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Chapter 1

INTRODUCTION

This chapter provides an introduction to AC loss in high-temperature superconductors.
Superconducting materials can carry an electrical current without resistance, when they are
cooled below a critical temperature. Applications in power engineering became much more
feasible when materials with a relatively high critical temperature of 90-120 K were
discovered. The peculiar properties of high-temperature superconductors include anisotropy,
flux creep and granularity. The processes for producing long-length high-temperature
composite conductors are described.

Despite the zero resistance under stationary conditions, alternating currents and
alternating magnetic fields will cause energy dissipation (AC l0ss) in superconductors. The
physical mechanisms of the AC loss are explained for a bulk superconductor and a composite
with many superconducting filaments. The dissipated heat must be removed from the low-
temperature environment by a refrigerator, whose power consumption is about 15 times the
AC loss. In order to be competitive, the total power consumption of a superconducting device
should be lower than the power consumption of an equivalent device with normal conductors.
Using this criterion, an upper limit is derived for the acceptable AC loss. In power-
transmission cables constructed with typical high-temperature superconductors, the loss is
below the upper limit. For transformers, superconductors with a much lower AC loss are
necessary. Their development requires valid AC-loss theory and accurate |oss measurements.

The properties, advantages and drawbacks of several AC-loss measurement methods
are summarised. For measurements on single samples, the eectric and magnetic methods are
complementary. For complex superconducting devices, the calorimetric method is often
preferable. The present study is intended to ascertain whether AC loss in high-temperature
superconductors can be made low enough to compete with normal conductors in power-
engineering applications. The scope and structure of the study are explained.
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1.1 Properties and use of superconductors

1.1.1 Critical parametersand applications

Superconductors are materials that can conduct a stationary electrical current without
resistance. Practical superconductors are used at high current densities with very little
dissipation of energy. In a normal-conducting material such as copper, the electrical resistance
depends linearly on the temperature: see the dashed line in Figure 1.1. Kamerlingh Onnes
discovered in 1911 that the resistance of mercury is immeasurably small at temperatures
lower than the critical temperature T.. At temperatures below T, mercury is a superconductor.
At higher temperatures, mercury is a normal conductor whose resistance depends linearly on
the temperature (solid line). Several other metals and alloys were aso discovered as
superconductors. The critical temperature of most superconductors is very low; e.g. the T, of
lead is 7.2 kelvin, which corresponds to —266° Celsius.
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Figure 1.1 Resistance versus temperature in a normal conductor and a superconductor.

In a homogeneous material the transition from norma conductivity to
superconductivity at the critical temperature is discontinuous. The superconducting state is a
thermodynamic phase of the material, such as the solid or liquid phase. The superconducting
phase can exist only at magnetic fields weaker than the critical magnetic field H.. So-called
type-l1 superconductors are characterised by two critical fields. Magnetic fields weaker than
the lower critical field Hq are completely excluded from the bulk of the material by
superconducting screening currents flowing in avery thin layer at the surface. Magnetic fields
between H¢; and the upper critical field He, penetrate the material in the form of ‘flux lines’,
each carrying the flux quantum of 240" weber. Both critica fields depend on the
temperature and they are zero at the critical temperature: see Figure 1.2.

The superconducting state can only exist at current densities lower than the so-called
critical-current density Jc. The critical-current density depends on the temperature and on the
magnetic field. At atemperature of 4.2 K the technical superconductors NbTi and NbsSn have
Je higher than 210" ampere per mm? in zero external magnetic field. Even in a magnetic field
of 5Stesla their critical-current density is about 340° A/mm? For comparison, a normal
conductor such as copper istypically used at a current density of about 2 A/mm?~.
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Figure 1.2 Critical magnetic fields of a type-11 superconducting material versus temperature.

The high critical-current density of superconductors permits a large decrease in the
volume, weight and cost of devices that have to carry a high current. The absence of resistive
energy dissipation greatly decreases the power consumption and cooling requirements of
direct-current devices. Superconductors are mainly applied in magnets for the generation of
high magnetic fields that are constant or slowly varying. Such high-field magnets are used in
MRI scanners for hospitals, in NMR spectrometers for materials research, in particle
accelerators and in experimenta nuclear-fusion reactors. The special properties of
superconductors are used also in sensitive magnetic-field sensors, high-quality microwave
cavities and in many other applications. Superconductors and their applications are well
described in several textbooks, e.g. [Wils83; Seeb98].

1.1.2 High-temperature superconductors

Until 1986, the highest known critical temperature of a superconductor was 23.2 K for
NbsGe. Low working temperatures require sophisticated and expensive cooling technology,
which is a mgjor drawback for large-scale use of superconductors. Devices based on low-
temperature superconductors are usually cooled with liquid helium, which boils a a
temperature of 4.2 K. In 1986, Bednorz and Muller measured a critical temperature of about
30 K in LaCuO, [Bedn86]. This material was the first of a new class of ceramic ‘high-T,
superconductors . Ceramic materials were soon found with critical temperatures higher than
77 K, which is the boiling point of liquid nitrogen. At the moment the highest known critical
temperature is 133K for (Hg,Pb)Ba,CaCusOx [Sast98]. The most commonly used high-
temperature superconducting materials are: YBaCuszOx (Y-123), Bi,Sr,CaCu,Ox (Bi-2212)
and Bi,Sr,Ca,CuszOx (Bi-2223). Their critical temperatures are listed in Table 1.1 together
with other important properties, which are explained in the next sections [Yama93; Wagn95;
Seeb98, ch.B9.2; Larb98; Malo99].
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Table 1.1 Main properties of three widely used high-temperature superconducting materials.
The electrical current and the magnetic field are oriented parallel to the CuO-layers.

Conditions Property [unit] Y-123 |Bi-2212 | Bi-2223
- Critical temperature T, [K] 92 85 110
Thinfilms | Upper critical field poHc2 [T] »300 [»400 [>100
ad42K Irreversibility field poHirre, [T] >30 >30 >30

(boiling He) [ Critical-current density Jo [A/mm?] in sdlf-field [540° [240* [140°

Critical-current density J. [A/mm?] at O0.1tesdla [540° [220* [240°

Thin films Upper critical field poHez [T] »56 »35 >20

ar77rK Irreversibility magnetic field poHirrey [T] >10 |»0.005 |»0.2

(boiling N2)  [Critical-current density Joo [A/mm?] in self-field |440* |140° |140°
Critica-current density J. [A/mm*] at 0.1tesa [2x0* |0 140°

Long-length | Engineering critical- Laboratory scale 200 80 200

flexible tapes | current density [A/mm?]|0.01-1 m

a77K in self-field Industry scale 1-100 m | - - 100

The crystal structure of al ceramic high-temperature superconductors consists of
copper-oxide layers sandwiched between layers of other elements. For three Bi-compounds, a
single unit cell is pictured in Figure 1.3. The a- and b-directions of the crystal are defined
aong the CuO-layers. The superconducting current transfer is localised in the CuO-layers.
Therefore the ceramic materials are anisotropic. The critical-current density is higher in the
ab-plane than in c-direction. Furthermore, an external magnetic field in the c-direction
decreases the critical-current density much more than an equally strong magnetic field in the
ab-plane. All critical-current densities and magnetic fields listed in Table 1.1 are oriented in
the ab-plane of the ceramic.

The occurrence of superconductivity in high-T. materials is not yet fully understood. It
is not completely explained by the BCS theory, which satisfactorily describes the low-
temperature superconductors. Nevertheless the high-T. materials are known to be type-l|
superconductors. A magnetic field penetrates a type-Il material in the form of flux lines.
Transport current causes a Lorentz force that tends to move the flux lines through the material
in adirection perpendicular to the current. This motion is called flux flow and is a dissipative
process. The motion of flux lines corresponds to a change of the internal magnetic field,
which causes an electric field according to Faraday’s law. The electric field E increases
linearly with the transport-current density. The flux-flow resistivity is usually higher than the
resistivity of a good normal conductor. Flux flow is therefore undesirable. The flux lines in
high-temperature superconductors are pinned at defects in the crystal structure. At high
current densities the flux lines are depinned and flux flow is observed. The critical-current
density is determined by the density of the pinning centres and by the strength of the pinning
forces.

The enormously high critical magnetic fields given in Table 1.1 cannot be directly
measured. They are derived from the phenomenological Ginzburg-Landau theory. However,
the flux lines can be pinned only at magnetic fields weaker than the irreversibility field Hirev.
At magnetic fields stronger than Hie the critical-current density is nearly zero due to flux
flow. Theirreversibility field is not an intrinsic property of the material. Introducing more and
better pinning centres increases Hirre,. The temperature-dependence of Hie, is different from
that of the critical fields: see Figure 1.2. The upper critical field is technically relevant as an
upper limit to the irreversibility field.
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Figure 1.3 Unit cells of three different Bi-compounds.

With high-T; materials the highest critical-current densities are measured in single-
crystal thin films. Table 1.1 displays typical values for the critical-current density of such
filmsin self-field and in an external magnetic field of 0.1 T. They indicate the upper limit to
the critical-current density of technical high-temperature superconductors. At temperatures
around 4 K the critical-current density is defined by a sharp transition in the E(J) relation: see
Figure 1.4. At higher temperatures the critical-current density is less clearly defined. Due to
thermal activation, individual flux lines are depinned already at current densities much lower
than J.. The motion of the flux lines in the materia is described as flux creep or as thermally
activated flux flow. These dissipative processes cause a non-zero electric field E at low
current densities. Therefore at temperatures in the range 50-100 K the transition in the E(J)
relation is less sharp than at lower temperatures. The critical-current density is then defined
with an electric-field criterion: E(J;) = Ec. The value of E. is usualy 10* V/m as indicated in
Figure 1.4. The critical-current densities at 77 K listed in Table 1.1 are measured using this
criterion.

1.1.3 Long-length high-current conductors

High-T. electronics, sensors and devices of limited size are usually made with Y-123 thin
films on a suitable substrate [Neum99; Wo6rd99]. Flexible tape conductors up to 1 m length
are produced by growing an Y-123 film of 1-2 ym thickness on a metal substrate of about
100 pm thick and a few millimetres wide [Coul99]. The current driven by an electric field E¢
along the conductor is called the critical current I.. The critical current is determined by the
cross-section area and the critical-current density of the superconducting material. The
‘engineering critical-current density’ in Table 1.1 is the critical current divided by the total
cross-section of the composite conductor. Therefore the engineering critical-current density of
tapes with thin-film Y-123 is only a few percent of the critical-current density in the
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superconductor itself. Furthermore, the growing of Y-123 films takes place in vacuum and is
presently a slow and expensive process. Therefore conductors longer than 1 m are not yet
produced with Y-123.
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Figure 1.4 Electric field versus current density in various superconducting materials.

Long conductors are produced with the Bi-compounds via the ‘ powder-in-tube’ (PIT)
process [FIUk97]. The precursor materials are ground to a fine powder and packed in a metal
tube. The tube is drawn down in order to form awire and it can then be rolled into a tape. The
superconducting ceramic is formed in a chemical reaction during a heat treatment. Therefore
the metal tube has to be permeable to oxygen and should not react with the ceramic or with
the oxygen. The tube materia is usually silver (Ag). The superconductor inside the tube is
granular. The density and quality of the links between the grains mostly determine the critical
current. The grains of Bi-2212 and Bi-2223 are flat platelets, much thinner in the c-direction
than in the ab-directions. Rolling the conductor textures the material. The ab-planes are
oriented more or less in the plane of the tape. In adjacent grains the ab-planes are then
oriented amost paralel. The texturing improves the links between the grains and yields an
acceptably high critical current despite the granularity. The grains of Y-123 are cubical and
the material shows no texture after rolling. Therefore, PIT conductors with Y-123 have very
limited critical currents.

The production process of Bi-2212 is simpler than the production of Bi-2223. Due to
its high irreversibility field at low temperatures, Bi-2212 is an interesting materia for high-
field magnets working at 4.2 K or at intermediate temperatures of 20-30 K [Weij99]. Its
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critical temperature is 85 K and the irreversibility field and critical-current density are low at
77 K. Therefore the material is not very interesting for high-current applications in liquid
nitrogen.

The price of superconductors is normally expressed in US-dollars per meter length,
per ampere of critical current. A price level of about 10 $kAm is required to compete with
copper in power-engineering applications [Mal099]. The target of 10 $/kAm seems attainable
with Bi-2223 in the near future, while thick-film Y-123 may be competitive in a farther
future. Presently Bi-2223 is the only material that is produced in unit lengths of 100-1000 m
for applications at 77 K. Therefore, the present study focuses on Bi-2223 tapes.

The granular materia is densest and its texturing is best at the interface between the
superconductor and the silver. At the interface the Bi-2223 phase is formed faster and is more
stable [Merc99]. A high average critical-current density is obtained by creating thin Bi-2223
filaments. However, the complete conductor should not be too thin to handle. Therefore, as
well as for stability, mechanical and AC-loss reasons, multi-filament composite conductors
are produced. Many powder-filled tubes are stacked together in a metal sheath and then the
entire bundle is drawn, rolled and heat-treated.

A typical cross-section of a 55-filament Bi-2223/Ag tape is displayed in Figure 1.5.
The Bi-2223 filaments are black and the Ag matrix and sheath material is white. The tape
width w; is typicaly 3-4 mm and the tape thickness d; is 0.2-0.3 mm. The engineering critical-
current density is equa to Jeqithsi where Jcsi is the average critical-current density in the
filaments. The superconductor volume fraction hg is usualy 0.15-0.30 in multi-filament
tapes. The filamentary region or core has a width w; and a thickness d.. Typicaly the ratio
W / W is 0.8-0.9 and the ratio d. / d; is about 0.6-0.7. Then the volume fraction occupied by
the filamentary core h is 0.5-0.6. The volume fractions and the dimensions of the filamentary
core are important for the calculation of AC loss. State-of-the-art Bi-2223 tapes have a critical
current of 50-150 A at 77 K in self-field, in unit lengths of 100-300 m [Masur99]. The
production of Bi-2223 tapesis dealt with in [Seeb98, ch.B9] and in section 2.7.

Bi-2223 filaments Ag matrix

wt= 3.4 mm

Figure 1.5 Cross-section micrograph of a typical multi-filament Bi-2223/Ag tape.

1.2 AC-loss mechanisms

1.2.1 Hysteresisin the superconductor

Alternating magnetic fields and transport currents cause dissipation of energy in type-ll
superconductors. The energy dissipation is called AC loss. The physica mechanisms of the
AC loss are briefly explained in this section. Figure 1.6a displays a sample of superconductor
placed in an external magnetic field. The magnetic field penetrates the materia in the form of
flux lines. If the magnetic field is changed, the flux-line pattern and internal magnetic field
change as well. The magnetic-field variation inside the material induces an electric field E
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according to Faraday’s law: N” E = -dB/dt. The electric field drives ‘ screening currents’ in the
material. The screening currents are indicated by arrows in Figure 1.6a. The direction of the
currents is indicated by + and — signs in the cross-section of the sample. The grey volume in
the figure is screened by currents in the white volume, flowing at a density of practicaly the
critical-current density. (In reality there are small deviations from this ssimplified model.) The
screening currents determine the magnetic-field distribution in the superconductor according
to Ampere’slaw: N B = poJ. The screening currents dissipate energy at alocal power density
given by ExJ. The energy is delivered by the external magnetic field and is supplied by the
power source of the magnet that generates the field. The energy is required for depinning and
moving the flux lines, which is a dissipative process. The energy is converted into heat that
must be removed by the cooling system. AC loss is therefore an undesirable phenomenon.

= I
[ >I= 77 TN

- N/

Figure 1.6 Cross-section of a superconductor in a changing external magnetic field. The
screening currents in the white region shield the interior (grey) from the magnetic field.

Assume the superconducting sample is cooled down in zero magnetic field and then
subjected to a field sweep with constant dB/dt. Figure 1.6b displays the distribution of the
magnetic field B inside and around the sample, at a time shortly after the beginning of the
magnetic-field sweep. The magnetic intensity H generated by the external magnet is assumed
homogeneous. Then the lines of H are straight verticals. The local magnetic field B is given
by po(H+M) where M is the magnetisation caused by the screening currents. The screening
currents tend to shield the interior of the material from the magnetic-field variation. At the
centre of the sample M is oriented opposite to H. Here, the magnetic-field strength is lower
than poH. The lines of M are closed curves extending outside the sample. In the planey =0
they are oriented parallel to H because of symmetry. Therefore the magnetic-field strength is
higher than poH outside the sample in the plane y =0 In Figure 1.6 the total magnetic-field
change is still relatively small. The interior region of the sample is completely shielded from
the magnetic field. In this simplified description the rate of change dB/dt is zero in the grey
region in Figure 1.6. Therefore no screening currents are induced in this region. Magnetic
field, screening currents and energy dissipation are present only in the white region. If the
magnetic field increases further, the white region penetrates deeper into the sample. The
sample is said to be fully penetrated when the magnetic field and the screening currents have
reached its centreline.
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Hereafter the symbol B is used to describe the external magnetic field. The magnetic
field is assumed to be measured far away from the sample. There M is zero and therefore B is
given by HoH. The screening currents give the sample a magnetic moment m, which is
calculated from the current distribution. Then the AC loss of the sample is found by
integrating either the product m>IB or Bxim over a single magnetic-field cycle. The
calculation method can also be used for the magnetisation loss due to hysteresis of a
ferromagnetic sample. The AC loss due to screening currents in a superconductor has a
hysteretic nature as well. Hysteresis loss is described in more detail in the textbooks [Carr83;
Wils83; Seeb98] and in section 2.1 of the present study.

A transport current in a superconductor generates a magnetic field around the
conductor, which is called the self-field. With an alternating transport current, the alternating
self-field penetrates the superconductor during each current cycle. Even if there is no external
magnetic field, the variation of the self-field inside the material causes a hysteresis loss,
which is called self-field loss [Norr70].

1.2.2 Coupling-current lossin composite conductors

The hysteresis loss can be reduced by decreasing the dimensions of the superconductor.
Composite conductors are produced with many thin superconducting filaments embedded in a
normal-metal matrix: see Figure 1.5. In a normal conductor an external alternating magnetic
field induces eddy currents. A quite different sort of eddy currents is induced in a
superconductor consisting of separate filaments embedded in a normal materia. Figure 1.7a
displays a short piece of a composite conductor with two filaments marked in grey. The
magnetic field is oriented normal to the plane of the drawing. It induces an electric field
around any loop in the drawing plane. In the loop formed by the filaments, the electric field
drives currents indicated by arrows. Inside the filaments the currents flow practically without
resistance. They encounter aresistance only at the ends of the composite where they cross the
normal-conducting matrix. The currents are therefore much higher than normal eddy currents,
which encounter a resistance along their entire path. The currents in Figure 1.7a are called
coupling currents because they couple the filaments together into a single large magnetic
system. The system has a magnetic moment higher than the sum of the magnetic moments of
the individual filaments. Then the AC loss in alternating magnetic field is higher as well. The
additional AC loss due to the coupling currentsis called coupling-current loss.
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Figure 1.7 Coupling currents between non-twisted filaments in a composite conductor.

The coupling currents in Figure 1.7a increase with the rate of change dB/dt of the
magnetic field and with the length of the composite conductor. In a long composite the
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coupling currents are equal to the critical current of the filaments. The end region of such a
composite is displayed in Figure 1.7b. The superconducting filaments are displayed as circles.
The filaments to the right carry their critical current in +z-direction. The filaments to the left
carry the same current in -z-direction. Then the filaments are said to be fully coupled. The
coupling currents in Figure 1.7b screen the magnetic field from the grey central region. The
situation is similar to that in a bulk superconductor displayed in Figure 1.6a. The composite
conductor behaves like a single large superconductor with an average critical-current density
given by Jesithi. The division of the superconductor into filaments does not decrease the total
AC loss if the filaments are fully coupled. In order to reduce the AC loss, the coupling
currents should be decreased below the critical current of the filaments. The coupling currents
can be decreased by applying a twist to the filaments, by reducing the dimensions of the
composite and by increasing the resistivity of the matrix material. Coupling-current loss is
dealt with in [Carr83; Wils83; Seeb98] and in section 2.2.

1.3 Technical importance of AC loss

1.3.1 Power-engineering applications

Superconductors are developed for application in high-power devices such as transformers,
power-transmission cables, motors and generators. The superconductors have to meet severd
requirements in order to compete with the presently used normal conductors. A high critical
current and a low price in $/kAm are required. Furthermore, the AC loss should be low
enough to justify the extra investment in the superconductor and the cooling equipment. The
decision to apply superconductors is ultimately based on financial considerations. the cost of
energy, the superconductor price (including extra production steps intended to decrease the
AC loss), the cost of the refrigerator, maintenance and reliability.

The AC loss in a superconductor is usualy much lower than the resistive loss in a
normal conductor under the same circumstances. Nevertheless, minimisation of the AC lossis
technically important because the energy is dissipated as heat in a low-temperature
environment. The heat has to be removed by a refrigerator that consumes a multiple of the
dissipated energy. The total power consumption of atypical device operating at 77 K is about
15 times the AC loss in the superconductor. Therefore it is necessary to accurately predict the
AC loss. The loss depends on the applied current and magnetic field. This section deals with
the magnetic fields applied to the superconductor in actual devices [Ries98].

Figure 1.8 displays the cross-section of a phase conductor in a typical power-
transmission cable constructed with high-temperature superconducting tapes. The entire cable
usually consists of three phase conductors, surrounded by a cryostat filled with liquid
nitrogen. A single-phase conductor carries a current amplitude of several kA at a voltage of
tens of kV. The phase conductor contains many superconducting tapes (white in the figure).
The tapes are wound on a round former (black): see also Figure 5.13. Adjacent tapes are
separated by athin insulating sheet (dark grey). The total current flows in the four inner layers
of tapes and returns in the two outer layers. Consequently there is no magnetic field outside
the outermost layer or inside the innermost layer. A magnetic-field amplitude of 0.01- 0.02 T
exists in the high-voltage insulation between the inner and outer layers (light grey). In this
cold-dielectric design, the insulating material should have a low dielectric loss, good
mechanical properties and should be proof against partial discharge in liquid nitrogen
[Tana99]. Each tape is subjected to a local magnetic-field amplitude that depends on the
position of the tape in the cable. The frequency of the current and of the magnetic field is
egual to the mains frequency: 50 or 60 Hz. The magnetic-field lines are circular except for
small distortions at the edges of adjacent tapes. The magnetic field is oriented parallel to the
wide side of the tapes almost everywhere, which allows the highest possible critical current
and causes the smallest possible AC loss.
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Figure 1.8 Phase conductor for a superconducting power-transmission cable.

A typical power transformer consists of primary and secondary windings around an
iron yoke. In the experimenta transformer geometry displayed in Figure 1.9, the
superconductors are exposed to a relatively small magnetic-field strength [Kumm99]. The
current and the magnetic field have a frequency of 50-60 Hz in power transformers and
16.7 Hz in certain railway transformers. The magnetic field of the transformer has an
amplitude of 0.1-0.2T at the location of the superconductors. The yoke and winding
geometries are designed to align the magnetic field as well as possible paralel to the wide
side of the tapes. However, especialy at the edges of the winding, magnetic-field components
perpendicular to the tape plane cannot be completely avoided [Funa98al

Bi-2223/Ag tape

Iron yoke

7

Primary coil

Secondary coil

Figure 1.9 Schematic of an experimental superconducting transformer.
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In motors and generators the magnetic field is 1-2 T in the windings of the rotor and
the stator. In certain motor and generator designs the rotor has ‘DC windings that carry a
constant or slowly varying current in a nearly constant magnetic field. Then the stator has
‘AC windings', that carry an alternating current and are subjected to the rotating magnetic
field of the rotor. The frequency of the current and the magnetic field is the rotation frequency
of 1-100 Hz. Due to the rotation of the magnetic field, the tapes in the AC winding are
subjected to a perpendicular magnetic-field component, whose amplitude is equal to the total
magnetic-field strength of the device. In other motor designs the stator has DC windings and
the rotor has AC windings.

The AC loss in tapes is dominated by variations in the magnetic-field component
perpendicular to the tape. These variations are largest in the AC winding of a motor. They are
large in atransformer, small in a power-transmission cable and smallest in the DC winding of
a motor. From an AC-loss viewpoint, the construction of a fully superconducting motor is a
greater challenge than a transformer and a transformer is a greater challenge than a cable.

1.3.2 Unitsfor the AC loss

Many different units for AC loss are used in the literature: e.g. Jcycle and W/m® of
superconductor. The AC-loss unit most relevant for high-current devices is determined in this
section. The technical requirement is assumed to be the transport of a fixed total current |ge,
along a fixed length Lge,. The assumption is certainly valid for a power-transmission cable. It
isinvalid for a high-field magnet, where a certain number of ampere-turns is required and the
conductor length depends on the maximum allowable current density. Transformers, motors
and generators comprise windings around an iron yoke. The conductor length is mainly
determined by the fixed yoke geometry and the assumption is practically valid. The direct or
aternating current is carried by nge, conductors, electrically connected in paralel. They are
either normal conductors or superconductors. Each conductor carries a transport current |
egual to lgev / Ngev- The power loss P (in watt per meter length) in each conductor depends on
the transport current and on the local magnetic field. Magnetic interaction between the
conductors is ignored. The magnetic field is determined only by l4, and by the fixed
geometry of the device, independently of the number of tapes. Therefore the magnetic field is
not a variable in the calculation below.

If the AC loss is a critical factor in the design, then the total power 10ss pgev Of the
device (in watt) has to be minimised. For a normal-conducting device without forced cooling
Paev IS €qual to the total power 10Ss peon iN the conductors, which is given by PLgeNger. A
superconducting device requires a refrigerator, whose power consumption is proportiona to
Pcon. This treatment ignores the diffusion of heat from outside into the low-temperature
environment, the ferromagnetic loss in an iron yoke and the resistive loss in the current leads.
The total power consumption pqge, IS then given by epcon Where e is the so-called cooling
penalty factor. The power isrelated to the loss P (in W/m) in the superconductors:

Py =€.PL, N, =€ EI Lo - Eqg. 1.1

dev’ "dev c I dev —dev
The parameters lge, and Lgey are fixed and therefore the product e.P /1 should be
minimised. The value of e; is determined mostly by the operating temperature. The
technically relevant parameter for comparing various superconductors at a fixed temperature
isP/I: thetotal power loss divided by the transport current, expressed in watt per ampere per
meter length. The AC loss in superconductors intended for technical application at a fixed
temperature (e.g. 77 K) is best expressed in the unit W/Am.
The magnetic energy dissipated by the superconductor in an alternating magnetic field
is caled magnetisation loss. At high magnetic-field amplitudes the magnetisation loss
dominates the total power loss (section 2.5). The magnetisation loss is often measured without
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transport current. In that case, the parameter P /| cannot be used. The problem is avoided by
assuming that the maximum possible transport current is proportional to the critical current of
the superconductor. The magnetisation loss is then expressed by the parameter P/ I the
power loss divided by the critical current. The parameter P/ I (in W/Am) is used in Chapter
3 to compare the magnetisation loss in various conductors. The actua transport current is
usually lower than I;, especially in a significant magnetic field. When the AC loss is
expressed in W/Am, it should be clearly specified whether the loss is normalised with the
critical current or with a direct or alternating transport current. Furthermore, AC-loss values
are meaningful only in combination with the other relevant parameters. the temperature, the
magnetic-field amplitude and orientation, the frequencies of magnetic field and current and
their phase-relation.

1.3.3 Upper limit to the acceptable AC loss

In this section an upper limit is derived for the acceptable AC loss in superconductors
intended for power-engineering applications. The limit is based on the resistive loss in an
equivalent normal-conducting device. The resistive loss P/ | is given by r J if eddy-current
loss is ignored. Here | is a direct current and J is the current density. The resistivity r of
copper is 1.54340® ohm meter at room temperature. Low current densities permit a low power
loss in a normal-conducting device, in exchange for a large volume and weight. Copper is
typically used at 2 A/mm? without forced cooling [Mal099]. Then the cooling penalty factor
is 1 and the power loss eP /| is 31 mW/Am. If | is an aternating sine-wave current with
amplitude |5, the time-average power losse:P / 15 is 15 mW/Am.

Typica cooling penalty factors for superconducting devices are 500-1000 at 4.2 K and
10-20 at 77 K [Ries98; Funa98a). A vaue of 15 is here assumed for a high-temperature
superconducting device. Each superconductor carries an alternating sine-wave current whose
amplitude is equal to the critical current. Then the total power consumption pgev (in W) in the
superconducting device is equal to that in an equivalent normal-conducting device if P/ 1; is
1.0 mW/Am. A significantly lower loss is required to justify the extra investment in
superconductor and cooling equipment. For power-engineering applications around 77 K the
maximum permissible AC loss is approximately 0.5 mW/Am at operating conditions. A
higher AC loss may be permitted in devices whose volume and weight should be minimised,
e.g. the engines and transformers for high-speed locomotives. Furthermore, in order to meet
the increasing power demand in urban areas, there is a demand for high-capacity power-
transmission cables that fit inside the existing ducts. Finally, a higher AC loss may be
permitted in devices that have no normal-conducting equivalent: e.g. fast fault-current limiters
and high-field magnets.

1.3.4 AC lossof high-temperature superconductors

An initial approximation for the power loss in a superconductor is based on the magnetisation
loss at zero transport current. The approximation is valid for high magnetic-field amplitudes
B, and frequenciesf. The hysteresisloss in a bulk superconductor is

P/l =B,fd, Eq. 1.2

as explained in section 2.1.5. Here dy is the largest dimension of the superconductor cross-
section in the direction perpendicular to the magnetic field. Equation 1.2 is valid aso for a
composite conductor whose filaments are fully coupled (section 1.2.2). In that case dx is the
largest size of the composite cross-section perpendicular to the magnetic field.

The normalised loss of the superconductor in power-engineering devices is estimated
with Equation 1.2. The magnetic-field frequencies, amplitudes and orientations that occur in
devices are summarised in section 1.3.1. The decrease of the critical current due to the
magnetic field is ignored. The loss is calculated for a characteristic Bi-2223 tape whose
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filaments are not twisted and are therefore fully coupled. The filamentary region is 3 mm
wide and 0.2 mm thick. The results are summarised in Table 1.2. For comparison the loss is
calculated also for a future thin-film Y-123 superconductor with a thickness of 2 um and a
width of 5 mm.

Table 1.2 Approximate AC loss of superconductors in power-engineering devices.

Power- Power Motor or
Property [unit] transmission | transformer | generator,
cable AC winding
Frequency f of the magnetic field [HZz] 50 50 20
Field amplitude B, parallel to the tape [T] 0.01 0.1 1
Field amplitude B,» perpendicular to thetape[T] |- 0.01 1
Bi-2223 tape, | AClossP / I dueto B, [mMW/Am] |0.1 1.0 4
3*02mm”°  [AClossP/ I, dueto Bar [MW/AM] |- 15 60
Y-123film, [AClossP/|;dueto B, [mMW/Am] |0.001 0.01 0.04
5+0.002 mm” [ AC loss P/ I, due to Ba» [mMW/AM] |- 25 100

The magnetic field in a power-transmission cable is weak and is oriented parallel to
the tapes. Therefore the loss in the single Bi-2223 superconductor is well below the limit of
0.5 mW/Am. High-temperature superconducting cables are constructed with a significantly
lower total power consumption than equivalent normal-conducting cables [Ries98; Muko99]
(section .5.5). The power consumption can be further decreased if Y-123 thin-film conductors
can be produced in long lengths.

In power transformers the losses caused by parallel and perpendicular components of
the magnetic field are comparable (section 5.2). Therefore, the use of thin-film conductors is
not expected to cause a great decrease in AC loss. The estimated power loss is higher than
0.5 mW/Am. Superconductors with smaller effective dimensions are required for application
in transformers. In the AC windings of generators and motors, the power loss in typical
high-T, tapes is far beyond the limit of 0.5 mW/Am. The rotating magnetic field always has a
strong alternating component B,~» perpendicular to the tape. The component B,~ causes a
high AC loss and a significant decrease in the critical current. The present high-temperature
superconductors are therefore not suitable for AC windings of rotating machines. However,
they may be used for the DC windings of motors [V occ97].

1.4 Measurement methods

1.4.1 Electric method

There are three basic methods for measuring AC loss in superconductors. the electric,
magnetic and calorimetric method. The properties, advantages and drawbacks of each method
are briefly described in this section. Figure 1.10 schematically displays a superconductor
carrying a transport current and subjected to an external aternating magnetic field. The
various energy fluxes are indicated with grey arrows.

The transport-current source supplies electric energy, part of which is dissipated in the
superconductor due to e.g. flux creep or self-field loss. The electric energy Qians (in Joule)
dissipated during each cycle is caled transport-current loss. It is measured with the electric
method, which is aso called the transport method. The voltage along the superconducting
sample is measured, multiplied by the transport current and integrated over asingle cycle. The
influence of an external magnetic field on the transport-current loss is detected with the
electric method. However, an adlternating magnetic field may disturb the electric
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measurement. It can induce voltages in the superconductor or in the wiring, which are not due
to the transport-current loss. Techniques for minimising the disturbance are described in
sections 4.1 and 4.4.

1.4.2 Magnetic method

The magnet-current source supplies magnetic energy, part of which is dissipated in the
superconductor due to hysteresis or coupling currents. The magnetic energy Qmagn (in J)
dissipated during each cycle is called magnetisation loss. It is measured with the magnetic
method. The changes in the magnetic moment of the superconducting sample are measured
e.g. as voltages over a system of pickup coils around the sample. They are multiplied by the
magnetic-field strength and integrated over a single cycle. Most of the measurement results
presented in this study are obtained with a magnetic technique that is described in section 3.1.
The influence of a transport current on the magnetisation loss is detected with the magnetic
method. However, an aternating transport current may disturb the magnetic measurement. It
gives the sample an alternating magnetic moment that is not due to the external magnetic
field. Techniques for minimising the disturbance are discussed in section 4.4.
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Figure 1.10 Energy balance of a superconductor carrying transport current in magnetic field.

1.4.3 Calorimetric method

The total energy dissipated in the superconductor is the sum of magnetisation and transport-
current loss. It can be measured with the caorimetric method, eg. by measuring the
temperature increase of the superconductor or the amount of evaporated cryogen. The
calorimetric method does not distinguish between the magnetisation loss and the transport-
current loss. Therefore less information is obtained by comparing the results to the predictions
of theoretical AC-loss models. The calorimetric method is not impaired by the disturbances
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due to aternating currents or magnetic fields, which are inherent in the electric and magnetic
methods. The measurement may be disturbed by thermal effects that are not due to the
superconductor, e.g. eddy-current loss or Ohmic loss in the current leads. The calorimetric
method is described in more detail in section 4.5.

1.4.4 Application

The electric and magnetic methods are generally more sensitive than the calorimetric method.
Low losses g (in J) and low loss densities Q (in Jm®) are measured more accurately with the
electric and magnetic methods. The transport-current loss in a single sample without magnetic
field is therefore usually measured with the electric method. The magnetisation loss without
transport current is usually measured with the magnetic method, aso if there are severa
samples close together. The calorimetric method is sometimes used to check the calibration at
arelatively high loss value. The losses gyrans @nd Qmagn iN @ single sample carrying a transport
current in an external magnetic field are measured by the electric and magnetic methods as
well as by the calorimetric method.

In devices that generate their own magnetic field, the total dissipated energy Gotal IS
supplied by the transport-current source and measured with the electric method The losses
Omagn @nd Crans Cannot be distinguished because they both appear as voltages over the
superconductor. In complex devices with many superconductors connected in parald, it is
usually easier to measure Qa With the calorimetric method. Table 1.3 summarises the
circumstances where each measurement method is usually applied.

Table 1.3 Application of the AC-loss measurement methods.

Circumstances Method for single sample Method for complex device
Transport current Electric Electric or calorimetric
Magnetic field Magnetic Magnetic or calorimetric
Current and magnetic field | Electric + magnetic or calorimetric | Calorimetric

1.5 Aim of the study

This study is intended to answer the question: can the AC loss in high-temperature
superconductors be made low enough to compete with copper in power-engineering
applications? This is a scientific and technical question. The financial aspects are important
but they are mainly beyond the scope of the study. Several types of power-engineering
devices are mentioned in the previous sections. fault-current limiters, power-transmission
cables, transformers, motors and generators. A superconducting fault current limiter is a new
type of device where the AC lossis not a critical factor in the design. Superconducting power-
transmission cables aready have a lower AC loss than the equivalent copper cables. The
present superconductors are suitable also for the DC windings of motors and generators. At
present they are not suitable for the AC windings. For the design of superconducting power
transformers the AC loss is a critical issue. The study therefore focuses on the operating
conditions in a power transformer.

The first-order approximation of the AC loss with Equation 1.2 demonstrates the
importance of predicting more accurately the loss in technical superconductors. A large
amount of theory is available on the AC loss in low-temperature superconductors. In the
present study the theory is extended in order to make it applicable to multi-filamentary
high-T. superconducting tapes. Accurate AC-loss measurements on single superconductors
are essential for the validation of theoretical models and for the development of low-loss
superconductors. As part of this work, existing AC-loss measurement methods are adapted to
the characterisation of high-T, tapes.
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The discussion in section 1.3.4 indicates the necessity of high-temperature
superconductors with a reduced AC loss. A reduction of the AC loss can be achieved in
composite conductors with optimised geometry, with twisted filaments and an increased
matrix resistivity. These techniques are used for low-T. superconductors and they have been
recently introduced also in the production of high-T. tapes. The effect of filament twist and
increased matrix resistivity on the AC loss is investigated in this work. ‘Low-loss tapes are
still under development and their AC lossis presently too high for application in transformers.
This study identifies the most promising techniques for further reducing the AC loss. The AC
loss in technical applications is usually estimated from the measured loss in model devices.
This study demonstrates how the loss in a device is related to the magnetisation and transport-
current lossin asingle tape.

1.6 Scopeand structure of the study

The study discusses AC loss in high-temperature superconductors intended for large-scale
applications. Bi-2223 tapes for use at liquid-nitrogen temperature are presently produced in
long lengths. Therefore, the study focuses on Bi-2223 tapes. However, the results are
generally valid for multi-filamentary superconducting tapes. The magnetic fields in
transformers and motor windings have a high amplitude and frequency. The total AC loss in
these circumstances consists mainly of magnetisation loss. The main part of the work is
therefore devoted to magnetisation loss. The AC loss is studied in circumstances similar to
those in actual devices. The magnetic-field amplitudes used in the experiments are
0.001-0.5 T. The frequency range investigated is 10-1000 Hz, with a strong emphasis on the
power frequency of 50 Hz. The transport current is varied from zero to severa times the
superconductor’s critical current. The temperature range is 65-77 K, with an emphasis on
77 K in boiling nitrogen.

The structure of the study is schematically displayed in Figure 1.11. Chapter 2 gives
an overview of AC-loss theory. The theory separately describes the hysteresis loss in the
filaments (black in the figure), the coupling-current loss in the resistive matrix (grey) and the
eddy-current loss in the sheath around the tape (white). The losses are caused by an external
magnetic field oriented parallel or perpendicular to the wide side of the tape. A transport
current affects the magnetisation loss and causes a transport-current loss. The effects of
granularity, anisotropy and flux creep on the AC loss are studied. The production process of
Bi-2223 tapes and its consequences for the AC loss are described. A comparison is made
between analytical and numerical techniques for modelling the AC loss.

Chapter 3 discusses the magnetisation loss measured in single samples of Bi-2223 tape
carrying no transport current. The magnetic measurement method does not distinguish
between the losses in the filaments, in the matrix and in the sheath. In certain cases the losses
can be separated by quantitative comparison with model predictions. In tapes with non-
twisted filaments, the effect of the tape geometry on the AC lossis studied. The magnetisation
loss is significantly decreased when the filaments in the tape are twisted. The effect of the
temperature and of the magnetic-field orientation on the AC loss is quantitatively described.
The magnetisation loss is further decreased by high-resistive matrix materials and by ceramic
barriers between the filaments. AC-loss measurements are used to quantify the increase in
matrix resistivity. An estimate is presented of the tape properties required to reduce the
magnetisation loss to an acceptable level for power transformers.

Chapter 4 discusses the AC loss measured in single samples of Bi-2223 tape carrying a
transport current in an external magnetic field. With direct current, the transport-current loss
is measured with the electric method. It is compared to a theoretical model that describes the
so-called dynamic resistance. The influence of the transport current on the magnetisation loss
is measured with the magnetic method. The total power loss is compared to model predictions
and to the upper limit for the acceptable AC loss in applications. Electric, magnetic and
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calorimetric techniques are described for measuring the loss in tapes carrying an alternating
transport current while exposed to an alternating magnetic field.
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Figure 1.11 Schematic representation of the structure of the work.

When severa tapes are assembled into a device, their AC loss is affected by
electromagnetic interaction with adjacent tapes (see Figure 1.11). The interaction is the
subject of Chapter 5. The magnetisation loss of each tape in a stack or winding is changed by
the magnetic field of screening currents in the adjacent tapes. The measured change in the AC
loss is quantified with an empirical expression. When several tapes are electrically connected
in order to form a cable, coupling currents between the tapes may greatly increase the total
AC loss. The coupling currents are reduced by transposition and adequate insulation of the
tapes. In a power-transmission cable they are suppressed by optimising the pitch angles of the
layers. The total power loss of cables and transformer windings is reasonably well predicted
with empirical models, based on the magnetisation |oss measured in single tapes.

Conclusions and recommendations are made in Chapter 6. The modelling techniques
and the experimental methods for investigating the AC loss are evaluated. The man
experimental results presented in the study are reviewed. The AC loss in the present low-loss
superconductors is compared to the loss level required for power-engineering applications.
Finally the possibilities for further decreasing the AC loss are summarised.
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THEORY FOR HIGH-T¢
SUPERCONDUCTORS

This chapter gives an overview of AC-loss theory, focusing on those aspects that can be
applied to multi-filamentary high-T. superconducting tapes. Magnetisation loss in alternating
magnetic fields consists of hysteresis, coupling-current and eddy-current losses. Hysteresis
loss due to screening currents inside the superconducting filaments is described with the
Critical-Sate Model, assuming a constant critical-current density. The model predicts the
loss in various superconductor geometries, including the flat filamentsin a Bi2223 tape.

At low magnetic-field amplitude and frequency, the loss due to coupling currents
between the filaments is predicted quite accurately with a model described by Campbell. The
effective resistance that appears in the model is calculated for several filament shapes and
structures. For higher magnetic-field amplitudes and frequencies the filaments are fully
coupled. They behave like a single large filament with high AC loss. Expressions are derived
for the magnetic-field amplitude and frequency where full coupling sets in. Eddy-current loss
in the normal-metal sheath and ferromagnetic loss in a sheath-like reinforcing material are
compared to the superconductor loss. When the superconductor carries a transport current in
an alternating magnetic field, the transport-current loss increases the total AC loss. The
dynamic resistance to direct current is calculated for a constant as well as a field-dependent
critical-current density. In the case of an alternating current, only the total AC loss is known.

High-T. superconductors display several new phenomena: granularity, anisotropy and
flux creep. For a conductor with a power-law voltage-current relation, the extra transport-
current loss due to direct or alternating currents is calculated. The technology for production
of Bi-2223 superconductors results in flat tapes with flat filaments in a silver (alloy) matrix.
These properties largely determine the AC loss of the composite conductors. The filaments
are till rather inhomogeneous, which causes a significant difference between transport and
magnetic critical current. The beneficial effect of filament twist on the AC loss may be
destroyed by poorly controlled production. Including all of the relevant aspects makes
analytical modelling of AC loss very complicated. The advantages and drawbacks of
numerical AC-loss modelling are discussed.
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2.1 Hysteresislossin superconducting filaments

2.1.1 Loss mechanism and calculation methods

As explained in section 1.2.1, an aternating magnetic field causes energy dissipation (AC
loss) even inside a perfect type-ll superconductor. The magnetic-field variation dB/dt
penetrates the superconductor in the form of moving flux lines. It induces an electric field
according to Faraday’s law [Reitz79, p.235]:

o dl :-%c‘ﬁ%mdA. Eqg. 2.1
c S

In Equation 2.1 E is the eectric field induced along any closed circuit C and B>n is the
magnetic field normal to the surface S enclosed by C. The electric field drives screening
currents in the material. The local current density J depends on the local field strength E. The
form of the J(E) relation is determined mostly by flux flow and flux creep. A current flowing
parallel to an electric field dissipates energy. The dissipated power density JXE depends on
position and time. If the electric-field distribution inside the superconductor is known, the
distribution of J can be calculated from the J(E) relation. Then the total energy loss can be
calculated ‘from the inside’ by integrating JX over the superconductor volume and over time.
Another way to consider the loss starts ‘from the outside’. The screening currents give
the superconductor a magnetic moment that changes with the magnetic field. The changes in
magnetic moment are irreversible. The screening-current pattern depends on the momentary
magnetic field as well as on previous field variations, i.e. on the magnetic history of the
sample. The sample magnetic moment m can be calculated from the screening current
distribution. Then the magnetisation loss is found as the area of the magnetisation curve:

Omagn = P >dm = gn>dB, Eq. 2.2
field field
cycle cycle

where gmagn 1S the magnetic loss of the sample (in Joule per field cycle) and B is the external
magnetic induction. This is similar to a calculation of hysteresis loss in a ferromagnetic
sample. Energy may be inductively stored in the current pattern during part of the field cycle
and be released later. Therefore, the calculation must be extended over a full field cycle in
order to obtain the dissipated energy. The magnetic induction is assumed to be measured far
from the sample and therefore B is equal to mH regardless of the sample' s magnetic moment.
In order to calculate the loss by one of these methods, one must first know the
screening-current pattern in the superconductor at any given time. Bean assumed that any
local electric field in the superconductor causes a current density J given by J.E/ E (in the
direction of E), where J. is the critical-current density of the conductor [Bean62; Bean64].
The assumption leads to the Bean- or Critical-State (CS) Model, which has proven to be very
useful in the description of AC loss in low-T, superconductors. The CS model is applied here
also to the loss in Bi-2223, which is a high-T; material. Refinements of the CS model are
described in section 2.6. The screening-current patterns and the magnetic moment predicted
with the model depend only on the past and present values of the magnetic field B and not on
the rate of change dB/dt. Therefore the frequency and time-dependence (triangular, sinusoidal
or otherwise) do not affect the shape of the magnetisation curve. The AC loss per magnetic
field cycle depends only on the field amplitude and the superconductor properties. This is
again similar to hysteresis loss in a ferromagnetic material. Therefore this type of AC loss,
caused by superconducting screening currents in the bulk materia, is caled hysteresis |oss.
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2.1.2 Infinitedab parallel to a magnetic field

The Critical-State Model is illustrated with an infinite superconducting slab oriented parallel
to an externa alternating magnetic field. This case is relevant for the study because in a
Bi-2223 tape, both the filaments and the crystallites (grains) inside the filaments have a
thickness much smaller than their width. The filaments and the grains can therefore be treated
as infinite dabs if the tape is oriented parallel to the magnetic field. The model is expected to
describe thin-film Y-123 superconductors even better. The co-ordinate system as defined in
Figure 2.1 is used throughout the study. The y-axis is parallel to the magnetic field and the
z-axis is paralel to the superconductor length (the direction of the transport current). The
x-axis is perpendicular to the y- and z-axis. Figure 2.1 displays two orientations of a tape-like
superconductor in the external magnetic field. The words ‘parallel’ and ‘perpendicular’ in the
study refer to the orientation of the wide dimension of the tape with respect to the magnetic
field. The longitudinal direction of the tape (the z-direction) is oriented perpendicular to the
magnetic field also in the ‘parallel’ orientation. If the longitudinal direction is parallel to the
magnetic field, the orientation of the tape is described as ‘axial’.

2

y4 X X
/ I//Z
LT
Tape parallel to B Tape perpendicular to B

Figure 2.1 Definition of the x- y- and z-direction and of tape orientations used in this work.

In an infinite slab oriented parallel to the external magnetic field, the current and the
local magnetic field vary only in the x-direction due to symmetry. The problem is therefore
one-dimensiona and comparatively simple. The magnetic-field distributions in the dab are
shown in Figure 2.2. The dashed lines display B(x) during a field sweep and solid lines
represent B(X) at the end of the sweep. The vertical solid lines display the edges of the dlab.

As soon as an externa-magnetic field variation penetrates the slab, it induces layers of
screening current at the edges. The currents tend to shield the inside of the dab from the
magnetic-field variation. The screening currents have a density J, in z-direction. Wherever
they are present there is a magnetic-field gradient dB/dx. From Ampere's lav N B = mJ
[Reitz79, p.195] the magnetic-field gradient dB,/dx is found as myJ, = myJ.. Therefore at low
magnetic-field amplitude B, the magnetic field variation penetrates the slab only to a depth d,
given by B, / myJ.: see Figure 2.2a. Further inside the slab the rate of change dB/dt is zero and
there is no screening current. When dB/dt changes sign, a new layer of screening currents in
the opposite direction is formed at the edges. see Figure 2.2b. This layer gradually becomes
thicker until the entire screening-current pattern has reversed direction at a magnetic field of
-Ba. At a given B the screening-current pattern for positive dB/dt is different from that for
negative dB/dt and so is the magnetisation of the slab.
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For a magnetic-field amplitude higher than the so-called penetration field, the
magnetic-field variation penetrates to the centre of the slab: see Figure 2.2c. The penetration
field By, is given by mJ.d/ 2. At the beginning of a magnetic-field sweep, the screening-
current pattern changes until the total magnetic-field change ¥B-B.Y2 exceeds 2B,. Then the
dab is completely filled with screening current. Thereafter the current pattern and
magnetisation do not change any more as long as dB/dt keeps the same sign. The rate of
change dB/dt has the same value everywhere inside and outside the slab. If dB/dt changes sign
the current pattern is reversed, starting from the outside. When the total magnetic-field change
Y¥B-Ba2exceeds 2B, the pattern again remains constant: see Figure 2.2d.
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Figure 2.2 Magnetic field profilesin an infinite slab parallel to an alternating magnetic field.

The magnetisation M(B) for a single magnetic field cycle is calculated for magnetic-
field amplitudes of B, and 4B,. The calculation is based on the saturation magnetisation Ms
for a fully saturated dlab, which is equa to J.d/ 4. Parameters typical for a filament in a
Bi-2223 tape are used: J. = 200 A/mm? and d = 20 pm.. The resulting magnetisation loops are
displayed in Figure 2.3. They are followed counter-clockwise as indicated by the arrows. The
magnetisation loop for B, = B, (dashed line) displays the difference in M(B) for increasing
and decreasing magnetic field. The difference is caused by the different screening-current
patterns in Figure 2.2a and b. It gives the loop a finite area and leads to an AC loss. The
magnetisation loop for B, =4B, (solid line in Figure 2.3) has parts with constant
magnetisation equal to Ms. The magnetisation becomes a constant when the total field
change ¥B-B,Y2exceeds 2B,,. Then the screening-current pattern in the slab no longer changes,
asdisplayed in Figure 2.2c and d.

The AC loss in adlab with constant J. can be calculated by integrating the local energy
dissipation J>E over the slab thickness and over a single magnetic-field cycle [Wils83, p.162].
The normalised magnetic field amplitude b is defined as
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Figure 2.3 Magnetisation loops calculated for an infinite slab parallel to the magnetic field.

b=B,/B,=2B,/mJ.d. Eq. 2.3
Then the hysteresis loss Qy, (in Joule per cycle, per m® of the slab) is given by
2
Qy= 2B; ébu forb £1
my &34
261 o1 Eq. 24
Ch =25 & ——1 forb 3 1.
m gb 3b°g

The first term 2B, / Ho in Equation 2.4 is the energy density available in the magnetic-field
oscillation. The bracketed term in the equation is the fraction of the magnetic energy that is
dissipated in the superconductor. The dimensionless quantity mQ/ 2B,? is generaly called
the loss function G(b) [Wils83, p.163; Kwas94; Oomen97a; Stai98]. The loss function for an
infinite slab depends only on b. It increases linearly for low b, has a maximum at b = 4/3 and
decreases with 1/ b for high b. Equation 2.4 is based on the screening currents and magnetic
field patterns displayed in Figure 2.2. The external magnetic field B(t) is assumed to increase
monotonously from -B, to B, and then decrease monotonously to -B, . Non-monotonous field
cycles are dealt with in section 5.3.

The description of the AC loss can become more accurate if the J.(B) dependence of
the superconductor is accounted for. The Kim model [Kim62; Wils83, p.171], modified with
a correction for magnetic field orientation, gives a good empirical approximation for the J.(B)
relation in Bi-2223 tapes at 77 K:
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J J
J.(B)= c0 =_~c0 Eq. 2.5
o(8) 1+|BsnQ/B, 1+dB A

Here Jo is the zero-field critical-current density and Q is the angle between the magnetic field
and the CuO-layers in the Bi-2223 grains (section 1.1.3). For tapes oriented parallel to the
magnetic field, Q is the average grain misalignment angle of about 7°. A typical value for the
field By is about 40 mT at 77 K, making the constant ¢ approximately 3.05 T An M(H) loop
for a magnetic-field amplitude of 4B, is numerically calculated with Equation 2.5. The loop is
included as a dash-dot line in Figure 2.3. In the calculation the field profile B(x) inside the
dab isignored, i.e. J. throughout the slab is determined by the external field magnetic field.
Due to the Je-variations, M is no longer a constant even when the dab is saturated. The sharp
peaks in M at zero magnetic field are rounded off in reality because the local J. depends on
the local B(x), which never becomes zero throughout the slab: see also Figure 2.2. The AC
loss becomes difficult to calculate analytically because the field gradient dBy/dx is not a
constant. For low field amplitude B, the loss Qs is proportional to B,* [Carr83, p.58] and
therefore G is proportional to b% For high B, the decrease in J; causes a decrease in G faster
than1/b.

2.1.3 Other superconductor geometries

For bulk superconductors with a different shape, the hysteresis phenomena are qualitatively
smilar to those in an infinite dab, which are described in the previous section. The
calculations become complicated if the current distribution is no longer one-dimensional. The
CS model is used to calculate the AC loss in a cylinder whose axis is oriented parallel or
perpendicular to the magnetic field [Wils83, p.164]. In these cases the loss can ill be
described by aloss function Gthat depends only on a normalised field amplitude b.

For athin superconducting strip with its wide side perpendicular to the magnetic field,
the magnetisation loops are calculated aso with the CS model [Bran93]. The magnetisation
loops are used in [MUlI95] to calculate the hysteresis loss. The result can be written as:

2 s
_ 2B W2, oshb)- tanhb 2, Eq. 2.6

@ m, 2bd &b p

where w is the strip width, d is its thickness and b is defined as B,/ By where By is a
characteristic field amplitude equal to myJ.d / p at which the strip is about halfway penetrated
[MUl95]. An expression for the full penetration field B, of a strip is given in [Clerc95, p.29].
However, By is not needed for the calculation of AC loss. The loss function in Equation 2.6
depends on the strip aspect ratio w/ d as well as on b. It increases with b® at low b and
decreases with 1/ b at a high b. A thin strip oriented perpendicular to the magnetic field
demagnetises a volume of space that is much larger than the volume of the strip itself.
Magnetic energy from the entire demagnetised volume may be dissipated as AC loss.
Therefore the loss function for a strip with high aspect ratio can become higher than 1, which
is impossible for a dab paradlel to the magnetic field.. Equation 2.6 for perpendicular
magnetic field is expected to describe the AC loss in thin-film Y-123 superconductors better
than that in Bi-2223 filaments.

2.1.4 Sdf-field loss

Transport current in a superconductor generates a magnetic self-field around the conductor.
During each current cycle the self-field partially penetrates the superconductor and therefore
causes a hysteresis-type loss that is caled the (self-field) transport-current loss Q. The
normalised current amplitude i is defined as 1,/ I , where |, is the amplitude of the transport
current and | is the critical current of the superconductor. If there is no alternating magnetic
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field other than the self-field, then the loss per cycle per unit of volume in a superconductor
with an elliptical cross-section is[Norr70]

Qq =%[a- iy In(L- i) +(2- i)i/2], Eq. 27

irrespective of the aspect ratio of the ellipse. The bracketed part is a dimensionless loss
function that is approximately proportiona to i*. For a thin strip-like superconductor the
transport-current loss is given by [Norr70]

Qq :%[(1- i)In(L- i)+ (1+i) In(L+i) - iz]. Eq. 2.8

The loss for athin strip is proportional to i*. Equations 2.7 and 2.8 are valid for i lower than 1.

The losses for an dlipse and a thin strip with the same | and J; are the same for i® 1.
For low i the losses are different by a factor i. The self-field loss measured in Bi-2223 tapes is
usually between the two calculated losses [GOmA97; Stav98]. The measured loss may also be
higher than the loss calculated for an elipse [Cisz95; Ecke99a]. The differences are explained
by numerical calculations of the current distribution and self-field loss in rectangular strips
with various aspect ratios [Daum98]. The interaction of alternating transport current and
aternating external magnetic field is discussed in section 2.5.3.

2.15 Effect of superconductor dimensions

When the normalised magnetic-field amplitude b is much larger than 1, the hysteresis loss Q;
in a dab paralel to the magnetic field (Equation 2.4) reduces to B.J.d. An important loss
parameter for applications is the power loss normalised with the critical current (section
1.3.2). In adab-like superconductor the normalised power loss (in W/Am) is

P _ Quw
I, J.dw

=B, fd, Eq. 2.9

where f is the field frequency. In an application with fixed magnetic-field amplitude and
frequency, the only way to reduce the loss is by decreasing the thickness d. A smaller d also
means a lower penetration field B, so Equation 2.9 becomes valid aso at lower B,. For athin
strip perpendicular to the magnetic field, the loss Qy at high b (Equation 2.6) reduces to
BaJcw. This agrees with the expression given in [Clerc95, p.30] for high B,. The normalised
power loss in the strip is Bafw and can be reduced only by decreasing the width w. For both
geometries the normalised loss is expressed as B,fdy where dy is the dimension of the
superconductor in x-direction perpendicular to the magnetic field. For other superconductor
geometries the hysteresis loss is al'so reduced by decreasing dy.

When a superconducting wire must be used in a device, its thickness cannot be
decreased indefinitely. Therefore the wire is subdivided into many thin filaments with a
normal-metal matrix in-between. The matrix gives mechanical strength and ductility and it
has good heat conductivity, which is important for cooling. Furthermore, it conducts the
transport current if the filament is locally damaged. In the loss expressions above, w and d
should be taken as the filament dimensions wy and dsj. Low-T, superconductors can have
1000-100,000 filaments thinner than 1 pm. Bi-2223 tapes usually have 10-100 filaments, with
typical dimensions wg =400 um and dy = 20 um. Bi-2223 tapes with several hundreds of
filaments are produced [Merc99]. However, it then becomes very difficult to really separate
the filaments by matrix material, as discussed in section 2.7. Ideally there is no interaction at
al between the filaments. Then the loss expressions above should be multiplied by the
superconductor fraction hy; to obtain the AC loss per unit of volume of the entire composite.
Possible interactions between the filaments are discussed in section 2.2.
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2.2 Coupling currents between filaments

2.2.1 Loss mechanism and effect of filament twist

In a multi-filament composite the filaments are coupled by an alternating external magnetic
field, as discussed in section 1.2.2. A short sample of composite superconductor with two
filaments embedded in a normal-conducting matrix is displayed in Figure 2.4a. The magnetic
field is oriented normal to the drawing plane. A change in magnetic field induces an electric
field according to Faraday’s law (Equation 2.1). The electric field is equivalent to a voltage
around a closed loop. The voltage drives a coupling current around the loop, across the
normal-conducting matrix, as displayed in the figure. The inter-filament coupling current
causes a resistive loss in the normal matrix. The current also gives the sample a magnetic
moment higher than the total magnetic moment of the filaments. The sample magnetic
moment is reversed during each field cycle, causing extra flux motion across the filaments.
The flux motion generates loss as explained in section 2.1.1.

In the situation of Figure 2.4a the loop area and the induced voltage around the loop
are proportional to the sample length Ls. The resistance that opposes the current decreases as
1/ Ls and therefore the magnitude of the current increases as L¢’. If Ls increases, the filaments
are soon saturated with their critical current. In the situation of Figure 2.4a this happens at the
critical length [Wils83, p.175]

Le =4,F mJc idgi / 20B, Eq. 2.10

where J. 1 is the critical-current density in the filaments, dy is the filament thicknessand r 1, is
the resistivity of the matrix material. The magnetic field is assumed sinusoidal with frequency
w and amplitude B,. (The length L. does not depend on the distance between the filaments.) In
samples longer than L. the coupling currents are limited by the critical current of the filaments
and not by the resistance of the matrix. This situation is caled full coupling and is
undesirable. The sample's magnetic moment and AC loss are then the same as in an
homogeneous superconductor with the same critical current and the same total thickness d..
At high field amplitudes the loss is determined solely by the total thickness. The thickness
must be larger than 2d; because of the normal material between the filaments. Due to fulll
coupling, a multi-filamentary composite conductor with non-twisted filaments has a higher
AC loss than an equivalent single superconductor! The difference in loss is determined by the
total amount of matrix material between the filaments. The loss of a fully coupled composite
is independent of the number of filaments.

a)

Figure 2.4 Schematic of coupling currents between two filamentsin a wire or tape.

Reduction of the AC loss in multi-filamentary superconductors is possible only if the
filaments are twisted, as displayed in Figure 2.4b. Voltages are then induced around each of
the loops formed by the two filaments. The effective length of the loops is now one-half the
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filament twist pitch L, rather than the sample length. The current crosses the matrix between
the filaments in a direction paralel to the magnetic field, rather than perpendicular to the field
as in Figure 2.4a. In a round wire the distances paralel and perpendicular to the magnetic
field are similar and therefore Equation 2.10 can still be used to estimate the critical coupling
length L. The coupling currents are decreased to an acceptable level by making the twist
pitch shorter than 2L.. The situation is different in a tape with a high aspect ratio A more
sophisticated model is used in section 2.2.4 to derive a critical twist pitch for tapes.

2.2.2 Effect of the shape of the filamentary region

A model for the coupling-current loss in long composite conductors of arbitrary cross-section
shapes is presented by Campbell [Camp82]. It is based on the assumptions that the
superconductor is divided into many fine filaments and that the magnetic field B;, inside the
composite (averaged over a space containing many filaments) is uniform. This requires the
coupling currents to flow in the zdirection only in the outer layer of filaments. The
composite’ stime constant t is defined by

dB;
B- =t /0 Eqg. 2.11
Bin " q
where B is the magnetic field outside the composite. If dB/dt becomes zero, the coupling
currents decrease with a characteristic decay time t until the internal magnetic field B, is
equal to B. If the external field B is given by B,sinwt, the coupling-current loss is

_ BZ é2pngat §
2my & +w% 24’

where ns is a shape factor of the filamentary core, defined in [Camp82]. Equation 2.12 gives
the coupling-current loss per m® of the core. The loss should be multiplied by the core volume
fraction h. (section 1.1.3) to obtain the loss per m® of tape. The bracketed coupling-current
loss function is independent of the field amplitude B,. It depends only on ns and on wt .

If the coupling and screening currents are so weak that there is no mutua influence,
the coupling-current loss Q. can be added to the filament hysteresis loss Qn. Thisis illustrated
in Figure 2.5. The total AC loss calculated with the Campbell model at low B, is added to Qn,
and the result is shown as a function of wt. The loss given by Equation 2.12 has a maximum
at wt = 1. At low magnetic-field amplitudes (thin solid line in the figure) Q. is decreased by
making wt either very low or very high. However, for high wB, the coupling currents no
longer fit in the outer layer of filaments, making the model invalid. For increasing wB, more
and more filaments are filled with coupling currents and a transition towards full coupling
occurs. At full coupling the loss is equal to the hysteresis loss in a monolithic superconductor
with the same dimensions and average critical-current density J.core S the entire filamentary
region of the composite [Camp82; Fuku95a; Sugi97]. It can be calculated with Equations 2.4
or 2.6, multiplied by the core volume fraction.

If the coupling currents increase, they suppress the screening currents inside the
filaments and shield the inner filaments from the magnetic field [Kwas94]. Therefore the
filament hysteresis loss Qy, decreases. At full coupling the saturated filaments cannot carry
screening currents and then Qy, is zero in these filaments. At magnetic-field amplitudes lower
than the core penetration field the inner filaments are not saturated. However, they are
completely shielded from the magnetic field by the coupling currents on the outside, so there
also Qy is zero. Therefore at full coupling the hysteresis loss in the filaments can be ignored.
The full-coupling loss is independent of w. At high B, the total AC loss follows the thick solid
line in Figure 2.5 rather than the thin dashed line. The scaling of the vertical axis in the figure
is explained in section 2.2.4. The only way to decrease the coupling-current loss is by making

Q. Eq. 2.12
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wt much lower than 1. For the fixed power frequency of 50 Hz the time constant t should be
lower than 3 ms.

—— - Filament hysterresis loss Q,,

/ T~ ——— Campbell model, valid at low B,
/ ~ — — Campbell model, invalid at high B,
Loss at high B, with full coupling

1.5

Normalised AC loss Q... / 2B,J.a []

0.0 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1

Normalised magnetic-field frequency wt [ ]

Figure 2.5 Coupling-current loss predicted with the Campbell and full-coupling models.

For atape with a rectangular filamentary region of thickness d. much smaller than the
width w, the shape factor ngis 1 if the tape is oriented parallel to the magnetic field. The time
constant is then given by [Camp82]

2
_ mlp d¢
16rehc W2 ,

t// Eq 2.13

where r « is the effective resistivity of the matrix and L, is the twist pitch of the filaments. If
the tape is oriented perpendicular to the magnetic field, the shape factor ns is given by w./ d.
and the time constant is

2 .3
th=—— P C =" ETCCt Eq. 2.14

Typical parameters for Bi-2223 tapes are: Lp=10mm, rer=1a=0.27 pWhem
[Seeb98, ch.F3], w. = 3 mm and d. = 0.2 mm. The time constantst , and t~ are calculated with
these parameters. The results are summarised in Table 2.1 and the effect of changes in the
parameters is reviewed. With the typical tape parameters used here, at 50 Hz the product wt is
easily made much lower than 1 in parallel magnetic field. In a perpendicular field a lower tx
is required to fulfil the requirement. This is best achieved with a shorter L, and / or higher r «.
A shorter twist pitch L, can be achieved without extra filament deformation by using smaller
overal core dimensions w; and d.. If the core cross-section area w.d. is constant, a lower
aspect ratio w;/ d. is beneficial in perpendicular magnetic field. However, it negatively
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impacts the performance in parallel magnetic field. The ideal aspect ratio w; / d. depends on
the ratio between the parallel and perpendicular magnetic-field components in the application.

Table 2.1 Time constant for a standard Bi-22223 tape and ways to decrease the time constant.

Parameter Tape oriented parallel Tape oriented perpendicular
to the magnetic field to the magnetic field

t [mg] for standard tape | 0.0129 10.2

wt atf=50Hz 0.00406 3.20

Decrease of L causes. | Quadratic decrease of t Quadratic decrease of t»

Increase of r « causes. | Proportional decrease of t Proportional decrease of t»

Decrease of aspect ratio | Quadratic increase of t Proportional decrease of t~

W / d. causes: and no change in the shape factor ns | and of the shape factor ns

2.2.3 Effect of filament shape and structure

The effective transverse resistivity r« used in the Campbell model is determined by the
matrix material and by the shape and structure of the inner filaments. If the filaments make
good electrical contact with the matrix material (case 1), they act as shorts and decrease r «. If
there is an insulating barrier around the filaments (case 11) then r & is increased. Such a barrier
can be artificialy produced or formed by interaction between the superconductor and matrix
material. Low-T. superconductors typically have round filaments in an hexagona array. In
that case the effective resistivity is given by [Carr83, p.102]:

L~ Nes (casel) L+ e (casell) Eqg. 2.15

Mg =r,,——— (case rg =r,——— (casell), .2
eff m 1+heff eff m 1- heff q

where r , is the resistivity of the matrix material and he is the volume fraction occupied by
the superconductor in the filamentary region (the core). In Bi-2223 tapes the core occupies
only a fraction h. of the tape volume (section 1.1.3). The tape’s superconductor fraction hy;
used throughout the study is related to the entire tape volume. Therefore the effective volume
fraction het used in case | isdefined as hy / he. In case 1l het will be higher than hg / he if the
insulating barriers occupy a significant volume or if they enclose a significant part of the
matrix material around the filaments. Artificial barriers are discussed in section 3.7.

In Bi-2223 tapes there is a good electrical contact between the silver and the
superconductor as a result of the heat treatment [Fang95]. This is why the remainder of this
section discusses case |. The Bi-2223 filaments are not round and therefore r « is not given by
Equation 2.15 [Oomen00b]. Several possible shapes and structures of the inner filaments are
displayed in Figure 2.6. The filaments have width w; and thickness dy. Each filament
occupies a ‘unit cell’ of width w, and thickness d,. The unit cells are defined in the figure
except for case a. The volume fraction he in the core is given by widi / wydy. If the
composite is uniformly flattened, the ratio w, / d, is equal to wk; / dsii. In that case the ratios
Wi / Wy, and ds; / dy are both equal to G’leﬁ

Averaged over many filaments, the electric field in the centre of the composite is
oriented parallel to the external magnetic field [Camp82]. The paths of the inter-filament
coupling currents driven by the electric field are indicated by arrows. The decrease in
effective resistivity caused by the filamentsin case | is calculated and displayed in Figure 2.6
for each filament structure.
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Figure 2.6 Filament shapes and structures, coupling-current paths and matrix resistivities.
There are no insulating barriers around the filaments (case 1).
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a Round filamentsin an hexagona array: Equation 2.15.

b Rectangular filaments oriented parallel to the magnetic field in arectangular array.

¢ Rectangular filaments perpendicular to the magnetic field in a rectangular array. In cases b
and c the coupling current is assumed to flow everywhere paralel to the electric field. Its
density is higher in the straight low-resistance paths formed by the filaments. In the case
of auniformly flattened compositer « / r m is a function of het only. The same expression
for r « IS obtained with parallel and perpendicular magnetic field, ssmilarly to case a.

d Rectangular filaments parallel to the magnetic field in an overlapping brick-wall structure.
The coupling current is assumed to cross the matrix material only at the overlap regions,
in a direction perpendicular to the surface of the filaments. In a uniformly flattened (UF)
composite the ratio re/ rm is proportional to dg®/ w®. With very flat filaments, the
effective resistivity converges to zero even if het is moderate.

e Rectangular filaments perpendicular to the magnetic field in an overlapping brick-wall
structure. The coupling current is assumed to flow paralel to the electric field. The current
density is higher at the overlap regions. For a UF composite the ratio r « / I 1y is different
from case d and depends only on h.

f Rhomboida filaments parallel to the magnetic field in an overlapping structure. The
resistivity decrease is calculated only for a UF composite with high filament aspect ratio.
Then theratio r & / r m depends on di / wii® and is exactly afactor 2 lower than in case d.
The factor 2 is due only to the different definitions of ws; and ds; in casesd and f.

g Rhomboidal filaments perpendicular to the magnetic field in an overlapping structure. A
UF composite with a high filament aspect ratio is again assumed. The equations for cases
d- g are valid only if there is a filament overlap. The overlap is present if w Is larger
than wy, / 2, corresponding to he larger than 1/4 for a uniformly flattened composite.

Bi-2223 tapes are rolled from round precursor wires with round filaments. The fina shape of
the filaments in the tape can be rectangular, rhomboidal, elliptical or irregular. If the filaments
in the wire form a rectangular array and the rolling direction is exactly parallél to the filament
rows, the filament structure in the tape resembles Figure 2.6b. If the rolling direction makes
an angle of 45° with the filament rows, the filament structure in the tape resembles Figure
2.6d or f. If the precursor wire has a hexagonal structure as displayed in Figure 2.6a, the
filament structure in the tape again resembles Figure 2.6d or f. Therefore the filaments in
Bi-2223 tapes usually have an overlap: see Figure 2.14 and Figure 2.15. The overlap makes
the effective matrix resistivity r « anisotropic. The resistivity r «, for paralel magnetic field
in cases d and f is clearly different from r . for perpendicular field in cases e and g. When
the time constant of a Bi-2223 tape is calculated with Equations 2.13 or 2.14, one must take
care of using the right r« . In the next section this is indicated wherever possible by the
symbols// or ~ in the equations.

For typical Bi-2223 tapes the effective volume fraction hes is about 0.5 and the
filament aspect ratio ws / dy is about 20. These parameters are used to calculate the ratio
I« / I m fOr the cases displayed in Figure 2.6, assuming a uniformly flattened composite. The
results are summarised in Table 2.2. In Figure 2.7 the resistivity decreaser «;/ I m IS shown as
a function of hgs. In all cases, the effective resistivity converges to zero for h«® 1 as
expected. In cases a- ¢ where the formulas are valid for low superconductor fractions, the
ratior « / rmis1for zero hg as expected. With overlapping filaments parallel to the magnetic
field, the matrix resistivity is about two orders of magnitude lower than in the other cases. The
large difference is due to the factor dgi*/ wi? which plays a role in cases d and f. Coupling
currents induced by a parallel magnetic field are expected to be smaller if the filaments have
no overlap. However, as explained in section 2.2.1, coupling currents in long composites can
only be decreased if the filaments are twisted. Twisted-filament tapes can be produced from
precursor wires with a rectangular filament array [Huang98b]. The filament structure of such
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atapeislike arectangular array at a position z and like a brick wall at zy+L /8. The structure
aternates between cases b and d with a periodicity Ly/4 in z-direction. A twisted precursor
wire with an hexagonal structure also gives a tape with aternating filament structure. The
periodicity is then Ly/6 in z-direction. Therefore in reality in a twisted-filament tape, r e IS
expected to be between the cases b and d. In perpendicular magnetic field the difference in
I et~ between cases c and eissmall.

Table 2.2 Effect of the filament shape and structure on the matrix resistivity in typical Bi-2223
tapes. The filament aspect ratio is 20 and the superconducting fraction in the core is 0.5.

Case | Description Resistivity changer e/ r m

a Round filaments, hexagonal array, any field angle 0.333

b, ¢ | Rectangular filaments, rectangular array, B // or  to tape| 0.369

d Rectangular filaments, brick-wall structure, B // to tape | 0.00707

Rectangular filaments, brick-wall structure, B * totape |0.431

e
f Rhomboidal filaments, overlapping, B // or  to tape 0.00354
g Rhomboidal filaments, overlapping, B // or * to tape 0.369
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Figure 2.7 Effective matrix resistivity with various filament shapes and structures.

2.2.4 Requirementsfor filament decoupling

The Campbell coupling-current model presented in section 2.2.2 is valid if the longitudina
coupling currents flow only in the outer layer of filaments. When the outer filaments are
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saturated, the superconductor is not yet fully coupled. There is a transition between Campbell
coupling and full coupling, for which no adequate analytical model has been found. However,
the Campbell model itself indicates a which magnetic-field amplitude and frequency the
transition begins. Figure 2.8a displays the coupling currents in a general rectangular
composite conductor. The filamentary-core dimensions 2a and 2b are defined in the x- and
y-direction respectively. The outer layer of filaments is marked in grey. The currents follow
the outer filaments for about one-half twist pitch. Then they cross over from top to bottom in
the y-direction parallel to the magnetic field, similarly to Figure 2.4b. The electric field Ey in
the y-direction in the symmetry plane with zero y is given by [Camp82]

L,a ,
y =2 B Eq. 2.16
Aa+b) dt

The transverse current density Jy is given by E,/ r«. The current is gathered by the
filaments in the lower plane y = -b of the composite conductor and is then carried upwards
along the sides. Figure 2.8b displays the lower plane. The grey area with length L, and width
a is traversed exactly one time by each of the outer filaments. Therefore the total current
coming down in the grey area must never exceed the total critical current I o, Of al the outer
filaments. From Equation 2.11 the amplitude B,;n of the internal magnetic field is found:

Ba

B, in = —2—. Eq. 2.17
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Figure 2.8 Coupling currentsin the outer filaments of a rectangular composite conductor.

The amplitude I coup Of the coupling current coming down in the grey areais [Oomen98]

2,2 2
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Eq. 2.18
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Making wt much larger than 1 in order to decrease the coupling-current loss (Equation 2.12)
would be senseless. For wt much larger than 1 the current amplitude given by Equation 2.18
does not decrease: it becomes independent of wt and proportional to B,. Therefore at high B,
the total current lacoup IS larger than I o, making Equation 2.12 invalid. The coupling-current
amplitude should be lower than I o This requirement leads to

wB, c 4(@a+b)r eff Ic,out
Vi+w? 2 aszp

which gives the maximum wB, where the Campbell model is still valid, for any rectangular
composite geometry. Within the model wt must be much lower than 1 in order to decrease the
coupling-current loss also at high B,. In the remainder of this section wt is assumed to be
much lower than 1. Then B, is equal to B, and Equation 2.19 can be ssimplified by omitting
the square-root term.

Equation 2.19 is compared to several other coupling criteria. A criterion is given in
[Kwas98] for the transition to full coupling in tapes perpendicular to the magnetic field.
Assuming the critical current I.q Of the outer filaments is approximately given by 4adsJcil,
the criterion can be expressed as

A@+b)r g alcou 1 .
a’L5 J1+(da/L,)? a+b

Eq. 219

Eq. 2.20

a

The square-root term is 1 for long twist pitches and decreases to 1/ C2 for atwist pitch equal
to 4a. Then the filaments are twisted at an angle of 45° to the tape axis and shorter twist
pitches are impractical. Therefore the difference between Equations 2.20 and 2.19 is mainly
determined by the geometrical factor 3b/ (a+b) which is about 0.15 for Bi-2223 tapes
perpendicular to the magnetic field. Reasons for the difference between the two coupling
criteria are discussed in [Oomen00a].

The coupling model certainly becomes invalid when Equation 2.12 predicts a
coupling-current loss higher than the hysteresis loss for a fully coupled, fully penetrated
filamentary region [Camp82]. The maximum hysteresis loss assumes a current density Je core
throughout the composite. The density of the coupling currents in the z-direction (averaged
over the composite) cannot become higher than this. For tapes in paralel as well as
perpendicular magnetic field, the full-penetration hysteresis loss Qn is given by 2BaJc core@
(section 2.1.5). The maximum loss is used to normalise the coupling-current loss in Figure
2.5. Due to the limited J; core, the normalised coupling-current loss cannot become higher than
1 and therefore follows the thick solid line rather than the dashed one. For parallel magnetic
field the loss calculated with Equation 2.12 is lower than the maximum if

8br eff ./l | c

wB, <——=-— Eqg. 2.21

a pa2L2p 1 q
where | is the total critical current of the tape. For atape in parallel magnetic field b is much
larger than a and the current 1o is a fraction of I.. For instance if I¢ oy IS set equal to I/ 4,
the maximum rate of change wB, where the Campbell coupling-current loss exceeds the full-
coupling loss (Equation 2.21) is 2.5 times wB, where the outer filaments are saturated
(Equation 2.19). A similar result is obtained for perpendicular magnetic field. These results

give confidence in the full-coupling criterion expressed in Equation 2.19.
A magnetic-field amplitude is defined where the transition to full coupling begins:
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B _a+bv4reff|c,out
a, fc —
a? WL2p

Eq. 2.22

The full-coupling amplitude Bayc is increased by decreasing the twist pitch and by increasing
the effective matrix resistivity (the same measures which decrease t) and also by increasing
the critical current. The tape parameters and decay times from section 2.2.2 (based on an
effective resistivity r ¢ equal to r ) are used. A critical current lcox equal to Ic/4=10A is
assumed for the outer filaments. Then Equation 2.22 gives By = 0.55 T in a parallel magnetic
field of 50Hz. Full coupling can then be avoided up to relatively high magnetic-field
amplitudes. However, the same tape parameters give Baic=2.4mT in a perpendicular
magnetic field. Then the filaments are already fully coupled at low magnetic-field amplitudes.
For tapes with overlapping flat filaments the resistance r « is lower than r,, especidly in
paralel field, as demonstrated in the previous section. Therefore in reality Bagc is lower than
the values calculated here. If a matrix resistivity r« lower than the resistivity of silver is
assumed, the Campbell model including Equation 2.18 agrees with measurement results for
tapes with twisted filaments in parallel magnetic field [Hugh99].

These results can also be expressed by defining a critical twist pitch L, . The transition
to full coupling occurs at twist pitches longer than L, c. From Equation 2.19 one obtains:

L :E (a+b)reff|c,out
wB, '

pe = Eq. 2.23

Thisis compared to the critical coupling length L. given in Equation 2.10. In the two-filament
model, both filaments are on the outside. Their critical current I¢ou is equal to 4bdsJe, which
gives

r rJ.ds r 2
chzl L"ﬁZb(a+b)><4 mUcT il _ | ef 2—b+£><LC. Eq. 2.24
T oa m 2wB, rm\Va a2

Assuming r « IS equal to r , and setting a = b for a square wire, one obtains Ly ¢ = 2L which
is similar to the well-known result for a round wire (section 2.2.1). Using a typical tape
geometry with an aspect ratio of 15, one finds Lyc = 21.9L; in parallel magnetic field and
Lpc = 0.377L¢ in perpendicular field. This explains why severa authors [Fuku95a; Sugi97]
found decoupled filaments aso for twist pitches longer than L in parallel magnetic field, and
full coupling for twist pitches shorter than L. in perpendicular field. Using the same tape
parameters as before, with a magnetic-field amplitude of 0.1 T parallel to the tape, Equation
2.23 yidds Ly = 23 mm. A twist pitch of 23 mm is technically quite possible and is also short
enough to make wt lower than 1 (Equation 2.13). Therefore if the magnetic field is parallél to
the tape, full coupling can be avoided by twisting the filaments. Then the coupling-current
loss can be reduced even if the matrix is pure silver.

The tapes in devices are usually arranged in such a way that the magnetic-field
components perpendicular to the tape are minimised. However, even for a magnetic-field
amplitude of 0.01T perpendicular to the tape, the critical twist pitch L,c=5mm.
Furthermore, with a twist pitch of 5 mm Equation 2.14 yields wt~ = 0.75. Therefore the twist
pitch should be even shorter in order to obtain a significant decrease in the coupling-current
loss. In tapes of a few mm wide, twist pitches shorter than 5 mm are difficult to achieve
without a serious decrease of the critical current. However, shorter twist pitches are expected
to be possible if the core aspect ratio W,/ d. can be decreased. Furthermore the loss in
perpendicular magnetic field then decreases as explained in section 2.2.2 [Kwas98]. Therefore
alower core aspect ratio is beneficial.
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Before the thermo-mechanical treatment the twisted-filament composite conductor has a
practically circular cross-section with an aspect ratio close to 1. However, the composite is
rolled in order to achieve good texture and J; in the granular Bi-2223 material (section 1.1.3).
The rolling results in a flattened tape with high aspect ratio. Then tapes with a significantly
higher r « are required in order to decrease the AC loss below the full-coupling level in a
perpendicular magnetic field. Ceramic barriers are inserted between the filaments in order to
increase r « [Huang98b; Gold98]. The effect of these barriers on r « and the coupling-current
loss Q. depends on the number of filaments and on the barrier quality and geometry [Camp97;
Kwas98: Oomen00b]. Ceramic barriers in high-T. tapes are a new development. The critical
current of these tapes is still low and the maximum increase in matrix resistivity that can be
achieved is uncertain (section 3.7).

2.3 Lossesin a normal-metal sheath

2.3.1 Eddy-current loss

The Ohmic energy dissipation due to eddy currents in the normal-conducting sheath around
the tape can be significant if the magnetic field is perpendicular to the tape. At low
frequencies the eddy-current loss can be calculated for many conductor geometries [Nam;88].
If rsisthe resistivity of the sheath material, then the skin depth of the eddy currentsis

d=\2r /mw. Eqg. 225

For silver at 77 K and 50 Hz the skin depth is 3.8 mm. Similarly to the core dimensions 2a
and 2b used in section 2.2, conductor dimensions 2a; in x-direction and 2b; in y-direction are
defined. If & islarger than the skin depth, the conductor’s interior is significantly shielded by
the eddy currents. Then the internal magnetic-field amplitude is lower than B, and the eddy-
current loss is lower than the low-frequency value given below. Naturally, the hysteresis and
coupling-current losses are then aso lower.

In a long conductor placed in a sinusoidal magnetic field with amplitude B, and low
frequency w, the power loss Pe (in W/m) due to eddy currents is [Namj88]

_2B§rSJ _w?B2
=als,;, =X %
n€d4 y 2rS

where Jv,y is the moment of inertia of the conductor’s cross-section around the y-axis. For
rectangular conductors Jw,y is given by 43, / 3 if the superconducting filaments are ignored.
Thisisjustified if the filaments themselves do not occupy much space. In the matrix between
the filaments, the eddy currents are added to the inter-filament coupling currents. The loss per
cycle per unit of conductor volume then becomes

P Inys Eq. 2.26

2 24 21

Qo= PWBa 5 - 25 e Eq. 2.27
dabyr o M é 6r 9]

The bracketed loss function is independent of B, and proportional to w. In parallel magnetic
field where 2a; is equal to the tape thickness of about 0.25 mm, the eddy-current loss function
is about 0.0011 at 50 Hz. The eddy-current loss is then lower than the filament hysteresis loss
predicted with Equation 2.4 for all magnetic-field amplitudes lower than 1 T. However, in
perpendicular field where 2a; equals the tape width of about 4 mm, the eddy-loss function is
about 0.29. Then the eddy-current loss is higher than the filament hysteresis loss predicted
with Equation 2.6 for magnetic-field amplitudes higher than 0.05T. So at 50 Hz the eddy-
current loss plays a role in moderate and high perpendicular fields and in very high parallel
fields. The magnetic-field amplitude where the eddy-current loss dominates will increase in
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proportion to the critical-current density J. of the tapes. The mutual shielding between
superconductor and normal-conducting sheath decreases both the superconductor loss and the
eddy-current loss, so a simple addition of the losses is too pessmistic.

The eddy-current loss is measured in silver tapes that are subjected to the same
thermo-mechanical treatment as a Bi-2223 tape. The eddy-current loss depends on B, and w
as expected. The results agree with Equation 2.27 if a resistivity rs equal to 1.35r ag IS used
for paradlel as well as perpendicular magnetic field. The higher effective resistivity is
attributed to impurities in the silver or to the lower moment of inertia due to the rounded
edges of the tape.

2.3.2 Magnetisation lossin reinforcement material

Bi-2223 tapes with a pure silver matrix and sheath are mechanically weak. The sheath must
be reinforced if the tapes are used in an industrial winding process [Tenb93; UlIm97]. Most
sheath materials have a resistivity higher than r g and therefore have a lower eddy-current
loss than silver. However if the sheath materia is ferromagnetic, its hysteresis loss can be
significant compared to the superconductor loss. For instance, a thin layer of nickel on the
tapes, making good mechanical contact with the silver, clearly improves the mechanical
properties of the tape without damaging the superconductor [Fisc99]. Nickel is ferromagnetic
with a saturation magnetisation myMsm, of 0.61 T [Reitz79, p.198] and a coercive field He, of
6400 A/min layers of afew pm thickness [Hell80, part I1-9, p.I-144].

As afirst approximation, nickel at 77 K and 50 Hz is assumed to behave the same as at
300 K in DC. The mutual magnetic influence of Ni and superconductor are ignored and the
hysteresis loop is approximated by a paralelogram with area (2myMsim)¥2Hco). Then the
ferromagnetic loss Qm is 1620% J per m® of nickel, per cycle, for arbitrary orientation of the
tape with respect to the magnetic field. The loss should be multiplied by the volume fraction
of Ni before comparing it to the other losses calculated in this chapter. The calculated loss in
the Ni can then be compared to the total AC loss in a standard tape, displayed in Figure 3.4.
Even with a few volume percent of nickel, Qm is significant for paralel magnetic-field
amplitudes lower than 0.1 T and perpendicular fields lower than 0.01 T. The observed effect
of a5 pum Ni coating is close to the calculated value. The nickel increases the AC loss of a
standard Bi-2223 tape by a factor 10 in 0.01 T and by a factor 2 in 0.1 T parallel magnetic
field. If Bi-2223 tapes are reinforced with ferromagnetic materials such as nickel or steel, the
resultant increase in AC loss should be studied and balanced against the improvement in
mechanical properties.

2.4 Transport-current loss. direct current in alternating magnetic field

24.1 Mutual influence between magnetisation and transport-current loss

In the preceding sections the magnetisation 10ss Qmagn 1S described as a sum of components
due to hysteresis, coupling currents and sheath losses, assuming no transport current in the
superconductor. Then all dissipated energy is delivered by the aternating magnetic field. In a
short-sample experiment the energy is supplied by the magnet’s power source. In a device the
energy is supplied by the other (super-)conductors that generate a magnetic field. The
magnetisation loss changes when a constant or alternating transport current is supplied to the
superconductor. The transport current occupies part of the cross-section of the
superconductor, leaving a smaller cross-section area for screening and coupling currents.
Therefore the magnetisation loss generally decreases with increasing transport current
(section 2.5). However, if the current and / or the magnetic field are alternating, the transport
current causes extra flux motion in the superconductor. The extra flux motion generates a
transport-current loss. Energy must be supplied by the current source in order to sustain the
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transport current. The self-field hysteresis loss discussed in section 2.1.4 is an example of
transport-current loss, caused by alternating transport current in zero external magnetic field.
With direct current |; in alternating magnetic field, the transport-current 10SS Qyrans IN @ given
sample is generally expressed as Itszyntcyde. Here tyyqe iS the duration of a magnetic field cycle
and Rgyn is the so-called dynamic resistance of the sample. In [Ogas76a] the dynamic
resistance is calculated for a non-inductive double layer of superconducting wire.

2.4.2 Dynamicresistancein a slab with constant J.

In this section the dynamic resistance is calculated for a single superconducting tape parallel
to the magnetic field [Oomen99a]. The geometry is displayed in Figure 2.9. The tape has a
constant critical current I given by 2awJy and the normalised transport current i is defined
asli/ lp. If L and w are much larger than a, the superconductor can be modelled as an infinite
dlab. The magnetic fields and current densities vary only in the x-direction normal to the slab.
Voltages in the superconductor are calculated from the electric field given by Faraday’s law
(Equation 2.1). The area Sinside the rectangle ghjk is used for the calculation: see Figure 2.9.
The voltages along the short sides g and j cancel out due to symmetry. The line k is always
chosen so that no flux moves across it, so the eectric field along k is zero. If Sis stationary,
Equation 2.1 becomes

by _ \\dB
V=dE>d|—CDd—tdA, Eq. 2.28
h

S

where the + sign depends on the direction in which the rectangle ghjk is followed, i.e. on k
being to the left or to the right of h.

—(v)
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Figure 2.9 Geometry for the calculation of dynamic resistance in a tape.

In Figure 2.10 the magnetic-field profiles inside the dlab are pictured similarly to
Figure 2.2. Solid vertical lines display the edges of the slab. Screening currents flow in layers
whose inner boundaries are displayed as dotted vertical lines. Dashed vertical lines are the
curves h and k defining the area S that is used for the voltage calculation. For low field
amplitude B, the magnetic field variation penetrates the superconductor only to a depth d,
given by Ba/ mJe: see Figure 2.10a and b. The central region with ¥&%:< a-d, is fully
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shielded: here dB/dt is zero. If h and k are both placed in the central region, then Equation
2.28 yields zero voltage. For magnetic-field amplitudes lower than the so-called threshold
field, the entire transport current can flow in the region with zero voltage. In that case the
dynamic resistance is zero.
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A

BA BA B

h k

=~

i | v

X Oio:a*i a x X -a*:i 0
C) Ba > Ba,th d)

Figure 2.10 Magnetic-field profilesin a slab carrying direct current in alternating field.

For magnetic-field amplitudes higher than the threshold field as in Figure 2.10c and d,
the transport current occupies a layer with thickness 2ia in the centre of the dab, leaving
layers with thickness (1-i)a free on both sides. The threshold field B, is found by equalling
d, to the current-free thickness:

2 1, 0_m
Bath = MpJeoall- ——3=—2(lo- It)- Eq. 2.29
a,t C gl‘ Icob 2W Cc t

For magnetic-field amplitudes higher than B, the field variation dB/dt extends
throughout the central region where transport current is flowing: see Figure 2.10c. There is no
magnetic-field variation in the central region until the total field change ¥B-B,%2 exceeds
2Bah. Then flux begins to enter the centra region from the right. From that moment the
current pattern is fixed and dB/dt is the same everywhere, inside and outside the dab, as long
as dB/dt is positive. The field change dB/dt causes voltages in the central region where the
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transport current is flowing. When dB/dt is negative, as soon as ¥B-B,%2 exceeds 2B, n, the
same amount of flux leaves the central region towards the left: see Figure 2.10d. In both cases
the curve k must be located at the electric centreline so that no flux moves across it. For
positive dB/dt the curve k is to the left of h and for negative dB/dt the curve k is to the right,
which leads to a change of sign in Equation 2.28. Therefore two different expressions are
obtained for the voltage V,, for increasing magnetic field and Vyown for decreasing magnetic
field:

V
W = (4o~ (ai) B=(xo+a) B if DB>2B,
L dt dt Eq. 2.30

Vioun _ s dB _ dB .
U= (o= x0) o= (- @) - f DB<- 2By,
The voltages depend on the external magnetic-field variation dB/dt and on the position X, of
curve h.

Similarly to [Ogas76a] the dynamic resistance is calculated from the transport-current
loss. The loss is found as an integral of electric field E times current density J, over one
period time te,ce and over the volume v; where the transport current is flowing. The volume
extends from x = -ai to x = ai (see Figure 2.10c and d). Therefore the volume v; is given by
Lwdi. The integration is straightforward if the magnetic field increases monotonously from
-Ba towards B, and then decreases monotonously towards -B,. The rate of change dB/dt does
not have to be constant as in [Ogas76a]. The magnetic field B(t) may be e.g. a sine-wave. The
internal electric field E; in z-direction is defined as V/ L. It is obtained from Equation 2.30.
For magnetic-field amplitudes higher than the threshold field, the integration yields
[Oomen99al

dall?
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(Ba - Bam)- Eq. 2.31
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The result does not depend on Xo, 0N teyge Or 0N the exact form of B(t). Then the dynamic
resistance per unit length is found:

Rdyn = Qt;anSWd = q;rans = o (Bj - Ba,th) for By > Ba,th Eq. 2.32
L I¢ teycle LI teycle lco

and Ryyn is zero for magnetic-field amplitudes lower than Ban. The dynamic resistance is

linear in B, and proportional to the magnetic-field frequency. The dependence of Rgyn on the

transport current is completely described by the dependence of the threshold field on ..

2.4.3 Dynamicresistancein aslab with J(B) relation

An analytica model has been developed for the dynamic resistance in a dab-like
superconductor whose critical-current density depends on the magnetic field as in Equation
2.5 [Oomen99a]. The current density J.(B) is assumed throughout the superconductor, where
B is the external field. The effect of the field profile B(x) inside the dab is ignored. This
assumption is valid because at any given time the internal differences in B are smaller than
twice the dab’'s penetration field B,. For the present Bi-2223 tapes at 77 K the core
penetration field is about 20 mT and the filament penetration field is even lower. Therefore in
Equation 2.5 the term cB,, is much lower than 1. Then the difference in critical-current density
between any two positions in the superconductor is small at any given time. The dab
properties are defined as in section 2.4.2: see also Figure 2.9. With a J.(B) dependence, the
critical current 1. and normalised current i become time-dependent even if the transport
current is constant. At low magnetic-field amplitudes the external field variation is still
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screened from the transport-current region, which therefore has a constant total thickness
2ali /1. Also the density of the screening currents is not much changed by the weak
magnetic field that penetrates the slab. Therefore the transport current flows with zero voltage
at magnetic-field amplitudes lower than the threshold field B, from Equation 2.29.

At high magnetic-field amplitudes the transport and screening-current densities are
both affected by the magnetic field. The CS model can be applied only for transport currents
lower than |(B,) because i should aways be lower than 1. The area Sis no longer stationary
and therefore Equation 2.28 must be replaced by

v=:d GR®dt. Eq. 2.33
S(t)

The area S extends from —ai to X for positive dB/dt and from X, to ai for negative dB/dt. Here
Xo Isaconstant and i is time-dependent: see Figure 2.10c and d. LeibniZ' s theorem gives:

Vip =L OEdHLB( al)a—t

-a Eq. 2.34

Vyoun =L od—Bdt i LB(al)a—.

Xo
The J(B) relation (Equation 2.5) is inserted. The magnetic fields B(zai) at the

positions x = +ai are calculated, assuming for the screening currents the current density J«(B)
based on the external magnetic field. Thisleadsto

Vu l.cdB _
Tp—(xo+al)—+(B myJ. (B)a(L- |(B)))6|l tC (L | if DB> B,
<0 Ja Eq. 2.35
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where c is the constant in the J.(B) relation and B; is the ‘reversal field’ defined here in the
following way. When ¥B-B,%2 exceeds B, the field change reaches the transport-current
region and the voltage is ‘switched on’. The reversa field B, depends on B, while the
threshold field B, is independent of B,. For high magnetic-field amplitudes the reversal field
B: is much lower than B,. Then B; can be calculated by assuming the current density J.(B,) for
both the transport and the screening currents, which gives

S e 0
g = 2MJwa® I e, 9_M o 2 Eq. 2.36
1+cB, g g W gl+cB, @

This expression can be used even for magnetic-field amplitudes down to the threshold field
because the term cBawm IS much smaller than 1 for typical Bi-2223 tapes and filaments.
Therefore at the threshold field Equation 2.36 gives B, close to 2B, as expected. The
voltages Vp/ L and Vyown/ L are expressed as xodB/dt+Ezs where

al @ 1y U
B——té—‘l 20/B) + (L'Z”VS t-1+CC(|)B|%. Eq. 2.37

The electric-field term E depends on B and on dB/dt: it is independent of xo.
The transport-current loss is again obtained by a double integration process as in
Equation 2.31. The transport-current volume v, is now time-dependent and the timest; —t; are
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defined as follows. The magnetic-field cycle begins at B(0) = -B,, the field increases to
B(t1) = Bi-B,, increases further to B(ty) = B, then decreases to B(ts) = Ba-By, and findly
decreases to B(teyae) = -Ba. The first integration over X is straightforward and gives

gz tcycle l;l

Orans = LI SOE Bt + OFmdtY. Eq. 2.38
e u
el t3 u

For magnetic-field amplitudes in the range between B, and 2B, the field B does
not change sign during the time intervals where V is non-zero. Changing variables from t to B
and inserting Equation 2.37 gives

2¢é B .. U
<~ @ | -
Grans = 008 ) §[+2c3+ O, - Bip+ ?cs 1+ 020 Bypa.
lco 83r' B, 2We 1+Cng B,- Br 2w el- cB o H
Eq. 2.39
Integrating over B gives
rane = _auf (4B, - 2B, +2cB2 - 2c(B, - B,)?)
€0 Eq. 2.40
rrbaLIt &l (2B, - B,)+In(1+cB, - cB,) - In(1+cB, )—.
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Finally the following expression is obtained for the dynamic resistance per unit length:
Rdyn—ﬁ(ZB - B)(+c B)+nbaCfI (28, _B)+rrbaf 1+cB, - cB,
L leo Wl w 1+cB, Eqg. 241

for By £ By £ 2By,

which is zero at the threshold field as expected. For magnetic-field amplitudes lower than the
threshold field, the dynamic resistance is zero as in the previous section.

When the magnetic-field amplitude is higher than 2B, the field B changes sign while
V is non-zero. Because of the factor ¥BY2in Equation 2.37, four integration intervals are
required instead of two. A calculation similar to the one above gives the dynamic resistance:

Reyn _ 2af 280 (58, - B, +2cB2 - 2cB,B, +cBZ)+ 02| g, oA 1+ CB, - CBy
L lco Wl . w 1+cB, Eq. 242

for B, > 2B, 1,

which is equal to Equation 2.41 at a magnetic-field amplitude of 2B, . Equations 2.29, 2.36,
2.41 and 2.42 together form a model with which Ry, can be calculated for arbitrary magnetic-
field amplitudes. Due to the J.(B) dependence the dynamic resistance becomes non-linear in
Ba. The dependence on the transport current is relatively weak. At high magnetic-field
amplitude Equation 2.42 becomes

R‘iy” ‘I‘af (B, +cB2)  for By >>2B, 4, Eq. 2.43
cO

which is quadratic in B,. Like the rest of the model, Equation 2.43 is valid only for transport
currents | lower than 1(By). A constant critical-current density corresponds to zero ¢ and then
Equations 2.41 and 2.42 both reduce to Equation 2.32. The dynamic resistance explains the
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extra DC voltage, which is necessary to have aweak alternating current in combination with a
direct current in a superconducting coil [Omari98].

2.5 Magnetisation and total AC losswith transport current

25.1 Importance and calculation of total AC loss

For a superconductor carrying transport current in alternating magnetic field, the total AC loss
Qo (in IM®) is equal to QmagntQtrans. The magnetisation component Qmagn and the transport-
current component Qyans both depend on the transport current as well as on the magnetic-field
amplitude. The total AC loss increases with the transport current as demonstrated below for
direct aswell as aternating current. Then Qe 1S Minimised by using the superconductor only
at low currents. However, a device should have a minimum total power 10ss pgev (in W) while
carrying a fixed total current along a fixed length. The designer should minimise the power
loss P (in W/m) divided by the transport current | in each superconductor, as demonstrated in
section 1.3.2. For tapes the total power loss P is given by widifQota. This section discusses the
effect of the transport current. Therefore the tape dimensions w and d; and the frequency f are
assumed to be constant. Then minimising P/ | is equivalent to minimising Qiota / 1, Which is
done in the following sections.

Even in the Critica-State Model, the interaction of external magnetic field and
transport current is rather complicated. Straightforward analytical expressions for the AC loss
are known only for the one-dimensional geometry of an infinite slab paralel to the magnetic
field. The expressions can be applied to a single filament in a tape, if the current in the
filament is known and if there is no interaction between the filaments. The result can be
averaged over al filaments and multiplied by the superconducting fraction hy; in order to
obtain the loss per volume of the entire tape. The loss expressions can also be applied to the
entire filamentary core of a tape, if full coupling is assumed, e.g. for non-twisted filaments.
Then the result must be multiplied by the core volume fraction he.

2.5.2 Direct current in alternating magnetic field

In this section the normalised field amplitude from Equation 2.3 is used. The parameter b is
based on the penetration field at zero current and is therefore independent of transport current.
Including the dynamic-resistance model with a J.(B) dependence (section 2.4.3) leads to very
complicated expressions. Furthermore, no analytical expression is known for the
magnetisation loss with a J.(B) dependence. Therefore as a first approximation the J.(B)
dependence is ignored. The transport-current loss predicted by the model without J.(B)
dependence (Equation 2.31) can be written as

Quans =0 forb £ (1- i)

2B2 €212 2i3- 22U _ Eq. 2.44
hrans = —— éZI + 2 22I U forb 3 (1-1), g
m gb b §
where the bracketed part is again a dimensionless loss function, dependent on the normalised
field amplitude b and on the normalised current i. The total AC loss obtained from the CS
model for an infinite dab is[Ogas79; Wils83, p.172]

2B?2 .
Quia = nba% forb £(1- i)
2 6ai? o o Eq. 2.45
PR
Quotal = % glﬂ +2 21’1 forb 3 (1-1).

meb 3%
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The loss is equal to or higher than the loss predicted with Equation 2.4 for zero transport
current. At normalised magnetic-field amplitudes b lower than 1-i, the transport current has
no influence on the total AC loss because the dynamic resistance is then zero. At higher b the
transport current increases the total AC loss. At values of b much larger than 1, the second
term of the loss function can be ignored and the total AC loss is no more than twice the loss at
zero current. Furthermore, the minimum value of Qua / I+ then lies at i = 1, which means that
the superconductor should be used at exactly its critical current. However, this is not
necessarily desirable because of the non-linear voltage-current relation (section 2.6.4). The
extraloss due to the dynamic resistance is relatively high only at b-values between 1-i and 1.
The magnetisation |0SS Qmagn IS found by subtracting Qtrans from Qota:

2
Qmngﬁg forb £(1- )
rrb2 . o . Eq. 246
2B2€1-i2 2 ., 3l .
Quagn =—2 6———- ——(1- 32+2i%g  forb 3 (1- i),
T my g b 3p? g

which is equal to Equation 2.4 at zero transport current. The behaviour of the magnetisation
lossis studied further in section 4.3.

2.5.3 Alternating current in alternating magnetic field

The total power loss in an infinite slab parallel to a sinusoidal magnetic field, and carrying a
sinusoidal transport current in-phase with the magnetic field, is calculated with the CS model
[Carr83, p.54]. A finite slab-like superconductor with a critical current | independent of B is
assumed. The normalised current i is defined as |,/ 1. where |, is the transport-current
amplitude. Furthermore, b is defined as Ba/ B, where By, is the penetration field at zero
transport current. Then the expressions given in [Carr83, p.54] can be rewritten as follows:

Quotal =——&—— *ig forb £i
total nbé3b2 [j
2B2ép iU _
Quotal =& +-0 foriEb£1  Eq.247
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which reduces to Equation 2.4 for zero transport current. For non-zero current Equation 2.47
always yields a higher loss than Equation 2.4. For normalised magnetic-field amplitudes b
much larger than 1, only the first term in the third line of Equation 2.47 is significant. Then
the total AC loss is no more than 4/3 times the loss a zero current. In high alternating
magnetic field, the total AC loss with an alternating current is smaller than the loss with an
equivalent direct current. The minimum of Qi / 1o is found at i = C8. However, the CS
model is valid only for values of i lower than 1. The model indicates that the superconductor
should be used at a current amplitude of exactly the critical current, in order to minimise the
total power lossin adevice.

No separate expressions are known for the transport-current loss (supplied by the
transport-current source) or magnetisation loss (supplied by the magnetic field) of the loss
with aternating current | in alternating magnetic field B. Neither are there any analytical
expressions for the case when | is not in-phase with B. However, the total AC loss is then
expected to be lower than the value from Equation 2.47 for the following reason. The driving
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electric field for the screening and coupling currents is N E = -dB/dt [Reitz79, p.336]. The
driving field is a maximum at the moment when dB/dt is a maximum and then B is zero. If B
and | are in-phase, then | is zero at the same moment, leaving maximum space for the
screening and coupling currents. If B and | are not in-phase, the moments when B and | are
zero do not coincide. Then the screening and coupling currents cannot become so high and
therefore the AC loss is expected to be lower.

2.6 Effectstypical for high-T. materials

2.6.1 Granularity of the superconducting material

Due to the brittleness of high-T. superconducting materials, flexible long-length conductors
are possible only if at least one dimension of the material is very small. The superconductor is
made either as a thin film on a substrate (which is not yet an industrial process) or as a
powder in a metal tube. When the powder-in-tube process is used, the superconducting
material has the form of grains with characteristic dimensions of a few um. Generally the
grains are square-like (or circular) flakes whose thickness is much smaller than their width
(section 1.1.3). The intra-grain critical-current density Jcgrain IS determined only by
microscopic material properties. However, the transport critical-current density of a granular
material (denoted by J.si in this study) is limited by the number and quality of the links
between the grains. Then a high Jegrain @lOneis useless for the current transport. It causes extra
AC loss in an aternating magnetic field and it can be measured only by magnetic methods.
The number and quality of the links is correlated with the normal-state resistivity r, of the
granular material [Gras97b].

Early experiments at low temperatures indicated that the granularity plays an
important role in Bi-2223 tapes [Kwas94; Clerc95, p.34]. If Jegrain is much higher than Ji,
the screening currents of the filament as a whole take up only afraction of the space available
in the grains. Furthermore if the grain dimensions are much smaller than the filament
dimensions, the screening of the magnetic field by the grains has little effect on the average
magnetic field in the filament. The filament and the grains can then be seen as two different
magnetic systems, with their own penetration fields By i and Bp grain. If Bpgrain 1S much lower
than By, the external magnetic field penetrates first the filament as a whole and then the
grains. Then, in parallel magnetic field the hysteresis losses of the two systems can be
independently calculated with Equation 2.4 and then added in order to obtain the total
hysteresis loss. In perpendicular magnetic field the same can be done with Equation 2.6, or
with the equivalent formula for a cylinder if the grains are circular. This takes no account of
the mutual shielding between grains that are stacked close together. The calculation of grain
loss is further complicated by the anisotropy of Jcgrain, Dy the distribution of grain sizes and
by clusters of grains that are linked better than the filament as a whole.

The critical-current densities Jegrain and Jesii are both temperature-dependent. The
results of SQUID measurements indicate that at 77 K they are amost equal in good Bi-2223
tapes [Cimb98]. Then Jcsi is limited by Jcgrain itself and not by the links between grains.
However, the interpretation of such measurements depends on the assumed grain orientation
and grain dimensions [Cimb99]. It is not certain whether the dimensions seen in micrographs
aso define the area where screening currents are flowing. The product Je grainOgrain Can be
obtained from SQUID measurements of the remanent magnetisation. The grain penetration
field is then given by poJe graindgrain / 2 for parallel magnetic field. The penetration field found
in this way is close to By at 77 K [Reim97]. Then the two magnetic systems of grains and
filaments are no longer independent. Furthermore, the grain thickness dyrain is much smaller
than dy and consequently their critical-current density Je grain IS much higher than Jesi. A grain
critical-current density much higher than J.5 is found at 77 K also by an indirect method from
transport-current measurements [Kawa99]. In thin Bi-2223 films whose thickness is
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accurately known, critical-current densities around 10° A/mm? are reported [Yama93;
Wagn95]. This value is higher than J.sii in tapes by factors of 25-100. There is a controversy
in the literature about the real value of Jgrain @nd the mechanisms that limit Jeqii in Bi-2223
tapes: see e.g. [Dhal97b; Larb98; Mill99b]. However, at 77 K the grain hysteresis loss is low
compared to the other AC-loss components. Granularity has little influence on the transport-
current loss in constant magnetic field [Cisz97b] and on the magnetisation loss in
perpendicular field [MUlI95] and in parale field [Oomen97a] (section 4.3). This work is
mainly concerned with applications around 77 K and therefore the granularity of the material
IS mostly ignored.

2.6.2 Anisotropy of thecritical-current density

All high-T. materials have a layered crystal structure, with aternating CuO planes and planes
of different material: see Figure 1.3. The superconducting properties are much better within
the CuO planes (ab-planes of the crystal) than normal to the CuO planes (c-direction)
[Seeb98, ch.B9.2]. Therefore the critical-current density Jegrain inside the grains is higher in
the ab-plane than in c-direction. No significant difference is observed between the a- and
b-directions. In Bi-2223 tapes the grains are al oriented in the plane of the tape. Therefore
different critical-current densities J. 4 in the tape plane and J.. normal to the tape plane are
expected. The grain alignment is not perfect and current flows in the ‘c-direction” normal to
the tape, following a zigzag path along the ab-planes of the grains. Therefore the difference
between Jeap and Jec is expected to be smaller than the real anisotropy of Jcgrain. Much is
aready known about J. 4 because it corresponds to the transport critical-current density Jeir.
However, it is not well known how much lower J.. can be. The consequences of a lower J.c
for AC loss in a rectangular superconducting strip are studied here. The strip is a model for
either a single filament in a tape, or an entire tape in which the filaments are non-twisted and
fully coupled. The strip has length L and width w in the ab-plane and thickness d in
c-direction, where L > w>> d. Results obtained for single Y-123 crystals are used [ Gyor89].

If the changing magnetic field is oriented perpendicularly to the strip (in c-direction),
then all screening currents flow in the ab-plane. The strip’s magnetic moment and AC loss is
determined only by J. an. The different value of J.. has no effect at all.

If the magnetic field is oriented parallél to the strip’s wide side, the screening currents
must cross over in c-direction at both ends of the strip. The screening currents at full
penetration of the strip are displayed in Figure 2.11. The magnetic field is oriented normal to
the drawing plane. In case 1 there is no anisotropy and J. 4 IS equal to J... The length L is
much larger than d and therefore the screening currents are limited by J. . The saturation
magnetic moment Ms of a dab is given by J.apd / 4. Then the limit of the magnetisation loss
Qmagn for high magnetic fields is given by BaJcand in agreement with the Critical-State Model
presented in section 2.1.5.

Going from the left to the right in Figure 2.11, the critical-current density Je.c
decreases. In case 2 the product J.cL equals Jcapd. The total screening current is the same as
in case 1. The effective area is smaller and so is the magnetic moment Ms and the 10SS Qmagn.
In case 3, J.c is much lower than J. 4 and the screening current is limited by J... Then the
[0SS Qmagn IS given by BaJccL. If theratio I/ Jean IS decreased from 1 down to O, the AC loss
begins to decrease when J../ Jcap becomes close to d/ L. However, for tapes and filaments
the ratio d/L is very low and therefore no effect of the J.—anisotropy on the AC loss in
parallel magnetic field is expected.

The situation is different if the magnetic field is oriented in the longitudinal direction
of the tape or filament (axial field). Then L is replaced by the width w in the discussion above.
The ratio d/w is about 0.1 — 0.025 in Bi-2223 tapes and filaments. Therefore a strong
anisotropy in J. may have an effect on the AC loss in axial magnetic field.
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Figure 2.11 Screening currents in a slab with anisotropic critical-current density.

Apart from the anisotropy in Jo for zero magnetic field, there is also an anisotropy in
the J.(B) relation. The decrease of the critical-current density by a magnetic field depends on
the angle Q between the magnetic field and the ab-planes [Mart96; Seeb98, ch.B9.2]. The
Jo(B) anisotropy is already included as a Q-dependence in Equation 2.5. If necessary it can be
reduced by orienting part of the filaments perpendicularly to the tape plane [Gras97a).

2.6.3 Non-linear E(J) curvedueto flux creep

A third important aspect of high-T. materials is their smooth E(J) curve. In a low-T; sample
the electric field E is practically zero at current densities lower than J;, At the critical-current
density J. there is an abrupt transition to the normal-state relation E =r J. In this description
the E(J) relation is piecewise linear. Flux creep in low-T, materials is small and a measured
smooth (non-linear) E(J) relation usualy indicates that the critical current varies aong the
superconductor. With high-T, materials the E(J) curve is non-linear also in homogeneous
samples, due to flux creep and flux flow. Especially at high temperatures and high magnetic
fields, flux linesin the materia are depinned as explained in section 1.1.2. Their motion in the
material causes energy dissipation. Therefore, the transport-current source must supply energy
in order to keep the current constant. For flux creep and flux flow there are several theoretical
models leading to E(J, B, T) relations. see e.g. [Gure9d7; Clerc95, p.26] and their references.
The treatment here is focused on the well-known empirical relation called the ‘ power-law’
[Seeb98, ch.B7.3]

E(J)=E.(3/J.)", Eq. 2.48

where n is a constant that appears as the slope in a double-logarithmic plot of E(J). The
critical-current density J. is defined by a criterion E. for the electric-field strength. Usually the
criterion is 1 uV/em =10*V/m; severa authors use 10°V/m. Equation 2.48 can be
understood with flux-creep theory [Bran96] and describes well the E(J) characteristics
measured in many different superconductors at current densities lower than J.. At higher
current densities, more and more current flows in the normal-metal matrix and the E(J) curve
converges towards the Ohmic relation of the matrix material.
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Equation 2.48 contains the two limits for an Ohmic conductor (n =1) and a perfect
superconductor without dissipation (n® ¥). In more sophisticated models, both J. and n
depend on the magnetic field and the temperature. Typical n-values in NbTi (a low-T.
material) at low magnetic fields are 50-100. For Bi-2223 tapes at 77 K in sdf-field, n is
usually between 10 and 25. The value of n in self-field gives an indication of the tape quality
(grain connectivity, filament homogeneity, presence of cracks) [Reim97]. The value of n
decreases with increasing magnetic field. In Figure 2.12 the electric field E, aong the
superconductor is displayed as a function of the normalised transport current i for typical
Bi-2223 tapes. The E(i) curves measured in a constant magnetic field (the lines without
symbols) have a slope n that decreases with increasing magnetic field. In alternating magnetic
field one might expect an effective n-value that lies between the self-field value and the
n-value measured with a corresponding constant magnetic field. However, the E(i) curves
measured in alternating field (lines with symbols in Figure 2.12) have slopes closeto 1 at low
current, which is due to the dynamic resistance discussed in section 2.4. At the critical current
there is atransition towards the power-law behaviour with a slope higher than 1.
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Figure 2.12 E(i) curves measured with direct transport current in typical Bi-2223 tapes.
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2.6.4 Transport-current and magnetisation loss with a power-law E(J) curve

A superconductor with a power-law E(J) relation (Equation 2.48) has a power dissipation
even carrying a direct transport current I; lower than I in zero external magnetic field. The
power loss Pg-g is given by Ecl{™ /1" In a device the total power loss P/ 1, must be
minimised as explained in section 1.3. As a first approximation Pg-o is added to the result
from the Critical-State Model with direct current in aternating magnetic field (Equation
2.45). Assuming a normalised magnetic-field amplitude b much larger than 1,

P/, =B,df (i +1/i) + E.i". Eq. 2.49
The optimum i which yields the lowest loss P/I; at 50Hz is calculated for a few
characteristic values of the parameters B,, d and n. The results are summarised in Table 2.3.

Table 2.3 Optimum i for the lowest total loss with direct current in alternating magnetic field.

Ba [T] d [mm] f [Hz] nlj Optimum i [] | Lowest P/ I, [mW/Am]
0.1 0.2 50 ® ¥ ®1 ® 2.00 (CS-model result)
0.1 0.2 50 20 0.895 2.02

0.2 0.2 50 20 0.915 4.03

0.1 0.2 50 10 0.875 2.04

So if the transport-current and CS-model losses can be added together and if b is larger than
1, theoptimum i is about 0.9 and depends only dlightly on the magnetic-field amplitude and
on the value of n. Furthermore at the optimum i the extra power loss due to the E(J) curve is
low. At higher i the extraloss increases rapidly with i.

In the case of an aternating transport current I(t) given by I.sinwt, there is aso a
power |0ss Pg-o, which must be added to the self-field loss (section 2.1.4):

2p/w W | N+ 2p fw
Poo=f O E(I(M))I(M)dt=——E;~2— in""wtdt. Eq. 2.50
0 7/ R A

Repeated partial integration yields (for odd n):

€ 1™0np p-2n-4 531
Pa_g =6E.—2— P x = XX Eqg. 251
B=0 = &% 1] lan+1 n-1n-364 2 q

where the bracketed term is the power loss with a direct current equal to I,. The series of
terms with n becomes about 0.176 for n = 19 and does not change much for higher n. If the
result of Equation 2.51 is added to the total power loss from the CS model with aternating
current in aternating magnetic field (Equation 2.47), using the same parameters as before, the
lowest normalised power lossP / 1, occursat i = 1. For larger i the CS model isinvalid.

The non-linear E(J) curve makes the calculation of magnetisation loss more difficult
because the CS model is no longer strictly valid. The current density is not known a priori
because it depends upon the electric field, which depends on the local dB/dt via Faraday’s
law. Therefore the hysteresis loss per cycle depends on the frequency of the magnetic field.
An infinite dlab paralel to the magnetic field is used as a first approximation. Shielding is
ignored (which is valid for magnetic-field amplitudes much higher than By) and a position-
independent current density is assumed throughout the slab. Then the hysteresislossis

Q, =C(B, )"y fN, Eq. 2.52
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For n® ¥ Equation 2.52 must reduce to the CS-model result of BaJ.d (section 2.1.5) and
therefore the proportionality constant C must be 1. However, the frequency-dependence is
weak also for moderate n. With n=10 an increase in frequency by a factor 2 causes an
increase in Q, by only 7 %. Dimensional analysis also indicates that deviations from the CS
model are to be expected only at very low n [Dres96]. Approximate models for hysteresis loss
are derived for E(J) relations other than Equation 2.48, describing pure flux creep and flux
flow [Clerc95, p.26]. The resulting weak frequency-dependence of the hysteresis loss means
that DC-SQUID magnetisation measurements (wheref ® 0) cannot be used to predict the AC
loss at power frequencies, even if the coupling-current lossis ignored.

2.7 Production-related properties of Bi-2223 tapes

2.7.1 Effectsof tape production relevant for AC loss

Bi-2223 tapes are produced as follows [FIUk97; Seeb98, ch.B9.3; Fisc99]. A precursor
powder containing Bi-2212 and secondary phases such as CaPbO and CuO is cold-pressed
and then packed into an Ag tube. Severa such tubes are stacked together to form a multi-
filament composite conductor. They are inserted into an outer sheath, made of Ag or an aloy
to provide extra strength. The resulting billet is drawn and rolled in order to reduce its
diameter. At this stage a twist can be applied to the filaments. Then the wire undergoes two or
three heat-treatments in which the Bi-2223 phase is formed The grains are aligned by
intermediate rolling steps so that the current can flow in the ab-planes (section 2.6.2) and the
flake-like grains have a small angle in the bulk. The production process gives the tape the
following properties, which are relevant for AC loss and different from a typical low-T.
superconductor such as NbTi.

1) High aspect ratio. The rolling results in a flat tape with flat filaments. Compared to a
round wire of the same cross-section, the high aspect ratio resultsin alower AC lossif the
magnetic field is oriented paralel to the tape. The loss is much higher if the same
magnetic field is oriented perpendicular to the tape, i.e. the loss becomes anisotropic. This
is true for the hysteresis loss in the filaments (section 2.1), for inter-filament coupling-
current loss (section 2.2) and for the loss at full coupling that again behaves like hysteresis
loss. Furthermore the flat filaments and their overlap make the effective matrix resistivity
anisotropic as demonstrated in section 2.2.3.

2) Low matrix resistivity. The material around the filaments must not react with the Bi-2223,
must be permeable to oxygen and not oxidise during the heat treatment. The only
materials that satisfy the criteria are noble metals: silver, gold, palladium and their aloys.
These materials have a low resistivity and therefore enable high coupling currents.
Ceramic barriers are inserted between the filaments in order to increase the effective
matrix resistivity [Huang98a]. The barrier material must also satisfy the above-mentioned
requirements, which limits the choice of materials. Ceramic barriers are discussed in
section 3.7.

3) Intergrowths. The Bi-2223 is formed when the composite has (almost) its final cross-
section and the distances between the filaments are already small. Bi-2223 grains can
grow across the thin slver layers, forming bridges from one filament to another
[Ashw97]. The intergrowths are undesirable because they enable superconducting
coupling currents, thereby increasing the effective filament dimensions [Sump96]. Then
the matrix cannot be described with a norma resistivity. It should be described as a
power-law conductor (Equation 2.48) with an n-value higher than 1 and lower than n of
the filaments themselves. If there are many intergrowths, they eliminate completely the
effect of filament twist on AC loss.

4) Non-uniform critical-current density within a filament. The Bi-2223 grains are aligned
best at the contact surface between Bi-2223 and Ag. Therefore the critical-current density
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may be higher on the outside of the filaments than in their centre, especially in tapes with
few filaments.

5) Variations in critical-current density over the cross-section of the tape. The filaments at
the tape edges are not as well textured as the inner filaments. Therefore their critical-
current densities are lower than those of the inner filaments [ Schu96].

6) Inhomogeneity of filament properties along the tape. There is a large difference in
mechanical properties between Bi-2223 and Ag. The Bi-2223 and its precursor is brittle
and granular, while Ag is ductile. Therefore, if the rolling process is not well controlled,
the multi-filamentary structure may be deformed so that two filaments are merged
together over part of their length [Merc99]. Also the filament cross-section can become
locally much smaller (sausaging). Because of these problems, the number of filaments
cannot be made as high as in typical low-T. superconductors. If the filaments are
inhomogeneous along their length, the critical transport current .5 of each filament is
limited by the weakest spot. At the positions where the filament is thicker or has a higher
critical-current density, screening currents higher than |5 are induced. The AC loss then
depends on a magnetic critical-current density J.siim that is larger than J.5. The value of
Jesitm IS determined by the average filament properties [Fuku95b; Dhal97b; Reim97]. The
loss of the entire tape is described with a magnetic critical current I, higher than the
transport critical current [Oomen97a; Suen98; Ashw99c].

The properties 3) and 5)-6) have to do with process control and should become less important

as process experience increases.

2.7.2 Coreand filament dimensions

The tape dimensions used in the study are defined more accurately here than they are in
section 1.1.3. Figure 2.13 is a schematic of a Bi-2223 tape cross-section. The tape dimensions
di and w are the maximum dimensions in either direction. The AC loss Q (in Jm®) is aways
related to the area of the rectangle diw, which is larger than the actual cross-section area due
to the rounded edges of the tape. The difference can become 5-10 % for tapes that are thicker
in the centre than at the edges. The uncertainty does not affect the power loss P that is
expressed in W/m of tape length.
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Figure 2.13 Definition of relevant dimensions for a Bi-2223 tape.
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The filamentary region is defined as a rectangle or ellipse, with dimensions d. and w
measured between the outer edges of the outer filaments. Thisis not the same as the boundary
between matrix and sheath material: see Figure 2.13. In [Camp82] it is not made clear
whether the core dimensions are defined as distances between the centres of the outer
filaments or the outer edges of these filaments. This distinction is not important for low-T,
composites with very many filaments. It is important in Bi-2223 tapes that have a smaller
number of filaments. The core volume fraction h. is defined either as dow./dw for a
rectangular core, or as pd-w. / 4diw; for an elliptical core.

Similarly, di and wy are the outer dimensions of the filaments. In Figure 2.13 the
filaments are displayed as rhomboids. In redlity, they may also be rectangular, eliptical or
irregular in shape.. Therefore the superconducting volume fraction hg; is generally smaller
than the value ng diwsi; / diwg for perfectly rectangular filaments. The superconducting fraction
is usually given by the tape manufacturer. Cross-section micrographs of two Bi-2223 tapes
are displayed in Figure 2.14a and Figure 2.15a. Both tapes have 55 twisted filaments and the
outer dimensions and critical currents of the tapes are smilar. Figure 2.14b and Figure 2.15b
display the central region of the tapes in more detail. In both figures the inner filaments are
generally wider and flatter than the outer ones, which is a result of the drawing and rolling
process. Therefore, the filament dimensions can be defined only as reasonable average values
over al the filaments. Furthermore, in both figures several filaments are merged together with
alarge contact area, due to breakage of the thin Ag layers in-between.

Figure 2.14 Cross-section of a tape with a critical current of 34 A and regular filaments.

In Figure 2.14 the filaments are well separated by silver almost everywhere.. The
filament overlap can be well observed: compare Figure 2.14b to Figure 2.6d. Furthermore, the
filaments are amost rectangular and their dimensions are well defined. Apparently the
mechanical deformation was well-controlled. However, in Figure 2.15 especially the inner
filaments are ‘smeared out’. Their edges are very thin and flat and their true structure is not
easy to see from the micrograph. In the wavy edge regions, intergrowths with adjacent
filaments are expected to be present. Especially in the edge regions there is a large contact
area between Bi-2223 and Ag, so due to good grain aignment a large fraction of the tape's
critical current most likely flows there. The filament overlap is less pronounced than in Figure
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2.14. The structure is close to the rectangular array displayed in Figure 2.6b. Due to these
differences the AC-loss behaviour of the two tapes may be quite different, which
demonstrates the importance of studying such cross-section micrographs.

Figure 2.15 Cross-section of a tape with a critical current of 35 A and irregular filaments.

2.8 Numerical calculation of AC loss

AC loss in high-T, tapes is calculated more and more by numerica methods, e.g. the finite-
element method. A superconductor or multi-filament composite is described with a position-
dependent E(J, B) relation. The superconducting filaments are often described with a power-
law E(J) relation as in Equation 2.48 [Bran96; Amem98b; Paasi98; Y aza98]. Other types of
E(J) relation are also used [Mahdi94; Gure97]. The normal-metal matrix is described with the
Ohmic relation E =r nJ. An accurate three-dimensional (3D) description of a multi-filament
tape requires a huge amount of computer time. Therefore the numerical model is usually a 2D
description of the tape cross-section. The electric field and the current density are then
oriented in z-direction along the tape. The EJ;) relation may depend on the magnetic-field
components By and By in the plane of the cross-section. The time-dependent distribution of B,
By, E; and J; is calculated during one cycle of the transport current or the magnetic field.. The
AC loss is found by integrating the local power-loss density E,J, over position and time. In
this section the advantages and drawbacks of numerical AC-loss models are compared to
those of analytica models.

Table 2.4 indicates how well the characteristic properties of Bi-2223 tapes can be
included in AC-loss models. The third column indicates whether each single effect is
described with a straightforward analytical model. The fourth column lists the options for
including the effect in a more sophisticated model that describes several of the typical
Bi-2223 tape properties. The last column indicates the possibility of describing the effect with
a 2D numerical model. Such a model usually includes severa of the properties characteristic
for Bi-2223 tapes. The signs in the table have the following meaning: ++ trivial; + possible; -
very difficult; - - practically impossible.

The effect of the anisotropic critical-current density on the AC loss is analytically
described in section 2.6.2. Anisotropy is essentially an end-effect, determined by the length of
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the superconductor. Therefore it is difficult to include anisotropy in more sophisticated
analytical models and in 2D numerical models where an infinitely long superconductor is
assumed. The effect of a J.(B) relation is calculated in sections 2.1.2 and 2.4.3 with an
infinite-slab CS model. The effect of a smooth E(J) curve is estimated in section 2.6.4 with
the same model. The local current density is then dependent on the local B or dB/dt, which in
turn depends on the currents elsewhere. Analytical models including J.(B) or E(J) for more
complicated geometries are therefore practicaly impossible. On the contrary it is easier to
make a numerical calculation with a smooth E(J) relation than with a sharp transition at Jc
[Bran96] Furthermore, in a numerical model the magnetic-field distribution must be
calculated anyway. Therefore, the anisotropic J.(B) relation can be included as an E(J, By, By)
dependence [ Y aza98]. The numerica models generally predict a weak frequency-dependence
of the AC loss due to the smooth voltage-current relation.

Table 2.4 Possibilities for modelling typical Bi-2223 tape properties that influence AC loss.

Cause Bi-2223 tape property Possibility of analytical modelling Possibility
or difference from a Single | Together with | Discussed | of numeri-
typical low-T. wire effect |other effects |in section ca models

High-T. Anisotropy of J + - 2.6.2,3.5.2 -

material Strong anisotropic J«(B) + - - 243,42 +
Flux creep, smooth E(J) - - - 2.6.4,3.3.3 ++

Long-length | Granularity - - - 2.6.1,43.1 -

high-1¢ High filament aspect ratio | ++ + 213,223 +

composite | High tape aspect ratio + + 222,35 ++

conductor [ oy number of filaments | - - - ++

Imperfect | J—variation in filament + - 2.7.1 -

production | J—variation across tape - - - 2.7.1,32 +

technique || —variation along tape + + 271,43 -
Intergrowths + - 2.7.1 +

Low-loss | Twisted filaments ++ + 22,3342 +

composite | Ceramic barriers + - 2.2.3,37 -

The extra AC loss due to granularity is described with the CS model [Clerc95, p.34].
However, Jcgrain 1S as yet unknown and mutual shielding between grains is significant (section
2.6.1). Thereforeit is practically impossible to calculate the grain loss analytically. Even if the
grain properties are well known, a numerical model requires a very fine grid and long
calculation times to describe grain loss. Tapes and filaments with a high aspect ratio are
generaly well described by analytical as well as numerica models. A small number of
filaments reduces the effort required for numerical modelling. On the contrary, analytical
models of coupling loss usually describe the composite as an anisotropic continuum, which
works well for large numbers of filaments.

The non-uniform J.z within the filaments (section 2.7.1) can be described with the
infinite-dlab CS model, by dividing the dab into layers with a different critical-current
density. It is difficult to include the effect in more detailed analytica models. A numerical
model of a multi-filament tape needs a very fine grid to describe the non-uniform current
density. A lower J. of filaments at the edge of the tape can be included in a numerical model.
Analytical models of hysteresis loss may describe the variation of J.5 over the tape cross-
section with an average J.5i. However, in twisted filaments the critical-current density then
varies aong the filament, which would make analytical coupling current models very
complicated. Inhomogeneity of I along the tape can be included in a 2D numerical model
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only by defining an average I.. In analytical models the effect is described with a magnetic
critical current. A multi-filament composite with intergrowths can be analytically described
similarly to a bulk superconductor with anisotropic J.. A numerical model may describe
intergrowths by assuming for the matrix a power-law E(J) dependence instead of E =1 ,,J.

The effect of filament twist is well described by the analytical coupling model
developed by Campbell (section 2.2). It is included in 2D numerical models by means of a
co-ordinate transformation [Amem98a; Rhyn98]. Ceramic barriers around the filaments are
produced with two basic structures (section 3.7). Barriers forming a fully connected network
can most likely be anaytically described with a higher effective matrix resistivity. Ring-
shaped barriers surrounding each filament are analytically described, assuming round
filaments and an infinite or finite barrier resistance [Carr83, p.102; Camp97]. The effect of
barriers in combination with a high aspect ratio of the filaments can be analytically treated
along the lines of section 2.2.3. A numerical model of a composite with any type of barriers
requires avery fine grid and many assumptions about the barrier properties.

Most of the aspects that determine the AC loss in Bi-2223 tapes can be singly
described with an analytical model. Therefore such models are useful for understanding and
guantifying the single aspects and to make quantitative estimates of the AC loss. The
description of severa aspects and their interactions generaly requires a numerical model.
However, the results of a numerical model depend on many parameters, whose values can
usualy not be estimated accurately. Materials research is still required in order to provide
accurate input parameters for the numerical models.

2.9 Conclusions

Hysteresis loss due to screening currents in the superconducting filaments is described with
the Bean- or Critical-State Model discussed in section 2.1. The model gives expressions for
the loss in a dab in parallel magnetic field and a thin strip in perpendicular field, which are
models for a filament in a tape. The power loss normalised with the critical current is
proportiona to the filament dimension perpendicular to the magnetic field. Therefore thin
filaments are desirable.

The coupling currents between non-twisted filaments in a short sample are clearly
different from those in a long composite conductor with twisted filaments. For the last case
the coupling-current loss at low magnetic-field amplitude and frequency is calculated with the
Campbell model described in section 2.2. If the filaments have a high aspect ratio and
significant overlap, the effective matrix resistivity required in the model can be much lower
than the resistivity of silver, especiadly in paralel magnetic field. At high magnetic-field
amplitudes and frequencies the filaments become fully coupled. The magnetic-field amplitude
for the onset of full coupling is calculated, as well as the twist pitch necessary for decoupling
the filaments. For a tape the values of these parameters are clearly different from those for a
round wire. Twisted filaments in a silver-matrix tape parallel to the magnetic field are
decoupled up to arather high field amplitude at power frequencies. In perpendicular magnetic
field the matrix resistivity must be made much higher than the resistivity of silver. Eddy-
current loss in the normal-metal sheath plays a role at high perpendicular magnetic fields
(section 2.3). If ferromagnetic material is used in a reinforcing sheath, its hysteresis loss
should be taken into account especially at moderate parallel magnetic fields.

For a superconductor carrying direct transport current in alternating magnetic field, the
transport-current loss is described with a dynamic resistance. In section 2.4 the Critical-State
Model is used to calculate analytically the dynamic resistance in a slab with and without J.(B)
relation. Transport current in a superconductor decreases the screening and coupling currents
and therefore reduced the magnetisation loss. However, due to the transport-current loss, the
total AC loss is higher than the loss without a transport current (section 2.5). Direct current
causes alarge increase in the total AC loss only for normalised magnetic-field amplitudes b in
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the range between 1-i and 1. With an alternating current in-phase with an alternating magnetic
field, only the total power loss is analytically described. Furthermore the available analytical
models cannot be applied to tapes with twisted filaments, tapes in perpendicular magnetic
field or if the transport current is not in-phase with the magnetic field.

In devices the power loss normalised with the transport current must be minimised. At
high magnetic-field amplitude, for direct as well as alternating transport currents, the Critical-
State Model predicts the minimum normalised power loss when the transport current
(amplitude) is equal to the critical current. If a power-law voltage-current relation is assumed
and the resulting extra transport-current loss is added to the total power loss from the Critical-
State Model, the optimum direct transport current becomes about 0.9 times the critical
current. However, the voltage-current relation also affects the AC loss, making the hysteresis
loss dightly frequency-dependent as demonstrated in section 2.6. On theoretical grounds the
effect of anisotropy in the critical-current density does not seem to be significant. The effect
of granularity is difficult to predict theoretically.

The production of Bi-2223 superconductors generates flat tapes with flat filaments
embedded in a silver matrix (section 2.7). The production-related properties largely determine
the AC loss of such composite conductors. Furthermore, non-perfect production results in
filament sausaging, non-uniform critical-current density, intergrowths between the filaments
and imperfect separation of the inner filaments. These phenomena increase the normalised
power loss and eliminate the effect of filament twist on AC loss. Therefore a well-controlled
production is essentia for low AC loss, aswell as for high critical current.

Many effects are dealt with in this chapter which are insignificant in low-T.
superconductors but are relevant for the AC loss in Bi-2223 tapes at 77 K: e.g. flux creep,
anisotropy, J.(B) dependence and a high aspect ratio of the tape and the filaments. Analytical
models are used to understand each effect separately and are very useful to estimate the AC
loss quantitatively (section 2.8). In a real tape, al relevant effects occur smultaneously and
numerical modelling is needed to account for the combined effects, particularly at currents
close to the critical current. A lot of numerical work in combination with materials anaysisis
still required in order to validate the numerical models and to find out which of the above-
mentioned effects really dominate the picture of AC loss in Bi-2223 tapes.



Chapter 3

SINGLE TAPE
WITHOUT TRANSPORT CURRENT

This chapter discusses the magnetisation loss in a single Bi-2223 tape that carries no
transport current. The loss is caused only by an alternating external magnetic field. There are
no neighbouring tapes with possible shielding effects. The magnetisation loss is measured by
detecting the changes in magnetic moment of the sample with a set of pickup coils. The
experimental set-up is described and an overview is presented of tapes relevant to the study.

If the magnetic field is oriented perpendicularly to the tape, the measured AC loss is
much higher than the loss in parallel magnetic field. The loss in tapes with non-twisted
filaments is compared to predictions from the Bean Critical-Sate Model. Twisted filaments in
a Ag-matrix tape are partially decoupled in parallel magnetic field. The decoupling clearly
decreases the AC loss. In perpendicular field, twisted filaments remain fully coupled. The
difference is explained with the Campbell model for coupling currents, which takes into
account the flat tape geometry.

The AC loss measured at temperatures below 77 K is fully explained, taking into
account an increase in critical current. The ‘magnetic critical current’ that describes the AC
loss is compared to the measured transport critical current. The AC loss measured at
intermediate field angles between 0° and 90° and in axial magnetic field is presented. It is
compared to the predictions of appropriate loss models.

Using silver alloys increases the matrix resistivity. The effect of an alloy matrix on the
AC loss is observed. However, the choice of materialsis rather limited. Their resistivity is too
low to decouple the filaments in perpendicular magnetic field. The problem is circumvented
by inserting high-resistive ceramic barriers between the filaments. AC-loss data is presented
for several barrier tapes. The barriers cause a decrease in the AC loss in parallel magnetic
field as well as weak perpendicular field. The matrix resistivity is derived from the measured
frequency-dependence of the AC loss. The twist pitch and barrier quality required to decrease
the AC loss in high perpendicular magnetic field are estimated.
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3.1 Magnetic measurement method

3.1.1 Measurement principle

The magnetisation loss in a superconducting tape placed in an alternating external magnetic
field is measured with a conventiona technique [Buch63; Wils83, p.161; Seeb98, ch.B7.5].
The 10ss gmagn iN the sample (in Jcycle) is calculated from the area of the magnetisation loop:

dm
QragnVeanple = dmagn = ¢BXIM = ) Byd—ydt . Eq. 3.1
. t
field t
cycle

cycle

Here, Vsample 1S the volume of the sample and Qmagn IS the loss density. The magnetic field B in
the sample space is assumed to be uniform in y-direction: see Figure 2.1. Throughout the
study B is defined by poH as if no sample is present. The definition is valid if the magnetic
field is measured either far away from the sample, or directly from the magnet current.

The magnetic field induces screening and coupling currents in the sample, which have
a total magnetic moment m. The sample magnetic moment may have a component in
x-direction: see Figure 3.12. However, only the component my, in y-direction parallel to the
magnetic field corresponds to an AC |oss. In the experimental set-up the rate of change dm,/dt
is detected as a voltage over a system of pickup coils which encloses the sample. The signal is
multiplied with the magnetic-field strength By. The product is integrated over one period teyge,
in order to obtain the magnetisation loss.

3.1.2 Measurement techniques

The magnetic moment of superconducting samples can be measured with severa techniques:
pickup coils, Hall probes, SQUIDs [Nale97; Reim97] and vibrating-sample magnetometers
(VSM) [Dha97a; Stai98]. The SQUID and VSM techniques are too slow for measurements at
power frequencies. The differences between Hall-probe and pickup-coil techniques are listed
in Table 3.1.

Table 3.1 Measurement of magnetic moment with pickup coils and with Hall probes.

Property of the technique Pickup coils Hall probes
M easurement volume Large: limited by magnet | Small: limited by Hall probe size
Sengitivity Homogeneous Inhomogeneous
Sample length Determined by coil system | Just aslong as hecessary
AC lossin tapesis measured | At arbitrary orientation Mainly perpendicularly
in the magnetic field to the magnetic field
Signal depends on dm,/dt and dB/dt m, and B

The main difference between the techniques is the sample volume where my is
measured. Pickup coils integrate m, over a large volume and can be designed with a
homogeneous sensitivity throughout the volume. Therefore the calibration is straightforward
(section 3.1.5) and pickup coils are suitable for measuring the average loss in large samples.
The sensitivity of a Hall probe decreases rapidly with increasing distance to the probe. Hall
probes are therefore used to study and compare AC-loss phenomena very locally. The sample
needs to be long enough to prevent end effects at the position of the Hall probe. In a pickup
coil measurement, the sample must be long enough to make end effects insignificant in the
overal result. Alternatively, the sample ends are placed outside the pickup coil. Then the
advantage of homogeneous sensitivity disappears. The volume of the sample is more or less
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fixed by the pickup coil system. If the sample is much smaller than the measurement volume,
the results are less accurate. The magnetisation of a tape in perpendicular magnetic field
extends outside the tape: see Figure 1.6. The pickup coil must be wider than the tape in order
to measure my correctly [Ashw99a].

In a pickup coil system, tapes can be measured at arbitrary orientation with respect to
the magnetic field. If atapeis placed edge-on to a Hall probe [Stai98] then only the loss in the
tape edge is detected. Therefore the tape is usually placed face-on to the probe [Kwas94] and
is then oriented with its wide side perpendicular to the magnetic field. Finally the signa of a
Hall probe depends directly on m,. It can be measured over a wide frequency range if the
magnetic-field amplitude is high enough to cause significant m,. The signal of a pickup coil
depends on the rate of change dmy/dt, which in turn depends on dB/dt. Therefore the signal
may be too small to measure at low frequency. At high frequency a measurable signd is
obtained already with low magnetic-field amplitudes. In this work the magnetisation of
relatively large samples is measured at power frequencies with various magnetic-field
orientations. Therefore the pickup-coil technique is used for the measurements.

3.1.3 AC magnet

In most of the experiments presented in this study, the magnetic field is provided by a copper-
wire solenoid with an inner radius of 55 mm. A central region of 60 mm height is used for the
measurements. The magnetic field throughout the central region is homogeneous within 1.2%.
Furthermore the angle between the magnetic field and the axis of the magnet at a radius of
37 mm is smaller than 1.2° throughout the central region.

The magnet is placed in areinforced plastic cryostat, so it induces no eddy currents in
the cryostat walls. Cooled by liquid nitrogen, the magnet withstands a central field amplitude
of 1.0 T with amagnet current of 97 A«:. The nitrogen vapour can be pumped off to decrease
the measurement temperature below 77 K (section 3.4). A diagram of the electrical
connections in the measurement set-up is displayed in Figure 3.1.

F— — —
I
| AC Magnet =ample
Rmag =1.0 W .
Lmag = 0.35 H Pickup Digital
coil gita
iI;|]V trafo E— buffer
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arallel
P 0-33F
I
I
L — — — Amplifier Compensation coil
0-10 kHz
in series | __| Function Personal
ESOH\; generator computer

Figure 3.1 Diagram of the magnetic AC-loss measurement set-up.

Running the magnet at power frequencies requires a high inductive voltage. Therefore
the magnet is coupled to a set of capacitors to form aresonant LC-circuit. By varying the total
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capacitance, the resonance frequency of the LC-circuit is tuned from 47 Hz to 865 Hz. The
power supply has to compensate for the resistive loss of magnet and capacitors, which is
about 2.5 kW at a magnetic-field amplitude of 0.5 T. Two ways of providing the power are
used. A field amplitude of 0.73 T is attained with a high-voltage transformer in parallel to the
LC-circuit. The transformer is fed directly from the mains. Therefore it works only at the
mains frequency of 50 Hz. Alternatively, a high-current amplifier is set in series in the
LC-circuit: see Figure 3.1. The amplifier is controlled by a function generator and provides
any frequency up to 10 kHz. Due to its limited rated power, the maximum magnetic-field
amplitudeis0.35T at 50 Hz.

3.1.4 Pickup coils

Most of the experiments presented in the study are done with one of the two pickup-coil sets
displayed in Figure 3.2. Each set of cails is inserted and removed while keeping the magnet
cold. The holders for the pickup coils and the sample are constructed of reinforced plastic.
The aternating magnetic field induces no eddy currents and therefore no undesirable
magnetic moments are created. Both sets of pickup coils are designed to provide a voltage Vyy
that is proportional to the rate of change dmy/dt of the magnetic moment of the sample. The
change in the externa magnetic field also directly induces a voltage, which is many times
higher than V.. The voltage induced by the magnetic field is compensated with a second coil,
which is placed in the same magnetic field and far away from the sample. The ‘compensation
coil’ is set in anti-series to the pickup coil. Before each measurement the compensation is
fine-tuned with a variable resistor: see Figure 3.1. The combined signa of both coils is
proportional to dmy/dt. It is recorded with a digital buffer oscilloscope and then transmitted to
aPC, wherethe AC loss is calculated using Equation 3.1.
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Figure 3.2 Geometry of the sample, the pickup and compensation coils placed in the magnet.

The coil set displayed in Figure 3.2a measures the AC loss in tape samples oriented
with their wide sides perpendicular to the magnetic field. The pickup coil around the sample
is rectangular and the compensation coil is placed directly above it. Sample lengths up to
95 mm are possible and the tape is not bent. The field angle a between the magnetic-field
direction and the wide side of the tapes is varied by using different sample holders.
Throughout the study the orientation with 90° field angle is caled perpendicular. The
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orientation with 0° field angle is called parallel: see Figure 2.1. The short-sample pickup coils
are not suitable to measure tapes in parallel magnetic field. The magnetic moment m, of such
short samplesis too small to measure accurately.

The coil set displayed in Figure 3.2b measures the AC loss in longer samples of tape
parallel to the magnetic field. The tapes are wound on a round sample holder in order to
enable sample lengths up to 2 m and to align the tape parallel to the magnet axis. The radius
of the sample holder is 37 mm. When tapes with a standard thickness of 0.25mm are
carefully wound on the sample holder, no damage or decrease in their critical current is found.
The round pickup coils inside and outside of the sample holder have opposite winding
directions. The magnetic field induces a signa only in the narrow sample space in-between
the pickup coils. The compensation coil requires a far smaller number of turns. The long-
sample coil set can also measure the critical current and transport-current loss of the sample
(section 4.1).

3.1.5 Calibration

In order to calculate the AC loss from Equation 3.1, one must know the sensitivity of the
pickup coils. The sensitivity Sy, is defined as V), / (dmy/dt) where dm,/dt is a given change in
magnetic moment in the sample space and Vp, is the resulting pickup coil voltage. The
sengitivity is determined using a current loop in each sample space, with the approximate
dimensions of a sample. The magnetic moment m, of such a current loop is given by 1|A,
where A is the loop area and |, is the current around the loop. The current is either supplied
from outside the sample space, or induced in the loop by an aternating externa magnetic
field. In the latter case there is no undesirable magnetic moment from the current leads. When
the loop is opened, the loop current is zero and a voltage is induced in the loop by the
magnetic field. The voltage is used to calculate the loop area. The sensitivity of both sets of
pickup coils is determined with an accuracy of about 5%. The calibration is confirmed by
comparing the results with those of other groups who have measured the AC loss in the same
tapes [Ecke99a, Laan99].

Both sets of pickup coils are extended above and below the actual sample space.
Therefore their sengitivity is homogeneous throughout the sample space. The signal from all
parts of the sample is detected and small variations in sample size or position do not influence
the measurement result. In perpendicular magnetic field the demagnetised volume extends
outside the sample: see Figure 1.6. The short-sample pickup coils are 6 mm wide, which is
1.5-2.0 times the width of atypical sample. The same magnetisation |oss is measured later in
a 12 mm wide pickup coil set. Apparently the original coil width of 6 mm is enough to detect
the entire magnetic moment of the sample aso in perpendicular magnetic field.

3.2 Tapeswith non-twisted filaments

3.2.1 Overview of studied tapes

AC-loss measurements are performed on many different types of Bi-2223 tapes. The relevant
properties of tapes investigated in this chapter are listed in Table 3.2. The tapes are referred to
in the text by the label given in the first row of the table. The second row gives the tape
manufacturer. VAC is Vacuumschmelze GmbH a Hanau in Germany. The tapes are
produced in co-operation with Siemens ZT at Erlangen in Germany. FZK is
ForschungsZentrum Karlsruhe in Germany. NST is Nordic Superconductor Technologies at
Brendby in Denmark. GEN is the University of Geneva in Switzerland. IFW is the Institut fir
Werkstoffwissenschaft at Dresden in Germany.

The next four rows of Table 3.2 list the tape properties essential for the AC loss. The
critical current I of a sample is measured with an accuracy better than 0.1 A. However,
|-variations of a few ampere between different samples of the same tape are normal. The
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critical current in the table is a short-sample value obtained from the tape manufacturer. If the
matrix material is an aloy, the small digitsin the table give the percentages of Pd or Au.

Table 3.2 Main properties at 77 K of the Bi-2223 tapes investigated in this chapter.

Property [unit] tape A |tape B |tape C |[tape D |tapeE |tape F |tape G |tape H

Manufacturer VAC |[FZK [NST |[VAC |VAC |FZK |GEN [IFW

Tape properties essential for the magnetisation loss

Critical current 1o [A] |44 |16 |14 |28 |29 |95 |10 |16

Twist pitch L, [mm] - 16 - 6.4 6.4 16 18 10
Matrix material Ag AgAus | Ag Ag AgPd; | Ag Ag Ag
Barrier material - - - - - SICO3 | SrZrO | BaZrO
Other relevant tape properties

Sheath material Ag AgMg |AgMg | Ag AgMg | Ag Ag Ag
Tape width w; [mm] 380 (394 290 |[375 |365 |295 |[340 |3.15
Tapethicknessd;[mm] [0.25 |0.33 |0.18 [0.26 |0.28 |0.25 [0.20 |0.27
Core width w, [mm] 337 [337 216 |[327 |337 |241 (242 |247

Corethicknessd. [mm] (0.17 |0.22 (010 (016 |0.17 |0.15 |[0.11 |0.15

Relevant filament properties

Number of filaments ng; |55 37 19 55 55 19 19 19

Supercond. fractionhg  [0.25 (025 (025 (025 (025 (018 (0.14 [0.20

Filament Jo [A/mm?  |185 |57  |107 |111 |110 |715 |105 |93.4

Filament width wq [um] |270  |390 |390 |310 |350 |235 |300 |450

Filam. thickness ds [um] |22 28 17 17 17 41 20 18

Magnetisation loss due to a magnetic field of 50 Hz frequency and 0.1 T amplitude

Loss per cycle|B//tape |0.87 039 (022 (030 |0.23 |021 |[0.096 (0.18
Quagn [KIM’]  [B 7 tape[12.9 |247 |416 |808 |7.64 |366 |421 |519

Power loss P/l |B //tape |0.94 |1.6 042 [055 051 (080 |0.33 048
[MmW/Am] B~ tape|139 |995 |888 (146 (128 |142 |143 |13.9

The dimensions of tape, filaments and filamentary core are defined as in section 2.7.2.
They are ‘outer’ dimensions obtained from cross-section micrographs. see Figure 2.14 and
Figure 2.15. The inaccuracy is about 2% in the width, 5% in the thickness. The filament
properties di; and wg; are more uncertain due to the filament inhomogeneity and the difference
between inner and outer filaments. The filament data in the table are average values. The
superconducting fraction hy; is obtained by numerically calculating the cross-section areas of
the filaments, which are dark in the micrographs. No information is obtained about secondary
phases in the filaments. The critical-current density of the filaments is averaged over the dark
areas.

Most of the tapes in Table 3.2 have twisted filaments. Whenever available, a version
of the same tape with non-twisted filaments is investigated as well. A letter n behind the label
(e.g. tape Dn) refers to the version with non-twisted filaments. A letter t refers to the twisted-
filament version whose twist pitch is given in the table. The tape with non-twisted filaments
usually has a higher 1. and J.5i than the twisted-filament tape. The higher |—value is aways
mentioned in the text. All other properties listed in the centre part of Table 3.2 are similar for
tape versions with twisted and non-twisted filaments. The AC loss of the tape with twisted
filamentsis listed in Table 3.2. AC losses of tapes with twisted and non-twisted filaments are
compared in Table 3.4 in section 3.3. The normalised power loss P / I is introduced in section
1.3.2. It is a technically relevant parameter used to compare magnetisation loss in different
superconductors.
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3.2.2 Characteristic measur ement

The AC loss of tape A in Table 3.2 is measured under ‘standard’ conditions. a temperature of
77 K and a magnetic-field frequency of 47.8 Hz. The mains frequency of 50 Hz is avoided
whenever possible in order to prevent interference. The sample lengths used are 1.45 m in
parallel magnetic field and 0.092 m in perpendicular field. The magnetisation loops measured
with a magnetic-field amplitude of 50 mT are displayed in Figure 3.3. The magnetic moment
my is shown as a function of the field strength B. For both orientations of the magnetic field,
the loops are followed counter-clockwise. The my(B) loops are comparable to those displayed
in Figure 2.3. When dB/dt changes sign, the magnetic moment m, changes with a steep slope
dmy/dB. The peak close to zero externa field indicates a J.(B) dependence. In parallel
magnetic field the peak occurs after B changes sign. At zero external field there is a remanent
magnetic field inside the superconductor due to the screening currents. see Figure 2.2. The
remanent field makes the local critical-current density smaller than J in zero magnetic field.
The average magnetic-field strength inside a superconducting slab becomes zero only at an
external field strength of approximately B,/ 2, where By, is the penetration field of the slab.
Finaly, the J.(B) dependence is more pronounced in perpendicular magnetic field. The peak
in the magnetic moment then occurs at a magnetic field close to zero.
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Figure 3.3 Magnetisation loops of tape A in parallel and perpendicular magnetic field.

The my(B) loops measured for parallel and perpendicular magnetic fields have similar
area. The corresponding AC losses g, and g~ (in J, calculated with Equation 3.1) are similar.
The sample used in perpendicular magnetic field is about 16 times shorter. Therefore the loss
density Q» (in Jm? of sample volume) is higher than Q, by a factor 16. The AC loss per m® in
tape A is displayed as a function of magnetic-field amplitude in Figure 3.4. Triangles show
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the AC loss Q; measured with the magnetic field oriented paralel to the tape. Squares
represent the loss Q~ measured in perpendicular field. The double-logarithmic figure gives an
idea of the order of magnitude of magnetisation loss in a ‘standard’ tape. The values of Q
should be multiplied by wdif (which is about 4.56:40° m?/s) in order to obtain the power loss
P in W/m of tape length.
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Figure 3.4 Magnetisation loss per m® of sample volume in tape A under 'standard' conditions.

The lines in Figure 3.4 represent the noise level in the short-sample pickup coils (solid
line) and in the long-sample coils (dashed line). The noise level is measured with no sample
in the cails. It is related to a standard sample volume: Vanpie Of 1500:8.5%.25 mm® in the long-
sample coils and 100:8.5%.25 mm?® in the short-sample coils. When smaller samples are
measured, the noise in Jm® is higher. The noise level in the measured loss is proportional to
the magnetic-field amplitude. Then the noise in the pickup-coil voltage itself is independent
of the magnetic-field amplitude. The voltage noise appears when the magnet power supply is
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switched on, even if the programmed magnet current is zero. The noise is most likely caused
by imperfect control of the magnet current. At low magnetic-field amplitudes the magnet
current and the magnetic field are not perfectly sinusoidal.

AC loss is commonly described by the loss function G [Wils83, p.163; Kwas94;
Stai98; Rabb99] (section 2.1.2). The loss function is based on the loss in Jm®:

G=myQ/2B2, Eq. 3.2

where po = 4pX07 is the permeability of free space. The loss function G for tape A is shown
as afunction of magnetic-field amplitude in Figure 3.5. Displaying Q as in Figure 3.4 requires
many orders of magnitude on the vertical axis. The loss function G does not require so many
orders of magnitude in the figures. By using Gt is easier to assess small differences in AC
loss between tapes. Furthermore, the predictions of theoretical models usually have the form
of a loss function. The predictions can be directly and rather accurately compared to
measurement results presented in the form of G Therefore AC-loss results are displayed by
means of the loss function throughout the study.
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Figure 3.5 Loss function measured in tape A (symbols) and CSmodel (solid lines).
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The dashed lines in Figure 3.5 are the noise levels in perpendicular magnetic field
(upper line) and parallel field (lower line). For magnetic-field amplitudes lower than 2 mT the
noise is close to the measured loss. Then the measurement is inaccurate, which isindicated by
the scatter of the data points. The uncertainty due to noise is added to the 5% uncertainty in
the calibration discussed in section 3.1.5. The combined uncertainties are indicated with error
bars on selected data points in the figures. At low magnetic-field amplitudes the uncertainty is
mainly due to noise. At high amplitudes it is dominated by the calibration error. Therefore the
AClossesat 0.1 T listed in Table 3.2 have about 5% inaccuracy.

3.2.3 Comparison to Critical-State Model

The magnetisation loss measured in tape A is compared to model predictions. The filaments
in tape A are not twisted. The sample length is much longer than the critical coupling length
from Equation 2.10. Therefore the filaments are expected to be fully coupled. Then the entire
filamentary region (core) of the tape behaves like a single large filament. The solid lines in
Figure 3.5 are loss functions calculated with the Bean Critical-State (CS) Model. The core
region is described as a rectangular superconductor of width w. and thickness d.. The corefills
afraction h of the sample volume, given by wcd. / wdk.

For parallel magnetic field the infinite-slab model is used. The result of Equation 2.4 is
multiplied by the core volume fraction. The resulting loss function has a maximum value Gpax
given by 3h./8. Generadly the vaue of Gux gives information about the effective
superconducting fraction. The maximum in G occurs at a magnetic-field amplitude Bamax
equal to 4B,/ 3. Here B, is the core penetration field given by podecorele / 2. Generally the
value of Bamax gives information about the product J.dx where dx is the dimension of the
superconductor in x-direction. The loss function for an infinite slab has a lope 1 at magnetic-
field amplitudes much smaller than the penetration field. The dope is —1 at field amplitudes
much higher than the penetration field, which is generally true for hysteresis loss in
superconductors (section 2.1). A constant loss function corresponds to an AC loss that is
proportional to B,%. Quadratic dependence of the AC loss on B, is expected for coupling-
current loss (section 2.2) and eddy-current loss (section 2.3).

The loss function for an infinite dab is fitted to the loss measured in tape A in parale
magnetic field. The critical current in the model is fixed a 44 A. The core dimensions w; and
dc are used as free parameters. Using the critical current as a third parameter would make the
fit undetermined. The fit results are close to the core dimensions obtained from micrographs:
see Table 3.3. Furthermore the loss calculated with the CS model agrees rather well with the
measurement results for parallel magnetic field in Figure 3.5. The shape of the measured loss
function around B, max IS NOt quite as predicted. The difference is probably due to the fact that
the filamentary region is a finite bar rather than an infinite slab. At high magnetic-field
amplitudes the measured loss function has a dope steeper than —1. The loss at high amplitudes
is lower than expected, which is probably due to the J.(B) dependence. On the whole, the CS
model for an infinite slab is a good description for the magnetisation loss in a tape with non-
twisted filaments oriented parallel to the magnetic field.

For perpendicular magnetic field the CS model for a thin strip is used. The AC loss is
calculated with Equation 2.6 using the values of I, w, and d. from Table 3.3. For high
magnetic-field amplitudes there is good agreement. At field amplitudes lower than 20 mT the
measured AC loss is clearly higher than the model predicts. At low magnetic-field amplitudes
the thin-strip CS model predicts a loss function proportional to B4, giving the solid line in
Figure 3.5 a slope 2. The measurement results show a slope of about 1/2 at low magnetic-field
amplitudes. Therefore the agreement between model and measurements is not improved by
changing the fit parameters I, w; or dc. The discrepancy is partly due to the finite thickness of
the tape. For an aspect ratio w. / d. of 30, numerical calculations give a magnetisation loss
proportional to B,>° [D&um97]. Then the loss function is proportional to By">. Furthermore
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the thin-strip model used here does not contain the J.(B) relation, which is prominent in
perpendicular magnetic field. However, the J.(B) relation is expected to influence the AC loss
mainly at high magnetic fields. Therefore it cannot explain the discrepancy seen in Figure 3.5
at low magnetic-field amplitudes.

Table 3.3 Core properties of tapes with non-twisted filaments.

Property [unit] tape A |tapeBn |tape C |tape Dn |tape En
Measured critical current I [A] 44 25 14 41 30
Core shape: (R)ectangular or (E)lliptical R R E E E

Core dimensions from Width w, [mm] 3.37 3.37 2.16 3.27 3.37

cross-section micrograph | Thickness d. [mm] | 0.17 0.22 0.10 0.16 0.17

Core dimensions from Width w; [mm] 3.34 3.41 2.02 3.41 3.19

CS-model fitto ACloss | Thicknessd. [mm] | 0.18 0.24 0.096 |[0.19 0.18

3.2.4 Effect of core geometry

Tape Bn has a AgAu-alloy matrix and non-twisted filaments. The AC loss in tape Bn is
measured and the CS model for an infinite dab is fitted to the results as described in the
previous section. The obtained filamentary-core dimensions are again close to the micrograph
values: see Table 3.3. The core aspect ratio w. / d. is about 15 for tape B, compared to 20 for
tape A. Core aspect ratios lower than 15 do not usually occur in Bi-2223 tapes. As explained
in section 1.1.3, a certain degree of texturing is required to aign the grains and to obtain a
reasonable critical current. For higher core aspect ratios an even better agreement with the CS
model for an infinite slab is expected.

Tape C has only 19 filaments and the aspect ratio of its filamentary core is 22.5. In
micrographs the core cross-section of tape C is €liptical rather than rectangular, which is
usual for tapes with alow number of filaments. The AC loss measured in tape C is displayed
in Figure 3.6. The CS model assuming a rectangular core is compared to the results for
paralel magnetic field. The resulting core width is 1.59 mm, which does not agree with the
micrograph value of 2.16 mm. With an elliptica core, the core volume fraction h. is given by
pwed: / 4wdi. Then the fitted core dimensions agree well with the micrograph values: see
Table 3.3. An E in the table indicates that the results are obtained assuming an elliptical core.
Good agreement is observed in Figure 3.6 between the CS model prediction and the
measurement results for parallel magnetic field. Due to the high aspect ratio of tape C, the
infinite-sdlab model is a better description for tape C than for tape A. The loss in a flattened
ellipse can be described with the infinite-slab model provided the effective thickness used in
the model is the maximum thickness of the ellipse. Similar results are obtained with tape Dn
(Figure 3.7) and with tape En (Figure 3.15). The largest discrepancy in Table 3.3 is 15% for
the core thickness of tape Dn. Generaly the CS model for an infinite slab is a good
description of the AC loss in Bi-2223 tapes with non-twisted filaments in parallel magnetic
field.

For perpendicular magnetic field the thin-strip model describes the loss rather well at
moderate magnetic-field amplitudes B,. The discrepancy at high B, is due to the eddy-current
loss, which makes the measured loss function tend towards a constant value. In tape C the
superconductor loss a high B, is lower than in tape A. Therefore the eddy-current loss is
more important in tape C. At low B, there is a deviation between model and measurement
results in Figure 3.6, which is even larger than in Figure 3.5. The thin-strip model is not
expected to describe the loss in an €llipse as accurately as in a more or less rectangular tape
core. In all tapes produced by rolling down a round wire (including tape A) the filamentary
core has rounded edges. Therefore the core is not quite a rectangle as assumed in the thin-strip
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model. The deviations seen at low perpendicular B, in Figure 3.5 and Figure 3.6 are probably
due to the non-rectangular shape of the filamentary core. Furthermore at the core edges the
texturing of the Bi-2223 is less good [Schu96]. Therefore the critical-current density of the
outer filaments is lower, which is another cause for the deviation between measurement
results and thin-strip model.
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Figure 3.6 Loss function measured in tape C (symbols) and CS model predictions (lines).

In a parale field of 0.1 T amplitude, tape C has a normalised AC power loss of
0.419 mW/Am. The loss is a factor 2 lower than in most other tapes with non-twisted
filaments. It is even lower than in many twisted-filament tapes. The low AC loss is directly
related to the relatively small core thickness of tape C. Decreasing the core thickness is a
means of decreasing the AC loss in tapes with non-twisted filaments in parallel magnetic
field. However, a small core thickness implies either a low superconductor fraction or a low
total tape thickness, causing mechanica weakness. These drawbacks must be balanced
against the advantage of low AC |oss.

When the critical current of the tapes is increased, the loss function shifts to higher
magnetic-field amplitudes. The shift results in a lower AC loss at magnetic-field amplitudes
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lower than B, max Which is presently about 10 mT. At low magnetic fields oriented parallel as
well as perpendicular to the tape, an increase of | improves the screening of the central region
of the superconductor, which causes areduction in the AC loss. The normalised AC lossP/ |
is reduced even more than the loss density Q. Therefore in future tapes with a higher 1. the
magnetisation loss in perpendicular field will be lower than in the present tapes, especialy if
the magnetic-field components perpendicular to the tape are kept lower than 10-20 mT by a
careful design of the devices.

3.3 Lossdecrease dueto filament twist

3.3.1 Expected effects

As explained in section 2.2, the filaments in a multi-filament composite conductor can be
decoupled by twisting the filaments with a short twist pitch. Inter-filament coupling currents
are then induced in loops with a length of half the twist pitch. If the loop length is small
enough and if there are no superconducting connections between the filaments, the coupling
currents are limited by the normal resistivity of the matrix. With a high enough matrix
resistivity, the coupling-current loss is insignificant. The total AC loss is then determined by
the hysteresis in the single filaments instead of the entire filamentary region. The AC loss can
then be reduced even further by decreasing the filament dimensions.

Many groups have investigated twisted-filament tapes, produced by rolling a twisted
multi-filamentary wire [Chri95; Gold97; Sugi97; Iwak98b; Yang98]. Generally in tapes with
twisted filaments a lower AC loss is observed in parallel magnetic field. No significant
change in the AC loss is present in perpendicular field as long as the matrix is silver. The
difference between paralel and perpendicular magnetic field is clarified in section 2.2
[Oomen98]. Furthermore, twisting the filaments with a short pitch generally causes a decrease
of the critical current because of less good texturing and damage to the filaments. With the
present imperfect manufacturing process, every type of process has an optimal twist pitch
where the normalised power loss P/ | at a certain magnetic-field amplitude is a minimum.
Damage to the filaments and superconducting connections may be prevented by better control
of the manufacturing process. Then the minimum is expected to shift towards shorter twist
pitches, leading to a lower normalised loss.

3.3.2 Lossin standard conditions

Tape D in Table 3.2 is produced with a series of twist pitches. see Table 3.4. In parallel
magnetic field of moderate and high amplitude, the AC loss decreases monotonically with the
twist pitch. The critical current of the tapes also decreases monotonically from 41 A in tape
Dn with non-twisted filaments to 28 A in tape Dt with the shortest twist pitch of 6.4 mm.
Down to a twist pitch of 8.0 mm, the decrease of AC loss with twist pitch is faster than the
decrease of critical current. The normalised power loss at 0.1 T has a minimum at the optimal
twist pitch of 8.0 mm for tape D.

The AC-loss function of tape D is displayed in Figure 3.7. Solid symbols represent the
loss measured in tape Dn and the open symbols the loss in tape Dt. In perpendicular magnetic
field there is little difference in the AC loss. Both versions of the tape are probably fully
coupled. However, a certain difference in the AC loss is expected due to the 32% lower
critical current in tape Dt. The lower I is probably due to loca damage to the filaments,
concentrated at the edges of the tape where the filaments are sharply bent [Chri95]. Then in
large segments along their length the filaments still carry coupling currents similar to those in
tape Dn. Tapes Dn and Dt have different transport critical current I and similar ‘magnetic
critical current’ o, (section 2.7.1). Therefore the AC loss in perpendicular magnetic field is
similar in both tapes. Once again the thin-strip CS model for the filamentary core (solid line
in Figure 3.7) cannot fully explain the AC loss. However, when decoupling is assumed and
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the separate filaments are described as thin strips (dashed line), the difference with the
measured loss is much larger. Apparently the filaments remain fully coupled in perpendicular

magnetic field.

Table 3.4 Critical current and normalised AC lossin parallel magnetic field of tapes D and E.

Twist pitch L, [mm] non-tw. | 24 16 11.2 8.0 6.4
Critical current | [A] TapeD |41 38 36 35 31 28
at 77 K in self-field TapeE |30 31 31 29 30 29
AC loss P/l [mMW/Am]|TapeD |0.91 0.87 0.66 0.64 0.51 0.55
Ba=0.1T parallel totape |TapeE |0.87 0.71 0.63 0.42 0.60 0.51
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Figure 3.7 Loss function measured in tapes Dt and Dn and CS model predictions.

In parallel magnetic field there is a clear difference between the AC losses of the tapes
Dn and Dt. At the lowest magnetic-field amplitudes the AC loss in tape Dt (open symbols) is
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higher than in tape Dn. At moderate and high magnetic-field amplitudes the loss in tape Dt is
lower by a factor up to 3. The measured loss in tape Dt is clearly not explained by the CS
model assuming full coupling.

The dashed line in Figure 3.7 represents the loss predicted with the CS model, by
describing the separate filaments as infinite slabs. The superconducting fraction of 0.25 and
the filament width of 310 um from Table 3.2 are used. Then the filament thicknessis 18 pm if
the filaments are eliptical. As explained in section 2.7.1, inhomogeneity of the filaments
results in a magnetic critical-current density higher than J.5;1. The filament penetration field
Byl IS calculated assuming a magnetic critical-current density of twice the transport value.
The magnetic critical-current density describes the screening currents that flow on a small
scale inside the filaments. The coupling currents must follow the filaments on a larger length
scale. The strength of the coupling currents is most likely described better by the transport
current density. Therefore the transport current I is used in section 3.2 to describe the
coupling-current loss in the filamentary core.

The loss function for the separate filaments is close to the measurement results for low
magnetic-field amplitude. 1t explains the higher AC loss at low magnetic-field amplitude in
tape Dt, which is due to the very low filament penetration field By . The difference with the
measured loss is due partly to the loss in the grains, which is discussed in section 2.6.1.
Furthermore there is a low coupling-current loss present, which increases with the magnetic-
field amplitude. Therefore at higher amplitudes the AC loss converges from the dashed line
predicted for decoupled filaments towards the solid line for full coupling.

The results are related to the Campbell model for inter-filament coupling, presented in
section 2.2. The magnetic-field frequency is 50 Hz and the twist pitch is 6.4 mm. A matrix
resistivity equal to r ag is assumed for parallel as well as perpendicular magnetic field. The
core dimensions of 3.270.16 mm? from Table 3.2 are used. Then Equation 2.13 yields a value
of 0.00092 for the product wt . This value is much smaller than 1, indicating weak coupling
currents. A critical current Iy Of 5 A is estimated for the outer filaments and this value is
inserted in Equation 2.22. Then the coupling-current amplitude becomes equal to l¢ox & a
full-coupling field B, of 1.08 T. The Campbell coupling model is valid at magnetic-field
amplitudes lower than B,s.. The high full-coupling field explains why the filament twist
decreases the loss displayed in Figure 3.7 for paralel magnetic field even at the highest
measured amplitudes. In fact for parallel magnetic field the coupling-current loss function has
a constant value of 0.0057 (Equation 2.12). The calculated value is clearly less than the
difference between the measured total AC loss and the hysteresis loss predicted by the CS
model for separate filaments. In parallel magnetic field the coupling-current loss is higher
than predicted. The higher lossis most likely due to an effective matrix resistivity much lower
than r 5q in parallel magnetic field, as explained in section 2.2.3. For perpendicular magnetic
field, using the same tape parameters, Equation 2.14 yields wt~ = 1.84. This value is higher
than 1 and therefore the filament twist does not decrease the AC loss. Moreover the Campbell
model is then valid only for magnetic-field amplitudes lower than 5 mT. At higher magnetic
fields the outer filaments become saturated. Then the loss in tape Dt is equal to the loss in
tape Dn.

3.3.3 Higher frequencies of the magnetic field

The dependence of the AC loss on the magnetic-field frequency gives information about
inter-filament coupling. The hysteresis loss per cycle in the filaments is frequency-
independent if the Critical-State Model is valid (section 2.1). The coupling-current loss per
cycle depends on the magnetic-field frequency w and the time constant t of the coupling
currents (section 2.2). If the product wt is much lower than 1, the coupling-current loss per
cycleis proportional to w. If the filaments are fully coupled, the loss per cycle is independent
of w.
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The AC loss measured in both versions of tape D is shown in Figure 3.8 as a function
of the frequency of the magnetic field. The loss is measured in parallel magnetic field at fixed
amplitudes of 10 mT (dashed lines) and 30 mT (solid lines). The 5% uncertainty in the
calibration is indicated by error bars. Open symbols represent the loss in tape Dt with a twist
pitch of 6.4 mm. The loss increases with the frequency and the increase is nearly linear. For
tape Dt the calculated wt is much smaler than 1 even at 900 Hz. Extrapolation of the
measured loss towards zero frequency gives an estimate of the hysteresis loss Qni in the
filaments [Kwas94]. If significant flux creep is present, Qnsi IS frequency-dependent as dealt
with in section 2.6.4. Then the extrapolation does not directly yield a value for Qn i at 50 Hz.
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Figure 3.8 AC loss of tape D versus frequency of the magnetic field.

The loss in tape Dn with non-twisted filaments is pictured with closed symbols. The
frequency-dependence of the loss is much weaker than in tape Dt. The filaments in tape Dn
are fully coupled. The frequency-dependence of the coupling-current loss is due to flux creep.
The electric-field amplitude induced in the filaments is proportional to the frequency. Due to
the non-linear E(J) relation, the coupling currents in the filaments increase dightly with the
frequency. Tapes Dn and Dt have similar E(J) relations. The much stronger frequency-
dependence of the loss in tape Dt is due to mechanisms other than flux creep. The filamentsin
tape Dt are partially decoupled at frequencies around 50 Hz and become fully coupled at
much higher frequencies.

The loss functions measured in tape D at various field frequencies are shown in Figure
3.9 as a function of magnetic-field amplitude. The loss in tape Dn is displayed as symbolsin
Figure 3.9a. It remains close to the level predicted by the CS model for a fully coupled
filamentary core, which is displayed as a solid line. The loss in tape Dt displayed in Figure
3.9b is much more dependent on the magnetic-field frequency. At each magnetic-field
amplitude the AC loss increases with the frequency. At 48 Hz it is close to the loss predicted
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with the CS model for separate filaments, which is displayed as a dashed line. At 865 Hz it is
closer to the loss predicted for a fully coupled filamentary core. However, the fully coupled
loss curve is not quite reached even at 865 Hz. For a parallel magnetic-field amplitude of
0.01 T, Equation 2.19 predicts full saturation of the outer layer of filaments at 7 kHz.
Therefore at 865 Hz the coupling currents are still able to increase with the frequency.
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Figure 3.9 Loss function measured in tape D with various frequencies of the magnetic field.

In a Ag-matrix tape, filament twist indeed causes a decoupling of the filaments in
parallel magnetic field. The decoupling decreases the AC loss at magnetic-field amplitudes
higher than By sii. The filaments remain (partially) decoupled up to rather high amplitudes and
frequencies of the magnetic field. Even at 0.1 T the decrease in AC loss is larger than the
decrease in | caused by twisting, as long as the twist pitch is not made smaller than an
optimum value. The optimum twist pitch is about 8 mm for tape D. For future applications it
is necessary to fully decouple the filaments in high parallel magnetic field. In perpendicular
field the coupling currents must be decreased as well. Decoupling the filaments in
perpendicular magnetic field is difficult due to the flat tape geometry. In Ag-matrix tapes a
twist pitch shorter than 5 mm is required to decouple the filaments in perpendicular magnetic
field (section 2.2.4). A twist pitch shorter than 5 mm is not believed to be practical in tapes
with a standard tape width of 3.5 mm. A moderate twist pitch of about 10 mm is favoured in
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order to keep I a the same level as in tapes with non-twisted filaments. Therefore it is
necessary to increase the effective matrix resistivity. The results of an increased matrix
resistivity are discussed in sections 3.6 and 3.7.

3.4 Effect of lower temperature

3.4.1 Increaseof critical current

The temperature of 77 K in aliquid-nitrogen bath is rather close to the critical temperature of
110 K for Bi-2223. Operating at a lower temperature significantly increases the critical
current of a Bi-2223 tape. Temperatures below 77 K are reached with a cryocooler or by
pumping off the N.-vapour. A smaller amount of expensive superconducting tape is then
required to carry the total current in a device. It is necessary to know the AC-loss behaviour
of Bi-2223 tapes in the temperature range between 65 K and 77 K where N; isaliquid. At full
coupling the AC loss is determined by the average critical-current density of the multi-
filamentary core, which is directly related to .. When the filaments are decoupled, the loss
depends on the magnetic critical-current density in the filaments, which is expected to be
proportional to .. Twisted filaments in a tape in parallel magnetic field are partially coupled
as demonstrated in section 3.3. Then the AC loss is affected also by changes in matrix
resistivity or in the critical-current density of intergrowths between the filaments.

In the experimental set-up the vapour pressure above the N, bath may be reduced to a
set value. After a certain cooling-down time, the lower pressure results in a lower
temperature. The temperature can be decreased from 77 K to about 65.5 K where the N
becomes a solid. The decrease in temperature causes an increase in the transport | by about a
factor 1.7: see Table 3.5. The critical currents are lower than in Table 3.2 due to degradation
of the samples.

Table 3.5 Transport and magnetic critical currents of tapes A and Dt at various temperatures.

Temperature | Tape A with non-twisted filaments Tape Dt with 6.4 mm twist pitch
T [K] 1. [A] lem [A] lem / le 1. [A] lem [A] lem / le
77.3 37.8 46.4 1.23 19.4 19.4 1.00
73.3 48.4 57.1 1.18 23.0 25.0 1.09
69.4 57.2 74.2 1.30 26.7 32.0 1.20
65.6 66.2 85.9 1.30 30.9 40.0 1.30

3.4.2 Tapewith non-twisted filaments

The AC loss measured in tape A in parallel magnetic field is compared to the CS model for an
infinite slab, assuming full coupling in the filamentary core as in section 3.2. The core
dimensions w; and d. are fixed at the values listed in Table 3.2. The critical current I is used
as afit parameter. The result is a ‘magnetisation critical current’ I, which gives information
about the magnitude of the coupling currents in the filaments. The values for |, found at four
different temperatures are listed in Table 3.5. The value of 46.4 A at 77 K is about 20 %
higher than the measured |.. It is close to the original critical current of 44 A in tape A.
Apparently the new lower | is caused by local damage. Large parts of the tape still carry
coupling currents equivalent to the origina |.. Both critical currents increase by
approximately the same amount if the temperature is decreased. The ratio Im/ I varies by
10% over the measured temperature range.

In Figure 3.10 the AC-loss function measured at various temperatures is shown as a
function of b which is defined as Ba / Byc. Here By is the core penetration field calculated
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with the magnetic critical current Icm. The scaling with B, ¢ cancels the direct effect on the AC
loss of the changes in I For paralel magnetic field the scaled AC loss is independent of
temperature. There are no significant temperature-dependent effects on the AC loss, apart
from the change in critical current. Also in perpendicular magnetic field the AC loss scales
with the same parameter Icm. At high magnetic-field amplitudes the AC-loss density Qmagn
and power loss P are proportional to Icm, which is apparently proportional to the transport
critical current. Then at high magnetic field the normalised power loss P/ I of a tape with
non-twisted filaments is independent of temperature. However, the cooling penalty factor is
higher at lower temperatures. Therefore the total power consumption of a device operating at
temperatures below 77 K is expected to be higher than at 77 K.
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Figure 3.10 Scaled loss function measured in tape A at various temperatures.

3.4.3 Tapewith twisted filaments

Twisted filaments are partially coupled in parallel magnetic field. The AC loss then depends
on severa critical-current densities: J.core in the core, Jcsiim in the filaments and possibly an
effective J; of the intergrowths. Two cases are possible:
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1) The critical-current densities s have a different temperature-dependence. For instance, the
AC loss at low magnetic-field amplitude may be determined by Bi-2212 intergrowths. At
77 K the J¢(T) dependence of Bi-2212 is stronger than that of Bi-2223. If the temperature
is decreased, the critical-current density of the intergrowths increases faster than Jcgiim.
Then the AC loss at low magnetic-field amplitudes increases more than at high
amplitudes.

2) All relevant critical-current densities have a similar temperature-dependence. Then the
changes in AC loss can be described with changes in a single parameter, e.g. the magnetic
critical current.

It isinvestigated whether tape Dt is described by case 1 or by case 2.

The AC loss measured in tape Dt is treated similarly to the loss of tape A in the
previous section. The measured loss function is shown in Figure 3.11 as a function of b,
defined as Ba / B, . The core penetration field is calculated with the magnetic critical current
lcm- At 77 K a magnetic critical current equal to I is assumed. At lower temperatures,
| m-values are sought which make the measured loss functions coincide as well as possible.
The scaled loss functions for different temperature are very similar: see Figure 3.11. Tape Dt
is described by case 2. The temperature-dependence of the AC loss is governed by the single
parameter . m. When the temperature is decreased, |.m obtained from the fit increases faster
than the transport current. At 65.6 K the magnetic critical current is 30 % higher than I.: see
Table 3.5. Possibly the damage in the filaments due to twisting plays a larger role at lower
temperature. Similar results are obtained in other tapes with twisted filaments. However, the
30% increase in lcm/ I¢ is found only in tape Dt. The measured ratio I¢m/ Ic is usualy a
constant in the temperature range between 65 and 77 K.
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Figure 3.11 Scaled loss function measured in tape Dt at various temper atures.
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3.5 Effect of magnetic-field orientation

3.5.1 Field angle between 0° (parallel) and 90° (per pendicular)

Near the edges of transformer or magnet coils, the magnetic field of the coil may be oriented
at any angle with respect to the wide direction of the tapes. The local AC loss is then
intermediate between the losses in parallel and perpendicular magnetic field discussed in
sections 3.2 and 3.3. The angle-dependence of the AC loss in stacks of tapes is measured
[Chiba99]. If the stack is high enough, it can be treated as an infinite slab whose effective
thickness depends on the field angle. The loss in stacks is discussed in section 5.1. The angle-
dependence of the AC loss in asingle tape is discussed here.

The geometry is displayed in Figure 3.12. The magnetic field is oriented along the
y-axis. It has a component B~ = Bsina perpendicular to the tape and a parallel component
B, =Bcosa The total magnetic moment m of the sample is not necessarily oriented in
y-direction. It has components m~ perpendicular to the tape and my, parallel to the tape. The
moment m» y = m.sina is the projection of m on the y-axis. Similarly my,, = mycosa is the
projection of my on the y-axis. Their sum my, = m. y+ny,, determines the magnetisation 10ss
Omagn- The loss at arbitrary field angle a is related to the losses g~ in perpendicular magnetic
field and gy in parald field.
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Figure 3.12 Components of the magnetic field and the magnetic moment of a tape.

An aternating magnetic field B, with amplitude B, parallel to the tape induces a
characteristic pattern of screening and coupling currents. The current pattern has a certain
magnetic moment my, parallel to the tape. The current pattern causes a loss g,(Ba,y) that is
calculated as an integral of my,dB,. Similarly a perpendicular field B~ induces a current
pattern, which has a magnetic moment m. and causes a loss ¢~ (Ba~). When B, and B~ are
both present, the two induced current patterns influence each other. As a first approximation
the mutual influence is ignored [Oomen97b]. Both current patterns are assumed to exist
simultaneoudly in the tape. The assumption is plausible at low amplitudes of the magnetic
field. Then the screening and coupling currents occupy only a small fraction of the cross-
section area of the superconductor. In that case
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dOmagn =mydB = (m. y +my, y)dB =m.dBsina +m,dBcosa Eq. 3.3
=m\dB. + m//dB// = dq/\ + dq”. b=

Integrating domagn Over one field cycle and normalising with the sample volume yields:
Qmagn(Baaa) = (Ba,’\ ) +Qy (Ba,//) =Qn (Bysna)+Qy(Bycosa). Eq.34

At higher field amplitudes there is not enough space in the superconductor cross-section for
the two current patterns to coexist unmodified. Then the (0SS Qmagn IS expected to be lower
than predicted with Equation 3.4 and higher than either Q~ or Q; [Oomen97b]. Equation 3.4
should be regarded as a worst-case estimate.
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Figure 3.13 Loss function measured in tape Dt at various field angles and model description.
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Measurement results for tape Dt with 6.4 mm twist pitch are displayed in Figure 3.13.
Solid symbols represent the loss measured at the two extreme field angles of 90° and 0°. The
loss curves are fitted with two arbitrary mathematical functions Q~(By) and Qy(B,). The
functions are 4" order polynomials in Ln(Ba). The corresponding |oss functions are displayed
in the figure as solid lines. Open symbols represent the loss measured at intermediate a.

The loss functions calculated with Equation 3.4 for the intermediate field angles are
displayed as dashed lines in Figure 3.13. They are a good approximation for the measured
loss aso at high magnetic-field amplitudes. At intermediate field angle, the maximum of the
measured loss function is found at higher magnetic-field amplitudes B, max than at either 0° or
90° field angles. The measured shift of B, max IS described by the calculated loss functions. At
low magnetic-field amplitudes and field angles, the loss cannot be predicted with Equation
3.4 because Q~ is unknown for perpendicular-field amplitudes lower than 1 mT.

Similar results were published earlier for a tape with non-twisted filaments and a tape
with 20 mm twist pitch [Oomen97b]. If the losses of a single tape in paralel and
perpendicular magnetic field are known, the AC loss at arbitrary intermediate field angles can
be estimated with Equation 3.4.

3.5.2 Magneticfield in longitudinal direction of the tape

In apower transmission cable the tapes are usually positioned as a spiral around the cable axis
[Rieg98]. The total magnetic field of the cable then has a component parallel to the tapes and
a component in the longitudinal or axial direction of the tapes. The magnitude of the axial
component depends on the cable twist pitch. Therefore, it is important to know the AC loss
caused by an axial component of the magnetic field.

Non-twisted filaments in a round wire are usually not coupled by axial magnetic field
[Wils83, p.188]. The CS model for along cylinder with its axis parallel to the magnetic field
is then applied to each filament. Non-twisted filaments in a tape have a dlab-like geometry.
An axial magnetic field is expected to induce currents around the circumference of the core
region, in a plane perpendicular to the tape axis. Such currents have to cross only a small
amount of resistive matrix material, due to the very flat shape of the filaments. Therefore,
non-twisted filaments in a tape may be coupled in axial magnetic field, even if they are not
coupled in a round wire with the same superconducting fraction and the same matrix
resistivity.

In a twisted round wire, the axia magnetic field induces a voltage in the outer
filaments because they have the shape of a helical coil. Coupling currents flow aong the outer
filaments and return in the central filaments of the wire. Therefore if filaments are twisted in
order to decouple them in paralel or perpendicular magnetic field, they become coupled in
axia field. The extra coupling-current loss is calculated for short samples [Ries76] and for
long samples of round wire [Wils83, p.189]. In the latter case the matrix resistivity is not
important. All the filaments are saturated at a magnetic-field amplitude Bs given by
MoJecorelp / 4p, Where Jecore 1S the critical-current density in the core. For magnetic-field
amplitudes lower than Bs, only an outer ring of filaments is saturated. The extra AC loss due
to the coupling currents is described by the loss function

%% b

forb <1
L2 3(1+b)?

Gb)=
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- B forb >1,
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where b is defined as B,/ Bs and r. is the radius of the filamentary core of the wire. At b
lower than 1 the inner filaments are partially shielded, decreasing the filament hysteresis |oss.
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At b higher than 1 the filament loss is expected to be zero because al filaments are saturated
with the coupling currents. For the coupling-current loss in a twisted-filament tape in axial
magnetic field there exists no analytical theory.

The AC loss of tape E is measured in axial magnetic field. Several 80 mm long
samples are placed in the long-sample pickup coils, with their longitudinal direction parallel
to the magnetic field. The measured loss is pictured in Figure 3.14. Open symbols display the
loss in tape Et with twisted filaments. Solid symbols represent the loss in tape En with non-
twisted filaments, which has a critical current of 30 A. The loss in tape Et is about a factor 2
higher than in tape En. The effect of filament twist in axial magnetic field is opposite to the
effect in parallel field discussed in the next section. The loss in tape En is fitted with the CS
model, describing the individual filaments as infinite slabs (solid line). The fit yields a
filament thickness of 21 um, which is close to the value for tape E in Table 3.2. The
superconducting fraction of 0.19 obtained from the fit is 25% smaller than the expected value.
The difference is possibly due to the anisotropy of J.si, which is discussed in section 2.6.2. In
that case the lower critical-current density in c-direction limits the screening currents at the
edges of the filaments. There is no indication for an extra loss due to filament coupling. In
axial magnetic field the loss behaviour of tape En indicates decoupled filaments.
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Figure 3.14 Loss function measured in tape E in axial magnetic field and model predictions.

The higher AC loss in tape Et is due to filament coupling. As afirst approximation, the
measurement results are compared to the coupling-current loss calculated for a twisted round
wire (Equation 3.5). The hysteresis loss in the filaments is ignored, which is certainly
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plausible at magnetic-field amplitudes higher than Bs where al filaments are saturated by
coupling currents. The dashed line in Figure 3.14 is obtained with the fit parameters
Je.core = 2.9 A/mm? and r = 2.26 mm. The radius r. is comparable to the core width. However,
Jecore 1N the model is lower than the transport value of tape Et by a factor 0.059. At a
magnetic-field amplitude equal to Bs the inner filaments become saturated and the model
predicts a distinct jump in the magnetisation loss. The measured loss does not clearly display
such a distinct jJump. In axial magnetic field the coupling-current loss in a flat tape with
twisted filaments is different from the coupling-current loss in a round wire. A new
theoretical model is needed to describe the loss in axial magnetic field.

3.6 Effect of higher-resistivity matrix materials

3.6.1 Lossin standard conditions

As demonstrated in sections 2.2 and 3.3, the effective matrix resistivity must be increased in
order to decouple the filaments and to decrease the AC loss in perpendicular and high parallel
magnetic fields. The matrix resistivity is increased by choosing a matrix material with a
resistivity r m higher than r ag. The material must not react with any of the precursor materials
in the filaments, or influence their reaction to Bi-2223 a high temperature. It must be
transparent to oxygen during the reaction. Finaly it must be mechanically ductile in order to
prevent damage to the filaments during rolling of the tape. The alloys of silver with palladium
(Pd) and gold (Au) are the only known materials that meet all requirements. The resistivity
depends on the percentage of Pd or Au in the silver: see Table 3.6. A high value of r is
achieved with 20% of Pd in the matrix. However, high percentages of Pd or Au are not
feasible due to the high price of the metals.

Table 3.6 Resitivity of matrix and sheath materials.

Material |Resistivity | Reference Effective matrix resistivity
I m [UWem] et [HWAEM]

Ag 0.27 [Seeb98, ch.F3] | not measured

AgPd, 1.2 [Arndt97] 0.61

AgPdy |12 [Arndt97] not measured

AgAug |22 [Gold98] 1.35

AgMgos |0.8 [Legh99] not measured

Tape E has 2 % of Pd in the matrix and is produced with a series of twist pitches. For
each twist pitch, the critical current and the normalised AC loss at 0.1 T parallel to the tape
are listed in Table 3.4. They are compared to the values for tape D. Tape En with non-twisted
filaments has a critical current | much lower than tape Dn. However, the decrease in I with
twist pitch observed in tape series D does not happen in tape series E. This is why the critical
currents of tapes Dt and Et are similar. The normalised AC loss P/ I; in tape series E is
minimum at a twist pitch of 11 mm. The optimal twist pitch for tape series E is about 11 mm,
compared to 8 mm for tape series D. The minimum normalised loss for tape E is 17% lower
than for tape D. Thetapes D and E are very similar except for the AgPd matrix of tape E: see
Table 3.2. Therefore the lower loss and longer optimal twist pitch in tape series E are most
likely due to the higher resistivity of the AgPd matrix.

The AC-loss function of tape E is displayed in Figure 3.15. Solid symbols represent
the loss measured in tape En and open symbols the loss in tape Et. In perpendicular magnetic
field thereislittle difference in the AC loss. The Critical-State Model for athin strip describes
the results much better when full coupling is assumed (solid line) than with the assumption of
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separate filaments (dashed line). Apparently at perpendicular-field amplitudes higher than
10 mT the filaments are fully coupled despite the AgPd matrix. The cause of the higher AC
loss in tape Et at magnetic-field amplitudes lower than 10 mT is explained in the next section.
In parallel magnetic field the AC loss in tape Et is clearly lower than the loss in tape En. The
loss functions are similar to those of tape D displayed in Figure 3.7. The tapes En and Et have
practically the same critical current. Fore this reason, the difference in the AC loss between
tapes En and Et is due completely to the twist of the filaments.
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Figure 3.15 Loss function measured in tapes En and Et and CS model predictions.

The dashed line in Figure 3.15 represents the loss predicted with the CS model, by
describing the separate filaments as infinite slabs. A superconducting fraction of 0.25 and a
filament width of 320 uym are used in the model. If the filaments are elliptical, their thickness
must be 18 pm in order to obtain the right superconductor fraction. The filament dimensions
in the model are dightly different from the average values of 350 um and 17 um as given in
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Table 3.2. A screening-current density of twice the transport-current density is assumed for
the filaments in order to account for inhomogeneity. The loss function for the separate
filaments is close to the measurement results for low magnetic-field amplitude. It explains the
higher AC loss at low amplitudes in tape Et, which is due to the very low filament penetration
field Bpsi. There is aso alow coupling-current loss Qc, which increases with the magnetic-
field amplitude. Therefore, a higher amplitudes the AC loss converges from the dashed line
for decoupled filaments towards the solid line for full coupling. The coupling-current loss
function is the difference between the dashed line and the open symbols in Figure 3.15. The
difference is not constant, so Q. is not proportional to B It does not conform to the
Campbell coupling model presented in section 2.2. Therefore the magnitude of Q. cannot be
used to assess the increase in effective matrix resistivity caused by the AgPd-alloy. VValues for
the effective resistivity are obtained in the next section from the frequency-dependence of the
AC loss.

3.6.2 Freguency-dependence; matrix resistivity

In the Campbell model for inter-filament coupling currents [Camp82] the coupling-current
loss from Equation 2.12 is a maximum at the magnetic-field frequency where the product wt
is 1. Here t is the decay time constant of the inter-filament coupling currents. The time
constant depends on the twist pitch, the filamentary-core dimensions and the effective matrix
resistivity. Therefore the resistivity can be calculated from the time constant if the other
parameters are known. With core dimensions such as those in Table 3.2 and a twist pitch of
10 mm, a time constant of 7 us is expected for parallel magnetic field (Equation 2.13). The
loss maximum would then lie at a frequency of 25 kHz. For 50 Hz, the model predicts a
coupling-current loss that is insignificant compared to the filament hysteresis loss. Therefore
the effective resistivity cannot be obtained from magnetisation measurements in parallel
magnetic field at power frequencies.

In perpendicular magnetic field the expected time constant is about 10 ms (Equation
2.14), which is in the power-frequency range. The time constant is determined by measuring
the frequency-dependence of the AC loss. The loss is measured at a fixed magnetic-field
amplitude. A low amplitude is chosen in order to prevent filament saturation by the coupling
currents at higher frequencies. A pickup-coil set more sensitive than the one described in
section 3.1 is used [Rabb99]. The measured AC loss consists of hysteresis loss, coupling-
current loss and eddy-current loss. The hysteresis |oss per cycle depends only dightly on the
magnetic-field frequency (section 2.6.4). The hysteresis loss is not expected to influence the
position of the loss maximum. The eddy-current loss is known theoretically and
experimentally for a normal-conducting tape (section 2.3). In a superconducting tape, at low
magnetic fields the coupling currents are small and the sheath is only dlightly shielded. Then
the eddy-current loss is expected to behave as if there is no superconductor in the tape. An
eddy-current loss correction calculated with Equation 2.27 is subtracted from the total AC
loss. For tapes B and E the correction is small due to the high resistivity of the AgMg sheath:
see Table 3.6.

The resulting AC 10SS Quagn (f, Ba) is divided by the highest 10SS Qmax (fmax, Ba)
measured at the same magnetic-field amplitude. The normalised loss measured for tapes Bt
and Et is shown as a function of the frequency in Figure 3.16. Measurements are made at
various magnetic-field amplitudes in order to check whether the coupling-current loss
behaves according to the Campbell model. In that case the frequency where the maximum
occurs is independent of the magnetic-field amplitude.

The loss in tape Et is represented by open symbols. The loss has a maximum at 65 Hz,
which corresponds to a time constant of 2.45 ms for perpendicular magnetic field. With a
twist pitch of 6.4 mm and the core dimensions from Table 3.2, an effective resistivity of
0.608 puWsem is obtained. The measured resistivity is 2.25r aq, which corresponds to 0.5r r, for
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the AgPd-alloy used in tape E: see Table 3.6. The difference between r .+ and r o, is caused
by the superconducting filaments, as demonstrated in section 2.2.3. In perpendicular magnetic
field the effective resistivity is expected to be about 0.4r ,, which is almost equivalent to the
measured value. The resistivity is not high enough to decrease the AC loss in perpendicular
magnetic field: see Figure 3.15. In fact the filament twist causes a small increase in the AC
loss a low perpendicular magnetic fields. The increase is explained using the measured
frequency-dependence of the loss. For tape Et the standard measurement frequency of 48 Hz
is close to the frequency frmax Of 65 Hz where the loss maximum occurs. Therefore, in Figure
3.15 the loss in tape Et is relatively high. Tape En with non-twisted filaments has a very high
t~ corresponding to a very low frax. The frequency of 48 Hz is much higher than f.x for tape
En. At frequencies much higher than fo.x the AC loss is lower than at frequencies close to fax:
see Figure 3.16. Therefore in Figure 3.15 the AC loss in tape En is lower than the loss in tape
Et at low magnetic-field amplitudes.
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Figure 3.16 Frequency-dependence of the AC loss in tapes Bt and Et at low magnetic fields.

Closed symbols in Figure 3.16 represent the loss in tape Bt with a AgAu matrix. Tape
Bt displays an AC-loss maximum at a frequency of 30 Hz, which corresponds to a decay time
of 5.3 ms. The decay time is longer than in the AgPd-matrix tape. Therefore in tape Bt at
48 Hz the filament twist causes no decrease of the AC loss in perpendicular magnetic field.
The high value of t~ is mainly due to the rather long twist pitch of 16 mm. The effective
matrix resistivity r s~ in a perpendicular magnetic field is 1.35 pWsem (Equation 2.14). The
measured resistivity is 5.0r ag, Which corresponds to 0.6r m for the AgAu-alloy used in tape Bt:
see Table 3.6. If a twist pitch of 6.4 mm can be achieved in the AgAu-matrix tape without
introducing extra intergrowths between the filaments, the loss maximum will shift to a
frequency of 187 Hz. Then the coupling-current loss at 48 Hz is expected to decrease
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significantly. Nevertheless, the method of increasing the effective matrix resistivity with
AgAu-aloys is too expensive for application in large-scale devices [Mart99]. The high price
is due to the high percentage of gold required (approximately 10%) and to the specid
production of AgAu-aloy tubes. Cheaper and more effective ways of increasing the matrix
resistivity are discussed in the next section.

3.7 Effect of ceramic barriersbetween the filaments

3.7.1 Barrier structures

The increase in transverse matrix resistivity necessary to decouple the filaments is achieved
by surrounding each filament with a barrier of a highly resistive material. The barrier material
must meet the requirements mentioned in section 3.6.1. Furthermore it must withstand the
temperature of about 850°C where the Bi-2223 is formed. At the University of Geneva,
several oxide materias are tried out [Huang98a; Huang98b]. The materials BaZrO; and

SZrO; are finally selected for producing wire. The materials are harder than silver. At

ForschungsZentrum Karlsruhe, the carbonate material SrCO; is used, which is softer than

slver [Gold98; Gold99]. In any case the barriers change the mechanical properties of the

Bi-2223/Ag composite. The thermo-mechanical treatment has to be re-optimised.

Ceramic barriers have several advantages over a homogeneous high-resistive matrix:

1) The barrier material is separated from the Bi-2223 by a layer of silver. The Ag/Bi-2223
interface with its good grain alignment is not contaminated with other elements such as
Pd.

2) The barriers increase the transverse resistivity of the matrix. They do not increase the
longitudinal resistivity [Huang98a. If a filament is locally damaged, the current flows
over ashort length in the silver.

3) Theformation of intergrowths between the filaments stops at the barriers [Huang98b].

Severa types of barrier structure are produced. A type-A structure is formed by
pasting the barrier material (embedded in an organic binder) on the outside of the Ag tubes
that contain the Bi precursor. The tubes are then stacked in order to form a multi-filament
composite conductor. There is asingle barrier between every two neighbouring filaments. The
barriers form a fully connected high-resistive network in the tape. Figure 3.17 is a cross-
section micrograph of a type-A structure with SrZrO barriers (black) between Bi-2223
filaments (grey).

Figure 3.17 Type-A structure of S ZrO barriers (black) around the filaments of tape G (grey).

A type-B barrier structure is formed by surrounding each barrier-coated Ag tube with
a second Ag tube. The double-layer tubes are stacked to form a multi-filament composite.
Each filament has its own ring-shaped barrier. There are two distinct barriers between every
two neighbouring filaments. Figure 3.18 is a micrograph of a type-B structure with BaZrO
barriers (black) surrounding the filaments (grey). Such barriers are found to be more
homogeneous than with a type-A structure [Gold98]. Soft or fine-grained barrier materia in a
type-A structure is mostly squeezed out from between the filaments during the rolling
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process. The result of the squeezing out is observed in Figure 3.17. The barrier material is
concentrated at the filament edges.

Figure 3.18 Type-B structure of BaZrO barriers (black) around Bi-2223 filament (grey).

The increase in effective matrix resistivity is calculated for a type-B structure with
round filaments [Camp97]. The coupling current between any two filaments crosses only the
two barriers around the filaments. It follows a low-resistive Ag path through the centre of the
tape. Due to the barriers around the inner filaments, the current path is longer and narrower
than in asimilar tape with no barriers. The effect of type-B barriers on the effective resistivity
is most pronounced in thin tapes with few filaments [Kwas98]. The effect of type-A barriers
is independent of tape thickness or number of filaments. For atype-A structure the increase in
resistivity is determined solely by the thickness and homogeneity of the barriers themselves.
Furthermore, if the same amount of barrier materia is used, each single barrier in a type-A
structure is two times as thick asin atype-B structure. Therefore type-A barriers are expected
to have fewer pores and other imperfections. The imperfections determine the resistance of
the barrier since the resistivity of the ceramic material itself is very high. A single thick
barrier (type-A) ismost likely better than two thin barriers (type-B).

A type-C barrier structure is formed by replacing al the inner filaments by a single
thick barrier [Gold98]. The remaining outer filaments are twisted around the barrier. The
filaments are then similar to the strands in a Rutherford-type flat cable with aresistive core. A
type-C barrier structure is expected to divide the tape into two decoupled layers. Within each
layer, the filaments are still coupled together by a Ag matrix. Therefore a type-C barrier
decreases the effective thickness of the filamentary region by a factor 2. The AC loss at high
amplitudes of the magnetic field is then also decreased by a factor 2.

The use of ceramic barriersis arecent development and the state of the art is still very
young. The final effective matrix resistivity r« of a barrier tape is determined by many
effects that are not yet fully understood. It is therefore difficult to predict r « for a given
barrier tape. The barrier tapes F, G and H studied in the next section have a type-A structure.
Differences in r & found in the tapes are therefore directly related to differences in the quality
of the barriers.

3.7.2 Lossin standard conditions

The AC loss measured in three different barrier tapes in parallel magnetic field is displayed in
Figure 3.19. It is compared to the loss in tape Et with a AgPd-matrix, which is represented by
open squares in the figure. The loss in the barrier tapes is clearly lower than in tape Et.
However, so are their critical currents. see Table 3.2. At low magnetic-field amplitudes the
filamentsin al the tapes are decoupled. The maximum value Gyax of the loss function is lower
in the barrier tapes than in tape Et due to the lower superconducting fraction of the barrier
tapes. At high magnetic-field amplitudes the filaments in tapes Ft (open triangles) and tape Ht
(closed triangles) are partially coupled. The high coupling-current loss is an indication of
imperfect barriers. Therefore the decrease in the AC loss is not larger than the decrease in
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critical current. The normalised power lossP /I a 0.1 T is higher in tape Ft than in tape Et.
Tape Ht has a short twist pitch of 10 mm. Therefore the normalised loss in tape Ht is
comparable to that in tape Et.
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Figure 3.19 Loss function measured in tape Et and in the barrier tapes Ft, Gt and Ht.

The loss measured in tape Gt is displayed by closed squares in Figure 3.19. The AC
loss is close to the loss predicted with the CS model for separate filaments, which is shown as
asolid line. Apparently the filaments are decoupled also at high magnetic-field amplitudes. In
tape Gt the decoupling is achieved with a relatively long twist pitch of 18 mm. This indicates
a high effective resistivity as a result of the use of high quality barriers In tape Gt, the
normalised power loss P/ 1 is 0.329 mW/Am at 0.1 T parallel magnetic field. This is the
lowest normalised loss found so far. The low loss is the result of the barriers used, the tape's
low superconducting fraction, the low thickness of the filaments and the low total thickness of
the filamentary region. Because of the geometrical differences between the tapes F, G and H,
the measurement results presented in Figure 3.19 cannot be directly used to quantify the
increase in effective matrix resistivity.

Tape F is produced with a series of twist pitches, down to 7.5 mm [Ecke99a]. With a
short twist pitch the barriers have an effect on the AC loss aso in perpendicular magnetic
field: see Figure 3.20. At magnetic-field amplitudes higher than 0.2 T the loss function tends
towards a constant value due to the sheath eddy currents (section 2.3). The small loss decrease
in the magnetic-field range between 0.02 T and 0.2 T is most likely due to the decrease in I
caused by twisting. For magnetic-field amplitudes lower than 0.02 T atwist pitch of 16 mmin
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tape Ft (open triangles in the figure) has no effect. The measured loss is equal to the loss in
tape Fn (open squares). Apparently the filaments remain fully coupled. The twist pitches 10
mm (solid squares) and 7.5 mm (solid triangles) result in a decrease in the AC loss by factors
2-3 at low magnetic-field amplitudes. The decrease in loss must be due to the decoupling of
the filaments. For the first time a decrease in the AC loss in Bi-2223 tapes in 50 Hz
perpendicular magnetic field is observed. The decrease is caused by the combination of a
short twist pitch and resistive barriers between the filaments. A small effect on the AC lossin
perpendicular magnetic field is observed also in tape Ht [Oomen99b].
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Figure 3.20 Loss function measured in tape series F in perpendicular magnetic field.

The effective matrix resistivity required to decouple the filaments in perpendicular
field is estimated, using the coupling-current model presented in section 2.2. The modd is
valid if the coupling currents flow only in the outer layer of filaments. The coupling-current
amplitude must be smaller than the total critical current of these filaments. This criterion
limits the rate of change dB/dt that is given by wB, for sinusoidal magnetic fields. Within the
model, the coupling-current loss is decreased by filament twist and barriers only if the product
wt~ is much lower than 1. This criterion directly limits the frequency of the magnetic field. A
frequency of 50 Hz and a twist pitch of 10 mm are assumed for the calculation. A typical core
geometry is 3.0%.2 mm? In order to make the product wt~ lower than 0.25, the effective
resistivity ref~ should be larger than 12r oy (Equation 2.14). This resistivity is inserted in
Equation 2.22 in order to calculate the full-coupling field B, Where the coupling currents are
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equal to the critical current of the outer filaments. For a standard tape with an overall critical
current of 40 A, the outer filaments have an estimated critical current of 10 A which yields
Basc =29 mT. In the barrier tapes studied here, the critical currents are lower by about a factor
5. Thus, afull-coupling field of 5.8 mT is estimated for the barrier tapes. Therefore the effect
of the barriers is at present observed only at low amplitudes of the perpendicular magnetic
field. When a satisfactory effective matrix resistivity is achieved with ceramic barriers, the
critical current of tapes with such barriers can be optimised. Then the filaments are expected
to be decoupled also at higher perpendicular-field amplitudes. The next section deals with the
frequency-dependence of the AC loss in perpendicular magnetic field. The increase in
resistivity caused by the barriersin the tapes F — H is determined.

3.7.3 Freguency-dependence; effective matrix resistivity

As explained in section 3.6.2, the effective matrix resistivity in a perpendicular magnetic field
is calculated using the decay time constant of the inter-filament coupling currents. The time
constant is determined from the frequency-dependence of the AC loss at low magnetic-field
amplitude. A maximum AC loss is expected at the frequency where the product wt~ is
exactly 1. The AC loss at a low magnetic-field amplitude is measured over a wide frequency
range with an accurate pickup coil set-up [Rabb99]. The eddy-current loss in the normal-
conducting sheath also depends on the frequency (section 2.3). The eddy-current loss is
calculated and subtracted from the total AC loss. The resulting AC loss is divided by the
highest loss measured at the same magnetic-field amplitude. The normalised loss is shown as
afunction of the frequency in Figure 3.21 for the barrier tapes Ft, G and Ht [Oomen99c].
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Figure 3.21 Frequency-dependence of AC loss measured in the barrier tapes Ft, Gt and Ht.

A loss maximum is found for each tape at a magnetic-field frequency fmax that is
independent of the magnetic-field amplitude. However, especialy for tapes Gt and Ht (open
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symbols) the maximum is rather flat. The flat maximum is most likely due to the
inhomogeneity of the barriers. Tape locations with good barriers carry coupling currents
which have a short decay time. The decay time is much longer where the barriers are thin or
damaged. There is a spread of decay times around the average. Therefore the frequency frax IS
not very well determined. The values of fnax listed in Table 3.7 have an uncertainty of 10%.
Nevertheless they are used to calculate the average decay time t~ for perpendicular magnetic
field. Valuesfor t~ and for the effective matrix resistivity arelisted in Table 3.7.

Table 3.7 Measured decay time and cal culated effective matrix resistivity for various tapes.

Tape Twist pitch | Matrix Frequency |Decay time | Resistivity Ratio
Lp [mm] material frmax [HZ] t~ [mg] Iein [UWPEM] [T ein /T ag
Tape Bt 16 AgAug 30 5.30 1.35 5.0
Tape Et 6.4 AgPd, 65 245 0.608 2.3
Tape Ft 16 Ag+SICO |90 1.77 4.26 16
Tape Gt |18 Ag+ SZrO |150 1.06 12.3 45
Tape Ht 10 Ag + BaZrO (190 0.84 3.59 13

The resistivity ratios r g~ / 1 ag Of 13-16 obtained for tapes Ft and Ht are rather close
to the values of 8-10 given in the literature [Huang98a; Kwas98]. The resistivity ratio
re~ /1 ag = 45 for tape Gt is clearly higher. The high effective resistivity corresponds well to
the low normalised AC loss, measured in tape Gt in parallel magnetic field. In the previous
section a resistivity ratio of 12 is calculated as a necessary condition for decoupling the
filaments in perpendicular magnetic field. The necessary resistivity is achieved in al three
tapes studied. The twist pitch can be decreased to 10 mm while keeping a high effective
matrix resistivity in perpendicular field: see tape Ht in Table 3.7. If the critical current of the
barrier tapes can be increased towards the value achieved in standard tapes, decoupled
filaments and alower AC loss are expected also at moderate perpendicular field amplitude.

3.7.4 Expected lossin an optimised tape

This section investigates whether filament twist and ceramic barriers can decrease the
magnetisation loss below the level of 0.5 mW/Am required to compete with copper (section
1.3.3). The magnetisation loss of an optimised multi-filament tape is calculated, assuming
magnetic-field conditions as in a typical transformer winding: B, =0.1 T, Ba» =001 T and
f =50 Hz (section 1.3.1). The losses due to B,; and B,~ are added together, which is a worst-
case approximation (section 3.5.1). The coupling-current loss and the hysteresis loss in the
filaments are independently calculated and then added together, which is also a worst-case
approximation (section 2.2.2). Eddy-current loss in the sheath (section 2.3.1) is ignored. The
assumed tape properties, the equations used and the results are listed in Table 3.8. The result
is independent of the superconductor fraction and the thickness of the normal-metal sheath
around the tape.

An effective matrix resistivity higher than 10r oq in perpendicular magnetic field is
possible with ceramic barriers, as demonstrated in the previous section. The resistivity r ¢ in
parallel magnetic field is expected to be about two orders of magnitude lower than r g~ due to
filament overlap (section 2.2.3). Twist pitches shorter than 5 mm are recently achieved with
AgAu-matrix tapes [Mart99]. The other assumed tape properties are quite normal. However,
the combination of good-quality resistive barriers, short twist pitch and high critical current is
not yet achieved. The calculated field amplitude Bt for the onset of full coupling is higher
than the actual magnetic-field amplitude. Therefore the coupling-current loss can be
calculated with the Campbell model. The magnetisation loss in the optimised tape is lower
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than the 0.5 mW/Am criterion. By combining the presently known techniques for decreasing
the AC loss, a suitable Bi-2223 tape can be developed for a high-temperature superconducting

transformer.

Table 3.8 Calculation of magnetisation loss for an optimised multi-filament tape.

Assumed tape property |Vaue Calculated loss property Vaue Equation
Filament thicknessdy; | 10 um Hysteresisloss dueto B, | 0.05 mW/Am | Section
Filament width w 200 pm Hysteresislossdueto B~ |0.10 mW/Am |2.1.5
Resistivity rm 30r pg = r «, for parallel field 0.1r aq Section
of matrix material 8.6 PWhem | r «~ for perpendicular field | 10r aq 223
Aspect ratio W, / dc 15 wt , for parallel field 0.0096 2.13
Twist pitch L > mm wt~ for perpendicular field |0.076 2.14
Core width we 3 mm Bayc for paralel field 0.23T 2.22
Core thickness d. 0.2mm Basc for perpendicular field [0.10 T 2.22
Critical current lcou 10A Coupling lossdueto By, | 240 Im°cycle | 2.12
in the outer filaments | - Coupling lossdueto By | 285 Jm’cycle |2.12
Tape critical current [ |50 A Coupling lossduetoB,;, |0.14 mW/Am |-
Coupling loss due to B, 0.17 mW/Am |-
Magnetisation lossP/ | 0.46 mW/Am |-

3.8 Conclusions

This chapter studies the AC loss caused in Bi-2223 tapes by an alternating external magnetic
field. The tapes do not carry a transport current. The magnetisation loss is measured with a
conventional pickup-coil technique, which is described in section 3.1. The changes in the
magnetic moment of the sample are detected and integrated to obtain the loss. When the
filaments in a tape are not twisted, they are fully coupled by the externa magnetic field
(section 3.2). If the field is oriented paralel to the wide side of the tape, the loss is well
explained with the Critical-State Model by describing the filamentary core as an infinite slab.
The loss in perpendicular magnetic field is higher by about a factor 20. The loss measured at
magnetic-field amplitudes higher than 20 mT is described by the Critical-State Model for a
thin strip. The loss at lower magnetic-field amplitudes is not well explained by the thin-strip
model. The discrepancy is due to the finite thickness of the tape and the lower critical-current
dengity at its edges.

Twisted filaments in a silver-matrix tape are decoupled in parallel magnetic fields with
a frequency of 50 Hz. The decoupling decreases the AC loss by factors of 2-3 (section 3.3).
The AC loss at low magnetic-field amplitudes is described by the Critical-State Model for the
separate filaments. At higher magnetic-field amplitudes and frequencies the filaments become
increasingly coupled. In perpendicular magnetic field, twisted filaments in a silver-matrix
tape remain fully coupled. The difference between paralel and perpendicular field is
explained by the Campbell model for coupling currents. Similar results are presented in
section 3.6 for tapes with a AgPd-alloy matrix. A lower AC loss in parallel magnetic field is
achieved with a twist pitch longer than in Ag-matrix tapes. The measured effective matrix
resistivity is a factor 2 higher than the resistivity of silver. The matrix resistivity is not high
enough to have a significant effect on the AC loss in perpendicular magnetic field.

At temperatures below 77 K the same AC-loss phenomena occur at higher magnetic-
field amplitudes, which corresponds to a higher magnetic critical current (section 3.4). For a
tape with non-twisted filaments, the magnetic critical current is proportional to the transport
critical current. Section 3.5 discusses the AC loss at intermediate field angles between 0°
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(paralel magnetic field) and 90° (perpendicular field). The AC loss is well described by a
weighted sum of the two loss components measured at field angles of 0° and 90°. If the
magnetic field is oriented in axia direction aong the tape, non-twisted filaments are
decoupled. The loss in atape with twisted filaments is then higher due to partia coupling.

A matrix resistivity 10-15 times higher than the resistivity of silver is required to
decouple the filaments in perpendicular magnetic field. The required resistivity is attained by
inserting ceramic barriers between the filaments of a tape. Severa barrier structures are
discussed in section 3.7. The barriers decrease the AC loss in parallel magnetic fields and in
weak perpendicular fields. The measured effective matrix resistivity is a factor 15-45 higher
than the resistivity of silver. The barrier tapes are still under development. At present, their
critical current is clearly lower than those of tapes with a pure silver matrix. In the future, the
critical current and the twist pitch in barrier tapes are expected to reach values similar to those
in standard tapes. Filament decoupling and a lower AC loss are then achieved also at
moderate magnetic fields perpendicular to the tape. The magnetisation loss can be decreased
to alevel that is acceptable for a high-temperature superconducting transformer.

Severa techniques for reducing the AC loss are discussed in this chapter. The
techniques should be applied in a logical order. When the filaments are fully coupled, the
dimensions of the filamentary core should be minimised. The filaments are decoupled by
twisting with a short enough twist pitch. Then the coupling-current loss is further reduced by
increasing the effective resistivity of the matrix. Finaly, if the filaments are completely
decoupled, the AC lossis reduced by decreasing the filament dimensions.



Chapter 4

SINGLE TAPE
CARRYING TRANSPORT CURRENT

This chapter deals with the AC loss in a tape carrying a direct or alternating transport
current. There is always an alternating magnetic field present and there are no neighbouring
tapes. The AC loss consists of a magnetisation and a transport-current loss component. The
experimental set-up is extended in order to measure both loss components separately with
direct transport current in alternating magnetic field oriented parallel to the tape.

The transport-current loss is described with a dynamic resistance, which occurs at
magnetic-field amplitudes higher than the so-called threshold field. The dynamic resistance
measured in tapes with non-twisted filaments is compared to predictions from the Critical-
State Model. The effect of a lower temperature is examined. In a tape with twisted filaments,
the dynamic resistance behaves differently and the threshold field is absent.

Transport current suppresses the magnetisation-loss components caused by large-scale
currents in the filaments. The remaining magnetisation loss at high transport current is due to
small-scale currents inside the grains. Apart from the grain loss, the influence of a transport
current on the magnetisation loss in a tape with non-twisted filaments is well described by the
Critical-Sate Model. The total AC loss in current-carrying tapes with twisted and non-twisted
filaments is compared in order to assess the usefulness of filament twist.

In the case of an alternating transport current in a tape exposed to an alternating
magnetic field, the losses are measured with the electric and magnetic methods. The
l[imitations and requirements of the measurement technique are described. The calorimetric
method is less complex and allows more combinations of current and magnetic field. The
sensitivity achieved with the calorimetric method is compared to the sensitivity of electric and
magnetic methods. Finally, this chapter describes a new calorimetric measurement technique
as well as the reasons why the full functionality is not achieved.



102 Chapter 4

4.1 Direct current in alternating magnetic field

4.1.1 Introduction

When a superconducting tape carries a transport current and is exposed to an alternating
magnetic field, the total AC loss consists of a magnetisation component and a transport-
current component. Both components of the loss are discussed in section 2.5. The
magnetisation loss is measured by the magnetic method described in section 3.1. The
transport-current 10ss is measured with an electrical four-probe technique. A similar technique
is used to measure the critical current or the transport-current loss due to alternating current in
self-field [Ashw94; Cisz95]. However, both methods should be modified when transport
current and external magnetic field are combined [Rabb98; Laan99; Ashw99a]. The next
section discusses the experimental set-up for measuring both AC-loss components in a tape
carrying direct transport current in alternating magnetic field (DC/AF). The case with
aternating current and alternating magnetic field (AC/AF) is discussed in section 4.4.
Calorimetry is an aternative method for obtaining the total AC loss with both DC/AF and
AC/AF (section 4.5).

4.1.2 Experimental set-up

In the DC/AF case, the transport current gives the sample an additional constant magnetic
moment. Only the changes in the sample magnetic moment determine the magnetisation loss
(see Equation 3.1). The changes in magnetic moment are detected as a voltage over the pickup
coils. Therefore the magnetisation part of the measurement remains essentially unchanged.
The transport-current loss is obtained from the voltage along the sample. The long-sample
pickup coils displayed in Figure 3.2b can contain samples large enough to measure the sample
voltage accurately without end effects. Therefore such measurements are made with the
magnetic field oriented parallel to the wide side of the tapes.

Current leads with a capacity of about 100 A are added to the pickup coil set. They
enter the sample region in the form of thin Ag tapes in order to minimise the extra eddy-
current loss detected by the pickup coils. The sample has the form of a double-layer winding:
see Figure 4.1a. The transport current spirals upward in the inner layer, which is grey in the
figure. The current passes a soldered connection and spirals downward again in the outer
layer (white). The + and —signs in the figure indicate the transport-current direction in the
cross-section. The tape layers are isolated from each other by thin Tesa film. The transport
current is supplied by a DC source. The alternating magnetic field induces a weak alternating
current in the transport-current circuit. The alternating current is minimised by reducing the
winding area perpendicular to the magnetic field. The double-layer geometry minimises the
self-field of the sample, which may be an advantage or a disadvantage. Tapes in a bifilar
sample winding (Figure 4.1b) have almost the same self-field as a single tape if the distance
between the turns is large enough. However, the winding pitch of the sample then has to be
more than twice as large, causing possible degradation and a sample orientation not quite
pardlel to the magnetic field. Furthermore, the sample length is halved, decreasing the
accuracy of the voltage measurement. For simple critical-current measurements (without
alternating magnetic field) the sample iswound as a single layer.

The sample voltage is measured with voltage taps connected to the wide side of the
sample with low-temperature solder. For measurements of the loss due to direct transport
current, the loop formed by the voltage taps should be as small as possible. The AC voltage
induced by the magnetic field in the voltage-tap circuit should be minimised because it
disturbs the DC-voltage measurement. Due to the small area between the tapes, a pair of
voltage taps at both ends of the winding detects only a low induced voltage: see Figure 4.1c.
However, it aso measures the resistive voltage across the soldered connection between the
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layers, which is high compared to the superconductor voltages. An arrangement is attempted
with one pair of voltage taps on the inner sample layer and one pair on the outer layer, as in
Figure 4.1d. By adding both voltages with a differential amplifier, the DC components remain
and the AC components are cancelled. However, the grounded sides of the channels are
internally connected in the amplifier. The connection disturbs the measurement even if the
amplifier itself is disconnected from ground. Voltages are therefore measured along a single
sample layer as shown in Figure 4.1e. The induced voltage is minimised by winding back the
voltage taps very closely to the sample. DC voltages down to 1 pV/m are accurately measured
by using a low-pass filter.

a) Double-layer winding

- Transport current in

C) ‘ d) Inner layer
g Differential
amplifier

e)

\

n

Outer layer

Transport current out

Figure 4.1 Measurement of transport-current loss in alternating magnetic field.

4.2 Transport-current loss, dynamic resistance

4.2.1 Tapewith non-twisted filamentsat 77 K

The results of transport-current 1oss measurements with direct current in alternating parallel
magnetic field are presented in terms of the dynamic resistance Ry defined as V/ 1. The
resistance is divided by the distance L between the voltage taps. The measured values are
compared to predictions from the Critical-State Model for an infinite-lab, derived in section
2.4.3 [Oomen99a]. The model is applied to the filamentary region of a tape with non-twisted,
fully coupled filaments.

The dynamic resistance measured in tape A is shown as a function of magnetic-field
amplitude in Figure 4.2 and Figure 4.3. Each series of symbols with a different style
corresponds to a different transport current. The tape has a critical current of 44 A in zero
magnetic field. Other properties of tape A are listed in Table 3.2. The lines in the figures are
calculated with the model formed by Equations 2.29, 2.36, 2.41 and 2.42. The magnetic-field
frequency f is 48 Hz and the parameter c in the J«(B) relation is 3.05 T™. By varying the half-
thickness a, width w and critical current 1, the model is fitted to the measurement results.
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The following parameters are obtained: w= 2.8 mm, 2a =0.14 mm and I, = 46.0 A. Figure
4.2 shows fairly accurate correspondence between the model description and the
measurement results. The threshold effect is well visible from the measured data The
dynamic resistance appears only above a threshold field amplitude that decreases with
increasing transport current. The measured threshold effect is not as sharp as the CS model
predicts. The difference is due to the fact that the filamentary core is not a perfect dab. At the
edges of the tape, the core has a smaller thickness and most likely also a lower critical current
density than in the centre [Schu96]. This explains why the threshold field is not constant
across the tape width. The dimensions w and 2a in the model are 17% smaller than the real
core dimensions W, and d.. The difference is explained by the elliptical core and the lower
critical-current-density of the outer filaments (section 4.2.2). At higher magnetic-field
frequencies the dynamic resistance increases in proportion to the frequency, in agreement
with Equation 2.32 [Oomen99al. Apparently the Critical-State Model is a good
approximation.
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Figure 4.2 Dynamic resistance per meter in tape A (symbols) and model predictions (lines).
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Measurement results obtained at higher amplitudes of the magnetic field are displayed
as symbols in Figure 4.3. They are compared to model predictions (curved lines) calculated
with the same parameters as before. The straight lines are calculated with the value ¢ = 0.0,
which corresponds to the CS model without J.(B) relation, derived in section 2.4.2. The other
parameters are not changed. At high magnetic-field amplitudes there is a clear difference
between the two models. The measured dynamic resistance increases non-linearly with the
magnetic-field amplitude. The non-linear increase is explained only by the model with J.(B)
relation, by using the value ¢ = 3.05 T™. The model describes the measured resistance well up
to a transport current 1; of 20 A, which corresponds to about 0.5l. For higher transport
current the model with J.(B) relation is invalid at magnetic-field amplitudes B, where I(B,) is
lower than I.. The points where 14(B,) is equal to |; are indicated with arrows in Figure 4.3.
However, even below the indicated points the measured dynamic resistance increases faster
with B, than the model predicts. The discrepancy cannot be resolved by any reasonable
change in the model parameters.
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Figure 4.3 Dynamic resistance per meter in tape A at higher amplitudes of the magnetic field.



106 Chapter 4

In order to include the effect of a non-linear voltage-current relation (section 2.6.4) the
momentary electric field E, along the sample is calculated with Ec(I; / 1«(B))"®. The electric
field is numerically integrated over one cycle (as in Equation 2.50) in order to obtain the extra
power loss. However, the extra effective resistance R, is low compared to the dynamic
resistance displayed in Figure 4.3. For instance, at 40 A transport current and 0.05 T
magnetic-field amplitude, the calculated R,/L is 2 uWm. This is why the discrepancy
between model description and measurement results at high currents and high magnetic fields
is not explained by the effect of the non-linear voltage-current relation alone. The discrepancy
is most likely caused by the difference between a finite elliptical tape core and the infinite
slab assumed in the model. Furthermore the component of the self-field perpendicular to the
tape may increase the dynamic resistance [Oomen99a). The elliptical geometry and the
perpendicular self-field cannot be included in the one-dimensional CS model presented in
section 2.4.3.

4.2.2 Tapewith non-twisted filaments at 66 K

The dynamic-resistance model is tested also at a lower temperature, where the J.(B) relation
and flux creep are less pronounced (section 1.1.2). A tape with non-twisted filaments similar
to tape A is used. The critical current of the tape is 66 A at a temperature of 77 K. After
cooling down to 66 K (section 3.4) the tape has a critical current of 119 A. The measured
dynamic resistance is shown as a function of magnetic-field amplitude as symbols in Figure
4.4. Results calculated with the model (Equations 2.29, 2.36, 2.41 and 2.42) are displayed as
lines. Once again a threshold effect is observed, which is less sharp than the model predicts.
The non-linear increase of the dynamic resistance with B, is not as distinctive as in Figure
4.3. The difference between 77 K and 66 K is explained by the model. The parameter By in
the J.(B) relation (Equation 2.5) is in redlity temperature-dependent. For standard Bi-2223
tapes the temperature-dependence is described by using for By the empirical expression
(93-T) / 400. Then at 66 K the constant c is 1.805 T™ and therefore the J.(B) dependence plays
asmaller rolethan at 77 K.

The fit procedure yields a critical current 1 of 120 A that agrees well with the
measured value. The other parameter valuesw= 1.7 mm and 2a = 0.1 mm are both a factor 2
smaller than the real dimensions of the tape core. The parameter a mainly determines the
slope dRyyn / LdB, of the lines in Figure 4.4, which is clearly seen in Equations 2.32 and 2.43.
The parameter w determines the threshold field (Equation 2.29). Both the threshold field and
the slope are clearly not a factor 2 off in the figure. The difference of a factor 2 cannot be
explained within the model. Furthermore, the difference is not explained with any reasonable
distribution of the critical current density over the tape cross-section. The filaments in a
representative tape may be divided in three groups whose properties are listed in Table 4.1
[Schu96]. Group | consists of the outermost filaments and group I11 contains the innermost
filaments.

Table 4.1 Distribution of the critical current over the filaments in a representative tape.

Group |Number of | Critical current density | Percentage of I
filaments | Jos [A/mm?] in the group

| 12 80 7%

1 34 180 43%

11 9 800 50%

The groups Il and 111 together carry 93% of the tape's critical current. They occupy
43/55 = 78% of the cross-section of the filamentary core. The region containing groups Il and
111 has dimensions (Q43/55) = 0.88 times smaller than the entire core. The region containing
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groups Il and |11 is described as a rectangle in the dynamic-resistance model. In reality, the
inner region is eliptical. In order to account for the different shape, the dimensions of the
inner region should be multiplied by a factor Qo /2. Then it is reasonable to use the core
dimensions 0.78w; and 0.78d. in the model. These values are till significantly larger than the
dimensions 0.5w. and 0.5d. obtained by fitting the model to the measurement results. The
distribution of the critical-current density in the cross-section of the measured tape is
unknown. However, there is no reason why it should be significantly different from the
distribution given in Table 4.1.
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Figure 4.4 Dynamic resistance per meter in a tape with a critical current of 119 A at 66 K.

With the obtained parameters the model describes the measurement results much
better than in Figure 4.3. The results correspond even at high currents and simultaneous high
magnetic-field amplitudes. The discrepancy in Figure 4.3 may be due to geometry effects or
to the perpendicular component of the self-field. The self-field is stronger in the measurement
at 66 K as a result of the much higher transport currents used. However, in Figure 4.4 the
discrepancy is absent. Apparently in Figure 4.3 the discrepancy is not due to the self-field



108 Chapter 4

effect. The CS model with J.(B) relation describes the measurement results better than the
model without J.(B) relation. However, the measured dynamic resistance is not always
correctly predicted by the model.

4.2.3 Tapewith twisted filaments

Twisted filaments are partially decoupled in an aternating magnetic field oriented parallel to
the tape (section 3.3). The filamentary core can no longer be described as a single
superconducting slab. The dynamic resistance in a round wire with round twisted filaments is
different from Ryn in a mono-filament wire [Ogas76b]. The resistance is still linear at
magnetic-field amplitudes higher than a certain threshold field. The dynamic resistance Ryyn at
77 K is measured in tape K, whose properties are listed in Table 5.2. The tape has a twist
pitch of 11 mm and a critical current of 31 A. Figure 4.5 shows the measured Ryn as a
function of the magnetic-field amplitude B, as symbols connected by a line for each transport
current. No clear threshold effect as in Figure 4.2 or Figure 4.4 is observed. A nonzero
resistance is measured already at very low B, for transport currents higher than 15A.
Furthermore, the dynamic resistance increases stepwise with the magnetic-field amplitude.
Steps in Rayn are observed with a periodicity in B, of about 1.4 mT, indicated by vertical lines
in the figure. At higher By and higher transport current the dependence of Ryn on Bj is
smoother. In other tapes with twisted filaments, a smilar stepwise increase of the dynamic
resistance is observed at low B, The regular steps in the dynamic resistance cannot be
explained with the single-slab model presented in section 2.4.3.

A Bi-2223 precursor wire contains several concentric rings of filament. The rings
become €llipses when the wire is rolled into a tape. Tape K has 55 filaments divided among 5
rings that contain 1, 6, 12, 18 and 18 filaments, respectively. Due to filament twist the rings
are partially decoupled. A magnetic field with a low amplitude penetrates only the outer ring.
A transport current present in the outer ring cannot easily move inward as indicated in Figure
2.10, because the layers are decoupled. Part of the transport current most likely remainsin the
outer ring and encounters a dynamic resistance. The resistance then occurs at magnetic-field
amplitudes lower than the threshold field calculated for the entire tape. If the magnetic-field
amplitude increases, the resistance suddenly increases when the next layer of filaments is
penetrated. The 5 steps observed in Figure 4.5 (including the first step a& 0 mT) then
correspond to the 5 layers of filaments in tape K. The magnetic-field amplitudes where the
steps occur give information about the respective critical-current densities of the layers.

The stepwise increase of the dynamic resistance with the amplitude of the magnetic
field is qualitatively explained by the concept of concentric layers of partially coupled
filaments. If the filaments are completely decoupled, all filament layers are ssmultaneously
penetrated by the magnetic field [Ogas76b]. In that case, the stepwise increase is not
expected. It is likely that a sophisticated numerical model of the entire tape is needed to
guantitatively describe the dynamic resistance in a tape with twisted filaments.
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Figure 4.5 Dynamic resistance per meter measured in tape K with twisted filaments.

4.3 Magnetisation loss and total AC loss

4.3.1 Tapewith non-twisted filaments

This section discusses the magnetisation and total AC loss in a tape carrying direct transport
current. An aternating magnetic field is oriented parallel to the wide side of the tape. The
measured losses are presented in the form of the loss functions Gragn and Gota, Where G is
given by mQ / 2B,? as explained in section 3.2. The magnetisation loss is measured in tape A
with non-twisted filaments and a critical current of 44 A. Other properties of tape A are listed
in Table 3.2. The loss function Guagn is shown as a function of magnetic-field amplitude in
Figure 4.6. Each series of symbols corresponds to a different transport current. The loss at
zero transport current is discussed in section 3.2. For increasing transport current, the loss
function first shifts to the left and then flattens out. Similar results are reported in [Cisz974].
The complex permeability m’ used there is equal to pGyagn / 2. For transport currents larger
than | the loss decreases greatly with increasing transport current, at all amplitudes of the
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magnetic field. At transport currents larger than 1.5l the loss decrease stops and the loss
becomes amost independent of the transport current [Oomen97a).

The low remaining loss at high transport currents is most likely related to the
granularity of the Bi-2223 material, which is discussed in section 2.6.1. The transport current
occupies space in the cross-section of the superconductor. Therefore it suppresses the large-
scale screening and coupling current in the filaments. If the intra-grain critical current density
is much higher than the critical-current density in the bulk of the filaments, then the intra-
grain screening currents are not affected by the transport current [Suen97; Laan99, p.51].
Tape A is bent to a small radius by drawing it over a sharp edge. The filaments are damaged
and their critical-current density becomes amost zero. The grains are unaffected and their
superconducting properties are not changed [Mll95]. The AC loss measured in the damaged
tape A is displayed in Figure 4.6 as inverted triangles connected by aline. The loss is similar
to the loss measured with high transport currents in the undamaged tape, which indicates that
it is indeed the grain loss. A similar grain loss is measured with high transport currents in
other Bi-2223 tapes with the same superconductor fraction and very different I.
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Figure 4.6 Magnetisation loss function in tape A carrying direct transport current.
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A grain loss independent of the transport current is found only at transport currents
higher than 1.51.. Apparently it takes a transport current higher than I to completely suppress
the filament currents. The filaments have a screening current density J.fiim Of approximately
1.5J.5 due to inhomogeneity (section 2.7.1). The grain loss function has a maximum much
lower and flatter than the magnetisation loss function of the tape as a whole. Only a fraction
of the tape core volume is filled with Bi-2223 grains. Furthermore the grains have a wide
distribution of thicknesses. A well-connected cluster of grains may also behave as a single
grain [MUlI95]. The loss functions of the individual grains have their maximum at different
magnetic-field amplitudes. The measured grain loss is a superposition of all grain loss
functions. It is about an order of magnitude lower than the magnetisation loss of the tape.
Therefore it is generally not taken into account in the loss calculations made in this work. For
more accurate calculations, the loss measured with a high transport current or in a damaged
tape (which consists of the grain loss and the eddy-current loss in the sheath) is subtracted
from the loss measured with an intact tape at zero transport current. The result is the sum of
the losses caused by filament screening and by inter-filament coupling [Oomen97c].

4.3.2 Comparison to model predictions

Non-twisted filaments in a tape are fully coupled. The filamentary region is described as a
single superconducting slab in the Critical-State Model. The space occupied in the slab by
transport current is not available to screening currents. Therefore, in afirst approximation the
dlab thickness and the penetration field are both reduced by a factor 1-i. The magnetisation
loss function depends only on the normalised magnetic-field amplitude b defined as Ba/ Bp. If
the penetration field is decreased, the same values of b occur a lower magnetic-field
amplitudes. The entire loss function shifts to the left by afactor 1-i. For values of i larger than
1 the magnetisation loss is expected to be zero.

A better approximation is obtained in section 2.5.2. The transport-current loss (from
the dynamic-resistance model without J.(B) relation) is subtracted from the tota AC loss.
From the resulting Equation 2.46 the magnetisation loss function is found:

Gragn =% forb £(1- 1),
L2, Eq. 4.1
%QH:T-F(l-a%zﬁ) forb ? (1- i),

where i is defined as |1/ I and b is defined with the constant core penetration field B, for
zero transport current. The result of Equation 4.1 is multiplied by the core volume fraction hc
and displayed as lines in Figure 4.6. The parameter values used in the calculation are:
he = 0.628 and B, = 8.29 mT. The calculated curve for zero transport current is therefore the
same as in Figure 3.5. A magnetic critical current I, of 53 A is used. The CS model
describes the measurement results reasonably well for transport currents up to 40 A except for
the clear difference at magnetic-field amplitudes lower than (1-i)B, . Here the model predicts
the same loss as for zero transport current while the measured loss is much higher. This
difference is observed aso by others [Cisz97a; Suen97]. For i equal to 1 the model predicts
zero loss. In redity for i larger than 1 the measured loss converges towards the grain loss,
which is not accounted for by the CS model.

The maximum value Gnax Of the magnetic loss function, and the field amplitude Ba max
where the maximum occurs, are found by approximating the measured loss functions with
parabolas around B, max. Results obtained with tape A are shown as a function of the reduced
transport current i in Figure 4.7. The measured G is displayed as closed symbols and related
to the left vertical axis. The magnetic-field amplitude B, max 1S represented by open symbols,
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related to the right axis. The authors of [Cisz97a] describe both parameters Grax and Ba,max
with a quadratic dependence on i. Differentiating Equation 4.1 resultsin

Bamax _,  _41-3%+2° Eq. 42
Bpe 3 1-i? o

which is not quite quadratic [Legh98]. The field amplitude B, max converges from 4B,/ 3 at
zero i towards zero at i® 1. Equation 4.2 is fitted to the measurement results with the
parameters B, = 0.011 T and Icm = 53 A. The result (displayed as a dashed line in Figure 4.7)
describes the measured B, nax Very well. Therefore a magnetic critical current of 53 A (which
corresponds to 1.20I¢) is used throughout this section.
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Figure 4.7 Maximum of the magnetic loss function measured in tape A and model predictions.

The magnetic critical current is related to the non-linear E(J) relation of the material.
A total screening current higher than I is expected if the magnetic field induces a high
electric-field strength E; much higher than E; along the tape. For the maximum induced
electric field E,, the expression pd.B.f is obtained from Faraday’s law (Equation 2.1). With a
core thickness of 0.17 mm, the maximum electric field is 2.7 mV/m a a magnetic field of
0.1 T amplitude and 50 Hz frequency. The maximum E; is reached at the moment when the
magnetic field is zero. The E(i) curves measured in tape A are displayed in Figure 2.12. In
zero magnetic field, the electric-field strength of 2.7 mV/m causes a reduced current i of 1.15.
Then a high magnetic-field amplitudes the observed magnetic critical current of 1.20l. is
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practically explained by the non-linear voltage-current relation. However, the same I¢m iS
found at lower magnetic-field amplitudes where the induced electric fields are smaller. The
difference between I, and | is most likely due to inhomogeneity along the tape, as explained
in section 2.7.1.

The maximum of the loss function is

3. (1-i%)?
=%

Gax 8 32+3 Eqg. 4.3
which converges from 3/8 at zero i towards 1/2 at i® 1. The values should be multiplied by
the core volume fraction for comparison with the measured loss. The solid line in Figure 4.7
is obtained with a volume fraction of 0.6. The model describes the values measured for low i.
However, the measured Gnax increases with i slower than predicted and begins to decrease at
i =0.7. Very similar results are obtained using other tapes with non-twisted filaments carrying
transport current. The Critical-State Model for an infinite slab (Equations 2.46 and 4.1) works
rather well for transport currents up to 0.5lc. The model does not fully explain the loss
measured at higher transport current, which is mainly due to granularity.

4.3.3 Total AC loss

The magnetisation 10ssS Qmagn and the simultaneously measured transport-current 10SS Qtrans
(section 4.2.1) are added in order to obtain the total AC loss Q. For tape A the resulting
loss function Gy is displayed in Figure 4.8. Each series of symbols corresponds to a different
transport current. The lines in the figure are predictions made with the CS model (Equation

2.45), by describing the filamentary core as an infinite sab. The model parameters are the

same as in Figure 4.6: he = 0.628, By = 8.29 mT and |.m =53 A. The model predictions are

compared to the measurement results.

It =10 A. The model correctly predicts no significant difference with the pure magnetisation
loss measured at zero transport current.

It =20 A. The loss is predicted well for magnetic-field amplitudes higher than 5 mT. At high
magnetic-field amplitudes the decrease of Qmagn With increasing I (see Figure 4.6)
is compensated for by an increase in Qyans. Therefore Qua increases with |, at all
amplitudes of the magnetic field. At field amplitudes lower than 5 mT there is a
significant transport-current loss, which is not predicted by the model. The extra
transport-current loss corresponds to the smooth onset of dynamic resistance
discussed in section 4.2.1.

It =30 A. The loss at intermediate magnetic-field amplitudes is still predicted rather well. At
low magnetic fields the transport-current loss dominates again. At high magnetic
fields the measured loss is higher than predicted due to the J.(B) relation, which
causes a higher dynamic resistance (section 2.4.3). The J.(B) relation is not
included in the model used here.

It =40 A. The measured loss is everywhere much higher than predicted. The higher measured
loss is due to Qyans because Qmagn IS still predicted rather well: see Figure 4.6. The
‘bulge’ in the measured curve corresponds to the inexplicably high dynamic
resistance discussed in section 4.2.1.

It =50 A. There is a large difference between the model prediction and the measurement
results. The measured loss again displays a bulge.

Similar results are obtained using other tapes with non-twisted filaments. The bulge is not

always present [Legh98].
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Figure 4.8 Total AC-loss function measured in tape A carrying direct transport current.

The minimum total power loss P/I1; (normalised with transport current) is a
technically important quantity which is introduced in section 1.3.2. Theloss P/ |; measured in
tape A is shown as a function of the transport current in Figure 4.9. The normalised power
loss is displayed as solid symbols, connected by lines for three different amplitudes of the
magnetic field. For each magnetic-field amplitude the loss P/ I; has a minimum at a certain
transport current. For 0.1 T field amplitude the minimum loss is 2.2 mW/Am, which is close
to the calculated values in Table 2.3. The minimum normalised loss occurs at transport
currents of 25-30 A, which corresponds to i-values of 0.5-0.6. From theoretical models the

minimum is expected at i » 0.9.
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The infinite-slab CS model provides an accurate prediction of the magnetic and total
AC loss in a tape with non-twisted filaments for transport currents lower than 0.51. and
magnetic-field amplitudes higher than By c(1-i). However, the model predictions are clearly
too low at lower field amplitudes and also at higher transport currents [ Suen97]. Including the
J(B) relation in the dynamic-resistance model is not expected to solve all problems. The
infinite-slab CS model for the total power loss with aternating current (section 2.5.3) is based
upon the same assumptions as the DC model. Therefore the AC model is expected to be valid
for Bi-2223 tapes in the same range of i and b.
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Figure 4.9 Normalised total AC loss in tapes A and Dt at various magnetic-field amplitudes.
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4.3.4 Tapeswith twisted filaments

The magnetisation loss function measured in tape Dt is displayed in Figure 4.10. Tape Dt has
a critical current of 28 A and a twist pitch of 6.4 mm. The other properties of the tape are
listed in Table 3.2. Each series of symbols in the figure corresponds to a different transport
current. Up to 24 A transport current there is very little change in magnetisation loss. No clear
shift to the left as in Figure 4.6 is observed. The magnetisation loss of tape A (displayed in
Figure 4.6) is determined by inter-filament coupling currents. The loss of tape Dt (Figure
4.10) is mainly determined by screening currents inside the decoupled filaments. A transport
current of 24 A is close to the critical current of the tape. However, the magnetic critical
current is most likely much higher (section 3.3.2). Therefore, 24 A of transport current has
little influence on the screening currents. For higher transport currents the magnetisation loss
decreases rapidly with increasing transport current. Finally, the loss becomes nearly current-
independent at 60 A transport current, which corresponds to 2l.. Apparently a transport
current of 60 A is required to completely suppress the filament currents, which is another
indication for a high magnetic critical current. The remaining loss at high transport currentsis
the grain loss, which is lower in tape Dt than in tape A. The reason for the difference in grain
lossis unclear.

The lines in Figure 4.10 represent the measured total AC loss function Geta, Obtained
by a simultaneous measurement of magnetisation and transport-current loss. For transport
currents higher than 16 A the transport-current loss dominates. It increases quickly with the
transport current. The total AC loss shown in Figure 4.10 does not display a bulge as in
Figure 4.6. The transport-current loss in twisted-filament tapes is not yet completely
understood (section 4.2.3). Therefore it is not clear if the transport-current loss is really
decreased by twisting the filaments.

The total power loss P/ |1 measured in tape Dt is shown as a function of the transport
current in Figure 4.9. The loss is displayed as open symbols connected by lines for three
different amplitudes of the magnetic field. The loss P/ I; is a minimum at a transport current
Imin Of 14-16 A. Similarly to tape A, the loss minimum is found at a reduced transport current i
of 0.5-0.6. In tape Dt the optimum current |, increases with the magnetic-field amplitude B,
while in tape A the value of |, decreases with increasing B,. For 0.1 T field amplitude the
minimum loss is 1.3 mW/Am. The minimum loss at 0.1 T for tape Dt is 41% lower than for
tape A. The difference is the result of the use of twisted filaments in tape Dt, which have a
lower magnetisation loss. With 15 A direct current and 0.1 T magnetic-field amplitude, a
similar normalised loss of 1.3 mW/Am is measured in tape K, which has a twist pitch of
11 mm: see Table 5.2. An even lower value of 0.94 mW/Am is achieved in tape Gt, which has
ceramic barriers between the filaments: see Table 3.2. The optimum transport current for tape
Gtisabout 5 A.

With alternating transport current, the self-field loss cannot be decreased by twisting
the filaments [Wils83, p.195]. The self-field lines go around the tape and the filaments are
coupled regardless of twist. Transposed filaments are required for decoupling in self-field
[Sumi99]. Therefore the total AC loss is significantly decreased by filament twist only if the
total AC loss consists mainly of magnetisation loss. For Bi-2223 tapes in parallel magnetic
field, the magnetisation loss dominates at transport currents lower than 0.61.. Tapes with
twisted filaments presently have lower critica currents: see Table 3.4. Therefore lower
transport currents are permitted in these tapes. With twisted-filament tapes, more tape
material is needed in a device in order to conduct a fixed total current. However, the larger
amount of material is accounted for in the normalised power loss (section 1.3.2). The
minimum normalised loss in tape Dt is significantly lower than in tape A. It makes sense to
twist the filaments, also if transport-current loss is included in the calculations.
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Figure 4.10 Total and magnetisation loss function measured in tape Dt with twisted filaments.

4.4 Alternating current in alternating magnetic field

Figure 4.11 is ageneral schematic of a set-up for simultaneous measurement of magnetisation
and transport-current loss. The loss is measured either with direct current in alternating
magnetic field (DC/AF) or with alternating current in alternating magnetic field (AC/AF). For
the calculation of magnetisation loss, both the pickup voltage V,, and the magnetic field B
must be measured. Similarly, the transport-current loss is obtained using the sample voltage V
and the transport current |. In the AC/AF case, the external magnetic field and the alternating
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self-field By (generated by the transport current) directly induce voltages, both in the pickup
coils and in the loop formed by the voltage taps. The induced voltages have nothing to do
with the superconductor AC loss and they are generally much higher than the ‘loss voltages
Vpu and V. They make the loss measurement more difficult and less accurate. Therefore the
induced voltages must be minimised, which is achieved by using the following techniques

Current leads Magnet
Pickup coils
Voltage taps
S
a .
Transport Magnet m Pickup Sample
current current D voltage voltage
supply supply | measurement measurement
e
Magnetisation Transport
loss loss
calculation calculation
1]

Figure 4.11 Electric and magnetic measurement method for both the DC/AF and AC/AF case.

1. A set-up geometry that makes the induced voltages as low as possible. The voltage
induced on the pickup-coil voltage V,, by the externa field B is denoted here as
Vou(B). 1t is minimised by winding the pickup coils close to the sample. However,
especialy in perpendicular magnetic field the pickup coils must be wider than the
sample in order to detect its entire magnetic moment [Ashw99a]. The voltage Vpu(By)
is minimised by choosing a sample geometry with low self-inductance, e.g. a bifilar
winding. For an AC transport-current loss measurement in a tape, the voltage taps
must form a loop extending at least 1.5w away from the sample [Fles95; Wiez95].
The voltage V(B) is minimised by orienting the voltage-tap loop paralel to the
magnetic field, by using an 8-shaped loop [Rabb98] or by spiralling the voltage taps
around the sample at the required distance [Miya98]. However, the voltage V(Bg)
cannot be minimised by geometrical techniques.

2. Compensation circuits [Ashw99a]. An example is the compensation coil described in
section 3.1, which is used to negate the voltage V,u(B). The voltage Vou(Bs) is
compensated by a variable mutual inductance from the transport-current circuit to the
voltage leads from the pickup coils [Laan99]. The mutual inductance is placed outside
the cryostat and is set before each measurement to make the pickup voltage zero for
any transport current at zero magnetic field. Similarly the voltages V(B) and V(By) are
compensated with variable inductances from the magnet current and the transport-
current circuits to the voltage-tap circuit [Rabb98].
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3. Phase-sensitive voltage detection. Assume the transport current and the magnetic field
are both sinusoidal and in-phase with each other: I(t) = I.snwt and B(t) = Basinwt. The
voltages V and V,, are generally not sinusoidal. Nevertheless they are periodical and
can be written as a Fourier series [Ashw99a]:

V(t) =Vg Sinwt +V coswt +Vg, Sin 2wt +V,., COS20t +...., Eq. 4.4

and similarly for Vp,. The terms Vs, and Ve, are the amplitudes of the Fourier

components. In the loss calculation the voltages are multiplied by the transport current

and the magnetic field (which have the form sinwt) and integrated over one cycle.

Then the only component that gives a non-zero loss is the 1% order in-phase

component with amplitude Vg. The higher-order components may contain useful

information e.g. about the shape of the magnetisation loop (section 3.2.2). They are
not strictly needed to obtain the AC loss. In a phase-sensitive measurement, only the

component Vg is detected by using alock-in amplifier and taking as reference signal a

voltage proportional to sinwt. The induced voltages discussed before have the form

coswt and are not detected. The lock-in technique also eliminates noise with

frequencies other than w.

When the transport current and the magnetic field are in-phase (as in cables and transformers),
rather accurate measurements are made by combining the techniques 1-3: see Table 4.2. In
order to keep the current in-phase with the field, the mutual inductance between the magnet
and the transport-current circuit must be minimised [Rabb98]. When the current and the field
are out of phase, technique 3 can no longer be used to eliminate their mutual influence,
expressed here by Vpu(Bs) and V(B). Furthermore, any small error in the setting of the
compensation circuits (technique 2) causes a component of Vp, in-phase with the magnetic
field or a component of V in-phase with the transport current. The in-phase voltages cause an
undesired extra ‘AC-loss'. Electric and magnetic AC/AF measurements with the current and
the field out of phase are therefore difficult [Ashw99c]. Presently such measurements are
unknown.

The electric and magnetic measurement set-up described in section 4.1 is designed for
DC/AF measurements. In principle it can be upgraded to the in-phase AC/AF case:. However,
it is intended to make AC/AF measurements by a calorimetric technique, which should work
also when the transport current and the magnetic field are out of phase

45 Calorimetric AC-loss measurement

451 Advantagesand drawbacks

All types of AC loss result in the dissipation of heat in the superconductor. The dissipated
heat is measured with the calorimetric method, either via the amount of cryogen evaporated or
via the temperature increase of the sample. Naturally the calorimetric method cannot detect
whether the heat comes from magnetisation or from transport-current loss. It measures only
the total AC loss Quta, Which is nevertheless the most interesting quantity for technical
applications. Furthermore the magnetic method (section 3.1) can be simultaneously used to
determine the magnetisation loss. Thisloss is then subtracted from Qota, iN Order to obtain the
transport-current loss. Inversely, the calorimetric and electric method can be combined and
then the magnetisation loss can be calculated. In that case, the magnetisation and transport-
current losses are measured separately without constructing the full electric and magnetic set-
up discussed in the previous section.

Compared to the electric and magnetic methods, the calorimetric method has several
advantages. It basically works for any combination of magnetic field and transport current.
Current and magnetic field may both have direct and alternating components. When they are
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both alternating, they need not be in-phase and need not even have the same frequency
[Ashw99b]. Calorimetry works also with complicated geometries of current and magnetic
field, which occur in devices such as cables, transformers and motor windings. There
especially the magnetic method has major problems. Finally the calibration of the set-up and
the interpretation of the results are more straightforward than with the electric and magnetic
methods, which makes the results more certain [Dolez98].

The calorimetric method is generally time-consuming. The thermal phenomena
involved are much slower than most electromagnetic phenomena. With low-temperature
superconductors one usually measures the amount of helium evaporated from the sample
[Wils83, p.252]. Nitrogen has a much higher heat of evaporation [Seeb98, ch.B7.5].
Therefore, with high-T, materials operating in liquid nitrogen, the amount of evaporated gasis
measurable only if the sample is large. The AC loss in high-T. cables is measured by the
evaporation technique [Cole99]. Single-tape samples are usually characterised by thermally
insulating them from the cooling bath and measuring a temperature increase in the sample
[Chak97; Magn97; Dolez98; Ashw99b]. If a sample of Bi-2223/Ag tape of length Ls is cooled
only at both ends, the temperature profile T(z) along the tape is expected to be parabolic. A
power loss P causes atemperature increase DT g in the centre of the sample:

2
Ls

DT, =
md W d;S th, g (1- i)

P, Eq. 4.5

where hyg is the superconductor fraction and S ag is the thermal conductivity of silver. Heat
conduction along the Bi-2223 is insignificant.

Temperature changes smaller than 10 mK are difficult to measure accurately.
Temperature changes larger than 1 K cause changes in the superconducting properties along
the sample. The constraints on DT limit the measurable AC-loss range to about two orders of
magnitude, which is less than with the electric and magnetic measurement methods. The
range is increased by using the dependence of the temperature change on the sample length.
The low-loss regime is measured with a long sample and the high-loss regime with a shorter
one. Assume the sample length is doubled and the value of DTy.q iS unchanged because of a
lower AC loss. In that case the thermal gradients dT/dz and the amount of heat conducted
along the sample are halved. Furthermore the sample area is doubled and so is the amount of
heat removed from the sample by convection, radiation and conduction across the insulation.
This is why the ratio between (desired) heat conduction along the sample and (undesired)
cooling by other mechanisms deteriorates by a factor 4. The sensitivity cannot be increased
indefinitely by simply increasing the sample length. This fact demonstrates another
disadvantage of calorimetry: thermal effects other than heat conduction must be taken into
account. Such effects are generally not proportional to the temperature increase of the sample.
Therefore, the calorimetric method is generally less sensitive than the magnetic and electric
methods. see Table 4.2. Findly, calorimetry in alternating magnetic field suffers from
induced voltages in the thermometer wiring and in the transport current circuit [Ashw99c].
The induced voltages are minimised by compensation, similarly to the electric method.

The null-calorimetric technique [Dolez98] minimises the effect of unknown thermal
disturbances by placing a normal-conducting tape in good thermal contact with the sample.
There is alternately a direct current in the heater and an aternating current in the sample. The
heater current is adjusted until the thermal oscillations are a minimum. Then the power lossin
the sample is equal to the known loss in the heater. The bolometric technique [Chak97] works
with short samples by using the sample itself as one leg of a thermocouple. Temperature
changes down to 1 mK are measured. Other authors [Ashw99b; Ashw99c] accept a lower
sensitivity in exchange for a less complex set-up. The measurement is faster if thermal
equilibrium is not awaited. In Table 4.2 the sensitivity of several calorimetric techniques is
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compared to the sensitivity of electric and magnetic methods. For each method an
approximate value is listed for the lowest power 10sS Pyin (in W/m) that is reliably measured.
For transport and magnetic measurement techniques one generally knows the lowest
detectable loss density Q (in Jm® per cycle). For Table 4.2 the loss is converted to W/m
assuming a frequency of 50 Hz and a standard sample geometry of 3.5%.25 mm?. The electric
and magnetic methods have sensitivities about an order of magnitude better than the
calorimetric method. Furthermore the only calorimetric technique that is demonstrated to
work with AC current and AC magnetic field has clearly less sensitivity than the others.

Table 4.2 Sengitivities of several AC-loss measurement techniques.

M easurement Publication Lowest detectable power loss | Externa Transport
method Prin [W/m] (approximate) field B current |
Magnetic This study 340° AC, I/ -
This study 2407° AC " -
Electric and This study 140° AC, /I DC
magnetic [Ashw99a] 140° AC " AC
[Rabbosg] 1407° AC, " AC
Calorimetric [Dolez98] 140* - AC
[Chak97] 140* - AC
[Ashw99b] 1407 AC, " AC
This study 140* AC, I -

45.2 Experimental technique

A calorimetric set-up is constructed for measuring the total AC loss with direct or alternating
transport current in an alternating magnetic field. In order to observe the physical phenomena
at low currents and magnetic-field amplitudes, and to measure the loss also at magnetic-field
amplitudes around 0.1 T, the measurable range must be approximately 2—2000 Jm?>cycle: see
Figure 3.4. This is equivalent to a power loss of 10*-10" W/m in a standard tape at 50 Hz.
The lowest loss should still give a temperature increase DTrnig large enough to measure
accurately. A temperature increase of 0.1 K and the thermal conductivity of 420 W/mX are
inserted in Equation 4.5. Then a sample length of 1.8 m is required. The highest loss should
give a maximum temperature increase of 2 K, which alows a maximum sample length of
0.26 m. Therefore it should be possible to vary the sample length. Furthermore the required
sample lengths are larger than the inner diameter of the AC magnet, so a sample winding as
displayed in Figure 4.12a is needed. In the present AC magnet, a sample winding is possible
only with a parallel orientation of the magnetic field. Parallel field is also the most interesting
case for cable and transformer applications. A set-up is required in which samples are easily
exchanged. Therefore the bolometric technique [Chak97] is not used.

Equation 4.5 isvalid if the sample is cooled only at its ends. The loss of heat from the
rest of the sample by conduction and convection must be minimised. Therefore the sample is
placed in a vacuum. The current leads and the thermal anchors penetrate the vacuum wall, the
sample itself does not: see Figure 4.12b. Vacuum-tight mounting of the sample would make
the exchange of samples difficult. The support structure for the sample should not conduct
heat in a direction perpendicular to the sample length. A spira plastic sample holder conducts
heat only along the sample length. Its effects on the temperature profile can therefore be
included in Equation 4.5. However, the heat capacity of such a sample holder would be too
high. The heat capacity of silver at 77 K is 0.151 JgK, which corresponds to 1.630° Jm’K.
At the lowest loss leve it takes 1600 s (26 min) just to warm up the sample by 0.1 K. It takes
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even longer for the temperature distribution to reach equilibrium. Therefore low-level
calorimetry in Bi-2223/Ag tapes at 77 K is always a Slow method. The heat capacity and the
heat conductivity along the sample should not be further increased by the sample holder. The
sample winding is suspended in the vacuum by very thin Tesa films, connected to disks above
and below the sample space: see Figure 4.12a. Temperatures are measured by Pt-100
thermometers connected to the sample, which dissipate little power. Their thin current and
voltage wires do not conduct away much heat. The wires are anchored at 77 K before going
up to room temperature.

a) b) /\T Sample
vV |
acuum\\ | Current DTmid z
~ leads >
NN \_
N TN Vacuum
~— e [
Hlm Current leads
C)
Thermo- /\T
[ meters
z
~
| Sample )z Vacuum
Electrical ]] N2
J—]— insulation Nl

Magnet

Figure 4.12 Calorimetric set-up with sample winding in vacuum, cooled only at the ends.

The experimental set-up is tested with weak direct and alternating currents in pure Ag
tapes. Equation 4.5 is valid for samples up to 0.5 m long. A parabolic temperature profile T(2)
along the tape is measured, as pictured in Figure 4.12b. For longer samples significant heat is
carried away by conduction along the Tesa films and radiation to the surrounding walls at
77 K. For an 1.8 m long sample the temperature increase is about 0.6 times the value from
Equation 4.5. The temperature measurement is more accurate than expected. A minimum
power l0ss Ppin of 440 W/m is detected. Figure 4.13 shows measurement results obtained
with a 0.5 m long superconducting tape sample. The sample is subjected to an alternating
magnetic field and it carries no transport current. The tape is similar to tape A in Table 3.2
except for the critical current of 35 A. The same critical current is measured aso with voltage
taps in the calorimetry set-up, Samples can be inserted in the set-up without degradation of
the critical current. The loss function obtained with the calorimetric method (solid symbols in
Figure 4.13) is compared to the loss function obtained with the magnetic method (open
symbols and line). There is reasonably good agreement between both losses, at least down to
magnetic-field amplitudes of 4 mT. There the loss is about 2.5 Jm>cycle, corresponding to
140 W/m. It takes about 15 minutes to reach thermal equilibrium for each data point.
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Figure 4.13 Loss functions measured with the magnetic and calorimetric method.

With DC or AC transport currents in a superconducting sample, the ends of the sample
warm up considerably. Too much heat is generated at the soldered connections to the current
leads. The heat is not sufficiently conducted away by the current leads. Part of the heat is
conducted aong the sample and then radiated to the surroundings. The centre of the sampleis
actually colder than the ends. An attempt is made to solve the problem by a thermal 4-point
technique. The extra current leads in the set-up are used as thermal anchors. They cool the
sample to 77 K at a position where the transport current is transferred to the superconducting
filaments: see Figure 4.12c. The sample length is then measured between the thermal anchors.
However, the sample cannot be thermally connected well enough to the current leads and till
electrically insulated. Therefore the goal of loss measurements with alternating current and
magnetic field is not achieved with the set-up described here. The problem can be solved with
aredesign of the set-up, with thermal anchors that are not part of the transport-current circuit.
Then the sample is soldered on to the anchors, providing good thermal contact. The passages
of current leads and therma anchors through the vacuum wall can also be redesigned,
improving the vacuum and increasing the sensitivity.

4.6 Conclusions

Direct transport current is supplied to a tape exposed to an alternating magnetic field parallel
to its wide side. The measurement of the magnetisation loss by the pickup technique remains
essentially unchanged (section 4.1). The critical current and the transport-current loss are
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measured with voltage taps. In section 4.2 the measured transport-current 1oss is presented in
the form of a dynamic resistance. For a tape with non-twisted filaments the dynamic
resistance is described well with the Critical-State Model, by treating the filamentary region
as an infinite dab. The J(B) relation must be included in the model in order to explain the
loss at high amplitudes of the magnetic field. The dynamic resistance at high transport current
is higher than predicted. The difference is due to geometrical effects that are not included in
the model. The dynamic resistance in a tape with twisted filaments does not show a threshold
effect. Instead the dynamic resistance increases stepwise with the magnetic-field amplitude,
due to the partial decoupling of the filaments.

The magnetisation loss measured in a tape with non-twisted filaments is dealt with in
section 4.3. The remaining magnetisation loss at transport currents much higher than the
critical current is due to the intra-grain screening currents. Direct transport current can be used
as a technique to study the grain loss. The magnetisation and transport-current loss at low
current are well described by the Critical-State Model for a slab. At high current the total AC
loss is higher than predicted due to the dynamic resistance. The normalised power loss is a
minimum at a transport current of 0.6 times the critical current, where the magnetisation 10ss
is dominant. Similar observations are made in a tape with twisted filaments. The minimum
total power loss with transport current and magnetic field is significantly decreased by
twisting the filaments.

With alternating current and aternating magnetic field, the transport and
magnetisation losses are measured with electric and magnetic methods outlined in section 4.4.
The induced voltages can be minimised only if current and magnetic field are sinusoidal and
in-phase. The total AC loss with arbitrary combinations of current and magnetic field is
measured with the calorimetric method. Disadvantages of the method are its slow speed and
lower sensitivity (section 4.5). When the sample is insulated along its length and cooled only
at the ends, the sensitivity and measurement range is increased by varying the sample length.
Then the loss due to paralel magnetic field is rather accurately measured. The goal of
measuring the loss with simultaneous magnetic field and transport current is not achieved.

The AC loss with direct current in alternating magnetic field is accurately measured
and is theoretically rather well understood, if the magnetic field is oriented parallel to the tape
and the filaments are not twisted. The loss in a tape carrying alternating current in alternating
magnetic field is most interesting for technical applications. For this case there are few
accurate measurements and even fewer theoretical descriptions relevant for Bi-2223 tapes.
The results obtained with direct current demonstrate that the transport-current loss should
certainly be taken into account.
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STACKS, COILS
AND CABLES

This chapter discusses the AC loss in conductors assembled from many tapes, e.g.
transformer coils or power-transmission cables. The AC loss in such conductors is related to
the magnetisation loss as determined in short-sample experiments on a single tape.

The tapes in a stack or array have a significantly different magnetisation loss due to
the screening of the magnetic field by adjacent tapes. When the tapes are stacked with their
broad faces together, the AC loss in perpendicular magnetic field is greatly decreased. The
loss is described with a theoretical and an empirical model.

A first approximation is given for the total AC loss in a transformer coil, where the
magnetic field depends on the position of the tape. The loss is predicted more accurately with
an empirical model. The model is based on the magnetisation loss measured in a single tape
oriented parallel and perpendicular to the magnetic field. The empirical model accounts for
the known effect of stacking on the magnetisation loss. The predictions of the model are
compared to the total AC loss measured in an experimental coil. A numerical version of the
Critical-Sate Modél is developed, which predicts the magnetisation loss in a tape for any
periodic time-dependence of the magnetic field.

In a cable with several tapes connected in parallel, Inter-Srand Coupling Currents
are induced by an alternating magnetic field. When the coupling currents are comparable to
the critical current of the tapes, the magnetisation loss of the cable is much higher than the
loss in the individual tapes. If the tapesin a long flat cable are transposed and well insulated,
the extra loss due to Inter-Strand Coupling Currents is insignificant. The transport current in
a power-transmission cable tends to flow only in the outer layers of tapes. If the pitch angles
of the layers are carefully chosen, the current is equally distributed between all the tapes in
the cable and the AC loss of the cable is significantly decreased. The total AC loss in such a
cable iswell predicted by a model based on the magnetisation lossin a single tape.
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5.1 Magnetisation lossin a stack of tapes

5.1.1 Expected effect of varioustypes of stacking

This section discusses the effect of stacking on the magnetisation loss in Bi-2223 tapes. In

devices like cables, transformers, motors and magnets, many superconducting tapes are

packed closely together. The screening currents in the adjacent tapes affect the local magnetic

field at the position of each tape in the device. Therefore the magnetisation and transport-

current loss are different from those in a single tape. In most devices the tapes are arranged in

one of the structures displayed in Figure 5.1:

1) A face-to-face stack (F-stack) as in a pancake coil;

2) An edge-to-edge stack (E-stack) asin a single-layer winding;

3) A combination of F-stacks and/or E-stacks. A transformer may be assembled from severa
pancake coils that resemble F-stacks. In a multi-layer winding or a power-transmission
cable, each layer of tapes resembles an E-stack.

A
Edge-to-edge stack
y in perpendicular magnetic field
[ || ] |
— Edge-to-edge
StaCk in 9_edin3
parallel B
magnetic E \Vdins
! field | | 4\
1
1
Face-to-face stack Face-to-face stack

in parallel magnetic field in perpendicular field

Regular matrix of tapes Irregular winding pattern
» X

Figure 5.1 Various tape arrangements a they appear in devices.

The effect of F- and E-stacking on the magnetisation loss is investigated. The loss in
each wire or tape is affected by the total magnetic field of the screening currents Bg; in the
adjacent superconductors. If round wires are stacked in y-direction, the screening field By at
the position of the wire is opposite to the external magnetic field and the loss is decreased. If
they are stacked in x-direction, the screening field is aligned with the external magnetic field
and the loss is increased [Wils83, p.170]. If the wires form a matrix structure, in a first
approximation the two effects are expected to cancel out.
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For tapes the situation is more complex due to the difference between F- and
E-stacking. The screening field decreases rapidly with increasing distance to the tape,
especiadly at the tape edges. The tapes in a single F-stack are packed closely together and
therefore the screening effect is expected to be larger than with E-stacking. Furthermore when
the externa magnetic field is perpendicular to the tapes, the screening field is much higher
than in parallel externa field. Transport-current loss is caused mainly by the perpendicular
component of the self-field. This component is reinforced by F-stacking and it is cancelled
out in the case of E-stacking [MUl199a]. A qualitative overview isgivenin Table5.1.

Table 5.1 Expected effect of the stacking geometry on three types of AC loss in tapes.

Type of AC loss Effect of edge-to-edge stacking | Effect of face-to-face stacking
Magnetisation loss, B // tape | Small decrease Moderate increase
Magnetisation loss, B * tape| Moderate increase Large decrease
Transport-current 10ss Decrease Increase

If many tapes are stacked in order to obtain more signal in a magnetisation
measurement [Sugi97; Kwas98], the results cannot be directly compared with those from
single tapes. Conversely care must be taken in using the AC-loss results measured in single
tapes (as presented in Chapter 3 and Chapter 4) to predict the loss in a multi-tape device.
Ways of making such predictions are discussed in this chapter.

Insulating material between the tapes in a stack causes a certain stack spacing dins: see
Figure 5.1. The spacing decreases the effect of stacking on the AC loss. In tapes with
decoupled filaments, the screening currents flow on a much smaller scale and cause a weaker
screening field outside the tape. Therefore, the effect of stacking is expected to be smaller
than in tapes with fully coupled filaments. Low-temperature superconducting wires usually
have decoupled filaments. Therefore, stacking has little influence on the AC loss in such
wires.

Quantitative expressions are known for the magnetisation and self-field losses in
infinite F- and E-stacks of mono-filament tapes with any stack spacing [MUll99a]. The
expressions are used also to predict the loss in large stacks of Bi-2223 tapes with non-twisted
filaments, whose core region behaves like a single large filament. A tight stack that is long
enough in y-direction may be treated with the Critical-State Model as an infinite dlab,
regardless of the orientation of the tapes [Iwak98a; Chiba99]. The discussion in the rest of this
section concentrates on stacks with typically 5-20 parallel tapes.

5.1.2 Faceto-face stack parallel to the magnetic field

The double-layer winding displayed in Figure 4.1 is actually an F-stack of two tapes in
paralel magnetic field. The magnetisation loss measured in the double-layer geometry is not
significantly different from the loss measured in a single-layer winding. There is no space for
much thicker stacks in the long-sample pickup coils. The short-sample pickup coils are large
enough to place tapes parallel to the magnetic field. With multiple tapes in the pickup coils
the signal is large enough to enable accurate measurements. The stack must be carefully
oriented parallel to the external field. A weak perpendicular magnetic-field component gives a
high extra loss as demonstrated in section 3.5.1. The tapes in the stack must also be insulated
in order to prevent coupling currents between the tapes, which would greatly increase the
magnetic moment and the AC loss. In devices the coupling currents between the tapes must
be minimised as well. Coupling currents between tapes in a cable are discussed in sections 5.4
and 5.5. The relevant properties of al tapes used in this chapter are listed in Table 5.2. The
tapes A and D are described also in Table 3.2.
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Table 5.2 Main properties at 77 K of the Bi-2223 tapes investigated in this chapter.

Property [unit] tape A tape D tape | tape J tape K
Manufacturer VAC VAC VAC VAC VAC
Tape properties essential for the magnetisation loss
Critical current 1 [A] 44 28 35 26 31
Twist pitch L, [mm] - 6.4 - 9 11
Matrix material Ag Ag AgPd, Ag Ag
Other relevant tape properties
Sheath material Ag Ag AgMg AgMg AgMg
Tape width wi [mm] 3.80 3.75 3.6 3.42 3.50
Tape thickness di [mm] 0.25 0.26 0.25 0.28 0.25
Core width w, [mm] 3.37 3.27 3.17 3.07 3.13
Core thickness d. [mm] 0.17 0.16 0.18 0.19 0.17
Relevant filament properties
Number of filaments ng 55 55 55 55 55
Superconductor fraction hyg; 0.25 0.25 0.25 0.25 0.25
Jefit @ zero magnetic field [A/mm?] | 185 111 156 107 146
Filament width wg; [um] 270 310 280 320 290
Filament thickness dg [um] 22 17 22 19 19
AC loss due to amagnetic field of 50 Hz frequency and 0.1 T amplitude
Loss density per cycle B // tape | 0.869 0.304 0.750 0.459 0.371
Qrragn [kIM?] B~ tape|12.9 8.08 8.09 7.81 8.35
Normalised power loss | B // tape | 0.938 0.549 0.965 0.861 0.507
P/l [mW/AmM] B~ tape|13.9 14.6 104 14.7 114

An F-stack is made of 12 samples of tape A insulated with plastic film: see Figure 5.2.
The total stack thickness is 3.9 mm with an average stack spacing dins of 82 um. The loss
function measured in the stack is displayed with open symbols as a function of magnetic-field
amplitude. Solid symbols represent the loss measured in a single tape. The loss functions are
based on the loss density Q (section 3.2). Therefore the size of the sample does not affect the
result. As expected, the loss density in the stack is higher than that in the single tape due to
the screening field of the adjacent tapes. The screening field is weaker than the penetration
field of the filamentary region. The screening effect is significant only for low amplitudes of
the magnetic field. Therefore the increase in loss a low magnetic fields is larger than at high
fields.

The maximum of the loss function is shifted to lower magnetic-field amplitudes.
Apparently the measured extra loss is not caused by an undesired perpendicular magnetic-
field component, which shifts the maximum to higher magnetic-field amplitudes as discussed
in section 3.5.1. The F-stacking in parallel magnetic field causes an increase in magnetisation
loss by afactor of 1.2—1.5. In the stack used here, 10 of the 12 tapes already have neighbours
on both sides. see Figure 5.2. Therefore the effect of stacking is not expected to be much
larger even in thicker stacks. However, the effect will increase when the spacing between the
tapes becomes smaller or when the normal-conducting sheath around the tapes becomes
thinner.
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Figure 5.2 Loss function in a single sample of tape A and in an F-stack of 12 samples.

5.1.3 Face-to-face stacks perpendicular to the magnetic field

Figure 5.3 pictures the cross-section of a face-to-face stack (F-stack) with two tapes in
perpendicular magnetic field. The superconducting regions of the tapes are marked in grey. In
Figure 5.3a, the superconducting regions are symmetric around the y-axis. Assume the
distribution of the critical-current density is also symmetric around the y-axis. Then the
screening currents and the screening field B are symmetric as well. Therefore in the plane
where y is zero, the total magnetic field B+Bs. has no component in x-direction. In Figure
5.3b the situation is different. The superconducting regions are asymmetric and therefore B
is asymmetric as well. The magnetic-field lines are displayed in the figure. In the plane where
y is zero, the total magnetic field has a position-dependent component in x-direction. The
x-component of the screening field induces an electric field around the rectangular circuit C
according to Faraday’s law (Equation 2.1). The circuit C connects both tapes. If the tapes are
in electrical contact, a coupling current flows around the circuit, from one tape to the other
and back. The AC lossin the stack is then different from the loss in a stack of insulated tapes.
Insulation between the tapes in a stack has an effect on the AC loss only if the
distribution of the screening currents is asymmetric around the y-axis as in Figure 5.3b. In
standard tapes with non-twisted filaments, a symmetric distribution of the critical-current
density is expected. The screening current distribution is then symmetric asin Figure 5.3a. No
electric field is induced around any loops connecting the tapes. Therefore the electrical
insulation between the tapes does not directly affect the AC loss. The insulation only
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determines the distance di,s between the tapes, which is expected to have a small effect on the
AC loss.
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Figure 5.3 Magnetic-field distribution in an F-stack of two tapes in perpendicular field.
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The magnetisation loss is measured in stacks of tape | with non-twisted filaments. The
tapes are stacked directly on top of each other with no insulation, in order to find the
maximum effect of stacking. The results are pictured in Figure 5.4. Different types of symbols
are used for stacks with various numbers of tapes n;. For increasing n; the maximum Gax Of
the loss function decreases. Furthermore the maximum shifts to higher magnetic-field
amplitudes Bamax. FOr magnetic-field amplitudes lower than B, ax, the loss in the stacks is
lower than the loss in the single tape by about a factor 1 / n;, due to the mutual shielding of the
tapes in the stack. For magnetic-field amplitudes higher than B, max the loss in the stacks is not
significantly different from the loss in the single tape. The screening of the magnetic field is
limited by the maximum density of the screening currents in the core region. Therefore the
screening is insignificant at high magnetic-field amplitudes. Similar results are found with
stacks of other non-twisted filament tapes, as well as by other authors [Iwak98a).

5.1.4 Critical-State Model for tall stacks

Non-twisted filaments are fully coupled in varying external magnetic fields. The inter-
filament coupling currents shield the entire core region from the external magnetic field as
displayed in Figure 5.3a. The currents follow the filaments in z-direction aong the left side of
the core and return along the right side: see Figure 1.7. A stack of such tapes is described with
the CS model for a dab parallel to the magnetic field. The slab thickness is equal to the core
width w. of the tapes in the stack [Chiba99]. The description is valid if the distance dins
between tapes is small and if the total height of the stack is much larger than w.. Then the
total magnetic field B+Bg is nearly uniform and oriented in y-direction. The slab occupies a
fraction hgack Of the stack volume, which is equal to w. / w.. Furthermore the effective critical
current density Jesack 1N the dab is given by Jecoredc / (ditding). Then the penetration field of
the dab is given by

_ rrb‘]c,stackwc _ myl ¢

B = = .
p.stack 2 2(d; +ding)

Eq. 5.1
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The penetration field of the stack is then determined by the tape properties I and d;, which are
accurately known.
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Figure 5.4 Loss functions of F-stacks of tape | (symbols) and CS-model predictions (lines).

The variables hgac and By stack are used to calculate the loss in the equivalent slab with
Equation 2.4. The tape parameters are: W, = 3.17 mm, w = 3.60 mm, d;=0.25 mm, dins=0
and I = 35 A. The resulting loss function is displayed as a thick dotted line in Figure 5.4. It
should be regarded as a loss limit for n® ¥ [Iwak98a]. For increasing n; the measured loss
indeed converges towards the limit. Extrapolation of the measurement results presented here
indicates that for n; » 100 the loss in the stack will become close to the loss calculated for the
infinite dab. For smaller stacks, an n-dependent description of the AC loss is required. For
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thin stacks with few tapes, such a description can be based on the thin-strip CS model
described by Equation 2.6. As demonstrated in section 3.2, the model describes the
magnetisation loss rather well at high amplitudes of the magnetic field. The description is
inaccurate at low magnetic-field amplitudes where the effect of stacking is most pronounced.
Therefore the Critical-State Model for athin strip is not appropriate here.

5.1.5 Mode based on geometry-independent scaled loss

The AC loss in stacks can be approximated using a modified Critical-State Model. The model
predicts the magnetisation loss in superconductors with a rectangular cross-section of any
aspect ratio. The scaled magnetisation loss Ks is defined as Qmagn / BoMp. Here B, is the
penetration field and M, is the magnetisation at a field strength B,. Numerical calculations
with the CS model for various cross-section shapes show that the scaled loss kgb) is
independent of the cross-section geometry [Hart89]. The scaled magnetic-field amplitude b is
defined as Ba / By. If the loss Q1 in shape 1 is known, the loss Q. in shape 2 is calculated with

Bp,ZM p,2

BoM_ . Q = f510 2Q1, Eq. 5.2
p1™ pl

Q=
where fs 10 2 IS a shape factor which is independent of the applied field. For shape 1 a circular
cross-section isused. The AC lossin afilament with circular cross-section is [Hart89]

B2 2myJry;
leﬁl s(b) whereBpJ:%. Eqg.53

Herery isthe radius of the filament.
The scaled loss (based on numerical calculations) is here approximated with
ks(b):§b3"¢"i- B9 torbe1
e

2
e Eq. 5.4

Kk (b)=—8a%-—19 forb 3 1.
S
3¢ 2g

Shape 2 is a rectangle with sides dyx in y-direction and d, / X in x-direction. The cross-section
areais d, and the shape factor is [Hart89]

é 4,106 u
fotm = ol @2Ing: 41i+izarctanxza. Eq.55

Equations 5.2-5.5 are used to calculate the loss Q. for the measured stacks of tape I.
The dimension dyx is equal to din; and d, / X is equal to w.. The superconducting fraction is
accounted for as described in the previous section. The corresponding loss functions are
pictured as lines in Figure 5.4. The fit parameters are d; = 0.31 mm, w; =4.50 mm and
lc=25A. The measured decrease of the maximum in the loss function with increasing
number of tapes is described by the model, as well as the increase of the magnetic field where
the maximum appears. The slope of the measured loss at low magnetic-field amplitude is
rather well described. However, the fit parameters do not agree very well with the values for a
single tape. The best agreement between model calculations and measurement results is
obtained for the stack with 10 tapes, whose cross-section is nearly a square. Similar results are
obtained with F-stacks of other tapes with non-twisted filaments. Probably the model
description is most accurate when the aspect ratio of the stack is close to 1. In conclusion, the
scaled-loss model qualitatively describes the observed effect of stacking on magnetisation
loss rather well. However, it cannot provide reasonable quantitative predictions.
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5.1.6 Empirical fit function for thelossin a face-to-face stack

In order to quantitatively describe the effect of F-stacking, the decrease in the magnetisation
loss D is defined as Qn gack / Q~. Here Qn gack 1S the loss dengity in a stack and Q- is the loss
density in a single tape perpendicular to the magnetic field. Naturally, D depends on the
number of tapes in the stack and on the amplitude of the magnetic field. In this section D is
related to the normalised magnetic-field amplitude by nonw defined as B, / Bpc. Here By is the
penetration field of the filamentary core in parallel magnetic field. The penetration field is
proportional to the characteristic field defined in section 2.1.3 for a thin strip. The penetration
field is used because its value can be directly determined from a loss measurement in parallel
magnetic field. The loss decrease is found to be very similar for F-stacks made of different
tapes. For all F-stacks in perpendicular magnetic field with by nomw 1N the range between 1 and
20, the loss decrease is rather well described by the following empirical fit function

Qn stack (M, Ba)
Q (Ba)

The parameters Dy and by depend on the number of tapes in the stack.

The fit function converges from the value Do at low magnetic-field amplitudes towards
1 at high field amplitudes. At low magnetic fields the shielding of the inner tapes in the stack
is better if there are more tapes in the stack. Therefore Dy is lower for stacks with more tapes.
At high field amplitudes the screening fields are insignificant compared to the external
magnetic field. The slope of D is determined by the parameter bo. In stacks with many tapes
the shielding remains significant up to high magnetic-field amplitudes: see Figure 5.4. Then
the slope of D is small, which corresponds to a high value of bo. Vaues for the parameters by
and Dy are determined by fitting Equation 5.6 to the results of experiments on severa
different tapes with twisted and non-twisted filaments. The average values of the parameters
arelisted in Table 5.3 for several stack heights.

b//,nontw?
bo(ns) g

@
=D(n, b//,non'[w) =1+ (Dg(ns)- 1 eng' Eq. 5.6

Table 5.3 Experimental values for the parameters in the fit function for the lossin F-stacks.

Number of tapes n; in the stack 1 2 3 5 10 20
Lower limit D, at low magnetic field 1.00 |0.31 |[0.20 |0.095 |0.035 [0.012
Parameter b, that determines the slope - 38 (625 |823 |133 |214

For tapes with twisted filaments the approach discussed above must be modified. The
filament twist causes a decrease of the critical current as well as the critical-current density in
the core. However, when the matrix is silver or a silver aloy, the loss in perpendicular
magnetic fields is not affected by the twist, as discussed in sections 3.3 and 3.6. Most likely
the decrease in critical current occurs at the tape edges where the filaments are sharply bent
by the twisting. Then the damage to the filaments occurs at intervals of about half the twist
pitch. In perpendicular magnetic field the screening currents in the core are not affected by the
twist. Apparently they flow on a scale much smaller than the twist pitch. Then the loss is
determined by a magnetic critical-current density, which is similar for tapes with twisted and
non-twisted filaments. For a twisted-filament tape the parameter b nomw 1S defined here with
the critical-current density Jqcore Of @ tape of the same batch with non-twisted filaments. The
fit function given in Equation 5.6 is therefore independent of the twist pitch of the filaments.

The loss decrease due to stacking is measured in F-stacks of tape Dt with 6.4 mm twist
pitch: see Table 3.2. The result is shown as symbols in Figure 5.5, as a function of the
normalised magnetic-field amplitude by nonw. The lines in the figure are calculated with
Equation 5.6, using the parametersin Table 5.3. The largest difference between the calculated
loss decrease and the measurement results in Figure 5.5 is about 20% for the 10-tape stack,
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about 5% for the other stacks. The relatively simple Equation 5.6 with the given parametersis
a useful empirical description for the decrease in AC loss, caused by F-stacking of tapes in
perpendicular magnetic field.
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Figure 5.5 Scaled magnetisation loss in tape Dt versus scaled magnetic-field amplitude. The
measured AC-loss decrease due to F-stacking is described with an empirical fit function.

5.2 Total power lossin atransformer coil

5.2.1 First-order approximation

Stacking of tapes is one of several aspects that affect the total AC loss in a superconducting

power transformer. This section discusses the coil that forms the primary or secondary side of

a transformer: see Figure 1.9. Each tape carries an alternating transport current whose

amplitude |, is the same everywhere in the coil. The tape is subjected to an alternating

magnetic field whose amplitude depends on the position in the coil. Therefore the magnetic-
field amplitude varies along the tape length around an average value Bayg. The dependence of
the magnetic field on the transport current and on the position is known from the transformer

geometry. A first-order approximation is made for the total power loss pen Of dl

superconductors in the coil under the following simplifying conditions:

(1) The AC-loss density Quw in the tape (in Jm> per cycle) at any position can be
calculated from the current amplitude, the loca magnetic-field amplitude and the
macroscopic tape properties with the Critical-State Model.

(2) Thefilamentary region of the tape has a high aspect ratio.

(3) Thefilamentsin the tape are fully coupled.
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(4) During one cycle the magnetic field increases monotonously from -B, to B, and then
decreases monotonously to -B,. The current also increases and decreases monotonously.

(5) Thetape has no J.(B) dependence.

(6) The magnetic field and the transport current are sinusoidal and in-phase.

(7) Thetapeiseverywhere oriented parallel to the magnetic field.

(8) The effect of stacking (shielding by adjacent tapes) on the AC lossis insignificant.

(9) The magnetic-field amplitude is much higher than the penetration field By of the core.

(10) The transport-current amplitude is much lower than the critical current.

Under the conditions (1)-(10) the CS model for an infinite dab (Equation 2.47) is
reduced to Qotal = BaJccorede Where Jecore IS the critical current density averaged over the
filamentary core. The local power loss P (in W/m) is equal to Bafl.d., where f is the frequency
of the current and the magnetic field. The power loss depends linearly on the magnetic-field
amplitude. Therefore the total power loss (in W) in al conductors of the coil is

Peon = Bavg flcdcLy Eq. 5.7

where Ly, is the total length of the tapes in the coil. Certain coils are made of a cable with
transposed tapes (section 5.4). In that case, Ly, in Equation 5.7 can be replaced by the cable
length and I by the total critical current of the cable.

5.2.2 Refinements of the modd

Corrections to Equation 5.7 are necessary when the conditions (1)-(10) in the previous section
are not fulfilled. The corrections are discussed in this section. Each single condition is
removed while al the others are kept. Quantitative corrections can be made when condition
(9) or (10) isinvalid. These corrections are discussed first. When one of the conditions (3)-(8)
is invalid, the calculation of the AC loss is more complicated. Qualitative corrections to
Equation 5.7 are given here for these cases. Finally, the consequences of dropping the
conditions (1) or (2) are discussed.

If (10) is not fulfilled, the normalised current amplitude i is significant while the
normalised field amplitude b is much higher than 1. In that case, the total AC loss is well
approximated by the first term in the third line of Equation 2.47. The power 10SS peon IS
increased by afactor (1+i%/3). The theoretical correction factor is smaller than 4/3. However,
for values of i larger than 0.6 the power loss in Bi-2223 tapes increases much faster with i
than predicted with the CS model (sections 4.2 and 4.3).

If (9) isnot fulfilled, the loss in a part of the tape is lower than the value BaJc cored. that
is valid for high magnetic-field amplitudes. An analytical calculation is made, assuming a
linear increase of B, along the tape from O to 2B, [Legh99]. The AC loss is proportional to
Bs> a magnetic-field amplitudes lower than Bp.<(B. The loss is proportiona to B, at higher
magnetic-field amplitudes. This is a good approximation to the CS model for zero i (Equation
2.4). The calculation yields atotal power 10Ss peon that is less than the value from Equation 5.7
by a factor (1 - 3B,/ 8Bayy’). The correction factor is less than 0.9 only for average field
amplitudes lower than 2By .

If (8) is not fulfilled, the magnetisation loss is affected by the screening effect as
described in section 5.1. For a face-to-face stack of 10 tapes parallel to the magnetic field, an
increase of AC loss by afactor 1.2 is found at high magnetic fields. Edge-to-edge stacking is
expected to cause a small decrease of AC loss. A transport current decreases the screening
currents and the effect of stacking. In a multi-layer winding with an irregular arrangement of
the tapes, no significant stacking effect is expected.

If (7) is not fulfilled, there is a significant loss increase due to magnetic-field
components perpendicular to the tape. This caseis dealt with in the next section.

If (6) is not fulfilled, the magnetic field and the transport current are non-sinusoidal or
not in-phase. Then Equation 2.47 is no longer valid. Due to the other conditions, the
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magnetisation loss dominates and behaves like hysteresis loss. It is described with Equation
2.4, which is independent of the exact form of B(t). Then Equation 5.7 is valid at high
magnetic-field amplitudes. At low magnetic fields the correction factor (1 — 3B, / 8Bayg’)
can be used if B, increases linearly along the tape.

If (5) is not fulfilled, the J.(B) relation decreases the magnetisation loss especially at
high magnetic field. An upper limit for the loss is obtained by using the value | in Equation
5.7, while a lower limit is found by using I¢(Bay). The exact power loss depends on the form
of the Ji(B) relation and on the magnetic-field profile along the tape. The loss must be
calculated numerically. With transport current the Jo(B) relation increases the effective i—
value, which increases the transport-current loss.

If (4) is not fulfilled, the magnetic-field variation during each half-cycle is non-
monotonous. The loss can be calculated with a numerical CS model, which is discussed in
section 5.3.

If (3) is not fulfilled, the filaments are no longer fully coupled. If inter-filament
coupling currents are absent, the loss is predicted by Equation 5.7 with d. replaced by dy and
| replaced by the magnetic critica current I, in the filaments. For typical Bi-2223 tapes the
loss is then decreased by a factor 0.2. The loss can be further reduced by using more and
thinner filaments. However, twisted filaments in Bi-2223 tapes are partially coupled. Twisting
and an alloy matrix will cause a decrease in the normalised magnetisation loss P/ 1 by a
factor 0.4-0.6 at 0.1 T magnetic-field amplitude (Table 3.4). The total power loss is decreased
by the same factor. With transport current, the effect of filament twist on the AC loss is
smaller because the transport-current loss is not decreased (section 4.3).

If (2) is not fulfilled, the CS model for around or rectangular wire must be used. At a
fixed value of b the lossis higher than in adab [Wils83, p.164]. No analytical expressions are
known for the extra effect of an alternating transport current in awire.

If (1) is not fulfilled, the CS model is not valid. Numerical modelling is used to
estimate the effects of anon-linear V(1) curve [Bran96]. The effect of overload currents higher
than 1. is numericaly investigated as well [Paasi98]. The consequences of removing the
individual conditions (1)-(10) are summarised in Table 5.4. The table gives the correction
factor for Equation 5.7 and the section where the relevant effect is discussed.

Table 5.4 Effect of removing single conditions on the estimate of the power lossin a coil.

Condition removed | Relevant effect Correction factor Discussed in section
(@8] CS model invalid Depends on n-value | 2.6

(2 Low aspect ratio W, / d; >1 21.3and 5.1.5
(3 Decoupled filaments 0.2-0.5 2.2,3.3and 4.3
(4) B is not monotonous >1 5.3

(5) J(B) dependence <1 2.1.2

(6) Non-sinusoidal B(t) 1 21.2

(7) B perpendicular to the tape |>1 5.2.3

(8) Shielding by adjacent tapes | 1.2 5.1

9) Not full penetration 1-3Bpc"/ 8Bayy |5.2.2

(10) Transport current 1+i°/3 5.2.2

5.2.3 Empirical model

In areal coil, severa of the conditions (1)-(10) are not fulfilled. Under the conditions (1)-(8) a
purely analytical description of the coil can be based on the Critical-State model. The
magnetic-field distribution is then calculated for arbitrary |, and the local power loss from
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Equation 2.47 is integrated along the tape length. Under the conditions (4) and (10) an
empirical model discussed in this section can be used. The model is based on the loss
measured in a single tape. Under condition (8) a numerical model of the single tape can give
the power loss at arbitrary values of i, B, and field angle a, for the known time-dependence
B(t) and I(t) (section 2.8). The power loss is then integrated along the tape like in the other
models. If none of the conditions (1)-(10) is fulfilled, an elaborate numerical model of the
entire coil is necessary.

The magnetic field of the coil has a component By, parallel to the tape and a component
B~ perpendicular to the tape: see Figure 3.12. Both components of the magnetic field are non-
uniform. Their amplitudes B, , and Ba~» depend on the location in the coil. They are
approximated by average magnetic-field amplitudes Bayg,s and Bayg» .

The empirical model of the coil is based on the magnetisation losses Q, and Q~
measured in a single tape at field angles of 0° and 90°. For a single tape, the magnetisation
loss at any field angle is calculated by adding these losses (section 3.5.1). If the coil consists
of distinct stacks, the losses Q) stack @d Q~ sack are first obtained from Q and Q~ by one of the
methods described in section 5.1. The losses are then added in the same way as for a single
tape.

The total AC loss is dominated by the perpendicular-field loss component Q» at large
field angles and by the parallel-field loss component Q at very small field angles. Figure 5.6
isachart of relevant amplitudes and orientations of the external magnetic field. The magnetic-
field component B,, pardlel to the tapes is on the horizontal axis of the figure. The
perpendicular field component By~ is on the vertical axis. The open symbols on the dashed
line represent points where the two AC-loss components Qy(Ba ) and Q~(Ba) are equa. The
loss components are measured in a single sample of tape A: see Table 3.2. For high Bax
(above the line) the total AC loss is dominated by Q~. For low B~ (below the line) the lossis
dominated by Q. Each of the solid lines indicates a constant field angle. For a single tape the
loss components Qr and Qy are equal at field angles of 5°

Face-to-face stacking decreases the loss in perpendicular magnetic field. Furthermore,
the stacking increases the loss in parallel field (section 5.1). The solid symbols in Figure 5.6
display points where Qy sack(Bay) 1S equa t0 Q~ gack(Bar). The losses are measured in an
F-stack of 10 samples of tape A. The loss components are equal at field angles of 10°-45°. For
coils consisting of F-stacks, the parallel-field loss component Qy «ack Can dominate the AC
loss even if Qy in single tapes is insignificant compared to Q-~. It is therefore important to
know the loss of asingle tape in parallel aswell asin perpendicular magnetic field.

The total power loss in each stack (in W) is calculated with

Pcon = fdtWt LW(Q//, stack (Bavg,//) + Q/\ ,Stack (Bavg,’\ )) Eq- 5.8

If the coil consists of multiple stacks, the loss in each stack is calculated with Equation 5.8.
The losses are then added to obtain the overall power 10SS peon.
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Figure 5.6 Magnetic-field amplitudes and field angles where Q; equals Q-~ for tape A.

5.2.4 Power loss measured in a coil

It is investigated whether the results of the empirical model agree with the measured power
lossin acoil. A pancake coil is constructed of 18 turns separated by a 0.1-mm thick insulation
[Legh99]. The tape in the coil is similar to tape A and has a critical current of 45 A in self-
field. The coil has a critical current of 28 A due to its higher self-field. The total AC loss of
the coil in self-field is measured with the eectric method. In Figure 5.7 the measurement
results are displayed with solid symbols, as a function of transport-current amplitude.

The model description is based on the loss components Q, and Q~ measured in tape A
in paralel and perpendicular magnetic field. The parallel-field loss Qy sack IS assumed to be
1.4Qy (section 5.1.2). The perpendicular-field loss Q~ sack IS calculated with an empirical fit
function similar to Equation 5.6. For most transport currents, the self-field of the coil is
weaker than its penetration field. Then the loss is proportional to B.°. Furthermore, the
orientation of the self-field is different at opposite edges of the stack. Therefore, effective
magnetic-field amplitudes are defined:

J/mex(BS ;| minB J/mex|B3~|  min|B «
Ban,// = 2 + 2 ’ Ba\/g,/\ = 2 + 2 . Eq 59

The terms min¥B,"Y2 are zero for a single pancake coil as in the experiment. They are not
necessarily zero in a more complicated arrangement with many stacks of tapes.

The dash-dot line in Figure 5.7 represents the power 10ss peon (in W) based on Qy stack
for paralledl magnetic field. The dashed line displays the loss based on Q» gak for
perpendicular field. At low transport-current amplitudes, both loss components are equally
important. The perpendicular component of the self-field is much weaker than the parallel
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component. Therefore Qn ¢ax IS everywhere proportional to 1,° while Qygas becomes
proportional to I, at high transport-current amplitudes.
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Figure 5.7 Total AC loss of a pancake coil versus transport-current amplitude.

The total power 10ss peon from Equation 5.8 is displayed as a solid line. At low current
amplitudes, it is higher than the measured power loss by about a factor 2. At high currents, the
measured |oss increases faster than predicted. The fast increase is due to the transport-current
loss, which increases quickly with i if the value of i is close to 1. The transport-current loss is
not accounted for in the model. The difference of a factor 2 at low currents is not due to the
transport-current loss. It is most likely caused by the definition of Bayg given in Equation 5.9.
The definition is necessary because of the non-uniform self-field of the coil. For coils with a
more uniform magnetic field (e.g. solenoids), loss predictions with the procedure described
above agree rather well with measurement results [Funa98a; Kumm99; Legh99]. At low
normalised transport currents, the power loss in a transformer coil is predicted rather well
with an empirical model, based on the magnetisation loss measured in a single tape.
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5.3 Magnetisation lossfor arbitrary periodic magnetic field

5.3.1 Numerical Critical-State M odd

In this study by default a magnetic field with a sinusoidal time-dependence B(t) is assumed.
However, the AC loss calculated with the CS model is independent of the exact form of B(t),
when the magnetic field increases and decreases monotonously during each cycle. This
condition is listed as (4) in section 5.2.1. The condition is not valid for instance in railway
transformers. Direct current taken from the overhead line is aternated and the resulting non-
sinusoidal alternating current must be transformed. The magnetic field of the transformer is
then also non-sinusoidal. The AC loss is defined only if the current and / or the magnetic field
are periodic, as explained in section 2.1.1. For any periodic time-dependence of the magnetic
field, the magnetisation loss at zero transport current is calculated with a numerical method
dealt with in this section. The method is based on the CS model for an infinite dab parallel to
the magnetic field (section 2.1.2).

The dab thickness 2a and the critical-current density J. are known. One half of the
dab is studied, with the x—coordinate between zero and a (Figure 2.2). Previous variations of
the magnetic field have aready induced several layers of screening current, alternately in z-
and in —zdirection. The layers of current are numbered, beginning with the outer layer that
has number 1. In the centre of the slab there may be a region with no current. The current
pattern in the other half of the slab is exactly anti-symmetric: J(-X) = -JAX).

The effect of a small positive magnetic-field change dB on the current pattern is
studied. If layer 1 carries a current in —z-direction, a new outer layer of screening current in
+z-direction is formed. The thickness of this new layer 1 is dB/2myJ.. If layer 1 carries a
current in +z-direction, the layer becomes thicker due to dB. If there is only a single layer of
screening current and a central region with no current, the extra thickness of layer 1 is
dB / myJ.. If there is alayer 2 carrying current in —z-direction, the extra thickness of layer 1 is
dB / 2myJ.. Then layer 2 may disappear and the layers 1 and 3 may merge into one. The effect
of a negative magnetic-field change dB is opposite. The changes in the screening-current
pattern are calculated stepwise during the entire magnetic-field cycle. The calculation begins
with zero current throughout the slab. A complete cycle is executed in order to obtain the
initial current pattern. Then another cycleis executed in order to calculate the AC loss.

The magnetisation of the dab is calculated from the current pattern. In the first step,
layer 1 with a current density equal to +J. is assumed to extend between x = 0 and x = x; = a.
Then its contribution M; to the total magnetisation is given by the expression for the
magnetisation Ms in a saturated dlab: J.a/ 2. Layer 2 with J,=-J., is assumed to extend
between x =0 and x = X,. Adding layer 2 to layer 1 is equivalent to adding a saturated dab
with thickness 2x,, current density -2J. and magnetisation -Jcx.. The contribution M, of layer
2 is normalised to the volume of the real slab, which gives -Jx.?/ a. The other layers are
added in the same way. The total magnetisation M is found as the sum of the terms M, for the
individual current layers. A correction is made if there is a centra region without current.
Calculating the magnetisation over one magnetic field cycle yields the magnetisation |oop.

5.3.2 Examples. magnetisation loops and AC loss

As an example, the magnetisation loop is calculated for a magnetic field B(t) that is the
sum of two sinusoidal components. The component with the ground frequency of 50 Hz has
an amplitude of 0.1 T. A higher harmonic of 1000 Hz has an amplitude of 0.01 T. The
resulting M(B) loop is displayed in Figure 5.8. The magor magnetisation loop and the minor
loops are followed counter-clockwise. Typical parameters for the filamentary region of a good
Bi-2223 tape are used: a thickness of 0.2 mm and a critical-current density of 200 A/mm?.
Then the penetration field B, is 25 mT and the amplitude of the higher harmonic is much
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lower than B, . Therefore the area of the 20 minor magnetisation loops is relatively small. In
this case, the effect of the higher harmonic on the total AC loss is insignificant.
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Figure 5.8 Magnetisation loop for a slab parallel to a non-monotonous magnetic field.

The magnetisation loss is calculated as an integral of MdB over one magnetic-field
cycle, with the same parameters as in Figure 5.8. The magnetic field has a ground frequency
of 50 Hz and a higher harmonic of 200 Hz. The ratio between the amplitude of the higher
harmonic and the amplitude of the ground frequency is denoted by the symbol Rq.. The total
field amplitude B, is defined as half the peak-to-peak value of the total magnetic field B(t). In
Figure 5.9 the resulting AC loss is displayed as a function of B,. Each line is calculated with a
different ratio Ry For zero Ry, there is no higher harmonic and the analytical CS model is
valid. The AC loss found with Equation 2.4 is shown as solid symbols. It agrees very well
with the value predicted with the numerical model (solid line) except at the lowest magnetic-
field amplitudes. The difference at low magnetic fields decreases if the step size dB in the
calculation is reduced. The difference is caused by the numerical inaccuracy introduced by the
finite step size.

For Rin = 0.5 (dashed line with symbols) the higher harmonic causes a significant
increase in AC loss only at magnetic fields where the amplitude of the higher harmonic is
larger than Byc. A higher harmonic with Ry, 3 1 causes a significant AC-loss increase at any
magnetic-field amplitude. With Ry, =10 the total magnetic-field amplitude is mainly
determined by the higher harmonic. The loss is calculated over a 50 Hz cycle, which contains
four 200 Hz cycles. Therefore the loss with Ry, = 10 (dash-dot line with symbols in Figure
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5.9) is higher by a factor 4 than the loss with zero Ry, (solid line). The loss predicted by the
numerical CS model behaves as expected.

For the loss calculation described in the previous section, B(t) does not have to be the
sum of two sinusoidal components as in the examples. Any periodic time-dependence can be
used if B(t) is numerically described with a small enough step size dB.
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Figure 5.9 Calculated magnetisation loss in a slab versus the total magnetic-field amplitude.

The magnetisation loss with a non-sinusoidal B(t) can be measured with the pickup
technique described in section 3.1. However, B(t) must be sinusoida when the magnet is
driven by a resonant LC-circuit. Without the LC-circuit, the maximum attainable field
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amplitude is very low especialy at frequencies above 50 Hz, due to the high self-inductance
of the magnet. At lower frequencies, the pickup technique becomes less accurate. Therefore,
no measurements of AC loss with a non-sinusoidal B(t) are presented in this work.

5.4 Magnetisation lossin flat cables with transposed tapes

54.1 Inter-Strand Coupling Currents

In the devices discussed in the previous sections, the AC loss in each tape is influenced by a
magnetic interaction with the adjacent tapes. The following sections deal with the
consequences of an electric interaction between the tapes in a device, which is added to the
magnetic interaction. The electric interaction results in a non-uniform distribution of the
transport current, which generally causes a higher total AC loss.

The secondary coil of a transformer must carry a current of several kA. The high-
current coil is constructed with many superconducting tapes connected in parallel [Funa98b].
Winding the tapes separately on the transformer core would make the production process
time-consuming and expensive. Furthermore, even if the tapes are insulated along their
length, they have to be electrically connected at the ends of the winding. Then each pair of
tapes forms a current circuit. The aternating magnetic field of the transformer induces an
electric field in each circuit. So-called Inter-Strand Coupling Currents (ISCCs) then flow
around the circuits. The mechanism of the ISCCs is very similar to the mechanism for
coupling currents between non-twisted filaments: see Figure 2.4a. At zero transport current
the ISCCs cause an extra magnetisation loss. When a transport current is applied, the
transport-current loss is higher than in individual tapes, due to the non-uniform distribution of
the total current among the tapes [Iwak96].

Figure 5.10 Transposed flat cable composed of superconducting tapes.

A flat cable composed of several tapes in parallel facilitates the production process of
a transformer. The tapes in the cable are transposed as displayed in Figure 5.10 [Wils99] in
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order to make the cable flexible and to decrease the Inter-Strand Coupling Currents. The
|SCCs are then similar to the inter-filament coupling currents in a tape with twisted filaments:
see Figure 2.4b. ISCCs in superconducting cables with transposed strands are quantified by
anaytical and numerical modelling [Verw95, ch.4]. The ISCCs are absent if the strands are
insulated along their length and the total magnetic flux is zero in the loop between any two
strands [Iwak96]. In a simple structure with a few strands, the zero-flux condition is fulfilled
by careful positioning of the transposition points. In any large and complicated structure it is
difficult to achieve zero magnetic flux in every electric loop. The remaining magnetic flux
and the ISCCs are reduced by a decrease in the transposition length of the cable.

The effect of strand insulation on the magnetisation loss in flat cables is studied in the
following sections. The cables are inserted in the long-sample pickup coils described in
section 3.1. The cable and the tapes are oriented with their wide dimensions parallel to the
magnetic field. They do not carry a transport current and the tapes are not connected at the
cable ends.

5.4.2 Non-insulated tapes

Five Bi-2223 tapes are transposed as shown in Figure 5.10 in order to form a flat cable. The
tape properties before cabling are listed in Table 3.2 under tape J. The loss function measured
in a single sample of tape J parallel to the magnetic field is displayed as open symbols in
Figure 5.11. The dashed line in the figure represents the loss predicted with the CS model
(Equation 2.4) assuming fully coupled filaments. The critical current and the filamentary-core
dimensions from Table 3.2 are used in the calculation. At magnetic-field amplitudes beyond
0.1 T, the calculated loss agrees with the measured value. At lower magnetic-field amplitudes,
the measured loss is lower than the loss calculated assuming full coupling. The filaments are
partially decoupled due to the twist pitch of 9 mm, as discussed in section 3.3. In tape J the
effect of filament twist on AC lossis smaller than in tape D with a similar twist pitch (Table
3.4). The reason for the difference is unclear. Cross-section micrographs of tapes D and J
display no significant differences.

The experimental flat cable constructed with tape J has a short transposition length of
0.32 m. Therefore the tapes are seriously deformed. In order to heal the damage to the tapes,
the final heat treatment of the Bi-2223 is applied after the cable is formed. The tapes are not
insulated and sintered connections are found between the AgMg sheaths. Due to the low
resistance of the connections, the critical current of the individual tapes in the cable cannot be
measured. The critical current of the entire cable is 103 A, which is 78% of the added critical
currents of the tapes before cabling. The difference is the result of the self-field of the cable,
which is higher than the self-field of the separate tapes. Presently tapes are available with a
critical current much higher than that of tape J. Cables with a higher critical current are
produced also by using more than 5 tapes. However, the AC loss of thicker cables cannot be
measured in the present set of pickup coils.

The magnetisation-loss density in the cable is calculated using the total volume 5Lgwd;
of the five tapes. The resulting loss function is pictured as solid symbols in Figure 5.11. It is
higher than the loss in the single tape, by factors of 2-4. The difference between the losses in
the cable and in the single tape is caused either by the Inter-Strand Coupling Currents, or by
imperfect alignment of the tapes as the cable is wound on the sample holder. Imperfect
aignment would cause magnetic-field components perpendicular to the tapes. The
magnetisation loss in tape J at a field angle of 10° is calculated (section 3.5.1) and displayed
in Figure 5.11 as a solid line with symbols. It agrees with the measurement results at high
magnetic-field amplitudes. However, at low magnetic-field amplitudes the calculated loss is
quite different from the measured loss in the cable. Furthermore a field angle of 10° is
improbable as the tapes in the cable are rather well aligned on the sample holder. The extra
lossin the cable is therefore due to ISCCs.
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Figure 5.11 Loss function of a flat cable with 5 non-insulated tapes in parallel magnetic field.

The amplitude of the ISCCs is estimated with Faraday’s law. Silver connections of
1 mm length and 1 mm? cross-section area are assumed to exist between the tapes at every
transposition point. Then the amplitude of the ISCCs in each loop is 176 A in a 50 Hz
magnetic field of 0.1 T amplitude. The estimated | SCCs are higher than the critical current of
the cable. Then at high magnetic-field amplitudes the tapes in the cable are fully coupled.
Despite the transposition they carry 1SCCs equal to their critical current. The magnetisation
loss of the cable is predicted with the CS model by describing the entire cable as a single
superconducting slab. The result is pictured as a solid line in Figure 5.11. At high magnetic
fields the predicted loss is lower than the measured loss in the cable (solid symbols). Full
coupling of the tapes alone cannot explain the loss in the cable.

The tapes in the cable have split apart due to the bending of the cable on the small
radius of the sample holder. There is a distance ds, in x-direction between the tapes, except at
the transposition points. The splitting increases the magnetic moment m and magnetisation
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loss of the cable. The saturation magnetisation Ms and the maximum [0SS Quagn @ high
magnetic-field amplitude are calculated, assuming the cable properties 1;=80A and
ds, = 0.6 mm. The result is displayed as a thick dashed line in Figure 5.11. It agrees with the
measured loss at high magnetic-field amplitudes. At lower amplitudes the measured loss
function is lower and nearly constant. A constant loss function corresponds to a 10SS Qmagn
that is proportional to B,%. Then the loss is determined by the normal resistance of the sintered
connections. The tapes must be insulated from each other in order to decrease the loss in the
cable towards the level for asingle tape.

5.4.3 Wsdl-insulated tapes

Five insulated Bi-2223 tapes are transposed in order to form a flat cable as shown in Figure
5.10. The tape properties before cabling are listed in Table 3.2 under tape K. The loss
measured in a single sample of tape K oriented parallel to the magnetic field is displayed as
open symbolsin Figure 5.12. The solid line in the figure represents the loss predicted with the
CS model assuming fully coupled filaments. The measured loss is lower due to partia
decoupling of the filaments. The normalised loss in tape K at 0.1 T magnetic-field amplitude
is between those of tape D and tape E with the same twist pitch: see Table 3.4. The dashed
line in Figure 5.12 displays the loss calculated with the CS model assuming decoupled
filaments in tape K (section 3.3). The model provides an excellent description of the
measurement results obtained at magnetic-field amplitudes smaller than 10 mT, where the
filaments are fully decoupled. At higher magnetic fields the loss converges towards the full-
coupling level. The effect of filament twist on the lossin tape K is as expected.

Tape K is insulated with a plastic coating and is formed into a flat cable with a
transposition length of 0.95 m. The critical current of each tape in the cable is separately
measured. The coating and cabling process has caused no significant decrease in the critical
current. The loss function measured in the cable is displayed as solid symbols in Figure 5.12.
At low magnetic-field amplitudes it is very close to the loss in the single tape (open symbols).
At high magnetic fields the loss in the cable is lower than the loss in the single tape by about a
factor 0.8. When the tapes are well insulated and not connected at the cable ends, Inter-Strand
Coupling Currents are absent. Furthermore there is no significant extra loss due to
perpendicular magnetic-field components. The bending of the cable to the sample holder has
most likely caused |.-degradation of the tapes. The degradation explains the lower loss of the
cable at high magnetic-field amplitudes. At low fields the filaments are decoupled and the
loss scales with the magnetic critical current density Jcfiim, The value of Jcsiim IS largely
unaffected by I.-degradation (section 3.4). Therefore at low magnetic-field amplitudes the
loss in the cable is the same as in the single tape.

If the tapes are electrically connected at the cable ends, coupling currents are induced
by the alternating magnetic field. The so-called Boundary Induced Coupling Currents
(BICCs) are present wherever there is a sharp non-uniformity (a boundary) in the cable
properties and / or in the magnetic field [Verw95, ch.5; Oomen96]. The BICCs are decreased
by making the transposition length much shorter than the cable length. Furthermore the
magnetic field should vary gradually along the cable. It should be low at the ends of the cable
where the tapes are connected. When the tapes are insulated and the BICCs are small, the loss
in a cable (expressed in Jm?® or in W/Am) is the same as the loss in a single tape.
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Figure 5.12 Loss function of a flat cable with 5 insulated tapes in parallel magnetic field.

5.5 Total AC lossin a power-transmission cable

5.5.1 Current distribution between the tapes

Superconducting power-transmission cables are introduced in section 1.3.1. They are
designed to carry an alternating current with an amplitude of several kA [Legh98; Rieso8].
Therefore many Bi-2223 tapes have to be connected in parallel and the self-field of the cable
becomes significant. The self-field induces Inter-Strand Coupling Currents that lead to a non-
uniform distribution of the transport current among the tapes. The non-uniform current
distribution results in a total power loss that is much higher than the sum of the losses in the
individual tapes (section 5.4). Power cables of Bi-2223 tapes usually consist of several layers
of tapes wound helically onto a tube: see Figure 5.13 [Ries98]. The round configuration
minimises the component of the self-field perpendicular to the tapes. Perpendicular field
components decrease the effective critical current and cause high magnetisation loss.
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Figure 5.13 Phase conductor for a power transmission cable, constructed with Bi-2223 tapes.

The pitch angle g is the angle between the longitudinal direction of a tape and a line
paralel to the cable axis. The transport current is carried by the six inner layers of tape in
Figure 5.13. The return conductor (the four outer layers) is ignored in the remainder of this
section. If all tapes in the inner layers have a pitch angle of 0°, the alternating current is
distributed as if the inner cable is a single large, hollow, superconducting wire. When the
cable current | isweak, it is confined to the outermost layer of tapesin the inner cable. When |
exceeds the critical current of the outer layer, it penetrates into the next layer of tapes. The
innermost tapes are used only if | is close to the total critical current of the cable. Then the
time-dependence of the current in each layer is non-sinusoidal even if the total current I(t) isa
perfect sine-wave. The power loss in such a cable is described by the CS model for the self-
field loss in a round wire (Equation 2.7) provided the hollow centre of the cable is accounted
for [Legh98]. At low current amplitudes the average critical-current density J.ou Of the outer
layer is used in the model. At high current amplitudes the average critical-current density of
the entire winding is used. Due to the layer insulation, the average critical current density is
smaller than J.ou. This leads to a higher power loss (in W/m) at the same current amplitude.
The so-caled monoblock model explains well the power loss measured in model conductors
with pitch angles close to 0° [Ries98].

With non-zero pitch angles g there is an axial magnetic-field component in the cable,
which influences the magnetic coupling between the layers. The current distribution between
the layers is calculated [Ries98; Wiez99]. The distribution is generally non-uniform. The
current direction in one or more layers can even be opposite to the total cable current.
However, a uniform current distribution is achieved with the right combination of pitch angles
for the layers, independently of the cable length. The current is uniformly distributed also if
the tapes in the cable are fully transposed [Rasm97]. However, cables with fully transposed
tapes have a complicated structure with significant magnetic-field components perpendicular
to the tapes. Cables can adso be made of fully transposed Bi-2223 round wires [Saga98].
Presently, however, such wires have low critical-current densities due to the imperfect
texturing.

5.5.2 Mode conductor with uniform current distribution

A model conductor for a power-transmission cable has been constructed [Rieg98; Legh98].
The conductor is 10 m long and has 4 layers of tapes with pitch angles g optimised for a
uniform current distribution. The total critical current is approximately 5000 A. The uniform
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distribution of current between the layers has been experimentally confirmed. The total power
loss due to alternating current in the model is measured by the electric and calorimetric
methods. In Figure 5.14 the power loss P (in W/m) is displayed as a function of the total
transport-current amplitude in the cable. The results obtained with the electric method (solid
symbols) agree well with those from the calorimetric method (open symbols). For current
amplitudes higher than 1500 A the measured loss is clearly lower than predicted by the
monoblock model (dashed line) due to the uniform distribution of current.
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Figure 5.14 Total AC lossin a model conductor for a power-transmission cable in self-field.

The power loss in each layer is calculated with the Critical-State Model for a dab
parallel to the magnetic field [Wiez99]. For current amplitudes much lower than the critical
current of the cable, the transport-current loss component is relatively low. The magnetisation
loss component due to the self-field is highest in the outer layer. The magnetisation loss of all
layers is summed and is displayed as a solid line in Figure 5.14. Both AC-loss models can be
evaluated only for transport-current amplitudes lower than the critical current of the cable.
The model for a uniform current distribution predicts a lower AC loss than the monoblock
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model. The model predictions based on a uniform current distribution agree well with the
measurement results for transport-current amplitudes lower than 4000 A. For higher current
amplitudes the measured loss increases faster than the calculated loss, due to the transport-
current loss that is not included in the model. For current amplitudes lower than 0.8l of the
cable, the total power loss is well described by a model based on the magnetisation loss of the
individual tapes. The loss in cables with a uniform current distribution is further decreased by
using tapes with twisted filaments [Muko99].

5.6 Conclusions

As expected, the magnetisation-loss density in a stack of tapes is different from the loss
density in a single tape. The difference is the result of the screening of the magnetic field by
adjacent tapes in the stack. When tapes are stacked face-to-face, the loss density in parallel
magnetic fields is increased (section 5.1). In perpendicular magnetic fields a large decrease of
the loss density is observed. The measured loss is qualitatively described with the Critical-
State Model by scaling a standard loss function to any rectangular superconductor geometry.

Section 5.2 describes the power loss in a transformer coil is by using an empirical
model, based on the magnetisation losses measured in a single tape in paralel and
perpendicular magnetic field. Usually the parallel-field loss is more important in a coil than in
a single tape, due to the effect of face-to-face stacking. The power loss measured in a pancake
coil in self-field agrees rather well with predictions from the empirical model, despite the
highly non-uniform magnetic field on the tapes. For coils with a higher and more uniform
magnetic field, the description is expected to work even better. In railway transformers the
time-dependence of the magnetic field is not monotonous and the analytical Critical-State
Modé is not valid. For an arbitrary time-dependence of the magnetic field, the magnetisation
loss in an infinite slab can be predicted rather well with a numerical version of the Critical-
State Model (section 5.3).

If the tapes in a transposed flat cable are not insulated, they are saturated by the Inter-
Strand Coupling Currents at high amplitudes of the magnetic field. The loss density is then
several times higher than the loss in the single tapes (section 5.4). With insulated tapes the
loss density in the cable is equal to that in the single tapes. The cabling and insulation
processes do not decrease the critical current of the tapes. The Inter-Strand Coupling Currents
should be minimised also in power-transmission cables (section 5.5). If the pitch angles of the
layers are carefully chosen, the transport current is equally distributed over al the tapes in the
cable. Then the tota AC loss is lower than with a non-uniform current distribution. The
power loss measured in a model cable with optimised pitch angles is rather well described by
the Critical-State Model for the single tapes, assuming a uniform current distribution.

The devices discussed in this chapter have widely different geometries, magnetic-field
distributions and transport-current distributions. Nevertheless the power loss can be well
estimated with models based on the magnetisation loss measured in a single tape. Knowledge
of the magnetisation lossin a single tape is therefore relevant also for multi-tape devices.
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CONCLUSIONS

The main conclusions of the study are briefly presented in this chapter. The usefulness of the
available modelling techniqgues and measurement methods for high-temperature
superconducting tapes is assessed. The AC loss in tapes with non-twisted filaments is well
understood. Filament twist and ceramic barriers decrease the magnetisation loss. In the
present tapes the loss is too high for applications where the tapes are exposed to a significant
perpendicular magnetic field. The available techniques for further decreasing AC loss are
systematically presented.
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6.1 Modelling

The AC loss in a multi-filamentary composite conductor is determined by the operating
conditions and by properties of the materials. Several typical properties of Bi-2223/Ag tapes
are absent or insignificant in the well-known low-temperature superconductors. Important
new properties are the high aspect ratio of the tape and of the Bi-2223 filaments, the
inhomogeneity of the critical current and the increased flux creep at the higher operating
temperatures.

Analytical modelling is useful in understanding and quantifying the individua effects
that influence the AC loss. It is difficult to describe several effects and their mutual influences
together in a single analytical model. A numerical calculation can include many relevant
effects (section 2.8). Especially the influence of flux creep on the AC loss is well described
with numerical methods. However, an elaborate numerical model requires a general relation
between the electric field, the magnetic field and the current density at every position in the
material. Usually the genera field-current relation is not very accurately known for every
position in the multi-filament Bi-2223/Ag composite.

Analytica models describe the AC loss accurately in cases where either the magnetic
field or the transport current is constant. Numerical models predict the loss due to an
aternating transport current in combination with an alternating magnetic field. They can also
describe the mutual magnetic shielding between adjacent tapes. Analytical models deal with
magnetic shielding only in the simplest geometries. The analytical and numerical modelling
techniques are complementary in the understanding of AC loss.

6.2 Measurement methods

In a single tape carrying a constant transport current while exposed to an alternating magnetic
field, the magnetisation loss is accurately measured with the magnetic method (section 3.1).
The pickup coils should have a homogeneous sensitivity and they should surround the entire
volume demagnetised by the sample. The demagnetised volume is larger than the sample
itself, especially for tapes oriented perpendicularly to the magnetic field. The pickup coils are
calibrated at 77 K using the magnetic moment of a resistive current loop instead of a
superconducting sample.

The transport-current loss in a single tape is accurately measured with the electric
method. With an aternating transport current the loop formed by the voltage taps should
extend a few tape widths away from the sample. Then the correct AC loss is obtained despite
the non-uniformity of the self-field close to the tape. When the alternating transport current is
in-phase with an aternating magnetic field, the magnetic and electric methods are combined.

The magnetisation loss of multi-tape stacks and cables is obtained with the magnetic
method, provided the magnetic field is homogeneous. The total AC loss of coils and cables
with an inhomogeneous self-field is measured with the electric or the calorimetric method.
The total AC loss in a single tape can also be measured with a carefully designed calorimetric
set-up (section 4.5). In the last 10 years the conventional methods for AC-loss measurement
have been successfully adapted for investigating high-temperature superconductors.

6.3 Experimental results

6.3.1 Non-twisted filaments

Non-twisted filaments are fully coupled by an alternating external magnetic field. The
magnetisation loss in a tape exposed to a parallel magnetic field is well predicted with the
Critical-State Model, by describing the filamentary region as an infinite slab (section 3.2).
When the field-dependence of the critical current is included in the Critical-State Model, the
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dynamic resistance can be described rather accurately for transport currents up to 0.5 times
the critical current. Transport currents higher than 1.5 times the critical current can be used to
study the magnetisation loss in the grains. The Critical-State Model is a good description for
the total AC loss in the magnetic-field range where the magnetisation 10ss is dominant.

In perpendicular magnetic field the magnetisation loss is about a factor 20 higher than
in parale field. The Critical-State Model applied to a thin strip can describe the loss only at
magnetic-field amplitudes higher than the penetration field. Knowledge of the magnetisation
losses in paralel and perpendicular magnetic fields is sufficient to predict the loss at
intermediate orientations of the magnetic field (section 3.5). The AC loss in tapes with non-
twisted filaments is generally well understood.

6.3.2 Twisted filaments

In a 50 Hz magnetic field oriented paralel to the wide dimension of the tape, twisted
filaments are partially decoupled. The decoupling decreases the magnetisation loss by factors
of 2-3 (sections 3.3 and 3.6). The penetration field is decreased and the frequency-dependence
of the loss is stronger than with non-twisted filaments. The dynamic resistance increases non-
linearly with the amplitude of the magnetic field (section 4.2). Presently the dynamic
resistance in twisted flat filaments is not analytically described. Filament twist decreases the
total AC loss even if the decrease in critical current is accounted for. At present the loss is
mainly determined by production-related defects such as inhomogeneity and intergrowths.
The theoretical description of the AC loss is incomplete in the case of partial coupling, when
asignificant fraction of the filaments is saturated by coupling currents.

The twist pitch required to decouple the filaments of atape in a parallel magnetic field
is longer than the twist pitch required for an equivalent round wire. In order to decouple the
filaments in a perpendicular field, a tape requires a shorter twist pitch than an equivalent
round wire (section 2.2). Twisted filaments in typical Ag-matrix tapes remain fully coupled in
perpendicular magnetic fields at power frequencies. The filaments can be partially decoupled
by introducing a short twist pitch in combination with ceramic barriers between the filaments
(section 3.7). The effective matrix resistivity of tapes with good ceramic barriers is high
enough to decrease significantly the magnetisation loss in a 50 Hz perpendicular magnetic
field. For technical applications the critical current of these tapes should be greatly increased.

6.3.3 Tapesin stacks, coilsand cables

When tapes are stacked face-to-face, the magnetisation loss is increased if the tapes are
oriented paralel to the magnetic field. The loss in perpendicular magnetic field greatly
decreases due to the mutual magnetic shielding of the tapes in the stack (section 5.1). The
magnetisation loss is qualitatively described with the Critical-State Model by treating the
stack as a single superconductor. When the effect of stacking is accounted for, the total power
loss in transformer coils can be predicted rather well, using the magnetisation |osses measured
in the tape in parallel and perpendicular magnetic field.

Inter-Strand Coupling Currents occur when several tapes are electrically connected in
parallel to form a cable. In carefully designed cables the Inter-Strand Coupling Currents are
small and the AC-loss density does not exceed that of a single tape (sections 5.4 and 5.5). The
magnetisation loss in a single tape is a good basis for the prediction of the power loss in
several kinds of multi-tape devices. Precise knowledge of the magnetisation loss in single
tapesistherefore technically relevant.

6.4 AC lossin state-of-the-art Bi-2223 tapes

Superconductors operating at 77 K should have a total AC loss lower than 0.5 mW/Am in
order to compete with copper in power-engineering applications (section 1.3). Table 6.1 isa
summary of the magnetisation loss measured in several Bi-2223 tapes. The other properties of
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the tapes are listed under the same labels in Table 3.2 and Table 5.2. The amplitude,
frequency and orientation of the magnetic field are typical for a power transformer. Twisted
filaments and ceramic barriers decrease the magnetisation loss in a parallel magnetic field.
The loss in a perpendicular magnetic field is nearly unaffected. The sum of the magnetisation
losses is between 1.0 and 2.0 mW/Am. Consequently the present tapes are suitable for use in
power transformers only if the magnetic field can be perfectly aligned parallel to the wide side
of the tapes. At lower working temperatures the magnetisation loss in W/Am is the same as at
77 K (section 3.4). A device working at a lower temperature requires less superconducting
material, but it consumes more power due to the higher cooling penalty.

Table 6.1 Normalised AC loss of several tapes in a magnetic field of 50 Hz frequency.

Tape property [unit] tapel |tape A |tape D |tapeK |tape G
Critical current [A] 35 44 28 31 10
Twist pitch [mm] - - 6.4 11 18

Material of the barriers between the filaments SrZrO

Magnetisation lossP / I, |Paralel fieldof 0.10T [0.97 [0.94 |055 |0.51 |0.33
[MW/Am] normalised Perpend.fieldof 0.01 T (0.78 |0.71 |099 [0.84 |0.84
with the critical current | Sum of both losses 1.8 1.7 1.6 1.4 1.2

Parallel Minimum power lossP / I [mW/Am] | 2.5 2.2 1.3 1.3 0.93
field 0.1 T | measured at DC transport current [A] |20 25 16 15 5

Table 6.1 also displays the minimum total power loss measured in tapes carrying a
direct transport current while exposed to a parallel magnetic field. The total power loss is the
sum of the magnetisation and transport-current losses. Twisted filaments and ceramic barriers
presently decrease the total power loss in W/Am by approximately a factor 2. The lowest
measured power loss is 0.9 mW/Am, which is still above the 0.5 mW/Am criterion. The
minimum AC loss is found at a transport current lower than expected. The high power loss
and the low optimum transport current are due to a transport-current loss that is higher than
expected. The transport-current loss in aternating external magnetic fields must be fully
understood and drastically reduced before Bi-2223 tapes can be used at currents close to the
critical current.

6.5 Outlook for decreasing the AC loss

Table 6.2 summarises the available techniques for decreasing the magnetisation and transport-
current loss in multi-filament tapes. The techniques should be applied in the order given in the
table, from top to bottom. The transport current and the magnetic field are not free
parameters. they are specific for an application. Tapes with a higher critical-current density
have alower normalised AC loss (in W/Am) only at magnetic-field amplitudes lower than the
penetration field.

When the filaments are fully coupled, decreasing the width and thickness of the
filamentary region can reduce both the magnetisation and transport-current losses. Twisting
decouples the filaments in an external magnetic field. With partially decoupled filaments the
coupling-current loss is still significant. The ideal aspect ratio of a superconducting tape then
depends on the orientation of the magnetic field in the application. Presently the aspect ratio
of Bi-2223 tapes is determined mainly by the need for texturing the material. The shape and
structure of the filaments determine the effective resistivity of the matrix, especially in
parallel magnetic fields (section 2.2). Ceramic barriers can decouple the filaments in
perpendicular magnetic fields at power frequencies. The loss in decoupled filaments is
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determined by the width and thickness of the filaments, by their mutual shielding and by the
lossin the grains.

Table 6.2 Techniques for decreasing AC loss. A constant critical-current density is assumed.

Filament Magnetisation loss Magnetisation loss Transport-current loss
coupling in parallel magnetic field in perpendicular field in self-field
Fully Thin filamentary core Narrow filamentary core Thin narrow core
coupled Twisted filaments, short twist pitch Transposed filaments
B High aspect ratio of the tape | Low aspect ratio of the tape
Partialy Matrix material with high resistivity
coupled Insulating barriers between the filaments
B High eff. matrix resistivity High effective matrix resistivity
B Low aspect ratio of filaments
Decoupled Thin filaments Narrow filaments | Thin narrow filaments

A better understanding is required of the processes that presently limit the critical
current in tapes with twisted filaments and in tapes with ceramic barriers. If the limitations are
overcome, the techniques for decreasing the AC loss can be properly implemented in
conductor manufacturing. Then the magnetisation loss in a tape in typical transformer
conditions can be made lower than 0.5 mW/Am (section 3.7.4). The required loss leve is
expected to be attained by combining a critical current of 50 A, a twist pitch of 5 mm and an
effective matrix resistivity in perpendicular magnetic field of approximately 10 times the
resistivity of silver. Presently these properties are achieved separately in Bi-2223 tapes.

It is difficult to reduce the transport-current loss in the case of a single tape. In a
carefully designed coil, the magnetisation and transport-current losses may be reduced by
mutual shielding. A transformer coil using Bi-2223 tapes can most likely be constructed with
a total power loss low enough to compete with a copper coil. From an AC-loss perspective,
power-transmission cables and transformers based on high-temperature superconductors are a
real possibility. The economic feasibility of these devices mainly depends on the price of
high-current low-loss superconductors.




NOTATION

Quantities marked [] are dimensionless. Symbols used for curves, planes etc. are not listed.

A Area of acurrent loop used to calibrate the pickup coils [m?]
a Half-size of the filamentary region in the x-direction perpendicular toB [m]
& Half-size of the conductor in the x-direction perpendicular to B [m]
B, B External magnetic field applied to the superconductor [T]
Ba Magnetic-field amplitude (= half the peak-to-peak value) [T]
Bavg Average magnetic-field amplitude in a coil [T]
Bawgs  Average magnetic-field amplitude parallel to a stack of tapes [T]
Bagr  Average magnetic-field amplitude perpendicular to a stack of tapes [T]
Batc Magnetic-field amplitude where the transition to full coupling begins [T]
Bain Amplitude of the magnetic field inside the composite conductor [T]

Bamax Magnetic-field amplitude where the magnetic-loss function is a maximum [T]
Bay/ Amplitude of the component of B parallel to the wide side of the tape [T]
Bar Amplitude of the component of B perpendicular to the tape’swideside  [T]
Bin Magnetic field inside the composite conductor in the Campbell model [T]

Bp Penetration field of a superconductor [T]
Bp.c Penetration field of the filamentary region (core) of atape [T]
B Penetration field of the filaments of atape [T]
Bpgrain  Average penetration field of the grains of Bi-2223 [T]
Bpsack Penetration field of a stack of tapesin a perpendicular magnetic field [T]
B: Reversal field used in the dynamic resistance model [T]
Bs Saturation field of around wire in an axial magnetic field [T]
B, Bs: Total magnetic field of the screening currents in all adjacent tapes [T]
Bs, By Self-field of atape carrying atransport current [T]
Bx Component of the local magnetic field in the x-direction [T]
By Component of the local magnetic field in the y-direction [T]
Bo Magnetic field used in the Kim J¢(B) relation [T]
By Component of B parallé to the wide side of the tape [T]
Bx Component of B perpendicular to the wide side of the tape [T]
b Half-size of the filamentary region in the y-direction parallel to B [m]
b Half-size of the conductor in the y-direction parallel to B [m]
c Constant used in the Kim J.(B) relation [T
C Proportionality constant used for a frequency-dependent hysteresisloss ]
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D Decrease of AC loss by face-to-face stacking of tapes in perpendicular B ]

Do Limit of the fit function D for low magnetic-field amplitudes []

d Thickness of a superconducting slab [m]

de Thickness of the filamentary region (core) of atape [m]

i Average thickness of the filaments [m]
dgrain  Average thickness of the Bi-2223 grains [m]
Oins Distance between the wide faces of stacked tapes, e.g. for insulation [m]

dp Penetration depth of the magnetic field into an infinite slab [m]

dsp Distance between the outer tapesin aflat cable that is split open [m]

o] Thickness of a composite conductor in tape form [m]

du Thickness of a‘unit cell’ containing a single filament [m]

dx Largest dimension of a superconductor in x-direction perpendicular to B [m]
E,E Local electric field in the superconductor [V/m]
Ec Electric-field criterion that defines the critical current [V/im]
Ey Component of the local electric field in the y-direction paralel to B [V/im]
E, Component of the local eectric field in the z-direction along the conductor [V/m]
Es The component of E, which depends only on the magnetic field [V/im]
f Magnetic-field frequency; resonance frequency of the resonant circuit [s7]
frnax Magnetic-field frequency where the coupling-current lossis amaximum  [s”]
fsie2  Shape factor relating the losses of the superconductor shapes 1 and 2 []

H,H Magnetic intensity applied to the superconductor [A/m]
Hc Critical magnetic field of a superconductor [A/m]
Heo Coercivity of aferromagnetic material [A/m]
Hc Lower critical field of atype-Il superconductor [A/m]
He Upper critical field of atype-Il superconductor [A/m]
Hirev  Irreversibility field of a high-temperature superconductor [A/m]

I Transport current in the superconductor [A]

la Amplitude (= half the peak-to-peak value) of an AC transport current [A]
lacoup  Total amplitude of the coupling currents in the outer layer of filaments [A]

le Critical current of a superconductor [A]

lco Critical current of a superconductor at zero external magnetic field [A]

I ¢ fi Critical current of asingle filament [A]
lem Magnetic critical current used to describe the magnetisation lossin atape [A]
lcout Total critical current in the outer layer of filaments [A]

l dev Total transport current in adevice [A]

I Current in aloop used to calibrate the pickup coils [A]
 mag Current in the magnet that generates the magnetic field [A]

I min Transport current where the normalised power loss P/ | isaminimum [A]

It Direct transport current in the superconductor [A]

i Transport current divided by the critical current of the superconductor []

J, J Local current density in a superconductor [A/m?]
Je Critical-current density in a superconductor [A/m?]
Jeo Critical-current density in a superconductor in zero external magnetic field [A/m?]
Jeab Critical-current density in the ab-direction of a high-T. material [A/m?]
Jec Critical-current density in the c-direction of a high-T. materia [A/m?]
Jecore  Critical-current density in the filamentary region (core) [A/m?]
Je il Critical transport-current density within the filaments of a tape [A/m?]
Jesm  Critical-current density of the screening currents within the filaments [A/m?]
Jegrain  Critical-current density within the Bi-2223 grains [A/m?]

Jeot  Critical-current density averaged over the outer layer of tapeson acable [A/m?]
Jesack  Critical-current density of the superconducting region in a stack of tapes [A/m?]
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Imy Moment of inertia of abody around the y-axis [m?]
Jy Current density of the coupling currentsin the y-direction parallel to B [A/mf]
J; Current density in the z-direction along the conductor [A/nf]
L Length of a superconducting slab [m]

Lc Critical length for full coupling of non-twisted filaments [m]
Ldev Length of the current path in adevice [m]
Limag Self-inductance of the magnet [H]

Lp Twist pitch of the filaments [m]
Lpc Critical twist pitch for full coupling of the filaments [m]

Ls Sample length [m]
Lw Total length of the tapesin awinding [m]
M, M  Magnetisation of a material [A/m]
Mp Magnetisation of a superconductor at the penetration field [A/m]
Mg Magnetisation of a saturated slab oriented parallel to the magnetic field  [A/m]
Msim  Saturation magnetisation of a ferromagnetic material [A/m]
M Contribution of the n-th current layer to the total magnetisation of aslab [A/m]
m, m  Magnetic moment of a sample [Am?]
my Component of m in the y-direction parallel to the external magnetic field [Am?]
nmy, Component of m oriented parallel to the wide side of the tape [Am?]
myy  Projection of my on the y-axis [Am?]
m Component of m oriented perpendicular to the wide side of the tape [Am?]
My Projection of m» on the y-axis [Am?]
n Exponent in the power-law E(J) relation (]

Ngev Number of parallel conductorsin adevice []

Ny Number of filamentsin atape []

Ns Shape factor of a composite conductor in the Campbell model []

N Number of tapesin a stack []

P Total power loss per unit of conductor length [W/m]
Prmin Smallest power loss that can be measured in a certain experimental set-up [W/m]
Ps-o  Power loss due to transport current in zero external magnetic field [W/m]
Pe AC power loss per unit length due to normal eddy currents [W/m]
Pcon Total power loss of al the conductors a device [W]
Pdev Total power loss of adevice including the refrigerator [W]

Q AC-loss density: AC loss per cycle per unit of volume of the composite  [Jm’]
Qc AC-loss density due to inter-filament coupling currents [Im?]

Qe AC-loss density due to eddy currents in the normal-conducting sheath [Im])]
Qim AC-loss density due to ferromagnetic hysteresis in the sheath material [Im?)]

Qn AC-loss density due to hysteresis within the superconducting material [Im])]
Oniit  AC-loss density due to hysteresis within the filaments [Im?)]
Qngrain  AC-loss density due to hysteresis within the grains of Bi-2223 [Ym?]
Qmagn  Magnetisation loss density: the energy comes from the magnetic field [Ym?]
Qmax  Maximum loss density at a given magnetic-field amplitude [Im?)]

Q« AC-loss density due to the self-field generated by the transport current [Im?)]
Qo Total AC-loss density: sum of magnetisation and transport-current loss ~ [Jm’]
Quans  Transport-current loss density: the energy comes from the current supply  [Jm’]
Qu Magnetisation loss density in a tape due to a paralel magnetic field [Im3)]
Qusack Magnetisation loss density in a stack due to a paralel magnetic field [Im1]
Q M agnetisation loss density in a tape due to a perpendicular magnetic field [Jm®]
Q- sack Magnetisation loss density in a stack due to a perpendicular magnetic field [Jm?]
Omagn  Magnetisation loss per cycle of asample [J]

Cfotal Total AC loss. sum of magnetisation and transport-current 10ss [J]
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Orans  Transport-current loss per cycle of asample [J]
ay Magnetisation loss of a sample due to a parallel magnetic field [J]
(o) Magnetisation loss of a sample due to a perpendicular magnetic field [J]
R Resistance of a material W]
Rayn Dynamic resistance to direct transport current in alternating magnetic field [W]
Rin Amplitude of a higher harmonic divided by that of the ground frequency []
Rmag Resistance of the magnet at 77 K W]
Rn Effective resistance caused by the non-linear E(J) relation W]
re Radius of the filamentary region (core) of around wire [m]
Il Radius of around filament [m]
S Sensitivity of aset of pickup coils [VSAM?]
T Operating temperature of a superconductor, where AC lossis measured K]
Te Critical temperature of a superconductor 1K]
Trid Temperature in the centre of a sample whose ends are cooled [K]
t Time []
teycle Duration of a magnetic-field cycle []
t1, to, t3 Times used in the calculation of the dynamic resistance []
\ Volume occupied by the transport current in a superconductor [m?]
Varmple  VOlume of asample [m?]
Vv Voltage in the z-direction along the length of the superconductor [V]
Ven Amplitude of the n-th cosine term in the Fourier series of V [V]
Viown  VoOItage in the z-direction during a decrease of the magnetic field [V]
Vou Voltage over a pickup-coil system [V]
Vup Voltage in the z-direction during an increase of the magnetic field [V]
Van Amplitude of the n-th sine term in the Fourier series of V [V]
w Width of a superconducting slab [m]
We Width of the filamentary region (core) of atape [m]
Wil Average width of the filaments [m]
Wgrain  Average width and length of the Bi-2223 grains [m]
W Width of a composite conductor in tape form [m]
Wy Width of a‘unit cell’ containing a single filament [m]
X Direction across the superconductor, normal to the transport current and B [m]
Xn Outer boundary of the n-th current layer in adab [m]
Xo Position where voltages are calculated in the dynamic-resistance model ~ [m]
y Direction of the external magnetic field [m]
z Direction along the superconductor length; the transport-current direction [m]
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G Loss function of a superconductor ]
Gnagn  Loss function that corresponds to the magnetisation loss []
Grax  Maximum of the magnetisation-loss function (]

Gotal L oss function that corresponds to the total AC loss []

Q Angle between the magnetic field and the CuO-layers in the Bi-2223 [°]

a Field angle between the magnetic field B and the wide side of a tape [°]

b Magnetic-field amplitude divided by the penetration field []

bmax  Vaue of b where the magnetisation loss is a maximum (]

bo Parameter that determines the slope of the fit function D ]

b/ nontw b Of asimilar tape with non-twisted filaments in a parallel magnetic field []

d Skin depth of the eddy currentsin anormal conductor [m]

€ Cooling penalty factor for a device working at alow temperature []

g Pitch angle of atape wound on a power transmission cable [°]

h¢ Fraction of the tape volume occupied by the filamentary region (core) []

Nt Fraction of the core volume occupied by the superconducting filaments ]

hs Fraction of the tape volume occupied by the superconducting filaments ]
h«ack  Fraction of the stack volume occupied by the superconducting region []

Ks Scaled magnetisation loss per cycle of a superconductor of any shape []

m Permesbility of free space [N/A?]
i’ Imaginary part of the complex AC permeability of a superconductor [N/A?]
I g Resistivity of puresilver at 77 K [Wim]
I et Effective transverse resistivity of the core region (matrix + filaments) [Wim]
I eft )/ Value of r g for the coupling currents in atape oriented parallel to B [Wim]
I effA Value of r g for the coupling currents in atape oriented perpendicular to B [Wim]
I'm Resistivity of the matrix materia between the filaments [Wim]
M Normal-state resistivity of a superconductor material [Wim]
rs Resistivity of the sheath material around the tape [Wim]
Sthag  Thermal conductivity of pure silver at 77 K [W/mx]
t Decay time constant of the inter-filament coupling currents [9]

ty Time constant of the coupling currents in a tape oriented parallel to B [9]

ta Time constant of the coupling currents in atape perpendicular to B [9]

w Angular frequency of the magnetic field [rad/s]

X Square of the aspect ratio of arectangular superconductor cross-section  []
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SUMMARY

The present study discusses the AC loss in  high-temperature superconductors.
Superconducting materials with a relatively high critical temperature were discovered in
1986. They are presently developed for use in large-scale power-engineering devices such as
power-transmission cables, transformers and electric motors. The alternating magnetic field in
these devices causes energy dissipation (AC loss) despite the zero resistance of the
superconductor in stationary circumstances. The dissipated heat must be removed from the
low-temperature environment by a refrigerator, whose power consumption is 10-20 times the
AC loss. The study is intended to ascertain whether high-temperature superconductors can be
produced with an AC loss low enough to compete with copper. The study focuses on the
material Bi-2223, which is presently produced in the form of long flexible tapes, comprising
thin superconducting filaments embedded in a silver matrix. The AC loss is measured by
magnetic, electric and calorimetric methods, which are adapted for the investigation of high-
temperature superconducting tapes.

The total AC loss in a superconductor consists of magnetisation and transport-current
losses. The magnetisation loss in a varying external magnetic field has components due to
hysteresis and coupling currents. Screening currents inside the superconducting filaments
cause hysteresis loss, which is well described with the so-called Critical-State Model. A
decrease in the filament dimensions reduces the hysteresis loss. Much theoretical and
practical knowledge is available on the AC loss in classical |ow-temperature superconductors.
Several new aspects influence the AC loss in high-temperature superconductors. the high
aspect ratio of the filaments, the flux creep and flux flow at the higher working temperatures
and the inhomogeneity of the superconducting properties along the composite conductor.

Coupling currents flowing across the normal-conducting matrix between the filaments
are the cause of coupling-current loss. When the filaments are fully coupled, the entire tape
behaves like a single large filament with a high AC loss. The AC loss of a Bi-2223 tape can
be significantly decreased only if full coupling is avoided. When the magnetic field is
oriented parallel to the wide dimension of the tapes, the filaments in a silver-matrix tape can
be decoupled by twisting. When there is a significant magnetic-field component perpendicular
to the wide side of the tape, the filaments can be decoupled only if the effective transverse
resistivity of the matrix is much higher than the resistivity of silver. The effective resistivity is
determined by the matrix material and by the shape and arrangement of the inner filaments.
High-resistance barriers are inserted between the filaments in order to decrease the coupling
currents. Tapes with such barriers already have partialy decoupled filaments in perpendicular
magnetic fields at power frequencies.
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The critical current of a superconductor determines the maximum allowable transport
current. Tapes with twisted filaments and tapes with ceramic barriers presently have a lower
critical current than Ag-matrix tapes with non-twisted filaments. An important parameter for
the design of power-engineering devices is the AC loss divided by the critical current of the
superconductor. In paralel magnetic fields the normalised AC loss is significantly reduced by
filament twist and further reduced by ceramic barriers. In perpendicular magnetic fields, a
decrease in the normalised loss is presently achieved with these techniques only at very low
field amplitudes.

A transport current in the superconductor affects the magnetisation loss and causes a
transport-current loss. For a tape carrying direct current while exposed to an alternating
magnetic field, the transport-current loss is described as a dynamic resistance. High magnetic
fields decrease the critical-current density of the superconductor. In this case, the dynamic
resistance is increased in agreement with a new theoretical model. The transport current
occupies part of the superconductor cross-section. The occupied space is ho longer free for the
screening and coupling currents. Therefore a direct transport current usually decreases the
magnetisation loss. High transport currents can be used as a technique to investigate the loss
in the individual grains of Bi-2223.

The trangport current increases the total AC loss at all magnetic-field amplitudes. The
magnetisation and transport-current losses are well described with the Critical-State Model
for direct transport currents up to 0.7 times the critical current of the superconductor. Filament
twist results in a reduction of the total AC loss (normalised with the transport current) by
approximately a factor 2 in the present tapes. High-resistance barriers between the filaments
cause a further reduction in the normalised AC loss. For a tape carrying an alternating
transport current in an aternating magnetic field, the AC loss is analytically described only in
the case where the tape can be modelled as an infinite slab.

In power-engineering devices the tapes are exposed to paralel, perpendicular and axial
magnetic-field components. Then the magnetisation loss is described as a sum of the losses
due to the various components of the magnetic field. The tapes in a device may be arranged in
many different structures. When the tapes are stacked with their wide faces together, each
tape in the stack is shielded by the screening currents in adjacent tapes. The AC loss in
perpendicular magnetic fields is then much lower than in a single tape. These results are used
to estimate the total AC loss in a transformer coil. When the tapes are electrically connected
in order to form a cable, the AC loss may be greatly increased by so-called Inter-Strand
Coupling Currents between the tapes. These currents are reduced by a careful design of the
cable. The resulting AC-loss density is practically equal to that in a single tape.

The present study focuses mainly on the AC loss in a single tape, which is technically
relevant for two reasons. The total AC lossin a multi-tape device can be well estimated, using
theoretical models based on the loss in a single tape. Furthermore, the effect of AC-loss
decreasing measures (such as filament twist and barriers) is measured and theoretically
described more accurately in a single tape than in assemblies with many tapes. In the present
multi-filament Bi-2223 tapes, the AC loss is already low enough for application in power-
transmission cables. The loss is presently too high for commercial use of the tapes in power
transformers and in the AC cails of electric motors. Nevertheless the AC loss can most likely
be decreased with the presently known techniques, to a level that makes a high-temperature
superconducting power transformer technically feasible and commerciadly attractive.



SAMENVATTING
(SUMMARY IN DUTCH)

Dit proefschrift gaat over het AC verlies in tapes en kabels gemaakt van ‘ hoge-temperatuur’
supergelelders. Supergeleidende materialen kunnen een constante elektrische stroom geleiden
zonder weerstand en dus zonder energieverlies. De meeste supergeleiders werken alleen bij
zeer lage temperaturen rond —270°C. In 1987 zijn er keramische materialen ontdekt, die nog
supergeleidend zijn bij een relatief hoge temperatuur (rond —200°C). Deze materialen worden
op dit moment verder ontwikkeld voor toepassingen in de energietechniek, bijvoorbeeld
sterkstroom-transportkabels, vermogenstransformatoren en elektrische motoren. In die
apparaten zorgt het wisselende magnetisch veld voor energie-dissipatie in de supergeleiders.
het zogenaamde AC verlies. De elektrische energie wordt omgezet in warmte en er is een
koelmachine nodig om de supergeleider op een lage temperatuur te houden. Het
energieverbruik van de koelmachine is een veelvoud van het AC verlies. In dit proefschrift
wordt onderzocht of het AC verlies in de *hoge-temperatuur’ supergeleiders laag genoeg kan
worden gemaakt om te kunnen concurreren met normale koperen geleiders. Het werk is
vooral gericht op het supergeleidende materiaal Bi-2223. Met dit keramische materiaal
worden technische geleiders geproduceerd in de vorm van lange flexibele tapes. De tapes
bestaan uit dunne Bi-2223 filamenten ingebed in een zilveren matrix. Het AC verlies in deze
tapes wordt gemeten met behulp van elektrische, magnetische en calorimetrische methoden.
De meetmethoden zijn aangepast aan de speciale elgenschappen van ‘hoge-temperatuur’
supergel eldende tapes.

Het totale AC verlies in een supergeleider bestaat uit het magnetisatie- en het
transportstroomverlies. Het magnetisatieverlies in een wisselend magnetisch veld wordt
veroorzaakt door hysterese en door koppelstromen. Het hysterese-verlies hangt samen met
af schermstromen binnen de supergeleidende filamenten. Dit verliesis goed te beschrijven met
het zogenaamde Ciritical-State Model. Het hystereseverlies kan worden verminderd door de
filamenten dunner te maken. Er is vedl theoretische en praktische kennis voorhanden over het
AC verlies in de klassieke ‘lage-temperatuur’ supergeleiders. Het AC verlies in de ‘hoge-
temperatuur’ supergeleiders wordt mede bepaald door een aantal nieuwe factoren: de sterk
afgeplatte dwarsdoorsnede van de filamenten, ‘flux creep’ en ‘flux flow’ bij de hogere
bedrijfstemperaturen en een sterke variatie van de supergeleidende eigenschappen in de
lengterichting van de tape.

Het wisselend magnetisch veld induceert koppelstromen in de normaa geleidende
matrix tussen de filamenten. De lage weerstand van de zilvermatrix leidt tot een significant
koppelstroomverlies. In een snel wisselend magnetisch veld zijn de filamenten volledig
magnetisch gekoppeld. Dan gedraagt de gehele tape zich als én groot supergeleidend
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filament met een hoog AC verlies. Alleen wanneer volledige koppeling wordt vermeden, kan
het AC verlies in een Bi-2223 tape duidelijk verminderd worden. Is de richting van het
magnetisch wisselveld paralel aan de breedte van de tape, dan kunnen de filamenten worden
ontkoppeld door ze te twisten, zelfs wanneer het matrixmateriaal zilver is. Heeft het
magnetisch veld een component loodrecht op het vlak van de tape, dan kunnen de filamenten
alleen worden ontkoppeld wanneer de effectieve matrixweerstand veel hoger is dan de
weerstand van zilver. De effectieve weerstand wordt niet alleen bepaald door de weerstand
van het matrixmateriaal, maar ook door de vorm en de structuur van de supergeleidende
filamenten. Keramische barrieres met een hoge weerstand kunnen tussen de filamenten
worden gevoegd om de koppelstromen te beperken. Tapes met zulke barrieres hebben al
gededltelijk ontkoppelde filamenten in een loodrecht gericht magnetisch veld, dat wisselt met
de netfrequentie van 50 Hertz.

De kritieke stroom van een supergeleider bepaat de maximaa mogelijke
transportstroom. Op dit moment hebben tapes met getwiste filamenten en tapes met
keramische barrieres een lagere kritieke stroom dan de gebruikelijke tapes met een
zilvermatrix en niet-getwiste filamenten. Het totale energieverlies van een supergeleidend
apparaat wordt gekarakteriseerd door het AC verlies gedeeld door de transportstroom in de
supergeleider. Wanneer het magnetisch veld parallel aan de tape is gericht, kan dit
genormaliseerde AC verlies duidelijk worden verminderd door de filamenten te twisten en
bovendien keramische barrieres aan te brengen. In een loodrecht gericht magnetisch veld kan
het genormaliseerde AC verlies tot nu toe alleen worden verminderd voor zeer lage
veldamplitudes.

Een transportstroom in de supergeleider beinvioedt het magnetisatieverlies en zorgt
verder voor een transportstroomverlies. In het geval van een constante transportstroom en een
magnetisch wisselveld is het transportstroomverlies te beschrijven als een dynamische
weerstand. Een sterk magnetisch veld vermindert de kritieke stroomdichtheid van de
supergeleider. De hierdoor veroorzaakte toename van de dynamische weerstand is in
overeenstemming met een nieuw theoretisch model. Verder neemt de transportstroom een
deel van de dwarsdoorsnede van de supergeleider in bedag. Deze ruimte is niet langer
beschikbaar voor afschermstromen of voor koppel stromen. Daarom veroorzaakt een constante
stroom meestal een afhame van het magnetisatieverlies. Met een sterke transportstroom
kunnen de afschermstromen in de filamenten volledig worden onderdrukt. Zo kan informatie
worden verkregen over het magnetisatieverlies in de individuele Bi-2223 korrels.

Bij een gegeven extern magnetisch wisselveld veroorzaakt de transportstroom altijd
een toename van het totale AC verlies. Het Critical-State Model geeft goede schattingen voor
zowel het magnetisatieverlies als het transportstroomverlies, voor constante transportstromen
tot 0,7 maa de kriticke stroom van de supergeleider. Bij een bepadde optimale
transportstroom is het AC verlies gedeeld door de stroomsterkte minimaal. In de huidige tapes
neemt het minimale AC verlies af met ongeveer een factor 2 wanneer de filamenten worden
getwist. Het genormaliseerde AC verlies neemt nog verder af wanneer de filamenten worden
omsloten door keramische barrieres met een hoge weerstand. De situatie is ingewikkelder
wanneer de tape een wisselende transportstroom draagt en blootgesteld is aan een magnetisch
wisselveld. Het AC verlies is dan alleen nog analytisch te berekenen wanneer de tape kan
worden beschreven al's een oneindig uitgestrekte vlakke plaat.

De tapes in sterkstroom-apparaten zijn blootgesteld aan een magnetisch veld met
parallel, loodrecht en axiaal gerichte componenten. Het magnetisatieverlies kan in dat geval
worden afgeschat als de som van de verliezen die zouden worden veroorzaakt door de
afzonderlijke veldcomponenten. Verder kunnen de tapes in een apparaat op verschillende
manieren gegroepeerd zijn. Zijn de tapes met de brede kanten op elkaar gestapeld, dan wordt
het lokale magnetisch veld op elke tape sterk beinvioed door de afschermstromen in de
naburige tapes. In loodrecht gerichte magnetische velden is het AC verlies in dat geval veel
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lager dan in niet-gestapelde tapes. De meetresultaten worden gebruikt om een agemene
beschrijving te geven van het totale AC verlies in een transformatorspoel. Wanneer de tapes
elektrisch parallel worden geschakeld in een sterkstoom-kabel, kan het totale AC verlies sterk
toenemen door de zogenaamde Inter-Strand Coupling Currents. Deze koppelstromen tussen
de tapes kunnen echter worden beperkt door een zorgvuldig ontwerp van de kabel. Het AC
verlies van elke tape in de kabel is dan niet significant hoger dan het verlies van een
afzonderlijke tape.

In dit proefschrift ligt de nadruk op het AC verlies in de afzonderlijke tapes. Dit
verlies is om twee redenen van praktisch belang. Het AC verlies in een apparaat met een groot
aantal tapes kan goed worden voorspeld met behulp van theoretische modellen, die gebaseerd
zijn op het bekende verlies in een afzonderlijke tape. Verder is het effect van getwiste
filamenten, keramische barrieres en andere verlies-beperkende maatregelen eenvoudiger te
meten en te begrijpen aan een afzonderlijke tape dan aan een ingewikkelde structuur met
meerdere tapes. In de huidige Bi-2223 supergeleidende tapes is het AC verlies a laag genoeg
voor toepassing in sterkstroom-transportkabels. Het AC verliesis op dit moment te hoog voor
de bouw van een economisch verantwoorde vermogenstransformator. Met de technieken die
nu bekend zijn, kan het verlies echter verder worden verlaagd. Naar verwachting kan een
zodanig laag verliesniveau berelkt worden, dat een transformator met hoge-temperatuur
supergel eiders technisch en economisch aantrekkelijk wordt.
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