ’plot’, ’"off’, ’knots’, noknots,
leftslope’, 0, ’rightslope’, 0);

)

xev = linspace (2, 18, 1001);

vcecuinterp = slmeval(xev, slm, 0);

% save xev.txt xev —ascii —tabs;

% save vcuinterp.txt vcuinterp —ascii —tabs;

% Evaluate first derivative of interpolated function
dvcudx = slmeval(xev, slm, 1);
% save dvcudx.txt dvcudx —ascii —tabs;

% Calculate E_Cu(x)
ecux = —dvcudx;
% save ecux.txt ecux —ascii —tabs;

% Calculate J_.Cu(x) assuming constant rho_Cu

jeux = ecux/rho_cu;
% save jcux.txt jcux —ascii —tabs;
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% Calculate I_Cu(x)
icux = jcuxx*a_cu;
% save icux.txt icux —ascii —tabs;

% Create, plot and save to .txt file Rec(x) data

% Evaluate second derivative of interpolated function
d2vcudx2 = slmeval(posl, slm, 2);

% save d2vcudx2.txt d2vcudx2 —ascii —tabs;

% Calculate dSigma_Cu(x)/dx
dsigmadx = —d2vcudx2xt_cu/rho_cu;
% save dsigmadx.txt dsigmadx —ascii —tabs;

% Calculate Rc(x)
rc = vsccu./dsigmadx;
% save rc.txt rc —ascii —tabs;

% Plot Re(x)

markeredgecolors = jet (9);

ma,rkers:|:7X’7’*77’0777877’d7’7V7”A”7<’77>’];

plot (posl, rc, markers(noknots), ’color’, markeredgecolors
noknots ,:), 'MarkerFaceColor’, markeredgecolors(noknots ,:))

title (titlestr);

xlabel (’Distance from end of SC tape (cm)’);
ylabel (’Contact resistance (ohm—cm~2)’);
grid on;

hold on;

% Make new file with posl—based variables
posltable = [posl, vcu, vsccu, d2vcudx2, dsigmadx, rc];

save (posldataname, ’posltable’, ’—ascii’, ’'—tabs’);

% Transpose all xev—based variables

xevtrans = transpose(xev);
vcuinterptrans = transpose(vcuinterp);
dvcudxtrans = transpose(dvcudx);
ecuxtrans = transpose(ecux);

jcuxtrans = transpose(jcux);

icuxtrans = transpose (icux);
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120 % Make new file with xev—based variables

0 xevtable = [xevtrans, vcuinterptrans, dvcudxtrans, ecuxtrans,
jcuxtrans , icuxtrans];
131 save (xevdataname, ’xevtable’, ’—ascii’, ’—tabs’);

135 cd(parentfolder)
1314 end
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