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Abstract

Particle accelerators are intricately connected to our lives, from applications in
cancer treatment to advancing cutting-edge scientific research such as particle physics.
Countries worldwide are actively developing technologies to enhance the performance
of existing accelerators or to create new facilities. A representative example is CERN’s
Large Hadron Collider (LHC) in Europe, which successfully detected the Higgs boson,
the particle mediating mass, and is currently developing the High-Luminosity LHC to
explore the mysteries of modern physics, including the Standard Model. Particle beams
manipulated by accelerators include electrons, protons, and heavy ions, which require
precise control of their position and velocity for specific operational conditions. A
key mechanism for controlling charged particles is the Lorentz force exerted by mag-
netic fields, making high-field magnets essential for particle accelerators. Low-field
regions around 1 T primarily use copper-based conventional magnets, while higher
magnetic field regions rely on NbTi low-temperature superconductor (LTS) magnets.
Recently, the focus has shifted towards the development of Nb3Sn LTS magnets. In ad-
dition, efforts to enhance accelerator performance have led to attempts to apply high-
temperature superconducting (HTS) magnets by increasing magnetic field strength.
However, these efforts are still in the early stages and require further research.

Efforts to develop dipole magnets for accelerators using HTS materials, such as
REBCO conductors, have been previously undertaken. However, no successful at-
tempt has been made to develop dipole magnets utilizing no-insulation (NI) technol-
ogy. Challenges such as the complex geometry of dipole magnets and the instability
in magnetic field uniformity caused by the current bypassing characteristic of NI mag-
nets have made the adoption of NI technology challenging. Additionally, several is-
sues intrinsic to HTS materials must be resolved before these magnets can be applied

in practical fields. One of the main challenges lies in accurately predicting the criti-



cal current of magnets made from REBCO conductors. The critical current varies not
only with the magnitude of the applied magnetic field but also with its angle, leading
to significant variations in critical current across the conductor width. This complex-
ity makes the design and operation of such magnets more difficult. Other issues, such
as screening current, mechanical stress, and quench phenomena in NI magnets, also
require further investigation.

This study explores the feasibility of applying NI HTS dipole magnets to parti-
cle accelerators. To achieve this, we improved existing magnet analysis models and
developed new ones, applying them to magnet design and analysis. The research con-
sists of three main parts: 1) development of analysis models, 2) design, fabrication, and
operation of the dipole magnet, and 3) evaluation of measurement results and improve-
ment of magnetic field uniformity. Due to the saddle-shaped geometry of dipole mag-
nets, conventional finite-element-method-based screening current analysis is difficult.
To overcome these challenges, we devised circuit-based analysis methods, techniques
to accelerate inductance calculations, and 3D magnetic field analysis models using
distributed-circuit approaches. To address the critical current challenges of HTS con-
ductors, we proposed a standard dataset and introduced the widthwise average method,
which was validated through experiments.

To verify the performance of NI dipole magnets and the developed models, we
designed a dipole magnet with a central magnetic field of 0.7 T and developed wind-
ing and assembly techniques to fabricate the magnet. We also constructed a conduction
cooling system for magnet cooling and a mapping system for measuring magnetic field
uniformity. Using these setups, we successfully operated the NI dipole magnet for the
first time and validated that the target central magnetic field was achieved. Magnetic
field uniformity measurements were performed, and discrepancies with the analysis
model were evaluated. Furthermore, to improve the measured magnetic field unifor-

mity, we introduced the ferroshim technique, designed and fabricated ferroshims, and
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verified uniformity improvements through additional experiments. Finally, we identi-
fied areas for improvement and outlined future research directions for the development

of high-field NI HTS dipole magnets.

Keywords: Dipole magnet, High-temperature superconductor, No-insulation, Particle
Accelerator, Saddle-shaped magnet
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Chapter 1

INTRODUCTION

1.1 Superconducting Dipole Magnet System for Future High-

field Particle Accelerators

1.1.1 Global Projects for High-Performance Particle Accelerators through
High-Field Magnet Development

The development of high-performance particle accelerators is a key driver of progress
in fundamental physics, medical applications, and industrial technologies. One of the
main challenges in the development of these accelerators is the creation of high-field
magnets that can generate stronger magnetic fields while maintaining stability and
efficiency [1-8]. These magnets are crucial for steering, focusing, and accelerating
charged particles within accelerators, particularly in next-generation designs [9, 10].
Currently, numerous projects are underway worldwide to develop such superconduct-
ing magnets as shown in Figure 1.1.

Building upon the success of the Large Hadron Collider (LHC) [11,12], CERN has
proposed the Future Circular Collider (FCC) as a next-generation facility to explore the
frontiers of particle physics [13—18]. The FCC aims to achieve collision energies sig-

nificantly beyond those of the LHC, facilitating a deeper understanding of fundamental



forces, particles, and the universe’s origins. The FCC is envisioned as a 100-kilometer
circular collider, dwarfing the 27-kilometer LHC. This ambitious design is intended
to explore phenomena such as dark matter, precision Higgs boson measurements, and
the search for new particles. It will initially operate as FCC-ee before transitioning into
FCC-hh capable of achieving center-of-mass energies of up to 100 TeV—more than
seven times the energy of the LHC. Extensive research is underway to optimize Nb3Sn
and explore next-generation materials like high-temperature superconductors (HTS).
These materials will play a critical role in achieving the high magnetic fields necessary
for steering and focusing high-energy beams within the FCC’s massive structure.

The Muon Collider has the potential to revolutionize particle physics by enabling
precise measurements of the Higgs boson’s properties, exploring multi-TeV energy
scales, and providing a clean experimental environment for new physics discoveries.
The project has garnered global interest, with collaborations involving CERN, Fer-
milab, and institutions worldwide [19-21]. Feasibility studies, including simulations
and prototype testing, are actively underway. The compact nature of a Muon Collider
necessitates high-field magnets capable of efficiently bending and focusing the muon
beams. These magnets must operate in challenging conditions due to the short lifetime
of muons (2.2 ps at rest) and the high levels of radiation produced during muon decay.
Advanced superconducting materials, such as Nb3Sn and HTS, are being explored to
meet these demands. The Muon Collider is envisioned to achieve center-of-mass en-
ergies of several TeV, comparable to or exceeding the capabilities of future proton
colliders like the FCC-hh. This makes it an ideal candidate for studying phenomena
such as Higgs boson pair production, electroweak symmetry breaking, and potential
new particles beyond the Standard Model.

The Electron-Ion Collider (EIC) is a next-generation particle accelerator currently
under development in the United States [22-24]. It aims to provide unprecedented
insights into the internal structure of protons, neutrons, and nuclei by colliding high-

energy electrons with various ion species. Located at the Brookhaven National Lab-
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Figure 1.1: Global projects for particle accelerators with high-field magnet. (a)
CERN’s FCC project [25], (b) Fermilab’s Muon Collider project [26], (c) BNL’s
Electron-Ion Collider project [27], (d) China’s Circular Electron-Positron Collider

project [28].

oratory (BNL), the EIC will expand our understanding of quantum chromodynamics
(QCD), the fundamental theory describing the strong interaction. Decades after the
discovery of the proton’s spin, its origin remains one of the most intriguing myster-
ies in particle physics. The EIC will help quantify the contributions of quarks, gluons,
and orbital angular momentum to the proton’s overall spin. Advanced superconducting
magnets will steer and focus the electron and ion beams. These magnets must provide
high field strength and stability to accommodate the high-energy collisions.

The Circular Electron-Positron Collider (CEPC) is a next-generation particle ac-



celerator proposed by China to explore the Higgs boson and other fundamental aspects
of the universe [29-31]. As part of the nation’s growing commitment to advancing
particle physics, the CEPC is envisioned to be the world’s largest electron-positron
collider, with a circumference of approximately 100 kilometers—comparable to the
proposed FCC in Europe. The CEPC aims to act as a ‘Higgs factory,” producing mil-
lions of Higgs bosons in a clean electron-positron collision environment. This will en-
able highly precise measurements of the Higgs boson’s couplings, decay channels, and
self-interactions, which are crucial for understanding electroweak symmetry breaking.
High-field superconducting magnets are essential for bending and focusing the beams
within the CEPC’s large circular structure. Research is focused on enhancing the per-

formance and cost-effectiveness of Nb3Sn and other advanced materials.

1.1.2 Previous Dipole Magnets and Key Challenges

In accelerator systems, dipole magnets are indispensable components that play a criti-
cal role in guiding, controlling, and stabilizing the trajectory of charged particle beams.
These magnets generate a uniform magnetic field, which interacts with the electric
charge of the particles, forcing them to move along a curved path. This bending action
is fundamental for maintaining the circular or elliptical trajectories required in most
accelerators, such as synchrotrons and colliders. The ability of dipole magnets to pre-
cisely guide particles is determined by their magnetic field strength, which must be
carefully calibrated to match the momentum and energy of the particle beam [32,33].

As particles are accelerated to higher energies, their momentum increases, neces-
sitating stronger magnetic fields to maintain the desired curvature of their path. Dipole
magnets are designed to adapt to these changing conditions by varying the magnetic
field strength in real-time, ensuring that the particles remain confined to their desig-
nated orbit. Without this dynamic adjustment, the beam could deviate from its intended
path, resulting in beam loss or damage to the accelerator components.

In addition to trajectory control, dipole magnets are extensively used in beam steer-



ing applications. They are crucial for deflecting the particle beam into specific direc-
tions, such as injecting the beam into the main accelerator ring or extracting it for
delivery to experimental targets. This precision steering is vital for ensuring that the
beam enters and exits the system efficiently and with minimal loss. Furthermore, dipole
magnets are employed in beamline corrections, where they counteract small deviations
or misalignments in the particle trajectory. This corrective capability is essential for
maintaining the overall stability, focus, and quality of the beam [10, 34].

High-energy accelerators, which are used in particle physics and advanced ma-
terials research, place even greater demands on dipole magnet performance. In these
systems, the magnets must bend particle beams traveling at relativistic speeds, where
the momentum is extremely high. To achieve the required magnetic fields, advanced
superconducting dipole magnets are often used. These magnets, constructed using ma-
terials like Nb3Sn or NbTi, can generate magnetic fields exceeding 10 T while min-
imizing energy losses due to electrical resistance. Their ability to sustain strong and
stable fields under extreme conditions makes them indispensable for next-generation
accelerators, such as the High-Luminosity Large Hadron Collider (HL-LHC) and fu-
ture circular colliders [35-39].

Beyond their primary role in trajectory control and beam steering, dipole mag-
nets also contribute to the broader functionality of accelerators. For example, they are
instrumental in creating specific experimental conditions by selectively bending and
separating particles of different energies or charge states. This capability is particu-
larly useful in experiments requiring highly controlled beam parameters or in facilities
that operate with multiple particle types simultaneously.

These dipole magnets have been constructed using various methods depending
on the target central magnetic field strength. For magnets generating relatively low
fields below 2 T, copper electromagnets or permanent magnets have predominantly
been used instead of superconducting materials. In contrast, to create dipole magnets

with fields exceeding 2 T, NbTi superconducting wires were historically the primary



material of choice. Figure 1.3 illustrates dipole magnets that have either been success-
fully operated or designed, plotted against their central magnetic field strength by year.
Copper electromagnet dipole magnets have been employed in various storage rings
worldwide, including South Korea’s PLS-II [40] as shown in Figure 1.2 (a), Japan’s
KEKB [41], Canada’s CLS [42,43], and so on [44-49]. Additionally, prominent ex-
amples of NbTi superconducting magnets include those used in CERN’s LHC [50]
as shown in Figure 1.2 (b), Brookhaven National Lab’s RHIC [51], Fermilab’s Teva-
tron [52], and many more [53-58]. Increasing the central magnetic field allows for ac-
celerating higher-energy particle beams and enhancing the accelerator’s performance
by increasing luminosity, driving a continuous effort to achieve higher field strengths.
However, due to the critical magnetic field limit of NbTi, magnets surpassing 8 T have
been designed using materials like Nb3Sn, which possess superior critical magnetic
field properties [59—62]. Currently, the HL-LHC magnets are designed to operate at 11
T, with their construction and operation forthcoming.

Since the 2010s, the design and fabrication of dipole magnets using HTS wires
have been actively explored. In particular, efforts to utilize REBCO-coated conductors,
commercially available under the name 2G HTS conductor, have been increasing [63—
67]. Additionally, a 20 T magnet design combining Bi-2212 and NbsSn wires has
been proposed [68]. However, employing HTS wires remains challenging due to the
relatively immature state of magnet technology development. As a result, large-scale
projects or high-field magnet development initiatives involving HTS are rare, and the
verified magnetic field levels of existing HT'S magnets remain relatively low, below 3
T [69-72].

From the perspective of HT'S magnets as shown in Figure 1.2 (c) and (d), the
key challenges lie in the consistency and reliability of the superconducting wires, as
well as in addressing quench protection issues [76, 77]. Compared to conventional
LTS wires, HTS wires exhibit lower consistency and are more vulnerable to problems

such as delamination. Unlike NbTi wires, which can be easily wound or cabled due to



Figure 1.2: Dipole magnets made with various conductors. (a) Copper dipole magnet
of PLS-II [73], (b) LTS dipole magnet of CERN LHC [74], (c) Bi2212 HTS dipole
magnet of LBNL [75], (d) REBCO HTS dipole magnet of CERN [65].

their metallic properties, HTS wires present significant hurdles for practical applica-
tions. The advent of NI magnet technology [78] has provided a potential solution to
the quench protection problem; however, quenches in HTS magnets still pose serious
risks, including potential damage or even melting of the magnet. Furthermore, REBCO
magnets face the additional challenge of mitigating the degradation of magnetic field
uniformity caused by screening currents [79-81]. Unlike LTS wires, which consist of
very thin filaments, REBCO wires have a thin but wide geometry that can result in
significant nonuniform current distribution. This nonuniformity directly impacts mag-
netic field uniformity, a critical parameter for particle accelerators where performance
heavily depends on precise magnetic fields. Addressing these issues is essential for the

successful integration of HT'S magnets into particle accelerator applications.
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Figure 1.3: Comparison of coil conductor materials and magnetic field strengths of

dipole magnets developed or designed in the history of particle accelerators.

The cooling method for magnets is also a critical issue. Traditional superconduct-
ing magnets have relied on liquid helium for cooling, resulting in large-scale cooling
systems and high operating costs [82, 83]. This reliance stems from the low critical
temperature of LTS materials, which require extremely low temperatures around 4 K
to achieve optimal performance, with some high-performance applications even uti-
lizing pressurized superfluid helium at approximately 1.8 K [84]. In contrast, REBCO
has a significantly higher critical temperature of around 93 K and can maintain suffi-
cient performance at temperatures in the range of 10 to 20 K, eliminating the necessity
for liquid helium cooling. This opens up options such as conduction cooling systems
using cryocoolers [85,86] or gas helium cooling systems [87,88]. Developing technol-
ogy to operate these cooling systems efficiently and manufacture them in a compact

form is essential for advancing HTS magnet applications.



1.2 High-temperature Superconducting Magnet as Potential

Technical Solution for Dipole Magnet

1.2.1 Background and Applicability of No-insulation High-temperature

Superconducting Magnet Technique

Since the HTS NI magnet technique was first proposed in 2011 [78], various high-field
magnets have been developed using the NI approach. The NI technique is implemented
by removing the insulation between the wires within the coil as shown in Figure 1.4
(a). Since the resistance of a superconductor becomes zero below its critical tempera-
ture, current flows along the winding direction even without insulation between turns
during steady-state operation. The contact resistance between turns provides sufficient
insulation under such conditions, enabling nominal operation without dedicated insu-
lation. Furthermore, if a local hot spot arises due to an internal defect or an external
disturbance at a specific turn, the current can bypass through turn-to-turn contacts,
aiding in coil protection and enhancing operational reliability. The key advantages and

disadvantages of the NI HTS coil are summarized as follows:

¢ (Pros 1) Defect and disturbance tolerance: NI HTS coils demonstrate stable
operation even in the presence of internal defects or external disturbances, en-

abling the fabrication and operation of highly reliable coils.

* (Pros 2) Enhanced mechanical properties: Removing insulation materials be-
tween turns allows for a more compact coil structure with improved mechanical

robustness due to the absence of soft insulating layers.

* (Pros 3) Mitigation of permanent thermal damage: In insulated HTS coils, a
quench can result in local hot spots causing irreversible thermal damage. Con-
versely, in NI HTS coils, the current can bypass these hot spots, significantly

reducing the likelihood of local thermal runaway.
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Figure 1.4: A basic explanation of NI characteristics. (a) Schematic diagram illus-

trating the current bypassing characteristics of NI coils [89], (b) Charging delay phe-

nomenon caused by current bypassing characteristics [78].

* (Cons 1) Charging delay caused by bypassing current through turn-to-turn
contacts: In NI HTS coils, bypassing current through turn-to-turn contacts can
lead to delays during charging and discharging processes as shown in Figure
1.4 (b). Furthermore, transient operations such as changes in external magnetic
fields or fluctuations in operating current may generate bypassing currents, caus-

ing temporary fluctuations in the magnetic field.

(Cons 2) Joule loss due to bypassing current: Currents passing through the
contact resistance between turns result in Joule losses. For NI HTS coils, eval-
uating this extra inter-turn Joule loss is essential for optimizing the cryogenic

system design.

(Cons 3) Difficulty in achieving uniform contact resistance: Contact resis-
tivity in NI magnets is influenced by pressure and surface conditions, making
it challenging to control during the winding process. Additionally, predicting

contact resistivity before coil testing is nearly impossible.

NI magnet technology is regarded as a crucial option for high-field magnet devel-

opment and has been successfully implemented, demonstrating the intended perfor-

mance [90,91]. Initially, technological validation was primarily conducted on solenoid-
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type high-field magnets. The 26 T magnet as shown in Figure 1.5 (a) developed by
MIT and SuNAM demonstrated for the first time that REBCO magnets could achieve
magnetic field levels unattainable with LTS materials [92]. Following this, REBCO
magnets utilizing NI technology were successfully employed in practical applications,
such as the 18 T axion detection magnet [93] and the 9.4 T NMR magnet [94] as
shown in Figure 1.5 (b). The 45.5 T LBC3 magnet, which reached the world’s high-
est DC magnetic field, proved that NI magnets could endure extremely high magnetic
field environments [95].

Efforts to mitigate the limitations of NI technology through modifications are
also ongoing. Japan’s RIKEN developed a magnet employing the ‘intra-layer NI’
technique, achieving a magnetic field of 31.4 T [96, 97]. France’s CNRS Grenoble
succeeded in reaching 32.5 T using a magnet based on the metal insulation method
[98,99]. Meanwhile, China’s Chinese Academy of Sciences achieved 32.35 T, setting
the record for the highest magnetic field among all-superconducting magnets [100].
These continuous attempts to enhance magnetic field performance through NI and
modified NI technologies demonstrate the growing potential of these approaches.

These advancements are also being applied to devices in other fields. Notably, the
fusion energy sector, which requires compact high-field magnets, has seen significant
efforts in this direction. Commonwealth Fusion Systems, a spin-off from MIT, is uti-
lizing NI technology to manufacture TF coils for the SPARC project as shown in Fig-
ure 1.5 (c), achieving a record magnetic field of 20 T [101]. Similarly, the UK-based
Tokamak Energy is applying NI technology to develop magnets, progressing through
milestones aimed at building fusion devices [102].

In the accelerator field, initiatives employing NI technology are also underway.
CERN has proposed the GaToroid concept [103] as shown in Figure 1.5 (d), which
involves using NI magnets for particle therapy. In Korea, the Pohang Accelerator Lab-
oratory (PAL) has developed a 5 T wavelength shifter insertion device for the PLS-II

storage ring, conducting various experiments to further refine the technology [104].
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Figure 1.5: Examples of a no-insulation magnet development. (a) 26 T solenoid NI
magnet developed by MIT and SuNAM [92], (b) 9.4 T NI magnet for NMR devel-
oped under the leadership of KBSI [94], (c) Tokamak design based on NI magnets by
Commonwealth Fusion Systems [105], (d) GaToroid design based on NI magnets by
CERN [103].
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1.2.2 Requirements for Development of High-temperature Superconduct-

ing Dipole Magnet: Analysis Methods and Experimental Study

There have been rare previous cases of using NI magnet technology to fabricate saddle-
shaped dipole magnets. Existing attempts can largely be categorized into those utiliz-
ing insulated magnets and those employing CORC cables. NI technology was con-
sidered more challenging for magnets requiring high magnetic field uniformity due to
the occurrence of bypassing currents. In the case of REBCO conductors, significant
screening currents arise, and this uncertainty in current distribution poses difficulties
for developing dipole magnets.

To address these issues, improvements in analysis and design methodologies, along
with their validation, are necessary. This study focuses on resolving these challenges.

Specifically, the required developments can be summarized as follows:

* The analysis of NI magnets can be broadly divided into three parts: electromag-
netic, mechanical, and thermal, with ongoing research in each area. In the elec-
tromagnetic domain, key issues include screening currents and critical current
estimation. For solenoid magnets, FEM-based methods such as A formulation
and 7T'- A formulation have been used to analyze screening currents. However, for
saddle-shaped magnets, which are representative of dipole magnet geometries,
a well-established analysis method for screening currents has yet to be devel-
oped. Circuit models, which are widely studied, face challenges in calculating
inductance for non-planar magnet geometries. Additionally, predicting the criti-
cal current, a fundamental property of superconducting magnets, is particularly
difficult for REBCO magnets. This challenge arises from the anisotropic nature
of REBCO conductors’ critical current with respect to magnetic field strength
and angle. Accurately estimating critical current affects screening current distri-
bution and is closely related to quench phenomena, underscoring the need for

advancements in analytical methods.
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* Mechanical analysis also requires the establishment of methods tailored for
dipole magnets. In particular, bending strain at the coil-end part is critical for
saddle-shaped magnets. While the ‘constant perimeter winding’ technique is
well-known, its direct application during the winding process is often impracti-
cal due to factors such as conductor thickness and design constraints. Thus, an
analysis method that incorporates more realistic conditions is necessary. Simi-
larly, thermal analysis must consider the comprehensive effects of Joule heating
caused by bypassing currents and the magnet’s cooling conditions. Developing
such integrated analysis methods is essential for ensuring the effective design

and operation of these magnets.

* Challenges also exist in experimental validation. Since there are no prior exam-
ples of fabricating NI saddle-shaped magnets, basic verification of manufactur-
ing techniques, including winding processes, is essential. Additionally, because
the magnetic field uniformity produced by the magnet plays a critical role in
particle accelerator applications, experiments to measure and evaluate this uni-
formity are necessary. For experiments employing conduction cooling systems
without cryogenic liquids, it is crucial to design and implement a system ca-
pable of providing sufficient cooling and to conduct validation through these

experiments.

1.2.3 Role of Saddle-shaped Dipole Magnet in Synchrotron

Synchrotrons are vital components of modern particle accelerators, enabling high-
energy particle collisions and facilitating numerous applications in science, medicine,
and industry. Dipole magnets are essential in synchrotrons, providing the magnetic
fields needed to bend charged particle beams along their circular trajectory. Among
various dipole magnet designs, saddle-shaped dipole magnets have emerged as a promis-
ing solution for enhancing synchrotron performance, particularly in achieving higher

magnetic field uniformity and compact accelerator layouts [106].
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A synchrotron operates by accelerating charged particles, such as electrons or pro-
tons, within a circular trajectory while synchronized electromagnetic fields maintain
beam stability and energy. Dipole magnets play a critical role in bending the parti-
cle trajectory and confining the beam within the synchrotron’s circular path. Saddle-
shaped dipole magnets stand out in this application due to their ability to generate
uniform magnetic fields over the beam path, a crucial factor for beam stability and effi-
cient particle acceleration. Additionally, the compact design of saddle-shaped magnets
allows for more efficient use of space, enabling the construction of smaller synchrotron
facilities without compromising performance.

The development of saddle-shaped dipole magnets addresses several challenges
associated with synchrotron design and operation. One key challenge is maintaining
magnetic field uniformity, which is critical for high-energy beams to ensure consistent
particle trajectories and minimize beam loss. Saddle-shaped magnets, with their opti-
mized geometry and advanced winding techniques, provide a highly uniform magnetic
field, making them ideal for synchrotrons operating at high energy levels. Furthermore,
as synchrotrons aim to achieve higher beam energies, compact accelerator designs be-
come increasingly important. Saddle-shaped dipole magnets achieve high magnetic
field strengths within smaller dimensions, facilitating the construction of compact and
cost-effective synchrotrons.

Another advantage of saddle-shaped dipole magnets is their compatibility with ad-
vanced cryogenic cooling systems. Unlike traditional superconducting magnets that
require liquid helium cooling to operate at temperatures near 4 K, HTS saddle-shaped
magnets can function efficiently at temperatures of 10-20 K. This reduces the depen-
dence on liquid helium, lowers cooling costs, and simplifies the overall cryogenic sys-
tem design. These attributes make saddle-shaped dipole magnets particularly attractive
for synchrotrons that require high-field magnets but seek to reduce operational com-
plexity and costs.

Saddle-shaped dipole magnets also have applications beyond beam bending in syn-
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chrotron rings. They are particularly advantageous in synchrotrons designed for high-
energy physics experiments, medical particle therapy, and synchrotron light sources.
For instance, compact synchrotrons used in cancer treatment rely on the high field
strengths and uniformity provided by saddle-shaped magnets to deliver precise and ef-
fective treatments. Similarly, synchrotron light sources, which produce high-intensity
radiation for material science and biological research, benefit from the improved mag-
netic field quality and control offered by these magnets.

Despite these advantages, saddle-shaped dipole magnets must address challenges
such as mitigating screening currents and achieving precise magnetic field uniformity.
Techniques such as ferroshimming, where small ferromagnetic pieces are strategically
placed to correct magnetic field distortions, have been successfully applied to enhance
field uniformity. These innovations ensure that saddle-shaped dipole magnets can meet
the stringent requirements of modern synchrotrons.

Thus, saddle-shaped dipole magnets represent a significant advancement in syn-
chrotron technology. By addressing challenges related to magnetic field uniformity,
compact design, and thermal management, they enable synchrotrons to achieve en-
hanced performance across a wide range of applications. As the demand for high-
performance particle accelerators continues to grow, the integration of saddle-shaped
dipole magnets will play a pivotal role in advancing synchrotron technology for scien-

tific, medical, and industrial purposes.

1.3 Goal and Significance of This Study

This study focuses on the applicability of NI HTS saddle-shaped dipole magnets to
particle accelerators. Among the various criteria necessary for application to particle
accelerators, the research examines the effects of screening currents on magnetic field
uniformity and operational stability. Therefore, the primary objective of this study was

not the production of a high-field dipole magnet itself. Instead, establishing and val-
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idating the foundational technologies for the design, fabrication, and operation of NI
saddle-shaped dipole magnets will serve as a stepping stone toward acquiring the tech-
niques required for developing high-field magnets. The specific objectives of this study

are as follows:

* Proposal of analysis models and fabrication methods for an NI HTS saddle-

shaped dipole magnet

* Design and construction of the first NI HTS saddle-shaped cosine-theta dipole

magnet

* Experimental validation of operation characteristics and performance of NI HT'S

saddle-shaped dipole magnet

* Design, fabrication, and installation of ferroshim for enhancement of magnetic

field uniformity

The significance of this study, in connection with the aforementioned objectives,

is as follows:

* First suggestion of various analysis models for NI HTS saddle-shaped dipole
magnet: This study introduces the first analytical models related to saddle-
shaped magnets. These include a distributed circuit model for analyzing screen-
ing currents in nonplanar coil configurations and a high-speed inductance cal-
culation method for utilizing the model. Additionally, a predictive model for the
critical current of magnets is proposed, along with a practical method incorporat-
ing hard-way bending-free conditions for coil-end parts. Furthermore, a thermal
analysis model for conduction cooling characteristics is applied to analyze the

temperature profile.

* Validation on applicability of NI HTS dipole magnet through experiments:
Fabrication of an NI saddle-shaped magnet was undertaken for the first time,

followed by experimental validation. Structures for winding, such as a universal
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joint, were devised and utilized to manufacture the coil. Additionally, essential
structures for assembling the magnet were designed and their effectiveness vali-
dated. The magnet was cooled without cryogens using a conduction cooling sys-
tem, and its performance was verified by measuring magnetic field uniformity

with a field-mapper, alongside assessments of the cooling system’s efficiency.

* First validation of passive shimming method: A ferroshim technique for saddle-
shaped magnets was developed and its performance was validated. A design
model was established to adapt the ferroshim technique, previously used for
NMR magnets, to saddle-shaped magnets. This model was applied to the mag-
netic field distribution of the fabricated saddle-shaped magnet to design and cre-
ate the ferroshim. The ferroshim was then installed in the bore of the magnet,
and its effectiveness in improving magnetic field uniformity was measured and

confirmed.

1.4 Thesis Structure

This thesis consists of six chapters. The first chapter INTRODUCTION’ discusses the
background, objectives, and significance of the research. It introduces the background
of dipole magnets used in particle accelerators and ongoing developments in high-field
accelerator magnets. Additionally, it explains the NI technology that can be utilized in
the development of such magnets and the requirements for applying this technology
to saddle-shaped magnets. The chapter also defines the challenges addressed in this
study and outlines the research objectives and the significance of the accomplishments
achieved during the research process.

Chapter 2 ‘ANALYSIS METHODS FOR SADDLE-SHAPED DIPOLE MAG-
NET ADOPTING NO-INSULATION TECHNIQUE’ discusses the analytical models
for saddle-shaped magnets. It advances existing circuit analysis models for screening

current evaluation and develops an inductance calculation method. To address the chal-
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lenging issue of predicting the critical current of REBCO magnets, the widthwise av-
erage method is introduced. Additionally, harmonic analysis techniques for magnetic
field distribution are incorporated into the magnet design process. Finally, a practi-
cal end-coil optimization method is developed to minimize hard-way bending during
design.

Chapter 3 ‘DESIGN, CONSTRUCTION, AND OPERATION OF SADDLE-SHAPED
DIPOLE MAGNET’ outlines the overall design, fabrication, and experimental setup
for operating the magnet at the core of this study. The magnet used in this research
is designed for a central magnetic field of 0.7 T with a winding diameter of 110 mm,
and optimization techniques were applied during the design process. Mechanical and
thermal analyses were conducted to refine the design, addressing challenges encoun-
tered during fabrication to construct the magnet based on these final specifications.
Additionally, the chapter describes the experimental setup for conduction cooling ex-
periments. Furthermore, it includes details about the demonstration magnet used for
experiments such as fast ramping tests.

Chapter 4 ‘EXPERIMENTAL RESULTS AND ANALYSIS OF HTS SADDLE-
SHAPED DIPOLE MAGNET’ presents the experimental results of the magnet. The
measured magnetic field uniformity using a field mapper is detailed, and the effects
of screening current on magnetic field uniformity are analyzed. Harmonic analysis
of the magnetic field distribution is conducted to evaluate the temporal stability of
the magnetic field. Additionally, ferroshim was designed, installed in the magnet’s
bore, and its effectiveness in improving magnetic field uniformity was assessed. Lastly,
the chapter discusses the analysis of errors in magnetic field uniformity caused by
geometric deformation observed in the demonstration magnet experiments, as well as
the results of fast ramping tests.

The last chapter ‘CONCLUSION’ presents the conclusion of the thesis and pro-

vides a summary of the overall content.
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Chapter 2

ANALYSIS METHODS FOR SADDLE-SHAPED DIPOLE
MAGNET ADOPTING NO-INSULATION TECHNIQUE

The saddle-shaped magnet, due to its unique nonplanar structure, requires different an-
alytical techniques from those used for conventional high-temperature superconduct-
ing (HTS) magnets. When conducting experiments to evaluate the performance of the
saddle-shaped magnet after construction, the measurable electromagnetic parameters
mainly include voltage, critical current, and magnetic field distribution. To reproduce
these parameters through analysis, an appropriate analytical model is required, but
such a model has not been sufficiently developed in the past.

In this study, a distributed circuit model was developed to analyze the voltage
and current distribution within the saddle-shaped magnet. A numerical method was
proposed to quickly calculate the inductance required when applying the distributed
circuit. Additionally, the precise critical current estimation problem, which has been
considered a challenge for HTS magnets, was solved using the distributed circuit ap-
proach. We also analyzed the magnetic field generated by the saddle-shaped magnet
and conducted calculations for the harmonic coefficient, which significantly affects
the characteristics of the actual beam. A method was developed to assess the impact of

screening currents and ferroshim on the harmonic coefficient.
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Meanwhile, in the mechanical analysis of the saddle-shaped magnet, the key is-
sue lies in the bending strain at the magnet’s ends. Since the well-known constant
perimeter winding technique cannot be directly applied to actual windings, a practi-
cal solution is suggested. Furthermore, a mechanical analysis model was developed to

address the operational characteristics of the magnet.

2.1 Nonuniform Current Distribution and Voltage Simula-

tion Method

Traditionally, the finite element method (FEM) has been extensively employed to repli-
cate the behavior of superconducting magnets. Techniques such as the H formulation,
T'- A formulation, and H-¢ formulation have been utilized to model the nonlinear prop-
erties of superconducting materials. However, no-insulation (NI) HTS coils exhibit dis-
tinct voltage-current characteristics due to the bypass current flowing between adjacent
turns, prompting the adoption of various circuit models to describe the electromagnetic
behavior of these coils. These models incorporate an additional bypass path into the
conventional circuit model of insulated HTS coils, which typically includes only in-
ductance and an index resistance governed by the superconductivity power-law. To
accurately represent this bypass path, the contact resistivity (R.;) of the REBCO con-
ductor is taken into account. Despite this, researchers are still investigating the factors
influencing contact resistivity and exploring methods to effectively control it. From
the contact resistivity, the resistive circuit element named characteristic resistance (or

contact resistance) can be calculated as follows [107]:

Pct
R.=—/7, 2.1
5., (2.1

where S.; represents the contacted area.
In this study, two advanced circuit analysis models are suggested: 1) the FEM-
circuit sequential model, which combines FEM with the circuit analysis model to ana-

lyze screening currents and NI characteristics, and 2) the widthwise-segmented circuit

21



Source Distributed-circuit model

4 Iop 1% turn 2" turn N turn
Lop (1)
f:t—)Iop(t) Rc(lap_lﬂ) =Md_:+Rsc19
19(t) = (o o2 Jow)
v Magnetic field
T-A formulation model distribution
1D tape
e E/ . = K(t) K
/ / = J(t)8 Magnetic field
/ , generated by surface
J=VXxT / current density, K(t)
/ ’
Vx(pVxT):—%—’: / B(r) —
Mo KdS) xr'
Ipje = (Type = T2p )8 a EI [r'|3

Figure 2.1: A flowchart for suggested sequential simulation model consisting of

distributed-circuit model and 7'- A formulation method.

model, which divides the width of the REBCO conductor to incorporate the analysis

of both aforementioned aspects.

2.1.1 FEM-circuit Sequential Model

The T-A formulation accurately simulates the screening current distribution in insu-
lated magnets, as demonstrated through AC loss measurement experiments. However,
in the case of NI magnets, additional bypass current paths form between turns, mak-
ing it impossible to analyze them using the conventional T-A formulation. Thus, a

sequential simulation method, as shown in Figure 2.1, was suggested consisting of
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both distributed-circuit and 7'-A formulation models to analyze the current distribu-
tion caused by both turn-to-turn contact and the screening current [108]. The simula-

tion sequence is as follows:

* Define the operating current function, I, (¢), for a specific time domain.

* Import the operating current function into the distributed-circuit model’s source.
The azimuthal current, Iy, and the radial current, I, for each turn are calculated

and exported.

 Import the azimuthal current simulated from the previous step into the 7-A for-
mulation model. The azimuthal current for each turn is considered as the trans-
port current in this model. The current density along one dimensional layer, J (¢)

are calculated and exported.

* Consider the surface current density, K (t) = J(t)d, and calculate the magnetic

field distribution based on two dimensional integration of Biot-Savart law.

Therefore, the effect of current distribution due to the radial current and the screen-
ing current on magnetic field distribution can be analyzed by this method, and the
simulation results will be compared with the experimental results in the following sec-

tions.

2.1.2 Widthwise-segmented Circuit Model

FEM-based analysis models still have the drawback of requiring significant compu-
tation time. An efficient circuit analysis model can quickly calculate the electromag-
netic characteristics of NI magnets during operation. To achieve this, this study pro-
poses the widthwise-segmented circuit model. This approach involves dividing the
HTS tape along its width, enabling the construction of a simplified circuit model by

omitting many components, as the potential along the widthwise direction remains
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nearly equipotential [109, 110]. If it is assumed that the current gradient within a sin-

gle turn does not vary significantly, the model can be extended by incorporating the

azimuthal components of the turn-distributed-circuit model as shown in Figure 2.2.

Then, the governing equation can be derived as follows:

dly c(i-1)+j
Vi= M((ifl)+jT + Ve cti—1)+iLo,c(i—-1)45) = Beilris

Ly Mo -+ Mi¢n M,
My Ly - Myen M,

M p— jC p— ,
Mengi Meno -+ Len M¢n

Tocii—1)+5 o

¢
[r,i = Iop - Z IG,C(ifl)Jrjv
j=1

dl -
CT: =M YR.l,p — Vi(Iy) — RIp),
Iy = (Ip1, D2, -, loen)”

)
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Rc — (RC,bRc,la"' 7Rc,17RC,2>"' 7R027 """ 7RCN) 5
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(2.5)

(2.6)
Q2.7)

(2.8)

(2.9

(2.10)

where Iy ;, I, 14, Li, M; j, l;, R, ¢, and N represent the azimuthal current flow-

ing through *" element, radial current flowing through * turn, critical current of i

element (which is determined by magnetic field, inclination angle, and temperature),

self-inductance of 7" element, mutual inductance between i and 7 th element, length

of i*" element, characteristic resistance of 7" element, the number of widthwise seg-

ments of each turn, and the number of total turns, respectively.
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Figure 2.2: Widthwise-segmented circuit model of an NI HTS coil for simulation of

screening current

2.2 Fast Inductance Calculation Method

To calculate the aforementioned circuit models, the inductance should first be cal-
culated. When considering the magnet as larger segments, as in the lumped circuit
model, the inductance can be calculated by either evaluating the magnetic energy
through FEM or finding a closed-form inductance formula based on the Neumann
formula. However, for the distributed circuit model, where the magnet is divided into
smaller units, these methods become impractical or inefficient. Traditional numerical
integration methods required for inductance calculation have the drawback of being
time-consuming. In this study, a computational method that leverages vectorization

and symmetry conditions to reduce the computation time for inductance is suggested.

2.2.1 Numerical Calculation of Inductance Based on Neumann Formula

The basic formula used to calculate inductance is the Neumann formula [111], which

can calculate the mutual inductance between two finite line segments. The form of the
dx; - d
/ / % - 4% @.11)
|xi — x5’

25

formula is as follows:



where x; and x; represent position vectors for the line segments.

The above equation provides four types of closed-form solutions depending on the
positional relationship between two segments. These relationships are as follows: 1)
two parallel segments; 2) two segments meeting at a single point; 3) two segments
lying on the same plane but not intersecting; 4) two segments not located on the same
plane. Considering that the superconducting layer of the REBCO tape is extremely
thin, the inductance calculation for HTS magnets can be simplified to finding the mu-
tual inductance between very thin rectangular pieces, ignoring their thickness. This

mutual inductance can be calculated using the following equation:

Wa Wh Lo L1 s 2

Ho 12
M=—— — _dxidzady1dys, 2.12
W, W /0 /0 /0 /0 vy = x| x1dxady1dys (2.12)
v’y = xyi + Y11+, (2.13)
r'y = Taiy + yojo + T2, (2.14)

where Wy, Wa, Ly, Lo, r1, and ry represent the width of the first piece, width of the
second one, length of the first one, length of the second one, center of the first one,
and the center of the second one, respectively. Detailed vector representations can be
found in Figure 2.3.

The two inner integrals in the equation are formulated based on the solutions cor-
responding to the four types of positional relationships mentioned earlier. However,
since closed-form solutions do not exist for the two outer integrals, numerical integra-
tion is required. In this study, Gaussian quadrature was used for the numerical integra-
tion. A detailed approach to approximating these outer integrals to reduce computation
time for solenoid magnets can be found in [112]. However, that approach is difficult to
adopt to nonplanar shaped coil such as saddle-shaped coil, so the other computational

acceleration methods are suggested in the next subsection.
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Figure 2.3: Schematic drawing of two rectangular pieces with display of notations

2.2.2 Computational Acceleration by Vectorization and Use of Symme-

try

In this study, vectorization and symmetry were employed to reduce the computational
load as shown in Figure 2.4. First, vectorization is a technique that speeds up op-
erations by converting matrices into vectors for efficient computation. While basic
numerical operations can be easily applied using functions provided by commercial
numerical analysis software, inductance calculations are more complex because the
equations vary depending on the positional relationships between elements. To address
this, positional relationships were first classified, and then vectorization was applied to
enhance calculation speed.

Second, the geometric symmetry of the coil was utilized to eliminate redundant
calculations. This approach can be applied not only to saddle-shaped magnets but also
to any magnet with a symmetrical structure. By implementing these two techniques,
computation time was reduced to 90.4% of the original, significantly accelerating the

circuit analysis process without loss of accuracy as shown in Figure 2.5 [113].
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Figure 2.4: Methods for improving inductance calculation speed. (a) Schematic of the

vectorization method, (b) example of symmetry in one turn of a saddle-shaped magnet.
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Figure 2.5: The effect of reducing inductance calculation time and its error. (a) Reduc-
tion in computation time when applying the inductance calculation speed enhancement

method, (b) representation of computation error.

2.3 Ciritical Current Estimation of HTS Magnet

REBCO coated conductors exhibit a characteristic where the critical current varies de-
pending on the strength and incident angle of the magnetic field. Additionally, due to

the material’s nature, it is manufactured with a wide width and thin thickness, leading
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to significant variations in critical current across the width during magnet operation.
As aresult, unlike low-temperature superconducting (LTS) magnets, where the critical
current could be predicted simply by considering the magnetic field strength, predict-
ing the critical current in HTS magnets has been more challenging. Researchers have
calculated critical currents using different criteria without a clear definition of effective
critical current of magnet. In fact, a bigger issue is that researchers have used differ-
ent critical current data, making it difficult to compare their analysis results. To address
these challenges, this study suggests three approaches: 1) defining basis critical current
data; 2) introducing a widthwise average method for effective critical current estima-

tion; and 3) load-line margin estimation with consideration of temperature variance.

2.3.1 Anisotropic Property of REBCO Critical Current and Fit Function

Factors affecting the critical current of REBCO include the magnetic field strength,
magnetic field angle of incidence, temperature, and strain. During the manufacturing
and operation of the magnet, as many of these factors as possible should be considered
to predict the critical current and provide sufficient current margin. However, predict-
ing the magnet’s temperature during the design phase is challenging, and temperature
gradients can occur depending on the cooling conditions. Therefore, the critical cur-
rent of the magnet is typically estimated based on the worst-case temperature scenario.
Regarding strain, the magnetic field strength and current density are designed to pre-
vent any reduction in critical current due to strain, making magnetic field strength
and angle of incidence the most critical factors in predicting the magnet’s critical cur-
rent. Notably, REBCO conductors exhibit a unique dependence of critical current on
the magnetic field angle, unlike other types of superconducting wires. As a result, it is
common to use approximation formulae for critical current based on the magnetic field
angle. In this study, an approximation formulae for the critical current using Hilton’s

fitting function [114], one of the most widely used models, was constructed. The for-
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mulae used is as follows:

ko k1 1

L(|B|,6) = : 2.15
UBLO) = 1B+ oy (B + )= &(B1.0) 219
§(BI,0) = \JwR(BI) cos? (6 — ¢) + sin? (6 — ¢), (2.16)
w(B|) = e(B| + (2)7)", 2.17)

c
where 6 is field incidence angle. The measurement results from the Robinson Research
Institute [115] were used to determine the coefficients of the approximation formula.
A genetic algorithm was employed to find the combination of coefficients that mini-
mized the average error across all measured values. Additionally, it is possible to fit
the coefficients’ variation with respect to temperature, allowing the critical current to
be expressed as a function of temperature, magnetic field strength, and magnetic field
angle of incidence. The fitting functions for the temperature dependence of the coeffi-

cients for the conductor used in this study are as follows:

L(BI,0.T) = o +’;§j?))%m <|B]|€1+(Tﬁ)1>m aman O
§(BI,6,T) = \Jw?(|B|,T) cos? (8 — ¢) +sin? (6 — ), (2.19)
(|BI.T) = (T (Bl + ()" 2.20)
ko(T) = —7.221T + 635.1, (2.21)
ki(T) = —32.50T + 2845, (2.22)
ao(T) = 0.03345e%-04672T 1 (0.4190), (2.23)
Bo(T) = 0.005326T + 0.005788, (2.24)
o(T) = 2.713€002906T _ 9 713 (2.25)
a1 =01, B =065 ¢=0, n=16. (2.26)

Figure 2.6 shows fitting results of critical current at 1, 2, and 3 T of field range and
15, 20, 25 K of temperature range. The average error between the fitting function and

reference is 6.5%.
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Figure 2.6: Comparison of the critical current fitting function with measured data for

magnetic field strength, incident angle, and temperature.

2.3.2 Basis Critical Current Data

The first step in calculating the critical current of REBCO magnets is deciding which
critical current data to use. The Robinson Research Institute, mentioned earlier, pro-
vides measurement data for various types of HTS conductors. However, due to the
inconsistency in the critical current of HTS conductors, it is challenging to apply these
measurements directly to magnet designs. In some cases, exceptionally high critical
current values may have been recorded from high-quality sample conductors. As a
result, many researchers conduct separate assessments to determine how much lower
the critical current might be for the actual conductors used, compared to the measured
values. Others use a proportional constant called the ‘lift factor’ to predict the criti-
cal current. However, since each researcher adopts a different approach, this lack of
standardization creates challenges for research and magnet design.

In this study, we defined ‘basis’ critical current data and shared it with domestic
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researchers to ensure that related studies and projects using the same superconducting
conductors would utilize consistent data. This is the first attempt to standardize critical
current data at the national level. A challenge in defining the basis critical current data
was the limited range of available measurements. Since data for all temperature and
magnetic field ranges were not available, appropriate extrapolation techniques had to
be applied. The temperature and magnetic field angle were fixed at specific values, and
extrapolation was performed for magnetic field strength to generate a critical current
table covering values up to 50 T. The extrapolation function for magnetic field strength

is as follows:
a

Ieor(Bl) = (B +b)°

(2.27)

where a, b, and c are fitting parameters for extrapolation. The values within the critical

current table were then used through interpolation.

2.3.3 Widthwise Average Method for Effective Critical Current Estima-

tion

Finally, a key challenge in analyzing the critical current of HT'S magnets is determining
the effective critical current when there is a distribution of critical currents across the
width of the conductor. Typically, two main approaches have been used: 1) using the
minimum value of the critical current distribution across the width, and 2) using the
average value. However, since no definitive research has established a clear answer, a
mix of these methods has been applied in practice.

To address this issue, the distributed circuit model discussed in the previous sec-
tion was used to simulate the REBCO conductor as shown in Figure 2.7 (a) [116]. The
REBCO tape was divided into small units along both its width and length, with each
unit modeled as a circuit element consisting of resistance and inductance. The critical
current distribution across the width was then calculated by considering both the mag-
netic field generated by the current flowing through the conductor and the lift factor as

shown in Figure 2.7 (b). Additionally, the voltage across both ends of the conductor
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Figure 2.7: Circuit model and critical current distribution assumptions for validating
the widthwise average method. (a) Distributed circuit model for critical current esti-

mation, (b) representation of critical current distribution for each case.

Table 2.1: Analysis results of effective critical current for each case

Casel Case2 Case3 Case4

Average critical current 205 A

Effective critical current 205.0 A 204.5A 202.7A 203.0A

was calculated using the circuit model to determine the effective critical current.

The calculation results showed that the effective critical current was closer to the
average value than the minimum value as displayed in Table 2.1, with the difference
from the average value varying depending on the case but within 1.2%. These results
were also demonstrated in the quench experiment results which will be described in

following section.

2.3.4 Load-line Method with Consideration of Temperature Variation

The critical current value of a magnet under specific operating conditions is deter-
mined by the magnetic field generated by the magnet and an externally applied fixed
magnetic field. However, to calculate the critical current margin of the magnet, it is
necessary to consider the load-line margin [117]. This method accounts for the inverse

relationship between critical current and the increasing magnetic field as the operating
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Figure 2.8: Example of calculating the load-line margin of the critical current consid-

ering temperature variations

current of the superconducting magnet rises. Traditional load-line margin calculations
only considered the load-line due to current. However, in actual operating conditions,
the increase in current also leads to greater heat generation in components such as cur-
rent leads, resulting in a temperature rise. Therefore, when considering the load-line, it
is essential to account for the reduction in critical current caused by both the increas-
ing magnetic field and the associated temperature rise. In the previous section, a fitting
function was proposed to account for changes in critical current with temperature. This
function can be utilized to analyze the load-line.

As shown in Figure 2.8, if the operating conditions are set at 1 T and 100 A,
with an assumed operating temperature of 10 K, the critical current margin is 68%,
whereas the load-line margin is 47%. Although these values may vary depending on
the situation, the load-line margin is generally about half of the critical current margin

under such operating conditions. However, if the operating temperature rises due to
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increased current flow in the magnet, it becomes necessary to consider the margin at
higher temperatures. For example, if the operating temperature increases to 15 K or
20 K, the load-line margin decreases to approximately 40% and 33%, respectively.
Since HTS magnets often exhibit high stability and are operated at margins lower than
these values, it is essential to monitor temperature variations and estimate the margin

accordingly.

2.4 Magnetic Field Calculation Method

For saddle-shaped dipole magnets used in particle accelerators, magnetic field uni-
formity is crucial. If the magnetic field is not sufficiently uniform, the beam may be
lost, or the desired beam characteristics may not be achieved, rendering the particle
accelerator unusable. In theory, applying a cosine-theta winding can create a uniform
magnetic field with only a dipole component. However, that is practically impossible.
In reality, the spatial distribution of the magnetic field generated by the dipole mag-
net contains not only dipole components but also other field components in different
directions. When expressed in terms of spatial harmonic functions, these higher-order
components are referred to as quadrupole, sextupole, octupole, and so on. This sec-
tion describes the method of expressing harmonic functions for dipole magnets and

explains how the harmonic coefficients are calculated in this study.

2.4.1 Harmonic Coefficient for Dipole Magnet

For magnets requiring magnetic field uniformity, representing the spatial distribution
of the magnetic field using harmonic functions offers advantages. Magnetic field uni-

formity u is defined as follows [118-120]:

ByaRref - Byao

2.28
! 228)

u = max (|

where By g, . and B, o represent magnetic field in the direction of the dipole compo-

ref

nent within the reference radius, and magnetic field at the center, respectively. Even
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if a magnet is designed and fabricated precisely, screening current or manufacturing
tolerances can cause deviations from the intended magnetic field distribution. To cor-
rect this, active [121-123] and passive shimming [124-126] techniques are applied.
Active shimming involves installing additional coils and adjusting the current to im-
prove field uniformity, while passive shimming uses magnetizable iron shims rather
than coils to enhance uniformity. Since the performance of these shimming techniques
is influenced by each component of the harmonic function, the use of harmonic func-
tions is essential. Furthermore, in particle accelerator magnets, higher-order terms of
harmonic functions, which affect beam chromaticity and other factors, are directly
output, making harmonic analysis crucial. As shown in Figure 2.9, the harmonic com-
ponents of a magnetic field are named in order from lower to higher terms as dipole,
quadrupole, sextupole, octupole, and so on. If an offset orthogonal component exists
for each term, it is designated as skew dipole, skew quadrupole, etc.

To calculate the harmonic components in a dipole magnet, let’s assume the de-
signed dipole magnetic field direction is along the +y direction on a two-dimensional
plane. To analyze the normal and skew magnetic field components, the position and
direction of the magnetic field can be defined on the complex plane. Assuming a
straight line carrying current I is located at position 25 = x( + iyo, the magnetic
field B(z) = By(z)+1iB() at position z = x +iy can be expressed by the following
equation [127, 128]:

k=1
= By(1+107* iw (b +iar)(%)F71), (2.29)
k=2

where R is the reference radius for magnetic field distribution. If the magnetic field is
symmetric about the y-axis, there will be no skew components, and even components

of the normal term by, will also be absent.
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Figure 2.9: Representation of the direction of each magnetic field harmonic component

2.4.2 Magnetic Field and Harmonic Coefficient Generated by HTS Mag-

net

To design the magnet, the magnetic field generated by an infinite straight conductor in
two dimensions can be calculated. The magnetic field produced by an infinite conduc-
tor is easily derived using Ampere’s law. Now, as shown in Figure 2.10, the magnetic
field generated by the area corresponding to the infinite conductor is computed. Con-
sidering the stacking structure of the REBCO tape, the current-carrying region can be

parameterized as follows:

20 = roel? + tel, (2.30)
where 0p <0 <0y + AG,

and 0<t<w, 6 =60p+ .

The position where the magnetic field is analyzed is defined as z = Rel’. Ad-
ditionally, if a current J flows in the coil located in the first quadrant, a coil with a
reverse current of —J must exist in the second quadrant. Since the coils are positioned
as pairs, a symmetric structure of coils must exist in the third quadrant with a current

of —J, and in the fourth quadrant with a current of .J. Therefore, the magnetic field
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Figure 2.10: Schematic of the 2D coil geometry and parameter definitions

generated by these four current distributions can be expressed as follows:

O0o+A0
B(z) = 1’MOJR/ /0 cos (6" — 61)x
0

1
(— + + + ———)db'dt, (2.31)
zo—z z+z zO—z zg+ 2
Oo+A0 —0 k=2n 2%
L A (G G
6o 2 <0
J Oo+A0 R
" B +i4;, = —“70 / / cos (0" — 0)(1 + e~ 129 e d9 dt, (2.32)
0o

where z* and z; represents conjugate complex numbers. The above equation cannot
be expressed in a closed form and was calculated using numerical integration.
Designing an actual magnet requires more than assuming a magnetic field gener-
ated by an infinite straight conductor in two dimensions. Real magnets have a three-
dimensional shape, and the effects of magnetic fields generated by curved sections,
not just straight sections, should be considered. Since there is no closed-form solution
for the magnetic field created by curved sections, numerical methods should be used.
Similar to the method used for inductance calculation, the magnetic field generated
by a current flowing through small rectangular segments can be calculated, allowing
for the determination of the magnetic field distribution once the overall shape of the

magnet is defined.
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Figure 2.11: Derivation of the formula for the magnetic field generated by an arbitrary
rectangle in 3D space based on the magnetic field created by a line segment with zero

thickness

As shown in Figure 2.11, the magnetic field generated by a line segment is first
calculated, and this result is used to compute the magnetic field created by a rectan-
gular segment. If the starting point of the line segment is (z1, 31, 21), the endpoint is
(22, Y2, 22), the current flowing through the segment is I, and the position where the
magnetic field is calculated is (z, y, z), then the magnetic field can be calculated using

the Biot-Savart law as follows:

. ,U,()I rs Xro |I'1| + |I'2|

B(z,y,2) = — , (2.33)
(@9:2) = G Tealleal Fealleal + 1112

ry = (131 — T, Y1 —Y,21 — Z), (234)

ro = (T2 — T,y2 — Y, 22 — 2). (2.35)

Then, the magnetic field generated by thin rectangular segment can be expressed

by using surface current density K as follows:

K (W x
B(r,y7) = 1 [7 oLt

(2.36)
Am Jo o |ruf[ref raffref + 11 1o

2.4.3 Calculation of Magnetic Field Generated by Magnetic Moment

In this study, a ferroshim design using iron shims was developed, fabricated, installed,
and tested for performance. Consequently, it was also necessary to calculate the mag-
netic field generated by the magnetized iron shims. The shape of the iron shim was

assumed to be part of the coil core, and as shown in Figure 2.12, the space occupied
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by the shim can be defined in cylindrical coordinates as (r, 0, Z) where r1 < r < ro,
01 <60 < 6y,and 21 < Z < zy. Assuming the magnetic field generated by the magnet
is in the +x direction, the magnetic vector potential created by the shim at (x, y, z) can

be expressed as follows:

Alz,y, 2) = oém/ /02/ — z,y —rcosO)rdrdfdZ
e 0, Jr x—rcos@) + (y —rsinf)? + (z — 2)2)3/2’

(2.37)

29 02 79
m = / / / (0m,0,0)rdrdfdz, (2.38)
21 01 1

where m and dm represent magnetization vector and volume density of magnetiza-

tion, respectively. Therefore, magnetic field generated by the shim can be calculated

as follows:

0A. 04y
Bx(x’y’z) = 8 a

Yy z
,u05m / /92 " (y — rcosO)rdrdfdZ
01 7‘1 Ay ((x —rcosh)? + (y — rsinb)? + (z — Z)2)3/2

(Z — 2)rdrdfdZ
82 ((x —rcosh)2+ (y —rsinf)2 + (2 — Z)2)3/2°

(2.39)

This integral does not have a closed-form solution, but an analytic solution can
be derived up to a single integral remaining. The remained single integral can then be

calculated using numerical integration techniques such as Gaussian quadrature.

2.5 End-coil Winding Path Optimization and Mechanical Anal-
ysis Method

The saddle-shaped magnet has a nonplanar structure, requiring a different structural
analysis approach than planar magnets like solenoids or racetrack-shaped magnets.
The most challenging area is the curved end-part of the coil. In the case of REBCO
conductors with a wide, thin tape shape, the end-part can face issues related to hard-

way bending. To prevent these issues, a mechanical optimization technique for the
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Figure 2.12: Definition of parameters for calculating the magnetic field generated by a

magnetized iron piece in 3D space

end-part was developed. Additionally, an analysis model for the mechanical stresses

caused by the magnetic field and thermal contraction-induced stress is presented.

2.5.1 Introduction to Frenet-Serret Frame

The Frenet-Serret frame is a mathematical framework that provides a natural coordi-
nate system for describing the geometry of a curve in three-dimensional space [127,
129]. This frame is defined at each point along a differentiable curve, allowing the
analysis of the curve’s local geometric properties such as curvature and torsion. Con-
sider a differentiable curve in 3D space, parameterized by r(s), where s is the arc

length, ensuring that the curve’s parameterization has unit speed:
dr
—| =1 2.40
2 (2.40)

Then, the Frenet-Serret frame consists of three mutually orthogonal unit vectors at
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Figure 2.13: Schematic of the Frenet-Serret frame for a 3D curve [130].

each point on the curve:

T(s) = %, (2.41)
dT/ds

N(s) = T /ds|’ (2.42)

B(s) =T(s) x N(s), (2.43)

where T'(s), N(s), and B(s) are named as a tangent vector, a normal vector, and a
binormal vector, respectively. These three vectors form an orthonormal basis known
as the Frenet-Serret frame as shown in Figure 2.13.

The evolution of the Frenet-Serret frame along the curve is governed by the Frenet-

Serret equations, which describe how the frame rotates and changes:

dr

ar 0 k 0\(T

% =|-k 0 7 N |, (2.44)
b 0 -7 0/ \B



where x and 7 are the curvature and the torsion of the curve, respectively. The curvature
indicates how sharply the curve bends while the torsion describes the deviation of the
curve from being planar. A zero torsion indicates that the curve lies entirely in a plane.
By decomposing motion and geometry into orthogonal components, it facilitates the

understanding of complex trajectories and forces acting along them.

2.5.2 Practical End-coil Optimization Method with Constant Perimeter

Winding Technique Incorporated

One of the purposes of the coil-end design is to minimize the strain energy due to the
bending at the coil-end [127]. The so-called ‘constant perimeter winding’ technique,
which refers to both edges of the REBCO conductor following the curves of the same
length, was adopted. Using this approach, the hard-way bending can be reduced in the
saddle-shaped coil.

To define the surface of the conductor wound with constant perimeter conditions,
both edges’ curves should be defined first. The edge lying on the cylindrical winding
mandrel is named ‘base edge,” while the counterpart is called ‘free edge.” The base
edge can follow any arbitrary smooth curve as long as it lies on the cylinder. Still, it
has been generally modeled to follow an ellipse or superellipse on the cylinder due to
the ease of modeling. Although ellipse modeling is more accessible than superellipse
modeling, the curvature continuity is not satisfied at the part where the straight and
coil-end sections of ellipse modeling are connected.

Theoretically, a perfect ‘hard-way-bending-free’ condition can be achieved by the
angular velocity vector (or the Darboux vector field) to the base edge’s curve [127].
However, for practical coil winding, the angular velocity vector is inadequate to deter-
mine the free edge’s curve; thus, we developed a numerical method to determine the
free edge’s curve that satisfies the constant perimeter condition. First, the base edge’s

curve as shown in figure 2.14 (a), X (¢), can be expressed as follows:

X(t) = (rsin (¢ cosm t), bsinm t,rcos (¢ cosm t), (0<t< g) (2.45)
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(a) (b)

to straight
section

Figure 2.14: Parameter setting for the end-coil design optimization method. (a) A
schematic of ellipse or superellipse on the surface of the cylinder. The red line rep-
resents the base edge’s curve, X (¢). (b) An example modeling result of the practical

coil-end design with constant perimeter winding technique incorporated.

where r, ¥, and b represent the radius of the cylinder, the end part angle from the
Z-axis, and the semimajor axis, respectively. Then, the semiminor axis, a, can be de-
termined as ¢ = r. The parameter m determines the shape of the base edge, so the
base edge is ellipse when m = 2 while it is superellipse when m > 2.

Second, the free edge’s curve, Y (t), was modeled by the following steps:

* (Step 1) At t = to, consider the plane where the normal vector is the tangent
vector of the base edge’s curve. Find the line of intersection between the cylinder

and the plane.

* (Step 2) Find the point P on the plane where P — X () is inclined with the
angle of 6(tp). Also, the magnitude of P — X (¢y) should be the width of the

conductor.

* (Step 3) Y (¢) depends on the inclination angle function 6(t), so we determined
an adequate inclination angle function satisfying the constant perimeter condi-

tion.
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Thus, Y (¢) can be induced by the steps as stated above and the expression is as

follows:

V(1) = (us(0), 0y (0),9:(0)), (0<t<7) (2:46)
bW cos (0(t))

cos (1 cosim t),
4
\/b2 + ¢?r2 tanm ¢

yo(t) = (r + W sin(6(t))) sin (1) cosm ¢) —

(2.47)
YrW cos (0(t))

\/1)2 + 22 tanm ¢

yy(t) = bsinm ¢ — tanm t, (2.48)

n bW cos (0(t))
\/b2 + 272 tanm ¢

y.(t) = (r + Wsin(6(t))) cos (¢ cosm t) sin (¢ cosm t).

(2.49)

Then, an example for the modeling results with the described procedure is pre-
sented in figure 2.14 (b) [108].

The equations for the path described above can be analyzed using the Frenet-Serret
frame to calculate the bending strain. This approach can be found in references that
calculate strain for REBCO conductors [131]. If the distance from the neutral axis of

the conductor is defined as y, the bending strain can be calculated as follows:

2 2
e=y T (2.50)
K
er = yv k% + 72, (2.51)
s =y—\K2+72, (2.52)
K

where ¢, e, and € represent total bending strain, bending strain along the lengthwise
direction, and that along the widthwise direction, respectively. The above equation was

utilized in the design process to ensure that the strain limit was not exceeded.

2.5.3 Magnetic Stress Analysis for Saddle-shaped Magnet

The current flowing through the saddle-shaped magnet generates a magnetic field, and

since this current flows within the magnetic field, the magnet experiences Lorentz
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Table 2.2: Effective mechanical properties for REBCO conductor

Parameter Unit Value
Effective Young’s modulus, £ [GPa] 175
Effective Poisson’s ratio, v 0.280
Effective Shear modulus, G [GPa] 65.0

forces. This indicates that the magnet undergoes mechanical stress, and both stress
and strain can affect magnet damage or critical current reduction, making it essential
to design within safe limits. Unlike solenoid magnets, saddle-shaped magnets with
nonplanar structures lack analytic approximations for stress calculations. Therefore,
mechanical analysis should be conducted using FEM, and appropriate boundary con-
ditions must be assumed for problematic areas. Even slight changes in boundary con-
ditions can significantly affect the analysis results, so it is crucial to assume realistic
conditions carefully.

In the manufacturing method introduced in the upcoming section, certain areas
of the saddle-shaped magnet are constrained: the inner surface of whole area; and
the outer and top surface of the coil’s straight section. The inner surface is supported
by the bobbin, and the outer surface is constrained by an external support structure.
Additionally, the top surface is covered by a capping structure, allowing a boundary
condition to be applied where no normal direction displacement occurs (u - 7 = 0)
in the areas marked in blue in Figure 2.15 (a). The mechanical properties used in the
analysis are shown in Table 2.2 [132].

When conducting FEM analysis under these conditions, as shown in Figure 2.15
(b), a displacement tendency arises where the curved section of the coil moves down-
ward, while the straight section displaces outward through the top surface. However,
since the coil is positioned on a cylindrical aperture, downward displacement is not
allowed. Therefore, it is reasonable to apply an additional boundary condition where

there is no vertical displacement on the underside of the curved section as shown in
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Figure 2.15: Development of an analytical model to determine boundary conditions.
(a) Initial attempt for 3D boundary conditions, where blue boundaries represent con-
ditions with no normal displacement. (b) Analytical results from (a), considering the

direction of displacement in the curved section. (c) Modified 3D boundary conditions.

Figure 2.15 (c). For the top surface of the straight section, manufacturing tolerances
might prevent the cover structure from completely constraining all areas. Thus, allow-
ing vertical displacement with a maximum displacement limit for the top surface of
the straight section would better reflect practical conditions.

Considering these boundary conditions, it is possible to perform a 2D analysis for
the straight section’s mechanical analysis without needing a computationally intensive
3D analysis. In this approach, boundary conditions were applied such that there was
no vertical displacement on the inner and outer surfaces, with a displacement limit

imposed on the top surface. The need for 2D analysis arises because it is challenging
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to analyze the screening-current-induced-stress (SCS) phenomenon, which plays an

essential role in HTS magnets, in a 3D context.

2.5.4 Stress due to Thermal Contraction of Magnet System

Since superconducting magnets can only operate in cryogenic environments, it is es-
sential to account for thermal contraction. Most materials used in magnet systems are
metals, and these metals have relatively similar thermal contraction rates. However,
even small deformations due to thermal contraction can significantly impact the uni-
formity of the magnetic field generated by saddle-shaped magnets, making a thermal
contraction analysis model necessary.

Unlike solenoid magnets, which allow analytic calculations in 2D, saddle-shaped
magnets require 3D analysis for thermal contraction. Using the previously defined
boundary conditions, thermal contraction analysis can be conducted under the con-
dition of cooling from an initial room temperature to cryogenic temperatures. Since
the coil and bobbin are made of different materials, differences in thermal contraction
rates arise. The bobbin used in the experiment is made of aluminum 6061. The thermal
expansion coefficients of REBCO and aluminum as a function of temperature, used in
the thermal contraction analysis, are shown in Figure 2.16 [133-135]. Assuming an
operating temperature of 15 K, the scenario of thermal contraction when cooling from
room temperature (293 K) to 15 K can be analyzed.

The results of displacement analysis during the thermal contraction process of the
coils are shown in Figure 2.17. Considering the boundary conditions, the curved sec-
tions of coil 1 and coil 2 exhibit displacement in an upward direction. In contrast, coil
3 does not exhibit this phenomenon. This trend was also observed experimentally, and

the corresponding results will be discussed in a later chapter.
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Chapter 3

DESIGN, CONSTRUCTION, AND OPERATION OF
SADDLE-SHAPED DIPOLE MAGNET

This chapter describes the magnet design process, applying various design and analysis
techniques discussed in the previous chapter. Additionally, the entire system, including
external structures as well as the superconducting magnet, was designed. The chapter
also discusses the detailed fabrication of the magnet, the installation process of the
system, and the setup for operation in a conduction-cooled environment. The magnet
constructed and operated in this study was designed with a maximum center magnetic

field of 0.7 T, a winding diameter of 110 mm, and an operating temperature of 15 K.

3.1 Design of Main Magnet with a Center Field of 0.7 T and

Winding Diameter of 110 mm

If only the design is considered, it is possible to assume a magnet with an extremely
high magnetic field, such as 20 T. However, due to practical limitations, the dipole
magnet was designed with a central magnetic field of 0.7 T and a winding diameter of
110 mm. This magnet, utilized for key experiments, is referred to as the ‘main mag-

net,” while the simpler magnet used for preliminary tests is called the ‘demo magnet.’
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The demo magnet was constructed earlier in sequence, and the issues identified and
improvements made from it contributed to the successful operation of the main mag-
net. The central magnetic field strength was optimized to achieve the highest possible
field while maintaining sufficient field uniformity, considering the limitations on the
amount of conductor available. The winding diameter was determined based on the
size of the warm bore needed for measuring magnetic field uniformity. Additionally,
an analysis of the mechanical analysis that determines the operating conditions of the
magnet was performed, along with a thermal analysis for a conduction-cooled envi-
ronment. For the thermal analysis, a thermal circuit was proposed that includes both

the conduction cooling system and the magnet.

3.1.1 Design Directions and Expected Limitations

Purpose of Magnet and Design Directions

The best approach to investigate the applicability of saddle-shaped magnets in par-
ticle accelerators is to fabricate a magnet that can be installed in an actual accelera-
tor system for testing and validation. However, installing high-temperature supercon-
ductor (HTS) saddle-shaped magnet in a synchrotron used as a user magnet requires
favorable conditions regarding budget, time, and technical maturity. Notably, the no-
insulation (NI) HTS saddle-shaped dipole magnet developed in this study is the first
of its kind, with even the analytical models not yet established. Therefore, this study
aimed to design and fabricate a laboratory-scale dipole magnet that could validate the
analysis model, to measure magnetic field uniformity in a conduction-cooled environ-
ment, and to develop techniques to improve that uniformity. The magnet and experi-
mental system were designed based on the following three directions: (1) conduction
cooling operation; (2) air-core magnet; and (3) application of an in-house 3-axis field

mapper and ferroshim in a manner similar to NMR.

* Conduction cooling operation: The cooling system is involved in all stages

of the superconducting magnet’s design, fabrication, and operation, making it
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one of the most major factors. Compared to cooling systems using cryogens,
conduction cooling requires more structural complexity, as heat generated in
the magnet must be removed solely through conduction, without direct contact
with the coolant. In this study, a 2-stage GM cryocooler was used, and thermal
channels were fabricated to facilitate conduction, achieving temperatures below

10 K.

* Air-core magnet: In the case of LTS or copper accelerator magnets, iron cores
or yokes are commonly used. Utilizing iron core saturation can increase the cen-
tral magnetic field in low-field regions, and optimizing the iron core shape is of-
ten sufficient to improve magnetic field uniformity without additional structures.
However, for HTS high-field magnets, using an iron core does not necessarily
enhance the central magnetic field and can sometimes even reduce it. Addition-
ally, iron cores increase the overall weight and volume of the magnet system, so

in this study, a magnet without an iron core was developed.

* Field-mapper and ferroshim: To measure magnetic field uniformity, a field
mapper capable of precise sensor positioning is essential. An in-house field map-
per with position control accuracy of 0.01 mm across three axes was installed
to measure the magnetic field distribution. After measuring the magnetic field
uniformity, ferroshim or active shim coils are needed to improve uniformity. The
ferroshim method introduced in this study, due to the absence of an iron core, in-
volves attaching iron shims (used in NMR magnets) to a cylindrical tray, which

is then inserted into the warm bore.

Expected Limitations of Magnet
Based on the previously described objectives and design approach of the magnet,

there are limitations to the elements that can be verified through the magnet as follows:

* Thermal gradient due to conduction cooling operation: The temperature of

a magnet installed in a conduction-cooled environment typically shows a larger
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temperature gradient compared to using cryogens. This is because heat transfer
through conduction is affected by thermal contact resistance, which is difficult
to estimate accurately before measurement. This temperature gradient can be a

factor that degrades the performance of the magnet.

* Relatively low performance of the test magnet: In addition to the issue of the
temperature gradient, limitations in the shape and size of the conduction cooling
system where the magnet will be installed make it challenging to fully enhance
the magnet’s performance. Furthermore, constraints on the specifications and
quantity of conductor used make it difficult to increase the central magnetic

field to a practically usable level.

* Measurement error due to field-mapper: The field mapper used was able to
achieve high positional accuracy by using a commercial stepper motor for posi-
tion control. However, during installation, the bar with the attached Hall sensor
may not be perfectly vertical. The angle between the bar and the magnet was
measured to be less than 0.000436 rad. Additionally, vibrations from the map-
per due to the stepper motor, as well as mechanical vibrations from the cooling

system, could also contribute to measurement errors.

3.1.2 Optimization of Magnet Geometry Considering Magnetic Field Uni-

formity

Due to the shape of the saddle magnet, 3D analysis is essential to interpret specific
parameters and base the design on these results. Additionally, optimization techniques
must be applied for the design, requiring the establishment of objective functions and
constraints. However, directly incorporating 3D analysis parameters into the optimiza-
tion process significantly increases the computational load, unnecessarily prolonging
analysis time. Therefore, optimization was first conducted using 2D analysis to refine

parameters for the 3D analysis. Then, a second round of optimization was performed
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Table 3.1: Assumptions for the main magnet design

Category Assumptions
REBCO coated conductor SUNAM's REBCO CC
(4.05 mm x 0.135 mm)
Operating temperature 15K
Maximum number of coil pairs 3
Maximum winding bore diameter 110 mm
Maximum coil axial length 550 mm
Maximum conductor usage 400 m
Maximum bending strain 0.4%
Minimum critical current margin 20%
Magnetic field uniformity at 15 mm radius 2.0x107%

with 3D analysis to finalize the design. Here, the 2D analysis assumed the coil as an
infinitely long, straight conductor. Based on the design direction, specific design ob-
jectives were set, as shown in Table 3.1.

It was assumed that SUNAM’s REBCO CC tape would be used, with a tape width
and thickness of 4.05 mm and 0.135 mm, respectively. As previously mentioned, the
operating temperature was set to 15 K using a conduction cooling system. Due to
the shape and size of the system used in the experiment, the maximum winding bore
diameter and maximum axial length were set to 110 mm and 550 mm, respectively.
Additionally, a maximum bending strain of 0.4% and a minimum critical current mar-
gin of 20% were assumed, and a magnetic field uniformity of 2.0x10~* or less was
targeted over a reference radius of 15 mm. LTS saddle dipole magnets, which are al-
ready widely used in practical applications, achieve magnetic field uniformity of less
than 1 and are in operation. To achieve this level of uniformity, active and passive shim
techniques are employed. For example, the dipole magnets used in CERN’s LHC ex-

hibit magnetic field uniformity of 1 to 2 at a reference radius of 17 mm, similar to this
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Figure 3.1: Definition of angles corresponding to the design variables for each coil

magnet [50].

Additionally, there are constraints on the coil’s geometry. The overall shape of
a cosine-theta saddle-shaped magnet is determined by two factors: 1) the number of
coil pairs on the same circumference, and 2) the number of circumferential layers
with coils. For the test magnet, the design conditions were limited to a maximum of 3
coil pairs on a single layer. The conductor usage was capped at 400 m. In the design
process, the parameters that determine the shape of each coil include the coil start
angle (6;), end angle (6¢), and tape tilt angle (6;) in the 2D cross-section as shown in
Figure 3.1, as well as the length of the straight (I5) and curved (l.) sections in the 3D
structure. As previously mentioned, design was carried out sequentially through 2D

analysis followed by 3D analysis, with the specific design stages outlined below.

e Step 1: The optimization range for parameters in the 2D design is set for a
parameter sweep. When defining this range, design assumptions such as the
maximum bending strain and maximum critical current margin are taken into
account. For example, if the coil’s end angle is too close to 90 degrees, exces-
sive bending strain may occur in the innermost turn of the coil, so the end angle

was limited to not exceed 80 degrees.

* Step 2: 2D design optimization is performed by first defining the number of coil

pairs. The objective function for optimization is magnetic field uniformity, with
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a target uniformity level of 1.0x 10~#, which is more stringent than the final goal
of 2.0x 10, This target accounts for the expected decrease in uniformity when
transitioning to 3D design optimization, compared to the 2D design assuming
infinite conductors. Additionally, since the conductor length cannot be defined

in 2D analysis, a constraint of 220 total turns was applied instead.

Step 3: Based on the optimized shape, the optimization range for 3D design
parameters is set. In this case, a condition was applied such that the sum of the
lengths of the straight and curved sections does not exceed the maximum length

of 550 mm.

Step 4: For the length of the curved section, the tilt angle of the conductor that
satisfies the constant perimeter winding condition was calculated. Using this, a
lookup table was created to calculate the harmonic components of the magnetic
field based on specific lengths of the curved and straight sections. This table
includes a total of 225 data points, with 15 points for each of the curved and
straight section lengths. The purpose of creating this lookup table is to avoid
excessively long analysis times in the 3D design optimization process. Instead
of recalculating from scratch with each parameter change, optimization can pro-

ceed by interpolating values from the lookup table.

Step 5: 3D design optimization is performed based on the created lookup table.
The objective function for optimization is magnetic field uniformity, with a tar-
get of 2.0x 10~%. The constraints for the optimization include the critical current

margin and the amount of conductor used.

Step 6: Through the above process, 100 design results were saved for each num-
ber of coil pairs, and the design with the highest central magnetic field was se-

lected as the final design.
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Figure 3.2: A flowchart illustrating the entire process of design optimization
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Figure 3.4: 3D configuration of the main magnet design composed of three pairs
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Table 3.2: Summary of the selected design parameters and basic analysis results

Parameter Unit Coil 1 Coil 2 Coil 3
Coil start angle [°] 6.1 34.8 66.7
Coil end angle [°] 20.4 46.9 71.9
Tape tilt angle [°] 2.4 2.2 -1.2
Length of straight section [mm] 314.1 182.8 157.3
Length of curved section [mm)] 80.3 106.7 25.0
Conductor usage [m] 103x2 67x2 24 x2
Coil turns 97x2 82x2 35x2
Winding diameter [mm)] 109.6

Operating current [A] 295

Critical current margin 20.0%

Center magnetic field [T] 0.720

Magnet constant [mT/A] 2.44

Total inductance [mH] 39.1

Magnetic field uniformity 1.9x1074

Effective magnetic length [mm] 381.7

Flowchart for overall optimization process is displayed in Figure 3.2. The interior-
point method, a deterministic approach, was used for the 2D design optimization. This
algorithm is well-suited for finding the minimum of a nonlinear multivariable func-
tion with constraints. However, being a deterministic method, the initial values were
randomly varied within the given range to perform optimization process.

The design results showed that the optimization outcomes improved as the num-
ber of coil pairs increased. This appears to be a natural result of the increase in the
number of variables available for optimization. Figure 3.3 shows the parameter sweep
results for three coil pairs. Based on magnetic field strength and uniformity, the design

with the highest magnetic field strength that met the uniformity criterion was selected.
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The specific parameters for this design are shown in Table 3.2. The overall appear-
ance of the designed coil is shown in Figure 3.4. The largest coil is named coil 1, the
medium-sized coil is coil 2, and the smallest coil is coil 3. The design of various struc-
tures, including the bobbin and external support structures, was aligned with the coil

positions and will be explained in detail in the following subsection.

3.1.3 Fundamental Analysis Results of Magnet Design

The magnetic field generated by the designed coils was calculated as shown in Figure
3.5. At an operating current of 295 A, the central magnetic field was calculated to be
0.72 T, demonstrating that the dipole component of the magnetic field is well-formed,
as illustrated in Figure 3.5 (a). Figure 3.5 (b) shows the analysis results of magnetic
field uniformity on the reference radius. For easier interpretation, the uniformity is ex-
pressed in log;,, where the magnetic field uniformity of 1.9x 10~ corresponds to a
log,, value of -3.7. This indicates that the magnetic field uniformity within the refer-
ence radius and its interior is well-designed.

The results of the harmonic analysis for the above magnetic field distribution are
shown in Table 3.3. Since the design follows a perfectly symmetric structure, skew
components are absent, and only the odd terms among the normal components remain.
However, in practice, it is challenging to achieve a perfectly symmetrical structure
during fabrication, so the experimental results may exhibit components that ideally
should not exist.

The critical current analysis revealed that the minimum critical current occurred
at the boundary between the straight section and the curved section for the innermost
turn of Coil 1. The calculation was performed using the widthwise average method.
The design initially assumed a margin of 20% without accounting for temperature
variations. However, during actual operation, with temperature changes considered, the
load-line margin was found to be around 15%. A comparison between the experimental

measurements and the analysis results for the critical current will be discussed in the
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Table 3.3: Harmonic components according to the reference radius

Reference radius 5 mm 10 mm 15 mm
b3 (sextupole) 0.0925 0.3697 0.8299
b5 (decapole) -0.0004 -0.0054 -0.0108

following chapter.

The inductance of the coil was calculated to be 39.1 mH. It was determined by
calculating the inductance matrix as shown in Figure 3.6 and summing the elements of
this matrix for screening current analysis. Using the previously described technique for
improving inductance calculation speed, it took approximately 33.6 hours to determine
the inductance of this coil. In this case, each turn was divided into 16 segments along
the width, resulting in an inductance matrix with 68482 (6848 = 2x(97+82+35)x 16)
elements. The matrix is symmetric with respect to the diagonal, and the elements are
arranged in the order of top coil 1, coil 2, coil 3, bottom coil 1, coil 2, and coil 3.
Within each coil, the elements are ordered from the innermost to the outermost turns,
and within each turn, the elements are arranged from the bottom to the top segments.

The bending strain in the curved section was designed to be a maximum of 0.39%.
The highest bending strain occurs in coil 3, which has a smaller winding radius than
coil 1 and coil 2, as excessive bending strain can lead to a reduction in critical current.
Figure 3.7 shows the strain values for the innermost turn in the curved section of each
coil, where strain is highest. The lower part of the figure represents the area where the
straight and curved sections meet, while the upper part shows the end of the curved
section. The left and right directions represent the width of each tape. For this magnet,
the REBCO surface is wound facing inward, causing the bending strain to act in a
compressive direction. It is generally known that compressive strain is less likely to
damage the conductor compared to tensile strain. Alongside the above bending strain
analysis, the following section will present mechanical analysis results that account

for external reinforcement structures, thermal contraction, and other relevant factors.
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Analysis results of the central magnetic field distribution at the operating current, (b)

Magnetic field uniformity on the reference radius.

62



Coil1-1

3-1 21

1-2

2-2

3-2

Coil1-1 21 3-1 1-2

1t turn g7t 1%t g2t qst3gth st

g7th

qst

2-2

3-2

goth qst3gth

=

>4 >4 >4

Figure 3.6: Calculation results of inductance matrix for designed coils.

63

>4

>4

1.8

1.6

-
N

=
Inductance (uH)



Coil1 Coil2 Coil3

Corner of curved section

Bending strain (%)

Connected to straight section

Figure 3.7: Analysis results of bending strain for the curved sections of each coil.
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3.1.4 Mechanical Design for Support Structure

Although the coil has been designed, additional surrounding structures, including the
bobbin, must be designed for actual fabrication. A particularly challenging technical
aspect is how to reinforce the straight sections of the coil. For electrical connections
between coils, the outer straight section of coil 3 must connect to the inner straight
section of coil 2, the outer straight section of coil 2 to the inner straight section of
coil 1, and the upper and lower outer straight sections of coil 1 must also be elec-
trically connected. Two options were considered for this: 1) connecting with copper
bulk current leads, and 2) inserting the conductor through gaps in the straight section
reinforcement structure. Testing of both options indicated that connecting through the
conductor minimized resistance.

Testing both options revealed that connecting via the conductor was the better
choice. Figure 3.8 (a) and (b) shows each option as implemented. In the first option,
using copper bulk current leads, the REBCO conductor was soldered to the top of
the bulk to minimize resistance. However, issues such as conductor delamination dur-
ing the soldering process and a limited contact surface length resulted in significantly
higher resistance. The resistances for each coil-to-coil connection in the first option
at 15 K were 4.2, 0.27, 0.23, 12.5, and 0.34 uf2, respectively. Additionally, to ad-
dress insulation issues with the aluminum bobbin, plastic bolts were used to secure
the straight section supporting structure, but these bolts failed to provide sufficient
mechanical stress.

Therefore, the straight section reinforcement structure was designed to include
gaps through which the conductor could pass. By constructing the reinforcement struc-
ture’s gaps as inclined surfaces, pressure could be applied on both sides along these
surfaces, allowing the displacement from the inclined surfaces to apply pressure to the
straight section. This structure was fabricated as shown in Figure 3.8 (c). Similar to the
design of the coil’s curved sections, curvature was added to the edges of the inclined

surfaces to keep the local bending strain below 0.4%. Although this differs from the
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end-coil optimization technique, it followed the same principle of designing to meet
the bending strain conditions. The analysis result of the bending strain experienced
by the wire when it is placed on the surface of the gap is shown in Figure 3.9. Strain
occurs at the beginning and end sections where curvature is introduced, while in other
areas, there is no strain as the wire follows the slope of a straight line.

Additionally, an overbanding structure for the coil was designed. There were two
possible options: 1) overbanding the outer diameter of the coil with an insulating mate-
rial, or 2) using a cover to prevent displacement of the coil’s outer diameter. The latter
option was chosen for the reinforcement structure. This choice was related to the coil
winding process. As will be explained in more detail later, a universal joint was used
to manually rotate the winding axis during coil winding, and without a cover structure,
the coil winding tended to loosen. The cover not only facilitated the winding process
but also served to reduce mechanical stress during operation. The actual appearance of
this cover structure is shown in Figure 3.8 (b).

Considering this reinforcement structure, the stress experienced by the magnet dur-
ing operation can be analyzed. Displacement from the inclined structure of the straight
section and the displacement constraints from the cover structure were set as boundary
conditions, allowing for analysis of the stress and strain due to electromagnetic forces.
Strain was calculated by comprehensively considering the effects of bending strain and

thermal contraction. The mechanical factors considered in the analysis are as follows:
* Magnetic strain due to Lorentz force
* Bending strain at the coil-end part
* Strain due to thermal contraction of magnet
* Strain due to pressure applied by wedge structure

The overall mechanical analysis was conducted using an iterative sequential method.

Considering the actual sequence experienced by the magnet, strain first occurs due to
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bending, followed by strain induced by the wedge structure. Subsequently, cooling
leads to strain from thermal contraction, and finally, magnetic strain arises under op-
erating conditions. To perform this time-sequential analysis, the strain results from
previous stages were applied as external strain conditions for subsequent analyses.
Figure 3.10 illustrates the first principal strain calculated at each stage of the pro-
cess. First, the bending strain of the coil-end part, as calculated in Figure 3.7, was
applied as an external strain condition. Subsequently, an analysis was conducted on
the pressure exerted by the wedge structure under this condition. The wedge structure
is secured using two M4-sized bolts, each tightened with a torque 7" of 2 Nm. The

relationship between torque and force is expressed by the following equation [136]:

T
F=— 3.1
o’ 3.1

where k and d are the torque coefficient and bolt diameter, respectively. Assuming a
torque coefficient of 0.2 [137] and a bolt diameter of 4 mm, the force exerted by a sin-
gle bolt was calculated to be approximately 2500 N. Given that the force is distributed
over an area of 150 mm in length and 20 mm in height, the pressure applied to the
outermost surface of the straight section is approximately 1.7 MPa. This assumption
was incorporated into the analytical model to perform the analysis.

These results were applied to the thermal contraction analysis model described in
the previous chapter. Finally, a mechanical analysis was conducted for the situation
where current and magnetic fields are generated. As a result, the maximum tensile
principal strain was calculated to be 0.27%, and the compressive principal strain was
determined to be within 0.4%, confirming that there are no significant issues for the
operation of the magnet. Although strain was not measured directly using methods like
strain gauges, the processes corresponding to the analysis were followed during the
actual fabrication and operation stages. Achieving the target performance successfully

confirmed that the analysis results were within a reasonable and accurate range.
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Figure 3.8: Introduction of a wedge structure for the straight section’s mechanical sup-
port. (a) Straight section reinforcement structure made with copper leads, (b) straight
section reinforcement structure using wedge design, (c) manufacturing drawing of the

wedge structure.
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3.1.5 Cryogenic Design for Conduction Cooling Operation

This magnet was cooled using a conduction cooling system. In this cooling method,
the coolant does not directly contact the magnet for heat exchange; instead, the coolant
circulates through a cryocooler driven by a compressor to remove heat. The cry-
ocooler is thermally connected to the magnet through various metal thermal chan-
nels, ultimately lowering the magnet’s temperature. Commonly used coolers for this
purpose are Gifford-McMahon (GM) cryocooler and Stirling cryocoolers [138]. GM
cryocooler, which was used for the experiments, operates by cyclically compressing
and expanding helium gas to achieve low temperatures. In the first stage, helium is
compressed and cooled, and then it flows through an expansion valve where it un-
dergoes rapid expansion, lowering its temperature significantly. The cold helium is
then directed to the cryogenic area, where it absorbs heat, and the cycle repeats, pro-
viding consistent cooling at cryogenic temperatures. The experiment used ULVAC’s
RM120ET 2-stage GM cryocooler [139], and to measure magnetic field uniformity, a
system with a room-temperature bore at the center of the vacuum chamber was used.
The cooling power map of the cryocooler is shown in Figure 3.11.

The overall configuration of the system is shown in Figure 3.12. The main focus
is the thermal pathway setup between the cryocooler, current-carrying leads, and the
magnet. Current enters through a room-temperature lead positioned at the bottom of
the system. As it passes from the first to the second stage, it uses an HTS lead formed
by attaching REBCO tape to a G10 plate to minimize thermal intrusion into the second
stage. The current reaching the second stage is then directed to the magnet through
copper braids connected to copper current leads. The copper current leads at the second
stage are cooled via a copper block and copper plate attached to the second stage.
Copper and brass blocks serve as thermal channels at the first and second stages, and
a multi-layer insulation radiation shield is positioned between the first stage and the
chamber to minimize radiation heat intrusion affecting the magnet. Information on the

parts used as cooling channels is provided in Table 3.4.
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Figure 3.11: Cooling power map of ULVAC’s RM120ET used in the experiment.

The magnet is also cooled by thermally contacting the copper plate of the second
stage with the magnet’s bobbin. However, relying solely on this method may result in
a significant temperature gradient between the upper and lower parts of the magnet.
To address this, an additional cooling path was established using copper braided wire
as shown in Figure 3.13. This method involved creating 12 holes in the bobbin and
connecting the second stage plate to the bobbin with copper wires, effectively adding
parallel resistance from a thermal resistance perspective to facilitate smoother heat
transfer.

To verify the effectiveness of this cooling path, a thermal circuit model, as shown
in Figure 3.14, was used to assess the temperature gradient occurring in the coil. This
thermal circuit model is primarily represented by two components. The first is the ca-

pacitive component of nodes, which represents parts or sections of an object, indicating
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Figure 3.12: Overall schematic of the conduction cooling system used in the experi-

ment.

the thermal capacity of each node. The second is the resistive component, representing
conduction between nodes, which serves as the heat path in the conduction cooling
system where no convection is present. It was assumed that no temperature gradient
exists within each node, and the coil was segmented into multiple sections along the
axial direction, each set as a node to analyze the coil’s temperature gradient. The heat
capacity values of the materials used in the analysis are shown in Figure 3.15. This
analysis model will also be used later to examine the cooling profile and temperature
rise during charging and discharging.

To analyze the model, a total of 46 nodes representing each object were set up,
along with 96 connections between nodes. The conduction between nodes via ther-
mal contact is determined by thermal contact resistance, but accurately predicting this

value before measurement is nearly impossible. However, thermal contact resistance
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Table 3.4: Properties and volumes of components in the conduction cooling system

Part Name Material ~ Volume [cm?]
Block attached to 1% stage Cu 1095
Cooling channel between 2" stage and block Cu 259
Block at 2"? stage Cu 780
Plate at 2"? stage Cu 1774
Room-temperature current lead Cu 31
1%t stage current lead Cu 63
15t-2"4 stage connecting current lead Cu 14
27? stage current lead Cu 14
Cooling channel between plate and current lead Cu 51
Coil bobbin Al 1619

values measured in previous experiments were incorporated as much as possible for
this analysis. The primary variable in this analysis is the thermal resistance between the
coil bobbin and the plate. Connecting more copper braided wires adds parallel resis-
tance paths, thereby reducing the equivalent resistance and influencing the temperature
gradient between the top and bottom of the coil. The analysis results are shown in Fig-
ure 3.16. It was observed that if the thermal resistance is sufficiently low, almost no
temperature gradient occurs; however, if the thermal resistance increases, a tempera-
ture gradient of up to approximately 2 K can develop. In a later section, the cooling
profile measurement results will be used to infer thermal resistance and to assess the

potential critical current degradation due to the temperature gradient.
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Figure 3.14: Thermal circuit model suggested for thermal analysis.
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3.2 Construction of Saddle-shaped Coils

The most challenging aspect of fabricating a saddle-shaped magnet is the winding
process. Due to its tape form rather than round wire, the REBCO coated conductor
poses difficulties in manufacturing nonplanar magnets. Precise winding is required to
avoid damaging the conductor when hardway-bending occurs. To address this, winding
machines based on robotic arms capable of controlling five or more axes of linear and
rotational movement are being developed. However, in this study, a planar coil winding
machine with only a single rotational and a single linear axis was used to fabricate the
saddle-shaped magnet. A universal joint structure, which allows manual adjustment in
three directions, was introduced to control the relative position and orientation of the
conductor’s entry to the bobbin. Additionally, a clamp structure was employed during
the winding process to apply continuous pressure and prevent lifting in the straight
sections.

As mentioned earlier, to solve the issue of electrical connections between coils,
the conductor was routed through the gaps in the wedge structure designed for rein-
forcing the straight sections. Implementing this method required a lap joint to connect
the conductors. It is known that chemicals in flux used in soldering can cause gradual
but continuous damage to the conductor, so a solder-free lap joint was developed and
used for electrical connections between coils. Finally, the previously designed rein-

forcement structure was installed to complete the magnet system.

3.2.1 Winding Method and Results

The tape form of REBCO coated conductors poses a challenge for winding saddle-
shaped coils. Unlike other metallic superconducting materials, REBCO has a ceramic
nature due to its unique crystal structure, making it susceptible to damage from hardway-
bending, though it can withstand easyway-bending even in thin films. Consequently,

planar coils, like solenoid coils, have typically been wound in a pancake shape along
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Figure 3.17: Varying rotation angle during winding for each coil

the easyway-bending direction. The winding machines used for these coils control
winding speed and tension along one linear and one rotational axis. In contrast, wind-
ing nonplanar coils requires control over five or more axes for varying winding angle
within coil as shown in Figure 3.17, and various studies are underway to address this.
However, these specialized winding machines are not yet commercially available, and
since this study marks the first attempt to produce a saddle-shaped NI magnet, a newly
developed winding machine could not be used.

Therefore, to wind a nonplanar coil using the existing winding machine for planar
coils, a universal joint was used as shown in Figure 3.18. A universal joint is a mechan-
ical connection that allows rotation in multiple directions, enabling flexibility between

two shafts that are not aligned. It is commonly used to transmit torque and movement
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Figure 3.18: Installation of the universal joint for coil winding

in cases where angular misalignment is present. One end of the universal joint was
fixed to the rotating axis of the winding machine, while the other end was connected to
the winding jig for the coil, allowing manual adjustment of the coil’s rotation direction.
The winding machine rotated the coil for pancake winding and maintained consistent
winding tension. The winding tension was set to 20 N.

A problem discovered during the winding practice was that the straight section of
the coil did not receive vertical compressive winding stress, causing its shape to deviate

from the design. This is a common issue with coils that have straight sections, which
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require continuous pressure in those areas. Known methods to address this include
using clamp structures or roller structures. In this study, a clamp structure that could
be easily integrated into the existing winding machine was used during the winding
process.

The entire winding process is as follows.

 Step 1: Attach the universal joint and winding jig to the coil bobbin. Addition-
ally, attach a cover to the bobbin to prevent the conductor from slipping out.
Then, secure the universal joint to the chuck located on the rotating axis of the

winding machine.

» Step 2: Apply winding tension and rotate the bobbin 180 degrees. In the curved
section, the winding is maintained by the tension, but in the straight section,
the conductor may try to slip out. To keep it in place, insert the conductor be-
tween the cover and the bobbin. During rotation, manually adjust the direction
of the universal joint to ensure the conductor’s entry position and direction to

the bobbin remain stable.

* Step 3: Stop the winding machine and install 2-3 clamps on the straight sec-
tion. Apply pressure with the clamps from the front to the back of the winding,

removing any extra space to minimize winding errors in the straight section.

» Step 4: Rotate the bobbin another 180 degrees and repeat the above steps until

the desired number of turns is reached.

The above process is illustrated in detail in Figure 3.19.

80



Bobbin

rotation
Winding Insertion
. of REBCO
under

covers

Universal
joint

Covers

| .
Pulling
clamp

with
pressure

Figure 3.19: Detailed coil winding process
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3.2.2 Solder-free Lap Joint for Electrical Connection and Magnet As-
sembly

Unlike LTS wire, achieving a superconducting joint with negligible resistance is ex-
tremely difficult with REBCO coated conductors. As a result, lap joints using soldering
metals are the most commonly used method for connecting REBCO conductors [140].
The flux used in soldering to the copper stabilizer layer of REBCO tape removes cop-
per oxide and reduces the surface tension of the solder, allowing for a reliable and
conductive bond between conductors. However, excessive use of flux or inadequate
cleaning can leave flux residues on the coil, where its chemical components may react
with the copper, oxidizing or even eroding it in severe cases. This can weaken the me-
chanical properties of the superconducting tape, potentially causing delamination of
the REBCO layer during cooling and operation, leading to serious operational issues
for the magnet.

To address the above issue, a flux-free joining method was developed. It is known
from current bypassing phenomena in NI HTS magnets that the electrical contact re-
sistance between superconducting tapes can be determined by the applied pressure and
contact area. Contact resistance decreases with increased pressure and a larger contact
area. Thus, by applying sufficient pressure and maximizing contact area, a similar re-
sistance level can be achieved without soldering. This method, termed a ‘solder-free
lap joint,” is shown in comparison with a soldered lap joint in Figure 3.20 (a) and (b).
At the coil level, as shown in Figure 3.20 (c), this method was implemented by securing
the end of the winding with an adhesive material, such as Kapton tape, and continuing
with a new conductor spool, applying winding tension to maintain continuity.

This method was first tested on a solenoid double pancake coil to confirm its feasi-
bility. The solenoid coil consisted of two 50-turn NI single pancake (SP) coils, with a
solder-free lap joint inserted at the 8! turn of one SP. The contact resistivity measured
in a liquid nitrogen during charge-discharge testing was 16 pQ2cm?, which matched

well with analytical results based on pressure and contact area considerations. This
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Table 3.5: Resistance measurement results for each solder-free lap joint

. Joint inside Joint inside  Joint between
Parameter Unit

top coil2 bottom coil2 both coills

Tested temperature [K] 77 15 77 15 77 15

Contacted area [cm?] 35.6 35.6 90.7
Joint resistance [n€2] 540 180 500 170 570 300
Contact resistivity  [uQ2em?] 19 64 19 6.2 52 27

confirmed that the same technique could be applied to the magnet in this study.

For the saddle-shaped coil in this study, a total of three solder-free lap joints were
inserted. The first was placed at the 37" turn of coil 2, both top and bottom. The lap
joint was created at this point because the length of the conductor used continuously
from coil 3 was 50 meters. The end of this conductor was secured with an adhesive,
and a new turn was wound over it. To maximize the contact area, the contact surface
was extended across one turn. Another lap joint was implemented to connect the top
and bottom coils 1. When winding each coil 1, a 2.5-meter excess length was left,
and after combining the two coils on the bobbin, the excess lengths were crossed to
form a lap joint that contacted the outermost turn of the opposite coil. Since this joint
was located at the outermost part, where it was challenging to apply pressure through
winding stress, the contact length was maximized, and pressure was applied using
the wedge structure in the straight section to minimize contact resistance. The contact
areas and resistance values for these solder-free lap joints are provided in Table 3.5.
The resistance values varied with temperature, showing lower contact resistance at
lower temperatures. Although the contact resistivity was observed to be significantly
higher than the 0.1 uQ2cm? value typical of soldered joints, maximizing the contact
area allowed for achieving sub-uS) resistance levels. Considering the conductor width
of approximately 4.05 mm, the contact lengths were determined to be 0.88 m and 2.24

m, respectively.
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The assembly process for the magnet is as follows.

* Step 1: Wind the smallest coil, coil3. The outermost turn of coil3 remains con-

tinuous, connecting directly to the innermost turn of coil2.

* Step 2: Pass the outermost turn of coil3 through the gap in the wedge structure.
To prevent damage to the conductor, insert a soft metal like indium between the

wedge structure and the conductor.

» Step 3: Press the wedge structure in the direction that applies force along each
inclined surface. Then, while maintaining the applied force, secure the wedge

structure and bobbin with bolts to hold the force in place.

 Step 4: Continue winding by using the outermost turn of coil3 as the innermost
turn of coil2. At the 37" turn of coil2, when the conductor length is exhausted,
implement a solder-free lap joint and continue winding until reaching a total of

82 turns.

» Step S: Repeat steps 2 and 3 for the final turn of coil2 and the wedge structure.

Similarly, the final turn of coil2 connects to the innermost turn of coill.

* Step 6: After winding a total of 97 turns for coill, attach the set of coill, coil2,
and coil3 to the bobbin. Leave an extra 2.5 m at the end of the winding to allow

for the connection between the two coills.

» Step 7: Repeat the steps above for the other set of coill, coil2, and coil3, then

attach them to the bobbin.

 Step 8: For the final turn of coill, cross the extra lengths to create a solder-free
lap joint. Apply pressure between the coill units using the wedge structure and

complete the assembly.

The assembly process above is visualized in Figure 3.21.
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Figure 3.20: Introduction of a solder-free lap joint. (a) Traditional soldering lap joint,

(b) Pressure-based solder-free joint, (c) Schematic of solder-free lap joint implemen-

tation within the coil.
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Figure 3.21: Overall summary of coil assembly process
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3.3 [Experimental Setup and Conduction Cooling Operation

To operate the assembled coil in a conduction-cooled environment, an appropriate ex-
perimental setup is required. The main data to be measured from the coil is the mag-
netic field distribution at the center. Therefore, a field-mapper was installed along with
the conduction cooling system to measure the magnetic field at the center. For this
purpose, the chamber of the conduction cooling system was designed with a room-
temperature bore at the center. Additionally, to verify the stable operation of the coil,
temperature and voltage were measured in real time by installing temperature sen-
sors and voltage taps. After installing the magnet, cooling was performed using a cry-
ocooler, and the cooling profile was analyzed using the previously mentioned thermal
circuit model. The temperature gradient within the coil was also measured and com-

pared with previous analysis results.

3.3.1 Experimental System Construction

The data to be measured from the fabricated magnet includes 1) magnetic field distri-
bution; 2) voltage of each coil; and 3) temperature. Each measurement requires specific
equipment and experimental setup. First, a field-mapper was designed and installed to
measure the magnetic field distribution. Figure 3.22 shows the schematic and actual
installation of the field mapper. The field-mapper’s external frame is approximately 1
mx1 mx2 m in size, with stepper motors mounted on the top metal frame for posi-
tional control in three axes, allowing precise positioning to 0.01 mm. A rod about 1 m
long, attached to the position control unit of the field-mapper, is inserted into the room-
temperature bore of the conduction cooling chamber, with a Hall sensor mounted at the
end of the rod to measure the magnetic field. The Hall sensor used in this experiment is
the Lakeshore HGCT-3020 model, operated via the Lakeshore Model 121 DC current
source. The Hall sensor outputs a voltage signal in the presence of a magnetic field,

and calibration was performed in a room-temperature environment as shown in Figure
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Figure 3.22: Drawings of the field-mapper used in the experiment and photos of the

actual installation

3.23, allowing the voltage signal to be converted into magnetic field measurements.
The voltage output from the Hall sensor and the coil is at a similar mV-level, so
the same data acquisition system (DAQ) was used to measure both voltages. The DAQ
used includes the SCXI-1000(chassis), 1125(voltage input module), and 1305(Bayo-
net Neill-Concelman terminal), all from National Instruments, as shown in Figure 3.24
(a). The sampling rate during measurement was 5 Hz. Lastly, temperature sensors and
monitors were used to measure the temperature of different parts of the magnet and
cooling system. For temperature sensors, DT-670 silicon diode sensors from Lakeshore
were used, and the temperature monitors were the Lakeshore Model 224 and Model
336, shown in Figure 3.24 (b). Since the magnet in this study aims to create a uni-
form magnetic field distribution, stable operation of the current source is essential.
The power supply used for the experiment was the MercuryiPS from Oxford Instru-
ments, as shown in Figure 3.24 (c), which offers a current stability of 2 mA. Creating a

vacuum environment is essential in conduction cooling to prevent heat intrusion from
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Figure 3.23: Calibration results of Hall sensor used in the experiment

convection. In this experiment, a rotary pump and a turbo pump were used to achieve a
vacuum level of less than 106 Torr. The equipment used to measure the vacuum level
was the DualGauge from Pfeiffer.

The method of assembling and installing the magnet and experimental equipment
is shown in Figure 3.25. Figure 3.25 (a) illustrates the signals output from the magnet,
cooling system, and field-mapper, which are read and processed by the measurement
devices. The conduction cooling chamber is located inside the field-mapper, with the
magnet assembled inside the chamber. The magnet outputs temperature and voltage
signals, which are read by the measurement equipment; the cooling chamber outputs
temperature readings, and the field-mapper outputs Hall voltage signals. These sig-
nals are monitored and recorded in real-time on a PC. A photo of the actual magnet

installation is shown in Figure 3.25 (b). As previously described, the field-mapper is
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Figure 3.24: Equipment used in the experiment. (a) SCXI-1125 for voltage measure-
ment, (b) temperature monitor Model 224 and 336 for temperature measurement, (c)

MercuryiPS used as the power supply.

positioned externally, with a rod containing the Hall sensor inserted from above into
the room-temperature bore. The magnet is cooled by direct contact between the bob-
bin and the copper plate attached to the second stage, and additional cooling channels
were established using copper braided wire (shown as thin yellow wires in the figure).
Relatively thick copper braided wire was used to supply current to the magnet from
the current leads of the cooling system. Temperature sensors were attached throughout
the magnet to monitor temperature, and voltage taps inserted in the coils were used to

measure voltage at various points.
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3.3.2 Cooling Results and Cryogenic Properties

The assembled magnet was cooled using the conduction cooling system, and the main
temperature profile is shown in Figure 3.26. The total time required to cool the magnet
was 29.2 hours. The temperature of the first stage cold head stabilized at 45.7 K, and
the surface temperature of the radiation shield attached to the first stage stabilized at
51.0 K. The temperature of the second stage cold head, where the magnet was installed,
stabilized at 8.7 K. As shown in small inlet in the figure, temperature measurements
taken from sensors attached to the surface of the magnet’s bobbin showed that the
lowest point on the bobbin reached 10.1 K, while the highest point reached 11.3 K.
Based on the predictions in Figure 3.16, the temperature gradient of approximately 1.2
K suggests a thermal resistance of about 0.02 K/W between the coil and the copper
plate of the second stage.

Using the thermal circuit model from Figure 3.14, along with the parameters in
Table 3.4 and Figure 3.15, thermal analysis was conducted to interpret the cooling
profile. The thermal contact resistance values between each node were initially esti-
mated from previous experimental data and then optimized to minimize discrepancies
with the measured results. For the analysis, assumptions about the level of thermal
intrusion were necessary. The primary sources of thermal intrusion were through the
current leads and radiative heat. Based on the cooling map in Figure 3.11, a total ther-
mal intrusion of approximately 54 W was estimated, with the first stage dissipating
about 53.98 W and the second stage dissipating around 0.02 W at equilibrium. With
these assumptions, the overall thermal resistance in the cooling system was interpreted
to be around 0.01 K/W. The analysis results are shown in Figure 3.27. This analysis
model will also be used to analyze the temperature rise due to bypass currents during

charging and discharging.
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3.4 Summary of Design and Fabrication of Demo Magnet

The preceding sections of this chapter provided a detailed discussion of the design,
fabrication, and cooling method for the 0.7 T dipole magnet, the primary subject of
analysis and experimentation. However, before these techniques were developed, a
process of trial and error was conducted using a demo magnet. This section provides a
brief summary of the demo magnet. The demo magnet was relatively small, was tested
in a liquid nitrogen environment, and had a central magnetic field strength of only
about 0.1 T. A comparison will be made between the issues identified in the demo

magnet and the improvements applied to the 0.7 T magnet.

3.4.1 Main Differences between the Dipole Magnet with a Center Field
of 0.7 T and Demo Magnet

Demo magnet was produced prior to the 0.7 T saddle-shaped dipole magnet discussed
in this study. The purpose of the demo magnet was to minimize conductor usage by
testing and experimenting on a smaller scale, allowing for the identification and im-
provement of potential issues before conducting experiments on the primary magnet.
The design, analysis, fabrication, and operational methods previously discussed were
refined based on the test results of the demo magnet. Therefore, detailed descriptions
of the design and fabrication steps are omitted here, and a summary is provided in
this section. The main differences between the demo magnet and the 0.7 T magnet are
shown in Table 3.6.

The demo magnet was produced twice with the same design, using different wind-
ing techniques. The first was wound in an NI manner to confirm the current-bypassing
characteristics, and the second applied a 2-ply winding method, a form of cabling, to
verify high-speed charge-discharge characteristics. The 2-ply winding technique is a
type of cowinding in which two REBCO wires are stacked together, with each turn

configured as REBCO-REBCO-insulation(Kapton) to allow current sharing only be-
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Table 3.6: Comparison of the key differences between the demo magnet and the main

magnet

Factors Demo magnet 07T saddle-shaped
dipole main magnet

Winding technique NI/ 2-ply NI

Widning diameter 80 mm 110 mm

Axial length 250 mm 550 mm

The number of coil pairs 2 3

Shape of coil end-part superellipse (n=3) ellipse (n=2)

Center magnetic field 01T 07T

, . 88x107* 1.9x1074
Magnetic field uniformity

@ 15 mm reference radius @ 15 mm reference radius

Electrical connection

Soldered lap joint Solder-free lap joint
between coils
Mechanical support
N/A Wedge structure
at straight section
Cooling method Liquid nitrogen (77 K) Conduction cooling (15 K)

tween the two adjacent conductors. To simplify fabrication, the demo magnet was
relatively small in size and was made with two coil pairs instead of three.

In the case of the demo magnet, the shape of the end-part (curved section) was de-
signed as a superellipse rather than an ellipse to test for curvature continuity with the
straight section. The central magnetic field strength was also lower, around 0.1 T, and
the magnetic field uniformity was designed to be lower over the same reference radius.
Coil-to-coil connections were made by soldering to form lap joints, implemented as
shown in Figure 3.28. This method was chosen because, to avoid bending the conduc-
tor and to bring it outwards for soldering, the surfaces of the two conductors were not

parallel, making a conventional lap joint impossible. The demo magnet did not have a
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reinforcement structure for the straight section, and the cooling was conducted only in

a liquid nitrogen environment for tests.

3.4.2 Problems identified during Fabrication and Test of Demo Magnet

and Corresponding Improvements

When the demo magnet was produced as described above, several issues were identi-

fied during the design, construction, and operation processes, as outlined below.

* [Design] It was determined that two coil pairs were insufficient to achieve ad-
equate magnetic field uniformity. Increasing the number of coil pairs raises the
difficulty and time required for fabrication, but it also adds more adjustable vari-
ables in the design, thereby enhancing magnetic field uniformity. Based on this,

the design was modified to include three coil pairs.

* [Design] Although designing the coil’s end-part as a superellipse can theoreti-
cally ensure curvature continuity, it proved to have minimal effect in practice. In-
stead, it created sections where the winding surface angle changed more steeply,
making the manual winding process with the universal joint more challenging.
Therefore, an elliptical shape was applied instead of a superellipse, resulting in

a relatively easier winding process.

* [Construction] During winding, the absence of clamps to hold the straight sec-
tions caused deformation of the coil shape. This occurred because the straight
sections experienced almost no compressive stress from winding tension. Al-
though tension appeared to be applied while winding each turn, it actually loos-
ened in the straight sections during the transition to the next turn due to factors
like friction between conductors. To address this, clamps were applied every
180 degrees to maintain pressure, ensuring that the straight sections remained

taut and tension was sustained until the winding was complete.
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* [Construction] To create soldered lap joints for electrical connections between
coils, additional space was required specifically for these joints. In the demo
magnet, a cylindrical structure was added at the bottom of the coil to fabri-
cate the joint on its side, which was both spatially inefficient and introduced
inductance and magnetic field effects that could impact coil operation. Addition-
ally, oxidation of the lap joint over time was observed. To address these issues,
a solder-free lap joint was introduced, with coil connections implemented by

drawing the conductor continuously between coils.

* [Operation] Operating in a 77 K liquid nitrogen environment limited the achiev-
able magnetic field level. Additionally, since the Hall sensor was placed inside
liquid nitrogen during magnetic field mapping, temperature changes could alter
the sensor’s sensitivity, and vibrations from nitrogen boiling caused noise in the
Hall sensor signal. To address these issues, experiments were conducted using a

conduction cooling system with a room-temperature bore.

* [Operation] Without reinforcement for the straight sections, significant shape
deformation due to thermal contraction was observed. As will be discussed later,
this shape change severely degraded the uniformity of the magnetic field. To
address this, a wedge-shaped reinforcement structure was applied to the straight
sections to maintain pressure, and the magnet was operated in this stabilized

configuration.
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Chapter 4

EXPERIMENTAL RESULTS AND ANALYSIS OF HTS
SADDLE-SHAPED DIPOLE MAGNET

This chapter describes the experimental results for the fabricated magnet. The mag-
net was operated in a conduction cooling environment and achieved the target central
magnetic field. However, the measured magnetic field uniformity was lower than the
designed value. This issue appears to result from shape deviations during fabrication,
measurement errors, and screening current. Additionally, the temporal stability of the
magnetic field under sustained current in driven-mode operation was examined. To
improve magnetic field uniformity, a ferroshim was designed and fabricated, and mea-

surements confirmed an improvement in uniformity.

4.1 Experimental Results and Analysis for HTS Dipole Mag-

net
The results of the magnet’s conduction cooling environment experiments can be sum-
marized as follows: 1) center magnetic field of 0.7 T achieved; 2) pre-compensation

magnetic field uniformity of 14x10~%; 3) temporal stability of field uniformity be-

low 0.38x 10~%/hour. Current sweep reversal (CSR) technique, which helps improve
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magnetic field uniformity through screening current, was applied to measure potential
improvements. However, the effect of CSR was minimal, as confirmed by screening

current analysis results calculated using the widthwise-segmented circuit model.

4.1.1 Experiment Procedures

The overall process of experiments conducted after cooling was progressed as follows.

* Charge-Discharge Test: The magnet was charged to the target current of 295 A.
Due to the NI winding of the magnet, magnetic field charging delay occurred due
to current bypassing, which can help identify parameters like contact resistivity
based on the extent of this delay. Temperature increases during the charging and
sudden-discharge processes were measured to determine the heat generation in

the NI magnet.

* Measurement of Magnetic Field Distribution: The magnetic field distribution
at a current of 200 A was measured using the field-mapper to check for devia-
tions from the designed uniformity. Since the reference radius for the designed
magnetic field uniformity was 15 mm, the magnetic field was measured at 12
points spaced 30 degrees apart along circumferences with radii of 5, 10, and 15
mm from the center. The current was set to 200 A instead of 295 A to serve as a

control for the CSR test.

* Current Sweep Reversal Test: CSR is an operational technique designed to
counteract the reduction in magnetic field uniformity caused by screening cur-
rents. This method involves applying a current slightly above the target current
and then reducing it back to the target level, which helps offset the current dis-
tribution effects caused by screening current during the charging process. The
effect of CSR on the saddle-shaped magnet was observed by measuring the mag-

netic field uniformity.
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* Comparison of Magnetic Field Uniformity by Current Level: To measure
the changes in magnetic field distribution caused by screening current, experi-
ments were conducted at operating currents of 50 A, 100 A, and 150 A, and the

uniformity was measured for each case.

In chronological order, after these experiments were completed, a ferroshim was fab-
ricated and tested to correct the magnetic field uniformity, and finally, an experiment

was conducted to measure the magnet’s critical current.

4.1.2 Basic Operations Results

In an NI magnet, heat generation occurs during charging and discharging due to cur-
rent bypass characteristics. Since the amount of heat generated is proportional to the
charging rate, a very slow charging rate must be used to prevent temperature rise. In
this experiment, the charging rate was limited to set below 2 A/min for all tests.

The results of charging up to 295 A are shown in Figure 4.1. Figure 4.1 (a) dis-
plays the current profile up to 295 A and the central magnetic field profile, while
(b) shows the voltage graph for each coil. The central magnetic field reached 0.717
T at 295 A, showing a deviation of approximately 0.4% from the designed value.
This minor deviation is likely due to shape imperfections from the fabrication process.
Since coil2s contained solder-free lap joints, the internal resistance value can be mea-
sured from the voltage while holding the current. Figure 4.2 shows the results of the
sudden-discharge experiment. To avoid potential damage from heat generation during
a sudden-discharge at higher current, the test was conducted at 50 A. Figure 4.2 (a)
shows the measured current, voltage, and central magnetic field, while (b) displays
the coil-specific voltage at the point of sudden discharge. From the coil voltages, the
inductance of each coil was verified, and the contact resistivity for each coil was ana-
lyzed. The coil parameters measured from the experimental results are shown in Table

4.1.
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Table 4.1: Measured characteristic resistance and contact resistivity

Parameter Unit Coil 1-1 Coil 1-2 Coil 2-1 Coil 2-2 Coil 3-1 Coil 3-2

Characteristic
[u2] 4.1 24.8 9.0 22.0 7.9 7.9
resistance
Contact
[chm2] 1.9 12.1 4.1 99 4.6 4.6
resistivity
Time constant [min] 20.0
Temp. sensor Temp. sensor Temp. sensor
© - bottom - middle - top1
K
o
]
o
o
[&]
)
@©
®
&

Temp. sensor
-top2

Figure 4.3: Temperature sensor attachment locations

The contact resistance parameters of the coil measured from the experimental re-
sults are shown in the table. The contact resistivity was found to range from 1.9 uQ2cm?
to 12.1 uQ2cm?, which is consistent with typical results from NI magnet experiments. In
the demo magnet experiment discussed later, insufficient reinforcement of the straight
section led to significantly higher contact resistivity, whereas in this magnet, it was
indirectly confirmed that sufficient pressure was applied to the straight section.

These analysis results can also be used to interpret temperature rise during charg-
ing and sudden discharge of the magnet. In the circuit model for NI magnets, heat
generation is modeled as follows:

Neoit

Q=Y I};Rex, (4.1)

k=1
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where @, Ncoi, Ir 1, and R, represent the Joule loss, the number of coils, radial
current flowing each coil, and the characteristic resistance of each coil, respectively.
Figure 4.3 presents the sensor attachment locations corresponding to the analysis re-
sults.

The analysis results for temperature rise during the previous 295 A charging pro-
cess and during sudden discharge are shown in Figure 4.4. Figure 4.4 (a) shows that
at a charging rate of 2 A/min, temperature rise occurred due to heat generated in the
copper current lead as the operating current increased to 295 A. Temperature was mea-
sured with sensors attached to the bottom, center, and top of the coil bobbin, with a
maximum temperature rise of 8.0 K observed. The analysis results using the thermal
circuit model closely matched the measured results. Additionally, Figure 4.4 (b) shows
the measured temperature rise during the sudden discharge experiment, with the anal-
ysis results accurately replicating the measurements.

The mechanical analysis results for the magnet were not quantitatively verified due
to the inability to directly measure strain using methods such as strain gauges. Instead,
from a qualitative perspective, the magnet successfully operated without issues, reach-
ing its target current. This suggests, as observed in the analysis results shown in Figure
3.10, that excessive strain was not applied to the magnet. However, it was confirmed
that displacement occurred in the coil.

Figure 4.5 (a) shows the winding state before the experiment, while (b) shows the
state after an attempt to cool the system, during which the target temperature of 10
K was not achieved, and the magnet was subsequently warmed up without applying
current. Visible displacement occurred in the curved section of Coil 1, indicating an
upward deformation. This displacement trend aligns with the displacement analysis
results from thermal contraction shown in Figure 2.17. While quantitative measure-
ments were not conducted, the process of thermal contraction is observed to cause

displacement in the direction of the coil lifting away.
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Figure 4.5: Observation of deformation during operation. (a) Winding state of coill’s
curved section before the experiment, (b) State after cooling only, (c) State after cool-

ing and operation completion.

Figure 4.5 (c) shows the winding state after cooling, current application, and the
conclusion of all experiments, when the magnet was removed from the cooling cham-
ber. At this point, the winding had returned toward the bobbin, consistent with the
analysis results. These observations confirmed that the assumptions were reasonable.

Magnetic field uniformity was measured with the magnet charged to 200 A. Due
to the magnetic field charging delay caused by the current-bypassing characteristics
of the no-insulation magnet, a sufficiently long waiting period was required after the
current had been fully charged. Since there is no clear standard for how long to wait
for magnetic field relaxation, temporal stability of the magnetic field was measured
to establish a guideline. The results of the magnetic field distribution measurement
are shown in Figure 4.6. The magnetic field was measured at 37 points in total: the
center, 12 points along a 5 mm radius circumference, 12 points along a 10 mm, and 12
points along a 15 mm. Measurements were repeated six times, and the measurement
times were normalized by a time constant of 20.0 minutes. The results indicated that
the magnetic field distribution was not fully stabilized at 6.8 times the time constant,

while nearly identical magnetic field distributions were observed after 10 times the
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time constant. At this point, the uniformity value defined in (2.28) was measured to
be 14.0x10~* at a 15 mm radius, which is significantly lower than the designed value
of 1.9x 10~%. This result will be compared with cases where CSR and ferroshim were
applied to determine whether magnetic field uniformity improved.

Finally, the critical current of the magnet was measured to compare it with the pre-
dicted value. During the design process, a 20% critical current margin was set based on
the assumption that the operating temperature would remain constant at 15 K. How-
ever, since temperature variations under actual operating conditions are difficult to
predict before measurements, the design was carried out under this assumption.

Before current charging, the actual magnet showed a temperature of approximately
10 K. When the current was charged to the point of thermal runaway quench, the
maximum measured temperature was 19.1 K, with an operating current of 331 A at that
point. This result supports the earlier conclusion that the ‘widthwise average method’
predicts the critical current more accurately than the ‘widthwise minimum method’.

Assuming a current of 331 A flows at a temperature of 19.1 K, the widthwise crit-
ical current distribution at the innermost and outermost turns of each coil is shown in
Figure 4.7. As evident in the results, there are points along the width where the critical
current is significantly exceeded. However, since the widthwise average did not reach
the operating current, 331 A was achievable. The location with the lowest widthwise
average critical current was at the junction of the straight and curved sections of coil
1. The critical current was calculated to be 338 A, showing a 2.1% deviation.

Figure 4.8 (a) shows the current, voltage, and magnetic field graphs during the
quench event at 331 A. While it is difficult to confirm if the quench occurred precisely
at the predicted location, it was verified that the quench occurred in coill-1. Figure 4.8
(b) presents the critical current load-line analysis. The red star indicates the operating
condition where the quench occurred, confirming that the critical current was reached
at an operating temperature between 19 K and 20 K. These results demonstrate that

the widthwise average method effectively predicts and analyzes the critical current.
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4.1.3 Current Sweep Reversal Operation Results and Screening Current

Analysis Results

The CSR technique is designed to improve magnetic field uniformity degraded by
screening currents through adjustments in magnet operation [141, 142]. The applica-
tion method is relatively simple: the operating current of the magnet is temporarily
charged beyond the target current, and then lowered back to the target level. This ap-
proach leverages the fundamental properties of screening currents. In superconductors,
where resistance is zero, current is first charged from the outer layers, forming screen-
ing currents. If the current is charged directly to the target level, it remains unevenly
distributed, with most of the current concentrated near the edges, and this imbalance
is not easily resolved. However, by briefly increasing the current above the target level
and then reducing it, a negative current density forms on the outer layers, partially
mitigating the magnetic field distortion caused by screening currents. CSR takes ad-
vantage of this characteristic and has been used in solenoid magnets for NMR and MRI
to improve magnetic field uniformity. However, this technique had not been applied to
saddle-shaped magnets before and was introduced for the first time in this study.

The operating sequence applied in the experiment is shown in Figure 4.9. When
CSR was not applied, the magnet was charged to 200 A over 200 minutes at a rate
of 1 A/min, followed by magnetic field distribution measurements. When CSR was
applied, the magnet was charged to 220 A, 10% higher than the target current, over 220
minutes at the same rate of 1 A/min. Afterward, the system was allowed to relax for 10
times the time constant until the magnetic field and current distribution stabilized. The
current was then reduced back to 200 A at 1 A/min, and the magnetic field distribution
was measured.

The magnetic field distribution measured after applying CSR is shown in Figure
4.10. Although the measurement was not conducted at exactly the same time points as
in the previous experiment, data was collected up to 28.8 times the time constant to

cover a comparable time range. The magnetic field distribution was found to be nearly
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Figure 4.9: CSR operation protocol used in the experiment

identical to that measured without CSR. The magnetic field uniformity was also mea-
sured to be 13.8x 1074, showing little difference from the reference. To explain this
negligible difference, screening current analysis was conducted using the previously
described widthwise-segmented circuit model.

The analysis results of the current distribution are shown in Figure 4.11. Since
it is challenging to depict all current distributions over time, the results compare the
reference scenario with the CSR-applied scenario. In the reference scenario, charging
was completed in 200 minutes, followed by a stabilization process for the current dis-
tribution. In contrast, for the CSR scenario, charging was completed in 220 minutes,
followed by an additional waiting period of 200 minutes corresponding to ten times the
time constant, then 20 minutes to lower the current to 200 A, and finally waiting for the
current distribution to stabilize. Therefore, the current distribution was compared at the

following points for both scenarios: immediately after charging was completed, at 420
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minutes, and at 640 minutes (considered as the point of stabilized current distribution).

The analysis results revealed differences in the characteristic resistance of each
coil, which determines the NI properties, leading to varying effects of current charging
delays. Additionally, when CSR was applied, the current distribution after discharge
became relatively uniform. In contrast, in the reference case without CSR, the current
distribution remained significantly non-uniform even after a long time. The differences
in the magnetic field caused by these current distributions were analyzed and are shown
in Figure 4.12. The magnetic fields generated by the current distributions at 640 min-
utes and the differences compared to those generated by a uniform current distribution
are presented.

The overall trend in magnetic field differences varies between the two cases. With-
out CSR, the overall magnetic field is greater than that of a uniform current distri-
bution, whereas with CSR, the magnetic field is smaller. This indicates that the top
and bottom edges of the coil’s width significantly influence the magnetic field. How-
ever, the differences in the magnetic field are approximately 20 uT. Considering that
the central magnetic field is 0.5 T, the impact on magnetic field uniformity is around
0.4x10~*. This is smaller than the measurement error of the Hall sensors and other
measurement equipment used in the experiment, indicating that the magnetic field dis-
tortion caused by screening currents is at a level that is extremely difficult to distinguish
in the experimental environment of this study.

The minimal impact of screening currents on the magnetic field distribution was
also confirmed through another experiment. Before the ferroshim installation, the mag-
netic field distribution was measured at different operating current levels. The oper-
ating currents chosen for comparison were 50, 100, and 150 A. These levels were
selected because the current distribution within the conductor at lower operating cur-
rents differs from that at 200 A, and if the effect of screening currents were significant,
differences in the magnetic field distribution would be observable.

The experimental results are shown in Figure 4.13. After completing the charging
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Figure 4.11: Analysis of current distribution with and without CSR operation

for each operating current and waiting for a time exceeding 10v, field mapping was
performed. The measurements revealed that changes in the magnetic field distribution
due to different operating currents were minimal. This observation aligns with the

previous analysis of screening currents in the context of CSR.
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4.1.4 Analysis of Current and Magnetic Field Distribution Based on Ramping-

rate

The ramping-rate of a dipole magnet varies depending on its application. In the case
of NI magnets, achieving a very fast charging rate of around 1 T/s is challenging due
to the current-bypassing characteristics. This makes them unsuitable for applications
requiring such high speeds, such as in synchrotrons, where rapid speed is needed to
stabilize the orbit while increasing beam energy. However, when used as DC magnets,
they can operate with much slower charging rates. Even when utilized as DC mag-
nets, NI magnets exhibit variations in the magnetic field distribution depending on the
charging profile. This is due to the combined effects of shielding currents and the NI
characteristics. In this study, we used a widthwise-segmented circuit model to analyze
the differences in current distribution and magnetic field distribution caused by these
two factors depending on the ramping rate. Although direct experiments were not con-
ducted, the analysis allowed us to infer the performance of the magnet in scenarios
where it is applied to particle accelerators.

In the previous subsection, the measurement and analysis results were based on a
magnet charging rate of 1 A/min without applying CSR. In this analysis, additional
simulations were conducted assuming charging rates of 10 A/min and 100 A/min.
Figure 4.14 shows the current distribution analysis results for each case immediately
after charging (at the point when 200 A was reached). In the case of 100 A/min, the
charging rate was too fast, resulting in most of the current bypassing the intended path.
On the other hand, for 10 A/min, some current was charged, but a delay in charging is
observed, particularly in the upper coill.

Figure 4.15 illustrates the magnetic field distribution analysis results for each case.
Horizontally, it shows the magnetic field distribution immediately after current charg-
ing and after the magnetic field stabilizes (following a wait of 10 times the time con-
stant). Vertically, it compares the cases for each current charging rate. In the mag-

netic field distribution immediately after current charging, mT-scale magnetic field
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Figure 4.14: Current distribution immediately after charging for cases with faster cur-

rent ramping-rates.

non-uniformity was observed. Figure 4.16 shows the magnetic field uniformity repre-
sented as a contour on a log-scale. This level of non-uniformity can induce errors on
the order of 100 in terms of magnetic field uniformity, making it unsuitable for use
in accelerators. However, after waiting 10 times the time constant, uT-scale magnetic
field non-uniformity was observed, which can be corrected using techniques such as
ferroshimming. Since differences in magnetic field distribution exist for each case,
even when used as DC magnets, there is likely an optimal charging rate. This optimal

point can be identified using the analysis model proposed in this study.
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4.1.5 Quench Test and Analysis Results

As mentioned earlier, the analysis of critical current estimation matched the experi-
mental results, confirming that the magnet experienced a quench at 331 A. Chrono-
logically, the critical current measurement and quench experiments were conducted
after all ferroshim-related experiments discussed in the following sections. This se-
quence was chosen because a quench could cause coil damage, leading to resistance
development or excessive mechanical stress, potentially deforming the coil structure.

The magnet underwent two extreme operating conditions: a sudden discharge at
337 A and a quench at 331 A. These two cases were distinguished based on the ex-
perimental results shown in Figure 4.17. As discussed in the section on critical current
estimation, the minimum critical current point occurred at the boundary between the
straight and curved sections of the innermost turn of coill. This was experimentally
verified at the voltage taps installed at the wedge structure connecting coill and coil2
and at both terminals of coill. In Figure 4.17, the blue graph represents the voltage
across the region connecting coill-1 and coil2-1, while the red graph shows the volt-
age across terminals of coill-1. Both experiments showed similar voltage rise patterns.
However, the first experiment, identified as a sudden discharge, showed the central
magnetic field decaying very slowly, consistent with the characteristics of a sudden
discharge in NI magnets. In contrast, the second experiment, determined to be a ther-
mal runaway quench, showed the central magnetic field vanishing completely in less
than one second.

In this experiment, no specific quench protection method was applied. This de-
cision was made because conventional quench protection techniques, such as dump
resistors, are largely ineffective for NI magnets. Additionally, experimental data was
needed to understand extreme scenarios where protection circuits or heaters fail to
operate. The REBCO conductor used in the experiment has a copper stabilizer thick-
ness of approximately 15 to 20 um, resulting in a copper matrix cross-sectional area

ranging from 0.123 to 0.164 mm?. Since the REBCO layer thickness is around 1 um,
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Figure 4.17: Comparison of sudden-discharge and quench experiment results

its cross-sectional area is approximately 0.004 mm?. Furthermore, the RRR (Resid-
ual Resistivity Ratio) of the copper in the conductor was measured at about 61 in
[143]. Based on this, the calculated Z-function values for the copper are as follows:
Z(150K,0) = 9.4 x 10'6 A%s/m*; and Z(300K,0) = 13.5 x 10'6 A2%s/m*. Using
these values, the time required for the normal zone temperature to rise to 150 K and
300 K while the current continues to flow undetected was calculated to be 0.023 and
0.033 seconds, respectively. Considering the experimental sampling rate of 2 Hz, this
rapid temperature rise is too fast to prevent coil damage.

From Figure 4.17, the degree of resistance generated during a quench event can be
inferred. Unlike sudden-discharge behavior, which exhibits current bypass character-
istics, the time constant during the quench decreased to 0.694 seconds. Given that the
magnet’s inductance is 39.1 mH, the effective resistance generated during the quench
can be calculated as 56.3 mS). Understanding how this resistance increases over time

is crucial for accurate quench analysis. However, due to the highly complex physical
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Figure 4.18: Quench analysis model and assumptions. (a) Lumped circuit model used

for quench analysis, (b) Resistance evolution modeling over time during quench.

phenomena involved, finding an appropriate analytical model and predicting parameter
changes remains challenging. Although this study did not establish a comprehensive
model for quench behavior, the existing lumped-circuit analysis model and the pre-
viously discussed thermal circuit model were applied to compare the electromagnetic
field, voltage, and temperature profiles with experimental results.

Figure 2 4.18 illustrates the lumped-circuit electromagnetic model used for quench
analysis. Parameters such as inductance, characteristic resistance, and joint resistance

were consistent with previously measured data, but the model simulated a scenario
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Figure 4.19: Comparison of quench measurement and simulation results

where resistance emerges in coill-1 due to the quench. To achieve this, the resistance
was modeled as forming just before the quench and reaching 56.3 m{2 immediately
at the quench initiation (t = 0), as shown in Figure 4.18 (b). The resistance’s gradual
increase was approximated using a quadratic function. While this approximation lacks
a direct physical basis, iterative simulations were conducted to identify a configuration
that closely matched the experimental results.

The quench analysis results are shown in Figure 4.19. While not all results align
perfectly, the rate of magnetic field decay closely matches the experimental observa-
tions with negligible error. Additionally, the temperature rise at the locations where
the temperature sensors were attached exhibits a similar trend, with a difference of
approximately 5 K. For voltage, achieving matching results is challenging if the local
behavior of the coil is not adequately modeled. In this analysis, discrepancies in the
voltage profile remain, emphasizing the need for further research to incorporate factors
such as the transition of contact resistivity for more accurate voltage estimation during

quench [144].
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4.2 Magnetic Field Uniformity Enhancement After Assem-
bly of Ferroshim

In the previous section, it was confirmed that the measured magnetic field uniformity
was lower than the designed value. The primary causes of this discrepancy can be at-
tributed to the effects of screening currents and shape errors. From the CSR experiment
results and subsequent analysis, it was determined that the influence of screening cur-
rents is minimal. Therefore, the distortion in the magnetic field is presumed to result
from shape errors, which could potentially be minimized through additional reinforce-
ment structures and impregnation techniques. However, given the current technolog-
ical limitations, it is challenging to completely eliminate shape errors arising during
the manufacturing process. Thus, a method to compensate for magnetic field distortion
caused by shape errors is necessary. In this study, the ferroshim technique was applied
to enhance magnetic field uniformity. A design and fabrication method for ferroshim
was developed, and its effectiveness was demonstrated by installing it in the warm

bore of the magnet.

4.2.1 Design and Fabrication of Ferroshim

The process of improving magnetic field uniformity using coils or iron pieces is called
shimming. This method is classified into active shimming and passive shimming de-
pending on whether the control is achieved through an applied current. Active shim-
ming involves creating coils with copper wire at room temperature or with supercon-
ducting wire in a cryogenic environment and adjusting the current applied to these
coils to achieve a more uniform magnetic field. In contrast, passive shimming uses fer-
romagnetic iron pieces placed inside the magnet’s bore, utilizing their magnetization
to enhance magnetic field uniformity. For HTS magnets, such techniques have been
used in NMR applications to achieve extremely high uniformity, particularly with fer-

roshims, reaching sub-ppm levels of magnetic field uniformity. However, there are
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few examples of such methods being applied to saddle-shaped magnets. Conventional
saddle-shaped dipole magnets typically use an iron core, improving magnetic field uni-
formity through end-part optimization of the core. Since the magnet in this study lacks
an iron core, a method similar to the ferroshim technique used in NMR was applied to
enhance the magnetic field uniformity.

The ferroshim was fabricated by attaching small iron pieces of a thickness de-
signed based on magnetic field uniformity requirements onto an aluminum cylinder,
following a method similar to that used in NMR magnets. The aluminum cylinder has
a diameter of 50 mm and a height of 150 mm. The iron pieces were made from AISI
1008 carbon steel, with the thickness adjusted using steel plates in 1-mil (=1/1000
inch) increments. For the ferroshim to function effectively, the steel pieces must un-
dergo sufficient magnetization. The magnetization of the AISI 1008 carbon steel pieces
used in this experiment follows the B-H curve shown in Figure 4.20. When the mag-
netic field strength exceeds approximately 2x 10* A/m, the steel converges to a mag-
netic dipole generating around 2.1 T of magnetic field. In the case of applying fer-
roshim to this magnet, the magnetic flux density is 0.5 T, corresponding to a magnetic
field strength of about 4x10° A/m, which is expected to sufficiently magnetize the
steel pieces. The design was conducted based on this prediction. However, subsequent
results revealed that some areas did not undergo adequate magnetization, and quanti-
tative analyses were performed to address this issue.

While increasing the number of iron pieces attached to the aluminum cylinder
allows for more optimization variables and finer design, excessively small iron pieces
reduce manufacturability. Therefore, the dimensions of each iron piece were fixed at
6 mmXx 10 mm. The cylinder surface was divided into 26 segments circumferentially
and 15 segments along its height, forming the basis for the design.

The design was optimized using (2.39) as follows:

f f
(By’Rref +By,RTef)7(By’0+By,0) |) (4 2)
By,0+BgJ;,o ’ .

subject to 0<z;<1lmm(i=1,2,---,390), 4.3)

Min. f(z1,22,---,2390) = max (|

129



2.5 T T T T T T

20

1.0+

0.5

Magnetic flux density, B (T)

0.0} .

0 1x10* 2x10* 3x10* 4x10* 5x10* 6x10*
Magnetic field strength, H (A/m)

Figure 4.20: B-H curve of AISI 1008 carbon steel.

where z;, B/

00 and Bg R,.; Tepresent thickness of i** piece of iron shim, magnetic
I’ k) e

field at the center generated by ferroshim, and magnetic field along the reference ra-
dius generated by ferroshim, respectively. The thickness was limited to 1 mm because
setting the ferroshim thickness to 40 mils or more makes the iron pieces difficult to
bend, complicating fabrication. Additionally, a larger difference between the inner and
outer radii of the iron piece could result in excessive design errors.

The ferroshim design, developed through the optimization process, is shown in
Figure 4.21. The numbers in the table represent the thickness of the iron pieces in
mils, and the color intensity in each cell is proportional to the thickness for easier
comparison. Connecting the left and right edges of the table forms a cylindrical shape,
representing the actual ferroshim configuration. The optimization results indicated that
the magnetic field uniformity improved by over 54%, decreasing from 14.0x10~% to
6.4x107%.

The iron sheets used for ferroshim fabrication had unit thicknesses of 1, 2, 3, 4,

and 5 mils. For example, to achieve a thickness of 18 mils, three 5-mil sheets and one
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Figure 4.21: Thickness design results for the ferroshim positioned on the side surface

of the cylinder.

3-mil sheet were combined. The unit thickness was limited to a maximum of 5 mils
to prevent difficulty in bending the sheets and to minimize shape errors. Additionally,
when neighboring iron pieces in the azimuthal direction had thicknesses differing by
5 mils (e.g., 10 mils and 11 mils), a single 12 mm-wide piece was cut instead of
cutting two 6 mm-wide pieces. This approach improved manufacturing efficiency. The
iron pieces were attached to the surface of the aluminum cylinder using commercial
Kapton tape. The fabricated ferroshim is shown in Figure 4.22 (a), while (b) illustrates

the installed ferroshim aligned within the warm bore of the magnet.

4.2.2 Validation of Spatial Magnetic Field Uniformity Enhancement

After installing the ferroshim, the magnetic field distribution was measured in the same
manner as before. This time, no CSR operation was applied, and the results were com-
pared to the reference. The measurements showed that the magnetic field uniformity,
which was predicted to improve from 14.0x107% to 6.4x 104, only improved to a
level of 9.5x 10~*. The measured magnetic field distribution is shown in Figure 4.23.
While the distribution pattern appears similar to the reference, the uniformity improved

to 72% (39%p increase) of the target level. It was also observed that the magnetic field
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Figure 4.22: Ferroshim fabrication and installation results. (a) Photograph of the fab-
ricated ferroshim, (b) Photograph of the ferroshim installed in the warm bore of the

magnet.

distribution remained unstable before 10 times the time constant, as previously noted.

Figure 4.24 illustrates the difference in the magnetic field with and without the
ferroshim. Overall, the magnetic field was higher when the ferroshim was applied. For
high-field magnets exceeding 3 T, ferroshim typically reduces the central magnetic
field due to the magnetization of the iron pieces around 2.1 T. However, in this case,
when the magnetic field uniformity was measured at approximately 200 A, the central
magnetic field was around 0.5 T, and the magnetized iron pieces increased the cen-
tral magnetic field instead. The increase in the central magnetic field ranged from a
maximum of 1.01 mT to a minimum of 0.64 mT.

The reason why the magnetic field uniformity did not improve as much as de-
signed is attributed to insufficient magnetization of the iron pieces. This conclusion
is supported by two analyses. The first analysis focuses on the increase in the central

magnetic field due to the magnetization of the iron pieces. Before the ferroshim in-
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stallation, the measured central magnetic field was 0.4992 T, while the designed value
after installation was 0.5024 T. However, the measured value after the ferroshim in-
stallation was 0.5001 T, showing an increase of only 27% of the designed value. This
result is illustrated in Figure 4.25, suggesting that the magnetization of the iron pieces
likely reached only 27% of the intended 2.1 T.

The second analysis involves repeated simulations of the magnetic field distribu-
tion to estimate the level of magnetization in the iron pieces. The top-left of Figure
4.26 shows the magnetic field distribution when the iron pieces are fully magnetized
to 2.1 T, while the top-right shows the distribution without the ferroshim. The bottom-
left represents the actual measurement results, which fall between the two extremes.
By varying the degree of magnetization and comparing the resulting distributions, it
was found that a magnetization level of approximately 36% most closely matches the
measured distribution, as shown in the bottom-right. In this case, the magnetic field
uniformity remains at 9.5x 104, These two analyses suggest that the iron pieces were
magnetized to a level between 27% and 36%, and their magnetization did not reach the
intended 2.1 T. Consequently, the magnetic field uniformity could not improve to the
designed level. To further improve magnetic field uniformity, a more detailed analysis
of the material properties is required, and it will also be necessary to explore ferroshim
using alternative materials.

The spatial magnetic field uniformity measurement results indicate that this mag-
net is not yet suitable for direct application in practical devices. In comparison, con-
ventional LTS saddle dipole magnets exhibit magnetic field uniformity of less than
1x10~%, which is approximately 10 times better than this magnet. The insufficient
magnetic field uniformity of this magnet is due to areas that remain under-magnetized
because of the low central magnetic field. Additionally, the ferroshim was constructed
with only a single layer, necessitating further improvements. With such enhancements,
this magnet could leverage its advantages of being more compact and not requiring

cryogenic coolants, making it viable for practical applications.
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4.2.3 Harmonic Analysis and Temporal Magnetic Field Stability

Harmonic analysis was performed on the previously presented magnetic field distri-
bution using (2.29). Repeated measurements of magnetic field uniformity revealed
continuous variations, which were analyzed from the perspective of temporal stability.
The temporal changes in magnetic field uniformity are shown in Figure 4.27. Com-
pared to the reference measurement results without CSR or ferroshim applied, CSR
showed an improvement in magnetic field uniformity that was negligible. However,
with ferroshim applied, significant improvements were observed at 10 mm and 15 mm
reference radii, while changes at the 5 mm radius were minimal. This is likely be-
cause the actual magnetic field values within smaller measurement radii exhibited less
noticeable differences, making them harder to observe.

Additionally, the temporal variations of each harmonic component are shown in
Figure 4.28. Panels (a), (b), and (c) represent the quadrupole, sextupole, and octupole
components, respectively, while panels (d), (e), and (f) show the skew quadrupole,
skew sextupole, and skew octupole components. To enable an absolute size compar-
ison, the y-axis range was standardized with a minimum-to-maximum interval of 6.
Theoretically, in a perfectly symmetric magnet, only odd-order normal components,
such as the dipole and sextupole, should remain, with no skew components present.
The measurement results indicated that, aside from the dipole component, the sex-
tupole component was the most prominent, which aligns reasonably well with theo-
retical expectations. However, small contributions from other components were also
observed. These minor deviations are likely attributed to geometric imperfections dur-
ing the fabrication and operational processes.

The above results can be compared with those of the existing LTS dipole magnets.
The prototype dipole magnet manufacturing results for CERN’s LHC can be found
in [50], where the quadrupole component (b2) was around 1.0, the sextupole compo-
nent (b3) was around -8.9, and the octupole component (b4) was nearly nonexistent.

The skew quadrupole (a2), skew sextupole (a3), and skew octupole (a4) components
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Table 4.2: Comparison of harmonic components with LTS dipole magnet

Harmonic components LTS magnet [S0] NI HTS magnet with ferroshim

Quadrupole (b2) 1.0 0.4
Sextupole (b3) -8.9 -3.6
Octupole (b4) 0.0 -04
Skew quadrupole (a2) 0.2 -0.6
Skew sextupole (a3) 0.8 -04
Skew octupole (a4) 0.0 04

were approximately 0.2, 0.8, and 0.0, respectively. These comparison results are sum-
marized in Table 4.2. Due to the smaller reference radius compared to the reference, a
direct comparison of harmonic components is challenging, but it was still possible to
achieve sufficiently high uniformity levels in similar-sized regions. However, the LTS
magnets, which were used alongside other magnet systems, incorporated technologies
to correct the magnetic field. Therefore, for this magnet to be applicable in practical
applications, further improvements in magnetic field uniformity are necessary. In addi-
tion, higher-order harmonic components were observed to be larger compared to LTS
magnets, likely due to design constraints caused by the shape of the REBCO conduc-
tors. Future studies will need to focus on optimizing the number and arrangement of
coils to reduce these higher-order components.

The maximum variation in magnetic field uniformity over time was 0.38 x 10~4/hour,
observed during the CSR measurement. The temporal stability of each harmonic com-
ponent was analyzed to remain below the identified maximum threshold. However,
in particle accelerator systems, separate magnets are installed and operated to adjust
these harmonic components. Magnets such as quadrupoles, sextupoles, and octupoles
are utilized to minimize the impact of higher-order harmonic components of the mag-
netic field on beam operation. Therefore, achieving stable control over the temporal

stability of each harmonic component is essential for the efficient operation of the
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Figure 4.27: Temporal stability measurement results of magnetic field uniformity

system. By adopting technologies such as NI applied to this magnet, it is possible to
achieve potentially high magnetic fields even in a compact size while ensuring spatial
magnetic field uniformity and temporal stability. These technologies can be applied
to medical particle accelerators, providing a level of magnetic field uniformity that
ensures precise and consistent particle beam paths.

Additionally, they enable efficient use of space and eliminate the need for cryogen-
ics, thereby reducing long-term operational costs. Still, to utilize saddle-shaped mag-
nets in practical applications, further improvement in temporal stability will be neces-
sary. Factors contributing to measurement errors in stability include position control
errors of the field mapper and control errors of the power supply. For evaluating mag-
netic field distributions in actual applications, the wire method [145, 146] has been
proposed and is currently in use, offering the potential for more accurate measure-
ments if implemented. Additionally, high-precision power supplies used for operating
high-uniformity magnets like NMR systems are expected to enhance the uniformity of

saddle-shaped dipole magnets if adopted.
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Figure 4.28: Temporal stability measurement results for each harmonic component of

the magnetic field
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4.3 Test Results and Analysis of Demo Magnet

The demo magnet was tested earlier, before the magnet fabrication and operation pro-
cesses were well established, which led to the identification of several issues. This
section analyzes the experimental results of the demo magnet and examines the causes
of the problems encountered. These issues were resolved in the subsequent 0.7 T mag-
net. The demo magnet was tested twice: first as an NI magnet and second as a 2-ply
winding magnet for fast-ramping experiments. In the NI magnet test, the magnetic field
distribution was measured, and the effects of shape deviation and screening current on
the field distribution were analyzed. In the 2-ply magnet test, fast-ramping operation
in a liquid nitrogen environment was tested, and the results were interpreted using a

distributed circuit model.

4.3.1 Screening Current and Shape Deformation Affecting Magnetic Field

Distribution

The NI demo magnet [108] achieved a central magnetic field of 0.11 T, with current
bypass characteristics clearly observed. The measured parameters are shown in Table
4.3. Figure 4.29 shows the measured voltage, current, and magnetic field data, along
with the results interpreted using the lumped circuit model. The coil parameters were
also determined using the lumped circuit model. Figures 4.29 (a), (b), (¢), and (d) show
the data when the magnet was charged and discharged at a rate of 0.5 A/s, while (e),
), (g), and (h) show the results of the sudden-discharge experiment. Through these
two experiments, the magnet parameters with the smallest deviation from the measured
values were identified.

While typical NI coils have a contact resistivity of around 10 puf2cm?, this magnet
experiment recorded contact resistivity values ranging from 71 uQcm? to as high as
231 uQem?. Considering that contact resistivity is influenced by the pressure applied

to the conductor, these high values indicate that the pressure between conductors was
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Table 4.3: Measurement results of coil parameters for the demo magnet

Magnet parameter Unit Coil 1-1 Coil 1-2 Coil 2-1 Coil 2-2
Total inductance [mH] 3.83

Characteristic resistance [u€2] 470.4 245.4 141.5 123.8
Contact resistivity [uQecm?] 231 118 79 71
Joint parameter Unit

Resistance of lap joint [nQ2] 216

Total inductance of lap joint [nH] 340

very low. The straight section reinforcement structure not only prevents mechanical
damage to the magnet but can also help make the contact resistance lower and more
uniform.

The shape deformation in the straight sections was visibly noticeable. As shown
in Figure 4.30, observing the straight sections immediately after removing the magnet
from liquid nitrogen revealed severe deformation due to thermal contraction. This de-
formation can significantly impact the magnetic field distribution. To assess the extent
of this influence, the shape deformation in each coil’s straight section was modeled as
a rotation of the conductor, as illustrated in Figure 4.30. This assumption was chosen
for its simplicity and because it closely resembles the observed deformation. In this
model, coil2, which had relatively fewer turns and a smaller winding radius (resulting
in less deformation in the straight section), was assumed to have no deformation, with
an angle of rotation A set only for coills. Additionally, since observed deformations
in the straight sections were asymmetrical, the rotation angles for each straight section

were set differently in this model.
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Figure 4.29: Measurement results of charging and sudden-discharge experiments for

the demo magnet
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Figure 4.30: Photographs of the coil’s straight section deformation and a schematic

diagram of the modeling approach

The magnetic field distribution at the magnet’s center was measured using the
same field mapper. However, in the case of the demo magnet, the central bore was
designed as a rectangular shape rather than circular, making it challenging to measure
the magnetic field distribution along the circumference. Therefore, the magnetic field
distribution was measured in a rectangular area 20 mm wide and 10 mm high, with
measurements taken every 5 mm horizontally and vertically. The magnetic field uni-
formity within this area, relative to the central magnetic field, was 37x10~4, which
was significantly higher than the designed value. This discrepancy was suspected to
result from the previously mentioned shape deformation. For quantitative analysis, the
FEM-circuit sequential model was used. The deformation angles in coill’s straight
sections were divided into right and left segments, labeled as A11r, A111, A12R, and
A1sr,. These angles were varied and repeatedly calculated to find the combination that
minimized the deviation from the measured magnetic field distribution. The resulting
angles were 20, 33, 37, and 27 degrees, respectively.

The magnetic field distribution within the measurement range is shown in Figure

4.31, with the mapping points and order indicated by arrows in the upper-right corner.
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The results were analyzed and compared under four combinations based on the consid-
eration of screening currents and shape deformation. The analysis showed that shape
deformation had a greater effect on the magnetic field distribution than screening cur-
rents. To quantify this, the average error across 15 measurement points was calculated
and represented. The errors between the measurements and analysis for the four cases
were 0.21%, 0.20%, 0.09%, and 0.07%, respectively. This indicated that shape defor-
mation contributed approximately 0.13%p error, while screening currents contributed
about 0.02%p error. Notably, the analysis that accounted for both screening currents
and shape deformation showed only a 0.07% error compared to the measurements,
confirming the usefulness of the assumed rotation angles for shape deformation and
the analysis model.

Additionally, the magnetic field distribution along the axial direction of the mag-
net was measured using the field mapper, and the error compared to the analysis re-
sults was evaluated. The experimental and analytical results are shown in Figure 4.32
(a). Here as well, the smallest error between analysis and measurement occurred when
both screening currents and shape deformation were considered. Figure 4.32 (b) shows
the analysis results for the current distribution. This result represents the current dis-
tribution calculated by the FEM-circuit sequential model, normalized with respect to
the critical current. This quantitative analysis improved the accuracy of the analytical
model and enhanced the completeness of the fabrication process, including structures

like the straight section reinforcement.
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4.3.2 Fast-ramping Results and Analysis with Distributed Circuit Method

The demo magnet fabricated with 2-ply winding was designed to enable fast-ramping,
unlike other technologies [147]. It was aimed at achieving a rapid charging rate exceed-
ing 1 T/s and was tested in liquid nitrogen rather than a conduction cooling system.
For fast-ramping experiments in a conduction cooling system, improvements in the
cooling system would be required, based on an analysis of eddy current losses and
AC losses caused by rapid changes in the magnetic field. All settings for this experi-
ment were identical to the previous experiments, except for the current power supply.
The power supply used in this experiment was the Genesys from TDK-Lambda, as it
supports charge-discharge rates of up to 1000 A/s.

To analyze this magnet, a distributed circuit model, as shown in Figure 4.33, was
used. This circuit is similar to the turn-distributed circuit model discussed in previous
sections, but with the turn-to-turn contact path removed and instead modeled with two
parallel conductors. Additionally, a contact resistance was added between the two con-
ductors. Determining this resistance value through voltage and magnetic field analysis
is challenging, as any changes in voltage and magnetic field due to the resistance fall
below the resolution of the measurements. Therefore, a value of 10 pflcm? was used
for analyzing voltage and magnetic field, and additional analysis was conducted on
current distribution between the conductors based on varying contact resistance val-
ues.

The experimental results and analysis using the distributed circuit model are shown
in Figure 4.34. Figures 4.34 (a), (b), and (c) show the measurements and analysis re-
sults when a current control command of 100 A/s was applied, while (d), (e), and (f)
show the results for a 1000 A/s command. Due to the power supply’s limitations, the
actual current waveform deviated slightly from the command. The measurement and
analysis results showed good agreement. In the voltage data, the analysis exhibited
more noise than the measurements because the derivative of the measured current val-

ues was used in the analysis. The magnetic field measurements indicated a magnetic
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Figure 4.33: A distributed-circuit model for analyzing the experimental results of the

demo magnet with 2-ply winding

field proportional to the current, similar to a conventional insulated magnet, with a
maximum instantaneous charging rate measured at 1.4 T/s. Additionally, when charg-
ing to 100 A at 1000 A/s, the average charging rate until reaching the initial target
current was measured at 0.51 T/s. Although conducted in liquid nitrogen, the experi-
ment achieved the target charging rate of over 1 T/s.

The analysis of current distribution between the two conductors based on contact
resistivity, using the circuit analysis model, is shown in Figure 4.35 (a). Analyses were
conducted for contact resistivity values of 1, 10, 100, and 1000 chmQ, with the lead
resistance for each conductor set to the same value. While a contact resistivity of 1000
uQ2em? is uncommon in typical no-insulation settings, it is achievable with techniques
like metal-insulation that can artificially increase contact resistivity. The results indi-
cate that as contact resistivity increases, the current gradient decreases, likely due to
the equal resistance of the current leads, meaning higher contact resistivity shifts the
current distribution influence toward lead resistance. Conversely, when the contact re-
sistivity is as low as 1 uQ2cm?, current primarily flows through a single conductor due
to the difference in inductance between the two conductors. This suggests that the crit-

ical current of a 2-ply magnet could be less than the simple sum of the critical currents
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Figure 4.34: Fast-ramping experimental measurements and analysis results for the 2-

ply winding demo magnet
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of both conductors.

Additionally, as shown in Figure 4.35 (b), the heat generation based on contact
resistivity between conductors was calculated. The analysis suggests that for the 2-ply
demo magnet used in the experiment, heat generation is maximized when the contact
resistivity is around 1000 u2cm? to 10000 uQ2cm?, indicating that to minimize heat
generation, the contact resistivity should either be minimized or increased to a very
high value. Since there are practical limits to increasing contact resistivity, minimizing
contact resistivity between conductors is likely the more effective approach to reduce

heat generation.
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Chapter 5

CONCLUSION

This study aimed to develop analytical models, fabrication techniques, and operational
methods required for applying a no-insulation (NI) high-temperature superconductor
(HTS) saddle-shaped dipole magnet to particle accelerators. Furthermore, it sought to
validate these developed techniques through experimental verification. Unlike existing
research on NI HTS magnets, which has addressed and resolved various issues, this
study faced unique challenges due to two specific factors: 1) the nonplanar saddle-
shape; and 2) the demand for high magnetic field uniformity in dipole magnets.

First, the saddle-shape represents a nonplanar coil geometry distinct from the
widely studied solenoid, racetrack, or D-shaped configurations. As a result, new an-
alytical models had to be developed and validated, covering a range of topics from
straightforward inductance calculations to complex analyses of current and magnetic
field distributions caused by screening current, as well as mechanical property evalua-
tions under 3D conditions. Additionally, unlike planar magnets that primarily use pan-
cake coil windings, the saddle-shaped coil required decisions on bobbin design and the
establishment of winding and fabrication techniques, necessitating further research.

Second, applying dipole magnets to particle accelerators demands a high level of
magnetic field uniformity. However, instances of developing highly uniform magnets

using NI HTS technology remain rare and are typically limited to solenoid configura-
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tions, such as in NMR applications. In NI magnets, the current bypassing characteristic
leads to more complex internal current distributions within the coil. Coupled with the
pronounced impact of screening current caused by the wide tape geometry of REBCO
conductors, this makes predicting the magnetic field uniformity particularly challeng-
ing. Therefore, this study also focused on developing correction methods to address
the inherent factors that degrade the magnetic field uniformity produced by dipole
magnets.

This study is divided into three primary parts: 1) development of analytical models
for saddle-shaped dipole magnets; 2) design, fabrication, and operation of a dipole
magnet for validation; and 3) experimental validation of the analytical models and
development of methods for improving magnetic field uniformity. Each part addresses
specific challenges and contributes to advancing the field.

In the first part, focused on analytical model development, solutions were proposed
for challenges specific to saddle-shaped dipole magnets and general issues observed in
NI magnets. To analyze screening current in saddle-shaped magnets, the study devel-
oped advanced models such as the FEM-circuit sequential model and the widthwise-
segmented circuit model, building upon existing lumped and distributed circuit mod-
els. To enhance the efficiency of circuit analysis, methods like vectorization techniques
and leveraging coil symmetry for faster inductance calculations were introduced. Ad-
ditionally, a magnetic field analysis method for non-planar coils was established, along
with a structured harmonic analysis approach to evaluate field uniformity. Beyond the
saddle shape, estimating the critical current in NI magnets has been a widely rec-
ognized challenge. This difficulty arises due to the critical current gradient along the
width of REBCO conductors and significant temperature gradients within magnets that
use conduction cooling instead of cryogens. To address these issues, the widthwise av-
erage method was proposed to resolve the critical current gradient problem, and a
load-line analysis technique was developed to account for the effects of both magnetic

fields and temperatures. Lastly, for mechanical analysis, which becomes more complex
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with saddle-shaped geometries, new modeling approaches were introduced. A wind-
ing path analysis method was proposed to avoid hard-way bending in coil-end regions,
a common issue in saddle-shaped magnets. Boundary conditions for 3D geometries
were established, enabling effective calculations of magnetic and thermal stresses, and
a comprehensive mechanical analysis method was developed to ensure the magnet’s
structural integrity during operation.

The second part of this study describes the design, fabrication methods, cooling,
and operation techniques for the dipole magnet used in validation experiments. The
main magnet used in the experiments was designed with a central magnetic field of 0.7
T and a winding diameter of 110 mm. To achieve optimal performance, an optimization
technique with magnetic field uniformity as the objective function was applied. The
design process involved a parameter sweep from 2D cross-sectional analysis to a full
3D model to finalize the optimal design. Additionally, the analytical models developed
in the first part were applied to evaluate the electromagnetic and mechanical stability
of the magnet during the design phase. The magnet was cooled using a two-stage GM
cryocooler conduction cooling system, necessitating thermal analysis to simulate the
cooling process and assess the need for additional cooling channels. Based on these de-
sign results, the saddle-shaped coil was fabricated. The non-planar geometry required
more complex multi-axis rotations and linear motions compared to traditional winding
methods. To address this challenge, universal joints were implemented, enabling the
successful winding of the coil. For electrical connections between coils, a solder-free
lap joint was proposed to minimize damage to the REBCO conductors. This technique
was applied during the magnet assembly process, and its effectiveness was validated.
Additionally, a field-mapper was installed to measure the magnetic field uniformity,
and a comprehensive experimental setup was established to monitor voltage, magnetic
field, and temperature during operation. Finally, this section includes a separate dis-
cussion on the demo magnet, fabricated prior to the main magnet. The demo magnet’s

development highlights challenges encountered during the process and provides logi-

154



cal justification for the solutions that were implemented in the main magnet’s design
and fabrication. This approach underscores the iterative learning process that informed
the successful development of the main magnet.

The final part of this study presents the experimental results for the dipole mag-
net. The main magnet was successfully charged to its target current of 295 A, with
experiments including sudden-discharge tests at 50 A to derive coil parameters and
confirm thermal characteristics. These results verified that the magnet operated as de-
signed and exhibited the expected NI characteristics. Additionally, the winding geom-
etry of the coil was inspected during each experimental step, enabling validation of
the mechanical analysis. The magnetic field uniformity, measured when the magnet
was charged to 200 A, was 14.0x 10~4, which is significantly lower than the designed
value of 1.9x 1074, This discrepancy was attributed primarily to shape deformation,
while the influence of screening currents on uniformity was found to be minimal.
This conclusion was further supported by current sweep reversal (CSR) experiments,
a method commonly used in HT'S magnets to mitigate magnetic field distortion caused
by screening currents. CSR was applied to the dipole magnet for the first time in this
study. However, no significant improvement in field uniformity was observed, aligning
with analytical predictions. Additional tests at operating currents of 50 A, 100 A, and
150 A further confirmed that the effect of screening currents on the magnetic field was
negligible.

To improve magnetic field uniformity, the ferroshim technique was employed, uti-
lizing the magnetization of iron shims to enhance uniformity. Unlike conventional
dipole magnets that use iron cores or yokes, the magnet developed in this study lacked
such structures. Instead, ferroshims were installed in the warm bore of the magnet.
An optimization process was conducted on the measured magnetic field distribution
to determine the optimal thickness of the iron shims. These shims were fabricated by
attaching iron pieces of the designed thickness onto an aluminum pipe. Installing the

ferroshim improved the field uniformity to 9.5x 10~4, although this improvement was
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still below the expected level. This shortfall was attributed to incomplete saturation
of the iron shims. Furthermore, the temporal stability of the magnetic field uniformity
was measured to be less than 0.38. A quench test was conducted on the main magnet
to validate the developed critical current estimation model, and the observed quench
phenomenon in the dipole magnet was analyzed using both electromagnetic and ther-
mal simulations for comparison. Lastly, experimental results from the demo magnets
produced in two iterations (NI and 2-ply winding) were discussed. The NI demo mag-
net experiments revealed the effects of shape deformation and screening currents on
the magnetic field distribution, while the 2-ply demo magnet, operated under liquid
nitrogen cooling, demonstrated a fast-ramping capability exceeding 1 T/s. These find-
ings provide a comprehensive reference for the future development of high-field HTS

dipole magnets.
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Appendix

A Fundamental Physics of Superconductivity

A.1 Superconductivity

Superconductivity is a phenomenon where certain materials exhibit zero electrical re-
sistance and expel magnetic flux fields under specific conditions. This remarkable be-
havior was first discovered in 1911 by Heike Kamerlingh Onnes in mercury at temper-
atures close to absolute zero [148]. Since then, superconductivity has become a cor-
nerstone of advanced technologies, with applications ranging from powerful magnets
in medical imaging (MRI) to particle accelerators and quantum computing. Supercon-

ductors are characterized by two defining properties:

» Zero Electrical Resistance: In the superconducting state, materials allow the
flow of electrical current without any energy loss, making them ideal for appli-

cations requiring high efficiency.

* Meissner Effect: This phenomenon describes the complete expulsion of mag-
netic fields from the interior of a superconductor when it transitions into the
superconducting state. Unlike ideal conductors, which can still support static
magnetic fields, superconductors actively repel them, indicating a fundamental

departure from conventional electromagnetism.

In 1935, Fritz and Heinz London formulated the London equations to establish a

foundational framework for the electrodynamics of superconductors, particularly fo-
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cusing on the expulsion of magnetic flux from their interior [149]. These equations
involve a modification of Maxwell’s equations, leading to a differential equation for

the magnetic flux density inside a superconductor:

1
V’B = )\—QB, (D)
L

where A represents London penetration depth. Solving this equation reveals that the

magnetic flux density decays exponentially as it penetrates the superconductor. The

London depth represents the scale of this decay and depends on the temperature as:
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where 7" and T, represent the temperature and the critical temperature, respectively.
While the London equations capture key aspects of superconducting behavior, such as
the Meissner effect, they are oversimplified and unable to describe all electrodynamic
phenomena in superconductors. For instance, they do not account for the microscopic
quantum mechanics underlying superconductivity, which was later addressed by the
BCS theory and Ginzburg-Landau theory.

After the discovery of superconductivity, numerous physicists endeavored to un-
cover its underlying mechanisms and explain its unique physical behaviors. In 1957,
John Bardeen, Leon Cooper, and John Robert Schrieffer introduced the first micro-
scopic theory of superconductivity, known as the BCS theory [150]. This theory de-
scribes superconducting current as a superfluid consisting of Cooper pairs, which are
pairs of electrons bound together through interactions mediated by phonons as shown
in Figure A.1.

A Cooper pair behaves as a boson, possessing an integer spin quantum number (0,
1, 2, ...), unlike a single electron, which is a fermion with a half-integer spin quantum
number (1/2, 3/2, 5/2, ...). Although electrons naturally experience Coulomb repulsion,
the electron-phonon interaction induces a stronger effective attraction between them,

facilitating the formation of these pairs. Once Cooper pairs are formed, breaking them
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Figure A.1: Schematic diagram illustrating the concept of a Cooper pair [151].

requires a significant amount of energy, unlike the relatively small energy needed to
alter the state of a single electron in a normal metal.

The energy required to break a Cooper pair is called the energy gap (A). This gap
can be directly observed in tunneling experiments, and its temperature dependence is
described by the BCS theory [152], which provides a quantitative prediction as fol-
lows:

w, T

A(T) = A(0) cos(E(i)z), (€)

where A(0) represent gap energy at absolute 0 K. This characteristic energy gap is a

defining feature of superconductors and plays a critical role in their unique properties.

A.2 Classification of Superconductors

Superconductors can be categorized into type-I and type-II based on their distinct
physical properties. The key criterion for distinguishing between these two types is
the Ginzburg-Landau dimensionless parameter, x = Ar, /£, which represents the ra-
tio of two characteristic lengths: the London penetration depth Ay, and the coherence
length &.

The coherence length is the minimum distance over which the superconducting
electron density can vary significantly. On the other hand, the London penetration
depth corresponds to the depth at which a magnetic field is expelled from a supercon-
ductor. Ay, is closely linked to the density of superconducting electrons, while depends

on the Fermi velocity and the energy gap of the material. Together, these parameters
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determine the sign of the surface free energy in the superconductor, which ultimately
dictates its classification.
The distinction between type-I and type-II superconductors can be summarized

using the following criteria:

+ Type-I Superconductors: Characterized by x < 1/+/2. It exhibits complete
expulsion of the magnetic field (Meissner effect) until a critical field is reached,

beyond which the superconducting state collapses entirely.

+ Type-II Superconductors: Characterized by x > 1/+/2. It allows partial pen-
etration of magnetic fields in the form of quantized vortices between the lower
critical field H,.; and the upper critical field H ., forming a mixed state. Beyond

H 5, the material transitions to the normal state.

This classification provides a framework to understand and predict the magnetic and
superconducting behaviors of various materials under different conditions.

The critical magnetic field can be estimated using the principles derived from
Ginzburg-Landau theory [148]. At the critical magnetic field, fluxoids are packed as
closely as the coherence length permits. Each fluxoid core carries a magnetic flux ap-
proximately equal to m& 23072, which corresponds to the quantum of magnetic flux ®.
Therefore, the relationship can be expressed as follows:

00

B.o= —
c,2 27T§2 )

“

where @ represents the quantum of magnetic flux, with a value of 2.067 x 10~ Wb.

Another way to classify superconductors is based on their critical temperature 7.
Generally, low-temperature superconductors (LTS) are materials that exhibit supercon-
ductivity below 30 K, while high-temperature superconductors (HTS) are those that
exhibit superconductivity at temperatures above this threshold. Some engineers spe-
cializing in HTS applications argue that HT'S materials should ideally have above 77 K,

the boiling point of liquid nitrogen, to facilitate practical cooling systems. Most metal-
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lic superconductors have far below 77 K and are categorized as LTS, whereas the ma-
jority of ceramic-based superconductors fall into the HTS category. The conventional
BCS theory predicted that superconductivity could not exist above approximately 30
K. However, in 1986, Karl Alexander Miiller and Johannes Georg Bednorz discovered
the first HTS in lanthanum-barium-copper oxide (LBCO) at 35 K [153]. Since then,
HTS materials in the cuprate family, including LBCO and YBCO, have been shown
to exhibit superconductivity beyond the explanatory scope of BCS theory. Alternative
models such as the Lawrence-Doniach model and the anisotropic Ginzburg-Landau
model have been developed to analyze the layered structures characteristic of HT'S ma-
terials [154]. In these models, layered superconductors are treated as stacked arrays of
two-dimensional superconductors coupled through Josephson tunneling effects. Using
the anisotropic Ginzburg-Landau model, the critical magnetic field must be calculated
along different lattice directions modeled as ab-plane and c-axis.

HTS exhibits nonlinear resistance in the mixed state, a condition where the su-
perconductor can no longer maintain perfect diamagnetism. This nonlinear behavior
poses a significant challenge, prompting physicists to explain it using microscopic the-
ories. For HTS materials, particularly in cuprates, the mixed state is often categorized
into two phases: the vortex-glass state and the vortex-fluid state.

In the vortex-glass state, Lorentz forces act between the transport currents and the
quantized magnetic flux lines within normal state cores, referred to as vortices. These
vortices are formed by circulating currents. According to Abrikosov’s vortex lattice
theory, imperfections in the material can pin these vortices. If the Lorentz force is small
enough, the vortices remain stationary, resulting in zero resistance. However, when
the transport current density JJ; and temperature increase, the Lorentz force combined
with thermal fluctuations can exceed the pinning force, causing vortices to move. This
movement disrupts the superconducting state, marking the transition to the vortex-fluid
state.

Thermal fluctuations play a significant role in HTS due to its high critical temper-
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ature, making the energies required for vortex motion relatively small. The transition
from the vortex-glass state to the vortex-fluid state is defined by the glass-melting tem-
perature Ty, also referred to as the vortex-glass critical temperature. Researchers like
D. Fisher have used scaling analysis to describe the vortex-glass phase [155]. Below
T}, the nonlinear relationship between the electric field £/ and current density J can
be expressed as:

FE Jr

S e G, 5)

where « is a specific constant. In HTS, Jr ~ J., highlighting the impact of thermal
fluctuations on critical current density. Subsequent research on the nonlinear electro-
magnetic behavior of HTS expanded into detailed analyses of current distribution,
including transport current density and screening current density Js.. These studies
have led to the development of various models, with the ‘power law’ E-J relationship

becoming the standard for analyzing HTS current density [155]:
E = E(2)", 6)

where n is the power-law exponent that describes the steepness of the E-.J curve. This
law has become integral to understanding and modeling the behavior of HTS under
practical operating conditions. The fundamental nonlinear characteristics of supercon-
ductivity concerning temperature, current density, and magnetic field make analysis
challenging from both microscopic and macroscopic perspectives, leading to difficul-
ties in magnet analysis. From the perspective of magnet design, the development of

sophisticated macroscopic analysis models is essential.

B Basics on Beam Physics and Particle Accelerator

B.1 Principles of Beam Dynamics

Beam dynamics is the cornerstone of particle accelerator physics, detailing the behav-

ior of charged particles under electromagnetic forces within the confines of an accel-
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erator. The primary goal is to precisely guide, confine, and accelerate particle beams
along a predefined trajectory, minimizing beam loss and ensuring long-term stability.
Dipole magnets play a fundamental role by creating uniform magnetic fields that bend
particle trajectories, enabling the circular motion essential in synchrotrons, cyclotrons,
and storage rings. This section expands on key principles of beam dynamics with de-
tailed explanations, mathematical formulations, and their practical significance.

The motion of a charged particle in an electromagnetic field is governed by the
Lorentz force law:

F—q(E+v xB), (7)

where F, ¢, and v represent force acting on the particle, charge of the particle, and ve-
locity of the particle, respectively. In particle accelerators, the electric field primarily
accelerates particles, while the magnetic field is used to steer their trajectories. Dipole
magnets are specifically designed to produce a uniform magnetic field, perpendicular
to the beam’s direction, resulting in a centripetal force that bends the particle’s trajec-
tory.

The governing equations describing the motion of a beam under a magnetic field
can be derived. Here, the beam’s direction of propagation is defined as the s-direction.
For the actual trajectory in relation to the ideal orbit, the horizontal component of the
deviation is along the x-direction, and the vertical component is along the z-direction.
Assuming the beam undergoes a rotation by an angle ¢ in the horizontal plane, which
is perpendicular to the z-axis, the unit vectors for the - and s-components, xg and sg,

are transformed as follows through the rotation transformation.

X( = Xq,; COS ¢ + S ; sin @, ®)

S0 = —Xo,; Sin ¢ + S ; €Os @, )

where xq; and s ; are initial unit vectors. By differentiating both equations, the time
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derivatives of the unit vectors can be obtained as follows:

1

Xo = Eﬁso, (10)
) 1,
Sg = ESXQ, (11)

where R represents the radius of the orbit. Then, the position vector r and its first and

second derivatives can be written in the genral form as follows:

r =1+ X0 + 220, (12)

P = dixo + 20 + (1 + %)éso, (13)
x &2 2 x

c i (1 5 y 2 1 Byaen 14

F=(i—( —i—R)R)xo—i-zzo—l-(R:vs—i-( —i—R)s)so (14)

The time derivatives can be replaced by derivates of spatial coordinate as follows:
i =2a's (15)
12

i 2”5 4+ 2'5. (16)

Using these relations, (12) can be formulated as follows:

P = a/éxo + 2'sz0 + (1 + %)SSO, (17)
.2 2
P= ("8 +2'5 - (1+ %)%)XO + ("5 4 28)mo + (8" + (1 + %)5)50-
(18)

With the assumption that only the transverse components of magnetic field exists
because of the relativistic velocity of the particle, (7) can be organized as follows:

= (% By Bo,0)) = (= (14 £)3Bs, (1+

X

7)3Ba, /3B, — 2'3B,), (19)

where m represents the mass of particle. Then, (17) and (19) lead to the relations as

follows:
x &2 e T
"5+ 2’5 — (1+ 25 = B+ )5 (20)
S5 = SBy(1+ %)s. Q1)
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Finally, the governing equations for particle motion in the magnetic field can be

expressed with particle momentum p and the momentum deviation Ap as follows:

1 1 Ap
w"+(ﬁ—k)x: R (22)
2+ kz=0. (23)

In the governing equations, % corresponds to the dipole strength while k the quadrupole
strength.

The generation of high-flux photon beams for accelerator-based light sources fun-
damentally relies on synchrotron radiation, a phenomenon where electromagnetic ra-
diation is emitted as high-energy electron beams are deflected by magnetic fields, as
illustrated in Figure B.2. The emitted photon spectrum spans a wide range of energies,
and the critical energy F., which marks the spectral peak of the radiated photons, is
directly proportional to the strength of the magnetic field. The total radiated power by

the particle with relativistic velocity can be formulated as follows [10]:

ele 1 dp 1 dE 4

(5 = 2 (), (24)

*6mep (moc?)?
where 7 is the proper time.

Then, the type of acceleration can be categorized by linear and circular. For the

linear acceleration, the time derivative of energy can be expressed as follows:

dE dp
i 25
dr v dr @5)
In this case, the radiated power can be formulated as:
e’c 1 dE
P, = —)2. (26)

~ bmeg (moc?)? " do
However, considering the practical limit of the electric field level, the radiation of
electromagnetic energy during linear acceleration is negligible.

The circular acceleration is caused by the magnetic field. This is the dominant com-

ponent in synchrotron radiation compared to the linear one. The change of momentum
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Figure B.2: The magnet system of a particle accelerator and the role of the dipole mag-
net. (a) Dipole, quadrupole, and sextupole magnets installed in a synchrotron [156],
(b) Synchrotron radiation emitted by deflecting an electron beam using dipole mag-

nets [157].

can be expressed as follows:

dp v
_oY 27
at PR @D

In this case, the radiation power by the circular acceleration can be formulated as:

p_ e’c 1 24
5 67‘(60 (m002)2 R2 '

(28)
Increasing the beam energy leads to an increase in the radiated power, but it necessi-
tates an upgrade of the entire accelerator system. Alternatively, replacing the current
electromagnets with higher-field magnets offers another way to enhance the radiated
power. The power radiated during circular acceleration is proportional to the square of

the magnetic field strength, as the bending radius decreases inversely with an increase

in the magnetic field. The critical energy of beam can be expressed as follows:

- ?>hq'y2
~ Armf

B, (29)

C

where h, 7, and (3 represent the Planck constant, the Lorentz factor, and the speed
of beam normalized by the speed of light, respectively. Increasing the magnetic field
strength in a dipole magnet ultimately means reducing the overall system radius or

achieving higher beam energy.
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Figure C.3: Lumped circuit model for an NI HTS coil or magnet
C Conventionally Used Simulation Models for NI Magnets

C.1 Lumped and Distributed Circuit Model

The circuit models for NI HTS coils can be divided into two categories: 1) lumped cir-
cuit models and 2) distributed circuit models. Both types incorporate inductive and re-
sistive elements and have been experimentally validated by numerous research groups.
Depending on the analysis objectives, these models are applied to study the electro-
magnetic behavior of the coils.

The lumped circuit model for an NI (or its variation) HTS coil includes self-
inductance, index resistance, and a characteristic resistance representing the resistive
path for the bypass current as shown in Figure C.3 [78, 95, 158]. When multiple NI
HTS coils are involved, mutual inductances between specific coils are also taken into
account. Due to the limited number of circuit elements required, this model enables
fast and accurate analysis of the coil’s terminal voltage and the central magnetic field.
It has been applied across different scales, from single-pancake coils to large magnets,
and for both normal operation and quench conditions. However, this model cannot

capture local electromagnetic behaviors within the coil. The governing equation for
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this model is calculated as follows:

dl,
V =L+ Vellp) = Rel,. (30)
Iy =1Ig+ 1, 3D
1,
Vie(lp) = Ecl(7)", (32)
Cdlp 1 Iy,
g T L(Rclop R Iy ECZ(IC) ). (33)

The voltage-current characteristics can be determined by solving this nonlinear ODE.
Due to the nonlinearity introduced by the index resistance, numerical methods like the
backward differentiation formula (BDF) [159] or the Runge-Kutta method [160] are
used to find the solution.

The distributed circuit model divides the coil into smaller elements, enabling the
investigation of local behaviors since each element is represented by individual circuit
components. This model includes the self-inductance of each element, mutual induc-
tances between elements, index resistance, and the characteristic resistance for each
bypass current path. Although it demands more computation time than the lumped
circuit model due to the larger number of elements, it is commonly used for specific
purposes, such as analyzing local behaviors related to coil defects, quench effects, or
nonuniform current density caused by screening currents.

The turn-distributed-circuit model is a widely used type of distributed circuit model
[161]. In this approach, each turn of the NI HTS coil is treated as an individual circuit
element as shown in Figure C.4. Accordingly, the number of azimuthal current paths
and bypass current paths corresponds to the total number of turns.

The governing equation for this model can be derived as follows:

dl
V=M—7+ V() =R, (34)
Ip = (Ip1, o2, , Io.n)7, (35)
IT - (IT,17 IT‘,Q; te 7IT',N)T7 (36)
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Figure C.4: Turn-distributed circuit model of an NI HTS coil

Ly Mo My N
M — ]\4.2,1 ITQ M?,N 37)
Myi1 Myp -+ Ly
I, 1, I
Vie(Tg) = (Bt (F22)", Edo(22)7, -, By ()™M, (38)
Ic,l IC,Q Ic,N
Rc = diag(Rc,la Rc,Qa T aRc,N)a (39)
IG + Ir = (Iopy Iopa T anp)T = Iop> (40)
dl
v =M (Rely — Ry — Vie(Tp)). (41)

where Ig ;, Ir;, I.;, Li, M;j, l;, R.;, and N represent the azimuthal current flow-
ing through 4*" turn, radial current flowing through ‘" turn, critical current of i
turn (which is determined by magnetic field, inclination angle, and temperature), self-
inductance of i** turn, mutual inductance between i*" and j*" turns, length of 7* turn,
characteristic resistance of i’ turn, and the number of total turns, respectively.

The above equation is also highly nonlinear, and a stiff matrix can arise if there
are abrupt changes in the index resistance. Therefore, methods such as the BDF or the
Runge-Kutta method should be used with consideration of stability of the numerical

solver during the solving process.
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Lastly, the partial element equivalent circuit (PEEC) model is an analysis method
that divides the coil’s turns into smaller segments [140, 162—-164]. This model has
also been utilized in various studies, primarily for quench analysis and AC opera-
tion analysis. Compared to the previously mentioned models, the PEEC model is the
most complex and requires the longest computation time. Researches are ongoing to
develop techniques to reduce the computation time. The governing equation for the
conventional PEEC model as shown in Figure C.5 is calculated as follows based on

Kirchhoff’s current law (the first equation) and voltage law (the second and third ones):

CIG+DIT = (Iop70>"' 70)T‘SN><1’ (42)
dl

CcTv = Md—: + V. (Ip), (43)

DTV = RcIrv (44)
1 (=)

Cij = ~1 (i=j+1), (45)

0 (otherwise)

L (i=j)

D;j = ~1 (i=j+s); (46)

0 (otherwise)

Ly Myo -+ Misn
N Ms Ly -+ Mssn ’ 47
Msyy Msng -+ Lsn
R, = diag(Rc 1, Re2, - s ResN—s+1), (48)
Ip=(Ion, Do, Tosn)" (49)
L= (It Ira, - s Irsn—st1) (50)
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MAY Turn-to-turn contact resistance
’VW Index resistance due to nonlinear V-I characteristic
M Self and mutual inductances of each segments

Figure C.5: Partial element equivalent circuit model of an NI HTS coil

I 1

I, Ipon o,
Bl (TR Bl (22T 6

Vsc(IG) = (Ecll( T 5

where Iy ;, I;.;, Ic;, Li, M; j, l;, Rc;, s, and N represent the azimuthal current flow-
ing through i*" element, radial current flowing through *" element, critical current of
ith element (which is determined by magnetic field, inclination angle, and tempera-
ture), self-inductance of i’ element, mutual inductance between i** and j** element,
length of it" element, characteristic resistance of 7" element, the number of azimuthal
segments of each turn, and the number of total turns, respectively. Due to positional
relationship between each node, the size of system matrices C and D are sIN x sN
and sN x (sN — s + 1), respectively.

To find the solution of the above equation, the rank of the matrix must be adjusted

171



to w = sIN — s + 1. Therefore, the equations can be rearranged through the following

partition of matrices:

C— Cl‘wxw O’wx(s—l) ’
Col(s—)xw  C3ls—1)x(s—1)
D — D1|w><w ’
Dol (s—1)xw
(CT)_lM _ Ml|ﬂ)><w M2‘w><(sfl) 7
M3|(s—1)><w M4|(s—1)><(s—1)
I, — Ip1]wx1 |
Tp2ls—1)x1
Vsc _ Vsc,l‘wxl ,

VSC,2|(s—1)><1

Iop = (IO]ZH 07 o 70)T’w><1-
Then, the governing equation can be derived as follows:

Ir = Dl_lIop - Dl_lclIO,l = PIIOp + Q119,17

Ipo = —C3'DyPi1,, — C;1(D2Qq + Co)lgy = Pol,y, + Qalg g,

dlg 1 dlp 2
DI (My— = +My—= + Vi,
1 (M, dt + M2 dt * 1)
dl dl
+DJ (M3 —t + My—? + Viea) = R,
dI _
% = MY (R.Qilpy — D] Vs
_ DIy R.PL, — N
2 Vise2 T RelPilop dt )

M =D{ (M; + M2Qy) + DI (M3 + M4Qa),

N = (DIM, + DIM,)P,.

(52)

(53)

(54)

(55)

(56)

(57)

(58)

(59)

(60)

(61)
(62)
(63)

The above formulae are for the basic PEEC model, and in the case of the model
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Figure C.6: Schematic drawing for 7-A formulation method. 7" formulation is used to

simulate superconducting layers while A formulation is used to simulate the backgroud

outside superconducting layers.

suggested in this dissertation, the screening current analysis was performed by adding

a widthwise segmentation of the conductor.

C.2 Finite Element Method with 7- A formulation

The T-A formulation [165, 166] efficiently simulates the nonuniform current density

due to screening current. The REBCO tapes are modeled as one-dimensional elements,

and only these one-dimensional areas are formulated by the current vector potential T

as shown in Figure C.6. The other area is formulated by the magnetic vector potential

A.. The governing equations and boundary condition are as follows:

—8—B:V><(pV><T),

ot
1
J:VX(;VXA):JE,
OA
E=-"—
ot’

Iop = (Tl - TQ)(Sa

where 17 and T5 are the current vector potentials at the edge of the 1D area.
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D Additional Analysis on Screening Current

D.1 Effect of Current Source’s Ripple on Screening Current Induced

Field

The widthwise-segmented circuit model proposed in this study enables the analysis of
the effect of the current source on screening currents. The current source used in the
experiment is the MercuryiPS from Oxford Instruments, as mentioned in the text. This
current source has a current ripple of 2 mA, and a case where the operating current
changes, as shown in Figure D.7, was assumed.

In this model, the current offset was set to 200 A, with the ripple modeled as a sine
function with an amplitude of 2 mA. A period of 1 second was assumed. The resulting
current distribution caused by this operating current was analyzed, and the difference
in magnetic field distribution between the peak and trough of the current ripple was
evaluated. The results are shown in Figure D.8. The analysis reveals differences in the
magnetic field distribution, with the magnetic field at the peak being greater than that
at the trough. However, the ripple in the magnetic field is on the nT scale, which is
negligible and does not significantly impact the target magnetic field uniformity. The
ripples that vary significantly over time due to the current bypass paths in NI mag-
nets are found to have little impact on the magnetic field. This analysis quantitatively

demonstrates the influence of the current source on the magnetic field distribution.

D.2 Analysis of Screening Current Induced Voltage

Quantifying screening currents is generally challenging. The most commonly used ap-
proach involves measuring the magnetic field, either by comparing the absolute mag-
nitude of the central magnetic field or, as in this study, by comparing the magnetic field
distribution. However, this method requires high precision in magnetic field measure-
ments, which increases the complexity and cost of the experimental setup.

Other parameters, such as strain and AC loss, can also be used, but they are even

174



200.002

<
S 200.001
9
§
o 200.000
=
©
0 199.999
@)

199.998

1 1 1 1
0 1 2 3 4 5
Time (s)

Figure D.7: Operating current profile considering current ripple from the current

source.

more difficult to measure and are prone to significant measurement errors. As an al-
ternative, screening currents can be quantified using voltage. When screening currents
occur, the effective inductance changes, causing variations in voltage, even in coils
without resistance. Figure D.9 provides an example of measuring voltage induced by
screening currents. In the experiment, the NI coil used showed different voltage pro-
files during the first and second current charging phases, despite having no resistance.
This difference indicates that the screening currents differ in each case due to the hys-
teresis of the screening currents. This behavior can be replicated using the widthwise-

segmented circuit model.
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Figure D.9: Example of measurement and analysis of screening current induced volt-

age.
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