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ABSTRACT

The rapid development of second generation (2G) high temperature superconducting (HTS) wires
in the last decade has made it possible to wind high quality 2G HTS coils. These 2G HTS coils show
promise for future applications such as magnetic resonance imaging (MRI) magnets, electrical
machines, magnetic levitation trains, energy storage, etc. 2G HTS coils can be operated using either
dc current or ac current. Several important issues have yet to be resolved, such as how to properly
magnetise an HTS coil under dc conditions, or how to minimise losses under ac conditions. These
problems should be carefully studied before the 2G HTS coils can be widely applied in scientific and
industrial applications.

This thesis focuses on emerging HTS flux pump technology for HTS coils operating in a dc
environment. HTS flux pump technology applies a travelling magnetic wave to fully magnetise an
HTS coil, which is both efficient and economical, and has in recent years been proven feasible.
However, the underlying physics of this technology are so far poorly understood. In order to study the
influence of a travelling magnetic wave on HTS films such as YBa,CuzO-.;, two types of circular-type
magnetic flux pump (CTMFP) devices were proposed and built. These novel devices generate an
annular-shape travelling magnetic wave. The first type was the original CTMFP magnet, which
produces the longest wavelength of travelling wave. The second type was the updated CTMFP
magnet, which can produce a shorter wavelength of travelling wave (1/2 of the original CTMFP
magnet in the six phase connection and 1/4 in the three phase connection). A 2 inch diameter round
shape YBCO thin film (200 nm thick of the YBCO layer) and a 46 mm>46 mm square shape YBCO
tape (1.0 m thick of the YBCO layer, with a hole of ®26 mm in the centre) were tested.

When using a round shape YBCO thin film and the original CTMFP magnet, it was found that the
travelling wave tends to decrease the existing critical magnetic gradient inside the YBCO film. The
experiment was repeated under different conditions, such as zero-field cooling (ZFC), field cooling
(FC), delta-shape trapped field, etc. A simulation based on the H-formulation using FEM software
revealed that, after application of the travelling wave, the current density distribution inside the round
shape YBCO sample was disturbed, becoming much lower than its critical current density Jc. This
discovery is interesting because the Bean model suggests that the current density inside a type-Il
superconductor should be equal to either +Jc or - Jc (the critical state model). It was found that a

round shape YBCO sample follows the Bean model prediction for the homogeneous oscillating field
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(homogeneous in space), which suggests that the travelling wave is more efficient for transporting the

magnetic flux inside YBCO film, compared to a homogeneous oscillating field.

An updated CTMFP magnet was designed and built to investigate the influence of the degree of
field inhomogeneity on the change of an existing critical magnetic gradient. The results were
compared between the six phase connection (1/2 wavelength of the original CTMFP magnet) and the
three phase connection (1/4 wavelength of the original CTMFP magnet). It was found that with a
travelling wave of consistent amplitude, by shortening the wavelength, the change of magnetic
gradient is made stronger. The result supports the assumption that the field inhomogeneity in space
may have an important influence on the magnetisation of a YBCO sample. Additionally, in the case of
a three phase connection (1/4 wavelength), by reversing the direction of the travelling wave, a
different magnetisation profile was obtained, which suggests that the experiment may have detected a
macroscopic “magnetic coupling” phenomenon. However, this result needs further study before it can

be confirmed.

The square shape YBCO sample was tested by applying a travelling wave in a dc background field
under FC conditions. The square shape YBCO sample has a centre hole (®26 mm), which is closest to
the condition of an HTS coil (single layer instead of multi-layer). However, in the experiment there
was no clear change of magnetic flux inside the superconducting loop after application of the
travelling wave. This might be attributed to the fact that, the field inhomogeneity is not strong enough
to cause flux migration in the experiments, and the YBCO layer is relatively thicker which increases
the difficulties. Moreover, the width of the superconducting region is relatively small (10 mm), in
order to help magnetic flux migrate into the superconducting loop, the field inhomogeneity must be
strong enough in the superconducting region, which increases the technical difficulties. However, this
might be able to be accomplished by increase the amplitude of the travelling waves. Some

experiments will be carried out in the future.

The experimental findings in this thesis can not only aid in understanding the mechanism of HTS
flux pump technology for an HTS coil, but also can help in understanding ac loss from a coil exposed
to a travelling wave. As was suggested by the experimental results, the magnetisation of the YBCO
film due to the travelling wave is very different from the magnetisation induced by a homogeneous
oscillating field. Under operational conditions, such as inside an HTS motor, the HTS coils experience
a travelling wave rather than a homogeneous oscillating field. This thesis discusses the difference in
resultant ac loss from a travelling wave and a homogeneous oscillating field of the same amplitude. It
was found that, for the round shape YBCO sample, the ac loss from a travelling wave is about 1/3 of
the loss from a homogeneous oscillating field. The regions in which the ac loss occurred are also
different between a travelling wave and a homogeneous oscillating field. These results suggest that

the travelling wave cannot be equated to a homogeneous oscillating field when calculating ac loss.
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In conclusion, this thesis studies two novel experimental devices, built to study the magnetisation
of YBCO films under the influence of a travelling wave. Several novel electromagnetic behaviours
were observed in the YBCO films under the influence of a travelling wave, which may help improve
understanding of HTS flux pump technology for an HTS coil, and the ac loss induced by a travelling

wave.
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CHAPTER 1

OUTLINE

The high temperature superconducting (HTS) flux pump technology for HTS coils is an interesting
and promising technology which can be used to fully magnetise an HTS magnet in an efficient and
economical way. Although there is experimental evidence which supports the feasibility of this
technology, the underlying physics is not yet fully understood. This thesis studies the underlying
physics behind HTS flux pump technology through the development of two novel devices, which can
generate annular-shape travelling magnetic waves. These devices are circular-type magnetic flux
pump (CTMFP) devices. In this chapter, an outline is provided for the study of YBa,CusO7.5 film

using these devices.

Chapter 2 provides an introduction to superconductivity and its basic theories. This chapter begins
by introducing type-l and type-Il superconducting materials and their related theories, such as the
London equation and the Ginzburg Landau (GL) theory. From these theories, it will be shown that the
superconductivity phenomenon is a thermodynamic phenomenon which can be explained by
minimising the internal free energy. Using the GL theory, the quantisation of magnetic flux lines in
the mixed state of type-1l superconducting materials will be introduced, followed by the introduction
of basic vortex dynamics (fluxons, interactive forces, pinning forces, etc.). In the latter part of this
chapter, macroscopic electromagnetic theories for type-Il superconducting materials will be derived
based on basic vortex dynamics. Concepts such as flux creep and flux flow, and macroscopic
electromagnetic models such as the critical state model and the E-J power relation will be introduced.
Other electromagnetic behaviour such as intrinsic pinning and cross field effect will also be

introduced.

Chapter 3 provides an introduction to flux pump technologies for superconducting coils. This
chapter begins by discussing the necessity of using flux pump technology to magnetise a HTS
magnet. Type-I superconducting flux pump technology for low temperature superconducting (LTS)
magnets will be introduced. This is followed by an introduction to the “dc transformer” which
suggests a microscopic magnetic coupling phenomenon in type-1l superconducting films due to field
inhomogeneity. The latter part of the chapter provides an introduction to a possible HTS flux pump

technology for HTS magnets, which indicates the possibility of applying a travelling magnetic wave

1
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to fully magnetise an HTS magnet. In order to investigate the effect of the travelling wave on an HTS
film and show how an HTS magnet is fully magnetised by a travelling wave, a novel research method

is proposed toward the end of this chapter, which introduces the main topic of study for this thesis.

Chapter 4 introduces the experimental systems and the simulation method used. The concept of the
circular-type magnetic flux pump (CTMFP) device is introduced, followed by a discussion on the
design, build, and assembly of the original CTMFP magnet and the updated CTMFP magnet. The
magnets’ properties and a circuit analysis will also be introduced. The power system for the magnet
(dc power source and three phase inverter) and the measurement system (Hall sensor and calibration
method, data acquisition equipment, Labview program) are detailed. The two types of YBCO sample
used (2 inch diameter round shape sample and 46 mm > 46 mm square shape sample) and the
machining of their holders is described. The final part of this chapter describes the integration of the

experimental system and the simulation method based on the H-formulation.

The study aims at using a travelling magnetic wave to magnetise a single layer YBCO sample. To
the author’s opinion, to successfully “pump” magnetic flux into a type-ll superconducting loop, the
travelling wave should be able to migrate the flux inside the type-Il superconducting film effectively.
Moreover, in order to achieve a net magnetisation inside the type-1l superconducting loop, a
macroscopic “magnetic coupling” phenomenon should be present. In other words, the magnetisation
is dependent on the travelling direction of the wave. The topic of the study will be focusing on
identifying the flux migration and magnetic coupling due to the travelling wave.

Chapter 5 presents the experimental and simulation results for the original CTMFP magnet and the
round shape YBCO thin film. The travelling wave of the original CTMFP magnet has the longest
wavelength, or the smallest field inhomogeneity. In the experiment with the round shape YBCO thin
film, it was found that the travelling wave is more effective in transporting magnetic flux comparing
with the homogeneous oscillating field. An interesting phenomenon was identified such as the
travelling wave tends to attenuate the existing critical magnetic gradient. This phenomenon is verified
in various condictions, such as zero field cooling (ZFC), field cooling (FC), delta shape trapped field,
zero dc background field, etc. Simulations based on the H-formulation were performed to show that
the magnetisation based on the travelling wave does not follow the constant current density
assumption, or the Bean model. Moreover, it was found that the magnetisation is dependent on the
sweeping speed, but is independent on the travelling direction. In other words, the macroscopic
magnetic coupling phenomenon is not observed by this device. Other experiments were performed to
show that, the travelling wave is more effectively in fully penetrating the YBCO thin film compare
with the homogeneous oscillating field. In the final part of the chapter, a topic is proposed to study the

ac loss caused by the travelling wave. A comparison will be drawn between ac loss caused by the
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travelling wave and the homogeneous oscillating field. The final part is helpful in better

understanding of the ac magnetisation loss inside superconducting electric machines, etc.

To identify how the field inhomogeneity influences the magnetisation and to observe a possible
“magnetic coupling”, an updated CTMFP with shorter wavelength was developed. In Chapter 6, the
experimental results for the updated CTMFP magnet and the round shape YBCO thin film are
presented. The chapter is divided into two parts. The first part presents the experimental results
obtained using a six phase connection (1/2 of the wavelength comparing with the original CTMFP
magnet). The second part presents the experimental results obtained using a three phase connection
(1/4 of the wavelength comparing with the original CTMFP magnet). The experiment is performed
under ZFC and FC conditions. It was identified that, as the wavelength decreases, move flux is
migrated into the YBCO sample, which proves that the field inhomogeneity is the key factor in
transporting the flux. Moreover, in the three phase connection, it was found that the magnetisation is
dependent on the travelling direction, in other words, a possible macroscopic magnetic coupling
phenomenon was observed in the experiment. However, as this part of experiment is still in process,

further confirmation should be made in the future.

Chapter 7 presents the experimental attempt to magnetise the single layer YBCO loop. The sample
is the square shape YBCO sample with a whole in the middle. According to the author’s assumption,
if magnetic coupling is present in the square shape YBCO tape, the single layer YBCO loop can be
gradually magnetised if the dc background field is slightly offset to give unbalanced positive and
negative flux transport into the sample centre. The experiment is performed using the original CTMFP
magnet, the updated CTMFP magnet with a six phase connection and the updated CTMFP magnet
with a three phase connection. Up to this point, there were no observable changes of magnetic flux
found in the sample centre. Further studies were recommended as to continue increase the amplitude

of the travelling wave.

Chapter 8 discusses a general conclusion to the studies, and proposes future work on this topic.




PHD THESIS UNIVERSITY OF CAMBRIDGE CHAPTER 2

CHAPTER 2

INTRODUCTION TO SUPERCONDUCTIVITY

Superconductivity describes the phenomenon in which certain materials lose their electric
resistivity below a critical temperature Tc. The critical temperature is normally very low (close to
absolute zero) for most superconducting materials. Mercury (Tc~4.2 K, Table 2.1) was the first
superconducting material discovered by the Dutch scientist H.K. Onnes in 1911. This discovery was
made possible only due to the successful liquefaction of helium gas, which reaches its boiling point at
4.2 K. The earliest discovered superconducting materials were mostly metals and simple alloys. These
metallic superconducting materials work only at very low temperatures (below 30 K) which normally
require liquid helium as a cryogen. It wasn’t until 1986 that K. MUler and J. Bednorz [2] discovered
“cuprate” superconducting materials, which operate at a critical temperature above 30 K. A year later
in 1987, C.W. Chu et al. discovered the cuprate superconducting material YBaCuO, which has a T¢
higher than the boiling point of liquid nitrogen (77 K) [3]. Thereafter, superconducting materials have

been classified into two categories:

e Low Temperature Superconducting (LTS) materials: the critical temperature Tc is lower than
around 30 K

e High Temperature Superconducting (HTS) materials: the critical temperature Tc is higher than
around 30 K

Superconducting materials are also classified into two categories based on their physical properties
in a magnetic field, and are labelled as Type-I or Type-Il. Type-1 superconducting materials possess a
single critical field B¢, while Type-I1 superconducting materials possess a lower critical field B¢; and

an upper critical field Bc,:
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e Type-l superconducting materials: B < Bg, superconducting state (Meissner state’); B > Be,

normal state.

e Type-Il superconducting materials: B < B¢, superconducting state (Meissner state); Bc; < B <

Bc,, superconducting state (mixed statez); B > B¢y, normal state

Presently, the only practically useful superconducting materials are Type-l1l materials such as
NbsSn, NbTi, YBaCuO, BiSrCaCuO, MgB, [4], etc. In this chapter, the theoretical interpretation
focuses on Type-1 and Type-ll superconducting materials in relation to the Meissner state and the
mixed state. The Meissner state describes the phenomenon of perfect diamagnetism in Type-l and
Type-Il superconducting materials. The mixed state describes the phenomenon in which flux lines
penetrate into superconducting materials in the form of quantised magnetic fluxons (Type-II
superconducting materials only). A detailed discussion of these phenomena is presented later in this

chapter.
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FIG.2.1. The discovery of superconducting materials and their critical temperature [5].

Superconducting materials are widely used in various areas such as medical diagnosis, research

facilities, transportation, electric system, energy storage, magnetic measurement, etc. The best known

applications of superconductivity are in medical diagnosis in the form of magnetic resonance imaging

L Will be discussed in detail in Section 2.1.
2 Will be discussed in detail in Section 2.2.
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(MRI), research equipments such as nuclear magnetic resonance (NMR) and functional magnetic
resonance imaging (fMRI), as well as in large research facilities such as the large hadron collider
(LHC) and the International Thermonuclear Experimental Reactor (ITER). Almost all these
applications adopt LTS materials such as Nb3;Sn or NbTi for the magnet windings. HTS materials are
not yet sufficiently developed for widely commercial use. However, there is great potential for HTS
materials to be effective for various fields. Applications of HTS materials such as YBaCuO can be
classified into two major categories: bulk application and film application. Bulk applications, include
an HTS flywheel [6-8], HTS maglev [9], bulk electric machine [10, 11], particle separation [12],
vibration isolation [13], etc. Film applications include HTS coils [14, 15], superconducting fault
current limiters (FCL) [16, 17], superconducting cables [18], etc. There are two kinds of HTS wire
which have been commercialised at present: BSSCO wire and YBCO wire. BSSCO tape is known as
the first generation (1G) HTS wire [19] and YBCO is the second generation (2G) HTS wire [20, 21].

This chapter describes the basic physics of superconductivity, in order to establish basic knowledge
for later chapters. The Meissner effect and London equations are used for type-1 superconductors, and
the Ginzburg-Landau theory is a powerful tool for the analysis of type-ll superconductors. Basic
vortex dynamics are introduced to provide understanding of various electromagnetic phenomena in
the mixed state. Specific magnetic phenomena such as intrinsic pinning, the cross-field effect, and the
flux shaking effect will also be introduced.

2.1 Type-I superconducting materials

Type-I superconducting materials have a clearly defined phase diagram, as shown in Fig. 2.2. The
Meissner state (or the superconducting state) lies below the H/T curve, and the normal state or non-
superconducting state lies above the curve. This phase diagram is characteristic of type-I
superconducting materials. Examples of type-l superconducting materials include metals and alloys
such as Hg, Al, Sn, In, etc. In the superconducting state, type-1 superconducting materials show two
distinct properties: perfect conductivity (zero resistivity), and perfect diamagnetism (or the Meissner
effect). The Meissner effect distinguishes type-l superconducting materials from an imaginary ideal
perfect conductor. The Meissner effect and its related London equations will be discussed in Section

2.1.1. The intermediate state is discussed in Section 2.1.2, and will be addressed again in Chapter 3.
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(Non-superconducting)
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(Superconducting)

——
Tq T
FIG. 2.2. The phase diagram of a type-I superconducting material. The shaded area is the Meissner

state (superconducting), while above the H-T curve is the normal state (non-superconducting).

2.1.1 The Meissner effect and London equations

The Meissner effect describes the phenomenon in which a type-l superconductor (or a type-II
superconductor at a magnetic field below Hc,) expels magnetic flux from itself, no matter the order of
cooling and applying the field. Details of this phenomenon can be found in any textbook on
superconductivity. The Meissner effect is the crucial detail by which a superconductor is
differentiated from a theoretical ideal conductor (¢ = o). While the ideal conductor obeys Lenz’s law,
a type-l superconductor does not. Comparisons between a type-lI superconductor and a perfect
conductor are shown in Fig. 2.3. Fig.2.3(a) demonstrates the effect of field cooling (FC), in which the
magnetic field is applied prior to cooling the sample. For a type-1 superconducting material, after the
sample is cooled down to below its critical temperature T, the magnetic field is expelled from the
inner area (Meissner effect). However, for a perfect conductor, the magnetic field remains stable
within the conductor after it has been cooled down (Lenz’s law). Fig.2.3(b) shows the effect of zero
field cooling (ZFC), in which the sample is cooled before applying the magnetic field. Both a type-I
superconducting material and a perfect conductor, will expel a magnetic field from the inner area
under these conditions. Although the result appears similar, the expulsion of magnetic flux in a type-I
superconducting material is caused by the Meissner effect, whereas the expulsion of magnetic flux in

a perfect conductor is due to Lenz’s law.
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(a) Type-I superconductor (b) Type-I superconductor
Normal Superconducting Superconducting Superconducting
Perfect conductor Perfect conductor

FIG. 2.3. A comparison between the Meissner effect in a type-l superconductor and a perfect
conductor. (a) Field cooling (the magnetic field is applied prior to cooling the sample); (b) zero field

cooling (the sample is cooled before applying the magnetic field).

The Meissner effect was discovered by Meissner and Ochesenfeld [22], 22 years after the
discovery of superconductivity by Onnes. Thereafter, the state of superconductivity is considered to
be a thermodynamic phenomenon, since its state is defined by thermodynamic variables such as
temperature T and applied magnetic field H. In general, type-I superconducting materials possess the

following two properties:

* Property of perfect conductor p=0

* Property of perfect diamagnetism y = prey =-1

The perfect diamagnetism or Meissner effect is due to a shielding current which develops on the
surface of the superconductor when in the presence of an applied magnetic field H. The shielding
current is the result of the change in thermodynamic phase in the (H, T) — plane, as shown in Fig. 2.2.
Since the current density of the screen current cannot be infinitely large, the magnetic field must
penetrate into the superconductor to a finite depth, which is termed the penetration depth 4 of the

superconductor. The derivation of the penetration depth A is derived from basic electrodynamics, and
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leads to the phenomenological London equations which explain the Meissner effect. The London

equation is introduced in the following paragraphs.

In the beginning, assume g is the charge of the carriers (super-electrons, or Cooper-pairs) in the
superconductor, mq is the mass of the carrier, and ns is the carrier density. Assume the charge carrier
experiences no friction in the superconductor (perfect conductivity). In the presence of an electric

field E, the acceleration of a superconducting charge carrier can be expressed as:

mV =—qE (2.1)

where v is the carrier velocity, and v is the time derivation (acceleration). The current density can be

expressed as J =—n_qv, and Equation (2.1) can be re-written as:

mv mJ
E = __Cl = q 2 (22)
a ngq
The electrodynamic screening length / was predicted by Haas Lorentz [23] in 1925 to be:
1/2
A=(m,/mna°) (2.3)
Therefore, Equation (2.2) can be re-written as:
m J .
E= #0_‘42 = u,A"J (2.4)
/’lonsq
Taking the curl on both sides of Equation (2.4):
VXE—u,A’VxJ =0 (2.5)
From Faraday’s law of induction V x E = —B , Equation (2.5) can be re-written as:
,L10/12V><j +B=0 (2.6)

If the time integration is performed on Equation (2.6) and set the integration constant to zero, the

result is that:
B=-uA'VxJ 2.7

Equation (2.7) was first proposed by Heinz and Fritz London [24], and is the second London

equation. In this equation, A is re-written as A to represent the London penetration depth in a
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superconductor. A_is fundamentally different from the skin effect in metals, since the frictionless

motion of charge carriers has been assumed for the superconductor as in Equation (2.1).

The second London equation successfully explains the Meissner effect in superconductors. From

Ampere’s law of circulation Vx B = 1 J , substitute current density J in Equation (2.7) gives:
AZVxVxB+B=0 (2.8)

Using the derivative property VxVxB=V(V-B)—V’B and the conservation of magnetic flux

V-B =0, Equation (2.8) can be re-written as:
V‘B=—B (2.9)

The one-dimension solution for Equation (2.9) is:
B(x)=Be™*" (2.10)

when B, = H,, which is the magnetic flux density of the applied magnetic field. The London
penetration depth 4 represents the depth at which the magnetic flux density is reduced to the value

B,/e. Values of 4, for metallic type-I superconductors such as Al, Sn and Pb lie in the range 40-

50 nm.

From Equation (2.3), it is clear that the London penetration depth is dependent only on the density
of the charge carriersn_. According to the phenomenological two-fluid model by Gorter and Casimir
[25], a superconductor contains two types of charge carriers: normal electrons and superconducting
electrons. The carrier densities of normal electrons nand superconducting electrons n_ are functions

of temperature. Below the transition temperature, T., as the temperature drops, the proportion of

superconducting electrons increases. Assuming that 4, is the London penetration depth at 0 K, A is

the London penetration depth at temperature T. The two-fluid model shows that

The London equation can also be derived from the free energy, as shown by Fossheim and Sudbo
[25]. At a temperature T<T, the superconducting region contains three types of energy: condensation
energy density Fs, kinetic energy Fy of charge carriers and magnetic energy density Fy. The total

energy F is the integration of the three energies in the superconducting region:

10
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F:jV Fs(r)d3r+'[V Fk(r)d3r+J.V F (r)cr (2.11)

The condensation energy density F, is assumed to be not affected by the magnetic field, and is

remains constant as the background energy.

The Kinetic energy is expressed as:

F = .[v F (r)d’r= L%mv: (rnd’r

(2.12)
U
:?Ofvsz(r)d"‘r
The magnetic energy is express as:
1
F =| F (r)dr=| —b*(r)d 2.13
L= Fa(ryd fvzﬂo()d (213)
Then equation (2.11) can be re-written as:
F=F +ij [ 22(Vxb(r)) +b* (r) |r (2.14)
s 2/10 v 7L

By varying b(r) by a small amount 5b(r), and subtracting Equation (2.14), the change of the

free energy in the superconductor can be expressed as:

1 2 3
SF = 2_/40jv [2b5b+247 (Vxb)(Vx5b) Jd*r (2.15)

If 6F =0is the minimised free energy in the superconductor, then:

bsb + A7 (Vx b)(Vx5b) =0 (2.16)
Using the vector calculus V-(AxB)=B-VxA—A-VxB [26]:
b(r)+A2V=xVxb(r)=0 (2.17)

Here the second London equation is retained.

This solution based on minimising the free energy in superconductor is very important as it
indicates that the presence of the Meissner effect is to minimise the internal energy inside the
superconductor. In general, minimising the free energy is a very powerful tool to explain the

superconductivity, as will discuss later in the Ginzburg-Landau theory.

11
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2.1.2 Intermediate state

In the discussion of the Meissner effect in Section 2.1.1, the geometry effect was ignored for
simplicity. In a practical experiment, different geometries of the sample may result in different
demagnetisation factors, which in turn affect the flux distribution inside the superconductor. For
instance, when an infinitely long superconducting rod is placed inside a magnetic field (parallel to its
axis, weaker than the critical field Hc), the demagnetisation factor is equal to zero (N=0), which
means that the surface field is equal to the applied field. However, for other geometries (sphere, short
cylinder, film, etc.), the field produced by the screening current will partially increase the field at the
surface, exceeding its critical field Hc and normalising the type-I superconductor in these regions. The
co-existence of superconducting and non-superconducting regions in a type-l superconductor is

known as the intermediate state.
The magnetic field required for an intermediate state is [27]:
(1-N)B. <B,, <B, (2.18)

For a disk shaped film of radius a and thickness t < a , the demagnetisation factor is
N ~1-nt/2a~1.0 [27]. Based on Equation (2.18), the intermediate state exists in the
superconducting film within any field region in which the magnetic field is weaker than the critical
field (B,, <B,, normal to the surface). The perpendicular applied magnetic field produces domains of
normal state inside the superconducting film, as shown in Fig. 2.4. In the normal state domains, the
flux density is equal to |wHc, but in the superconducting region, the flux density is equal to zero (the
Meissner effect). In order to simplify the mathematics, the width of the domain wall (penetration
depth 1) was neglected. By defining the width of the normal region to be D, and the width of the
superconducting region to be D, it is clear that:

IUOHCDn :luoHappD (219)
D=D, +D, (2.20)

This means that the fraction of normal state is equal to:

H
f =—t=_1 (2.21.1)

12
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For a film of length L, the number of domains Ny is equal to:

N, = (2.21.2)

The intermediate state is a very interesting topic which is further explored in the later discussions
of a type-I superconducting flux pump.

Happ

FIG. 2.4. The intermediate state in a type-I superconducting film [27].

This section discusses type-1 superconducting materials and their properties, such as perfect
conductivity and the Meissner effect. Although type-l superconducting materials have perfect
conductivity, their critical field H¢ is very low, impossible for use in practical applications. Table 2.1
shows typical type-l superconducting materials and their critical temperatures T¢ and critical fields
Hc. It is clear that type-1 superconducting materials cannot be used for high field applications, and
cannot carry large currents (the field produced from the transport current easily exceeds the critical
field Hc). Moreover, a transport current can only flow at the surface of type-1 superconducting
materials within the penetration depth 4, which leaves the central region effectively unused. For these

reasons, type-1 superconducting materials have no practical value for large scale applications.

13
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TABLE. 2.1

Examples of Type-I superconducting materials

Formula Te (K) Hc (T) Formula Te (K) Hc (T) ‘

Al 1.20 0.01 o-La 4.9
cd 0.52 0.0028 B-Hg 6.3
Ga 1.083 0.0058 Mo 0.92 0.0096
Hf 0.165 Os 0.65 0.007

a-Hg 4.15 0.04 Pa 14

B-Hg 3.95 0.04 Pb 7.19 0.08
Ga 1.1 0.005 Re 2.4 0.03
In 34 0.03 Ru 0.49 0.005
Ir 0.14 0.0016 Sn 3.72 0.03
Ta 4.48 0.09 Zn 0.855 0.005
Zr 0.55 0.014 FeB, 2.9

ZrBq, 6.0

*Data are taken from Ref. [28].

2.2 Type-11 superconducting materials

Unlike type-l superconducting materials, type-ll superconducting materials have two critical
fields: the lower critical field He; and the upper critical field Hc,. Between Hc; and He, lies a phase
known as the “mixed state”. A phase diagram of type-Il superconducting materials is shown in Fig.
2.5. The mixed state lies between the phase curves He;-T and Hc,-T, in which the magnetic flux enters
the superconductor in the form of quantised magnetic flux or fluxons. The flux quantisation in type-II
superconducting materials was theoretically predicted by Abrikosov based on the Ginzburg-Landau
(GL) theory. Using the GL theory, type-I and type-Il superconducting materials can be clearly defined
from the ratio of their coherence length & and their penetration depth 4. Almost all superconducting
materials used for large scale applications are type-Il superconducting materials working in the mixed
state. In the mixed state, all electromagnetic behaviours and related thermodynamics are caused by the
dynamics of fluxons (vortex dynamics). For this reason, GL theory is vital for an in-depth

understanding of the mixed state in type-11 superconducting materials.

14
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H |
H(0)
Normal state
(Non-superconducting)
Mixed state
H(0)
Meissner state

I

Tc T
FIG. 2.5. The phase diagram of a type-1l superconducting material. There are two critical fields: the
upper critical field He; and the lower critical field He,. Below the Hey-T curve is the Meissner state
(perfect diamagnetism); the phase between the Hci-T and He,-T curves is the mixed state, where the

magnetic flux enters the type-Il superconducting materials in the form of fluxons, As will be

introduced in later paragraphs; the phase outside the Hc,-T curve is the normal state.

In this section, GL theory is introduced, along with its predictions of flux quantisation. The
distinction between type-l and type-1l superconducting materials is addressed based on GL theory.
Additionally, vortex structures and their interactive forces are discussed, along with the pinning force
in type-1l superconducting materials. This section lays a foundation for an introduction to

macroscopic electromagnetic theories for type-1l superconducting materials.

2.2.1 Ginzburg-Landau (GL) theory

The Ginzburg-Landau (GL) theory was developed from the Landau theory proposed by
L.D.Landau [29] in 1937, for interpretation of all second-order phase transitions. The GL theory was
formulated by V.L.Ginzburg and L.D.Landau [30] in 1950 as a phenomenological theory to explain
the superconductivity phase transition. The GL theory not only explains long coherence length
superconductors, such as low temperature superconductors, but also works well for short coherence

length superconductors such as high temperature superconductors.

15



PHD THESIS UNIVERSITY OF CAMBRIDGE CHAPTER 2

GL theory minimises the free energy inside the superconducting materials, and the first step is to
define the GL free energy inside the superconductor. In GL theory, a superconducting wave function
w is defined as an order parameter that is equal to zero above the critical temperature Tc, and increases

with decreasing temperature below T¢ [25]:

w =In.e” =|pe” (2.22)

where ng is either the density of Cooper pairs or the density of the superconducting electrons. From

guantum mechanics, the momentum operator in a magnetic field is written as:
G =(-ihV —2eA) (2.23)
where -2e is the charge of a Cooper pair.

The Ginzburg-Landau free energy density for a superconductor is written as:

F(1T) =R (1T)alyf + Dyl |(-inv —2em)y +— 7 @24
2 2m 2u

0

where a:a(T —TC) and £ >0, which assumes that the free energy is analytic near the critical

temperature Tc.

The total Ginzburg-Landau free energy in the superconductor is the integration of the free energy

density inside the superconductor:

F

S

(T)=[ R (rT)av (2.25)

In order to minimise the free energy, a small variation was made to Equation (2.24). If y changes

to w+0Jy ,and " changesto w' + Sy :

oF, (r,T)za[(z//+5l//)(W* +51//*)—1//1//*:|

+§[(1// +6p)’ (l//* + 51/1*)2 —1//21//*2} (2.26)
+$[G (v +6y)G’ (1//* +5W*)—GzyG*w*]

After simplification of Equation (2.26) and a partial integration:

SF,(T)= j {aw + Bl v+ zi(—ihv —2eAY’ w} Sy’ + c.c} dv (2.27)
v m

16
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In order Equation (2.27) may be equal to zero, the content in front of Sy7* must equal zero, which

gives the first Ginzburg-Landau equation:
2 1 . 2
ay + Bly| .//+2—(—|hV—2eA) w=0 (2.28)
m

The second Ginzburg-Landau equation is derived by varying the vector potential A in the free

energy F, (r,T,A):

SF,(r,T,A)=F, (r,T,A+5A)-F, (r,T,A)a

- —%[ihw*vw —ihpVy +delyl’ AlSA (2.29)

+i(Vx5A)(Vx A)
Hy

By integrating Equation (2.29) in the superconducting region:

ieh

* * 4e2 2 1 2
—(Wl// -y V(//)——|(//| A+—V A SA (2.30)
m m

0

5FS(T):jvdv[

In order that Equation (2.30) may be equal to zero, the content in front of A must be equal to
zero:
ien 1

2
—(wy/*—y/*vw)—4i|¢/|2 A+ —V*A=0 (2.31)
m m n

From Ampere’s Law and vector calculus:

J:VxH=ivaXAzi[v(v-A)—v2A] (2.32)
Ho Ho

In the gauge V- A= 0 which leads to:

1
J=——V?A (2.33)

Ho

Substitute Equation (2.33) into Equation (2.31):

ieh

J=—
m

" . 4¢? 2
(wWy' -vw VW)—FM A (2.34)

17
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which is the second Ginzburg-Landau equation.

The Ginzburg-Landau theory gives two differential equations: (2.28) and (2.34). From these two
equations, superconductivity properties such as coherence length &, penetration depth A and quantum

of magnetic flux can be calculated.

2.2.2 Flux quantisation

One of the most striking phenomena predicted from the Ginzburg-Landau equations is the flux line
guantisation. Giving that the gradients of the order parameter and its conjugate are expressed as:

Vi = i(//V(p+ei“’V|t//| (2.35)
Vy' =—-iy'Vo+e “V|y| (2.36)
By substituting Equations (2.35) and (2.36) into the second Ginzburg-Landau equation (2.34) get:

2he

4e°
J =—|V/|2V(p——|l//|2 A (2.37)
m m

Integrating Equation (2.37) in a closed circle gives:

mgd
4¢? |(//|2

h
dl=—@Ve-di-@pA-dl 2.38
S fved-¢ (2.38)
The integration over a closed circle of the first term on the right hand side of Equation (2.38) must
be equal to 2zn, or:
$ve-dl =27n (2.39)

The integration of the vector potential in a closed circle is equal to the encircled magnetic flux as

derived from the Stokes’ theorem:

$A-di=0 (2.40)

18
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Therefore, Equation (2.38) can be re-written as:

mz@) Jz'd'+©=n®o (2.41)
4e” ° |y

while @, =h/2e =2.0679x10"° T -m’is defined as the quantised magnetic flux or fluxon. Equation

(2.41) implies that the sum of the enclosed magnetic flux @ and the integration involved with the
current density is equal to the integer number of a single fluxon. This conclusion applies to both type-
I superconductors in the intermediate state, and type-11 superconductors in the mixed state. This is
discussed further in following paragraphs.

2.2.3 Characteristic lengths

There are two characteristic lengths which can be derived from the GL equations. One is the GL
coherence length & and the other is the penetration depth A. From the ratio of these two lengths, the
difference between type-1 and type-11 superconducting materials can be clearly defined using the GL
theory.

Coherence length ¢ is fundamentally important in superconductivity, because it presents the
distance over which the order parameter y resumes its full value in case the wave function is
perturbed by a magnetic field, or by normal regions inside the superconductor. ¢ is the wall thickness
within which the density of the Cooper pairs is too low to be considered in the normal state. The
coherence length ¢ is derived from the first GL equation. In the case of a zero magnetic field, from
Equation (2.28):

2 1 . 2
a(T)y + By t//+%(—|hV) w=0 (2.42)
In 1D condition, Equation (2.42) can be written as:

o dy s
- +y+
2ma(T) dx’ v a(T)

The coherence length is defined by:

[ w=0 (2.43)
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Y
() o

The penetration depth A is derived from the second GL equation. In this case, the density of the
Cooper pairs is not perturbed and the gradient of order parameter y is neglected. From Equation
(2.34):

J=- A (2.45)

Comparing with the London Equation J =—(1/x,4%) A, can get that:

2 m

R — (2.46)
2 2
(2e) 4, |l//|
Type-I superconducting materials Type-II superconducting materials
i ] ] 1
. B(r v ()]
b “
B(r)
— A
— ¢ — y)
. f
Normal-Superconducting interface Vortex centre

FIG.2.6. The coherence length and penetration depth in two types of superconducting materials.

A clear definition of type-1 and type-Il superconducting materials is derived from the prospect of
the surface energy on the normal-superconducting interface. As shown in Fig. 2.6, the ratio of the
penetration depth and the coherence length is the key to distinguish the two types of superconductor.
This ratio is called the Ginzburg-Landau parameter, :

(2.47)

K=

4
¢
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Change to the GL parameter x changes the surface energy on the normal-superconducting
interface. The interface area is created by the magnetic energy that penetrates within the penetration
depth. The energy provided by the magnetic field breaks off the Cooper pairs within the coherence
length £ As a rough estimate, supposing that A is the area of the interface, the magnetic energy which

penetrates the superconductor is:

1
E, = AA—B’ (2.48)

2u,

while the energy requires to break down the Cooper-pairs within the coherence length is:
1 .
E,=¢A—B; (2.49)
2u,

The abstraction of the two items gives the energy that is absorbed by the interface:

1
AE = Ez—EleEB(’i(g—z) (2.50)

0

If AE <0, the interface transfers energy to the superconductor. Therefore, the more interfaces
which are created, the greater the energy gained by the superconductor. This phenomenon maximises

the interface area A which ends up with the nucleation of the vortices inside the superconductor. Each

vortex contains a single magnetic fluxon @ . This is the type-Il superconductor.

As demonstrated in Fig.2.5, type-1l superconductors have two critical fields: the upper critical field
Bc. and the lower critical field Bci. Be, stands for the magnetic field high enough to overlap the
normal regions of neighbouring vortices. A clear definition of type-l and type-Il superconducting
materials can be derived from the relationship between B¢, and B¢y, which is obtained using the GL

theory:
B, = v/2B, (2.51)

Superconducting materials are defined according to whether B, is larger than B_, :
K< ]/\/E type-I superconducting materials since B, < B_, , therefore B., doesn’t exist;

K >]/«/§: type-11 superconducting materials since B, > B_, and B_, does exist.

Table 2.2 shows some examples of type-I1 superconducting materials.
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TABLE 2.2
Examples of type-11 superconducting materials

Formula Te (K) He (MT) oHc2 (T) A(nm)  &(nm)
NbTi 9.6 14 130 3.8 27
NbsSn 18 45.6 33 65 3 22
BizsrzcaCU203+x
) 89 36 (at 65 K) 250 1.8 139
(Bi2212)
180 (0 K)
YBCO 91 156(ab)  1.65(ab) 95
35 (77.3K)

*Data are taken from Ref. [31]; “ab” refers to the ab-plane.

2.2.4 Basic vortex dynamics

As mentioned in the previous section, type-1l superconducting materials have a negative surface
energy, which triggers the formation of quantised vortices within the materials. Each vortex contains a

single magnetic fluxon @, =h/2e=2.0679x10" T-m* as introduced in Section 2.2.2. Fig. 2.7

shows the structure of a single vortex, which contains a core region within the coherence length & The
core region can be considered to be a normal region, since the density of the Cooper pairs is very low
as shown to the left in Fig. 2.6. Surrounding the core region is the circulating current
(superconducting current) which shields the magnetic field. The peak value of the magnetic field lies
at the centre of the vortex.

oy

~—1 Core region (r < &)

A

Circulating current

FIG.2.7. The structure of a single vortex [32].
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A b(x)

X

FIG. 2.8. Cut through the centres of neighbouring vortices, showing the distribution of magnetic flux

density b(x) and the density of Cooper pairs n_ [25].

Fig. 2.8 shows the distribution of magnetic flux density and the density of the Cooper pairs across
the centres of neighbouring vortices. This assumes that the applied field is far smaller than the upper

critical field B, <B<« B .

A vortex in the mixed state is a quasi-particle, and the core region together with the circulation
current shown in Fig. 2.7 are considered to be a whole body. When the circulating current in Fig.2.7

experiences a Lorentz force, the force is transmitted to the whole vortex [33].
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FIG.2.9. The current distribution of two neighbouring vortices [25].

FIG. 2.10. The figure on the left shows Abrikosov FLL experimentally observed using a 1 T magnetic
field in NbSe, at 1.8 K using a scanning tunnelling microscope [34]. The figure on the right shows the
Abrikosov FLL of a Nb thin film in a magnetic field of 10 mT at 4.5 K observed using Lorentz
microscropy [35].

Fig. 2.9 shows two neighbouring vortices with the same polarisation (a parallel magnetic field).
The problem can be simplified by assuming the circulating current J, from vortex 2 to be uniform in
the area of vortex 1, in which case vortex 2 experiences a repulsive force from vortex 1 which is equal

to:
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(2.52)

Accordingly, vortex 1 experiences a repulsive force from vortex 2.

In the mixed state, the nature of the repulsive forces between neighbouring vortices is equal to the
magnetic stress. The repulsive forces between neighbouring vortices produce a stable vortex pattern
which is known as the Abrikosov flux line lattice (FLL) [36]. The vortices are arranged into a
hexagon pattern which minimises the potential energies between vortices. There are many methods
for experimentally observing the FLL, such as small-angle neutron-scattering experiments [37, 38],
Bitter decoration [39-41], a scanning tunnelling microscope [42-44], Lorentz microscopy [35, 45], etc.

The FLL shown to the left of Fig. 2.10 shows a perfect hexagonal pattern, which only appears in
pure superconducting materials. In a pure superconductor, the vortices are uniformly distributed and a
magnetic gradient cannot form. The magnetic gradient inside type-1l superconducting materials is
equal to a macroscopic current, according to Ampere’s law. Therefore, pure type-11 superconducting
materials cannot sustain either magnetisation current or transportation current. In general, pure type-1|

superconducting materials have little use in practical engineering.

However, if type-ll superconducting materials contain impurities, crystalline defects, etc., the
vortices can be “trapped” to form a magnetic gradient. This phenomenon is known as “flux pinning”
and the impurities or crystalline defects are known as the “pinning centres”. Fig. 2.11 shows the
Lorentz force fiand pinning force f, on a vortex system. The magnetic flux density B can be either

applied field or self-field, and the current density J can be either a transport current or a magnetisation

current. The Lorentz force for a single vortex is f =J xJ)O. Therefore, if the pinning force is larger
than the Lorentz force f > f,, the vortex is pinned by the pinning force. If the pinning force is
smaller than the Lorentz force f < f,, the vortex is unpinned from the pinning centre and starts to

move in the direction of the Lorentz force. Therefore, without flux pinning, type-Il superconducting
materials cannot support a macroscopic current density. “Flux pinning” is therefore crucial in the

practical applications.
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FIG.2.11. The Lorentz force and pinning force on the vortex system in a type-11 superconductor.

Since the vortex system is self-organising with the help of mutual repulsive forces, the whole
vortex system can be “pinned” by a few pinning centres. If the magnetic field is averaged throughout
space, the macroscopic magnetic flux density B is considered, the average Lorentz force F, on the
FLL can be expressed as:

F=JxB (2.53)

Since the pinning force on the FLL is F,, then the maximum current density (critical current

density Jc) for the materials equals to:
JC =_P (254)

Therefore, for a type-ll superconducting material in a fixed temperature and magnetic field, the

stronger the pinning force, the larger the critical current density Jc.

A vortex interacts with forces between the lattices of the material. The movement of the vortices
causes vibration of the lattice, which leads to thermal dissipation in type—Il superconducting
materials. This is quite different from the common metals, in which the scattering of free electrons is

the major cause of thermal dissipation. In the mixed state, if f, > f_, the FLL is driven by the Lorentz

force. This kind of movement is known as “flux flow”. The motion of the vortices interacts with the

lattice to give rise to thermal dissipation. However, if f > f while T > 0 K, there is still the

possibility for single vortices to “jump out” of the pinning potential due to thermal activation. This
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phenomenon is called “flux creep”. Flux creep and flux flow are the two basic magnetic behaviours of
type-Il superconducting materials, and will be discussed in detail in the next section. The macroscopic
electromagnetic theories for type-I1 superconducting materials are built on an understanding of these
two phenomena. In the next section, macroscopic electromagnetic theories are introduced for type-II

superconducting materials.

2.3 Macroscopic electromagnetic theories for type-ll superconducting

materials

As discussed in the previous section, a magnetic field enters a type-1l superconductor in the form
of quantised vortices, each containing a magnetic fluxon. All macroscopic electromagnetic behaviour
in the mixed state are caused by the dynamics of these vortices. The superconducting state is a
macroscopic quantum state fundamentally different from normal metals such as copper. Therefore, in
order to understand the macroscopic electromagnetic behaviour of the mixed state, some basic vortex

dynamics are necessary.

As mentioned in the previous section, vortices enter the superconductor in the form of the
Abrikosov flux line lattice (FFL). This is the case in an ideal type-Il superconducting materials, in
which there is no perturbance (pinning centres) in the background energy. However, if the material
contains crystalline defects, impurities, etc., the background energy is perturbed and these defects and
impurities act like potential traps which “pin” the vortices into position. The “pinning force” is
transmitted through vortex-vortex interactive forces, and results in the collective pinning of the whole
FFL. Flux pinning is fundamentally important to practical applications of type-1l superconducting
materials. Without flux pinning, the FFL cannot form a magnetic gradient and the macroscopic

superconducting current could not exist.
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FIG.2.12. The relationship between microscopic vortex dynamics and macroscopic electromagnetic
theories for type-1l superconducting materials in the mixed state. Courtesy of H.F.Hess [34] and
S.R.Foltyn [46].

Fig. 2.12 shows the relationship between microscopic vortex dynamics and the macroscopic
electromagnetic theories for type-1l superconducting materials in the mixed state. The FLL and the
pinning force give rise to macroscopic electromagnetic phenomena in type-1l superconducting
materials. The electromagnetic phenomenon is most commonly explained using two models: the
critical state model and the flux flow and creep model. The flux flow and creep model is more easily
described using the E-J power law. This section contains a brief discussion regarding basic vortex
dynamics in type-ll superconducting materials, followed by consideration of macroscopic
electromagnetic models such as the critical state model and the E-J power law. These are widely used

in numerical modelling of type-Il superconducting materials.
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2.3.1 Critical state model

The critical state model assumes that the magnetic gradient inside a type-11 superconductor is
always in the critical state, i.e. the value of the magnetic gradient is equal to the critical current
density Jc. The critical state model does not consider the flux creep. The critical state model is the

most useful tool for explaining the magnetisations of hard superconductors.

There are two types of critical state model. One is the Bean model, which assumes a constant
critical current density Jc in the materials. The other is the Kim model, which considers the field-
dependence of the critical current density Jc(B). The Bean model can be used to intuitively estimate
the magnetisation of a regular shape (long slab or long rod) hard superconductor. The Kim model

produces a more precise prediction of the magnetisation.
(1) Bean model

The Bean model [47] assumes that the current density inside a hard superconductor has only three
possible values: 0, +J_, whileJ =0is the area which experiences no flux flow, and J =+J_is the

area which experiences the flux flow. The Bean model is widely used to estimate magnetisation based
on zero-field cooling and field cooling. These two methods are the most widely used to magnetise a
hard superconductor. Fig. 2.13 shows the process of the two methods, based on the Bean model. Ideal
geometries are the infinitely long rod and the infinitely wide slab, which have no demagnetisation
effect. Fig. 2.13(a) shows the ZFC condition in which the hard superconductor is cooled before
applying the field. As shown in Fig. 2.13(a), as the magnetic field is applied to the hard

superconductor, the flux starts to penetrate the surface. The macroscopic current density is induced in
the area in which the flux penetrates. The value of the critical current density is equal to +J_. If the

maximum trapping field of the hard superconductor is H, at the centre, then the applied field must be
greater than 2H, in order to fully magnetise the sample. However, under FC conditions, the applied
field only needs to be equal to H, in order to fully magnetise a hard superconductor, as shown in Fig.
2.13(b). To date, the maximum field a bulk superconductor can trap is 17 T, as reported by Murakami
et al [48]. Fig. 2.14 shows the YBCO bulk and trapped field profile for a 17 T trapped field, which
demonstrates that the magnetisation profile follows the Bean model. Fig.2.14 also shows that when
the temperature drops, the pinning force increases, resulting in a steeper magnetic gradient. Therefore,
for real applications, in order to obtain a higher critical current and stable trapping field, the

superconductor must normally be kept at a low temperature.
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FIG. 2.13. Demonstration of zero-field cooling and field cooling methods to fully magnetise a hard

superconductor.
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FIG. 2.14. YBCO bulk that can trap 17 K at 29 K. Courtesy of Murakami, et al [48].

In practical experiments, the flux flow normally produces a great deal of heat in the
superconductor which locally increases the internal temperature and decreases the critical current
density. In order to avoid this problem, the variation of the applied field should take place at a
reasonably slow rate. This is especially important in pulse magnetisation [49] which is not addressed

in this thesis.

As well as estimating the manetisation of an infinitely long rod or infinitely wide slab, the Bean
model can also be used to estimate the magnetisation and ac losses inside type-1l superconducting
wires [50]. The Bean model is a powerful tool which can be used to explain general magnetisation

behaviours inside type-1l hard superconductors.

(b) Kim model

The Kim model [51] is an improved critical state model which considers the field-dependence of
the critical current density. The field-dependence of the critical current density can be clearly seen in
their vortex dynamics Equation (2.53). Since the pinning force at a specific temperature is fixed
within a particular hard superconductor, as the magnetic field increases, the Lorentz force also
increases, which leads to a smaller critical current density. There are many forms of the Jc(B)
relationship [52], and the most commonly used equation is [51, 53, 54]:
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_ Jeo(M)
JC(Bi)_1+B/BO (2.55)

where J_ (T) and B, are positive constants. This specific relationship between Jc and B is the “Kim

model”.

2.3.2 Flux creep, flux flow and the E-J power law

The effect of flux creep is ignored in the critical state model. In the critical state model, the FLL is
considered to be very stable, and not disturbed by thermal activation. However, this is not true when T
>0 K, especially for HTS materials which operate at 77 K, where relaxation of the magnetisation due

to flux creep is pronounced [55].

As previously mentioned in Section 2.2.4, when J < J¢, the FLL is pinned by the pinning force,
however, thermal activation helps the vortices to “hop” out of the pinning potentials, a process known
as the “flux creep”. For J > Jc, the Lorentz force is greater than the pinning force, which forces the
FLL to move, called “flux flow”. In both cases, movement of the vortices gives rise to an electric field

according to the Lorentz transformation [56]:
E=vxB (2.56)
where v is the speed of the FLL.

The electric fields measured in both type-I and type-1l superconducting materials are all generated
by flux motions as described in Equation (2.56). The parallel component of the electric field
compared to the transport current gives rise to heat loss, and the perpendicular component gives rise
to the Hall effect [57-60]. This is fundamentally different from normal conductors, from which heat
losses are caused by the scattering of free electrons, and the Hall effect is caused by accumulation of

charges at the edge of the conductor.

According to Anderson’s flux creep model [61], when J < J¢, flux lines jump out of the pinning

centre at a certain rate, described using the Arrhenius equation [62]:

R=v,e"""" (2.57)
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where R is the attempt rate, v, is the microscopic attempt frequency of order 10® - 10™ s, U is the

effective pinning potential, k is the Boltzmann constant, ad T is the absolute temperature.

A theoretical explanation for this is shown in Fig. 2.15. When a uniform transport current (or
magnetisation current, J <.Jc) flows across the vortex, the pinning barrier becomes tilted as shown in
Fig. 2.15. The probability for the vortex to hop to one side is greater than the probability to hop to the

other.

The effective potential on both sides could be expressed as [63]:
U, =U,(1-3/3;) (2.58)
U =U,(1+3/3.) (2.59)

After substituting Equation (2.58) and (2.59) into Equation (2.57), the attempt velocity becomes:

v—vl{exp(—u*j—exp[—u—j}
° kT kT
=V, | sinh Yo J exp(—ﬁj (2.60)
KT J. KT

where | is the effective jump distance. Thereby, the E-J relationship during the flux-creep is:

U U
E =Bv=p.J.sinh [k—_l‘jjijexp(——O), J <, (2.61)

C
where p. = By,l/J. , which is the flux creep resistance.

For J > Jc, the potential barrier is lower than the pinning position, and the vortices flow to one

side as shown in Fig. 2.15. The electric field induced by the flux flow can be expressed as [64]:

J
E=E, +prC(J——1], J>J, (2.62)

C

where E_ is the electric field due to flux creep at J=J¢, and p, is the flux flow resistance.
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FIG. 2.15. The energy landscape of a pinned vortex in a uniform external current [25].

The combination of Equation (2.61) and (2.62) provides an E-J relationship for type-II
superconducting materials. However, this relationship is not commonly used in for practical
simulations. A more practical E-J relationship for HTS materials is the E-J power law. The E-J power
law is derived from the direct four-point probe method [65] of the voltage-current relationship in the

transport measurement. The E-J power law is expressed as[66]:

J n
E-E, (3_] (2.63)

C

n=uU / KT shows the stiffness of the E-J relationship, when Ec=10" V/m is the criteria used to
determine the critical current density Jc in the four-point measurement. The application of Equation
(2.63) in modeling HTS materials is discussed in Chapter 4. By varying the n-value in the E-J power
law, the properties of a material can be altered from common metal (n=1) to the critical state model

(n= o).
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2.3.3 Intrinsic pinning and anisotropy
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FI1G.2.16. Structure of a single unit cell of YBCO.

For some materials, such as YBa,CusO;;, the supercurrent flows more easily within the CuO,
plane (ab plane) than between the layers (c direction). The typical unit cell structure of YBCO is
shown in Fig. 2.16. In an absence of pinning centres, the motion of vortices in the ab plane is not
prohibited. However, motion of vortices between the CuO, layers is hindered due to the intrinsic
pinning [27]. Intrinsic pinning produces anisotropy in superconducting materials. The direct effect of

the anisotropy is that the critical current Jc develops an angular-dependent relation with the applied

magnetic field [67]. For instance, the peak value of Jc normally applies when Hllab
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2.3.4 Cross field effect and flux shaking

The cross field effect and flux shaking effects show that a transverse magnetic field may decrease
the existing magnetisation of a bulk superconductor or a superconducting film. The cross field effect

often refers to bulk superconducting materials, while flux shaking refers to a superconducting film.

Fig. 2.17 shows the modeled cross field effect using a YBCO single domain bulk [68]. The figure
shows that the reason for the cross field effect is that, by applying a transverse magnetic field, a
magnetisation current has been induced in the top and bottom areas of the bulk superconductor, acting
to cancel the transverse field. This decreases the effective area for the magnetisation in the vertical

direction.
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FIG. 2.17. Left: modelled data of the current density distribution J,(y,z) within the cross section of a
YBCO sample during one cycle of the transverse magnetic field of amplitude 0.5H,. A field-
dependent Jc(B) is assumed. The scale of current density J, is expressed in 103 A/cm2. The arrow
indicates the direction of the positive transverse field. Right: schematic diagram showing the times at

which the current density distributions were determined. Courtesy of Vanderbemden, et al [68].

Flux shaking refers to the superconducting films. By applying a small transverse ac field to a
magnetised superconducting film, the circulating critical current in the strip will become decayed.
This is due to the “walking” motion of vortices in the two-dimensional critical state of the strip in-
plane with the ac field [69]. Applying the ac field in the vertical direction may also cause the “cross

field effect” or “flux shaking” effect, which is due to the bending of flux lines in the presence of the
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superconducting material (bulk or film). However, these effects are very small compared to the direct

application of an ac transverse field.

2.4 Conclusion

This chapter introduced basic superconductivity theories and macroscopic electromagnetic theories
for type-1 and type-Il superconducting materials. The Meissner effect was introduced for type-I
superconducting materials and the London equations were presented in explanation. In order to
understand the mixed state in type-Il superconducting materials, the Ginzburg-Landau equations were
introduced, from which flux quantisation, characteristic lengths, basic vortex dynamics and pinning
forces were derived. Type-I and type-1l superconducting materials were clearly defined using the GL
parameter.

Macroscopic electromagnetic theories for type-Il superconducting materials were derived in the
chapter. Critical state models such as Bean model and Kim model were introduced, along with the
concepts of flux creep, flux flow and the E-J power relation. Intrinsic pinning and cross field effect

were introduced.

This chapter provides basic knowledge about superconductivity. The next chapter introduces flux

pump technologies for superconducting magnets.
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CHAPTER 3

INTRODUCTION TO FLUX PUMP TECHNOLOGIES

This chapter introduces flux pump technologies for superconducting magnets. The introduction
focuses on technologies which use a travelling magnetic wave to gradually magnetise a
superconducting coil. Section 3.1 contains a discussion on why flux pump technologies are
indispensable for HTS magnets. Section 3.2 introduces the mature flux pump technology with a type-I
superconducting film, and discusses the underlying physics and three different methods. Section 3.3
provides a discussion on the “dc transformer”. This introduction shows that magnetic field
inhomogeneity causes vortex motion in type-11 superconducting films. Section 3.4 introduces a
possible flux pump technology for an HTS coil. Although flux pump technology appears to
successfully magnetise an HTS magnet, the underlying physics is not yet fully understood. Section 3.5
outlines a research proposal to study flux pump technology and the electromagnetic behaviour of HTS

film in a travelling wave.

3.1 Why a flux pump for superconducting coils?

Superconducting magnet technology is widely used for various applications such as magnetic
resonance imaging (MRI), nuclear resonance imaging (NMR), accelerator technologies such as the
large hadron collider (LHC), fusion technologies such as TOKAMAK, superconducting windings
inside superconducting electric machines, magnetic levitation trains, superconducting magnetic
energy storage system, etc. The transport current inside a superconducting coil can be either dc or
transient. Superconductors can carry a very large persistent current without decay, which is ideal for
use in dc magnets such as MRI and NMR magnets. The MRI machine is the only superconductivity

product that has been widely commercialised. The global MRI market is currently valued in the
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region of US$5.5 billion (2010) and is estimated to rise to US$7.5 billion (2015). Leading MRI
producers include GE (Signa brand), Siemens (Magnetom), Philips (Achieva, Intera, Panorama),
Hitachi (Aaltaire, Airis) and Toshiba (Vantage, Opart, Ultra). Products range from low field systems
(<0.5T) through middle field (0.5-1T) high field (usually 1.5T) to very high field (usually 3T) [16].

Commercial MRI machines use low temperature superconducting (LTS) materials such as NbTi
and NbsSn for the magnet windings. NbTi is cheaper than NbsSn, however, in high field application,
NbsSn is better than NbTi. Even so, the properties of NbTi are sufficient for most common
applications [18]. A NbTi magnet operates at 4.2 K with current densities up to 3000 A/mmZ. In the
present market, 1.5 T MRI machines are very common, whereas 3.0 T MRI machines have only been
recently released to the market in the USA, Japan and EU. 7.0 T MRI machines are only available for
research purposes. All these MRI machines mentioned use NbTi wire for the magnet windings [70].
However, for high field applications such as NMR (>20 T), or fusion projects (>13 T), Nb3Sn wire is
essential [20].
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FIG.3.1. The diagram on the left shows the development of field strength of whole body MRI

scanners [70]. The figure on the right shows the NbTi wire used for MRI applications [20].

Superconducting magnets operating in dc current conditions such as MRI or NMR machines
require a persistent current switch (PCS) which short-circuits the magnet after it has been fully

energised. A well-made PCS has very low resistivity (in the range of 10™ Q) and large current
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capacity, which provides stability for the magnetic field. The PCS is connected in parallel with the
power source. After the PCS is switched on, the current flows through the PCS instead of through the
power source, which maintains a persistent current inside the superconducting magnet [71].
Nowadays, there are many methods for fabricating the LTS joints for either NbTi wire or Nbs;Sn wire
[72-75]. A PCS can be switched on and off by thermally cooling and heating the LTS joints [76-78].

LTS magnet

Power source

FIG. 3.2. The circuit of the LTS magnet connected to a power source and a LTS PCS. The LTS
magnet is charged by the power source at the first step, then the LTS PCS is cooled down to a
superconducting state in order to short-circuit the power source and maintain a persistent current in
the LTS magnet.

In recent years, the rapid development of HTS wires has made magnet windings possible [79, 80].
There are several advantages to using HTS magnets over LTS magnets, such as the higher operating
temperature (77 K), which lowers the cost of necessary cryogenic liquids (e.g. liquid nitrogen). The
temperature span over which the magnet remains superconducting is also much wider than that of an
LTS magnet [81]. As shown in the left figure of Fig.3.3, the upper critical fields of an HTS material
such as YBCO and BSCCO are much higher than an LTS (NbTi and NbsSn), which indicates that
HTS materials can operate at a much stronger field than can LTS materials (in practical engineering,
the irreversible field [82] is considered rather than the upper critical field). In the current market, the
BSCCO wire is known as first generation (1G) HTS wire, and YBCO wire is known as second
generation (2G) HTS wire. YBCO performs better in a magnetic field, which is ideal for use in
magnet windings, even though YBCO wire is more difficult to fabricate [31, 83, 84]. The figure at the
bottom right of Fig. 3.3 shows the structure of a commercial YBCO wire as fabricated by Superpower
[31]. Apart from the YBCO layer, there are buffer layers and copper stabiliser layers to improve the
mechanical strength and thermal properties of the YBCO wire. The thickness of the YBCO layer is

only 1% of the total thickness of the wire.
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FIG. 3.3. The figure on the left shows the Hc, vs. T curves for LTS (NbTi and NbsSn) and HTS
materials (YBCO and BSCCO) [81]; the figure on the top right shows the cross section view of a
BSCCO wire or first generation (1G) HTS wire [84, 85]; the figure on the bottom right shows the
structure of the YBCO wire or the second generation (2G) HTS wire [31].

Although the 2G HTS wire is preferable for magnet windings, there are several technical
challenges which need to be tackled. Since 2G HTS wire has a very complicated layered structure, as
shown in Fig. 3.3, it is very difficult to construct a superconducting joint with a very low resistance.
When two 2G HTS wires are joined together, the superconducting layers of the two wires cannot be in
direct contact. Instead, the current must flow through the copper layers and the soldering point, which
are not superconducting. Therefore, loss at the joint is inevitable, which will lead to the decay of the
circulating current in 2G HTS magnet. Additionally, when YBCO operates at 77 K, giant flux creep
[86] cannot be avoided, which leads to a logarithmic decay of the trapped field and a low n-value for
the superconductor. This problem can be tackled by operating the HTS magnet at a lower temperature

such as at 20 K, however this will correspondingly increase the cryogenic cost.

In conclusion, the circulating current inside a HTS magnet will inevitably decay due to two major
reasons: joint resistance and the giant flux creep. In order to operate an HTS magnet in a persistent
current, a flux injection device or flux pump device is necessary to compensate for the decayed

current in the HTS magnet.

The following section introduces a mature flux pumping technology for type-l superconducting
films. Although this type of flux pump technology is not used in practical engineering, it provides

clues on how a superconducting magnet can be magnetised using novel methods.
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3.2 Flux pump technology with type-I superconducting film

The flux pump technology for an LTS coil with a type-l superconducting film is a mature
technology which was developed several decades ago. Although there are many forms of type-I
superconducting flux pump, they all share the same basic physics. This type of flux pump technology
can be easily understood and easily controlled, however, this technology is not widely applied for
practical engineering purposes. The main reason for this is probably that an LTS magnet doesn’t
necessarily need a flux pump device, since a well-designed LTS PCS already suitable, and the n-
values of the LTS materials are high enough to prevent current decay in the magnet. Another reason is
that a type-l1 superconducting film can only bear a very limited current density. However,
understanding the mechanism of a type-1 superconducting flux pump is crucial in order to understand

the design of a type-Il superconducting flux pump.

The basic physics of the type-I superconducting flux pump are relatively simple. As discussed in
Section 2.1, type-l superconductors have two basic properties: perfect conductivity and perfect
diamagnetism (the Meissner effect). As discussed in Section 2.1.2, when a magnetic field is applied
perpendicular to a type-I superconducting film, the superconducting and non-superconducting regions
co-exist inside the superconducting film in an “intermediate state”. The creation of a non-
superconducting region is due to the Meissner effect of the superconducting regions, which expels the
flux line into neighbouring regions and locally increases the magnetic field in the these regions above
the critical field Hc. After the Hc is breached, these areas become non-superconducting and thereby
lose their perfect conductivity. Compared to the superconducting region, the non-superconducting

region is equivalent to an electrically insulated area such as an electric switch.
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FIG. 3.4. Superconducting flux pump with type-I superconducting film. The figure on the left shows
the basic structure. The magnet is responsible for the creation of the non-superconducting region
(normal region) and the transport of magnetic flux into the superconducting loop [87]. The figure on
the right shows the equivalent circuit [88].

Fig. 3.4 shows an example of a flux pump for use with a type-I superconducting film. The load is a
common LTS magnet (using a type-1l superconducting material such as NbTi and NbsSn) which is
connected to a wide type-1 superconducting film with the help of superconducting joints. As shown on
the left of Fig. 3.4, when a strong magnet is placed above the type-1 superconducting film, the area
below the magnet becomes non-superconducting. As the magnet moves, this normal region moves
accordingly. The right hand figure in Fig. 3.4 shows the equivalent circuit. When the normal region is

created at the sides, it behaves like an open electric switch, like S; and S, as shown in Fig. 3.4.
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FIG. 3.5. The process which shows how magnetic flux has been transport into the superconducting
loop by the flux pump with type-I superconducting film [89].

The detailed process of how the magnetic flux is transported into the superconducting loop is

shown in Fig. 3.5. The magnetic flux travel in the type-I superconducting film in four steps:

Step 1. As shown in Fig.3.5(a), when the magnet arrives at the outer edge of the film, a normal region
is created at the edge, which is equivalent to the opening up of switch S;. The existing current
I flows through the switch S, (the superconducting region). Since the loop C; is open when
the flux travels through the loop, there is no induced current in C;. Since there is no change of

magnetic flux in loop C2, there is no induced current in C, either.

44



PHD THESIS UNIVERSITY OF CAMBRIDGE CHAPTER 3

Step 2. As shown in Fig.3.5(b), when the normal region travels to the centre of the film, both switches
S; and S, are closed. From Step 1 to Step 2, there is no change of magnetic flux in the loop
C, therefore there is still no induced current in C,. Meanwhile, there is no change of magnetic

flux in C,, therefore no induced current in C, either.

Step 3. As shown in Fig.3.5(c), when the normal region travels to the inner edge of the film, the
switch S, is open. From Step 2 to Step 3, there is no change of magnetic flux within the
combined loop C,+C,. Therefore, there is no induced current within the superconducting loop.
However, the magnetic flux inside the superconducting loop has increased by A® . This

magnetic flux is provided by the moving magnet.

Step 4. The final and most important step is to swipe the magnet out of the superconducting loop,
which changes the magnetic flux by —A® . In order to keep the magnetic flux stable inside
the superconducting loop, a current Al must be induced according to Faraday’s law. This
induced current Al counteracts the change in magnetic flux, and is added to the existing
current | as shown in Fig. 3.5(c). The flux increases by A® inside the superconducting loop,

compared to the magnetic flux at the beginning of the cycle.

The above discussion shows that the type-l superconducting film must be wide enough for the
successful operation of the flux pump for the following two reasons. First, the film must be wider than
the width of the normal region, otherwise there is no superconducting region while the flux travels in
the film. Second, when the normal region is created in the film, the superconducting region decreases
correspondingly. The type-l superconducting film must be wide enough to ensure the successful

bypass of the existing transport current in the superconducting loop.

The above mentioned method applies to type-l superconducting films. However, for a type-II
superconducting film, in order to create a normal region, the applied magnetic field must exceed the
upper critical field pHc,. For HTS materials, the upper critical field pyHc; is very high, as shown in
Fig. 3.3, and therefore it is unlikely to be created using the magnetic field. However, for some LTS
materials, since the upper critical field Hc, is relatively low, it is possible to create a normal region
using the magnetic field. For instance, Chung [90] used the LTS material Nb foil for experiments. Nb
is a type-Il superconducting material for which the lower critical field pyHc; is equal to 0.14 T, and
the upper critical field ppHc, isequal to 0.31 T. The upper critical field pHc, = 0.31 T can be easily
achieved using a magnet, and thereby the flux pump method can be used with this type-II

superconducting material with the same mechanism as for a type-I superconducting material.
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There are two methods for creating a travelling magnetic wave for the flux pump device. One uses
a rotating magnet, while the other uses a linear three phase winding. The rotating magnet method is
shown on the left of Fig. 3.6 [91, 92]. Either a permanent magnet or an electric magnet can be rotated.
The magnet generates magnetic flux, which creates the normal region in the type-l superconducting
film, while travelling of the normal region is induced by mechanically rotating the magnet. The linear
three phase winding method is shown on the right of Fig. 3.6 [90, 92-95]. The linear three phase
winding is normally used in a linear motor to generate linearly travelling magnetic poles [96]. The
peak value of the magnetic wave must be greater than the critical field Hc in order to create a normal
region in the superconducting film. Moreover, the magnetic wave generated by the linear three phase
windings must be offset by a carefully chosen dc background field, otherwise both the positive and
negative flux will be transported into the superconducting loop [95].

FIG. 3.6. The two methods to generate a travelling magnetic wave for the flux pump device with type-

| superconducting material [92].

An alternative method for creating and transporting a normal region is to locally heat the sample
using radiation light [97, 98]. As shown in Fig. 3.7, this method requires a radiation source to locally
heat a region of the type-I superconducting film above its critical temperature Tc. A magnet is placed

below the normal region and moved accordingly with the movement of the normal region. This
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method is more complicated than the previously mentioned method, and may not be practical for use

in a real experiment.

FIG. 3.7. The normal region created by radiation [98].

The advantages and disadvantages of each of the three methods (rotating magnet, linear three
phase winding and radiation) are listed in Table. 3.1. Of these methods, the linear three phase winding
is the most practical, except that heat might be generated by the phase windings, which may add an
extra heat load to the cryogenic system. However, the heat can be calculated into the cryogenic

temperature, and it may be small enough to be easily taken compensated for by the cooling system.

This section has introduced three methods of flux pump technology for use with type-I
superconducting films: a rotating magnet, linear three phase windings, and radiation. In the following
sections, the possibility of using flux pump technology with type-Il superconducting films will be
addressed. It will show that the physics of type-1l flux pump technology can be very different from

those in a type-I flux pump. The “dc transformer”, developed several decades ago, will be introduced.
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TABLE. 3.1.

The pros and cons of the three flux pump methods with type-I superconducting film

. Linear three phase -
Rotating magnet Radiation

windings

Free from mechanical
x \/ x
moving components
Free from vibrations
_ x v v
and noise
Ease of control Very simple Yes Complicated
Speed of the normal
) Fast Fast Slow
region
Zero heat generation
\/ x x
by the device

3.3 “DC transformer” for superconducting films

This section introduces the “dc transformer” for superconducting films. The “dc transformer” is
not directly related to flux pump technology, however, its underlying physics provide useful
information on how the vortices can be transported using field inhomogeneity. These experiments
provide details on how a travelling wave can differ from a conventional homogeneous oscillating field
when applied to a type-1l superconducting film. A travelling wave is a magnetic wave that has been
generated using a rotating magnet or three phase windings, as discussed in the previous section. The
travelling wave has a crest region and trough region, i.e., the magnetic field is inhomogeneous in the
space. This is in contrast to the definition of a homogeneous oscillating field, such as the magnetic
wave in the middle of a one-phase solenoid. Ideally, the magnetic field for the homogeneous
oscillating field is homogeneous throughout the space.

The “dc transformer” experiment was first performed by the Nobel Prize Laureate |. Giaever to
demonstrate the magnetic coupling of vortices between two adjacent but insulated type-Il
superconducting layers [99]. The sample was prepared as shown at the top of Fig. 3.8. The first layer
of type-Il superconducting material is an Sn film which is deposited onto a glass microscope slide. A
thin insulating layer of SiO, is deposited over the primary, and a second layer of Sn is deposited on
the top of the SiO, layer. The sample is then exposed to a dc background field perpendicular to the
sample surface, and a dc current is applied to the primary film. Since both the current and the
background field are dc, there should be no change in magnetic flux, which shouldn’t lead to an

induced voltage according to Faraday’s law. However, a voltage is measured at the secondary film
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even though it is insulated from the primary film and no current flows between them. The bottom of

Fig. 3.8 shows a comparison of the primary and secondary voltages V, and V; as a function of current
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FIG. 3.8. The figures on the top show the preparation of the “dc transformer”: An Sn film is deposited

onto a microscope glass slide as the primary Sn film. A thin insulating layer of SiO, is deposited over
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the primary Sn film, then a second layer of Sn film is deposited over the first two layers. Current
flows through the primary Sn film and voltage is measured at the secondary Sn film [99]. The figure
on the bottom shows the measured primary and secondary voltages V, and V; as a function of current

I, in the primary at different temperatures [99].

The measured voltage from the secondary film can be explained by the migration of vortices in the
secondary type-Il superconducting film. As discussed in Chapter 2, the magnetic field enters the type-
Il superconductor in the form of vortices, each containing a quantised magnetic fluxon in the “mixed
state”. The GL theory states that, within the coherence length & of each vortex, the absolute value of
the order parameter is very low, produces a tiny normal region. The magnetic structure of each vortex
is such that the magnetic field is at a peak in the centre of the vortex, and decays with distance.
Giaever’s explanation of the “dc transformer” is based on the fact that, when two layers of type-II
superconducting film are placed in a perpendicular magnetic field, the magnetic flux penetrates
through the two layers (primary and secondary). For a single fluxon, the vortices of the primary and
secondary film must be aligned in order to minimise the potential energy, provided that the insulation
layer is sufficiently thin. This leads to a coupling of the vortices between the two layers. If a dc
current is applied, this induces flux flow in the primary type-Il superconducting layer, the coupled
vortices in the secondary type-11 superconducting layer flow accordingly. Using Equation (2.56), it is
evident that a flux flow in the mixed state gives rise to an electric field, according to the Lorentz
transformation. However, this can also be explained using Faraday’s law, as preferred by Giaever.
Giaever’s explanation of the induced electric field resembles that of a type-I flux pump technology.

Giaever’s explanation for the measured voltage in a secondary type-11 superconducting film is [99]:

“...The simplest way of interpreting the voltage which may be seen on the voltmeter when the
superconductor is in the resistive state is to consider ‘flux rings’ to be created on one side of the film

and annihilated on the other side...”

This argument offers a clue on how a flux pump technology might be created for a type-II
superconducting film, that is, to transport vortices across a type-ll superconducting film into the
superconducting loop. Vortices can act as numerous tiny normal regions each containing a quantised

fluxon. If the vortices are transported across a type-Il superconducting film into the superconducting
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loop, then the four steps of the type-I flux pump can be fulfilled, which will create an induced current

Al according to Faraday’s law.

The “dc transformer” shows that field inhomogeneity can help vortices to move across the
superconducting film. Field inhomogeneity is induced by the magnetic field of the vortices in the
primary film. The coupling forces between the primary vortex and secondary vortex have been
studied extensively [100-107]. The coupling force can be calculated from the magnetic energy
distribution. As shown in Fig. 3.9, there are several parameters which affect the coupling force of the
vortices, such as the thickness of the primary and secondary films, the thickness of the insulation
layer, and the pinning force of the primary and secondary films. In general, the pinning force in the
secondary film ought to be smaller than the pinning force in the primary film. Since the field
inhomogeneity is provided by the vortices, the thickness of the insulation layer should be sufficiently
thin, otherwise the field inhomogeneity will not be strong enough to cause vortices to move in the
secondary film. The thickness of the insulating layer should be within the range of the coherence
length of the vortices.
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FIG. 3.9. The figure on the left shows the geometry of coupled superconducting primary and
secondary films; the figure on the right shows sketches of the magnetic field line for a fluxoid pair
[100].

51



PHD THESIS UNIVERSITY OF CAMBRIDGE CHAPTER 3

The right hand figure of Fig. 3.9 shows the coupling of the two vortices in the primary and
secondary type-Il superconducting thin films. The coupling is due to the fact that, when there is a
displacement between the two vortices (as “s” in Fig. 3.9), the potential energy for the two vortices
increases. In order to minimise the potential energy, the coupled vortices in the secondary move

accordingly with the primary vortex.

This coupling phenomenon can also occur in type-l superconducting films, as demonstrated by
Solomon [108]. His “dc transformer” had the same structure as that of Fig. 3.9, except that type-I
superconducting materials were used for the primary and secondary films. This work suggests that the
normal regions in the intermediate state of a type-I superconducting film can also be coupled, except
that each normal region contains a large quantity of magnetic fluxons while a vortex in the type-I1I
superconducting film contains only one fluxon. The coupled movement of the normal regions in the
intermediate state is also induced by the field inhomogeneity from the moving normal regions in the

primary film.

From this, the following two conclusions can be drawn, which lead to a possible design for a type-

Il superconducting flux pump:

1. If a single vortex is transported across a type-Il superconducting film into a superconducting
loop, a small current Al will be induced, which resembles the mechanism for a type-I
superconducting flux pump;

2. The vortices in the type-ll superconducting film can be transported by a travelling
inhomogeneous magnetic field, as demonstrated by the “dc transformer”. However, the
“wavelength” of the dc transformer is the inter-vortex distance, which is at the microscopic
scale and cannot be achieved using practical engineering. At the macroscopic scale, the
travelling inhomogeneous magnetic field can be achieved by a moving magnet or by three
phase windings. If the moving magnet or three phase windings can transport vortices in type-Il
superconducting films, then a flux pump technology for use with type-11 superconducting film

becomes available.

The next sections introduce two possible type-1l flux pump technologies for use with HTS films. A
discussion follows regarding the travelling magnetic wave, along with the introduction of a novel

device, which forms the main subject of this thesis.
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3.4 HTS flux pump technology for a bulk superconductor

The idea of using a travelling magnetic wave to magnetise a HTS bulk was first proposed by
Coombs [109-115] at Cambridge University. The original concept involved sweeping a magnetic field
beneath a YBCO bulk, so that the magnetic flux could gradually accumulate in the bulk
superconductor. The travelling wave was generated by creating a travelling heat wave inside a
ferromagnetic material such as Gadolinium, which has a Curie point of 294 K [112] and a relative
permeability of approximately 10.0. By heating the sample above its Curie point, the ferromagnetic
material becomes “switched off”. By cooling the sample down again below its Curie point, the
ferromagnetic material becomes “switched on”. Therefore, as the travelling heat wave travels across
the ferromagnetic materials in a dc background field, a quasi-travelling magnetic wave is generated.
Fig. 3.10 shows the key components of the “thermally actuated flux pump” device (figure on the left)
and the magnetic circuit (figure on the right).
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FIG. 3.10. The key components of the “thermally actuated flux pump” device (figure on the left) and

the magnetic circuit (figure on the right).
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The idea of using a travelling magnetic wave as proposed by Coombs can also be applied to HTS
films. The next section discusses a possible HTS flux technology for use with HTS coils. This

technology uses the travelling magnetic wave to fully magnetise an HTS magnet.

3.5 Possible HTS flux pump technology for HTS coils

1 Nd magnets

sc coil 2G wire

FIG. 3.11. The flux pump device with YBCO film demonstrated by Hoffman[116]. The HTS coil is
soldered with the YBCO film with the joint resistance in the order 40 — 200 nQ.

This section introduces two possible type-1l superconducting flux pump technologies for use with
HTS films. The careful choice of the word “possible” is due to the fact that, even though these flux
pump designs seem quite successful, their underlying physics is not yet fully understood. Both
experiments used HTS films for the flux pump. A travelling magnetic wave is applied across the HTS
film, and the accumulation of magnetic flux is measured in the HTS coil connected (by soldering) to
the HTS film. The travelling magnetic wave is either generated by a rotating permanent magnet as
demonstrated by Hoffman [116] or by three phase windings as demonstrated by Bai [89]. Fig. 3.3
shows that that HTS materials such as YBCO has a very high upper critical field ppHc, at 77 K. The
field generated by the permanent magnet or three phase windings is normally weaker than 1.0 T,
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which is far below this upper critical field. As such, a normal region cannot be created using either

method. A type-I superconducting flux pump would not be able to operate in these conditions.

Hoffman’s experiment is shown in Fig. 3.11. The main idea of this flux pump is the rotation of a
magnetic disk above a YBCO film. The disk is embedded with permanent magnets (NdFeB). The
YBCO film is connected by soldering to a HTS coil. Both the HTS coil and the YBCO film are made
from 2G YBCO tape produced by American Superconductor (AMSC) Corp. The coil has an
inductance of 2.7 mH and a critical current of 55 A. The YBCO film used for the flux pump purpose
has a width of 12 mm, and is soldered to the HTS coil leads using InBi solder. The joint resistance is
in the order of 40 — 200 nQ [116]. His experiment shows that the circulating current inside the HTS
coil can be easily ramped up to a value close to its critical current, with the help of a rotating magnet.
A net dc current is induced inside the superconducting loop after rotation of the magnet above the 12
mm wide YBCO film. This phenomenon is notable for the following two reasons. First, it was known
that for normal conductors such as copper, the induced current inside the copper coil caused by the
rotating magnet must be ac according to Faraday’s law. This is most common in electric machines
such as the electric generator. However, in Hoffman’s experiment, a dc current is induced instead.
Second, the magnetic field provided by the NdFeB N38 described in the experiment is far below the
upper critical field pyHc, of the YBCO material, which makes it impossible to create a normal region
on the YBCO film. However, the flux pump phenomenon has been achieved using the rotating
magnet, which resembles a type-I superconducting flux pump.
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FIG. 3.12. The NMR relaxometry magnet which is powered up using Hoffman’s method. The

magnetic field in the centre can ramp up to 2 T [117].
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Hoffman showed that the accumulation of dc current inside the HTS coil is dependent on the
rotating speed of the disk. The higher the speed of rotation, the faster the dc current ramped up to the
critical current. The direction of the dc current is also related to the direction of rotation of the disk,
which is to be expected since the induced voltage should reverse the direction as the rotating magnet
changes direction. This issue is further addressed in later chapters, in the context of magnetic

coupling.

The Gallaghan Innovation Research LTD in New Zealand has recently developed a 2 T NMR
relaxometry magnet which is powered up using Hoffman’s method. The rotating magnet can fully
magnetise an HTS magnet to its maximum field of 2T (at 110 A) in 2.5 hours [117]. The dipole
magnet is made from BSCCO wire, and has an inductance of 0.4 H. The rotating magnet and the
NMR magnet are integrated inside a cryogenic chamber which can operate at 32 K. The heat
generated by the flux pump is below 2 W which is 4.5 times lower than the conventional current
leads. Fig. 3.12 shows the NMR relaxometry magnet integrated with the flux pump device with the
ramped field in the middle of the magnet. Hoffman’s work not only proves that flux can be
transported into an HTS loop by a rotating magnet, but also proves that it is capable of being suitable

for practical use.
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There are also other methods for providing a travelling magnetic wave. Another method is to use
linear three phase windings, as discussed in Section 3.2. Bai applied this method to magnetise an HTS
coil [89, 118]. A dc current accumulated in the HTS loop can reach approximately 200 A for Bi2223
coil and 80 A for MgB, coil at 20 K.
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Hoffman and Bai show that a travelling wave is able to transport magnetic flux into an HTS loop
through an HTS film. However, this is not achieved by creating normal regions as is the case for a
flux pump used with a type-1 superconducting film, since the upper critical field of the HTS is too
high to be achieved using a normal magnet. Although the dc current accumulated inside the HTS loop
is quite remarkable (close to critical current I¢), the underlying physics is not clearly understood.
Therefore, a further study is necessary to understand the underlying physics for these HTS flux pump
technologies. A novel experiment to study the physics of an HTS flux pump is proposed by the author

in the next section.

3.6 Novel research on the magnetisation based on a travelling magnetic

wave

Section 3.5 showed that a travelling magnetic wave can successfully magnetise an HTS coil to its
critical current lc. However, it is still not clear why or how magnetic flux is transported into the
superconducting loop by the travelling wave. Although the magnetisation of type-1l superconductors
has been studied for decades, knowledge is still limited on how a travelling wave can magnetise a
type-1l superconductor. This is due to the fact that a travelling wave is constantly equated to a
homogeneous oscillating field without any proper argument. For instance, ac magnetisation losses are
very common with travelling waves such as inside a superconducting electric machine. However,
almost all the literature concerning about ac magnetisation loss calculations use homogeneous

oscillating field rather than travelling waves [50].

In light of the above discussion, it was necessary to conduct research into how a travelling
magnetic wave can magnetise a type-11 superconducting film. The experiment was carefully designed
so that the results can be easily compared to the effects of a homogeneous oscillating field. The Bean
model [47] is a powerful tool that can be used to predict the magnetisation based on a homogeneous
oscillating field. The Bean model assumes that the induced current density inside a type-II
superconductor is equal to the critical current density Jc. Ideal geometries for the Bean model are an
infinitely long cylinder or an infinitely wide slab, which have a zero demagnetisation factor (N=0).
Although the samples used for experiment were HTS films with a high demagnetisation factor

(N=1.0), numerous books and articles [50] have shown that the magnetisation of type-II
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superconducting films more or less follows the constant current density assumption of the Bean

model.

The ideal geometry for the investigation is a round shaped axisymmetric HTS film, so that the
magnetisation of this geometry with a homogeneous oscillating field can be easily predicted using the
Bean model. Therefore, in order to investigate magnetisation based on a travelling wave, device was
need which can produce an axisymmetric travelling wave. The magnetisation based on the travelling
wave could be easily compared with the homogeneous oscillating field. Therefore, it was decided that

the key components of the experiment should include:

1. A round shaped YBCO film with a large diameter;
2. A device which can produce both homogeneous oscillating fields and travelling waves. The
travelling wave should be axisymmetric (annular shape). Both the homogeneous oscillating

field and travelling wave could be easily controlled during the experiment.

Based on the above discussions, a circular-type magnetic flux pump (CTMFP) will be proposed, as
will be discussed in the following chapter.
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CHAPTER 4

EXPERIMENTAL SYSTEMS AND MODELLING METHOD

In the previous chapter, an experiment was proposed to study the magnetisation of a type-II
superconducting film using a travelling magnetic wave. It was decided that the YBCO sample should
be round shaped, and the travelling wave should be annular shaped. The device must be capable of
producing both an annular shaped travelling wave and a conventional homogeneous oscillating field.
This chapter proposes a novel device for use in the experiment, named the “circular-type magnetic
flux pump (CTMFP)”. Two types of CTMFP were built for study. Calculations were also performed
with the help of the commercial finite element method (FEM) software, COMSOL Multiphysics. This
chapter introduces the experimental systems and the FEM method used, to provide a general idea of

the studies the author has performed during his PhD.

4.1 The concept of a circular-type magnetic flux pump (CTMFP)

As mentioned in Chapter 3, the basic principle of flux pump technology is the application of a
travelling magnetic wave to a superconducting film which is jointed to a superconducting magnet.
This method applies to both type-l and type-ll superconducting films, although the mechanisms

involved can be very different.

In order to study the magnetisation of a round-shape YBCO film under the influence of a travelling
magnetic wave, the circular-type magnetic flux pump (CTMFP) was proposed. The CTMFP combines

the idea of a linear-type magnetic flux pump (LTMFP) [93-95, 119] and the thermally actuated flux
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pump [109, 113, 114, 120-123] described in Section 3.4. The LTMFP uses three phase windings to
produce a linear travelling magnetic wave. The thermally actuated flux pump generates an annular
shape travelling magnetic wave by heating a gadolinium cylinder in a dc background magnetic field.
The linear travelling magnetic wave generated by the LTMFP can be easily controlled using a three
phase inverter, by adjusting the output voltage and frequency. The CTMFP uses three phase windings
to generate an annular-shape travelling magnetic wave. The advantage of using phase windings is

increased control over the annular-shape travelling wave.

Iron circuit

FIG. 4.1. The original design for the CTMFP [124]. The YBCO thin film is placed above the iron
circuit. The iron circuit has three phase windings with positive phase sequence U, V, and W, as
illustrated in the diagram. A coil carrying a dc current is wound around the iron circuit to provide a dc
background field.

The original design of the CTMFP device is shown in Fig.4.1. The CTMFP magnet comprises
three phase windings and dc coils, all of which are concentric. An iron yoke is sandwiched in between
the windings to concentrate the magnetic flux, as is normally used in electric machines. A round
shaped YBCO thin film or bulk is placed above the CTMFP. In this thesis, only YBCO thin film or

tapes was used.

The three phase windings are designed to connect with a commercial three phase inverter which is
used for the motor drive. The phase arrangement is shown in Fig. 4.1, such that the travelling wave
moves inwardly from the outside into the centre. However, to reverse the travelling direction of the
magnetic wave, the inverter can be switched into “reverse mode” as preset of the machine. The dc coil
is connected to a dc power supply, to provide the dc background field. In general, the advantages of
this design are:
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1. The amplitude of the travelling wave can be controlled by altering the output voltage V. of
the inverter;

2. The speed of the travelling wave can be controlled by altering the output frequency f of the
inverter;

3. The direction of the travelling wave (inward or outward) can be controlled by altering the
preset rotate-direction of the inverter;

4. The dc background field can be controlled by the altering output dc voltage V. of the dc

power source.

The CTMFP is expected to produce an annular-shape travelling magnetic wave similar to that
shown in Fig. 4.2. The magnetic field B, is perpendicular to the surface of the YBCO sample (a-b
plane). One defect of the design in Fig. 4.1 is that the YBCO sample could experience a magnetic
field which is not normal to its surface, i.e. there is a component of the magnetic field which lies
parallel to its surface. As discussed in Section 2.3.4, this parallel component may cause a “cross field
effect” [68] for bulk superconductor, or a “flux shaking effect” [125, 126] for thin film. This may lead
to the decay of the magnetisation of the superconducting sample. In order to mitigate this problem, it
was proposed to use the combination of two identical CTMFP magnets, which will be discussed in the

next section.
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FIG. 4.2. (a) Schematic drawing of the annular-shape travelling magnetic wave generated by three-
phase windings, and offset by the dc coils. (b) Demonstration of the travelling magnetic wave; the
wave travels from outside of the sample to the centre. The magnetic field B, is perpendicular to the

surface (a-b plane) of the sample.
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4.2 The original CTMFP magnets

4.2.1 Magnet design

As mentioned in the previous section, a single CTMFP magnet may lead to the “cross field effect”
[68] or “flux shaking effect” [125, 126]. If these effects arose during the experiment, they would
affect the ability to control the equipment precisely, which would compromise the validity of the
experimental results. One method for avoiding the cross field effect is to overlap two identical
CTMFP magnets. The two identical CTMFP magnets face each other, with a small gap between them
in which the YBCO sample is fitted. Between the two CTMFP magnets, should be no magnetic
component in the radial direction, and the YBCO sample inserted between the two magnets should
not experience a magnetic field parallel to its surface. The CTMFP experimental system was designed
and built with this concept in mind. Fig. 4.3 shows the design of the CTMFP magnets, and Fig. 4.4
shows their geometry.

.TUFNOl Support

DElectﬁc iron lamination

Effective field
traveling region

FIG. 4.3. The configuration of the CTMFP. Each coil contains three phase windings and a dc coil. A
Hall sensor is placed in the centre of the device.
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FIG. 4.4. (a) The geometry of each CTMFP magnet; (b) the size of the gap between two CTMFP

magnets.

The CTMFP device comprises of two identical CTMFP magnets, as shown in Fig. 4.3. Each
CTMFP magnet comprises three phase windings and a dc winding. As shown in Fig. 4.4, the width of
each phase winding and the iron lamination was 5 mm and the height was 38 mm. The gap between
the CTMFP magnets was 9 mm, as shown in Fig. 4.4. The region between the phase windings was
defined as the “effective field travelling region”, since the wave is travelling in this region. The region
in the centre was defined as the “central region”, in which the magnetic field oscillates but does not
travel. The diameter of the phase windings was determined by the diameter of the YBCO samples. As
discussed in later paragraphs, the sample uses for the study was a 2 inch diameter YBCO thin film.
The diameter of the travelling region was 55 mm, which is slightly larger than the diameter of the

sample (= 50.8 mm).

The two magnets were embedded in TUFNOL supports, which are electrically insulating and
mechanically strong. Thin TUFNOL plates were installed to cover the surfaces of the magnets. The
two magnets were assembled using threaded studding at the four corners of the TUFNOL support.

Originally, one Hall sensor was installed in the middle of the device as shown in Fig. 4.3.
However, as will be mentioned in later paragraphs, a six Hall sensor array was also be used to
measure the magnetic gradient. The YBCO sample was inserted into the central gap in the CTMFP
device. The properties of the sample and the machining of the sample holder are described in later

paragraphs.
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4.2.2 CTMFP magnet and circuit analysis

Fig. 4.5 shows the two identical CTMFP magnets, “unfolded” from the configuration shown in
Fig. 4.3. Both the magnets were wound by hand. The brown components are the enameled magnet
wires. The axle at the centre of each magnet is machined from soft iron. The hole at the centre is
approximately 3.0 mm deep, and threaded for the convenience of coil winding. The diameter of each
hole is 2.5 mm. As illustrated in Fig. 4.3, the layers in between the wire windings are electric (silicon)
iron laminations. The iron lamination is very thin (0.25 mm) and is tightly wrapped around the wire
windings. The width of the lamination is 38 mm. The polished surface of the innermost electric iron
layers is silver, and the unpolished surface is black. Electric iron laminations are normally used in

electric machines to reduce eddy current losses in an ac magnetic field.

FIG. 4.5. The actual experimental CTMFP coils embedded in the TUFNOL supports. The materials

between the coil windings are the electric iron lamination.

The magnet wire has a diameter of 0.5 mm. Since the height of each magnet is 38 mm, each layer
of the winding has approximately 76 turns. Each phase winding has 8 layers, and each dc winding has
40 layers. The terminals of the windings lie at the back of the magnet, and are not shown in Fig. 4.5.
The principle of the wire connection is that, for each phase, the two identical windings (from two
magnets) work as a single solenoid. In order to achieve this, the wire connected to the backs of the
magnets should reverse the direction as illustrated in Fig. 4.6. The windings of each phase are

connected in series.
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Magnet 1 Magnet 2

FIG. 4.6. Demonstration of the wire connections in the back of the CTMFP magnets.

After the connection is made between the CTMFP magnets, the electric resistance and the
inductance of the each phase and the dc windings were measured. The measured properties are shown
in Table 4.1.

TABLE 4.1
PROPERTIES OF THE CONNECTED WINDINGS

Inner- Outer- Resistance  Resistance
. . Layers of Inductance
Phase diameter diameter - Turns 300 K 77K
winding (connected)

(mm) (mm) (connected)  (connected)
U 45 55 8 ~1216 154 Q 26Q 122.2 mH
\ 25 35 8 ~1216 920 1.6 Q 62.2 mH
W 5 15 8 ~1216 34Q 0.6Q 5.7mH
DC 65 115 40 ~6080

The resistances of the three phase windings at 77 K are listed in Table 4.1, and were measured at Ry
=2.6 Q Ry=1.6 Q, and Ry = 0.6 Q, where Ry, Ry and Ry represent the resistances for phase
windings U, V and W. In order to balance the resistances, 300 Q power resistors were connected in

series with each phase coil, so that R’y =~ R’y = R’y = 300 Q.

The inductances of the three phase windings were measured at: Ly = 122.2 mH, Ly = 62.2 mH, and
Lw = 5.7 mH. In order to avoid phase shift under ac current conditions, the real part of the impedances
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was increased (by connecting 300 Q power resistors) to minimise the phase shifting. The connections

of the phase coils followed the star connection, as demonstrated in Fig. 4.7.

Power Resistor Magnet 1 Magnet 2

FIG. 4.7. The circuit of the CTMFP magnets.

The impedances were calculated using Equation (4.1):
Z, =R+ jol, (4.1)
where w=2xf, which is the angular speed.

The impedances were estimated at f=1.0, 10.0, 100.0, and 400.0 Hz, and the results are shown in
Table 4.2. Up to f=100.0 Hz, changes to the absolute value of the impedance were negligible (a
maximum change of 3%) and the phase coils were predominantly resistive (maximum phase shift 14,
However, at f=400.0 Hz, the inductances greatly affected the impedance (a maximum 43 %
impedance change and 45<phase shift for phase U). The inverter used for the experiments had a
maximum output of 1000 Hz (in the high frequency mode). However, it was more reliable to use the
“normal frequency mode” (which has a maximum output frequency of 400 Hz) since there is a sudden
drop of output voltage at f=51.0 Hz in the “high frequency mode”. In most of the experiments, the
required output frequency was below 100 Hz. Therefore, connecting a 300 Q power resister to each
phase helped balance the loads.
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TABLE 4.2
IMPEDANCE ACCORDING TO DIFFERENT FREQUENCIES
AbS(Zy, Zy, Zw) () Angle(Zy, Zv, Zw) (9
1.0 300, 300, 300 0,0,0
10.0 300, 300, 300 1,1,0
100.0 310, 303, 300 14,7,1
400.0 429, 338, 300 45,28, 3

4.3 An updated CTMFP magnet

In order to further study how field inhomogeneity influences the magnetisation of YBCO film,
updated CTMFP magnets were designed and built. Compared to the original CTMFP magnets, the
updated CTMFP magnets have s stronger field inhomogeneity. This was achieved by decreasing the
wavelength of the travelling wave. The width of the phase windings in the updated CTMFP magnets
is a quarter of the width of the original CTMFP magnets. There are two kinds of phase connections
for the updated CTMFP magnets: one is the six phase connection, which produces a travelling wave
with two pole-pairs; another is the three phase connection, which produces a travelling wave with four
pole-pairs. This section introduces the design and the build of the updated CTMFP magnets.

4.3.1 Magnet design

In order to achieve a stronger field inhomogeneity, the CTMFP magnets were updated to produce
with 1/2 (six phase connection) or 1/4 (three phase connection) of the wavelength compared to the
original CTMFP magnets. Compared to the design in Section 4.2, the width of the phase windings and
iron yoke in the updated CTMFP magnets is a quarter of the width of the original CTMFP magnets.
The phase windings were increased accordingly to cover the whole area of the superconducting
sample. In the six phase connection, the phases used were not only the U, VV and W as indicated in
Fig. 4.3 for 120<phase shift. Three other phases —U, -V, -W were added between U, V, W, to ensure
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the 609phase shift between neighbouring windings. The 609phase shift is illustrated in Fig. 4.8. The
magnetic wave produced from the 60“phase shift is smoother than that from the 120%hase shift. The
differences between the original CTMFP magnets and the updated CTMFP magnets are listed in
Table 4.3.

[—=

FIG. 4.8. The phase diagram for the six phases winding for the updated CTMFP magnets. The phase
shift is 60<for the neighbouring phases.

TABLE 4.3
THE DIFFERENCES BETWEEN THE ORIGINAL AND UPDATED CTMFP MAGNETS

Diameter of the  Phase Phase Name of phases Phase Number of
phase windings  width  number (in sequence) shift pole
(mm) Q)
Original 65.0 5.0 3 U, VvV,Ww 120 single pole
Updated 70.0 1.25 6 u,-W,V,-Uuw,-v 60° 2 pole-pairs
(Six phase)
Updated 70.0 1.25 3 U, V,w 120 4 pole-pairs
(Three phase)
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Fig. 4.9 shows the design of the updated CTMFP magnets. Each of the magnets contains two
parts: the phase windings and the dc coil. Like the original CTMFP magnets, the updated CTMFP
magnets have two regions: the effective travelling region and the central region. The effective
travelling region is the area in which the magnetic wave travels, and the central region is the area
where the magnetic field oscillates but does not travel. The YBCO sample was inserted in the centre
of the device during experiments, as illustrated in Fig. 4.9. The Hall sensors were installed above the
surface of the YBCO sample in order to measure the magnetic field. The geometry of the updated
CTMFP magnets is shown in Fig. 4.10.

Hall sensors

YBCO sample

. TUFNOL Support

Softiron tube

& DC coil

Phase coil U

Effective travelling region entral region

}

Effective travelling region

. Phase coil V

. Phase coil W

Phase coil -U

Phase coil -V
Phase coil -W

-] . Nylon tube for DC coil

FIG. 4.9. The updated CTMFP magnets design. Each CTMFP magnet contains a phase winding and a
dc coil. The two magnets are completely symmetrical, which is ensured by the TUFNOL support.

70 9
(a) 109 (b)
‘ 86 | ] —] im
i 76 |
\ \
3
1.25 5 [ ]
- | |
Unit: mm |
E‘: — ]j Unit: mm

FIG. 4.10. The designed geometry for the updated CTMFP magnets.
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Accuracy of the geometry was very important for the updated CTMFP magnets, since the width of
the phase windings and the iron yoke is very small (1.25 mm). This problem could reasonably be
ignored in the original CTMFP magnets since the width of the phase windings and the iron yoke was
relatively large (5.0 mm). A misshaped phase winding or electric iron winding would not have
changed the magnetic waveform in the original CTMFP magnets, however, for the updated CTMFP
magnets, it was necessary to strictly control the geometry of the phase windings and the iron yoke
since even a slightly misshapen geometry or asymmetry of the two magnets could lead to a change in
the magnetic profile. In order to avoid this problem, the iron tubes for phase windings were machined
from soft iron instead of using electric iron laminations. Soft iron cylinders were purchased, and then
machined using a Lathe. Fig. 4.11 shows the machined soft iron tubes ready for coil winding. There
were 14 tubes for each of the updated CTMFP magnets. The smallest is a solid cylinder with a
diameter of 5.0 mm. The centre was threaded for the convenience of coil windings. The outer
diameters of the other 13 tubes were 10 mm, 15 mm, 20 mm ...65 mm, and 70 mm. The inner

diameters were: 7.5 mm, 12.5 mm, 17.5 mm ...62.5 mm, and 67.5 mm.

FIG. 4.11. The soft iron tubes machined from soft iron cylinders.
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4.3.2 Build of the magnet

In order to ensure that the phase windings of the two magnets were perfectly aligned after
installation in the TUFNOL support, the dc coils were separated from the phase winding and wound
onto a nylon tube. Fig. 4.9 and Fig. 4.10 show that the inner diameter of the nylon tube was slightly
larger than the phase windings. The gap between the nylon tube and the phase winding was supported
by the TUFNOL. This design ensured that the phase windings of the two CTMFP magnets were
aligned after installation, as shown in Fig. 4.9. Fig. 4.12 shows the updated CTMFP magnets installed
on the TUFNOL support according to the design shown in Fig. 4.9 and Fig. 4.10.

PP P | ! LTI MUEETTETTERT R LRARbR T we
1 2 3 4 5 6 7 8 9 10 12 ' 13 14 15 16 © 17" als " 19 20 211 z‘z 23 2a 25 zs 27 28 J;ao‘
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1 : o T == e 1 1 T N o T ot )R L Bt St e e £ - e S P, 51 (8 B 1 B 04 o e o = —
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FIG. 4.12. The two updated CTMFP magnets on the TUFNOL support as designed from Fig. 4.9 and
Fig. 4.10.

After the phase windings and the dc coils were connected, the resistances and inductances of the
windings were measured. The results are shown in Table 4.4. Compared to the original CTMFP
magnets shown in Table 4.1, the resistances and inductances of the phase windings were effectively
balanced. Each phase was also connected using a 300 Q power resistor. This helped to balance the

phase current, as discussed in Section 4.2.2.
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TABLE 4.4
PROPERTIES OF THE CONNECTED WINDINGS

Resistance 300 K Resistance 77 K

(connected) (connected)

Phase

Inductance (connected)

U (-U)* 19.78 mH

V (-V) 114 Q 190 16.51 mH

W (-W) 10.0 Q 180 12.05 mH
DC 454 Q 500

* Phase U and phase —U are connected in series.

4.4 Power supplies for wire windings.

The power supplies for the wire windings included a three phase inverter and a dc power supply.
The three phase inverter was purchased from OMRON, model MX-2. The rated power was 0.75 kW.
The out frequency could be varied from 0.1 Hz to 400 Hz (in normal mode) or to 1000 Hz (high
frequency mode). The rated output voltage was 230 V, and the rated output current was 5.0 A. The

experiment used the “Free V/F Control”, which defines the voltage-frequency relationship for the
convenience of the user.

Output voltage (V)
V7 (b113)

Ve (b 111

V5 (b 109)

V4 (b 107)
Vi (b101)
V2,3 (k1036 105)

Output freq.(Hz)

0 H R F3 F4 F5 F6 F7
(b 100)(6 102) (b 1D4) (a1} (b 108)(b 1 10) (6 1 2)

FIG. 4.13. The figure on the left shows the picture of a OMRON inverter, mode MX-2. The figure on
the right shows the “Free V/F Control”.
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The dc power supply was a variable dc voltage source. The maximum output current was 10 A,

and the maximum output voltage was 30 V.

4.5 Measurement system

4.5.1 Hall sensors

Two types of Hall sensors were used for measurement. One was the model HZ-312C and the other
was HZ-116C. Both were made by Asahi Kasei Microdevices Corp. The model HZ-312C was used to
measure the magnetic field for the original CTMFP system, while the model HZ-116C was used for
the updated CTMFP system. Fig. 4.14 shows a photo and the geometry of the model HZ-312C.
Fig.4.15 shows the photo and geometry of the model HZ-116C. For the original CTMFP system,
either a single HZ-312C Hall sensor installed in the middle of the device was used, or six HZ-312C
Hall sensors were used to build a Hall sensor array. The single Hall sensor was used to measure the
change of magnetic field in the middle of the sample, while the six Hall sensor array was used to
measure the change in magnetic gradient across the sample. Fig.4.16 shows the six Hall sensor array

and its relative position above the 2 inch YBCO sample (as discussed in a later section).
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FIG. 4.14. The model HZ-312C from Asahi Kasei Microdevices which was used for measurement of

the original CTMFP system [127].
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FIG. 4.15. The model HZ-116C from Asahi Kasei Microdevices which was used for measurement of
the updated CTMFP system.
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FIG. 4.16. The six Hall sensor arrays installe

HZ-312C from Asahi Kasei Microdevices. This Hall sensors array was only used for the measurement
of the original CTMFP system.
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FIG. 4.17. The Hall sensors array installed on the printed circuit board (PCB, left figure) and their
relative positions above the YBCO sample (right figure). The YBCO sample was either a 2 inch
diameter disc or a square shaped YBCO sample, as discussed in a later section). The Hall sensors are
the model HZ-116C from Asahi Kasei Microdevices. This Hall sensor array was used for

measurement of the updated CTMFP system.

The Hall sensor HZ-312C was calibrated individually as demonstrated in Fig.4.18. The gaussmetre
was placed on the surface at the centre of the iron rod as shown in Fig. 4.18(a). The solenoid was
connected to a dc power supply. The current — magnetic flux density relationship 14, — B was recorded
as the current Iy increased from zero to a certain value. In the second step, the Hall sensor was placed
at the same position as the gaussmeter. The Hall sensor was powered using a constant current supply
set to 5 mA. The Hall voltage V, was measured using a voltmeter. The carrier velocity inside the Hall
sensor can be different at different temperature, therefore, in order to calibrate correctly, the Hall
sensor should be cooled down to 77 K. Since the Hall sensor has a very small mass and thereby a
small heat capacity, the cooling could be simplified by pouring a small amount of liquid nitrogen onto
the Hall sensor during the measurement, as shown in Fig. 4.18(b). The measured Hall voltage AVj
increases (increase of the carrier velocity inside the Hall sensor) and stabilises in a short period of
time (over several seconds), and thereafter, the stabilised Hall voltage AV, was recorded as a function
of lg. It is not recommended to pour too much liquid nitrogen during calibration, since it might also
lower the temperature of the iron rod and the dc coil, which would increase the iron permeability and
decrease the resistance of the coil.
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(@) Gaussmetre (b) ,@ Hall sensor
LN2
Connect to current source:SmA
Connect to voltmetre: +AV;,
Twisted wires
— L4 L4
== itV =N Vg
) -V ) -V
Soft iron rod Soft iron rod

FIG. 4.18. Demonstration of the calibration of Hall sensors HZ-312C model.
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FIG. 4.19. Calibrating the Hall sensor array on the PCB, as shown in Fig.4.17. The PCB was pasted to
a non-magnetic container then inserted into the gap in the dc magnet.

The Hall sensor array on the PCB was calibrated using a different method than that shown in Fig.
4.18. As shown in Fig.4.19, the PCB was pasted inside a non-magnetic container using Kapton tape,
then inserted into the gap in the dc magnet. The field within the gap of the dc magnet was
homogeneous. During calibration, the container was filled with liquid nitrogen.
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After measurements were taken, as shown in Fig. 4.18 and Fig.4.19, the relationship between the
magnetic flux density B and the Hall voltage V,, was obtained. An example of the B-V, relationship is
shown in Fig. 4.20. The Hall sensor responds differently at different calibration temperatures. For the
same applied magnetic field, a lower temperature produces a higher Hall voltage. For one particular
Hall sensor as shown in Fig. 4.12, the slope at 300 K was 1.816 mT/V while for 77 K the slope was
1.709 mT/V.

soll o Buvs. v, (300 K) | __________________ _________________
v Bv. 7, (77K) : '

701 "
Linear fit for 300 K 5 7
L _Linear fit for 77 K ........ ............... ................ -

FIG. 4.20. The B-V, relationship obtained from one of the HZ-312C Hall sensors at two different
temperatures: 300 K and 77 K.

4.5.2 Data acquisition

For the original CTMFP, either a single Hall sensor or six Hall sensors (Fig. 4.16) were used. For
the single Hall sensor measurement, a single channel data acquisition was needed, while for the six
Hall sensor measurement, multi-channel data acquisition was required. The device used for the single
channel data acquisition was an Agilent Multimeter 344014, and the device for the multi-channel data
acquisition was an Agilent U2353A. For the single channel Agilent Multimeter 344014, the data was
transferred to the computer using a GPIB-USB interface. For the multi-channel Agilent U2353A, the

data was transferred to the computer using a USB2.0 cable.
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FIG.4.21. The voltmeter used for measurement and data-acquisition of the Hall voltage. The figure on

the left is the single channel Agilent Multimeter 34401a and the figure on the right is the multi-
channel voltmeter Agilent U2353A.
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FIG. 4.22. The Labview program for the multi-channel Agilent U2353A used to measure the six Hall
sensor array.
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After the data transferred to the computer, it was processed using a Labview program. The
Labview program calculated the strength of the magnetic field from the measured voltage,
displayed the values on the screen and recorded them to the hard disk. Fig. 4.22 shows an
example of the Labview program for the multi-channel Agilent U2353A used to measure the
six Hall sensor array. The top figure of Fig. 4.22 is the interface of the Labview program, and

the bottom figure is the program used for data processing (the only part shown).

4.6 YBCO samples

There were two types of YBCO sample used in the experiment. The first type was a 2 inch
diameter round YBCO thin film provided by Ceraco Ceramic Coating GmbH, Germany. The second
type was a 46 mm square YBCO tape provided by American Superconductor Corp and Francis Bitter
Magnet Lab, MIT.

4.6.1 Round shape thin film

The 2 inch diameter YBa,CusO;5 thin film was provided by Ceraco Ceramic Coating GmbH,
Germany. The thickness of the YBCO layer was 200 nm. The YBCO layer was deposited onto a 2
inch diameter Al,O; wafer. The critical temperature T of the YBCO sample was 87.0 K. In order to
protect the YBCO layer from humidity, a 60 nm thick Au layer was deposited on the top of the YBCO
layer in a vacuum evaporator. Fig. 4.23 shows the YBCO sample before and after gold deposition.

Fig. 4.24 shows the measured geometry of the YBCO sample.
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FIG. 4.23. YBa,Cuz0-5thin film before (left) and after (right) gold deposition. The YBCO layer was
deposited onto a 2 inch diameter Al,O; wafer. The thickness of the YBCO layer was 200 nm, and the
thickness of the gold layer was 60 nm. The sample was provided by Ceraco Ceramic Coating GmbH,

Germany.

200 nm YBCO
layer on the
Al O; wafer

49.54 mm

FIG. 4.24. The geometry of the 2 inch diameter YBCO sample.

In order to protect the YBCO sample from scratches during the experiment, a TUFNOL sample
holder was designed and machined. Fig. 4.25 shows the design of the recess inside the 3 mm thick
TUFNOL plate. The design sealed the YBCO sample inside a recess in a 3 mm thick TUFNOL plate.
Fig 4.25 shows the YBCO layer facing down in the recess so that the YBCO layer does not come into
direct contact with the TUFNOL plate. A very small edge was left to support the sample. This design

80



PHD THESIS UNIVERSITY OF CAMBRIDGE CHAPTER 4

protected the YBCO layer during the experiment. A TUFNOL plate 1 mm thick was used to cover the
top of the sample, and the surroundings were sealed using Araldite epoxy to prevent humidity from
penetrating the chamber. As shown in Fig. 4.5, the distance from the centre of the CTMFP magnet to
the bottom surface of the TUFNOL support was 80 mm. In order to make sure that the sample centre
was aligned with the centre of the magnet, the distance from the centre of the sample to the bottom
surface of the holder was also be 80 mm as illustrated in Fig. 4.26. Fig. 4.26(a) shows the geometric
design of the sample holder and Fig. 4.26(b) shows the sample holder with the YBCO sample sealed

inside.

After the YBCO sample was sealed inside the sample holder as shown in Fig. 4.26, the sample
could be guaranteed to be free of humidity and scratches, and was ready to be slotted into the gap
between the CTMFP magnets.

TUFNOL cover
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FIG. 4.25. The geometric design of the TUFNOL holder for the YBCO sample.
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(@) (b)
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FIG. 4.26. (a) the geometric design of the 2 inch diameter YBCO sample holder; (b) the sample
holder with YBCO sample sealed inside.

4.6.2 Square shaped YBCO sample

Another YBCO sample investigated in the experiment was a square shaped YBCO sample with a
hole through the centre. Ten identical samples were borrowed from Francis Bitter Magnet Laboratory
(FBML), MIT and American Superconductor (AMSC) Corp. Since 2009, MIT built a series of annuli
NMR magnets using a stack of these YBCO plates produced by AMSC [1, 128, 129]. Two types of
square shape YBCO sample were used for their annuli magnets. The first type had dimensions of 40
mm =40 mm, and the other had dimensions of 46 mm >x46 mm. The samples were cut from standard
wide tapes manufactured by AMSC using the rolling assisted Bi-axially textured substrate (RABITS)
method. Hahn et al. assembled 500 pieces of 40 mm > 40 mm YBCO thin plate to build the first
annuli magnet YP500 [1]. At 77 K, a single plate can have a trap field of 22.1 mT, while the
assembled YP500 can have a maximum trap field of 0.18 T [1]. The model YP750 which uses 750
pieces of 40 mm x40 mm YBCO plates was built in 2011, with peak trapped fields of 0.42 T at 77 K
[130]. The model YP2800 was built in 2012 using 850 pieces of 40 mm x40 mm YBCO plates and
1950 pieces of 46 mm %46 mm YBCO plates, to produce a peak centre field at 77 K of 0.64 T [131,
132].

Ten pieces of square shaped YBCO plates were borrowed from FBML and MIT. These were 46
mm x<46 mm plates with a 26 mm diameter hole through the middle. Fig. 4.27 shows a photo of the
ten pieces of YBCO plate, with their dimensions drawn to the right of the figure. Table 4.5 lists the
properties of the sample [1].
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Since the square shapes YBCO sample is covered by the substrate and the YBCO layer is not
exposed to the air, it is not necessary to seal the sample inside a sample holder, as was needed for the
round shaped YBCO sample in Fig. 4.26. However, for the convenience of the experiment, we
designed and machined a sample holder for the YBCO plates. The sample holder has to be able to
hold the YBCO samples either singly or in multiple layers. For the multi-layer experiment, it was
necessary to be able to rotate the sample by 45%as suggested by Kim [133], in order to reduce the
field inhomogeneity. Fig. 4.28 shows the geometric design and the machined sample holder. The
sample holder was made of 3 mm thick TUFNOL plate. As shown in Fig. 4.28, a recess was
machined into a 3 mm thick TUFNOL plate to hold the YBCO plates either horizontally or rotated by

452 Another TUFNOL ring was machined with an inner diameter slightly smaller than the outer
diameter of the circle on the TUFNUL plate, so that the TUFNUL ring can clamp onto the TUFNUL
plate to prevent the YBCO samples falling out of the recess.

46

46

Unit: mm

FIG. 4.27. The photo (left) of the ten pieces of YBCO plate and their dimensions (right).

TABLE 4.5
PROPERTIES OF THE SQUARE SHAPED YBCO SAMPLES [1]

Parameter Unit Value
Material YBCO
Manufacturer AMSC
Width > Length [mm] 46 <46
Centre hole inner diameter [mm] 26
Overall thickness [m] 80
YBCO layer thickness [m] 0.8
Nickel substrate thickness [pm] 75
Jcof YBCO@ 77K, 02T [MA/cm?] 0.2-0.6
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FIG. 4.28. (a) The geometric design of the sample holder for square shape YBCO samples; (b) the
machined TUFNOL holder of 3 mm thick for the square shape YBCO samples.

4.7 System integration

The whole experimental system included:

CTMFP magnet: either the original CTMFP magnet or the updated CTMFP magnet;
YBCO sample: either round shape or square shape;
Power sources for the three phase coils, the dc coils and the Hall sensors;

Data acquisition for either single channel or multi-channel Hall voltages;

S N

A computer installed with the Labview program to record experimental data.

Fig. 4.29 shows a schematic of the experimental system using the original CTMFP magnets and
single channel data-acquisition equipment, and Fig. 4.30 is a photo of the experimental system. For
the single Hall sensor measurement, the single Hall sensor installed in the middle of the CTMFP
magnet was be connected to the single channel Microvoltmeter Agilent 34401 a. For multi-channel
data acquisition, the Microvoltmeter Agilent 34401a shown in Fig. 4.29 was changed to a multi-
channel data acquisition card Agilent U2353A. When experimenting with the updated CTMFP
system, the magnets shown in Fig. 4.29 were changed to the updated CTMFP magnet. The YBCO
sample shown in Fig. 4.29 was either the round shape YBCO sample or square shape YBCO sample,
which were installed inside the 3 mm TUFNUL plate. The magnets and YBCO sample were
submerged in liquid nitrogen at 77 K inside a Styrofoam dewar. Two versions of the Labview
program were developed. The first version was for the single channel data acquisition, and the second

version was for the multi-channel data acquisition.
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The whole experiment system was able to perform under several conditions such as zero-field
cooling, field-cooling; a travelling wave with differing amplitudes, speeds and directions.
Measurements were taken of the centre field (single Hall sensor) or the magnetic gradient (six Hall
sensor array). The two different kinds of CTMFP magnet provided information on how the degree of
inhomogeneity influences magnetisation, since the updated CTMFP magnets possess a stronger field
inhomogeneity. The two kinds of samples (round shaped YBCO and square shaped YBCO) show the
difference in magnetisation due to the presence or absence of the hole in the centre. In general, the
established experimental system was able to provide extensive details regarding the magnetisation of
the YBCO sample under the influence of a travelling wave.

Power resistors

Three-Phase Inverter

— Cutrrent source (hall sensor)

Taresmsms CusmwT Stusce -

-
t

] o B
gonuz-l%) o %)JL‘!O Py \ o Ooooooood oo
L ] - CTMFP MicroVolt meter / Data acquisition (labview)
Styrofoam dewar Liquid nitrogen GPIB-USE interface

DC power source

FIG. 4.29. Schematic of the experimental setup. Both the CTMFP and the YBCO thin film are
immersed in liquid nitrogen (77 K). The three phase coils are wired to the output of the three phase
inverter. The dc coils are connected to a dc power supply. The Hall probe (placed in the centre of the
CTMPFP coil) is powered by a dc current source. The Hall voltage is read using an Agilent Multimeter

344014, and the data are calibrated and collected using a computer through a GPIB-USB interface.
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FIG. 4.30. The experimental setup of the CTMFP based on the first generation CTMFP magnet and

the single data — acquisition channel.

4.8 Simulation method

The numerical simulation was based on the H-formulation, as proposed by Hong et al. [11, 134-
137], to simulate a superconductor with the help of the commercial finite element (FEM) software
COMSOL Multiphysics. COMSOL Multiphysics is an equation-based FEM software package which
allows users to modify equations. This exempted users from laborious programming of the underlying
finite element equations, which can take a long time to accomplish. The simulation to be modelled
was the electromagnetic equation in the low frequency region, whilst displacement current in the
Maxwell’s equation is ignored. The governing equation includes Ampere’s law of circulation and

Faraday’s Law of induction, which is written as:
VxH=1J (4.2)

B
vxE=_B 43)
o
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where H is the magnetic field, B is the magnetic flux density, E is the electric field and J is the
current density. The displacement current in equation (4.2) is omitted because the experiment is

operated at a low frequency.

The two CTMFP magnets are axially symmetric, which suggest that an axial symmetric FEM
model is needed to simulate experimental behaviour. Fig. 4.31 shows the basic domains and boundary
conditions of the simulation. The magnetic field H and the magnetic flux density B are the only
components on the plane as shown in Fig. 4.31, while the current density J and electric field E only
have components in or out of the plane (¢ - direction). Calculating the H — formulation using the axial
symmetric model solves the magnetic field H = [H,, H,]. In a cylindrical coordinate system, the curl of

the magnetic field is expressed as:

e, re, e,
1| 0 o 0 oH oH
S LR NN »
rler op oz \oz or
H, 0 H

The relationship between current density J and electric field E is:
E=pJ (4.5)

where p is the resistivity of the material. Ideally, the resistivity for the air (dielectric) is infinite, and
the resistivity for the copper and ferromagnetic materials (iron) follows the linear relationship (Ohm’s
law), i.e. p is equal to a constant. The resistivity for the superconductor follows the E-J power

relationship which is expressed as:

e 2 o
C

where Ec=10" V/m is the criterion used to determine the critical current density Jc in the four-point
measurement. Jc is the critical current density which is a function of temperature, amplitude and angle
of magnetic field, however, in the calculation Jc was assumed to be a constant, since the temperature
is fixed at 77 K and the field strength only varied over a small range (below 20 mT). n is a value
which determines the steepness of the E-J relationship. The resistivity for the superconductor is
derived from Equation (4.5) as [138]:

E Jnt

p:—:E

S (4.7)
J X

When Equation (4.4) and (4.5) are input into equation (4.2) one has:
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oH  oH
E=¢ L Z 4.8
“’p[ 0z or j (48)

Taking the curl of equation (4.8):

e re, ,
1|0 0 0 0’H, 0o°H 10 oH oH
VxE==|— — —|=—ep = Ll+e, ——|TIp r——¢t
r{or op 0z 0z oroz ror 0z or
0 oH, JH,
P oz or
4.9)
The relationship between the magnetic field H and magnetic flux density B is:
B = H (4.10)

where L is the permeability in free space, and is equal to 4tx107 H/m, 4 is the relative permeability
which is equal to 1.0 for air, copper and the superconductor, but equal to a large value for

ferromagnetic materials.

Substituting equations (4.9) and (4.10) into equation (4.3) gives:

_azHr +ﬂ aHr
07>  oroz _ ot 411)
lﬁ{r (GHr_aHZH Hoftl am, |
ror 0z or ot

which is the governing equation for the H-formulation in a cylindrical coordinate system.

88



PHD THESIS UNIVERSITY OF CAMBRIDGE CHAPTER 4

Axial symmetric:
H:=H:; Hr=0

Boundry condition:
H=0 Hr=0
Ferromagnetic region:
J=0, B=ppu-H '

Copper winding region: |
S s B=sH ™ H

Superconducting region

J=Ji, B=pH e

i Airregion:

| J5=0, B=pH
|

FIG. 4.31. The variables in each domain and boundary in the PDE mode cylindrical coordinate

system.

In order to solve the FEM model, the boundary conditions must also be set. Since the axial
symmetric model was used, there is an axial boundary as shown in Fig.4.31. In the model, the

boundary condition for the axial boundary is:

A0 4.12
H )7, (4.12)

In Equation (4.12), H,=0 shows that the boundary condition is axially symmetric; H,=H, shows that
the value of H, is based on the solution of the FEM model. The boundary condition of the half circle
is set to zero as shown in Fig. 4.31. The boundary conditions for all internal boundaries are set to be

continuous.

In order to apply the current in the copper windings, the current within the copper region was
integrated and equalised to a function. From Equation (4.4):
_OH, oH

= L z 4.13
? oz or (4.13)

Integrating Equation (4.13) in the copper region and setting it to a preset function for an applied

current:
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Jo 3,95 =1 (1) (4.1

Thereby, the current is applied in the copper windings which generates the applied field in the
FEM model.

4.9 Conclusion

This chapter has introduced the experimental system for the circular type magnetic flux pump, and
a numerical method using the FEM software COMSOL Multiphysics. Two different CTMFP magnets
have been designed and built, using the original CTMFP magnets and the updated CTMFP magnets.
Both designs can produce an annular shape travelling wave, however the updated CTMFP has a
stronger field inhomogeneity than the original CTMFP. The wavelength of the updated CTMFP
magnets in six phase connection is half that of the original CTMFP magnets. The original CTMFP
produces a single pole during the operation while the updated CTMFP produces two pole pairs for six
phase connection, and four pole pairs for three phase connection.

To measure the magnetic field, either a single Hall sensor or a Hall sensor array was used during
the experiment. The single Hall sensor was installed in the centre of the CTMFP magnet and was
connected to the single channel Microvoltmeter Agilent 34401a. The Hall sensor array was connected
to the multi-channel data acquisition device Agilent U2353A. The single Hall sensor measured the
change of magnetic field at the centre of the sample, and the Hall sensor array measured the change in
magnetic gradient due to the travelling wave. The values of the magnetic field were calibrated and

recorded using the Labview program.

There were two different YBCO samples used in the experiment: a 2 inch diameter YBCO thin
film, and a square shaped YBCO tape (46 mm>46 mm) with a hole in the centre (¢26 mm). The 2
inch diameter YBCO thin film was provided by the Ceraco Ceramic Coating GmbH, Germany. The
YBCO layer was 200 nm thick, and a 60 nm Au layer was deposited above it. The sample was sealed
inside a TUFNOL sample holder to protect it from humidity and scratches. The square shaped YBCO
tapes were provided by American Superconductor Corporation and Francis Bitter Magnet Laboratory,

MIT. A sample holder was also designed and built for convenience in the experiment.

The numerical modelling method was based on the H-formulation, and used the commercial FEM

software COMSOL Multiphysics. The governing equations used were Ampere’s law and Faraday’s
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law. The model is axially symmetric, and equations were deduced for the model. The E-J power law

was used for the superconducting regions. Boundary conditions were also introduced.
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CHAPTER 5

THE ORIGINAL CTMFP: EXPERIMENTAL RESULTS

This chapter discusses the experimental and simulated results using the original CTMFP magnets.
The experiment will be performed on the 2 inch diameter YBCO thin film. The purpose of the study is
to find out the effect of travelling wave on the YBCO sample, and comparison will be made between
the homogeneous oscillating field. Attempts will be made to “pump” magnetic flux into the sample
with the help of the travelling wave. This work not only improves the understanding of type-Il
superconducting flux pump, but may also help understanding the magnetisation and the ac loss in

travelling wave condition.

In order to achieve successful “pumping” of magnetic flux into the sample, two factors should be
considered: one is that the travelling wave can efficiently transport the flux in the sample; another is
that the magnetic coupling should be present, or the magnetisation is dependent on the travelling
direction. The first factor will be observed in the experiment as the travelling wave tends to attenuate
the existing magnetic gradient, as will be discussed later. However, the second factor will not be
observed in this experiment. Discussion will be provided in the end of this chapter, which leads to the

development of the updated CTMFP magnet.

In this chapter, Section 5.1 introduces the characteristics of the annular shaped travelling wave
produced by the original CTMFP magnet, and Section 5.2 introduces the properties of the round shape
YBCO sample. Section 5.3 compares the magnetisation differences between a travelling wave and a
homogeneous oscillating field following ZFC. It will show that the magnetisation based on the
travelling wave can be very different from the homogeneous oscillating field: while the magnetisation
based on the homogeneous oscillating field can be well predicted by the Bean model, the
magnetisation based on the travelling wave cannot. It will also show that the travelling wave is very
efficient in transporting the flux inside the sample, as the critical magnetic gradient will be attenuated
by the travelling wave. This is ascribed to the local movement of the magnetic flux inside the sample
due to the field inhomogeneity. Section 5.4 further discusses the magnetisation profiles under various

conditions, such as ZFC, FC and delta-shape. This section provides evidences that the field

92



PHD THESIS UNIVERSITY OF CAMBRIDGE CHAPTER 5

inhomogeneity tends to attenuate the existing magnetic gradient in general. Section 5.5 discusses how
a travelling wave penetrates the YBCO sample under a null dc background field. It will show that,
comparing with the homogeneous oscillating field, it is easier for the travelling wave to penetrate the
sample, which supports the idea that the travelling wave is very efficient in transporting the magnetic
flux. Section 5.6 discusses the influence of the travelling speed (frequency) and the travelling
direction of the wave on the magnetisation in the ZFC condition. It will show that the magnetisation is
dependent on the sweep speed of the travelling wave. However, in this experiment, it will show that
the magnetisation is independent of the travelling direction, which suggests that the magnetic
coupling is not present in the experiment. It might suggest that the field inhomogeneity from the
original CTMFP magnet is not strong enough to cause magnetic coupling, which lead to the
development of the updated CTMFP magnets as mentioned in the last chapter. Inspired by the unique
magnetisation results from the travelling wave, Section 5.7 proposes a special topic on how ac losses
are different in a travelling wave, compared to a homogeneous oscillating field. This section can be
useful for a better understanding of ac magnetisation losses under travelling wave conditions, such as

inside a rotating superconducting electric machine.

5.1 Characteristics of the magnetic wave

Before the original CTMFP magnet was built, the travelling wave generated by the device has
been simulated to show its characteristics. The simulation is based on the AC/DC mode in COMSOL.
The geometry of the simulation is based on the design shown in Fig. 4.4. Fig. 5.1 is a screen shot of
the axial symmetric AC/DC mode in COMSOL for the original CTMFP magnet. The YBCO film is
not included in the model. The domain names are labelled in the figure, and their properties are listed
in Table. 5.1.
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FIG. 5.1. The screen shot of the axial symmetric AC/DC mode in COMSOL for the original CTMFP

magnet.

TABLE 5.1
DOMAINS AND PARAMETERS FOR FIG. 5.1

. Soft Silicon iron Ph -
Air . Phase U Phase V DC windings
iron sheet w
6, 7, 10, 11,
Domains 1 2,3 12,13 8,9 4,5 16, 17
14,15
p (Q2:m) 1.0 1.0 1.0 1.0 1.0 1.0 1.0
& 1.0 40000 40000 1.0 1.0 1.0 1.0

* p=1.0 Q-m refers to a large resistivity in the model, which represents dielectric property of the air,

and help preventing the non-uniform distribution of the current inside the copper regions.

In the model, three phase currents were imposed on the three phase windings U (domain 12, 13), V

(domain 8, 9) and W (4, 5). The current densities Jy, Jv, Jw are set as:

94



PHD THESIS UNIVERSITY OF CAMBRIDGE CHAPTER 5
Jy =3, -sin(at) (5.1)
Jy =7, -sin(wt—27/3) (5.2)
Jy =3, -sin(wt—47/3) (5.3)

where J, is the amplitude of the phase current, @ = 2 f is the angular speed, and f is the frequency.
For the dc windings (domain 16, 17), a dc current density Jq. was assigned to the domain:

Jgo = (1)) g, (5.4)

where the terms in the brackets show the “switching on” of the dc current. 7 is the time constant, {, is

the time when the dc current is switched on, and Jg is the value of the dc current.
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FIG. 5.2. The travelling magnetic wave simulated using the AC/DC mode in COMSOL. The time

interval for each curve is 1/20 phase (T).
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In the simulation, the terms in the brackets of Equation (5.4) should also be assigned to Equation
(5.1) — (5.3) to avoid a sudden change in the value. Additionally, to switch off the applied current
densities at a certain time, similar terms should be added in the equations to exponentially decrease

the value of the applied current densities.

Fig.5.2 shows the simulated results of the travelling magnetic wave using the AC/DC mode in
COMSOL. Later sections show that this simulation matches the experimental results, which suggests

that the original CTMFP operates as expected.

In the experiment, it would be useful to know the maximum value (amplitude) at each point across
the radius of the device. The six Hall sensor array shown in Fig. 4.16 was used to measure the
amplitude of the travelling wave at r = 0mm, 5 mm, 10 mm, 15 mm, 20 mm, and 25 mm. As
discussed in Chapter 4, in order to generate the travelling wave, the phase windings were connected to
a three phase inverter. The output voltage of the inverter was varied from V.. = 10 V to 200 V. Section
4.2.2 shows that the resistance in different phase coils is equal to ~300 Q, therefore the value of the
phase currents in the phase coils range from ~0.033 A (V=10 V) to ~0.667 A (V4. =200 V). Fig. 5.3
shows the measured amplitude at each position with different output voltages. Fig. 5.3 shows that
there are two peak regions, one at r =10 mm and the other at r =20 mm, both of which lie above the
iron yokes. The centre field is relatively small compared to the field in the effective travelling region.
Fig. 5.3 does not represent the waveform generated by the CTMFP magnets; it is the maximum value
(amplitude) measured at each point in space.

30 ' : , : ' . : : : : V=200V
o t«——  Superconducting film region ———» 1| =%V, =180V
E 25 \=——— Effective travelling region ~————=1 | XV, 160V
% - E —+—V, =140V
. — i
QG 20 3 ! o Lac—120 \Y
0 & o / : —o—V, =100V
g 15 £ f S N X | —x—V =90V
e, e T | ac
2 \*// : : .V, =80V
= * ) 1 r o
2 10 .\’ % : V=10V
- | 3 | <«—V,= 60V
2 5 —d ! V=50V
Gy \'/ "7 ac
= —_e— & o —v—V,= 40V
3 i "
S 0 V=30V
E V ac
g 5 L
< -y, =10V
0 5 10 15

Radius » (mm)

FIG. 5.3. Measured amplitudes of the travelling magnetic field B, across the radius of CTMFP.
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FIG. 5.4. The simulated results of the travelling magnetic wave over one period (with 0.01 period
interval), to be compared with Fig. 5.3.

If all the four figures of Fig. 5.2 are combined into a single figure, and the time interval is set to
1/100 phases (T), it becomes possible to see the amplitude of the travelling wave across the area. The
simulated result is shown in Fig. 5.4. Comparison of Fig.5.4 with Fig.5.3 shows that the experimental
result matches the simulated result, which suggests that the magnetic wave generated by the original

CTMFP magnet matches the design.

5.2 The properties of the round shape YBCO sample

As discussed in Section 2.3.2 and Section 4.8, the E-J power law is the most widely accepted
constitutive relation for the simulation of HTS materials. There are two methods for obtaining the
critical current Jc and the n value for the E-J power law: the transport current measurement and the
induction measurement. The transport current measurement requires the four-point probe method
[65], where the four probes are normally soldered to the HTS sample. Another method is to determine
Jc and n using the induction measurement [96]. This method is non-destructive, however

measurement is not as accurate as the transport current method. For a round shaped YBCO film
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sample, the conventional method is to measure the properties of the type-1l superconducting sample
using the induction method. The induction measurement measures the trapped field at the centre of
the HTS sample after field cooling (FC). In this calculation, it is assumed that the current density is
uniform across the YBCO sample. Thereby, it is possible to derive a relationahip between the current
density in the sample and the field measured at the centre using the Biot-Savart Law. By measuring
the decay of the trapped field in the centre, it is possible to obtain the n value through the magnetic
relaxation theories of the type-Il superconducting materials [139].

A single Hall sensor placed in the centre of the original CTMFP magnet was used to take
measurements, as shown in Fig.4.3. The dc magnetic field was switched on and the round shape
YBCO sample was cooled according to FC. The magnetic relaxation measured in the centre of the

sample (1.5 mm above the surface) is shown in Fig. 5.5.

The relationship between the current density in the 2 inch diameter 200 nm thick YBCO thin film
(fully magnetised) and the magnetic field 1.5 mm above the centre of the sample was derived by

fitting the results to a simple FEM model. The relationship is linear according to the Biot-Savart law.

B, =3172xJ (5.5)

1.5mm

Equation (5.5) gives the value of the current density inside the round shape YBCO sample after
measuring the field at the centre. From this, a decay curve for J can be derived, as shown in Fig. 5.5.
From the theories of magnetic relaxation in type-Il superconducting materials [139], it is possible to
determine the critical current Jc and the n value in the YBCO sample by fitting the curve obtained
from Fig.5.5 to Equation (5.6):

1=, {1—k—Tln(£H (5.6)
UO tO

where Jco=2.467 MA/cm? which is the critical current density without thermal activation.
n=Uy/kT=43.54 where U, is the activation energy barrier, k is the Boltzmann constant, T is the

absolute temperature in liquid nitrogen (77 K), and t,=6.166 s which is the time constant.

The value Uo/kT=43.54 is equal to the value n in the E-J power law. This value is relatively large
compared to the conventional value for YBCO (n=21). This is due to the fact that the field
dependency of the critical current Jco(B) was not considered in Equation (5.5). If the field dependency

is considered, the method described in [68] can be used to determine the value of n:

chJ*(

B|/B")’ (5.7)
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U 1
_—e___ - (5.8)
KT 1-n(l+7y)

where y is the exponent determined by fitting J.(B) [68]. When y=0.8, n=24.74.

During simulation of the YBCO sample, the field dependence of Jc on the magnetic field B is
ignored. This is due to the fact that, in most cases, the travelling wave applied to the YBCO sample
varies over a very small range (2.0 mT), and for which is not necessary to consider the field

dependence for Jc.
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FIG. 5.5. Logarithmic decay of the trapping field B, measured 1.5 mm above the centre of the YBCO

sample in 77 K after field cooling.

As previously mentioned, the induction measurement method is not as accurate as the transport
measurement method. There are many factors that might cause errors, such as the exact position of the
Hall sensor, the exact starting time, etc. During the simulations, it was aimed at best fitting the
experimental results. It was found that when Jc=1.865 MA/cm? and n=30, the simulated results were
mostly equivalent to our experimental observations. Thereby, for the simulation, Jc=1.865 MA/cm?

and n=30 were chosen for this 2 inch diameter YBCO sample at 77 K.
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5.3 Travelling wave and homogeneous oscillating field: a comparison

Homogeneous oscillating field and travelling waves are the two conventional wave conditions in
space. By definition, a homogeneous oscillating field is uniform over space, and can be normally
found in the middle of a long solenoid or Helmholtz coil [140]. In the case of a travelling magnetic

wave, the field is inhomogeneous over space, and a crest region and a trough region will be present.

To date, most theories developed to understand macroscopic electromagnetic phenomena are based
on homogeneous oscillating field. For instance, the Bean model described in Section 2.3.1 assumes a
homogeneous oscillating field. Much research has been done to calculate the magnetisation and ac
losses for a homogeneous oscillating field [50], but very little attention has been paid to the
magnetisation problem in the case of a travelling magnetic wave, even though ac losses in travelling
waves are common conditions, such as inside a superconducting electric machine [141-143].
Although there have been limited studies into magnetisation caused by travelling waves, explanations

for these are nevertheless based on a homogeneous oscillating field [144, 145].

This section compares the magnetisation of the 2 inch diameter YBCO sample under a travelling
wave and a homogeneous oscillating field after ZFC. This experiment was intended to show the
differences caused by a travelling wave, compared to a homogeneous oscillating field. After the
sample has been cooled down, a dc background field was applied to magnetise the YBCO sample.
Then either a travelling wave or a homogeneous oscillating field of the same amplitude was applied to
the magnetised sample. The magnetisation differences caused by the homogeneous oscillating field
and the travelling wave were compared. This method identified a novel magnetisation phenomenon
caused by the travelling magnetic wave. The phenomenon was further studied by measuring the
change in magnetic gradient above the YBCO sample with the help of a six Hall sensor array (as
shown in Fig.4.16). The experimental results suggested that the travelling wave tends to attenuate the
existing magnetic gradient, which is unconventional according to the Bean model. A simulation based
on FEM software was also performed to reveal the current density distribution inside the YBCO
sample. The simulation showed that the constant current density assumption incorporated in the Bean

model does not apply to a travelling wave.

100



PHD THESIS UNIVERSITY OF CAMBRIDGE CHAPTER 5

5.3.1 Single Hall sensor measurement®

For the single Hall sensor measurement, a single Hall sensor was placed 1.5 mm above the centre
of the YBCO sample as shown in Fig.4.3. The experiment was performed under zero-field cooling
(ZFC) conditions, is which the YBCO sample was cooled in a zero background field at 77 K, before
the magnetic field was applied.

Under a travelling wave, the dc background field was provided by the dc windings, and the
travelling wave was provided by the three phase windings. The dc current for the dc windings came
from a dc power source, and the three phase currents came from the inverter as discussed in Section
4.4. The output voltage was preset as V,=6.0 V, which produced a maximum field of 1.0 mT at r = 10
mm. The amplitudes of the travelling wave across the radius of the CTMFP magnet was measured for
Va=6.0 V, and the results are shown in Fig.5.6. The frequency of the inverter was set at 1.0 Hz.

Under a homogeneous oscillating field, the dc windings provided both the dc background field and
the ac homogeneous oscillating field. This was achieved by offsetting a one phase ac signal from a
function generator (FG). However, due to the limitations of the FG, it was only possible to switch on
and off both the dc offset and the ac signal simultaneously. The ac voltage was set so that the
amplitude of the homogeneous oscillating field measured in the device centre was equal to 1.0 mT.
The frequency was also set at 1.0 Hz.

The dc background field for both the travelling wave and the homogeneous oscillating field
remained constant so that the results could be compared. This was achieved by carefully adjusting the

dc current from the dc power supply and the offset from the FG.

Under the travelling wave, the sequence of the experiment was: start data acquisition (DAC) (t=0
s); dc power on (t=10 s); inverter on (t=20 s); inverter off (t=40 s); dc power off (t=50 s); DAC off
(t=60 s). The experiment was repeated with different dc background field conditions. The results for
Bac =5.0 mT, 7.0 mT and 11.5 mT are shown in Fig.5.7.

As shown in Fig.5.7, after dc background field was switched on (between t=10 s and 20 s), there
was clear field-shielding behaviour. Note that when By~6.9 mT, the shielding behaviour roughly
followed the Bean model. The flux creep phenomenon was also clear between t=10 s and 20 s. The

flux densities measured at t=19 s were denoted as B;.

® published in J. Appl. Phys. 113, 213906 (2013)
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FIG. 5.6. Measured amplitudes of the annular shape travelling magnetic field across the radius of the
CTMFP.
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FIG. 5.7. Measured magnetic flux density B, under different background fields By after ZFC in a

travelling wave. The sequence of each measurement (curve) is: start data acquisition (t=0 s), dc power
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on (t=10 s), inverter on (t=20 s), inverter off (t=40 s), dc power off (t=50 s) and data acquisition off
(t=60 s)

An interesting phenomenon occurred after the travelling wave was switched on at t=20 s. As
shown in Fig. 5.7, the field in the centre increased drastically. Most of the increase occurred within
the first three periods. Especially in the first period, immediately after the travelling wave was
applied, there was a sudden increase of flux density at the centre. For the fully penetrated sample (Bgc
> 6.9 mT), the increase of field at the centre was much greater than the amplitude of the travelling
wave itself (1.0 mT). It is likely that the existence of the magnetic wave triggered a massive migration
of flux into the centre of the sample. When the travelling wave was switched off, the field remained
quite stable between t=40 s and 50 s. The flux creep phenomenon was not as clear as usual between
t=10 s and 20s. The flux density between t=40 s and 50 s is denoted as B,. It was measured that
B,=1.8 mT, 4.1 mT and 9.3 mT for three different dc background field conditions.

Three straight lines have been drawn between t=40 s and 50 s in Fig.5.7 to indicate the theoretical
predictions based on the Bean model for the different background fields By, combined with B,.=1.0
mT and the maximum trapping field B,=6.9 mT. There are great discrepancies between the Bean
model predictions and the experimental results. The travelling wave helps more flux migrate into the
sample centre compared to predictions based on the Bean model. As discussed in Section 2.3.1, the
Bean model normally describes a homogeneous oscillating field, which is homogeneous over space
provided the superconductor has a regular shape (either a long rod or slab). Although the sample used
had a large demagnetisation factor (=1.0), the magnetisation of this sample could still be precisely
predicted using the Bean model when it was subjected to a homogeneous oscillating field. The
experiment with the travelling wave suggested that the magnetic stress variation over space (high in
the crest region and low in the trough region) from the travelling wave may help vortices to move

more effectively compared to a homogeneous oscillating field.

In Fig. 5.8(a), By.-B; and Bgy.-B, are plotted as a function of Bg.. Bg-B; shows the flux density
shielded in the centre before application of the travelling wave. Bg.-B, shows the flux density shielded
after application of the travelling wave. In the curve Bgy.-B;, the shielded flux density increased with
the applied dc field then slowly decreased, which is normally explained by the field-dependence of
the critical current density (the Kim model) [146]. However, in the curves Bye-B, for V,=6.0 V, after
applying the travelling magnetic wave, a drastic decrease in the field-shielding was observed, which

suggests that the travelling wave greatly compromised the field shielding of the YBCO sample.

In Fig. 5.8(b), the values B, - B; for V,.=6.0 V are taken as a function of By which shows that the

flux density increased in the centre after the travelling waves were applied for 20 s. A maximum
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increment of 4.35 mT was observed. Even for a very weak dc field, i.e., B&=2.5 mT, an increment of
0.4 mT was observed in the centre when the applied peak field was less than 3.5 mT, which is half of
By (~6.9 mT).

Bdc-B 1

[
8F (a) -~
al. —&—B,-B,,V =60V
6
= Ay Decrement of field-shielding
g 4r
Q3 i
2+ \\.‘\0\\\
1} e
0 L | | | L l L 1 L | ! | L I | L | L [ s
0 2 4 6 8 10 12 14 16 18 20
- B,. (mT)
(b) _
5| ——B,-B,V,~60V
® o
I / ] e
p L @
é 3
Q2
o Increment of field in the centre
1+ /
o
0 T | L | L | L | L | L | L L | L | Lo
0 2 4 6 8 10 12 14 16 18 20
B,. (mT)

FIG. 5.8. Experimental data from Fig.5.7. (a) By.-B; and Bg.-B, as functions of By, which shows the
field shielded by the sample in the centre before and after applied the travelling wave; (b) B,-B; as a
function of By, which shows the increment of field in the centre after applied the travelling magnetic

wave.

The experiment results provide evidence that a travelling wave of very small amplitude helps
vortices to migrate into the centre of the sample under zero-field cooling conditions. The increase of
flux density in the centre is much greater than predictions from the Bean model would suggest using

conventional ac wave (homogeneous oscillating field). The following paragraphs will demonstrate the
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validity of the Bean model for the homogeneous oscillating field when it is applied to the sample in
this experiment. The difference will reveal that magnetisation based on a travelling wave is very

different from magnetisation based on a homogeneous oscillating field.

A homogeneous oscillating field with the same amplitude as the travelling wave was applied, and
oscillating homogeneously in the superconducting region, which is conventional outcome. The dc
coils were connected to a function generator (FG) to provide both the homogeneous oscillating field
and the dc background field. The three phase coils were disconnected from the inverter. The
homogeneous oscillating field was controlled using the ac voltage output of the FG. The frequency
was set as f=1.0 Hz, which was the same as frequency of the travelling wave. The ac signal was offset
by a dc voltage from the FG, which produced a dc background field By.. The sample was cooled under
ZFC conditions. The amplitude of the ac homogeneous oscillating field was measured as Ba.q=1.0
mT at the centre of the device, which was equal to the maximum amplitude of the travelling wave as
shown in Fig. 5.6. Three different dc field cases were studied, at B4=5.0 mT, 7.0 mT, and 11.5 mT.
These were the same in the travelling wave study.
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FIG. 5.9. Experimental results using the dc coils connected to a FG, while the three phase-coils were
disconnected from the power source. The magnetic field was measured at the centre of the device, the
same in Fig. 4.3. By stands for the background dc field measured at the centre of the rig, and Bac.sy
stands for the amplitude of the ac field measured at the centre. The sequence of each experiment was:
DAC on (t=0 s); FG on (t=20 s); FG off (t=40 s); DAC off (t=60 s).
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The experimental results are shown in Fig. 5.9. The timeline is marked on the top of the diagram.
The sequence of each experiment was: DAC on (t=0 s); FG on (=20 s); FG off (t=40 s); DAC off
(t=60 s). As mentioned before, the ac field and dc offset were switched on at the same time due to the
limitations of the FG. We denote the flux density at t=39 s (before the FG was switched off) as Bs. It
was measured that B;=0.3 mT, 1.1 mT and 5.6 mT for three different dc background cases. Three
straight lines were drawn between t=20 s and 40 s, to indicate the prediction based on the Bean model
(Bs~0 for BgctBacsa<Bp and BgctBacsa-By=Bs for ByctBacsw>Bp). It can see that, although the
YBa,Cus075 film had a large demagnetisation factor (=1.0), the experimental results agreed closely
with the Bean model prediction.

In the above experiments, either the travelling wave or the homogeneous oscillating field with the
same amplitude (1.0 mT) was applied to the same YBCO sample, and found very different results.
This showed that magnetisation by a homogeneous oscillating field can be easily predicted using the
Bean model, however, a travelling wave cause a much greater degree of vortex migration into the

sample centre compared to a homogeneous oscillating field.

The difference between the travelling wave and homogeneous oscillating field is that a travelling
wave involves magnetic stress variations over space, and an ideal homogeneous oscillating field
inside a solenoid does not. Basic vortex dynamics were discussed in Section 2.2.4 and the “dc
transformer” in Section 3.3. The movement of a single vortex is the balance between the Lorentz
force and the pinning force. From the perspective of energy, the distribution of the FLL is based on
minimising the potential energies inside the type-11 superconductors. This principle of energy
minimisation also applies to the macroscopic magnetic behaviours of type-Il superconductors [147].
For a homogeneous oscillating field, the magnetic stress is homogeneous over space. In the presence
of a type-Il superconductor, the change of the homogeneous oscillating field results in changing the
depth and direction of the circulating current. Only if the change of magnetic field is greater than the
maximum trapping field B, can the change of flux be observed at the centre of the sample. However,
for a travelling wave, the distribution of magnetic stress over space becomes complicated, because the
magnetic stress increases locally in the crest region while decreasing locally in the neighbouring
trough region. This causes local movement of vortices inside a type-1l superconductor. The non-

uniform distribution of magnetic stress may help the vortices to migrate within the superconductor.

This vortex migration phenomenon is different from the observed crossed magnetic field effect
and the flux shaking effect, as discussed in Section 2.3.4. These effects involve a dc field
perpendicular to the sample surface and a small ac field perpendicular to both the dc field and the
sample surface. However, in our experiment, both the dc field and the ac field were perpendicular to
the sample surface. There is no cross field parallel to the sample surface. This was ensured by the

magnetic structure in the centre of a solenoid and can be verified using our numerical model.
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The next section further studies this phenomenon with the help of the six Hall sensor array. A
simulation based on the H-formulation is also performed to understand the current distribution inside
the YBCO thin film.

5.3.2 Six Hall sensors array measurement*

In order to understand the phenomenon described in the previous section, the six Hall sensor array
were placed above the YBCO sample to measure the change in the magnetic gradient. Information
regarding the six Hall sensor array can be found in Section 4.5.1. The six Hall sensors were connected
to a multi-channel data acquisition card Agilent U2353a as discussed in Section 4.5.2. The real-time
Hall voltages were collected and calibrated using Labview. In order to determine the phase of the
travelling wave, another Hall sensor was attached to the back of the CTMFP coil as shown in
Fig.5.10(a). The relative positions between the Hall sensors and the YBCO sample are shown in
Fig.5.10(b).
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FIG. 5.10. The circular-type magnetic flux pump device. (a) the CTMFP; (b) the six Hall sensor array.

A numerical simulation was also performed to simulate the behaviour of the YBCO sample under
the influence of a travelling wave. The simulation method was based on the H-formulation, as
described in Section 4.8. The problem is axially symmetrical and the governing equation is a
combination of Faraday’s law and Ampere’s law, which is solved using finite element (FEM)

software. The governing equation is rearranged as [138]:

* Published in Appl. Phys. Lett. 104, 032602 (2014)
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,ur,uo%_'+Vx(pV><H)=O (5.9

In the axial symmetric model, two components of the magnetic field were solved: H = [H,, H,]".
For the YBCO sample, p was derived using the E-J power law, which is expressed as: p=J "’1EC/J2 .

We used Jc =1.865 MA/cm? n=30, Ec =10 V/m in our calculation. The values of Jc and n were
chosen by best fitting the experimental results. The anisotropy and the field dependency of the critical
current were not considered in the calculation, since the applied field is always normal to the sample

surface and the applied traveling wave only varies over a small range (~2.0 mT).
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FIG. 5.11. The calculated dc magnetic field distribution of the original CTMFP magnets.

Fig. 5.11 shows the calculated dc magnetic field distribution of the original CTMFP magnets. The
dc magnetic field was provided by the dc current of the dc coils. It is clear that, due to the presence of
the iron yokes, the magnetic field distribution is slightly non-uniform across the centre of the device
(y=0.0045 m): the iron yokes concentrate the flux so that increase the field in the regions between the
corresponding iron yokes of the two magnets. However, this field inhomogeneity is tolerable in the
experiment as will be show in Fig. 5.12.
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In this section, the ZFC experiment was performed again using the six Hall sensor array. The
output voltage of the inverter was increased to 10 V and the amplitude of the travelling wave was
about 2 mT. The frequency was set at 0.1 Hz. It is interesting to learn why the field in the centre of the
sample increases drastically and how the current inside the superconductor changes due to the
travelling wave. Fig. 5.12 shows the process as the field in the centre rises as the wave travels. The
simulation results are also shown in these figures to show the validity of the model. The calculated
current density distributions are plotted in the figures as well to help understand the magnetisation
process.

The left column in Fig. 5.12 shows the applied field without a superconductor, i.e., the dc
background field in Fig.5.12(a) and the travelling magnetic wave in Fig. 5.12(c), (e), (9), (i), where
the dc background field (Fig. 5.12(a)) was present throughout the whole experimental process. The
right column in Fig. 5.12 shows the measured field in the presence of the YBCO sample at the
corresponding time: Fig. 5.12(b) shows the magnetic shielding profile after applying the dc
background field; Fig. 5.12(d), (f), (h), (j) show the resultant field at the corresponding phase of the
applied travelling wave, as shown in the left column. The calculated current density profiles were
plotted for each time step. Since the sample is very thin (200 nm), the current density does not change
across the thickness, as can be verified using the simulated model. Therefore, the current density was

measured across the centre of the sample, then normalised it using its critical current Jc.

In Fig. 5.12(b), as the dc background field is applied to the sample there is clearly a magnetic
shielding profile. The simulation shows that the current remains constant across the radius and is
about 80% of Jc. This is a typical magnetisation profile after applying a homogeneous field, as
suggested by the Bean model [149]. In Fig. 5.12(c) and 5.12(d), as the crest region of the travelling
wave arrives at r = 20 mm, the current density near the edge of the sample increases to about 95% of
Jc while the current density in the inner area drops to 45% of Jc. As the crest region travels further at
r =10 mm, it is the sample is re-magnetised to 80% of Jc. However, the current density on the edge
decreases to zero. As the trough region travels at r = 20 mm as in Fig. 5.12(g), the current density at
the edge reverses direction to about 80% of Jcas shown in Fig. 5.12(h). Meanwhile, there is a clear
increase in flux density at the centre of the sample. As the wave travels further into the sample, shown
in Fig. 5.12(i) and 5.12(j), that the current density between r = 10 mm and 20 mm decreases while the
flux density in the centre increases further to 5.2 mT. Comparing the current density profiles in Fig.
5.12(h) and 5.12(j) with Fig. 5.12(d) and 5.12(f), it is clear that as the trough region travels into the

superconductor, the magnetic flux in the centre region gradually increases.
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FIG. 5.12. The measured evolution of the magnetic gradient and calculated current density
distributions (normalised by Jc) after application of the travelling magnetic wave. The left column
shows the measured field (dc background field and travelling wave) without the YBCO sample, while

the right column shows the resultant field with the YBCO sample. The iron yokes are in the regions:

r<25mm,7.5mm<r<12.5mm, 17.5 mm <r <22.5 mm.
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FIG. 5.13. The magnetic gradient measured 1.5 mm above the sample and the calculated current

density distribution before and after applying the travelling wave.

Fig. 5.12 only shows the first 6.83 s during the first cycle of the travelling wave. As shown in the
previous section, the increased flux density at the centre of the sample occurs mostly during the first
three cycles (and predominantly in the first period). Following cycles do not significantly change the
magnetisation. Fig. 5.13 shows the final field profile after applying the travelling wave (over 12
periods). This result can be compared to the field profile before the travelling wave was applied. The
calculated current densities are also plotted in the figure. After applying the travelling wave, the
magnetic gradient decreases drastically. Moreover, the simulation results show that the current density
is almost uniform across the sample (about 80% of J.) before the travelling wave was applied.
However, after applying the travelling wave for 12 cycles, the current density distribution inside the
sample becomes very complicated. In general, the value of the current density becomes much smaller

than its critical current.

Now come back again to the argument that the decrease in current density might been caused by
the cross field effect [68] or the flux shaking effect[150]. Our FEM model tested the field at the centre

of the gap where the superconducting sample is placed. The results show that there is absolutely no

112



PHD THESIS UNIVERSITY OF CAMBRIDGE CHAPTER 5

cross field, i.e., the field parallel to the sample surface is zero. The applied field is always normal to

the sample surface, so therefore this behaviour cannot be caused by the cross field effect.

This experiment has shown that the magnetisation caused by the travelling wave is much more
complicated than that caused by a homogeneous oscillating field, and it does not follow the constant
current density assumption as suggested by the Bean model. The field inhomogeneity in space can
lead to local variations of current density inside the type-1l superconducting thin film, which our
experiment suggests is more likely to compromise the existing magnetic gradient. This effect should

be considered in ac loss calculations, especially for superconducting motors.

Also, it was shown that the travelling wave is more efficient in transporting the flux inside the
YBCO sample. This interesting vortex dynamics phenomenon might suggest that the travelling wave
can be used to magnetise type-1l superconducting coils: in the case of a superconducting loop, such as
superconducting coils, the travelling wave may help the vortices migrate from outside into the loop,
which could gradually magnetise the superconducting coils as shown in Hoffman’s [116] and Bai’s
[89] works as introduced in Chapter 3. The mechanism of this flux pump shows complete distinction
from the conventional type-I superconducting flux pump, in which the flux migrates with the help of

normal spots [87].

5.4 Magnetisation under various conditions: ZFC, FC and delta shaped

trapped field

The previous section studied the magnetisation caused by a travelling wave after ZFC. It was
found that an existing magnetic gradient becomes compromised by the application of a travelling
wave of small amplitude. This section extends the study to different conditions, such as ZFC, FC and
a delta shaped trapped field. These three conditions are commonly found in the magnetisation of a
type—Il superconducting materials. Studying these conditions can increase understanding of how a

travelling wave influences the magnetisation profile of a type-Il superconducting film.

In this section, it will show that, the travelling wave tends to attenuate the existing critical

magnetic gradient in all three cases. It was suggested that, the field inhomogeneity can help the
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vortices to move locally, so that the critical magnetic gradient has been flattened out. It is very unique
compare with the magnetisation based on the homogeneous oscillating field, which follows the
constant current density assumption (Bean model). However, as will be shown in this section, the
magnetisation based on the travelling wave can be well predicted by the FEM software using E-J
power law. This is very interesting phenomenon since the E-J power law is very close to the
constitutive relation of the Bean model. This section provides a general idea of how the travelling
wave may influence the magnetisation of the YBCO thin film.

5.4.1 ZFC condition

Fig. 5.14 shows the experimental and simulated results of the YBCO sample under a varied dc
background field (By=2.5 mT, 5.0 mT, 7.0 mT, 10.0 mT) and a constant amplitude travelling wave
(V=10 V, corresponding to ~2.0 mT peak amplitude at r =10 mm) after ZFC. Fig. 5.14(a) shows the
experimental and simulated results of the magnetic gradient across the surface of the sample (1.5 mm
above) after application of a dc field to the zero-field cooled sample. Fig. 5.14(b) shows the simulated
results of the current density distribution inside the YBCO sample (normalised by Jc). From Fig.
5.14(a) and (b) it is clear that the constant current assumption of the Bean model does apply to the
homogeneous oscillating field condition, so that an increasing dc background field gradually
penetrates the sample centre and induces current inside the sample equal to 80% of Jc. This is typical
magnetisation profile frequently appears in text books about the magnetisation of type-Il

SUpE‘I’COﬂdUCtOI’S.

Fig. 5.14(c) and (d), show the experimental and simulated results after 12 cycles of a travelling
wave applied to the YBCO sample. By comparison of Fig. 5.14(a) and (c), it is clear that the
travelling wave tends to attenuate the existing magnetic gradient. This behaviour is effectively
simulated using FEM software and the E-J power law. Fig. 5.14(d) shows the corresponding current
distribution after application of the travelling wave for 12 cycles. Comparison of Fig. 5.14(b) and (d),
it is clear that the constant current density distribution becomes disturbed by the travelling wave, and
the average current density is much lower than the critical current density. In Fig. 5.14(d), for the fully
penetrated sample (By=7.0, 10.0 mT), the calculated current distribution is the same as for B,;=5.0
mT, and only small discrepancies are observed in the central region. For B4=2.5 mT the central
region is different, however, in the region r>8 mm, the calculated current distribution overlaps with

the other three cases.
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The final current distribution is dependent on the final phase of the travelling wave being switched

off in the numerical model. If the final phase changes, the final current distribution changes

correspondingly. However, this does not change the fact that the overall magnetic gradient becomes

attenuated by the travelling wave as shown in Fig. 5.14(c). The simulated results shown in Fig.

5.14(d) are due to the fact that the travelling wave was switched off at the same phase in the FEM

model.
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FIG. 5.14. The experimental and simulated results of the magnetic gradient in various dc background

fields (a) before and (c) after application of a travelling wave (V,=10 V). The calculated current

density distributions are shown in (b) and (d) for each condition.
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The next study increases the amplitude of the travelling wave to show how the amplitude
influences the magnetisation of the sample. The single Hall sensor was placed in the centre of the
CTMFP magnet. The experiment follows the ZFC process. After application of the dc field and
travelling wave, the travelling wave was switched off at a random time and records the trapped field
at the centre of the sample. If the field measured in the centre before the travelling wave is defined as
as B; and the field measured after the travelling wave as B, (as in Fig. 5.7), then B,-B; shows an

increase of magnetic flux in the centre of the sample.

By=7.0 mT and 2.5 mT were chosen for the study as they indicate two different cases: a fully
penetrated sample and a sample not fully penetrated by the dc background field. The output voltage of
the inverter V.. was changed from 10 V to 200 V. B,-B; is plotted as a function of V. The results for
Be=7.0 mT and 2.5 mT are shown in Fig. 5.15. Each point shown in Fig. 5.15 is derived from the

experimental process shown in Fig. 5.7.
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FIG. 5.15. Plot of B,-B; for B4=7.0 mT and 2.5 mT as a function of different output voltage of the

inverter.

Both Fig. 5.15(a) and (b) show an increase in the field at the centre at V,.<40 V, but an oscillation
of the field at V,c>40 V. As will be discussed in Section 5.5, after V,c>40 V, the travelling wave starts
to penetrate the sample centre, causing the field to oscillate at the centre. Therefore, the resultant field
in the centre is highly dependent on the final phase of the travelling wave. For V,.<40 V when the
travelling wave hadn’t penetrated into the centre, the increase in the field was simply due to the

decrease in the magnetic gradient. Also, as the amplitude of the travelling wave increased, the
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resultant field increased correspondingly, which suggest that a further decrease of the magnetic

gradient as V. increases.

The above experiments support the idea that, the travelling wave attenuates the existing magnetic
gradient, and the attenuation is dependent on the degree of the field inhomogeneity (amplitude of the

wave).

5.4.2 FC condition

In the ZFC condition, the existing critical magnetic gradient is positive (as shown in Fig. 5.14) and
the direction of the travelling wave is inwardly. However, it would be interesting to know the
influence of the travelling wave on the negative critical magnetic gradient, while the travelling
direction is still inwardly. The negative critical magnetic gradient is achieved in the FC condition. In
the FC condition, three different cases of a dc background field were studied: B4=10.0 mT, 5.0 mT
and 2.5 mT. Since the maximum trapping field of the sample was 7.0 mT, for the case B4=10.0 mT,
after switching off the dc background field, it was expected to obtain a conical magnetic profile based
on the Bean model. For the cases By=5.0 mT and 2.5 mT, it was expected to obtain a truncated
conical magnetic profile. Fig. 5.16 shows the measured magnetic flux density above the centre of the
YBCO sample for three different dc conditions. The output of the inverter was set at V,.=10.0 V, and
f=0.1 Hz. The timeline is marked at the top of the diagram. The sequence of the experiments was:
DAC on (t=0 s); dc off (t=30 s); inverter on (t=90 s); inverter off (t=210 s); DAC off (t=270 s).

As shown in Fig. 5.16, after the inverter was switched, a drastic decay was observed for By.=10.0
mT , and minor decays for B4.=5.0 mT and 2.5 mT. It was known that, for V,:=10.0 V, the maximum
flux density is ~2.0 mT which is located at r=10 mm. If consider the Bean model with an oscillating
field of amplitude 2.0 mT, it was expected to obtain 5.0 mT for B4=10.0 mT and 5.0 mT, and 2.5 mT
for B,=2.5 mT as indicated in Fig. 5.16. However, the final field was much lower than predicted
using the Bean model for B4=10.0 mT and 5.0 mT. For By=2.5 mT, the oscillating field shouldn’t
have had any influence at the centre of the sample, however a slight decay was observed at the sample

centre.
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FIG. 5.16. Measured magnetic flux density above the centre of the YBCO sample for three different
cases of field cooling (B¢.=10.0, 5.0 and 2.5 mT). The output of the inverter was set as: V,=10.0 V,
f=0.1 Hz. The timeline is marked at the top of the diagram.

In order to clarify this phenomenon, the six Hall sensor array was used to directly measure the
change in the magnetic gradient. Fig. 5.17(a) shows the measured and calculated magnetic gradient
under different dc background conditions before switching on the inverter. Fig. 5.17(b) shows the
normalised current density inside the YBCO sample based on the simulation. The magnetic field
profile follows the Bean model prediction. For B4=10.0 mT, a conical trapped field was obtained, and
for B4=5.0 mT and 2.5 mT truncated conical trapped fields were obtained. The calculated current
densities show more accurately that the constant current assumption from the Bean model does apply

to these cases.

Fig. 5.17(c) shows the field profile after application of the travelling wave, and Fig. 5.17(d) shows
the calculated normalised current density. Comparison of Fig. 5.17(c) with (a) shows, that after the
application of the travelling wave, the magnetic gradients become much smaller than previously. Fig.
5.17(d) shows more directly that the current densities are much lower than Fig. 5.17(b), and the

constant current density assumption does not apply in this case.
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FIG. 5.17. The experimental and the simulated results of the magnetic gradient in various FC

conditions before (a) and after (c) application of the travelling wave (V,=10 V). The calculated

current density distributions are shown in (c) and (d) for each condition.

The experiment in this part indicates that, the travelling wave tends to attenuate the critical

magnetic gradient in general, which does not necessarily depend on the direction of the gradient

(positive or negative). In other words, as long as the field inhomogeneity is strong enough in space,

the vortices will be rebalanced to minimize the potential energy, which attenuates the existing critical

magnetic gradient. This electromagnetic behaviour can also be well simulated by the same FEM

model. To further investigate this behaviour, the delta shaped trapped field will be studied next.

119



PHD THESIS UNIVERSITY OF CAMBRIDGE CHAPTER 5

5.4.3 Delta shape
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FIG. 5.18. (a) the experimental and simulated magnetic profile before and after application of the
travelling wave to the delta shape trapped field; (b) the simulated current density distributions before

and after applied the travelling wave.

If the dc background field was switched on until it has just fully penetrated the YBCO sample, and
then switched off, a delta shape magnetisation profile is obtained using the Bean model. Both positive
and negative magnetic gradient will be present in the sample. In this case, it is interesting to know
how the flux moves inside the YBCO sample under the influence of the travelling wave. Fig. 5.18
shows the experimental and simulated results for this case. The dc background field was set at 7.0
mT, and the output voltage of the inverter was set at V,.=10 V (~2.0 mT). The frequency of the

inverter was 0.1 Hz while the travelling wave was directed inward.

As shown in Fig. 5.18(a), a delta shaped magnetic profile was obtained after switching off the dc
background field. After applying the travelling wave, the existing magnetic gradient became almost
flat, as shown in Fig. 5.18(a). The flattening of the existing magnetic gradient occurs with both the
positive and negative magnetic gradients. As shown in Fig. 5.18(b), before application of the
travelling wave, the current density distribution more or less follows the Bean model prediction.
However, after applying the travelling wave, the current density is much lower than the critical
current density. In general, the application of a travelling magnetic wave tends to compromise the

existing critical magnetic gradient in the round shaped YBCO sample.

120



PHD THESIS UNIVERSITY OF CAMBRIDGE CHAPTER 5

In conclusion, the above experiments have shown that, the travelling wave tends to attenuate the
existing critical magnetic gradients in the YBCO thin film. This is a very interesting phenomenon,
since the E-J power law is highly non-linear, which is a relation very close to the Bean model.
However, the simulation gives rise to a magnetic profile that is not suitable for the Bean model
prediction (the constant current assumption), and it fits the results obtained from the experimental
measurements in all cases. Although the E-J power relationship is a fitted equation from the direct
four-point measurement, it does represent the two basic vortex behaviours in the type-Il
superconductor: flux creep (J < Jc) and flux flow(J > Jc). The flux flow is caused by the rebalance of
magnetic stress inside the superconductor, i.e. as the magnetic stress (or the density of vortices)
increases on one side, the magnetic force (or Lorentz force) pushes the vortex to a lower density
position. This force is balanced by the pinning force from the defects of Lattice of the material
(pinning centres), which give rise to critical magnetic gradient in macroscopic scale. Therefore, the
unbalance of the magnetic stress inside the type-Il superconductor is the main dragging force which

helps flux flow moving inside the material.

In the homogeneous oscillating field conditions, as the magnetic field increases, the magnetic
energy increase uniformly in space. For a single vortex placed on the existing critical magnetic
gradient in the type-1l superconductor, the uniform change of magnetic energy surround it does not
alter the net force acting on it. Therefore, the vortex is till balance and not moved by the change of the
background field, and the critical magnetic gradient keeps stable, which is the ideal condition of the
Bean model. However, for the travelling wave condition, the problem can be different, since the
magnetic energy is inhomogeneous in space: the crest region and the trough region coexist. Suppose a
single vortex is again place on an existing critical magnetic gradient, then the magnetic energy is
increased on one side (crest region) but decreased on other side (trough region), then the net force
acting on the vortex will be altered, which leads to the locally movement of the vortex to a new
position, which ends up with a lower magnetic gradient as suggested in the experiments and

simulations.

The change of the existing critical magnetic gradient caused by the travelling wave can be very
clear to identify, since the magnetic gradient was in a “critical state”, and can be easily altered by the
unbalanced magnetic energy (field inhomogeneity such as travelling wave). There are other ways to
show the effect of travelling wave as experiment on the penetration of the sample with the travelling
wave which will be introduced in the next section. Both of these studies suggest that, the travelling
wave can be very efficient in transporting the flux inside the YBCO sample comparing with the

homogeneous oscillating field.

The geometry of the sample can be also very important to identify this phenomenon. If the sample

has a small demagnetization factor (or a thick sample), there is enough superconducting region to
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shield the applied field, and the current distribution is not uniform across the thickness of the sample,
which made it hard to identify the change of the magnetic gradient. However, for a superconducting
sample with large demagnetization factor (as the YBCO sample used in our experiment), the current
distribution is almost uniform across the thickness (can be verified from our FEM model), and the
change of magnetic gradient can be directly measured. Also, the sample should be sufficiently large,
otherwise the crest region and the trough will not be coexist in the sample region to provide enough
field inhomogeneity.

5.5 Study into the penetration of a round shape YBCO sample with the

travelling magnetic wave °

There are many factors which might affect the migration of flux caused by a travelling wave, such
as the pinning force in the film, the geometry of the film, inhomogeneity such as wavelength and the
amplitude of the travelling wave, etc. In order to “pump” flux into the superconducting loop, the flux
must be able to travel across the superconducting film. In this experiment, a travelling wave at
different amplitudes (output voltage of the inverter) is applied to the round shaped YBCO sample to
study how the YBCO sample is penetrated by the travelling wave. The experiment began with a single

Hall sensor measurement, and a detailed study followed using a six Hall sensor array.

Unlike the experiments shown in the last sections, the round shape YBCO sample is not pre-
magnetised to give a critical magnetic gradient. The purpose of the study is to show that the travelling
wave is efficient in transporting flux inside the sample. The results from this experiment can be useful
in better understanding of the HTS flux pump, as it shows how the flux migrates through the YBCO
thin film.

5.5.1 Single Hall Sensor Measurement

The experiment was performed in a zero dc background field. During the experiment, only the
travelling wave was applied to the YBCO sample. The flux density B, was measured 1.5 mm above

the centre of the sample. The output voltages of the inverter were selected as: V,=10.0 V, 20.0 V,

® Published in IEEE Transactions on Applied Superconductivity 24 (3), 4600304 (2014)
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100.0 V, and the output frequency was preset at f=0.1 Hz. The travelling wave was set in the inward
direction. The experimental results for V,.=10.0 V are shown in Fig. 5.19. The measured amplitude of
the travelling wave without a sample is denoted as By, and the measured amplitude in the presence
of the YBCO sample is denoted as Bygco, It was found that, in the presence of the YBCO sample, the
measured amplitude of the magnetic wave at the centre was higher than the applied travelling wave.
The ratio of Bygco/Bsieig IS plotted in Fig. 5.20. For r = 0 mm (at the centre of the sample), after
inserting the YBCO sample, the field measured at the centre was roughly twice that of the applied
field.

Superconductors are better known for shielding an applied field rather than amplifying the field.
Although amplification of an applied magnetic field can be achieved using magnetic lenses [151-154],
this is also based on the fact that the superconductors expel the flux from their central regions. In
order to clarify this phenomenon, the single Hall sensor was placed at r = 10 mm. The amplitude of
the travelling wave at r = 10 mm was much bigger than at r = 0 mm, as shown in Fig. 5.3. The ratio of
Bveco/Brield 1S also plotted in Fig. 5.20. At r = 10 mm, the amplitude of the wave was reduced in the

presence of the sample (Bygco/Bfield <1.0).
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FIG. 5.19. Amplification of the flux density in the presence of a YBCO sample in the centre of the rig.

The output voltage of the inverter was set as V,.=10.0 V (~2.0 mT), frequency f=0.1 Hz.
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FIG. 5.20. Coefficient of amplification Bygco/Biielg measured at r =0 mm and r =10 mm inside the rig.

There are two possible explanation for the phenomenon described above:

1. The high magnetic strength at r = 10 mm helped the flux to move fromr =10 mmtor =0

mm inside the YBCO sample, which could explain the increase of the measured field at r =0

mm and the decrease of the field at r= 10 mm.

2. The round shaped YBCO sample acts as a magnetic lens and the magnetic flux is bent above

the YBCO sample. Since the single Hall sensor does not directly touch the surface of the

sample, it measures the bent flux instead of the actual flux in the YBCO sample.

The first explanation suggests that the flux actually migrates into the sample centre with the help of

the travelling wave, while the second explanation suggests that the flux is not necessarily “pushed”

into the sample centre. In order to clarify this phenomenon, the six Hall sensor array was used to

measure the trapped field inside the YBCO sample.
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5.5.2 Six hall Sensor Array Measurement

In order to clarify the phenomenon described in the previous section and to observe the penetration
process of the travelling wave into the YBCO sample, the six Hall sensor array was used to measure
the trapped field along a radius. The experiment was performed in a zero dc field. After ZFC, the
travelling wave was switched on and off at random times. During the time that the travelling wave
was switched off, the trapped magnetic flux across the radius of the sample was recorded by the six
Hall sensors. This gives the value of flux trapped inside the YBCO sample at each location. The
output voltage of the inverter was selected as: V,. = 10 V, 20 V, and 40 V. The output frequency was
preset as: f=1.0 Hz. The travelling wave was set to move in an inward direction. For each output

voltage, the travelling wave was switched on and off 20 times to obtain a profile of the trapped field.

Fig. 5.21 shows the experimental results at V.. = 10 V. The maximum amplitude was measured as
1.17 mT at r =10 mm, as shown in Fig. 5.3. There was no trapped field measured at r < 10 mm, which
indicates that there was no net magnetisation in the central region, i.e. the travelling wave did not

penetrate into the central region of the sample.
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FIG. 5.21. Measured trapped field after application of a travelling wave at V,.=10 V. Each position

was measured 20 times. The oscillation was observed at r =15 mm as marked by the red arrow.
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FIG. 5.22. Measured trapped field after application of a travelling wave at V,.=20 V. Each position
was measured 20 times. The oscillation was observed at r =10 mm as marked by the red arrow.
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FIG. 5.23. Measured trapped field after application of a travelling wave at V,.=40 V. Each position

was measured 20 times. The oscillation was observed at r =0 mm as marked by the red arrow.

126



PHD THESIS UNIVERSITY OF CAMBRIDGE CHAPTER 5

Fig. 5.22 shows the experimental result at V,. = 20 V. The maximum amplitude was measured as
2.08 mT at r =10 mm, as shown in Fig. 5.3. The oscillation of the field was observed at r = 10 mm,
which indicates that the travelling wave had penetrated to r =10 mm. In the second curve (Bygco /Bfield
at r=10 mm) in Fig. 5.20, the point at V,.= 20 V is at the minimum value. It seems that after V20V,
the flux began to penetrate into the region r <20 mm, which resulted in the rising of the curve Bygco
/Bsierg @t r=10 mm in Fig. 5.20.

Fig. 5.23 shows the experimental result at V,. = 40 V. The maximum amplitude was measured as
4.36 mT at r =10 mm, as shown in Fig. 5.3. Fig. 5.23 shows that the travelling wave has fully
penetrated the YBCO sample. Oscillation of the trapped field was observed at the centre of the
sample. As discussed earlier in this chapter, for a conventional homogeneous oscillating field to fully
penetrate this YBCO sample requires an amplitude of 7.0 mT. However, in Fig. 5.23, the sample was
fully penetrated at a maximum amplitude of 4.36 mT. Compared to a homogeneous oscillating field, a
travelling wave is more efficient in penetrating the YBCO sample. Additionally, it is clear that as the
width of the YBCO film increases, it becomes harder for the travelling wave to help the flux to move
across the sample. However, this obstacle can be overcome by increasing the field inhomogeneity
such as increase the amplitude of the travelling wave.

Now come back to the two possibilities proposed in Section 5.5.1. As can be seen from Fig.5.21 to
Fig.5.23, the magnetic flux was gradually penetrated into the YBCO sample as the output voltage of
the inverter increases. The sample was fully penetrated only at V,>40 V, thereby, the amplification of
the wave measured in Fig. 5.19 is rather caused by the bending of magnetic flux above the sample.

This experiment suggests that, comparing with the homogeneous oscillating field, the travelling
wave is more efficient in transporting the magnetic flux inside the YBCO sample. Moreover, it
suggests that, in order to transport the flux across a wide sample, the amplitude of the applied
travelling wave should increase accordingly. Therefore, in order to build an efficient HTS flux pump
for HTS coil, to carefully choose the width of the sample and the amplitude of the travelling wave is

crucially important.

5.6 The influence of the travelling speed and travelling direction on the

magnetisation of the round shape YBCO sample

In the previous experiments, the output frequency was preset at f=0.1 or 1.0 Hz. The travelling

wave was set to move in the inward direction. However, it is uncertain whether the travelling speed
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and the travelling direction influence the magnetisation of the round shaped YBCO sample. This
section increases the output frequency 10.0 Hz, 100.0 Hz, and 400.0 Hz. The magnetisation results
were compared to the case f=0.1 and 1.0 Hz. In the latter part of this section, the travelling wave is
reversed to move in the outward direction, and the magnetisation results are compared with the

inward case.

The purpose of changing the output frequency of the inverter is to show that the magnetisation is
dependent on the sweeping speed of the travelling wave: as the sweeping speed increases, the amount

of change decreases.

To reverse the travelling direction, it was aimed at finding a possible magnetic coupling
phenomenon in the YBCO sample: if the magnetic coupling is present in the experiment, the
magnetisation should be dependent on the travelling direction. However, in this experiment, the final
magnetisation profile is independent on the direction, which suggests that the magnetic coupling is not
present in current experiment. This might due to the fact that the field inhomogeneity from this device
is not strong enough to cause magnetic coupling, which is one of the reason of developing the updated

CTMFP magnet with shorter wavelength.

5.6.1 The influence of the travelling speed

The experiment was performed under ZFC conditions. The sequence of the experiment was: cool
the sample under ZFC conditions; the DAC on (t = 0 s); dc field on (Bg. = 7.0 mT, t=30 s); travelling
wave on (V5 =10 V, t = 90 s); travelling wave off (t = 210 s); dc field off (t = 240 s); DAC off (t =
300 s). The output frequency of the inverter was selected as: f = 0.1 Hz, 1.0 Hz, 10.0 Hz, 100.0 Hz,
and 400.0 Hz. As shown in Table 4.2, up to f=100.0 Hz, the change in impedance was quite small for
the three phase windings. Only in the case f=400.0 Hz were the changes to the impedance of phases U

and V reasonably large.

Fig. 5.24 shows the experimental results before and after application of the travelling wave at
different output frequencies of the inverter. The attenuation of the existing magnetic gradient was
dependent on the travelling speed of the wave. As the speed of the wave increases, the

demagnetisation is reduced so that there is a smaller increase in the magnetic gradient.
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FIG. 5.24. The measured magnetic gradient before and after application of the travelling wave with

different output frequencies of the inverter.

5.6.2 The influence of the travelling direction

In all the experiments mentioned above, the travelling direction of the magnetic wave was preset to
the inward direction, i.e. travelling toward the sample centre, as indicated in Fig. 4.2. The sequences
of the phase windings are indicated in Fig. 4.1. However, it is unknown whether the travelling
direction of the wave affects the final magnetic profile. In other words, if the magnetisation is
dependent on the travelling direction, a macroscopic magnetic coupling phenomenon (as suggested by
the “dc transformer” in Section 3.3) might be identified in the experiment. In this part of experiment,
the travelling direction was reversed to move in the outward direction, i.e. travelling from the sample

centre to the edge of the sample.
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FIG. 5.25. (a) the experimental and simulated magnetic gradient after applying a travelling magnetic
wave which travels outwardly, a comparison is made with the condition that the wave travel inwardly;

(b) the simulated current density distribution for different dc background conditions.

The experiment follows the same ZFC process as described in Section 5.6.1. The output voltage of
the inverter was set at V,.=10.0 V, and the output frequency of the inverter was preset at f =0.1 Hz.
Two different dc conditions were selected: By=7.0 mT and 2.5 mT. The experiment and simulated
results are shown in Fig. 5.25. In Fig. 5.25(a), it is clear that, after application of the travelling wave
to the existing magnetic gradient, the resultant magnetisation gradients are almost the same in both
directions. These results suggest that there was no magnetic coupling phenomenon observed in
this experiment. The results could also be reliably predicted using the FEM model. The decrease in

existing current density was also observed in the simulation, as shown in Fig.5.25(b).

The absent of magnetic coupling in the experiment might suggest that, the field inhomogeneity is
not strong enough to cause the vortices to travel with the wave. In other words, if the field
inhomogeneity is strong enough, some regions of the travelling wave might work like a potential well,
which traps the vortices inside and helps it moving with the wave. The methods to increase the field
inhomogeneity include: increase the amplitude of the travelling wave, the other way is to shorten the
wavelength. The first method can be easily achieved by increasing the output voltage of the inverter.

However, as suggested in Section 5.4.1, as the amplitude of the wave increases, the trapped field starts
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to oscillate inside the sample, while the monotonic increase of the field in the centre was not clear in
the experiment, which suggests that the “magnetic coupling” was not clearly observed. This is
probably due to the fact that, comparing with the width of the YBCO thin film, the wavelength of the
CTMFP magnets was too long (comparable to the radius of the sample). Suppose one wavelength
presents one potential well, if the dimension of the potential well is slightly larger than the sample
dimension (as in our experiment), then it does not necessarily lead to the coupling phenomenon since
the whole superconducting region is inside the potential well. Therefore, the best way to make a clear
observation is to shorten the wavelength. For an established CTMFP magnet with three phase
connection, the wavelength is determined by the width of the phase windings and iron yokes, and
cannot be altered. To shorten the wavelength, the CTMFP magnet should be redesigned with a smaller
width of the phase windings and iron yokes. For this reason, the updated CTMFP magnet was
developed to shorten the wavelength to increase the field inhomogeneity, while keeping the amplitude
constant. The experimental results will be discussed in the next chapter.

5.7 Special topic on ac losses

In this section, a special topic is proposed on ac losses caused by a travelling magnetic wave.
Under an ac magnetic field, the movement of magnetic flux inside type-ll superconductor will
produce heat (as discussed in Chapter 2). AC loss estimation is very important to the design of
superconducting electric motors and cooling systems. Studies on ac losses from superconducting coils
are also important since they help understanding of how ac losses are generated inside the coil, and
how they might be minimised. To date, there are numerous publications regarding the estimation of ac
losses in HTS coils [155-157].

Inside a superconducting electric machine, ac loss can be classified into two categories: transport
current loss [158] and magnetisation loss [159]. The transport current loss is induced by the current
flow through the superconducting coil, and the magnetisation loss is induced by the external ac
magnetic field. Inside a superconducting electric machine, the magnetisation loss is caused by the
travelling magnetic wave from the three phase windings and the field of the rotor. The magnetisation
due to the travelling wave can be very different from that due to a homogeneous oscillating field, as
suggested in the previous sections. Therefore, a discussion is proposed as to whether the travelling

wave can be treated the same as a homogeneous oscillating field in ac magnetisation loss calculations.

This section studies the ac loss based on the round shaped YBCO sample with the help the FEM
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model validated in the early part of this chapter. This study intends to seek insight into how the ac loss

differs between a travelling wave and a homogeneous oscillating field in this particular sample.
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FIG. 5.26. The applied magnetic wave at 3.5 mT. (a) the amplitude of the homogeneous oscillating
field; (b) the travelling wave profile over one period.
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In the simulation, the amplitude of the waves (both travelling wave and homogeneous oscillating
field) was selected as 3.5 mT or 7.0 mT. In the case of 3.5 mT, the YBCO sample is not fully
penetrated by both waves; in the case of 7.0 mT, the YBCO sample is fully penetrated by both waves.
The travelling wave profile and the amplitude of the homogeneous oscillating field for B,,=3.5 mT are

shown in Fig. 5.26.

The heat power at a specific point inside the YBCO film can be calculated by the scalar
multiplication of the electric field and current density:

P=E.J (5.10)

Since the electric field always lies parallel to the current density in an HTS film, the heat power in
Equation (5.10) is always positive. The ac loss per cycle can be calculated using the integration of the

heat power over the superconducting region over one period:
Q= dtf E-Jav (5.11)

For this specific 2 inch diameter YBCO sample, the heat power is uniform across the thickness,

which can be verified in the model. Therefore Equation (5.11) is extended to:
T R
Q= 2;;Dj0 dtj0 (E-3)rdr (5.12)

where D =200 nm is the thickness of the YBCO layer, R=25.4 mm is the radius of the sample, and

T=10 s is the period of the wave.

The calculated results of the travelling wave and homogeneous oscillating field at B,.=3.5 mT are
shown in Fig. 5.27. Although the amplitudes of the travelling wave and homogeneous oscillating field
are the same, the ac loss caused by the travelling wave is about 1/3 as much as the ac loss caused by
the homogeneous oscillating field. For the homogeneous oscillating field, the highest value of ac loss
occurs at the edge of the YBCO sample, as shown in Fig. 5.27(a), and then linearly decreases into the
sample and stops at r ~21 mm. This ac loss profile is very common based on the Bean model
estimation, since the sample edge experiences the greatest flux flow and the inner area experience
progressively less flux flow as the radius decreases. However, for the travelling wave condition as

shown in Fig. 5.27(b), there are two separate regions which produce heat: 12 mm <r < 19 mmand
r >22.5 mm. There is no heat generated between the regions, which suggests that the current density

induced in this region is lower than the critical current density.
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FIG. 5.27. The heat per cycle for the (a) homogeneous oscillating field condition, (b) travelling wave
condition, both with B,.=3.5 mT, f=0.1 Hz.
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FIG. 5.28. The applied magnetic wave at 7.0 mT. (a) the amplitude of the homogeneous oscillating
field; (b) the travelling wave profile over one period.
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FIG. 5.29. The heat per cycle for the (a) homogeneous oscillating field condition, (b) travelling wave
condition, both with B,.=7.0 mT, f=0.1 Hz.
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The travelling wave profile and the amplitude of the homogeneous oscillating field for B,,=7.0 mT
are shown in Fig. 5.28. The calculated results of the ac losses are shown in Fig. 5.29 for the
homogeneous oscillating field and the travelling wave, respectively. The ac loss per cycle of the
travelling wave is about 1/3 of the ac loss per cycle of the homogeneous oscillating field. In a
homogeneous oscillating field, the greatest ac loss is at the edge, and then decreases linearly as the
radius decreases. However, for the travelling wave condition, the greatest ac loss occurs within the

regions 6 mm<r < 17 mmand r >21 mm. These results are similar to the conditions at B,.=3.5

mT as shown in Fig. 5.27. Under a homogeneous oscillating field, although the magnetic field
penetrates much further into the YBCO film, heat is only generated in the restricted regions near the
edge. This is due to the fact that the induced currents in the central regions are slightly lower than the
critical current density Jc, and thus no heat is generated based on the E- J power relation (negligible E
value). Additionally, Fig.5.27 and Fig.5.29 show that even though the magnetic field penetrated much
further into the sample, heat is only generated in restricted regions. This indicates that the induced
current density is higher than Jc only in these regions.

For both conditions, the homogeneous oscillating field and the travelling wave have the same
amplitude (B,.=3.5 mT and 7.0 mT). However, for the single layer round shaped YBCO sample, the
ac loss caused by the travelling wave is about 1/3 of that caused by the homogeneous oscillating field.
The distribution of the ac loss inside the sample is also different between the homogeneous oscillating
field and the travelling wave. This provides a clue that, the ac magnetisation losses caused by a
travelling wave can be very different from those caused by a homogeneous oscillating field, although
the amplitude is the same. These simulation results are understandable from the viewpoint which has
been mentioned in previous sections. In the homogeneous oscillating field condition, the change of

magnetic energy is homogeneous in space, the flux flow in the penetrated regions keeps the magnetic

gradient equals to the critical gradient. Therefore, the change of flux density —dB/dt is almost

uniform in the region which experiences the flux flow. The value —dB/dt gives rise to the induced
electric field E as from the Faraday’s law, which suggest E is uniform in the flux flow region. Since
the magnetic gradient keeps stable (£J. ), based on Equation (5.10), the heat power is uniform in the

flux flow regions. In the homogeneous oscillating field, the edge of the sample experiences the flux
flow at all time, which gives rise to the most of the heat generated based Equation (5.12). However, as
the radius decrease, the time of the inner region experiencing the flux flow decreases based on the
Bean model, which leads to the decrease of heat generated into the inner region as shown in
Fig.5.27(a) and Fig.5.29(a). However, in the experiment, for the travelling wave condition, the non-
uniform distribution of background magnetic energy helps some regions to have local flux flow
(internally) rather than the uniform flux flow as in the homogeneous oscillating field condition. This

gives rise to the inner region which produces heat as shown in Fig. 5.27(b) and Fig. 5.29(b). This
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inner region is not connected to the outer region, which suggests that the flux flow is rather locally,
and these flux does not necessarily have to flow in and out from the sample edge. The heat produced
by the travelling wave is 1/3 of the homogeneous oscillating field is due to the fact that, the current
density in the travelling wave condition is much smaller than Jc in many regions of the
superconducting film. Based on the non-linear E-J power law, this leads to negligible E which leads

to negligible heat generated.

This part of work only provides the calculated ac magnetisation loss in this specific single layer
round shape YBCO sample. However, for HTS coil working in travelling wave conditions, it should
be studied more deeply, since it has more complicated geometries and structures. Nevertheless, this
study provides a clue that, the ac magnetic loss caused by the travelling wave might need to be

clarified from the one caused by the homogeneous oscillating field.

5.8 Conclusion

In this chapter, the 2 inch diameter round shape YBCO sample was studied with the help of the
original CTMFP magnet. It was found that the magnetisation based on a travelling wave is very
different from a homogeneous oscillating field. While the magnetisation based on the homogeneous
oscillating field can be accurately predicted using the Bean model, magnetisation based on a travelling
wave does not follow the Bean model prediction. The six Hall sensor array was used to measure the
change in magnetic gradient under the influence of a travelling wave, and the results showed that the
existing critical magnetic gradient is compromised by a travelling wave. The simulation based on the
FEM software shows that the current density is attenuated across the sample. This suggests that the
constant current density assumption used in the Bean model does not apply to a travelling wave. It
was also found that a travelling wave is more likely to penetrate into the YBCO sample than a
homogeneous oscillating field. Moreover, the decrease in the existing magnetic gradient is related to
the sweeping speed of the travelling wave, but not related to the travelling direction. In other words,

there was no macroscopic magnetic coupling phenomenon found in this experiment.
These results suggest that:

1. In the magnetisation and ac loss calculations, a travelling wave cannot be equated to a
homogeneous oscillating field. The validity of simplify a travelling wave as a homogeneous

oscillating field in such cases should be investigated.
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2. A travelling wave is more likely to cause the flux to move inside the YBCO thin film, which
suggests that it is possible to apply a travelling wave in order to transport flux into a

superconducting loop.

In this experiment, the device used for the study is the original CTMFP magnet, which has a fixed
wavelength. In order to have a clue of how the field inhomogeneity influence the magnetisation, the
updated CTMFP magnet was proposed, which has a shorter wavelength comparing with the original
CTMFP. Moreover, in this experiment, the magnetic coupling is not observed, which might suggest
that the field inhomogeneity is not strong enough in the present device. For these reasons, the updated
CTMFP magnet was developed and the experimental results with the round shape YBCO sample will

be presented in the next chapter.
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CHAPTER 6

THE UPDATED CTMFP: EXPERIMENTAL RESULTS

This chapter presents the experimental results for the updated CTMFP magnet and the round
shaped YBCO sample. As discussed in Chapter 4, the magnetic wave produced by the updated
CTMFP magnet has a greater field inhomogeneity compared to the magnetic wave produced by the
original CTMFP magnet. The original CTMFP magnet can only produce a travelling wave with a
single pole-pair, whereas the updated CTMFP magnet can produce two pole pairs (with six phase
connections) or four pole pairs (with three phase connections). The purpose of designing the updated
CTMFP magnet was to show how the degree of field inhomogeneity influences the magnetisation of a
YBCO sample.

In this chapter, the experiments will focus on indentifying the effect of field inhomogeneity on the
magnetisation of the YBCO sample. Moreover, the experiment will also intend to find the possible

magnetic coupling phenomenon as the wavelength decreases.

Section 6.1 studies the travelling magnetic waves produced by the updated CTMFP magnet. The
magnetic waves are compared between the original CTMFP magnet, the updated CTMFP magnet
with a six phase connection, and the updated CTMFP magnet with a three phase connection. Section
6.2 presents and discusses the experimental results with the six phase connection on the round shape
YBCO sample. Section 6.3 discusses the experimental results with the three phase connection on the
round shape YBCO sample. In comparison with the experimental results of the six phase connection
and the three phase connection, it was found that, as the degree of the field inhomogeneity increases,
more flux have been transported into the YBCO sample, even though the amplitudes of the travelling
waves are the same. It supports the idea that the field inhomogeneity is the key factor that causes the
flux migration. Moreover, in Section 6.3, a possible magnetic coupling phenomenon has been

observed. However, this phenomenon requires further investigation in the future.
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6.1 Characteristics of the travelling wave

In this section, the characteristics of the travelling waves from the original CTMFP magnet, the
updated CTMFP magnet with six phase connection, and the updated CTMFP magnet with three phase
connection will be compared and studied. As discussed in Section 4.3, there are two methods for
connecting the phase windings to the updated CTMFP magnet. One method is to connect the phase
windings with a 60%phase shift. The phase sequence in this instance is: U, -W, V, -U, W, -V. Another
method is to connect the phase windings with a 120 “phase shift, as was done for the original CTMFP
magnet. The phase sequence in this instance is: U, V, W. For the original CTMFP, the width of the
phase windings and the iron yoke was 5.0 mm. The original CTMFP magnet can produce a travelling
wave of single pole-pair as discussed in Section 5.1. However, the width of the phase windings and
the iron yoke is 1.25 mm for the updated CTMFP magnet, which is 1/4 of the width of the original
CTMFP magnet (5.0 mm). For the six phase connection with 60“phase shift, the wavelength of the
updated CTMFP magnet is 1/2 of the wavelength compared to the original CTMFP magnet. For the
three phase connection with 120 “phase shift, the wavelength of the updated CTMFP magnet is 1/4 of
the wavelength compared to the original CTMFP magnet. A simulation was performed with the help
of the AC/DC mode in COMSOL to visualise the waveform. The domains in the model are shown in
Fig. 6.1 and their properties are shown in Table 6.1 for the six phase connection and in Table 6.2 for

three phase connection.
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FIG. 6.1. The COMSOL AC/DC model for the updated CTMFP magnet and the geometry labels.
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TABLE 6.1
DOMAINS AND PARAMETERS FOR FIG. 6.1 (SIX PHASE CONNECTION)

Phase Phase Phase Phase Phase DC

Air Soft iron Phase U
-W Vv W -V windings
2,4,6,...28; 3,15, 27; 517; 7,19; 9,21; 11,23; 13,25;
Domain 57 1,29
30,32,34,...56 31,43,55 33,45 35,47 37,49 3951 41,53
p(Qm) 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
98 1.0 40000 1.0 1.0 1.0 1.0 1.0 1.0 1.0

* p=1.0 Q'm refers to a large resistivity in the model, which represents dielectric property of the air,

and help preventing the non-uniform distribution of the current inside the copper regions.

TABLE 6.2
DOMAINS AND PARAMETERS FOR FIG. 6.1 (THREE PHASE CONNECTION)

Air Soft iron Phase U Phase V Phase W DC windings

2,4,6,...28; 3,9,15,21,27; 5,11, 17, 23; 7,13,19,25;

Domain 57 1,29
30, 32,34, ...56 31,37,43,49, 55 33,39,45,51 35,41,47,53

p(Q/m) 1.0 1.0 1.0 1.0 1.0 1.0

& 1.0 40000 1.0 1.0 1.0 1.0

* p =1.0 Q-m refers to a large resistivity in the model, which represents dielectric property of the air,

and help preventing the non-uniform distribution of the current inside the copper regions.

In Fig. 6.2, the travelling waves produced by the original CTMFP magnet, the updated CTMFP
magnet with six phase connection and the updated CTMFP magnet with three phase connection are
compared. The waveforms were simulated using the AC/DC model in COMSOL. The travelling
magnetic wave produced by the original CTMFP magnet has a single pole-pair, whereas the travelling
wave produced by the updated CTMFP magnet with the six phase connection has two pole pairs, and
the travelling wave from the updated CTMFP magnet with the three phase connection has four pole-
pairs. For travelling waves of equal amplitude, the wave produced by the original CTMFP magnet has
the smallest inhomogeneity, and the wave produced by the updated CTMFP magnet with the three
phase connection has the greatest inhomogeneity.
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FIG. 6.2. The simulated results for a travelling magnetic wave generated by the original CMTFP
magnet, the updated CTMFP magnet with a six phase connection, and the updated CTMFP magnet

with a three phase connection.

The following sections discuss the results of the travelling wave produced by the CTMFP magnet

with either a six phase connection or a three phase connection.

6.1.1 The travelling wave produced by a six phase connection

This section analyses the travelling wave produced by the updated CTMFP magnet with a six
phase connection. The connection of the phase windings followed the consequence as shown in Fig.

4.9 and Table 6.1. The phase shift between the neighbouring windings was 60
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FIG. 6.3. The travelling magnetic wave simulated using the AC/DC mode in COMSOL for the
updated CTMFP magnet with six phase connection. The time interval for each curve is 1/20 phase

(M.

The travelling wave was simulated using the AC/DC mode in COMSOL. The results of the
simulation are shown in Fig. 6.3. The time interval between the neighbouring curves is 1/20 period.
The magnetic wave not only travels, but the centre line of the wave also oscillates. This was not
conducive to the experiment. However, as long as the wave travels and the crest regions and trough
regions coexist, there was no harm done to our ability to determine the effects of the travelling wave
on the YBCO sample.

In Fig.6.4, 100 curves within one period (1/00 period interval) are plotted together to show the
magnetic profile of the travelling wave. There are two peaks located at r ~ 12 mm and r = 27 mm. The
field at r = 18 mm is almost equal to zero throughout the whole period. The fifteen Hall sensor array
shown in Fig. 4.17 was installed to measure the maximum values of the field at each location. The

results are plotted in Fig. 6.5. Comparing Fig.6.5 with Fig.6.4, shows that the updated CTMFP magnet
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is operational and in good condition, and its magnetic behaviour can be accurately predicted using the
FEM software.

Bx (mT)

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035
r (m)

FIG. 6.4. The simulated result of the travelling wave over one period produced by the updated

CTMFP magnet with a six phase connection. The time interval for neighbouring curves is 1/100

period.
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FIG. 6.5. The measured maximum values of the travelling wave across the radius of the updated

CTMFP magnet with a six phase connection.
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Comparison of Fig.6.3 and Fig.6.4 shows that the magnetic profile shown in Fig.6.4 does not
necessarily present the actual amplitude of the travelling wave, since the centre line of the wave is
oscillating as the wave travels. From the model, it was estimated that the actual amplitude of the
travelling wave is about 53% of the maximum value at r = 12 mm in Fig. 6.4. Therefore, for the four
cases shown in Fig. 6.5, the actual amplitudes of the wave are: ~0.78 mT (V=20 V), ~1.44 mT
(Vac=40 V), ~1.94 mT (V,=60 V), and ~2.59 mT (V,.=80 V).

6.1.2 The travelling wave produced by a three phase connection

In the three phase connection, the phase windings follow the sequence U, V, W. The arrangement
of the phases is listed in Table 6.2. With this connection method, the phase difference between
neighbouring windings is 1209 The wave length is 1/4 of the original CTMFP magnet, and 1/2 of the
updated CTMFP with six phase connection.
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FIG. 6.6. The travelling magnetic wave simulated using the AC/DC mode in COMSOL for the
updated CTMFP magnet with a three phase connection. The time interval for each curve is 1/20

phase.
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The travelling wave for the updated CTMFP magnet with a three phase connection was simulated
using the AC/DC mode in COMSOL, and the results are shown in Fig. 6.6. The time interval is 1/20
period between the neighbouring curves. Compared towith Fig. 6.3, the wavelength from the three
phase connection is about half that of the six phase connection. Fig. 6.3 shows that the waves
produced are similar to the waves produced by the six phase connection. The centre line of the waves

produced by the six phase connection also oscillates.

In Fig.6.7 shows 100 curves within one period (1/00 period interval) plotted to show the maximum
value of the travelling wave at each location. There are five peaks in the diagram. The fifteen hall
sensor array shown in Fig. 4.17 was installed to measure the maximum value of the field at each
location. The results are plotted in Fig. 6.8. Comparison Fig.6.8 to Fig.6.7 shows that the magnetic
wave produced by the updated CTMFP magnet with three phase connection can be accurately

predicted by using FEM software.
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FIG. 6.7. The simulated result of the travelling wave over one period produced by the updated
CTMFP magnet with a three phase connection. The time interval for neighbouring curve is 1/100
period.
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FIG. 6.8. The measured maximum values of the travelling wave across the radius of the updated

CTMFP magnet with a three phase connection.

Comparison of Fig. 6.6 and Fig. 6.7 shows that the magnetic waves shown in Fig.6.7 do not
necessarily represent the actual amplitude of the travelling wave, since the centre line of the wave
oscillates as the wave travels. From the model, it can be estimated that the actual amplitude of the
travelling wave shown is about 23% of the maximum value at r =7.5 mm shown in Fig. 6.7.
Therefore, for the three cases shown in Fig. 6.8, the actual amplitudes of the wave are: ~0.47 mT
(Vac=80 V), ~0.86 mT (V,:=160 V), and ~1.29 mT (V=230 V).

In this section, it can be seen that, the travelling waves produced by the updated CTMFP magnet
fit the simulation results, which suggests that the updated CTMFP magnet is well established and its

magnetic behaviour can be well predicted.

In the following sections, experiments will be performed on the round shape YBCO sample with
the updated CTMFP magnets.
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6.2 Experiment on the updated CTMFP magnet with a six phase

connection

This section studies the magnetisation of the 2 inch diameter YBCO thin film using the updated
CTMFP magnet with a six phase connection. As shown in Fig.6.2, the six phase connection produces
a travelling wave with two pole-pairs, whose wavelength is half of the original CTMFP magnet. The
YBCO sample was studied under different conditions such as ZFC, FC, different sweeping speeds and
different travelling directions. The study aims to discover whether halving the wavelength of the

travelling wave will produce a different magnetisation result for the same YBCO sample.

6.2.1 ZFC condition

Under the ZFC condition, the YBCO sample was cooled in a zero background field, and then a dc
field was applied to the sample. The values of the dc background field were chosen as (measured at
the centre of the device): B4.=2.5 mT and 7.0 mT, where B4=2.5 mT stands for the case in which the
sample is not fully penetrated and By=7.0 mT stands for the case in which the sample is fully
penetrated. The output voltages of the inverter were chosen as V. =20V, 40 V, 60 V, and 80 V. The
sequence of the experiment was: DAC on (t=0 s); dc field on (t=10 s); travelling wave on (=20 s);
travelling wave off (t=40 s); dc field off (t=50 s); DAC off (t=60 s).

The experimental results for the case B4=2.5 mT are shown in Fig. 6.9. The first curve in Fig.6.9 is
the measured magnetic gradient after application of the dc field but before applying the travelling
wave (at t=19 s). The four other curves are the magnetic gradients after applying the travelling wave
but before switching off the dc field (at t~49 s).
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FIG. 6.9. The measured magnetic gradient for the round shaped YBCO sample when By=2.5 mT

before and after applying the travelling wave with a six phase connection.
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FIG. 6.10. The measured magnetic gradient for the round shaped YBCO sample when By=7.0 mT

before and after applying the travelling wave with a six phase connection.
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In Fig. 6.9, after having switched on the travelling wave in the cases V,=20V, 40V, and 60 V,
there were no clear changes to the magnetic gradient. Only in the case V,.=80 V was a clear change of
the magnetic gradient observed in comparison to the first curve. As discussed in Section 6.1.1, the
actual amplitudes of the wave are: ~0.78 mT (V=20 V), ~1.44 mT (V=40 V), ~1.94 mT (V=60 V),
and ~2.59 mT (V=80 V). The results shown in Fig. 6.9 are unexpected when compared to the same
dc background field condition for the original CTMFP magnet shown in Fig. 5.14. In Fig. 5.14, a
travelling wave of amplitude 2.0 mT was applied to the sample, which was pre-magnetised using a dc
field B¢.=2.5 mT, and a clear decrease in the magnetic gradient was observed. However, in Fig. 6.9,
for the curve V,. =60 V (~1.94 mT), although the wavelength is half that of the original CTMFP
magnet, the change in magnetic gradient was only observed near the edge of the sample.

The experimental results for the case Bq=7.0 mT are shown in Fig. 6.10. In this figure, after
applying the travelling wave, a decrease in the existing magnetic gradient was observed, such that the
larger the amplitude of the wave, the greater the decrease of the magnetic gradient. These results
coincide with the experimental results shown in Chapter 5. However, the change of the magnetic
gradient is smaller when compared to the results in Fig. 5.13. With the travelling wave of 2.0 mT in
Fig.5.13, the magnetic flux density in the centre of the sample increased to 5.0 mT, whereas in
Fig.6.10 for the curve V4 =60 V (~1.94 mT), after applying the travelling wave, the flux density at the
centre only increased to 2.5 mT.

These results appear to contradict our previous speculations that, by increasing the degree of field
inhomogeneity, more flux ought to migrate into the centre of the sample. The reason for these results
is not yet clearly understood. However, it might have something to do with the different waveforms
between the original CTMFP magnet and the updated CTMFP magnet. More study is needed in this

area.

6.2.2 FC condition

Under FC conditions, the sample was cooled under a dc background field of either 5.0 mT or 10.0
mT. In the case of B4=5.0 mT, the sample was partially magnetised and a truncated conical trapped
field was expected. In the case of By=10.0 mT, the sample was fully magnetised and a conical
trapped field was expected. The output voltage of the inverter was preset at V. =40 V (~1.44 mT).
The wave was set to travel in the inward direction. The sequence of the experiment was: DAC on (t=0
s); dc field off (t=10 s); travelling wave on (t=20 s); travelling wave off (t=40 s); DAC off (t=50 s).
The measured magnetic gradients before (at t=19 s) and after (at t=50 s) applying the travelling wave

are shown in Fig. 6.11.
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FIG. 6.11. The measured magnetic gradients in the FC condition before (at t=19 s) and after (at t=50
s) applying the travelling wave with a six phase connection.

In Fig. 6.11, for the case B4.=5.0 mT, after applying the travelling wave, there was no clear change
in flux density in the centre of the sample, however, there was a decrease in magnetic gradient at the
edge of the sample (r >7.0 mm). For the case B4=10.0 mT, after applying the travelling wave, there
was a clear decrease in flux density at the centre. Section 6.3.2 will compare these results with the
experimental results for the updated CTMFP magnet with a three phase connection.

6.2.3 Travelling speed and direction

An experiment was carried out to investigate the effect of altering the sweeping speed (frequency)
and travelling direction (inwardly or outwardly) to the magnetic gradient for a travelling wave
produced by the updated CTMFP magnet with a six phase connection. As discussed in Section 5.6,
the output frequency of the inverter could be increased to increase the sweeping speed of the wave,
and the travelling direction could be reversed by changing the “rotate direction” in the inverter. In this

experiment, the sample was be fully penetrated by a dc field of 7.0 mT. The output voltage was set at
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V=80 V (~2.59 mT). By changing the sweeping speed, the output frequency was chosen at:
f=0.1 Hz, 1.0 Hz, 10.0 Hz, 100.0 Hz, and 400.0 Hz. The sequence of the experiment was: DAC on
(t=0 s); dc field on (t=30 s); travelling wave on (t=90 s); travelling wave off (t=210 s); dc field off
(t=240 s); DAC off (=270 s). The travelling wave was set in the inward direction. By reversing the
sweeping direction, the sequence of the experiment remained the same except that the travelling wave

was reversed to the outward direction. The frequency was chosen to be f=1.0 Hz.

The experimental results are shown in Fig. 6.12. The magnetic gradients before (at t=89 s) and
after (at t=239 s) applying the travelling wave are shown in Fig.6.12. The change in magnetic gradient
is frequency dependent. As the frequency increases, the magnetic gradient becomes more unlikely to
be altered by a change in direction of the travelling wave. These results are similar to the experimental
results found in Section 5.6 (Fig. 5.24) for the original CTMFP magnet.

In Fig. 6.12, by reversing the travelling direction from “inward” to “outward” at f=1.0 Hz, the
resulting magnetic gradients are almost the same, which suggests that the travelling direction has no
influence on the change in magnetic gradient. There is no “magnetic coupling” observed in this
instance. This result is the same as the experimental result obtained using the original CTMFP magnet
(Section 5.6.2).
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FIG. 6.12. The measured magnetic field of the round shaped YBCO sample in the case By.=7.0 mT
before (at t=89 s) and after (at t=239 s) applying the travelling wave with different sweeping speeds

(frequency) and directions (inward or outward).
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In this section, experimental results have been provided for the updated CTMFP magnet with six
phase connection. The results are slightly different from the previous speculation that, by halving the
wavelength comparing with the original CTMFP magnet, more flux should have been transported into
the YBCO sample. However, this might have been caused by the special waveform of the updated
CTMFP magnet with six phase connection. At this stage, it is not well understood which requires

further investigation in the future.

In the later part of the section, it was shown that the magnetic coupling phenomenon was not
observed up to date. Therefore, it would be helpful to further decrease the wavelength by changing the
six phase connection to three phase connection, to judge the effect of field inhomogeneity and find

possible magnetic coupling phenomenon.

6.3 Experiment on the updated CTMFP magnet with a three phase

connection

In this section, the wavelength is further decreased by connecting the phase windings with a three
phase connection. As shown in Fig. 6.2, this connection can produce a travelling wave with four pole
pairs. The experiment was also performed on the round shaped YBCO sample. Different
magnetisation conditions such as ZFC, FC, frequency and reverse direction were studied for

comparison with the experimental results in Chapter 5 and Section 6.2.

6.3.1 ZFC condition

In the ZFC condition, the values of the dc background field were chosen to be: B4=2.5 mT and 7.0
mT, where B¢.=2.5 mT stands for the case in which the sample is not fully penetrated and By=7.0 mT
stands for the case in which the sample is fully penetrated. The output voltages of the inverter were
chosen to be V,. = 80V, 160 V, and 230 V. The output frequency was selected to be f=1.0 Hz. The
sequence of the experiment was: DAC on (t=0 s); dc field on (t=10 s); travelling wave on (t=20 s);
travelling wave off (t=40 s); dc field off (t=50 s); DAC off (t=60 s).

Section 6.1.2 established that the actual amplitudes of the wave were: ~0.47 mT (V=80 V), ~0.86
mT (Va=160 V), and ~1.29 mT (V,.=230 V). For each experiment, the magnetic gradients before (at
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t=19 s) and after (at t=49 s) applying the travelling wave were selected. The results are shown in Fig.
6.13 and Fig. 6.14.

The experimental results for the case By.=2.5 mT are shown in Fig. 6.13. The first curve in Fig.
6.13 is the measured magnetic gradient after applying the dc field but before applying the travelling
wave (t=19 s). The three other curves are the measured magnetic gradients after applying the
travelling wave but before switching off the dc field (t=49 s). Fig. 6.13 can be compared to Fig.6.9. In
Fig.6.9, in the case V,.=40 V (~1.44 mT), the change in magnetic gradient is not readily apparent;
however, in Fig. 6.13, in the case V,=230 V (~1.29 mT), there is a clear change in magnetic gradient.
These results might suggest that the degree of inhomogeneity of the travelling wave influences the

magnetisation. With a stronger inhomogeneity, the change in magnetic gradient becomes clearer.
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FIG. 6.13. The measured magnetic field for the round shaped YBCO sample in the case that B4=2.5
mT before (at t=19 s) and after (at t=49 s) applying the travelling wave for the updated CTMFP

magnet with a three phase connection.

The experimental results for the case By=7.0 mT are shown in Fig. 6.14. In the figure, after
applying the travelling wave, clear decreases in the magnetic gradient were observed. The greater the

increase in amplitude of the travelling wave, the greater the decrease in the magnetic gradient. Fig.
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6.14 can be compared to Fig. 6.10. In Fig.6.10, for the case V=40 V (~1.44 mT), the change in
magnetic gradient is very small and the flux density at the centre increased to 1.2 mT. However, in
Fig. 6.14, for the case V,=230 V (~1.29 mT), the change in magnetic gradient is much clearer than
Fig. 6.10, and the flux density at the centre increased to 3.1 mT. These results also suggest that by
shortening the wavelength (strengthening the field inhomogeneity), the magnetic gradient
becomes more likely to be changed.
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FIG. 6.14. The measured magnetic field for the round shaped YBCO sample in the case that B4=7.0
mT before (at t=19 s) and after (at t=49 s) applying the travelling wave for the updated CTMFP

magnet with a three phase connection.

6.3.2 FC condition

Under FC conditions, the experiment was performed at two different dc background field
strengths: B,.=5.0 mT and 10.0 mT, as the same as in Section 6.2.2. The output voltage of the inverter
was preset at V,.=230 V (~1.29 mT). The sequence of the experiment was: DAC on (t=0 s); dc field
off (t=10 s); travelling wave on (t=20 s); travelling wave off (t=40 s); DAC off (t=50 s).
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FIG. 6.15. The measured magnetic field in the FC condition before (at t=19 s) and after (at t=50 s)
applying the travelling wave with the three phase connection.

Fig. 6.15 shows the measured magnetic gradient before (at t=19 s) and after (at t=50 s) applying
the travelling wave. The experimental results can be compared to the results shown in Fig. 6.11 with
the six phase connection. In Fig. 6.11, the amplitude of the travelling wave was ~1.44 mT, whereas in
Fig. 6.15, the amplitude of the travelling wave was ~1.29 mT. In the case B4.=5.0 mT, after applying
the travelling wave, the decrease in the existing magnetic gradient is clearer in Fig. 6.15 than in Fig.
6.11. In Fig.6.11, the change of flux density reached r = 6.875 mm (the fourth Hall sensor), however,
in Fig. 6.15, the change of flux density reached r = 4.375 mm (the third Hall sensor).

In the case B4.=7.0 mT, after applying the travelling wave, in Fig. 6.11, the flux density decreased
to 6.7 mT, however, in Fig. 6.15, the flux density decreased to 6.2 mT. The amplitude of the
travelling wave in Fig. 6.15 is slightly lower than the amplitude of the wave in Fig. 6.11. However,
the change caused by the travelling wave is larger in Fig. 6.15. This suggests that the degree of field
inhomogeneity has an influence on the final magnetisation, and the stronger the field inhomogeneity,

the stronger the change in the magnetic gradient.
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6.2.3 Travelling speed and direction

| | | | |
10 =
8 o
6 -
= —=—ZFC, B, =7.0 mT
g
. 4 ¥..=230 V (~1.29'mT)
Q
—4&— f=1.0 Hz
v— =100 Hz
2 —e— /=100.0 Hz
—<— f=400.0 Hz
0 —»— f=1.0 Hz, outward
1 " 1 L 1 L 1 " 1 2
0 5 10 15 20 25
r (mm)

FIG. 6.16. The measured magnetic field of the round shaped YBCO sample in the case B4.=7.0 mT
before (at t=89 s) and after (at t=239 s) applying the travelling wave at different sweeping speeds

(frequencies) and directions (inward or outward).

In order to understand how the travelling speed of the travelling wave influences magnetisation,
the output frequency of the inverter was increased from a low frequency to a high frequency, as in
Section 6.2.3. The experiment was performed under ZFC conditions with B4=7.0 mT. The output
voltage of the inverter was chosen to be V,=230 V (~1.29 mT). The following output frequencies
were considered in the experiment: f=1.0 Hz, 10.0 Hz, 100.0 Hz, and 400.0 Hz. The sequence of the
experiment was: DAC on (t=0 s); dc field on (=30 s); travelling wave on (t=90 s); travelling wave off
(t=210 s); dc field off (t=240 s); DAC off (t=270 s). The travelling direction was chosen to move in

the inward direction.

The experimental results are shown in Fig. 6.16. Similar to the results shown in Fig. 6.12, the
magnetisation is dependent on the sweeping speed. As the output frequency increases, the magnetic

gradient is less likely to be altered by the travelling wave.
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In Fig. 6.16, as the travelling direction was reversed from “inward” to “outward” at f=1.0 Hz, the
magnetic gradient for the “outward” direction was steeper than for the “inward” direction. This
phenomenon was not found in Fig. 6.12 or Fig. 5.24. The results shown in Fig. 6.16 may suggest that
the magnetisation becomes dependent on the travelling direction as the wavelength decreases to 1/4 of
the original CTMFP magnet. In other words, a “magnetic coupling phenomenon” may have been

observed in this case. However, this phenomenon is not yet confirmed, and further study is needed.

6.4 Conclusion

This chapter investigated the magnetisation of the round shaped YBCO sample with the updated
CTMFP magnet. Travelling magnetic waves with either a six phase connection or a three phase
connection were studied numerically and experimentally. For the six phase connection, the
wavelength was about half that of the original CTMFP magnet. For the three phase connection, the

wavelength was about one quarter of the original CTMFP magnet.

The experiments were performed under ZFC conditions, FC conditions, different sweeping speeds
and travelling directions. By comparing the ZFC condition and the FC condition for the six phase
connection and the three phase connection, it was confirmed that the degree of field inhomogeneity
influence the final magnetisation profile. For a travelling wave of constant amplitude, the stronger the
field inhomogeneity (shorter wavelength), the greater the change in the existing critical magnetic
gradient. By increasing the sweeping speed of the travelling wave, it was found that the magnetic
gradient is less likely to be changed, which suggests that the magnetisation is dependent on the

sweeping speed. This phenomenon requires further study in the future.

By reversing the travelling direction from “inward” to “outward” with the six phase connection
there was no clear change of the magnetic gradient. However, with the three phase connection there
was a clear change of magnetic gradient. The increase in magnetic flux at the centre was larger when
the travelling wave travelled inward compared to when the wave travelled outward. This phenomenon
suggests that a possible magnetic coupling phenomenon was observed. However, this phenomenon is

not confirmed at this stage, and further study is required.
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CHAPTER 7

EXPERIMENTS USING THE SQUARE SHAPED YBCO
SAMPLES

This chapter discusses experiments performed using the square shaped YBCO samples with the
help of the original CTMFP magnet, the updated CTMFP magnet with a six phase connection and the

updated CTMFP magnet with a three phase connection.

As discussed in Section 3.3, inducing a persistent current in a type-ll superconducting loop
requires that the vortices must be created at the outer edge and transported across the superconducting
tape to be annihilated at the inner edge. In Chapter 5 and Chapter 6, the experiments were performed
on a round shaped YBCO sample. The final step (annihilation of vortices) cannot be fulfilled in a
round shaped sample. Therefore, the square shaped YBCO samples shown in Fig. 4.27 were used for
the investigations in this chapter. The width of the square shaped YBCO sample is 46 mm and the
diameter of the hole in the centre is 26 mm. These samples were provided by AMSC and FBML,
MIT.

In Chapter 5 and Chapter 6, the experimental results showed that the travelling wave tends to
attenuate the existing magnetic gradient, which indicates that a travelling wave is more efficient at
transporting the magnetic flux within the YBCO film compared to a homogeneous oscillating field.
However, at this stage it is still uncertain whether a magnetic coupling phenomenon (the dc
transformer in Section 3.3) can be found at the macroscopic scale with the help of a travelling wave
(the phenomenon found in Fig.6.16 requires further authentification). However, the “magnetic
coupling” can be crucial to the magnetisation of a superconducting loop since it helps the flux to
migrate in a determined direction. In this chapter, a tentatively study is performed to show whether
the magnetic flux can be transported into a type-1l superconducting loop with the help of travelling

waves of three different wavelengths.

The experiments were performed under FC conditions, i.e. the sample was cooled under a smaller
dc background field (3.0 mT). The dc background field was present throughout the experiment. The

purpose of the dc background field was to provide an offset to the travelling magnetic wave. The
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reason for a dc offset is that, if the magnetic coupling is present in the experiment, by slightly
offsetting the travelling wave, the positive and negative magnetic flux transported into the
superconducting sample are not balanced, which leads to a net magnetic flux accumulated inside the

type-I1 superconducting loop.

The travelling wave was preset to the inward direction and the output frequency of the inverter was
preset to f=1.0 Hz. The experiment began by testing the sample using the original CTMFP magnet,
and then the same sample was tested using the updated CTMFP magnet with a six phase connection.
Finally the sample was tested using the updated CTMFP magnet with a three phase connection. The
sequence of each experiment was: switching the dc background field on (B4=3.0 mT) before the
experiment, FC the sample, DAC on (t=0 s), ac on (t=10 s), ac off (t=40 s), DAC off (t=50 s).

7.1 The maximum trapped field of the square shaped YBCO sample

Before commencing the experiment, the trapped fields of five square shaped YBCO samples were
tested. The maximum trapped fields are shown in Fig. 7.1. The five samples were labelled as N181,
N182, N183, N184 and N185, as shown in Fig. 4.27. The maximum trapped fields of the five samples
were apprximately 16.0 mT at the centre. The superconducting region lies between 13 mm < r < 23

mm as marked in the Fig. 7.1 (also in Fig. 4.27).
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FIG. 7.1. The maximum trapped field of the five square shaped YBCO samples.
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7.2 Experiment using the original CTMFP magnet

In this section, the square shaped YBCO sample was tested using the original CTMFP magnet. The
purpose of the research was to show whether the travelling wave from the original CTMFP magnet
could help the magnetic flux to move across the superconducting loop. The travelling wave produced
by the CTMFP magnet is shown in Fig. 7.2 (the same as shown in Fig. 5.2) and the superconducting
region is indicated in the diagram. In order to transport the flux across the superconducting region, the
field inhomogeneity must be strong enough in the superconducting region, otherwise the travelling
wave would behave similarly to a homogeneous oscillating field.
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FIG. 7.2. The travelling wave produced by the original CTMFP magnet (the same as Fig. 5.2) with the

superconducting region indicated (square shaped YBCO)

The output voltages of the inverter were set at Vo, = 50V, 100 V, 150V, and 200 V. Fig. 7.3
shows the experimental results before and after applying the travelling magnetic wave under FC

conditions. Up to the output voltage of 200 V (corresponding to a maximum amplitude of 23.2 mT, as
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shown in Fig. 5.3), there was no clear change to the magnetic flux at the centre of the sample after
applying the travelling wave. However, this amplitude (at r = 10 mm) is already greater than the
maximum trapped field of the sample. It suggests that using the travelling wave of the original
CTMFP magnet to magnetise the square shaped YBCO sample was unsuccessful. The field
inhomogeneity in the superconducting region might not be strong enough to transport the magnetic

flux across the superconducting tape.
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FIG. 7.3. The magnetic field measured across the square shape YBCO using the original CTMFP
magnet before and after applying the travelling wave under FC conditions (B¢.=3.0 mT). The square
shaped YBCO sample used for the experiment was labelled as N185.
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7.3 Experiment using the updated CTMFP magnet with a six phase

connection

In this section, the square shaped YBCO sample labelled N185 was tested using the updated
CTMFP magnet with a six phase connection. The travelling magnetic waves produced by the updated
CTMFP magnet with a six phase connection are shown in Fig. 7.4 (the same as in Fig. 6.3). The
superconducting region for the square shaped YBCO sample is indicated in the figure. It is clear that
the superconducting region is slightly longer than half of the wavelength. It therefore has a stronger

field inhomogeneity compared to the original CTMFP (Fig.7.2) with a travelling wave of the same

amplitude.
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FIG. 7.4. The travelling wave produced by the updated CTMFP magnet with six phase windings (the
same as Fig. 6.3) with superconducting region indicated (square shaped YBCO).

The experimental procedure was the same as described in the previous section. Since the
maximum output voltage of the inverter is 230 V, in order to achieve a higher amplitude for the
travelling wave, power resistors of 100 QQ were connected to each phase instead of 300 Q. The output
voltage of the inverter was selected to be: Vo, = 50 V, 100 V, 150 V, and 200 V. The amplitude of the

travelling wave for each output voltage was measured. It was known from Section 6.1 that, for the
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updated CTMFP magnet with a six phase connection, the actual amplitude of the travelling wave is

approximately 53% of the measured maximum value.
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FIG. 7.5. The magnetic field measured across the square shaped YBCO using the updated CTMFP
magnet with a six phase connection before and after applying the travelling wave under FC conditions

(B¢c=3.0 mT). The square shaped YBCO sample used for the experiment was labelled as N185.

The experimental results are shown in Fig. 7.5. Up to the amplitude of 18.74 mT, there were no
observed changes in magnetic flux at the centre of the sample. The curves do not precisely overlap
each other due to residual magnetisation in the iron yoke. The amplitude of the wave at V,.=200 V has
already exceeded the maximum trapped field of the square shaped sample. However, there was no

clear increase in flux density observed in the experiment.

7.4 Experiment using the updated CTMFP magnet with a three phase

connection

In this section, the square shaped YBCO sample labelled N185 was tested using the updated

CTMFP magnet with a three phase connection. The travelling magnetic wave produced by the
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updated CTMFP magnet with three phase windings produces the shortest wavelength and the
strongest field inhomogeneity. Fig. 7.6 shows the travelling wave produced by the updated CTMFP
with a three phase connection (the same as Fig. 6.6), and the superconducting region of the square
shaped YBCO sample is indicated in the figure. The superconducting region is slightly longer than
one wavelength. The field inhomogeneity is the strongest compared to the other two kinds of

travelling wave.
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FIG. 7.6. The travelling wave produced by the updated CTMFP magnet with three phase windings
(the same as Fig. 6.6) with superconducting region indicated (square shaped YBCO).

The power resistors connected to the phase windings were reduced to 100 Q in order to increase
the amplitude of the travelling wave. The output voltage of the inverter was selected to be : V=50V,
100 V, 150V, and 200 V. As mentioned in Section 6.1, for the travelling wave produced by the
updated CTMFP magnet with three phase windings, the amplitude of the travelling wave was about
23% of the measured amplitude. In this experiment, the maximum amplitude was about 3.67 mT
(V=200 V).

The experimental results are shown in Fig. 7.7. After applying the travelling magnetic wave up to

the maximum amplitude of 3.67 mT, there was no observable change to the magnetic flux inside the
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superconducting loop. The discrepancies between the curves are most likely due to residual

magnetisation inside the iron yoke.
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FIG. 7.7. The magnetic field measured across the square shaped YBCO in the updated CTMFP
magnet with a six phase connection before and after applying the travelling wave under FC conditions
(Bgc=3.0 mT). The square shaped YBCO sample used for the experiment was labelled as N185.

7.5 Conclusion

In this chapter, a single layer square shaped YBCO sample was tested using travelling waves of
three different wavelengths. These were produced by the original CTMFP magnet, the updated
CTMFP magnet with a six phase connection, and the updated CTMFP magnet with a three phase
connection. The experiments tried to “pump” the flux into the superconducting loop with the help of
the travelling wave. Up to this point, no observable “flux pumping” phenomenon was observed in the
experiments. The reason for these results is not well understood at this stage. Since the
superconducting layer of the square shape YBCO sample is 1.0 pm, which is five times larger than
the round shape YBCO sample, it might increase the difficulty of transporting the magnetic flux

inside the sample. However, it should have been overcome by increasing the amplitude of the
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travelling wave. Another problem is that, the magnetic coupling should be present in the experiment
to successfully transport the flux into the superconducting loop. However, the width of the
superconducting region is relatively small, which leads to the fact that, the field inhomogeneity might
not be strong enough in the superconducting region. Since the magnetic coupling might have been
observed in Fig.6.16 in the three phase connection, it might be helpful to perform the experiment
again with the three phase connection with larger amplitude. The experimental results presented at
this stage are preliminary studies, and further investigations are required.
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CHAPTER 8

CONCLUSION AND FUTURE WORK

This thesis has studied the emerging flux pumping technologies for HTS coils. The key technology
of this HTS flux pump is to use the travelling magnetic wave, to transport the magnetic flux across an
HTS film, into the superconducting loop. Therefore, in order to understand the HTS flux pump, the
priority of the study is to understand how the magnetic flux can be transported by the travelling wave.
To date, the magnetisation of a type-Il superconducting sample has been studied thoroughly, however,
most of the studies are limited to the homogeneous oscillating field condition, little knowledge was
contributed to the magnetisation based on the travelling wave.

The definition of the travelling wave is that, the travelling wave may have crest region and trough
region in space, i.e. the field is inhomogeneous over space. This kind of field can be generated by a
moving magnet or three phase windings. Contrary to the travelling wave, the homogeneous oscillating
field refers to the field which is homogeneous over space. This kind of field can be found inside a

single phase coil.

In the early studies of the “dc transformer”, it was found that the field inhomogeneity can help the
vortices migrate inside the type-1l superconducting film. This phenomenon is known as “magnetic
coupling” and the coupling force comes from the field inhomogeneity. In the “dc transformer”, the
field inhomogeneity comes from the vortices which are in microscopic scale. The misalignment of the
vortices between two layers of superconducting film increases the potential energy which helps
moving the vortices in the secondary film. This argument is inspiring in that, by providing the field
inhomogeneity, there might be dragging force acting on the vortices in the HTS film, which helps

them moving with the travelling wave accordingly.

In this thesis, the author aims at developing a novel device, which could be able to show the unique
magnetisation profile of the travelling wave on the HTS film. This novel device is named as the
circular-type magnetic flux pump device, which can generate an annular shape travelling magnetic

wave. The purpose of the study is to show that:
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1. Comparing with the homogeneous oscillating field, the travelling wave is more efficient in
transporting the magnetic flux inside the YBCO sample;
2. The “magnetic coupling” phenomenon might be possible in macroscopic scale giving that the

field inhomogeneity is strong enough.

According to the requirements of the studies, there are two types of CTMFP were designed and
built: the original CTMFP magnet and the updated CTMFP magnet. The original CTMFP travelling
wave can produce a travelling wave with a single pole-pair and have the longest wavelength; the
updated CTMFP with six phase connection produces two pole-pairs which halves the wavelength; the
updated CTMFP with three phase connection produces four pole-pairs which quarters the wavelength
(the strongest field inhomogeneity). In the experiment, two types of YBCO samples were studied: the
2 inch diameter round shaped YBCO thin film and the 46 mm>46 mm square shaped YBCO tape

with a hole of ®26 mm in the centre.

In the thesis, a great deal of work focused on the study of the round shaped YBCO thin film. It was
discovered that a travelling wave is more likely to migrate the magnetic flux inside the round shaped
YBCO sample compared to a homogeneous oscillating field. It was identified that a travelling wave
tends to compromise the existing magnetic gradient (the critical gradient based on the Bean model).
This phenomenon applies to ZFC, FC, and delta shape trapped field conditions, and can be accurately
predicted using FEM software with Maxwell’s equations and the E-J power law. The simulation
revealed that the magnetisation based on the travelling wave does not follow the constant critical
current density assumption from the Bean model: after applying the travelling wave, the
magnetisation current inside the YBCO sample was much lower than the critical current density. This
phenomenon was explained as the effect of the field inhomogeneity: in the presence of the travelling
wave, the non-uniform distribution of the magnetic energy in space unbalances the distribution of
vortices in the YBCO sample, which helps the vortices to move locally, which ends up with the
decrease of existing critical magnetic gradient. There are two methods of increasing the field
inhomogeneity: one is to increase the amplitude of the travelling wave; another is to decrease the
wavelength of the travelling wave. It was verified that, in both methods, by increasing the field
inhomogeneity, more magnetic flux has been migrated into the YBCO sample. It supports that idea
that, the field inhomogeneity is the main “dragging force” which moves the vortices inside the YBCO
sample. This novel magnetic phenomenon can be very useful in understanding both the HTS coil flux
pump and the ac magnetisation loss in travelling wave conditions such as inside a superconducting

electric machine, etc.

In the search of the macroscopic “magnetic coupling” phenomenon, the travelling direction of the
wave has been reversed to show whether the magnetisation is dependent on the travelling direction: if

the resultant magnetic profiles are dependent on the travelling direction, then it suggests that part of
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the vortices are coupled with the travelling wave. This can be understood from the “dc transformer”
experiment: if the field inhomogeneity is strong enough, then the travelling wave can provide enough
“dragging force” to migrate the vortices in corresponding direction. However, this should be
distinguished from the merely change of magnetic gradient: change of magnetic gradient can be
present if there is field inhomogeneity; however, to achieve the magnetic coupling, the field
inhomogeneity must be strong enough to provide a potential trap, which traps the vortices and
transports in a certain direction. In the thesis, for the original CTMFP magnet and updated CTMFP
magnet with six phase connection (1/2 wavelength), as the travelling direction reverses, there is no
clear change of the resultant magnetisation; however, for the updated CTMFP magnet with three
phase connection (1/4 wavelength), a clear difference of resultant magnetisation has been observed,
which suggests that, as the wavelength drops to one quarter of the original CTMFP magnet, a possible
magnetic coupling phenomenon has been observed. However, this finding requires further

confirmation and investigation in the future.

To the author’s understanding, the transportation of the magnetic flux and the “magnetic coupling”
are the two key factors which enable the successful “pumping” of magnetic flux into the HTS coil.
The experiments in this thesis show that, it is possible to achieve both functions with the help of a
travelling magnetic wave of enough field inhomogeneity. However, future studies still needs to be
carried out, especially on a practical flux pumping device for the HTS coils.

Apart from the experimental findings mentioned above, it was also shown that, the travelling wave
is more likely to fully penetrate the round shape YBCO sample comparing with the homogeneous
oscillating field of the same amplitude. This also supports the idea that the travelling wave is more
efficient in transporting the flux inside the YBCO sample. It was also shown that, the magnetisation is
dependent on the sweeping speed of the travelling wave: as the sweeping speed decreases, more
magnetic flux has been transported into the round shape YBCO sample. This might have been related
to the relaxation time of the sample: as the sweeping speed decreases, which gives more time for the
flux line lattice to relax (flux creep), which ends up with more magnetic flux enters the YBCO

sample.

Based on the FEM model which has been successfully built to predict the magnetisation of the
round shape YBCO sample with the original CTMFP magnet, a special topic has been proposed to
discuss the differences of ac magnetisation losses between travelling wave and homogeneous
oscillating field. It was found that, for the single layer round shape YBCO sample used in the
experiment, the ac magnetisation loss caused by the travelling wave is about 1/3 of the homogeneous
oscillating field, giving that the amplitudes of the two waves are the same. Moreover, the regions
which lead to ac magnetisation loss can also be different from the two waves. This work suggests that,

in the ac magnetisation loss calculations in the travelling wave conditions such as inside the
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superconducting motor, the travelling wave might not be able to be equalised as a homogeneous

oscillating field. However, this work requires more extensive studies in the future.

A preliminary study using the single layer square shaped YBCO sample was performed in the final
chapter. The difference between the square shape sample and the the round shape sample is that, the
square shape sample is hollowed in the centre (26 mm), and the thickness of the YBCO layer is 1.0
pm. The experiments try to “pump” magnetic flux into the superconducting loop with the help of the
travelling wave. The sample was cooled in FC condition with a dc background field B4=3.0 mT. The
dc field is to unbalance the magnetic flux that might be “pumped” into the superconducting loop.
Three types of travelling waves were tried in the experiment: the wave from the original CTMFP
magnet; the wave from the updated CTMFP magnet with six phase connection (1/2 wavelength); the
wave from the updated CTMFP magnet with three phase connection (1/4 wavelength). In three cases,
after applied the travelling wave, there were no clear change of magnetic flux observed in the sample
centre. This might be attributed to the fact that, the field inhomogeneity is not strong enough to cause
flux migration in the experiments, and the YBCO layer is relatively thicker which increases the
difficulties. Moreover, the width of the superconducting region is relatively small (10 mm), in order to
help magnetic flux migrate into the superconducting loop, the field inhomogeneity must be strong
enough in the superconducting region, which increases the technical difficulties. However, this might
be able to be accomplished by increase the amplitude of the travelling waves. Some experiments will
be carried out in the future.

To conclude, for the future work, three directions of studies involving the CTMFP magnets can
therefore be suggested:

1. Further study is needed to identify the possible macroscopic magnetic coupling phenomenon
which was suggested in the experiment using the updated CTMFP magnet with three phase
windings and the round shape YBCO sample;

2. Further study should be carried out regarding magnetising the square shaped YBCO sample with
the help of a travelling wave of larger amplitude;

3. Further study should be carried out on the magnetisation dependence of the sweeping speed.

Based on the research in this thesis, two major studies can be suggested for future investigation on

the HTS coil flux pump and the ac magnetisation loss studies:

1. Further study is suggested into HTS flux pump technologies for HTS coils, based on a deep
understanding of the effects of travelling waves on HTS films. More experiments should be

performed to learn how a travelling wave transports flux into the HTS coils.
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2. Further study is recommended to investigate ac losses generated by a travelling wave, as
compared to a homogeneous oscillating field. This work would be widely beneficial for the
general understanding of basic magnetisation phenomenon in HTS tapes. This work would also

be very important in identifying ac loss inside an HTS motor using HTS coils;

In conclusion, this thesis describes two novel CTMFP magnet devices and their effects on two
different kinds of YBCO film sample. Several new electromagnetic phenomena were identified with
the help of the CTMFP magnet devices, which will be useful for a better understanding of how
travelling waves influence the magnetisation of HTS films. Additionally, these new phenomena can
help to deepen knowledge of the HTS flux pumps and ac magnetisation loss for HTS coils. Further

studies are also recommended in this area.
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