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YBa,Cuz07.« superconducting wires, which are called coated conductors, have high superconducting critical
current density (Jc) under high field and high tolerance against high mechanical stress. The properties enable
coated conductors to be a promising candidate of a construction material of high-field superconducting magnets.
On the other hand, coated conductors with high aspect ratios are magnetized by magnetic flux penetrating
perpendicularly to the tape surface. Then screening currents flow in the coated conductors. The screening current
influences magnetic field generated by a magnet consisting of coated conductors in three following ways:

reduction of magnetic flux density at center position, spatial homogeneity of magnetic field and temporal stability

of magnetic field. The influence should be taken into design of magnets for Nuclear Magnetic Resonance (NMR)

spectrometers. This thesis focuses on current distributions consisting of screening and transport currents flowing
in coated conductors under magnetic field.

I first measured magnetic field distributions generated by screening and transport currents flowing in a single
short coated conductor in liquid helium under external magnetic field. A superconducting magnet applied the
magnetic field. Screening-current-induced field (SCF) increases at the external magnetic field from 0 T to a
penetration field, where magnetic flux penetrates over the width of the coated conductor. Over the penetration
field, the SCF decreases according to magnetic field dependence of J.. The magnetic field distributions give
current distributions of screening and transport currents via inverse problems. The measurement using a single
coated conductor reveals that a ratio of a transport current relative to superconducting critical current determines a
current distribution in a short coated conductor under external magnetic field higher than penetration field.

As numbers of superimposed coated conductors increase, intensities of SCF increase. Numbers of rows in which
coated conductors were arranged varies distributions of SCF. Based on the current distributions of a single coated
conductor, | estimated the magnetic field distributions by screening and transport currents flowing in multiple
short coated conductors and then compared them with the experimental results. In addition, temporal variations of
SCF for the multiple coated conductors were observed at a few kinds of temperatures. The variations were
proportional to the logarithm of time.

Based on the current distributions in a single coated conductor under magnetic field, magnetic field
distributions generated by pancake YBCO coils were estimated. Then, methods for reducing the SCF were
suggested

Chapter 1 describes the background and purpose of this thesis. Experimental equipments used in the following
measurements are illustrated in chapter 2. Chapter 3 uses a current-flowing model to discuss a method for
estimating the current distribution from magnetic field distribution. Chapter 4 provides distributions of current
density, which are solved using the model in chapter 3 in a single CC in which a transport current and an external
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magnetic field are applied. Chapter 5 expands the current distribution solved in Chapter 4 to magnetic field
distribution induced by multiple CCs. Chapter 6 discusses temporal variations of a magnetic field induced by
screening currents in CCs and then moves on to temporal variations of the screening currents. Chapter 7 deals
with magnetic field distribution generated by coils, by taking into consideration Chapter 5 and Chapter 6.
Chapter 8 lists methods for calculating the magnetic field generated by a YBCO pancake coil and the operating
conditions of this coil.
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Chapter 1 Introduction

Chapter 1

Introduction

This is the introductory chapter to this thesis, describing the advantages and challenges of YBa,Cu;BaO7.

magnets from the view points of materials and applications.

1.1 Superconductors for Magnets
Thus far, researchers have discovered numerous superconductors. However, only a few types of
superconductors can be used as materials in superconducting magnets. Therefore, this thesis focuses on

superconductors for magnets.

1.1.1 Discovery of superconductors for magnets

The discovery of superconductivity by Kammerlingh Onnes in 1911 paved the way for high-field applications.
He succeeded in liquefying helium and discovered that the resistance of pure mercury abruptly drops to zero
below 4.15 K [1]. This temperature is called the critical temperature (T;). In 1933, Meissner and Ochsenfeld
discovered the absence of magnetic flux within a superconductor [2]. Superconductors have two additional critical
points besides the critical temperature T, critical magnetic field H, and critical current density J.. Figure 1-1
shows the critical surface of a typical superconductor. Since Kammerlingh Onnes’ discovery of superconductivity,
many superconductors have been discovered. However, it has been difficult to transform the superconductors
discovered in the last few decades into superconducting magnets because of their low H, values. Type-II
superconductors, first discovered in 1930 [3], enable researchers to create superconducting magnets. There are
two kinds of superconductors with different characteristics: Type- I” superconductors have no magnetic flux.
However, Type-I1 superconductors have a quantizing magnetic flux in more than a magnetic field, which is called
the lower critical magnetic field (Hy). Type-Il superconductors are transformed into normal conductors below an
upper critical magnetic field (Hc,). All the superconductors for magnets are Type-I1 superconductors.

Many superconducting alloys and compounds, especially those which concentrate on A15 compounds such as
NbsSn, NbzAl, and NbsGe, were discovered between 1954 and 1986 [4], and many high temperature
superconductors have been explored with a discovery of a high-T, cuprate superconductor by J. G. Bednorz and
K. A. Miller in 1986 [5]. In 1987, Chu et al. discovered that YBa,Cuz0;.x (YBCOQO) becomes a superconductor
below 93 K [6]. Akimitsu et al. reported that MgB, has a T, of 39 K [7], which was the highest temperature
attained in intermetallic superconductors. In addition, explorations of new material systems by Hosono et al. in

2006 have led to the discovery of an iron-based superconductor [8].
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1.1.2  Practical and promising superconducting wires

Table 1-1 lists the critical temperatures and upper critical magnetic fields of both practical and promising
superconductors [9]. MgB, and high-temperature superconductor (HTS) have anisotropic superconducting
properties. Kilometer-class superconducting wires are required to make superconducting magnets. Almost all
practical superconducting magnets are made from only two superconducting wires, Nb-Ti and NbzSn wires.
Superconducting wires should be electrically and thermally stable, and so, the superconductors are generally
embedded in a normal conducting matrix. To attain this stability, the superconducting wires have to be
multifilamentary ones with diameters less than about 50 um that then need to be twisted. Figure 1-2 shows a
typical cross-section of a bronze-processed NbsSn superconducting wire externally stabilized by a 3.50 X
1.75-mm copper matrix [10]. There are wiring processes suitable for each superconductor. Accordingly,
magnet-grade superconductors have high T, Hc2, J. and specialized wiring processes.

Figure 1-3 shows critical engineering current densities (J¢) of short superconducting wires as functions of
applied magnetic fields at 4.2 K, which is the boiling temperature of liquid helium [11]. J. is obtained by dividing
the critical current (Ic) by the overall cross-section of the superconducting wire. YBCO and Bi-2223 wires have
tape-like shapes. A magnetic field is applied both perpendicular and parallel to the tape surfaces. Under a
magnetic field parallel to the tape surface, Je is higher than when a magnetic field is perpendicular to the tape
surface. Superconducting magnets generating a magnetic field over 25 T cannot be constructed using only Nb-Ti
and NbzSn superconducting wires because of their H, values. Conventional superconducting magnets have
difficulty operating at temperatures above 4.2 K. In order to construct magnets generating magnetic fields over 25

T and/or operating over 4.2 K, HTS magnets should be developed.

Current density

Magneticfield

Temperature

Figure 1-1: Critical surface of superconductors



Chapter 1 Introduction

Table 1-1: Critical temperatures and upper critical magnetic fields of magnet-grade superconductors [9]

Superconductor Te (K) MoHe2 at 0 K (T)
Low temperature superconductor (LTS)
Nb-Ti 9.3 13
NbsSn 18 23
NbsAl 18.9 32
MgB, 39 16 (a, b)
2.5 (c)
High temperature superconductor (HTS)
YBa,Cuz07.« (YBCO) 93 670 (a, b)
120 (c)
Bi,Sr,CaCu,0g (Bi-2212) 90 280 (a, b)
32 (c)
(Bi, Pb),Sr,CayCu3zOqp.x (Bi-2223) 110

(a, b) and (c) refer to a coplanar magnetic field with the a, b crystallographic direction and an orientation

along the c-axis, respectively.

Figure 1-2: A typical cross-section of a bronze-processed NbzSn superconducting wire externally stabilized by a

3.50 X 1.7- mm copper matrix [10]
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Figure 1-3: Critical engineering current densities (Je) of superconducting wires

as functions of applied magnetic fields at 4.2 K [11]

Superconducting properties T, Hc, and J. are also influenced by strains applied to the superconductors.
Theories and experimental results pertaining to the strain effects of low-temperature superconductors (LTS) are
well summarized by Ekin [9]. A superconducting wire is a combined material. The wire is generally fabricated in
atmosphere at several hundred degrees Celsius and is used at very low temperatures. Stresses are applied to
superconductors in cryogens by the other composite materials because of differences in thermal contractions.
Figure 1-4 shows the I, of a NbsSn wire as a function of axial strain for different magnetic fields applied
perpendicular to the current direction [12]. As the applied strain increases, the critical current first increases,
reaches a maximum at a strain of 0.32%, and then decreases. The strain is caused by differences in thermal
contractions in an axial direction. The critical current as a function of axial strain is different depending on each
magnetic field.
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Figure 1-4: Critical current of a Nb3Sn wire as a function of axial strain for different magnetic fields applied

perpendicular to the current direction [12]

1.2 YBCO Superconducting Wires
Kilometer-class YBCO superconducting wires with high I at 77 K have been developed. In particular, the

development proceeded at a rapid rate through national projects in Japan [13, 14] and the United States of

America. As a result, YBCO superconducting wires are expected to be promising materials for electric power

cable [15], fault current limiters [16], superconducting magnetic energy storage systems (SMES) [17],

transformers [18], motors [19], generators [20] and magnets.

When designing a YBCO magnet, it is very important to consider the electromagnetic properties of YBCO

superconducting wires. High mechanical stress is applied to superconducting wires used in superconducting

magnets, and there are three kinds of mechanical stresses: hoop stress, bending stress, and stress caused by

differences in the thermal contraction between composite materials as they cool down.



Chapter 1 Introduction

1.2.1  Developments of kilometer-class YBCO superconducting wires

Developments of REBa,Cu3O7.« (REBCO: rare earth barium cuprate), such as YBCO superconducting wires
enable the production of wires in long lengths with high J. at 77 K, as well as under high magnetic fields at 4.2 K
[21, 22]. SuperPower Inc. developed a kilometer-long YBCO superconducting wire with an 1. over
200 A/cm-width at 77.3 K under self field [21]. Fujikura Ltd. developed a GdBa,Cus0;.« wire with an I, over
609 A/cm-width at 77.3 K over a length of 615 m with [22]. Figure 1-5 shows the crystalline structure of YBCO.
The structure indicates that REBCO has anisotropic superconducting properties. Unlike Bi-2212 and Bi-2223
wires, REBCOs must be biaxially oriented in order to connect electrically between crystal grains [23]. Figure 1-6
shows a typical structure of a REBCO superconducting wire. A thin oxide buffer layer to promote biaxial
orientations of REBCO superconductors is deposited on a metal or alloy substrate. Then, REBCO superconductors
are deposited on the buffer layer. A silver overlayer prevents the superconducting layer from deteriorating.
Because of their fabrication process, REBCO superconducting wires are referred to as “coated conductors (CCs)”.
There are a substantial number of processes involved in the fabrication of REBCO superconducting wires. The
fabrication process differs from company to company, but REBCO superconducting wires typically have common
shapes with a width of several millimeters and a thickness of hundreds of micrometers. The basic processes of
fabricating CCs are well summarized by Goyal [24].

In this paper, we present two methods for fabricating long REBCO CCs with high I, developed by Fujikura Ltd.
and SuperPower Inc.. Both methods employ ion-beam assisted deposition (IBAD) for orienting MgO biaxially as
buffer layers [22, 25]. The IBAD method was developed by Fujikura Ltd. in Japan [26]. The deposition processes
of superconducting layers are different. Fujikura Ltd. has been developing a pulsed-laser-deposition (PLD) as a
method for depositing a REBCO superconducting layer [22]. SuperPower Inc. has been developing a
metal-organic chemical vapor deposition (MOCVD) method [21, 25], which is a major thin film fabrication

technigue in the semiconductor-based micro electronics industry [27].
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Figure 1-5: Crystal structure of YBa,Cu307
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| YBCO superconducting layer
(Thickness : 1 pm)

Silver overlayer

Thickness
~100 pm

Substrate

Width: 1~~12 mm
YBCO coated conductor {CC)
Figure 1-6: Typical structure of a YBCO coated conductor

1.2.2  Angular dependence of J. for YBCO coated conductors

Uglietti et al. compared differences in sensitivities to the orientation of the magnetic fields applied to both a
commercial a Bi-2223 wire and a YBCO CC [28]. Figure 1-7 shows the I, for each type of wire normalized at a
maximum of I. (Ismax) @s @ function of the angle between the magnetic field and the sample faces of the Bi-2223
wire and the YBCO CC. The differences in sensitivities were measured under a magnetic field with a magnetic
flux density of 12 T at 4.2 K. A magnetic field with an angle of zero degree corresponds to the field parallel to the
sample surface. Compared to the case in the Bi-2223 wire, in the YBCO CC I, was more sensitive to the
orientation of the magnetic field. Otsuka et al. made the angular dependence of the YBCO CC fit with the
following equation [29]:

o 1.21
L 1-s)+s ( L )
9q+90"( )+

Here, 6, is an angle at Imax, P, q and s are fitting parameters.

Normal conductors in a superconductor which are called pins, restrain the motion of magnetic flux lines inside
the superconductor. Matsushita discusses flux pinning mechanisms and properties and the electromagnetic
phenomena in [30]. Artificial pins are effective for reducing the angular dependences of I.. Many studies
demonstrate that epitaxial BaZrO3; (BZO) and BaSnO3; nanocolumns parallel to the ¢ axis and the nanoparticles are
effective for pinning in REBCO CCs near 77 K [31-33]. Since the J, performance of REBCO CCs is not adequate
for high-field magnet applications, the CCs are needed to cool the superconductors to lower temperatures. Xu et al.
reported that angular dependences of the I, of REBCO CCs with BZO nanocolums parallel to the ¢ axis at 4.2 K
were different from those near 77 K [34, 35]. In contrast with 77 K, at 4.2 K the BZO nanocolumns do not
produce any enhancement of 1;(6) near angles where magnetic fields are applied parallel to the ¢ axis. However,
they are effective for enhancing I, values under high magnetic fields parallel to the ab-plane of the CC, even at
42 K.
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Figure 1-7: 1. normalized at I.ma as a function of the angle between the magnetic field and the sample faces of
the Bi-2223 wire and the YBCO CC [28].
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Figure 1-8: Degradations of I, by stress applied to (a)Bi-2223 wires [38] and (b) YBCO CC [40]

1.2.3  Mechanical strength of YBCO coated conductors

The mechanical strength of REBCO CCs is much higher than that of Bi-2212 and Bi-2223 wires [36-40] due to
the substrates used with the REBCO CCs [37]. Both Fujikura Ltd. and SuperPower employed Hastelloy C-276 as
the substrate materials [22, 25]. On the other hand, commercial Bi-2223 wires are strengthened by laminations of
stainless steel tapes. Figure 1-9 shows strain dependences of I, normalized by I, at zero stress for Bi-2223 wires
[38] and a YBCO CC [40]. Osamura et al. compared the strain dependences of Bi-2223 wires strengthened by
laminations of brass or stainless tapes with those without the laminations [38]. Damage-tolerant of the reinforced
Bi-2223 wire is below 300 MPa. The tolerant strength of the CC is over 1000 MPa [40]. High stress applies to

superconducting wires in high-field and compact magnets. In terms of mechanical tolerance, a YBCO CC is
desirable as a material for use in high-field and compact magnets.
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1.3 High-field NMR Magnet

A phenomenon of nuclear magnetic resonance (NMR) was first measured by Rabi et al. [41]. Today, an NMR
spectrometer has become a powerful device for analyses of molecular structures and biochemistry.
Superconducting magnets generate higher magnetic fields than conventional magnets, and are therefore required

for use in NMR spectrometers and magnetic resonance imaging (MRI) devices so as to produce better resolution.

1.3.1 Brief principle of NMR

Details of NMR theory are discussed elsewhere [42]. Here, we only describe the brief principles of NMR
required to develop superconducting magnets. Figure 1-9 is a schematic of how an NMR spectrometer works.
Atomic nuclei have a magnetic dipole moment proportional to the angular momentum. The proportional constant
is known as the gyromagnetic ratio, y. The presence of a direct current (DC) magnetic field with a magnetic flux
density of B splits the energy levels of nuclear spins. The difference in energy levels is AE:

AE =B (1.3.2)
where 7 =h/2zand h is the Planck constant. A radio frequency pulse with an energy of AE perpendicular to the
DC field causes nuclear spins in all the states to precess. The resonant frequency is called the Larmor frequency,
wo, and it is given by

@, =B (1.3.2)
Absorption and relaxation of the energy of the nuclear spins at the resonant frequency are detected as NMR
signals.

The gyromagnetic ratio of protons is y =2.675x10°%rad/s- T. Generally, the magnetic field intensity of a NMR
magnet is expressed as the resonant frequency of protons. A frequency of 42.5759 MHz corresponds to a magnetic

flux density of 1 T.

1.3.2 NMR magnet
High-resolution NMR magnets are required in order to generate magnetic fields within spatial variation of 100
Hz (2.35 uT) and temporal variations of 10 Hz/h (0.235 uT/h) inside a columnar sample space with a diameter of
10 mm and a height of 20 mm [43]. A typical view of an NMR magnet is illustrated in Figure 1-10. The NMR
magnet consists of main superconducting coils, correction superconducting coils, and shim superconducting and

normal conducting coils. This thesis focuses on main superconducting coils.
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Figure 1-9: A schematic of how an NMR spectrometer works.
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Figure 1-10: A schematic of an NMR magnet.

10



Chapter 1 Introduction

1.3.3  Development of high-field LTS NMR magnet

The increase in magnetic field that a NMR magnet generates results in the enhancement of nuclide
identification and the reduction in measurement duration. LTS NMR magnets operate in a persistent current mode
to realize high stability of the magnetic field.

Since the turn of this century, developments in high-field LTS NMR magnets have targeted 1 GHz (23.5 T)
NMR. In 2001 and 2004, Tsukuba Magnet Laboratory (TML) at the National Institute for Materials Science
(NIMS) developed a 920 MHz and 930 MHz NMR, respectively [44, 45]. High-field LTS NMR magnets were
constructed from NbTi coils and NbsSn coils incorporated in the NbTi coils [46]. Wires for NMR magnets were
also developed [47]. Figure 1-11 provides an overview of and the superconducting coils used in the 920 MHz
NMR developed at TML. The 920 Mhz NMR magnet generated a magnetic field with homogeneity of 0.1 ppm
and stability of 1.3 Hz/h. In 2009, Brucker BioSpin announced the launch of the 1 GHz LTS NMR magnet [48].

Hitachi Ltd. created an innovative 600 MHz NMR magnet in 2008 [49]. They developed a superconducting
split magnet and a cross-shaped bore in order to apply a solenoidal antenna coil with higher sensitivity to the

NMR system.

(a)
[m} m
0B 35
a8 High-Current
NbaSn
LY
=
02 f | High-Strength
5 | Nb3Sn
)
D-QJ-,; T &im)
-
-az2 [ High-Strenath
MBTi
-0
=
il MbTI
™ +—d
a4 25

Figure 1-11: Superconducting coils and an overview of a 920 MHz NMR developed at TML [46]
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1.3.4  Development of LTS/HTS NMR magnet

National High Field Magnet Laboratory (NHMFL), Francis Bitter Magnet Laboratory (FBML) at the
Massachusetts Institute of Technology and TML, in collaboration with Rikagaku Kenkyujo (RIKEN) are
developing above 1 GHz NMR magnets. NHMFL developed a 900 MHz NMR magnet with a wide
room-temperature bore of 89 mm in 2000 [50, 51] using LTS coils, they are currently upgrading this magnet to a
1.3 GHz (30 T) NMR magnet using an HTS coil [52]. FBML started a 3-phase program for a 1.3 GHz NMR in
2000. The third phase of the program started in 2008. They consider that the 1.3 GHz NMR magnet will be
realized by a combination of a 700 MHz LTS magnet and a 600 MHz HTS magnet. In the first stage of the third
phase, they wound and tested Bi-2223 coils and YBCO coils as candidates for the 600 MHz NMR magnet [53].
TML started developing an HTS-NMR magnet system in 2006 [54]. A 1.03 GHz (24.2 T) NMR magnet system is
being constructed by replacing the innermost NbsSn coil of the 920 MHz NMR magnet with a Bi-2223 coil at
TML. The outer LTS coils generate 20.6 T and the Bi-2223 coil adds a field of 3.6 T. The critical current and
mechanical issues for the Bi-2223 coil are discussed in [55]. In contrast with the 920 MHz NMR magnet
operation, the 1.03 GHz NMR magnet operates in a driven mode using a highly stabilized power supply. In
addition, a 1.3 GHz NMR magnet design using only YBCO superconducting coils is being considered in terms of
mechanical hoop stress and critical current in [29].The design study for the 1.3 GHz NMR revealed that the NMR
magnet that used only YBCO coils would be more compact than the 920 MHz NMR magnet.

1.4 YBCO NMR Magnet Technology Issues
Several reference books [56, 57] have provided detailed information on magnet technology issues in the design
of typical superconducting magnets. When designing a superconducting magnet, it is necessary to give due
consideration to operating temperature, operating current (l), mechanical stress, and generation magnetic field.
Figure 1-12 shows a design concept of a superconducting magnet. This paper mainly presents the following issues
when developing YBCO magnets:
® Operating current depending on stress, temperature and intensities and angles of magnetic field.
J. of the YBCO CC depends on stress, and intensity and direction of magnetic fields as shown in Figure 1-3,
Figure 1-7, and Figure 1-8. Otsuka et al. described the feasibility of a 1.3 GHz NMR magnet using only
YBCO coils under the conditions of the highest hoop stress of 500 MPa [29]. The I, relative to I, reached
maximum values near the top edges of the YBCO coils because of the angular dependences of J. of YBCO
CCs.
® Joint between YBCO CCs
Superconducting magnets requires a superconducting wire with a length of several kilometers. However, the
YBCO CCs available are at most about 1 km [21]. It is necessary to develop techniques by which to join CCs
in order to expand YBCO application devices. It is important to reduce joint resistance. Several studies have
suggested joint techniques and compared the corresponding joint resistances. Here, two kinds of these joint
techniques are mentioned as examples [58, 59]. In one technique, a lap joint is soldered between copper
stabilizers of CCs [58]. Figure 1-13 shows the lap joint [60]. The shear stress tolerance of the lap joint was
measured in [61]. Sugano et al. concluded that the interface between the YBCO layer and the buffer layer in
a CC is weak against the shear stress. TML has also tested a YBCO coil with a joint [61]. The other
12
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technique involves a diffusion joint of silver overlayers of CCs. The joint resistance for the diffusion joint is
lower than that for the lap joint. The difference of the resistances is about 20 nQ/cm?.

Quench protection

Quench is a phenomenon in which part of a superconducting magnet transitions to a normal conducting state,
generates heat, and then all the parts of the superconducting magnet transitions to normal. Copper stabilizers
attaching to CCs prevent quench in YBCO coils from occurring. Naitou et al. revealed that thermal
conductivity along the length of YBCO CCs were determined by the amount of stabilizer [62]. On the other
hand, Nakamura et al. reported that thermal diffusivity along the thickness of CCs was less than that of the
composed materials [63]. These results indicate that a sudden transition to a normal conducting state inside a
YBCO superconducting coil is easier to expand in the circumferential direction than in the radial direction of
the coil. FBML studied protection of the YBCO coil used in the 600 MHz HTS insert and concluded that
commercial CCs do not have adequate stabilizers for the magnet under operating conditions [53]. As a result,
in the winding process of a YBCO coil, an additional stabilizer material is wound with a YBCO CC.

Winding process

The coil shape for NMR magnets should be determined by taking into consideration the design concept.
Typical coils shapes for tape conductors are drawn in Figure 1-15. The left-hand side and right-hand side
shapes are called a layer-wound coil and a double-pancake coil, respectively. Markiewica et al. analyzed
winding strains of the layer-wound and the double-pancake coils, including joints of YBCO CCs [64].
Superconducting coils are impregnated with epoxy resin to prevent them from moving. However, Takematsu
et al. reported that impregnation with conventional epoxy resin peeled the YBCO superconducting layer from
the buffer layer and degraded the superconducting properties of the YBCO coils [65]. Therefore, TOSHIBA
developed a new resin for the impregnation of YBCO coils [66].

Screening current

Experiments and calculations [67-71] have indicated that HTS coils generate inhomogeneous and unstable
fields due to the screening currents (Is) flowing in the HTS wires, Bi-2223 wires and YBCO CCs having tape
shape. The magnetic flux component perpendicular to the tape surface induces Is, as shown in Figure 1-14.
The intensity of the screening current density corresponds to that of the critical current density. Is decays
proportionally to the logarithm of time due to flux creep [72], which is described in the section of 1.5.4.

Hahn et al. reported that the screening current reduced the intensity of the magnetic field at the magnet
center and affected the homogeneity and stability of the magnetic field in the 350 and 700 MHz NMR
magnet test, in which Bi-2223 coils were used [67]. The method used to energize the 700 MHz magnet
improved magnetic field homogeneity in the columnar spaces -lengths, 17 mm; diameter, 30 mm- from
633 ppm in the 350 MHz magnet to 172 ppm in the 700 MHz magnet. Yanagisawa et al. achieved a reduction
in the temporal drift of the magnetic field due to flux creep in the Bi-2223 tape [69]. A current sweep reversal
was the method used for the reduction, as follows: an electric current as small as 1% of the operating current
is applied once and then the current decreases to the operating current.

In contrast with conventional superconducting multifilamentary wires and tapes, the superconducting layer
in a YBCO CC is mono-conductor. Uglietti et al. reported that the screening currents affect the magnetic
field generated by a small-size YBCO coil as well [70, 71]. Figure 1-16 shows the magnetic flux density at
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the center of the YBCO coil during charge and discharge [70]. The hysteresis is the results of the screening
currents flowing in the YBCO CC.

Operating current

Operating
temp erature

Mechanical stress

Figure 1-12: Design concept of a superconducting magnet

Copper stahm%fumr"‘w
YBCO > : Joint

substrate
Figure 1-13: A schematic view of a lap joint between CCs [60]

Screening current

I YBCOCC
Figure 1-14: Schematic diagram of screening current flowing in a YBCO CC used in a magnet
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Figure 1-15: Shapes to be considered for YBCO coils
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Figure 1-16: Magnetic flux density at the center of the YBCO coil during charge and discharge [70]

1.5 Current Distribution ina YBCO CC

As stated above, the screening currents flowing in the CCs affect the quality of the magnetic field generated by
the YBCO coils. In order to decide on a precise electromagnetic design and accurate operating conditions of a
YBCO magnet, it is very important to understand how the total currents flow, which consist of the screening and
transport current. There are several nondestructive methods for evaluating current distribution in thin
superconducting films, such as determining the magnetic field distribution [73-75], the magnetic-knife method
[76, 77], and teraherz radiation mapping [78]. This thesis focuses on determining the magnetic field distribution

using simple equipment for making measurements.

15



Chapter 1 Introduction

1.5.1 Method for measuring magnet field distribution
Magnetic field distribution is one of the factors used to determine current distribution in superconducting thin
films. The following nondestructive methods for evaluating a current distribution in a YBCO CC through the
measurement of the magnetic field distribution have been suggested: scanning Hall probe [73], scanning
superconducting quantum interference device (SQUID) microscope [74], and magneto-optical (MO) imaging
method [75]. The features of the various techniques for measuring magnetic field distribution are stated below.
® Scanning Hall probe
The scanning Hall probe method is intended for measuring magnetic field distribution using a Hall sensor; it
is more effective in a high-field and low-temperature environment than other methods. In addition, the
equipment is easier to prepare. Therefore, the method is suitable to evaluate the total currents flowing in CCs
under a magnetic field. The Hall effect, discovered by Edwin H. Hall in 1979 [79], is a phenomena in which
a transverse voltage (V) appears in a conductor with an electric current under magnetic field perpendicular
to the current, as shown in Figure 1-17. Vy, is given by:

v, = RulB, (1.5.1)
: d

where Ry, I, B, and d are the Hall coefficient, current, component perpendicular to the current of magnetic
flux density and thickness of the conductor, respectively. Ry depends on the material of the conductor. The
spatial resolution depends on the size of the active area of the Hall sensor.
The scanning Hall probe method is used to evaluate J. distribution in the development of superconducting
wires. THEVA developed a reel-to-reel system for measuring I, distribution along the lengths of CCs in
liquid nitrogen at a speed of 10 mm/s [80]. Figure 1-18 shows a critical current distribution of a one-meter
long CC. Higashikawa et al. studied a sped-up technique of the scanning Hall probe system for long CCs
[81].
® Scanning SQUID microscope
SQUID is a magnetometer with the highest resolution that can detect a magnetic flux density as low as
10™ T. Josephson junction, suggested by Brian David Josephson in 1962 [82] is used in the SQUID system.
Figure 1-19 shows a typical view of the SQUID system. Koyanagi et al. developed a scanning SQUID
microscope that allowed measurements of magnetic flux density at positions 4 pum apart. Using SQUID, they
were able to measure local current flow around artificial defects in YBCO films [83]. Nb-based
superconductors are used in the low-T, SQUID system as a SQUID ring and the pickup coil. The low-T,
SQUID system cannot be used in a high-field magnet due to the H, of the superconductors.
® Magneto-optical imaging
The Faraday effect, discovered by Michael Faraday in 1845, is used in MO imaging systems. Figure 1-20
shows a rotation of the plane of polarization due to the Faraday effect. The polarization vector of a linearly
polarized light beam propagating over length d parallel to magnetic field H is rotated through angle g in
specific materials. g is given by
B=V(o,T)dH (1.5.2)

where V(»,T) is a material-specific and temperature- and frequency-dependent constant, the so-called
Verdet constant.

16



Cumrent (A)

Chapter 1 Introduction

Magnetic flux

/]

Thickness: d

Figure 1-17: A schematic view of the Hall effect
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Figure 1-18: Critical current distribution of a 1 m -long CC [77]
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Figure 1-19: A typical view of the SQUID system consisting of a SQUID ring and pickup coil
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Figure 1-20: Rotation of the plane of polarization due to the Faraday effect

1.5.2 Critical state in a thin superconducting strip

There are many, -so-called critical state models-, that describe the intensity and distribution of current flowing
in superconductors. The simplest critical state model is called the Bean model [84]. The Bean model is the most
widely used to describe current flow in a superconductor. The model assumes that wherever current flows in a
superconductor, it flows at a constant J.. The internal magnetic flux density B is given by

VxB,, =, (1.5.3)

where [ is magnetic permeability. The Bio-Savart law provides the integral relation between current density J

and magnetic flux density B.

B(r):ﬁjdV.J(r'gi(rr'g— r) (15.4)

Commercial YBCO CCs have high aspect ratios, widths of 2-12 mm, and a thickness of 0.1 mm. Here, the
following theory is focused on thin superconducting films. Brandt et al. analytically calculated the current density,
magnetic field, penetrated field, and magnetic moment for a thin Type-II superconducting strip carrying a one-way
transport current under a magnetic field normal to the thin strip [85], as shown in Figure 1-21. These values were
estimated from the Bio-Savart law using complex functions. The thickness of the superconducting strip is too
small compared with the width 2a. Therefore, the current density distribution along the z-axis is negligible. When
only a one-way current | is applied, the distributions of sheet current density J(x) and magnetic flux density B,(x)

on the surface of the strip are given by

J. b<|x<a
I(x)=12 a?-b? )" (159
”arctan(bz_xzj X <b
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wxJ, x? —p? "’ b<[x<a
B,()=1 ax h(a—bJ (1.5.6)
0 X <b

Magnetic flux is screened by a screening current corresponding to the critical current, penetrating from the edges
of the strip and existing in regions b<|x <a.

b=a }1-“)2 (15.7)

In addition, the sheet current density distribution and magnetic field distribution on the surface of the strip —in

which only an external magnetic field with a magnetic flux density of B, is applied- are given by

J, H q<|x<a
X
J(x)= o (1.58)
- arctan W X <q
AR (xz—qz)l/2 q<\x\<a
arctan h~———— 159
B,()=1 » T (1.59)
0 X|<q

where p and q are given by

p = tanh (“’JZBJ (15.10)

C

a (1.5.11)

q -
cosh(w\;&xJ

A symmetric screening current flows in the opposite direction along the y-axis in the superconducting strip under
external magnetic field. (1.5.5), (1.5.6), (1.5.8), and (1.5.9) describe distributions from a virgin state, in which no
current and magnetic field are applied to the superconducting strip. The current and magnetic field distributions
depend on the history of the current and external magnetic field applied to the superconducting strip. Brandt et al.
also expressed current and field profiles as linear superpositions. For example, sheet current density and
distributions were expressed in the situation in which the current is deceased monotonically from Iy to | under no
external magnetic field, as follows.

I061,3.)=3(x,1,,3,)-3(x,1,—1,23,) (15.12)

B(x,1,3.)=B(x1,,J.)-B(x,1,-1,2J,) (1.5.13)
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Figure 1-21 Geometry of superconducting strip carrying transport current under magnetic field normal to the
thin strip
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Figure 1-22: Geometry of the discretized coordinates

1.5.3  Estimation of current distribution in thin films from magnetic field distribution

Many studies have been conducted on actual current distributions in superconducting thin films estimated from

magnetic field distributions. The solutions are divisible into two groups according to models of one-dimensional

and two-dimensional currents. Macroscopic and microscopic current distributions have been discussed using

one-dimensional [84-87] and two-dimensional current distribution models [83, 88-90], respectively. It is easy to

measure magnetic flux density (B, in Figure 1-21) perpendicular to the surface of superconducting thin films.

Therefore, the magnetic field distributions along the z axis in a plane parallel (x-y plane) to the superconducting

thin films are generally measured.

® One-dimensional current distribution

One-dimensional magnetic field distribution allows us to estimate one-dimensional sheet current distribution.

The z-component of magnetic flux density B, at the position of (x, z) = (x, h) is given by

— Ho (2 g X=X (1.5.14)
B,(x)=B,_ + dx J(x
Z( ) ex 2 .[—a h2 (X X,)Z ( )

Magnetic flux density generated by current flowing in the superconducting film AB,(x) is given by:

_ M2y X=X . 15.15
ABZ(X)—BZ(X)—BEX—Eladxm\l(x) (1.5.15)

Johansen et al. estimated sheet current density J(x’) at a point x’ from (1.5.15) using the Fourier transform

[86]:

I ()= AGBEIE'S)e‘“dk (1.5.16)
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where AB,(k) and G(k) are the Fourier transforms of the field profile and integral kernel, respectively. The

measurement of magnetic flux densities is generally performed in a low-frequency environment. Assuming
that the filter cuts the components with |k|> K , (1.5.16) is expressed as

pe3 ()= [ dxA(x—x)B, (x),

ko, e 9‘(1—eKh cos K§)+ he"" sin K&
Ae)=[ o G(k) h? + &2

Here, introducing & = /K and discretizing the coordinates, x=n¢s, x'=n'é and h=ds shown in Figure
1-22, the (1.5.17) becomes

(1.5.17)

)= E ey LU 2,0 (11518)

The introduction of the following Hanning filtering function results in a high-frequency cutoff of (1.5.18).

w(k) = %Sm = (15.19)

2 K[> 0
0

The (1.5.18) becomes

e nonf1-(-)""e" . [d2 +(n-n)? —ﬂl+(—l)”’”'e”“] . 5.
a3 )_Zn: 7 | d?+(-n)f [d?+(n—n+1) o2 +(n—n'—1)ZJ}BZ( ) (520

Bobyl et al. and Yoo et al. improved the above solution using an iterative calculation [87, 88]. They

combined this method with the Bean model. Figure 1-23 shows experimental (a) flux- and (b) current-density
profiles determined from MO images. The initially flux-free YBCO strip carryies transport current | =1.8, 2.8,
3.5, 4.3, 4.6 and 4.9 A. Figure 1-23 (c) shows the current density profiles based on (1.5.5) [87].

On the other hand, Usak et al. estimated sheet current distribution using the Tikonov regularization method.

The details are described in the section of 3.3.

Two-dimensional current distribution

In 1988, Roth et al. suggested a method to estimate a unique solution to the inverse problems for a two
dimensional current distribution [84]. Mathematical techniques of the Fourier transforms and spatial filtering
are used in the method. This method has broad utility in processes that requires solving current distributions
in superconducting thin films. For example, Koyanagi et al. solved the inverse problem using the Hanning
window filtering function (1.5.19) [83]. They measured two-dimensional profiles of magnetic flux densities
and obtained two-dimensional profiles of sheet current densities, as shown below. The measurement results

B.(x, y) give two-dimensional discrete profiles using the Fourier transform, b(k, ki),

blk, .k, )= N_lMZ_:lBZ (16x, may Jg " o1artoms) (1.5.21)

—0 m=

where i, N and M are the imaginary numbers and the numbers of sampling points along the x, the y direction,
respectively. The Fourier component of sheet current densities j (k,,k,) and j (k,.k,) are obtained:

i 2 kh
ik k, )= —;l%kyb(kx, K,) (15.22)
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i 2 kh
Jy(kx,ky)=/7:)e?kxb(kx,ky) (15.23)

where h is the distance between the surface of the superconducting film and the observation plane. The
inverse Fourier transforms of jx(kx,ky) and jy(kx,ky) result in sheet current densities Jy(x,y) and Jy(x,y).

Figure 1-24 shows (a) the self-field distribution observed from the tape surface of a YBCO CC and (b)
two-dimensional current distribution converted from (a) [92].

As seen in Figures 1-23 and 1-24, actual current does not flow symmetrically to the width of the CC because of
inhomogeneity in Je.

B (mT)

NN

0.0

1.0 0.5 0.0 0.5 1.0
X/ w

Figure 1-23: Experimental (a) flux- and (b) current-density profiles determined from MO images. Initially
flux-free YBCO strip carries transport current | =1.8, 2.8, 3.5, 4.3, 4.6 and 4.9 A. (c) shows the current density
profiles based on (1.5.5). [87]
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Figure 1-24: (a) Self-field distribution observed from the tape surface of a YBCO CC and (b) two-dimensional

current distribution converted from (a) [92]
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1.5.4  Temporal variation in screening current [30,94]

The screening current in a Type-lIl superconductor decays logarithmically with time because the
superconducting state with an inhomogeneous magnetic flux density is in non-equilibrium. The relaxation of the
flux is referred to as the flux creep. Anderson and Kim proposed that the flux creep is caused by thermal
activation [93]. Flux with density of B motion results in electric field E within the superconductor. Anderson and

Kim expressed E as

E =Bxv=Bad exp(— u j (15.21)

KeT
where w, d, U, kg and T are the oscillation frequency [95], the hopping distance of the flux, the energy barrier of

the pin, the Boltzmann constant and temperature, respectively. Assuming a thin superconducting strip with current

in only one direction the y-axis in Figure 1-21, the Maxwell equations give

dB,
i = 1], (1.5.22)
dB, _dE (1.5.23)
dt dx
The time derivative of J, is given by
@, 1d (1.5.24)
dt Uy dx?
Assuming a steady flow, this can be simplified to,
de:_Jcexp(_ u J (1.5.25)
dt 7, kg T

where ¢, is a characteristic time. The energy barrier, the so-called pinning potential can be expanded up to linear

accuracy [30].

u :US(I—J‘]J (1.5.26)
where U, is the apparent pinning potential energy. A logarithmic relaxation of J is obtained as follows.
)= Jc{l— Ko In(l“}} (1.5.27)
U, To
Given sufficient time, u; is estimated as
_d (I _keT (1.5.28)
dlogt{J, ) U,

Accordingly, the temporal variation of the screening current depends on the temperature.
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1.6 Purpose of This Study
As mentioned in this chapter, YBCO NMR magnets are expected to become the next-generation NMR magnets
from the view point of construction of high-field and compact NMR magnets. YBCO pancake coils have the
advantage of tolerance against mechanical stress. However, there are still several challenges in terms of
fabrication techniques and operating conditions of YBCO coils. In particular, one challenge that remains to be
solved is that the screening current in YBCO CCs directly affects the feasibility of YBCO NMR magnets. Further
investigations regarding the screening current were carried out in this thesis. These additional investigations have
simplified the calculations for electromagnetic design of YBCO magnets and optimization of the operating
conditions of the magnet. This chapter presented the properties of the screening current flowing in a YBCO CC as
follows:
® Large current corresponding to the superconducting critical current depending on the magnetic field,
temperature, and mechanical stress;

® Inhomogeneity of the screening current along the width of the CC;

® Temporal drift of the screening current due to flux creep.

To suggest a design concept of a YBCO magnet by taking into account the properties of the screening current, the

following evaluations were performed:

® The current distribution flowing in a YBCO CC was estimated from magnetic field distribution.

® Temporal variations of the screening current were measured.

® Magnetic field distributions induced by screening currents flowing in YBCO CCs and the interaction
between the screening currents in CCs were evaluated.

® An electromagnetic desigh method was suggested for fabricating a YBCO coil taking into consideration the
current distribution, temporal variations and the interaction of the screening current between the CCs.

Figure 1-25 shows an overview of this thesis. Chapter 1 describes the background and purpose of this thesis.
Experimental equipments used in the following measurements are illustrated in chapter 2. Chapter 3 uses a
current-flowing model to discuss a method for estimating the current distribution from magnetic field distribution.
Chapter 4 provides distributions of current density, which are solved using the model in chapter 3 in a single CC
in which a transport current and an external magnetic field are applied. Chapter 5 expands the current distribution
solved in Chapter 4 to magnetic field distribution induced by multiple CCs. Chapter 6 discusses temporal
variations of a magnetic field induced by screening currents in CCs and then moves on to temporal variations of
the screening currents. Chapter 7 deals with magnetic field distribution generated by coils, by taking into
consideration Chapter 5 and Chapter 6. Chapter 8 summarizes this thesis and mentions techniques required to
construct YBCO-based NMR magnet.
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Chapter 2 Experimental setups

Chapter 3 Determination of method for estimating current distribution
«Critical current of a YBCO coated conductor
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Figure 1-25: An overview of this thesis
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Chapter 2

Experimental Setups

The following measurements were carried out in this study:
A. Measurement of critical current of a YBCO CC under an external magnetic field perpendicular to the tape
surface of the CC.
B. Measurement of magnetic field distributions induced by currents flowing in the single and multiple CCs
under an external magnetic field.

This chapter describes the experimental equipments commonly used in these measurements.

2.1 YBCO CCs Used in The Measurements

The CC used in the experiments was a MOCVD YBCO CC, SCS4050, manufactured by SuperPower Inc.
Figure 2-1 shows a photo of the CC. The CC has a surrounding copper stabilizer, a width of 4.1 mm, and a
50-pum-substrate made from Hastelloy C-276. Table 2-1 lists the specifications of the CCs.

Figure 2-1: A photo of the CC used in the measurement.
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Table 2-1: Specifications of the CC used in the measurements.

Width (2a) 4.1 mm

Thickness of a CC (1) 0.1 mm
Thickness of a superconducting layer 1pum
Icat 77 K, self-field 115A

2.2 Experimental Tools in Cryogen

Figure 2-2 shows a schematic overview of experimental tools in the cryogen, namely, a superconducting

magnet, a Hall sensor, current leads, and a jig on which to fix a CC.

Cryostat and superconducting magnet

Liquid helium, vaporized helium gas, and liquid nitrogen were employed as the cryogen. Cryostats differ
depending on the cryogen. Table 2.1 is a summary of the cryostats used in the measurements. Three kinds of
cryostats and superconducting magnets were used in the measurements. A cryostat and a superconducting
magnet were required for measuring both, the critical current and the magnetic field distribution. For
conducting measurements in liquid helium, two kinds of cryostats, No. 1 and No. 3, were used. The No. 1
cryostat contains an 18 T-superconducting magnet made by JASTEC. The No. 1 cryostat has limited space
for specimens, and can only accommodate specimens with lengths up to 40 mm. The No. 3cryostat has the
largest bore of 152.4 mm. The magnet attached to the No. 3 cryostat has a large room-temperature bore of
300 mm. The No. 3 cryostat is suitable for large-scale tests, such as coil tests. In addition, the No. 3 cryostat
is made of nonmagnetic materials, aluminum, and glass epoxy (GFRP). Figure 2-2 shows a photograph of the
No. 3 cryostat and the 5-T superconducting magnet. The sample space in No. 2 cryostat is smaller than those
in No. 1 and No. 3. The No. 2 cryostat enables us to vary the temperature of the sample space by adjusting
the amount of helium gas and heat generated by a heater attached to the dedicated probe.

The magnet attached to the No. 1 cryostat can be energized faster than those attached to the other cryostats.
Therefore, the No. 1 cryostat and the attached magnet were mainly used in measurements A and B.

Hall sensor

Two kinds of Hall sensors are used in measurement B. The active areas and distances between the surface
and active areas of the Hall sensors are listed in Table 2.2. The No. 1 Hall sensor has an active area of a circle
with a diameter of 0.51 mm. The No. 2 Hall sensor has seven active areas arranged 0.5 mm away from each
other, as shown in Figure 2-3. The black part is a package to protect the sensors. The seven sensors lye in a
straight line located at the diagonal seven red lines. Both the Hall sensors have high linearity to magnetic
fields at low temperatures. However, quantum oscillation for both Hall sensors occurs at 4.2 K under a high
field [96]. The Hall sensors were set on the side of the substrate of the CC.

Current leads and jig

Copper current leads and voltage taps were soldered. During the soldering, the soldering iron was not
attached to the CC so as to avoid deteriorating the YBCO superconducting properties. The nonmagnetic jig

was composed of GFRP and brass screws, to get fixed current leads, and a Hall sensor, as shown in
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Figure 2-5. Figure 2-5 (a) shows an overview of the jig attached to a CC, which is mounted on the probe for
measurement. The jig was adjusted so that the location of the CC should be at the center of the
superconducting magnet. Figure 2-5 (b) is an enlarged view of (a). Figure 2-5 (c) shows a Hall sensor that a
brass screw gets fixed to. It was difficult to move a Hall sensor in liquid helium. Therefore, a method of
scanning a Hall sensor using jigs with different geometry was employed. Figure 2-6 shows a Hall sensor

scanned by a brass screw and jigs.

:
Extemnal magnetic
field ¥

Hall seijsor
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Coated
conductor
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1,: Transport current
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Superconducting magnet

Figure 2-2: A schematic overview of experimental tools in the cryogen, namely, a cryostat, a superconducting

magnet, a Hall sensor, current leads, and a jig to fix a CC.

Table 2-2: A summary of cryostats used in the measurements

Cryostat (maker) Bore size (mm) Measurement Cryogen Magnet
attached to

the cryostat

1 JSD-18T52 at TML 52 A Liquid helium 18T
(JASTEC) (Cold bore) B (JASTEC)

2 Cryostat attaching B Vaporized 18T
temperature variable helium gas (JASTEC)

probe at TML
3 21-10339 (International 152.4 A Liquid nitrogen 5T
Cryogenics Inc.) at UT (Room-temperature Liquid helium  (KOBELCO)
bore)

TML: Tsukuba Magnet Laboratory at National Institute for Materials Science

UT: The University of Tokyo
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Figure 2-3: A photo of the No. 3 cryostat and the 5-T superconducting magnet

Table 2-3: Specifications of Hall sensors

1 BHA-921 (F. W. BELL) Circle with diameter of 0.51 mm About 0.86 mm
2 MULTI-7A (Arepoc s. I. 0) 0.1X0.1 mm? 0.3mm
Active area spacing: 0.5 mm

Figure 2-4: The front wall of the No. 2 Hall sensor (MULTI-7A)
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Coated conductos
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Currentlead

Figure 2-5: The (a) an overview of the jig attaching a CC, (b) an enlarged view of (a),

(c) a Hall sensor that a brass screw gets fixed to.

= 4 mm

Figure 2-6: A Hall sensor scanned by a screw.
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2.3 Measurement System

Figure 2-7 shows electric devices connected to each other using GP-IB (IEEE 488) cables when measuring
magnetic field distributions induced by a current in a CC while external magnetic fields are applied. The devices
used are as follows: seven voltmeters (nanovoltmeter 2182A, Keithley instruments Inc.) for the No. 2 Hall sensor,
a voltmeter (nanovoltmeter 2182A, Keithley instruments Inc.) for measuring the electric field in the CC, a
voltmeter (Model 2000, Keithley instruments Inc.) to read a current supplied to the superconducting magnet, a
voltmeter (Model 2000, Keithley instruments Inc.) to read the transport current, and two DC power supplies to the
CC. These devices were controlled by a laptop-PC. Figure 2-8 shows an actual photograph of these devices except
for the two DC power supplies. Figure 2-9 shows the equipment, an 18-T superconducting magnet and the power

supply, used for applying an external magnetic field, and the electrodes used for supplying current to the CC.

I
C L)
.

DCPower supply /

Voltmeter

Figure 2-7: Electric devices controlled by a PC.
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Figure 2-8: Actual image of electric devices used in the experiment.

Figure 2-9: Equipment to apply external magnetic field and electrodes supplying current to the CC.
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Chapter 3

Determination of Method for Estimating Current Distribution

As stated in Chapter 1, there are many approaches to current distribution in superconducting thin films. This
thesis focuses on current distribution that is possible to apply to electromagnetic designs of YBCO coils. Transport
and screening currents flow in a CC wound into the coil. The distribution of the total current is influenced by the
distribution of the critical current density of a CC. Section 3.1 discusses the magnetic-field dependence of the
critical current of the CC. In section 3.2, a simple model for screening current flow in a CC is suggested and
verified. Section 3.3 presents a model for evaluating current distribution in a CC which is based on the simple

model in the section of 3.2. In section 3.4, current distribution is estimated using the model and verified.

3.1 Magnetic Field Dependence of Critical Current

Many critical state models, including the Bean model, describe magnetic-field dependence of a critical current,
I [4]. Inoue et al. estimated E-J characteristics for a YBCO CC at low temperature and high field based on the
percolation model [97]. This section presents critical currents of the CC under magnetic field perpendicular to the

tape surface, where the amount of the magnetic flux penetrating the CC becomes largest.

3.1.1  Procedures of measurement of critical current

Figure 3-1 shows a CC soldered to current leads. The setup is used when conducting the measurement in liquid
helium. The voltage taps are soldered to the surface of the CC. We applied an external magnetic field along the
z-axis, with flux densities up to 18 T and 3.5 T in liquid helium and liquid nitrogen, respectively. When the
transport current, I, was supplied to a CC by a power source under a static magnetic field, an electric field was

observed. We define I, as the value of the current at E = 1 pV/cm.

Current
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Figure 3-1: A setup for measuring critical current in liquid nitrogen
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3.1.2 Results and discussion

Figure 3-2 shows the electric field-current (E-1) curve of the CC at 4.2 K under 2 T. The open circles are
experimental values. When I, increased from 0 A to 400 A, the electric field strength did not generate an electric
field. When I, reached approximately 410 A, the strength of electric field steeply increased due to the generation
of resistance and heat. The E-J curve generally is given by:

- Em (3.0.1)

c

where E. is the electric field strength at | = I, and n is called the n-value. The temperature and magnetic-field
dependence of n can provide insight into the property of the dissipation process of the CC. The curve was plotted
based on (3.1.1).

Figure 3-3 shows the critical currents measured at 4.2 K and 77 K as functions of the external magnetic field
parallel to the z-axis. The symbols are experimental values. Inoue et al. [97] expressed the magnetic-field

dependence I as

¥ S5
IC(B):a(BEX] [1_ BexJ (3.1.2)
B B
where B is magnetic flux density of the external magnetic field and a, 8, y and o are fitting parameters. In
Figure 3-3, a, £, v, and J are 50.9, 247, -0.444, and 3.33, respectively. (3.1.2) is used for magnetic fields in which

the magnetic flux is present over the entire width of the CC.

Figure 3-4 shows the n-values at 4.2 K and 77 K as functions of an external magnetic field parallel to the tape
surface of the CC. The n-values at 77 K are more sensitive to the magnetic field along the z-axis than those at
4.2 K. The dissipation process at 4.2 K does not depend on the magnetic field when the magnetic flux density is
below 18 T.
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Figure 3-2: An electric field-current (E-I) curve of the CC at 4.2 K under 2 T. The curve is plotted based on
(3.1.2).
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Figure 3-3: Critical currents measured at 4.2 K and 77 K as functions of an external magnetic field parallel to the
z-axis. Blue circles and red squares show experimental values at 4.2 K and 77 K, respectively. The dashed line is a

curve approximated by (3.1.2).
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Figure 3-4: n-values at 4.2 K and 77 K as functions of an external magnetic field parallel to the z-axis. Blue

circles and red squares show experimental values at 4.2 K and 77 K, respectively.
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3.2 Magnetic Field Distribution above The Center of The CC

As mentioned in chapter 1, the intensity of the screening current increases and decreases with that of the critical
current. Many studies treat current distributions in thin superconducting films one- or two-dimensionally.
Essentially, macroscopic current distributions are described one-dimensionally. In contrast, the size of a sample
space is limited by the bore size of the cryostat. That is why a CC should be cut to be at most 40 mm in length
when conducting measurements in liquid helium. This section explains that the current distribution in a short CC

can be described one-dimensionally.

3.2.1 Experimental procedures

CCs were cut into short specimens, with lengths of 20 mm. Figure 3-5 shows a schematic diagram of the
measurements of the screening-current-induced field (SCF) generated in a CC. The CC was inserted into the bore
of a superconducting magnet attached to the No. 1 cryostat, which was used to apply an external field to the CC.
External magnetic fields varying from 0 T to 18 T and 18 T to O T were applied. The rates of charging and
discharging magnetic fields of 0 T to 15 T and 15 T to 18 T were £14.4 mT/s and £7.2 mT/s, respectively, due to
the maximum rate of charging and discharging the magnet. This indicates that the rates are independent of the
SCF in appendix A. The CCs were cooled down using liquid helium and helium gas. We defined a position (X, y,
z) = (0, 0, 0) as the center of the top surface of the CCs. In the experiments, magnetic flux densities (B,) in the
direction of the z-axis at positions (X, y, z) = (0, 0, z) were measured with the No. 1 Hall sensor.

The SCFs were evaluated according to the following procedure: 1) we measured magnetic fields with and
without CCs under charging and discharging external magnetic fields; 2) we subtracted the values of magnetic
fields without CCs from those of magnetic fields with CCs under charging and discharging external fields,
respectively; 3) we defined the SCFs as half of the difference of the measured fields at the same external fields,
when charging and discharging. The SCFs do not include magnetization influences of paramagnetic materials

under a high field.

3.2.2  One-dimensional symmetric current model

Let us consider a high-field region in which magnetic flux spans the entire width of the CC. Assuming that
I — oo, symmetric screening currents in directions of +y are induced by a magnetic field perpendicular to the tape
surfaces, as shown in Figure 3-5. Then, a B, of the SCF is given using a width of 2a = 4 mm, a thickness of 1 pum,
and a length of | = 20 mm of a superconducting layer:

2 2
B, (0.0, z):“("m[a”] (3.2.1)
a YA

where 1 is the permeability of free space.
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Figure 3-5: Schematic diagram of measurements of magnetic fields generated by screening currents on a

coated conductor

3.2.3  Results and discussion

Figure 3-6 shows SCFs as a function of z under varying external magnetic fields. Blue open circles, red open
triangles, green open squares, and black open diamonds, which are evaluated from experimental data, show SCFs
at positions of z =2 mm, 3 mm, 5 mm and 9 mm, respectively. The dashed lines in Figure 3-6 were drawn by
substituting the magnetic-field dependence of I, at 4.2 K shown in Figure 3-3 into (3.2.1). The experimental and
calculation results agree well. The agreement indicates that the screening currents can be described
one-dimensionally in Figure 3-5, even for the short length of 20 mm.

Figure 3-7 shows the SCFs at a position (%, ¥, z) = (0 mm, 0 mm, 2 mm) as a function of temperature. The
dashed lines are curves approximated by a combination of (3.1.2) and (3.2.1). Here, the screening current, I, in
(3.2.1) is equal to I¢/2. In Figure 3-7, o is also a fitting parameter. Conversely, the magnetic-field dependence of I,
at 20 K and 30 K were calculated from the approximated curve. The I, at 20 K and 30K are drawn in Figure 3-8.
The I, of the CC under a magnetic field perpendicular to the tape surface is lower than that of the CC under
magnetic fields with any angles to the tape surface. An operating current density of a superconducting magnet
more than 100 A/mm? which is determined by coil shapes, is required to generate a high magnetic field. A
thickness and a width of the CC are 0.1 mm and 4.1 mm, respectively. Therefore, an operating current over 41 A
for a high-field YBCO magnet is needed. Operating temperatures of a high-field YBCO magnet should be below
20 K.
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9 mm, respectively. The dashed lines were calculated using (3.1.2) and (3.2.1).
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3.3 A Model for Calculating Current Distribution
In section 3.2, we explained that expressing the SCF using a one-dimensional symmetric current model was
reasonable. The expansion of this model is an effective way to express the current flowing in a CC.

3.3.1 A model of a solution for the one-dimensional inverse problem
A CC was divided into the n areas in which uniform one-dimensional currents flowed along the y-axis, as shown
in Figure 3-9. Compared to the width, the thickness of the superconducting layer is so small that current
distribution along the z-axis is negligible. Here, B, on z = h is described by Biot-Savart’s law
B,(x,h)=B, + ”—; x k%J y(k)log[(xgi—a(lf k;;?fhchJ (33.1)
where Jy(k)zjj(x,z)dz is the sheet current density in Am™. The j(x, z), the current density, is integrated over

the thickness. The second term of (3.3.1), which shows magnetic flux density resulting from current in the CC,
was replaced by

B=AJ (3.3.2)
where B =B, (x,,h).... B,(x,.h)); J E(Jy(l),__,Jy(n)) and A is a mxn matrix. Here, m is the number of the

sampling points.

41



Chapter 3 Determination of Method for Estimating Current Distribution

z
M
B.(x, #)
Observation plane ° h
- >
I's A
- —_——’—"’ ’ : \:s\
- ’ ~
e + ! ATEREN
- F 1 Y ~
S ’ 1 AN
- -
e IR N
-a a
X
I J (k) J(m

J (k) uniform sheet current density

Figure 3-9: Geometry to solve one-dimensional inverse problem.

3.3.2  Solution of the one-dimensional inverse problem using the Tikhonov regularization method
The value of J obtained directly from (3.3.2) can have a large dissipation due to B having the following errors.

® Errors of the sampling position
® Errors of linearity of the Hall sensors due to the quantum oscillations at 4.2 K and under a high field

We can use the linear least-squares method to solve for J in (3.3.2). That is, the method requires the norm

(3.3.4) to minimize

2
|AJ-B| (3.3.3)

(3.3.4) is ill-conditioned and cannot be solved.
The Tikhonov regularization was used to solve an inverse problem of J from B with errors in (3.3.2) as

described in [89, 98, 99]. The method gives approximate solutions of J by minimizing the function

f =|A3-BJ + | (3.3.9)

where /, a real number, is a parameter that must be minimized (3.3.4). In this calculation, 4 = 5e-9. The detail

giving A is described in appendix B.
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3.4 Validity of The Solution for Calculating Current Distribution
The validity of the model and the solution described in section 3.3 is verified in this section. This section
discusses sheet current distributions calculated from magnetic field distributions using experimental results and

calculation results based on Brandt’s critical state model, expressed as (1.5.5) and (1.5.6).

3.4.1 Distribution of sheet current density from SCF
This section presents the distribution of sheet current density in a CC calculated from the distribution of the

SCF under a low field in which magnetic flux does not reach the center of the CC.

3.4.1.1 Procedures for measuring the SCF distribution along the x axis

We measured the distributions of the z-component of magnetic flux densities, B,, both with and without a CC,
under charging and discharging external magnetic fields with magnetic flux densities in the range of 0 Tto 5 T.
The difference, AB,, between B, with and without a CC was defined as the SCF. The No.2 multi-arrayed Hall
sensor was used in this measurement. The rate of the varying external field was £14 mT/s. The intensities of the
SCF were constant at rates of varying external magnetic fields between 3.5 mT/s and 14 mT/s. In this

measurement, it was assumed that distributions of the SCF were symmetric over the width of the CC.

3.4.1.2 Results and discussion

Figure 3-10 shows the magnetic flux density, AB,, at the position (x, z) = (0.2 mm, 0.4 mm) generated by a
screening current under a varying external magnetic field. Two arrows point in the direction of the varying
external magnetic field. As the external magnetic field increases, the value of AB, decreases linearly. The value of
AB, is lowest when the external magnetic field has a magnetic flux density of about 0.3 T, when the magnetic flux
reaches the center of the CC. As the external magnetic field increases further, the value of AB, varies depending
on I¢-B, as described in Figure3-3. When external magnetic field goes up to 5 T and then decreases slightly, the
value of AB, changes from negative to positive. The value of AB, does not go back to zero in the absence of the
external magnetic field. The remnant magnetic field decays with logarithm of time, as described in chapter 6.

Figure 3-11 shows the distributions of magnetic flux density in the CC during an increase in the external
magnetic field. The symbols show the experimental results. Solid lines are drawn using the Brandt’s critical state
model (1.5.7). Dashed lines are calculated from the sheet current density in Figure 3-12. The lower the external
magnetic field is, the better the agreement between the experimental results and the solid lines. The dashed lines,
being the forward problem solution, agree well with the experimental results, regardless of the strength of the
external magnetic field. Figure 3-12 describes the distributions of sheet current density in the CC during an
increase in the external magnetic field. The symbols were calculated from the distributions of magnetic flux
density. The dashed lines are drawn using the Brandt’s critical state model (1.5.8). As the external magnetic field
increases, the sheet current density within the CC becomes large. The sheet current density then becomes flat over
the half the width of the CC at about 0.3 T, when the magnetic flux goes to the center of the CC. If we consider the
sheet current as a one-dimensional current, the gradients of the magnetic flux density on the surface of the CC

correspond to the intensity of the current. Figure 3-11 and Figure 3-12 are valid results.
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Figure 3-10: Magnetic flux density at position (x, z) = (0.2 mm, 0.4 mm) generated by screening current under

varying external magnetic field. The two arrows show directions of the varying fields.
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Figure 3-11: Distributions of magnetic flux density in the CC during an increase in external magnetic field.
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3.4.2 Distribution of sheet current density from self-field
This section presents the distribution of the sheet current density in a CC calculated from the distribution of a

self-field. The self-field is generated when a transport current is applied to the CC.

3.4.2.1 Procedures for measuring self-field distribution

A YBCO coated conductor (CC) was cooled using liquid helium. Then, a DC electric transport current, I;, was
supplied to the CC, continuously increasing from 0 A to 800 A. Subsequently, magnetic flux density was measured
at a position using the No. 1 Hall sensor. The Hall sensor was scraped off and the distance between the surface and
the active area was reduced to 0.4 mm. After the I; had returned to 0 A, the CC was heated in order to remove any
remnants of screening currents. The Hall sensor was shifted at the other position 0.5 mm away from the original
position.

3.4.2.2 Results and discussion

Magnetic flux densities were measured at 14 positions of (x, z) = (0.1 mm, 0.5 mm), (x0.6 mm, 0.5 mm),
(1.1 mm, 0.5 mm), (x1.6 mm, 0.5 mm), (2.1 mm, 0.5 mm), (2.6 mm, 0.5 mm), and (3.1 mm, 0.5 mm).
Figure 3-13 shows the distributions of the self-field on z = 0.5 mm. Dashed lines were calculated from the sheet
current densities shown in Figure 3-14. Assuming that I, is 1200 A at 4.2 K and the self-field, the dotted line in
Figure 3-13, is calculated from (1.5.5). The I is estimated from I.-B curve shown in Figure 3-3. The blue bar on
the bottom of Figure 3-13 represents a CC. The actual magnetic field distributions immediately above the CC
agree with those calculated from the distributions of the sheet current density better than they do with those
calculated from Brandt’s critical state model. This indicates that the critical current density near the edges of the
CC is lower, and that the actual magnetic flux goes deeper into the center of the CC.

The YBCO CC was divided into 16 sections, in which uniform sheet current flowed. Figure 3-14 shows
distribution of sheet current densities in the CC. The symbols show the experimental data. As the I;increases, the
sheet current densities increase over the width and their symmetry over the CC width break. This is caused by
local inhomogeneities in critical current densities. Dashed lines show sheet current densities based on Brandt’s
critical state model. The solid and dashed lines agree well, especially in low I; (100 — 400 A). The solution of the
one-dimensional inverse problem could not stand for a nonlinearly increased sheet current density near the edges
of aCC.

Figure 3-15 and Figure 3-16 show the distributions of the magnetic flux densities on z=1 mm and z = 1.4 mm,
respectively. The dashed lines were estimated from J,, as the solution calculated from self-field distribution on
z = 0.5 mm, as shown in Figure 3-14. The agreement between the actual densities and the calculation results

enhances the validity of the sheet current densities shown in Figure 3-16.
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3.5 Summary of Chapter 3

In this chapter, we examined models of total currents, consisting of screening and transport currents, flowing in
a short CC. Observations of magnetic flux densities above the center of the CC under an external magnetic field
gave a macroscopic view of the screening current flowing one-dimensionally, even in the short CC. The
magnetic-field dependencies of macroscopic critical current estimated from transport measurement expressed
external magnetic-field dependencies of a screening-current-induced magnetic field (SCF). This result verifies that
the screening current corresponds to the critical current. This may be helpful when considering the intensity of the
magnetic flux density, the angular dependence of the magnetic field, and the operation temperature in a magnet
design.

Assuming that current flows one-dimensionally, we described a model and a solution using the Tikhonov
regularization. The distribution of sheet current density was calculated from the distribution of an actual magnetic
field. Using the distributions of sheet current density, we calculated magnetic field distributions at different
positions, and then compared them to the actual distributions. The calculation and experimental results agreed
well and the validity of the model and solution were confirmed. For a low external magnetic field and low
transport current, the sheet current density given by the actual magnetic field distributions and Brandt’s critical
state model agreed well. In Brandt’s critical state model, J. is constant. Therefore, the agreement enhances the

validity of the solution of the sheet current density.
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Chapter 4

Current Distribution in a Single-Coated Conductor in a Background Magnetic
Field

Compact high-field magnets require a combination of background (LTS/HTS) coils and YBCO coils, as
mentioned in chapter 1. Actual YBCO coils are applied to a self-field and background magnetic field. Accordingly,
it is very important to examine the current distribution in YBCO under the magnetic fields. This chapter deals
with current distributions in a single-coated conductor under high and low external magnetic fields. The

experimental insight of the current distributions becomes very important when designing YBCO magnets.

4.1 Procedure for Measuring Magnetic Field Distribution Produced by Screening and Transport Currents
The measurements were performed in liquid helium. Distributions of magnetic flux densities were observed
using the No. 1 or No. 2 Hall sensors by the following procedure:
1) The z-component magnetic flux densities, B,, with and without a CC under a charging and discharging external
magnetic field with magnetic flux densities in the range of 0 T to 5 T were measured in order to evaluate the SCF.
2) The external magnetic field was removed completely.
3) The CCs were heated up to room temperature in order to remove any remnant magnetic fields, and then the CC
was cooled to 4.2 K.
4) Transport current I, was supplied to the CC.
5) A magnetic field with magnetic flux densities ranging between 0 T and 5 T was applied to the CC with a
constant I; of either 50 A, 100 A, 200 A, or 250 A.
6) The differences in B, (4B,) with and without the CC were calculated from the respective measurements.
7) The Hall sensor was then scanned to the other position and steps 1) — 6) were repeated.
Figure 4-1 shows a schematic overview of this measurement. As described in chapter 3, we assumed that

one-dimensional currents flow in the CC.
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Figure 4-1: A schematic overview of a measurement of total current distribution consisting of screening and
transport currents.
4.2 Current Distribution in a Single Coated Conductor Under a High Field

This section deals with sheet current distributions in a CC placed under a high magnetic field, in which the
magnetic flux is at the center of the width of the CC.

Figure 4-2 (a) shows 4B, at position (x, z) = (0.6 mm, 1 mm) for I, = 0 A (blue), 50 A (red), 100 A (green) and
200 A (black). The arrows indicate the direction of the varying magnetic field. An increase in the external
magnetic field first enhances the SCF, and then reduces it. The hysteresis reveals that magnetic flux exists at the
center of the CC under external fields with magnetic flux densities over 0.3 T. As I, becomes large, the hysteresis
of 4B, shrinks, and shifts in the negative direction of 4B,. Fig. 4-2 (b) shows 4B, at position (X, z) = (-0.6 mm, 1
mm) for I, =0 A, 50 A, 100 A, and 200 A. The shrinkage values of the hysteresis over the 0.3 T external magnetic
field are the same as those at position (x, z) = (0.6 mm, 1 mm). In other words, the shrinkage of the hysteresis over
0.3 T is symmetric to the width of the CC. This indicates that I reduces symmetrically as I; increases.

Figure 4-3 (a), Figure 4-4 (a) and Figure 4-5 (a) show the distributions of 4B, (I; = 0 A (blue), 50 A (red), 100 A
(green), and 200 A (black)) under an external field with magnetic flux densities of 1 T, 3 T, and 5 T, respectively.
The observation height of the Hall sensor was z =1 mm. The symbols represent actual values of 4B,. Dashed lines
show 4B;, calculated from J, to be solved through inverse problems. The minimum peak positions of 4B, shift in
the positive direction of the x-axis. As the external magnetic field increases, the shift becomes large. The shift of
the position at 5 T is larger than those at 1 T and 3 T. In addition, I, = 200 A corresponds to 75% and 35% of I, at
5T and 1 T, respectively. The differences in the ratios result in the differences in the shifts of the minimum peak
positions of 4B,. This indicates that if I, relative to I. is larger, the generated field will be less symmetric over the
width of the CC.

Figure 4-3 (b), Figure 4-4 (b) and Figure 4-5 (b) show the distributions of sheet current densitiesat 1 T, 3 T, and
5 T, respectively. The value of J. is the critical sheet current density, which is the critical current over the width of

the CC. The critical currents at the respective magnetic fields are described in Figure 3-3. When |, = 0 A, the
screening currents corresponding to a critical current flow in 0.5 mm < |y < 2.05 mm. An increasingly positive
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value of I; results in an enlargement of the tape cross-section containing a critical current flowing in the +y
direction. The steep gradients of J, seen around X, where the direction of J, reverses, result from the process of
solving J, from the magnetic field distributions.

A further understanding of the relationship between the sheet current distributions and the transport currents is
given in Figure 4-6. The sheet current distributions at 1 T and 5 T were normalized at J. depending on the external
magnetic field. In Figure 4-6, the blue circles and green diamonds are J, relative to J. under 1 T for I, = 200 A and
100 A, respectively, which corresponds to I/l = 0.35 and 0.18. The red squares and black triangles show J,
relative to J. under 5 T for I, = 100 A and 50 A, respectively, which corresponds to I/l = 0.37 and 0.19. The blue
and red profiles agree well, as do the green and black profiles. This indicates that the distributions of J, relative to
J. are determined by I/l;. In other words, knowledge of the critical current as a function of the magnetic field
enables us to estimate the current distribution in a CC under a high field in which the magnetic flux reaches the
center of the width of the CC. In Figure 4-7, J, relative to J. is unified with respect to I/l.. As the value of I/l

increases, the regions of sheet current density with J. expand.
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Figure 4-2: (a) Magnetic flux density at position (x, zZ) = (0.6 mm, 1 mm) for I, = 0 A (blue), 50 A (red), 100 A
(green), and 200 A (black). (b) Magnetic flux density at position (x, z) = (-0.6 mm, 1 mm) for I, = 0 A (blue), 50 A
(red), 100 A (green) and 200 A (black). Two arrows show the direction of the varying magnetic field.
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Figure 4-3: (a) Distributions of magnetic flux densities (It = 0 A (blue), 50 A (red), 100 A (green), and 200 A
(black)) under an external field with a magnetic flux density of 1 T. The observation height was z =1 mm.

(b) Distributions of sheet current densities at 1 T estimated from (a).
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Figure 4-4: (a) Distributions of magnetic flux densities (I; = 0 A (blue), 50 A (red), 100 A (green), and 200 A
(black)) under an external field with a magnetic flux density of 3 T. The observation height was z =1 mm.

(b) Distributions of sheet current densities at 3 T estimated from (a).
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Figure 4-5: (a) Distributions of magnetic flux densities (I; = 0 A (blue), 50 A (red), 100 A (green), and 200 A
(black)) under an external field with a magnetic flux density of 5 T. The observation height was z =1 mm.
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Figure 4-6: Profiles of J, relative to J. under an external magnetic field. The blue circles and green diamonds
show J, relative to J; under 1 T for I, = 200 A, and 100 A, respectively, which corresponds to I/l = 0.35 and 0.18.
The red squares and black triangles show J, relative to J. under 5 T for I; = 100 A and 50 A, respectively, which

corresponds to I/l. = 0.37 and 0.19.
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Figure 4-7: Profiles of J, relative to J. unified by the value of 1/I..

4.3 Current Distribution in a Single Coated Conductor Under a Low Field

This section discusses sheet current distributions in a CC placed under a low magnetic field, in which the
magnetic flux is not at the center of the width of the CC.

Figure 4-8 shows the distributions of the magnetic flux densities produced by screening and/or transport
currents flowing in a CC under 0.1 T. The observation height using the No.2 Hall sensor was 0.4 mm. The blue
circles show the distributions of the SCF. The red, green, and black profiles describe the distributions for I; = 100
A, 200 A, and 250 A, respectively. The magnetic flux densities near the center of the CC do not depend on the
transport current. Under an external field with a magnetic flux density of 0.1 T, the critical current is very high
when compared to l. However, the self-field generated by the transport current is small relative to the external
field. It is considered that the external magnetic field is more dominant over the variations of the distributions of
the magnetic flux densities than is the transport current. In addition, the absolute values of the magnetic flux
densities at the center do not exceed the intensity of the external magnetic field.

Figure 4-9 shows the distributions of sheet current density calculated from the distributions of Figure 4-8. The
sheet current densities are high near the edges of the CC. Variations in sheet current densities concerning transport
currents are small inside the CC and the magnetic field distributions, as shown in Figure 4-8. Figure 4-9 describes
the sheet current densities in a CC with transport currents under 0.05 T. Considering the differences between
Figure 4-9 and 4-10, the variations in the external magnetic field are more dominant over current distributions in
the CC under a low magnetic field than over those of the self-field generated by the transport currents. The

dominance of external magnetic fields shows the same tendency as Brandt’s model [85].
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Figure 4-8: Distributions of magnetic flux densities (I; = 0 A (blue), 100 A (red), 200 A (green), and 250 A
(black)) under an external field with a magnetic flux density of 0.1 T.
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Figure 4-10: Distributions of sheet current densities under 0.05 T, estimated from the distributions of the

magnetic flux densities.
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Figure 4-11 shows that the minimum magnetic flux density at z = 0 mm, that is, the surface of the
superconducting layer of the CC, estimated from the current distributions as functions of the external magnetic
field. The magnetic flux densities at 0 mT are due to transport currents. Magnetic flux densities were estimated at
0.1 mm intervals. The positions of CCs with transport currents, in which magnetic flux densities become lowest,
vary from external magnetic field to external magnetic field. The discretized positions cause ripples in the profiles
for 100 A, 200 A, and 250 A. From 30 mT to 280 mT, all the minimum values of magnetic flux densities decrease
linearly, and are superimposed. The gradient is approximately -1. In other words, the minimum magnetic flux
density is a magnetic flux density with an external magnetic field. Above 280 mT, the profiles are lowest in an

external magnetic field in which the magnetic flux increases to more than the width of a CC.

4.4 Summary of Chapter 4

This chapter deals with sheet current distributions in a single CC with a transport current under an external
magnetic field. The differences between sheet current distributions are discussed in two sections.

Section 4.2 discusses the sheet current density in a CC under an external magnetic field in which the magnetic
flux is high enough to be at the center of the CC. It transpired that the transport current relative to critical current
determines the distribution of the sheet current density under a high field, depending on the external magnetic
field.

Section 4.3 discusses the sheet current density under a low magnetic field, in which the magnetic flux is not at
the center of the CC. The section reveals that variations in the external magnetic field are dominant over the
distributions of the sheet current density under a low magnetic field. The minimum magnetic flux density on the
surface of a CC is equal to the magnetic flux density with an external magnetic field in the region where the

external magnetic field is dominant.
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Chapter 5

Magnetic Field Distribution Generated by Multiple Coated Conductors

Superconducting coils have number of layers and turns of superconducting wires. Therefore, in electromagnetic
designs of YBCO coils, we need to examine interactions of screening current in multiple CCs. This chapter deals
with distributions of a magnetic field produced by the following multiple YBCO coated conductors: superimposed
CCs, arranged-CCs, and arranged-and —superimposed CCs. This thesis targets a design method of a YBCO
pancake coil. The pancake coil is wound with a CC concentrically. Then, a superconducting magnet is composed

of the pancake coils superimposed concentrically.

5.1 Screening-current-induced Field Generated by Superimposed Coated Conductors
This section discusses magnetic field distribution produced by superimposed CCs cut into short lengths
simulated a single-pancake coil. In particular, this section deals with interaction between CCs exposed to a

considerably high magnetic field up to 18 T.

5.1.1 Procedures for measuring screening-current-induced field generated by superimposed Coated
conductors

CCs were cut into short specimens with lengths of 20 mm. The CCs were insulated using polyimide tapes. The
thickness t of CCs including the insulation was 0.33 mm. The CCs were superimposed each other, as shown in
Figure 5-1 (a). They were attached on FRP jigs. Then, the CCs were inserted into the bore of a superconducting
magnet attaching to the No.1 cryostat, which was used to apply an external field to the CCs. External fields
varying from O T to 18 T and 18 T to O T were applied. The rates of charging and discharging magnetic fields of 0
Ttol5Tand 15 T to 18 T were +14.4 mT/s and £7.2 mT/s, respectively. In the superconducting magnet, the
ramp rates are highest in the respective ranges. The CCs were cooled down using liquid helium. The tape surface
of z = 0 was defined as an outer surface of cupper layer deposited on a substrate of a top CC. In the experiments,
fields (B,) in a direction of z axis at a position of (x, y, z) = (0, 0, 2 mm) were measured with the No.1 Hall sensor,
as shown in Figure 5-1 (b).

SCFs were evaluated with the following procedure:
1) Measurement of magnetic fields with and without CCs under charging and discharging external fields.
2) Subtraction of the values of magnetic field without CCs from those of magnetic fields with CCs under

charging and discharging external fields.
3) Definition of SCFs as half of differences between the measured fields at the same external fields under
charging and discharging.
The SCFs do not include magnetization of paramagnetic materials under a high field.
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(®) Hall sensor

z=2mm

Figure 5-1: (a) CCs superimposed on each other for the measurement, (b) Geometry of the Hall sensor and CCs.
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5.1.2 Results and discussion
Figure 5-2 shows SCFs at the position (x, y, z) = (0, 0, 2 mm) for superimposed CCs under varying external
fields from 0.5 T to 18 T, in which magnetic flux exists in the entire widths of the CCs. Four kinds of symbols
show experimental data. As an external magnetic field decreases, the absolute values of SCFs become small
depending on magnetic-field dependence of critical the current density of the CCs. The ripples of SCF under high
magnetic fields are caused by magnetic quantum oscillation occurring in the Hall sensor. The three kinds of lines
are values of SCFs estimated from a SCF for a single CC based on the symmetric current model in Figure 3-5.
The SCFs produced by the superimposed CCs are given by
©T 2+t(k-1)

where | is screening current, a is a half width of a CC and n is the number of CCs. The SCF for a single CC was

B, = ol Yojog V2 + 2tk 1) (5.1.1)

described well using the current model in section 3.2.3. Interestingly, the lines and measurement results agree well,
especially under high magnetic fields. This indicates that the superimposed CCs under a high magnetic field have

same current distributions and the interaction between SCFs generated by the CCs is negligible.
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Figure 5-2: SCFs at the position of z = 2mm for the superimposed CCs under varying an external magnetic field.
Four kinds of symbols show experimental data for SCFs. (Blue filled circles: 1 CC, Red open squares: 3 CCs,
Green filled diamonds: 9CCs and Black open circles: 20 CCs) The dashed lines are calculation results base on

the symmetric current model.

61



Chapter 5 Magnetic Field Distribution Generated by Multiple Coated Conductors

5.2 Distributions of Screening-current-induced Field Generated by Arranged and/or Superimposed
Coated Conductors

This section presents distributions of SCF generated by arranged- and/or superimposed CCs. This section

expands an understanding of SCF for superimposed CCs stated in section 5.1. The configurations simulate

cross-sections of multi-pancake coils.

5.2.1 Procedures of measuring screening-current-induced field generated by arranged and/or
superimposed coated conductors

CCs were cut into short specimens with lengths of 20 mm. The CCs were not insulated. The CCs were arranged
in a few rows and/or superimposed, as shown in Figure 5-3 (a). The CCs were attached to FRP jigs. In Figure 5-3
(b), the four female screws inserted in the FRP jig got fixed the other jig and a Hall sensor. The No. 2 Hall sensor
was used in this measurement. Figure 5-3 (b) shows an actual photograph of a FRP jig and three YBCO CCs
arranged in a row. The Hall sensor was attached on the top surface of the CCs and scanned along the x axis, as
shown in Figure 5-2. The top surface of the superconducting layer of CCs was defined as z = 0 mm. The
observation height was at z = 0.4 mm. The CCs were inserted into the bore of a superconducting magnet attached
to the No.1 cryostat, which was used to apply an external field to the CCs. External fields from0 Tto5Tand5T
to O T were applied. The rates of charging and discharging magnetic fields of 0 T to 5 T was £14.4 mT/s. The rates
are highest in the ranges of external magnetic fields. The CCs were cooled down using liquid helium. The
z-components of magnetic flux densities were observed during increase and decrease of an external magnetic field.
The experimental values were subtracted from the external magnetic field and the values AB, were regarded as

SCFs. It is assumed that distribution of SCFs is symmetric to the x = 0 mm in this measurement.

5.2.2  SCFs generated by the arranged and/or superimposed coated conductors

Figure 5-4 shows AB;, at a position (X, z) = (0.2 mm, 0.4 mm) generated by the four kinds of arranged and/or
superimposed CCs under varying external magnetic field. As an external magnetic field increases, the values of
AB; decrease linearly and reaches bottom at a peak field, where magnetic flux reaches the centers of the CCs. The
gradients of AB; relative to an external magnetic field between 0 T and the peak field are constant regardless of the
numbers of CCs. In addition, the values of the peak fields do not depend on the numbers of the CCs arranged but
the numbers of the CCs superimposed. The values of AB, increase according to magnetic-field dependence of
critical current densities under an external magnetic field more than the peak field. When an external magnetic
field decreases from 5 T, the values of AB, increase with the same gradients as that during initial charge from0 T
to the peak field. The more the numbers of CCs arranged in a row and the smaller the numbers of the

superimposed CCs, the smaller the hysteresis of AB, becomes.
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Figure 5-3: (a) Arranged and/or Superimposed Coated Conductors used in the measurement. (b) An actual
photograph of a FRP jig and three YBCO CCs arranged in a row.

500 L T T T ‘ T T T T T T T T T T

\ 1-parallel, 3-layers

3-parallel, 3-layers

400

300

200
3-parallel

100

x

5-parallel

-100

Magnetic flux density: AB_(mT)
o

-200

-300

-400

2 3 4
External magnetic field (T)

-500

o
=
Ul

Figure 5-4: AB, at a position (x, z) = (0.2 mm, 0.4 mm) generated by the four kinds of arranged and/or
superimposed CCs under varying external magnetic field.
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Figure 5-5: A schematic view of the iteration method and simple sum method.

5.2.2.1 Calculation of SCFs using a sheet current distribution in a single CC under high magnetic field
A calculation method for estimating SCFs generated by multiple CCs was studied. In chapter 4, sheet current
distributions in a single CC were estimated. In the calculation method for SCFs, the sheet current densities in the
single CC were used. The calculations were employed to estimate SCFs for high external magnetic field where
magnetic flux is at the center of the CC. They were carried out as follows (Figure 5-5):
1) External magnetic field with constant magnetic flux Be density is applied to multiple CCs.
2) The sheet current densities in the CCs are determined by the given magnetic flux density.
3) Magnetic flux densities dB on the surface of the CCs are calculated from the sheet current densities in the
CGCs.
4) Average of magnetic flux density Be,+0B,, on the surface of the CCs gives the sheet current densities of the
each CC.
5) Step 1)-4) are repeated once.
In Figure 5-5, schematic views of the iteration method and simple sum method, in which calculation stops just

after the step 2), are illustrated.

5.2.2.2 Distributions of SCF generated by the arranged and/or superimposed coated conductors

Figure 5-6 shows distribution of SCF for 3-parallel CCs under an external field with magnetic flux of 1 T. The
blue circles show experimental values. Three curves being convex downward locate at the center of the widths of
CCs. The upward peak positions show the edges of the CCs. Green and red lines were calculated using the
iteration and the simple sum method, respectively. On the whole, the green and red lines are superposed over the
width. This indicates that interaction between screening currents in CCs arranged in a row is very small. Absolute
values of AB, at the peak position calculated using the iteration method are smaller than those calculated using the
simple sum method. The smaller values estimated using the iteration method describe that the CCs lay side by side
increase an magnetic field exposed to each CC. Disagreement near x = £6 mm between the experimental data and
the calculation results are caused by the reduction of the critical current density at the edge of the CC. Figure 5-7
shows distribution of SCF for 5-parallel CCs at an external field with magnetic flux of 1 T. The blue circles show
experimental values. The green and red lines were calculated using the iteration and the simple sum method,
respectively. CCs are placed on the position -10.25 mm < x < 10.25 mm. The green line agrees better with the
experimental result. Figure 5-8 shows distribution of SCF for 3-layers CCs under an external magnetic field with
magnetic flux of 1 T. In contrast with Figure 5-6 and Figure 5-7, the absolute value of AB, at the peak position in

the green line is larger than that in the red line. This is because the superimposed CCs reduce an external magnetic
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field each other. Distances between each CC in the 3-layers CCs are 0.1 mm. Compared with section 5.1,
interaction between CCs is large. In Figure 5-9, distribution of SCF for 3-parallel, 3-layers CCs at 1 T are
described. The difference between results estimated from the iteration and the simple sum methods is larger than
those of SCF for the CCs arranged only in a row. Calculation results using the iteration method agree well with
the experimental values. Figure 5-10 shows distributions of a magnetic field generated by transport and screening
currents flowing in 3-parallel, 3-layers CCs. The distributions show the magnetic-field distribution 0.4 mm above
top layer of the CCs. The distributions were calculated using the iteration method. In this calculation, it was
assumed that transport currents with same intensity were supplied to all the nine CCs. The blue, red, and green
lines are the distributions for the transport current: 0 A, 100 A, and 200 A, respectively. As transport currents

increase, the values of AB, in region x < 0 mm decrease.
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Figure 5-6: Distribution of SCF for 3-parallel CCs under an external field with magnetic flux of 1 T. The blue
circles show experimental values. Green and red lines were calculated using the iteration and the simple sum

methods, respectively.
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Figure 5-7: Distribution of SCF for 5-parallel CCs under an external field with magnetic flux of 1 T. The blue
circles show experimental values. Green and red lines were calculated using the iteration and the simple sum

method, respectively.
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method, respectively.
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Figure 5-9: Distribution of SCF for 3-parallel, 3-layers CCs under an external field with magnetic flux of 1 T. The
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Figure 5-10: Distribution of a magnetic field generated by transport and screening currents flowing in 3-parallel,

3-layers CCs under an external field with magnetic flux of 1 T. The distributions were calculated using the

iteration method. The blue, red, and green lines show the distribution for transport current: 0 A, 100 A, and 200 A,

respectively.
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Figure 5-11: Sheet current densities in arranged and/or superimposed CCs under magnetic field of 1 T. The blue,
red and green profiles show sheet current densities in 3-parallel, 3-layers CCs and in the bottom layer, middle
layer and top layer, respectively. The black cross was estimated from the distributions of experimental values

through the inverse problem.

5.3 Distributions of Sheet Current Densities in Arranged and/or Superimposed Coated Conductors

Figure 5-11 shows sheet current densities in CCs under magnetic field of 1 T. The blue, red and green profiles
show sheet current densities in 3-parallel, 3-layers CCs and in the bottom layer, middle layer and top layer,
respectively. The black cross was estimated from the distributions of experimental values through the inverse
problem. Sheet current densities in the three layers fit closely. The agreement bears out the indication in section
5.1.3. It is considered that enhancement of sheet current densities in 3-layers CCs result from interactions of
screening current in the surrounding CCs. Clem et al. suggested a calculation model to simplify AC losses of
superimposed thin superconductors [100]. In this model, same amount of magnetic flux goes in each thin
superconductor. In other words, same screening current flows in each conductor. These experimental results for

thin 3-layers CCs agree well with the Clem model.

5.4 Summary of Chapter 5
This chapter presents screening-current-induced field (SCF) generated by multiple CCs under high field, where
magnetic flux is at the center of the CC. Distributions of SCF generated by the arranged and/or superimposed CCs
are examined and then the calculation method for estimating the distributions from sheet current densities in a
single CC is suggested. The calculation results give the accordance with the experimental values. The sheet
current densities estimated in the calculation process gives an insight that the superimposed CCs have the same
sheet current densities. This result is effective to make calculation duration of SCF short.
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Chapter 6

Temporal Variations of Magnetic Field Generated by Screening Current

Superconducting magnets are expected to generate a highly stable magnetic field. This chapter presents
temporal stability of SCFs generated by multiple CCs. As stated in section 1.5.4, current flowing in
superconductors dissipates proportionally to logarithm of time due to flux creep. The rate of dissipating depends

on temperature and magnetic field. This chapter discusses interaction of temporary variations of SCF.

6.1 Procedure for Measuring Temporary Variations of Magnetic Field Generated by Screening Current
Temporal variations of remnant magnetic field, which is a magnetic field trapped by CCs after removing
background magnetic field completely, were measured. The CCs were cut into the lengths of 20 mm. The
following three measurements were carried out.
(A) Temperature dependences of temporal variations of SCFs generated by a single CC.
1) A CC was cooled down using liquid helium and helium gas in bores of the No.1 and the No.2 cryostats,
respectively.
2) A superconducting magnet was energized up to 18 T, and then external magnetic field was removed
completely.
3) A measurement using the No. 1 Hall sensor started at instant when the external magnetic field reduced to
0 T. Magnetic flux density was observed at the position 2 mm above the center of the CC.
4) Step 1) — 3) were repeated at 4.2 K, 20 K and 30 K.
(B) Temporal variations of SCFs generated by superimposed CCs.
1) Superimposed CCs were cooled down using liquid helium in bores of the No.1 cryostat.
2) A superconducting magnet was energized up to 18 T, and then external magnetic field was removed
completely.
3) A measurement using the No. 1 Hall sensor started at instant when the external magnetic field reduced to
0 T. Magnetic flux density was observed at the position 2 mm above the center of the top CC.

4) Step 1) — 3) were repeated regarding three, nine and twenty CCs superimposed.
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(C) Temporal variations of SCFs generated by arranged and superimposed CCs.

1) Arranged and/or superimposed CCs were cooled down using liquid helium in bores of the No.1 cryostat.

2) A superconducting magnet was energized up to 5 T, and then external magnetic field was removed
completely.

3) A measurement using the No. 2 Hall sensor started at instant when the external magnetic field reduced to
0 T. Magnetic flux density was observed at the position 0.4 mm above the center of the CC. The No.2
Hall sensor was measured at seven positions at the same time.

4) Step 1) — 3) were repeated for 3-parallel-3-layers CCs, 3-parallel CCs, and 5-parallel CCs.

6.2 Results and Discussion
Figure 6-1 shows a temporal variation of remnant magnetic field at z = 2 mm induced by screening current in a
single CC at 4.2 K. The blue profile shows an experimental result. The red line is a curve approximated by (6.2.1).

B,(t)= A(l— IEJOT log(Ct +1)J + Dexp(Et) (6.2.1)

B

where A, C, D, E are fitting parameters. The first term is derived from flux creep. The second term shows decay of
current induced in normal conductors. CCs have metallic conductors, such as copper stabilizer and silver layer.
The green line is a curve drawn only by the first term of (6.2.1). These lines are superposed at t = 100 s. Therefore,
temporal variations of the magnetic field after t = 100 s are regarded as a decay due to flux creep.
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Figure 6-1: A temporal variation of remnant magnetic field at z = 2 mm induced by screening current in a single
CC at 4.2 K. The blue, red and green lines show an experimental result, curves approximated using (6.2.1) and

only the first term of (6.2.1), respectively.
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(A) Temperature dependences of temporal variations of SCFs generated by a single CC

Figure 6-2 (a) shows temperature dependences of temporal variations of SCFs at a position of z =2 mm for a
CC, and Figure (b) shows those normalized by the values at t = 100 s. The drifts between t =0 s and 100 s are
governed by decays of currents induced by discharging external magnetic fields. According to [30], the drifts
at t >> 0 s are derived from flux creep. The drifts due to flux creep are described as (1.5.28). From
approximate curves based on (1.5.28) in Figure 6-2 (b), apparent pin potentials at 4.2 K, 20 K and 30 K are
evaluated as 18.3 meV, 47.0 meV and 54.6 meV, respectively. As temperatures rise from 4.2 K to 30 K,
decays of SCFs become large as shown in Figure 6-2 (a). Therefore, the decay of the screening current at
4.2 K due to flux creep is smaller than those at 20 K and 30 K.

(B) Temporal variations of SCFs generated by superimposed-CCs.
Figure 6-3 (a) shows drifts of SCFs as a function of the number of superimposed-CCs. Figure 6-3 (b) shows
the SCFs normalized by the values at t = 100 s. The temporal variations of normalized SCF are
3.2x10* ppm/h in duration of 100 s < t < 4000 s. These results confirm that drifts of SCFs due to flux creep
for the superimposed-CCs are independent of the number of CCs. At t = 4000 s, the variations are

1.8x10* ppm/h. The rates of temporal drifts of SCF are very high for NMR magnets.

(C) Temporal variations of SCFs generated by arranged- and superimposed-CCs
Figure 6-4 (a) shows temporal variation of SCF distribution produced by 3-parallel, 3-layers CCs and
3-parallel CCs. Intensities of SCF reduce and increase near center and edges of the CCs, respectively. This is
caused by dissipations of screening currents flowing in CCs. Therefore, the reduction of SCF around the
center of the CC is large compared with the other regions. The variation and intensity of SCF for 3-parallel,
3-layers CCs is larger than that for 3-parallel CCs. Figure 6-4 (b) shows the SCFs at a position
(X, 2) = (0.2 mm, 0.4 mm) normalized by the values at t = 100 s. Temporal variation of the normalized SCF for
3-parallel, 3-layers CCs is seemingly a little different from the variations of the normalized SCF for 3-parallel
and 5-parallel CCs. The temporal variation of the SCF for 3-parallel, 3-layers CCs normalized at t = 300 s is
same as those normalized at t = 100 s for 3-parallel and 5-parallel CCs. This is because the temporal decay
due to normal conductors, which are given by the second term of (6.2.1), gets slow on account of increase of
the surrounding CCs. Temporal variation of the normalized SCF due to flux creep for arranged and /or
superimposed CCs did not have interactions between the CCs. Accordingly, a factor determining rate of

temporal decay at 4.2 K can be seen as amount of magnetic flux in the CCs.
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Figure 6-2: (a) Temperature dependences of temporal variations of remnant magnetic fields at a position

z =2 mm for a CC, and the lower figure shows those normalized by the values at t = 100 s.
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Figure 6-4: (a) Temporal variation of SCF distribution produced by 3-parallel-3layered CCs and
3-paralle-1-layered CCs. (b) The SCFs at a position of (x, z) = (0.2 mm, 0.4 mm) normalized by the values at
t=100s.

6.3 Summary of Chapter 6

Temperature dependence of temporal variations of SCF was observed. Following a theory of flux creep [30],
the decays of SCF become smaller at lower temperature. In addition, the temporal decays of SCF generated by
multiple CCs are determined by amount of magnetic flux in the multiple CCs. The decays of SCF are very large
for magnetic field used in NMR spectrometers. Temporal stability of a magnetic field generated by a
superconducting coil for an NMR magnet is expected to be below about 3 ppm/h [69]. The temporal decays
become large at the position where SCF is high. Therefore, the reduction of SCF is needed to reduce the temporal
decays. Therefore, a control of current distribution in CCs is effective in order to reduce the temporal decays of a
magnetic field generated by a YBCO coil. The operating condition, such as temperature, a background magnetic

field, and transport current, of YBCO coils enables us to control the current distribution in the CCs.
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Chapter 7

Magnetic Field Distribution Generated by YBCO Pancake Coil

This chapter presents a method for calculating a magnetic field generated by a pancake coil from the sheet
current density estimated in chapter 3 and chapter 4. As stated in chapter 1, pancake coils have advantages from
views of mechanical stress, requirement of long wires and ease of winding are suitable for a high-field magnet.
The calculation method of a magnetic field generated by the coil is based on the iteration method, described in
chapter 5. The calculation method may be useful as a simple method for a magnetic field taking into an account a
screening current. In this chapter, the method is described in section 7.1 and then actually used in the calculation

of a magnetic field generated by a pancake coil in section 7.2 and 7.3.

7.1 Calculation of Magnetic Field from Sheet Current Density

Magnetic flux density B is analytically given using the elliptic integrals of the first and second kinds [56, 68].
Let us consider a single circular current I loop with a radius of a in cylindrical coordinates as shown in Figure 7-1
(@). The circular current flows on the plane of z = 0. The origin of the coordinate is at the center of the circular

current. Then, the magnetic vector potential A, is given by

Mo jajf K (7.7.1)
=2 |2 1-=— |K(k)-E(k A
A = 2 -t
where K(k), E(k) are the elliptic integrals of the first and the second kinds:
7/2 do
K(k)= (7.7.2)
k) '[0 V1-k?*sin?@
E(k)=["*V1-K*sin? 9do (7.7.3)
Here,
4ap
G —. e (7.7.4)
(a+p) +2°
The magnetic flux density B is given by
B = Ux A, (7.7.5)

Figure 7-1 (b) shows a current model for calculating a magnetic field generated by a YBCO coil. Currents
flowing in a CC are divided into the numbers of n along the width. In this calculation, the current distribution,
estimated in chapter 4, is employed as the divided currents. The current distribution results from screening and

transport currents. Regarding each circular current loop, (7.7.5) gives B at arbitrary positions.
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Figure 7-1: (a) A circular current loop,

(b) Current model for calculating a magnetic field generated by a YBCO coil.
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7.2 Calculation of Magnetic Field Generated by a Pancake Coil

This section describes calculation results of magnetic-field distributions generated by a YBCO coil under a
background magnetic field. Section 7.2.1 deals with differences in magnetic-field distributions generated by a
single-turn YBCO coil that homogeneous and inhomogeneous currents flow. The inhomogeneous current consists
of transport and screening currents. Section 7.2.2 presents magnetic-field distributions generated by multi-turn
pancake coils under a background magnetic field. This section also differences in magnetic-field distributions due

to history of a background magnetic field.

7.2.1 Difference in magnetic-field distributions generated by a single-turn coil with homogeneous and
inhomogeneous current

Magnetic-field distributions generated by transport currents flowing in a single-turn YBCO coil with a diameter
of 18 mm [71] were calculated. The diameter of 18 mm is large enough not to damage CCs [101]. Position
(r, z) = (0 mm, 0 mm) was defined as the center of the single-turn YBCO caoil.

Figure 7-2 (a) shows distributions of the z-component of magnetic flux densities on z = 0 mm along radius of
the coil. Figure 7-2 (b) shows distributions of the z-component of magnetic flux densities on r = 0 mm along the
z-axis. In these calculations, the distributions of sheet current density described in Brandt’s critical state model
were used. A CC was divided into circular currents of the numbers of 410 along the width. Magnetic-field
distributions produced by homogeneous transport currents were drawn as the solid lines in Figure 7-2. The dashed
lines are magnetic flux densities produced by transport and screening currents. The screening currents reduce
intensities of the magnetic flux density at the center of the coil generated by a single-turn YBCO coil. As transport
currents increase, the amounts of reduction in the magnetic flux density become large. The differences between
the magnetic flux densities for I, =200 A and I, = 300 A at the center of the coil, (r, z) = (0 mm, 0 mm), are 0.01
mT and 0.10 mT. This is because the J. regions, where the currents with the critical current density flow, expand
from the both edges of CCs to the center. The expansion of the J. regions is described in Figure 3-14. Accordingly,
an intensity of a magnetic field generated by a coil wound with CCs is not proportional to the transport current
flowing in the coil. When the absolute value of the z increases, the dashed lines become larger than the solid lines.

This is because currents with high current densities flow in CCs near edges.
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Figure 7-2: (a) Distributions of z-component of magnetic flux densities on z = 0 mm along radius of the YBCO
coil. (b)Distributions of z-component of magnetic flux densities on r = 0 mm along the z-axis. The transport
currents of 200 A and 300 A are supplied to the YBCO caoil.

7.2.2  Magnetic-field distribution generated by multi-turn YBCO pancake coil under a background
magnetic field

Magnetic-field distributions generated by transport and screening currents in a 3-layered and 3-turn YBCO
pancake coil with a diameter of 18 mm were calculated. High-field superconducting magnets are composed of
several coils. In particular, YBCO CCs have high critical current density under a high magnetic field. Therefore, a
YBCO coil is used as an innermost coil of a high-field superconducting magnet. The YBCO coil is exposed to a
background magnetic field, as shown in Figure 7-3. Here, let us consider magnetic field distributions generated
by the 3-layered and 3-turn CCs near the top edge of the YBCO coil, where a magnetic field in a radial direction is
highest. A homogeneous external magnetic field is applied in a radial direction of the 3-layered and 3-turn
YBCO pancake coil. When the magnetic-field distribution is calculated, the interaction between CCs is taken into
account using the iteration method, which is described in chapter 5.

Figure 7-4 shows a difference in the distribution of the z-component of magnetic flux densities on r = 0 mm
along the z-axis due to the history of a background magnetic field. The transport current supplied to the YBCO
pancake coil is 200 A. The blue line shows a distribution of magnetic flux density along the z-axis under a
background magnetic field increasing from 0 T to 1 T. The red line shows a magnetic-field distribution during a
reduction of a background magnetic field from 5 T to 1 T. Magnetic-field distributions during charge and
discharge of an external magnetic field are different. The peak position, where the magnetic flux density is a
maximum value, shifts and homogeneity of a magnetic field changes due to the difference of a history of a
background magnetic field. This is caused by a variation of the current distribution in the CC. Figure 7-5 shows
distributions of the z-component of magnetic flux densities on z = 0 mm, 1 mm, and 2 mm along the r-axis. The
blue and red profiles show the magnetic-field distributions generated by the 3-layered and 3-turn YBCO coil
under a background magnetic field of 1 T from O T and 5 T, respectively. The solid lines, the dashed lines, and the
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triangle-and-line show the distribution on z = 0 mm, 1 mm, and 2 mm, respectively. As the position is far from the

center of the coil, the magnetic flux densities are more sensitive to the history of a background magnetic field.
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Figure 7-4: The distributions of the z-component of magnetic flux densities on r = 0 mm along the z-axis

generated by a 3-layered and 3-turn YBCO pancake coil with a diameter of 18 mm. Homogeneous magnetic field

with magnetic flux density of 1 T in a radial direction of the coil is applied.
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Figure 7-5: The distributions of the z-component of magnetic flux densities on z =0 mm, 1 mm, and 2 mm along
the r-axis generated by a 3-layered and 3-turn YBCO pancake coil with a diameter of 18 mm. Homogeneous

magnetic field with magnetic flux density of 1 T in a radial direction of the coil is applied.

7.3 Possibility of Reducing Influence of SCF

This section presents a possibility of reducing influence of SCF. Figure 7-6 shows the z-component of the
magnetic flux density along the z-axis generated by transport and screening currents flowing in a YBCO
single-turn coil whose configuration is common to the coil used in section 7.2.1. The blue, red and green lines
show distributions of magnetic flux densities induced by the coil with transport currents of 100 A, 200 A and 300
A, respectively. The solid lines are the distribution generated by the single-turn YBCO coil under a background
magnetic field with a magnetic flux density of 0.4 T from O T. The dash lines are drawn in the presence of
reversing background magnetic field from 0.5 T to 0.4 T. This is because current distributions in the YBCO CC
interaction. In fact, operations of background magnetic field and/or transport current transfer current distributions
and result in reduction of SCF.
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Figure 7-6: The z-component of magnetic flux density along the z-axis generated by transport and screening
currents flowing in a YBCO single-turn coil. The blue, red and green lines show distributions of magnetic flux
densities induced by the coil with transport currents of 100 A, 200 A and 300 A, respectively. The solid lines are
drawn as the distribution under a background magnetic field of 0.4 T during an increase. The dashed lines are

drawn in the presence of reversing a background magnetic field from 0.5 Tt0o 0.4 T.

7.4 Summary of Chapter 7

This chapter presents a method for estimating distributions of magnetic flux densities generated by a pancake
coil. This method enables us to calculate a magnetic-field distribution generated by the coil with screening
currents. In order to take into account the screening currents in CCs, the sheet current densities, which were
estimated in chapter 4, were used in this method. The calculations were carried out for a multi-turn and
multi-layer YBCO coil with a background magnetic field. The history of the background magnetic field affects the
magnetic-field distribution generated by the YBCO coil, especially the distribution along the z axis. The simple
calculation is expected to be as a useful method for estimating a magnetic-field distribution including SCF
generated by YBCO caoils.

In addition, the calculation of magnetic flux density generated by a YBCO single-turn coil gives a possibility of
reduction of drawbacks due to SCF. This result indicates that intentional operation of background magnetic field

and/or transport current is effective in consideration of reducing SCF.
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Chapter 8

Conclusions

Superconducting magnets using YBa,CuzO;.« (YBCO) coated conductors are required to generate a high
magnetic field and/or downsize. In particular, a high-field magnet generating a magnetic field with magnetic flux
density above 25 T cannot be constructed using conventional superconducting wires, NbTi and Nb3Sn wires, due
to their upper critical magnetic field. Compared with Bi2212 and Bi2223 wires, YBCO coated conductors have
high tolerance against mechanical stress. Active researches and developments of fabricating process of the YBCO
or REBCO coated conductor contribute to the applications. However, there are still some challenges to use YBCO
coated conductors as a material of practical superconducting magnets. This thesis focuses on screening current in
the coated conductor.

Critical current densities of coated conductors are not homogeneous over the width. Intensities of screening
currents correspond to superconducting critical current. Screening current affects magnetic field generated by a
superconducting magnet as follows: reduction of magnetic flux density at the center, inhomogeneity of magnetic
flux density and temporal variations of magnetic field. That is why it is very important to evaluate how screening
current flows in YBCO coated conductors. This thesis presents understandings of the current distribution and the
temporal variation of the screening current flowing in the coated conductor. Based on the understandings, a
magnetic field distribution generated by a YBCO coil is calculated.

Chapter 1 presents a background and a purpose of this thesis as stated above.

Chapter 2 describes the experimental equipments used in this research. The equipments enable us to conduct a
measurement of a magnetic field distribution under a high magnetic field in liquid helium, nitrogen, and helium
gas. The measurement provides magnetic flux densities at positions up to seven points at the same time.

In chapter 3, a model for solving current distributions in a single YBCO coated conductor is suggested. Then,
the model is verified from the agreement between the solution and experimental results. In the model, the coated
conductor is divided along the width and one-dimensional currents flow in the divided area. Magnetic-field
distributions are measured in order to estimate the current distribution. The inverse problem of Biot-Savart law is
solved using Tikhonov regularization. In the verification, it transpires that the screening-current distribution in the
coated conductor under a low magnetic field agrees with the Brandt’s model.

Chapter 4 describes current distributions estimated from the actual magnetic-field distributions using the
method verified in chapter 3. The current distributions are verified experimentally that under a high background
field, where magnetic flux exists at the center of the coated conductor, total current distributions consisting of
screening and transport currents are determined by the intensity of transport current relative to the critical current.
The critical current depends on intensity and angular dependences of a background magnetic field and
temperature. In other words, operating temperature, a transport current and a background magnetic field of a
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YBCO coil determines a current distribution in the coated conductor. On the other hand, under a low magnetic
field, the critical current is so large that an external magnetic field to be applied is dominant to the current
distributions.

Chapter 5 plays the role of binding chapter 4 and chapter 7. This chapter deals with distributions of a magnetic
field produced by the multiple YBCO coated conductors. Superconducting coils have number of layers and turns
of superconducting wires. Electromagnetic designs of YBCO coils require an understanding of interactions of
screening current in multiple coated conductors. In this chapter, a method for estimating the magnetic field
distributions generated by the multiple coated conductors is suggested. The calculation model employs the current
distribution including screening currents, which is estimated in chapter 4. The calculation results of the
magnetic-field distributions agree with experimental results very well. In addition, when the magnetic field
generated by a coated conductor is much higher than a background magnetic field, the interaction between
multiple coated conductors is negligible.

In this thesis, only chapter 6 deals with temporal variations of screening current induced field. However, the
variation is very important for designing an NMR magnet, including main coils, shim coils, and lock systems.
This chapter focuses on temporal variations of screening current induced field for multiple coated conductors. The
temporal variations can be estimated by the amount of magnetic flux in the coated conductors. The temporal
variations are very large for conventional NMR magnets, and especially, are crucial problems for constructing
YBCO-based NMR magnets.

Chapter 7 presents a method for calculating a magnetic-field distribution generated by a YBCO coil. The
method employs the current distribution in chapter 4 and then, takes into account interaction between coated
conductors, as described in chapter 5. The method was expanded to the multi-turn and multi-layered coil. This
method is useful as a method for calculating briefly magnetic field distribution. The calculation using the
distributions of coil current gives knowledge that intentional operations of transport current and a background
magnetic field are effective in order to reduce influences due to screening current.

This thesis reveals a relation between screening and transport currents in a coated conductor and then, a coil
design based on the inhomogeneous current distribution including screening current becomes possible. This
design method may promote a construction of YBCO magnet. In order to reduce the influence by screening
currents in YBCO coated conductor, controls of operating temperature, current, and background magnetic field are
effective. In addition, innovative magnet systems, such as shim coils and compensation coils for YBCO magnets

are needed.
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A: Infulence of a screening current in a coated conductor on rate of varying an external magnetic field

The difference in a screening current induced field SCF between rates of varying an external magnetic field was
examined in the experiment. The experimental setup is illustrated in Figure 2-5. The distance between the voltage
taps was 2.9 mm. The external magnetic field was increased and decreased at rate of 14.4 mT/s and 7.2 mT/s.
During the increase and decrease, we observed magnetic flux density at a position of 2 mm above the center of the
coated conductor and induced electromotive force between the voltage taps.

Figure A-1 shows the magnetic flux density and the induced electromotive force. The red and blue lines show
the values observed at rates of 14.4 mT/s and 7.2 mT/s, respectively. The two solid arrows point to what the
profiles show. The four dashed arrows denote the direction of varying the external magnetic field. The blue and
red profiles for the magnetic flux densities are superposed very well. This indicates that the value of the magnetic
flux denisty does not depend on the rate of varying the external magnetic field and the screening currents are the
critical currents. On the other hand, the hysteresis area of the red profile for the induced electromotive force is

twice the area of the blue profile. Faraday’s law is given by

vxE=-B (A1)
o

The induced electromotive force follows the Faraday’s law.
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Figure A-1: The magnetic flux density and the induced electromotive force produced by a coated conductor under

varying an external magnetic field.
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B: Discussion about solutions of one-dimensional inverse problem using the Tikhonov regularization

method

As stated in section 3.3.2, a calculation for the current distribution in the coated conductor employs the
Tikhonov regularization method. The 1 was determined to minimize the (3.3.4). Section B. 1 presents the current
distribution for variable 1. In addition, how the experimental error for positions of the Hall sensor influence is
described in section B.2. In both section B. 1 and B. 2, we discuss the current distribution in a coated conductor
under an external magnetic field with magnetic flux of 1 T perpendicular to the tape surface. The current does not
include a transport current, but only a screening current. The current distribution was calculated from the magnetic
field distribution based on the Brandt’s model.

B. 1: Difference in the solution for the variable 1 used in the Tikhonov regularization method

Figure B-1 shows the distribution of sheet current density in the coated conductor under an external magnetic
field with magnetic flux density of 1 T. The sheet current densities were estimated using variable 1. The coated
conductor is placed on -2.05 mm < x < 2.05 mm. The magnetic flux exists over the entire width of the coated
conductor under the external magnetic field with the magnetic flux density of 1 T. Therefore, the sheet current
densities are the positive and negative critical sheet current density in x < 0 mm and x > 0 mm, respectively. The
critical sheet current density under 1 T is 138 kKA/m. When 4 is more than 5 10°, the absolute values of the sheet
current densities are just about 138 kA/m. In addition, when 4 is more than 5x 10", the sheet current densities

near x = 0 mm is much larger than the critical sheet current density. Accordingly, 5% 10° is used as A in this thesis.
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Figure B-1: Distribution of sheet current density in the coated conductor under an external magnetic field with

magnetic flux density of 1 T. The sheet current densities were estimated using the variable A.
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B. 2: Difference in the solution due to the position error of the Hall sensor
Figure B-2 shows the distribution of the sheet current density in the coated conductor under an external

magnetic field with the magnetic flux of 1 T. The distributions were estimated from variable z, which is a distance

between the active area of a Hall sensor and the superconducting layer of the coated conductor, with the following
procedure:

1) The magnetic field distribution at z = 0.37 mm was estimated based on the Brandt’s model.

2) The distributions of the sheet current density were solved from the magnetic field distribution at z = 0.37 mm
using the Tikhonov regularization method. In the method, the z was arbitrarily varied as 0.37 mm, 0.5 mm,
0.6 mm, and 1 mm. The z = 0.37 mm was a correct value.

The black crosses show the distribution of the sheet current density based on the critical state model. The ideal
sheet current density, plotted as the black crosses, varies nonlinearly near the center of the coated conductor. The
distributions estimated through the inverse problem cannot adequately describe the nonlinear variation near
x = 0 mm. However, the black circles, which is the distribution for z = 0.37 mm, show the same values as the
black crosses. As the difference between the correct z (= 0.37 mm) and the variable z increases, the distributions

become more upward convex curves.
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Figure B-2: Distribution of sheet current density in the coated conductor under an external magnetic field with

magnetic flux density of 1 T. The sheet current densities were estimated using the variable z.
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