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Preface

Since their discovery by Heike Kamerlingh Onnes in the early 20th century, super-
conductors have significantly transformed human life. Building upon their exotic
and remarkable properties, such as zero electrical resistance and the ability to expel
external magnetic fields, superconductors have enabled technologies that make

life easier and more comfortable. These technologies span diverse fields, including
transportation, biomedicine, and security.

For instance, the strong and stable magnetic fields generated by superconductors have
made magnetic resonance imaging (MRI) possible. The advent of MRI has revolution-
ized diagnostic methods across various medical domains, including neurological,
musculoskeletal, cardiovascular, abdominal, breast, pediatric, and pelvic imaging,

as well as oncology. MRI enables healthcare professionals to diagnose patient health
issues in detail and with high accuracy.

Another remarkable application of superconductors is in magnetic levitation
technology. High-speed rail systems built on this technology allow trains to travel
at speeds exceeding 400 km/h. Additionally, the negligible resistance exhibited by
superconductors dramatically reduces energy losses in power transmission, making
it a highly efficient option for modern energy systems.

With their myriad advantages to society, research on superconductors continues
fervently.

This book provides an extensive elucidation of superconductors from multiple
perspectives. To cater to a wide audience, ranging from novices to experts, it begins
with the fundamental theories and concepts of superconductivity and gradually
delves into advanced principles and applications. The book is divided into four main
sections:

Section 1: Foundations of Superconductivity

This section begins with an introduction to the principles of superconductivity,
providing a broad overview (Chapter 1).

Section 2: Superconducting Materials and Properties

This section focuses on the materials used to construct superconductors and their
unique properties. Chapter 2 discusses thermoelectric and quantum effects in
superconducting hybrid systems, while Chapter 3 examines advanced material
applications in cryogenics and memory technology.



Section 3: Applications of Superconductivity

In this section, the practical uses of superconductors are explored. Chapter 4 highlights
the application of high-temperature superconductors in microwave technologies.
Chapter 5 delves into the role of superconductors in quantum computing and energy
transmission, and Chapter 6 focuses on the use of superconducting magnets in
technology and research.

Section 4: Emerging Technologies

The final section examines cutting-edge advancements in superconducting tech-
nology. Chapter 7 focuses on magnetic levitation (maglev) technology, showcasing
its transformative potential in transportation.

This comprehensive structure ensures that readers thoroughly understand super-
conductors, their properties, and their far-reaching applications.

Kim Ho Yeap
Universiti Tunku Abdul Rahman,
Petaling Jaya, Malaysia

Veerendra Dakulagi

Guru Nanak Dev Engineering College,
Bidar, India
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Chapter 1

Introductory Chapter:
Fundamentals of
Superconductivity

Kim Ho Yeap and Veerendra Dakulagi

1. Introduction

Superconductivity refers to the phenomenon where a material transitions from a
normal conducting state with finite resistance to a state of zero electrical resistance. In this
superconducting state, the material also expels magnetic flux, demonstrating a hallmark
of perfect diamagnetism, a property known as the Meissner effect. To induce this transi-
tion, the material’s temperature must be lowered below its critical temperature, T.

2. Historical background

In 1908, physicist Heike Kamerlingh Onnes of Leiden University in the
Netherlands achieved a groundbreaking scientific milestone by successfully
liquefying helium, enabling an extremely low temperature of 4.2 K to be reached. This
breakthrough opened an avenue for Onnes to investigate how materials behave at very
low temperatures. In 1911, Onnes conducted experimental investigations on mercury
(Hg) as it was gradually cooled to near absolute zero. To his utmost astonishment, he
observed that the electrical resistance disappeared completely all of a sudden as the
temperature of mercury dropped to 4.2 K. This discovery marked a monumental shift
in the field of materials science since no one had ever encountered the state of zero
resistivity at that time. Although Onnes referred to this phenomenon as the
“supraconductivity,” it is more commonly known as “superconductivity” today. Fur-
ther relentless explorations by Onnes revealed that the superconductors also exhibit
the Meissner effect. In 1913, Onnes was awarded the Nobel Prize in Physics for his
pioneering work in low temperature physics and superconductivity.

In the subsequent decades following the discovery of superconductors, physicists
attempted to explain their underlying mechanisms. However, all efforts were made to
no avail. This includes the theory proposed by the London brothers at Columbia
University in New York. In 1935, Fritz London and Heinz London proposed a macro-
scopic theory to describe the behavior of superconductors. According to the theory,
surface currents are induced in a superconductor in response to an external magnetic
field (this is associated with Ampére’s circuital law). This means that the external
magnetic field enters a superconductor at a certain penetration depth (4;,) before it is
effectively expelled. These currents generate their own magnetic fields, which oppose
the applied magnetic field due to Lenz’s law. The induced magnetic moment and the
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applied magnetic field cancel each other out, resulting in a net magnetic field of zero
(i.e., the expulsion of the magnetic field) within the superconductor. Although the
London theory is able to capture the essential features of superconducting behavior
effectively, it fails to provide a microscopic explanation for it [1].

By the 1950s, physicist and Nobel Laureate John Bardeen of the University of
Ilinois at Urbana-Champaign hypothesized that the absence of resistance in a
superconductor could be caused by electrons pairing up as they move. However, he was
perplexed as to how this could occur since electrons are known to repel each other due to
their like negative charges. In 1956, Bardeen’s PhD student Leon Neil Cooper discovered
that these paired electrons could be mediated by phonons, which are the vibrations of the
crystal lattice. One can imagine that when an electron moves through the positively
charged ions in the lattice of a superconductor, the attractive force between the negatively
charged electron and the positive ions distorts the lattice. This distortion creates an
accumulation of positive charge in the vicinity of the electron. Before the ions return to
their original positions, a second electron is attracted to this cloud of positive charge. The
attraction from this localized region of positive charge can overcome the natural repulsion
between the two negatively charged electrons [2]. Today, these pairs of electrons are
referred to as Cooper pairs [3]. It is worthwhile to note that the distance over which
Cooper pairs couple, known as the coherence length (£), is relatively long. This distance is
on the order of 10~ * cm, which is about two orders of magnitude greater than the electron
mean free path (approximately 10~® cm). When the £ exceeds 4., London theory
breaks down [1].

In 1957, John Robert Schrieffer, who was working as a postdoctoral researcher
in Bardeen’s group, had the epiphany that Cooper pairs could collectively form a
new quantum state, which could be described using a single wave function that encom-
passes all electron pairs. Schrieffer’s insight was the fundamental basis for
the formulation of the Bardeen-Cooper-Schrieffer (BCS) theory. This theory
explains that once Cooper pairs are formed, the electrons condense into a lower energy
state, allowing them to move without being scattered. It also explained the Meissner
effect and predicted the existence of an energy gap, which was eventually experimen-
tally validated. The BCS theory transformed the field of condensed matter physics and
earned Bardeen, Cooper, and Schrieffer the Nobel Prize in Physics in 1972.

3. The BCS theory

In the BCS theory, Cooper pairs are formed when two electrons bind via phonon
interactions as they move through the lattice [4]. The wave function for a Cooper pair is
given as

lPpair(z"ly VZ) = % [W(Vl)l//(yz) - VI(VZ)W(Vl)]' (1)

This antisymmetric wave function arises due to the Pauli exclusion principle, as
the individual electrons (fermions) in the Cooper pair must obey Fermi-Dirac statis-
tics. Since Cooper pairs are bosonic, multiple pairs are allowed to occupy the same
quantum state without violating Pauli exclusion principle. This collective behavior
enables the coherent flow of electrons without scattering.

The BCS ground state describes the superconducting state in which electrons near
the Fermi surface form Cooper pairs. It can be expressed as [5].
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k

where #) and vy are probability amplitudes that depend on the momentum k

(indicating whether a state is occupied or unoccupied by a Cooper pair), and they are

related to the energy gap (A) and Fermi level. The operators c; 4 and A , are creation

operators for electrons with momentum k and spin 1 and momentum —k and spin |,
respectively. The product is taken over all electron momenta k so that the pairs
occupy opposite momenta (k, —k). The state |0) denotes the vacuum state where
electrons are absent.

The energy of the system is given by

E(k) = \/(ex — p)* + A7 ®3)

where ¢, is the single-particle energy for momentum k and y is the chemical
potential. Electrons form Cooper pairs by condensing into a discrete energy
level, resulting in the creation of an energy gap (A) at the Fermi surface. The
energy gap A represents the binding energy per electron in a Cooper pair. Since
there are two electrons in a Cooper pair, the minimum energy required to break
them apart is 2A. The energy gap A is temperature T dependent and can be computed
from [6-8].

1
dE (4)

In(A) = _ZJ: (EZ + Az) 1/2{1 + exp [(n/YET) (E2 + 52)1/1 }

where A = A(T)/A(0), T = T/T,, and yg = 1.781 is the Euler’s constant.
The critical temperature T, can be approximated by the following relation:

1.14hop 1
T~ by P (_ N(O)V) )

where & = 6.626 x 10>* Js is Planck’s constant, kg = 1.380649 x 10~ J/K is the
Boltzmann’s constant, wp, is the Debye frequency related to the phonon spectrum in
the material, N(0) is the density of states at the Fermi level, and V denotes the
attractive interaction potential between electrons mediated by phonons.

The BCS theory also explains the Meissner effect in a microscopic manner. The
formation of Cooper pairs and their macroscopic quantum state, which gives rise to
nonresistant supercurrents, prevent the external magnetic field from penetrating the
superconductor beyond a characteristic distance, known as the London penetration
depth ;. To be more exact, A, is similar to the skin depth § in a normal conductor,
where it measures the distance at which the field attenuates to e * of its initial
amplitude. Hence, the magnetic field does not cease abruptly at A ; rather, it continues
to tail off beyond this depth. This means that the external magnetic field penetrates
the superconductor up to 45, where it is exponentially damped by induced supercur-
rents. These supercurrents generate a magnetic field that continuously cancels the
incident magnetic field within the bulk of the superconductor, ensuring that the
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interior remains free of magnetic flux. The London penetration depth 4;, can be
estimated using the following expression:

m

A= 5
Homs€

(6)

where m is the electron mass, yo is the permeability of free space, #; is the
superconducting electron density, and e is the electron charge.

Upon inspecting the London equation in (7) below, it can be seen that the super-
current j is directly proportional to the magnetic vector potential A

nee?

j=—- A @)

The magnetic vector potential A can be derived based on the Biot-Savart law as

A(r) —”—OJ )y (8)

Az )|r—Y|

where r and ¥’ are, respectively, the position vectors of the observation and source
points. The curl of A gives the magnetic flux density B

B=VxA 9)

4. The complex conductivity

When a material is in a superconducting state (i.e., its temperature is below T,),
thermal energy and incident radiation can disrupt Cooper pairs. When a pair is broken
by these external factors, the resulting unpaired electrons are referred to as excited
quasiparticles. These quasiparticles behave like normal electrons with well-defined
momenta. Since the binding energy of a Cooper pair is 2A, the absorption of incident
radiation with a frequency exceeding 2* is required to break the pairs. This frequency
threshold is known as the gap frequency.

According to the BCS theory, the energy levels of the electrons just above and
below the Fermi energy Er are separated by the energy gap 2A when the material
enters the superconducting state [9-12]. Intuitively, no quasiparticle states are
expected within this energy gap. Contrarily, however, experimental measurements
have shown that this is not the case at all. The quasiparticle states discovered within
the energy gap are referred to as intragap states in [13-17].

To account for the presence of intragap states, Noguchi et al. [16, 17] extended the
BCS theory to develop a modified complex conductivity model for superconductors.
Unlike the real gap energy predicted by the traditional BCS theory, however, Noguchi
et al. introduce a complex gap energy, A = A; + jA,, where both A; and A, are real
values, with A, aligning with the real gap energy defined in Eq. (4). Noguchi et al.
selected niobium (NDb) as the superconducting material, with a critical temperature T,
of 9.2 K, an energy gap at 0 K of 2A(0) = 3.05 meV, and a normal-state conductivity
6, = 1.57 x 107 S/m [10]. In actual Nb films, the imaginary component of the energy
gap A, is observed to be 10~* of the real component A; [16, 17]. The surface resistance
of superconductors estimated using this new formulation closely matches
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experimental measurements. By extending the formulation in [18], the complex con-
ductivity can be expressed as [10]

dE,

—jor _ 2 Jw f(E,) —f(E, + ho)]|(E,* + A* + hoE,)

& (B2 - a2 [(EV + hw)? — AZ} v
1 (Mo ] 2 (E, — ho)) (E,z + A2 fza)Er)
hw —Aq (Erz . A12>1/2 |:(EV . ha))2 . A12:| 1/2
[0 2 B [(An ) (A2 4 — he) + A7)
hw —Ay [(Al +]E 2]1 |: Al +]E _ hw)Z _ A2:| 1/2

jo(° [1—2f(Ar +jE)][(Ar +E;) (Ar® +JE; + ho) + A?]
} 1/2

oy hw

dE,

(10)

dE;

T [(Ag +E;) — A2V [(8g +E; + o)’ — A2

where E, and E; are the real and imaginary parts, respectively, of the complex
quasiparticle excitation energy E; = 2 is the reduced Planck’s constant; w is the
angular frequency; and o, is the normal state conductivity. The real part of the
integrals represents quasiparticles excited thermally and by the fields above the gap
frequency f,, while the imaginary part represents the contribution from Cooper pairs.
Notably, the last two integrals on the right-hand side of (10) account for the contri-
bution of quasiparticles and Cooper pairs in the intragap states. The function f that
describes the Fermi-Dirac statistics is expressed in terms of E as

1

fB) = 1+ exp (E/kgT) (11)

5. Types of superconductors

In general, superconductors can be classified into two categories: those that adhere
to the principles of the BCS theory and those that do not, known as nonconventional
superconductors.

Superconductors that comply with the BCS theory are low-temperature supercon-
ductors (LTSs), which can be further divided into Type I and Type II. The key
distinction between Type I and Type II superconductors is that Type I is characterized
by the complete expulsion of magnetic fields, exhibiting a single critical magnetic
field. In contrast, Type II superconductors allow partial penetration of magnetic fields
and possess two critical magnetic fields, enabling them to maintain their
superconducting state under higher magnetic field strengths. Examples of Type I
superconductors include lead (Pb), mercury (Hg), and tin (Sn), while examples of
Type II superconductors include niobium (Nb) and iron-based superconductors.

Nonconventional superconductors are those that do not fully adhere to the BCS
theory and exhibit some exotic properties. High-temperature superconductors (HTSs)
are a type of nonconventional superconductors. These types of superconductors typ-
ically possess a critical temperature (T,) above 30 K, with some exceeding the boiling
point of liquid nitrogen (77 K). Examples of HTSs include yttrium barium copper
oxide, bismuth strontium calcium copper oxide, and mercury barium calcium copper
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oxide. There are also superconductors with low T, that do not comply with the BCS
theory. Examples of these nonconventional superconductors include heavy fermion
superconductors, organic superconductors, and iron-based superconductors.

6. Conclusion

Since their discovery in the early twentieth century, superconductors have been a
fervent area of research, primarily due to their remarkable ability to exhibit zero
resistance and expel external magnetic fields. The growing understanding of super-
conductivity over the years has paved the way for various practical applications that
underpin the significance of superconductors in modern technology. These applica-
tions span diverse fields, including biomedicine, security, and transportation.

For instance, superconducting magnets are employed in magnetic resonance
imaging (MRI) devices because of their strong and stable magnetic fields. By leverag-
ing their zero-resistance feature, superconductors also enhance electrical grids,
improving power transmission efficiency. Additionally, superconductors are used to
construct magnetic levitation trains (Maglev) for high-speed rail systems. By levitat-
ing above the ground, Maglev trains can reach speeds of more than 400 km/h.
Furthermore, superconductors play an integral role in the operation of particle accel-
erators and fusion reactors, which are vital for advancing scientific research.
Superconducting circuits also hold significant potential in the field of quantum com-
puting, presenting exciting prospects for future technology. There is no doubt that
advancements in our understanding of superconductivity can enhance the standard of
living for humanity.
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Chapter 2

Thermoelectric Properties of
Superconductor Quantum Dots
Hybrid Devices

Aridaman Singh Chauhan, Bhupendra Kumar and Ajay Singh

Abstract

The study of supercurrent transport in hybrid superconductor quantum dot
mesoscopic devices has been a prominent area of research for several decades due to
its promising applications in nanoelectronics. This review provides a theoretical per-
spective on Josephson transport within these hybrid superconductor quantum dot
systems. We begin with a concise overview of essential theoretical concepts, including
Bardeen-Cooper-Schrieffer (BCS) mean-field theory, Josephson effects, quantum
dots, and Andreev bound states. Initially, we examine the Josephson and thermal
transport through uncorrelated double quantum dots (single-level) arranged in a T-
shaped side-coupled configuration and situated between two Bardeen-Cooper-
Schrieffer (BCS) superconducting leads, modeled using the single-impurity Anderson
model’s Hamiltonian and solved via Green’s equation of motion technique. Subse-
quently, we review the current-phase relationship and the corresponding energy-
phase relation of Andreev bound states (ABSs) for different quantum dot energy
levels relative to the Fermi level and interdot-hopping parameter at absolute zero
temperature. Finally, we explore the thermoelectric transport properties across the
junction, analyzing the behavior of the Josephson supercurrent and quasi-particle
current through the quantum dots under varying interdot-hopping, thermal biasing,
and quantum dot energy level positions.

Keywords: quantum dots, superconductivity, Josephson transport, z-junction, single-
impurity Anderson model, Andreev bound states (ABS), BCS theory, Green’s equation
of motion technique, thermoelectric transport, hybrid superconductor devices

1. Introduction

A superconductor-quantum dot-superconductor (SC-QD-SC) Josephson junction
can be made by comprising a quantum dot between two Bardeen-Cooper-Schrieffer
(BCS) superconducting electrodes. This configuration allows a direct current (DC)
Josephson supercurrent to traverse the junction even without an applied voltage,
primarily because the supercurrent is highly sensitive to the phase difference between
the superconductors. Nanofabrication techniques have revolutionized the ability to
fabricate devices in which superconducting and/or normal leads are connected to
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quantum dots (QDs). These hybrid devices, known as mesoscopic devices, exhibit
distinct characteristics owing to their nanoscale dimensions, which range from 100 A
to 1 ym, and electronic properties markedly different from those of bulk materials [1-
4]. Quantum dots possess discrete energy levels, which can be modulated either by
adjusting the gate voltage or by altering the quantum dot’s size [5, 6]. In a Josephson
junction where the insulation barrier is replaced with a quantum dot, both quasi-
particle (single electrons) tunneling and Cooper pairs tunneling play critical roles in
facilitating charge transport. By carefully controlling these parameters, one can effec-
tively influence the behavior and characteristics of the supercurrent flowing through
the junction. Utilizing quantum dots enables precise regulation of the current that
flows through these junctions, which was not feasible in the case of standard Joseph-
son junctions. Additionally, numerous researchers have investigated the charge trans-
port characteristics of Josephson junctions incorporating double quantum dots. By
manipulating the quantum dots’ properties, such as their energy levels and coupling
strengths, it is possible to achieve a high degree of control over the supercurrent and
other electronic properties of the junction. These studies have provided valuable
insights into the complex interactions and mechanisms governing charge transport in
these advanced quantum systems. Recent comprehensive reviews and detailed analy-
sis on the electronic transport properties of single along with double QD-based
Josephson junctions can be found in Refs. [7-12]. These reviews offer in-depth ana-
lyses and discussions on the mechanisms of charge transport, highlighting the unique
behaviors and phenomena observed in these systems.

Conversely, the thermal transport characteristics of Josephson junctions (SIS) and
those incorporating quantum dots have not been extensively studied, primarily due to
the limited temperature range within which they function. However, there has been a
growing interest in the thermal transport characteristics of these Josephson junctions
in recent years. Although research in this area is still emerging, some recent studies
have begun to investigate the thermal transport behavior of QD-based Josephson
junctions, particularly when both leads are superconducting in nature. These
pioneering studies are starting to illuminate the mechanisms of heat transfer in these
complex systems, contributing to a more comprehensive understanding of their ther-
mal behavior.

The thermoelectric transport properties of the above-discussed QD-based Joseph-
son junctions, driven by both phase and temperature variations, can be analyzed by
examining two types of currents: quasi-particle current and Cooper pair current. A
thermal gradient across the junction causes a current induced by quasi-particles out-
side the superconducting gap to flow across the junction. In the SC-QD-SC configu-
ration, the quasi-particle current is the primary contributor to thermal transport. The
pair current, also referred to as the Josephson supercurrent, traverses the junction
without any voltage or temperature difference between the superconducting (SC)
leads. This Josephson current is influenced by the phase difference between the SC
leads. By understanding these distinct currents and their respective roles, one can gain
valuable insights into the complex transport phenomena occurring in quantum dot-
based Josephson junctions (Figure 1).

In this review, we present an analysis of the thermoelectric transport characteris-
tics in a system comprising uncorrelated double quantum dots, arranged in a T-shaped
configuration and coupled to two superconducting leads. In this setup, the primary
quantum dot (QD,) is directly connected to the superconducting leads, while the
secondary quantum dot (QD,) is connected to the primary dot but not to the leads
[7, 8]. To investigate the thermal transport properties of this T-shaped DQD
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Figure 1.
Uncorrelated T-shaped/side-coupled Double Quantum Dot (DQD) Josephson junction.

Josephson junction, we utilized the Green’s equation of motion technique. Initially, we
examined how the interdot-hopping strength (¢.) and quantum dot’s energy levels (&;
and &) affect the supercurrent. Subsequently, we calculated the total current, which
includes both the quasi-particle current along with the Josephson supercurrent (due to
Cooper pairs), for various temperature differences (AT). By doing so, we aim to gain
a comprehensive understanding of the thermal as well as electronic transport in this
intricate quantum system.

2. BCS mean-field theory

BCS superconductors, named after Bardeen, Cooper, and Schrieffer, who devel-
oped the theory in 1957, are a class of materials that exhibit zero electrical resistance
below a critical temperature. This phenomenon occurs due to the formation of Cooper
pairs, where electrons with opposite spins and momenta pair up as a result of their
interactions with lattice vibrations (phonons). This pairing leads to the creation of a
superconducting energy gap (A) in the electronic density of states below the critical
temperature (T¢c) BCS superconductors are characterized by macroscopic quantum
coherence, enabling phenomena such as persistent currents and the Josephson effect,
which are critical for applications in quantum computing and advanced sensing tech-
nologies. These materials include elemental superconductors like lead and niobium, as
well as more complex compounds such as cuprates and iron-based superconductors,
which can exhibit high-temperature superconductivity. Practical applications of BCS
superconductors range from medical imaging devices like MRI machines to particle
accelerators and highly efficient power transmission systems, making them essential
for both fundamental research and technological innovations. These junctions consist
of two superconductors separated by a thin insulating barrier. The Josephson effect
allows a supercurrent—a current with zero electrical resistance—to flow across the
junction, influenced by the phase difference between the left and the right
superconducting wavefunctions on either side of the barrier. This phenomenon has
significant implications for both fundamental physics and practical applications in
technology [13-15].

It was a known fact in superconducting physics that Fermi sea gets unstable due to
the electronic scattering in the quantum states |k, 1) and | — k, ). [14] Thereafter,
Bardeen, Cooper, and Schrieffer formulated an ansatz for the new superconducting
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ground state [13, 15, 16]. The basic idea was that electrons with opposite spin and
momenta would interact attractively due to distortion by the surrounding lattice
(electron-phonon interaction) and form Cooper pairs, and the ground state is a
superposition of multiple states that are built up of such pairs. The ansatz reads

wacs) = [T (e + vucfnct i, )10}, (1)
k

where |0) corresponds to the vacuum state and uy, vy are arbitrary complex
coefficients.

The variational ansatz used above gives us an approximation of the many-particle
superconducting ground state, but it does not allow us to predict thermodynamic
properties.

Despite being a variational ansatz, it lacks much insight into the conceptual char-
acter of the approximation. Hence, instead of that superconductors at finite tempera-
tures within mean-field theory must be considered, that provides a brand new
perspective on the gap equation.

We start again from the Hamiltonian

1

— i Tt

H= szkckacko + N kak’ckq\C—k,\Lka’,sl,Ck’T' (2)
c KK’

A mean-field approximation replaces the products of two operators, say A and B
according to

AB = (A)B— (A)(B) + A(B). 3)
Hgcs = kaffwcka + %kak’
ko KK (4)

Tt A Tt
(<Ck1\c—k,¢>67k',\bck"r - <Ck¢07k,¢><ﬁk’,¢fk’¢> +Ck¢ﬁk,¢<f—k/,¢ck’¢>)~

We define
1
Ak#z _ﬁzvkk/<(:*klwbck/1‘> (5)
K
so that
. 1 tf
Al( = _szkk/<ck/1‘67k,,¢>' (6)
kl
Hpcs = kac]ﬁﬂckg — ZA{; € k,4Ckt — X:Akc;‘wcik’¢ + const. @)
ko k k

The constant has little bearing on the derivation that follows. Given that Hgcs is
obviously bilinear with respect to c, ct, it characterizes an effective non-interacting
system. Unexpectedly, terms like cc and c'c' can be found in Hpcs that do not conserve
the electronic number. As a result, we anticipate that Hgcs's eigenstates lack con-
served electron numbers. This is peculiar because it is never observed that states with
different quantities of electrons can superimpose (Figure 2).
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Ey

Figure 2.
Energy dispersion velation in superconductors [11].

3. Transport in superconductor-quantum dot systems
3.1 Josephson effects

A supercurrent flows between two superconductors separated by an extremely
thin insulating barrier, creating a Josephson junction, as part of the quantum
mechanical phenomenon known as the Josephson effect (Figure 3) [18].

3.1.1 DC Josephson effect

The DC Josephson effect occurs in the absence of an external voltage. In this
scenario, a direct current (DC) can flow across the junction due to the quantum
mechanical tunneling of Cooper pairs, which are pairs of electrons with opposite spins
and momenta. The supercurrent (Isc) depends on the phase difference (¢) between
the superconducting wavefunctions on either side of the junction, following the rela-
tion Isc = Icsing where I is the critical current—the maximum supercurrent that can
flow through the junction without resistance.

| P, . . :
i ‘pl= \/51@% E i ‘I-‘J: \/F)zcilf‘: E
E In\uhi:ting i‘il:i'I'EL'I' E
Superconductor Superconductor
¥ Y,

1 2
Cooper pair
09 >

Figure 3.
Cooper pair tunneling in a standard Josephson junction. Figure from vef. [17].
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3.1.2 AC Josephson effect

In contrast, the AC Josephson effect occurs when a constant voltage is applied
across the Josephson junction, resulting in an alternating current (AC) supercurrent.
The frequency of this AC current is directly proportional to the applied voltage,
described by the relation f = %, where ¢ is the elementary charge and h is Planck’s
constant. The applied voltage induces a time-dependent phase difference, leading to
an oscillating supercurrent. This effect is notable for its ability to produce high-
frequency electromagnetic radiation and is crucial in various technological applica-
tions (Figure 4).

3.2 Quantum dots

Quantum dots are semiconductor nanostructures renowned for their unique
quantum mechanical properties, particularly the size-dependent energy levels they
exhibit due to electron confinement in all three dimensions. These nanoscale struc-
tures effectively act as artificial atoms, with energy levels that can be finely tuned by
altering their size [19-22]. The first hint of zero-dimensional quantum confinement
was given by Ekimov in 1980 [23]. Larger quantum dots possess closely spaced energy
levels, while smaller ones feature larger energy gaps between these levels. This size-
dependent quantum confinement not only influences their electronic structure but
also dictates their optical properties. Quantum dots can absorb light at specific wave-
lengths determined by their size and emit light at shorter wavelengths, a phenomenon
crucial for applications in high-resolution displays, advanced lighting systems, and
precise biomedical imaging techniques. Understanding and controlling these quantum
properties of energy levels and size are pivotal for harnessing quantum dots in a wide
array of technological innovations, from quantum computing to next-generation solar
cells and beyond.

3.3 Andreev bound states

The Andreev bound states are fundamental phenomena in superconducting sys-
tems, particularly at the interface between a quantum dot or another mesoscopic

Current

Figure 4.

I-V Characteristic plot of a Josephson junction, DC current flow under negligible bias up to a critical supercurrent
I.—this comes under the DC Josephson effect. As the voltage bias exceeds V. the junction has a finite resistance, but
the current develops a periodic component of frequency w = 2eV /h—this is termed as AC Josephson effect
(Figure 5).
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Figure 5.

(a) Various quantum dots coupled to a superconductor: Recent fabrication advancements made it possible to
sandwich QD with normal or/and superconducting leads and study the electronic transport across such junctions
(Fig. adopted from vef. [2]). (b) Schematic of a QD, in the shape of a disk, connected to source and drain
terminals by tunneling junctions and to a gate terminal by a capacitor-like junction (Fig. adopted from vef. [17]).

structure and superconducting leads. These states originate from multiple Andreev
reflection (MAR) processes, which occur when an electron with energy below the
superconducting energy gap (A) interacts with the superconductor. During MAR, the
incident electron pairs with a second electron of opposite momentum within the
superconductor, forming a Cooper pair, while simultaneously creating a hole in the
quantum dot with nearly identical momentum but opposite velocity. The energy
conservation laws dictate that the energies of the incoming electron and the resulting
hole relative to the Fermi level of the superconductor are symmetric around the Fermi
level. This symmetry allows for the formation of discrete bound states within the
superconducting energy gap, known as Andreev bound states. These bound states
manifest as two-level systems: one state resides below the Fermi level (sub-gap state),
and the other resides above it (above-gap state) (Figure 6) [9, 10, 24].

4. Formulation
4.1 Hamiltonian
Using the second quantized BCS Hamiltonian discussed above and an extended
Anderson impurity model, we write the Hamiltonian corresponding to the electronic
transport across the junction, after which the thermoelectric transport properties of
the T-shaped DQD Josephson junction are analyzed [7, 11, 25, 26]:
I:I = I:I leads T I:I QD + I:I tunnel + I:I interdot-hopping (8)

where

Hieads = Zekaczg,acka,a - (ZA“CZT,aCik\L,a + hC) 9)

koya ka

2
I:IQD = Z Zeidjadi” (10)
i=1 ©
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Figure 6.
Andreev bound states in Josephson junctions [12].
Huumnel = Y ViaCl, o810 + hoc. (11)
koya
Hinterdot-hopping = Ztc (d},das +h.c.) (12)

where h.c. denotes the Hermitian conjugate.
The term Hjeaqs describes the left and right superconducting (SC) terminals
(a€L,R). The first term represents free electrons in the SC leads, where c};w (Choa)

are the creation (annihilation) operators for electrons with spin ¢, wave vector k, and

energy € ,. The second term in Hieads corresponds to the BCS part, providing infor-
mation about Cooper pair interactions and the temperature-dependent SC gap.

An(Tq) = Ag tanh{1.74 (kBT” - 1) } (13)

kgT,

given that Ag = |Agle'? is the superconducting (SC) gap and ¢, is the phase of the
SC leads, T, represents the critical temperature of the SC leads, T, is the temperature
of the SC leads, and kjp is the universal Boltzmann constant.

The Hamiltonian term Hqp describes the side quantum dot (QD,) and the main
quantum dot (QD;). Here, d}; (d;;) denotes the fermionic creation (annihilation)
operator for electrons with spin ¢, and #,,, = d} d;, is the corresponding number
operator. The energies of QD, and QD, are represented by €; (i = 1,2). For simplicity,
onsite intradot-Coulomb interactions U; are assumed to be negligible.

The tunneling part of the Hamiltonian, Hunnel, describes the interaction between
the energy level of the main QD and the SC leads with an interaction strength V.
Additionally, symmetric coupling is assumed, with the coupling strength of QD; to
the left and right leads being Vi1 1 = Vi r.

The final term, H interdot-hopping» describes the electronic interaction between the two
quantum dots with a hopping strength z.. Note that the SC leads and QD, do not
directly interact.

20



Thermoelectric Properties of Superconductor Quantum Dots Hybrid Devices
DOT: http://dx.doi.org/10.5772/intechopen.1008416

The Bogoliubov-Valatin transformation is employed in order to diagonalize the
BCS term.

Ckp = Uy, Pry + Ukﬁim (14)

ik\L = ukﬂi}ﬂ, - Ul:ﬂk'r (15)

H = ZEka (ﬁ;q\aﬂk’ra +ﬂik¢,aﬂ—k¢d)
ka

4

+Z(Vkau1: 'BZTale + Vk(xu:ﬁik¢ad1¢)
ka

+Z(V;aukd11‘ﬁk1‘(l + Vl:aukd;l,ﬁ—kxb(x)
ka

+kaavk (B_ryafrr = Brradry) (16)

ka
+ZV]:(ZUI: (dITﬂ—k\La - dIJ,ﬂkTrz)
ka
+€1 (d1¢d1q~ +d1¢d1¢)
e (Ao +df day )
+I, (dIszT +d;r¢d2¢ +d;1\d1¢ +d;¢d1¢>

where E}, is nothing but /e + |A4|” which is the excitation energy of the quasi-

particles in the superconducting terminals. The coefficients v;, and #;, can then be
rewritten as:

1 “
=5 | 1+ == (17)
\/ €+ A
1 .
o =5 |1 - —== (18)
e, + A

Green’s EOM method (EOM) is used to solve the effective Hamiltonian discussed
above [7, 25, 26]. The T-shaped double quantum dot Josephson junction system’s
thermoelectric transport properties can be computed using the Retarded Green’s
function (single particle) of the main quantum dot QD;, which is defined using
Zubarev’s notation [25]:

((ds(0:d}(0))) = =i6(0)({d(2),d}(0)} ) (19)

The above retarded single particle Green’s function in k-space should satisfy EOM
written below:

o((dald)),, = ({dodl} ) + (o H]_1d1)), (20)
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Using the above equation and Hamiltonian, we get a closed system of six coupled
equations, which are solved to obtain the final expression of Retarded Green’s func-
tion (single particle) of the main QD with spin ¢ = 7 (calculations are skipped):

tZ
w—‘rel_wﬁiez_ll

S e e (e e

(21)

The diagonal in the aforementioned Green’s function is represented by the values
I; and I, whereas the self-energy’s off-diagonal portion, or I3, relates to the induced
pairing caused by the direct coupling of the main QD and SC leads.

The expressions for I, I, and I3 are

Fa . F(
L=bL=- Y |——=2_6a|o|)+i 0 0(|w|-A) (22)
ae{l,R} \ /A2 — @? w? — A2
I',A, . A,
I;=— Z 2% 9(A—|w|) +1i 0(|w|—A) (23)
ae{L,R} A — a? w? — A2

4.2 Supercurrent and quasi-particle current

In Ref. [7], a comprehensive derivation detailing the phase-driven Josephson
supercurrent and thermal-driven quasi-particle (QP) current is provided. The
expressions for these currents, as directly utilized in this study and also referenced in
[7, 8, 26], are explicitly stated as follows:

2 A2 _
ISC = 226: Jda) wl;a_AZ(zxf@))Im |:1T3)):| (24)
=3 | Ao T, Re (p(w)im -G ()| AT 25)

Here, f(w) is the Fermi-distribution function, p(®) is the generalized density of
states,AT is the thermal bias (in linear regime), and A(w) is the denominator of
Retarded Green’s function of the main QD.

In a standard SC-QD-SC junction, it is known that the supercurrent consists of
two parts: the continuous part that is because of the electrons that lie above and
below the SC gap region, while the discrete part lies within the SC gap. The expression
above for the supercurrent, when divided into two integrals as discussed above, can
then be solved by direct integration in the case of the continuous part and by solving
the poles of the Green’s function in the case of the discrete part. The major contribu-
tion comes from the discrete part of the supercurrent in the case of SC-QD-SC
junctions. The poles of the Green function that lie within the SC gap are nothing but
Andreev bound states, which are responsible for the electronic transport. In the case
of a single QD sandwiched between two superconducting leads, two poles
representing a pair of ABS are obtained: one below the Fermi energy and one above
(equal but opposite signs).
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5. Thermoelectric transport in T-shaped DQD Josephson junction

In this section, we reproduce and review the numerical results and provide analysis
for the T-shaped DQD Josephson junction, focusing on the transport properties of
uncorrelated quantum dots [7, 16]. Throughout our investigation, we use the
superconducting energy gap (Ag) at absolute zero temperature as our energy refer-
ence, where Ay is expressed in milli-electron volts (meV).

In the case of the T-shaped DQD junction, we get two pairs of Andreev bound
states, unlike the case discussed above when solving for the poles of the single particle
Retarded Green function because of the presence of a side quantum dot. Moreover, an
SC-QD-SC junction behaves as a 7 junction when the energy level of the main QD is at
the Fermi level(E = 0), and the supercurrent reverses its direction when € = z con-
dition is satisfied as the ABS’ become degenerate and their energies cross the Fermi
level, leading to resonant tunneling that causes the supercurrent to enhance and reach
a maxima when this condition holds. When QD, is considered, the supercurrent no
longer behaves as a 7 junction for €; = 0 and I, VS 6 plot shows a sinuous line shape
instead of a discrete jump at 6 = z. Thus, a question arises about what relation or
condition the parameters must satisfy in a T-shaped DQD junction for it to behave as a
7-junction.

When the relation €15 = tf is satisfied in a T-shaped junction, one pair of Andreev
bound States (ABS) crosses at precisely E = 0 and becomes degenerate, causing the
junction to behave as a « junction and resulting in the reversal of the supercurrent
direction at 6 = 7.

In Figure 7(a), the current exhibits a sudden jump at = 7 when the condition
€1€; = 7 is met. Analytically, this condition can be derived from the expression

A(w) = 0, where A(w) represents the denominator of the retarded single particle
Green’s function of the main quantum dot QD;. When the ABS intersect at E = 0,
solving A(w = 0) and subsequently setting 6 = z straightforwardly yields e;e; = 2.
This signifies that one pair of bound states becomes precisely degenerate at the Fermi
energy, leading to a noticeable jump in the supercurrent at = z. Furthermore, the
condition €;€; = 2 also corresponds to achieving the maximum critical current in the
system.

1
. 7023, 0.015f
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Figure 7.
(a) I vs. ¢ for various €, under the condition e,e, =2 andt? =T = 0.1 and (b) I vs. (¢) for different values
of t. at absolute zero temperature; I' = 0.1A,, €, = —1.0A,, and &, = 0A,.
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As the interdot-hopping parameter increases, Figure 7(b) illustrates that the
supercurrent is notably suppressed. This suppression arises because increased cou-
pling between QD; and QD, facilitates electron tunneling into QD,. This process leads
to destructive interference between the two transport channels, ultimately
diminishing the magnitude of the supercurrent. Consequently, when ¢, > 0, the sys-
tem ceases to function as an ideal transmitting channel, as it does in the case of , = 0
(SC-QD-SC junction). A deeper insight into the reduction of supercurrent can be
gained by examining how the energy levels of the quantum dots (QDs) split due to the
interdot-hopping parameter. Specifically, when ¢, # 0, the energy levels of the QDs
split into two distinct levels, denoted as €; = €; = .. As the interdot-hopping strength
increases, these split energy levels €; move further away from the origin (Fermi level).
Hence, on increasing t,, ABS drifts further away from the Fermi surface (refer
Figure 8(b)). This shift results in a reduction of the supercurrent, as the effective
coupling between the QDs and the superconducting leads diminishes with increasing
interdot-hopping, thereby influencing the overall transport characteristics of
the system.

Figure 8 describes the behavior of the two pairs of Andreev bound states as
discussed above for different tunable parameters. Figure 8(a) shows the ABS’s

0.8 _r1=0.20_\.0
—_— —n.sogu
0.75 €, =0.804,

E Aas(i” Al

&(in radian)

(a)

Erust® 39
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3
¢(in radians)

(b) (c)

Figure 8.

(a)Eaps VS ¢ is plotted for various e, values with e, and €, being related by e,e, =12 witht> = I = 0.1(Only
the portion above the Fermi level is shown lying in the interval [0, A]) (b)Eaps VS ¢ is plotted for various t. with
e, =€ =0and I’ =0.1A, (c)Eaps VS ¢ for different €, with e, = 0, t, = 0.36A, and I' = 0.14,.
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Figure 9.

(a) Critical supercurrent versus €, is plotted for various t.. (b) Critical supercurrent versus €, is plotted for various
€,. For given t,, I, shows a local maxima at €, = o with the side quantum dot’s energy at the Fermi level(e, = 0)
(inset). Graphs veproduced from [11].

corresponding to the parameters of Figure 7(a). Clearly, one can observe that a single
pair of ABS becomes degenerate at the Fermi level (as the ABS are symmetric about
E = 0, only the positive region of the superconducting gap is shown) and at 0 = =
when €;€; = £2 holds. In Figure 8(b), one can observe that the two pairs of ABS get
further away from the Fermi surface with increasing magnitude of interdot-hopping
strength (refer to the explanation of Figure 7(b)). In Figure 8(c), ABS cross each
other only at ¢; = 0 and 8 = # but they remain non-degenerate and drift apart for
increasing values of €,. This leads to the suppression of the magnitude of the super-
current when the energy of the side quantum dot is at the Fermi level. (Refer inset of
Figure 9(b)).

Figures 9 and 10 represent the critical value (maximum value over the 2z period
of the superconductor’s phase) of the supercurrent varied with different junction
parameters and are discussed below.

In Figure 9(a), we observe a symmetric peak between the critical supercurrent
and ¢, for various values of the interdot-hopping parameter while fixing e; = 0. The
figure being symmetric about the Fermi energy (E = 0) represents the electron-hole
symmetry in the superconducting leads. Moreover, the peak occurs at €; = 0 as the
electrons flow through the system smoothly when the energy level e; aligns with the
Fermi energy. However, when the side quantum dot QD, is taken into account with
some finite value of interdot-hopping parameter and its energy level €; = 0, electrons
tunneling through QD tend to also tunnel into QD,. This scenario leads to destructive
interference between the two paths, resulting in a reduced supercurrent despite €;
being close to the Fermi level. QD, effectively acts as an impurity, scattering incident
electrons or Cooper pairs.

In Figure 9(b), the critical supercurrent is plotted against €; for various values of
€;. Constructive interference begins to manifest as €, moves away from the Fermi
energy. An additional peak emerges, and the original peak at €¢; = 0 becomes asym-
metric. The reason for this remains the same: when the condition e¢1¢; = tf holds, a
pair of Andreev bound states aligns with the Fermi level, facilitating electronic
transport.
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(a) Critical supercurrent versus e, is plotted for various t.. A line shape that resembles a typical Fano line
(asymmetric in nature) when €, is non-zero with a local minima at €, = 0 and a peak that is formed according to
€€, =t2. (b) Critical supercurrent versus €, is plotted for various €,. A minima at €, = 0 and a maxima at

€, = =, Graphs reproduced from [11].
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Figure 11.
(a) I, VS ¢ is plotted for various values of AT (b) Iy, + I, VS ¢ is plotted for various values of AT in the linear
regime; I' = 0.1, t, = 0.2, €5, = —1.0A,, and €;, = 0,

In Figure 10(a), the critical supercurrent versus ¢; is plotted for various t,. We
observe a Fano-like line shape that can be adjusted by varying t.. The Fano line shape,
often observed in spectroscopy and other areas of physics, describes an asymmetric
resonance profile resulting from the system’s response due to the constructive and
destructive interference between a discrete resonant state and a continuum of states.
This interaction leads to a distinctive resonance that is not symmetric like the
Lorentzian profile typically seen in simple resonance phenomena. In the T-shaped
junction, the superconducting DOS represents the continuum, while the hybrid
energy level of QD and QD, represents the discrete quantum state. This interference
modifies the line shape from a symmetric Lorentzian peak to an asymmetric profile,
reflecting the complex interaction dynamics. The interference effects, both construc-
tive and destructive, are more pronounced with higher ¢, values as seen in Figure 10
(a). Specifically, the Fano dip minima remain fixed at €, = 0 for smaller critical
supercurrents, while the local maxima shift further away from the Fermi level as the
critical current magnitude increases. In Figure 10(b), we depict the critical value of I,
versus €, for different values of €;. The Fano maxima can be adjusted, causing the
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peak’s position to shift from the right side when €, > 0 to the left side when ¢, <0,
depending on the variation of €;. This plot again clearly illustrates hole-electron
symmetry. Notably, the effective Hamiltonian H remains unchanged under the trans-
formation d; to d; and (e1, €2) to (—ey, —€3), highlighting that the supercurrent satisfies
I(—€1, —€2) = I(€1, €2).

In Figure 11a and b, quasi-particle current and the total current are plotted against
¢ for various values of thermal bias, respectively. The junction shows a finite (lesser
magnitude compared to I,;) thermal response attributed exclusively to the quasi-
particle current induced when a small thermal bias (in the linear regime) is applied
across the superconducting leads. The magnitude of this thermally induced current
increases with the temperature gradient, whereas the supercurrent remains unaf-
fected. The shift in the sinuous-shaped total current I, in Figure 11(b) is only because
of the changing magnitude of the QP current with thermal bias across the junction.

6. Conclusion and outlook

We examine the thermoelectric transport properties of an uncorrelated T-shaped
DQD Josephson junction using the Green’s equation of motion technique. When the
coupling of QD, is taken into account, the Isc vs. ¢ relationship typically exhibits a
sinuous line shape, and the magnitude of the supercurrent diminishes as . increases.
This suppression occurs because the effective hybrid energy level of both the quantum
dots shifts further away from the Fermi level, inhibiting Cooper pair tunneling across
the junction within the superconducting gap. In this setup, the side-coupled quantum
dot acts as an impurity to the standard SC-QD-SC junction. When the condition €;e; =
t2 is met, a pair of Andreev bound states aligns with the Fermi level, facilitating
transport and resulting in a characteristic Fano asymmetric line shape. Specifically,
variations in €; and ¢, can modulate the Fano peak in the I, vs. €, graph, altering the
peak position.

The Josephson current follows the relation I(—e1, —€;) = I(€1,€;). When a small
temperature gradient is introduced across the SC leads, the junction shows a finite but
small thermal response primarily due to the current generated by thermally induced
quasi-particles outside the SC gap. The magnitude of the thermal current increases
with the temperature gradient, while the Josephson current remains unaffected.

The study of ABS’ and Josephson current is pivotal for advancements in quantum
computing and nanoelectronics. By controlling these elements in DQD-based Joseph-
son junctions, we can improve the efficiency and stability of quantum processing.
Josephson junctions are integral components of superconducting electronics, essential
for applications in sensing, metrology, and communication. Double quantum dot-
based Josephson junctions hold the promise of tunable supercurrents and distinctive
noise properties, setting the stage for innovations in future superconducting devices.

When considering the Coulomb interaction U on the quantum dot, obtaining an
exact analytical solution becomes challenging, requiring approximations such as
Hartree-Fock, Slave-Boson mean-field approximation, or diagrammatic perturbation
theory, as well as numerical methods like the Numerical Renormalization Group
(NRG) [27-33]. If the intra-dot Coulomb interaction is small relative to other energies
of the system, the dot’s behavior can be approximated as described in this study.
Conversely, strong Coulomb blockade prevents double occupancy, counteracting the
induction of superconducting features. Therefore, a thorough understanding of
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Andreev bound states (ABSs) necessitates investigating their evolution in relation to
various parameters, including gate voltage, intra-dot as well as inter-dot Coulomb
interactions, dot-lead tunneling strengths, and the superconducting gap. This remains
a highly active research area.

Additionally, this research can be extended to include multi-dot and multi-
terminal Josephson junctions, thereby broadening its scope and impact.
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Chapter 3
Non-Binary Cryogenic Memory
Cell Equilibrium Transition Control

Roland Harvey and Zhihua Qu

Abstract

In this chapter, a pulse-based method to facilitate equilibrium transitions in a
superconductor memory cell is developed. In a cryogenic environment, non-
dissipative storage of non-binary memory states has the potential to drastically
increase energy efficiency per operation and decrease the number of memory cells per
unit area. Memory cells in consideration are fabricated with Josephson junctions,
which are superconducting devices analogous to the classical bit. Dynamics of a
memory cell are identical to an array of coupled nonlinear oscillators, which have no
known analytic solution. Despite this difficulty, a novel closed-form control technique
is developed to design pulses that force stable state transitions in a memory cell.
Simulation results are shown to verify the proposed solution.

Keywords: Josephson junctions, coupled oscillators, multi-state transition, analytical
design, pulse control

1. Introduction

Classical computing technologies are approaching limits that have not yet been
reconciled. Quantum effects begin to take hold with smaller transistors which cur-
rently cannot be handled. Concerns of scalability and thermal management in relation
to power efficiency and surface area have been sufficiently explored and applied in
classical computing for personal computing. However, typical semiconductor-based
supercomputers are becoming prohibitively expensive to operate, even with no men-
tion of heat dissipation [1]. Semiconductor technology is ultimately restrictive, but
fortunately superconductor research and applications have proven to be a worthwhile
alternative. As superconductor technology develops, computing options are diversi-
fying. Cryogenic supercomputing has shown to be more energy efficient and faster
than classical counterparts, still with room to improve [2]. In [3, 4], advantages and
challenges of superconductor Josephson junction circuits are explained.

Josephson junctions are the building blocks of modern superconducting technolo-
gies. Recently, many fabrication techniques and device designs have been investigated
which have interesting characteristics. In [5], the authors observe relaxation dynamics
in a stochastic bosonic junction, while in [6], the author suggests that gravitational
waves can be emitted from the fast oscillations in a hybrid Josephson junction setup.
A novel design consisting of inherent orthogonality and a ferromagnetic interface is
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discussed in [7], which allows phase transitions by changing the direction of magne-
tization. While such properties are important discoveries, classical physical behavior
is investigated for application in the context of cryogenic memory applications.

Cryogenic memory cell fabrication techniques involve Josephson junctions, and
researchers have customized cells for efficiency and performance [8]. Architecture
and experimentation in cryogenic computing are popular topics [9, 10], however, few
approaches have been investigated with regard to scalable memory operation and
control. Recently, authors of Ref. [11] presented a computational approach to control
memory operations, while authors of Ref. [12] presented an energy-based pulse con-
trol design. In Ref. [13], an asymptotic solution for the Josephson junction model was
developed, however, accuracy of the approximation depends on parameters in the
given system. Applicable analytic options to approach this problem are lacking in
number, which is a primary motivator for developing such solutions.

Pulse-based control methods have been useful for various applications including
particle accelerator operation as shown in Ref. [14], electromechanical systems in
[15], and optics in Ref. [16]. Experimentally, Josephson junctions have been operated
by single flux quantum pulses or variations thereof [10, 17].

In the scope of this chapter, a memory cell consisting of an array of three Joseph-
son junctions is operated by an applied pulse. The pulse is injected only in a specified
discrete-time interval, while the dynamics of the system behave in continuous-time.
The nature of the Josephson junction array is represented by a coupled array of second
order nonlinear oscillators, which has no known solution. By combining a designed
pulse input based on energy dissipation of undamped oscillators and approximated
trajectories from selective linearization, a closed-form control technique is developed
that is capable of switching between any stable memory cell equilibria.

2. Problem formulation

Assuming operation in a cryogenic environment, it is well-known that a single
Josephson junction obeys the following equation according to the resistively shunted
junction (RS]) model:

av 1 .
Cg+§V+Icsm¢fv, (1)

where the voltage of the junction is defined as

_ hdg

and where 7 is Planck’s constant, e is electric charge, ¢ is phase, v is the driving
current, and C, R, and I, are the capacitance, resistance, and critical current of the
junction, respectively. In dimensionless units, Eq. (1) can be represented as the
following:

$+rd+sing=v 3)
with y = % %, which is the same equation as a nonlinear oscillator, or a driven

pendulum with a mass of 1 and damping term y. Just as a pendulum may swing “over
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the top” and its angle may occupy equilibria at multiples of 21, the Josephson junction
phase behaves the same.

Thus, combining Josephson junctions in superconducting memory cells have the
ability to generate and occupy multiple states. A schematic for such a device with
three junctions is presented in Figure 1.

The memory cell is governed by a set of dynamic equations that behave as coupled
versions of the nonlinear oscillator Eq. (3), which is presented as follows [18]:

%1 + 711 + singy = v+ py(dby — 1)

f?z + 72{?2 + sing, = v2 + py(P1 — b)) + pa(b3 — b2) (4)
$3 + 7303 + sing; =v3 + (¢ — ¢3)

where y; are the damping coefficients, uq, i, are the coupling coefficients based on
circuit components, ¢; is the angular position (junction phase), and v; is the driving
current input for each junction i € {1,2,3}. The structure of v; consists of an AC pulse
g;(ki,t) as well as a fixed DC bias current ¢; in the form of

v; =g, (kist) +ci, (5)

where k; is to be designed. It is assumed that J:’gi (k;,t) < o0, such that the nature of
g;(k;, t) is any finite-time pulse which is active in reading or writing time interval [to, #].

The objective of transition control is to design the pulse amplitude k; to facilitate
state transitions among equilibrium vector 7 = [y 1, #3]” € V', where A contains all

i

vl

v2

®

v3

Figure 1.
Memory cell schematic.
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possible combinations of memory cell triplets. Inherently, the solution to this control
problem is open-loop in the scope of this chapter due to the fact that a feedback
control would require continuous reading operations. Computations cannot be done
without an external controlling device to handle instructions, similar to that of an
arithmetic logic unit (ALU).

3. Nonlinear oscillator analysis

Although the nonlinear dynamics of (4) do not have a closed-form analytical
solution, there are certain properties and trajectory characteristics that allow for close
approximation of their behaviors. The pendulum-like nature of the dynamics assert
that there exist an infinite number of stable and unstable equilibria that are indepen-
dent from phase velocity and damping. Hence, in the subsequent analysis, undamped
companion systems are formed, then through energy analysis the trajectories are
corrected by including the work done by damping.

3.1 Equilibrium sets

Equilibrium points are determined from the steady state solution of system (4),
which are found by solving the following equations:

sing; = c1+ p1(¢y — 1)
sing, = ¢2 + py(h1 — ¢o) + 1o (3 — #2) (6)
singy = ¢3 + py(py — 3)-

Notice that the individual junction equilibrium points change when neighboring
junctions leave the initial equilibrium point.

In Figure 2, example partial phase trajectories are shown overlaid with a gradient
vector field. Indicated as red asterisks, the equilibrium points for #; = 1,2 are shown.

S N TN eSS
NN
N\ RN ks, :

RN e \\::

Figure 2.
Isocline trajectories with definitions of equilibria.
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Stable equilibrium points are denoted as ¢, (#;) while unstable equilibrium points are
denoted as ¢] (n;), defined in between ¢ (n;).

An additional degree of stability must be considered in the context of the RS] model.
As shown in Ref. [18], equilibrium state triplets are not always stable. In order to maintain
such unstable states, continuous control is required. Similar to the development in Ref.
[19], system (4) is linearized to determine the relationship between equilibrium states
and selected bias currents, which is shown in the following expression:

1= /41(451* (n1) — ¢y (”2)) + 5
2 = m (¢ (m2) — dy (m)) + (95 (m2) — p3 (n3)) + 95, @)
3 = Hy (3 (n3) — by (m2)) + 3 .

Here, denotes the value of the offset from 2z#;, while ¢ (#;) denotes the value of
the equilibrium point. It follows that the above systems can be solved as

-1 -1

¢1 p+1 —Hq 0 c1— p1(n1 —my)
by | = 1 mtmt+l  —p, X | e2 — pyr(na —n1) — py(na — n3)
b3 0 —H My +1 3 — pp(n3 —ma)

(8)

in which all angles are scaled by 2z. In the scope of this chapter, only stable
equilibrium triplets are considered, since discrete pulses are used as the control input.

3.2 Coupled linear oscillator trajectory estimation

Coupling introduces difficulties in phase plane analysis, for instance, phase trajec-
tories are interdependent on neighboring systems. Thus, adjacent junctions are con-
sidered as linear systems with no pulse injection. This method will guarantee that
while analyzing single junctions, the behavior of phase plane trajectories reflect
motion of neighboring junctions that is somewhat deterministic. Fortunately, results
for system (4) can be closely approximated by selective linearization of adjacent
junctions.

Since dynamics of all junctions are known, the neighbor’s behavior can be
predicted locally through linearization. The following lemma presents a generalized
form of approximating behavior of neighboring junctions in terms of oscillators, since
their dynamics are equivalent.

Lemma 1: The following equation approximately represents the behavior of oscillator i:

i+ vy + singy + wib; — Y _whi(¢) = 0, ©)
j

where function /;(¢;) accounts for the behavior of neighboring oscillator j which
only depends on the phase angle of oscillator .

Proof: Consider oscillator j as a neighbor of oscillator i. Treating the dynamics of
oscillator j as linear yields the following equation:

Xj + 1 + (1 +ﬂj)xj — i =0, (10)
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which has a well known solution:

x;(t) L [%(0) L s RKL
Lé@} = [xj<0>} ] B [hj(m}’ v
) 0 1 0
WlthA]‘: _(1+ﬂj) _yj‘|,Bj |J@] [ |

The nature of solution (11) considers ¢; as the only independent variable other
than ¢, which can equivalently be considered as an input. Hence, function %;(¢;) can be
calculated at junction 7 if the dynamics of junction j are known.

3.3 Estimation of dynamics from work

The loss of energy can be determined from the work that would be done by
damping, with respect to the force of damping f’, = 7,¢;(t), and the phase angle for
junction ¢ as

2 .
W) = j Fidd, (12)

From Ref. [12], it follows that within once cycle of period T,

T
Wi(t) =y, L drdt. (13)

It is also apparent that the damped system’s energy is less than the undamped
system’s energy subject to the work done by damping since the velocity of the
undamped system does not decrease while the damping approximation is applied. In
summary:

E? — W;<E,, (14)

in which W; may be expressed with respect to time or angle. An analytic expres-
sion for W;(¢;) was presented in Ref. [12] based on the elliptic integral, while the
integration over time can be easily obtained numerically.

Introduced in [12], the method of using undamped companion systems to predict
motion of the damped version is expanded upon based on Egs. (9) and (12). Since
Eq. (12) excludes coupled junctions, the neighboring system approximate behavior of
Eq. (9) provides a novel approach to the technique applied in Ref. [12]. The work done
including adjacent junction coupling is formed as follows:

W, = lehj(d’i)z + i (i () — &) |t (15)
j

where ¢); is an estimation of the phase angle of junction 7, which will be determined
subsequently. Recall that the square term depends on the linear adjacent systems,
which are not subject to pulse injections. This term is included to better model the
effect of the motion in junction j caused by junction i, estimated in junction i.
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The total energy equation for the undamped version of each junction is

k;E?
ot = goiz + cos @/ (n;) — cosg;, (16)

i

where &; denotes the unit energy of the pulse. By equating energies of the damped
and adjusted undamped systems and using the work-energy theorem, the estimated
companion system is determined from the above and Eq. (15) as

(Zi = \/(p,2 + 2(cos (}S,- —cosgp; — W, — Wi). 17)

Eq. (17) serves as a reference trajectory to approximate the behavior of the mem-
ory cell. Dynamics of system (17) are simulated in parallel and compared to the actual
system dynamics. Trajectories of the real system can be approximated well enough to
predict equilibrium state outcomes. The following section provides a method to design
pulse gains to achieve various memory cell state transitions.

4. Memory control design

The closed-form control synthesis requires two steps. First, regions of attraction
are classified for each stable equilibrium in each junction based on impulse control.
Second, pulse gains are designed based on linear objectives determined from impulse
regions of attraction. By ensuring the intersection of impulse trajectories with pulse
trajectories, a specified equilibrium can be achieved.

4.1 Impulse control

In between control pulses, the energy in the junction dissipates until an
equilibrium is reached, thus resulting in the state trajectory behaving as the
autonomous system with velocity initial condition ¢;(to) determined from the
energy in the system after a control pulse, and position initial condition
¢;(to) <z/2 mod 2x.

Shown in Figure 3, sample system trajectories are drawn in solid black, while
boundary trajectories are dashed. The blue lines indicate the velocity upper limit
for two separate equilibrium points, where the bottom endpoint is an unstable equi-
librium point. It can be seen that the phase portrait regions can be linearly approxi-
mated to predict which specific equilibrium boundaries should be considered. The aim
point is exactly equal to the desired equilibrium point. The slope of isoclines in the
phase plane are calculated by evaluating ¢;(t)/¢;(t). By extrapolating the initial
slope at zy, which is approximately equal to —y;, the initial velocity required is deter-
mined as:

i (n) = y;2mm (18)
which can be rearranged and generalized to form the equation of the red lines:

$:(t) = —1ipi(t) + ;. (ns), (19)

37



Superconductivity — Physics and Devices

Figure 3.
Equilibrium boundavies.

which is shown for two stable equilibrium points in Figure 3. Alternatively using a
graphical approach, the following linear equation serves as an objective of the pulse
control:

i(to)
¢;" (n:)

h;(t) = — ;) + ¢, (t0), (20)

which can be used instead of Eq. (19) if the the result of ¢;(to)/¢;* (n;) does not

equal —y;. However, values of ¢;(to) must be calculated ahead of time before the pulse.

Although the design is sufficient if impulse control is used, the application in
question does not operate under impulses, and thus we require a design of a pulse
control to reach the goal of the impulse velocity.

4.2 Pulse control synthesis

Computing operations in real time are generally governed by signals in the form of
pulses. A meaningful signal in classical computing is the clock pulse signal, which is
usually a square wave, and assists in the scheduling of memory operations. Typically
in experimentation, a single flux quantum (SFQ) gaussian pulse is used [20], and
recently sinusoidal microwave signals have been explored. For generalization, the
amplitude of the pulse, denoted as k; for the 7 th junction, will be designed, while the
type of pulse signal can be arbitrary.

Theorem 1.1 Consider system (4). To facilitate equilibrium transitions from state
n = {0,0,0} to state n = {n1,7,,n3}, the following gain is designed for a pulse injec-
tion at all three junctions:

*

kiz = (7’;2 + 1)4";'2 (Ef) =2y, (tf)ﬁbz (ni) + ¢i* (Vli)z
xi(to)]TeAitheAitf |:’Q‘ to)] (21)

(
xi(to) xi(to)

where A2 [AJAJ for representative system x = Ax, x € R".
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Proof: Given that system (4) behaves linearly in the time interval t € [to, tf} , the
following system is representative of the dynamics of a pair of junctions:

&i(t) +yiit) +xi(t) = fi() + (x5 — x1),

&j(t) + 7% () +x5(0) = £5(6) + gy (xi — x5), @

where f(£),f;(t) are input injections that have a nonzero value in the time interval
[to, ], and zero otherwise, and initial conditions x;(to), %i(t0), X; (o), %j(f0) are known.

Define the state vector as x = [xl Xi X x,] T such that system (22) can be written as x =
Ax whenf(t) f()—O t>tr, where

0 1 0 0
| A ) -y | o 0 STA A
A= 0 0| 0 1 = [A; | Af]. (23)
Hj 0 |-y —(I+p)

The solution to % = Ax is x(t) = e*'x(to) and we can determine that
T
x(tp) = eMx(to). I f (1)= [fi (t) f](t)} # 0, the total energy of system (22) is

2
1 1
E(t) ==xTox +=

2 2 (24)

thf (¢)de

to

Since pulses are designed before operation, their energy can be determined as a
vector of constants: [/ 'f (t)dt = k, such that the total energy at the end of the pulse is

1 1
E(ty) =3 [*x(20)] " e*x(t0) + 3 Ikl (25)
Then, linear Eq. (19) is used as the terminal pulse constraint:

& (tr) = —vithi(tr) + b (ns). (26)

Equating energies (24) and (25) while separating systems i and j yields:

T
b ) + #1(y) = r"(“)] eAtfeArf[x*tO) s
xi(to) %i(to) -
¢?(t)+¢2(t) - lxj(to)reAjtfeA]tf[xJ(tO) e
] f ] f x](t()) x](to) 7o

in which (26) can be substituted to result in (21) for i and j when solving for k; or
respectively ;. [ |

The same expression is valid for system j, which can be obtained simply by
substituting the index in the above equation. The effect of coupling from the adjacent
system is negligible in this time period, which is why y; can be ignored for system i,
and y; can be ignored for system j provided that y;, #; <1. Generally, the velocity
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Figure 4.
Example transition with Gaussian pulse.

during the pulse is much greater than the angle traveled. Next, we prescribe ¢, (tf) =
2+ ¢;" (n;) since we expect the angle to travel no more than z/2 rads away from the
current equilibrium point during the pulse. Now, pulse gain (21) results in a sufficient
amount of energy required to reach line (19), and only depends on the current
equilibrium point and desired equilibrium point from (18).

As shown in Figure 4, the intersection of the red line is close to the maximum
point of the trajectory. At that point denoted as a blue asterisk, all energy from the
pulse has been transferred to the system such that the system behaves autonomously.
Additionally, the maximum point is exactly at time #r. We see that the angle traveled is
no more than 7 /2, so our linearization approach for the time interval [to, tf] remains
valid.

For further verification, the following section presents simulation results
corresponding to specified stable memory states.

5. Simulation

System parameters are prescribed as follows [18, 19]:
Y1 = 07, Y2 = 11, ]/3 = 07,
1 = 1, ) = 08, 3 = —1; (28)
Hi = 01, Vi.

From the bias current values and coupling coefficients, the initial equilibrium
points are determined as:

$7(0) = (0.1992)2z, ¢ (0) = (0.1187)27, ¢} (0) = (—.1551)2z.  (29)

In Figure 5, a Gaussian pulse is applied to junctions 1 and 2 to achieve the specified
transition, which was chosen to exemplify the non-binary capability of the system.
The dashed lines represent the trajectories generated from (17), with the values of
work done by damping reset every cycle. However, we notice that the same transition
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can be achieved without applying a pulse to the second junction, as shown in Figure 6.
The same pulse in junction 1 is used in both simulations of Figures 5 and 6.

The corrected undamped trajectory design is scalable enough to design additional
transitions, such as the one shown in Figure 7. Even though the pulse magnitude is
significantly larger, the third junction remains at its zero equilibrium, while the effects
of coupling are absorbed into the second junction. Furthermore, since the state {3,1,0}
is unstable, the first equilibrium in junction 2 is bypassed. Therefore, certain transi-
tions can be optimized to use less total energy to achieve the same result. Although the
reason for such a transition in the case of Figure 6 can be attributed to the state
{2,0,0} being unstable [11]. Even when commanding a transition to an unstable state,
it is improbable that the system can settle there when behaving autonomously. Thus,
we can assume the reasonable behavior of junction 2 is to be forced out of its current
equilibrium due to coupling, and settle at the next equilibrium.

This phenomenon leads to lower energy requirements to reach certain memory cell
states if unstable triplet states are known. Furthermore, more options for pulse gains

— Oscillator 1
Oscillator 2
Oscillator 3
= = =Corrected 1
— — —Corrected 2

Figure 5.
Three-junction transition {0,0,0} — {2,1,0}.

— Oscillator 1
— Oscillator 2

Oscillator 3
= = =Corrected 1
— — —Correcled 2

Figure 6.
Three-junction transition {0,0,0} — {2,1,0}, single pulse.
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Oscillator 1
Oscillator 2
— Oscillator 3
— — —Correcled 1
— — —Corrected 2

Figure 7.
Three-junction transition {0,0,0} — {3,2,0}, single pulse.

Transition from {0,0,0} kq range

to {1,1,0} [2.0, 5.2]

to {2,1,0} [5.3,11.2]

to {3,2,0} [11.3, 17.2]
Table 1.

Single pulse transitions.

Transition from {0,0,0} min k; min k,

to {1,1,0} 0.7 0.6

to {2,1,0} 3.4 3.0

to {3,2,0} 8.7 8.6
Table 2.

Minimum gains for dual pulse transitions.

lie in ranges that are modified by such unstable equilibrium states, which allows for
flexibility or larger error margins in practice.

Although it is possible to reach desired equilibria with a single pulse, it is not
necessarily more efficient in terms of total cell energy. The ranges of pulse gains for
single pulse transitions are shown in Table 1, while the minimum gains for dual pulse
injection are shown in Table 2.

In Table 1, the first column indicates the transition being made starting at the
{0,0,0} state. The second column presents the range of viable single pulse gains to
reach the desired equilibrium triplet for non-minimum transitions.

Table 2 shows the minimum pulse gains required for junctions 1 and 2
corresponding to the applied dual-pulse. In dual-pulse controlled transitions, the
energy required based on the gains is less than that of the single pulse transitions
except for the case of transition {0,0,0} — {3,2,0}. The dual pulse minimum gains do
not inject a lower energy than the single pulse (8.7% + 8.6* > 11.32). Thus, we can
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conclude that at least for smaller equilibrium distances (from 0 to 1 or 0 to 2) the dual
pulse is more energy efficient since the energy requirement to reach higher equilib-
rium points increases exponentially.

6. Conclusion

A pulse-based control design has been developed that facilitates stable memory
state transitions in a Josephson junction array. Although the original dynamics have no
analytical solution, a close approximation is provided and utilized to assist in the
design process. Combining impulse control based on trajectory forecasting and pulse
control with linear objectives results in the potential for any state incrementing equi-
librium transitions. Gain ranges for Gaussian pulses are classified for selected equilib-
rium transitions that prove to be effective as well as flexible. Minimum energy gains
using dual pulses are determined for more efficient transitions. Other pulse types may
be used given that the unit pulse energy is well-defined. Scalability is apparent from
the matrix-based design, and is further shown by providing simulation examples with
higher energy transitions.
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Applications of High-Temperature
Superconductors in Microwave
Devices

Morteza Heidari

Abstract

High-temperature superconductors (HTS) offer significant advancements in the
field of microwave technology, particularly in the development of microwave devices
and resonators. These superconductors are pivotal in enhancing the performance
and efficiency of various medical applications, such as magnetic resonance imaging
(MRI) systems, due to their low-loss characteristics and superior conductivity at
elevated temperatures. In industrial instruments, HTS are utilized to improve the
precision and sensitivity of microwave sensors and communication systems. The
integration of HTS in microwave devices and resonators not only optimizes signal
quality and reduces energy consumption but also opens new avenues for innovation in
both medical and industrial sectors.

Keywords: HTS in medical applications, HTS in industrial instruments, microwave
devices, microwave resonators, HTS materials

1. Introduction

High-temperature superconductors (HTS) have revolutionized the fields of mate-
rial science and engineering, particularly with their significant impact on microwave
technology. Discovered in the late 1980s, HTS materials have the remarkable ability
to conduct electric current with zero resistance at relatively higher temperatures
compared to traditional superconductors, which operate only at cryogenic levels near
absolute zero. The practical benefits of HTS materials have led to their adoption ina
wide array of applications, from medical imaging systems to telecommunications and
defense technologies [1]. The critical temperature at which HTS materials transition
into their superconducting state allows them to be integrated into a broader range
of technologies, including microwave devices where high performance and minimal
signal loss are crucial.

HTS materials, particularly those based on compounds like yttrium barium copper
oxide (YBCO), exhibit superconducting properties at temperatures exceeding 77 K,
the boiling point of liquid nitrogen. This makes them more cost-effective and practi-
cal compared to low-temperature superconductors, which require more complex
cooling systems using liquid helium [2].
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Figure 1.
A view of a superconductor [6].

Microwave technology, which operates in the frequency range of 300 MHz to
300 GHz, is highly sensitive to energy losses due to resistance in conventional con-
ductors. By incorporating HTS materials into microwave devices, such as resonators,
filters, and transmission lines, engineers can significantly reduce energy dissipation,
improving overall efficiency. HT'S materials exhibit minimal surface resistance at
microwave frequencies, which directly enhances the quality factor (Q) of microwave
devices. This improvement in Q allows for more precise frequency control, reduced
noise, and improved signal clarity in communication systems [3].

In practical applications, HTS devices have been used in satellite communications,
radar systems, and even medical imaging devices like MRI machines, where the reduc-
tion in energy loss and the enhancement of signal-to-noise ratio (SNR) are critical for
high-quality imaging and data transmission [4]. HTS technology also allows for minia-
turization of components while maintaining high performance, making it an attractive
option for both commercial and industrial microwave applications (Figure 1) [5].

2. Key advantages of HT'S in comparison to conventional materials

HTS materials offer several advantages over conventional materials, particularly in
the realm of microwave devices. Firstly, HTS materials exhibit zero electrical resis-
tance below their critical temperature, which allows for near-lossless transmission of
signals, significantly outperforming normal conductors like copper and silver at high
frequencies. This zero-resistance property drastically reduces energy loss, thereby
increasing the overall efficiency of devices that operate at microwave frequencies [7].

Additionally, HTS materials have a much higher critical current density, meaning
they can carry larger amounts of electrical current without losing their supercon-
ducting properties. This enables the design of compact and powerful microwave
components, which are essential for modern communication systems that demand
high performance in smaller, lightweight packages [8]. Moreover, the lower noise
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characteristics of HTS materials improve the sensitivity and accuracy of devices
like microwave sensors and detectors, which are increasingly used in scientific and
industrial applications [9].

Another significant advantage is the capability of HTS materials to function
in higher magnetic fields, making them suitable for use in environments where
conventional superconductors or materials would fail. This makes HTS particularly
advantageous for applications such as power generation, transmission, and advanced
scientific research [10].

High-temperature superconductors (HTS) operate based on a combination of
well-established and emerging scientific theories. These theories provide a founda-
tional understanding of the material properties, mechanisms of superconductivity,
and the interaction of superconductors with electromagnetic fields.

2.1 BCS theory (Bardeen-Cooper-Schrieffer theory)

The BCS theory, developed by John Bardeen, Leon Cooper, and Robert Schrieffer
in 1957, is a foundational framework for understanding conventional superconduc-
tivity. The theory explains how electrons in a metal can form weakly bound pairs,
known as Cooper pairs, due to interactions mediated by lattice vibrations (phonons).
These pairs move coherently without scattering, resulting in the complete absence of
electrical resistance. The BCS theory also introduces the concept of an energy gap, a
fundamental characteristic of superconductors, which reflects the energy required to
break a Cooper pair. This gap provides insights into the thermal and electromagnetic
properties of superconducting materials [11].

Although high-temperature superconductors (HTS) do not strictly follow the BCS
framework, the theory’s principles provide a basis for exploring superconductivity’s
quantum mechanical nature. HTS materials, such as cuprates, exhibit behaviors that
deviate from conventional superconductors, particularly in their pairing mechanisms
and high critical temperatures. Despite these differences, the BCS theory’s concepts
remain influential in shaping our understanding of superconductivity and guiding
the development of alternative theories for HTS.

2.2 Mechanisms of d-wave pairing

High-temperature superconductors differ from conventional superconductors in
their pairing symmetry. In HTS materials, the electron pairs are believed to exhibit
d-wave symmetry rather than the s-wave symmetry seen in conventional supercon-
ductors. This d-wave pairing is characterized by an angular dependence in the energy
gap, where the gap has nodes (zeros) along certain directions in momentum space.
The pairing mechanism is thought to be driven by antiferromagnetic spin fluctua-
tions rather than phonons, as in the BCS framework. This mechanism is particularly
significant in copper-based HTS (cuprates), where the strong electronic correlations
and layered crystal structures favor d-wave symmetry [12].

The unique d-wave pairing in HTS explains several experimentally observed
phenomena, including anisotropic energy gaps and unconventional responses to
magnetic and thermal fields. This mechanism also underpins the higher critical tem-
peratures of HTS compared to conventional superconductors. The study of d-wave
pairing continues to be a focus of research, as it holds the key to understanding the
fundamental physics of HTS and potentially designing new superconducting materi-
als with even higher transition temperatures.
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2.3 Quantum phase transition theory

Quantum phase transitions occur at absolute zero temperature, driven by quantum
fluctuations rather than thermal energy. In the context of HTS, these transitions often
govern the shift between superconducting and non-superconducting phases under
varying external parameters, such as doping levels, pressure, or magnetic fields.
Quantum phase transitions are significant in understanding the critical temperatures
of HTS and their behaviors near the quantum critical point [13].

This theory is particularly relevant for explaining the complex phase diagrams of
HTS materials, where multiple competing phases exist. For example, the interplay
between superconductivity, magnetism, and charge-density waves in cuprates can be
understood through the lens of quantum phase transitions. Understanding these tran-
sitions not only sheds light on the fundamental properties of HTS but also helps in
optimizing their performance in practical applications, such as in microwave devices
where stability and reliability under extreme conditions are crucial.

2.4 Two-fluid model

The two-fluid model provides a macroscopic description of superconductors,
treating them as a mixture of normal electrons and superconducting Cooper pairs.

At temperatures below the critical temperature (Tc), the density of superconducting
pairs increases while the density of normal electrons decreases, eventually leading

to a fully superconducting state. This model is particularly useful for describing the
electromagnetic properties of superconductors, such as penetration depth and surface
impedance [14].

In HTS, the two-fluid model is essential for understanding their behavior at
microwave frequencies. It explains how HTS materials exhibit extremely low surface
resistance, which is critical for applications like microwave resonators and filters. The
model also provides insights into the frequency-dependent behavior of HTS, enabling
the design of high-performance devices with minimal energy dissipation.

2.5 Ginzburg-Landau theory

The Ginzburg-Landau theory offers a macroscopic framework to describe the
superconducting state using an order parameter. This parameter reflects the density
of Cooper pairs and varies across the superconductor, especially near boundaries
or defects. The theory introduces critical fields and coherence lengths, essential for
understanding vortex formation and other mixed-state phenomena in HTS [15].

In HTS applications, the Ginzburg-Landau theory plays a pivotal role in designing
devices that operate under high magnetic fields. For instance, it helps in optimizing
the geometry and material properties of HTS microwave resonators and filters. The
theory’s ability to describe vortex dynamics is particularly relevant for HTS, where
high critical fields and current densities are exploited for advanced technological
applications.

2.6 London equations

The London equations, proposed in 1935, provide a phenomenological description
of superconductors’ electromagnetic properties. They explain two hallmark phenom-
ena: the expulsion of magnetic fields (Meissner effect) and the finite penetration
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depth of magnetic fields into superconductors. These equations form the basis for
understanding the interaction of superconductors with electromagnetic fields at
microwave frequencies [16].

For HTS, the London equations are crucial in analyzing their low-loss character-
istics in microwave devices. They help in determining the penetration depth, which
is typically shorter in HTS than in conventional superconductors, enabling higher
efficiency and better performance in resonators and filters. The London equations
also underpin the design of HTS devices for communication and sensing, where
precise control of electromagnetic properties is required.

3. Electrical and thermal properties of HTS

High-temperature superconductors exhibit unique electrical and thermal prop-
erties that distinguish them from conventional conductors and low-temperature
superconductors. One of the most significant electrical properties of HTS is their abil-
ity to conduct electrical current without resistance once they are cooled below their
critical temperature (Tc). This property results in zero power dissipation, making
HTS materials ideal for applications requiring efficient energy transmission, such as
power grids and magnetic resonance imaging (MRI) systems [17].

The critical current density (Jc), which defines the maximum current that HTS
can carry without losing their superconducting state, is another crucial property.

HTS materials typically exhibit high Jc values, making them suitable for high-power
applications. However, their performance can be limited by magnetic fields, which
can suppress superconductivity. Therefore, optimizing HTS materials for use in
strong magnetic fields is an ongoing area of research.

Thermally, HTS materials exhibit high thermal conductivity in their normal (non-
superconducting) state, but when superconducting, they exhibit a drastic reduction
in thermal conductivity due to the absence of electron scattering. This characteristic
makes them suitable for applications where heat management is critical, such as in
microwave and power transmission systems [18]. However, HTS materials are still
sensitive to temperature fluctuations, and maintaining them within a stable cryogenic
environment is necessary to ensure optimal performance.

4, HTS in microwave devices

Microwave devices are essential components in a wide array of technologies,
including telecommunications, radar systems, medical equipment, and satellite com-
munications. These devices operate in the microwave frequency range.

4.1Role of HTS in improving device performance
4.1.1 Low loss and high efficiency

One of the most significant advantages of using HTS in microwave devices is the
dramatic reduction in energy loss. Conventional conductors like copper experience
resistive losses that can severely degrade the performance of microwave components.
HTS materials, on the other hand, exhibit zero resistance when cooled below their
critical temperature, effectively eliminating resistive losses in microwave circuits.
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This property allows HTS-based devices to operate with significantly higher effi-
ciency, making them ideal for applications requiring high power and long-range
signal transmission.

For example, in filters and resonators, HTS materials help maintain signal integ-
rity over extended periods, with minimal energy dissipation. This improvement in
efficiency translates directly into lower operating costs, reduced cooling require-
ments, and extended lifetimes for microwave devices [19]. Moreover, the reduction
in resistive losses in HTS materials enables the development of smaller and more
compact devices, as designers can achieve the same performance with fewer compo-
nents and less energy.

4.1.2 Enhanced signal-to-noise vatio

Another critical area where HTS materials contribute to improved microwave
device performance is the signal-to-noise ratio (SNR). In applications such as radar
systems and medical imaging, achieving a high SNR is essential for obtaining clear,
accurate data. Resistive losses in conventional materials can introduce noise, which
degrades the quality of the signal and reduces the overall performance of the device.

HTS materials provide a solution to this problem by reducing thermal and resistive
noise, thereby enhancing the overall SNR of the system. This improved signal clarity
is particularly valuable in sensitive applications such as MRI scanners, where clear
imaging is necessary for accurate diagnostics. Similarly, in satellite communication
systems, the enhanced SNR provided by HTS components allows for more reliable
data transmission over long distances, even in noisy environments [20].

4.2 Case studies of HT'S microwave devices in research and industry

Several case studies highlight the successful integration of HTS materials into
microwave devices across research and industry, demonstrating the material’s poten-
tial to revolutionize this field.

4.2.1 HTS filters in wireless communication

One of the most notable examples of HTS applications in microwave technology is
the development of filters for wireless communication systems. In telecommunications,
maintaining clear signal transmission is critical, especially in dense urban environments
where multiple devices compete for bandwidth. HTS filters have been implemented in
base stations to improve frequency selectivity and reduce interference between chan-
nels. These filters, operating with extremely low insertion loss, allow for better channel
isolation, resulting in clearer communication and increased system capacity [21].

In a major deployment, an HTS filter system was used in mobile phone base
stations in Japan. The deployment showed a marked improvement in call quality and
data transmission rates while reducing energy consumption in the base stations. This
success highlights the potential for HTS technology to play a significant role in the
future of wireless communication infrastructure [22].

4.2.2 HTS resonators in medical imaging

HTS resonators have also been applied in the medical field, particularly in mag-
netic resonance imaging (MRI) systems. MRI systems rely on high-frequency radio
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waves to produce detailed images of the human body, and the quality of these images
depends largely on the clarity and strength of the transmitted signals. By integrating
HTS resonators into MRI systems, researchers have been able to achieve higher image
resolution and improved signal clarity. HTS-based coils, for example, reduce noise
and improve the quality of the radiofrequency signals, allowing for more accurate
diagnostics [23].

HTS significantly enhance the performance of MRI systems, particularly those
operating at microwave frequencies. Their integration into critical components like
RF and microwave resonators improves signal transmission and reception. HTS
resonators exhibit exceptionally low surface resistance at cryogenic temperatures,
minimizing signal losses and enabling sharper frequency selectivity. This leads to
more precise imaging, especially at microwave frequencies, where conventional
materials face higher resistive losses. Another key advantage of HTS in MRI systems is
the substantial improvement in signal-to-noise ratio (SNR). The reduced resistive and
dielectric losses in HTS components allow for the detection of weaker signals, essen-
tial for high-resolution imaging and advanced diagnostic capabilities. Additionally,
HTS materials enable the design of compact, efficient MRI coils that generate stron-
ger magnetic fields with lower power consumption. These features make HTS-based
coils ideal for portable MRI systems and specialized imaging applications, further
advancing the field of medical diagnostics.

In a notable case, HTS resonators were used in experimental MRI systems, where
they provided enhanced image resolution without the need for increased signal power
or additional cooling infrastructure. The implementation of HTS technology in this
field has opened the door for further improvements in medical imaging, offering the
potential for faster scans and improved patient outcomes.

4.2.3 HTS in defense and satellite communications

HTS technology has also found applications in defense and satellite communica-
tions, where the need for high-performance microwave devices is paramount. In
radar systems, for example, HTS materials improve the detection range and accuracy
by reducing signal loss and enhancing the SNR. This allows radar systems to detect
smaller objects at greater distances, making HTS-based radar systems valuable in both
military and civilian air traffic control applications [24].

In satellite communication, HT'S components are being used to improve the
performance of on-board microwave equipment. HTS-based filters and amplifiers
reduce energy consumption and improve data transmission quality, which is crucial
for maintaining reliable communication links over long distances in space. These
advancements help extend the operational life of satellites and improve the quality of
service for satellite-based communication networks.

5. Microwave resonators and filters
5.1 Definition and function of microwave resonators

Microwave resonators are fundamental components in many high-frequency
electronic systems, including communication devices, radar systems, and sensors.
A resonator is essentially a device that stores electromagnetic energy at a specific
frequency, or set of frequencies, for a defined period of time. It functions by allowing
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certain frequencies (resonant frequencies) to build up inside a cavity or structure
while filtering out other frequencies. Resonators play a crucial role in determining the
operational bandwidth and frequency stability of microwave systems.

Microwave resonators are used to create high-quality filters and oscillators by
selectively amplifying signals within a desired frequency range and suppressing
unwanted signals or noise. Their primary characteristics include high quality fac-
tor (Q-factor), which defines how efficiently they store energy, and their ability to
maintain signal integrity by minimizing loss. In the context of microwave technology,
achieving high Q-factors and low losses is essential for optimal device performance,
especially in communication and sensing applications [25].

5.2 HTS-based microwave filters for communication systems

Microwave filters are key components in communication systems, as they deter-
mine which frequencies are allowed to pass through and which are attenuated. Filters
are essential for separating signals in frequency-division multiplexing, reducing
interference from other sources, and ensuring clear signal transmission. Traditionally,
microwave filters are made from metallic or dielectric materials, but they suffer from
resistive losses, especially at higher frequencies, which degrades filter performance.

HTS-based microwave filters represent a major advancement in filter design due
to their low resistive losses and high Q-factors. HTS filters, when cooled to cryogenic
temperatures, exhibit negligible energy dissipation, making them ideal for applica-
tions requiring high frequency selectivity and minimal signal loss. These filters have
been successfully integrated into cellular base stations and satellite communication
systems, where they improve overall system capacity and performance by providing
sharper frequency cutoffs and reducing adjacent channel interference [26].

One notable application of HTS filters is in cellular networks, where they are
used to handle high-density traffic and minimize interference between communica-
tion channels. By providing higher selectivity than conventional filters, HTS filters
allow network operators to accommodate more users in the same frequency band,
improving the overall quality of service. These filters also reduce the need for exten-
sive cooling infrastructure, lowering operational costs and extending the life of the
equipment [22].

6. HTS in medical applications
6.1 Application of HT'S in MRI systems

One of the most prominent applications of high-temperature superconductors
(HTS) in the medical field is their use in Magnetic Resonance Imaging (MRI) sys-
tems. MRI is a powerful non-invasive diagnostic tool that provides detailed images
of the body’s internal structures. Traditional MRI systems rely on superconducting
magnets, typically made from low-temperature superconductors (LTS), such as
niobium-titanium, which require cooling to extremely low temperatures (around
4 K) using liquid helium. However, the introduction of HTS has brought significant
improvements to MRI systems, particularly in terms of energy efficiency and imaging
quality.

HTS materials, such as Yttrium Barium Copper Oxide (YBCO), offer higher
critical temperatures than LTS materials, allowing them to be cooled using liquid
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nitrogen, which is more readily available and less expensive than liquid helium. This
reduces the operational costs and complexity associated with cryogenic cooling in
MRI systems. Moreover, HTS coils in MRI systems provide higher quality factors
(Q-factors), resulting in enhanced signal-to-noise ratios (SNR) and improved image
resolution [27]. The use of HTS technology has enabled the development of smaller,
more efficient MRI systems, which are particularly useful for portable or specialized
imaging applications.

HTS-based MRI systems also offer advantages in terms of patient comfort and
safety. With better imaging quality and reduced noise, HTS-enhanced MRI systems
minimize the need for repeated scans, reducing patient exposure to magnetic fields
and improving the overall diagnostic process. Additionally, these systems contribute
to the miniaturization of MRI technology, paving the way for more compact, acces-
sible MRI units in hospitals and clinics worldwide.

6.2 HTS-based microwave technologies in medical diagnostics and imaging

In addition to MRI systems, HTS-based microwave technologies have found a
range of applications in medical diagnostics and imaging. Microwave technologies are
commonly used in non-invasive diagnostic procedures, such as breast cancer detec-
tion, where microwaves interact with biological tissues to provide valuable diagnostic
information. HTS materials have been incorporated into microwave imaging systems
to enhance performance by reducing energy loss and improving sensitivity.

One notable example is the use of HTS resonators in microwave-based sensors for
medical diagnostics. These resonators exhibit high Q-factors and low insertion losses,
allowing for the precise detection of minute changes in biological tissues. HTS-based
microwave sensors can be used to detect abnormalities in tissue composition, such
as the presence of tumors, by measuring the dielectric properties of the tissue. This
has applications in cancer detection, brain imaging, and cardiovascular diagnostics,
where high sensitivity and accuracy are crucial [28].

HTS filters and antennas are also being integrated into medical imaging systems
to improve their resolution and accuracy. For example, HTS-based antennas are used
in microwave imaging techniques, where they help to improve the clarity and depth
of images, enabling early detection of diseases. These technologies are especially
valuable in situations where conventional imaging techniques, such as X-rays or
ultrasound, may be insufficient.

The ability of HTS materials to operate at higher frequencies with minimal
losses makes them ideal for medical applications that require precise imaging and
diagnostics at microwave frequencies. This is particularly important for imaging soft
tissues and detecting early-stage pathologies, where high-resolution, non-invasive
techniques are essential.

6.3 Future trends of HT'S in medical microwave devices

Looking ahead, the future of HTS in medical applications is promising, with
ongoing research and development aimed at further integrating HTS materials into
microwave devices for healthcare. One major trend is the miniaturization of HTS-
based medical devices, enabling the development of portable and wearable diagnostic
tools. For example, HTS-based sensors and imaging devices could be incorporated
into wearable health monitors, allowing for continuous, real-time monitoring of
patients’ physiological parameters.
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Another emerging trend is the use of HTS materials in hybrid imaging systems
that combine multiple imaging modalities. For instance, HTS-enhanced micro-
wave devices could be used in conjunction with MRI, PET (Positron Emission
Tomography), or CT (Computed Tomography) systems to provide more comprehen-
sive diagnostic information. This multimodal approach could significantly improve
the accuracy of diagnoses, particularly in complex medical conditions that require
detailed anatomical and functional imaging.

As research into HTS materials continues to advance, new applications in areas
such as brain-computer interfaces, neural prosthetics, and advanced biosensors are
also on the horizon. The unique properties of HTS, such as their ability to conduct
large currents without resistance and generate strong magnetic fields, could be lever-
aged to develop highly sensitive and efficient devices for monitoring neural activity,
enabling breakthroughs in the treatment of neurological disorders [29].

Additionally, improvements in HTS fabrication techniques and cryogenic cool-
ing technologies are expected to drive down the costs of HTS-based medical devices,
making them more widely accessible to healthcare providers. This will likely lead to
the broader adoption of HTS technologies in both developed and developing countries,
improving the overall quality of medical care and diagnostic capabilities worldwide.

7.HTS in industrial and commercial instruments
71 HTS in microwave sensors and detectors

High-temperature superconductors (HTS) have become increasingly vital in
the development of advanced microwave sensors and detectors for industrial and
commercial applications. HTS-based microwave sensors can detect extremely small
changes in electromagnetic signals, making them ideal for use in precision measure-
ment tools. These sensors are used in applications that require high accuracy and
minimal noise, such as detecting material defects in manufacturing processes or
monitoring the electromagnetic properties of the atmosphere. For example, HTS
microwave detectors have been employed in aerospace industries for the precise
detection of temperature fluctuations in the atmosphere, which is crucial for satellite
and aircraft safety [30].

Furthermore, HTS microwave detectors are used in imaging systems to identify
structural weaknesses in materials, particularly in industries like aerospace, automo-
tive, and construction, where the integrity of materials is crucial. These sensors
provide enhanced detection capabilities, allowing for earlier identification of poten-
tial faults or wear, reducing downtime, and improving safety standards.

7.2 Use of HTS in wireless communication and satellite technologies

HTS-based devices have been implemented in ground-based satellite communica-
tion systems, where they help to optimize signal reception and data processing. Their
ability to maintain high performance at cryogenic temperatures makes HTS devices
particularly suitable for space applications, where low temperatures are prevalent.
These systems contribute to more efficient satellite communication networks, provid-
ing clearer, more reliable data transmission, which is crucial for both commercial
and military satellites [31].
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7.3 Industrial applications: Precision measurement tools and microwave
instruments

One of the key advantages of HTS materials in these applications is their ability to
operate with minimal energy loss, even at high frequencies. This allows HTS-based
devices to maintain high precision and stability, which is essential in fields like
metrology, material testing, and process control.

HTS-based microwave instruments are used in various industrial applications for
precise measurements of electromagnetic properties, such as dielectric constants,
permeability, and conductivity. These measurements are crucial in industries such as
semiconductor manufacturing, where material properties must be closely monitored
to ensure product quality. HTS sensors and resonators are also employed in non-con-
tact measurements, providing highly accurate results without the need for physical
interaction with the material being tested.

Another notable industrial application of HTS is in high-frequency communica-
tion instruments used in remote sensing and geophysical surveys. HTS-enhanced
microwave instruments are capable of detecting and analyzing electromagnetic waves
reflected from the Earth’s surface, providing valuable data for industries such as oil
and gas exploration, mining, and environmental monitoring. These instruments offer
improved sensitivity and range compared to traditional tools, enabling more accurate
detection of underground resources and environmental changes.

In commercial settings, HTS devices are used in microwave imaging systems for
quality control and security screening. HTS-based systems have the ability to detect
fine details in materials, making them ideal for inspecting products on assembly lines
or screening luggage at airports. Their low-loss, high-sensitivity properties allow for

Figure 2.
MIT laboratory of high-temperature superconductors [32].

59



Superconductivity — Physics and Devices

more detailed and efficient scanning, reducing the likelihood of defects or threats
being missed during inspections.

HTS technology is also making its way into the consumer electronics market,
particularly in applications like wireless charging, where efficient energy transfer is
critical. HTS-based microwave circuits have the potential to increase the efficiency of
wireless charging systems, providing faster charging times and reducing energy waste
in devices ranging from smartphones to electric vehicles (Figure 2) [22].

8. Challenges and limitations
8.1 Technical and manufacturing challenges of HTS integration

The integration of high-temperature superconductors (HTS) into microwave
devices and other applications presents several technical and manufacturing chal-
lenges. While HTS materials such as Yttrium Barium Copper Oxide (YBCO) offer
significant advantages in terms of low energy loss and high performance, they are
difficult to produce and integrate into practical devices. One of the key challenges is
the fabrication of HTS films with high quality and uniformity. The process of growing
thin films of HTS materials requires precise control over temperature, pressure, and
deposition techniques to ensure the desired superconducting properties. Any deviation
in the fabrication process can lead to defects that degrade the performance of the HTS
devices, particularly in terms of critical current density and overall efficiency [33].

Another significant technical challenge is the brittleness of HTS materials, which
makes them more difficult to work with compared to conventional materials like
copper. This brittleness limits the flexibility and durability of HTS devices, especially
when they need to be shaped into complex geometries for certain microwave compo-
nents, such as resonators and filters. Additionally, the integration of HTS materials
with other components, such as dielectric substrates and metallic connectors, requires
advanced techniques to ensure proper thermal and electrical contact without compro-
mising the superconducting properties of the HTS.

The limited availability of suitable substrates for growing HTS films is another
constraint. For optimal performance, HTS films need to be deposited on substrates
that match their crystal structure and thermal expansion properties. Currently,
substrates like lanthanum aluminate (LAO) and magnesium oxide (MgO) are com-
monly used, but they are expensive and difficult to scale up for industrial production.
Finding cost-effective and scalable materials for HTS film growth remains an ongoing
challenge in the field [34].

8.2 Limitations in cooling systems for HTS devices

HTS materials operate at higher temperatures than low-temperature superconduc-
tors (LTS), but they still require cryogenic cooling systems to maintain their super-
conducting state. Typically, HTS materials need to be cooled to around 77 K using
liquid nitrogen, which is significantly more manageable than the 4 K required for LTS
materials using liquid helium. However, cooling remains one of the major limitations
of HTS devices, especially when scaling up for industrial applications.

The reliance on cryogenic cooling systems adds complexity and cost to HT'S-based
devices, limiting their widespread adoption in certain industries. These systems
require regular maintenance and are not always feasible in environments where access
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to cryogenic infrastructure is limited. For example, while HTS microwave filters could
theoretically be used in telecommunications infrastructure, the need for constant
cooling has hindered their deployment in large-scale communication networks [34].

Furthermore, the efficiency and reliability of cryogenic cooling systems are not
always ideal. Maintaining stable and uniform cooling over long periods can be chal-
lenging, particularly in environments with fluctuating temperatures. Any significant
deviation in temperature can cause the HTS material to lose its superconducting
properties, resulting in device failure or degraded performance. This sensitivity to
temperature fluctuations limits the operational flexibility of HTS devices and restricts
their use in certain applications.

Efforts to develop more efficient and compact cryocooling systems are underway,
but they are still in the research and development phase. Until these cooling technolo-
gies are optimized for HTS applications, the reliance on cryogenics will remain a key
limitation of HTS devices in both industrial and commercial settings.

8.3 Cost and scalability issues

One of the most significant barriers to the widespread adoption of HTS technology
is the high cost of both the materials and the associated infrastructure. HTS materials,
particularly high-quality YBCO films, are expensive to produce due to the complex fab-
rication processes involved. The need for specialized equipment, high-purity chemicals,
and precision-controlled environments drives up the manufacturing costs. Additionally,
the cryogenic cooling systems required to maintain HTS operation contribute to the
overall expense, particularly when factoring in the cost of liquid nitrogen or other cool-
ing agents, as well as the energy required to maintain cryogenic temperatures.

The scalability of HTS technology is another concern. While HTS-based devices
have shown great promise in research and specialized applications, scaling these
technologies for mass production is challenging. The fabrication of large-scale HTS
devices requires consistent quality over extended areas of HTS films, which is difficult
to achieve with current deposition techniques. This has restricted the commercializa-
tion of HTS devices to niche markets, such as MRI systems and satellite communica-
tions, where performance demands justify the high costs [35].

Moreover, the global supply chain for HTS materials and the specialized equip-
ment needed to produce them is limited. As a result, economies of scale have not
yet been realized, further driving up the costs of HTS technologies. For widespread
adoption, breakthroughs in both material science and manufacturing processes are
required to reduce production costs and improve scalability.

In addition to material and manufacturing costs, the deployment of HTS devices
in industrial settings often involves retrofitting or upgrading existing infrastructure
to accommodate cryogenic cooling systems and specialized components. This adds
further expense and logistical complexity, making it less attractive for industries that
operate on tight margins.

9. Future prospects and innovations

9.1 Emerging trends in HT'S materials and device technology

The future of high-temperature superconductors (HTS) is promising, driven by
ongoing advancements in material science and device technology. One of the most
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notable emerging trends in HTS research is the exploration of new materials that can
achieve superconductivity at even higher temperatures. Recent studies on iron-based
superconductors and hydrides have shown potential for achieving superconductivity
at temperatures closer to room temperature, albeit under extreme pressure condi-
tions. These developments could eventually lead to the discovery of new HTS materi-
als that can operate at significantly higher temperatures, reducing the reliance on
expensive and complex cryogenic systems [36].

In addition to new materials, improvements in the fabrication and processing
of HTS thin films are enhancing the performance and scalability of HTS devices.
Techniques such as pulsed laser deposition (PLD) and chemical vapor deposition
(CVD) are being refined to produce films with greater uniformity and fewer defects,
leading to higher critical current densities and improved microwave performance.
Furthermore, research into the integration of HTS with other advanced materials,
such as graphene and topological insulators, is opening new avenues for the develop-
ment of hybrid devices with enhanced properties [37].

The miniaturization of HTS devices is another important trend. As researchers
develop more efficient and compact HTS components, the potential for integrating
HTS into everyday technologies, such as consumer electronics and mobile commu-
nication systems, is growing. This miniaturization could make HTS technology more
accessible and cost-effective for a wider range of applications, from portable medical
devices to advanced wireless communication systems [38].

9.2 Potential advancements in HT'S microwave applications

The application of HTS in microwave technology is set to expand significantly as
new innovations are realized. In the near future, HTS materials are expected to play
an increasingly important role in advanced communication systems, including 5G and
6G networks. HTS-based microwave filters and resonators, with their low loss and
high-quality factors, are well-suited for managing the high-frequency signals required
by next-generation communication technologies. These devices can offer enhanced
frequency selectivity, reducing interference and improving the overall capacity and
reliability of communication networks.

In the realm of satellite communication, HTS materials are likely to be used in the
next generation of satellite payloads. The superior performance of HTS components
in low-temperature space environments makes them ideal for improving the signal
strength, bandwidth, and efficiency of satellite communication systems. As the
demand for high-speed global connectivity grows, HTS technology will be pivotal in
delivering the required advancements in satellite communication infrastructure.

Moreover, the use of HTS in quantum computing and quantum communica-
tion is an exciting area of future development. HTS materials can be used to create
high-efficiency microwave resonators and detectors for quantum systems, helping to
bridge the gap between classical and quantum technologies. These applications have
the potential to lead to breakthroughs in computational power and secure communi-
cation systems, with significant implications for industries ranging from finance to
national security.

9.3 Outlook on commercial adoption of HTS in the microwave industry

The commercial adoption of HTS technology in the microwave industry is poised
for growth, driven by the increasing demand for high-performance, energy-efficient
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devices. One of the key factors that will determine the pace of commercial adoption
is the ability to reduce the cost and complexity of HTS systems. Advances in mate-
rial synthesis, fabrication techniques, and cryogenic cooling technologies will be
crucial in making HTS devices more affordable and easier to integrate into existing
infrastructure.

In the telecommunications industry, HTS-based microwave filters and resona-
tors are already being used in some high-performance applications, particularly in
areas where signal clarity and bandwidth are critical. As the cost of HTS components
decreases and more efficient cooling solutions are developed, it is expected that HTS
technology will become more widespread in cellular base stations, satellite communi-
cation systems, and other high-frequency applications.

The medical sector is another area where HTS technology is likely to see sig-
nificant commercial adoption. HTS-based MRI systems and microwave diagnostic
tools offer superior performance compared to traditional technologies, and as these
systems become more affordable, their use in hospitals and clinics is expected to grow.
The ability of HTS devices to operate at higher frequencies with minimal energy loss
makes them ideal for medical applications that require precision and reliability.

However, challenges related to cost and scalability remain significant barriers to
widespread commercial adoption. The development of cost-effective cooling systems,
such as cryocoolers that do not require constant maintenance or the replacement of
cryogenic fluids, will be essential in making HTS technology more commercially
viable. In addition, the scalability of HTS manufacturing processes must improve
to meet the demands of mass production in industries like telecommunications and
consumer electronics.

10. Conclusion

High-temperature superconductors (HTS) have emerged as a transformative
technology in the field of microwave devices, providing significant improvements in
performance, efficiency, and signal quality. The unique properties of HTS, such as
near-zero electrical resistance and exceptional current-carrying capacity at elevated
temperatures, have allowed for the development of devices with remarkably low
energy dissipation, enhanced signal-to-noise ratios, and improved frequency selectiv-
ity. These advantages have made HTS indispensable in a variety of applications, from
advanced communication systems to high-precision medical imaging technologies.

The integration of HTS into microwave devices has already led to substantial
advancements. In communication systems, HTS-based filters and resonators offer
unprecedented performance in terms of bandwidth, signal clarity, and interference
reduction. Similarly, in the medical field, HTS has enabled the development of more
accurate and efficient MRI systems, as well as new microwave-based diagnostic
tools. These contributions highlight the significant impact of HTS on critical tech-
nologies, demonstrating the potential of superconductors to revolutionize entire
industries [39].

Despite the impressive progress, the full potential of HTS in microwave technol-
ogy is yet to be realized. As ongoing research addresses challenges such as cooling
requirements, manufacturing scalability, and material costs, the next generation of
HTS devices is likely to unlock new possibilities. The future of HTS in microwave
applications promises further improvements in device miniaturization, power effi-
ciency, and functionality. Emerging technologies, such as 5G and 6G communication
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systems, quantum computing, and advanced sensing applications, stand to benefit
greatly from HTS developments [40].

Overall, HTS has already established its value in microwave devices, offering
unique solutions to performance challenges that conventional materials cannot
match. As research continues to push the boundaries of HTS materials and device
integration, we can expect further breakthroughs that will shape the future of micro-
wave technology across various sectors, including telecommunications, healthcare,
and industrial instrumentation. HTS remains poised to drive innovation and enhance
the capabilities of microwave systems for years to come.
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Chapter 5

Superconducting Devices: From
Quantum Computing to Energy
Transmission

Belgees Hassan

Abstract

Superconducting devices, leveraging the unique properties of zero resistance
and the Meissner effect, are transforming diverse technological fields. This chapter
explores their applications, from quantum computing to energy transmission and
medical imaging. Superconducting quantum computers, employing superconduct-
ing qubits and circuits, promise breakthroughs in computing power and speed due
to longer coherence times, higher fidelity, and reduced noise. Superconductors
revolutionize energy transmission by enabling lossless energy transfer through
high-current carrying cables, thus enhancing grid efficiency and reducing energy
waste. Additionally, superconducting magnetic energy storage (SMES) systems offer
efficient and rapid energy storage for grid stabilization and renewable energy integra-
tion. Superconducting technology significantly enhances medical imaging, particu-
larly Magnetic Resonance Imaging (MRI), by enabling the generation of powerful
magnetic fields, leading to clearer images and faster scan times. Despite challenges
in cost and material limitations, ongoing research aims to overcome these hurdles,
paving the way for wider adoption of these transformative technologies.

Keywords: superconducting devices, quantum computers, qubits, superconducting
magnetic energy storage, magnetic resonance imaging

1. Introduction

The journey of superconductivity began in 1911 with Dutch physicist Heike
Kamerlingh Onnes’s groundbreaking discovery of the phenomenon in mercury at
extremely low temperatures. This marked the beginning of a revolution in under-
standing the behavior of materials at low temperatures. The discovery paved the way
for the development of various superconducting materials, each with unique proper-
ties and applications. Superconducting materials exhibit zero electrical resistance and
perfect diamagnetism below a critical temperature [1-6]. This exceptional property
enables lossless energy transfer, making superconductors highly desirable for energy
transmission and storage applications. This chapter delves into superconducting
devices, highlighting their distinctive properties and applications across different
technological fields. It begins by exploring superconducting qubits and their pivotal
role in advancing quantum computing capabilities. Superconductors offer benefits
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such as longer coherence times, higher fidelity, and reduced noise in quantum com-
puting applications. The chapter also discusses the role of superconductors in energy
transmission and storage, including their utilization in power transmission lines and
superconducting magnetic energy storage (SMES) systems for efficient and rapid
energy storage solutions. Furthermore, the chapter explores how superconducting
magnets, known for their ability to generate powerful magnetic fields, are revolution-
izing medical imaging, particularly in MRI technology. Superconducting MRI systems
offer advantages, such as enhanced image clarity, faster scan speeds, and improved
diagnostic accuracy. General, this exploration aims to display the diverse applications
of superconductors while shedding light on the challenges and opportunities that lie
ahead in this rapidly evolving field.

2. Applications of superconducting qubits in quantum computing

Superconducting qubits are at the forefront of the quantum computing race due
to their ability to harness the unique properties of superconductors to create and
manipulate quantum bits (qubits), which are the fundamental units of quantum
information processing [7, 8]. These qubits are essential for performing quantum
computations and enabling the development of practical quantum computers. There
are different types of superconducting qubits used in quantum computing, such as
transmon qubits and flux qubits [9, 10]. Transmon qubits consist of a superconduct-
ing loop interrupted by a Josephson junction, while flux qubits utilize a supercon-
ducting loop interrupted by two Josephson junctions to encode information in the
direction of persistent current flowing through the loop. Control of superconducting
qubits is achieved through the application of microwave pulses to the qubit’s resonant
frequency [11, 12]. By precisely adjusting the parameters of these pulses, researchers
can manipulate the qubit’s quantum state, transitioning it between the states |0 > and
|1 > or creating superpositions. To measure the state of a qubit, special measure-
ment circuits are used, which interact with the qubit to reveal its state by monitoring
changes in current or voltage within the superconducting circuit [13, 14]. Figure 1
illustrates the various components involved in the control and measurement of
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Superconducting qubit control system components.
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superconducting qubits. As shown in the diagram, microwave pulses are generated
and controlled using specialized electronics. These pulses are then applied to the
qubit through a microwave transmission line, manipulating the qubit’s energy levels
and inducing transitions between its quantum states. The readout system measures
the qubit’s state by detecting the changes in current or voltage within the supercon-
ducting circuit.

Superconducting qubits can be entangled, a crucial feature of quantum comput-
ing that allows for the creation of correlated quantum states between multiple qubits.
This entanglement is essential for performing powerful computational operations
using techniques like controlled quantum gates (CNOTs) [15]. These qubits are also
used to implement various quantum algorithms, such as Shor’ algorithm for factoring
numbers, Grover’ algorithm for database searching, and quantum simulations for
exploring complex systems [16]. Superconducting qubits offer several advantages,
including long coherence times, high fidelity in quantum operations, and scalability
for integration into large-scale circuits. However, they also pose challenges, such as the
need for cryogenic cooling systems to maintain extremely low temperatures for opera-
tion and the engineering complexities of achieving efficient qubit coupling [17-19].
Superconducting Quantum Interference Devices (SQUIDs) represent advanced
magnetometers that leverage the unique properties of superconductors and Josephson
junctions to detect extremely faint magnetic fields [20, 21]. The operation of SQUIDs
is based on intricate principles that involve the Josephson Effect and the quantum
tunneling phenomenon through superconducting junctions. The Josephson Effect
in SQUIDs relies on the behavior of superconducting materials separated by a thin
insulating barrier, where electrons can tunnel through, generating a supercurrent [22].

This tunneling process is a quantum mechanical effect, and the supercurrent is
influenced by the phase difference between the superconducting wave functions on
either side of the junction, which is sensitive to magnetic fields [23]. A typical SQUID
structure consists of a superconducting loop with two Josephson junctions connected
in parallel, allowing the supercurrents to interfere. The interference pattern is highly
responsive to the magnetic flux passing through the loop, which is quantized due to
the superconducting nature of the loop [24]. Figure 2 illustrates the basic structure
of a SQUID, which includes the superconducting loop, two Josephson junctions, and
the direction of the supercurrent flow. The supercurrent is influenced by the magnetic
field, which creates a voltage across the Josephson junctions. SQUIDs are renowned
for their exceptional sensitivity in detecting minute changes in magnetic flux, making
them indispensable in various fields, such as biomagnetism for medical diagnostics,
geophysics for geological exploration, and fundamental physics for studying quantum
phenomena and dark matter [25]. In essence, SQUIDs utilize the quantum properties
of the Josephson Effect and flux quantization in superconductors to create highly
sensitive magnetic field detectors, offering unparalleled detection capabilities for a
wide range of applications [26]. Supercurrents in the loop are exquisitely sensitive to
the presence of magnetic fields [27-29].

2.1 Superconducting transistors

Superconductors have the potential to revolutionize high-speed electronics and
signal processing due to their unique properties. By eliminating electrical resistance,
superconductors allow signals to propagate at incredible speeds without losing energy
to heat, enabling faster data transmission and processing. This reduced resistance
also leads to lower power consumption in superconducting circuits compared
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Schematic illustration of a SQUID structure.

to conventional electronic circuits, resulting in improved efficiency [1, 30-32].
Superconducting transistors based on Josephson junctions can operate at extremely
high frequencies, surpassing the capabilities of conventional transistors. This opens
up possibilities for developing ultra-fast switching circuits, high-speed signal pro-
cessing, and high-frequency communications. The Meissner effect in superconduc-
tors, which expels magnetic fields, reduces electromagnetic interference, leading

to improved signal integrity, lower noise, and distortion in electronic circuits [33].
Superconducting interconnects can create high-speed data busses for faster com-
munication between electronic components, while superconducting memories offer
higher storage density and faster access speeds. Superconducting filters and mixers
find applications in communication systems, radio astronomy, and advanced signal
processing [34, 35]. Ongoing research aims to develop high-temperature supercon-
ductors that operate closer to room temperature, eliminating the need for extensive
cooling systems. Integrating superconducting components with existing silicon-based
electronics poses a significant challenge, with future efforts focusing on developing
hybrid technologies that combine the benefits of both technologies [36].

2.2 Josephson junctions and their applications

Josephson junctions are at the core of many superconducting electronic devices,
serving a pivotal role in leveraging the quantum properties of superconductors for
diverse applications [37]. These junctions consist of two superconducting materials
separated by a thin insulating barrier, typically a few nanometers thick, often made
of an oxide or a normal metal. The distinguishing feature of Josephson junctions is
the ability of Cooper pairs (two electrons bound together in a superconducting state)
to tunnel quantum mechanically through the insulating barrier, defying classical
barriers [38]. Figure 3 provides a schematic representation of a Josephson junction,
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Schematic illustration of a Josephson junction’ structure.

illustrating the two superconducting materials separated by a thin insulating bar-
rier. Within each superconductor, electrons pair up to form Cooper pairs, which
are responsible for the superconducting properties. These Cooper pairs can tunnel
through the insulating barrier, creating a supercurrent across the junction.

There are two key Josephson Effects: the DC Josephson Effect, where a super-
current flows across the junction without any applied electric field when a voltage
difference is present, and the AC Josephson Effect, where a constant voltage leads to
supercurrent oscillations at a frequency proportional to the voltage. These effects are
crucial for developing high-frequency devices [39].

Josephson junctions find applications in various superconducting electronics.

For instance, SQUIDs (Superconducting Quantum Interference Devices) utilize
Josephson junctions in a superconducting loop to create highly sensitive magnetom-
eters used in MRI, biomagnetism, geophysics, and fundamental physics research. In
quantum computing, Josephson junctions are essential for creating superconducting
qubits, allowing for the manipulation and entanglement of quantum states. Moreover,
these junctions are used in superconducting transistors for high-speed signal process-
ing, digital circuits, and high-frequency communications [40]. The advantages of
Josephson junctions lie in their unparalleled sensitivity, high-speed operation, and
unique quantum effects. They offer high sensitivity for magnetic field detection in
SQUIDs, enable ultra-fast switching in electronics, and exhibit quantum phenomena
crucial for quantum computing applications [41]. However, challenges exist in the
fabrication of these junctions with precise dimensions and properties, as well as the
requirement for cryogenic cooling systems to operate at low temperatures.

3. Energy transmission and storage

Superconductors are transforming the way energy is transferred, particularly
in power transmission lines. Traditional power lines made of copper or aluminum
suffer from energy losses due to resistance, resulting in wasted energy and reduced
efficiency. Superconductors, on the other hand, with their zero resistance at low
temperatures, offer a solution to this problem.

3.1 Superconductors in power transmission lines

Superconductors offer significant advantages in power transmission lines by elimi-
nating resistance, enabling energy transmission without losses due to heating [42].
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This feature leads to substantial energy savings and a more efficient grid.
Superconducting cables can carry higher current densities than traditional lines,
allowing for the efficient transmission of more power over the same infrastructure,
facilitating the transport of renewable energy sources over long distances [43, 44].
Additionally, the use of superconductors enables the deployment of smaller and less
bulky cables, reducing the need for large towers and extensive right-of-way acquisi-
tion during installation [31]. This not only streamlines the installation process but also
makes it more cost-effective, contributing to the overall efficiency and sustainability of
the power transmission system. Superconducting transmission lines offer a promising
solution to reduce energy losses and greenhouse gas emissions in power generation
[30, 45]. Challenges hindering widespread implementation include the high costs of
cooling systems, materials, and grid integration [46]. Ongoing research focuses on
advancing high-temperature superconductors and more efficient cooling technologies
to overcome these obstacles, paving the way for broader adoption of superconducting
technology in power transmission [47]. The future of power grids envisions a cleaner,
more efficient, and reliable energy supply, benefitting from the unique properties of
superconductors, which can revolutionize the environmental impact and efficiency of
power systems [44].

3.2 Superconducting magnetic energy storage (SMES) systems

Superconducting magnetic energy storage (SMES) systems are cutting-edge
solutions for efficient energy storage, utilizing superconductors to store energy in a
magnetic field within a superconducting coil [48]. These systems boast high-energy
conversion efficiencies exceeding 90%, rapid energy storage and release in mil-
liseconds, durable coils, and eco-friendliness with zero emissions during operation
[49]. SMES applications span grid stabilization, renewable energy integration, power
quality enhancement, backup power, and various power electronic uses like pulse
generators and superconducting motors [50]. Additionally, SMES systems have been
proposed as a reliable energy source for transportation systems, such as railways,
by combining them with lithium batteries to ensure a stable and continuous power
supply [51]. Despite challenges like high costs, limited storage capacity, and energy-
intensive cooling systems, ongoing research focuses on cost-effective materials,
improved coil designs, and reduced cooling energy needs [52]. Future advancements
are expected to enhance SMES roles in grid stability, renewable energy integration,
and overall energy sector reliability and efficiency [53].

4. Superconducting technology in medical imaging (MRI)

Superconducting technology has brought about a significant transformation in
medical imaging, particularly in the realm of Magnetic Resonance Imaging (MRI).
Superconducting magnets play a critical role in MRI machines by generating powerful
magnetic fields that surpass the capabilities of conventional electromagnets [31, 54].
These strong magnetic fields are essential for producing high-resolution images of the
human body, allowing for detailed visualization of internal structures and abnormali-
ties. The stability and consistency of the magnetic field provided by superconducting
magnets result in clearer and more detailed images, facilitating accurate diagnoses
and treatment planning. This enhanced image quality is particularly beneficial for
identifying subtle abnormalities, visualizing complex anatomical structures, and
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Benefit Description Impact
Powerful Superconducting magnets generate Enables high-resolution images of internal
magnetic fields stronger magnetic fields compared to structures and abnormalities.
conventional electromagnets.
Improved Stable and consistent magnetic fields lead Facilitates accurate diagnoses, better
image quality to clearer and more detailed images. treatment planning, and identification of
subtle abnormalities.
Faster scan High magnetic field strength allows for Reduces patient discomfort, anxiety, and
times quicker scans. increases patient throughput.
Specific Neuroimaging, cardiovascular imaging, Allows for detailed visualization of the
applications oncology. brain, heart, and blood vessels, aids in
cancer detection and monitoring.
Challenges Cryogenic cooling systems, high Limits accessibility and affordability of
manufacturing, and maintenance costs. MRI technology.
Future Research into high-temperature Aims to make MRI technology more
directions superconductors and cost reduction. accessible and affordable.
Table 1.

Superconducting technology in MRI: benefits and challenges.

monitoring disease progression [55]. Moreover, the high magnetic field strength of
superconducting magnets enables faster scan times, reducing patient discomfort

and anxiety during MRI procedures. Quicker scans also enhance patient throughput,
enabling more individuals to benefit from this advanced imaging technology [56].
Superconducting MRI has specific applications in various medical fields, including
neuroimaging for detailed brain visualization, cardiovascular imaging for assessing
heart health, and oncology for cancer detection and treatment monitoring [48].
While superconducting technology has significantly advanced MRI, challenges
remain in areas like the cost and maintenance of cooling systems and the overall
manufacturing process. However, ongoing research efforts are focused on developing
high-temperature superconductors and reducing costs to make MRI technology more
accessible and affordable [50]. Table 1 gives a summary of benefits, challenges, and
future directions of superconducting MRI.

5. Conclusion

Superconductivity stands as a transformative technology with the potential to
revolutionize diverse sectors, from computing to energy and medicine. Its unique
properties, such as zero resistance and the Meissner effect, are being harnessed to cre-
ate powerful, efficient, and innovative devices. Superconducting quantum comput-
ers, employing superconducting qubits and circuits, are poised to usher in an era of
unprecedented computing power and speed. By addressing challenges like scaling and
cost, these devices have the potential to solve complex problems in medicine, materi-
als science, and artificial intelligence. In the energy sector, superconducting cables
offer a path toward a more efficient and sustainable energy grid by enabling lossless
energy transmission over long distances. Furthermore, superconducting magnetic
energy storage (SMES) systems hold promise for grid stabilization and integration
of renewable energy sources. The impact of superconductivity on medical imaging,
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particularly MRI, is already significant. Superconducting magnets enable high-
resolution imaging and faster scan times, leading to more accurate diagnoses and
improved patient care. Despite challenges such as cost, material limitations, and the
need for cryogenic cooling, ongoing research endeavors are continually pushing the
boundaries of superconducting technology. The development of high-temperature
superconductors, more efficient cooling systems, and improved fabrication tech-
niques are promising avenues for overcoming these hurdles.
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Chapter 6

Superconductor Magnets

Habtamu Anagaw and Gedefaw Mebratie

Abstract

Superconductors are materials that conduct electricity without any resistance,
offering a world of potential applications. At extremely low temperatures, their elec-
trical resistance becomes zero. This property enables them to carry massive currents,
making them ideal for technologies like maglev trains, improved power grids, medical
devices, and particle accelerators. While superconducting technology has advanced
significantly, MRI and NMR are currently the main commercial applications. High-
temperature superconductors (HTS) with transition temperatures in excess of 100 K
have renewed interest in using superconductivity in power technology. While low-
temperature superconductors (LTS) were previously explored, they did not lead to
commercial products. This book reviews past and present activities in power genera-
tion, transmission, and distribution using HTS. Many groups are working on super-
conducting generators, motors, and cables, which could lead to significant growth in
superconductor applications. However, technological and economic challenges with
HTS materials must be overcome. The review chapter covers the properties of HTS,
cooling systems, and applications in devices like rotating machines, transformers, and
maglev trains. It also provides examples of device designs for practical use.

Keywords: superconductor, quench, cryogenics, homogeneity, Dewar,
magnetic energy storage, MRI, particle accelerator, maglev

1. Introduction
1.1 Discovery and development of superconductivity

Superconductivity is the spectacular phenomenon in which a material makes a sec-
ond-order phase transition from a conventional metal to an exotic substance at a spe-
cific temperature, known as the superconducting transition temperature Tc, allowing
electrical current to flow without resistance. Heike Kamerlingh Onnes and his gradu-
ate student, G. Holst, discovered this intriguing new phenomenon in 1911 in Leiden,
Netherlands by cooling mercury to liquid helium temperature using liquid helium asa
refrigerator. The temperature-dependent resistivity was observed to drastically drop
at 4.2 K, indicating the commencement of a phase transition to the superconducting
state, when the electrical resistance abruptly became zero [1]. Superconductivity is
now a well-known quantum phase of matter and has been discovered to exist in dif-
ferent materials, ranging from elements and alloys to complex compounds and even

81 IntechOpen



Superconductivity — Physics and Devices

R ces co e == e e e et E
|S[C, (267 GPa)
(200 GPa)
@ conventional 183 GPa)
@ fullerides
200 - @ ironbased
v @ hydrides
> HTSC
'_
100 F Liquiany,
Hg

Figure 1.
Timeline of the discovery of superconductors [5].

organic molecules. Superconductivity can be accompanied by other intriguing and
different phases in a number of these systems, such as magnetism, charge ordering,
and quantum criticality, adding to the variety of these materials.

After the Meissner effect was discovered, the London brothers Fritz and Heinz
developed a phenomenological justification motivated by concepts from the two-fluid
model of superfluid *He [2]. Despite its simplicity, the theory was able to accommo-
date the Meissner effect as well as make a number of other correct predictions about
the electrodynamics of a superconductor [3]. Superconductivity was thought to be
more or less known for a number of years following the BCS theory [4].

The history of superconductors goes back to 1911, when Kamerlingh Onnes dis-
covered the phenomenon of superconductivity in mercury. Subsequently, a number
of superconducting materials were discovered, as shown in Figure 1.

1.2 The BCS theory

In 1957, Bardeen, Cooper, and Schrieffer (BCS) postulated a microscopic theory
of superconductivity based on the fundamental quantum mechanics principles.
According to the BCS theory, superconductivity is based on the presence of attrac-
tive forces between electrons caused by electron-phonon interactions rather than
repulsive forces between electrons. The presence of an attracting force results in
superconducting characteristics. When two electrons have propagation vectors that
are identical in magnitude and opposite in direction, the attractive force becomes
maximal. The core claim of the BCS theory is that two electrons in a spin-singlet
state with antiparallel spins can create a bound state, known as a Cooper pair. The
primary findings of the BCS theory described the superconducting energy gap inside
an s-wave paradigm (which is typical for many low-temperature superconductors but
not established in unconventional superconductors such as d-wave high-temperature
superconductors). Furthermore, the BCS theory can approximate the quantum-
mechanical many-body state of the system of electrons within the metal [6].

1.3 Heavy fermion materials

Materials containing actinide and lanthanide atoms, with partially filled f shells,
are classified as heavy fermion metals. It is possible to speculate that the local
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moments of the f-electrons in heavy fermion metals as a Fermi gas at room tempera-
ture because of their weak interaction with the conduction electrons. Heavy fermion
metals, on the other hand, are generally defined as those at lower temperatures
where there is high coupling between the f-electrons and conduction cloud (Kondo
effect) [7].

The partially filled f-orbitals of rare-earth or actinide ions are the source of the
features of heavy-fermion compounds [8]. The f-orbitals of these ions collapse within
the ions of the inert gas core due to their enormous nuclear charge, converting them
into localized magnetic moments. Similar peculiar superconducting phases are even
present in some of these heavy-fermion materials. This class of heavy-fermion materi-
als can be broadly defined as systems that are near a magnetic instability and possess
the characteristic features of showing evidence of local moments at high temperatures
and resembling a Fermi liquid with very heavy quasi-particle masses at low tempera-
tures. The lanthanide or actinide series of elements, which have incomplete f shells,
provide the basis for the heavy-fermion materials. Because of the tiny radius of the
ionic f-orbitals, the f-derived electronic states are nearly localized and exhibit strong
electronic interactions, which preserves much of their ionic character. The strong ionic
coulomb interactions, which tend to localize electrons and produce local magnetic
moments, and the hybridization with extended band states, which tend to delocalize
the electrons, are delicately balanced in heavy-fermion materials. The temperature-
dependent transition from the high-temperature local moment regime to the low-
temperature zone of itinerant f electron behavior is caused by the delicate balance [9].

1.4 High-temperature superconductivity in copper oxides

The discovery of high-temperature superconductivity (HTS) in copper oxides
in 1986 marked a new era of superconductivity. Unlike traditional superconduc-
tors, these HTS materials have a much higher upper critical field (Hc,), allowing for
measurements in extremely high magnetic fields. In the “mixed” state between H¢,;
and He,, superconductivity and magnetic fields coexist. This state is dominant in HTS
materials, while the Meissner state (where magnetic fields are completely expelled)
is only present at very low fields. Importantly, the critical temperature (T¢) in HTS
systems is comparable to the Fermi energy (Eg). The higher the Fermi energy, the
higher the T¢ value, which challenges the conventional BCS theory, a widely accepted
theory of superconductivity.

Due to the high T of cuprates, scientists have been working to study their behav-
ior in extremely high magnetic fields. This research is crucial for understanding
superconducting fluctuations, vortex arrays, and quantum oscillations in these mate-
rials. Recent discoveries of HTS in iron pnictides and chalcogenides, which are less
anisotropic than cuprates, have renewed interest in this field. Cuprate high-temper-
ature superconductors (HTS) are different from conventional BCS superconductors.
BCS superconductors pair electrons due to attractive interactions mediated by lattice
vibrations, while cuprates likely pair electrons due to attractive interactions related
to magnetic field energy. This viewpoint is supported by the unconventional d-wave
nature of Cooper pairs in cuprates. BCS theory suggests that superconducting pairing
affects only a small fraction of electrons near the Fermi surface. In conventional BCS
superconductors, Cooper pairs form in an s-wave state, leading to a uniform energy
gap around the Fermi surface. However, in cuprates, certain points or lines on the
Fermi surface have no energy gap, leading to significantly different thermodynamic
and transport properties compared to BCS theory.
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To understand deviations from the mean-field BCS description of high-tempera-
ture superconductors (HTS), researchers are focusing on low-energy quasi-particles
and their interactions with superconducting vortices, particularly through thermal
and quantum fluctuations. High magnetic fields are essential for weakening super-
conductivity and inducing strong fluctuations. This research involves studying the
phase diagram of HTS, and various elements of this problem are being investigated
intensively [10].

High magnetic fields are crucial for superconductivity research, especially in
cuprates and pnictides. They allow scientists to explore the low-temperature regime
where quantum fluctuations are significant. This can lead to the discovery of new
quantum states of matter that are not simply uncovered but actually induced by
high magnetic fields. One example of such a state is the formation of unidirectional
charge- or spin-ordered regions in cuprates, known as stripes [11]. Cuprate high-
temperature superconductors are the only suitable material for creating all-supercon-
ducting magnets at 30 T and above.

1.5 High-temperature superconductivity in iron pnictides and chalcogenides

Iron-based HTS was discovered in 2008, marking a significant breakthrough
as the first non-copper-based HTS materials. This discovery came after the 2005
nonreciprocal critical current (NRC) study on Opportunities in High Magnetic
Field Science [12]. Iron-based HTS is a rapidly growing field of research. These
materials have multiple bands and a Fermi surface with several distinct “pockets.”
The superconducting gap is believed to have opposite signs on these pockets,
suggesting that interelectron repulsion is involved in the superconductivity mecha-
nism. Both cuprate and pnictide families share several common characteristics [13].
Both cuprate and pnictide superconductors exhibit strong electronic correlations in
their normal state [14]. However, pnictides are less anisotropic than cuprates. The
pnictides show great promise for high-field applications, because their relatively
high T, large critical fields, and weaker anisotropies are appealing virtues for such
applications [15].

1.6 Organic superconductors

Organic superconductors were among the first materials studied in high magnetic
field research. While not considered high-temperature superconductors, they are
extreme type II systems with unique anisotropic properties. High magnetic fields
allow researchers to explore regimes similar to those found in cuprates and pnictides.
Phenomena such as the competition between superconductivity and spin/charge
density waves, quantum oscillations in the superconducting state, and other interest-
ing behaviors were first observed in organic superconductors. This area of research
remains active, with high magnetic fields continuing to play a crucial role [16].

2. Superconducting magnet

A superconducting magnet is an electromagnet that uses a superconducting coil.
Unlike traditional electromagnets, superconducting magnets can vary their field
strength without generating heat, allowing for higher current densities and stronger
magnetic fields. The development of technical superconductors in the 1960s made
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superconducting magnets possible. Since then, superconducting magnet technology
has become a major global industry and the most important application of supercon-
ductivity [17].

Superconducting magnets allow high-field solenoids with no steady-state power
consumption, but they do need very low temperatures. Early superconducting mate-
rials had such a low critical temperature, T, that they had to be cooled using liquid
helium (boiling point 4.2 K), an expensive undertaking. More recently, superconduct-
ing oxides have been developed with critical temperatures above the boiling point of
liquid nitrogen (77.4 K), making superconducting magnets much more practical. The
high-T( superconductors also have a high critical field—the magnetic field strength
that quenches superconduction that sets an upper limit to the performance of a
superconductor [18].

Superconducting magnet technology deals with the design, manufacture, and
operation of superconducting magnets. A superconducting magnet is a highly
stressed device: it requires the best that engineering has to offer to ensure that it
operates successfully, is reliable, and at the same time is economically viable. A
typical 10-tesla magnet is subjected to an equivalent magnetic pressure of 40 MPa
(nearly 400 atm), whether it operates superconductively at 4.2 K (liquid helium) or
77 K (liquid nitrogen), or resistively at room temperature. Superconducting magnet
technology is interdisciplinary in that it requires knowledge and training in many
fields of engineering—mechanical, electrical, cryogenic, and materials [19].

Superconducting magnets are essential for applications like particle accelerators
and fusion reactors. Key concepts related to their operation include quenches (loss
of superconductivity), cryogenics (cooling), field homogeneity (uniformity), and
Dewar (a vacuum flask).

2.1 Quench

A quench occurs when a superconducting magnet unexpectedly loses its super-
conductivity, often due to heat or other factors. This can cause a significant release of
thermal energy, making it important to have strategies in place to manage the situation
and minimize costs and downtime [20]. A quench is a critical failure in superconducting
structures that occurs when parts of the superconducting coil lose their superconductiv-
ity. This leads to voltage, temperature rise, mechanical stress, increased cryogen pres-
sure, and the expulsion of magnetic flux. Early detection and protection of quenches
are essential for the safe operation of superconducting structures, especially high-tem-
perature superconductors (HTS) which have high critical temperatures and can carry
large currents. Researchers have focused on improving the stability of superconducting
structures and magnets to prevent damage caused by local quenches [21].

To design and develop effective quench detection and protection methods for
superconducting structures, it is crucial to understand their electrical, thermal, and
structural behavior during a quench. Researchers have reported various experimental
methods for quench detection, including acoustic emission detection [22], the ultra-
sonic wave method [23], the resistive voltage detection method [24], the strain-based
detection method for LTS solenoids [25], as well as the new quench detection tech-
nique based on Rayleigh-backscattering interrogated optical fibers for HTS magnets
[26]. A simple technique for quench detection in superconducting coils and magnets
is individual voltage monitoring. Furthermore, a number of theoretical frameworks
and numerical simulations have been put forth to examine quenches and advance
knowledge on quench protection and detection in both high- and low-temperature
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superconducting systems [27]. Using equivalent network circuits and homogenized
coil models, researchers have developed numerical methods and computer programs
to simulate quenches in LTS coils and magnets [28].

2.2 Cryogenics

At cryogenic temperatures of 4-80 K, all superconductors that are now known to
exist must function. Building cooling devices—also referred to as refrigerators or sim-
ply cryocoolers—that can achieve extremely low temperatures requires a significant
deal of inventiveness since the technology involved in obtaining such low tempera-
tures is quite complex. Superconductor magnet coils are kept and stored in a cryostat
in a temperature and humidity-controlled environment an assembly of cryostats to
hold the HTS magnet. To keep this HT'S magnet working at the required temperature
of 30 K, it is conduction-cooled using a cryocooler and epoxy-impregnated.

The vacuum vessel, HTS magnet, current leads, cold mass support, intermediate
temperature radiation shield, multi-layer insulation (MLI), and cryocooler make up the
cryostat assembly. The HTS magnet is placed inside the vacuum vessel, which also has
atransparent 100 mm diameter bore. The heated vacuum vessel provides support for
the HTS magnet coil assembly, also referred to as the “cold mass.” The magnet assembly
is surrounded by a shield of intermediate temperature that is kept at 60 K. This shield’s
job is to block heat radiation coming from the vacuum vessel’s room-temperature wall.
In the vacuum vessel’s area between the radiation shield and room-temperature walls, a
multi-layer insulation (MLI) thermal blanket is attached. The magnet receives current
from two leads. Since one of the main sources of heat conduction is current leads [29].

Common current leads consist of two sections: an HTS-made lower section that
is positioned between the magnet and radiation shield, and an upper copper or brass
section that is positioned between the radiation shield and ambient temperature.

The first stage of the cryocooler intercepts the thermal load transmitted from room
temperature to the radiation shield. Analogously, the second cryocooler stage elimi-
nates the thermal load transferred from the radiation shield to the magnet. For the
purpose of cooling the magnet assembly, a two-stage cryocooler is shown in Figure 2.
Through the MLI thermal insulation, conduction through the cold mass supports,
instrumentation wires, and current leads at the chosen 60 K radiation shield, the first
stage cooling intercepts the thermal load radiated from room temperature. Thermal
radiation from the 60 K shield, thermal conduction through cold mass supports,
instrumentation wires, and conduction down HTS current leads between the magnet
cold mass and the cryocooler’s first stage are all eliminated by second-stage cooling,
which eliminates thermal burden in the 35 K region. It has even been possible to chill a
magnet to 4 K using two-stage cryocoolers, which is required for LTS magnets [29].

2.2.1 Cryogenic fluids for cooling HTS magnets

Cryogenics uses cryogenic fluids like liquid helium to keep superconducting
magnets at low temperatures. During a quench, the cryogenic system must effectively
remove the coolant to prevent excessive pressure buildup, ensuring the safe operation
of the superconducting magnets. Cryogenics is vital for the operation and efficiency
of superconducting magnets, used in applications like particle accelerators and
magnetic levitation. Cryogenics in these systems is characterized by cooling methods,
thermal management, and operational stability [30].
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Figure 2.
Schematic of a cryostat.

It is necessary to cool a superconducting magnet to a temperature that allows for
dependable and effective functioning. Bathing a magnet in a pool of liquid cryogen,
which boils at a temperature appropriate for superconductor materials, is the most
straightforward method of cooling it. If a cryogen is kept at constant pressure, it will
boil at a constant temperature. Liquid He (LHe) has been the only fluid of choice
because the majority of LTS magnets constructed using niobium-titanium (Nb-Ti)
and niobium-tin (NbsSn) superconductors need to operate at temperatures close to
4 K. The coolant used in nearly all high-field LTS magnets is LHe. Nonetheless, for
low-field applications, HTS conductors (BSCCO-2223 and YBCO-123) can function at
LN, temperature (77 K), and for high-field applications, at LNe temperature (27 K).
Because it is cheap, inert, and easily accessible, LN, is favored as a coolant. While
pricey and not easily accessible in significant amounts, LNe is also a desirable coolant
for HTS magnets. All cryogens have the drawback of needing to be refilled or utilized
in a closed cycle where a cryocooler recondenses boiled-off vapor. LNe and LN,
have been employed as coolants in numerous HTS magnet applications; they will be
covered in the upcoming chapters. Because of the risks involved, it is imperative that
all safety and control procedures are followed when working with cryogens [31].
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2.2.2 Direct cooling with cryogens

Superconductor LTS magnets using NbTi and NbsSn are typically cooled by immer-
sion in LHe. This is how almost all NbTi-built magnetic resonance imaging (MRI)
magnets are cooled. Any heat produced in the NbTi conductor is passed to the liquid
coolant since it is submerged in LHe. By applying the latent heat of vaporization, LHe
is transformed into gaseous He (GHe), absorbing this heat load. As long as the heat
flux—or heat per unit area—available at the conductor surface is less than what the
LHe can remove, superconductors in these magnets will remain in the superconduct-
ing state. This limit is known as the critical heat flux. The superconductor temperature
rises when the critical heat flow is exceeded, and eventually, when the temperature
rises above the critical temperature (Tc), the superconductor transforms to its normal
state. This group includes most MRI and particle accelerator magnets [29].

A forced flow of liquid helium cools another class of magnets. Using this tech-
nique, superconductor strands are either connected to the conduit’s exterior or kept
inside. In order to cool the superconductor strands, LHe is pushed through the con-
duit. Compared to the pool boiling process, this approach allows for a more regulated
and efficient cooling of superconductor strands. Both methods have been used to
create very massive magnets. The reader is referred to a book by Wilson for a compre-
hensive analysis of the behavior of LTS superconductors employed as magnets [32].

2.2.3 Indirect or conduction cooling

Cryocooler freezers have made conduction cooling easy and convenient for many
high-field magnet construction projects. Commercially available magnets beyond
12 T are currently accessible. Epoxy is used to coat superconducting coils, resulting
in monolithic constructions that are both easily handled and structurally robust.
Conduction cools these coils from their exterior surface. Figure 3 depicts two com-
mon conduction cooling techniques in which good thermal contact is achieved by (1)
tubes transporting coolant and (2) a cryocooler refrigerator cooler directly [29].

A liquid cryogen or a cold gas could be the coolant in the cooling tubes. In a
refrigerator or other comparable cooler, the coolant can function in a closed cycle by
rejecting its heat load outside the magnet system. A cryogen extracted from a storage
container could alternatively be used as the coolant. Furthermore, an HTS coil that is
cooling could be thermally interfaced to a cryocooler refrigerator [29].

2.2.4 Refrigeration systems

The process of rejecting heat from a substance or an enclosed area and transferring
it to another location with the primary goal of reducing and subsequently preserving

Coolant Monolithic

in Tube Coils Cooler
T3 R 3
(1)

(2

Figure 3.
Conduction cooling of a superconducting coil: (1) Coolant in tubes and (2) coil in contact with a vefrigerator cooler.
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the temperature of the substance or confined space is known as refrigeration. Power
is needed by refrigerator systems in order to remove the thermal burden from the
low-temperature area [29].

Cooling mechanisms: Superconducting magnets need to be kept very cold to work
properly. The Super KEKB accelerator uses a cryogenic system that cools its magnets
to 4.41 K using a 250-W refrigerator. This helps to minimize heat leaks and keep
the system running smoothly [33]. HT'S magnets use advanced cooling systems like
Stirling-type pulse tube cryocoolers. These cryocoolers can achieve cooling capacities
of 100 W at 45 K, making HTS magnets more energy-efficient [34].

Thermal management: Effective insulation and heat management are crucial to
prevent heat from entering superconducting systems. The design of cryostats (con-
tainers for storing cryogenic fluids) is important for maintaining low temperatures
and efficient operation. Compact testing facilities have been developed to measure
heat loads and temperature changes in superconducting magnets, enabling precise
control and analysis during operation [35].

2.3 Homogeneity

In superconducting magnets, homogeneity refers to how uniform the magnetic
field is. Achieving high homogeneity is important for applications like MRI and
particle physics, as field variations can affect their performance. It is essential in
superconducting magnets for applications like MRI and particle accelerators, as it
ensures uniform magnetic fields and improves performance. Recent studies have
identified factors that affect homogeneity, such as thermal strains, structural design,
and shielding techniques [36].

High homogeneity is crucial for accurate measurements in medical imaging and
particle physics. In superconducting magnets, especially those operating at very low
temperatures, maintaining field uniformity is important despite the thermal strains
that occur during cooling [37].

High homogeneity magnets often use multiple solenoids and advanced materi-
als like HT'S to improve their performance [38]. In order to optimize the structural
integrity and performance of these magnets under operational pressures, numerical
homogenization approaches are utilized to simulate and anticipate their electromag-
netic characteristics [39].

2.3.1 Challenges and solutions

The degradation of magnetic field homogeneity during cool-down might be
caused by thermal stresses; therefore, designs must take these effects into consider-
ation [37]. Novel techniques that eliminate undesired magnetic field components,
including the use of superconducting shields, can significantly increase field homoge-
neity. While achieving high homogeneity is critical, it is also essential to balance this
with the operational stability and safety of superconducting magnets, particularly
under varying thermal and mechanical conditions [40].

2.4 Dewar

Cryogenic fluids are stored in Dewars, which are specialized containers with
insulation to preserve low temperatures. It is essential to maintain the conditions
required for superconductivity in the cryogenic system of superconducting. For
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superconducting magnets to function, the Dewar is an essential part that keeps the
temperature down, which makes the magnets superconductive. Superconducting
systems’ performance and dependability are greatly impacted by their characteristics
and design magnets [41].

2.4.1 Functionality and design
2.4.1.1 Thermal insulation

Dewars are made to keep heat transfer to a minimum. To maintain the low temper-
atures required for superconducting magnets, a vacuum is frequently created between
the inner and outer walls [42].

2.4.1.2 Material vequirements

Metal Dewars are preferred for their mechanical strength and gas tightness, which
are crucial for high-temperature superconducting (HTS) applications [43].

2.4.1.3 Innovations in Dewar technology
2.4.1.3.1 Quench detection

Advanced Dewar designs incorporate features for quench detection, such as opti-
cal fiber sensors, enhancing the safety and reliability of HTS magnets [44].

2.4.1.3.2 Magnetic shielding

Some Dewars include shielding covers to protect electronic components from strong
magnetic fields generated by superconducting coils, ensuring stable operation [45].

2.5 Magnet stabilization

Stable magnet operation is not ensured by using stable composite wires and
cables in a magnet coil. Numerous disruptions can affect superconducting magnet
coils, including conductor displacements during excitation, epoxy cracking, AC
losses, splice heating, beam-induced heat deposition, variations in the cryogenic
system’s helium temperature, etc. They could raise the coil temperature above both
the superconductor critical temperature T¢ and the current sharing temperature Tc.
This would cause all transport current to be ejected into the matrix and then to begin
sharing between the superconductor and the normal matrix. According to M.N.
Wilson, Superconducting Magnets, Oxford University Press, New York, 1983, these
disturbances vary in size (from small, comparable with the superconducting filament
size, to large, comparable with the whole conductor length), time scale (from short
heat pulses to steady heat depositions), and coil location. Ensuring that a magnet coil
can remain superconducting or regain superconductivity following a disturbance is
the primary objective of stability. One major challenge in the design of superconduct-
ing magnets is the suppression of instability in the case of quench. To that end, two
strategies have been developed: the first involves eliminating flux hopping, while the
second limits its effects by cryogenic stabilization. In actuality, one typically com-
bines these two methods [46].
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3. Application
3.1 Superconducting magnetic energy storage (SMES)

Electric power is efficiently and quickly extracted from the magnetic field of a
massive superconducting magnet in a SMES system. When the SMES is being dis-
charged and when it is being recharged, power conditioning equipment is needed to
convert the DC power in the magnet to AC power for the grid. SMES has a number of
possible uses in the energy sector. Large units with a capacity of more than 1 GW-h
could be utilized for load leveling and diurnal storage. Numerous operational advan-
tages, such as spinning reserve, autonomous generation management, black start
capability, and increased system stability, may be offered by smaller units [47].

Because SMEs can supply massive amounts of pulsed power to weapon systems
like ground-based lasers for ballistic missile defense, it is also of interest to the
military. The development of an engineering test model (ETM) with a capacity of
20 MW-h/400 MW is currently being supported by the Strategic Defense Initiative
Organization (SDIO) and might start as early as 1993. Utilities are contributing a
small portion of the funding through the Electric Power Research Institute because
military and utility designs are similar except for the power conditioning system
(weapons need to receive large amounts of power quickly and may drain the SMES in
a short time, while utilities need to have a constant, reliable supply from which smaller
amounts of power are withdrawn on a daily basis). SMES can be used in a variety of
fields to offset the weaknesses in each sector by combining its benefits with those of
the other fields. Electric energy can be produced from various forms of energy using a
variety of power generation techniques. After that, consumers can use the electricity
that has flown to the grid via the cable, while SMES stores any electricity that has not
yet been consumed. In order to compensate for the lack of power generation during
the low power generation phase, electric energy is discharged. This keeps the grid
well-supplied while cutting down on the wastage of created extra electricity [47].

3.2 Application of power generation field
3.2.1 Photovoltaic power generation (PVPG)

The method known as photovoltaic power generation uses the semiconductor
interface’s photovoltaic effect to directly transform light energy into electric energy.
Three components make up its fundamental structure: the inverter, controller, and
solar panel. SMES can function benignly in PVPG systems in addition to being able to
store energy. Over the past few years, our power system has faced numerous issues,
including reactive power, unbalanced current, unbalanced voltage, sags and swells in
voltage, power variations, load fluctuations, and compensation of induced harmonics
[48]. These difficulties are caused by the rapidly expanding use of switched-mode
power supplies (SMPS), nonlinear loads, static power converters, ever-expanding
and congested power lines, and high permeability renewable energy sources (RESs),
such as the sun, wind, and other natural resources [49]. Especially among all kinds of
RESs, PVPGS with no pollution, no geographical restrictions, and abundant reserves
account for an increasing proportion of microgrids [50]. Unfortunately, solar energy
is highly erratic and clearly intermittent, which causes significant variations in photo-
voltaic output power [51]. SMES can smoothly suppress the power fluctuation caused
by load mutation, pulse load, and time-varying solar irradiance [52].
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3.2.2 Wind power genevation

Wind power generation essentially transforms wind energy into mechanical
energy, which is subsequently transformed into electrical energy to produce electric-
ity. The idea behind wind power generation is to harness the wind to rotate the blades
of a windmill. Subsequently, the apparatus will accelerate its rotational speed to
encourage the generator to produce electricity. The two main issues that modern wind
power generation systems (WPGS) face is (1) wind speed has a significant impact
on the output power of wind power generation, and this output power fluctuates
randomly; and (2) if wind power generation equipment is simply turned off when
the power grid voltage drops, this will seriously affect the stability of the power grid.
SMES is experimenting with varying wind speeds to manage the voltage of electric-
ity networks integrated with wind farms. The Simpower system package and the
MATLAB/Simulink program were used to model SMES, WPGS, and the research
system [51]. Additionally, they derive the following conclusions from this experi-
ment to support the benefits of SMES when used in conjunction with WPGS: (1)
When WPGS and SMES are put together, the voltage value stays constant regardless
of variations in wind speed, suggesting that SMES and WPGS can work together to
stabilize the voltage. Reactive power and electrical energy loss in the line can both
be decreased via SMES [53]. As a result, SMES is crucial to the stability of the wind
power generation system. In the meantime, SMES and WPGS work together to sup-
press externally generated changes in voltage and frequency, much like PVPGS does.
The wind speed should be the external element in this integrated system. As a result,
SMES-equipped wind power plants can run more steadily [53].

3.2.3 Thermal power generation

Burning combustibles to convert heat energy into electrical power via a power
generation device is known as thermal power generation. Thermal power generation
systems are typically built with Automatic Gain Control (AGC), which is a crucial
component of the Energy Management System (EMS). AGC regulates the frequency
modulation unit’s output to meet users’ fluctuating power demands and bring the
system into a financially viable operating state [54].

When the system is exposed to variations in load, the AGC’ job is to maintain the
system frequency and actual power between various control zones at their respective
nominal values. The role of AGC in the thermal power system will be strengthened if
we integrate it with SMES and AGC. An experiment conducted by Sabita Chaine and
M. Tripathy demonstrated the superiority of integrating SMES with thermal energy
generation. When used with appropriately calibrated controllers, tachyon energy stor-
age devices like SMES are successful at suppressing oscillations in the power system
due to their sensitivity and robustness under a variety of operating situations [54].

3.3 Accelerator magnets

The most crucial instruments in high-energy physics research, accelerators enable
the study of the biggest masses and the tiniest spatial scales. The machine radius r (in
meters) and the strength of the bending dipole magnets B (in Tesla) set a limit on the
energy E (in GeV) of particles in a circular accelerator.
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Therefore, the most effective route to higher energy accelerators is via high fields.
A superconducting accelerator’s magnet system is made up of quadrupole magnets
that are employed as lenses to focus particle beams and bending dipole magnets that
maintain particles on a closed orbit. To adjust beam orbit and parameters, specific
dipole, quadrupole, sextupole, and octupole magnets are also utilized [55]. The ring
circumference determines the accelerator construction cost, while the magnet power
consumption determines the accelerator operation cost. Thus, in order to reduce coil
volume and magnet cost, superconducting magnets for particle accelerators depend
on the maximum current density. The other important factors for accelerator magnets
are field quality and its repeatability from magnet to magnet. Generally, they need to
be at least 0.01% of the primary field component.

3.4 Superconducting magnet for MRI

Nuclear magnetic resonance, in which an atomic nucleus put in a magnetic field
absorbs the energy of radio waves at a given frequency, is the basis for magnetic reso-
nance imaging (MRI). Using primary magnets and radio frequency coils, MRI creates
images of the distribution of protons, or hydrogen nuclei, throughout the human
body. As a result, using noninvasive external magnetic fields to detect and analyze
diseases early and more accurately has made it an essential diagnostic tool. As a result
of ongoing technological advancements, MRI systems have been developed that are
increasingly useful for neurosurgical planning, angiography, and cancer detection.
The field strength and imaging resolution are inversely related. MRI magnets that are
currently in widespread use in clinical settings have a magnetic field intensity of 1.5 T.
Analysis of the body compositions of much smaller forms and observation of finer
body structures are made possible when this strength is much boosted. Since then,
magnetic resonance imaging (MRI) has spread throughout the globe as a vital medical
tool for in vivo imaging. This makes MRI maybe the greatest invention since X-ray
machines, which provided the first diagnostic view inside the human body. With
high-resolution, soft-tissue contrast, functional process and imaging, and a safe 3D
image of the human body, magnetic resonance imaging (MRI) replaces X-rays, which
pose a risk to human cells [56].

3.5 The SQUID magnetometer

When a weak link separates two superconductors, a Josephson junction is
formed. Such a shaky connection can result from several factors. A SQUID magne-
tometer consists of one or two of these connections in a superconducting loop. The
DC-SQUID with two Josephson junctions is used to detect biomagnetic signals in
most applications.

To maintain a low inductance, the SQUID loop should be as small as possible;

a pickup loop is necessary to have a small sensor loop with a high level of sensitivity.
Some high-temperature superconductors use a directly connected pickup loop,
however, this loop typically links inductively with the SQUID loop. Together with the
sensor, certain readout electronics are also needed. Current locked loops and fluxed
locked loops are the most commonly used reading systems, while there are others [57].
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3.5.1 Magnetoencephalography (MEG)

Biomagnetic signals are primarily produced by intracellular current flow, which
is triggered by stimulation of muscles or nerves. These cells act as the current source,
and the circuit is completed by the extracellular current passing through the volume
conductor. This current flow produces quantifiable electric fields, which can be
measured using electroencephalography (EEG) techniques. Additionally, a very faint
but discernible magnetic field is produced. One advantage of measuring the magnetic
field is that it makes it possible to measure currents that are perpendicular to the
surface of the body. EEG can attain far lower resolutions than MEG because volume
current is more distorted than intracellular current flow. Intracellular current flow is
the primary cause of these currents. Additionally, because the two metrics comple-
ment each other, it can be used in conjunction with EEG approaches [58].

MEG systems typically have a Dewar around the entire head, including a range of
low-temperature SQUID sensors (see Figure 4). Typically, the array is made up of
37-255 SQUID sensors arranged either as a magnetometer or as a gradiometer, with
a small number of sensors devoted to noise cancelation. Two pickup coils placed on a
baseline in a gradiometer arrangement are arranged so that the magnetic fields flow-
ing through them cancel out and only the difference is amplified (Figure 5). The mag-
netometer consists of a single SQUID sensor and pickup coil. MEG measurements are
always conducted in a magnetically protected chamber due to the small signal sizes.

Numerous clinical and research applications employ MEG. While MEG is an
excellent tool for certain tasks, such as functional mapping of cortical areas, it is also
a unique tool for other tasks, such as examining the temporal aspects of the brain’s
signal processing and other even more complicated brain activities. When combined
with EEG, functional magnetic resonance imaging (fMRI), positron emission tomog-
raphy (PET), and MRI, MEG offers a variety of additional special study applications.

The primary use of MEG in clinical settings is to locate lesions and epileptic dis-
charge centers. Using this in conjunction with MRI or fMRI allows for precise preop-
erative planning. Other uses include the planning of stereotactic radiation therapy by
precisely localizing the primary sensory cortex through functional mapping, which
keeps radiation to this region as low as possible, and the planning of rehabilitation for
stroke patients by assessing the extent of brain damage [59].

Figure 4.
Whole head MEG system.
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Figure 5.
Gradiometer configuration.

3.5.2 Magnetocardiography (MCG)

The magnetic field produced by the heart’s current flow is about 50 pT in strength.
Both low and high-temperature SQUIDS can detect this well within their detection
range. This is the first area of medicine where using high-temperature SQUIDs is now
a practical substitute. Once more, the intracellular current flow is measured by the
magnetometer and is considerably less distorted by the body than the volume current
flow detected by EEG devices. Another completely noninvasive technique that does
not need electrodes is MCG. The primary barrier to MCG is the requirement for shield-
ing; before the clinical application becomes a reality, a few unshielded sensors still
need to be enhanced. An array of SQUID sensors, which frequently cover the entire
chest region and occasionally the front and back as well, is another feature of the basic
MCG device. There are between seven to 64 sensors. Every experimental model, with
the exception of a handful, works in a magnetically insulated chamber [58].

Since MCG preparation takes far less time than ECG measurements, it is useful
in-patient screening. It has also been utilized in conjunction with the catheter technique
to map cardiac arrhythmias. The MCG is used to map the catheter position in order to
obtain a more accurate assessment of the area that has to be ablated once the arrhythmia
has been broadly localized. In addition to being used to identify myocardial ischemia,
MCG has been demonstrated to predict malignant cardiac arrhythmias with significantly
higher accuracy than ECG [59]. Fetal magnetocardiography is one of the primary uses
of MCG that is currently emerging. Because the vernix caseosa, an isolating layer in fetal
ECGs, is prone to severe distortion, MCGs have great clinical value for analyzing fetal
heartbeats in high-risk pregnancies because they are not subject to this distortion [56].

3.5.3 Magnetoneurography

Magnetoneurography is the measurement of peripheral nerve impulses using
magnetic fields. Peripheral nerve signals are so small—about 15 fT—that they can
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only be detected by highly sensitive, low-temperature SQUIDs in severely shielded
rooms. Even then, special noise cancelation is required because the magnetic distur-
bance caused by the heart is nearly a 1000 times larger [60]. This method is useful
for locating conduction blocks or slowing in peripheral nerves, and it may be used as
a diagnostic procedure in this regard. In situations where there is an acute nerve root
lesion along with excruciating back pain and spasms in the muscles, it can also be
used to find the focal nerve [61].

3.6 Power application

Most applications in electric power equipment require material in a wire or tape
configuration, with only a few exceptions. It has been suggested that superconducting
materials in the form of “bulk” blocks, plates, or rods be used in non-wire arrange-
ments for devices like power leads, flywheel bearings, and fault current limiters. All
practical applications of superconducting wire, coils, and magnets inherently result
in significant energy savings because superconducting wire provides zero resistance
to the flow of direct electrical current. True technological advancements have been
made possible by the creation of strong magnetic fields in a workable working volume
with the least amount of energy needed, mostly for cooling. The compactness of size
(MRI), low weight (MAGLEV), high specific performance (NMR), and other char-
acteristics of superconducting systems provide the customer considerable advantages
for non-energy applications of bulk superconducting material. Energy reductions
alone do not justify the use of superconducting technology in energy-related applica-
tions. Superconductors must be able to demonstrate their performance, depend-
ability, safety, and lower total life cycle cost before they can be integrated into the
electrical grid.

Superconductors do not impede the flow of electric current while they are
operating in a steady state of direct current. On the other hand, superconductors do
not have zero resistance and do show some losses in AC or transient situations. They
were therefore initially used in dc or quasi-DC environments. Low ac loss conduc-
tors have been created especially for operation under transient or steady state AC
operation as the loss mechanism of conductors at power frequencies has been better
understood. In essence, full-rating developmental devices have been constructed in
a number of instances to show how devices like rotating synchronous generators and
AC power transmission lines operate. These devices are typically constructed using
LTS NbTi [62].

Since the construction of an 8 kW 400 Hz demonstration machine by Stekly et al.
in the 1960s, superconductors have been used in rotating synchronous generators
[63]. This generator used a spinning room temperature armature and a stationary
superconducting field winding because the existing superconductors could only be
used in direct current (DC) applications. Subsequent machines were designed using a
stationary room temperature armature and a spinning superconducting field winding
as the preferred form. A 20 MVA unit was constructed and tested by General Electric
in the early 1980s, operating at full load output power [64].

3.6.1 Transformers

Transformers with superconducting windings have been the target of multiple
efforts since the 1960s when superconductors became economically viable for use
in large magnets. A group at Westinghouse conducted a comprehensive feasibility
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assessment of superconducting windings in a big power transformer more than

10 years ago. Despite the transformer’s superior qualities resulting from the use of
known or deemed developable superconductors, the team discovered that as long as
the windings remained electrically connected to the network after a fault, they would
not be able to return to the superconducting state [63].

3.7 Superconducting magnets in transportation (maglev)

The term “maglev” comes from “magnetic levitation,” which is the process of
lifting a vehicle using an electromagnet or permanent magnet to create a magnetic
field and eliminate the need for any mechanical support. Another name for super-
conducting maglevs is linear motor vehicles. The motor is not rotarys; it is linear. It can
be compared to a regular electric motor that has been divided open, laid out flat, and
pointed in the direction that a train is moving. The maglev train technology uses two
sets of magnets.

Two sets of magnets are used: one for levitating the train body off the track, and
another for propulsion using attraction and repulsion. The moving body of a levitated
train has additional stability and directional control thanks to guideways in the form
of magnets. It is prevented from moving outside of its magnetic field range by the
magnetic field these guide way magnets produce. Because of this, the maglev train is
more reliable and efficient than the conventional train. Because there are no moving
parts and no direct touch between the train body and the tracks, the operation is
frictionless [64]. The magnetic field produced by electrified coils powers the maglev
train instead of an engine.

There are three primary types of maglev technologies. Three main categories of
maglev technologies exist because first to raise the train, electromagnetic suspen-
sion (EMS) uses an attracting magnet beneath a rail to generate a magnetic force.
Under this arrangement, the train is drawn to a magnetically conductive (often steel)
track by electronically controlled electromagnets within the vehicle. Second, to push
the train away from the rail, electrodynamic suspension (EDS) applies a repulsive
force between two magnetic fields. Strong permanent magnets or superconducting
electromagnets in this system produce a magnetic field that, when there is a relative
movement, produces currents in adjacent magnetic conductors, pushing and pulling
the train in the direction of the intended levitation location on the guide path. Third,
lift the train above the ground, stabilized permanent magnet suspension (SPM) uses
opposing arrays of permanent magnets above the rail. The magneto dynamic suspen-
sion (MDS) is another experimental device that was created, mathematically dem-
onstrated, peer-reviewed, and patented but has not yet been put into use. It works by
using the magnetic pull of a permanent magnet array placed close to a steel track to
draw in trains and keep them there [65].

The three primary functions of magnetic levitation are: (1) to lift the vehicle, (2)
to provide propulsion and attain a rapid pace, and (3) to offer direction. The working
principle of the maglev system depends on: (1) the magnetic field generated through
permanent magnets or electromagnets and (2) the magnetic poles of magnets or
electromagnets. Levitation to vehicle or object due to magnetic field generated by
respective power source, whether it be permanent magnets or electromagnets if the
same pole of respective power source faces to each other and propulsion of vehicle
due to attraction or repulsion action of the magnetic field generated by another same
power source as their opposite poles face to each other is the working principle of a
maglev train (Figure 6) [66].
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e Guidance

Figure 6.
Primary function of maglev [66].

4. Conclusion

Superconducting magnets have revolutionized various fields, from energy gen-
eration and storage to medical diagnostics and transportation and also scientific
research. Their ability to operate at extremely low temperatures and generate power-
ful magnetic fields has enabled numerous advancements. Their ability to generate
powerful magnetic fields with high efficiency and minimal energy consumption has
led to significant advancements in technology and scientific research. As research and
development continue, we can expect even more innovative applications of supercon-
ducting magnets in the future.
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Chapter7

Latest Development of
Superconducting Maglev

Wei Zhou, Kun Liu, Zhihua Zhang and Si Yuan Liang

Abstract

The suggested chapter will present the latest developments of the superconducting
maglev in the world (especially in China). The chapter firstly introduces the classifica-
tion of suspension, for example, the developments of electro-magnetic suspension
(EMS), electro-dynamic suspension (EDS), and magnetic flux pinning suspension.
Secondly, we explain the concept and principle of EMS, EDS, and so on. Thirdly, we
give the introduction to the latest developments of the maglev in the world, such as China,
Japan, the US, and so on. In particular, the chapter will give more details about the
superconducting EDS developments in China. Finally, the chapter will present the key
technologies and research prospect of the superconducting magnet of the EDS.

Keywords: maglev, high speed, electro-dynamic suspension, superconducting magnet,
key technologies

1. Introduction

With the development of human society and economy and the progress of science
and technology, people’s demand for transportation capacity is increasing day by day,
and there is an urgent need for a faster and more efficient transportation system. In
the future transportation field, the application of maglev technology undoubtedly has
more advantages. There are many kinds of magnetic levitation systems, such as elec-
trical-dynamic levitation (EDS), electromagnetic suspension (EMS), and supercon-
ducting pin levitation. EDS has become one of the fastest developing systems because
of its advantages of large suspension gap and simple control logic. Superconducting
magnet is the “magnetic source” of EDS as well as the power source of the whole
system. Japan, the United States, and other countries carried out research on EDS
superconducting magnet as early as the 1970s and successively completed the prin-
cipal test verification, engineering test verification, and commercial test operation.
This paper focuses on the latest research progress of EDS, especially the development
of EDS in China. Finally, key technologies and research prospect of superconducting
magnets for EDS are introduced.

107 IntechOpen



Superconductivity — Physics and Devices

2. The classification of suspension

Maglev trains reduce the friction resistance between the wheels and the track, and
the maximum speed can reach 600 km/h or even higher, which has great potential
in the future transportation system. According to the different suspension modes
of maglev trains, there are currently three types of maglev trains: Electromagnetic
maglev train (EMS), electrical-dynamic maglev train (EDS), and superconducting
pin suspension train (SPL) [1]. The characteristics and related parameters of the three
maglev technologies are shown in Table 1.

Among the above three levitation systems, EMS and EDS have reached the practical
level. Among them, EDS has become the mainstream development trend of ultra-high-
speed maglev due to its high running speed, light vehicle, and large suspension gap. In
the EDS system, the EDS train developed in Japan has the most practical prospect. The
basic composition of the system is shown in Figure 1. The system adopts “U” shape
track, and the superconducting magnet is suspended on both sides of the car body,
and the “8” suspension guidance coil and propulsion coil are installed on both sides of
the track, opposite to the superconducting magnet. The driving of the train relies on
the interaction force between the propulsion coils on both sides of the track and the
different magnetic poles of the superconducting magnet. The AC current frequency in
the propulsion coil is constantly adjusted by the change switch to match the speed of
the train to complete the forward and stop of the train, as shown in Figure 2. When the
train is running, the “8” coil on both sides of the track will generate induced current
and magnetic field due to the passing of the superconducting magnet, and the induced
magnetic field will react to the superconducting magnet to generate levitation force

Suspension EMS EDS SPL
system

Application
cases

Magnet Constant conductance coil ~ Superconducting magnet HTS bulk
mounted
Track Silicon steel sheet ‘8’ coils Permanent magnet
Suspensiongap  8-12mm 80-150 mm 10-30 mm
Technique Mature technology, energy  The lifting and floating speed is No power, no source
feature consumption, small required, the superconducting cost suspension, self-
suspension gap, complex is high, the damping is introduced to stable, simple control
control logic ensure stability, and the suspensiongap  logic
is large
Application Shanghai Maglev line, Japan central Shinkansen, aerospace Southwest Jiaotong
scenarios CRRC maglev three research institute, Datong test University 165 m test
line line
Table 1.

Comparison of three maglev systems.
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Figure 1.
The basic composition of superconducting EDS train.
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Train driving principle.

and guiding force. When the speed of the train is low, the levitation force generated
by the “8” coil is small, which is not enough to levitate the train. At this time, the train
relies on the support wheel to move forward. When the train reaches a certain speed,
the levitation force will increase enough to overcome the gravity of the vehicle and
achieve levitation, as shown in Figure 3 [2].

According to the working principle of the superconducting EDS train, it can be
seen that the driving power of the train comes from the interaction force between
the superconducting magnet on board and the track ground coil. It can be seen that
the superconducting magnet on board (hereinafter referred to as the magnet) is
equivalent to the “engine” of the maglev train and is the core equipment of the train,
so the research on the magnet is very important. The operation of the magnet mainly
depends on the zero-resistance characteristic of the superconducting material. When
the superconducting coil is below the critical temperature, its resistance is zero. At
this time, a certain current is passed into the coil, and the current will flow perma-
nently in the superconducting coil, generating a stable and strong magnetic field.
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Figure 3.
Schematic diagram of train suspension.

3. The latest developments of the maglev in the world
3.1Japan central Shinkansen

Japan’s Central Shinkansen is a high-speed maglev railway project based on super-
conducting EDS system, which runs from Tokyo to Osaka via Nagoya and is expected
to operate at a maximum speed of 505 kilometers per hour. In 1990, Japan carried
out the construction of a pilot line in the Yamanashi prefecture section of the Central
Shinkansen, which was completed in 1997. In December of the same year, the high
speed of 550 kilometers per hour was achieved, and the speed of 603 kilometers per
hour was achieved in 2015. Figure 4 shows the Japan maglev test line, maglev vehicle,
and the low-temperature superconducting magnet.

Throughout the development of Japan’s superconducting maglev industry, Japan
first began to think about it in the 1970s, completed the basic test inside the research
institute in 1972, carried out the navigation experiment of Miyazaki experimental
line in 1977, and the navigation experiment of Yamanashi experimental line in 1997.
The specific date and vehicle code are shown in Table 2. With the development of
the vehicle, the superconducting magnet technology is also constantly updated. The
low-temperature superconducting magnet and high-temperature superconducting
magnet both have carried on the MLX-01. Table 2 summaries the development of
Japan EDS.

3.2 Maglev in USA

In 1969, Massachusetts Institute of Technology started maglev train research [3],
using superconducting magnets as suspension and guidance, linear synchronous
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Figure 4.
Japan maglev test line (a) maglev vehicle, (b) LTS magnet.

Serial number age Test line vehicle type Magnet tyep Test velocity
1 In1972 Internal test line ML100 Horizontal type-LTS 60 km/h
2 In1977 Miyazaki Test Line ML500 L type-LTS 517 km/h
3 In 1979 ML500R L type-LTS —
4 In 1980 MLU001 I type-LTS 400 km/h
5 In1986 MLU002 I type-LTS 394 km/h
6 In1993 MLUOO2N I'type-LTS 411km/h
7 In1997 Yamanashi test line MLX-01 I type-LTS 552 km/h
8 In2005 MLX-01 I type-Bi HTS —
9 In2015 Central New Trunk Lo I type--LTS 603 km/h
Line
Table 2.

Japan maglev specific and vehicle code.

motor as propulsion and active damping technology; developed a small prototype of
1 mlong and 14 kg weight to carry out relevant verification experiments; then carried
out research on the plane characteristics of magnetic field, and made experiments
with small model. In the same year, North American Rockwell Company theoretically
analyzed the feasibility of applying EDS technology to rocket launch. Researchers
installed superconducting magnets at the bottom of the rocket sky-car and placed
them in the U-shaped track made of aluminum. After the sky-car reached a certain
speed, it could achieve stable suspension, so that the rocket could be accelerated to
5000 m/s in the vacuum pipe [4].

In 1974, Ford Aeroneutronics started research and development work on a high-
speed maglev train with a test speed of 500 km/h [5, 6]. But with the end of funding
under the 1975 High Speed Surface Transportation Act, the US government stopped
supporting research on various models of high-speed surface transportation systems.
In the late 1980s, the research on maglev trains in the United States heated up again.
In 1990, the United States government organized and invested in a National Maglev
Initiative; the various performance indicators of three system concept designs of
EDS system maglev train proposed by Bechtel, Foster-Miller, and Magne-plane were
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carefully compared and analyzed, and it was found that the three schemes of super-
conducting EDS system maglev train had significant differences in train speed and
levitation height. It is superior to France’s conventional wheel-rail high-speed train
TGA-A and Germany's constant conductance electro-maglev high-speed train TR-07
in terms of degree, start time, safety, and comfort.

In the mid-1990s, to upgrade the high-speed test track at Holloman Air Force
Base, the United States launched the Holloman Maglev Program (schematic diagram
shown in Figure 5) [7]. The propulsion system uses direct rocket propulsion, and
the levitation system uses the principle of inductive plate superconducting electric
magnetic levitation, with the help of the relative motion between the superconduct-
ing magnet and the orbital copper plate to generate eddy current to levitate it. In a test
in 2003, the high-speed skid system once reached the highest ground running speed
of 2884.7 m/s [8-11].

3.3 Maglev in the institute of magnetic levitation and electromagnetic propulsion

The Institute of Magnetic Levitation and Electromagnetic Propulsion, China
Aerospace Science and Industry Co. Ltd. carries out the research on EDS of low-tem-
perature superconducting magnets and high-temperature superconducting magnets
together. In 2018, a 400-meter test line was built in Hebei province for the proof of
principle of electric levitation.

In November 2021, the China Aerospace Science and Industry Magnetoelectricity
General Department completed a 623 km/h high-speed flight test on the 400-meter
test line [12]. Figure 6 shows the prototype superconducting vehicle on the guideway
of the 400-meter test line. In the test, the vehicle’s suspension attitude was stable,
the control of the variable current system was accurate, and the navigation trajectory
curve was in good agreement with the theoretical simulation, which effectively veri-
fied the correctness of the design of the levitating propulsion system and the coordi-
nation of the work of each system. The principal verification of the EDS system has

Figure 5.
Holloman high-speed maglev test device.
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Figure 6.
Prototype vehicle of the proof of principle (LTS).

been completed, which lays the foundation for the next full-scale test line construc-
tion of the ultra-high speed and low-vacuum pipeline maglev transportation system.

In September 2023, the high-temperature superconducting electric levator naviga-
tion test was completed, and a navigation speed of 243 km/h was achieved [13], which
is currently the highest high-temperature superconducting electric levator navigation
speed recorded in China, as shown in Figure 7, the prototype vehicle stop in the brake
section when completed the navigation.

In 2022, the General Department of Magneto-Electricity of China Aerospace
Science and Industry built a full-size vacuum pipeline test line of about 2 kilometers
in Shanxi Province for the joint commissioning test of the whole system.

In January 2023, the Ministry of Magneto-Electricity General Administration of
Aerospace Science and Industry completed the first superconducting flight test of
the full-size test line (Phase I) of the ultra-high-speed low-vacuum pipeline maglev
transportation system at the high-speed Flying Vehicle Test base in Shanxi Province,
achieving success [14]. Figure 8 shows the full-size vehicle and the low-vacuum
pipeline. In this test, the full-size superconducting magnet vehicle was used. After
completing the cooling and excitation of the superconducting magnet, three naviga-
tion tests were completed according to the test procedure. The sailing speed on the
210-meter line was more than 50 km/h. The test is the first full-scale superconducting
flight test in China, which verifies key technologies such as high-dynamic supercon-
ducting magnets, high-power multiple converters, high-voltage integrated modules,
high-vibration suspension framework, high-precision positioning and speed mea-
surement, wireless communication in closed space pipelines, whole-process safety
control, and high-precision intelligent rail inspection. The correctness of the overall
scheme of the high-speed flying car system and the coordination and matching of the
work are preliminarily verified.

In August 2024, the China Academy of Aerospace Science and Industry suc-
cessfully completed the system integration demonstration and verification test in
alow-vacuum environment at the Shanxi high-speed Flying Vehicle test Base [15].
After the establishment of the low-vacuum environment in the 2 km pipeline, the
superconducting vehicle set sail, sailed according to the predetermined control
curve, stably suspended, and stopped safely. The maximum sailing speed and
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Figure7.
Prototype vehicle of the proof of principle (HTS).

Figure 8.
Full-size vehicle of the proof of principle (HTS).

suspension height were in line with the preset values. All the systems worked nor-
mally, and the measured track was in good agreement with the theoretical curve. In
this test, for the first time in our country, the full system, full process, and full ele-
ment of the full-size, high-speed flying vehicle system in low-vacuum environment
were realized, and the key technologies of the establishment and maintenance

of the long distance and large-size vacuum environment, the superconducting
navigation control were verified. The coordination of the various systems and the
working performance of the whole system in a low-vacuum environment were
verified. The overall technology maturity of the system is further improved, which
lays a technical foundation for the subsequent high-speed flying car pilot test veri-
fication. Table 3 summaries the latest development of EDS at the China Academy
of Aerospace Science and Industry.
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Serial number age Test line vehicle type Magnet type Test velocity

1 In2021.11 400 test line Prototype vehicle I-type-LTS 623 km/h

2 In2023.09 400 test line Prototype vehicle ~ I-type-HTS 234 km/h

3 In2023.01 2 km full-scale full-size vehicle I-type-LTS 50 km/h
line

4 In2024.08 2 km full-scale full-size vehicle I-type-LTS More than 110 km/h
line

Table 3.

The development of maglev at Aerospace Science and Technology Magneto-electric General Department.

3.4 Maglev in CRRC group, China

In March 2023, the first domestic high-temperature superconducting EDS all-
element test system independently developed by CRRC completed its first suspension
operation with a sailing speed of 50 km/h [16]. The key core technologies of super-
conducting maglev transportation system, such as superconducting magnet, linear
synchronous traction, inductive power supply, and low-temperature refrigeration,
were verified in the suspension operation, which laid a certain foundation for pro-
moting the engineering application of superconducting maglev transportation sys-
tem. Figure 9 is the principal prototype of CRRC, which is running in the domestic.

3.5 Maglev in Southwest Jiaotong University, China

In December 2000, the Wang Jiasu team of Southwest Jiaotong University developed
the worlds first manned high-temperature superconducting pinning suspension car [17].

Figure 9.
Prototype vehicle of the CRRC (HTS).
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Figure 10 illustrates the worlds first manned high-temperature superconducting pinning
suspension car developed by the Wang Jiasu team.

In February 2013, Southwest Jiaotong University developed a 45 m-long
vacuum tube high-temperature superconducting napping suspension ring test
line with a suspension height of 10 ~ 20 mm and a maximum operating speed of
50 km/h [18]. Figure 11 shows the vacuum tube guideway (left) and the prototype
car (right).

In January 2021, the world’s first high-temperature superconducting high-
speed maglev engineering prototype vehicle and test line, designed and manufac-
tured by China, were put into operation in Chengdu, with a design speed of 620
kilometers per hour [19], as shown in Figure 12, marking a breakthrough in the
engineering research of high-temperature superconducting high-speed maglev
from scratch, and equipped with the conditions for engineering test and dem-
onstration. The vehicle uses new technologies and processes such as all-carbon
fiber lightweight body, low-resistance head type, and large-load high-temperature
superconducting maglev technology and is expected to create a new speed record
for land traffic in atmospheric environment.

Figure 10.
The world first manned high-temperature superconducting pinning suspension car.

Figure 11.
Vacuum tube maglev prototype car.
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Figure 12.
Engineering prototype car in Southwest Jiaotong University.

4. The key technologies of the superconducting magnet of the EDS
4.1 Miniaturization, lightweight overall design technology

For the ultra-high-speed maglev train, the lighter the overall vehicle is, the more
beneficial it is to the high-speed running and levitation of the train. Therefore, the
miniaturization and lightweight of the superconducting magnet mounted on the
vehicle is an inevitable development trend. At present, in Shanxi full-size test vehicle,
the mass of superconducting magnets accounts for 39% of the total test vehicle, and
the refrigeration equipment to maintain the operation of superconducting magnets
accounts for more than 8%. Magnets and magnetic-related equipment account for
nearly half of the mass, which makes the vehicle unable to carry more equipment with
other functions and also makes it difficult for the vehicle to achieve the goal of high-
speed driving. Therefore, it is very important to develop miniaturized and lightweight
magnets.

In order to design miniaturized and lightweight magnets, first of all, we must
clarify the design benchmark, components, and functions of magnets. Secondly,
find out the parts with larger mass, and reduce the mass without losing its func-
tion. In the superconducting magnet, the core components are the superconducting
coil and inner dewar, and they are also the largest parts of the mass. Therefore, the
miniaturization and lightweight of the superconducting magnet mainly focus on the
superconducting coil and inner dewar. The size and quality of superconducting coils
are usually designed based on the ampere-turns, centerline size, and the parameters
of superconducting wires. Because the ampere-turns and centerline size of the coil
are related to the overall performance of the superconducting linear motor, the
lightweight of superconducting coils is mainly optimized from the parameters of the
superconducting wire itself, winding process, and assembly process.

In the selection of superconducting wire, NbTi/Cu superconducting wire with
copper super ratio between 1.0 and 1.5 and large cross section is usually used, so
that the superconducting coil density is lower and the number of turns is less, which
can effectively reduce the mass and volume of the coil, but the reduction of cop-
per super ratio is also associated with the rise of the risk of losing superconductor.
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Therefore, very fine multi-core superconducting wire should be selected in the selec-
tion of wire, and the diameter of the superconducting core wire should be reduced as
far as possible to make the heat exported by the copper substrate faster and maintain
the stability of the superconducting state. In the winding process, skeleton-free
winding technology and vacuum impregnation curing technology are used to remove
the stainless-steel skeleton of the traditional superconducting coil, and the mass and
volume of the superconducting coil are greatly reduced. In the assembly process, a
large number of spacer parts are used to fix between the bareless coil and the inner
dewar, so that the size of the inner dewar wraps the coil as tightly as possible, and
the strength of the inner dewar is relied on to withstand the cold shrinkage force

and electromagnetic force. Through the above methods, the mass and volume of

the superconducting coil and the inner dewar can be greatly reduced, which lays the
foundation for the miniaturization and lightweight of the magnet.

After determining the size of superconducting coil and inner dewar, other com-
ponents such as outer dewar, cold screen, main support structure, and so on should
try to choose metal materials and fiber composite materials with low density and high
strength, such as aluminum alloy, titanium alloy, glass fiber composite materials, and
so on. Some commonly used materials and their characteristic parameters are shown
in Table 4.

4.2 Mechanical and electromagnetic interference source blocking technology

In order to realize the miniaturization and light weight of the magnet, the super-
conducting coil is wound with low copper super ratio wire, which will lead to poor
stability of the superconducting coil and prone to quench. Therefore, it is necessary
to carry out key technical research on the quench mechanism of the magnet to reduce
the risk of quench.

Usually, the reasons for the loss of superconducting coil include temperature rise,
increase of magnetic field, increase of current, and so on, because the magnetic field
and current of the magnet are in a stable state during operation; the variable magnetic
field generated by the ground module coil is usually in the order of tens of mT, which

Serial materials Strength of yield MPa Thermal conductivity W/ density
number (m-K) kg/m3

300 K 77 K 42 K 300 K 77 K 42 K

1 Titanium 940 1461 1634 75 35 0.37 4430
alloyTC4
2 Stainless steel 200 450 580 15 79 0.24 7860
304
3 Stainless steel 240 600 700 14.7 79 0.28 7970
316
4 Aluminum 140 161 178 119.3 55 33 2660
alloy 5083
5 Aluminum 221 321 368 155.5 85.7 54 2700
alloy 6061
6 G10 360 600 — 0.99 0.5 0.2 2200
Table 4.

Comparison of structural strength, density, and thermal conductivity of different materials.
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can be ignored compared with the coil self-field of 5 T. Therefore, the main cause of
inducing the coil out of control can be excluded from the change of magnetic field
and current, and the temperature of the locked coil itself rises. To this end, through
a large number of investigations and tests, we summarized the mechanism of loss of
supercharger causing the temperature rise of the coil, as shown in Figure 13. In order
to reduce the risk of superconductor coil loss, the harmonic magnetic field generated
by the ground module and the transmission structure between the vehicle and the
superconducting magnet should be optimized from the source.

Firstly, in terms of optimizing the harmonic magnetic field generated by the ground
module, the original single-layer three-phase motor with a phase angle of 120° can
be changed to the double-layer three-phase motor with a phase angle of 240°. Under
the single-layer motor module, the changing magnetic field generated is 3n + 1 times
harmonic magnetic field in space and 3n times harmonic magnetic field in time, where
nis an integer that represents the harmonic order. The changing magnetic field gener-
ated by the double-layer motor module is a harmonic magnetic field of 6én + 1 times in
space and 6n times in time. The specific motor arrangement is shown in Figure 14.

Through numerical calculation, the three-way electromagnetic force received
by the superconducting coil under the two motor arrangements and the harmonic
number obtained by Fourier decomposition can be obtained, as shown in Figure 15.
Through the comparison, it can be seen that the electromagnetic force fluctuation
amplitude generated by the double-layer motor is small, and the harmonic amplitude
is reduced, and the higher harmonics of more than 2 times can be ignored.
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Figure 14.
Ground module structure optimization and promotion.
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Figure 15.
Comparison of harmonic magnetic fields in single- and double-layer ground motor coils.

After optimizing the coil arrangement of the motor in the ground module, the
magnet side can also be further shielded from the changing magnetic field outside
the magnet through the skin effect by installing shielding plates with high con-
ductivity materials. Generally, the shielding plate is made of high-electric conduc-
tivity aluminum alloy material and installed on the side of the magnet motor. The
thickness of the required aluminum shielding plate is calculated by the following
penetration formula:

A:\/(Z/muy), (1)

where A is the penetration depth, w is the angular frequency (o = 2xf), p is the
magnetic permeability, and y is the electrical conductivity. The vibration response
comparison before and after the use of aluminum shielding plate can be measured by
the acceleration sensor installed on the inner dewar. As shown in Figure 16, it can be
seen that the vibration response is significantly reduced.
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Figure 16.
Comparison of external dewar acceleration response before and after magnetic shielding.

4.3 Technology of improving stability of superconducting magnet in a complex
environment

Through the analysis of the mechanism of magnet loss, it can be seen that the main
factor causing the coil loss is the temperature rise. Part of the heat resulting in the tem-
perature rise of the coil comes from the electromagnetic heat caused by the harmonic
wave of the ground module, and the other part comes from the friction heat generated
by the relative friction between the coil and the structure in the vibration environment.

After optimizing the external environment of the magnet, the next step is to
optimize the internal structure of the magnet to better cope with the vibration
characteristics of the superconducting coil. Taking the magnet of MLX-01 in Japan
as an example, when the magnet is sailing along with the train, it will be vibrating by
the electromagnetic force from the changing magnetic field of the ground module.
Through the modal analysis, the vibration of the coil can be divided into the tumbling
mode, torsion mode, bending mode, yawing mode, and so on. Through the mechani-
cal vibration test under the excitation state, the friction heating under various modes
is measured in Japan. The support structure of the coil has been continuously opti-
mized, from the initial 4-point support form to the 6-point support form and finally
to the 8-point support form, as shown in the following Figure 17.

4.4 The large load transfer structure of high-dynamic superconducting coil

In the high-dynamic environment, the strength and heat leakage of the support of
the magnet have always been a contradiction. It is necessary to keep the heat leakage
from room temperature to liquid helium temperature within the cooling capacity
of the liquid helium refrigerator on the premise of ensuring stiffness and strength.
Therefore, the heat transfer design and material selection of the support structure
should take into account the characteristics of high stiffness and low heat leakage.
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Figure 17.
Superconducting magnet support scheme changes.

Combined with the above two requirements, low thermal conductivity materials
such as glass fiber composites and carbon fiber composites are combined with high-
strength materials such as stainless steel and titanium alloy, and the corresponding
materials are used according to the different working temperature zones and load
environments of each material. At the same time, the layered structure is adopted to
extend the heat transfer path between high-temperature zone and low-temperature
zone as far as possible. The force and heat transfer paths of the magnet are shown in
the following Figures 18 and 19.
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Figure 18.
Superconducting coil electromagnetic force transfer.
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Figure 19.
Magnet heat transfer path.
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5. Research prospect of electrically suspended superconducting magnet

The key problems of superconducting magnets for EDS have been solved, and the
principal verification, engineering prototype development, and in-line navigation test
have been carried out, but there is still a certain gap from the real engineering, and
many important problems need to be further studied.

5.1 Chiller/liquid helium closed loop

The heat leakage of the LTS should be further reduced, the cooling capacity of the
refrigerator is increased, and the wet closed-loop cooling of the low temperature super-
conducting magnet liquid helium is realized. And for the HTS, reduce the heat leakage
and increase the cooling capacity to realize the closed-loop dry cooling of the refrigerator.

5.2 The temperature margin is higher

The electromagnetic load of superconducting magnets is complex, and it will
require long-term stable operation in the future, so it is necessary to develop super-
conducting wires with high critical performance, optimize the electromagnetic
design, improve the temperature margin of superconducting coils, and increase the
anti-interference of magnets.

5.3 Lighter and smaller

In order to adapt to the operation scenario of higher speed and higher accelera-
tion and reduce the output power of the suspension propulsion system and the cost
of track construction, it is necessary to further reduce the weight and volume of the
on-board superconducting magnets and supporting equipment.

5.4 Multi-magnet parallel operation guarantee and low-cost operation

In the future, there will be multiple superconducting magnet systems on trains, so
it is necessary to develop a guarantee equipment with multiple magnet simultaneous
cooling requirements. Reducing cost is the premise of realizing engineering, carry-
ing out assembly process tooling design, developing liquid helium recovery system,
and reducing manufacturing and test costs. Figure 20 represents the liquid helium

Figure 20.
Liquid helium recycling system.
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Figure 21.
Superconducting magnet for EDS in China.

recycling system constructed by Aerospace Science and Technology Magneto-electric
General Department China, which can cool a pair of superconducting magnets from
300 k to 4.2 K; it helps reduce the cooling cost of liquid helium.

5.5 Easy maintenance

The fast replacement and convenient maintenance of superconducting magnets
are the focus of future research, considering the detachable structure, modularity,
and standardization and meeting the requirements of a short maintenance cycle.
Figure 21 illustrates the superconducting magnet used for EDS in China and its
undetachable and poor maintenance, which has caused high maintenance cycle and
cost in the development.

6. Conclusion

This chapter mainly presents the development status of the superconducting
maglev in the world (especially in China), introducing the classification and suspen-
sion principle of maglev and describing the research progress and technical challenge
of superconducting magnets for EDS. Finally, the research prospect of electrically
suspended superconducting magnet in China is proposed.
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