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Abstract

Compact HighTemperature Superconducting (HTS) trapped field magnets stand at
the frontier of breakthroughs for advanced industrial equipment, medical devices, and
transportation electrification, offering capabilities that conventional permanent
magnets ath electromagnets cannot achieve. While superconductors capitalize on zero
resistance to uphold high currents, thus generating substantial fields, traditional HTS
bulks and stacks have been limited by constraints such as geometry size and
mechanical robusass. As secondeneration (2G) commercial HTS coated
conductors advance, there's a growing emphasis on utilizing these tapes to attain
expansive and stable trapped field profiles. This thesis explores the innovative
magnetization mechanisms and designmjaiations of HTS trapped field magnets
fabricated with 2G HTS tapes through a comprehensive analysis ostdtied ring
magnets, hybrid HTStacked ring design, their mechanical stress responses, and
trapped field closetbop HTS coil under field coolinghagnetization. The research
primarily investigated a novel hybrid HTS trapped field magnet, integrating HTS
stacked ring magnets with HTS bulks to surpass traditional size limitations and achieve
a significant trapped field of 7.35 T. It further preduttheir capability to generate a
trapped field exceeding the applied field due to unique induced current distributions
and flux redistribution. Additionally, the study addressed the mechanical challenges
posed by Lorentz forces during magnetization, présgr2D numerical models to
analyzestress and strain in HFSacked ring magnets. A 90 % stress reduction was
seen by proper impregnation and fixation methods. Lastly, a novel dlmgedHTS

coil approach was introduced, achieving a compactfigjth superconducting magnet

that trapped aentral field 4.59 T which was higher than the 4.5 T applied field,
showcasing potential for diverse hifjbld applications. Above the inner edge of the
HTS coil, the trapped field exceeded the applied field by 1.5 & fhieisis combines
experimental findings and numerical modelling to advance the understanding of HTS
magnetization processes, offering insights into designing more efficient and durable
compact and portable HTS magnets for applications in nuclear magesiitance,

Maglev transportation, and HTS machinery
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Chapter 1. Introduction

1.1 ResearchContext

Compact higHield magnets play a crucial role in many modern technologies. They
are essential in medical devices such as magrestanance imaging (MR[L], [2],

[3], nuclear magnetic resonance (NMR), [5], [6], transportation systensgich as
magnetic levitation trainlg], [8], [9], [10], et al. As we look to the future, the demand
for these magnets also extends to developing advanced electrical m@thjng],

[13], [14], [15], [16], [17] particularly for the emerging electric aviation sedid],

[19], [20], [21] Traditionally, permanent magnets such as NdFeB have been the most
common choice due to their high remanence. However, their limitations become
evident when faced with the increasing demandhefbove advanced technologies.
This led to the exploration of lovemperature superconding (LTS) materials
which can provide high magnetic fields without overheating issues due to their zero
electrical resistance at very low temperaty22, [23], [24], [25]

While LTS materials marked a significant step forward, Hii&erialshave gained
attention since they were discover@b], [27]. These materials operate at higher
temperatures compared to LTi@terialsand have shown promising superconducting
properties. HTS bulk materials especially ReBCO (Re: rare earth elenhents)
demonstrated unparallel capability in achieving high trapped fields in the past decade
[28], [29], [30]. However HTS bulk materials presented challenges, especially when

it came to their sizemechanical strengtand manufacturing for larger applications
[28], [31], [32] Besides, with the progress of secaggheration (2G) HTS coated
conductors or HTS tapes, HTS stacks fabricated by stacking HTS tapes also
demonstrated its capability of trapping high field even though their sizes are also very
limited [33], [34], [35], [36], [37]

In recent years, HT-Stacked ring magnets, based on 2G HTS tapes, have emerged as

promising candidates in the realm of trapped field mag88is[39], [40]. This novel
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magnet, constructed by stacking separated HTS tapes that have been cut and stretched,
was first demonstrated by Lee effél]. It presend a potential resolution to the size

and mechanical durability limitations associated with HTS bulk and stack materials,
paving the way for flexible trapped field magnet design and utilizatiohlthough
preliminary studies have illuminated the figtdpping capability of these HTS tape

based magnets, many of their fundamental characteristics remain underepgdpred
Furthermore, the fieltkapping capability of closelbop HTS coils, characterized by

their more refined shape and quality, remains unconfirmed. The salient challenges

stemming from these ambiguities are outlined as follows

1 The magnetization mechanism of the H3tacked ring magnetemains
unclear. While traditional HTS bulk materials are penetrated from the exterior
to the interior during field cooling (FC) or zero field cooling (ZFC)
magnetization, the HT-Stacked ring magnet is constructed from parallelly
stacked, discrete HTS tapes. $betapes induce separate currents -post
magnetization, suggesting that the penetration sequence and current
distribution in the HT Sstacked ring magnet could differ significantly from that
of HTS bulk materials

1 The field penetration sequence and resultant current distribution in the HTS
stacked ring magnet are ambiguous but crucial, influencing trapped field
characteristics. Thieappedield by the magnet ideterminedy themagnitude
anddistribution of this induced current. Owing to its distinct current layout,
the HTSstacked ring magnet's trapped field may display unique behaviours,
impacting the magnet's design and optimization.

1 The HTSstacked ring magnet features a central void. Introducing HTS bulks
or stacks within this space to create hybrid Fst&ked ring magnets could
optimize the HTS material volume usage and boost trapped field capabilities.
Additionally, the magnetizain process specific to these hybrid H3tacked
ring magnets remains unexamined

1 The (hybrid) HTSstacked ring magnet, during and posgnetization,
experiences substantial Lorentz forces, which could cause mechanical damage

to the magnet. Understanding the mechanical behaviours, especially the force
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dynamics and stresdrain relationships, is pivotal for designing and
implementing this innovative HTS trapped field magnet. Yet, such analytical
work remains unexplored

1 With advances in HTS tape manufacturiawigd performancecreating low
resistance soldered joints to connect two HTS tapes has become less
challenging. HTS tapes can now be readily formed into depdnheake coils
with a consistent round shape and guaranteed quality. Theoretically, an HTS
doublepancake coil wh soldered joints can achieve field trapping with
manageable field decay rates. If this is actualized, it presents a significant
alternative for HTS trapped field magnets. Both experimental and ntaheri
investigations are essential to validate its feasibility and characteristics.

Therefore while there have been significant advancements in the field of HTS tape
based trapped field magnets, substantial gaps in knowledge and application remain.
These areas of inquiry are not merely theoretical in nature but have practical
implications that ca have a profound impact on technological and industrial
applications. This thesis aims to address some of these gaps. Building upon existing
literature and combining innovative design approaches with rigorous analytical
methodologies, the researpresented delves into the intricacies of (hybrid) HTS
stacked ring magnets and the HTS doyddacake coil, offering insights and potential

solutions to the challenges currently faced in the field.

1.2 Research Contributions

This thesis provides the following contributions to knowledge:

1 Observation and explanation of central field ascent during field cooling
magnetization of HTStacked ring maghe Based on experimental
measurement, numerical simulation is utilized to investigate the magnetization
mechanism of the HTStacked ring magnetThe field ascent during

magnetization is explained through numerical analysis.
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1 Prediction of the possibility of achieving trapped fields higher than applied
fields through proper designs of the H$tacked ring magnet. This unique
property makes the HTStacked ring magnet fundamentally different from
traditional HTS bulk and stack materialsd indicates it can be more energy
efficientin trapped field applications.

1 Design, measuremenhd analysi®f hybrid HTSstacked ring magnets with
HTS bulk inserts and stack inserts respectivélye enhancement effect of
hybridization on trapped field has been validatedt is unveiled that the
magnetization oh hybrid HTSstacked ring magnes divided into 2 stages
and the central field ascent scenario gsassed by HTS inserts.

1 Analysis of forcedynamics and stressrain of the (higrid) HTSstacked ring
magnet and proposing weak points and reinforcement methods for its
optimization. The end of the splits of the H$tcked ring magnet sees the
highest stress concentration and the HTS inserts are subjected to unbalanced
Lorentz forceduring magnetization. The investigation offarsolution for the
mechanical reinforcement of the HB&cked ring magnet.

1 Fabrication, measurement and analysis of the HTS dqasleake coil witta
closed loop under field cooling magnetization. The feasibility of using
closedloop HTS coil to trap field is validated and it demonstrates the
capability of trapping higher fields than applied fielysexperiments.

1.3 ThesisOverview

Chapter 2.This chapter commences with an overview of superconductivity and its
associated theoretical models. It thikscusseprevalent HTS materials and their roles

in trapped field applications. Further discussipnsvide the distinct attributes and
inherent challenges of these HTS trapped field magnets. This chapter sets the

foundation for the deep@nvestigationghat follow.

Chapter 3: This chapter delves into the production and fortification techniques
employed for HT Sstacked ring magnets. It also discusses the simulation strategies for

numerically modelling both standalone and hybrid versions of these magnets.
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Techniquesincluding H-formulation, mechanical equations, and the homogenized

modelling approach, vital for subsequent analysegrasented.

Chapter 4: Thixchapterfocuseson the magnetization attributes of the H3tacked

ring magnet. A distinctive central field ascent discerned during empirical tests is
investigatedusing verified numerical models. The analyses unravel the causative
factors of the field ascent and suggest the magnet's potential to trap fields exceeding

the applied ones.

Chapter 5: The chaptdregins withan exploration of thenhancedield-trapping
capability realized by integrating HTS inserts into the ring magnets. Subsequent
inquiry brings to light a twgphase magnetization procedure and the suppressive

influence of the HTS inserts on the central field ascent.

Chapter 61n this chapterthe mechanical behavicauwf the hybrid HT Sstacked ring
magnet, undewo-sidesfixation and wax impregnation scenariasganalysedZones
of stress concentration are pinpointed, prompting the proposal of mitigation techniques.

The chapter also unveils and clarifies the uneven forces acting on the HTS inserts.

Chapter 7: This chapter introduces the design of the HTS dpahlake coil,
highlighting its solderedoints, and probes its potential as a trapped field magnet.
Experimental outcomes attest to its ability to trap fields surpassing the applied ones,

while subsequent tests underscore the pivotal role of joint quality in coil stability.

Chapter 8: This concluding chapter recaps the contributions of the thegioiatsl
out good spots for more research in the futRecommendations are proffered, setting
a direction for forthcoming research in the domain of fagpeed HTS trapped field

magnets.
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Chapter 2. Superconductivity and Trapped Field HTS

Magnets

2.1 Introduction

Superconductivity, a phenomenon where materials exhibit complete absence of
electrical resistance and perfect diamagnetism below a specific temperature, has
fascinated condensed matter physicists since its discovery in 1911 by Heike
Kamerlingh Onne$42]. This seminal observation, made in mercury chitledear
absolute zero, propelled quantum mechanics and materials science into novel
territories. While mercury was the initial material to reveal its superconducting nature,
further research identified a rich array of superconductors, each possessing unique
properties and potential uses. The superconductors were classified into two main types:
LTS materials operating near liquid helium temperatures, and HT&terials

functioning closer to the boiling poiof liquid nitrogen.

For years, LTS held sway, marking their presence in medical imaging, particle
accelerators, and magnetic field generaf@n[6], [22], [23], [43], [44], [45], [46]
However, their dependence on extreme cold introduced challenges and inflated

operational costs.

The 1986 discovery of coppexide-based HTS, superconducting at temperatures
significantly higher than LTS, changed the gamé], [48]. These superconductors
not only minimized cooling demands but also exhibited unparalleled magnetic
properties, particularly in magnetic field trappifP]. From this HTS innovation,
trapped field magnets emerged. These pesfiicient magnets, maintaining strong
magnetic fields without ongoing energy input, promasevolution in fields from
NMR devices to emissioefiee electric aviatio43], [50], [51], [52] The intricate

science behind trapped field magnets, especially when using HTS, is a fusion of
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theoretical and applied research. The magnetization techniques, designs, and

applications reflect the synergy of these two domains.

This chapter offers a comprehensive overview of the development of
superconductivity and its integration with trapped field magrBeginning with the
foundational discoveries and classifications based on temperature benchmarks and
magnetic characteristics, this chapter progresses to discuss the mathematical models
underpinning superconducting behaviours. Subsequent sections dedpitifecities

of HTS materials, elucidating their distinct properties and their significance in trapped

field magnet techology.

2.2 Superconductivityand Superconductors

When cooled below their critical temperatures, materials known as superconductors
undergo a transition into superconducting states. These statbseaeterized by two
distinctive properties: zero electrical resistance and the Meissner effect (or
diamagnetic effect)s3]. As indicated, numerous materials exhibit superconductivity
when they are brought below their respective critical temperatures. Notably, under
specific extreme conditions, some of these materials can transition to superconducting
states even near room tpamature. Superconductors can be broadly categorized based
on their transition temperature into ldemperature superconductors and high
temperature superconductors. Another classification criterion is their underlying
superconducting states, where theye adivided into Typel and Typell
superconductoi$4], [55], [56]. In the subsequent sections, the characteristics of these
superconductorwill be delved deepeGiven that the primary focus of this thesis is

on Typell superconductors, a detailed introduction to the relevant theoretical models
will also be provided.
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2.2.1Low-Temperature Superconductorsand High-Temperature

Superconductors

Based on critical temperatures, superconductors can be classified-@sriperature
superconductors and higamperature superconductors. LTS require extrecudly
temperatures, typically that of liquid helium, to maintain their superconducting state.
LTS materials primarily fall into the category of elemental superconductors such as
Lead (Pb, 7.2 K)57], Niobium (Nb, 9.3 K)[58], Technetium (Tc, 7.8 K}59],
Mercury (Hg, 4.15 K]60], Tin (Sn,3.7 K) [61], Aluminium (Al, 1.2 K) [62] or simple
intermetallic compounds such Bgobium-Titanium (NbTi, 10 K)[63] Niobium-Tin
(NbsSn, 18 K)[64]. Currently, most MRI machines and particle accelerators are using
LTS materials, especially NbTi and 8n due to theimechanical properties, ease of
wire production and joint fabricatide5], [66], [67], [68] As shown in Fi.1, LTS
wiresand cablesan be manufacturad different structures and forms to meet variant
requirements and applicatiof@®]. However, except for higher cooling requirements,
LTS materials have a limited critical magnetic field compared with HTS materials,
meaning they can be used only up to certain magnetic field strengths before losing

their superconducting state. This poseballenge for higHield applications.

Figure2.1 Products based on LTS materials

High-temperature superconductors manifest superconducting properties at elevated
temperatures compared to ldemperature superconductofdthough termed "high
temperature", these temperatures, while still within the cryogenic range, often exceed
the boiling point of liquid nitrogen (77 KYhis distinction significantly influences the

economics and practicality of cooling mechanisms.
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The inception of this category began in 1986 with the grdaredking discovery of
copperoxide superconductors by Georg Bednorz and K. Alex M{@6}, marking

the dawn of the higtemperature superconductors.eBy 1987, Yttrium Barium
Copper Oxide (YBa2Cu307 or YBCO) emergedadsading HTS materiashowing
superconducting capabilities at temperatures above the boiling point of liquid nitrogen
[48]. This critical discovery marked a significant turning point in the field of
superconductivity enabling the use of cesffective and readily available liquid
nitrogen for cooling, amplifying superconductivity's potential in technological
applicationsCurrent research distinguishes two primary categories of HTS materials:
cuprate superconductor$70], [71], [72], [73], [74], [75] and ironbased
superconductor$76], [77], [78], [79] The cuprate family encompasses ReBCO
(where "Re" denotes rare earth elements such as Yittriurf8QY,)Gadolinium (Gd)

[81], Samarium (Sm[B2], and Neodymium (NdB3]) and BSCCO varian{g84], [85],

[86], [87]. The focus of this thesisentres orcuprate HTS materials, as exemplified
by the prototypes depicted in FR2g2[88]

Bi-2223 magnetic shield

ReBCO bulks

Figure 2.2HTS ReBCO lulk materials (leftiandHTS Bi-2333tube (right)

Iron-based superconductors, a more recent discovery fro® [80]) havegathered
attention owing to their novel properties and appreciable critical temperatures, some
reaching 56 K90]. Defined by their stratified structure featuring varsenide or iron
chalcogenide layers, these superconductors exhibit pronounced sensitivity to
impurities and defects, occasionally introducing hurdles in their applicgbn

Nevertheless, the intricacies and potential applications ofhased superconductors

10
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pave the way for fresh insights into unconventional superconductivity and foretell a

promising horizon in their practical utilif@2].

2.2.2Type-l and Type-ll Superconductors

According to the behaviours in the presence of external magnetic fields,
superconductors can be classified into two typgpe| andType-ll [93]. Generally,

Typel superconductors are perfect diamagnékey show a complete expulsion of
magnetic fields when transitioning to the superconducting state. This phenomenon is
the Meissnereffect [53]. Once the applied field exceeds the critical fidhd)(the
superconductivity of Typel superconductors will disappear and the material
transitions back to its normal state. As shown inZ&)Type| superconductors have

a clear ond3.. The majority ofTypel superconductors are elemental metals, such as
mercury (Hg)[60], lead (Pb]57], and tin (Sn]61].

B

Bc

Normal state

ll

0l

Superconducting state

Magnetic field (T)

Temperature (K) Tc

Figure2.3: State transition of typesuperconductors

Type-ll superconductors, on the other haexhibit similar behaviour by completely
excluding a magnetic field below a lower critical field value and becoming normal

again at an upper critical field. However, when the magnetic field is between these
lower and upper critical fields, the superconduct ent er s a fimi xed st
is partial penetration of fluas shown in Fi@.4 [94], [95]. This partial penetration

occurs in the form of "vortices"tiny magnetic flux tubef96]. In this situationthe

11
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materialas a whole continues to have zero resistance as current flows by the easiest
path and as there are superconducting regamgurrent can still flow without energy

loss. It must be notethowever, that if the vorticamove,they will dissipate energy

So,to create high critical current superconductors, the resistive motion of flux vortices
should be pinnechore rigidly[96], [97], [98] Type-Il superconductors include many
alloys and complex materials. Famous examples are the-tdngberature

superconductors includinggviously mentione®eBCO, and the family of irehased

superconductors.
B
Bc2
- H:H%H‘ Normal state
©
L Bcl Mixed state
@
c
an
C
Superconducting state

Temperature (K) T¢

Figure 2.4 State transition of typd superconductors

2.2.3Theoretical Models of Type-Il Superconductors

Understanding thieehavious of Typell superconductors, especially in the presence

of magnetic fields, is crucial for their technological applications. Over the years,
several theoretical models have been proposed to explain the peculiarities of these
materials. This section presents an oi@wof the key theoretical models that have

significantly contributed to our understandinglgfpe |l superconductors.
Ginzburg-Landau Theory:

The GinzburgLandau theory is a phenomenological theory that describes the
transition between the superconducting and normal states, especially near the critical

temperature. A central feature of this theory is the introduction of an order parameter,

12
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which describes the macroscopic quantum mechanical wave function of the
superconducting electron pairs, commonly called Cooper pa@s The theory
provides a framework for describing how this order parameter varies in space and time.
The GinzburgLandau parametes, which differentiates betweéerype-| and Type|

superconductors, is another crucial outcome of this theory. AgMc, the material

behaves as a tygésuperconductor, and whern<1Mc, it's aType-| superconductor
[100], [101]

Abrikosov Vortices:

In the context offype-1l superconductors and based on the Ginzuamgdau theory,
Abrikosov predicted the existence of a lattice of vortifE32]. Each vortex is a tiny
whirlwind of supercurrent that surrounds a core where the superconducting order
parameter is suppressed and allows some magnetic flux to penetrate. The arrangement
of these vortices in an ordered lattice prevents taogée magnetiflux penetration,

thus allowing the superconductor to maintain its superconducting state even in high

magnetic fieldsas shown in Fig2.5[103].

Figure 2.5Vortices in a YBCO film imaged by scanning SQUID microscopy
Bean's Critical State Model:

Charles P. Bean proposed a model that provides an empirical description of the
behaviour of magnetic flux lines within typkesuperconductors exposed to varying
magnetic fields[104]. Central to this model is the account for the hysteretic
magnetization behaviour commonly observed in fffgiperconductors. At its core,

the Bean model suggests that when the external magnetic field undergoes changes, the

13
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supercurrent within the superconductor adjéistiaintain a constant magnetic flux
density. This continues until the supercurrent reaches a critical threshold. Beyond this

value, the superconductor becomes resistive.

For visualization, consider Fig6, where an external field Hs applied to a
superconducting slab. For applied fields such,ad*/2, H*, and 2H*parallel to the

slab's surface, it's assumed that the critical current densigmhins unaffected by
these fields. When an external field) id applied and subsequently removed, the
superconducting slab's surface experiences an electromotive force (emf) opposite to
what was felt during the field's increase. This leads to a reversal in the direction of the
suface current. At a zero external field, as depicted in Eig.each surface ahe

slab carries two opposing currents, resulting in a cancelling ¢ff@t}, [105]

*
+Jo H={2|:'*
H=2H* - — - H=H*/2
T H=0
J
H=H*
H
v,
-I¢
N H=0
(a) (b)

Figure 26: A plot of local fields and current density in HTS slab afteapplying
fields 0, H*/2, H*, and 2H*parallel to the slab's surface

————— \\ ,/—————‘ I H=HO

(a) (b)

Figure2.7: A plot of local fields and current density in HTS slab after a field &
has been applied and removed
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Flux Pinning:

Flux pinning, a crucial phenomenon in the domain of superconductivity, refers to the
immobilization of magnetic vortices due to interactions with material defects within

the superconductor. These defects, spanning from grain boundaries and point defects
tovarious microscopic imperfections, ser \
effectively 'trap’ the vorticgd.06], [107], [108]

As introduced in the section on Abrikosov Vortices, magnetic flux lines enter the
superconductor as quantized vortices when in a superconductingrstate absence

of pinning, these vortices tend to move under the influence of an external current or
magnetic field, leading to energy dissipation and a subsequent loss of the

superconducting state.

To understand the effectiveness of flux pinning, one can evaluate the critical current
density. This represents the maximum current density a superconductor can sustain

without resistance due to vortex movement:
-FL=-BT JFg (2.1)

WhereF is Lorentz driving forceB is magnetic fluxJis transport current density

andF,, is the pinning force

The efficiency of flux pinning plays a pivotal role in determining the curtantying
capacity of a superconductor, particularly in high magnetic field applications. The
robustness of the superconducting state and the prevention of vortex lattice orelting
rearrangement hinge upon the effectiveness of these pinning centres. Consequently,
deliberate introduction and optimization of specific types of pinning centres in
superconducting materials have been a focus of ongoing research, aiming to enhance

their performance in practical applicatiofi©9], [110]
Flux Creep and flux jump:

Even when vortices within a superconductor are pinned, thermal activation can cause
them to move slowly. This subtle motion of vortices is termed "flux creep." The
movement induces a minor resistive voltage, making the superconductor less than

perfectly sperconductind111]. This effect intensifies with increasing temperature
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and becomes less pronounced as the material approaches absolute zero. It poses
challenges to the practicperformance of superconducting devices, particularly at

higher temperatures.

Flux jumps are abrupt and uncontrolled movements of magnetic flux lines within a
superconductor. They are often caused by thermomagnetic instabilities when a certain
critical current or temperature threshold is exceddé@]. This sudden change can

lead to a noticeable resistive voltage, momentarily disturbing the superconducting state.
Flux jumps are often characterized by their unpredictable nature and can lead to
detrimental effects on superconducting device performaneguirmg careful

management and design considerations.

2.3 HTS Materials for Trapped Field Magnets

Within the sphere of trapped field applications, both HTS bulk materials and HTS
stacks, crafted using HTS tapes, have been extensively researched and recognized.
This section elucidates the foundational attributes and intrinsic properties of ReBCO

HTS buk materials, as well as commonly used commercial HTS tapes.

2.3.1 HTSBulk Materials

Among previouly introduced HTS materials, YBCO is a paramount development in
the realm of bulk superconducting materials. Its fabrication, especially when high
quality large single grains are desired, often employstdpeseeded melt growth
(TSMG) method113], [114], [115] This technique utilizes a seed crystal to promote
controlled growth and texture in the niiedf process, resulting in bulk superconductors
with exceptional magnetic properties. The precise control of parameters during the
TSMG process, such as cooling rates and seeding orientation, plays a critical role in
determining the final quality of the YBCOaterial[116]. To enlarge the size of the
YBCO bulks, multiseed TSMG can be used as shown in Eig[117], [118]
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Figure 2.8: A large mutseeded YBCO bulk superconductor

YBCO isfeaturedior its notabletransition temperature of approximately 92which
facilitates its operation ihquid nitrogen cooling. Furthermore, its remarkahkslity

to trap magnetic fields has situated it a®andational elemerfor advanced magnet
systems. However, intricacies accompany its usage; the inherent brittleness of YBCO
can be a concern, especially in applications demanding mechanical reqiliéafe

Yet, its prominent role in the technological arena is undeniable, with widespread
applications ranging from magnetic levitation systems to advanced HTS machines
[114], [120], [121], [122], [123], [124], [125], [126]

While other HTS materialsuch as BR223, Bi2212andMgB2 can also bprocessed
as bulk materials, their superconducting performaeoels tolag that of ReBCO
materials[127], [128], [129], [130], [131] Hence,they are notelaborated upon

extensively in this context.

2.3.2HTS Tape Materials

In the progressive landscape of superconducting technology, coated conductors,
commonly termed as secogéneratio{2G) high-temperature superconducting tapes,
have garnered substantial attentj@B82], [133], [134], [135] These tapes employ a
multi-layered structure, generally consisting of a metallic substrate, a buffer layer to
accommodate lattice mismatches and prevent diffusion, and an outer layer of the
superconducting materidig.2.9demonstrates a typical structure of Fujikura 2G HTS
tapeq136], [137]
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Stabilizer [Cu plating] 20 um
Protection layer [Ag] 2 um
Superconducting layer [ReBCO] 2 um
Buffer layer [MgO, etc.] 0.7 um _l
Substrate

[Hastelloy]
75/50 um

Figure 2.9: A typical structure of FujikukiTS tapes

The layered structure of these tapeddsignedo ensure optimal performance. For
instance, the buffer layers mitigate detrimental interactions between the
superconductor and the substrate, preserving the superconducting properties.
Meanwhile, the superconducting layer itself, often YBCO or simildera, provides

the tape with the desired higémperature superconducting attributes.

Despite their many advantages, challenges persist in the domain of coated conductors.
Their production requires precision and can be more costly than other methods.
Moreover, the interface quality between layers is crucial and can significantly impact
the overall performance of the tape. Nevertheless, with dygatications in modern
electronics, energy, and transportation secRisHTS tapesymbolize the promising
horizon of superconducting technolodys8], [139], [140], [141], [142], [143]

Building on HTS coated conductdechnologiesan array ofHTS cableshas been
conceptualized. Notable examples incltlieCoaxial HTS Cabl§l44], [145] Roebel
cable[146], [147] Conductor on Round Cof€ORC) cableet al[148], [149] These
innovations have been extensively explored and harnessed for both high current

transmissiorand highfield applications
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2.4MagnetizationApproaches andTraditional Trapped Field HTS Magnets

2.4.1Magnetisationsof Trapped Field Magnets

Field Cooling and Zero Field Cooling Magnetization

Field cooling (FC) and zero field cooling (ZFC) magnetization techniques are
fundamental approaches to inducing magnetizatiosumerconductor$l50]. The
difference between the two methods hinges on the external magnetic field's state when

the sample is cooled.

In the FC procesas shown in Fig2.10, a superconductor is first cooled down to its
operating temperature while an external magnetic field is applied. Once the
superconductor reaches below its critical temperature, the magnetic field is then
removed. The magnetic flux lines, now trapped witthie superconductor, result in

the desired magnetizatiofl13]. Notably, diring the external fiedls wi ,t hdr aw

occurrence®f flux jumps and temperatuspikescan happelif the removal rate is

overly rapid or if thereds insufficient
FC magnetization ZFC magnetization
/"—_——‘—-\ /—’_—__——‘—\
N N
T e
N N
B B
Bp Bp
Normal state Tﬂ\h\
0 | 0
Cooling 2B,
B l B Superconducting
Superconducting state
HH state
0 0
B B
0 ‘ 0

Figure 2.10FC andZFC bulk superconductor magnetisation techniques

using the Bean model approximation
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On the contrary, in the ZFC process, the superconductor is cooled in the absence of an
external magnetic fields illustrated in Fig2.10 Once the desired temperature is
reached, an external magnetic field is applied. This method relies on the
superconductor's intrinsic ability to expel magnetic fields (due to the Meissner effect)
and then introduce flux lines when the field exceeds aiodttresholdThis behaviour,

characteristic oType-Il superconductors, is often elucidated using the Bean model.

Both procedures present distinct advantages and challenges. ZFC typically provides a
deeper understanding of the superconductor's innate characteristics and its interplay
with external fields. Conversely, FC usually results in a superior trapped field,
explainng why most trapped field milestones have been achieved using FC

magnetization techniques
Pulsed Field Magnetization (PFM)

PFM stands out as a distinct method for magnetizing superconductors, particularly
when swift magnetization is necessitated. Contrary to the continuous magnetic field
application in FC and ZF®FM introduces a brief, intense pulse of a magnetic field.
This strategic pulsing ensures deep penetration of magnetic flux lines into the
superconductor. Upon cessation of the pulse, the superconductor preserves a notable
portion of the introduced magmefield, resulting in its magnetizatigi51], [152],

[153]. Nevertheless, the magnetic field trappeughPFM typically falls short of

the magnitudes attained by ZFC or FC, especially at lower operational temperatures.
This discrepancy arises predominantly from the pronounced temperature elevation,
attributed to the rapid flux vortex dynamics within the sapeductor during the PFM
process. Interestingly, at elevated operational temperatures, specifically around 77 K,

the fields trapped through PFM closely rival those of the FC method.

2.4.2Trapped Field HTS Bulk Magnets

Trapped field stands as the principal application and focus of study for HTS bulk
materials. Given that these materials exhibit no resistance in their superconducting

state, any magnetic field trapped within the HTS bulk remains stable, contingent on
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the temperature being sustained. Owing to this enduring retention of magnetic field,
it's occasionally referred to as a "permanent HTS trapped field magsehentioned
previously, ReBCO materials are most used in field trapping applications. Bulk YBCO
disks can trap a large field due to flux pinning or induced supercurrents flowing
persistently in the pellet. The trapped fieBi) is given by[115]:

Bt r 3 @8gJer (2.2)

WhereA is a geometrical constarg is the permeabilityof the vacuum, and is the

radius of a singlgrainHTS bulk Consequently, there is a direct correlation between

the grain size and the trapped field: as the grain size escalates, so does the trapped field.
However, with an augmented trapped field, the disk is subjected to intensified
electromagnetic forces, whicham occasionally result in fractures. Notably, the
mechanical characteristics of YBCO display anisotropy, albeit with minimal
temperatue dependence. The axial tensile strength ranges betw&érVa, while

the strength perpendicular to the axis lies in the ballparki@2MPa[154].

Enhancing the mechanical strength to achieve higher trapped fields has been a key
point of numerous studies. For largein samples, the fracture strength has been
noted to increase from around 1 MPa to nearly 10 MPa with the inclusion[@bBjy
However, this augmentation througiiver is insufficient to guarantee consistent
mechanical stability or elevated trapped fieBssidesmetal ring encapsulation has

been adopted to bolster the mechanical attrifates).

Impregnation with resin also proves efficacious in enhancing the mechanical resilience
of HTS bulks[157]. When bulk discs undergo vacuum impregnation with epoxy, the
resin seeps into the bulk via surface fissures and fills internal gaps, as depicted in Fig.
2.11[157]. Moreover, the introduction of a thimall designd where the HTS bulk
undergoes meljprocessing with deliberate holes that are subsequently filled with
epoxy resind significantly enhancetensile strength, as illustrated in RAdL2[32].
Leveraging these reinforcement strategies, the trapped field achieved by HTS bulk
materials can surpass 1{1I15]. Presently, the record for the highest trapped field by
HTS bulk materials stands at 17.6 T at 25 K, achieved using two 24.15 mm diameter
GdBCO bulks, as showcased in Rig.3[158].
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Figure 2.110Optical micrographs for crossection of bulk superconductor after resin
impregnation

Figure 2.12Single grain thinwall YBCO sample with artificial holes filled with

copperwires and solder to minimize stress concentration
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Figure 2.13Two GdBCO bulk samples reinforced witainless steelngs

2.4.2Trapped Field HTS Stack Magnets

As mentioned previouslyrogress in HTS tape manufacture has remarkedly enhanced
the performance of commercial HTS tapes in both electromagnetic and mechanical
aspectsGenerally, HTS stacks are fabricated by cutting and stacking HTS tapes. To
improve the thermal conductivitgome studies introduce soldering layet® iHTS
stacks[33]. Compared to HTS bulk materials, HTS tapes haygeralloy substrates,
which account for more than 85% of the volume fractesmdhave a very high tensile
strength, which means no external mechanical reinforcement is needed to counter
Lorentz forces at high trapped fielfis59]. Besides, the superconducting properties
are generally consistent throughout the volume of the stack and defects in individual
layers are smoothed out in the trapped field profifég silver stabilizer layer on top

of the HTS layer provides thermal stability which helssipate heat generated inside
the stack and gpresses flux jumpgl60]. However, due to the restrictions the

width of commercial HTS tapes, the sif HTS stackss limited. By far, the largest
diameter of HTS stacks 34.4 mmusing 46 mm wide AMSC tapess shown in
Fig.2.14[159]. This design employed hybrid configuration combied with 12 mm

wide SuperPower HTS tapes. It successfully trapped 17.7 T .afBagresent highest
trapped field by HTS stacks is 17.89 T at 6.5 K V2l sheets of EuB&usO; tapes

with BaHfOz nanorodsas shown in Fi@.15[33].
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AMSC 46 mm

SuperPower 12 mm

Figure 2.15: HTS stackbat trapped 17.89 T at 6.5 K

2.5 Conclusion

This chapter provides a foundational overview of superconducting materials, with
particular emphasis on theoretical models relatdype-I1 superconductors. It delves
deeply into prevalent HTS materials and their pivotal roles in trapped field applications,
encompassing aspects of their fabrication techniques and magnetization strategies. A
selection of representative examples of trappeld #€r'S magnets is showcased,
elucidating their distinctive attributes and associated challenges. In essence, this
chapter establishes a critical backdrop for the subsequent discussions and explorations.
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Chapter 3. HTS-Stacked Ring Magnet and Simulation

Methodology

3.1Introduction

As mentioned previously HTS bulk materials excel in magnetic field trapping but face
challenges. Large ReBCO HTS bulks are difficult to produce due to slow growth and
stringent controls. Their mechanical strength, often just tens of MPa, is another
concern Even though there are ways to fix these issues, it's still hard to use them in
realworld situationsSimilarly, traditional HTS stacks, limited to a 46 mm width from
commercial tapes, have restricted engineering applicatians€Et the requirements

for largescale applications such as HTS machines and NiNBjecessary to develop

HTS trapped field magnets withrger dimensios and atrong stable magnetic field.

Giventhesechallenges anthe development of 2G HTS tapesw concepts for tape
basedHTS trapped fieldnagnets are continually being explored. HTS coils with
soldered joints can form a closed loop which theoretidadlythe potentialto be
utilized as HTS trapped field magnets. The widttheftapes and turns of the coil can
decide the size of the magnet, which offers flexibilityhe dimensionHowever, die

to the physical properties of HTS wires or tapes,dhedlengeabl¢o fabricateperfect
superconducting jointss achieved in low temperature supercondu¢i@s]. In 2014,
Yeonjoo Parletal demonstrated the first HTS joint wittresistance as low a§'1'q
whichwasr e gar ded as higlhtempevaiurslperéoadudtingins[162].
However, the critical current of the joint can only achieve 84 A in liquid nitrogen.
Besides, the proces$ fabricating this joint is very complicated and tho@nsuming.

It involves lasedrilling, stabilizer removing as well axygenation annealing process
that lasts up to 350 hourMlore recently,advancements have been made in the
technology for 2G HTS tape joints. Higher critical currents and quicker soldering

processes with mechanical pressure and heating have been demonstrated, and the
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resistance of a ReBCO joint can be controlled.atx 103q u n d e-fieldat 3G e | f
K [163], [164], [165] Other innovative HTS joint technologies includimgdgetype

joints [166], demountable jointd167], laptype joints [168], joints with bulk
superconductorgl69], ultrasonic welding techniqyé&70], BSCCO jointd171] et al

have all demonstrated the possibility of fabricating joints connecting HTS tapes or
wires with very low resistance. However, tbe HTS trapped field, resistance in the
circuit means the trapped field will inevitably diminish over time aodk heat can
appear duringhe magnetization process, while lower critical current at the joint area
can further constrain the magnitudetloétrapped field. These issues amnsiderable

for the application of HTS trapped field magnets.

To fabricae HTS tapebased magnets without losses on the joints, the concépe of
fwind-andflipo0 met hod was proposed i n which the
middle and the two ends were intd@f{72]. Therefore, a current loop can be formed

within a single tape without any additional joingdter thel wi-andf | i po pr oc e
more turns can be realizéalforma pancake coiHowever the flip process and long

ends of this design ndathe coilmechanicallyweak,and the coil waslestroyed after

thefirst critical current Except forthefi wi-andf | i p 0 tlperessamother way

to achieve a persistent current in an HTS tape without joints by cutting and stretching

an HTS tape through the cenaigshown in Fig3.1[173]. Predicated on this approach,

it is theoretically feasible to fabricas@HTS closed circuit withanexceedingly large

radius, provided that the individual superconductaye is of sufficient lengtiSince

the original HTS tape is cut through the cemthéch causes some damage on the edge

of theincision, the critical current of each clostbp is slightly less than half of the

critical current of the original tag89].
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T

Figure 3.1:An HTS tapeaftercutting and stretching

To increase the circular current, masiggle closedircuitscan be stacked togethar
paralleland normally calledHTS ring-shape magnstor HTS-stacked ring magnets

[38]. As illustrated in Fig3.2, the HTS magnets formed yackingcut HTS tapes are

more robust and compact since each HTS tape is independently stacked together and
the flip process is not requirednlike traditional electromagnets whidkeedexternal

power supplies for excitation, HTSacked ring magnets are normally magnetized by
field cooling processsdue totheirsuperconducting characteristis contrast to HTS

bulks and stacks, HFStackeding magnets produced with long commercial 2G HTS
tapes can be made in various siwdsch is its distinct advantag@&he lengthof the

tapes anctentral incisiondetermine the size, while the number of stacked tapes can
affect the thicknessf HTS-stacked ring magnets. The shape of the 8iE8ked ring

is adjustable due to the flexibility of HTS tapes and the external sample holders for the

magnets play an important ratethe shapes.
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Figure 3.2:Stackingcut HTS tapes to form BITS magnet

In 2017, our group fabricated a simple H3tacked ring magnet sample by stacking

9 HTS tapes, each 15 cm in length. The magnetization and demagnetization
mechanisms were investigated at 77 K regarding different magnetization methods
including field coolimy, zero field cooling and multiple pulse field coolif&8]. The
results showed that the field cooling method can achieve a larger trapped field more
effectively while zero field cooling study revealed the different magnetization zones
in the sample. Although the trapped fieldrbyltiple pulse field coolings very small,

it verified the feasibility of applying multiple pulse field cooling for the magnetization

of HTS-stacked ring magnets. For the demagnetization, significant demagnetization
was observed in the first cycle atiak field decay rate was then slowddwn due to

the shielding effect of the independent outermost HTS layers.

Inspired by the outcomes of this study, we further investigated the trapped field
performanceof HTS-stacked ring magnetsnder lower temperaturg®25 K). To
achievea higher trapped field, 200 HTS tapes with 12 mm in width were cut and
stacked firmly in a brass sample holder. The sample is composed of two layers, top
and bottom, with each layer formed by stacking 100 HTS tapes. In the centre of the
brass holder, a holNe cylinder supports the middle of the magnet, thereby forming a
ring shape. Paraffin wamixed with aluminium nitride powder was first applitxl
impregnate the HTStacked ring magnet for better thermal conductivity and
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mechanical stability. This HFStacked ring magnet achieved a trapped field of 4.6 T
through field cooling process withs T applied field39].

For the HTSstacked ring magnets, themeetwo issues that affect the trapped field
performance. One is the inefficient spatial utilization because of the hollow aezdre

and another is the tilted trapped field distribution due to the asymmetric geometry of
the HTSstacked ring magnets. For the tilted trapped field distributloShi etal.

tried to insert a hollow B2223 tube in the centre of an HB&cked ring magnet
replacing the central supporting cylindéi74]. The wo Bi-2223 tubes were cut at
anglesof 15 and 20 degrees respectivahd two different placement strategies were
impliedfor comparisorof the compensation effect for the tilted trapped feddshown

in Fig. 3.3 Theresults demonstrated thaserting the HTS tubes can compenshge

field declinationto some extent

&
Geometric center y |

Figure 3.3ing-shape HTSnagnet with Bi2223 tubes

To further enhance the field trapping capabilitye idea of filling the central space
with additional HTS materials came naturallySheng et. al proposed hybridizing
round HTS stacks with HFStacked ringand Randfhd po coi |l s resp

increase the overall magnet size and magnetic field strgti¢ghh The results showed
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that the insertetTS stacks can enhance the maximum trapped field and imjsove
uniformity. However, $udies about hybrid HTStacked ring magnets are still
constrained to liquid nitrogen temperaturasd further studies with idepth
investigations towards the magnetisation mechanism of this emerging HTS trapped
field magnet design.

Overall,it is evident thafor the HTSstacked ring magnetndheir improved hybrid
counterpartsdespite som@ertinentresearch having been conducted and a level of
understanding attained, there remains a substantial need for further exploration and in
depth investigationespecially the special magnetization mechanism, trapped field
performance at lower temperature and the mechanical behaviour due to unique

fabrication process.

This chapterconsists oftwo parts. The first paits about a new HTStacked ring
magnet design with enhanced mechanical support and thermal conductivity. The
design allocates a centrabpacefor the HTS inserts thereby facilitating the
transformation int@ hybrid HT Sstacked ring magnethe second part of this chapter
concentrate on the methodology involved in the numerical calculation of the-HTS
stacked ring magnet. Electromagnetic simulatiamd mechanical analysis
computations aréntroduced in tis chapter.Another tapebased HTS trapped field
magnet, HTS coils with soldered joints, will be oduced in Chapter 7.

3.2HTS-Stacked Ring Magnet Fabrication

An HTS-stacked ring magnetormally consistsof two parts: prepared HTS tapes and

a welkdesigned sample holddn studies with a smaller number of HTS tapes, the
samples are simply fixed by clamping two ends of tapes after cutting and a cylinder in
the centre is used to create the central-singped arefl 74]. Sincethe magnitudef

trapped fields in thstudiesis low (less than 1 T), samples can be fine during tests.
However, when the applied magnetization field or trapped field is increased and the
temperature is lower than 77 K, the deformation and stress of the sample caused by

Lorentz force need to be considered.

30



Chapter3. HTS StackedRing Magnet and Simulation Methodology

In the study ofthis thesis, each of the HIs$acked ring magnet samples comprises
more than 160 tapes. They are magnetized at the temperature of 25 K with applied
fields exceeding 3T. This implies that the samples will be subject to significant forces
during and after mgnetization. Additionally, research concerning the hybrid HTS
stacked ring magnet is also a requirement for this thesis. Therefore, a specific design

for the sample was devisedthis thesis

3.2.1 Designof HTS Ring Magnetwith Enhanced Reinforcement

This thesis emphasizes tieyer HTSstacked ring magnets$-ig. 3.4 depicts two
prevalent arrangements: on the left, the two kT&eked rindayersare layered in the

same direction; on the right, they are oriented in opposite direchenmentioned

above, HTSstacked ring magnesuffer from tilted trapped fiekldue to one side of

the ring being higher than the other. In the first arrangemehg trapped field
inclination issue can be worsened since the unbalance is enhanced. In the second
configuration the opposite stacking can reduce the unbalanced field distribution to
some extent, especially in the centre of the ring magnet. Thertfisrene is chosen

for the HTSstacked ring magnet study in this thesis. As shown in3g.the two

sides of the ring magnetre named as closed side and open side according to the

distance betweethetwo layers.

HTS-stacked ring layer 2

HTS-stacked ring layer 1 —»

Figure 34: Two different configurations of HT-Stacked ring magnets
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The HTS tapsused for this samplare12 mmFESGSCH tapedrom Fujikura The

length of each of the tapesd® mmand each of them hasr@ mm cutin the middle,

in which there are 10 mm connecting edges at the two sideaabf tapeGiven that

the width of the tape is 12 mm, edges of 10 mm are sufficient to enable the current to
flow through the ringThecutting process is executed using a specialasel cutting
machine .Each layer of stacked rings is compose®@pieces of HTS tapeshich

leads toaround12 mm in the thickness of the H&%acked ring magneDue to the
limitation of the bore size of the magnet for magnetization, the outer length/diameter
of the samplénas a length d0 mm and a width 060 mm.

Brass holder Screws x 6 HTS-stacked rings

Figure 35: Finished HTSstacked ring magnet sample without impregnation

To fix the HTSstacked ring magndbr experimentsa bespoke brass holder with
additionalbr ass bl ocks that adapt to thie® shap
designed and machingals showninFig35. Those bl ocks are call
which can be pushed by six brassagéom the two sides of the holdérhe hollow

ring-shaped cylinder in the centre of the holder is used to create the central space of

the ringmagnet and it is also used for the placement of the seasdrlater HTS
stacks.The assemblyof the HTS tapes and brass parts camddr@ein the following

steps.First, thepreparedapes are inserted into the holdath the central cylinder

inserted into theniddle cuts of théapes. Then, thadjustabldixing blockson both

sidesare pushed towards timeiddle, fitting along the outer edges of tlages Hall

sensors and HTS inserts (for hybrid design) are then inserted into the centre space.
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4 e . '

Figure 36: Finished HTSstacked ring magnet sample with impregnatwithout
cover)

To protect those HTS materials from air and moisture as well as to enhance thermal
conductivity, melted wax mixed witaluminiumnitride powder is then pouredto
thebrass holdeto impregnate the HT-Stacked rings and HTS insertg/brid desigh
as shown in Fig3.6. Finally, a brass cover is placed on the sample and secured with
bolts. The holes on the brass cover are used to connect the sample to the supporters of
the external magnet which is for the applied field. The wires for hall sensors and
tempeature sensors go through the hole at the bottom of the brass holder.

To monitor the temperature change during and after the magnetization of the HTS
stacked ring magned, calibrated Lakeshore Cerngk temperaturesensois inserted

into the centre area of the impregnated samBlesides, during magnetization
processes, another Cernox SD temperature sensor is attached to the top of the brass

coveras shown in Fig3.7.
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Cernox SD temperature sensor 2
Cernox SD temperature sensor 1

Top

Bottom

—/ / ~

HTS stacked rings HTS stacks  PCB with Hall sensors

Figure 37: Schematic diagram dlhesample structurevith sensos distribution

A Lakeshore HGI2101 Hall sensofH1), soldered onto a small rectangular Printed
Circuit Board (PCB), is positioned at the centre. For the study involving the HTS
stacked ring magnet, two G10 blocks are employed to secure the sensor at the centre
of the sample. In the case of the hybrid H¥&ked ring magnet study, with HTS
stacks inserted, this Hall sensor is situated between the two HTS Stackeasure
thetrapped field at the surface of the sampl&, mm thick PCB with 10 Hall sensors
(H2-H11) is @tached at the bottowf the brass holder. The distribution of the 10 Hall
sensors is shown in Fi§.8. Sincethe HTS-stacked ring magnet is symmetric, those

10 sensors are distributed only on one Side thickness of the bottom of the sample
holder is 2 mm and the Hall sensors are also 2 mm thick, so the trapped fields at 5 mm

above the sample are measured.

Figure 38: The distribution of the 10 Hall sensatthe bottom of the sample holder
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3.3 Simulation Methodology

Numerical simulation is widely used in the study of HTS material. Verified and
reliable numerical models can be used to help explain some phenomena observed in
experiments but are harddetectby devices. Besides, calculation results can assist in
further exploring the potential of HTS samples or applications amide guiding
predictions when the experimental conditions are temporarily unattaiflpiesent,
thereare several typicdlnite element method (FEM) models derived from Maxwell
equationgor the calculation ofheelectromagneticharacteristicef HTS modelsA-

V formulatio{176], T-« formulation [177], T-A formulation [178], minimum
electromagnetic entropy production (MEMEP) metH&d9], H-formulation et al

[180], [181] In A-V formulation,the magnetic vector potenti@l, which is preferred

for electromagnetic computations in commercial F&bdftware packages, is used for
the calculatiorandV is theelectricpotential[182]. T-A formulation focuses on the
rapid calculation of 2D models whettee current vector potential T is calculated only
within the superconducting region, while the magnetic vector potential A is calculated
throughout the entire computation domain. Due to the high aspect ratio dbpdss
modelling the entire surface requires extensive simulation time. TAgfofmula
employs a unique method to resolve this idsyidreating the tape as extremely thin
[178]. This geometric simplification reduces the surface area of the HTS tape to a thin
slice The MEMEP method develops a general variational formaisoalculate the
electromagnetic properties of superconductors described by any E(J) relation under
varying magnetic fielddt holds advantages in rapid calculations related T8 tapes
especially the AC losses of coilgith a large number of turngl79], [183] H-
formulation is the most widely used in the calculation of HTS models whesatile
dependent variable of magnetic field intensityidHused tocalculate macroscopic
current and fielddistributionsin HTS materialslt accurately represents the flux
pinning effects observed in HTS materials. This is crucial for accurately modelling the
behaviour of HTSnaterials particularly in situations where magnetic fields change

over time.

As previously noted, mechanical strength is pivotal for the reliability and performance

of trapped field HTS magnets due to the Lorentz forces that result from the interaction
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of large induced currestn HTS materials and the magnetic field. The methodology
for mechanical analysis is relatively mature, utilizing the results of electromagnetic
models as input for mechanical equilibrium equations to discern the distribution of

stressstrain

3.3.1H-Formulation for HTS-Stacked Ring Magnet.

Considering the magnetization condition, unique 3D geometry, computation accuracy
and later mechanical coupled model, the numerical study towards thetedked

ring magnet and the hybrid HIS%acked ring magnets are conducted based on-the H
formulation. Generally, the Hormulation employs the FEM models to resolve

Faradayds equation:

§ 240

U=r, (3.1)
whereUis the electromotive forc&EMF) andi is the magnetic flux

Since a timevarying magnetic field alwayaccompanies a spatially varying (also
possibly timevarying), nonconservative electric field, the actual numerical

calculationuses Maxwek ar aday 6s equati on:

nl E == (3.2)
Where is the curl operator art (r, t) is the electric field an (r, t) is the magnetic
flux density.

Using the relationship between magnetic fli@asityB and magnetic fieltH, equation

(3.2) can be written as:

nl E :eosr%:' (3.3)

Wherego ande are the vacuum permeability and relative permeability respectively.
Then accordingtd mper e@4d)ahdwOhn®53 | aw

Jal H (3.4)
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E=9 (3.5)

the equation (3.3) can be written as

al yal H :-sosr%': (3.6)

where} is the nonlinearresistivity of HTS materialsvhich is utilized to depict the
distinctive electrical properties of superconducttirss deduced from thE-J power

law. Given the high aspect ratio of HTS tape materials, the critical current of the HTS
tapes is influenced not only by the external magnetic field but also by the angle
between the tape's normal direction and the direction of the external magnetic field.
Besides, in this thesis, the (hybrid) H&&cked ring magnets are magnetized with
stable émperature and the ramping rates for the extigrapplied field are very slow.
Therefore the influence of temperature chargethe critical current is ignored and

the E-J power law for HTS tape material can be written as

Eo ~ 3 n-1
b 3e) (e

(3.7)

whereEgist he cri ti cal current ¢isithepowertam equa
exponent which isiormally set as 21J is the induced current density afid & )s

the critical current of thBITS tapesffecedby the angle and magnitude of the external

and seHinduced magnetic field’heJ.( & )ataof HTS tapegan be interpolated into

the modehs shown in Fig3.9.
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Figure 39: Magnetic fielddependentritical current of the HTS tapes used in the
study

The modelling of HTS bulk materials adopts a simulation methodology akin to that of
the HTSstacked ring magnet, as detailed in the preceding section. However,
determining the critical current for HTS bulk materials presents more challenges
compared to HT$&apes, especially when accounting for the influence of applied fields
and when operating at a temperature of 25 K. In this thesis, the critical current density
of HTS bulks is deduced based on the trapped field observed in the HTS bulk under
liquid nitrogen conditions (77 K).

The correlation between the trapped field of a cylindrical HTS bulk and its critical

current density is articulated as folloji84]:

B, zaekled0. 8 T, 77 K) (3.8)
Q —aé- p - (3.9)

WhereB; | is,0.8 T,wandt are the diameter and thickness of the bulk.

The field dependence dfitical current density, , B at 25 K is calculated with the
Eqg. (3.10) named Kim mod§185] and Eq.(3.11)[184]:
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— J{:0)
‘]CbB_l_jgts (3.10)
Bo
215
Jebil = 10D T (3.11)

WhereBg = 1.3 andl.=92 K.

For the air and other necbnductive areg theresisivity can be set asd L mvhich

is much higher than the resistance of superconducting regions. Therefore, the current
flow can only occur in the superconducting areas. In this case, it facilitates ioatefin

of the material properties by setting the resistances of different calculation domains

differently.

Both 2D and 3D models are established using the software COMSOL Multiphysics in

this study. To conduct the-férmulation in COMSOL, there are two general methods
torealizeit. Oneistousetkemb e dded AMagnetic Field Form
[186], which has the default equations prepared, and another one is to formulate
relevant equations according to specific requireswerit t h t he f"nFadiaer al f
Differential EquationPDE)0 i nt e r f ais ehosenTidr the simalationdrr this

thesis because ibffers a higher degree of freedom and is more conducive to
conductingan in-depth analysis of the magnetization phenomena addressed in this
thesis For H-formulation,the difference betwee3D and2D modelcalculations is not

significant, involving only the addition of variables related to trexis. Hencethe

general form PDE fathe 3D calculation model igiven as:

% %

Q— Q 3 Q (312

u=[Hx, Hy, Hz] (313

PP (3.14)

Wheree, is setas O , Si nc e asetordorder dervatigettermn the H

formulation. The other parameters are set as:

T L1
O T °° T (3.15)
T T
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T (6] (0]
= O T (0] (3.16)
(0] (0] T
T
f=m (3.17)
T

The externally applied field can be givieysettingthe Dirichlet boundary conditi@n
of the whole calculation domato calculate the magnetization of the HTS materials
[187], [188]

3.3.2Mechanical Calculation of the (Hybrid) HTS-Stacked Ring Magnet.

The HTSstacked ring magnet fsxed inside a brass holder using a blend of paraffin
wax and aluminium nitride powder for impregnation. A brass cover stabilizes the
sample's top. During and peasiagnetization, substantial Lorentz forces act on the
HTS tapes, posing a risk of deformation anthge. The impregnation and holder, with

its cover, alter the stress distribution and intensity in the magnet compared to those
without reinforcement. Direct observation or measurement of these variations is
difficult with current tools. Hence, numerical oakelling becomes essential for
examining the magnet's mechanical performance. Using tf@nkulation in this

thesis for electromagnetic analysis of the ring magnet, the Lorentz forces (equivalent

to J x B affecting the HTS tapes can be derived from the computational findings.

To calculagé the stress distribution of the HFSacked ring magnet caused by the
Lorentz forceand other mechanical constraduring field cooling magnetization, the
mechanical equilibrium equationsbased Newt ond6s second | aw
can be written agl89], [190}

"RistFL= o (3.11)
ik

F=JT Bk J J (3.12)
Bx B,
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WhereF = F_,F_,F_ ,denotes the Lorentz forgemnd(is is the Cauchy stress tensor

g and u are the mass density and the displacem&mgen the tightly stacked
arrangement of the HTS tapes within the sample holder, it is reasonable to treat them

as a solid body in the mollieg processConsequently, the initial tension that results

from the stretching of the HFStackedings during fabrication is disregarded. In the
proposed model s, the mechanical par amet
Poi ssonds ratio ar e 34% &Pagandd®, respedtivil®y, of 8 8
[192]. In this thesisit is assumedhat no relative motionccursbetween thatacking

HTS tapes, which aréightly conjoined. As a result, thdTS-stacked ringnagnet,

being composed of stacked tapes, is considered a unified entity, thereby warranting the
continued adoption afhe homogenized modelThis also applies to the HTS stack

insert.

The present study considers the HTS tapes to possess the characteristics of metallic
plastic materials, and as such, employs the fourth strength theory, commonly referred
to as the Von Mises strength theory, as the criterion for analyssvon Mises stress

is calculated as

o o 2, o o 2 o o - - .
Oy-Cy "+ G0 "+ G0 2+ 6 §+4 2+ %

m2

U= (3.12)

Wheredy is thevon Mises stress or equivalent tensile strégstly, Oz, Gy, §J, and Ux
are the 3 normal stresses and 3 shear stresses.

3.3.4Homogenizationof StackedHTS Tapes

As noted inSection 3.2, the HTStacked ring magnet is constructed by stacking 180
pieces of HTS tape$f each of the tapes is calculated separatelyouldbevery time
consumingln FEM calculation, each calculation domain must be properly meshed to
guarantee theomvergence and accuracy of the res@igen that the thickness of each
tape is approximately 0.15 mm and the overall size of the HTS magnet is considerably
larger, the number of meshes will increase significantly, thereby greatly increasing the
computational loadlTo address this issuiiie concept of the homogenizeshdel was
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proposed, which demonstrated high efficiency in calculating the magnetization of
stacked thin HTS materials, while also ensuring the accuracy of the rddts
essence of the homogenized model is to treat multiple adjacent stacked tapes as a single
superconducting domain for calculatiaa shown in Fig. 30. Since the tapes were
originally separatedfom each other, there is alsoanbetween each superconducting
domain after homogenizatido characterize théifference betweethe stackand a

solid Hock. Althoughthe superconducting layer only takes around 1% thickndhs of

HTS coated conductarsthe homogenization methodology can still effectively

demonstrate theimulation withaccuracy as validated in previous studis.

Y-Z cross-section

|
|~ 12345678 1'2'34'5°6'7'8’
\ —
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Z
Closed side Y _T Open side
<€

Figure 310: Homogenized modelling of (hybrid) HTSacked ring magnet

In this thesis, both 2D and 3D homogenized models are established for the HTS
stacked ring magnet, as well as for the HTS stack inset. In these models, every group
of 10 HTSringsis treated as a single HTS domain. Given that thesugerconducting

layers in the HTS tapes do not affect the slow magnetization process, the concept of
engineering critical current is applied in the homogenizg86h [180]. This implies

that the cumulative critical current of 10 HTS tapes equals the critical current of one
single HTS domainThe coupling of the Hormulation and the homogenized models

has been conducted and verified in previous studies. For the mechanical analysis of
the HTSstacked ring magnet, given that the stacked rings are considered a solid entity,

the gaps between each homogenized domain are disregarded

The numerical analysis of the trapped field HTS doyalecake coil doesn't use the

homogenized model due to the application of a 2D axisymmetric model, which offers
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satisfactory calculation efficiency. The specifics of the modelling will be detailed in
Chapter 7.

3.4 Conclusion

This chapter began with a comprehensive presentation of the design and fabrication
process of the HT-Stacked ring magnet sample. Special attention was devoted to the
aspects of thermal and mechanical enhancement design, where adjustable brass blocks

played a significant role.

After the detailed introduction, the focus was shifted to the simulation methodology
utilized throughout the study. This methodology comprises three main components.
The first is the Hormulation, a powerful tool for analysing the electromagnetic
properties iherent to the ring magnet design. The second componentstiatiing

of HTS bulk materials which considers the variation of magnetic field and temperature.
Then it is themechanical stresstrain analysis, essential for comprehending the
mechanicaperformance of the sample under various force and corstaiditions.
Finally, the third aspect involves the use of homogenized models, which help simplify
the complex nature of the stacked HTS tapes.
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Chapter 4. Magnetization of the HTS-StackedRing Magnet

4 .1 Introduction

Previous research on the magnetization of #T&ked ring magnets primarily
emphasized the magnitude and distribution of the trapped, fielchddition to
alterations in the trapped field undepecific conditions These investigative
approaches mirror the methodologies utilized in research concerning traditional HTS
bulk materialsHowever, there exists a distinguishing characteristic that sets the HTS
stacked ring magnet significantly apart from conventional HTS bulk materials. This
distinction arises from the unique parallel stacking method utilized in the fabrication
of the HTSstacked ring magnet. In the case of traditional HTS bulk materials,
regardless of whether it is a solid cylindricalllbor a hollow ringshaped bulk, the
magnetization procedseither field cooling or zero field coolidgalways initiates
penetration from the outer region to the inner region. This is due to the conductive
nature of the entire HTS bulkaterial,and the Bean model haggood explanation
Conversely, the circumstances within the HSt&cked ring magnet are entirely
distinct.Even though each HTS tape is firmly attached to its adjacent counterparts and
is furnished with a conductive copper coating, the induceent primarily traverses

the superconducting layers owing to their significantly lower resist@uesequently,

the HTS tapes act as almost insulating to each .oBesides, the parallel stacking
method makes the distribution of the stacked HTS tapes asymrietrexamplethe
currentindomain andd o ma i n 31@) isf(orR ong closedoop HTS tape which
means theoretically their total current should be ZBnesefactors could significantly
influence the penetration sequence during magnietizand the characteristics of the
trapped field performanceHowever, these aspectshave not been sufficiently

emphasized in previous research.
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4.2 Field Cooling Process and Experimental Results

This thesis predominantly centres on exploring the magnetization mechanism, trapped
field performance, and mechanical properties of the (hybrid)}-st&&ked ring magnet

as well as theHTS doublepancake coil with soldered jointsSpecifically, it
investigates these characteristics undectralitionof field cooling magnetization, a

technique renowned for its efficacy in attainegighertrapped field

4.2.1Field Cooling Magnetization Setup

In this study, the magnetization temperature is set as 25 K which is much lower than
the liquid nitrogen temperature (77 K) aadide boremagneis employed for the FC
processas shown irFig. 4.1 Thetemperature of the sample is monitored in-teaé

by two Cernox SD temperature sens@ne isat the top of the brass cover and
controlled around 25 K through a feedback regulation systéemather is fixed near

the centre of the sampénd monitos the temperature variation of the central area as
well asthe central Hall senso€old helium gas evaporated from liquid helium is

blown out through the small holes below the sample to cool it down.

— i

Liquid helium|
bath
Heater
External magnet T
\"\..
Sample with |
sensors
A
Needlevalve | t—x——f

for helium gas

Figure 4.1: 12 T widdore magnet used for magnetizing the sample
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It is well known that during field cooling magnetization process, significant current
can be induced in the HTS material. This can result in considerable temperature rise,
potentially leading to a decay in critical current or in extreme cases, a quemgh. Th
temperature risaypically occursdue tothe rapid generation of induced current
coupled with inadequateeat exchangeAs noted inChapter 3, the HTStacked ring
magnet is impregnated widhmixture of paraffin wax and aluminium nitride powered

and attached to brass blocks. Those measures can enhance the heat exchange during
magnetizationRegarding the issue of rapidly generated induced current, the most
immediate and efficient solution during the field cooling magnetization process is to
lower the rate of decrease in the applied magnetic fielll instances of field cooling
magnetization detailed in this thesis, the ramping rate of the applied magnetic field is
set at 0.75 T/min. This t@ has been determined to be sufficiently low to minimize
heat generation within the sample.

4.2.2Trapped Field Distribution of the HTS-StackedRing Magnet

5.0 ~r———r————————————————
45}
40}
35[
30}
35
20}
15f
10fF
05}
0.0}
051

Magnetic field (T)

——H11

Applied field
1 1 1

7 " " 1 L 1
0 25 50 75 100 125

Figure 4.2:Magnetic field at the locations of 11 Hall sensiusng and after
magnetization
A 4.5 T magnetic field is employed for tR€ magnetization of the HTStacked ring
magnet, devoid of any HTS material inserts. Big.showcases the magnetic field at
the locations of 11 Hall sensors. Of thesedHdcated at the centre of the sanéple

achieves the highest trapped field of approximately 3.79 T, observed after a relaxation
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period of 25 minutes. Given that the final achieved fieldpgarentiylower than the
initially applied field, it can be inferred that the HE&cked ring magnet has been
fully penetrated. Consequently, the potential for a significantly higher trapped field in
this sample is minimalt should be noted that the magnetic fields measured in the
thesisarevertical to the Hall sensors.

H7

O
H6 0.77T
| H8
1.09T 0
1.76T

H2  H3  H4  H9
| | | |
0.95T 2.06T 2.32T 2.35T
H10

H5 )
=] 1.97T

H11
0.74T o Y

0.49T | X

Figure 4.3 Magnetic field at5 mm above the sample surface during magnetization

As for the other 10 Hall sensors, which measure the magnetic field 5 mm above the
sample surface during magnetizatidhey are distributton the concentric circles
centred on Hillustrated in Fig.3.7). As shown in Fig4.3 while H4 is located to the

left of the centreboth H9 and H4 registaimilar peak values of 2.3 T, while the H8

and H10only havethe fields of 1.76 T and 1.97 T.pteliminarily indicateghat the
gradient of the trapped field reduction irayis is much larger than that in tkexis.

A similar situation can be observed in tH8, H5, H6, H7 and H11 circléAmong

these points, H3 has the highest field and H7 and H11 have the lowest fields. This can
be explained by the superposition of magnetic fielthe superposition of the fields
generated by both sides in the middle pagkes the magnetic field in the middle

greater than that on both sides.

In addition,H6 and H7 have higher field values than those at H5 and H11 which means

the distribution of the trapped field hagilted pattern, which is different from HTS

bul k materi al so centr osymme.tThis gnevetlly st r i b
distributed trapped field can be thought to be causeatidyniquering shape othe
HTS-stacked ring magneAs shown in Fig3.9, the HTS tapes at open sides are closer

to theup and bottonsurface, while the closed sidgtays at the middle area.
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The trapped field of H2, measured at 0.95 T, exhibits a precipitous decline from the
position of H3. Intriguingly, the interstitial distance from H2 to H3 parallels the
distance from H3 té14 andis congruent with thdistancebetween H4 and H9. This

can be attributed to the alteration in the direction of current dibtheedgesof the

split HTS tapesAs shown in Fig4.4, the current begins to turn thez axis which is
vertical tothex-y plane to form a current circuit. The current direction in eplayers

is opposite to that in lower layers due to the stacking method and this has a reducing

effect on the magnetic field as well.

Figure 4.4: Induced currefiow in the HTS tapes

Upon analysisit is observe that a trapped magnetic field of 2.35T can be attained at
the central point, positioned 5 mm above the HIR§ magnet's surface. Distinctively,

the field does not display a symmetrical distribution akin to that seen in conventional
HTS bulk materials. Cer the central hollow region, the magnetic field consistently
exhibits a greater magnitude compared to the area above the HTS tape. The
asymmetrical design of the ring magnet contributes to a tilted field distribution.
Furthermore, owing to the counteniag current directions at the edges of the HTS

tapes, the magnetic field experiences a significant reduction in this region.

4.2.3Central field Ascent During Magnetization

As illustrated in Fig4.2 a noteworthyascentof the central field at theentreof the

HTS-stacked ring magnet is observed during the process of field cooling
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magnetization. To facilitate a more accurate portrayal and comparison of the curve
fluctuations, the axis scalef the central field has beeanodified in Fig. 4.5. The
magnetization demonstrates an initial incline, subsequently followed by a downturn

after reaching an apex approximately at 4.6 T, yielding aslaped trend.
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Figure 4.5The central field and applied field_ of the HB&cked ring magnet during
magnetization

This observationndicatesthat the sum of the central field confined by the HTS

stacked rings and the external fielktceedshe initially applied field. This is anique

magnetization phenomenon, hitherto unobserved in the field cooling magnetization of

otherHTS materials. Within the traditional field cooling magnetization paradigm for

HTS bulk materials, the central field can, at its maximum, equal the externally applied

field, even when situated between two solid bulk supercondwdaisown in Figd.6

[158].
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Figure 4.6 Central fields of traditional HTS bulk materials during FC magnetization

The temperature fluctuations documented by the two Lakeshore Cernox SD
temperature sensors throughout the experiments are depicted. id. Fijpuring
magnetization, both temperature sensors exhibit a minor temperature inai@ake,

is caused by the induction of induced curréfdwever, teseincremens are less than

one degree. Such a minimal rise in temperature is unlikely to significantly impact the
properties of the Hall sensor. The temperature of the cover is found to be higher than
that at the ceng, primarily due to the cold helium gas that cools the sample from the

bottom, consequently establishing a temperature gradient from the bottom to the top
of the sample.
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Figure 4.7: Temperature variations during 4.5 T magnetization
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It merits attention that in recent years, the HTS lens, constructed from HTS bulk
superconductors, has also accomplished a central field surpassing the applied field
[193], [194], [195], [196], [197], [198] However, the HTS lens relies on the
diamagnetic shielding effect (Meissner effea) two closely arranged bulk
superconductarto concentrate the magnetic field, necessitating an external field
source for its maintenanf¥95]. Fujishiro et al. unveiled a hybrid trapped field magnet
lensconcept constituted of a traditional HTS lens fashioned from HTS bulk material,
accompanied by an auxiliary external HTS bulk ring serving as a trapped field magnet,
as depicted in Figt.8[193]. In the pursuit of a more intensely concentrated magnetic
field, the internal HTS bulk should remain in a diamagnetic state, while the external
HTS bulk undergoes magnetization through the field cooling process. This necessitates
that the two differing blk materials exhibit distinct critical temperatures, or
alternatively, the temperatures of two identical bulk materials can be regulated
independently.

The HTSstacked ring magnetiscussed withirthis thesis and the HTS lens both
exhibitthe potentialcapacity to attaia central field that exceeds the applied fiblat
substantial disparities exist between the.tWte operational principles underlying the

HTS lens have been comprehensively elucidated. Nevertheless, the mechanism
facilitating the central field's escalation within the H3t&cked ring magnet amid
standard field cooling processes remains a subjecirirggjturther investigation

Solenoid coil
z

A
WS

X

Figure4.8: Hybrid design of HTS lengith GABCO and MgBmaterials
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4.3 Investigation of Central field Ascert

As analysedpreviously, the manifestation of the central field ascension phenomenon
during standard field cooling magnetization of the Fsf&cked ring magndtas not

been seenRemarkably, it also marks the initial observation of the central field
exceeding the applied field within the ambit of field cooling magnetization studies of
HTS materials. This revelation presents two salient inquiries concerning HTS trapped
field magnés: primarily, what is the underlying mechanism facilitating this central
field ascension pgmomenon? Furthermore, despite the observed field ascent during
magnetization, the ultimate trapped field remains inferior to the applied field. Could
there be potential for a final trapped field that exceeds the initially applied field, given

an appropritely engineered design of the HE&cked ring magnet

In this section, thessueswill be examined via the utilisation of numerical models. A
homogenized field cooling magnetization modelsedon the Hformulation, as
introducedn Chapter 3, will be constructed. The validity of the modelling will be first
assured through a comparative analysis between simulation outputs and empirical
results. Upon confirmation of the model's validity, the investigation will proceed to
examine tle induced current and the field penetration attributes of the-dtked

ring maynet throughout the magnetization process. Subsequently, a comparative study
involving traditional HTS bulkmaterialsand the HTSstacked ring magnet will be
undertaken, particularly with respect to the induced cumesitibution This will
provide a thorough analysis concerning the unique central field ascension phenomenon
observed in the HT-Stacked ring magnet. Lastly, based on the numerical model and
corresponding analysis, the feasibility of attaining a higher trapped heald the
applied field undr standard field coolinghagnetizatiorfor the HTSstacked ring

magnet will beexploredand assessed.

4 .3.1Validation of the Numerical Model.

To affirm the veracity of the simulation model, the field cooling magnetization of the
homogenized HTStacked ring magnet model is computed with an initial applied field
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configured at 4.5 T. Considering the considerably slow ramping down rate of the
applied field during experiments (0.75 T/min), coupled with the inclusion of an
appropriate thermal conduction design, the actual temperature alteration of the sample
is presured minimal. This assumption allows for the critical current of the HTS tapes
to be largely unaffected by the temperature change. Consequently, the simulation
model omits consideration of the effects of heat generated by the HTS tapes and the
temperaturaependent critical current. Without the implications of heat, the model's
ramping down of the applied field can be executed at a significantly faster pace than
in realworld experiments without compromising the precision of the calculation. This
greatly enhaces the efficiency of the calculation. To facilitateomparison between
simulation output and empirical results, it is necessary to normalize the time, as
depicted inFig. 4.9. Evidently, the two curves representing the simulation output and
experimenthresults exhibitthe same trend and similar valuegth the simulation

results faithfully reproducing the central field ascent phenomenon. These findings

suffice to demonstrate the validity and accuracy of the numenicdelling.
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Figure 4.9Results othetrapped field by simulation
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4.32 Current Distribution and Field Penetration of HTS-StackedRing

Magnets

The magnitude and distribution of the magnetic field in HTS trapped field mageets
fundamentally dictated by the induced currerthe HTS materialSConsequently, an
analysis of the induced current in the H3t&cked ring magnet during field cooling
magnetization represents the most efficacious approach to investigate the fundamental
causes of observed trapped field characteristics, including teesise of the central

field.

In Chapter 3, its mentioned that for more efficient simulation modelling, each set of

10 HTS tapess integrated into one HTS domain. Due to the symmetrical design of

the HTSstackedring magnet, it is anticipated that the magnitude and distribution of

the induced current in the corresponding top and bottom layers would be identical.
Therefore, to provide a more intuitive investigation into the change in the magnitude

of the induced arrents within the inner and outer layers, each pair of corresponding

top and bottom HTS doains is paired together. As depicted in HglQ the
corresponding HTS domains were labelled numerically from 1 to 8 for thsideft

HTS domai ns and f r-sdedofhdns.{The inBuéed Euoentintedck r i g
pair i s recorded as Cl1 to C8 and €106 to
Given the split tape construction of the H3tacked ring magnet, meaning each tape
forms a closed current | oop, the sum of e
Thus, Cnequals-Cn 6 a n d isdisclsged l@re for the sake of simplifying the

investigation.
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Figure 4.10Homogenized model of HFStacked ring magnet and the relationship
of the induced currenmongeachdomain

By analysingFig. 4.11, it is clear that from Os to 0.5s (normalized time); @3, C2
C7, C3C6, and CAC5 each display nearly identical induced currelmghe initial
stage, the outer layers drst magnetized, so the induced current in@Ca& increased
quickly while the others seestow current incrementrom 0.5s to 0.8s, gaps in the
induced current appear in €8 and C2C7, while for the remaining pairs, the
differences are less noticeable. By the final stage of magnetization, the induced current
of each pair tends to equalize again. Based on this induced current analysis, it can be
inferred that during the field cooling magnetization of the kt&ked ring magnet,
the induced current is almost symmetrically generated for each side of the magnet
(open side and closed siddé) other words, the inner rings have almost the same
induced current as the outer rings, and this is preliminarily considered to be related to
the parallel stacking method used in the FsE&cked rings. This is a key distinction
between the magnetization of traditional HTS bulk materials and theskfit&ed ring

magnet and will banalysedccomparatively in the nexection.
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Figure 4.11: Induced currents at each domain of 4dfB8ked rings ancentral field
during4.5 Tmagnetization.
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Figure 4.12: Thénduced current density along thexis duringd.5 Tmagnetization

Fig. 4.12showcases the evolution of induced current density along-#xés>during
magnetization. The -y plane crossection, taken from the ring magnetentre
represents the current states at intervals of 0.2s, 0.4s, 0.6s, and 0.9s. Observations
indicate that induced currents transition from outer to inner pairs, consistent with Fig.
4.11 patterns. For instance, at 0.6s, domain 8 has a more expansive current density

representation than domain 1, mirroring the divergence between C1 and C8 in Fig.
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4.11 By 0.6s and 0.9s, while greater current is evident in the HTS domains, an uneven
current density distribution persists. The closed side, particularly domains 8 and 7,
displays broader current induction than C1 a2d @n this side, there's less current

mid-way between the two layers, contrasting with the open side.

To delve deeper into the current distribution, Big.3and Fig.4.14respectively show

the critical current densities and the critical currents of each HTS domain during
magnetization. Figd.13reveals that domains nearer the HSt&cked ring magnet's
centre have a reduced critical current density, while the cemitat area exhibits a
higher currentdensity, indicated by the red area. The critical current magnitude is
influenced by the total magnetic field, combining both trapped and applied fields.
Between 0.6s to 0.9s, variations in domain 8's critical current distribution are subtle.
However, Fig4.14highlights a significant drop in domain 8's critical curré&tdtably,

the induced current in domain 8 closely follows the trend of the critical current,
beginning from C8's peak point. This implies that the reduced induced current in the

outer domain (C8) seen in Fid.11lresults from abp in the critical current.
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Figure 4.13Thecritical current density along theaxis during 4.5 T magnetization
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Figure 4.151induced current distribution of a singbyer HTSstacked ring magnet

Referring back to Figd.11, distinct variations within each paired set {C&, C27,
C3-C6, and CAC5) are observed during magnetization, even if their overall
trajectories alignit'sconsideedthat the asymmetry between the open and closed sides,
resulting in an uneven trapped field, drives these variations. To confirm thig, 9.
displays the induced current distribution for a siFgler HTSstacked ring magnet.
Remarkably, each paired set (C8, C2C7, C3C6, and C4C5) exhibits identical
induced currents throughout the magnetization. The associated distributions in Fig.
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4.16 confirm symmetric magnetization on both sides of the ring magnet. Thus, the
observed discrepancies within the pairs stem from stacking twostic®ed ring

magnets, leading to the noted asymmetrical current distributions.

____________________________
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Figure 4.5: The induced current density of a sintgger HTSstacked ring magnet

4.3.3Difference of Induced Current in HTS Bulks and HTS Ring Magnets

During Field Cooling Magnetization

The prior section highlighted that, by the end of magnetization, the inner and outer
domains manifest identical induced currents due to the parallel stacking approach in
the HTSstacked rings. Does this phenomenon explain the central field's rise during
typical field cooling magnetization? This section will delve into this question,
contrasting the behaviours between traditional trapped field HTS bulk materials and
the HTSstacked ring magnet to discern the root cause of the central field.ascent

To make the comparison, the geometry of the {3%f8ked ring magnet stays
unchanged, while the HTS domains applied to the whole geometry. It meahatt
thereareno air gaps between each HTS domain and the ring magnet is considered as
a solid HTS bulk superconductor. To facilitate a comparative analysis, the HTS

material properties are set as the sasie previous model including the magnetic
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field-dependat critical current. The actual volume of HTS domaissslightly
increased due to thelume of the air gaps added in. But those effects are very small
to thestudy,so the effects are neglected here. The same field cooling magnetization
model |l ing iIis conducted to the fasdalHei d

marking method for each domain and pair also remains consistent.
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Figure 4.7: Induced currents at each domairiieélid HTS ring andcentral field
during 4.5 T magnetization.

Fig. 4.17Iillustrates the central field duringagnetization and the induced current in
each HTS domain pair with the same presentation métheid. 4.11. As anticipated,
the central field diminishesnmediatelyonce the external field starts to decrease.
Compared with Figd.11, the induced currestn thefi s oHTShgd have si mi |l
with the induced currents in the original H8f&cked ring magnet model, but there
are more differences. The similarity is theluced current Chlso experiences a
decrescent before the end of the magnetization which can also be caused by the
reduced critical current in that aré&xcept for thisthe patterns of the central field and
induced currentsvithin other domains exhibit substantial disparitiegstly, it is
clearly evident that the central field undergoes a continuous decline from the outset
until theendof the magnetization process. This phenomenon atignsistentlywith
the field cooling magnetization that is austarily observed in our studieghen, &

the end of the magnetization, thiagnitudes o€1 to C8decrease in sequence which

60

HT



Chapterd. Magnetization of the HT-Stacked Ring Magnet

means the penetration initiates from the od@mnainsinward for the magnetization
of the fAsolid HTS ringo.

To illustratethe magnetization proces®re intuitively and to make a comparison with

the original HTSstacked ring magnet, Fig.18 shows the variation of the induced
current i n t hel ¢ashelseed cledArly $hat rati tlegstart of the
magnetizationt he current is induced from the ou
and there is nearly no induced current in the inner domains. It follows the rule of the
penetration of nor mal HTS bul k materi al
decreasesmore induced current is induced from the outer domains into the inner
domains.On the closed side, there is a small blue dhed accompanies the entire
magnetization process, and gradually moves inward as magnetization progtesses
indicates there is a small reverse current induced inside the closed side, which means
there is a small current loop in the closed sidsimilar situation can also be se@m

the open sidevhere the inner domains have a reverse curfég phenomenon arises

due to the lasence of any air gaps between individual domains, enabling the induced
current to traverse unimpededly across the entire georBetsyles, due to the centre

hollow space, the open side and closed argesubjected teeparated magnetization

and can generatdocal toroidal currentrespectively.Building on this basis, the

existence of an unbalanced trapped field instigates localized magnetization

=
=

Figure 4.18The induced current densityf t he @A s odunngl4d5HTS r i ng
magnetization
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Based onthe above analysis, it can be found that under the same field cooling
magnetization conditionshé presence or absence of air gaps significantly influences
the spatial distribution of the induced currant the central field during magnetization.
Building upon this understanding, comparative analysis ofd&e two modelsis
undertake, scrutinizing their respective impacts on the overall trapped field. Such an
investigation would engender a deeper comprehension of the field trapping
characteristics inherent to ti#l'S-stacked ring magnet, anddaepemnderstanding

of the central field ascent phenomenon

Fig. 4.19 illustrates the trappediux distribution of the original HTStacked ring
magnet mod el and t he Asol i d ring magne
magnetizationn they-z plane.To uphold the congruity and hence the comparability

of the findings, the methodology and parameters employed for the placement of flux
streamlines within the two models are consistently maintained. The method of
positioning adheres to a Magnitude Controfpedtocol, with thdiMinimum distance
andfiMaximum distancésetas0.0025 and 0.05 respectivelyhe designation for the

fiFirst starting poirtiis configured tde thefiAutomatic setting. It can beobserved

that the flux density at the central area of the T ked ring magnebtably exceeds

that associated withthesol i d ring magnet o which reaf
central magnetic fields between the two configurations under equivalent magnetization
conditions.Contrastingly, the flux density inherenit he HTS domai ns of
HTSr i ngo evidently sur pas sording gositiens Withimx den
the HTSstacked ring magnethe induced current in the inner HTS domains pkay

pivotal role inaffecting the different flux line distributions. The currentthin these

inner domains engenders a magnetic field that is commensurate in strength to that
generated by the outer domai@onsequently, the stacked HTS tapes function as a
magnetic shield, expelling the flux line from its own bodlkiis can be interpreted as

the HTS tapes pushingmdrd ux | i nes f r om tewhrdsth@eegtnalet 6 s
space, thereby amplifying the central flux densifiiis attribute is posited to hold
considerable potential for applications involving trapped fields, given thatost

scenarios, only the magnetic field within the central region is functionally utilizable
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Figure 4.8: Trapped flux distribution of HTStacked ring magnet (a) afids o | i d
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4.3.4 Potentialof Achieving a Higher Trapped Field Than the Applied
Field

The analysis inthe previous section indicates that the unique induced current
distribution in the HTSstacked ring magnet is affecting the magnitude of the central
trapped field. More specifically, the induced current in the inner tapes equalling that
in the outer tapes can make the centrapped ascend during the field cooling
magnetization. However, although a central field ascent is observed, it drops after
peaking and the final trapped field at the end of magnetization is still lower than the
applied field After figuring out the reasofor the field ascenta thought consequently
emerged: is it possible to realize a final trapped magnetic field that exceeds the
externally applied magnetic field, a situatsimilarto the HTS lens without the need

for staged magnetizatiomhis section investigas¢he possibility of achieving a final
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trapped field higher tharthe applied field by the HTStacked ring magnet

configuration undethefield cooling magnetization process.

Given that the construction of the H-B&cked ring magnet ased onhe cumulative
layering of sectioned HTS tapes, angortantfactor intrinsically intertwined with

this methodology is theaumberof these tapes. Upon the introduction of additional
tapes there ensues a consequential increment in both the width aleh¢ftieof the

ring magnetThe elongation is attributable to the requirement for extended tapes with
increased central cutSuch a configuration is indispensablgt@arante¢hat the apes

can be sufficientlystretchedto facilitate a congruous stacking proces®wever,
within the confines of this thesis, tis&ze of the comprehensive HF8acked ring
magnet sample is inherently limited by the dimensions of the bore of the external
magnet. Consequently, the direct investigation concerning the effects of increasing the
number of tapes is infeasible. Therefore, then@ination conducted in this section is

underpinned by the application of a numerical modelling tool.

Y-Z cross-section

Z

T

Closed side Open side

Figure 420: TheY-Z crosssection of theHTS-stacked ringnagnetwith doubled
number of tapes
To facilitate the comparison between the trapped field of the $id&ed ring magnet
before and after increasing the number of tapescéimral distances between the
closed side and open side stay the same and the width of the tape is stilld2 mm
shown in Fig4.20. The other parameters including the external applied field and the
field decay rate are also unchanged for the same field cooling magnetization process.

The number of tapes is doubled for btitupper and lower laysof the ring magnet.
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Fig. 4.21 illustratesthe central magnetic field within tld®ubleturn HTS-stacked ring
magnet during a 4.5 T magnetization process. Notably, the central field commences
its escalation concomitantly with the decrement of the externally applied field. The
central field reaches itaghest valuat 5.2 T when the applied field measures around
1 T, thereby implying that the trapped field at itmementis 4.2 T. Subsequent to its
peak, the central field declines to approximately 5.13 T as the appliedyfetdto
zera After the relaxation process, a residual 4.95 T remains at the centre, representing
the actual trapped field. This final trapped fiadrpasseshe applied field by an
approximate margin of 0.4 T, a phenomenon unseen in the field cooling magnetization
process of conventional HTS bulks or stackbis thereby affirms, vianumerical
computationthat a final trapped fieléxceeding the initighpplied fieldis attainable
by field cooling magnetization of the HIS$acked ring magnet with propersigns.
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Figure 4.2 Central fieldof the doubleturn HTSstacked ring magnets with and
without HTS stack inserts.

Fig. 4.2 presentghe x-axis induced currenin the crosssection ofthe doubleturn
modelat the end of relaxatioWhile the pattern of the induced current distribution
echoes that of the model of tleiginal size,the doubling of he tape numberhas
amplified the influenceof induced currentwithin the inner domains This
intensification is evident as a great numberflok lines arepropelledtowardsthe
centreregion, which consequently resulia an increasedrapped fieldwithin the

central area.
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4.3.5Analysis of Trapping Capability Based onMagnetic Flux

The fundamental principle underlying magnetic field trapping is the initiation of
induced currents and their associated magnetic\ithite magnetic field (flux density)

is more widely usefor measuring the capability dfietrapped fieldIn this section,

an investigatioased on the trapped magnetic flux field distribution is conducted for

a more comprehensive understanding of the faicent phenomenas well as the
HTS-stacked ring magnet. The H¥Facked ring magnet in this thesis has an
asymmetrc geometry in the-g plane which complicates the analysis of magnetic flux

and magnetic field distribution. Thereby in this sectibis assumd the HTSstacked

ring magnet haaninfinite length so that the gap on the open side can be reduced to
match that of the closed side. Based on the assumption, 2D homogenised models are
built as shown in Figt.23. Followingthe parallel stacking method, the induced current
within the stackedHTS tapesf ol | ows t he equation Cn+Cn
comparison, a mad withthecurrentrestriciom f C1+C2 +é €28 =€+ &8 06

which behaves like normal HTS bulk material, is also calculated.
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Figure 4.3: 2D HTSstacked ring models with infinite length.

Fig. 4.24 andFig. 4.25 respectively depict theentral fieldprofiles of the two models

during a 4.5 T field cooling magnetization process. Géetral fieldof the stacked

HTS tapes continuously ascends throughout magnetization, in contrast to the steadily

decliningcentral fieldof the HTS bulk material, which begins to diminish at the onset

of magnetization. At the end of magnetization, the central trapped field approximates

5.2 T, surpassing the initial 4.5 T, whereas the HTS bulk material rmagsless than

4.2 T. These loservationgeaffirm the practicability ofachievinga trapped field that

outstrips the applied field.
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Figure 4.5: Central fieldof the 2D modebf theHTS bulk material

In addition to the central field, Figt.26 delineates the distribution of trapped fields
(By) along the central crodmes for both models, with the dashed area marking the
positions of the HTS domain&.conspicuous leap in the central region is observed on
theblackline, signifying the trapped field of stacked HTS tapes. This field, manifested
as a concave shape, is notably higher in the central area. Meanwhile, the field average
within the HTS tape area is much lower, falling below 2 T. In contrastethkne,
representing the trapped field of the HTS bulk material, exhibits a substantially
uniform distribution, where the trapped field within the HTS area approximates the
initially applied field. This dichotomy highlights a distinct phenomenothe
segrgated and stacked HTS tapes appear to repel more flux lines towards the central
area while conventional HTS bulk materials can retain more flux within themselves

It should be noted that the HTS materials are not fully penetrated in this scenario. With
higher applied fields which are strong enough to fully penetrate thesticRed ring
magnets, the final trapped field can be further increased, but not able to exceed the

initial applied field.
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Figure 4.2: Distributions oftrapped fields at the centre cross line.

In Fig. 4.27, the induced current in both models is depicted. Void of any asymmetric
geometric interference, it becomes evident that the stacked HTS tapes induce currents
that establish a distinct periphery around the HTS tapes. In stark contrast, the HTS
bulk materid demonstrates a heightened resistance to the induction of currents,

complicating theipenetratiorinto the bulk material's interior.
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Figure 4.7: Induced curremstof the2D models

Benefiting from the symmetrical geometric distribution of the 2D modeis niore
conducive to calculatand compagthe flux based on a uniform measurement metric.

Fig. 4.28depicts the change iraxis magnetic flux across the centre cross lvtach
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covers the width of the modérom point a to point d as shown in Fi§§22. Since

they are 2D models, the magnitude of magnetic flux along the centre cross line is
derived through the integration of the magnetic field density (By) over the width. It
can be gpressed by the following formula:

t
Uz=, wi dBad T (4.1)
2

Thenormalunit of total magnetic flux 0 ) is Wb, but since it is a 2D model, Wn is
appliedheremeairing the flux in the Imeter depth of the z axik Fig. 4.28, initially,

both models have the same magnetic fldnch is given by the external fiel@hen

the flux of thestackedHTS tapesdecreases moiguickly, resulting in a lower trapped
flux along the centre cross lin€he flux on the centre cross line of the stacked HTS
tapes is 4.5% lower than that of the HTS bulk material mddhés.indicates that even
though thestackedHTS tapescan achieve a higher centre trapped field, it does not

necessarilyneana higher total trapped flux in the entire centre area.
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Figure 4.8: Magnetic flux through the centre cross lipeint a to point diduring
magnetization

In contrast, Fig4.29 displays the flux along the inner central cross line (point b to
point c¢) for both models. The flux along the inner central cross line in the case of the

stacked HTS tapes manifests a progressive growth trend from the beginning of
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magnetization. Conversely, the flux of the HTS bulk material displays relative stability,

with a subtle decline noticeable over time.
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Figure 4.3: Magnetic flux through the centre cross line (pdimd pointc) during
magnetization.
Thefinal magnetic sergy E,,of the twomodels are calculated based on ¢lgeation

asfollows:

E.== HA®Bv (4.2)

v

N

Wherev is the space for the magnetic field, which is the entire domain of the model.
Since they are 2D modelte default deptliz axis)is set at 1 meterso the unit for

the magnetic energy is J/fhhe final magnetic energy of tletackedHTS tapesis
15661 J/m, while that of the HTS bulk material is 16056 Wiich does not show a

big difference.

In conjunction with the above analysis, it can be inferred that under equivalent field
cooling magnetization conditions, the stacked HTS tapes ordtcked ring magnet

do not necessarily trap more magnetic flux or magnetic energy. However, they do have
the capacity to concentrate a greater amount of magnetic flux into the central hollow
region. This leads to a central trapped magnetic field that surpasses thatiohabdit

HTS bulkmaterials andnay even exceed the initial appliethgnetidield.
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4 .4 Conclusion

This chapter delved into the magnetization mechanism of the-std&ed ring

magnet via experiments and numerical modelling, yielding several key insights:

Central field ascent phenomenonDuring field cooling with a 4.5 T field at 25 K, an
initial central field rise, followed by a decrease to a final trapped field of 3.79 T, was
noticed Such a rise is unprecedented in traditional trapped field HTS magnets.

Observed temperature shifts ruled out heating as a factor influencing this field value.

Surfacetrapped field distribution : Postmagnetization, the trapped field 5 mm above
the sample displayed an asymmetry, attributed to the-$td&ked ring magnet's

asymmetric configuration.

Magnetization mechanism A 3D homogenized modelalidatedwith experimental
data, revealed that the H®$%acked ring magnet simultaneously induces currents in
both inner and outer layers, diverging from traditional HTS bulk behaviour.

Comparative investigation between the HTS bulk materials and HTStacked
ring magnets The central field ascent in the HB&cked ring magnet is tracedaio
enhancednduced current in its inner layers. Unlike H§tcked ring magnets, HTS

bulk materials are penetrated from their exterior to their core.

Prospectsfor enhanced trapped field Simulations, informed by the central field
ascent rationale, indicate that increasing the taymebercanenable the HTStacked

ring magnet to trap a central field exceeding the applied one. Compared to HTS bulk
materials, the HTStacked ring magnet can produce a more intensified central field,
though the bulk material retains more magnetic flux. Howewveteims of total
trapped flux, the two are comparable.
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Chapter 5. Hybrid HTS -Stacked Ring Magnet with HTS

Inserts

5.1Introduction

The HTSstacked ring magnet discussed in the preceding chapter demonstrates
considerable field trapping capabilities, achieving a central trapped field of 3.79 T.
Nonetheless, when contrasted witbnventional HTS bulk materials and stacks, the
field trapped by the HT-Stacked ring magnet is substantially lower. Moreover, the
presence of an internal void within the H$tcked ring magnet reduces the total
quantity of HTS material employed per uniblume. Consequently, despite its
considerable diameter, the magnet's field trapping efficiency is compromised due to
the reduced usage of HTS material per voluifes suggests that the design of the
HTS-stacked ring magnet, while advantageous in cemaspects, has inherent
limitations that impact its overall performance and efficiency. Further research and
optimization could explore ways to address these issues and improve the magnet's

trapped field capabilities.

The concept of amalgamating the benefits of Ki&ked ring magnets and HTS
bulks or stacks emerges as a natural progression to maximize the field trapping
capabilities. This integration aims to yield more extensive trapped field distributions
compared tdhose produced by HTS bulks and stacks, while also achieving a higher
trapped field than that generated by the Ht&ked ring magnefThis approach
represents a compelling compromise that capitalizes on the strengths of both
configurations. It seeks toarness the expansive field distributions of Ft&cked

ring magnetsin conjunction with the higher trapped fields found in Hitgks and
stacks The resultant design may offer the potential to surpass the performance of either
individual design,or as such, is a promising avenue for further exploration in the

pursuit of superior field trapping capabilities.
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As discussed in Chapt2rin potential applications of trapped fields, there is typically

a requirement for both higher trapped fields and a robust design. Consequently, a
discernible gap exists between the findings of previous st[88&q39], [174], [175]

and the research presented in this chapter. This study aims to bridge this gap by
developing a robust design that could potentially achieve higher trapped fields, thereby
aligning more closely with practical application requirement&is chapter
commences with experimental observatiansl building upon the sample from the
previous chapter, compares the difference in trapped fields between hybrid and non
hybrid HTS-stacked ringnagnets. Subsequently, the trapped fields and magnetization
mechanisms are iegtigated through simulations, with a particular focus on the
electromagnetic interactions between HiES-stacked ringmagnet and the inserted

HTS materialsduring the magnetization process. Two types of HTS materials, HTS
bulks and HTS stacks, are utilized as inserts for the hybrid magnet, enabling a

comprehensive study of the field cooling magnetization of hybrid magnets.

5.2Hybrid HTS -StackedRing Magnet Samples

In this chapter, two variants of hybrid HE%acked ring magnetrefabricatel and
examing. One model is hybridized with HTS stacks, while the other employs HTS
bulks. HTS stacks, typically constructed by slicing seegageration (2G) HTS tapes

into identical, smaller piecesand then stacking them together, exhibit greater
mechanical robustness compared to HTS bulk materials, owing to the protective
effects of substrate layers, buffer layers, and stabilizer layers. However, the volume of
HTS materials in the HTS tapes is signifidg less, resulting in a comparatively lower

engineering currdrdensity than that observed in HTS bulks.

5.2.1Hybrid HTS -Stacked Ring Magnet withHTS Stacks

The hybrid HT Sstacked ring magnet with HTS stacks under study is predicated upon
the design examined in Chapter 4. THIES-stackeding magnet showcased a central

field ascent during the field cooling magnetization prodéssthis study, HTS stacks
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crafted from 12 mm $nnovations tapes were utilized, each furnished with-43.0

um PbSn coating on both sides, as displayed ing-ig.

Figure 5.1: A piece of HTS tape wiBbSnh coating

Each stack is composed 0cut tapes, each measuring 20 mm in length and 12 mm

in width, a size compatible with the central space of the brass sample holder. These
tape pieces were then stacked together, enveloped in Kapton tape, and secured with a
custom pressure mould. As seerfFig. 5.2, the mould is equipped with four springs

that apply pressure to the HTS stacks. To minimize-lat@r air pockets and enhance

thermal conductivity, the HTS stacks and the pressure mould were placed in an oven

to sober the HTS tapes together. The temperature schedule for the heat treatment is
outlined in Fig.5.3. The heating temper Dtsufftienttovas c a
melt the PbSn soldering layers, yet not overly high to risk degradation of the HTS tape.

Each completed HTS stack possesses an approximate thickness of 11 mm.

Figure 5.2: The pressure mould for fabrication of HTS stacks
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Figure 5.3: Temperature schedule for heating treatment

The solderedHTS stacks are depicted in Fig.4. Following soldering they were
positioned within the brass sample holder. A Hall sensor, utilized to measure the
central field, was affixed between the two HTS stacks. All other components,
including the brass block€Cernox SD sensors and other Hall sensoemained
consistent with their arrangements in Chapter 4. To conclude the preparation process,
both the HTSstacked ring magnet and the HTS stacks were impregnated with a

mixture of paraffin wax and atninium nitride powder.

Figure5.4: Soldered HTS stacks
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5.2.2Hybrid HTS -Stacked Ring Magnet withHTS Bulks.

While HTS stacks have showcased exceptional field trapping performance, HTS bulks,
specifically YBCO and GdBCO, are more commonly utilized to achieve robust and
powerful trapped fields. Therefore, a hybrid H3t&cked ring magnet sample with
HTS bulks, tageting a higher trapped fields fabricated and examinedror this
investigation, two YBCO HTS bulks supplied by ATZ Gmhake usedThese bulks
possess dimensions of 16 mm in diameter and 12 mm in thickness. Their performance
was tested through FC magzetion at 77 K without any reinforcement process, with

a single HTS bulk trapping a field of 0.8 T. Given that the shape of the HTS inserts
transitioned from a cuboid to a cylinder, the sample holder required a corresponding
adjustment. For this sample bsass sample holder featuring a hollow central bolt,
which can hold the HTS bulk inserisas employeds depicted in Figh.5. In this

hybrid sample, the HT-Stacked ring magnet was fabricated using two layers of HTS
rings composed of 12 mm Superpower KRB tapes. Each layer consists of 100 HTS
rings, yielding a total of 200 HTS rings, as illustrated in Bi§. The tapes exhibited

a critical current of 520 A at 77 Rhe same Hall sensor (Lakeshore H&ID1) from

the previous sampleis placedbetween the two HTS bulks.

E,» Hollow {)‘It

Hall sensor

Aluminum bulks HTS bulks
Brass bulk ) :

Figure 5.5: Hybrid HT Stacked ring magnet with HTS bulks
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5.3. Magnetization of Hybrid HTS-Stacked Ring Magnet with HTS Stack

Inserts

The hybridHTS-stacked ring magnet, integrated with HTS stacks, was subjected to
field cooling magnetization with applied fiddf 5 T and 8.5 T, respectivelyl hese
procesesutilized the same Royce wide bore magnet, with the temperature set at 25 K.
The ramping rate of the applied fields is cor@dlat 0.075 T/min.Maintaining a
consistent configuration for the magnetization of the hybrid sample enhances the

comparability with prior studies on the HBEacked ring magnet.

5.3.1. 6.2T Trapped Field by The Hybrid HTS-Stacked Ring Magnet with
HTS Stack Inserts
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Figure 56: Field values during 5 T FC magnetization of the hybrid kt&ked ring
magnetwith HTS stacks

The field changes, as recorded by the Hall sensors during the 5 T magnetization, are

illustrated in Fig.5.6. The magnetic field at the sample's centre remained consistent

throughout the magnetization with a 5 T applied field, and no central field ascent is

observed during magnetizatiom the field cooling magnetization process, if the

trapped field aligns with the initial applied field, it typically signifies that the HTS
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material hasn't been fully penetrated. This implies that the HTS material has only
undergone partial magnetization. Tinechangingcentralfield of the hybrid sample
hints thatit might not have achieved full penetration, suggesting there is room for
trapping a greater field with an increased external field. The final trapped fields from
Hall sensor 2o Hall sensor 11 are presented in Fgl. When contrasted with the
HTS-stacked ring magnet (as seen in Hdg), the trapped fields around the outer
perimeter don't show significant growth, but those closer to the inner circle, especially
H9, exhibit a heightened trapped field. Specifically, the field at HO rose from 2.35 T
t0 2.95T.

H6

L]
1.082T

H2 H3 H4

HE B B =
0.90T 2.05T 2.51T 2.95T

H10
H5 |
0 2.01T
H11
0.74T S
0.51T

Figure 5.7The final trapped fields from Ha_lll sensor 2 to Hall sensor 11 after5T
magnetization

Becausdhe 5 T applied field was unable to completely penetrate the hybrid sample,
the magnitude of the applied magnetic field for magnetization was increased to 8.5 T.
It's important to mention thdteforethe 8.5 T magnetization, the sample was heated
to a stable 100 K to ensure the HTS materials were completely quenched. The
corresponding magnetic field readings from the 11 Hall sensors are depicted in Fig.
5.8
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Figure 5.8: Field values during 8..5 T FC magnetization of the hybrid$tdcked
ring magnet

When subjected to thacreasedppliedfield, the hybrid sample starto show signs
of complete penetratioMhisis evidenced by a decline in the central magnetic field
beforethe termination of the magnetization procasshown in Fig5.8. It indicates
that the sample has achieved the highest trapped field, so magnetizations with higher
applied fields were not conductetlhe final magnetic field trapped at the centre
amounted to 6.6 TBy checking the curve of the central fielwrdughout the entire
procedurejt can be sure again that therens ascending trenfdr the central field of
the hybrid HTSstacked ring magnet during field cooling magnetization.
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Figure 5.9: The final trapped fields from Ha_lll sensor 2 to Hall sensor 11 after 8.5 T
magnetization

As illustrated in Fig5.9, following magnetization with an escalated applied field, the
magnetic fields at the outer circle exhibit negligible alterations vadoemparedwith
the results of 9 magnetization, whilst the central trapped fieldrease$rom 2.95 T
to 3.12 T. This consolidates the notion that the HTS stacks inserted in the centre impart
marginal influence on the field dispersion in the hybrid FHt&ked ring magnet's
outer region, primarily bolstering the magnitude of the centrallyptdpfield.
Moreover, even whecompared with findings from Chapter 4, the enhancement of the

trapped field in the sample's outer region remains minimal.

5.3.2Temperature Variation of The Hybrid HTS Ring Magnet with HTS
Stacks

Fig. 5.10displays the temperatures recorded by the Cernox sensors during the 5T
magnetization process. Both the sample centre and the sample cover exhibit a minor
temperature increase, consistent with previous experiments. The temperatures start to
rise towards th end of magnetization and peak when the applied field reaches zero.
The temperature fluctuations for this process remain under 1 K, similar to the
magnetization of the HTStacked ring magnetwhich can hardly affect the

performance of theentreHall sensor
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Figure 5.10: Temperatures recordgd py the Cernox sensors during the 5T
magnetization

The temperatures at the cover and the cehuremg 8.5T magnetizatioare shown in
Fig. 5.11 The temperature changes exhibit a trend of initial rise, followed by
stabilization, and finally, a return to the initial set value. During the temperature
stabilization phase, there is a corresponding decrease in the central magnetic field. This
suggestghat at this point, the superconducting material of the magnet is nearing
complete penetration, with the induced current in the superconducting material no
longerincreasing. Other metallic parts may still be generating a small amount of heat
until the applied magnetic field is entirely nullified. It's important to note that as the
sample's temperature was set ak2%he amount of cold helium gas under the bottom
of the sample would adjust automatically based on the temperature. Hence, these
temperature changes can only serve for qualitative analysis and cannot be used for

quantitative analysis of the magnitude ahdnges of the induced current in the sample.
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Figure 5.11: Temperatures recorded by the Cernox sensors during the 8.5T
magnetization

5.3.3Disappearanceof Central field Ascent withHTS Stack Inserts

In Chapter 4, when the HFSacked ring magnet underwent magnetization under a 4.5

T applied field, there was a noticeable increase in the central field, accompanied by a
subtle temperature change. Given the marginal extent of this temperature fluctuation,
it was inferred that the heating of the Hall sensor wasn't responsible for the central
field rise. In this chapter, similar temperature shifts are observed during the
magnetization of the hybrid HF&acked ring magne¥et, contrary to the earlier
obsenations, the central fields here do not display any upward shift. This leads to
unequivocal conclionthat thecentral field ascenn the HTS-stacked ring magnet
sample is not an outcome of the central Hall sensor getting heated. Furthermore, once
the HTS stacks are integrated into ttentreof the HTSstacked ring magnet, the
trajectory of the central field remains unchanged, regardless of the degree of
penetration achieved by the hybrid samfleus, it can be concluded that the HTS

stack inserts caeliminate the phenomenon of the central field rising.
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5.4 Magnetization Characteristics of Hybrid HTS-Stacked Ring Magnet

with HTS Stacks

5.4.1 Verification of the Numerical Modelling

Compared with the modelling of the HBBacked ring magnet, there are additional
two HTS stacks in the hybrid HFSacked ring magnet required to be considered.
Since the HTS stacks are also fabricated with HTS tape matdr@ispgenized
modellingis also used for calculating the HTS stadks shown in Fig5.12 there are

20 separated HTS domains in each HTS staclkair gap is between each domain and
one domain representsshortHTS tapes. The data of the fiettependent critical
current ( —R) ) of the Sinnovation tapes is acquired from the measurement
examined bywWimbush et al[199], [200] It should be notethat due to the cutting,
heating, and pressing of the HTS tapes for the stacks, the actual critical current might

be diminished. Therefore, a lift factor of 0.78 is used for calculations.

Y-Z cross-section Current flow

i

TL 45 1'234'5'6'7'8’

oner wer e 1

Z
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Figure 5.12Diagramof hybrid HTSstacked ring magnet and current flow
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Figure 5.13: Central fields of the hybrid HB&cked ring magnet with HTS stack
inserts during the 5T and 8.5T magnetizations

After the calculationthe central fields of the hybrid HF¥Sacked ring magnet with
HTS stack inserts during theTsand 8.5T magnetizations are presented in Bd.3
The simulation results for both magnetization levels align closely whth
experimentalresults This consistency strengthens the credibilitytlod numerical
model. Building on the methods detaileddnapter 4, this numerical approaeghl be
further employed in subsequent sections of this chapter. The aim is to elucidate the
underlyingfactors leading to the observed difference in central field trends and to gain
a deeper understanding of the magnetization properties of the hybridtedked ring

magnet.

5.42 Comparative Analysis Between the Magnetizations of Hybrid and
Non-Hybrid HTS-Stacked Ring Magnets Under 4.9 Applied Field.

As mentioned above, with the presence of the HTS stacks, the field in the centre ceases
to rise duringg T and 8.5 Tmagnetizatioa To figure out the reasothe study begins

with the induced current in the HIs%acked rings of the hybrid HT8acked ring
magnet. In the study of HTS material magnetizations, the situation of the induced

current can also be considered as the field penetration.
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To carry outa comparative studyith the previous HTStacked ring magnet
magnetizationthe modelling of thehybrid HTSstacked ring magnet with a 4.5 T
applied fieldis first conducted.
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Figure 5.14: Simulation results oéntral field of the hybrid HTStacked ring
magnet and the HFStacked ring magnet

The central field of the hybridHTS-stacked ringnagnetand the HTSstacked ring
magnet are shown in Fi§.14 The central field of the hybrid orexhibitsa stable
valug which iswithin expectationsNext is to investigate the induced current in the
hybrid HTSstacked ring magneto measur¢heinduced current itheinsertedHTS
stacks, each HTS stack is divided symmetrically into four parts as shown $14g.
Since there is a circulating current in each of the tapes of the HTS stecksjuced
current in the HTS stacks is calculated by surface integration of the induced current
density inhalf of the crosssectionwhich is represented by the yellow section in Fig.
5.15
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Z-X plane cut

Z-Y plane cut

HTS stack

Figure 5.15Diagram of the msssections of the HTS stacks

The total induced current in thgybrid HTS-stacked ringnagnet can be divided into
2 parts. One is the induced current in the Ft&ked rings and another is the induced
currentin the HTS stacksFor the HTSstacked ring magnet, there is only induced
current in the HTStacked ringsThe total induced current in the HB%acked rings

is calculated by surface integration of the induced current denditye greenareaas
shown in Fig5.16

Figure 5.16: The crossection of HT Sstacked rings for current calculations
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The total induced currents for both modmis illustrated in Figs.17. The total current

of the hybrid HT Sstacked ring magnet equals the sunthefred curve and the blue
curve, while the black curve represetite total induced current in the H-BBacked

ring magneé In the case of a hybrid design, the total induced current within the HTS
stacked rings (red) is slightly reduced, and there is induced current shared in the HTS
stacks (black) during the magnetization. The sum of thecadicurrent in théybrid

design is evidently higher than that in then-hybrid, which is consistent with the
trapped fields by the two designs.
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Figure 5.17Total induced current in thdTS-stacked rings and the induced current

in the HTS stacks.
The induced current distributions at the end of the magnetizations of the two models
are shown in Fig5.18 The distribution and magude of the induced currents in the
HTS-stacked rings of the two models exhibit considerable similarity, which indicates
the magnetization characteristics of the Ht&ked rings remain largely unaffected
after inserting the HTS stack3ue to the asymmetrgeometryof HTS-stacked rings,
the HTS stacks are penetratethgnetizedasymmetrically in the-g plane, but it sti
follows the penetration law of ordinary HTS materials, i.e., the penetration occurs from
the outside to the insidend the integration of the current density of each half of the

HTS stacks should be equal.
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Figure 5.18: Induced current in the H8&cked ring magnet (left) and the hybrid
HTS-stacked ring magnet (right) after 4.5 T magnetization

Fig. 5.19illustrates the induced currents within each HTS domain for both models
during 4.5 T magnetizations. The conventions used to designate the currents in the
HTS domains of the two designs remain in alignment with the definitions provided in
Chapter 4. At th outset of magnetization, the generation and evolution of induced
currents in corresponding regions between the two models exhibit close resemblance.
However, as magnetization continues, there is a discernible decrease in the induced
currents in the innemost domains of the hybrid design, specifically in domains C7 and
C8. These domains predominantly influence d¢batral field and this decrement is
attributed to the incorporation of HTS stack inserts. This attenuation could potentially
stem from a diminished critical current of the H3t&cked rings as a result of an
enhanced trapped field, a phenomenon that will be explaredhisequent sections.
Drawing from the induced current analyses, it's plausible to posit that the concurrent
influences of diminised current in the inner HTSacked rings and current
distribution within the HTS stacks collectively determthe trajectory of the central

field in the hybrid HT Sstacked ring magnet.
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Figure 5.191nduced current in each domain of H§tacked rings

5.43 Inverse Magnetization Characteristics of the Inserted HTS Stacks.

In Chapter 4, findings indicate that the ultimately trapped field of a-aesligned
HTS-stacked ring magnet can surpass the initially applied field. The subsequent
analysis elucidates that this phenomenon results from the distinct parallel stacking
method for the HTStacked ring magnefThis method ensures that the induced
currents in the inner domains closely mirror those in the outer domains, leading to the
expulsion of magnetic flux from the HTS materiatel concentrated magnetic field in

the centregace. According to the study in the last sectibe,existence of HTS stack
inserts that share the induced current inrHi&-stackedings can suppreske central

field ascent and aahie higher trapped fielddlonetheless, under a 4.5 T appliiedd,

the HTSstacked ring magnet achieves full penetration, but its trapped field caps at
3.79 T. This raises the imperative for additional investigations to discern the hehavio
of an optimally designed HFStacked ring magnet with HTS stack inserts and to
further explore its magnetization characteristits. state it plainly, the question at
hand is how the central field would be affected if the hybrid dES8ked ring magnet

had twice the number of turns in the H$tcked rings.
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Figure 5.20Hybrid HTS stacked ring magnet with increased H3i8cked rings

As shown in Fig5.2Q the size of the central HTS stacks remains the same, while the
number of the surrounding H¥Sacked rings is doubled. For a comparative
investigation, the applied field remains at 4.5 T for the magnetization clotige

turn hybrid HTSstacked ring magnet.

Fig. 5.21 presents a comparison between the central fields afdbhbleturn hybrid
HTS-stacked ring magnet and the previously studiedbleturn HTS-stacked ring
magnet. While the central field of the HB&cked ring magnet exhibits a pronounced
rise, resulting in a final trapped field exceeding the applied field, the hybrid HTS
stacked ring magnet's central field, denoted by the red curvestmnibi remains at

4.5 T. This suggests that the incorporation of additional HTS stacks at theencryit

result in reduced trapped fields under specific conditions. Thisigexesting finding

since it challenges the conventional belief that the more HTS material present, the
greater the trapped field that can be achieved through field cooling magnetization.
Indeed, this discovery upends traditional assumptions and underscores the complexity
of interactions within hybrid HTS structures. It's essential to consider not just the
guantity but also the arrangement and interaction of the HTS materials when aiming

for optimal magnetization outcomes.
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Figure 5.21: Comparison between the central fields of the doutridnybrid HTS
stacked ring magnet and HB®&cked ring magnet
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Figure 5.22: Induced current density of the doutbla HTS magnet. (a) HFS
stacked ring magnet and (b) hybrid H$tcked ring magnet.

The induced current distributions (field penetration) at the end of the magnetization
are shown in Fig5.22 The same as the HI&®acked ring magnet, the hybrid HTS
stacked ring mgret is far from fully penetrated and the current is mainly induced in
the innermost and outermost domains at the end of magnetizati@an the marked
similarity in the distribution of induced currents between the models, it's intriguing to
observe that the central trapped field in the hybrid configuratilanvisr than its non
hybrid counterpart. The induced current within the HTS stacks may play a role in
mitigating the trapped field. To delve deeper into this intriguing observation, the
induced currents in both the hybrid HEf&cked ring magnet and the standard HTS
stacked ing magnet during magnetization have been computed and presented in Fig.
5.23 andthe direction of the current is standardized to be positive in the ceunter
clockwise direction on the-x plane.While the induced currents in the HE&cked
rings of both mdels depict a similar pattern, the direction of the current in the stack
is contrary to that in the HFStacked ring. This computational evidence suggests that
the incorporated HTS stacks play a pivotal role in mitigating the augmentation of the
trapped ield in this magnetization situation.
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Figure 5.3: The total induced current within ring domains and HTS stack domains

To ascertain theeasonbehind the reversed induced current in the HTS stacks, a
thorough examination of the induced current's variation and distribution during
magnetizationis undertaken. On the-y plane crosssection the induced current
densities within the HTS stacks over multiple tipzentsare depicted in Figh.24. To
streamlinghe analysis, the upper stack is segmented into areas A and B, showcasing

the induced current density in tkeaxis direction ).

A/m?
x 108
5
4
(— | | B | | B J E
- \ ( \ ( o
: ——1 : 1 : ]
k____r_‘—_____;l I\ ___________ /I l‘ ___________ /I 0
1
2
ﬁﬂ = _— = =3
0 0.3 0.7 1 “
5

Figure 5.2: Penetration of the T grosssection of the HTS stacks during
magnetization.
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Initially, a conspicuous observation is the asymmetric inductior iof Joth areas A

and B. Within area A, the magnitude of negatived the right side (represented in
blue) consistently exceeds its positive counterpart (in red). Conversely, by the
culmination of the magnetization process in area B, the magnitude of positive J
marginally surpasses the negativeSuch uneven current distributions stem from the
nontuniform trapped field engendered by the H3t&cked rings, as delineated in Fig.
5.25. This nonuniformity is especially prevalent near the closed side of the-HTS

stacked rings, predominantly at dsntre

Figure 5.5: Non-uniform trapped fieldrapped by the HT-Stacked rings

Beyond the asymmetries within areas A and B, it's discernible that the magnetized
domain in area A exceeds that of area B. This implies that the induced current in area
A primarily shapes the magnetization characteristics of the HTS stackgared to

the induced current in the HIS®acked rings shown in Fi§.23, it's evident that the
current distribution directions in area A are opposite to those in theskit®ed rings.

This inversion suggests that throughout the entirety of the magnetization pease, t
induced current within area A serves to attenuate the central trapped field of the hybrid

HTS-stacked ring magnet. In contrast, area B perennially augments the trapped field.

Given that the magnetization of the H$tcks results from the cumulative magnetic
field produced by both the externally applied field and the trapped field from the HTS
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