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Abstract

The transport critical current density (J;) of a 37 filament Bi-2223/Ag tape has been
measured as a function of field and temperature from 4.2 K up to 90 K. Data have been
obtained over a large current range from 10 mA up to 100 A and in fields up to 23 T with
the tape in 3 orientations with respect to field. These comprehensive data have been used to
test the predictions of the flux creep and weak link models used to explain J, in Bi-2223

tapes.

The J«(B,T) dependence of optimised Bi-2223 tapes has been calculated using a curved film
model. The model assumes perfect grain connectivity and that the local superconducting
properties are equivalent to those in the best reported thin films. A comparison between the
calculations and measured J.(B,T) dependencies suggest that in high fields at 20 K, J, in
presently available industrially processed tapes is only a factor of 8 below the performance

of ideal fully optimised tapes.

Transport measurements have been made on Bi-2223 single filaments extracted from an
alloy sheathed multifilamentary tape in liquid nitrogen at 77 K in fields up to 300 mT with
the field aligned parallel and perpendicular to the a-b planes. Further J(B,T) data have been
taken in a variable temperature insert at temperatures between 60 to 90 K in fields up to 15
T. In a study of the electric field-current density (E-J) characteristics of the c-axis orientated
data at 77 K, negative curvature is observed in traces below 280 mT. However, the 280 mT
trace exhibits both positive and negative curvature in different current regimes in contrast to

the predictions of standard theory.

A laboratory scale Bi-2223 superconducting magnet producing a maximum field of 1.29 T
at 4.2 K has been designed and fabricated. The magnet comprises 6 resin impregnated
double wound pancakes with a 40 mm bore fabricated via the react and wind route. Critical
current density measurements have been made as a function of magnetic field, angle and
strain at 4.2 K and 77 K on short samples of the constituent tape. The E-J characteristics of
all component coils have been measured and a comparison with short sample data shows
that minimal additional damage occurred beyond that produced by the bending strain on the
tape and the long length variation in J,. Sufficient detail is provided for the non-specialist to
assess the potential use of brittle superconducting tapes for magnet technology and construct

a laboratory scale magnet.
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Chapter 1

Introduction

Superconductivity is a fascinating area of science with materials exhibiting zero
resistance and macroscopic quantum properties. However the interest in
superconducting materials extends far beyond the research laboratory with the
materials being an integral part of many commercial applications including magnetic
resonance imaging (MRI) and nuclear magnetic resonance (NMR) technology. The
high current densities and zero resistance of these materials facilitate the production
of high, stable and uniform magnetic fields using low power consumption. The
Nobel Prize winning discovery of the high temperature superconducting oxides in
the 1980s created the possibility for superconducting applications operating at liquid
nitrogen temperatures. Problems associated with the high temperature
superconductors (HTS) include their brittle nature and high degree of anisotropy of

the superconducting parameters.

Significant advances in HTS tape processing have resulted in critical current
densities as high as 6.9 x 10* A.cm™ being reported in short samples of Bi-2223
tapes. Further increases in the current density of these materials will require an
understanding of the factors determining the critical current density (J;) within the
microstructure. Many models have been proposed in the literature to predict the
mechanisms determining J.. However the implications of these models can only be
rigorously tested through comprehensive studies of the field, temperature and
angular dependencies of J; of these materials. Measurement of the superconducting
parameters within tapes is further complicated by the ohmic contribution from the
low resistance sheath. The true superconducting properties can most reliably be
measured using single filaments extracted from the tapes. J.(B,7,6) measurements
also facilitate a comparison between the present performance and the potential
performance of the materials as measured in thin films and provide predictions of

the practical uses of the superconductor.




Presently the main commercial application of superconductors is magnets for MRI.
The design and fabrication of superconducting magnet systems is a specialist science
with the strong J. dependencies on strain, angle and magnitude of applied field and
anisotropy having important implications on the performance of the system. The
majority of superconducting magnéts are currently produced using low temperature
superconductors. However HTS technology is rapidly emerging with high
performance tapes being produced over kilometre lengths and cryocooled magnets
generating fields up to 7.25 T at 20 K. As HTS technology becomes more widely
available the opportunity for compact laboratory scale magnet systems operating

between 1 — 5 T will become increasingly attractive for the research community.

This thesis studies the J,(B,T) dependence of multifilamentary Bi-2223
superconducting tapes and filaments up to 7, in high magnetic fields and describes
the design, fabrication and performance of a 1.29 T Bi-2223 magnet operating at 4.2
K. The fundamental theories of superconductivity are presented in Chapter 2 before
a more detailed description of the theories associated with the high temperature
superconducting materials in Chapter 3. Comprehensive J.(B,T) data has been taken
on short samples of Bi-2223 tapes at temperatures between 4.2 and 90 K in fields up
to 15 T with the tape in 3 orientations with respect to field. These state of the art data
are presented in Chapter 4 including a preliminary analysis. In Chapter 5 the electric
field — current density (£-J) characteristics of single filaments extracted from the Bi-
2223 tape are studied at 77 K as a function of field and angle. J.(B,T) data on the
same samples are also presented in this chapter at high temperatures and fields. In
Chapter 6 the J.(B,7) tape measurements from Chapter 4 are analysed in terms of the
flux-creep and weak link diffraction models. Calculations of J.(B,T) of a Bi-2223
curved film are also presented in Chapter 6. These calculations predict the
performance of a Bi-2223 superconductor comprising perfectly connected grains of
thin film quality for different levels of grain alignment. These calculations represent
the maximum obtainable performance of Bi-2223 tapes assuming that state of the art
thin films represent the optimum superconducting parameters. These calculations are
compared with the tape J. values to assess the quality of the grains, grain alignment
and grain boundaries in industrially manufactured tapes. The calculations also offer

an insight into the potential use of these materials in high field applications.




An introduction to design and fabrication considerations of superconducting
magnets is presented in Chapter 7. In Chapter 8 the fabrication and performance of a
first generation HTS magnet is presented. The magnet was constructed from 6
double wound pancakes with a bore diameter of 98 mm via the react and wind route.
Details of the electrical performance at 4.2 and 77 K and an introductory study of
the factors limiting the maximum field are presented. The experience and
technological knowledge gained from the first generation magnet facilitated the
design and fabrication of a state of the art Bi-2223 magnet system producing 1.29 T
at 4.2 K presented in Chapter 9. A detailed description of the design issues and
fabrication procedure are presented detailing the choices available in fabricating a
laboratory sized system for varying operational requirements. All component
sections of the magnet were electrically tested at 4.2 and 77 K. A series of short
sample J(B,6,&) measurements of the constituent tape taken at 4.2 K and field
profile calculations have facilitated a comparison between the measured and
predicted performance of the magnet system. This comparison showed that no
damage was caused to the conductor above that due to the bending strain incurred on
the tape during the react and wind process. Some suggestions for future work are

presented in Chapter 10.




Chapter 2

Superconductivity

2.1 Introduction

This chapter introduces the superconducting state and the fundamental theories of
superconductivity. A brief description of the discovery of the superconducting phase
is presented before the properties characterising a superconducting material. The
critical parameters are discussed in Section 2.4 and the difference between Type I
and Type II superconductors are explained in Section 2.5. The macroscopic theory
of superconductivity is presented in Section 2.7 and the microscopic theories of
London and Ginzburg-Landau are presented in Sections 2.8 and 2.9 respectively.
Theories more specific to high temperature superconductors can be found in Chapter

3 of this thesis.
2.2 Discovery of Superconductivity

Having liquefied Helium {1], Onnes investigated the resistance of metals at
temperatures approaching absolute zero. In 1911 he observed the resistance of
mercury dropped discontinuously to zero at 4.19 K [2]. He later named this the

superconductive state.

Many elements and compounds have been found to possess superconducting
properties but until 1986 superconductivity was thought to be a low temperature
phenomenon. In 1986 a new class of superconductor was discovered containing
copper oxide planes [3]. In 1987 YBa,Cu;0+.5 (YBCO) was the first material found
to have a superconducting transition temperature (7)) above the boiling point of

nitrogen [4].




2.3 Zero resistance and the Meissner State

The first fundamental property of a superconductor is the disappearance of dc
electrical resistance below T.. Persistent current experiments have produced
resistances at least 10'* times lower than copper at room temperature in both low

temperature [5] and copper oxide superconductors [6,7].

The second fundamental property is the complete exclusion of flux from the bulk of
the conductor when cooled from the normal state to below the critical temperature in
a small magnetic field. This perfect diamagnetism was first observed in 1933 and is

called the Meissner effect [8].
24 Critical Parameters

Superconductivity is destroyed above the characteristic critical temperature (T¢). All
superconductors have a characteristic critical field, B. for Type I superconductors
and B.; for Type II superconductors. Superconductivity can only exist in fields
below these values. Finally the superconducting state can only support currents

below the critical current density (J.).

2.5 Type I and Type 1I Superconductors

Superconductors can be divided into two classes depending on the way in which the

superconducting to normal transition proceeds with increasing field below T..

A Type I superconductor remains in the Meissner state in a background field below
its characteristic critical field (B.). On increasing the field above B, magnetic flux
completely penetrates the sample and the normal state resistance of the sample
returns. Above B, the internal field is equal to the external field and the magnetic

moment of the sample is zero.

In a Type II superconductor the magnetic field is completely excluded up to the

characteristic lower critical field (B,;). At B.; magnetic flux penetrates the sample in







2.7  BCS Theory

In 1957, Bardeen, Cooper and Schrieffer (BCS) proposed a microscopic theory to
explain superconductivity [11]. The theory is based on electrons interacting via the

lattice [12,13].

When an electron passes in close proximity to a positively charged ion there is a
momentary attraction which modifies the vibration of the ion. The ion may then
- interact with another electron producing a net attraction between the electrons via a
virtual phonon. Cooper had previously postulated that an attractive force between
two electrons would bind the electrons in a pair at temperatures approaching
absolute zero [14]. These bound electrons are referred to as Cooper pairs and
interact over a distance of the BCS coherence length (&,,) of typical dimension 10
nm to 10° nm. Electrons in a Cooper pair have equal and opposite spin and
momentum. On applying a potential a Cooﬁer pair can not interact with the lattice
and change momentum since it would occupy a forbidden quantum state. A Cooper
pair can therefore pass through a lattice without interaction with the lattice and
hence exhibits zero resistance. The energy required to break the pair is the binding
energy. BCS theory makes several important predictions including the temperature

dependence of both the thermodynamic critical field and specific heat.

2.8  London Equations

Soon after the discovery of the Meissner effect [8], Fritz and Heinz London
proposed a qualitative description of the screening currents around the edge of the
superconductor and the distribution of magnetic field inside this layer [15]. The first

London equation describes the zero resistance state of a superconductor

a,
E=pod, @2)
where
m
A2 = 2 2.3
t I"I'Onse : ( )




Js, mg, ns and e are the current density, mass, number density and charge of the

supercurrent respectively. The parameter /; is the London penetration depth.

The second London equation describes the penetration of a magnetic field into a

superconductor
B=-p 4 VxJ 2.4)

which when combined with the Maxwell equation F'x B = p,J gives

1
V:B=—5B (2.5)
’ZL

Thus the magnetic field decays exponentially upon penetrating a superconducting
sample. The London equations predict that the magnetic field penetrates to a depth

A inside a superconducting sample.
2.9  Ginzburg-Landau Theory

Ginzburg-Landau theory [16] is a generalisation of the London theory. It is based on
Landau’s theory of second order phase transitions [17] and uses quantum mechanics
to predict the effect of magnetic field on superconducting materials. The main
extension over the London theory is that whereas London assumed a constant
'density of superelectrons, n;, Ginzburg and Landau allow the density to vary

spatially.

Ginzburg and Landau introduced an order parameter y(r) with values between 0 and
1, defined as O in a normal conducting region and increasing to 1 in a fully
superconducting region at 0 K. w(r) is related to the density of superconducting

charges, n;, by

ng(r) = fw(r)| (2.6)




0§ x r—e

Figure 2.2 Magnetic field (b) and order parameter (y) as a function of distance

from an isolated flux line of radius &, as predicted by Ginzburg-Landau theory [18].

Assuming the transition is second order, the free energy density of the

: : . 2
superconducting state can be written as a power series in ]\y(r)l

1

2
B -B.| 2.7
2m, ¢ ’| (2.7)

fo=f, +alyef +g|\u(r)|4 +——|~ir 7 - 2eA)y|’ +—21—
Ky

where f, represents the free energy density in the normal state, a and B are constants,
m is the mass of an electron, A is the vector potential of the magnetic field and B,
and B; are the external and internal fields respectively. In Equation (2.7), the
penultimate term is the energy density associated with any local variation in B; and
y(r) and the final term represents the energy density required to exclude the flux

from the bulk of the superconductor.

The Ginzburg-Landau equations are obtained by integrating Equation (2.7) over the

volume of the sample and minimising the resulting function with respect to y and A4

1
ay+ A’ +o— (7~ 2ed)’ =0 (2.8)

4




ieh 4e? | 2
J, ——m—(W*Vw-wVVI*)—m—elvfl 4 (2.9)

e

The coherence length (&5.) is obtained by solving these equations. The coherence
length is the distance over which the order parameter changes from 0 to 1 at a
normal-superconducting interface. The decisive Iparameter in Ginzburg-Landau
theory is the ratio of penetration depth to coherence length and is known as the

Ginzburg-Landau parameter, .

K=— (2.10)

Type I and Type II superconductors are distinguished by the magnitude of «. For

Type I superconductors < 1/v2 and for Type II superconductors x> 1/v2.

2.10 Temperature dependence of B,;

The temperature dependence of B, is predicted by BCS theory to be

B (1) = B,(0)(1-¢?) 2.11)
however for T'= T a better fit tq the data can be given by

B_(t)=173B_(0)(1-1¢) (2.12)

where t = T / T[18]. Using B, =w/5KBC and a constant value of ~(7) the

temperature dependence of B,; is given by

B,,(t) = B,(0)(1-1?). (2.13)

10
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Chapter 3

High Temperature Superconductivity

3.1 Introduction

This chapter focuses on the high temperature superconductors (HTS). Firstly the
crystal structure and anisotropy of the materials is presented as widely discussed in
the literature. Due to the high degree of anisotropy in the HTS systems, the isotropic
Ginzburg-Landau (GL) model of superconductivity does not adequately describe the
materials. The anisotropic G-L and Lawrence-Doniach theories, the dimensional
crossover and their implications on the angular dependence of B, are presented in
Section 3.3. In the following section the flux line lattice is introduced and flux
pinning is discussed. Some LTS flux pinning theories are described before some of
the current transfer models more recently published to describe the HTS materials.
The effects of thermal activation of flux lines are presented in Section 3.5 through
the flux creep and vortex glass models. Finally the mean-field magnetic phase
diagram is presented before the more complicated version describing HTS materials

explained in terms of the vortex-glass model.

3.2  Discovery, structure and anisotropy of fundamental parameters

Before 1986 superconductivity was thought to be a low temperature phenomenon
with a highest observed critical temperature of 23 K[1]. Theoretical calculations
only predicted superconductivity below 30 K using a Debye temperature of 100 —
500 K in the BCS equation for T,{2]. In 1986 Bednorz and Muller[3] discovered
superconductivity in the La-Ba-Cu-O system at 35 K. This discovery triggered an
explosion of interést in copper oxide materials. In 1987 superconductivity was
observed in thé Y-Ba-Cu-O system up to 92 K[4]. Higher critical temperatures have
since been observed in the Bi-Sr-Ca-Cu-O [5], Tl-Ba-Ca-Cu-O [6] and Hg-Ba-Ca-
Cu-O[7] systems. Further work established three distinct superconducting phases of
the Bi-Sr-Ca-Cu-O series[8-10].

12




Phase T.

Y Ba,Cu;304 92K
Bi1,Sr,Ca;,Cus Oy 110 K
T1;Ba;Ca,Cus049 115K
HgBa,;Ca,Cu303 133K

Table 3.1.  Critical temperatures of a selection of HTS materials. More

comprehensive lists have been published[11,12].

All high temperature superconductors have a highly anisotropic structure, as shown
in Figure 3.1. CuO; planes are a common feature occurring singly or in groups and
are individually separated by metal oxide atoms. The groups of CuO; planes are
intercalated by X-O layers, where X = La, Ba, Cu, Tl, Hg, Bi or Pb depending on the
compound. It is currently believed that superconductivity predominantly occurs in
the CuO; planes while the intercalating layers act as charge reservoirs[13]. The
structural anisotropy is translated into anisotropy in most physical properties of the
high temperature superconductors. An evaluation of anisotropy in the Y-Ba-Cu-O
system has been made through studies of upper[14-23] [16,24-34] and lower[27,34-
45] critical field, critical current density[46-54], resistivity[14,15,21-23,26,31,55-
57], heat capacity[58-61] and penetration depth[40,42,62-65]. A greater degree of
anisotropy has been observed in the Bi-Sr-Ca-Cu-O system through studies of upper
[19,33,66-73] and lower([42,45,74-77] critical field, critical current density[78-86],
resistivity[66,68,73,87-95], torque magnetometry[96] and penetration depth [42,97-
102].

The greater level of anisotropy within the Bi-Sr-Ca-Cu-O system compared with Y-
Ba-Cu-O has been clearly observed and is presented in Table 3.2. However
conflicting experimental values of the superconducting parameters have been
measured within each material series. Reasons for the discrepancy in these values
may include a variation in sample quality. The exact sample stoichiometry is not
always specified producing another reason for disagreement. In addition most

groups have used the WHH theory[103] to extrapolate B.,(0). The success of the

13
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Figure 3.1. A schematic representation of the crystal structure of Bi;Sr,Ca,Cu;0,
with groups of three CuO, planes[104]. The individual planes are separated by Ca
layers and the groups of CuO; planes are separated by layers of BiO and SrO.

WHH predictions is strongly reliant on an accurately measured ~dB.,/dT gradient
close to 7. Due to small distributions in 7, between the grains there is a changing
gradient close to T, which may affect the accuracy of the B.»(0) extrapolation.
Conflicting values of the superconducting parameters may also be expected from
different experimental techniques. Magnetisation data measures the response of the
bulk of a sample while a resistivity trace relies upon a single percolation path
through the sample. For these reasons, higher experimental values of B., may be
expected from resistivity data. The thermal fluctuation effects close to 7. are
responsible for the characteristic broad transitions seen in the resistivity data.
Although most groups have defined T as the temperature at which o= 0.5 Duormar,
errors may be incurred in the analysis due to these broad transitions. For these
reasons the magnetisation data may be most reliable. It is clear from the table that
the level of anisotropy reported by magnetisation measurements is generally higher
than by resistivity. In reviewing the literature the data believed to be most reliable

has been presented in Table 3.3.
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Material Sample Measurement | B, (7) £(A) Y
Beye | Beaas & Sab
YBa,;Cu;307.5[28] Film R 25 8 3.1
YBa,Cu;05[17] Film Jc 73 | 237 212 |65 33
YBayCu304[24,31] | Crystal |R 56 | 190 24 7 34
YBa;Cu3z04[105] Crystal |R 61 |222 23 <63 |3.6
YBa,Cu307.5Br,[14] | Crystal | R 78 | 313 21 5.1 4.1
YBa;Cu307.5[27] Crystal | M 87 | 380 20 4.5 4.4
YBa,Cu3074[15] Crystal |R 118 | 510 17 |39 |44
YBa,Cuz07.4[25] Crystal M 29 140 4.8
YBa,Cu307.5[18] Crystal | M 122 | 674 164 |3.0 5.5
YBa,;Cu307,,[21,22] | Crystal | R 35 | 160- 31 5.1 6
210
YBa,Cu307.4[16] Crystal | M 64 | 400 22 3.6 6.1
YBa,Cu;0.5[36] Crystal M 35 230 6.6
YBa;Cu307.4[20] Crystal | M 34 | 240 31 4.3 7.2
Bi;2Sr;CaggCuy0s+5 | Crystal | M/R 32 | 260 8.1
[73]
Bi;Sr,CaCu,0y[67] | Crystal R 21 400 19.0
Bi,,Sr,Cap gCus0s.+5 | Crystal R 22 533 242
[66] (44) | (2640)
Bi,Sr;Ca,Cu30,[68] | Whisker | R 39 1210 31

Table 3.2. A review of B.; and coherence lengths for the HTS fr-om published work.

R and M denote measurements taken by resistivity and magnetisation experiments

respectively.
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Parameters YBa,;Cu;0; (s = 11.68 A)[106] Bi,Sr,Ca;Cu30y (s = 18 A)[107]
//a-b plane //c-axis //a-b plane //c-axis

T, (K) 92 110

K0) (A) 16.4[18] 3[18] 29 [68] 0.93 [68]

A0) (A) 1415 [62] 7000 [62] 2000 [108] 10000 [108]

B.;(0) (mT) 18 [37] 53 [37] 112[74] 332[74]

B.x(0) (T) 674 [18] 122 [18] 1210 [68] 39 [68]

¥ 3-6 3-31

Table 3.3. Superconducting parameters for YBa,Cu;0; and Bi,Sr,Ca;,CusOy. s is
the spacing between the groups of CuO, planes. ® denotes data taken at 4.2 K.

3.3 Anisotropy and dimensionality

3.3.1 Ginzburg-Landau anisotropy

The anisotropic Ginzburg-Landau (G-L) theory[109] is a generalisation of the
isotropic G-L model. The superconductor is treated as a continuum but with
different properties along the principle axes. The Cooper pair mass is replaced by an
effective mass tensor which has elements m;, where i = 1, 2, 3 correspond to the a, b
and c axes respectively. The elements are normalised such that (mamymc)*=1. The

corresponding penetration depths and coherence lengths can be written as

A= Alm)" Q_he;e - (4,4,4)" 3.1)

. ».ar_ld- L

&=¢/(m)"” where £=(£££)" (.2)
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The anisotropic G-L theory can be used to describe an anisotropic superconductor
within the 3-D limit as defined by &;, > s, where s is the distance between
superconducting layers. The anisotropy of the critical fields can be expressed within
the anisotropic approximation as B.;=®¢/2nég, where the relevant values of &; are
those for the two axes perpendicular to the field direction. Therefore the expressions

for the upper critical field with field applied parallel to the a, b and ¢ axes are

4 % s )

By, = s By = =

—_’Bc =T
2758, 27,8, 2 2798,

respectively. In high temperature superconductors, m, >> m, ~ m; and therefore

anisotropy in the a-b plane is generally neglected. The expressions for upper critical

i and B, = 4 5 for field applied parallel to the

27[921,4"; 2ﬂg“;ﬂ

a-b planes and c-axis respectively.

field become B,,,,, =

The dimensionless anisotropy parameter, y, is used to express the degree of

anisotropy in a material where

112
A B, B
}/ _ ( mc ] —t _ é — c2llab = ctllc (3.4)

/Zab fc BcZ//c Bcl//ab

The angular dependence of B.; within the 3-D limit can be described by

(Bcz 1(;9) sin 9)' +[Bcz(¢9)cos 9) _ 65

Bcl//ab

where &is the angle between the magnetic field and the a-b plane.
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3.3.2 Crossover to two dimensional behaviour

An implicit assumption of the Ginzburg Landau theory is that all characteristic
lengths of superconductivity are larger than the spacing between the
superconducting layers. The smallest length in the anisotropic G-L theory is &(7T)
and this length can be compared with the distance between the superconducting
layers, s. At temperatures sufficiently close to T, & >> s and therefore use of the
anisotropic G-L theory is justified. As the temperature is reduced the length of & is
reduced to a limiting value. If that limit is less than s at a specific temperature the 3-
D continuum approximation is replaced by 2-D behaviour of individual layers. The
anisotropic G-L theory does not incorporate this crossover from 3-D to 2-D

behaviour.

3.3.3 Lawrence-Doniach Theory

Lawrence and Doniach (L-D) proposed a successful theory to treat the crossover
between 2-D and 3-D behaviour in layered superconducting materials[110]. This
theory has since been extended[111-114] and considered for high temperature
superconductors[115,116]. L-D approximate the layered superconductor as an array
of weakly coupled 2-D superconducting layers. The model assumes the G-L
equations apply within the layers while the layers are coupled along the c-axis via
Josephson tunnelling. When & < s Josephson coupling is weak and the material
exhibits 2-D layered behaviour. In the strong inter layer coupling case and as T
approaches T¢, where & becomes large compared with the interlayer spacing, the

theory reduces to the anisotropic G —L theory.

L-D showed the temperature of the transition from a two-dimensional to a three-

2
Lpsp = T{l—%(wj J (3.6)

dimensional lattice is

N

The angular dependence of B.; in the 2-D limit is predicted by Tinkham[117]
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Bcz (T)

0 (degrees)

Figure 3.2. Angular dependence of B., for Bi-2223 above and below crossover
temperature. The angular dependence is calculated using equations 3.5 and 3.7 for

the 3-D and 2-D cases respectively. The anisotropy parameters are taken from Table

3.3.

B, é&)sin 4| { B,,(6)cos 5’) _L (3.7)

c2llc | c2/lab

3.3.4 Observations and predictions of the dimensional crossover

The dimensional crossover was first studied in intercalated layered LTS
systems[118-120] and artificially prepared systems[121-124] where layer thickness
and separation can be controlled. The highly anisotropic nature of the
superconducting cuprates has led to studies of the coupling in both the Y-Ba-Cu-
O[101,125-129] and Bi-Sr-Ca-Cu-O[82,94,101,130-134] systems including
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investigations on HTS materials with artificially introduced insulating layers
between superconducting planes[126-128] and systems modelling HTS
materials[135]. Inserting the values for s and &(0) from Table 3.3 into Equation 3.6,
crossover behaviour is predicted at 0.997, (108.9 K) for Bi;Sr,Ca;CuzOy and 0.787.
(71.8 K) for YBa;Cu30;. B.; at these temperatures has been predicted using
Equation 2.13. In Figure 3.2 the predicted angular dependencies of B.; from
Equations 3.5 and 3.7 are presented just above and below the dimensional cross-over
temperature of BiSr;Ca;CuzOx (108.9 K). The models are only distinguishable
when the field is applied at angles close to a-b planes, the 2-D model predicts a cusp

for fclose to zero and the 3-D model predicts a rounder peak.

3.4 Flux line lattice

3.4.1 Flux pinning centres

In a type II superconductor for fields between B.; and B.; flux lines penetrate the
sample. The introduction of imperfections to a superconducting material, typically
through defects or grain boundaries, produces preferentially favourable positions for
the flux lines thus disrupting the order within the flux line lattice, these positions are
known as pinning centres. Typical examples of pinning centres are magnetic
interactions, due to the interaction of surfaces between a normal and
superconducting material, and core interactions, superconducting pinning centres
producing local variations in T, or &, 87, and dx interactions respectively. 8«
interactions are caused by variations in the electron mean free path resulting in a
local variation in the Ginzburg-Landau parameter. Vortex motion depends on the
strength, density and distribution of pinning centres, on the elastic or plastic

response of the vortex lattice and the homogeneity of the superconducting material.
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3.4.2 Critical current density

On application of a transport current, flux lines are subjected to a Lorentz force per
unit volume, J x B. This force density can be supported by the pinning centres up to

a critical current density, J, such that

F,=J,xB (3.8)

where F), is the pinning density of the material.

As the current density is increased above J, the flux lines move through the material
dissipating heat. Therefore, J. defines the useful limit for superconducting
applications. Theoretically, the maximum current density that can be carried by a
superconductor is the depairing current density, Jy. At this depairing current density
the kinetic energy of the electrons is equal to the energy gap and any subsequent
increase in current will destroy the superelectrons, driving the superconductor

normal.

3.4.3 Bean Model

The Bean model[136,137] is widely used to describe the field and current
distribution within a randomly pinned superconductor. Bean assumes that any
current flowing in the superconductor will flow at the critical current density, J,
thus defining the critical state. J. was originally assumed to be independent of
magnetic field. The Bean profile within a superconductor is shown in Figure 3.3 for

a sequence of applied fields.

When a field above B, is applied to the sample, flux penetrates the sample a
distance d determined by the strength and number density of the pinning sites, where
d = B/poJ.. The current flows within this depth at J,, represented by the gradient in
the Bean profile. On increasing the field sufficiently, the magnetic flux completely

penetrates the sample. On decreasing the field the reversal in applied field induces
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Figure 3.3. The field distribution within a superconductor for a series of applied

fields[138].

screening currents that flow in the opposite direction but are still required to flow at
Je, this produces a change in sign of the gradient in the profile. On returning to zero

applied field, flux remains trapped in the superconductor by the pinning sites.

3.4.4 Rigidity of the flux line lattice

Vortex-vortex interactions are responsible for the elastic rigidity of the flux line
lattice. The elastic properties of the lattice can be described by the shear modulus,
Ces, tilt modulus, Cas, and compression modulus C;;. For uniform distortions the

elastic moduli of the triangular flux line lattice are given by Brandt[139]

C,-Cy=BFFIB (3.9)

C, =BdF /B (3.10)




Stiff vortex lattice Soft vortex lattice

Figure 3.4. Comparison of vortex pinning in lattices of varying rigidity[140].

Cos = (Boy / 16n,zzp0)(1 - 2/1(2)(1 ~b)’(1-0586+029°)  (3.12)

where b=B/B.>. Equation 3.9 is the modulus for isotropic compression and & / ZB
is the applied field which is in equilibrium with the flux line lattice at induction B.
The effectiveness of pinning centres depends largely on the rigidity of the lattice. A
stiff vortex lattice does not adjust to random pinning sites. However in a soft lattice,
with weaker vortex-vortex interactions, the fluxons will adjust such that they sink
deeply within the pinning potentials producing a stronger pinned system, as shown

in Figure 3.4.

3.4.5 Scaling laws for J;

3.4.5.1 Fietz-Webb scaling law

Fietz and Webb proposed the first scaling law for pinning in type II
superconductors{141] after a series of measurements on niobium-titanium and

niobium-tantalum alloys. By measuring experimental J, and pinning force density
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values due to dislocation pinning over a wide range of temperatures and fields they

found a scaling relation of the form
F,(B,T)=a,(T)B.,"(T)b*(1-b)" (3.12)

where b is reduced field, B/B.,. This work led to the observation that if the
normalised pinning force density, F,/Fpmax, is plotted as a function of reduced field,

data at different temperatures sit on the same curve.

3.4.5.2 The Kramer model

Kramer developed a pinning theory based on several experimental
observations[142]; 1) a peak in F,(b) is a universal feature of all pinning force
density curves; ii) for a given sample, a plot of normalised pinning force density as a
function of reduced field produces a single curve at any temperature[141]; iii)
metallurgical treatment effects the height and position of the peak in F,(b); iv) the
functional form of F,(b) at high b is not affected by metallurgical treatment. Kramer
considered the strength of pinning sites within a material with respect to the shear
strength of the flux line lattice. At low field Kramer predicted that the movement of
flux lines 1s due to the depinning of flux lines from the weak pinning sites, under the
action of the Lorentz force. Strong pins are strong enough to compensate the Lorentz
force at the highest fields, in this case the shear stresses around these pins due to the
Lorentz forces and fluxon-fluxon interactions exceed the shear strength of the flux
line lattice. Therefore at high fields fluxon motion is due to the shearing of the flux
line lattice around the strong pins. An important implication from this work is that

increasing the number density of defects will not increase J, at high fields.

The Kramer model predicts the pinning force density as

F,=J, xB=ob"(1-b) (3.13)
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where b=B/B.; and o is a constant. B, is often predicted using the straight line

Kramer extrapolation

J.2B" = a(1-b). (3.14)

3.4.6 The pinning force

3.4.6.1 Single mechanism pinning

The work of Dew-Hughes[143] predicts many functional forms of the pinning force
density due to different mechanisms operating in materials. Both the Kramer[142]
and Fietz-Webb[141] models are predicted by Dew-Hughes. The flux line lattice is
assumed to be plastic, leading to the maximum possible pinning force. The pinning

force per unit volume due to a single pinning interaction is given by

F, =nlLf, (3.15)

where £, is the pinning force per unit length of pinned flux line, L is the length of
flux line per unit length that is directly pinned and n is an efficiency factor
determined by the extent to which its neighbours in the flux lattice allow a flux line

to relax toward its position of maximum pinning.

Dew-Hughes modelled the functional form of the pinning force for superconducting
and normal pins of point, surface and volume geometry due to magnetic and core
interactions. Each pinning mechanism produces a different functional form of the
pinning force. Comparison of experimental data with this work enables the

dominating pinning mechanism within the sample to be determined.
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3.4.6.2 Collective pinning

The presence of random pinning centres destroys the long-range order in the flux
line lattice. In the simplest case each pinning centre would exert its maximum
pinning force on the vortex lattice and hence the total pinning force in a given
volume would simply be a summation of all pinning sites. However, this scenario is
not usually observed in real systems in intermediate or high fields. This problem of
the summation of elementary pinning forces was first solved by the theory of

collective pinning[144].

Larkin and Ovchinnikov proposed that short range order remains within a certain
volume V., containing randomly positioned pinning centres. On applying a current
below J, the flux lines experience a Lorentz force against the pinning sites leading
to a displacement of the volume ¥, of a distance less than & In magnetic fields
where elastic deformations of the flux line lattice are important the volume ¥, equals
R.’L. where R, and L. are the transverse and longitudinal lengths of the region in

which there is short range order. The lengths can be described by

32422 2
occ“ Cu ay CesCiaaty

Rc 2 » He 2
npfp npfp

(3.16)

where Cgs and Cyy are the elastic moduli of the flux line lattice, ay is the spacing of
the flux line lattice, n, is the density of pinning centres and f, is the pinning force of

an individual pinning centre. The critical current density in this regime is given as

nplfp4
J, oty (3.17)
Ba,"C,,C
If the lengths R. and L. remain greater than the lattice spacing ap and the
deformations remain elastic, collective pinning acts on the flux lines within the
volume V.. Once the deformations become plastic individual vortex-pin pinning

dominates. The presence of collective pinning depends on the strength of pinning
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forces f, and the number density of pinning sites n,. Generally strong lattice
deformation leads to individual vortex-pin interactions while short range order

promotes collective pinning.

In a material containing pinning centres of average strength, direct summation of
pinning sites is appropriate both at low fields, where the vortex-vortex interaction is
negligible, and close to B.; where the vortex lattice is completely flexible.
Collective pinning exists in intermediate fields. A large concentration of weak
pinning sites leads to collective pinning at all fields. Large randomly orientated
pinning centres producing large deformations of the vortex lattice cause individual

vortex-pin interactions to dominate.

3.4.7 Current transfer models

3.4.7.1 Brick Wall model

The brick-wall model[145] describes the percolative path of the current through the
microstructure of HTS materials. The model assumes a brick wall type configuration
of highly anisotropic grains. The c-axis of all grains is normal to the tape surface
while the a and b axes of the grains are randomly orientated within the plane of the
tape. The thickness of the grains is assumed small compared with their length and
width. Grain boundaries are assumed to act as weak links. The small cross-sectional
area of the interface between grains in the a-b directions result in low current
carrying capacity and are assumed to carry negligible current. However, the large
cross-sectional area of the interfaces between grains in the c-axis enables higher
currents to be supported. For this reason the current path between the grains is
directed solely through the c-axis Josephson junctions while current flows in the a-b
plane within the grains. The current density in the brick-wall model is therefore
limited by the intergranular j. in the c-direction. The model predicts an initial drop in

J. at low fields followed by plateau up to high field and indicates that decreasing the
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thickness of the grains increases the plateau value of J.. A similar J. dependence on

field has been observed in HTS materials at low temperatures[146,147].

3.4.7.2 Railway Switch model

The railway switch model[80] directly correlates the critical current density with
observed microstructural features within HTS. The c-axes of the grains are
misaligned at small angles (#< 15°) to the normal to the tape surface. The a-b planes
of the grains are randomly orientated as in the brick-wall model. The fundamental
elements of the model are frequent small-angle grain boundaries between the c-axes
of the grains exhibiting a high degree of crystalline perfection[147]. The field
dependence of the critical current through the grain boundaries is assumed similar to
the dependence within the grains allowing the current to always pass along the a-b
planes within the grains. The overall J, of the tape is determined by the grain which
experiences the largest field component in the c-direction. The strong connectivity
between the grains and the low normal state grain boundary resistance are assumed
responsible for the high J, values of the HTS and low resistivity above T,

respectively.

3.4.7.3 Percolation model

The percolation model[148] proposes that current flows along percolative paths
across small-angle grain boundaries in a similar way to the railway-switch model.
The c-axes of the grains are orientated randomly with respect to the tape normal and
there is no preferential alignment of a-b axes. The model assumes that small angle
grain boundaries between 10 — 20° have j. close to the intergranular value and
assumes that j, = 0 across grain boundaries for & > 20°. The model predicts that
large J. values can be observed in materials with only a small fraction of grain
boundaries at small angles by combining the best aspects of 2D and 3D current flow.
The percolative model predicts tape /. between 3-30 % of single crystal

performance.
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3.4.7.4 Weak-link diffraction model

The work by Hampshire[149] investigates why J. in bulk polycrystalline
superconductors is less than 1 % of the depairing current density J,. Hampshire
proposes that with strong intragranular pinning a barrier has been reached to further
increases in J, of order In(x)/2x* less than the depairing current, J;. The model
assumes that superconducting samples can be modelled by describing the grain
boundaries as normal weak links acting as diffracting barriers and assumes no
pinnihg operates on flux lines moving along grain boundaries. Diffraction effects are
caused by wave-like properties of superconducting electrons and can be described

by the geometry of a multiple junction squid. The functional form of J. is given by

J.(B,T)= a(T)(I -2 i T)j exp(— ﬂ(—i,)—] (3.18)

c2

where o(7) is essentially the depairing current density multiplied by a diffraction
term and A7) characterises the suppression of the order parameter by the magnetic
field at grain boundaries. The (1-B/B.;(7)) term is due to the suppression of the order
parameter inside the grains. Good agreement is found between the J. values

predicted by this weak link diffraction model and high field experimental data.

3.4.7.5 Summary of HTS pinning

Many other groups have determined functional forms of J. or F, to fit their data.
Examples are a proposed a logarithmic function to model data between 20 — 77 K up
to high fields [150] and a unified materials equation based on the Anderson-Kim
model [151,152]. Determination of the pinning mechanism in HTS materials is a
continued source of study, several workers have found evidence for pinning
mechanisms in YBCO caused by fluctuations in the charge carrier mean free path (J
pinning) near a lattice defect [153,154] and the ideal pinning centre for HTS
materials is suggested to be superconducting with different properties from the bulk

[155].
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3.5 Thermally activated flux line dynamics

3.5.1 Flux creep

The inclusion of thermal fluctuations in the phenomenology of type II
superconductors affects the dynamical behaviour of the flux line lattice. Anderson
and Kim predicted at finite temperatures flux lines or flux bundles would move
under a flux gradient by thermally activated flux jumps between pinning sites
[156,157]. This flux motion is found to reduce logarithmically with time. This
phenomenon is known as flux creep. Therefore the flux creep model predicts for J <
J. a finite resistivity exists for any temperature above absolute zero. For J > J, the
sample enters the flux flow regime as depinning occurs. In HTS materials due to the
short coherence length flux creep is observed at lower temperatures and currents. At
higher temperatures the effect of thermal activation becomes more pronounced and
deviations from the logarithmic decay predicted by Anderson-Kim have been
observed [158-160]. These observations have been interpreted in terms of the flux-
creep model and labelled ‘giant flux creep’. Thermally activated phenomena are

often referred to as thermally activated flux flow (TAFF).

For low temperature type II superconductors, the Anderson-Kim model predicts J,

as

kel | [ BdQ
J, :JC(O)[I— U, ln( B H (3.19)

where J.(0) is critical current density at 0 K, d is the hopping distance, Q is the
attempt frequency of a hopping event and £, is the voltage criterion[138]. Therefore
any field or temperature will produce a measurable voltage across the
superconductor. Tinkham calculated that the giant flux creep model puts serious

constraints on operation at high temperatures and fields. For example, the resistance

could never be zero in a field of 30 T regardless of B.; and 7, values and a material
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with a T, of 400 K would only exhibit zero resistance at room temperature in fields

below 10 T [161].

Collective pinning — flux creep theories[162-165] were proposed by incorporating

the effects of thermal fluctuations into the collective pinning theory. They argue that
thermal fluctuations of the flux lines, <u2>, increases the effective range of the

pinning force, resulting in a smoothed pinning potential. Activation energy was

predicted of the form
V)= (Uy ) (S0 1) 1] (3.20)

including the characteristic exponent « in a similar way to the vortex glass model.

3.5.2 Vortex Glass model

The vortex-glass model includes disorder in the system and predicts a truly zero
resistance superconducting state. The addition of random pinning sites disturbs the
long-range order of the vortex lattice. A number of vortices are pinned at these sites
while in a stiff lattice groups of vortices between pinning sites are held in place by
vortex-vortex repulsion forces in local hexagonal arrangements. This describes the
vortex glass phase [166,167] with the lattice exhibiting short range order. The
pinning sites provide a barrier against vortex motion of strength Uy(B,T) and are able
to overcome the Lorentz force density on the fluxons J x B, where J is the current
density, up to the critical current density, J.. For J < J, the flux lines are pinned and

so the vortex glass phase exhibits zero resistance in this condition.

As the vortices gain thermal energy the elastic forces within the lattice result in

displacement of the vortices a distance u from the ideal configuration reaching an
average displacement <u2> « T, the constant depending on the rigidity of the lattice,

Ces. As defined by the Lindemann criterion[168], when the average displacement

12 . . .
<u2> =c,a,, where ¢, is between 0.1 to 0.3 and ap is the average flux line
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separation, the flux line lattice melts [169-171] into the vortex liquid phase enabling
the flux lines to move independently of one another. The melting line separates the
vortex glass and the vortex liquid phases and along which the shear modulus is equal
to zero. Within the melted phase, if the pinning barriers are greater than the thermal
energy, U > kg7, vortices remain pinned although the lattice is not rigid. This is the
pinned vortex liquid phase and occurs immediately above the melting line in the H-T
diagram. Close to B.; the pinning barriers are small compared with the thermal
energy of the vortices, U << kg7, the vortices can thus move within the lattice

unaffected by the pinning sites in this unpinned liquid phase.

The first experimental evidence for the existence of the VG phase was seen in
YBCO epitaxial films[172] in the scaling of non-linear £-J curves around the
vortex-glass transition temperature 7, These data are presented in Figure 3.5.

[sothermal E-J curves at different temperatures were found to collapse onto two

v(=+2-D)
master curves above and below T, when plotted as (E/J)/ 'T -T, i VETSEs

u(D-1) : C e
J/ IT - Tg‘ where z and v are the dynamic and static critical indices and D

represents the dimension of the fluxons, in accordance with the VG model. Later
work on YBCO [173-176] and Bi-2223 [177,178] has been analysed in a similar
way and has further supported the VG model. It has been suggested that the data by
Koch could also be described using the flux-creep model [179].

More recent work has investigated the statistical properties of volume pinning force
densities, their thermodynamic properties and the phase transition properties in HTS
[180-183]. This work has been compared with the vortex-glass model in which there
is no distribution in pinning strength. The isothermal scaling of E-J characteristics
has been related to the thermodynamic properties of the pinning force density and its
statistical distribution. By scaling using the proposed theory excellent agreement has
been found with experimental data from YBCO and TISCCO(2223). It has been
shown that the GL transition line is identical to the depinning line for the minimum
value of the pinning strength and the scaling of the indices is strongly influenced by

the pinning properties.
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3.5.3 Irreversibility Field

The irreversibility field (Bi.) is defined as the field at which J, drops to zero. From a
technological point of view B, provides the useful limit for the conductor and has
been the subject of much theoretical and experimental research[139,140,185]. B,
was first observed in HTS well below B.;[4,158] and has since been observed in
LTS closer to B.;[186]. Behaviour of LTS[186] and HTS[187,188] materials have
also been studied above B;,. The connection between B, and the superconducting
parameters is still not fully understood. Daniel et al have shown that in VSM
measurements, J, is measured to be zero when the effective ac field caused by the
sample movement penetrates the entire sample and not, as is widely assumed, when
the critical current becomes zero[189]. Therefore the apparent B,,, transition is solély
an artefact of the field gradient of the system and cannot correctly be compared to

theoretical calculations of the irreversibility field.

3.6 Magnetic phase diagrams

3.6.1 Mean field phase diagram

The mean field phase diagram proposed by Abrisokov[190] is shown in Figure 3.6
and contains three regions; 1) the Meissner phase for B < B in which flux is
completely excluded from the bulk of the superconductor; i1) a mixed phase for B,,
< B < B.; in which magnetic field penetrates the sample in the form of quantised
vortices; 1i1) the normal conducting state for B > B., where the magnetic field

completely penetrates the material.

3.6.2 HTS phase diagram

The disorder and varying rigidity of the flux line lattice in HTS materials lead to a

revised H-T diagram, explained in terms of the vortex-glass model. The
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Figure 3.7. Phenomenological phase diagram for HTS[185]. The EVL region is the

entangled vortex liquid. The vortex liquid-glass transition line is given by B,.(T).
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phenomenological phase diagram for an anisotropic layered HTS is given in Figure

3.7.

Below B, the superconductor exists in the Meissner state. On increasing B slightly
above B, only a small number of vortices penetrate the superconductor, the distance
between these few vortices is greater than the penetration depth A resulting in very
weak vortex-vortex interactions. The lattice is very soft in this region and since the
energy of the pinning force > kg7 the flux line lattice is a pinned liquid. This re-
entrant behaviour has been observed in LTS[192], the region being extremely
narrow of width around 1 G. On increasing the field the shear modulus increases as
the vortex fields overlap and the rigid lattice enters the vortex glass phase with the
vortices pinned by pinning centres. At the melting line the lattice enters the liquid
phase as the thermal energy of the fluxons increases. The sample first enters the
pinned liquid phase but on approaching B.; the pinning becomes weak compared
with the thermal energy of the vortices and the unpinned liquid state is entered.
Close to B, the vortices are strongly overlapping and above B, the sample exists in
the normal state. In addition, at temperatures close to T, an elastic fluxon pinned at
several points along its length will undergo transverse motion between pinning sites.
The vortices repeatedly exchange places as they ‘wander’ around the lattice leading
to an entangled flux lattice[169] close to T, represented in Figure 3.8. In summary,
for E., > E,, > Ey; the pinned vortex glass phase exists, £,, > Ey; > E,, the pinned
liquid phase exists and for £y, > E,, > E,, the unpinned liquid phase exists, where E,,
is the energy due to the votex-pin interaction, E,, is the energy due to the vortex-

vortex interaction and £y is the thermal energy of a fluxon.

More recent experimental studies have identified the existence of at least three
vortex phases[191,193,194]. Two vortex-solid phases have been identified, a weakly
pinned well ordered Bragg glass phase and a strongly pinned vortex glass phase. The
weakly pinned Bragg glass exists in the high temperature, low field region of the
phase diagram undergoing a first-order phase transition into the vortex liquid phase
when the temperature is increased. On increasing the field and reducing the
temperature, the Bragg glass phase undergoes a second-order phase transition into a

highly disordered, strongly pinned vortex glass. The three vortex phases meet on the
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phase diagram at a multicritical point as described by Nishizaki et al[191] and
shown in Figure 3.9. Evidence for a two stage melting transition of vortex matter as
a function of temperature has also been reported identifying melting and then

decoupling of the vortex solid[195].
The phase diagram of the HTS materials continues to be the subject of extensive

research. More comprehensive reviews of the H-T phase diagram are presented by
Blatter[185], Cohen[140] and Brandt[139].
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Chapter 4
Critical Current Density of Bi-2223/Ag Multifilamentary
Tapes from 4.2 K up to 90 K in Magnetic Fields up to 23 T

4.1 Introduction

The Bi-based high temperature superconductors are among the most promising
materials for high current density (J;), high field applications. The highly layered
structure of Bi-2223 and strongly anisotropic superconducting and mechanical
properties have made it difficult to find a clear explanation for the mechanisms that
determine the critical current density in these materials. In recent years fabrication
techniques have improved sufficiently that tapes are now produced in kilometre
lengths creating the realistic possibility of large scale applications. Probably most
promising for applications requiring long lengths of conductor is the powder-in-tube
route. It has been found empirically that good grain alignment and clean grain
boundaries are important to achieve high J, values in these tapes. However a better
understanding of the factors limiting J. would doubtless lead to even further
improvements. In this chapter a comprehensive J; data for a Bi-2223/Ag
multifilamentary powder-in-tube tape from 4.2 K up to 90 K in fields up to 23 T is
presented. These data can be used to test the predictions of the many models in the
literature that have been suggested to explain the high field J. properties of these
tapes [1-3]. The J. dependence of short samples of the Bi-2223 tape as a function of
field and temperature for 3 orientations of the tape with respect to the field are

presented.

The following two sections outline the experimental details and results. The analysis

of this work has been performed using the simple exponential form,
J, =alT) exp[— B/,é’(T)], such that these results can be compared with data in the

literature. A more comprehensive analysis of these J. data is presented in Chapter 6

with the inclusion of B, and quality of grain alignment to give a more complex
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functional form of /.. A preliminary discussion of the data and theoretical models in

the literature are then presented at the end of this chapter.
4.2 Experimental

The 37 filament Bi-2223/Ag tape used in the measurements was fabricated using the
powder in tube method. The tapes have a cross-sectional area of 0.854 mm?” and fill
factor of 36.2%. The critical current density transport measurements at 4.2 K were
made in fields up to 23 T at the Grenoble High Field Facility. Measurements made
at temperatures above 4.2 K were made in fields up to 15 T in Durham. Short
samples of length 20 mm were cut and mounted on tufnol. A standard dc four
terminal measurement was used to determine the critical current density. The
voltage taps were spaced 6 mm apart and connected to the tape using silver paint to
avoid any mechanical damage. The current taps were soldered to the tape using lead-
tin solder. For measurements at 4.2 K, the samples were directly immersed in liquid
helium. Measurements at temperatures above 4.2 K were made using a J(B,T) probe
developed in Durham [4]. When operating this probe, the sample is held in a
variable-temperature vacuum enclosure. The accuracy of the data quoted in this
paper is expected to be equivalent to an uncertainty in temperature of £ 3 K. J, was
found to be very sensitive to the orientation of the tape with respect to the applied
field. Hence the sample and the current leads attached to the sample were firmly
held down to avoid any movement. Measurements were taken with the tape in three
orientations with respect to field; 1) Field parallel to the a-b planes and
perpendicular to current; 2) Field parallel to both a-b planes and current; 3) Field
parallel to c-axis of the tape and perpendicular to current. J. was determined for the
superconductor alone from the E-J characteristics using a criterion of 1.5 uV.cm™.
After obtaining the data for any orientation the sample was allowed to warm up to
expel any trapped flux, and the critical current density was remeasured in zero field
in liquid nitrogen. No change was found from the J. values obtained before the
measurement for any of the samples presented in this chapter. This demonstrates that

no damage occurred during the experiments.
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Figure 4.1. The electric field-current density characteristics of a short sample taken
at 68 K with field applied (B) parallel to a-b planes and perpendicular to current. The

individual traces have been offset for clarity.

4.3 Results

Figure 4.1 shows typical E-J data taken at 68 K at fields up to 15 T. The figure
shows that the base-lines are flat below J. to within the limits of the experiment and
the large range over which current measurements can accurately be made. In Figure
4.2 the field dependence of J; between 5 and 23 T for both increasing and decreasing
fields at 4.2 K 1s shown for the two orientations in which the Lorentz force operates.
In fields up to 20 T, J. is weakly field dependent and shows the usual hysteretic
effect, i.e. in decreasing field J. is slightly higher than in increasing field. However,
above 20 T an inverse hysteresis is observed. This inverse hysteresis has been
previously reported and is consistent with the temperature of the sample and the

surrounding gas increasing above 4.2 K [5].
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Figure 4.2. The critical current density (J;) as a function of applied field (B) for 2
orientations of the tape with respect to field from 5 — 23 T at 4.2 K. Open shapes
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Figure 4.3. The critical current density (J;) as a function of applied field (B) of a
short sample at temperatures from 4.2 K up to 90 K with the field applied parallel to

a-b planes and perpendicular to current.
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In Figures 4.3, 4.4 and 4.5 the J; field dependence of the tape is shown for fields
between 0 and 15 T at temperatures from 4.2 K up to 90 K for 3 orientations of the
tape with respect to field. The J, data at high temperatures that are almost field
independent occur when most of the current (at the 1uV.cm™) is carried in the silver

sheath.
4.4  Analysis

The data from Figures 4.3, 4.4 and 4.5 has been fitted at intermediate fields to an

exponential function of the form [7]:

J.(B,T) = a(T)exp[- B/ AT)] 4.1)

[4

The parameters oT) and AT) are plotted in Figures 4.6 and 4.7 for all three
orientations of the tape. Also plotted are data taken from Friend et al for the purpose

of comparison [6].
4.5 Discussion

By describing the data shown in Figures 4.3-4.5 in terms of an exponential
functional form, it facilitates a relatively simple comparison between the high field
data presented here and other Bi-2223 tape conductors reported in the literature.
Figures 6 and 7 show that the temperature dependence of &(T) and A7) for the data
presented in this work and those of Friend et al [6] are similar. However a draw-
back of the exponential functional form is that it cannot hold when the applied field
is close to the upper critical field. A more complex form for J, has been proposed
which includes three free parameters to describe data measured at the highest fields
[3], this model is discussed and applied in detail in Chapter 6. However this is only
really useful when the range of measurements of J, is sufficiently large that there is
significant deviation from the simple exponential dependence. Such a deviation is

only clearly observed in the B // c-axis data of Figure 4.5.
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One of the first questions that must be answered by a complete explanation for the
functional form of J«(B,T) is why the magnitude of J. is so much lower in tapes than
that found in epitaxial thin films [8] or the depairing current [9]. Clearly the grain
boundaries play an important role as has been emphasised in the brick-wall [1] and
railway switch models [2]. However, even if one only incorporates the most basic
properties of these tapes such as the strongly anisotropic nature of these materials
and the structure of the grain boundaries, the complexity of these models increases
very rapidly. To address this complexity properly, one often needs to know how the
properties of the material change on the scale of the coherence length, which for Bi-
2223 is approximately the unit cell size. Furthermore, in practice there is inevitably a
hierarchy of microstructural factors [10] such that a single mechanism need not
necessarily operate throughout the superconducting phase [11]. Recently a simple
weak-link diffraction model has been suggested that includes the effective thickness
of the grain boundaries as the important free parameter [3]. Whether this model can

describe the complexity of these materials is addressed in Chapter 6.

It is clear that extensive measurements over the widest range of current temperature
and field are required before we can expect to identify which mechanism determines
Je In these materials. The results presented in this chapter are focused in this

direction.

4.6 Conclusions

J«(B,T) measurements have been completed on a Bi-2223 tape over a very wide
range of current, temperature and magnetic field. Measurements have been made
with the tape in three orientations with respect to field. The J. values have been
fitted to the exponential form J(B,T) = o(Texp[-B/AT)] and compared to data in
the literature. Chapter 6 includes a more comprehensive analysis of the data reported

here to test in more detail the predictions of the models proposed in the literature.
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Chapter 5
Transport measurements taken on Bi-2223 single filaments

extracted from an alloy sheathed multifilamentary tape

5.1 Introduction

It is well known that the dependence of critical current density (J.) on field and
temperature can provide information about flux pinning mechanisms within
superconductors. Detailed studies of the J.(B,T,6) dependencies of Bi-2223 thin
films have been presented [1,2] but despite successful attempts to increase tape J,
thin film performance remains at least a factor of 3 above the highest tape values
[3,4] at 77 K in zero field and far higher in high magnetic fields. Critical current
density studies on multifilamentary Bi-2223/Ag tapes [5-7] provide information
about the fundamental physics of the materials and their commercial viability.
However, the effect of the silver sheath acting as a low resistance shunt tends to
conceal the shape of the superconducting transition, as demonstrated in Chapter 4 of
this thesis. By removing the silver shunt from the tape the properties of the
superconductor can be measured in isolation. There is currently little work in the
literature on transport measurements of extracted filaments. Cai et al [8] have
presented high field £-/ data at 50 K and low field data at 77 K on extracted

filaments although a comprehensive study of J.(B,T) is not presented.

The statistics and dynamics of vortices within the high temperature superconductors
have also been widely studied. Much of this work has been analysed in terms of the
flux creep model [9,10], predicting existence of a finite linear resistivity for all 7> 0
due to the thermal activation of flux lines out of the pinning wells, or the vortex-
glass (VG) model [11,12], which includes disorder in the system and postulates a

true superconducting state exhibiting zero linear resistivity (g,=(£//)-0=0).

The first experimental evidence for the existence of the VG phase was observed in

YBCO epitaxial films [13] through the scaling of non-linear £-J curves around the
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vortex-glass transition temperature (7). Isothermal E-J curves were found to

v(z+2-D)
collapse onto two master curves when plotted as (£ / J)/‘T —Tgl against

w(D-1) . C e '
, where z and v are the dynamic and static critical indices and D

JI|T-1
represents the dimension of the fluxoids in accordance with the VG model. Later
work on YBCO[14-17] and Bi-2223 [18-22] has been analysed in a similar way and
further supports the VG model. Studies of E-J characteristics in variable fields at a
constant background temperature have also been published [23-27]. In this case a
vortex-glass transition field (By) is observed defining the transition from glass-liquid
behaviour of the flux line lattice. It has been demonstrated that the data by Koch
[13] can also be scaled in terms of the flux-creep model [28]. Isothermal scaling of
E-J charactenistics has more recently been related to the thermodynamic properties

of the pinning force density and its statistical distribution in keeping with the flux-

creep model [29-31].

In this chapter transport measurements taken on Bi-2223 single filaments extracted
from a 37 filament alloy sheathed multifilamentary tape are presented. The tape was
fabricated via the powder in tube method with a 28 % fill factor. The average J,
across the Bi-2223 cross-section was 11.8 kA.cm™ at 77 K and zero field. In Section
5.2 the sample fabrication technique is discussed and particular attention drawn to
the electrical contacts. A series of E-J data taken at 77 K in fields up to 300 mT with
field applied parallel and perpendicular to the filament surface is presented in
Section 5.3. A change in curvature in the logE-log/ characteristics is observed in the
c-axis orientated data at 280 mT. An interesting feature of the data taken at 280 mT
is that the logE-log/ characteristics exhibit both positive and negative curvature in
different current regions. Current density measurements as a function of field and
temperature are also presented for a limited data set between 60 and 90 K in high
fields up to 15 T in the field parallel to a-b orientation. A discussion of the results
from this work is presented in Section 5.4. It was our intention to obtain a
comprehensive data set for all orientations of field. Despite attempting to make good
contacts on approximately 100 filaments, it was not possible to obtain a sample with
4 low resistance contacts at cryogenic temperatures. The improvement in sample

preparation techniques are outlined below with some suggestions for future work.
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essential for voltage taps, to minimise electrical noise, and current leads, to minimise
thermal gradients across the sample. Contact resistances below 50 Q are required

(and preferably below 5 Q) for all contacts for these experiments.

A solution of ammonium hydroxide and hydrogen peroxide [32] was used to
dissolve the alloy sheath from the tape, extracting the filaments. Complete removal
of the etching solution was essential in order that silver paint contacts were not
dissolved by any remaining silver etch solution. After the filaments were removed
from the etching solution, three different approaches were tried to dilute any solution
remaining on filament surface and pores and to make electrical contacts:

1) The filaments were soaked in water for 24 hours and all electrical contacts
were made using silver paint to contact the surface of the ﬁlament.»However the
silver paint current contacts were only able to support currents below 80 mA in
liquid nitrogen with higher currents leading to contact ‘burn out’, target currents
were around 300 mA.

i) A better electrical contact to the surface could be produced using gold
sputtering. Gold was not required for the voltage taps since they carried no current
and the silver paint provided a sufficiently low resistance. During sputtering the
centre region of the sample was masked exposing only the regions to which the
current leads would be contacted. A gold layer of thickness around 20 nm was
applied to the unmasked regions. The sputtered sample was laid across 4 copper
pads mounted on tufnol. Electrical wires were connected to each of the copper pads
using silver paint. Connections were subsequently made between the filament and
the pads using silver paint ensuring that the paint ran completely around the sample.
Efforts were made to contact to the cross-section of the filament with the current
leads in an attempt to access directly the a-b planes. The paint dried for 3 hours at
room temperature. A distance of 2 mm was exposed between the voltage taps. The
sample was finally encapsulated with stycast to strengthen against Lorentz forces
and to increase the thermal mass for cooling purposes. This is the procedure used to
obtain all data presented in this Chapter.

iii) In this preparation technique, the filaments were soaked in the solvent

used to dilute the silver paint (4-methyl-2-pentanone). This solvent evaporated from
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the filament (and pores) after removal and eliminated the possibility of water

residue.

A regularly observed phenomenon for filaments prepared using procedure (i) and (ii)
was a decrease in the resistance of the current contacts during the first current cycle
up to 100 mA. Once the joint resistance had decreased it remained below the
experimental limit through further current and thermal cycles. This phenomenon is
believed to be due to a high resistance oxide layer between the sample and the
contact being burnt off at high currents. The silver paint voltage contacts tended to
burn out at a few mA thus this technique could not be used to reduce voltage tap
contact resistance. On the basis of this evidence several samples were heated to
temperatures above 100°C immediately before the silver paint contacts were applied.
This technique increased the probability of an initial low resistance contact from 50

% to 75 % although no measurements were taken on samples fabricated in this way.

The probability of successfully fabricating and cooling a sample with 4 low
resistance contacts was very low for all preparation techniques. For example for
technique (ii), the probability of obtaining an initial low resistance contact between
the silver paint and the filament was 50 %. Application and drying of the stycast
presented a further 50 % risk of damaging atleast one contact per sample. Finally
cooling from room temperature to 77 K over 30 minutes resulted in 30 % of the
samples increasing contact resistances above the 50 Q experimental limit. Therefore
the overall probability of obtaining a sample suitable with all four contacts suitable

for high precision data was about 2 %.

5.2.2 Experimental procedure

Transport critical currents were measured using a conventional four-probe dc
method. A Keithley 182 nanovoltmeter was used to read the voltage across the
sample and a 30 V variable voltage source across a variable resistor controlled the
current. 77 K data was taken in liquid-nitrogen using a 300 mT copper magnet. All
variable temperature data was taken imn Durham using a variable temperature insert

(VTI) within a 15/ 17 T superconducting magnet.
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5.3 Results

In Figure 5.2 the logE-log/ characteristics for a c-axis orientated single filament are
presented at 77 K in background fields between 20 to 280 mT at intervals of 20 mT.
Current densities have been calculated assuming all filaments from the tape have an
equal cross-section of 824 x 10° mm® Thermal voltages due to the contact
resistances have been fitted to a fourth order polynomial equation and subtracted
from the data. The noise level on the data is £ 70 nV. All logE-logJ curves taken in
fields below 260 mT exhibit systematic negative curvature. The 280 mT trace
exhibits positive curvature above 10 mA however below 10 mA negative curvature
is observed. The curvature in the traces is confirmed in Figure 5.3 by plotting
d(log(£))/d(log())) against log(J). In this plot a negative gradient corresponds to
negative curvature in the logE-log/ characteristics, zero gradient corresponds to zero
curvature and a negative gradient corresponds to negative curvature. The 280 mT
exhibits positive curvature for —2.0 < log(/) and negative curvature exhibited for
log(/) < -2.0. No positive curvature is observed in any of the traces taken in fields
below 270 mT. Linear £-J plots of data taken above 220 mT on the c-axis orientated
sample are presented in Figure 5.4. These data confirm that the change in curvature
observed in the logE-log/ characteristics at 280 mT at low currents is not due to
experimental noise. By extrapolating the positive curvature region of the 280 mT in
Fig. 5.2 trace to low currents an electric field of around 1 pV.cm™ may be expected
at 5 mA. This value is clearly above the baseline in the linear plot and confirms that

the observed change in curvature cannot be attributed to noise in the measurement.

In Figure 5.5 the logE-log/ curves are presented for the a-b orientated sample at 77
K in background fields up to 300 mT. Data is presented at intervals of 10 mT below
60 mT and in 20 mT intervals above 60 mT. The critical current density (J,) values
for both orientations at 77 K are presented in Figure 5.6 using a criterion of 1.5
uwV.cm™. After an initial decrease in J, at low field, both orientations exhibit an

exponential decrease in J;. At a field close to 280 mT the J, dependence in the c-axis
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Figure 5.4. Linear E-J characteristics for the c-axis orientated sample in fields

between 220 — 280 mT in 20 mT intervals at 77 K.
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parallel to the filament surface. Data taken at 77 K in background fields from 0 —

300 mT. Traces are presented every 10 mT up to 60 mT and then in 20 mT intervals

up to 300 mT.
65




10

=----2 B // filament surface
e----« B perpendicular to filament surface

10°
E
Q
<
ﬂQ
10 |
10" 10°
0 0.1 0.2 0.3
B (T)
Figure 5.6. Critical current density (J.) as a function of field for the single filament
at 77 K with the field applied parallel and perpendicular to the filament surface. J; is
determined using a criterion of 1.5 pV.cm™.
3 B~e 10"
10 2N O~
\\A ~-<3.\“(5_\\\S o-—-——0 60 K
T Tl a----a 70K
. A STl w—— 80K )
10° NN e o--- S0 K | 110
‘\ &\\ \\‘Q\
NA \ \A \\
. \ N oo
£ 1 ? \\ S e P
< 10 = N N . |10
= LN e
\ AN ~
b \ RN
. AN -4
100 \7 N—-ma 10
10'1 10-5
0 5 10 15
B (T)
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orientated data deviates from the exponential form and begins to drop more sharply.
The initial drop in J. which has previously been observed [24,25] can be attributed
to weakly coupled grain boundaries with diminishing current carrying capabilities as

the field is increased.

J. characteristics of a different a-b orientated filament are presented in Figure 5.7 in
fields up to 15 T and at temperatures between 60 to 90 K. The contact resistance of
the voltage taps was increased during cooling thus increasing the noise on the
measurement and reducing the accuracy of data in the low current region below 0.1
mA. A J, criterion of 10 p\/.cm'1 was used for these data due to increased noise
levels on the data. Agreement of critical current density between the data at 80 K
and the 77 K data obtain in liquid nitrogen, show that there is reliable temperature

control within the VTI.
5.4 Discussion

The single filament J, at 77 K and zero field is calculated as 2.45 kA.cm™, a factor
of about 5 less than the average Bi-2223 J, within the tape. Several groups have
investigated the distribution of critical current density within the cross-section of
multiﬁlaméntary tapes using sliced tapes [33-35] and magneto optical imaging
[36,37] and also within individual filaments [38]. The most compelling data has
shown a variation in cross-section of filament depending on the position within the
tape[39] and found that the most deformed filaments, appearing in the centre of the
tape, have the highest J; [33,35,39] up to a factor of 10 higher than those found in
the outer regions. These reasons are believed to explain the factor of 5 difference
between the average J. across the superconductor in the sheathed tape and the

measured filament at 77 K in self-field.

E-J characteristics of HTS materials over wide field and temperature ranges have -
previously been used to investigate the vortex glass-liquid phase transition [14-22].
Fisher’s vortex-glass theory predicts that in the vortex-glass regime (T < T, or B <
Bg) the logE-log/J curves exhibit negative curvature, corresponding to a vanishing

linear resistivity as J approaches zero [11,12]. In the vortex-liquid regime (T > T, or
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B > Bg) the theory predicts a finite linear resistivity for small J exhibited as positive
curvature in the logE-log/ characteristics. A similar change in curvature is observed
at high currents between 260 and 280 mT in the c-axis orientated data presented in
Figure 5.2. However at low currents, the 280 mT trace also exhibits negative
curvature in contradiction with Fisher’s vortex glass theory. A close inspection of
the data presented by Shibutani et al [24] and Li et al [27] shows a similar change in

curvature to that observed at 280 mT although the feature was not discussed.

The arguments presented above and the published data [24,27] produce evidence for
a zero resistance phase at fields above Bg. More data is required in fields above B,
extending to lower currents and voltages in order to make firmer conclusions. The
variable temperature and field data presented in Figure 5.7 show the scope to obtain
data in the Durham system. We suggest that in future measurements, the silver paint
solvent is used to soak the filaments after they have been etched. The filaments
should then be heated to 100 C and a thick layer of gold should be deposited for the
current leads. It is intended that that in future the fabrication procedure and
experimental system developed in this work may be used to achieve a
comprehensive study of the J.(B,T) dependence for Bi-2223 filaments over a large

range of temperatures and fields.
5.5  Conclusions

High quality transport measurements have been taken on Bi-2223 single filaments
extracted from an alloy sheathed multifilamentary tape. Data has been taken in
liquid nitrogen at 77 K in fields up to 300 mT with the field aligned parallel to the c-
axis and a-b planes. Further data has been taken in a variable temperature insert at
temperatures between 60 to 90 K in fields up to 15 T with the field aligned with the
a-b planes. c-axis orientated logE-log/ characteristics at 77 K shows a change in
curvature at 280 mT similar data has previously been attributed to the vortex glass-
liquid transition. An interesting feature of the data taken at 280 mT is that the logE-
logJ/ characteristics exhibit both positive and negative curvature in different current
regions. The /.(B) dependence of the c-axis orientated data provides further evidence

for the vortex glass-liquid transition at 280 mT. Transport measurements taken
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between 60 to 90 K in fields up to 15 T show the range of measurements obtainable
in future studies and good agreement in J, has been observed between data taken in
liquid-nitrogen and in the variable temperature insert. The single filament J; is a

factor of 5 lower than the Bi-2223 average within the tape.
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Chapter 6
The Useful Limit for the Critical Current Density in Bi-
2223 tapes

6.1 Introduction

It is generally believed that the critical current density (J;) in high magnetic fields
achieved in state-of-the-art Bi-2223 tapes is substantially below its optimum,
perhaps two or three orders of magnitude [1]. In zero applied field at 77 K, there is
only about a factor of 4 difference between J(0 T, 77K) in the best short samples of
Bi-2223 tapes (J. ~ 7.3 x 10* Acm®) [2,3] and the best Bi-2223 thin films (J. ~ 3 x
10° Acm™) [4]. Given the larger self-field in the tapes, it is probable that J.(0 T,
77K) in the best filaments (were they measured in isolation) is already similar to the
best films. The question arises why the high magnetic field J, values are so different.
The relatively high porosity and cracks in tapes [5] certainly contributes to reducing
J. but the high zero-field J; values suggest that in the best tapes that this is not the
primary consideration. The excellent work pioneered by Dimos on bicrystals grain-
boundaries showed that J; can be reduced by a few orders of magnitude if the grain
boundaries are misaligned even by a few degrees [6,7]. This has led to the concept
of weak links and strong links [8,9]. It is considered that the weak link connections
only carry current in low fields. In high magnetic fields, most of the grain boundary
provides a barrier to current flow so that only a small strong-link cross-sectional area
is active. This chapter provides a comparison between the high field J, in Bi-2223
tapes and Bi-2223 films. Calculations for J. are provided that would be expected in a
fully dense tape with no grain boundaries using a curved film model. This allows a
quantitative estimate of the degree to which the grain boundaries in tapes act as
barriers in high magnetic fields. The calculations are compared to comprehensive
variable temperature variable field J. data obtained for a Bi-2223 tape. The

implications of this comparison for magnet technology are discussed.
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In Section 6.2, comprehensive variable-temperature high magnetic field J, data for
Bi-2223 tapes are presented and compared to a strong pinning flux creep model [10]
and a weak-link model [11]. Such comparison addresses the mechanism that
determines J. in tapes. In Section 6.3, the basic assumptions of the curved film
model are outlined and the field and temperature dependence of J,. calculated. In
Section 6.4, the experimental tape and calculated curved film J, values are compared
and the implications for fabricating tapes for high field magnet technology

discussed. The conclusions from this work are presented in Section 6.5.
6.2  The Critical Current Density of Bi-2223 Tapes

In high fields and temperatures where the index of the £-J transition is low (where E
oc J, n: index), if J. is defined using an electric field criterion, a low resistance metal
in principle carries a supercurrent since there is a finite current density at finite £-
field. In Bi-2223, such an E-field definition for J. does not distinguish the
contribution from the superconductor and low normal state resistivity silver alloy
matrix [12]. Despite this drawback, for engineering applications the properties of the
entire ’composite conductor is required so the electric field criterion is the most
commonly used. However in basic studies of critical current density, the properties
of the superconductor alone are required. The comprehensive critical current density
data on Bi-2223 presented in Chapter 4, that were analysed at 1.5 pV.cm™, have
been reanalysed using the offset criterion for J. [13]. A line is drawn between the £-
field criteria 1.5 and 0.75 pV.cm™ and extrapolated to zero which defines J, as
shown in Fig. 6.1. The J/(B,T) dependence for the Bi-2223 tape in 3 orientations
with respect to field are presented in Figs. 6.2 — 6.4 defined using the offset
criterion. The data are compared with the predictions from a strong pinning - flux
creep model [1,10] and a weak link model [11]. The accuracy of the temperature is

expected to be + 3 K and the error in the J, values is + 3 %.

Collective pinning — flux creep (FC) theories which include the effects of thermal

fluctuations have been used to predict the functional form of J.(B)[10] where [1]:
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. (A)

J_(A.cm™?)

Figure 6.3. The critical current density as a function of magnetic field and temperature for
the Bi-2223 tape with the field applied parallel to the surface of the tape and perpendicular
to the direction of current flow. The solid line is fitted using the flux creep model and the

dashed line the weak-link diffraction model. Data at 4.2 K (0), 20 K (0), 30 K (V), 40K
(@), 50 K (W), 60 K (A), 68 K (+), 76 K (), 83 K () and 90 K (x).

J (Acm?)

Figure 6.4. The critical current density as a function of magnetic field and temperature for
the Bi-2223 tape with the field applied parallel to the surface of the tape and parallel to the
direction of current flow. The solid line is fitted using the flux creep model and the dashed

line the weak-link diffraction model. Data at 4.2 K (0), 20 K (), 30 K (V),40K (@), 50K
(W), 60 K (A), 68 K (+), 76 K (), 83 K (@) and 90 K (x).
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J.(B,T) = J,exp|~ (B B,)"] (6.1)

where J, is the critical current through strong links at zero field and Bp and v are
related to pinning characteristics of the tape. The parameter v affects the curvature
of the J.(B) dependence. For v = 1 the exponential form is observed, for v < I
positive curvature and for v > | negative curvature. The contribution from weak
linked grains 1s completely ignored in this model [14]. The functional form (solid
lines in Figs. 6.2-6.4) provides a reasonable fit to the data for the 3 orientations of
the sample with respect to field. In Figs. 6.5, 6.6 and 6.7, the free parameters Jy, By
and o in the collective pinning — flux creep model are presented as a function of
temperature. In the captions, B // a-b and B // ¢ correspond to field applied parallel

and perpendicular to the tape surface respectively.

The J, data have also been compared to the predictions of the weak-link diffraction
(WL) model [11]. This model assumes strong intragranular pinning with no pinning

operating along the grain boundaries. The functional form of J«(B,T) is given by

J.(B,T)= a(D(l - Bj T)) exp(ﬁ_(i)J (6.2)

where oT) , B(T) and B¢,(7) are taken as free parameters. In the original work a
diffraction argument was used to specify o(7). However in this work it is left as a
free parameter to account for cracks and grain-boundaries acting as barriers. The
factor (1-B/B¢;) accounts for the reduction of the order parameter in the grains
where Bcy(7T) is the upper critical field. The parameter A7) accounts for the
effective width of the grain boundaries following the phenomenological pair-
breaking S-N-S model of Hsiang and Finnemore [15]. In Figs. 6.2, 6.3 and 6.4 the
short sﬁmple data have also been fitted to the WL model. There is good agreement
between the data and the model. Figs. 6.8 and 6.9 show the temperature dependence

of the free parameters from the WL model.
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Figure 6.5. The parameter Jy versus temperature from the flux creep model for the

three orientations of the tape with respect to the magnetic field.
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Figure 6.6. The parameter By versus temperature from the flux creep model for the

three orientations of the tape with respect to the magnetic field.
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Figure 6.7. The dimensionless parameter v versus temperature from the flux creep

model for the three orientations of the tape with respect to the magnetic field.
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Figure 6.8. The parameter o versus temperature from the weak-link diffraction

model for the three orientations of the tape with respect to the magnetic field.
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Figure 6.9. The parameter B versus temperature from the weak-link diffraction

model for the three orientations of the tape with respect to the magnetic field.

The data have also been fitted using the Fietz-Webb flux pinning scaling law [16]
which has been successful in many studies of low temperature superconductors [17].
No universal scaling was observed for these data and the quality of the fits was

rather poor. This law has been disregarded in the rest of this work.

It is clear that although the fundamental mechanism for the FC and WL models are
completely different, if vis set to 1 and Bc; to infinity, the functional forms are both
exponential in magnetic field with two identical free parameters. Since the magnetic
field data at low fields for all three orientations is almost exponential one can expect
the absolute values, orientation and temperature dependence of the parameters to be
similar. Comparing Jj and ¢, which represent the extrapolated value of J; in zero
field, these similarities are observed. Equally the values of By and /£ have similar
absolute values, orientation and temperature dependence. A7) decreases with

increasing temperature for all orientations and shows positive curvature as
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previously observed in HTS[18] and Chevrel phase materials[19]. At low
temperatures B.; of the Bi-2223 tapes is much greater than the maximum measured
field and there is no curvature in the exponential field dependence of J.(B) data up to
15 T. For this reason possible errors in B, are expected at 4.2 K for all orientations
and at 20 K for the orientations with field applied parallel to the tape surface. In the

FC model this feature fixes v to the value 1. For these reasons the 4.2 K values of By

and A7) have been omitted from the relevant figures.

The most striking feature of the data presented is that despite the underlying
mechanisms in the FC and WL models being completely different, they both agree
equally well with the experimental data. Additional experimental and theoretical

work is required to distinguish which of these models is correct.

6.3 The Curved Film Model

In this section, the assumptions and predictions of the “curved film” model are
described. The curved film calculations represent the maximum obtainable J. values
in Bi-2223 tapes assuming that J. properties equivalent to those achieved in the
superb Bi-2223 film produced by Yamasaki et al are reproduced. The zero field J,
values have been extrapolated from published B // ¢ orientated films [4]. Although J,
is higher in the a-b oriented thin film data the pinning mechanism in that particular
orientation is unique since the fluxons are parallel to the a-b planes and consequently
locked between the planes. The high pinning force associated with this orientation is
not representative of any other angle of applied field. Since angles of applied field
other than zero are included in the curved film model J, values from the c-axis
orientated thin film data are used. The Bi-2223 film has the highest values of J.
reported, is fully dense and “no apparent grain boundaries” [4]. The reported
properties of the thin film are used to calculate the predicted properties of a curved
film in which there is no degradation due to strain and there are no deleterious
effects of percolation. The curved film represents an idealised tape where the
amount of curvature represents the degree of grain alignment in the tape and in

which there are no grain boundaries to act as barriers in high magnetic fields.
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Thin film J.(B,T, & data has shown that the angular_ dependence of J, is dominated

by the field component in the c-direction where [4]:

J_(B,T,68) = a*(T) exp(%ﬂj (6.3)

where the temperamre dependence of &*(7T) and £#*(T) are known from the thin film
data. In the calculations, we have added in a factor (1-B/B¢;) as in Eqn. 6.2 which
ensures that J, becomes zero at B.x(7). This additional factor is only important at the
very highest fields. The B.;(0) values assumed are 1210 and 38 T for parallel and
perpendicular to the a-b planes respectively and are taken from resistivity
measurements on high quality Bi-2223 whiskers [20]. T, is taken as 110 K. The
angular dependence of B, in highly anisotropic superconductors can be described
using the layered [21] or coupled models [22]. For highly anisotropic materials, both
models predict a similar functional form. The coupled model was used in these

calculations

B,(T)
(cosz(é’) + 7 sinz(é’))

B,(T,6) = (6.4)

where #is the angle between the applied field and the a-b plane and y= B 2us/Beae-
The temperature dependence of B, was assumed to follow that of BCS theory [23]

given by:

B(T) = BCZ(O)[I - (%U (65)

The temperature and angular dependence of B.x(7T, &) for a high quality thin films is
calculated by combining Eqns. 6.4 and 6.5 and the net J.(B,87T) dependence for a
flat film is given by
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Figure 6.10. The calculated angular dependence of the critical current density of a

Bi-2223 flat filmat40 K at4 Tand 8 T.

J.(B,T,8) = of T)[l - EL—] exp(— BI;i(nT()g ) U (6.6)

where &is the angle between the applied field and the a-b plane of the flat film. In
Fig. 6.10 the angular dependence of J, is presented at 40 K at 4 and 8 T. The strong
effect of the anisotropy is evident from the sharp decrease in J, as &increases from
0°. A sharper decrease is observed at higher fields due to the increased magnitude of
the B // ¢ component. These calculations are consistent with the experimental data
from the film [4]. Predictions of the J(B,T) dependence for a curved thin film can be

generated by incorporating a curvature term into Eqn. 6.6 where:

T atrf 1 oo - 2o

Jo(B,6,T,8) =

(6.7)
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a-b planes

(c)
Figure 6.11. (a) The orientation of a Bi-2223 grain; (b) A schematic representation
of grains within a superconducting tape aligned within the angle ¢, (c) A curved film

representing the tape in (b).

"~ where J'is the angle between the applied field and the middle of the curved film, ¢
describes the degree of curvature so that the angle subtended by the curved film is ¢
and 0 is the angle between any component in the curved film and the applied field.
These parameters are shown in Fig. 6.11. The calculated J.(B,T) dependencies at 20
and 60 K for varying degrees of grain alignment (various levels of @) are presented
in Figs. 6.12, 6.13 and 6.14. Calculations are shown for field applied parallel and
perpendicular to the tape surface. Short sample data at the relevant temperature is
included for comparison. As the degree of curvature increases, the anisotropy of J,
for the applied field in the two orthogonal directions decreases. For a completed
curved thin film (i.e. a half-tube), ¢= 180° and the curved film exhibits an isotropic
Jo(B) dependence. Also note that at 20 T, the half-tube film has a J, value more than

an order of magnitude lower than a flat film when B is parallel to the a-b planes at

20 K and more than 2 orders of magnitude lower at 60 K.
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Figure 6.12: The field dependence of the critical current density calculated using the curved
film model at 60 K. The angles denote the arc described by the thin film. Open and closed
symbols indicate the field applied parallel and orthogonal to the tape surface respectively.

Experimental critical current density values for the Bi-2223 tape at 60 K are shown for

comparison.
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Figure 6.13. The field dependence of the critical current density calculated using the curved
film model at 20 K in fields up to 100 T showing the effect of the upper critical field. The

angles denote the arc described by the thin film. Open and closed symbols indicate the field

applied parallel and orthogonal to the tape surface respectively. Experimental critical current

density values for the Bi-2223 tape at 20 K are shown for comparison.
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Figure 6.14. The field dependence of the critical current density calculated using the curved
film model at 20 K in fields up to 20 T. The angles denote the arc described by the thin film.
Open and closed symbols indicate the field applied parallel and orthogonal to the tape
surface respectively. Experimental critical current density values for the Bi-2223 tape at 20

K are shown for comparison.

6.4 Discussion

The measurements presented in this chapter are among the most comprehensive
presented in the literature however they are still unable to distinguish between some
of the theoretical models which predict the factors limiting J.. The errors associated
with this measurement include temperature uncertainty of up to 3 K and errors in J,
due to the effects of the shunt. It is suggested that measurements on single filaments
etched from the tape may be the most efficient way to distinguish the models.
Higher accuracy in temperature control would clearly reduce the uncertainty on the
measurement and accurate values of J, could be attained without the contribution
from the shunt. B.»(7) in these materials remains ill-defined however experiments
controlling the current on the pA level close to B, could measure the parameter as a
function of temperature therefore removing the free parameter from many of the

fitting models. However, there are many difficulties associated with the single
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filament measurement including electrical contacts and sample preparation as

discussed in Chapter 5.

The calculated J. values provide an upper bound for J. achievable in Bi-2223
assuming that the world’s best Bi-2223 thin films are optimised samples. A
comparison of the anisotropy in the J(B,T) functional form of the measurements
with the calculations at 20 and 60 K suggests that the angle of grain alignment
within the tape measured is between 135 — 180°. The magnitude of Jc in the tapes at
20 K and 15 T with the field applied parallel to the a-b axis is 1.3 x 10* A.cm™. This
value can be compared with predictions of 9.9 x 10* A.cm™ in a curved film with i/
= 135° in the same conditions and 6.05 x 10> A.cm™ for a flat film. Therefore the
tapes perform within a factor 8 of curved film (ideal tape) performance at 20 K
assuming 135° grain alignment. At 60 K and 15 T the tape performance is 4.9 x 10°
A.cm’ compared with 2.7 x 10° curved film with ¢= 135° and 4.9 x 10° A.cm™ for
a flat film. These data at 60 K suggest that at 5 T the tapes are already close to the

optimum predicted from the film calculations.

The implications of these calculations are quite far-reaching. Although the J. of
these particular tapes are about a factor 3 below state of the art long length tapes at
77 K and zero field, at high field they operate to within a factor 8 of the curved film
at 15 T assuming grain alignment of 135° and perfect grain boundaries. These
numbers should be used to influence the direction of the effort put into increasing
tape J.. The calculations suggest that increasing the quality of the grain boundaries
and grains can only possibly produce an increase in J, of a factor 8 at 20 K at 15 T

for a similarly aligned conductor.

Although improvements in grain alignment in the tapes (equivalent to a flatter thin
film) would increase the value of J. with field applied parallel to the surface of the
tape, the associated increase in anisotropy of the J.(B) dependence would affect the
suitability of the tape for use in applications. Magnet systems generate field
components parallel and perpendicular to the central field. In a magnet, the
operating current density is required to be below J, for all turns. When using an

anisotrdpic superconducting tape, the maximum axial field (Buma) and the
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maximum radial field component (Bgnq,) must both be considered in the choice of
conductor. For a magnet designed to produce the maximum field with the minimum
volume of turns the ratio of Bmax t0 Brmax 1s around 4. The performance limiting
point within the magnet is then determined by the anisotropy condition J.s/u5(B gmax)
! Jepue(Brmax) Where typically Bimax = 4 X Bamar. If this ratio is equal to 1 then the
performance of the magnet is determined by both orthogonal field components (this
is the optimal operational condition), however for ratios other than 1 the
performance of the magnet is limited by either the radial or axial field component.
As the degree of alignment within the tape is increased the associated anisotropy in
the J.(B) dependencies will also increase, as shown in Figs -6.12-6.14, resulting in
the J, ratio at the maximum axial and radial field components increasing above the
value 1 (which is not optimum). Therefore increasing J, for fields applied parallel to
the surface of the tape through increased alignment beyond the anisotropy condition
cited above, is not a route to increasing the field available from typical magnet

systems.
6.5 Conclusions

The J.(B,T) dependence of ideal Bi-2223 tapes has been calculated assuming that
the polycrystalline tape can be described by a curved film model. These calculations
account for the degree of grain alignment in the tapes and assume that the properties
of the best reported thin film are at an optimum. A comparison between the
calculations and measurements suggest that the maximum obtainable J. in high
magnetic fields at 20 K, useful for applications, is only a factor 8 above that
‘presently available from industrially manufactured tapes. Although perfectly aligned
tapes produce the highest J. with field aligned to the a-b planes the large anisotropy
associated with the alignment means that these tapes are not the most useful for

typical applications.
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Chapter 7

Introduction to Superconducting Magnet Design

7.1 Introduction

After the discovery of the superconducting alloys in the 1950s and 60s it became
clear that superconducting magnets would offer superior performance to their
conventional counterparts. The potential for compact high field systems with low
power consumption could be realised through the high current densities of the
materials and zero resistance operating mode. Persistent current operation would
also produce stable fields over long time periods. The design of superconducting
magnets is a specialist science with systems being designed to the specific
requirements of the user. Types of system range from small solenoids to large
volume 3-D magnets used in fusion projects. Specific design parameters include
magnitude and direction of field, bore size, operating temperature, field

homogeneity and field stability.

The most important part of any magnet is the wire or tape used for winding. Most
superconducting magnets are presently produced using NbTi and Nb3Sn wires
although HTS magnet technology is rapidly emerging. Other A15 and Chevrel phase
materials offer realistic alternatives for the future. Magnetic fields just above 20 T at
4.2 K can be produced using combinations of NbTi and Nb3Sn where higher fields
are unobtainable due to the B, values of the materials. A cryocooled NbTi/Nb;Sn
laboratory system with a 52 mm room temperature bore has recently been reported
producing a bore field of 15 T[1]. The high B.; and 7. values of the HTS give the
potential for high field cryocooled magnet systems operating at 20 or 30 K or for use
as magnet inserts within low temperature high field systems. Cryocooled Bi1-2223
systems with room temperature bores have produced fields in excess of 7 T[2,3] and
a HTS insert has produced 1.46 T within a 22.54 T background field at 4.2 K[4].
Hybrid systems containing high powered water cooled magnets within

superconducting outer coils have been designed to produce DC magnetic fields in
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excess of 40 T [5,6]. Non-destructive pulsed field systems currently produce fields
above 60 T [7] for time periods up to 100 ms [8] and a project is underway to
produce the first non-destructive 100 T pulse field magnet [9]. Explosive pulsed
ﬁeld-systems are capable of producing fields as high as 1000 T.

In this chapter the main considerations of superconducting magnet design are
discussed focusing around the basic solenoid. Firstly the equations used to calculate
the field generated within the coil are presented. Limitations of the field magnitude
for a magnet system are presented in a discussion of the critical current dependence -
of field, temperature and strain of the conductor. The transition from
superconducting to normal state (quenching) in a superconducting magnet is
potentially destructive to the system. The causes of quenching are discussed in
Section 7.4 and the main protection mechanisms against damage are presented.
Large field homogeneity is essential for many superconducting magnet applications
and the methods used to increase field homogeneity are identified in Section 7.5.
After a discussion of magnet impregnation and ‘training’ the main applications of

superconducting magnets away from the physics research laboratory are briefly

described.

7.2 Magnetic field calculations

7.2.1 Field calculation at a point (r,z) due to a magnet

The axial and radial field components at any position (,z) with respect to the centre

of an elemental current loop of radius a carrying current / can be calculated using

the expressions[10]

L I | L 1=(r/a) ~(/a) -
O [ St LR ae s

B ()= 2! (ij o 1 ./ZH—K(¢)+ 1+(r/a) +(z/a)2 E(¢)}(7'2)

=-1_O; r 2+(z/a)2] [l—(r/a)]2+(2/a)
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where

g=sin""k (7.3)
and ‘
_ 4(r/a) ”__
k——l:(l—r/a)z +(z/a)2] =sing. 74

K(#) and E(#) are complete elliptic integrals of the first and second kind
respectively. The field produced at any point due a magnet can be calculated by

integration of Equations 7.1 and 7.2 within the particular system.

7.2.2 Field produced at the central point of a solenoid

The simplest of magnet types is the solenoid. In the following descriptions the
solenoid length is given by 2/, bore radius a, outer winding radius b, number of turns
N and the field at the central point By as shown in Figure 7.1. The magnet is assumed

to be completely homogenous and the average current density of the magnet, J.u, is

given by
Joy = M (7.5)
il = 21(b - a) '
where [ is the current through the magnet.
The field at the centre point of the solenoid is given by
B, = J,aF(af) (7.6)
where F(a/) is the shape factor described by[11]
172
a+ (az + ,52)
F(a ) = “oﬂh{ 12 ) (7.7)
1+(1+ )
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S~

Figure 7.1. A schematic of a simple solenoid showing field line contours within the

cross-section. The magnitude of field on each contour is given relative to the central
field.
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Figure 7.2 Function F, relating the central field in a simple solenoid to its radius,

current density and shape factors e and £[12].
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a=b/a and f= l/a. In Figure 7.2 the shape function is presented as a function of «
and g Clearly different values of & and fFcan be used to produce to the same central
field. The minimum volume required to produce a given central field is described by

the function

Vmin = 27m3(a2 - 1)/8 (7.8)

The minimum volume dimensions produce a short fat magnet with low field
homogeneity and a high ratio between the maximum field within the magnet and the
central field. The maximum field within a solenoid occurs on the inner winding at
the midpoint along the length, represented by point B, in Figure 7.1. For a
superconductor the current carrying capacity is dependent on field and hence it is
more efficient to subject the conductor to a field similar to the central field of the
magnet. For these reasons the minimum volume dimensions may not always be the

most efficient in magnet design.
7.3.  Limiting factors in the performance of superconducting magnets

The dominating factor in the design of a magnet system is the performance of the
electrical conductor. Superconducting materials are only useful below the critical
current density in specific background conditions. The critical current density of
superconductors has been observed to be dependent on the magnitude and direction
of applied field, temperature [4,13,14] and strain [15-17]. As shown in Figure 7.1
different turns within a magnet experience fields varying in both magnitude and
direction. The bending strain experienced by different turns also varies due to the
variation in radii of current loops. Therefore the dependence of J. on field,
temperature and strain should be known explicitly for the conductor within the
ranges experienced within the magnet in order to make reliable predictions of

expected performance.

The performance of the conductor at a particular point within the magnet can be
predicted using load lines. A load line defines the magnitude and direction of field at

a specific point within the magnet as a function of current through the magnet. The
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intercept of the load line with the field dependence of the critical current for the
conductor in identical conditions defines /. for a turn at the corresponding position.
If all sections of the magnet are connected in series the performance will be limited

by the turn with the lowest 7.

The performance of a magnet can be optimised using a technique known as grading.
The magnet cross-section should be divided into regions experiencing similar field
magnitudes, field directions or bending strains. A conductor with optimum current
carrying properties within the conditions of a section can then be selected and used
to wind that particular section of the magnet. For example, Bi-2223 has been shown
to have a strong J. dependence on angle of applied field and bending strain above
about 0.3 %. Therefore regions of a Bi-2223 magnet experiencing field
perpendicular to the tape surface or a bending strain above 0.3 % may be replaced
by a conductor with higher J; values in the same conditions. However, if the magnet
is designed to operate in liquid nitrogen clearly only HTS materials are suitable. It is
clear that there are many considerations when designing a magnet system and the
conductor should always be carefully chosen in order that the performance is

optimised.

7.4  Quench production and protection

7.4.1 Introduction to quenches and quench protection

Quenching is the term used to describe the process that occurs when any part of a
superconducting magnet changes from the superconducting to normal phase. A
transition will occur when any of the critical parameters of the superconducting
material are exceeded. At low temperatures the specific heat of all materials is
relatively low and therefore a very small increase in energy will produce a large
increase in temperature. The low operating temperature of superconducting magnets
means that the release of only a small amount of energy within the magnet may

initiate a quench in the system.
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The energy stored in a magnet is given by

1 2
E=zLI (1.9)

where L is the inductance of the magnet and [ is the current. Typical
superconducting magnets may store up to megajoules of energy which can be
released in a few tenths of a second during a quench. As a comparison, 1 MJ is the
energy required to boil off 333 1 of liquid helium. If the energy was released
uniformly within the magnet there would seldom be a problem however a quench is
normally initiated at a single point. The energy is released in the form of heat and
spreads from the initiating point by ohmic heating and thermal conduction. The
initiating point experiences the highest temperatures simply because it is subjected
to heating for the longest time. The increase in temperature during a quench may be

sufficient to burn through the insulation or even melt the wire.

All magnet systems have a ‘minimum propagating zone’. If the heat produced at the
initiation point is below the minimum propagating value then the cooling properties
of the magnet are sufficient to disperse the heat and prevent the propagation of the
quench. However, the quench will spread throughout the magnet if the heat exceeds
the minimum propagating value. Even in the best designed magnet systems there is
always the possibility of liquid helium being lost or the current being ramped too
high and so magnets must be designed to quench safely at all times. Ideally the
magnet would be able to absorb the energy released during a quench without any
damage to the system. However the high levels of energy stored during operation in
most systems demand that protection devices are an integral part of any
superconducting magnet. In this section the main causes of quenching are identified

and the most frequently employed magnet protection mechanisms are discussed.
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7.4.2 Typical causes of quenches
7.4.2.1 Eddy current heating

Within a magnet, ramping the current results in eddy currents being produced in the
matrix of the superconducting wire and in the support structure. At higher ramp rates
larger currents are produced. If the heat produced in these non-superconducting
materials cannot be conducted away from the superconductor at a fast enough rate,

the superconductor will increase in temperature and initiate a quench.
7.4.2.2 Movement within a magnet

Cooling and operating magnet systems results in large stresses being exerted on the
system which may result in movement of the turns. Forces on the wire are induced
by Lorentz forces and differential thermal contraction between different materials.
Movement of wire of only few microns during operation may release enough
frictional energy to produce a normal region in the magnet and initiate a quench.
Therefore superconducting magnets must be designed to prevent any movement of

wire during operation.

The conductor can experience very large Lorentz forces during operation due to the
high currents and fields experienced by the turns. In some magnet systems the local
forces can approach the yielding strength of copper. In designing a magnet the
forces acting within the system should be accurately modelled and the magnet
sufficiently strengthened to prevent any movement of wires. Within a standard
solenoid the forces act to compress the coil axially and burst the coil radiaily. Coils
are impregnated using wax or resin to prevent movement of the turns during

operation. A discussion of coil impregnation is presented in Section 7.6.
The second cause of stresses within the magnet is the differential thermal

contraction of the constituent materials. On cooling from room temperature to

cryogenic temperatures all materials experience some degree of thermal contraction.
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Forces induced between sections of the magnet may be considerable due to

differential thermal contraction between materials.
7.4.2.3 Flux jumping

Using the critical state model, on applying a magnetic field to a slab of
superconductor a screening current is induced around the surface. The current
density of the screening current is J;. Therefore the current density within the slab
has only two possible values, J; or zero. If the external field is kept constant, on
increasing the temperature of the slab the current density of the material is reduced
and the magnetic field will penetrate deeper into the slab. The resulting movement
of flux will generate heat and increase the temperature further. If the original
disturbance is strong enough it will cause an avalanche of heat generation and flux
motion — a flux jump. By dividing the wire into fine subsections the energy
dissipation is reduced and the surface of the superconductor is increased thereby
reducing the effects of flux jumping. Flux jumping may be observed during the
ramping of a magnet system. Typically a random, backward step in field of a few

mT would be observed, generally at fields below 2 T.

7.4.3 Methods of protection against quenching

7.4.3.1 Protection by an external resistor

The simplest protection for a superconducting magnet is an external ‘dump’ resistor.
The electrical circuit is shown in Figure 7.3(a) containing a switch (§) and external
resistor (R.). The switch is opened on detection of a quench and the current decays
through the external resistor. The external resistor dominates the decay time if it is

chosen to have a large resistance compared with the internal quench resistance (R,).

The current decay time is given by

r= (R +R,) (7.10)
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Figure 7.3. Magnet protection circuits using; (a) an external resistor; (b) an internal

diode plus external resistor; (¢) magnetically coupled resistor [18].
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Figure 7.4. Quench protection of a subdivided coil with n subdivisions [18].
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where L is the induction of the magnet. An advantage of the external resistor is that
most of the energy is removed from the cryogenic environment minimising cryogen
boil off. The external resistor circuit is an ‘active’ protection mechanism relying on

a detection circuit to operate the switch.

An extra diode may also be added to the circuit as shown in Figure 7.3(b). In the
figure the diode is contained within the cryostat and referred to as a ‘cold diode’. In
the case of a quench and after the current source has been switched to zero the

current will pass through the diode.
7.4.3.2 Protection by a coupled secondary coil

By magnetically coupling the magnet to a short-circuited secondary coil any change
in current in the magnet will couple to the secondary. This circuit is shown in Figure
7.3(c). The secondary is often the support cylinder of the magnet or another part of
the support structure. During a quench part of the energy will be transferred from the
magnet into the secondary reducing the temperature and voltage across the normal
region. If the secondary is in good thermal contact with the magnet the heat
produced in the secondary will heat up the magnet thus increasing the rate of
propagation of the normal conducting region. This technique is called ‘quench-
back’. A disadvantage of the coupled protection technique is that during current
ramping energy will be released from the secondary within the cryostat possibly
warming the magnet. For this reason a low ramp rate is always used in magnets

protected in this way.
7.4.3.3 Protection by subdivision

A final method of protection for the magnet is the use of subdivisions as shown in
Figure 7.4. In this protection technique shunt resistors are placed in parallel with
sections of the superconducting coil. During superconducting operation the current
passes through the magnet but when the resistance of a superconducting section
increases the current is shared between the coil and the shunt resistor. The

disadvantage of the subdivision protection mechanism is that heat is released across
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the resistors during ramping causing cryogen boil off and therefore a slow ramp rate

is required.
7.4.3.4 Summary of quench protection

It is clear that in-an ideal case a magnet would be self protecting such that the heat
released during a quench would disperse within the magnet and cause no damage.
However this is only the case with small, low field magnet systems and in general
protection mechanisms must be installed to control the quench safely. The two
choices for protection are ‘active’ and ‘passive’ mechanisms. The active external
resistor removes most of the energy from the cryostat and therefore avoids boiling
off expensive cryogenic liquid. However the success of the system relies upon the
quench detection system to open the switch. Passive systems are generally cheaper,
simpler and more reliable. However energy is released through the protection
circuits during current ramping and heavy restrictions are put on the magnet ramp
rate. Also the stored energy is contained within the cryostat during the quench.
Protection by subdivision .is generally favoured among the passive protection
techniques since it does not affect the coil construction and is usually more efficient

if a sufficiently large number of sections are employed.
7.5 Homogeneity within a magnet system

The homogeneity of a magnet system is generally classified by defining a volume
over which the uniformity of the magnetic field is specified. Homogeneity
requirements vary between applications. For example, laboratory magnets are
typically uniform to between 1 part in 1000 (10°) and 10° over 10 mm diameter
spherical volume (10 mm DSV). MRI magnets are around 10 over 500 mm DSV
and magnetic resonance spectroscopy requires approximately 2 x 10"% over 7.2 mm

DSV.

The field around the centre point of a uniform current density coil can be expressed

as a series expansion. Along the z-axis the field has the form

102



B=B|1+E,(a, ﬂ)[ai] +E,(a, )[f—} _ (7.12)

where a is the inner radius of the solenoid. For a simple solenoid the coefficient
Ey(a p) is negative and therefore the field decreases in moving away from the centre
along the z-axis. Since the solenoid is symmetrical about the z-axis the odd terms in
the expansion are equal to zero. The field homogeneity about the centre of the
magnet can be increased by eliminating the power terms in the expansion. The order

of a coil is defined by the lowest power of the (z/a) term.

The simplest way to improve field homogeneity is to increase the length of the
solenoid and therefore increase the value of £ For further improvements, ‘notches’
are incorporated into the winding. A notch is a region of the magnet with low
current density. Typical notches have current density equal to half or zero times the
bulk of the windings. A zero current density notch would usually be occupied either
by the magnet bobbin or air. Half current density notches are often wound from the
superconducting tape with a ‘dummy’ tape in parallel carrying zero current thus
halving the current density in the region of the notch. A notch increases field
homogeneity about the centre of the magnet but decreases the magnitude of the field
produced. Notches can be used to increase the order of the magnet up to sixth order

in which the axial field distribution is given by

B =B, 1+Eé(a,ﬁ)[f—J +Ey(a, )(aij " (7.12)

A higher level of field uniformity is gained through the use of series correction coils.
Once the magnet has been fabricated there may be small variations in field
homogeneity due to manufacturing tolerances. The homogeneity along the z-axis
may typically diverge between 10 and 100 parts per million from the sixth order
field function. It is possible that odd-order gradients ((z/a)® etc) may also appear in
the expression for axial field distribution. To compensate these variations in field

homogeneity series correction coils are wound around the outside of the main coil

103



and connected in series with the main coil. The improved homogeneity is usually
independent of field and therefore the coils will not need to be adjusted at different

fields.

Shim coils are used to produce homogeneity greater than 1 part in 10* over 10 mm
DSV. Superconducting shims can operate in series up to 1 part in 10> over 10 mm
DSV or independently to above 1 part in 10® over 10 mm DSV. Shimming coils are
situated outside the main coil and may be wound in any configuration to reduce field
gradients on and off the z-axis. Magnet shimming is extremely complex and unique
configurations are required for every magnet. High-resolution NMR magnets are
usually fitted with atleast ten shimming coils each with its own superconducting

switch.
7.6  Impregnation

Magnets are impregnated to prevent any movement of the windings during
operation. The impregnant should fill all voids within the magnet volume thus
supporting all regions of the magnet. An impregnant should be selected with similar
thermal contracting properties to the other constituent materials in the magnet and
good adhesive properties to the wire and insulation. Typical choices for the
impregnant are paraffin wax or resin, depending on the application. All voids and
gas bubbles must be removed before curing and so magnets are generally degassed
before impregnation and impregnated under vacuum. Large volumes of impregnant
are always susceptible to cracking. To avoid impregnant-rich areas the coil should
be tightly wound and the volume of impregnant should not exceed the required
minimum. The precise details of impregnating coils using wax and resin are

presented in Chapters 8 and 9.

Wax is used to impregnate coils that exert low stresses on the conductor. The wax
has no significant strength and is basically used to fill out the turms and prevent
movement. Wax is regularly used to impregnate NMR magnets that experience low
levels of stress and do not undergo many thermal cycles before being held at a

constant field for a significant time. Wax impregnation is rather cheap and simple
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with the wax being heated above the melting point (around 60°C) and penetrating
between the turns.

Resin has a much greater strength than wax and is used to impregnate coils
_experiencing high levels of stress. Resin systems contain epoxy, hardener and
accelerator mixed in precise ratios. Accurate temperature control during curing is
also required to optimise the properties. Although resin is much stronger than wax it
is more liable to crack during cooling or magnet operation. This cracking of the resin

results in ‘training’ of the magnet.
7.7 Training

Newly built magnets are often found to quench prematurely (train) when they are
initially energised. The resin is brittle at low temperatures and weak links will often
crack when experiencing the stresses exerted within the magnet for the first time.
The resin at a particular point can only crack once and on re-energising the magnet
again another region of the coil may reach a critical stress limit and crack. Once the
cracking process is completed, the magnet is ‘trained’ and able to reach higher
currents before quenching. A well designed magnet should reach the design value
without extensive training. Some modern resins can resist cracking and are used to

impregnate magnets exhibiting little or no training.

7.8 Applications of superconducting magnets
7.8.1 Nuclear magnetic resonance (NMR)
7.8.1.1 Principles of NMR

The magnetic moment of a nucleus is given by

= Al (7.13)
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where y is the gyromagnetic ratio, % =h/2x (h is Plank’s constant) and I is the spin.
In an external field the magnetic moments attempt to align with the field but at a
finite temperature thermal fluctuations result in misalignment the moments with the
field direction. The moments precess around the field (Bg) due to their angular

momentum at a frequency given by
@=B,. (7.14)

The electrons of a molecule screen the magnetic field at the location of the nucleus.
Therefore the local field is dependent on the chemical environment and the local
precessing frequency changes accordingly. By exciting molecules at different radio
frequencies in a background field and detecting the signals from the sample the
nuclear magnetic resonance spectrum can be determined. NMR is a technique

currently used in biochemical and medical applications.
7.8.1.2 Nuclear magnetic resonance spectroscopy

The first large scale application for superconducting magnets outside of physics
came in the early 1970s in nuclear magnetic resonance (NMR) spectroscopy. High
resolution NMR magnets are used in biochemistry for the structural analysis of
molecules. Very large magnetic fields are required with long term stability better
than 10® h! and a field homogeneity around 2 x 10" over 7.5 mm DSV. Large
fields are required for added sensitivity and large field homogeneity produces a
sharp resonance of extremely narrow linewidths. NMR magnets operate at a single
field and remain at that field for a number of years. The field is usually expressed in
terms of the proton frequency where 42 MHz corresponds to 1 T. Field strengths in
NMR magnets currently range from 4.7 T (200 MHz) to 21.1 T (900 MHz) although
1 GHz NMR systems are presently being developed[19-22].

7.8.1.3 Magnetic resonance imaging (MRI)

Imaging using magnetic resonance techniques (MRI) has become a widely used

medical procedure over the last decade. For clinical MRI only the proton is imaged.
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The most important factors for MRI purposes are strong fields within large diameter
bores exhibiting high homogeneity and excellent stability. Limiting stray fields is
also an important design consideration and fields are shielded using a second coil
around the outside of the main coil. Typical MRI magnets have a bore diameter of 1
m and produce a field of around 1.5 T of homogeneity 1 x 10 over 500 mm DSV
stable to 1 x 107 b

7.8.2 Superconducting magnets used for thermonuclear fusion

Confinement of very hot deuterium-tritium plasma using magnetic fields is thought
to be best way to control thermonuclear fusion. Superconducting magnets are now
an integral part of any reactor due to the relatively low power required compared

with conventional magnets.

7.9  Summary

The design of a superconducting magnet is a complicated science. The performance
of the magnet is affected by the constituent conductor, the self-field generated within
the turns and the choice of materials used for magnet fabrication. The causes and
potential consequences of a quench have been discussed and the most common
forms of protection against damage to the magnet have been identified. A discussion
of the methods used to increase the field homogeneity within the bore have also
Been presented. The principles and considerations presented in this chapter have
been used in the design and fabrication of a first generation 98 mm bore Bi-2223
magnet and a state of the art 1.29 T Bi-2223 laboratory scale magnet presented in

Chapters 8 and 9 respectively.
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Chapter 8
Development of High Temperature Superconducting Coils

Using Bi-2223/Ag Tapes

8.1 Introduction

Since the discovery of high temperature superconductors (HTS) in 1986, significant
work has gone into improving the properties of the materials. We have now reached
a period when conductors can be produced over long lengths [1,2] making large
scale magnet applications realistic. Multifilamentary HTS cuprates remain the most
likely candidates, in particular the Bi-2223 phase due to the high J. properties that
can be produced in long lengths using powder route processing [2-4]. There are
three main areas of applications development for these conductors; 1) High
temperature, low field applications (B < 1 T) allowing relatively cheap liquid
nitrogen to be used a coolant; 2) Medium field magnets (2 T < B < 10 T) operating
at temperatures of 20-30 K, enabling the easy use of cryocoolers and 3) Very high
field inserts ( > 20 T) for use at 1.8-4.2 K temperatures, taking advantage of the high
J. and B.; values. For example a 1000 m Bi-2223/Ag tape was used to produce a
magnet [2] which produced a self-field of 4 T at 4.2 K, 1 T in 20 T background field
and 0.37 Tina23 T backgroﬁnd field [5]. A more detailed review of international

magnet technology is presented in Chapter 9.

In this chapter the development stages of the Durham HTS coil winding project are
reported. The design and fabrication of six double wound pancake coils from Bi-
2223 multifilamentary tape using the react and wind route are presented. These coils
were tested electrically and their performance analysed before being stacked to form
a 98 mm bore HTS magnet. Although the technology presented in this chapter is no
longer state of the art, the technical knowledge and experience gained from this

work provided the foundations for the 1.29 T magnet project presented in Chapter 9.
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The development of the fabrication technique is reflected in the different materials
used during fabrication of the coils. The coils are numbered from 1 to 6 in
chronological order, Coil 1 being the first to be fabricated. Coils 5 and 6 were
wound after the individual electrical testing of the first four coils was complete and
used in the magnet. Two of the pancakes have been impregnated with wax and four
with resin. The self field generated for the coils has been calculated. The bore for
these coils is 98 mm which produces a bending strain on the tape of about 0.3%.
Since strain measurements on short samples show that J, markedly decreases at
strain values of typically 0.3% [6,7], the handling of the tapes during the fabrication
procedure must be kept to a minimum. The voltage-current characteristics have been
measured for all sections of the coils in liquid nitrogen and helium in self-field. In
addition, J. measurements have also been made on short samples of the tape used to
fabricate the coils at 77 K in fields up to 300 mT and at 4.2 K in fields up to 1 T.
These data allow us to assess the performance of the coils. Finally the six coils were
stacked to form a magnet. We report on the electrical properties of all sections at 4.2

and 77 K in magnet operating mode and the bore field generated.

Section 8.2 describes the fabrication procedure of the pancakes and magnet. In
Section 8.3 we outline the self field produced by an individual coil and the bending
strain of the tape. The experimental results for the short sample and of the coils in
both individual and magnet configurations are presented in Section 8.4. Finally we

discuss the results and conclusions from this work.

8.2 Fabrication procedure

8.2.1 Coil Fabrication Procedure

Three different 37 filament Bi-2223/Ag tapes fabricated using the powder-in-tube
route were used to fabricate the coils. Table 8.1 presents the cross-section, fill factor

and /. of the three tapes. The /. values quoted were measured over a 100 m length of

tape. The important differences between the tapes are discussed in Section 8.4.
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Tape 1 Tape 2 Tape 3
No. Filaments 37 37 37
Tape cross-section | 0.854 mm” 0.961 mm* 0.973 mm”
| Fill factor 36.2% 29.5% 32.0%
L. of 100 m length at | 20 A 25A 27T A
77K

Table 8.1. The main parameters and dimensions of the Bi-2223 tapes.

The basic construction of all double pancakes was similar and is shown by Figure
8.1, a photograph is presented in Figure 8.2. The Tufnol former was held in the
chuck of a lathe. The superconducting tape and the insulating Mylar are co-wound
onto the former from two separate spools by slowly rotating the chuck. There is little
tension in the tape to minimise strain damage. However the insulator is tensioned to
ensure the packing factor of the coil remains high. The former has six slots to
enhance cooling for the inner turns. Each double wound pancake consists of 2
oppositely wound pancakes insulated from each other by a ring of Kapton. In Table
8.2, the total length of tape, the number of tums on each pancake and the
impregnation material for each coil is shown. The individual pancakes were joined
together using three electrical joints soldered to the bottom turn of each pancake,
silver was used for coils 1-4 and Bi-2223 tape used for coils 5 and 6 producing a
lower resistance joint. Two current leads were connected to each coil by soldering a
silver strip to the top layer of each pancake. Two copper voltage taps were also

connected to each coil, one on the top layer and one on the bottom layer. This

Coil 1 Coil 2 Coil 3 Coil 4 Coil 5 Coil 6
Bi-2223 tape used | 1| 1 2 3 3 3
Total length of tape | 14 m 9m 212m 178m }321m |314m
No. turns 20+19 §15+12 |30+30 [25+23 |47+47 |[47+45
Impregnation Wax Wax Resin Resin Resin Resin

Table 8.2. The main parameters of the double wound pancakes.
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configuration ensured that the critical current for each pancake and the joints
between the pancakes could be tested individually as well as the whole coil. In
making these connections, care was taken to limit mechanical damage to the tape by

the soldering iron.

During impregnation the coils were held in PTFE moulds and vacuum impregnated
at 0.1 mbar. Early coils were impregnated using wax. Each wax coil was heat-
treated at 70°C for 10 hours during which time the wax first melted and then
impregnated the coil. Then the coil was slowly cooled to room temperature. The
Ciba-Geigy resin system CY1300, HY906 and DY073 was used to impregnate Coils
3-6 due to its greater strength. First the coil and the mixed resin were out-gased for
24 hours at 50°C. Then the resin was poured into the mould containing the coil. The
temperature was ramped at 10°C per hour up to 80°C and the pressure increased to
ambient pressure. The resin was then gelled for 18 hours at 80°C. Then the
temperature was again ramped at 10°C per hour and finally the coil was cured for 11
hours at 120°C. Room temperature resistivity measurements confirmed there were

no short circuits in any of the coils.
8.2.2 Magnet fabrication procedure

The coils were stacked together using the room temperature curing Ciba-Geigy resin
system CY 1300 and HY1300. 0.5 mm thick copper plates were inserted between
each coil to increase cooling. Coils were joined together electrically using B1-2223
tape. The magnet was held together between 2 stainless steel plates and supported
using stainless steel rods. Access to all voltage taps was available from the top plate.
Current connections to the top and bottom of the magnet were made using Bi-2223
tape, also accessible from the top plate. The height of the magnet was 81.3 mm
excluding plates with a 91 mm clearance bore. A photograph of the magnet is

presented in Figure 8.3.
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8.3 Factors Determining Coil Performance

Two of the critical factors that affect the performance of HTS react and wind coils
are the magnetic field produced by the coil and the bending strain of the tape. These

are considered in turn.

The self-field \proﬁle within Coil 3 has been calculated and is presented in Figure
8.4. Similar contours occur for all the coils. The field is zero on contour 1 increasing
in equal steps for subsequent contours out to a maximum at point Byax on contour
10. The distances on the radial axis are given from the centre of the pancake. Point
Brmax shows the point in the coil with the highest field in the radial direction (i.e.
the field parallel to the c-axis of the tape). The coil constant is 2.74 mT.A™' and
Brmax = 0.72 x Bumax. The bending strain exerted on the tape has been calculated
using &= t/D, where ¢ is the thickness of the tape and D is the bending diameter of
the pancake. With the tape thickness of 0.33 mm and bending diameter of 98 mm the

bending strain on the tape is ~0.3%.
8.4  Experimental Techniques and Results
8.4.1 Short Sample Measurements

Critical current density transport measurements were taken on short samples of Tape
1 as a function of field at 77 K from O T up to 300 mT and at 4.2 Kup to 1 T Data
was taken with the sample in 3 orientations with respect to field. Using these data
we can determine the self field limitations for the coils. Samples were cut to 20 mm
in length and mounted on tufnol. A four terminal measurement was used with
voltage taps connected using silver paint and separated by 6 mm and the current
leads soldered to the tape. A criterion of 1.5 chm'l was used to calculate I.. At 77
K the field was applied using a resistive copper magnet and results were taken
during 1.5 field cycles - in increasing, decreasing and increasing field - to study any
hysteretic effects of field on J.. Data were taken every 10 mT up to 100 mT and
thereafter every 20 mT. At 4.2 K data was taken using a 15/ 17 T superconducting

magnet in increasing field only.
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Figure 8.5. The electric field-current density characteristics of a short sample of
Tape 1 every 10 mT up to 50 mT at 77 K. The field is applied parallel to the c-axis

and perpendicular to current.
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Figure 8.6. The critical current density (J) as a function of field at 77 K up to 150
mT for three orientations of the tape with respect to field. Measurements taken on a

short sample of Tape 1. Also shown are the radial and vertical field load lines for the

double wound pancakes. Data taken over 1.5 field cycles.
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Figure 8.7. The critical current density (J;) as a function of field at 42 Kupto 1 T
for three orientations of the tape with respect to field. Measurements taken on a short
sample of Tape 1. Also shown are the radial and vertical field load lines for the

double wound pancakes.

Figure 8.5 shows some detailed electric field - current density characteristics over
the first 50 mT in the orientation field parallel to the c-axis. The baselines are flat to
within the limits of the experiment indicating there is very little damage to the
sample. The n-index has been calculated using the standard equation V=ad" where n
is the index of transition. From the data in Figure 8.5 it was found that in zero field
at 77 K the short sample value for n is 18.7 and at 30 mT, #n is 9.4. In Figure 8.6 we
present the short sample data taken at 77 K, we expect the short-sample data for all
three tapes to be similar. The orientation with field parallel to the c-axis shows the
strongest /. field dependence dropping from 28 A in zero applied field to 13.2 A at
30 mT. Eventually /. dropped to 1.9 A at 280 mT. The two orientations parallel to

the a-b planes are similar to each other. They have a much weaker dependence
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dropping to 14.5 A at 250 mT. Very little hysteresis in /. is found in any of the data
although the decreasing field values are slightly higher due to trapped flux within the
superconductor. The 4.2 K data presented in Figure 8.7 shows a similarly strong
I.(B) dependence in the c-axis orientated direction and again a much weaker field

dependence was observed with field applied parallel to the a-b planes.
8.4.2 Double wound pancake test results

The voltage-current characteristics of each coil were measured at 4.2 and 77 K using
a four terminal dc technique. A criterion of 1.5 pVem™ was used to define .. In
Figures 8.8 and 8.9 the voltage-current characteristics are shown for the three
components of Coil 3 at 77 K and 4.2 K respectively - the two individual pancakes
and the joint. It can immediately be seen that the n-index of transition for the
pancakes is similar to that of the short sample (cf. Figs 8.5, 8.6 and 8.7). In Table 8.3
we present data taken on all 6 individually energised coils at 77 K. Coils 1 to 4 were
also tested individually at 4.2 K and the results shown in Table 8.4, no results are

presented for Coils 5 and 6 at 4.2 K since these were fabricated after the 4.2 K

testing.
8.4.3 Results of Magnet Testing

After magnet fabrication the electrical properties of the each coil was tested within
the magnet configuration. Current was passed through the entire magnet (operating
mode) and the voltage measured across each constituent section at both 4.2 and 77
K. The performance of each section is presented in Table 8.5. The 1. values in the
magnet configuration are different from those with the coils individually energised,
Tables 8.3 and 8.4, due to self field effects of the magnet, discussed further in
Section 8.5 and Chapter 9. The critical current for the magnet was 90 A at 4.2 K and

the maximum field constant on the bore was 3.29 mT.A™L
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Figure 8.8. The electric field-current density characteristics at 77 K of a double

wound pancake (Coil 3).
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Figure 8.9. The electric field-current density characteristics at 4.2 K of the double

wound pancake (Coil 3).
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Coil 1 ' Coil 2 Coil 3 Coil4 [ Coil5S | Coil6
Inner pancake
L I133A |145A |123A |145A |[149A |107A
n-index 3.7 6.2 11.3 10.0 11.8 -
Outer pancake
L I39A [ 145A |123A |[144A |109A |12.1A
n-index 2.5 6.9 11.4 9.2 - 9.1
Joint resistance | 10 uQQ | 22 uQ 10 pQ 10pQ2 {2uQ 4 uQ2

Table 8.3. Critical current (/) and n-index of the double wound pancakes at 77 K in

self-field when individually energised.

Coil 1 Coil 2 Coil 3 Coil 4
Inner pancake I 99 A 99 A 97 A 104 A
Outer pancake I 103 A 105 A 96 A 104 A

Table 8.4. Critical current (/.) of the double wound pancakes at 4.2 K in self-field

when individually energised.

I.at 4.2 K (A) I. at 77 K (A)

Inner Outer Whole Inner Outer Whole
Coil 2 (Top) 73.0 72.4 72.5 10.2 11.0 10.2
Coil 6 78.2 85.2 80.2 11.4 11.2 10.9
Coil 4 113 110 109 15.1 14.6 14.9
Coil 3 99.6 96.6 89.0 12.2 12.2 12.2
Coil 5 84.7 90.8 86.3 12.2 13.3 12.5
Coil 1 (Bottom) 71.9 83.7 75.9 10.7 12.5 10.6

Table 8.5. Critical current (/) of the double wound pancakes at 4.2 and 77 K in the

magnet configuration. The results are presented for the inner and outer pancakes and

the whole coil with the coils in their respective magnet positions.
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8.5 Discussion

From the calculations of the field contours within the individually energised coils
(Figure 8.4), the load lines which define the field produced per Amp by the coil have
been calculated for point Byax - vertical field load line and point Bryax - radial
field load line. The intercept between these load lines, shown in Figures 8.6 and 8.7,
and the J. characteristics show the ideal performance were the short sample values
of current density achieved throughout the turns. The intercept between the critical
current data for B parallel to c-axis and the radial field load line occurs at a lower
current than the intercept for B parallel to a-b and the vertical field load line.
Therefore the performance of the coil is determined by the conditions at point Bryax
in Figure 8.4 where the local field lines are parallel to the c-axis of the tape. The
ideal critical current is predicted to be about 13.5 A at 77 K giving a Bruax of 28
mT and Bmax of 39 mT, and 80 A at 4.2 K giving a Brmax of 166 mT and Byax of
231 mT. Tables 8.3 and 8.4 and the data in Figures 8.5 and 8.7 confirm that these

critical current values have been achieved in practice.

The index values for the coils characterise the performance of the coils at low
electric field values. It can be seen from Table 8.3 that Coils 1 and 2 have markedly
lower n-values than Coils 3 -6 (n ~ 10 - 11.8) or the short sample ( n ~ 9.4 at 30
mT). We suggest that this result is consistent with the relatively low 7, value for
Tape 1 over long lengths (~20 A) compared to short sample currents (~28 A) and
suggests damage to the tape prior to coil fabrication. The values of the n-index for
the resin impregnated coils using Tapes 2 and 3, are actually slightly higher than that
of the short sample. This confirms that independent of the E-field criterion used to
define /, the coil performance is very close to that expected for undamaged turns

limited by self-field.

Within the fully energised magnet the /. values are found to vary from the
individually energised coil values due to self-field effects within the magnet. In
magnet operating mode the field at the top and bottom of the magnet is more closely
aligned to the c-axis of a greater percentage of turns. Since the c-axis orientated field

dependence is much stronger than the equivalent a-b orientated behaviour (c.f.
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Figures 8.6 and 8.7) the I. of the outermost pancakes is reduced. This can be
observed in a reduction in the 7, values of Coils 1 and 2 at both 4.2 and 77 K within
the magnet configuration compared with those of the same coils when individually
energised. Conversely the field in the central regions of the magnet is more closely
aligned to the a-b planes within an increased number of turns and hence the 7. values
of Coils 3 and 4 are higher within the magnet configuration. The ﬁeid profile within

magnets is studied in greater detail in Chapter 9.
8.6  Conclusions

As part of the magnet technology in Durham, six large bore double wound pancakes
have been fabricated from 37 filament Bi-2223/Ag tapes, produced by the powder in
tube route, using the react and wind technique. The self field produced within the
windings of the individually energised coils has been calculated. Measurements have
also been completed on short samples to determine the dependence of I. on the
orientation and magnitude of the field at 4.2 and 77 K. Although the bending strain
in the pancakes is similar to the maximum that can be sustained by these brittle
materials, the performance of the coils is almost entirely self field limited. This work
has provided the required technical knowledge and experience to design and

fabricate a state of the art HTS magnet presented in Chapter 9.

123




References for Chapter 8

[1]

[2]

(3]
[4]

Balachandran U, Iyer A, Jammy R, Chudzik M, Lelovic M, Krishnaraj P,
Eror N, and Haldar P 1997 IEEE Transactions on Applied Superconductivity
7 2207-2210

Sato K, Ohkura K, Hayashi K, Ueyama M, Fujikami J, and Kato T 1996
Physica B 216 258-260

Sato K, Hikata T, and Iwasa Y 1990 Applied Physics Letters 57 1928-1929
Sato K, Hikata T, Mukai H, Ueyama M, Shibuta N, Kato T, Masuda T,
Nagata M, Iwata K, and Mitsui T 1991 [EEE Transactions on Magnetics 27
1231-1238

Sato K, Shibuta N, Mukai H, Hikata T, Ueyama M, Kato T, and Fujikami J
1993 Cryogenics 33 243-246

Ekin J, Finnemore D, Li. Q, Tenbrink J, and Carter W 1992 Applied Physics
Letters 61 858-860

Suenga M, Fukumoto Y, Haldar P, Thurston T, and Wildgruber U 1995
Applied Physics Letters 67 3025-3027

124



Chapter 9
Design, fabrication and performance of a 1.29 T Bi-2223

magnet system

9.1 Introduction

Since the discovery of Bi-based high temperature superconducting ceramics [1,2],
an enormous effort has gone into improving the critical current density (J..) of these
materials. In short samples, J, of 6.9x10* Acm™ [3] and 7.3x10* Acm™ [4] has been
achieved in zero-field at 77K. High-field applications rely on using high
performance tapes of kilometre lengths. In the Bi-2223 system, this level of
performance is now being realised with J, of 1.2x10* Acm™ reported over 1260m
[5], 1.8x10* Acm™ over 250m [6] and over 2x10* Acm™ achieved in 1200m[7],
1000m [8] and 400m [9] lengths at 77 K in self field. It is expected that J, will
increase yet further, perhaps by an order of magnitude [10], as our understanding of

the tape processing improves.

The high current carrying capacity of Bi-2223 up to 30 K [7,11,12] enables
production of compact cryogen-free magnet systems. Cryogen-free systems are
attractive because: 1) easy operation is facilitated since no cryogen is required, ii)
cooling efficiency at 20K is approximately five times higher than at 4K making
refrigeration more economical, 1ii) thermal stability and fast magnet sweep rates are
possible because the specific heat of the tapes is about two orders of magnitude
higher at 20K than 4K. Cryogen-free Bi-2223 systems have been fabricated using
stacked pancake coils producing fields of 7.25T [13] and 7T [14] at around 20 K.
The high upper critical field of Bi-2223 also facilitates the production of high-field
inserts. A record field of 24 T at 4.2 K [7] was achieved from a Bi-2223 insert in a
22.54 T background field, the same magnet producing 2.3T at 4.2 K in self-field. A
magnet producing 3.2 T in self-field and 1 T at 4.2 K in a background field of 20 T

has been fabricated [5]. Inevitably the enormous effort producing large scale Bi-



2223 magnets and inserts has lead to the proprietary use of materials and

commercial know-how.

Increasing opportunity for fabricating laboratory scale magnets in 1 - 5 T range
operating at temperatures below 30 K will follow the improvements in J¢ of Bi-2223
tapes. Laboratory scale magnets have been produced using both the “react-and-
wind” (R+W) and “wind-and-react” (W+R) processes. Using R+W, 1 T has been
generated [15] from 8 R+W double-wound pancakes at 4.2 K. At 20 K, 1.1 T was
achieved from 17 R+W double-wound pancakes [16]. Using W+R, a Bi-2223 coil
with a 15 mm bore generated a field of 1.34 T at 4.2 K[17] and Bi-2212 inserts have
produced 2.6 T in self-field and 1.08 T in a background of 20 T at 4.2 K [18]. This
paper outlines fabrication of a laboratory scale magnet produced without the use of

the specialist equipment (e.g. tape winding machines).

In Section 9.2, J, data for short samples of Bi-2223 tape to assess the effects of
magnetic field, strain and anisotropy are presented. In Section 9.3, the design and
fabrication procedure for the Bi-2223 magnet system consisting of six double wound
pancakes is presented. Since the design parameters of any laboratory scale magnet
are specific to the application including magnitude of field, field homogeneity,
reinforcement of the structure and bore size, alternative available fabrication options
are also discussed. In Section 9.4, J. data for the magnet and all constituent pancakes
at 4.2 K and 77 K are presented. Axial field profiles of the magnet, measured using a
Hall probe, are compared with calculations. The electric field - current density (£-J)
characteristics of all pancakes were measured both with each coil (i.e. double
pancake) individually energised and with the magnet energised to assess the
reliability of the fabrication route. In Section 9.5, the performance of the coils and
pancakes is compared with calculations which together demonstrate that the magnet
presented produced a field close to short-sample performance. The Discussion
considers the data presented and suggests a series of experiments required to assess
efficiently the suitability of a particular tape for a particular application. In this
chapter, sufficient detail is included so that the non-specialist can assess the

performance of available brittle superconducting tapes for magnet technology and



then design and fabricate a react-and-wind laboratory scale magnet using pancake

coils with equipment available in any well-founded laboratory.
9.2  Measurements on a short sample of a Bi-2223 Tape

Once the basic design parameters of magnet bore size and dimensional restrictions
are determined (c.f. Section 9.4), the field strength of modern magnets is almost
entirely determined by the performance of the superconducting wire or tape [19]. In
our magnet, system restrictions include a minimum bore diameter of 40 mm,
maximum outer diameter of 82 mm and use of the react-and-wind conductor. In this
section, short samples of the Bi-2223 tape used to fabricate the magnet are
characterised. The tapes used were 37 filament Bi-2223 alloy sheathed tape
fabricated via the powder in tube (PIT) route with J, of 8.3 x 10* A.cm™ (4.2 K, 0 T)
across the superconducting cross-section. The parameters of the two constituent
tapes are presented in Table 9.1. In Bi-2223, it is known that J. is strongly dependent
on the magnitude of field [7,11,12], angle of applied field[20-26] and strain[27-30].

Figure 9.1 shows the effects of thermal and mechanical cycling on the critical
current density of Tape 1 at 77 K and zero field using 100 mm samples. Straight

sample J, was measured as 1.18 x 10* A.cm™ (77 K, 0 T) using criteria of 1.5

Tape 1 Tape 2
Material Bi-2223 Bi-2223
Sheath Silver alloy Ni/Mg Silver alloy Ni/Mg
Thickness (mm) 0.33 0.29
Width (mm) 33 3.5
No. filaments 37 37
Fill factor (%) 28 28
Length of tape (m) 120 70
Ic of sections along tape length at 35-38 33-35
77K, zero magnetic field (A)

Table 9.1. Main parameters and dimensions of the Bi-2223 tapes.
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Figure 9.1. The critical current density (J;) of thermally and mechanically cycled
100 mm samples of Bi-2223 tape at 77 K. The open symbols (A) are for thermally
cycling alone. The closed symbols are for a tape that is bent (¢) and J- measured and

then straightened (A) and remeasured for 10 cycles.

uV.em'. After 10 thermal cycles no degradation was observed in J, within the
experimental limits. In a second experiment, the sample was mechanically cycled by
bending it around a 44 mm diameter (the diameter of the inner turn of the magnet)
and re-straightened. J, was measured in each configuration (1 thermal cycle includes
two J. measurements) during 10 mechanical cycles. The first mechanical cycle
| produced a permanent decrease in J, of ~ 20 %. Eventually the J. degraded by ~ 75

% from straight sample performance.

The field dependence of J. was measured using 30 mm samples of Tape 1 at 4.2 K
in fields up to 15 T. Measurements were taken on a straight sample (0 % strain) and
a sample bent on a 44 mm diameter (0.55 % strain). Strain values quoted in this
paper were calculated using € = t / D where ¢ is the thickness of superconductor

(0.24 mm) and D is the bending diameter. J. of the tape was 8.3 x 10* A.cm™ (42K,
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Figure 9.2. E-J traces for short samples of Bi-2223 tapes at 0 % and 0.55 % strain at
42K in fieldsup to 15 T.
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Figure 9.3. The critical current density as a function of magnetic field for a short
sample of Bi-2223 Tape | at 0 % and 0.55 % strain with field aligned parallel and
perpendicular to the tape surface. All data taken at 4.2 K.
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0T,e=0%)and 5.82 x 10* A.cm? (4.2 K, 0 T, &= 0.55 %). Data were taken with
the field applied in 2 and 3 orthogonal directions with respect to the surface of the
tape for the 0.55 and 0 % strained samples respectively. Typical E-J characteristics
are presented in Fig. 9.2 for the field applied parallel to the tape surface (B parallel
to a-b planes) in fields up to 15 T. At all fields the strain degrades J.. However all
traces produce flat baselines to within the noise (200 nV peak-to-peak) suggesting
that undamaged filaments of zero resistance exist within the strained sarﬁple. In Fig.
9.3, the J; for Tape 1 at 4.2 K in fields up to 15 T with field applied parallel and

perpendicular to the tape surface at 0 and 0.55 % strains were determined using a

criterion of 1.5 uV.cm'™.

Once the short sample behaviour of the conductor has been measured the optimum
performance of the magnet can be calculated prior to magnet fabrication assuming
that short sample performance is achieved in long lengths. These calculations are

addressed in Section 9.4.

9.3 Magnet Fabrication
9.3.1 Magnet Windings

The choice of conductor determines whether the react-and-wind (R+W), wind-and-
react (W+R)[6,17,31,32] or wind, react and tighten (WRAT) [18,33] are most
suitable. W+R routes have facilitated the production of pancake coils with radii ~ 5
mm showing no degradation in J,; [31]. The degradation in tape performance from
the more simple R+W technique due to strain on the conductor that was used in this
work, should be weighed against the high melting point insulation and accurate
reaction conditions for the coils required in the W+R technique. We calculate that a
~ 20 % increase in maximum field would have occurred had a strain-free W+R

technique been used.

Powder-in-tube (PIT) tape was used in this magnet. There is a continuing effort to
improve processing of PIT tapes, in which precursor powders are packed into silver

alloy tubes, drawn and pressed into a tape and processed in complex
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thermomechanical heat-treatment schedules [5,34-41]. Other long-length tapes

include dip coating[18,33,42] and electrophoretic deposition[43].

The tape was wound onto tufnol bobbins of thickness 2 mm and inner diameter 40
mm. Tufnol was chosen primarily because of its electrically insulating properties
and ease of use but also due to its adequate fracture stress and similar thermal
contraction to the epoxy. Copper and other metallic based materials have been used
with the advantages of higher thermal conductivity and high strength which can be
important in large magnets [7,15,16]. Ceramic formers are used in W+R magnets

due to their refractory properties [6,32].

The bobbins were covered by a single layer of glass fibre tape and placed on a PTFE
mount as shown in Fig. 9.4(a). Each coil contained two oppositely wound pancakes
joined together at the bottom turn using Bi-2223 strips. The tape was wound into
anchor points in the tufnol bobbin and soldered across the short orthogonal tapes that
provided electrical connections between the two pancakes. The superconducting
tape was co-wound with non-adhesive polyimide (Kapton) tape of thickness ~ 60
um to provide turn-to-turn insulation as shown in Fig. 9.4(b). The insulator was
tensioned during winding to maximise the radial packing factor although the
superconductor was not tensioned in order to minimise damage. Polyimide is usually
selected since it is an insulating material available in thin tape form (~ 60 pm) which
has a high (short period) melting point of 310°C and reasonable strength (for
winding under tension) [7,14,16,44]. Alternatives include mylar, braid or a varnish
coating for R+W [45,46] and alumina based slurries for W+R
coils[6,17,31,32,47,48]. Two polyimide sheets were inserted to provide pancake-
pancake insulation. After the first pancake was wound, the superconducting spool
was turned round and repositioned so that the strain was minimised (i.e. the tape was
not straightened) while winding the second pancake. Finally a Bi-2223 current lead
was soldered to the outer turn of each pancake and copper voltage taps were
soldered on the inner and outer turn of each pancake to facilitate diagnostic
measurements on all sections of the coil. Six double-wound pancake coils were

fabricated. The parameters of each coil are presented in Table 9.2.
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The windings of a superconducting magnet system must be completely impregnated
by insulating material that ensures the turns do not move when the magnet is
energised. Such movement can quench the magnet and damage the brittle conductor.
Ideally the impregnant should have a high fracture stress at operating temperature,
have similar thermal contraction properties to the superconductor and be adhesive to
the turns. Standard choices are wax (often preferred for small coils which are seldom
thermally cycled) and resin (Araldite or Stycast) [46,49]. The thermal and
mechanical properties vary for different resin systems but for small magnets the ease
of use and pot-life are primary considerations [50-54]. To key the resin to the
bobbins, dove tail slots were incorporated into the bobbin (c.f. Fig. 9.4(a)). For the
magnet presented here, a Ciba-Geigy resin system CY1300 (resin), HY906
(hardener), DY073 (accelerator) mixed in the ratio 100 : 80 : 2 by weight
respectively was used. During impregnation the coils and resin were held in the
PTFE parts which constitute the mould shown in Fig. 4(b). PTFE was used because
of its non-stick properties. The resin was degassed for 12 hours at 50°C. The coil
was then impregnated with resin under vacuum at 50°C. On completion of
impregnation, the system was let up to atmospheric pressure to drive the resin into
the turns. The temperature was then increased to 80°C and held for 16 hours before
curing at 120°C for 8 hours. A minimum volume of resin was used to avoid any
resin-rich areas that are particularly liable to crack during thermal cycling. The coil

was removed from the PTFE mould after curing.

In a solenoid the Lorentz forces act to compress the magnet axially and explode it
radially. These forces act to deform the constituent materials which will modify J,
and can if excessive lead to catastrophic failure. Formulae for calculating stresses in
magnets are well-established [46]. If the fracture stress of any of the constituent
materials is exceeded [55], reinforcement should be included such as co-winding
thin stainless steel tapes with the superconductor{7,14,17,44,56,57], reinforcing
sections of the magnet [58] or a support structure around the outside of the
magnet[46,58]. Fibre reinforced plastic (FRP) sheets are frequently used to insulate
and reinforce the magnet in the axial direction[6,7,44]. Estimates of the maximum

stress produced in our magnet are around 150 kPa, much less than typical fracture /
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Epoxyresin | Tufnol Polyimide Bi-2223/Ag
[46] (Carp)t [59] (60]
Thermal contraction 1.1 0.57 0.9 0.25
at 4.2 K (%)
Yield / fracture stress 140 105* 155 -
(MPa)

Table 9.3. Mechanical properties of constituent materials of the Bi-2223 magnet.

* denotes room temperature. T denotes manufacturer specification.

yield stresses of constituent materials (listed in Table 9.3). Typically no additional

reinforcement is required for properly impregnated laboratory scale magnets.

Coils were stacked and glued together to form the magnet using the Ciba-Geigy
room temperature curing system CY 1300 (resin), HY 1300 (hardener) mixed in the
ratio 3 : 1 by weight. Joints between the coils were soft soldered using Bi-2223 tape.
Although sophisticated jointing techniques have been developed, this is rarely
necessary in small magnet systems [32,49]. The magnet was supported between two
non-magnetic stainless steel plates (brass is equally good) using four support rods. A
top plate was connected above the top support plate with 24 voltage terminals, to
allow the voltage across any pancake to be measured. Current access to all coils was
also provided via 7 current terminals on the top plate electrically connected to the
coils with Bi-2223 tape which allowed any coil to be individually energised as well
as the entire magnet. The dimensions of the Bi-2223 magnet are presented in Table

9.4 and a photo shown in Fig. 9.5.
9.3.2. External Components
~Copper current leads were used from the top of the cryostat to the magnet current

terminals. The large heat leak to the system due to the copper leads was considered

acceptable during the 8 day testing period. Optimised permanent current leads are
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typically fabricated from tubes of brass with a current density x length product of 1.5
x10° Am™ for operating at 4.2 K and 6 x10® Am™" at 77K [46,60,61].

Quench protection is an essential component in large superconducting magnets
because of the large potential energy stored when energised ( ~1 - 10 MJ). Critical
parameters include the maximum temperature (éhs4x) and the maximum voltage
(Vmax) together with the characteristic decay time for the current decay following a
quench. A maximum temperature of 100 K is normally considered safe enough to
ensure that the local expansion in the region of the (hot) quench does not damage the
windings, although 500 K can be tolerated in some systems without mechanical
damage or the insulation or resin melting. The breakdown voltage for polyimide is
120 kV.mm™ and for polymer resins is typically tens of kV.mm™. The basic
approach to protecting a large magnet if &y4x or Visy are too large is to subdivide
the magnet. Choices include active and passive systems either within or outside the
cryostat[46,62]. Basic calculations suggest that no sub-division (and protection) is
required if the magnet, as is the case here, consists of less than 2 km of wire or

tape[19].

The inclusion of iron pole pieces[63,64] or copper coils[65] has been shown to
reduce the magnitude of the radial field component in the outer coils and therefore
increase the field produced by the magnet. This approach is only applicable for low
| field systems where the iron does not saturate. It has been suggested that the
maximum radial component may be reduced by ~ 40 % [64]. Calculations suggest

that such a reduction may have produced up to ~ 15 % increase in maximum field.

9.4 Performance of coils and magnet

After each coil was fabricated, it was tested at 77 K to identify any damage of
electrical problems. The /. values obtained after initial cool-down using 1.5 pV.em'
criterion are presented in Table 9.5. There is relatively large variation from coil to
coil primarily because the number of turns and geometry of the coils are not the
same. In addition after the first pancake of a coil is tested, subsequent measurements

on the second pancake and joints are affected by remnant field and possibly because
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the coil had not cooled back to 77 K. However, since these “quality control”
experiments showed that there were no pancakes which had been seriously

damaged, all coils were stacked to form the magnet.

E-J measurements were taken for each coil when individually energised (to identify
any damaged pancakes) at 4.2 K and 77 K (not shown), with the whole magnet
energised and with the magnet energised in a background field at 4.2 K and 77 K.
The background field of 296 mT at 4.2 K and 40 mT at 77 K was provided using a
large bore Bi-2223 system which has been previously reported [66]. Comparing the
Ic values for any pairs of pancakes in a given coil when individually energised, one
finds that for Tape 1 the variation in [, is ~ 7 % and Tape 2 is ~ 5 %. These
variations are consistent with long-length variations in /¢ in the original tape of up to

~ 10%.

The E-J characteristics obtained from Coil 1 individually energised at 4.2 K and its
component pancakes are presented in Fig. 9.6 and for Coil 5 with the whole magnet
energised at 4.2 K in Fig. 9.7. In both cases the baselines are flat (consistent with the
short sample data in Fig. 9.2), the superconducting joint resistance remains low for /
< I. and the E-J characteristics of the whole coil is the sum of the pancakes and
connecting joint. When the whole magnet is energised, the top and bottom coils
exhibit the lowest /. at both 4.2 (90 and 92 A) and 77 K (12.6 and 11.7 A) consistent
with other work in the literature [65-67]. Typical joint resistances between pancakes
are below 2 uQ at 100 A at 4.2 K. The /. of the magnet in self-field was measured to
be 104 Aat42Kand 12.8 Aat77 K.

The axial field profile along the central bore axis was measured using a Hall probe at
room temperature with the magnet energised at 1.0 A. The field profile within the
magnet was calculated to high precision by taking into account the precise number
of turns on each pancake, the packing factor and the position and geometry of each
pancake [68]. In Fig. 9.8, the excellent agreement found between the calculated and
measured profiles provides evidence that there are no short circuited turns within the

magnet. The measured maximum field constant of &.18 mT.A" at 42 K and 8.20
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Figure 9.6. Electric field - current density characteristics of the components of Coil 1

with the coil individually energised at 4.2 K.
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Figure 9.7. Electric field - current density characteristics of the components of Coil

5 with the whole magnet energised at 4.2 K.
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Figure 9.8. Comparison between measured and calculated axial field profile within

the Bi-2223 magnet.

mT.A™! at room temperature agree to better than 1 % with the calculated value of

8.11 mT.A"". The axial field is homogeneous to ~ 1.5 % over 1 cm about the centre.

The optimum shape for small magnets is a (well-documented) compromise between
the magnitude of the field produced, the homogeneity of the magnetic field profile
and the length of conductor [46]. A coil that has a minimum weight of wire for a
given field will produce a homogeneity of ~ 1 part in 10° over a 1 cm diameter
sphere volume. For higher homogeneity up to 1 part in 10, notch, compensation or
shim coils may be added [19,69]. The maximum magnet constant for our magnet is
calculated as 8.85 mT.A™, positioned on the inner winding at 2 mm above the
centre. This maximum is offset from the centre due to the asymmetry of the number
of turns. The maximum current passed through the magnet in self-field was 146 A at
4.2 K, limited by a 10 V power supply, corresponding to a maximum bore field of

1.19 T and a maximum magnet field on the turns of 1.29 T. In a background field at
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4.2 K the maximum measured bore field was 1.470 T (including 296 mT

contribution from the large bore magnet).
9.5. Calculations of magnet performance

The /. of any turn in any pancake is determined by the local angle and magnitude of
the magnetic field and the local strain state. The magnitude and direction of field
throughout the magnet has been calculated using standard formulae. The field
profile of the magnet was generated using the precise dimensions of each coil. The
geometry and number of turns of Coil 2 was used in calculations for the individually

energised coils. The strain state was calculated from the bending radius.

It is a very large experimental task to determine the magnetic field, temperature and
strain dependence of J¢ for a short sample. To approximate the functional form of J¢
over the required range, we have chosen to linearly interpolate the variable magnetic
field J¢ data in Fig. 9.3 obtained at two different orientations of the field and two
different strains. Comparison with the literature shows that these interpolations give
a reasonable first approximation to the observed Bi-2223 J, dependence on

strain[27-30] and angle[20-26] as discussed in Section 9.6.

The positions of the turns with the lowest /; (i.e. the performance limiting turn) were
identified at r = 36 mm (105 A) for the individually energised coils and on the top
and bottom pancake at r = 38 mm (94 A) for the fully energised magnet. The J.
dependencies and corresponding load lines for the performance limiting turns are
presented in Fig. 9.9. The change in the normalised current density within the top
pancake when the magnet is energised is presented in Fig. 9.10 where calculations
for Jo were made at 2 mm intervals radially along the pancake. The change in
magnitude and direction of field experienced by the turns are presented in the same
figure. On moving radially outwards from the bore the magnitude of field decreases
by 50 %, the strain decreases by 45 % and the angle of field becomes more closely
aligned with the c-axis of the tape by 60°. The combined effect of these factors

results in only a 10 % variation in /, across the pancake. The calculated /; of the top







pancake is 94 A. Above 94 A, heat will start to be generated locally. An average
value of Ic(av) for the pancakes has also been calculated using a length average
defined by Ic(av)=2I1/>] where ! is a length of tape with a particular /.. For an
individually energised coil Ic(av) is 115 A and with the magnet energised I.(av)
across the top pancake is 101 A. The measured I, values of 90 and 92 A for the top
and bottom pancakes with the magnet energised (c.f. Table 9.5) are in very good

agreement calculated value of 94 A.

The performance of the magnet has also been calculated assuming a W+R approach
had been used. Necessarily, there is no degradation in the tape performance due to
strain. In the case of the individually energised coil, the performance limiting turn is
positioned at » = 36 mm with an /. value of 133 A. With the magnet energised, the
performance limiting turn is positioned at r = 38 mm on the outermost pancake with

an /. of 117 A. Hence the maximum field could be increased by ~ 20 %.

9.6. Discussion

We estimate the uncertainty in the predicted J. due to the anisotropy and field
interpolation to be less than ~ 5 % since the field at the performance limiting turn is
aligned with the c-axis to ~ 5 degrees (c.f. Fig. 9.10). The interpolation to determine
the strain dependence of J, within the magnet is more complex. Our experience
measuring the strain dependence of J, in brittle Bi-2223 tapes is that there is
considerable statistical variation in short sample measurements [70], probably
because of the variation in porosity of the tapes along their length [10]. It is
therefore difficult to obtain variable strain short sample data that are representative
of long lengths. Nevertheless, in light of the ~ 10% variation in /. over long lengths
in the tapes and the ~20 % degradation in /. due to strain intrinsic to the R+W
technique, there is very good agreement between the calculations and the final
magnet performance. We conclude that a reliable fabrication process has been
developed for laboratory scale magnets which produces minimal additional damage

due to handling.
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We suggest fabrication of a laboratory scale magnet as follows; measure J,. of the
tape as a function of field with the field applied parallel and orthogonal to the tape
surface in the unstrained state and at the strain state equal to that on the bore of the
proposed magnet; measure J, after many thermal cycles to ensure no degradation
occurs; calculate the performance of the proposed magnet; if necessary a third
interpolation point can be obtained on a short sample as a function of field at the
strain state and orientation of magnetic field for the turn with the lowest /. and the
expected performance of the magnet double-checked; construct the coils; test the
coils in self-field at 77 K and replace any damaged ones; finally stack the coils to

form the magnet.
9.7. Conclusions

In this chapter, the design and fabrication of a 1.29 T laboratory sized Bi-2223
magnet operating at 4.2 K has been described. The magnet was fabricated from 6
resin impregnated double wound pancakes of inner diameter 40 mm wound via the
react-and-wind route using Bi-2223/Ag tape with critical current density 8.3 x 10*
A.cm™ (4.2 K, 0 T). Design considerations actually used and other possible options
in fabricating a similar sized magnet with different operational requirements or

restrictions have been discussed.

The measured performance of the magnet and all constituent coils has been
compared with calculated values obtained using field profile calculations and short
sample J¢ data. Good agreement between calculation and experiment has been found
which show that the top and bottom pancakes limit the performance of the magnet.
The performance of the magnet is reduced by ~ 20 % due to the strain on the
superconductor produced during the R+W technique. We conclude that a reliable
fabrication technique has been described for the non-specialist to produce a R+W

High Temperature Superconducting Laboratory scale magnet.
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Chapter 10
Future Work

Future work in this area should be directed towards measuring the transport
properties of single filaments from the Bi-2223 tapes. In particular, effort should be
put into extracting filaments from the centre regions of the tapes reported to carry up
to 10 x the current of the outer filaments. The calculations in Chapter 6 suggest that
these filaments may perform close to equivalent thin film values. There is little data
on single filaments in the literature possibly because of the many problems
associated with the sample preparation. However these measurements may be the
most critical measurement in identifying the mechanisms limiting J. in the
polycrystalline tapes. The tape measurements are affected by the shunt resistance
and single crystals and films do not represent industrially ‘useful’ forms of the
material. The statistics of successful sample preparation are low using the techniques
described in Chapter 5 however the technique of heating the samples before making
contacts took a step towards increasing the probability of a low resistance contact. A
further improvement may be to heat the sample during gold contacting. Another
improvement may be to use the more robust silver epoxy for contacts. Silver paint
was used since it ran around the sample to optimise the contact but if the heated gold
can produce low resistance contacts to the sample, the epoxy may be more reliable
during thermal cycling. Using the VTI / high field magnet system in place in
Durham, currents from tens of nA up to hundreds of mA could be measured in fields
up to 15 T in accurate temperatures up to 7,. J.(B,T) measurements within these
ranges could accurately measure the decrease in J,. towards B, and possibly take a
step towards distinguishing between the pinning mechanisms. The change in
curvature observed in the c-axis orientated £-J filament characteristics in Chapter 5
should definitely be investigated further. Measurements should be taken close to the
melting line at different temperatures and fields over many orders of magnitude in

current and voltage to investigate this further.
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The most comprehensive of J(B,T) data sets reported has been presented in Chapter
4 but is unable to distinguish pinning models. Although the data are extremely
attractive to magnet manufacturers unless the J, performance of the tapes can be
increased by about a factor 5 I feel nothing new will be concluded about the pinning

mechanisms in the tapes from pursuing these measurements.

The react and wind magnet project has been successfully completed and the
laboratory scale technology is now firmly in place. The next step would be to build a
magnet of size around 5 T to compete with the largest magnets on the international
stage. Although possible with the expertise gained through this thesis a project of
that magnitude would require more manpower and is probably better placed in
industry than the research laboratory. A wind and react project may be useful to the
group for fabrication of inserts, however this technology is becoming increasingly

established and would not offer anything new to the international community.
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Appendix 1 Publications

1. Design, fabrication and performance of a 1.29 T Bi-2223 magnet system
Sneary AB, Friend CM and Hampshire DP

Submitted for publication in Superconductor Science and Technology

2. The Useful Limit for the Critical Current Density in Bi-2223 tapes
Sneary AB and Hampshire DP

To be submitted to Superconductor Science and Technology

3. Development of High Temperature Superconducting Coils Using Bi-2223/Ag
tapes
Sneary AB, Friend CM, Richens P, Jones H and Hampshire DP
IEEE Transactions on Applied Superconductivity 9 936-939 (1999)

4, Critical Current Density of Bi-2223/Ag Multifilamentary Tapes from 4.2 K up
to 90 K in Magnetic Fieldsup to 23 T
Sneary AB, Friend CM, Vallier JC, and Hampshire DP
IEEE Transactions on Applied Superconductivity 9 2585-2588 (1999)

153




Appendix 2

Conferences and Courses

"Conferences Attended

April 2000
December 1999
April 2000
September 1998

Courses Attended

1999
2000
1998
1997

University of Birmingham  Superconductivity meeting
University of Leicester CMMP 99

University of Birmingham  Superconductivity meeting
Palm Springs, California ASC 98

CRAC Research Councils’ Graduate Schools Programme
Maple V for beginners (Durham University ITS)
Mechanical workshop course (Durham University)

Low temperature techniques course (Aston University)
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Appendix 3 Computer programs

Maple V

Je(B,T,theta) mws  Generates the angular dependence of J, for a thin film in

Chapter 6.

mapsoln(B)2.mws  All the J.(B,T) predictions for the curved film model in

Chapter 6 were generated using this program.

inmag.mws This program was used to calculate the field profile within the

coils and magnets.

ASYST V-I programs

120trace.abs, 120trace.var

V-I characteristics were measured up to 120 A using the Oxford Instruments

IPS and the Keithley 182 nanovoltmeter.

120field.abs, 120field.var
V-I characteristics at varying field up to 120 A using the Oxford Instruments
IPS and the Keithley 182 nanovoltmeter.

500trace.sk1, 500trace.var
V-I characteristics up to 500 A. The voltage output from the Oxford

Instruments IPS is used to ramp the 500 A supply.

500field.sk1, 500trace.var
V-I characteristics at varying field up to 500 A. The voltage output from the

Oxford Instruments IPS is used to ramp the 500 A supply.

FILGLASS.ABS
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V-I characteristics for single filament experiments. Current is automatically
ramped using Glassman power supply. Voltage read across Keithley 182

nanovoltmeter.

FIL TR 1.ABS |
V-I characteristics for single filament experiments. Current is manually

ramped current using Glassman power supply.
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