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Abstract

High-temperature superconductors (HTS) have attracted increasing attention for their

ability to carry very high current densities at relatively high temperatures, enabling the

development of compact magnets capable of generating strong magnetic fields. These

materials are of particular interest for applications in fusion reactors.

This thesis focuses on the electromagnetic behavior of HTS pancake coils, investigated

through numerical simulations to analyze how the geometric configuration and the current

distribution affect coil performance. The study specifically examines the phenomenon of

screening currents, their influence on the central magnetic field, and the dependence of

the maximum injectable current on coil geometry. The modeled geometry is comparable

in scale to the superconducting components of gyrotrons, although the results obtained

have more general relevance.

Three configurations were analyzed: a single pancake, a stack of four pancakes, and a

complete ten-pancake coil. The simulations considered different current ramp profiles to

evaluate screening current induced fields (SCIF), field relaxation (drift), and the resulting

magnetic field quality.

The results show that increasing the number of pancakes amplifies the deviation from

the ideal current distribution and reduces the maximum injectable current. Screening

current effects become more pronounced as the stack grows, leading to partial current

penetration and magnetic field non-uniformities, particularly in the central region of the

coil. The most effective mitigation strategies are the inclusion of a central double pancake

or the injection of higher current in the central pancakes, improving field uniformity and

overall performance.
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1 Introduction

Superconductors have numerous well-documented applications in the nuclear field, partic-

ularly in nuclear magnetic resonance (NMR), magnetic resonance imaging (MRI), particle

accelerators, and both nuclear fission and fusion reactors.

In this thesis, the focus is placed on the use of superconductors for the generation of

intense magnetic fields. Numerical simulations of superconducting coils are a powerful tool

for the design and optimization of electromagnetic devices, as they allow the analysis of

current distribution, magnetic field quality, and critical current limitations under realistic

operating conditions.

The first part of this work aims to provide the reader with the theoretical and method-

ological background necessary to understand the logic behind the simulations. It begins

with a concise introduction to the fundamental concepts of superconductivity, followed

by a discussion of the role and applications of superconductors in the nuclear field, with

particular emphasis on their implementation in nuclear fusion reactors.

Subsequently, the numerical formulations employed for the simulations are presented,

and finally, the results obtained from the analysis are discussed and interpreted.

This investigation examines how the number of pancakes affects the electromagnetic

behavior of the coil. In particular, the analysis focuses on a ten-pancake configuration,

assessing the impact of various current ramp profiles and the effects of Screening current

induced field (SCIF), relaxation (field drift) and geometric characteristics on the central

magnetic field.

1.1 Fundamentals of Superconductors

1.1.1 Introduction to Superconductivity

The discovery of superconductivity represents a major scientific and technological break-

through. The term superconductivity refers to a physical phenomenon first observed in

1911 by Heike Kamerlingh Onnes and his assistant Gilles Holst, who recorded the complete

disappearance of electrical resistivity in a mercury wire when its temperature was lowered

below approximately 4 K. [5]

Later on, researchers demonstrated that a variety of materials — ranging from metals

to ceramics — exhibit a drastic reduction in electrical resistance when cooled below a

specific temperature, known as the critical temperature (Tc), eventually reaching values

that are practically zero. Throughout the 20th century, numerous scientists — several of
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1 Introduction

whom were awarded the Nobel Prize — contributed to the understanding of the physical

mechanisms underlying superconductivity. Their work significantly advanced the global

knowledge in the field and laid the foundation for the technological and engineering

exploitation of superconducting materials.

Different theories have been formulated over the years to explain this phenomenon. At

present, the two main theoretical frameworks that best describe superconductivity are:

• BCS theory (1957) — developed by Bardeen, Cooper, and Schrieffer — which

explains superconductivity at the microscopic level through the formation of Cooper
pairs, resulting from electron–phonon interactions.

• Ginzburg–Landau theory (1950) — a phenomenological model that describes the

macroscopic behavior of superconductors and introduces key parameters such as

the coherence length and the magnetic penetration depth.

Key critical parameters

Three parameters defines the limits of the superconductor’s region (fig. 1.1):

• Critical Temperature (𝑇𝑐 ).

• Critical current density (𝐽𝑐 ).

• Critical magnetic field (𝐻𝑐 ).

These three parameters — 𝑇𝑐 , 𝐽𝑐 and 𝐻𝑐 — are fundamental for determining the opera-

tional limits of superconducting devices. In practical applications, such as magnet design,

the interplay between temperature, current, and magnetic field defines the safe operating

range of the superconductor. Exceeding any of these limits can cause a transition to the

normal resistive state, potentially leading to energy losses or even damage to the coil.

Classification of superconductors

Based on their behavior under applied magnetic fields, superconductors are commonly

classified into two types:

• Type I: These were the first superconductors discovered and are characterized

by a relatively low critical magnetic field, which also limits their critical current

density. Type I superconductors exhibit the Meissner effect, meaning that magnetic

field lines are completely expelled from the bulk of the material when it is in the

superconducting state.

• Type II: In these materials, magnetic flux penetrates the superconductor in the

form of quantized vortices, which are pinned by material defects. This leads to the

so-called mixed state, allowing the material to maintain superconductivity even

under higher magnetic fields. Type II superconductors are characterized by two

critical magnetic fields, 𝐻𝑐1 and 𝐻𝑐2: below 𝐻𝑐1, the material behaves like a Type I

2



1.1 Fundamentals of Superconductors

Figure 1.1: The superconducting critical surface, defining the safe operating region for a

superconductor in the three-dimensional space of critical current density (𝐽𝑐 ),

temperature (𝑇 ), and magnetic field (𝐻 )2. (from [10]).

superconductor (Meissner effect), while between 𝐻𝑐1 and 𝐻𝑐2, it is in the mixed state,

supporting superconductivity under partial flux penetration (see fig 1.2).

Figure 1.2: Qualitative phase diagram illustrating the behavior of Type I and Type II

superconductors under varying temperature (𝑇 ) and magnetic field (𝐻 ). Note

the mixed state of Type II superconductors existing between 𝐻𝑐1 and 𝐻𝑐2(from

[3]).

Research efforts have led to the development of materials with higher critical tempera-

tures, based on various alloys. The most relevant of these materials are shown in Figure 1.3,

indicating their critical temperatures and the years in which they were discovered.

A particular class of superconducting materials is the so-called High-Temperature

Superconductors (HTS). A common feature of HTS is the presence of copper-oxide layers

within their crystalline structure. These materials exhibit higher critical temperatures

3
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Figure 1.3: Historical timeline of critical temperature (𝑇𝑐 ) discoveries in superconducting

materials, spanning from 1900 to 2020 (from [11]).

compared to Low-Temperature Superconductors (LTS); however, their layered structure

leads to anisotropic behavior, which will be discussed later.

All simulations presented in this thesis focus on this class of materials, which have

become increasingly relevant over the last decades relative to LTS.

The first generation of HTS is based on bismuth compounds; for example, Bi2Sr2Ca2Cu3O10

(commonly referred to as Bi-2223 or BSCCO wires). The second generation is based on

rare-earth compounds, giving rise to the so-called REBCO tapes and YBCO tapes.

1.1.2 Type II superconductor: flux pinning and vortex dynamics

From a microscopic point of view, type-II superconductors are characterized by a ratio 𝜅

between the penetration depth 𝜆 — the distance over which the magnetic field can vary

— and the coherence length 𝜉 — the distance over which the density of superconducting

electrons (𝑛𝑠 ) can vary — that is greater than the critical value 𝜅𝑐 = 1/
√
2.

A peculiarity of the Type-II superconductors is the presence of the so-called vortex
regions, where the magnetic flux penetrates the material in the form of quantized vortices

with cylindrical symmetry (fig. 1.5). In this type of superconductors, the electric current

is carried through the regions of the sample penetrated by these vortices. The critical

current density, in this case, corresponds to the value of 𝐽 that leads to the unpinning of

the vortices: this process results in the displacement of the vortex cores, mechanical work

being performed, and consequent energy dissipation. [8]
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Figure 1.4: Schematic representing the spatial variation of the magnetic field (𝐵) and

the density of superconducting electrons (𝑛𝑠 ) near a normal/superconducting

interface, illustrating the definitions of the magnetic penetration depth (𝜆) and

the coherence length (𝜉) (from [8]).

Figure 1.5: Schematic representation of a vortex. Starting from the vortex axis, the mag-

netic field 𝐵 reaches its maximum 𝐵center and decays over the penetration depth

𝜆, while the superconducting electron density increases from zero to its bulk

value within the coherence length 𝜉 . Near the vortex core, the magnetic field

remains nearly constant due to the low density of London currents (from [8]).
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Critical state model

Critical state models (also know as Bean’s Model) require that at equilibrium, at each point

of the superconductor, the current density J must either be equal to the critical current

density Jc, or be zero.

Critical state ⇐⇒ 𝐹𝜙 = 𝐹𝑝 ⇐⇒ J = 𝐽𝑐 ⇐⇒ |∇ × B| = 𝜇0𝐽𝑐 .

where 𝐹𝜙 and 𝐹𝑝 denote the Lorentz force and the pinning force, respectively, the latter

depending on both the intrinsic properties of the material and its manufacturing process.

The case analyzed in this thesis concerns the simulation of superconducting coils

carrying a transport current in the absence of any externally applied magnetic field. The

corresponding schematic Bean’s model is illustrated in Figure 1.6.

Figure 1.6: Critical states of a superconductor carrying a transport current 𝐼 in the absence

of an external magnetic field (Bean model). The current flows through the

cross-section from front to back. For 𝐼 < 𝐼𝑐 , the spatial profiles of the magnetic

field 𝐵𝑧 (𝑥) and current density 𝐽𝑦 (𝑥) are shown, while at the critical current
𝐼 = 𝐼𝑐 the superconductor reaches the fully penetrated critical state (from[8]).

Power Law Model

The Power Law Model (E-J power law) is a constitutive model that describe the relation

between the electric field 𝐸 and the current density 𝐽 :

𝐸 = 𝐸0

(
𝐽

𝐽𝑐

)𝑛
⇔ ®E = 𝐸0

(
|®J|
𝐽𝑐

)𝑛−1 ®J
𝐽𝑐

(1.1)

Where 𝐸0 is a the threshold value of the electric field (usually chosen equal to 10
−4
V/m);

𝐽𝑐 is the critical density current and 𝑛 is the power-law index (usually around 30) that

represent how sharply is the transition from superconducting state to normal state.
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1.1 Fundamentals of Superconductors

The power law model becomes equal to the critical state model if the pow-law index

𝑛 → ∞. The chapter 2 will explain how this model is implemented in the mathematical

formulation of the numerical model used in the simulations inside the thesis.

1.1.3 Superconducting Coils and HTS magnets

One of the reasons motivating the research carried out in this thesis arises from the

intrinsic electromagnetic challenges associated with HTS coils. In conventional resistive

coils, the magnetic field distribution can be described directly from Maxwell–Ampère’s

law, as the current density remains uniform under steady excitation. In contrast, high-

temperature superconducting (HTS) coils exhibit a strongly nonlinear electromagnetic

behaviour governed by Maxwell’s equations coupled with the E–J power law.

The coils investigated in this thesis utilize HTS tapes wound in a configuration where

each turn and pancake is electrically insulated from its neighbors. This configuration,

often referred to as ’Insulated (I) coils,’ ensures that the transport current flows strictly

along the path of the tape, maximizing 𝐼𝑐 performance but simultaneously enabling the

formation of persistent screening currents within the HTS layer itself.

Screening-Currents Induced Field and Field Drift

In HTS coils wound with coated conductor tapes, the large aspect ratio of the tape cross

section enhances the formation of screening currents, which are induced by the gradual

penetration of the radial magnetic field component during magnetization [13]. Due to the

absence of resistive relaxation in the superconducting state, these currents persist after the

external excitation, generating a screening current-induced field (SCIF). This contribution

not only distorts the overall magnetic field profile but also leads to a temporal field drift

even under constant transport current, posing a key challenge for applications requiring

high field stability and homogeneity.

The attenuation of the magnetic field caused by Screening currents is expressed by the

following relation:

𝐵𝑆𝐶 = 𝐵𝐻𝑇𝑆 − 𝐵𝑖𝑑 (1.2)

where:

• 𝐵𝑆𝐶 is the magnetic field contribution due to the screening current;

• 𝐵𝐻𝑇𝑆 is the magnetic field resulting from the simulation of the HTS coil;

• 𝐵𝑖𝑑 is the magnetic field generated by a uniform current distribution.

In the following chapters, this relation is employed to quantify the field quality of the

HTS pancake coil.

7



1 Introduction

1.2 Applications and Challenges in HTS Magnets

1.2.1 Nuclear Field Application

One of the most important nuclear applications of superconductors is the generation of

magnetic fields for fusion devices. Two key applications in this field will be discussed in

the following sections: Nuclear Fusion Confinement Magnets and Gyrotrons.

Nuclear Fusion Confinement Magnets

The climate crisis and the growing demand for electricity have driven researchers to explore

clean energy sources. Nuclear fusion represents the cutting edge of power generation for

electricity supply.

The fusion reaction considered in this work is:

T
3

1
+ D

2

1
−−−→ He

4

2
+ n

1

0
+ 17.59 MeV

To achieve a self-sustained fusion reactor, the triple product 𝑛𝑇𝜏 must satisfy Lawson’s
criterion:

𝑛𝑇𝜏 ≥ 12𝑇 2

𝐸𝛼 ⟨𝜎𝑣⟩
,

where:

• 𝑛 is the particle density (𝑛𝐷 = 𝑛𝑇 for a 50-50 D-T mixture);

• 𝑇 is the plasma temperature;

• 𝜏 =
𝐸int
𝑃
loss

is the confinement time (internal energy over power loss);

• ⟨𝜎𝑣⟩ is the velocity-averaged cross section for the fusion reaction;

• 𝐸𝛼 is the energy of the helium ion (3.5 MeV).

The minimum temperature and the corresponding triple product are [6]:

𝑇min = 15 keV ≈ 1.7 · 108 K,

(𝑛𝜏)min ≈ 10
20
s/m3.

This value does not include any external heating, but only the internal heating from

alpha particles. Expressed in terms of plasma pressure at 𝑇 = 15 keV:

(𝑛𝜏)min ≈ 8.4MPa · s.

There are two main approaches to achieve these conditions:

• Inertial Confinement Fusion (ICF): operates at extremely high particle density

(𝑛 ≈ 10
31
m

−3
) and very short confinement time (𝜏 ≈ 10

−11
s);
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1.2 Applications and Challenges in HTS Magnets

• Magnetic Confinement Fusion (MCF): operates with longer confinement times

(seconds) and particle density around 𝑛 ≈ 10
20
m

−3
.

At the required temperatures (∼ 10
8
K), the D-T fuel is fully ionized and forms a plasma.

Magnetic confinement fusion devices exploit the motion of charged particles in magnetic

fields (magnetohydrodynamics, MHD) to confine the plasma. Simple toroidal fields are

insufficient due to particle drifts [6]; instead, twisted trajectories are required. Two main

approaches are used to create these magnetic geometries (see Figure 1.8):

• Tokamaks: based on the superposition of three different magnetic fields. Examples

include ITER (France), JET (UK), EAST (China), JT-60SA (Japan), K-STAR (Korea),

and SPARC (USA).

• Stellarators: based on complex coil geometries. Examples include Wendelstein 7-X

(Germany) and Stellaris (Proxima Fusion, Germany).

Figure 1.7: Schematic comparison of the two principal Magnetic Confinement Fusion

(MCF) device geometries: the Tokamak (left) and the Stellarator (right) (from

[10]).

To understand why superconductors are essential for fusion devices, it is useful to

consider some basic scaling relations.

First, the fusion power can be related to the reactor size (𝑅) and the magnetic field

intensity (𝐵). An important parameter for plasma stability is the beta parameter, defined

as the ratio between the plasma pressure and the magnetic pressure:

𝛽 =
𝑝

𝐵2/2𝜇0
.

For stable operation, 𝛽 must remain below approximately 3–5%. From this, it follows that

𝑝 ∝ 𝐵2 ⇒ 𝑛𝑇 ∝ 𝐵2.
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The fusion power in a magnetic confinement fusion (MCF) device can be expressed as:

𝑃fus ∝ 𝑛2⟨𝜎𝑣⟩𝑉 ⇒ 𝑃fus ∝ 𝑛2𝑅3 ⇒ 𝑃fus ∝ 𝐵4𝑅3.

Another key engineering parameter in fusion device is the power gain factor 𝑄 , defined

as the ratio between the fusion power output and the external heating power. Figure 1.8

shows the relationship between 𝑄 , 𝐵, 𝑅, and the type of material technology used for the

magnetic field generation.

Figure 1.8: Plot showing the Fusion Gain Factor (𝑄) contours relative to the toroidal mag-

netic field (𝐵0) and major radius (𝑅0), illustrating the technological advantage of

High-Temperature Superconductors (HTS) in enabling compact fusion devices

(from [4]).

In order to generate the high magnetic fields required for compact fusion reactors,

conventional conductors such as copper or aluminum are insufficient due to excessive

Joule heating. Superconductors, on the other hand, can sustain large currents without

resistive losses, making them the only viable option for producing the multi-tesla fields

needed in modern magnetic confinement devices.

Among superconductors, High-Temperature Superconductors (HTS) such as REBCO

tapes offer additional advantages. Their higher critical current density and ability to

operate at elevated temperatures (compared to low-temperature superconductors) allow

the design of more compact and efficient magnets. This capability is particularly important

for advanced fusion concepts where strong magnetic fields and precise field quality are

required to maintain plasma stability and minimize drift effects.

This research forms part of a dedicated project, commissioned by Proxima Fusion, a

European fusion energy company focusing on compact stellarators, to the Karlsruhe In-

stitute of Technology (KIT) – ITEP. The aim of this collaboration is to provide essential

modeling for HTS superconducting magnets, which are critical for the design and realiza-

tion of next-generation fusion devices, such as the Stellarator concept currently pursued

by Proxima Fusion.

The focus of this thesis is on the electromagnetic behavior of HTS coils, specifically

pancake coil configurations. By simulating these coils, it is possible to predict the maximum
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current that can be injected while maintaining superconductivity, analyze the current

distribution, and evaluate the resulting magnetic field quality. These simulations provide

essential guidance for the design of superconducting magnets in fusion reactors, bridging

fundamental superconductivity theory with practical engineering applications.

Gyrotrons

A gyrotron is an electron tube that generates high-frequency, high-power electromagnetic

waves, which are essential for Electron Cyclotron Resonance Heating (ECRH) and Electron

Cyclotron Current Drive (ECCD) in fusion reactors. ECRH is a mature technology used

in magnetic confinement fusion (MCF) to heat the plasma, while ECCD is employed to

control plasma stability by providing a tailored current profile.

The key components of a gyrotron are [12]:

• CVDDiamondWindow: Allows the RF waves to exit the device while maintaining

vacuum inside.

• Single Stage Depressed Collector: Recovers energy from the spent electron beam,

reducing cathode power consumption while maintaining RF output.

• Superconducting Magnets (SCMs): Provide the magnetic field that guides the

electron beam and determines the operating frequency.

Figure 1.9: Schematic overview of a Gyrotron, highlighting the essential role of the Super-

conducting Magnet (SCM) in generating the precise magnetic field required to

guide the electron beam for ECRH/ECCD in fusion reactors (from [7]).

The dimensions of the superconducting magnets in gyrotrons are comparable to the

dimensions used in the pancake coil simulations presented in this thesis. This highlights

the practical relevance of the simulated configurations for real-world devices.
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1.2.2 Particle Accelerators

Superconducting magnets are also widely employed in particle accelerators to generate

intense and precise magnetic fields required for beam steering and focusing. Notable

examples include the Large Hadron Collider (LHC) at CERN and the European XFEL.

These magnets must provide high field strength with extremely low losses, similar to the

requirements in fusion devices. While the engineering context differs, the underlying

superconducting technologies and challenges, such as current density limits and field

quality, are closely related to the HTS coils studied in this thesis.
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2 Numerical Modelling

Numerical modelling represents a powerful and indispensable tool for the simulation and

analysis of High-Temperature Superconductor (HTS) behavior. This chapter provides a

rigorous overview of the primary electromagnetic formulation employed for the analysis

within this thesis: the T − A formulation, which is implemented within the Finite Element

Method (FEM) framework. The specific configuration and setup parameters adopted for

this study, essential for modeling the nonlinear characteristics of HTS tape coils, are also

detailed herein.

The formulation adopted in this study has been implemented using the commercial

software COMSOL Multiphysics®.

2.1 The T-A Formulation

The T-A formulation is based on the idea of use the current vector potential ®T and magnetic
vector potential ®A as state variables to solve the Maxwell equations (coupled with power

law model), taking advantage of the high aspect ratio of the HTS tapes [13][1].

The peculiarity of this formulation is that the domain region is divided into two part and

the solution comes from an iterative process that coupling them: in the superconductor

region the state variable solved is T while, in all the domain region the state varible solved

is A.

The definitions of the current vector potential ®T and magnetic vector potential ®A are the

following:

®𝐽 = ∇ × ®T ®𝐵 = ∇ × ®A (2.1)

The superconductor is modelled as an infinitely thin layer: the current is constrained to

flow within the sheet and the current vector potential T is always perpendicular to the

superconductor.

The governing equation in the superconductor region (T-Formulation) is:

∇ × (𝜌∇ × ®T) = −𝜕
®𝐵
𝜕𝑡

(2.2)

Where the resistivity 𝜌 is modelled with the power law model as in (1.1) and the magnetic

field intensity ®𝐵 is obtained from the A-Formulation (applied in all the domain) through

the following equation:

∇ × ®𝐵 = 𝜇 ®𝐽 (2.3)

with the boundary condition to impose the current:

𝐼 =

∬
𝑆

®𝐽𝑑𝑆 =

∬
𝑆

(∇ × ®T)𝑑𝑆 =

∮
𝜕𝑆

®T𝑑𝑟 (2.4)
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Figure 2.1: Schematic representation of the T−A Formulation, showing the current vector

potential (T) applied in the superconducting domain and the magnetic vector

potential (A) applied across the entire domain, coupled by boundary conditions

on the magnetic field (H) and the surface current density (K). (from [1]).

In this thesis, only the 2D case (axisymmetric) is considered, for this reason the equation

can be simplified as follow (refer to figure 2.1). Eq (2.2) and eq (2.3) become:

𝜕

𝜕𝑥

(
𝜌
𝜕𝑇𝑦

𝜕𝑥

)
=
𝜕𝐵𝑦

𝜕𝑡
(2.5)

∇2A = 𝜇𝐽𝑧 (2.6)

and the B.C, is:

𝐼 = (𝑇2 −𝑇1)𝛿 (2.7)

where 𝛿 is the thickness of the HTS tape. A Surface current density ®𝐾 = ®𝐽𝑧 · 𝛿 [A/m] is

introduced to be inserted in the A formulation by the boundary condition:

𝑛̂ × ( ®𝐻1 − ®𝐻2) = ®𝐾 (2.8)

where:

• ®𝑛 is the normal unit vector respect to the tape surface;

• ®𝐻1 − ®𝐻2 is the difference between the magnetic field strength vector parallel to the

tape.
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T-A Homogeneous approach

The T-A Homogeneous approach consist in considering the stack of HTS as an homogeneous

bulk increasing the simplicity of the geometry and reducing the computational effort and

consequentially time.

As in the full model, the magnetic field 𝐵 parallel to the tape has no influence inside

the superconductor and 𝑇 has only one component. The boundary condition 4.12 is now

applied to the edge (with normal vector ®𝑛 ) and a new Neumann B.C. is required:

𝜕𝑇𝑦

𝜕®𝑛 = 0 (2.9)

In order to model properly the input current inside the SC domain, the current density

needs to be reduced by the so called homogenization factor ℎ 𝑓 :

ℎ 𝑓 =
𝛿

Λ
→ 𝐽ℎ = ℎ 𝑓 𝐽𝑧 (2.10)

where 𝛿 is the thickness of the tape, Λ is the thickness of the unit (the total width of the

coil divided by the number of turns).

In the mathematical formulation, the T-A homogeneous model is the same of the full

model.

2.2 Simulation Setup

In this section, there will be a resume of the general parameters set in the COMSOL

platform to carry out the simulations.

2.2.1 High Temperature Superconductor tape specifics

The table 2.1 shows the geometric parameter refered to the modelled HTS tape. These

parameters correspond to typical 2G-HTS (second generation HTS).

Parameter Value Unit

Tape width 0.004 m

Tape hight 5.7143 × 10
−5

m

HTS layer hight 10
−6

m

𝐼𝑐0(20𝐾) 2196 A

Power Law Index (n) 25 1

Table 2.1: Geometric and electrical parameters for the simulated 2G-HTS (REBCO) tape,

including layer thickness, tape width, and self-field critical current (𝐼𝑐0 at 20 K)14.

15



2 Numerical Modelling

2.2.2 Critical Current density model

To model the influence of magnetic field on the critical current density 𝐽𝑐 ( ®𝐵), the extended
Kim model is used [14].

The relation between magnetic field and critical current density is:

𝐽𝑐 (𝐵, 𝜃 ) = 𝐽𝑐0
(
1 + 𝜖𝜃

(
𝐵

𝐵0

)𝛼 )−𝛽
(2.11)

with the Blatter’s angular anisotropy factor expressed by:

𝜖𝜃 =
√︁
𝛾−1𝑐𝑜𝑠2(𝜃 ) − 𝑠𝑖𝑛2(𝜃 ) (2.12)

The parameters 𝛽 and 𝐵0 are related to the thermally activated flux-creep processes and

𝐼𝑐0 is the self-field critical current density.

The angle 𝜃 is the angle between the flat surface of the HTS and the magnetic field

direction (see fig 2.2a).

(a) Orientation of the field angle and the direc-

tion of the transport current. (b) Plot of 𝐽𝑐0 and 𝐽𝑐 (𝐵, 𝜃 ).

Figure 2.2: The magneto-angular dependence of the critical current density, 𝐽𝑐 (B, 𝜃 ), as
modeled by the Extended Kim Model (using parameters from Table 2.2). (a)

Orientation of the magnetic field vector (B) relative to the flat surface of the

HTS tape (angle 𝜃 ). (b) Resulting 𝐽𝑐 profile showing sensitivity to the field

angle.

In the following analysis the parameters used to model the critical current density are

expressed in table 2.2.

2.2.3 Pancake Coils Parameters

The case study is based on a 2D axisymmetric formulation. To reduce computational

cost, an additional symmetry axis is introduced in the radial direction. Consequently,
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Parameter Value Unit

𝐽𝑐0 5.49 × 10
−11

A/m2

𝐵0 0.6736 T

𝛾 18490 1

𝛼 1.368 1

𝛽 0.5829 1

Table 2.2: Parameters used in the Extended Kim Model to define the magneto-angular

dependence of the critical current density 𝐽𝑐 (B, 𝜃 )[14].

simulations involving multiple pancakes must be mirrored and revolved to reconstruct the

full coil geometry (see Figure 2.3). From an electrical standpoint, all coils are considered

perfectly insulated, and all pancakes are connected in series, with each turn and each

pancake carrying the same transport current.

The pancakes coil parameter are listed in the table 2.3 .

(a) 3D representation of the simulated pancakes

coil. (b) Simulated HTS domain.

Figure 2.3: Transition from the full 3D geometry (a) to the computationally efficient 2D

axisymmetric domain (R-Z plane) (b). The simulated 90
◦
quadrant (R-Z plane)

is revolved and mirrored to represent the full coil geometry.
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2 Numerical Modelling

Parameter Value Unit

Number of pancakes 1 to 10 1

Turns/Pancake 350 1

Gap between pancakes 0.0005 m

Inner radius 0.02 m

Outer radius 0.04 m

Table 2.3: Key geometric and electrical pa-

rameters for the tested HTS pan-

cake coil configurations (1 to 10

Pancakes)

Figure 2.4: Detailed geometry of the sim-

ulated 10-pancake stack in the

2D domain, illustrating the in-

ner radius (20 mm), outer radius

(40 mm), tapewidth (4 mm), and

the inter-pancake gap (0.5 mm).
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2.2 Simulation Setup

2.2.4 Mesh building

After different tests, a good compromise between computational time and accuracy of the

results is obtained with the following mesh refinement at the boundary of the pancakes:

• 30 elements for each pancake in the z-direction with linear symmetric growth rate.

• 20 elements for each pancake in the r-direction with linear symmetric growth rate.

The resulting mesh in the pancake region is made up of 600 rectangular elements; the

linear growth rate distribution is chosen to improve the refinement close to the boundary.

In the air domain region, a free triangular mesh is chosen.

Figure 2.5: Overview of the Finite Element

Method (FEM) mesh across the

entire simulation domain, in-

cluding the air domain and the

superconducting region.

Figure 2.6: Detailed view of the structured

mesh refinement applied specif-

ically within the active HTS

regions, utilizing more refined

rectangular elements to enhance

accuracy near the boundaries

where field and current gradi-

ents are highest.
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3 Simulations Results

3.1 Electromagnetic Analysis of a single pancake coil

The first set of simulations focuses on the analysis of a single pancake coil, with geometric

and electrical parameters reported in chapter 2 section 2.2. The study initially investigates

the current distribution within the pancake cross-section and the reduction of the critical

current caused by the self-induced magnetic field.

Subsequently, methods for determining the maximum allowable input current are

presented. Once this value is established, the analysis proceeds to examine the time

evolution of the current distribution and to evaluate the quality of the resulting magnetic

field.

3.1.1 Current Density Distribution in one pancake coil

The first analysis is conducted by applying a current ramp from 0 to 1000A with a ramp

rate of 1 A/s (fig. 3.11), significantly below the theoretical maximum critical current of the

superconductor, which is approximately 2196A. This approach allows the observation of

the current behavior within the pancake coil cross section.

The resulting plots 3.2 show the azimuthal current density (𝐽𝜙 ) normalized on the value

of the local critical current density across the pancake cross-section at different values of

the input current peak, providing insight into how the current distributes itself.

Figure 3.1: Input current profile used for the electromagnetic analysis of the single-pancake

coil, showing the linear ramp-up phase (Ramping rate: 1 A/s).
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3 Simulations Results

(a) I=100 A (b) I=300 A

(c) I=500 A (d) I=900A

𝐽𝜑/𝐽𝑐 ( ®𝐵)

Figure 3.2: Distribution of normalized azimuthal current density (𝐽𝜑/𝐽𝑐 (B)) across the
single-pancake cross-section at increasing input current levels, illustrating the

penetration of the magnetic flux.

The following plots (Figure 3.3) illustrate the reduction of the critical current density

caused by the self-induced magnetic field in the superconductor at different time instants.

These results provide a clearer understanding of the resulting current distribution, high-

lighting how the upper and lower regions of the pancake coil experience a decrease in

critical current density due to the presence of a magnetic field component perpendicular

to the tape surface, as also evidenced by the radial magnetic field distribution shown in

Figure 3.4.

(a) I=100 A (b) I=300 A

(c) I=500 A (d) I=900A

𝐽𝑐 ( ®𝐵)
𝐽𝑐 ( ®𝐵=0)

Figure 3.3: Reduction factor of the critical current density (𝐽𝑐 (B)/𝐽𝑐0) in the single-pancake

cross-section, showing the local degradation of superconducting capacity in-

duced by the self-field (B) as the transport current increases.
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3.1 Electromagnetic Analysis of a single pancake coil

Figure 3.4: 2D plot of the radial magnetic field component (𝐵𝑟 ) generated by the single-

pancake coil at 𝐼 = 500 A. The presence of 𝐵𝑟 perpendicular to the tape surface

is the primary cause of 𝐽𝑐 degradation near the tape edges.

Determination of the Maximum Input Current

The influence of magnetic field on the critical current density reduce the maximum input

current. It is necessary to establish a method for determining the maximum input current

in the pancake coil configuration.

Due to the simplicity of the single-pancake configuration, it is possible to simulate each

discrete turn of the coil. A convenient method to determine the maximum allowable input

current is the load line method.
For the single-pancake case, the relatively low computational cost makes it feasible to

compute the integral of the critical current density for each turn at different input current

values.

Figure 3.5 shows the resulting load lines, where the line with the minimum intersection

represents the critical turn and defines the maximum operating current of the coil.

The resulting maximum input current obtained from the load line method is approxi-

mately 589 A. To verify the validity of this approach, the classical experimental procedure

(described in [9]) was reproduced within the simulation to determine the critical current.

As shown in Figure 3.7, according to the electric field criterion, the current value at which

the electric field reaches 10
−4

V/m is approximately 580 A, in agreement with the value

obtained from the load line method.
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3 Simulations Results

(a) Load line Method one-pancake, ten turns

Ic plotted. (b) In green the ten turns taking in account.

Figure 3.5: Load Line Method for the single-pancake coil: (a) Intersection of the current

demand line and the critical current curves (𝐼𝑐 (B)) for selected turns, defining

the Maximum Operating Current (𝐼max). (b) Schematic showing the 10 repre-

sentative turns used for the discrete analysis.

Figure 3.6: Zoomed view of the Load Line intersection, confirming the precise determi-

nation of the Maximum Operating Current (𝐼max) where the most critical turn

transitions out of the superconducting state.
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3.1 Electromagnetic Analysis of a single pancake coil

Figure 3.7: Simulated electric field (𝐸𝜑 ) vs. transport current (𝐼 ) curve for the critical turn,

verifying the Maximum Operating Current (𝐼max) using the standard 𝐸-field

criterion (𝐸𝑐 = 10
−4

V/m).

3.1.2 Magnetic Field Quality in one pancake coil

The analysis proceeds by considering approximately 70% of the maximum input current

determined from the load line method. The input current is defined as a linear ramp

starting from 𝑡 = 0 s, increasing at a rate of 1 A/s until reaching a value of 415 A (Fig. 3.8).

The simulation is subsequently continued for a total duration equal to three times the ramp

period, in order to allow for current relaxation and stabilization of the electromagnetic

field distribution.

To investigate the magnetic field quality, the simulated case is compared with another

simulation in which a uniform current distribution is imposed throughout the pancake

cross section, while keeping all geometric parameters unchanged. From both a qualitative

assessment (Fig. 3.9) and a quantitative investigation (Fig. 3.10), it can be observed that,

in the case of a single pancake, the magnetic field generated by the insulated HTS coil is

almost identical to that produced by a pancake with a uniform current distribution.
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3 Simulations Results

Figure 3.8: Input current profile used for the Field Quality evaluation in the single-pancake

coil, set to 70% of 𝐼max (415 A), followed by a prolonged steady-state period to

observe current relaxation.

(a) Magnetic Field norm with T-A formula-

tion

(b) Magnetic Field norm with uniform cur-

rent distribution

Figure 3.9: Comparison of the magnetic field magnitude (|B|) distribution between (a) the

HTS simulation (T-A formulation) and (b) the ideal uniform current distribution,

showing minimal deviation for the single-pancake case.
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3.1 Electromagnetic Analysis of a single pancake coil

Figure 3.10: Time evolution of the magnetic field norm at the coil center (|B(0, 0) |), com-

paring the HTS simulation (T-A) against the ideal uniform model, confirming

high fidelity in the single-pancake case.
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3 Simulations Results

3.2 Electromagnetic Analysis of Multiple Pancake Coils

In this investigation, the number of pancakes is increased in order to study how this

affects the electromagnetic behavior. Compared to the previous analysis (Section 3.1), the

homogeneous model is adopted to reduce the computational effort (a further validation

of this model for the present setup is reported in Appendix ??). Moreover, an additional

symmetry axis is introduced at 𝑟 = 0.

3.2.1 Current Density Distribution in four pancakes coils

Using a current ramp of 1 A/s with the same maximum current value as in the single-

pancake case, the stronger self-generated magnetic field and the greater influence of the

radial field component on the outer pancakes lead to a faster saturation of the current

distribution in those regions, due to a more pronounced reduction of the critical current

(see fig. 3.13). From Figure 3.12, it can be observed that the local current density exceeds

the critical current density even before the end of the ramp.

By increasing the number of pancakes, the screening current phenomenon becomes

more pronounced (highlighted in blue in the figure 3.12). These magnetization currents,

induced within the superconducting layer with opposite polarity to the transport current,

act to shield the internal magnetic field, leading to a partial reduction of the effective field

in the coil bore.

Figure 3.11: Input current profile used for the electromagnetic analysis of the four-pancake

stack.
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3.2 Electromagnetic Analysis of Multiple Pancake Coils

(a) I=100 A (b) I=300 A (c) I=500 A

𝐽𝜑/𝐽𝑐 ( ®𝐵)

Figure 3.12: Distribution of normalized current density (𝐽𝜑/𝐽𝑐 (B)) in the four-pancake

stack at increasing input currents, highlighting the more pronounced SCIF

and non-uniform current penetration compared to the single-pancake case.

(a) I=100 A (b) I=300 A (c) I=500 A

𝐽𝑐 ( ®𝐵)
𝐽𝑐 ( ®𝐵=0)

Figure 3.13: Reduction factor of the critical current density (𝐽𝑐 (B)/𝐽𝑐0) in the four-pancake

stack, showing greater local degradation due to increased self-field interaction

between the pancakes.

Determination of the Maximum Input Current

In this case, the method adopted to determine the maximum allowable input current for

the pancake coil system is the load line method, taking into account the integral of the

current density over the cross-section of each pancake. This procedure yields an average

critical current for each pancake at every input current value between 1 and 600 A. As

expected, the minimum intersection point with the current ramp corresponds to the curve

representing the outermost pancake, which occurs at approximately 378 A (see fig. 3.14).

The following analysis will be performed taking into account 70% of this value.
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3 Simulations Results

Figure 3.14: Load Line Method for the four-pancake stack. The intersection point defines

𝐼max ≈ 378 A, which is significantly lower than the single-pancake case due to

stronger mutual inductance effects.

3.2.2 Electromagnetic Behavior of a Four-Pancake Coil

The analysis on the 4-pancake configuration will be carried out by applying a current

ramp of 1 A/s, which will stop at 264 A (70% of the maximum input current), in order to

evaluate the characteristics of the resulting current distribution.

After reaching the maximum current, the simulation is extended up to t =1000s in order

to capture the relaxation phenomena and the subsequent redistribution of the current

within the pancake (fig. 3.15).

The relaxation process leads to a progressive increase in current penetration within

the superconductor. This effect has a beneficial impact on the operating margin with

respect to the critical current density, as the broader spatial distribution of current results

in a reduction of the local current density, thereby increasing the distance from the

critical threshold (figures 3.16a and 3.16a ). Figures 3.16b and 3.17b qualitatively assess the

influence of the current distribution on the spatial profile of the magnetic field magnitude.
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3.2 Electromagnetic Analysis of Multiple Pancake Coils

Figure 3.15: Input current profile used for the Field Quality evaluation in the four-pancake

stack, set to 70% of 𝐼max (264 A), followed by a steady-state period to analyze

relaxation.

(a) (b)

Figure 3.16: (a) Normalized current density distribution at the peak current (𝑡 = 264 s)

showing pronounced SCIF effects (blue regions). (b) Corresponding magnetic

field norm distribution (|B|[T]).
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3 Simulations Results

(a) (b)

Figure 3.17: (a) Current density distribution during the steady-state phase (𝑡 = 1000 s),

showing current relaxation and further penetration which reduces local cur-

rent density and field non-uniformity. (b) Corresponding magnetic field norm

distribution.
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3.2 Electromagnetic Analysis of Multiple Pancake Coils

3.2.3 Quality Field Evaluation

A simulation with an ideal uniform current distribution is used as a reference to evaluate

the magnetic field quality generated by the four-pancake HTS model. The figures (3.18a)

show a qualitative difference between the ideal model and the HTS one. Subsequently,

a more quantitative analysis is performed, focusing on the differences observed at the

center point (fig. 3.19). In this case, a deviation arises compared to the single-pancake

case, mainly due to the more complex current distribution and the effect of the screening

currents, that can be quantifies as:

𝐵SC(0, 0) = 𝐵HTS(0, 0) − 𝐵id(0, 0)

𝐵SC = 7.20 − 7.28 = −0.08 T when 𝑡 = 264 s

𝐵SC = 7.25 − 7.28 = −0.03 T when 𝑡 = 1000 s (3.1)

For this reason, additional analyses along the mid-plane (fig. 3.21) and center line (fig.

3.20) are presented to gain a deeper understanding of the spatial variations in the magnetic

field magnitude. The mid-plane line is defined as 80% of the inner radius and the center

line is 150% the half height of the stack.

From figure 3.21 the effects of field drift can be appreciated. Figure 3.31 illustrates the

effect of field drift on the magnetic field quality. In particular, the field drift results in a

magnetic field magnitude that more closely resembles the ideal field produced by a uniform

current distribution.

(a) |B(r,z)| HTS (b) |B(r,z)| Ideal

Figure 3.18: Comparison of the magnetic field magnitude (|B(𝑟, 𝑧) |) distribution between

(a) the HTS simulation and (b) the ideal uniform current distribution, clearly

showing initial SCIF distortion in the HTS field profile.
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3 Simulations Results

(a) Comparison of magnetic field norm in the

center point.

(b) Zoomed view of the magnetic field norm in

the center point.

Figure 3.19: (a) Time evolution of the magnetic field norm at the center point (|B(0, 0) |)
comparing HTS and ideal models. (b) Zoomed view, quantifying the SCIF-

induced magnetic field deficit and subsequent relaxation (field drift).

(a) The red line represent the arc length for this

quality field evaluation.

(b) Magnetic field norm in ideal case, HTS simu-

lation at the peak and HTS simulation at the

end.

Figure 3.20: Magnetic field norm profile along the center line of the 4-pancake coil, com-

paring the ideal case (|B| ideal) against the HTS simulation at ramp peak

(𝑡 = 264 s) and during relaxation (𝑡 = 1000 s).
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3.2 Electromagnetic Analysis of Multiple Pancake Coils

(a) The red line represent the arc length for this

quality field evaluation.

(b) magnetic field norm in ideal case, HTS simu-

lation at the peak and HTS simulation at the

end.

Figure 3.21: Magnetic field norm profile along the middle-plane of the 4-pancake coil,

illustrating the effect of current relaxation on improving field quality over

time.

(a) (b)

Figure 3.22: Relative percent difference (𝜖) in magnetic field norm (|B|) between the HTS

simulation and the ideal model (𝜖 =
|𝐵HTS−𝐵id |

𝐵id
×100) along the center line (a) and

the middle-plane (b), quantifying the spatial extent of the SCIF degradation.
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3 Simulations Results

3.3 Ten Pancake Coils simulation

In this section a configuration of 10-pancake coils is analyzed. Also in this case, the simmet-

ric axis cut the stack of pancake in an half resulting in five pancake cross sections images.

As was done before, the analysis starts with some consideration about the determination

of the maximum input current: First of all a current ramp from 0 A to 377 A (the value

of the critical current for four-pancake configuration) will be set in order to conclude

that adding pancakes results in a lower maximum input current. Then, when the value

of the current peak will be find, a series of simulation will be carried out to make some

consideration about the current density distribution and the field quality.

3.3.1 Maximum input current in 10 Pancake coils

Starting with an input current ramp from 0 A to 377 A (fig. 3.23) can be seen how the

distribution of current lead to a non superconducting zone (with 𝐽𝜑/𝐽𝑐 > 1.2). To determine

the maximum input current the load line method in this case represent the plot of the

average critical current in each pancakes. The minimum intersection regard the top

(bottom) pancake (fig. 3.25) which intersects the load line at the value of 308 A .

Figure 3.23: Input current profile used to determine the MaximumOperating Current (𝐼max)

for the 10-pancake stack via the Load Line Method.
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3.3 Ten Pancake Coils simulation

(a) I=100 A (b) I=200 A

(c) I=300 A (d) I=377A

𝐽𝜑/𝐽𝑐 ( ®𝐵)

Figure 3.24: Distribution of normalized current density (𝐽𝜑/𝐽𝑐 (B)) in the 10-pancake stack

at high input currents, clearly showing the failure mode where 𝐽𝜑/𝐽𝑐 exceeds
1.
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3 Simulations Results

(a) (b)

Figure 3.25: Load Line Method for the 10-pancake stack. (a) Critical current curves for

each pancake (labeled 1-5, with symmetry assumed) and the intersection point

determining 𝐼max ≈ 308 A. (b) Schematic labeling of the five pancakes used in

the axisymmetric simulation.

3.3.2 Screening currents and Quality field evaluation

Taking into account the 70% of the maximum input current found previously, the analysis

goes on. The new current peak now is 0.7 · 308 = 216 A. The value of 216 A is reached at

the time 216 s as shown in 3.26.

The two most relevant time instants in the simulation are identified as follows:

• t = 216 s: this corresponds to the end of the current ramp, when the input current

reaches its peak value. It represents the most critical phase of the simulation, as the

current has not yet relaxed and local losses of superconductivity may occur (see fig.

3.27).

• t = 650 s: at this time (approximately three times the ramp duration), the sys-

tem reaches a steady-state configuration, representative of the normal operating

condition of the magnet(see fig. 3.28).

The evaluation of the Screening Current Induced Field (𝐵SC) in the center point can be

extracted from 3.29 and qunatified as follow:

𝐵SC(0, 0) = 𝐵HTS(0, 0) − 𝐵id(0, 0)

𝐵SC = 12.08 − 12.65 = −0.57 T when 𝑡 = 216 s

𝐵SC = 12.20 − 12.65 = −0.45 T when 𝑡 = 650 s (3.2)

. The magnitude of the magnetic field induced by the screening currents becomes more

pronounced in the 10-pancake coil configuration compared to the 4-pancake case. As
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3.3 Ten Pancake Coils simulation

Figure 3.26: Input current profile used for the Field Quality evaluation in the 10-pancake

stack, set to 70% of 𝐼max (216 A), followed by a steady-state period.

shown in Figure 3.28a, the screening currents (highlighted in blue) play a significantly

more prominent role in this configuration. From the comparative analysis of the single-

pancake, 4-pancake, and 10-pancake coils, a clear trend can be observed: as the number of

pancakes increases, the intensity of the screening currents rises, leading to a progressive

degradation of the magnetic field quality due to the stronger Screening Current Induced

Field (SCIF).

The same conclusion can be seen by watching on the relative error of the magnetic field

of the HTS to respect the ideal magnetic field in the middle plane line and center line from

the figures 3.31a and 3.21a.

To get more information about the magnetic field distribution, the figures 3.30 offer a

prospective on the behavior of the magnetic field along the middle plane line and center

line.
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3 Simulations Results

(a) (b)

Figure 3.27: (a) Normalized current density distribution at the peak current (𝑡 = 216 s),

showing the extensive penetration of the current front and the large SCIF

regions. (b) Corresponding magnetic field norm distribution (|B|[T]).

(a) (b)

Figure 3.28: (a) Normalized current density distribution during the steady-state phase

(𝑡 = 650 s), showing current relaxation and creep leading to a more uniform

current distribution and less screening currents compared to the peak time.

(b) Corresponding magnetic field norm distribution.
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3.3 Ten Pancake Coils simulation

Figure 3.29: Time evolution of the magnetic field norm at the coil center (|B(0, 0) |), com-

paring the HTS simulation against the ideal uniform model, quantifying the

large initial SCIF deficit (𝐵SCIF ≈ −0.57 T) in the 10-pancake configuration.

(a) Mid-plane line comparison (b) Center-line comparison

Figure 3.30: Magnetic field norm profile along the (a) Mid-Plane Line and (b) Center Line

of the 10-pancake coil, comparing the ideal case against the HTS simulation

at peak time (𝑡 = 216 s) and steady state (𝑡 = 650 s).
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3 Simulations Results

(a) (b)

Figure 3.31: Relative percent difference (𝜖) in magnetic field norm (|B|) between the HTS

simulation and the ideal model (𝜖 =
|𝐵HTS−𝐵id |

𝐵id
× 100) along the center line (a)

and the middle-plane (b), quantifying the progressive SCIF degradation
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3.3 Ten Pancake Coils simulation

3.3.2.1 Central volume method

To investigate how the simulated magnetic field and the ideal magnetic field differ, a

central volume is inserted. The dimension of the central volume follows the dimension of

the mid-plane line arc length and the central line (respectively 80% of the inner radius and

150% of the half height).

(a) (b)

Figure 3.32: Three-dimensional view of the pancake stack (a) and the corresponding 2D

plane used to define the central volume for the evaluation of the field quality

(b).

Figure 3.34 shows that the discrepancy between the ideal magnetic field magnitude and

that obtained with the T–A formulation mainly arises from the axial component. To clarify

the relative contributions of the two field components, Figure 3.35a presents an arrow plot

where r-direction arrows represent the difference in the radial component, and z-direction

arrows the difference in the axial component, between the HTS and uniform-current cases.

The blue isoline identifies regions where the radial components coincide, while the red

isoline marks those where the axial components are equal.

This visualization provides a clear spatial interpretation of how screening currents alter

the local magnetic field distribution in HTS coils.

Following the Δ𝐵𝑟,𝑧 = 0 isolines (Fig. 3.35), the central volume can be divided into three

regions:

• Central Region: the magnetic field produced by the uniform current distribution

is higher in both the radial and axial directions (below the magenta line).

• Upper Coils Region: the magnetic field produced by the uniform distribution is

higher only in the radial direction (between the black line and the magenta line).

• Outside Coils Region: the magnetic field produced by the uniform distribution is

lower in both the radial and axial directions (above the black line).

It is evident that the main difference between 𝐵𝑖𝑑 and 𝐵𝐻𝑇𝑆 occurs in the mid-plane

region (see fig. 3.33) and is primarily due to the axial component (3.34c). To further
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3 Simulations Results

(a) t=216s (b) t=650s

Figure 3.33: Relative percentage difference fieldmaps (𝜖 =
|𝐵HTS−𝐵ideal |

|Bideal | [%]) across the central
volume at:(a) current peak (𝑡 = 216 s) and (b) steady state (𝑡 = 650 s)

(a)
|𝐵HTS |− |𝐵ideal |

|Bideal | [%] (b)
𝐵r,HTS−𝐵r,ideal

|Bideal | [%] (c)
𝐵z,HTS−𝐵z,ideal

|Bideal | [%]

Figure 3.34: Relative percentage difference field maps (
𝐵HTS−𝐵ideal

|Bideal | [%]) across the central

volume at steady state (𝑡 = 650 s): (a) Magnetic field magnitude |B|, (b) Radial
component 𝐵𝑟 , and (c) Axial component 𝐵𝑧 .

investigate the source of this discrepancy, it is useful to plot the axial component of the

magnetic field for both type of models 4.2.
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3.3 Ten Pancake Coils simulation

(a) (b)

Figure 3.35: Blue arrows ∝ 𝐵𝑟𝐻𝑇𝑆 − 𝐵𝑟𝐼𝑑 ; red arrows ∝ 𝐵𝑧𝐻𝑇𝑆 − 𝐵𝑧𝐼𝑑 . Red line represent

𝐵𝑧𝐻𝑇𝑆 − 𝐵𝑧𝐼𝑑 = 0; blue line represent 𝐵𝑟𝐻𝑇𝑆 − 𝐵𝑟𝐼𝑑 = 0. In the right, the

cross section of the pancake showing the current density distribution. In (b)

normalized arrows.

(a) 𝐵𝑧 from HTS. (b) 𝐵𝑧 from Uniform current distribution.

Figure 3.36: The pictures shows that the magnitude of 𝐵𝑧 in the uniform current distribu-

tion (b) is higher in the center plane (brighter yellow) while in the HTS coils

the 𝐵𝑧 magnitude is more evenly distributed.
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4 Magnetic Field Quality Optimization

The objective of this chapter is to identify strategies to improve the magnetic field quality

of HTS pancake coil magnets. In this context, optimization refers to reducing the deviation

between the magnetic field generated by the superconducting coil and the ideal magnetic

field obtained by assuming a uniform current distribution.

The study was carried out in two stages.

In the first stage, a parametric analysis was performed to understand how variations

in the main design and operating parameters—such as the maximum transport current,

the number of pancakes, and the tape height—affect the electromagnetic behavior. In

these preliminary investigations, the evaluation of magnetic field quality was always

made by comparing the HTS results with the ideal magnetic field corresponding to the

same configuration (i.e., accounting for the same geometry and current distribution). This

approach ensured that any observed differences could be directly attributed to the intrinsic

superconducting effects rather than to geometrical or electrical changes.

In the second stage, the insights gained from the parametric study and the analysis pre-

sented in the previous chapter were combined to propose a set of optimized configurations.

These configurations aim to mitigate the effects of screening currents (SCIF) and to obtain

a magnetic field distribution closer to the ideal one. Most of these optimized configurations

were evaluated with respect to the default ideal field (𝐵𝑖𝑑 ), although one configuration

showed superior performance even when compared to the ideal field associated with its

own current distribution (𝐵𝑖𝑑,𝑜𝑝𝑡 ).

4.1 Parametric analysis and Sensitivity study

4.1.1 Increasing pancakes number

The first step of the optimization study consists in evaluating the influence of the number of

pancakes on the magnetic field quality in the central region. In particular, two additional

configurations are analyzed: a 16-pancake stack and a 20-pancake stack. To ensure

consistency with the previous analyses, the input current is adjusted so as to maintain the

magnetic field norm at the coil center at approximately 12.6 T. Consequently, a maximum

current of 170 A is applied to the 16-pancake stack, while the 20-pancake stack reaches

a peak current of 158 A. The results, presented in Fig. 4.1a and Fig. 4.1b, indicate that

increasing the number of pancakes leads to a degradation of the magnetic field quality in

both cases. This degradation can be attributed to the enhanced self-field effects and the

stronger influence of screening currents in the outer pancakes, which distort the magnetic

field distribution and reduce its uniformity in the central region.
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4 Magnetic Field Quality Optimization

(a) 16-Pancake Stack. (b) 20-Pancake Stack.

Figure 4.1: Three-dimensional representation of the extended HTS pancake coil geometries

simulated for the parametric study: (a) 16-Pancake Stack and (b) 20-Pancake

Stack.

(a) 16-Pancake Stack. (b) 20-Pancake Stack.

Figure 4.2: Comparison of current density distribution (𝐽𝜑/𝐽𝑐 ( ®𝐵)) and magnetic field devia-

tion (
𝐵HTS−𝐵id

𝐵
id

[%]) in the central volume after increasing the number of pancakes.
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4.1 Parametric analysis and Sensitivity study

4.1.2 Influence of the input current

In this section instead of consider only 70% of the maximum input current (𝐼𝑐 = 308 A)

different value of maximum transport current (𝐼𝑚) are considered:

• 𝐼𝑚 = 0.5𝐼𝑐 = 154 A;

• 𝐼𝑚 = 0.6𝐼𝑐 = 185 A;

• 𝐼𝑚 = 0.7𝐼𝑐 = 216 A;

• 𝐼𝑚 = 0.8𝐼𝑐 = 247 A;

• 𝐼𝑚 = 0.9𝐼𝑐 = 278 A.

The results indicate a clear improvement in the magnetic field quality as the input current

increases (see Fig. 4.4). This phenomenon can be explained by the increased penetration

of the transport current, as shown in Figure 4.5. Higher currents lead to a current density

distribution that more closely resembles the ideal uniform distribution, thereby improving

the magnetic field quality

Figure 4.3: Input current profiles used for the sensitivity study on current magnitude,

ranging from 𝐼𝑚 = 0.5𝐼𝑐 (154 A) to 𝐼𝑚 = 0.9𝐼𝑐 (278 A).

To better understand the reason why the magnetic field quality increase with the

increasing of the current let’s observe also the related current density distribution.

49



4 Magnetic Field Quality Optimization

𝐼𝑚 = 0.5𝐼𝑐 𝐼𝑚 = 0.6𝐼𝑐 𝐼𝑚 = 0.7𝐼𝑐 𝐼𝑚 = 0.8𝐼𝑐 𝐼𝑚 = 0.9𝐼𝑐 Δ𝐵/𝐵𝑖𝑑

Figure 4.4: Evaluation of magnetic field quality (
𝐵HTS−𝐵id

𝐵
id

[%]) within the central volume for

different operating current levels (𝐼𝑚), demonstrating improved homogeneity

as the current penetration increases.

(a) 0.5𝐼𝑐 (b) 0.9𝐼𝑐

Figure 4.5: Comparative visualization of the current density distribution (𝐽𝜑/𝐽𝑐 ( ®𝐵)) and
the corresponding field quality (

𝐵HTS−𝐵id
𝐵
id

[%]) at 𝑡 = 650 s for the lowest and

highest operating points: (a) 𝐼𝑚 = 0.5𝐼𝑐 and (b) 𝐼𝑚 = 0.9𝐼𝑐 .
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4.1 Parametric analysis and Sensitivity study

4.1.3 Tape width influence

This section investigates the influence of tape width on the magnetic field quality. To

this end, a simulation is performed using tapes with half the nominal width: instead of

4mm tapes, 2mm tapes are considered. The choice of 2mm is motivated by its commercial

availability.

Reducing the tape width decreases the critical current per tape; to preserve the on-axis

magnetic field intensity at the coil centre, the number of pancakes is therefore increased

from 10 to 20 while the transport current per pancake is halved. In other words, by

approximately maintaining the total ampere–turns of the stack, the central field magnitude

remains comparable to the reference 10-pancake case, enabling a direct comparison of

field quality between the two configurations. A similar simulation configuration (HTS

tape striation) is reported in [2] and confirm the reduction of SCIF effect.

Figure 4.6: Three-dimensional representation of the optimized geometry utilizing tapes

with reduced width (2 mm wide tapes in a 20-Pancake stack), preserving the

total Ampere-turns.
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4 Magnetic Field Quality Optimization

(a) (b)

Figure 4.7: Comparative analysis of field quality: (a) Reference 10-pancake stack with

4 mm tape width and (b) Optimized 20-pancake stack with 2 mm tape width

and half input current (𝐼𝑚 = 154 A), illustrating the reduction of SCIF effects

through geometric modification.

4.2 Optimized configurations

Based on the findings from the parametric studies and the analysis of screening currents

in the standard 10-pancake coil, several configurations have been selected for further

investigation. In this work, optimization is defined as modifications that improve the

magnetic field uniformity in the central region byminimizing the deviation from a reference

field. Depending on the case, the reference field may be either the ideal field of the standard

10-pancake coil (𝐵𝑖𝑑 ) or the ideal field corresponding to the modified configuration itself

(𝐵𝑖𝑑,𝑜𝑝𝑡 ).

The configurations analyzed in this study are:

• Enhancement of the current in the central pancakes, with a reduction in the outer

pancakes.

• Addition of an internal double-pancake coil.

• Reduction of the tape height by half in the central pancakes.

• Reduction of the tape height by half in the central double-pancake coil.

These cases are systematically studied to evaluate how variations in current distribution

and tape geometry influence the magnetic field uniformity, providing insight into strategies

for optimizing HTS pancake coil design.

4.2.1 Central-Current Enhancement with Reduced Current in Outer Pancakes

The optimization strategy is based on modifying the current distribution among the

pancakes while preserving the target magnetic field at the coil center, i.e.

𝐵target = 𝐵ref . (4.1)
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4.2 Optimized configurations

Where 𝐵target, in this case, is the magnetic field generated by the reference configuration

of 10-pancake stack with uniform current distribution. Let the coil be composed of 𝑁

pancakes, each carrying a transport current 𝐼𝑖 . In the reference configuration all pancakes

carry the same current 𝐼𝑖 = 𝐼0. The magnetic field generated at the observation point is

𝐵ref =

𝑁∑︁
𝑖=1

𝐵𝑖 (𝐼0), (4.2)

where 𝐵𝑖 (𝐼 ) denotes the magnetic-field contribution of the 𝑖-th pancake when it carries a

current 𝐼 .

The optimization goal consists of finding a new set of currents

I = {𝐼1, 𝐼2, . . . , 𝐼𝑁 }

that satisfies the magnetic-field constraint

𝑁∑︁
𝑖=1

𝐵𝑖 (𝐼𝑖) = 𝐵target, (4.3)

while improving a chosen performancemetric. Physically, a convenient solution is obtained

by increasing the current in the central pancakes and decreasing it in the outer ones

because the central pancakes contribute more efficiently to the on-axis magnetic field.

This redistribution reduces the need for high current densities in regions where the local

field is stronger and the critical current density is lower, thereby reducing losses. In the

following simulation, the set of currents used are:

I = {𝐼1 = 7/8𝐼𝑚, 𝐼2 = 7/8𝐼𝑚, 𝐼3 = 7/8𝐼𝑚, 𝐼4 = 7/8𝐼𝑚, 𝐼5 = 3/2𝐼𝑚}
Here, 𝐼𝑚 represents the maximum current (216 A) of the default configuration. 𝐼1 designates

the top pancake, and the coil’s axial symmetry is preserved (i.e., 𝐼5 is the central double

pancake).

This adjustment yields a magnetic field spatial distribution that more closely matches the

ideal reference field. Quantitatively, the relative error in the central volume is significantly

reduced to approximately 1% (see Figure 4.9), representing a substantial improvement over

the 3.5% to 6.14% error observed in the default configuration (Figure 3.31).

However, if the field quality evaluation metric were calculated against the ideal field

corresponding to the new current distribution (𝐵id,Opt), there is no resulting reduction in

relative error. This implies that while the optimized current set effectively compensates

for the SCIF inherent to the HTS material compared to the uniform reference, the new,

intentionally non-uniform current profile (𝐵id,Opt) inherently introduces slight deviations

from perfect homogeneity when compared against its own ideal counterpart. Therefore,

the success of this strategy is best measured by the reduction of the absolute deviation

from the default uniform field reference.
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4 Magnetic Field Quality Optimization

Figure 4.8: Schematic representation of the differential current distribution used for opti-

mization: 𝐼outer =
7

8
𝐼𝑚 in pancakes 1-4 and 𝐼center =

3

2
𝐼𝑚 in the central pancake 5.

Figure 4.9: Comparison of the current distribution (𝐽𝜑/𝐽𝑐 ( ®𝐵)) and the magnetic field devia-

tion (
𝐵HTS−𝐵id

𝐵
id

[%]) resulting from the differential current distribution.
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4.2 Optimized configurations

4.2.2 Adding an internal double pancake coil

The second optimization strategy consists in inserting an additional double-pancake coil

in the central bore of the stack. The internal coil is connected in series with the main

pancakes and therefore carries the same transport current 𝐼 . Its purpose is to generate a

compensating magnetic field at the coil center that counteracts the Screening-Current-

Induced Field (SCIF) produced by the HTS pancakes.

Analytical formulation. Denote by 𝐵HTS(𝐼 ) the axial field at the observation point (center)

produced by the HTS pancake assembly (including the SCIF contribution), and by 𝐵ref (𝐼 )
the target (ideal) axial field produced by the same assembly assuming uniform current

density. Let the internal double-pancake coil consist of 𝑁int turns (total turns of the internal

coil contributing to the axial field) and let 𝑏int be the axial field per turn at the observation

point when unit current flows (i.e. 𝑏int depends only on geometry and the observation

point). With the internal coil present and carrying current 𝐼 , the total axial field becomes

𝐵tot(𝐼 , 𝑁int) = 𝐵HTS(𝐼 ) + 𝑁int 𝑏int 𝐼 . (4.4)

The compensation objective can be stated as finding an integer 𝑁int such that the

deviation from the ideal target field is minimized:

𝑁 ∗
int

= arg min

𝑁int∈Z+
|𝐵tot(𝐼 , 𝑁int) − 𝐵ref (𝐼 ) | . (4.5)

Using (4.4) this reduces to

𝑁 ∗
int

= arg min

𝑁int∈Z+
|𝐵HTS(𝐼 ) − 𝐵ref (𝐼 ) + 𝑁int 𝑏int 𝐼 | . (4.6)

If a continuous approximation is acceptable, the optimal (real) number of turns is

𝑁̃int = − 𝐵HTS(𝐼 ) − 𝐵ref (𝐼 )
𝑏int 𝐼

, (4.7)

and the physically admissible integer solution is 𝑁 ∗
int

= round(𝑁̃int).
Applying the above procedure to the studied geometry and operating point (same current

as the main pancakes) and using the computed values of 𝐵HTS, 𝐵ref and the geometric

coupling 𝑏int, the continuous estimate 𝑁̃int yields a value close to 73.8. Because we are

considering a Double pancake, each pancake needs to have a number of turns of 37.

𝑁 ∗
int

≈ 37,

which was therefore adopted as the preliminary design for the internal double-pancake

compensation coil. Time-dependent simulations including this internal coil are required

to confirm the compensation efficacy and to check that no local over-critical regions are

introduced during ramp and relaxation.

The internal double-pancake coil provides a direct, hardware-level way to counteract

the SCIF at the magnet center. The method is straightforward: compute the compensating
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4 Magnetic Field Quality Optimization

Figure 4.10: Three-dimensional representation of the compensation strategy: the main

10-pancake stack complemented by the optimized Internal Double Pancake

Coil (IDPC) in the central bore.

field deficit at the operating current, evaluate the per-turn coupling of the internal coil

geometry, and select the integer number of turns from equation (4.7).

The time-dependent simulations, including the optimized IDPC design, demonstrate its

high effectiveness. As evident from Figure 4.11 , the resulting magnetic field profile, 𝐵HTS,

significantly reduces the deviation from the primary design specification 𝐵id, achieving

a relative error close to 0% in the central volume. This outcome confirms that adding a

properly designed IDPC can offer a substantial contribution to the precise shaping of the

magnetic field in relation to the default ideal field 𝐵id.

As noted in Section 4.2, it is crucial to clarify the reference choice:

The success of this strategy is measured by the error calculated with respect to the orig-

inal design goal:(𝐵HTS − 𝐵id)/𝐵id. However, if the field quality evaluation were performed

using the ideal field generated by this optimized configuration (𝐵id,opt) as the reference, the

results show a negligible improvement in the relative error.This confirms that the IDPC

strategy is primarily an active mitigation of the persistent SCIF effects, successfully forcing

the HTS magnet’s performance (𝐵HTS) to match the required uniform design target (𝐵id).
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4.2 Optimized configurations

Figure 4.11: Field quality evaluation for the IDPC compensated configuration, demonstrat-

ing the substantial reduction of the relative error (
𝐵HTS−𝐵id

𝐵
id

[%]) towards 0% in

the central volume.
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4 Magnetic Field Quality Optimization

4.2.3 Reduction of Tape Height in the Central Double Pancakes

In this configuration, the height of the two central double pancakes is reduced while

keeping the transport current in each pancake unchanged. Although the geometric

cross-section of the central pancakes decreases, this does not require a reduction of the

applied current. The reason is that, in the central region of the stack, the current density

distribution strongly limits magnetic-field penetration. As a consequence, the local critical

current density increases, allowing the smaller tapes to carry the same transport current

without violating the superconducting constraint.

This geometric modification aims at reducing the screening-current contribution in the

innermost region of the coil, thus improving the overall magnetic field quality without

altering the global operating conditions of the magnet.

Figure 4.12: Three-dimensional view of the geometry with the tape height reduced in the

two central double pancakes.

The simulation results, illustrated in Figure 4.13, confirm the effectiveness of this

approach: the current density distribution becomes more uniform in the center, mitigating

the localized effects of the screening currents. The magnetic field quality evaluation,

calculated as the relative error with respect to the ideal field generated by this specific

geometric configuration (𝐵id,opt), is presented for the center volume in the figure.
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4.2 Optimized configurations

Figure 4.13: Current density distribution (𝐽𝜑/𝐽𝑐 ( ®𝐵)) and magnetic field deviation

(

𝐵HTS−𝐵id,opt
𝐵
id,opt

[%]) for the two-CDPC reduced height configuration, confirming

the more uniform current distribution in the center.
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4 Magnetic Field Quality Optimization

4.2.4 Reduction of the tape height by half in the central double-pancake coil

This configuration is geometrically similar to the previous strategy (Section 4.2.3), but here

we focus the geometric modification on only one central double pancake coil instead of two.

The methodology of maintaining the transport current 𝐼 unchanged is applied, utilizing

the enhanced local critical current density 𝐽𝑐 (B) in the central region of the stack.The

results confirm the efficacy of this precise geometric modification. The simulated field

𝐵HTS demonstrates a significant increase in magnetic field quality when compared to the

baseline 10x4mm default configuration (𝐵id).

Crucially, the evaluation of the resulting field quality shows a minor, yet observable,

improvement with respect to both reference metrics:

• Improvement vs. 𝐵id (Design Target): This confirms the substantial mitigation of

SCIF, making this configuration a viable candidate for achieving the original design

specification (4.15(a)).

• Improvement vs. 𝐵id,opt (Specific Geometric Reference): This result provides key

physical validation. The reduction of the residual error (𝐵HTS − 𝐵id,opt)/𝐵id,opt con-
firms that decreasing the volume susceptible to SCIF generation in the high-𝐽𝑐 region

(the center) is an effective geometric tool for maximizing uniformity inherent to the

modified design (4.15(b)).

The overall contribution of this study is significant, confirming the superiority of this

design over the default 10x4mm-pancake stack.
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4.2 Optimized configurations

Figure 4.14: Three-dimensional view of the geometry with the tape height reduced only

in the single central double pancake.

(a) (b)

Figure 4.15: Comparative visualization of field quality: (a) Reference 10-pancake stack

(4 mm width) vs (b) Single-CDPC Reduced Height configuration, illustrating

the slight improvement observed against both 𝐵id and 𝐵id,opt.
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5 Conclusion

The master’s thesis project focused on providing a rigorous electromagnetic characteri-

zation of Screening Current Induced Fields (SCIF) in HTS electromagnets and assessing

their impact on overall field performance. This work developed and applied numerical

simulation tools, essential for the optimal design of superconducting magnets requiring

high and homogeneous magnetic fields.

The adoption of the Homogenized T–A Formulation was critical throughout the study.

This formulation enabled the execution of numerous robust simulations and parametric

studies, facilitating a systematic progression towards highly relevant configurations and

results.

The primary findings derived from the analysis are summarized as follows:

1. Degradation of Transportable Current and Geometric Dependence. The

geometric configuration of the HTS stack significantly influences the achievable

Maximum Transport Current (𝐼max). Utilizing the 𝐼–𝐸 criterion and the Load Line

Method, a quantified reduction in the current capacity (𝐼max) while maintaining the

superconducting state was established. Specifically, the maximum transport current

capacity, relative to the zero-field critical current (𝐼𝑐0), drastically decreases with

stack height due to self-field effects: ≈ 26.4% for a single pancake, ≈ 17.2% for a

four-pancake stack, and ≈ 14% for the ten-pancake configuration. These results

underscore the magnetic interaction between pancakes as the primary operational

constraint (Results detailed in Table 5.1.)

2. SCIF Impact and Field Quality Deterioration. The number of pancakes in a

series-connected HTS stack critically affects the magnet’s electromagnetic behavior.

As the number of pancakes increases, a progressive rise in the detrimental impact

of SCIF was observed. This effect results in a deterioration of the Field Quality

measured against the ideal uniform current design field (𝐵id). For the 10-pancake

configuration, SCIF caused a field deviation in the central volume between −6.14%
and 3.5% relative to 𝐵id, confirming the necessity for effective mitigation strategies.

3. Efficacy of SCIF Mitigation Strategies. It was demonstrated that effective strate-

gies for mitigating field non-uniformity can be achieved by manipulating both the

coil geometry and the current distribution. Among the strategies studied, those

yielding the most significant results include:

• Current Redistribution: Increasing the current in the central coils while reduc-

ing it in the outer coils successfully forced a more uniform effective current

density, reducing the primary field error to approximately 1% relative to 𝐵id.
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5 Conclusion

• Geometric Optimization (Reduced Tape Height): Decreasing the tape height in

the central region represented a robust geometric approach. This configuration

was unique in demonstrating a positive improvement in Field Quality against

both the design target (𝐵id) and its own ideal geometric reference (𝐵id,opt),

validating the physical principle that reducing the HTS volume in high-𝐽𝑐
regions is effective for residual SCIF suppression (Results detailed in Table 5.1).

Configuration 𝐼max [𝐴] 𝐼max/𝐼𝑐0 [%]
1-Pancake 580 26.4%

4-Pancake 378 17.2%

10-Pancake 308 14.0%

Figure 5.1: Degradation of Maximum Transport Current (𝐼max) Across HTS Pancake Stacks

Configuration 𝐵HTS(0, 0) − 𝐵id(0, 0) [𝑇 ] 𝐵HTS(0, 0) − 𝐵id,opt(0, 0) [𝑇 ]
Baseline (10-Pancake) −0.57 −0.57
Current Redistribution −0.08 −0.50
IDPC Compensated 0.007 −0.44
Reduced 𝑡𝑐 in 2DPC 0.33 −0.22
Reduced 𝑡𝑐 in 1DPC 1.1 −0.1

Table 5.1: Summary of Absolute Magnetic Field Deviation at the Center Point (𝐵𝐻𝑇𝑆 −𝐵𝑟𝑒 𝑓 ),
demonstrating SCIF mitigation success against the original design target (Bid)

and the Intrinsic SCIF level of the configuration itself (Bid,opt).

Model Limitations and Future Development While the current electromagnetic model

successfully provided the critical insights needed for effective SCIF mitigation and Imax

prediction, the analysis operates within the constraints of a 2D axisymmetric domain

and a single-physics framework. The subsequent and indispensable step for transitioning

this research toward engineering design requires model extension in two critical direc-

tions. Firstly, a full three-dimensional (3D) model extension is paramount. The current

simplification cannot capture the complex field profiles and stability margins inherent to
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non-axisymmetric fusion magnets, such as the Stellarator coils central to our collaborative

context. Secondly, robust multi-physics integration is essential, with a primary focus

on thermomechanics . HTS magnets generate immense Lorentz forces; therefore, the

model must couple the electromagnetic solution (F = J×B) with computational mechanics

to calculate stress and strain (𝜎, 𝜀). This integration is non-negotiable, as mechanical

strain directly influences the local critical current density (𝐽𝑐 (𝜀)). Ultimately, coupling

these domains is vital for validating structural integrity and accurately predicting quench

initiation, thereby developing a reliable engineering tool for the complete operational

lifecycle of HTS fusion magnets.
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