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Abstract

Superconducting magnets are key components in particle accelerators, essential for the

precise guidance and focusing of particle beams. However, these magnets are subjected to
stresses, like radiation and mechanical disturbances, which can lead to faults such as short
circuits in the coil windings. Identifying such faults in the magnets installed in the LHC is a
major challenge. A valuable method to assess their electromagnetic properties and detecting
potential problems is to analyse their complex impedance over a wide range of frequencies.
This thesis contributes to the advancement of CERN’s STEAM (Simulation of Transient Ef-
fects in Accelerator Magnets) framework by introducing a new tool specifically designed to
simulate complex impedance in the frequency domain. While STEAM already supports the
modeling of transient effects and magnet circuits, it has lacked a comprehensive solution
for complex impedance simulations in the frequency domain. To address this gap, a new
Python-based tool was developed, built on a physics-driven lumped element network model.
This model integrates finite element modeling using COMSOL Multiphysics® with analytical
techniques, taking into account key factors such as coupling losses and interactions between
coil turns. This approach also facilitates the modeling of short circuits by incorporating
resistances across the coil turns.
This thesis provides an overview of the development and functionality of this tool and presents
its validation through impedance measurements of the Main Bending Recombination Dipole
(MBRD), a magnet recently measured at CERN’s SM18 facility. The validation process in-
cluded simulations of both standard operating conditions and faulty scenarios with short
circuits, demonstrating the tool’s ability to capture the complex behavior of superconducting
magnets. The results confirm the accuracy of the tool in predicting and analyzing magnet
performance, including the effects of short circuits with varying resistance values and fault
locations. In summary, this work improves the understanding of superconducting magnet
impedance characteristics and introduces a reliable method for early detection of potential
failures, thereby contributing to the ongoing safety and performance of the LHC’s magnets.
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Sommario

I magneti superconduttori sono componenti chiave degli acceleratori di particelle, essen-
ziali per la guida e la focalizzazione precisa dei fasci di particelle. Tuttavia, questi magneti
sono soggetti a sollecitazioni, come radiazioni e disturbi meccanici, che possono portare a
guasti come cortocircuiti negli avvolgimenti delle bobine. L'identificazione di tali guasti nei
magneti installati nell'LHC e una sfida importante. Un metodo valido per valutare le loro pro-
prieta elettromagnetiche e individuare potenziali problemi e I'analisi della loro impedenza
complessa su un’ampia gamma di frequenze.

Questa tesi contribuisce all’avanzamento del framework STEAM (Simulation of Transient
Effects in Accelerator Magnets) del CERN introducendo un nuovo strumento specificamen-
te progettato per simulare 'impedenza complessa nel dominio della frequenza. Sebbene
STEAM supporti gia la modellazione degli effetti transitori e dei circuiti dei magneti, man-
cava una soluzione completa per le simulazioni di impedenze complesse nel dominio della
frequenza. Per colmare questa lacuna, e stato creato un nuovo strumento in Python che
utilizza un modello circuitale basato su "lumped-element modeling" e su un approccio fisico.
Questo modello integra la modellazione a elementi finiti di COMSOL Multiphysics® con
tecniche analitiche, tenendo conto di fattori chiave come le perdite di potenza causate dalle
correnti indotte negli elementi del magnete e le interazioni tra le spire. Inoltre, il modello
permette di simulare i cortocircuiti introducendo resistenze tra le spire della bobina.

La tesi offre una panoramica dello sviluppo e delle funzionalita di questo strumento, e ne
presenta la validazione tramite misure di impedenza del Main Bending Recombination Dipo-
le (MBRD), un magnete recentemente testato presso la struttura SM18 del CERN. Il processo
di validazione ha incluso simulazioni in condizioni operative standard e in scenari di guasto
con cortocircuiti, dimostrando la capacita dello strumento di catturare il comportamento
complesso dei magneti superconduttori. I risultati confermano 'accuratezza dello strumento
nella previsione e analisi delle prestazioni del magnete, inclusi gli effetti dei cortocircuiti con
diverse resistenze e posizioni di guasto.

In sintesi, questo lavoro migliora la comprensione delle caratteristiche di impedenza dei ma-
gneti superconduttori e propone un metodo affidabile per la rilevazione precoce di potenziali
guasti, contribuendo cosi alla sicurezza e alle prestazioni dei magneti nell’LHC.
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Résumé

Les aimants supraconducteurs sont des composants clés des accélérateurs de particules,
essentiels pour le guidage et la focalisation précis des faisceaux de particules. Cependant,
ces aimants sont soumis a des contraintes, telles que le rayonnement et les perturbations
mécaniques, qui peuvent entrainer des défauts tels que des courts-circuits dans les enroule-
ments des bobines. Lidentification de ces défauts dans les aimants installés dans le LHC est
un défi majeur. Une méthode précieuse pour évaluer leurs propriétés électromagnétiques et
détecter les problémes potentiels consiste a analyser leur impédance complexe sur une large
gamme de fréquences.

Cette thése contribue a I'avancement du cadre STEAM (Simulation des effets transitoires
dans les aimants d’accélérateurs) du CERN en introduisant un nouvel outil spécialement
congu pour simuler I'impédance complexe dans le domaine des fréquences. Bien que STEAM
prenne déja en charge la modélisation des effets transitoires et des circuits d’aimants, il
lui manquait une solution compléte pour les simulations d'impédance complexe dans le
domaine des fréquences. Pour combler cette lacune, un nouvel outil basé sur Python a été
développé sur la base d'un modele de réseau a éléments forfaitaires basé sur la physique. Ce
modele integre la modélisation par éléments finis a 'aide de COMSOL Multiphysics® et des
techniques analytiques, en tenant compte de facteurs clés tels que les pertes de couplage et
les interactions entre les spires des bobines. Cette approche facilite également la modélisa-
tion des courts-circuits en incorporant les résistances entre les spires de la bobine.

Cette thése donne un apercu du développement et de la fonctionnalité de cet outil et pré-
sente sa validation par des mesures d’'impédance du dipole principal de recombinaison de
flexion (MBRD), un aimant récemment mesuré a I'installation SM18 du CERN. Le processus
de validation comprenait des simulations de conditions de fonctionnement standard et de
scénarios défectueux avec des courts-circuits, démontrant la capacité de |'outil a saisir le com-
portement complexe des aimants supraconducteurs. Les résultats confirment la précision de
I'outil dans la prédiction et I'analyse des performances de I’aimant, y compris les effets des
courts-circuits avec des valeurs de résistance et des emplacements de défaut variables. En
résumé, ce travail améliore la compréhension des caractéristiques d'impédance des aimants
supraconducteurs et introduit une méthode fiable de détection précoce des défaillances
potentielles, contribuant ainsi a la sécurité et aux performances des aimants du LHC.
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Introduction

1.1 Context and Background

High-energy particle colliders, such as the Large Hadron Collider (LHC) at CERN, are

crucial for experimental particle physics. In this accelerator, particles travel in opposite
directions at almost the speed of light before they collide.
The LHC uses superconducting magnets to guide and focus particle beams along circular
paths. Strong magnetic fields are required to maintain the circular trajectory and only cables
constructed with superconducting materials can achieve this level of magnetic strength [1].
Alarge number of magnets are necessary to maintain the particle beam within the desired
collider radius. The relationship between the beam energy E [J], the magnetic field B [T] of
the dipoles in the arc, and the trajectory radius R [m] can be expressed as [2]:

E =03xBxR [J] (1.1)

It is therefore crucial to have magnets capable of producing a high magnetic field to minimize
collider’s radius while achieving the desired high energy [2].
When cooled to extremely low temperatures, superconducting materials exhibit zero elec-
trical resistance and allow for high current densities while showing no power dissipation.
Additionally, they exhibit the Meissner effect whereby the externally applied magnetic fields
are expelled from the interior of the materials [3]. In order to maintain their superconductivity,
the applied magnetic field, temperature, and current density must all be less than a related set
of critical parameters [4]. Therefore, magnets in the LHC operate at cryogenic temperatures.
The reliable operation of the superconducting magnets is crucial for accurately replicating
physical phenomena in the LHC. Superconductors can sometimes experience a phenomenon
called quench, a transition to the normal state of the superconductor in a part of the material,
which forces the electromagnetic energy passing through the conductor to be converted
predominantly into heat. If this transition is not handled properly, it can result in overheating,
causing insulation degradation, conductor meltdown, short circuits due to the high voltage
and structural failures due to thermal expansion stresses, leading to the destruction of the
magnet at high currents [5]. There are several reasons for a magnet to fail [6]:

Mechanical forces: The most probable cause of failure is mechanical stress, which could
potentially arise due to the high thermal gradients to which the cables of the superconductor
are subjected during the operational process. Such conditions may result in the formation of
microcracks and microfractures, which could lead to the movement of cables and subsequent
failure of the superconducting magnets’ behavior [7].

High voltages: The application of high voltages and fast ramping can result in the generation
of significant electromagnetic forces. These may lead to the failure of insulation materials
and the generation of short circuits.



Human operation: The operation of the LHC requires human intervention. However, if for
example the magnet components are mishandled or the quench management procedures
are not followed correctly, this can lead to failures in the performance of the magnet.

Deficient cooling The malfunctioning of the cryogenic system can lead to a localized
increase in temperature beyond the level required to maintain the conductors in a supercon-
ducting state.

To ensure that the magnets operate safely in the collider, it is therefore crucial to continu-
ously monitor and improve their performance, identifying and predicting the phenomena
that could lead to a failure [8]. A magnet that requires replacement due to a failure typically
results in repair times exceeding three months, along with significant costs.

1.2 Problem statement

Since the superconducting coils of the magnets cannot be accessed from the outside while
installed in the LHC, it is particularly challenging to monitor and assess for failures and their
precursors. Cooled helium flows in a closed circuit to maintain the system at cryogenic
temperature and the magnets in a superconducting state [9]. In addition, the magnet has
zero resistance in its superconducting state, which makes it difficult to identify early signs
of resistance increase that indicates the beginning of a fault or quench. In the event of
an impending failure, the process can occur rapidly, making it challenging to identify and
prevent.

Particle accelerators’ superconducting magnets are also exposed to a variety of stresses,
radiation, and disturbances. These may cause non-conformities like inter-turn shorts, whose
precursors can be extremely difficult to find once the magnets are installed in the LHC [10].
A promising way to analyze and determine the electro-magnetic properties of the magnets
and identify any potential issues is to examine their impedance across a wide frequency range.
Because superconducting magnets have parasitic effects and capacitance in their circuit,
their electrical characteristics are not purely inductive. By looking at their impedance, it is
possible to non-invasively detect changes in their superconductive state and identify losses
and parasitic effects that may affect their ideal behavior [8].

Time Domain Reflectometry (TDR) is a technique that can be used to locate faults in electrical
circuits, by detecting changes in impedance. It relies on the property of a signal that travels
along a transmission line to be reflected when the line impedance changes. By sending a
short, high-frequency electrical pulse through the system and by measuring the time gap
between the incoming and reflected waves and the speed of propagation, it is possible to
locate the fault. However, also this approach has limitations, including the need for TDR
equipment, limited accuracy related to pulse width, the difficulty in recognizing the different
types of faults and the lack of references to this technique for superconducting magnets [11].
Other methods have been proposed in the literature to address the problem of fault detection.
One method is based on analysing the magnetic field generated in an aperture of the magnet
by an injected high-voltage pulse: the presence of a defect affects the current distribution
inside the coils, leading to a distortion of the expected magnetic field. By measuring the



pseudo period, it is possible to detect internal coil shorts and ground insulation faults through
the observation of any resulting field distortions [12]. However, this approach has limitations.
To map the magnetic field, measurement probes need to be inserted into the bore of the
magnets, which are inaccessible once installed in the LHC. Furthermore, it does not account
for other disturbances, such as AC losses.

Other approaches use machine learning algorithms to detect outliers in the data. However,
these methods lack a physics-based foundation and do not provide a comprehensive model
to understand the electromagnetic behaviour of superconducting magnets. This makes it
difficult to simulate and investigate potential failure scenarios and ensure repeatability [10].

1.3 Project Overview

At CERN, the Performance Assessment and Electrical Quality Assurance (TE-MPE-PE)

section developed the STEAM (Simulation of Transient Effects in Accelerator Magnets) frame-
work. This hierarchical co-simulation framework allows the simulation of transients effects
in superconducting accelerator magnet circuits [13]. It contains a number of in-house tools
that cover the physics and geometries of every magnet circuit, including details about cables,
wires, and filaments. These tools allow the simulation of failures or specific events in the
magnets, as well as transient simulations in the time and frequency domains.
However, an accurate and reliable tool designed specifically for simulating the complex
impedance of magnets in the frequency domain was still missing. Such a tool should also
support the simulation of non-conformities by incorporating short circuits into the model.
Additionally, it must account for various effects that cause superconducting magnets to
deviate from their ideal behavior. These effects include coupling losses, which occur in
superconducting magnet elements due to the cables’ sensitivity to changes in the magnetic
field. This sensitivity induces currents that produce opposing fields, thereby affecting the
impedance curve of the magnets [14].

The aim of this Master’s thesis is to model, simulate and validate the behavior of supercon-
ducting magnets by studying the variation of their transfer function in the frequency domain.
In particular, this report will present the results for one of the magnets that will be used in
the High Luminosity Upgrade of the LHC: the Main Bending Recombination Dipole (MBRD).
This magnet was recently measured as a prototype in the SM 18 test magnet facility at CERN,
meaning that a large amount of impedance measurements data has been collected. This
includes different scenarios such as with and without shorts, allowing accurate and thorough
validation of the simulations.

To accomplish this task, the STEAM framework needs to be extended by integrating a vali-
dated, physics-based approach to accurately analyse the electrical characteristics of magnets
in both the time and frequency domains. This will involve modelling and simulating the
magnet impedance under different conditions for all magnets already present in the STEAM
framework.

It will employ a combined method that utilizes finite element modeling (FEM) with COMSOL
Multiphysics® software and analytical modelling to incorporate various non-linear coupling



effects. The model will account for coupling losses to ensure accurate simulation results and
to potentially identify any anomalies in magnet behaviour.

Recently, an equivalent lumped element network model for impedance simulations has been
developed. It is a computationally inexpensive method that accurately reproduces the elec-
trodynamic behaviour in both the time and frequency domains and will serve as the basis for
this work [10]. Once validated, the model will be extended to other magnets.

1.4 Impact and Contributions to Nanotechnologies for ICTs

Superconductivity has applications in many areas of nanotechnology due to its ability
to conduct electricity without dissipation. This is particularly important for developing
energy-saving technologies, such as nanotechnology. Some examples of technologies using
superconducting properties or superconducting magnets are listed below:

Medical applications Superconductivity is widely used in medical applications.

One example is the Nanoscale Magnetic Resonance Imaging (nano-MRI). MRI provides high-
resolution tissue imaging by utilizing the electromagnetic response of tissue to a combination
of magnetic and radio energy.

Nano-MRI aims at increasing the resolution of MRI from tens to micrometers down to the
nano-scale. To achieve good imaging quality, the magnets used in the MRI systems need to
generate a high magnetic field. This has led to the application of superconducting magnets
in this field, promising to enable the construction of more compact and lower weight units
capable of delivering a much stronger and homogeneous magnetic field that allows to achieve
high resolution and contrast and minimizes image defects [15].

Another example of medical device that makes use of superconducting magnets is a Magnetic
Drug Delivery System (MDSS).

The MDSS distributes high concentration medications to a targeted organ using a supercon-
ducting magnetic field, preventing them from spreading to undesirable tissues [16].
Quantum applications The Josephson junction is an example of a device used in quantum
applications that makes use of superconductivity. It consists of a thin layer separating a
superconductor from a metal or another superconductor. This type of junction, if the inter-
layer is thin enough, creates a tunnel current by using the superconducting property of the
electrons to tunnel from one conductor to the other as long as there are full states in the first
conductor and empty states in the second [17]. Josephson junctions are the fundamnetal
building blocks used in quantum computing applications to construct qubits, the basic units
of information in quantum computers [18].

Nano-sensors Nanowires are used to build sensors with enhanced sensitivity due to the
much larger area to volume ratio [19]. They are nanostructures that exhibit quantum me-
chanical effects. However, scaling electronics down to the nanoscale can be challenging,
and superconducting nanowires hold great promise in the field of nanosensors due to their
exceptional conductive properties.

Specifically, the tool developed for this Master’s thesis research will enable accurate
impedance simulations to be performed on superconducting magnets. This will make it



possible to monitor the behaviour of the magnets and to anticipate and prevent any failure
that may result from improper behavior, making it possible to understand the behaviour of
the superconductors and superconducting systems over a wide range of frequencies.

The result is a validated tool that allows a quick and accurate diagnosis to potentially find
measurement techniques for detecting failures.

1.5 Thesis outline

This thesis is organized to detail every stage of the master’s thesis project, from the theoret-
ical background to the model-building phases and the methods used to complete them, and
finally to the results. An outline of this thesis’s structure is provided below:

Chapter 2: Theoretical background This chapter provides a deeper understanding of su-
perconductivity and superconducting magnets in LHC, offering all the necessary information
to provide a general comprehension of the background and goals of the research. It also gives
a detailed description of the MBRD magnet.

Chapter 3: Impedance Modelling and Automated Model Generation This chapter presents
the lumped-element circuit model, establishing the theoretical groundwork for understand-
ing the forthcoming practical work. It also outlines the simulation performed in Comsol
for the MBRD and details the methodology for developing the tool that interfaces between
Python and COMSOL Multiphysics®, enabling precise transfer function simulations within
the STEAM framework.

Chapter 4: Validation of the Model with experimental Magnets Data By comparing the
simulations with the measurements, this chapter displays the outcome of the tool whose
development was presented in Chapter 3.

Chapter 5: Simulation of Failure and Analyses This chapter details the application of the
tool for the detection of short circuits between turns of the magnet cable. It examines the
impact of varying short-circuit resistance values on the deviation of the magnet’s impedance
curve. It also investigates the distinct effects of identical short-circuit resistance values when
applied to different turns of the magnet.

Chapter 6: Conclusion and Future Work This chapter finally summarizes the findings
and outlines the actions that will be taken to apply the model to all magnets whose data is
included in the STEAM framework.



Theoretical background

2.1 Superconductivity

In any material, lattice vibrations dominate at high temperatures, reducing the free path for
electrons due to electron-phonon collisions. However, as the temperature decreases, these
vibrations are almost completely eliminated, resulting in a drastic decrease in the materials’
resistivity [20]. In certain materials, this decrease in resistivity suddenly drops to zero below
a certain temperature, known as the critical temperature. The Bardeen-Cooper-Schrieffer
(BCS) theory explains this phenomenon through the formation of the so-called Cooper pair,
an electron-electron interaction made possible by the accumulation of positive charge due
to lattice distortion, overcoming the Coulomb repulsion between charges of the same sign.
The paired particles act as bosons, condensing into a quantum state and traveling through
the lattice without resistance, as can be seen in Figure 2.1 [20].

Superconducting magnets use conductors made from superconducting materials, which
have no electrical resistance, enabling a higher current flow than normal wires. This results
in the generation of a magnet with a strong field, since the strength of a magnetic field is
proportional to the magnitude of the current flowing through it [21].

These materials maintain their superconducting state as long as they operate below the so-
called "critical surface," spanned by the parameters critical field B, [T], critical temperature
T, [K], and critical current density J. [A/m]. If the magnetic field is increased while the current
and temperature remain constant, the conductor becomes resistive at the critical field B..
The same applies to temperature and current when T, or J. is reached. This creates a unique
critical surface for each superconductor, outside of which a transition to the normal state,
called quench, occurs.

The critical surface for a commonly used superconductor, Niobium-titanium (Nb-Ti), is
shown in Figure 2.2 as example.
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Figure 2.1: When an electron moves through a crystal lattice, it attracts ions with its negative
charge, causing a lattice deformation and emitting phonons. This generates a positively
charged zone that attracts another electron, forming a Cooper pair [3].



Figure 2.2: Critical surface of Nb-Ti, showing the J-B cross-section on a typical operational
temperature of 1.9 Kin grey [14].

Based on their reaction on an externally applied magnetic field, the superconductor are

divided into two types, as can be seen in Figure 2.3 . Type-II superconductors are capable
of reaching much higher magnetic fields than type-I superconductors, making them ideal
for applications at the LHC. Typically composed of metal alloys or ceramics, they exhibit an
intermediate phase during their transition from the superconducting to the normal state.
In this in-between transition, their properties are mixed since they contain impurities that
create zones which remain normally conducting. When the lower critical field B¢; [T] is
exceeded, magnetic flux begins to penetrate the material through these zones, which act
as pinning centres, allowing them to maintain their superconducting state and therefore
withstand a higher magnetic field. Upon reaching the upper critical field B., [T], type-II
superconductors fully transition to a normal state [14].
Any design involving superconducting materials take into account the stored energy. When a
quench occurs, the high current in the suddenly resistive region causes rapid heating, leading
to dissipation of energy in the form of heat. This quenching phenomenon will spread until all
the material becomes non-superconducting, unless a sufficiently low temperature is applied
to restore its superconducting properties [22].
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Figure 2.3: Comparison between the magnetization curve of type-I and type-II semiconduc-
tors [20].



2.2 Building blocks of Superconducting Magnets

Magnets should be capable of generating a high magnetic field with excellent field quality
and thermal stability. Additionally, they must ensure high alignment and mechanical stability
to maximize luminosity, thereby providing optimal conditions for particle collisions [2].
The main component of a superconducting cable is a strand, consisting of thousands of
filaments of superconducting material, made of a diameter of a few micrometers.

In most of the currently installed magnets at CERN, the material used is Nb-Ti, which has a
critical temperature of approximately 9.2 K and allows building magnets capable of generating
a magnetic field of 8.3 T in the main dipole. The filaments are then embedded in a copper
matrix, to stabilize the conductor. The electrical resistance of copper is lower than that of
Nb-Ti in normal state; this means that if a quench occurs, the current will preferably flow
through the copper, reducing the Joule heating in the coils and therefore providing some
protection [11]. In the case of a local temperature increase, the current density could exceed
the critical value. Any excess would be transferred to the copper, thereby preventing a sudden
transition to the resistive state by sharing the current between the superconductor and the
copper matrix. This phenomenon is referred to as current sharing.

When this current sharing phenomenon occurs, the temperature of the copper also increases
due to the current flow. To prevent the quench from happening, adequate cooling is necessary.
The residual resistivity ratio (RRR) reflects the characteristics of the copper matrix used and

can be expressed as:
£293 K

P4K

RRR = (-] 2.1)

where p2g3 x [2-m] is the resistance at ambient temperature while p4 x [Q2- m] at cryogenic
temperature. The RRR range for Nb-Ti cables is 50-300; the greater the RRR, the lower the
impurities in the copper.

The filaments are twisted by a certain length, called the filament twist pitch L¢ [m], in
order to reduce inter-filament coupling losses. In fact, when there is a change in the external
magnetic field, some currents are induced in the superconducting part of the cable filaments,
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Figure 2.4: A Rutherford cable for the inner layer of the LHC dipoles, showing the Nb-Ti
filaments in a few etched strands [23].



creating a field opposite to the external one. These currents cross through the copper matrix
of the conductor and generate losses that affect the impedance of the magnet.

Also the strands are then twisted together to form the so-called Rutherford cable, which is
a two-layered structure with the strands stacked one on top of the other, thereby achieving
a good mechanical stability, a thin structure and reduced losses due to transposition of the
strands [24]. As illustrated in Figure 2.4, the strands in a Rutherford cable are twisted by a
specific pitch and with a precise alignment, which serves to reduce voids in the cable and to
minimise the coupling between different strands. The twist length of the strands is defined
by the parameter Lg [m].

The Rutherford cable is then wound into coils, which are a series of wire loops wound in a
specific geometry that allow a magnetic field to be created when an electric current flows
through them. During the winding process, copper wedges are placed between the blocks of
the cables to fine-tune the magnetic field produced by the coils. They also serve as spacers in
order to improve current distribution [24].

To contain mechanical forces, it is crucial to minimise the friction and movement of the coils,
which is the primary cause of an unexpected quench. The collars made of stainless steel,
which prevent any movement and balance out the pressures brought on by the electromag-
netic force during operation, hold the coils in place [11].

The collars are finally inserted into an iron yoke whose role is to achieve the desired quality
factor, which is a measure of the strength and quality of the magnetic field. The structure
that results is then surrounded by a shrinking cylinder made of stainless steel which provides
rigidity and support to the entire magnet [25].

2.3 Coupling effects in superconducting magnets

A time-varying current iMag [A/s] flows through the coils of the conductor, creating a time-
varying magnetic field B, [T/s] inside the magnet. According to Faraday’s law, a voltage is
induced in a conductor loop when subjected to a time-varying flux. In fact, this change in
the external magnetic field generates a specific current density Je. [A/m?] which results in an
equivalent total induced current I¢. [A]. As a result, time-varying currents are generated in
all conductive elements of the magnet, such as the iron yoke, aluminum ring, coils, beam
shields, etc. These currents generate an opposing magnetic field Ba [T/m] to contrast this
field change, causing ohmic losses and field distortions [26].

These currents are called eddy currents and decay with a characteristic time constant 7ec [s],
which can be defined by the following relationship, valid only in the volume in which the
current flows [10]:

Bec = _Tethot [T] 2.2)

where By [T/m] is the total magnetic field given by the sum of the internal and external
magnetic fields.

Eddy currents flow in a closed path through resistive elements and therefore cause losses.
These currents are distinguished by the type of material, the area they cross through, the
length of the loop in which they flow, and their characteristic time constant [27].



2.3.1 Inter-Strand Coupling Losses

The inter-strand coupling currents (ISCC) are eddy currents produced in cables with
uninsulated strands, both at room temperature and at low temperatures. They flow along the
length of a strand and pass through the cross-contact resistances between different strands,
forming a loop and causing ohmic losses, called inter-strand coupling losses (ISCL).

Their magnitude depends on the contact resistance, which in turn depends on a variety of
factors including the matrix material, the size of the contact surface, the applied pressure, and
the degree of strand oxidation [27]. Their magnitude exponentially decays with a specific time
constant. The inter-strand power loss, induced current, and time constant can be calculated
using the analytical formulas, depending on the geometry of the cable and the variation of
the magnetic field perpendicular to its broad face % [T/s].

One geometrical parameter used in this calculation is fiscr, which is the contact length of

the cross-contact resistance between different strands [28]:

WBare [ m ]
Q

1 L
PiscL = —=—ns(ns —1) (2.3)
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where Lp [m] is the cable-twist pitch, R [Q] is the cross-contact resistance between different
strands, ng [-] is the number of strands in the cable and wg,re [m] and hg,e [m] are the width
and the height of the cable, respectively.
By using Equation 2.3 is possible to easily find the power loss, induced current and time
constant as [10] [28] [27]:

dB, \?
Pisc = ImagPiscL Ware Bare dr (W] (2.4)
dB
Lscr = ﬁISCLhBared_;_ [A] (2.5)
Tisc. = MoPiscr  [$] (2.6)

where lnag [m] is the length of the cable and o = 47 x 107/ T-m- A~ is the vacuum magnetic
permeability. The value of the inter-strand time constant ranges between 0.1 s to 10 s [27].

2.3.2 Inter-Filament Coupling Losses

The inter-filament coupling currents (IFCC) are specific types of eddy currents that flow
within the strands along the filaments, ultimately forming a loop by traversing the copper
matrix after half a filament twist pitch. Since they cross a resistive part of the cable, they result
in ohmic losses called inter-filament coupling losses (IFCL) [10].

The contact resistance length parameter can be defined as [10] [28] [27]:

[ Lt 21 m
ﬁIFCL—(Zn) P [Q] (2.7

where Ly is the filament strand pitch and peg [ - m] is the effective resistivity. The pegr is a
modified version of the strands’ copper resistivity pcy [Q2-m], adjusted to account for the
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fraction of superconducting material in the filaments fsc [-] and is defined as [11]:

1-fsc
1+ fsc

Peff = PCu [Q2-m] (2.8)
The inter-filament power loss and induced current depend also on the magnetic field change
% [T/m] and the strand diameter ds [m]. The IFCC magnitude decays exponentially with a
characteristic time constant whose value ranges between 0.01 s to 0.1 s [27]. These parameters
can be found using Equation 2.7 [10] [28] [27] as:

T dB\?
PpcL = delmagﬁIFCL(E) (W] (2.9)
dB
Lscr. = ﬁIFCLdsE (A] (2.10)
TIFCL = %,BIFCL [s] (2.11)

2.3.3 Eddy currents in the copper sheath

The presence of copper in the strands gives rise to the induction of eddy currents, which
flow through the resistive material. This results in losses within the copper sheath that
surrounds the filaments embedded in the copper matrix. This phenomenon is known as
copper sheath coupling losses (CSCL). These losses can be calculated differently based on
two different frequency regimes, which can be defined by the skin depth é [m], the frequency-
dependent penetration depth of an electromagnetic field into the conductor [29]. This
parameter can be calculated as [10]:

5= [2Povet 2.12)
WMo

where the angular frequency is defined as w = 27 f[1].

The power loss and induced current in the copper matrix can therefore be calculated differ-
ently for the low-frequency and high-frequency regimes. At low frequencies, the effect of
the eddy currents is very low and the thickness of the copper sheath is smaller than the skin
depth [10]:

0= (1 - %) (rs,0 — Ts,i) (2.13)

with rs, [m] and rg; [m] being the outer and inner radius of the strands, respectively. The
inner radius corresponds to the radius of the filamentary region.

At high frequencies instead, the skin depth is less than the conductor thickness.

The induced current and power loss can be calculated analytically in both regimes, also
depending on the outer diameter of the copper matrix of the strand, the effective copper
resistivity and the magnetic field variation.

At low frequencies, the magnetic field change % [T/m] is proportional to an additional
term, which is the field attenuation factor. This is due to the fact that at low frequencies
the developed eddy current cannot significantly oppose the field change, as a result of the
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copper resistivity. In contrast, at high frequencies, the eddy currents in the outer copper
sheath progressively attenuate the magnetic field, thereby reducing its penetration in the
inner strand radius. As a result, the magnetic field variation at high frequencies % [T/m] is
independent of the attenuation factor [10].

The power loss and induced current in the copper sheath, can be found as [10][28] [27]:

m (dB\* 1
o)+ 10215
Pescr = 9 w s

dso (dB*\? 1
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PcCu
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2pzz l_eXp(_%) ar 1o (1—2)(rs,o—r5,i)

The time constant usually ranges between 0.1 ms and 1 ms [10] and can be calculated as in
Equation 2.16, taking into account the copper matrix resistivity and its outer radius [10] [28]
[27]:
2
Uo Ts,o

TCMCL = ? 0
Cu

[s] (2.16)

2.3.4 Persistent currents

When an external magnetic field is applied to the superconductors, the Meissner effect
causes a current to flow instantaneously, creating a magnetic field that opposes the external
field. Even if the external magnetic field is removed, this current will continue to flow in an
infinite loop as there is no resistance, resulting in currents called persistent currents (PC).
These currents flow in the superconducting filaments in the wires, which have no resistance
and don’t have a time constant since they develop instantaneously. The magnitude of the PC
depends on the geometry and size of the filaments, the applied field and its hysteresis, and
the critical current of the superconducting material [30]. Their induced current and power
loss can be calculated as [10] [28] [27]:

lecpc = M(T,B,M;—1) *ds [A] (2.17)

where M(T, B, M;_1) | 4] is the average homogenized magnetization in the volume of a strand.
These currents can still affect the magnets impedance beacuse of the generation of losses
when they encounter resistive defects in the superconductor [10] [28] [27]:

P —fMdBdV— fM(dH+dM)dV (W] (2.18)
loss — v dt =Ho v dt dt .
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where H [A/m] is the magnetic field strength of the superconductor, M [A/m] is the magneti-
zation and V [m?] is the volume of the superconducting region in the cables.

2.4 The Main Bending Recombination Dipole

The MBRD, also known as D2, is a magnet developed by the Genova Laboratory of the
National Institute for Nuclear Physics (INFN) in collaboration with CERN. It will be a part of
the High-Luminosity upgrade of the LHC and is designed to bring beams into the same path
before and after the interaction point of the CMS and ATLAS experiments [31].

The High-Luminosity LHC (HL-LHC) is a project initiated to enhance the collider’s
performance. It aims to boost the potential for new discoveries by significantly increasing the
amount of collisions through an upgrade of the luminosity of the collider, which is a measure
of the number of potential collisions over a given period of time. One of the courses of action
to achieve this result consists of installing magnets capable of generating a greater magnetic
field in the proximity of the particle interaction area [34], including the MBRD.

The MBRD is a dipole magnet with a length of 7.78 m and a nominal inductance of about
30 mH. It has two asymmetrical apertures with same polarity, each with a diameter of 105
mm and a beam separation of 188 mm. The magnet generates in both aperture a magnetic
peak field of 4.5 T. It is a cosine-theta dipole, meaning that the current used to generate
the magnetic field follows a cosine function and varies with the 6 angle. It operates with a
nominal current of 12330 A, which corresponds to the current in the standard 14 TeV LHC
configuration. However, 13357 A is the ultimate current that ensures operation at 15 TeV.

In Table 2.1 the main parameters for the MBRD dipole are shown [32].

The cable used is a Nb-Ti superconducting Rutherford cable and is identical to the one used
for the outer layer of the LHC main dipole. The main parameters for the strands and the
cable are listed in Table 2.2.

Table 2.1: Main parameters of the MBRD magnet [31] [32] [33].

Characteristic Value
Bore magnetic field 450 T
Peak field in the conductors 526 T
Magnet length 7.78 m
Operating temperature 1.9K
Total number of turns 124
Aperture diameter 105 mm
Beam separation 188 mm
Capacitance to ground 250 nF
Nominal inductance at nominal current  30.42 mH
Nominal inductance at low current 37.2mH
Nominal current 12.34 kA
Ultimate current 13.26 kA
Stored energy 2.28M]J
Maximum current density 443 A/mm?
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Table 2.2: Main parameters of the MBRD magnet cable and strands used in the simulations
[25] [35].

Characteristic Value
Number of strands per turn 36
Total number of strands 8928
Bare cable width 15.1 mm
Bare cable height 1.476 mm
RRR 200
Cross-contact resistance 50 pmQ
Ratio between Cu and not Cu 1.95
Strands outer diameter 0.825 mm
Strands core diameter 0.33 mm
Diameter of the filamentary matrix 0.66 mm
Filament twist pitch 0.015m
Filament diameter 6 um

In order to support the luminosity upgrade, the MBRD has been developed with larger
apertures compared to the corresponding magnets in the LHC, making it suitable to increase
the nominal field to 4.5 T [36]. To achieve the desired result, some unconventional design
choices have been made in order to circumvent the potential issues that could arise due to
the increased magnetic field. As can be seen in Figure 2.5 the magnet is made of [37]:

The two specular apertures Composed of asymmetric coils divided in five blocks and
creating a total of 31 turns.

The collars Serve to contain the coils and to reduce the stress applied on the contained
structure. Only one collar type was constructed, so the poles are separated pieces.

= C-clamps

% o Al sleeve

L\ Collars
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i Shell

@ Tie-rods

Figure 2.5: MBRD magnet cross section showing different components [33]
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The aluminum-alloy sleeve Made of laminated aluminum, the aluminum ring has the
role of managing the repulsive strength between the two apertures due to the Lorentz force,
holding together the internal structure of the magnet [38].

The coil protection sheets Made of stainless steel, they are placed between the outer
insulation layer of the coils and the collars to prevent damage caused by contact between the
two surfaces. They also help to reduce conductor failures [25].

The six stainless steel tie-rods Passing through the iron yoke holes and in between the
collared collars, are used to control the longitudinal stress.

The iron yoke Composed of two halves hold together through steel clamps.

The cold bore Made of stainless-steel, the cold-bore has the function of separating the coils
from the internal vacuum region.

The wedges Made of copper, they serve as separation between the different blocks of coils
in order to reach the ideal field quality and to improve current distribution.

The magnetic cross-talk between the apertures would have been a significant concern

in the case of a symmetric coil design, as the magnetic field would have been subject to
summation. This is why the MBRD has been designed with asymmetrical coils and no iron
between the apertures, reducing the saturation effects on the field quality.
The sleeve material is an aluminium alloy of the 6000 series, which serves as a substitute for
an excessive insertion of other iron. This was determined to be the optimal solution due to
the precise iron quantity required to maintain optimal field quality. The iron yoke has an
almost rectangular shape with rounded corners to limit multiple variations as the magnetic
field increases. Only the collars have a structural role, while the iron yoke serves as a magnetic
component [36]. With the help of these design choices, the necessary magnetic field can be
produced. A field map within the magnet is presented in Figure 2.6, which has been simulated
in COMSOL Multiphysics® using a model generated by STEAM py-SIGMA[39][40].

-0.3 -0.2 -0.1 ] 0.1 0.2 0.3 m

Figure 2.6: Field map of the MBRD magnet simulated in COMSOL Multiphysics® [39] [40].
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2.5 Impedance Measurements of the MBRD

Impedance measurements in the frequency or time domain can be used to identify and
distinguish the impact of losses caused by different types of coupling currents. The presence
of currents flowing in superconducting magnets results in a deviation from the ideal value
of the impedance. The analysis of impedance enables the prediction of the electrodynamic
response and the observation of alterations in the impedance curve over time, which can
facilitate the detection of potential malfunctions.

At CERN’s superconducting magnet test facility, also known as SM 18, every magnet is tested
at cryogenic temperature in realistic conditions as well as at room temperature. The facility
contains both vertical and horizontal testbenches, allowing for prototype testing of magnets
up to a maximum length of 16 m (on horizontal testbenches) or 4 m (on vertical testbenches).
These testbenches are equipped with cryostats capable of reaching a temperature of 1.9 K
and delivering up to 30 kA of current [41].

The Electrical Quality Assurance (ELQA) at CERN has developed a system able to test and
validate the superconducting circuits of LHC. A typical superconducting magnet circuit
comprises superconducting coils, superconducting bus bars, current leads (that provide the
transition between the superconducting and normal conducting parts of the circuit), warm
cables leading to the power converter, and voltage pickups placed mostly on the cold part of
the circuit. These pickups are used by quench protection systems and for diagnostics.
Among the different types of measurements that can be performed, there is the Transfer
Function Measurement (TFM), in which the circuit under test is powered with AC current and
the impedance is measured for different frequencies in the range from 1 Hz to 100 kHz[42].
A prototype of the Main Bending Recombination Dipole magnet has recently been tested
in the SM18 facility using the ELQA measurement system. This testing allowed for numer-
ous measurements to be taken under different conditions, both at room temperature and
cryogenic temperature. Furthermore, measurements were performed which included the
insertion of shorts between different turns, made possible by the presence of multiple volt-
age taps. The data collected provides a comprehensive set of impedance measurements at
different temperatures and conditions, enabling the validation of the model presented in this
master’s thesis for MBRD.

The measurement setup used for the MBRD measurements is shown in Figure 2.7. It
consists of an AC voltage source,Vac [V], capable of providing up to 10 V, which generates a
sinusoidal excitation current, Igy [A].

An isolation amplifier is used to mitigate the effects of noise and to insulate the circuit from
ground. This guarantees that all available current can be directed into the magnet circuit and
fully recovered. The design includes a reference resistor, Ry = 25 2, and the magnet circuit
itself, which consists of four coils. The Main Bending and Recombination Dipole is indeed a
dipole magnet, meaning that each of its two apertures contains two coils.

Current is injected into the outer turn of the upper coil of the first aperture and collected
by the outer turn of the lower coil of the second aperture. It flows through the turns of each
coil, following the arrows in the diagram, before exiting the magnet. The voltage across the
magnet can be measured at several voltage taps (shown as orange circles in the diagram)

16



Iso. Amp.

Rpef ]

EE111

Inner V1-LOWER
VRef = —_—
Vinag @

V2-UPPER

APERTURE 2

EE223 Outer

Figure 2.7: Measurement system for the MBRD full magnet, which comprises different voltage
taps (orange circles) for measuring the voltage across different turns. A short resistance is
also included for the purpose of illustrating how two turns can be shorted.

using a gain phase analyzer in order to account for both its real and imaginary parts.

It is possible to measure the voltage across the whole magnet using voltage taps EE111 and
EE223, as shown in Figure 2.7, or across individual turns of the same coil or different coils.
The measured voltage is then used to calculate the complex impedance of the magnet using

the following formula:
Zinag = < R (0) (2.19)
VRet
where Vger [V] is the voltage measured with a gain phase analyzer across the reference resistor
and Vinag [V] is the voltage measured across the specified voltage taps.
In addition, the voltage taps can be used to simulate short circuits across different turns
by connecting an external resistor of the desired value, as shown in Figure 2.7. This allows

measurements to be made under different conditions.
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Impedance Modeling and Automatic Model
Generation

The task of accurately simulating the electromagnetic transients of superconducting mag-
nets is extremely challenging due to the many non-linear effects that affect their behavior,
such as AC losses, and their multi-scale nature [43]. Network modeling has proven to be
a computationally inexpensive technique for simulating the behavior of superconducting
circuits in the frequency domain.

However, while some models based on network modeling exist in literature, they either lack
physical interpretability [44], cannot easily simulate faults [45], or fail to consider non-linear
electromagnetic effects [46] since they cannot relate the non-linear effects to the correspond-
ing elements in the network. To address these challenges, it was therefore necessary to
develop a two-dimensional lumped-element model to accurately reproduce superconduct-
ing magnet impedances and investigate failures [10].

This model can easily incorporate various dynamic effects, such as inter-filament and inter-
strands coupling currents, and eddy currents in the copper sheaths and metallic components
of the magnets. It has been validated at different temperatures by comparison with transfer
function measurements of the complex impedance at different frequencies for the LHC’s
main dipole and the magnets installed in the tunnel. The network parameters for this physi-
cally driven lumped element are calculated using analytical equations or data extracted from
specific pre-simulated Finite Element Models [10].

The main objective of this Master’s thesis project is to develop and validate a model for
investigating failures in superconducting magnets by accurately simulating the complex
impedance of any accelerator magnet using the STEAM framework. This involves performing
finite element simulations on conductive magnet components that suffer from losses due
to eddy currents, which are challenging to model using analytical formulas due to complex
geometries and field distribution.

A tool will be created within the STEAM framework to integrate essential data from these
FEM simulations, evaluate additional coupling losses through analytical formulas and sys-
tematically collect and process all relevant data from various elements in the network model.
Subsequently, the network will be constructed and saved in a .lib file for simulation in Xyce.
Xyce [47] is a simulation software designed for large-scale parallel computing. It is capable
of efficiently handling complex circuit simulations by distributing tasks across multiple pro-
cessors. In the context of this thesis, Xyce will be used to extract the voltage and current in
various locations of the network model allowing for the evaluation of the impedance.

This approach will enable the precise frequency-domain simulation of the complex
impedance for each accelerator magnet.

This chapter outlines the theoretical basis for the tool, the FEM simulation methods using
COMSOL Multiphysics® and the development of the tool within the STEAM framework.
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Figure 3.1: Scheme of the electrical subsystem in a LEDET model [28].

3.1 Lumped elements modeling

Discrete element modelling is an accurate method for modelling physical systems. It allows
the representation of a potentially infinite dimensional state space to be reduced to a finite
number of idealised components connected by a known topology. This approach allows the
use of mesh representation in various domains such as electrical, mechanical, thermal and
others. The topology of the Lumped Element Models (LEM) makes it possible to establish
links between the various parameters, ensuring good agreement with the physics on which
the model is based [48].

The modeling and simulation of electromagnetic transients in superconducting magnets
is challenging because of the many effects that must be taken into account. The lumped
element model provides an effective way to reproduce the behaviour using a limited number
of differential-algebraic equations. The Lumped-Element Dynamic Electro-Thermal (LEDET)
model developed at CERN [28] provides an efficient way to accurately represent an electrical
subsystem. As shown in Figure 3.1, in the electrical domain, energy is generated by the power
source PS [W], while capacitors C [F] and inductors L [H] act as storage elements and resistors
R [Q] as dissipative elements. The electrical network (EN) acts as the energy input, while the
room temperature (RT) environment acts as the energy output [28].

It is therefore possible to reduce the study of electromagnetic transisents in superconducting
magnets to several electrical subsystems coupled to each other. This approach makes it
possible to preserve the physical properties of the system while reducing the complexity of
the problem by minimising the number of elements and equations required to solve it.

In the context of lumped elements modeling, a superconducting magnet can be initially seen
as a circuit composed of an inductance, a resistance in series, and a capacitance to ground.
The inductance represents the magnet coils that generate the electromagnetic field. The
resistance refers to the resistive part of the superconducting magnet that could be present
at cryogenic temperatures if a part of the magnet suddenly transitions to a normal state.
Lastly, the capacitance denotes the stored energy due to the electromagnetic interaction of
the magnet elements, mostly to ground.

By measuring the total impedance of this circuit, it is possible to observe the contribution of
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Figure 3.2: Measurement of a stand-alone dipole, the MBRD, at 1.9 K.

each component:

IMag = ZR+ 2L+ Zc = R + juC + L Q] 3.1)
JjoL

As written in Equation 3.1, the resistance contribution is noticeable only as an offset value at
low frequencies. For magnets in a superconducting state, the resistance should be zero. The
inductance contribution instead increases linearly with the frequency, and the capacitance
contribution decreases linearly with the frequency.
The ideal impedance curve, Zperfect 1. [€2], shown in Figure 3.2, has an initial slope determined
by the inductance value, a resonance peak near the intersection, and a decreasing slope
determined by the capacitance value. However, the measured impedance differs significantly
from the ideal curve due to non-linear effects in the magnet.
For frequencies up to 10 kHz, the main factor causing deviation from the ideal value is
the coupling losses that are generated in the magnet components and affect the overall
magnet behavior. After the resonance peak, the main contribution comes from the frequency-
dependent parameters of the capacitance [49].
This difference highlights the importance of having a validated model to accurately simulate
the impedance of a superconducting magnet through the impedance, in order to validate its
behavior and to simulate non-conformities.

3.2 Model Overview

In order to accurately simulate the impedance of superconducting magnets, it was nec-
essary to develop a specialised tool that could streamline the entire process. This tool was
designed to automate the collection of various magnet data, create a comprehensive network
model, and perform lumped equivalent element calculations based on parameters derived
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Figure 3.3: Block-scheme of the STEAM framework, including all the principal tools [50].

from either the COMSOL Multiphysics® simulations or analytical equations.

The new simulation tool, designated as TFM (Transfer Function Measurement), enables the
precise impedance simulation of superconducting magnets and superconducting magnet
circuits within the frequency domain. This tool addresses various lossy effects that can affect
the impedance behavior of such systems.

A critical aspect of the development of this tool was its integration into the STEAM framework,
which already contains a wealth of magnet-related data and sophisticated simulation capa-
bilities. By embedding the tool within STEAM, the process of simulating superconducting
magnet impedance became much more efficient and user-friendly. This integration not only
leveraged existing data, but also ensured a smoother and more straightforward simulation
workflow, minimising manual input and reducing the potential for error. As a result, the tool
enables more accurate and reliable analysis of superconducting magnet performance.

3.2.1 STEAM framework and Data Flow

The STEAM framework consists of a heterogeneous set of tools, as illustrated in Figure 3.3,
designed to interact seamlessly with each other, written in either Python, Java or C. This
allows users to choose the most appropriate tool for the task at hand.

A notable feature of the STEAM framework is its unified approach to element definitions,
where all tools within the framework are based on a single, consistent definition for each
element. This implementation choice eliminates the need to define elements in multiple
places, thereby reducing the likelihood of inconsistencies and errors between different tools.
To further maintain consistency across the different tools, the input files that need to be
provided to the STEAM tools are mostly YAML (Ain't Markup Language) files, which are text
documents formatted using a human-readable data serialization standard, ensuring simplic-
ity and readability [50].

The integration of the TFM tool, developed in this master’s thesis, into the STEAM framework
is illustrated in Figure 3.4. The figure shows how the tool interacts with other components in
the framework, as well as the inputs, outputs, and processes required to efficiently produce
accurate impedance simulations.
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Figure 3.4: This diagram illustrates the data flow involved in creating an accurate impedance
simulation using the TFM tool.

A number of key components of the STEAM framework were used in the development of the
new simulation tool, including the STEAM SDK, LEDET, the STEAM material library, XYCE
and SIGMA. These tools were instrumental in facilitating the development of the tool at
various stages, including the collection of key physical and electromagnetic parameters of
the magnets and cables, the management of material data and the simulation of circuits.
As shown in Figure 3.4, STEAM-SDK uses the magnet data and ROXIE data from input
yaml files to generate output files that are fed into STEAM-pySIGMA and STEAM-LEDET.
The ROXIE program package, which stands for "Routine for the Optimization of magnet
X-sections, Inverse field calculation and coil End design," was created at CERN with the goal
of optimizing the design of superconducting magnets. It has several features, including the
ability to design superconducting coils, optimize fields, calculate the field in iron without
meshing the coils, and make it easier to interface between ROXIE and CAD tools [51].

To proceed with the impedance simulation through the TFM tool, three fundamental types
of input are required: conductor data from STEAM-LEDET, resistivity values for the magnet
components’ materials provided by the STEAM material library, and output files simulated in
the COMSOL Multiphysics® models created using STEAM-pySIGMA.

The following sections will explain in detail the basic principles of the network model under-
lying the tool, in section 3.3; the process of the FEM simulations in COMSOL Multiphysics®,
in section 3.4; and the foundation of the TFM tool development, including its data structure
and library file generation, in section 3.6.

3.3 Network model

In the proposed network model, superconducting magnets can be represented by the
circuit described in 3.1, comprising inductances and resistances connected in series, along
with stray capacitances to ground. The inductance is the magnet main inductance Liag [HI,
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Figure 3.5: Lumped element network model representing two equivalent loops coupled to
two turns of a magnet [10].

which can be either stand-alone or divided into multiple components, for example, accord-
ing to the number of turns or apertures [10]. Several non-linear effects affect the magnets
ideal behaviour and hence their impedance. One way to model these effects efficiently is
to represent each of these effects by a coupling loop. This allows to have a model that is
manageable without being too complex, with a convenient number of elements, equations
and parameters.

Since they represent the non-linear effects present in each part of the superconducting cables,
these loops are coupled to each inductance of the magnetic circuit and they are also coupled
to each other through specific mutual inductances M. [H].

As can be seen in the example of Figure 3.5 for a network model composed of two turns
coupled to two coupling loops, these closed loops are composed of an energy storage ele-
ment, the inductance L. [H], a dissipative element Re. [Q2] and a specific current I [A]. This
approach allows multiple effects to be taken into account efficiently, such as inter-filament
and inter-strands coupling currents, eddy currents in the copper matrix, eddy currents in
magnetic components such as the wedges, cold bore, aluminum ring and coil protection
sheets. The power loss P [W] and the induced current I in each lossy volume and the
time constant 7. [s] of the different effects are required in order to calculate the equivalent
lumped-element parameters of the coupling loops [52]. They can either be found using
specific finite element models, as in the case of cold bores, wedges, aluminum rings, and coil
protection sheets, or they can be calculated analytically, as in the case of inter-filament and
inter-strand coupling currents and the eddy current in the copper sheaths.

3.3.1 Mutual coupling between different effects

The various coupling loops are interconnected as a consequence of the contribution of the
magnetic field generated by each loop to the overall magnetic field. A modification of the
external magnetic field induces a corresponding alteration in the magnetic field generated in
response by each domain, thereby influencing the impact of coupling losses on the magnet’s
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impedance. It is thus imperative to incorporate a mutual coupling inductance term, desig-
nated as M 4,s [H] in Figure 3.5, for each pair of coupling loops within the network model.
To evaluate this coupling, the mutual inductance of the physical coupled loop and the mutual
inductance of the network uncoupled loop with the addition of M 4 s, must be compared.
The mutual inductance of the coupled loop Mec,1,4 [H] is calculated by accounting for the
magnetic field produced by the other loop as a result of its time-varying current I';fc’s [A].

In the case of effects acting in the same volume, such as the IFCL and CSCL, it is possible to
use the field attenuation factor a,; [-] parameter when analytically calculating their mutual
inductance in order to account for the appropriate contributions. In order to achieve this with
effects acting in different domains, it is instead necessary to evaluate the overall magnetic

field including the contribution of the magnetic field generated by the other effect [10]:

[I.Mag(uwec,l,a)2 - (M:cyl'a)z))“‘Rec,a (Mec,l,alec,a - M:c,l,afgc,a)] [H]

(3.2)
where the current flowing in the physically coupled loop is represented by I 4 [A], while the

1
ec,a,s —

Loc,s M,

ec,1,a

mutual inductance of the uncoupled loop and the current flowing through it are represented
by M, , , [Hl and I3 , [A], respectively.
The incorporation of mutual inductances into the network model offers a realistic represen-

tation of the impact of each effect on the magnet behavior.

3.3.2 Equivalent lumped-element parameters

Since the eddy currents and the other coupling effects are represented by different types of
mutual coupling loops, they have different equivalent parameters that need to be calculated
differently. The eddy currents depend on the power loss, the induced current and the time
constant in the lossy material in which they are generated.

The persistent currents is the only effect which, due to its special characteristics, is an ex-
ception to the network model presented in Figure 3.5 and therefore has to be modelled with
special loops. In fact, they develop instantaneously when there is a change in the external

Mec,PC,l

\

° Imag,l

Lmag, 1
~ -
Vmag, 1

Figure 3.6: Lumped element network model representing a persistent currents equivalent
loop coupled to a magnet inductance [10].
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Table 3.1: Formulas for the calculation of the persistent currents and eddy currents coupling
loops parameters [10].

Eddy currents parameters \ Persistent currents parameters
p
Rec = 17 [Q] | Iecpc = M(T,B,M;_1)-ds (Al
ec
b4
Lec = TecRec [H] | Lecpc = ,UOZlmag (H]
IecLec + Recal, .
ec ec. ec,alec vt S-t-lmag £0 .
Me = Imag [H] | Mecpc = Ilozdslmag h@CMCL [H]
0 otherwise

magnetic field, so they do not have a time constant. They also flow through the supercon-
ducting parts of the cable, so they have no resistance.

Due to these reasons, the persistent currents can be represented as in Figure 3.6, using a ideal
current generator I pc [A] and an inductance Lec,pc [H] [10].The persistent currents parame-
ters instead depend on the magnetisation level, the effective magnetic field after attenuation
by inter-strand coupling currents and eddy currents in the copper matrix, and geometrical
parameters, as can be seen in Table 3.1. f; [T/A] is the magnetic transfer function coefficient
that accounts for the field attenuation caused by the inter-strand coupling currents and can
be found as [10]:

(3.3)

fu=\F+f 1

where f; [T/A] and fy [T/A] represent the ratio between the generated field in the x and y
direction of the strands respectively per unit of nominal transport current [10].

3.4 FEM in COMSOL Multiphysics®

3.4.1 STEAM py-SIGMA tool

In order to create a finite element model of a superconducting magnet, the STEAM team
at CERN created STEAM-SIGMA, a Java-based tool that creates accelerator magnet models
in COMSOL Multiphysics®. Specifically, STEAM-pySIGMA, a Python wrapper of STEAM-
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Figure 3.7: Block diagram showing the process of building a COMSOL Multiphysics® model
using STEAM-pySIGMA. [39].
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Figure 3.8: Zoom of the the MBRD COMSOL Multiphysics® geometry built using the STEAM-
pySIGMA tool [39]. The manually added Coil-Protection Sheets (blue), Cold-Bores (magenta),
and Aluminum ring (gray) are highlighted.

—

SIGMA that enables Python language interaction with the tool, was employed for this project
[39]. This tool is a part of the STEAM-SDK [53] which is in charge of giving pySIGMA all the
input files and magnet data required to construct the COMSOL Multiphysics® model. This
process involves using the STEAM material-library functions [54] to calculate the key material
properties like resistivity, and thermal conductivity

By using the STEAM-SIGMA tool, it is then possible to generate COMSOL Multiphysics®
models with defined and meshed geometry that features the materials corresponding to each
element [55].

3.5 MBRD Simulation workflow

To accurately determine the equivalent lumped element parameters for the loops rep-
resenting the eddy current flow in the magnet elements - including the wedges, cold bore,
aluminium ring and coil protection sheet - individual COMSOL Multiphysics ® models were
created for each component. This approach ensured accurate and detailed analysis of each
element.

The MBRD model was created using the py-SIGMA tool, which facilitates the creation of
comprehensive COMSOL Multiphysics® models. This model included the coil geometry,
iron yoke, collars and wedges as basic components. Once the initial model was established,
additional elements such as the cold bore, aluminium ring and coil protection sheets were
incorporated as shown in Figure 3.8. The aluminium ring and the coil protection sheets were
designed based on the geometric parameters provided in [56] and [57] respectively. The cold
bore was modeled with an outer radius of 0.0052 m and a thickness of 0.00015 m.

The workflow used to create and simulate each model element followed a consistent method-
ology described in the following sections:
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Setting Magnetic and Electric Modules In order to simulate the magnet impedance and
compute the power loss and the induced current in each domain, an electrical circuit module
was incorporated into the COMSOL Multiphysics models ®.

The circuit, illustrated in Figure 3.9, was chosen in order to match the measurement setup
in Figure 2.7. It includes an AC current source with a peak of 1 A, a series resistance Rgef of
25 Q, the magnet element represented with the U vs. I block, a second resistance of 1 p{2in a
recirculating loop, and two capacitances to ground of 125 nF each, and a resistance to ground
R3 of 100 Gf). The resistance Rgef Serves as a reference for the extraction of the input current
Iref [A] flowing in the magnet element. In contrast, the resistance R3 has a very high value to
ensure that the current flows in the feedback loop.

Additionally, in each COMSOL Multiphysics ® model, a magnetic module was defined with an
out-of-plane thickness of 1 m and an induced AC current of 1 A in the coils. In order to couple
the magnetic and electric domains, it was necessary to ensure that the voltage reference for
the magnet in the COMSOL Multiphysics® model (using the U vs. I module) matched the
voltage defined for the coils in the magnetic module. The lossy element was defined as a
passive conductor within the magnet domain, allowing observation of the induced current
resulting from the time-varying magnetic field produced by the AC current in the coils.

Impedance Simulation To simulate the magnet impedance, a frequency study with 121
logarithmically spaced frequency values between 1 Hz and 100 kHz was conducted. The entire
circuit module was included in this frequency simulation, and impedance was calculated as
the ratio of the voltage across the magnet element to the current through resistance Rgef, as in
Equation 2.19. By plotting the impedance for models that include various passive conductors,
it is possible to observe how eddy current losses in different magnetic elements affect the
overall magnet impedance.

Power Loss and Induced Current Simulation A similar frequency sweep was performed to
simulate the power dissipation and induced current caused by the time-varying magnetic
field generated by the current in the coil. However, in this frequency sweep the capacitors
were not part of the circuit. The induced current was determined by integrating the current
resulting from the magnetic field simulation in the lossy element and the power dissipation
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Figure 3.9: Representation of the electrical circuit added in the MBRD COMSOL
Multiphysics® models.




was calculated by integrating the power in the volume of the lossy element.

Time constant Simulation A transient simulation was conducted to verify the time constant
of each effect. In this instance, the electric circuit was deactivated and instead of utilizing
the AC current source, an alternative current generator was defined. A current ramp was
defined as ig; = 1 * £ * w [A], where t [s] is the time sweep defined in the simulation. The time
constant can be identified in correspondence with the first bump of the induced current and
power loss curves, before stabilizing at a constant value. This phenomenon occurs due to the
shielding effect of the induced current, which opposes the applied field change.

An estimation of the time constant can be obtained by calculating the time at which the
induced current in the lossy element reaches its steady state, around (1 — %) of its full value.
Each coupling effect introduces a deviation from the ideal impedance curve, which manifests
as a bump at the frequency corresponding to f % This represents the frequency at which
the time constant, 7, exerts a considerable influence on the system’s response, resulting in a
transient increase in impedance before reaching a stable state. By analysing these bumps,
one can determine the specific time constants associated with different effects.

Magnetic field generated by each lossy element Furthermore, the eddy currents flowing
inside the lossy elements generate a magnetic field that affects the other losses by modifying
the total magnetic field acting in each magnet’s element. In order to incorporate this mutual
coupling effect into the simulation, the magnetic field was extracted from the frequency
simulation in which no capacitance was present in the circuit. To this end, a coordinate file
containing all the x and y coordinates of the strands in the magnet, extracted from ROXIE,
was applied to the COMSOL Multiphysics ® models.

The resulting magnetic field values from the simulation were then calculated at each of these
positions and exported to be included in the simulations in the TFM tool.

3.5.1 Wedges

The superconducting magnet’s wedges are composed of copper, with their resistivity de-
fined using the copper resistivity function from the STEAM material library [54]. In order
to accurately simulate the behavior of the wedges, each wedge domain was modeled as an
independent passive conductor. This approach guarantees that no current flows between
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Figure 3.10: Power loss and induced current in the wedges for different RRR at 1.9 K
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different wedges, as they are electrically isolated from one another.

A significant challenge in simulating the wedges is determining the RRR. The RRR is a measure
of the purity of the copper, with a higher RRR indicating higher conductivity, particularly at
cryogenic temperatures. This increased conductivity consequently results in the generation
of larger induced currents within the wedges. The RRR also exerts a direct influence on the
time constant of the system, which constitutes a crucial factor in determining the frequency
at which eddy current losses in the wedges begin to significantly impact the impedance curve
of the magnet. To understand how different RRR values impact power loss and the associated
time constant, a frequency sweep was performed for three representative RRR values: 10, 50,
and 300. These values typically represent the range of potential RRRs in practical scenarios.
As illustrated in Figure 3.10, at higher frequencies, there is an inverse relationship between
power dissipation in the wedges and resistance.

In particular, an high resistance (lower RRR) is associated with diminished power dissipation.
This phenomenon can be attributed to the fact that a higher RRR gives rise to an higher time
constant, which, in turn, corresponds to a larger skin depth. The larger skin depth implies
that the induced currents penetrate deeper into the material, effectively reducing the volume
of the conductor that is actively carrying current at higher frequencies. Consequently, the
effective volume where power dissipation occurs decreases, resulting in reduced power loss.

3.5.2 Cold Bore

The cold bores are made of stainless steel and their resistivity is defined using the cor-
responding resistivity function from the STEAM material library, which corresponds to
pss = 680nQ2-m at 1.9 K [54]. There are two symmetrical cold bores, one per aperture,
which do not interfere with each other. Looking at the power loss and induced current curves
in Figure 3.11, it can be seen that the time constant occurs in the vicinity of the first bump in
the curves, which is around 10 kHz.

From the time domain simulation it was indeed found that the time constant associated with
the losses in the cold bore is 124 us, corresponding to a frequency of around 8 kHz.
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Figure 3.11: Power loss and induced current in the cold bores at 1.9 K
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Figure 3.12: Power loss and induced current in the coil protection sheets at 1.9 K

3.5.3 Coil-Protection Sheets

The coil-protection sheets exhibit a more intricate geometry and are composed of stainless
steel, whose resistivity is derived from the STEAM material library as in 3.5.2 [54]. The
aforementioned sheets are situated in close proximity to the coils, as illustrated in Figure 3.8.
The sheets are 0.4 mm thick and are positioned at a distance of only 0.3 mm from the end
of the coil diameter. Furthermore, the design incorporates a space on the middle plane on
either side of the aperture, rather than uniting them entirely. From one aperture to the other,
they are mirrored.

As can be seen in Figure 3.12, the impact of the losses in the Coil Protection Sheets becomes
evident in the impedance curve around 2 kHz because the found time constant, for its
nominal resistivity of pss = 680n£2 - m, is around 0.427 ms.

3.5.4 Aluminium Ring

The aluminum ring is the sole component capable of spanning both apertures. The width
of the ring is 10.95 mm. It has a rectangular shape with rounded corners, with dimensions
of 398 mm for the longer side and 211 mm for the shorter side. The ring is constructed
from laminated aluminium, which results in a different resistivity compared to standard
aluminium. Despite the resistivity of the laminated aluminum being known, it is challenging
to accurately scale and represent it in a two-dimensional model. In [58], it is written that the
conductivity in the z direction in a laminated material can be approximated as follows: The
value of the conductivity of the original not laminated material, represented by the variable
o [S/m], can be approximated by the following equation:

UZ:%-U [S/m] (3.4)
where n [-] is the number of laminations.
As indicated in [37] the aluminum sleeves are 100 mm thick, necessitating the use of 78
laminated sleeves to achieve full coverage of the 7.8 m length of the magnet. The resistivity of
aluminum at 1.9K is approximately 10~!2 Q- m, although this can vary depending on the pu-
rity of the aluminum. However, this approximated resistivity value, found using Equation 3.4
using n=78, proved to be incorrect. Indeed, when simulating the effect of the eddy currents
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Figure 3.13: Power loss and induced current in the aluminum ring at 1.9 K simulated for 20
different aluminum resistivity values between 6.83+107% Q-m to 1¥107% Q-m

flowing in the aluminum ring on the magnet impedance, the simulation results did not align
with the measurements. The impedance simulation using the calculated resistivity value
resulted in losses that were insufficient to accurately represent the eddy current effects on
the magnet’s impedance.

To address this issue, a range of feasible resistivity values for the laminated aluminum was
identified, spanning from 6.83-107%° Q-m to 1-107% Q-m. This range was determined by mod-
elling the aluminum ring in a three-dimensional simulation using COMSOL Multiphysics®,
analyzing the current paths, and then scaling the resistivity from the three-dimensional
model to obtain a corresponding scaling value for the two-dimensional model. This ap-
proach allowed the selection of an appropriate range, which enabled the identification of a
resistivity value that accurately reflected the losses generated by the aluminium ring.

A simulation of the power loss and induced current for 20 different aluminum resistivities
within the specified range, as illustrated in Figure 3.13, revealed that an increase in the re-
sistivity of the aluminum results in a reduction in the time constant, thereby enhancing the
impact of the aluminum sleeves at higher frequencies.

3.6 Automated Model Generation

3.6.1 Tool Structure and Input Files

The developed tool was created to address various lossy effects that can affect the
impedance behaviour of superconducting magnets. TFM is structured around different
data classes, each representing a specific lossy effect. These data classes contain attributes
that correspond to the equivalent parameters of the circuit loop representing that particular
effect within the network model.

The process begins with the definition and storage of all relevant magnet and cable parame-
ters in the dedicated data classes shown in Figure 3.14. These parameters are essential for
the analytical calculation of the effects of different coupling currents. Once the parameters
are set, the tool calculates the lumped element parameters for the various coupling effects
either through specific analytical formulas or by retrieving data from pre-simulated COMSOL
Multiphysics® tables, such as induced currents and power dissipation in the lossy domains.
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The "Options" dataclass is used to manage various settings for the simulation. It contains
several flags, each named after a specific effect that can be included in the simulation. When
a flag is set to True, it indicates that the corresponding effect is incorporated in the simulation.
If a flag is set to False, that effect will be excluded. This enables the simulation to be tailored
by toggling the different effects on and off through these flags.

The TFM tool is particularly valuable for simulating the electromagnetic behaviour of com-
plex systems because it allows the creation of different circuit networks based on the specific
turns and effects that are needed to be simulated.

In order to utilise the tool, it is necessary to insert TFM as a key in the circuit input YAML file,
as illustrated in Figure 3.15, and then conduct a circuit analysis. In this circuit file, a netlist
must be provided that specifies the type of elements, their name, the node to which they are
connected and their value.

The circuit configuration used to simulate the MBRD impedance is analogous to that depicted
in Figure 3.9. The circuit comprises a resistance of 100 G in series with an AC voltage source
with a DC value of 10 V. Furthermore, a reference resistance, R.f, with a value of 25 (2, and a
magnet element are included. In the case of the magnet element, four nodes are specified,
indicating the locations where the inductance representing the two apertures should be
placed. In this instance, the initial aperture is situated between EE_Ap1_In and EE_AP_MID,
while the subsequent aperture is located between EE_AP_MID and EE_AP2_OUT. The nodes
to which Viap ¢ir is connected permit the determination of whether the entire magnet is to be
powered or just one of the two apertures.

The magnet element is defined as a parameterized component, which is not natively recog-
nized by Xyce. Therefore, its definition must be provided in a specific library file, which TFM
automatically generates with each tool invocation. This file is then imported into Xyce to
retrieve the component’s characteristics.

The input YAML file also allows customization of various simulation parameters. It is possible
to include the desired effects by setting their corresponding flags to True, or to adjust the
simulation temperature and frequency, modify the injected current, and alter certain geo-
metric values, such as the radius r¢cg [m] and thickness tcg [m] of the cold bore. Additionally,

TFM DataClasses

Magnet data Simulation Options Loops: Conductor losses

e General « Options e PC
e Turns e |SCC (ISCL)
e [FCC (IFCL)
e ED (CSCL)
Cables data
Loops: Losses in metallic
components
e Wedge
e CB
L]

e HalfTurns
e Strands

@BS)
AIRing

Figure 3.14: Diagram illustrating the various dataclasses included in TFM, grouped by pur-
pose.
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Figure 3.15: Example of an input YAML file for launching TFM analyses of a circuit with a
MBRD magnet.

is possible to change the resistivity of different materials and set the RRR of the Wedges. For
example, as shown in Figure 3.15, setting the resistivity of the coil protection sheets pcps [Q2m1]
to ’SS’ indicates that the resistivity used is that of stainless steel from the material library. It is
also possible to adjust the Mutual coupling inductance values between the loops of different
effects, by modifying the keys under "magnet_Couplings".

3.6.2 Library file generation

Library file generation is a key feature of the TFM tool. This process is carried out automat-
ically by the tool based on the characteristics of the magnet and the effects to be simulated.
In superconducting magnets, each strand within the magnet’s cable contributes to the overall
inductance. Ideally, for the most accurate simulation, each strand should be modelled as a
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separate sub-circuit in the network model. Each of these sub-circuits would then be coupled
to various other sub-circuits in the network to accurately represent the electromagnetic
interactions within the magnet. However, modelling each strand individually would result in
an extremely large number of parameters, creating a model that is both highly complex and
computationally expensive to solve.

To deal with this complexity, the TFM tool provides a more practical approach. Instead
of modelling each individual circuit, the tool groups the circuits into a smaller number of
subcircuits. The number of sub-circuits corresponds to the number of apertures, turns or
coil groups within the magnet and can be defined by a key in the input yaml file parameter,
"turn_to_section" as a list long as the number of turns with as value the sub-circuit to which
that particular turn corresponds, which is called a section. By grouping the windings and
coupling them appropriately, the TFM tool can provide insight into the behavior of the mag-
net without the need for an impractically large and time-consuming model.

This section is divided into three parts to explain the generation of the magnet circuit, the
generation of the conductor losses loops and the loops associated with eddy current losses
in the metallic components of the magnet. Each part provides an insight into how the tool
constructs these elements to accurately simulate various effects.

Magnet network model When modeling the magnet circuit, two types of network can be
generated depending on the wanted type of simulation. By default, if the "turn_to_section"
key is left empty, the tool will generate a magnet circuit with as many sections as the num-
ber of apertures of the magnet. Each section consists of an inductance and a voltage tap.
The inductance value represents the total inductance contributed by all strands within the
aperture. Additionally, three capacitances are included in the circuit: one before the first
subcircuit, one between the two apertures, and one after the second aperture. The sum of
these capacitances equals the total capacitance to ground for the magnet.

For example, in the case of the MBRD magnet, which has two apertures, the resulting circuit
can be seen in Figure 3.16. Two additional voltage taps are placed at the beginning and end
of the magnet circuit to allow easy access to the input and output currents during XYCE
simulations. All component nodes are automatically named by the tool, ensuring that an
infinite number of subcircuits can be generated without any issue.

With this type of network circuit it is possible to simulate the voltage across the whole magnet
or just the aperture.

If the goal of the simulation is to analyze the impedance of individual turns or groups of turns,
it is possible to specify the number of groups each turn belongs to using the appropriate
key in the input YAML file. In this scenario, the tool generates multiple sub-circuits for each
aperture, with each sub-circuit containing the corresponding inductance and voltage taps.
The rest of the circuit remains unchanged. The inductance of each group is calculated based
on the number of turns within that sub-circuit, as the tool tracks the subdivision of turns
throughout the process. An example of this configuration is shown in Figure 3.17.

Conductor losses coupling loops In order to create the coupling loops for the conductor
loss effects, the same sectioning approach that was used for the magnet circuit is followed.
However, an additional factor must be taken into account. Since the equivalent lumped
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Figure 3.16: Example of the magnet circuit generated for the MBRD considering just one
section per aperture.

Figure 3.17: Example of the magnet circuit generated for the MBRD by assigning all the turns
of the first aperture to group 11 and by splitting the turns of the second aperture into four
different groups.

element parameters of the coupling loops are typically dependent on the geometry of the
domain in which these losses are produced or on the cable parameters, it is possible to make
the approximation that effects with similar equivalent parameters can be summed together
and represented by the same loop [10]. Accordingly, depending on the characteristics of
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the magnet, the TFM tool generates an accurate number of subcircuits to represent the
contribution of each strand in each turn.

For instance, the MBRD cables are constructed from the same conductor, indicating that all
strands possess identical geometry. Consequently, if the "turns_to_conductor" key is empty,
each coupling effect is divided into a single subcircuit per aperture and is coupled to the
corresponding subcircuit of the magnet circuit and the corresponding subcircuits of all the
other coupling loops. In the case of the LHC Main Dipole, which is made of two different
conductors with different geometries, two subcircuits are created for each effect in each
aperture even if the "turns_to_conductor" is empty, in order to account for the different
equivalent parameters.

Each conductor loss loop comprises an inductance, a voltage tap, and a resistance to ground,
in addition to persistent currents with different types of equivalent parameters. These loops
are also characterised by a coupling coefficient, in Figure 3.18 Kiscc, 1, 1, Which is calculated
as follows:

Mg
Keff = ———— (3.5

/ Left * Lmag
where Legr [H] is the inductance corresponding to that specific loop, Liag [H] is the induc-
tance of the corresponding loop in the magnet circuit and M. [H] is the mutual inductance
between the two loops. The coupling coefficient, which ranges between -1 and 1, indicates
the strength of the magnetic coupling between the two circuits.
The values for resistance, inductance, and mutual inductance are stored in the library file as
tabular data. If the flag corresponding to a specific effect is set to True, the TFM tool populates
its parameters tables with the appropriate values for each frequency being simulated. Fur-
thermore, each effect is coupled to all other loops of other effects within the same aperture.
The first number in the suffix of a parameter name denotes the aperture number, while the
second number indicates the section number.
The sole conductor effect which slightly differs from Figure 3.18 is the persistent current.
Indeed for this effect, an ideal current source substitutes the voltage source and resistance in
the loop.

Coupling loops of metallic elements To represent the eddy current losses in each metallic
component, a network circuit similar to the one shown in Figure 3.18 is generated. However,
since the power loss and induced currents for these effects are not calculated analytically
but are instead simulated in COMSOL Multiphysics®, there is no need to divide the turns
based on their cable geometry. The models already account for the materials and geometry
of the various components. The time constants for all effects are calculated within the TFM
tool using the power loss components and show excellent agreement with the COMSOL
Multiphysics® simulations, as demonstrated in Table 3.2.

The library generation is accurate in order to comprehend all the different types of effects
that could influence the magnet behaviour, and allows multiple modalities to be employed
in order to simulate different parts of the magnet. It is also important to emphasize that the
incorporation of a new data class for a new effect is possible without modifying the library
generation code, thus enhancing the simplicity and reproducibility of the TFM model. Once
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Table 3.2: Time constant comparison between the TFM tool calculation and the COMSOL
Multiphysics® simulations for each metallic effect [10].

TFM calculation ‘ COMSOL Multiphysics® simulations

Wedges 0.02982 s 0.02882 s

Cold-Bores 0.112 ms 0.124 ms

Coil Protection Sheets 0.448 ms 0.427 ms
Aluminum Ring (tho = 3.83 E-07) 0.007689 s 0.0098 s
Aluminum Ring (rho = 6.56 E-07) 0.006078 s 0.0057 s

the network has been constructed and is complete, the next step is to read the desired voltage
across the sections of the magnet that are to be simulated and calculate the impedance using
Equation 2.19

Figure 3.18: Example of the ISCC coupling loop generated for the first aperture in a MBRD
impedance simulation.
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Validation of the Model with experimental
Magnets Data

After developing the COMSOL Multiphysics ® models and the TFM tool, it was essential to

validate the simulation model. This was achieved by comparing the simulation results with
impedance measurements of both the full magnet and the individual aperture from SM18.
The goal of this validation was to ensure that the simulation accurately reflected the actual
behavior of the magnet, thereby enabling accurate predictions of the magnet’s performance
in various scenarios. The validation process began by comparing the simulation results with
measured data for the magnet without externally applied short circuits. Once the accuracy
was confirmed in this simpler case, the process moved on to validate the simulation under
the more complex conditions involving short-circuits.
The following sections will begin by presenting a detailed comparison between the modulus
and phase of the MBRD complex impedance, as obtained from simulations using the TFM
tool, and the corresponding measurements. Subsequently, the simulation will be broken
down to examine the contributions of various coupling effects on the impedance. This
analysis will also explore the impact of the value of key parameters of the magnet components
and assess the significance of mutual coupling between effects.

4.1 Validation of the Simulated Impedance

Figure 4.1 shows that there is a good agreement between the simulated and measured
impedance modulus of the MBRD in its superconducting state under normal conditions.
Specifically, the relative error between the measured and simulated impedance modulus
remains within 12 % up to a frequency of 10 kHz. The maximum relative error is observed
in regions where the impedance slope undergoes significant changes in a low-frequency
range, which can be particularly challenging to reproduce using a simplified model. The
agreement is particularly precise for the impedance of a single magnet aperture, Zap; [(],
where the average error is 3.39 % up to 10 kHz. For the full magnet, the average error in the
impedance modulus Zgy [Q] is instead 7.89 %. Nevertheless, at frequencies exceeding the
resonance peak, a notable divergence emerges between the simulated and measured data,
with the relative error exceeding 20 %. This discrepancy arises because the tool struggles to
accurately estimate the capacitance contributions. Lumping the capacitances into multiple
components in the network model is indeed a challenging task. As a result, in the network
model generated by the tool just three capacitances are inserted: one at the beginning, one in
the middle between the two apertures, and one at the end of the circuit. This simplification
allows to achieve a good agreement up to 10 kHz, which is the frequency range of interest.
Overall, the simulation results successfully match the modulus of the complex impedance
measured from the SM18 across a broad frequency range of 1 Hz to 10 kHz. This range
includes the frequencies where coupling effects most strongly affect the magnet’s behavior,
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Figure 4.1: Simulation and measurement of the MBRD impedance modulus including all
coupling losses for the single aperture and full and full magnet configurations, and their
relative error.

giving a clear picture of how different factors influence the magnet’s impedance.

To further validate the complex impedance, the phase of the magnet’s impedance was simu-
lated and compared with the measured data, as shown in Figure 4.2.

In this context, a phase of 90 ° indicates purely inductive behavior, while a phase close to 0 °
signifies resistive behavior, and a phase near -90 ° represents purely capacitive behavior. The
figure shows that the measured phase curves for a single aperture and the full magnet are
nearly identical. The simulated phase does not match the measurements as closely as the
impedance modulus, exhibiting a significant absolute error, especially between 1 kHz and
10 kHz. Within this frequency range, the simulated phase is closer to 0 ° than the measured
phase, suggesting an overestimation of resistive effects in the coupling loops. Additionally,
the measured phase undergoes a complete sign reversal within this range, indicating a sharp
transition that is likely challenging to model accurately with a simplified model.

4.2 Coupling Current Effects on Impedance

The various coupling currents within the magnet’s components generate losses that sig-
nificantly shape the magnet’s overall behavior, which is clearly reflected in the impedance
curve. Each type of coupling current has a distinct impact on the curve, with its influence
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Figure 4.2: Simulation and measurement of the MBRD impedance phase including all cou-
pling losses for the single aperture and full and full magnet configurations, and their absolute
error.

varying in intensity across different parts of the frequency spectrum. These losses have their
most significant impact near the frequencies corresponding to the inverse of their respective
time constants, leading to more pronounced deviations from the magnet’s ideal impedance
at those points.

In Figure 4.3, the impact of each type of current-induced loss on the impedance curve is
depicted. The effects which contribute to the cumulative conductor losses are combined and
plotted as Z¢y, [Q2]. This includes the persistent currents, inter-filament coupling currents,
inter-strand coupling currents, and eddy currents in the copper sheaths.

These losses usually are noticeable at lower frequencies, but in the case of the MBRD magnet
their impact on the impedance curve is minimal. This outcome aligns with the effect of the
conductor losses in the outer cable of the LHC main dipole, which is the same type used for
the MBRD [10].

Beyond the conductor losses, other factors also come into play. Eddy currents in the wedges
contribute to the impedance at low frequencies, followed then by the aluminum ring, which
has a significant impact between 20 Hz and 1 kHz, and the coil protection sheets, which are
mainly observable between 500 Hz and 2 kHz. Finally, the cold bores become relevant around
the resonance peak.

Although these effects play a significant role in shaping the impedance, the simulated curves
including their contribution remain relatively distant from the measurement data. This leads
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Figure 4.3: Simulation of the MBRD Impedance showcasing the contribution of the different
coupling losses. Zy) [Q2] is the only simulated impedance that includes the mutual coupling
between different effects.

to considerable relative errors, particularly near the resonance peak frequency. The mutual
couplings between the various loops, included in the combined impedance Z; [Q2], bring all
these effects together and allow to achieve the excellent fit observed in the results.

An alternative method for closely examining the contribution of various effects is to compare
their differential inductance, defined as:

_Im@Z)xe?

Lp = [H] (4.1)

w
where Z [Q] is the imaginary part of the impedance, ¢ [rad] is the phase of the impedance
and w is the angular frequency. Figure 4.4 shows that the differential inductance due to the
persistent currents, which don’'t have a time constant, deviates immediately from the nominal
value. In contrast, all the differential inductances associated with the other effects start to
deviate only when the frequency reaches the value corresponding to their respective time
constants. As can be observed, the eddy currents in the cold bore and aluminum ring have the
most significant impact on the magnet’s inductance. Additionally, conductor losses primarily
affect the low frequency regime, while eddy currents in the metallic components affect the
high frequency regimes. The differential inductance with all the effects is again the only one
that includes the mutual couplings between the loops.

The same observation can be done by analyzing the dissipated power due to the various
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Figure 4.4: Simulation of the Differential Inductance for the MBRD full magnet configuration.
The curve marked as "All effects" is the only simulation that accounts for the mutual coupling
between different effects

losses, which is depicted in Figure 4.5, and can be found as [10]:
1 _
P = R(UrlLo0p} (W] 4.2)

where Up [V] is the voltage across the resistance in the corresponding equivalent loop and
I100p [A] is the complex conjugate of the current flowing in the loop.

For frequencies up to 2 kHz, the dominant contributors to the dissipated power are the
inter-filament and inter-strand interactions, together with the wedge and aluminum ring. As
the frequency increases, the influence of these contributions diminishes, while the effects
associated with eddy currents become more pronounced, resulting in greater power dissipa-
tion at higher frequencies.

In this plot, all the curves account for coupling with each other, which could explain the
abrupt changes in some of the power loss curves, likely due to other coupling effects. This
again highlights the importance of an accurate evaluation of the mutual coupling values to
obtain a reliable model and accurate results.

4.3 Mutual Coupling contribution

A significant challenge in this validation process was to account for the interactions be-
tween the various conductor loss loops. When a coupling current flows through a section
of the superconducting magnet, it generates a magnetic field that affects the overall mag-
netic environment, thereby also influencing the strength of the other coupling effects. It was
therefore essential to accurately determine these mutual couplings in the model in order to
achieve reliable impedance simulation results.

The correlation between conductor losses and metallic components can be quantified using
standard analytical equations and magnetic coefficients derived from the magnetic field data
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Figure 4.5: Simulation of the MBRD Power Losses for the MBRD full magnet simulation

extracted from each COMSOL Multiphysics ® model. However, an alternative methodology
was required to evaluate the coupling between the loops representing eddy currents in the
various metallic components. In order to achieve this, new FEM models were developed
for each pair of metallic elements. In these models, rather than introducing a current into
the coils, a current I; [A] was induced into one of the metallic components. Subsequently, a
frequency simulation was conducted to determine the induced current I, [A] in the other
metallic components. This approach provided an initial estimate for the mutual couplings

using the formula:
_ ja)Ing + IgRg [

H 4.
ol ] (4.3)

1,2

where L, [H] is the inductance of the loop representing eddy currents in the second compo-
nent and R, [Q] is the corresponding resistance.

After obtaining initial estimates for each mutual inductance combination, an optimization
script was run to fine-tune these values, ensuring they closely matched the measurements.
The final values, as shown in Table 4.1, were then used in the simulations. As can be ob-
served, the main difference between the two configurations lies in the couplings involving

Table 4.1: Mutual coupling between the magnet component loops, found in simulations of
both the full magnet configuration and the single-aperture setup.

Mutual Coupling Full Magnet 1 Aperture

Mcp,wedge 1.713e-08 H 1.713e-08 H
Mcps,wedge -7.169e-07H -7.169e-07 H
Mcps,ca 5.080e-06 H 5.080e-06 H
MAlRing,Wedge 2.1644e-08 H 4.225e-08 H
MaiRring,cB -2.324e-06 H -5.515e-07 H
M aiRing,cps 1.367e-05H  1.479e-05H

43



the aluminum ring. The aluminum ring is the only metallic component that covers both
apertures, significantly influencing the magnetic interactions. Because the eddy currents
circulate throughout the entire ring, the magnetic field generated by these currents is not
localized around each aperture, as in other effects. Instead, it has a different distribution,
which could lead to an asymmetrical magnetic field due to the mutual interaction between
the two apertures. Consequently, it is reasonable to believe that the aluminum ring’s influ-
ence on other effects also differs between the two configurations.

In Figure 4.6, the modulus of the complex magnetic impedance is simulated for different
types of mutual coupling included. In particular, the following definitions apply:

* Mpetallic: Tepresents simulations that consider only the mutual coupling between loops
of eddy currents in metallic components.

* Mcr: includes only the mutual coupling effects between loops related to conductor
losses.

* Mupetallic: considers only the mutual coupling between loops of eddy currents in metallic
components.

* MnoMetallic and Myocr: both accounts for the mutual coupling effects between the loops
of metallic components and the conductor losses. However, the first one includes also
the coupling between the conductor losses, while the second includes also the coupling
between the metallic components.

* My incorporates all types of mutual coupling.

* Mnone: does not account for any kind of mutual coupling.

The results demonstrate that the simulation accounting solely for mutual coupling between
conductor losses yield results identical to those with no mutual coupling. This suggests that
the impact of conductor loss coupling is negligible. This is further supported by the fact that
the curve for ML, perfectly aligns with My). Furthermore, simulations that consider only
mutual coupling between metallic components also match perfectly with the one including
all mutual couplings. This indicates that the coupling between metallic components is the
primary effect, with only the coupling between metallic components and conductor losses
playing a minor role. This predominance can be attributed to the fact that losses in metallic
components are substantially greater than those in conductor losses, resulting in stronger
interactions among the metallic components, especially when their current time constants
are close. Without the mutual coupling between these effects, the impedance curve results
significantly deformed in comparison to its measured value.

4.4 Parametric Sweep Study

To advance the validation of the MBRD model, the values of certain parameters were
investigated, as their values significantly impacts measurement accuracy. Specifically, a study
was carried out to identify the optimal parameters for the resistivity of the aluminum ring, the
RRR of the wedges, and the resistivity of the coil protection sheets. Multiple simulations were
performed for each parameter, taking into account all contributing effects and the mutual
coupling between the loops, while varying only the parameter in question. The results were

44



‘n*""*"*.". N
< ﬁ\\
S e S
10 ::.-"' \kb‘

> P N
= - \\
8 re ""
5 o .
= 10! P
o ™
-
fg ". *
— N0 o M Mpone
ﬁ 10 MMetallic """ MNoMetallic

. Mcr MNnocL

10° 10! 102 10° 10* 10° 10°

Frequency [Hz]

Figure 4.6: MBRD full magnet simulation showing the impedance modulus of the magnet
with different mutual coupling included.

then visualised using a colour map to highlight the contribution of each parameter and their
trends in the measurement curve based on their values.

4.4.1 RRR of the Wedges

The eddy currents in the wedges have a pronounced effect on the impedance simulation,

particularly at lower frequencies up to about 10 Hz. The RRR is a critical parameter in the
equivalent parameter simulation, as shown in Figure 3.10. Variations in RRR lead to significant
changes in the power loss and induced current curves, which are essential for calculating
equivalent parameters.
To investigate this effect, 190 different RRR values ranging from 10 to 200 were simulated, as
shown in Figure 4.7. The results show that changes in RRR values primarily affect the shape of
the impedance curve around the resonance peak. This variation is likely to be due to changes
in the time constant associated with the RRR, which significantly alters the shape of the curve.
An incorrect time constant can cause the impedance curve to deviate from the measured
data by assuming an inaccurately rounded shape. For very low and too high RRR values the
simulation results deviated significantly from the impedance curve. Ultimately, an optimum
RRR range of 90 - 150 was determined, with a final value of 140 used in the simulation.

4.4.2 Resistivity of the Aluminum Ring

The aluminum ring proved to have a significant effect on the impedance simulation,
because of its higher resistivity and significantly larger dimensions compared to those of the
other metallic components studied. Its contribution makes the simulation achieve excellent
agreement with measurements over the entire frequency range from 20 Hz to 1 kHz, with its
resistivity playing a crucial role in achieving this fit.
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Figure 4.7: MBRD full magnet simulation showing the different impedance for 190 value of
RRR of the wedges, in the range 10-200.

To determine the optimal resistivity value, a parametric sweep was performed using 400
logarithmically spaced correction factor values for the aluminum resistivity, making it range
from 107 Q-m to 107% Q-m, in Figure 4.8. This analysis showed that at very low resistivity
values, around 1079 Q-m, the impedance curve has a rounded shape that deviates significantly
from the measured curve, indicating a poor fit. For resistivity values between 1078 Q-m
and 10~7 Q-m, while the curves still shows discrepancies, the simulations begin to follow
the measurement trend more closely, but in the range from 10 Hz to 100 Hz, they show
a bump that makes them deviate from the measurements. Finally, for resistance values
between 10~ Q-m and 10~% Q-m, the simulated impedance curves began to closely follow
the measured curve, maintaining the correct shape of the impedance. This fit suggests that
the time constant values were accurately represented. The best fitting parameter was found
to be a resistivity of 5.25 x 10~/ Q-m.

Comparing this value with the power loss and induced current plots shown in Figure 3.13,
it is clear that the final resistivity value is associated with a smaller time constant, which
increases the effect at higher frequencies. It is also important to note that the initial resistivity
estimate derived from Equation 3.4 was 6.084 x 1077 Q-m. The final, optimized resistivity
value of 5.25 x 10~ Q-m shows a significant discrepancy from this initial estimate found
with Equation 3.4. Specifically, the absolute error between the initial and final values is
4.94 x 10~7 Q-m, which indicates a significant deviation from the true resistivity value.

This substantial discrepancy can be attributed to the complex three-dimensional effects
inherent to the laminated rings, which are challenging to accurately represent in a two-
dimensional model. Beyond the variations in current paths and the resulting differences in
conductivity, other factors also contribute to this issue.

Specifically, the aluminum ring, which spans both apertures, introduces deviations in the
magnetic field distribution around them. This can result in inconsistencies in how the effect
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Figure 4.8: MBRD full magnet simulation showing the different impedance for 400 values of
the Aluminum ring resistivity, in the range between 107 Q-m and 107 Q-m

of the eddy currents in the aluminum ring is represented in the network model. Typically,
each aperture is represented by its own circuit, with the two circuits interacting through
mutual coupling. However, in this case, the interaction between the two circuits may be too
strong to be accurately captured by this approach.

Furthermore, an increase in the resistivity of the aluminum ring could assist in the mitigation
of the impact of the end effects observed between the structure enclosed by the ring and the
surrounding collars or other magnet components. These end effects are frequently associated
with fluctuations in the magnetic field in the vicinity of the structure’s edges, where the
magnetic flux tends to fringe and distort. The surrounding components can create capacitive
effects with the ground, modifying the current paths and potentially resulting in anomalies.
By modifying the resistivity, these disruptive influences on the magnetic field and current
distribution may be taken into account, leading to a more accurate representation of the
measured impedance curve of the superconducting magnet.

4.4.3 Resistivity of the Coil Protection Sheets

The eddy currents flowing through the coil protection sheets exert a considerable influence
on the impedance curve. This effect arises from the larger loop that is available for the current
to flow through. Although the sheets are divided into blocks with small separations around
the mid-plane, the sheets remain relatively close to each other. As a result, within each
aperture, the eddy currents are able to circulate around the entire circumference, resulting
in considerably higher losses in comparison to those observed in the wedges, which are
electrically insulated from one another.

It is noteworthy that this influence is particularly pronounced between 2 kHz and 10 kHz,
as illustrated in Figure 4.9. Small variations in the resistivity of stainless steel, due to manu-
facturing defects or material impurities, can lead to significant changes in the time constant
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Figure 4.9: MBRD full magnet simulation showing the different impedance for 100 values of
the coil protection sheets resistivity, in the range between 400 nQ2-m and 630 nQ2-m

associated with the eddy currents, thereby affecting the impedance curve.

To address this issue, impedance simulations were performed over 100 different resistivity
values for stainless steel at 1.9 K, with a reference value of 500 nQ2-m. The aim was to find the
resistivity value that best matched the measured impedance. As can be seen in Figure 4.9,
for resistivity values between 400 nQ-m and 500 nQ2-m, the simulated impedance deviates
significantly from the measured values. This discrepancy is due to the time constants being
too high, resulting in an inaccurate impedance curve. However, when examining the resistiv-
ity values between 550 nQ2-m and 630 nQ2-m, the simulated impedance is more in line with
the measured data, especially near the resonance peak. The most optimized value for this
resistivity was found to be 600 nQ2-m, which yielded the best match between the simulation
and the measurement curves.
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Simulation of Failures and Analyses

The integrity and safety of the operation of superconducting magnets are crucial for en-
suring the accurate reproducibility of physical phenomena in the collider. However, various
non-conformities emerge during their operation, posing significant risks.

One of the most significant concerns is the potential for short circuits, particularly within the
coil-winding pack [59]. Inter-turn shorts can occur during quenches, due to the generated
heat and mechanical stress, which can potentially damage the insulation. Similarly, the fast
ramping of the magnet excitation current can result in the generation of significant electro-
magnetic forces, which may potentially lead to insulation breakdown and subsequent short
circuits.

The occurrence of a short circuit creates an alternative path for the current, which in turn
gives rise to anomalies in the magnet’s electrical behavior. This has the potential to compro-
mise the precision required for the operation of the LHC. Furthermore, the current flowing
through this resistive path can also result in localized heating, which may have an additional
negative impact on the magnet’s performance.

The accurate localization of a short circuit represents a significant challenge, primarily due to
the low resistance associated with such faults, rendering conventional resistive methods inef-
fective. Nevertheless, measuring complex impedance as a function of frequency represents
a promising alternative. This approach has been successfully applied in several contexts
[59], such as fusion stellarators [60] [61], in CICC model coils [62], and for monitoring and
controlling the resin impregnation process in Nb3Sn coils [63].

In light of the proven efficacy of complex impedance measurements in identifying short
circuits within superconducting magnets, the TFM tool’s functionality has been extended to
simulate these faults. Following initial validation for normal conditions, the tool has been
developed to include the capability to model short circuits, thereby providing a reference
against which the simulations of non-conformities could be compared and evaluated. This
functionality will facilitate the diagnosis of potential precursors to failures that could impact
LHC operations.

This chapter will firstly present the theoretical basis for the short-circuit application to the
network model [59]. It will then provide a brief overview of the methodology used to integrate
this feature into the tool. Subsequently, the simulation results involving short circuits will
be validated against measurements from SM18. Finally, the chapter will analyze the impact
of short circuits on magnet impedance behavior, exploring a variety of scenarios, including
shorted turns in different locations within the magnet coils and the effects of varying the
value of the applied short resistance.

5.1 Analytical Impact of Short Circuit on the Network Model

In the network model, each turn of the magnet can be represented by an inductance ele-
ment connected in series with the others. The impact of a short circuit across a turn within
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Figure 5.1: Simplified schematic of n inductances in series of which one inductance Lg is
shorted by a parallel resistance [59]

this model influences the magnet’s behaviour, even in the absence of coupling loops.

As illustrated in Figure 5.1, three inductances, representing distinct magnet turns, are con-
nected in series and coupled by mutual inductances. The same current, It [A], flows through
all three inductances. Should a short circuit with resistance Rg [(2] occur across one of these
inductances, Lg [H], the current distribution within the circuit will undergo a change. This
is due to the fact that the short circuit provides an alternative path for the current, which
results in current-sharing. The original current, Ir, is then divided into two components: the
first one, I, [A] continues to flow through the shorted turn, while the remaining current, Ig
[A], flows through the short-circuit resistance [59]. By calculating the voltage and current
relationships in the circuit, the total impedance can be determined as the ratio of the voltage
across the circuit to the current flowing through it [59]:

1%4
Z(s) = - =210 (Z+ Z3+ Zy) (5.1)
T
where the different block can be found as [59]:
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By combining the equations in Equation 5.1 and Equation 5.2, it is evident that the resulting
impedance significantly varies depending on the resistance values.Specifically, when the short
resistance is extremely high, the impedance is reduced to only the inductance contribution,
as if the short resistance were absent. This allows the final equation to be simplified as follows
[59]:

. S
lim Z(s)=—
Rg—o0 RS

Zz=s[) L+2) M| (5.3)
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Conversely, as the resistance value decreases and approaches zero the equation simplifies to
[59]:

1
lim Z(s)= —(Z + Z 5.4
R;Illo (s) Ls( 2+ Z4) (5.4)

where at very low impedance values, the effect is primarily determined by the mutual coupling
of the turns with their neighboring turns.

As a result, the relative error between the reference impedance and the impedance with
shorts is predominantly influenced by the mutual coupling between the magnet’s turns. The
inductance matrix is a useful tool to capture the inductive interactions within the system and
therefore the effect of different short on the impedance curve.

The inductance matrix is organized such that the self-inductance of each turn is located along
the diagonal, while the off-diagonal elements represent the mutual inductance between
different turns. As illustrated in Figure 5.3, the self-inductance values of each turn, which
range from 1.0 mH to 1.4 mH, are significantly greater than the mutual inductance values,
which span from 0 to 1 mH. The matrix also reveals a systematic decrease in self-inductance
values from the top to the bottom. This trend is directly related to the spatial positioning
of the turns, whereby those situated near the top are in closer proximity to the magnet’s
midplane, whereas those at the bottom are in closer proximity to the poles.

Additionally, the matrix features larger green squares surrounding the diagonal entries, which
denote regions of elevated mutual inductance. These regions correspond to turns that belong
to the same spatial group or block, where the coupling strength is higher. Conversely, the
mutual coupling between different groups is observed to diminish as the distance between
them increases. This pattern highlights the influence of spatial configuration and proximity
on the inductive interactions, offering valuable insights into the collective behaviour of the
turns and the overall impedance of the system.

The inductance matrix provides a comprehensive map that allows accurate predictions of
impedance behavior in scenarios involving short circuits across different turns, making it a
critical tool for understanding and simulating the system’s response to such conditions.
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Figure 5.2: The field map shows the magnetic field configuration within the turns of an MBRD
magnet coil, calculated using ROXIE [51], and the number of turns in the model.
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Figure 5.3: Plot of the inductance matrix of the coil turns for one pole. The diagonal represents
the self-inductance of the turns, while the off-diagonal represents the mutual inductance
between the turns. The numbering of the turns commences with the index 0, corresponding
to turn 1, and concludes with index 30, corresponding to turn 31 of the configuration in
Figure 5.2

5.1.1 Short circuits implementation in the TFM tool

In the TFM tool, the magnet circuit can be represented as a series of inductances, where
each inductance may correspond to either a single turn or a group of turns in the coil. This
modeling is achieved by assigning each turn to a specific section using the "turn_to_sections"
key in the input YAML file, as illustrated in Figure 3.15. Moreover, the sections to be shorted
and the resistance values for these shorts can be specified using the "sections_to_short" and
"short_resistances" keys, respectively, in the same input file.

Figure 5.2 depicts a coil from the MBRD magnet, with each turn numbered sequentially from
1 to 31, progressing in a counterclockwise direction from the midplane to the pole. When
each of these turns is assigned to a distinct section, the resulting network model consists of
31 inductances in series, each representing the contribution of the corresponding turn to the
overall magnet inductance. The other pole can either be treated as a single section, as in the
case presented, or it can be divided into multiple sections, depending on the purpose of the
simulation.

By applying a resistance to individually short each section, one can analyze the impedance
curve of the magnet resulting from these short circuits. This approach allows for the evalua-
tion of the relative error by comparing the impedance with short circuits to the impedance
in the reference configuration, where no short circuits are present. In Figure 5.4, the results
for a resistance value of 0.01 2 are presented. At low frequencies, where the short resistance
is considerably higher than the inductance of the turn, the impedance with short circuits is
observed to closely approximate the reference curve, with relative errors ranging from 0.001 %
t0 0.01 %. This is due to the fact that the current predominantly flows through the inductance.
As the frequency increases, the relative error grows linearly. This increase is due to the linear
increase of the inductance magnitude with frequency, resulting in a greater proportion of
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Figure 5.4: a) Impedance modulus for the MBRD magnet with a 1-aperture configuration.
The black dotted curve represents the reference impedance without shorts, while the other
curves show the impedance with a Rgho¢=0.01 Q applied across different turns. b) Relative
difference between the reference impedance and the impedance with short circuits. The
color bar indicates the turn across which the short circuit was applied.

the current passing through the branch with the short resistance. This effect continues to
amplify until the frequency reaches a point where the inductance value becomes larger than
the resistance. At this stage, the phenomenon intensifies until the inductance exceeds the
resistance, resulting in the majority of the current flowing through the short resistance branch
and a relative error of approximately 500 %. Consequently, the losses incurred by the current
flowing through the resistive branch reach a maximum at high frequencies, resulting in a
significant alteration of the impedance.

Furthermore, the turns belonging to the initial sections of the coil results in a more pro-
nounced alteration of the impedance curve when their respective inductance is shorted. This
is due to the fact that, as illustrated in Figure 5.2, the turns in the initial section are situated
in closer proximity to one another in comparison to those in the remaining sections. This
results in a higher degree of mutual coupling between the adjacent turns. This coupling
contributes more significantly to the overall inductance and causes greater disturbances
when short circuits are applied [59].

5.2 Measurements Comparison

To further validate the TFM’s operation and ensure its reliability in simulating non-
conformities, an additional measurement validation was conducted. During the SM18 mea-
surement campaign for the MBRD magnet, resistances were externally introduced at various
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voltage taps of the measurement system. In particular, two short circuits with nominal val-
ues of 0.8 2 and 1.8 Q were artificially introduced across two pole turns of one aperture.
These turns correspond in this configuration of the network model to sections 30 and 31,
corresponding to the two turns at the pole as illustrated in Figure 5.2. To reproduce the
mentioned measurement, analogous resistances were imposed across the corresponding
loops within the network model. The results of the comparison for the MBRD one-aperture
magnet is presented in Figure 5.5, which depicts the relative error with and without shorts of
the measured impedance, the simulated ideal impedance, and the simulation incorporating
all coupling effects, for each resistance value.

In the case Rgort = 0.8 Q, the measured relative error between the conditions with and with-
out shorts, represented by dotted points, remains approximately 0 % up to 200 Hz. Beyond
this frequency, the error demonstrates a negative trend, reaching a magnitude of -3 % before

returning to zero. The simulated error without coupling effects at low frequencies displays

a similar trend; however, instead of stabilizing at -3 %, it undergoes a significant decrease,
consistent with the behavior depicted in Figure 5.4. The simulation incorporating coupling

effects, represented by the solid black line Figure 5.5, demonstrates alignment with the mea-
sured data compared to the simulation without these effects. Nevertheless, the simulation

still fails to fully capture the accuracy of the experimental measurements.

This discrepancy is attributed to the limitations of the network model, specifically the approx-
imation of capacitance lumped and the challenge in capturing the reduced losses. Notwith-
standing these limitations, the simulation incorporating all effects demonstrates a good

alignment with the measured relative error up to 1 kHz. However, it deviates beyond this

frequency due to a different peak magnitude. The capacity of the simulation to reproduce

the peak in relative error at the same frequency as the measurement indicates that the short-

circuit effect is identified correctly within the frequency range. Furthermore, when the
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Figure 5.5: Relative difference in the impedance magnitude between measurements and
simulations without and with a short circuit resistance across two specific turns of the magnet.
The specified short resistances have been connected at warm across the voltage taps EE01-
EEO02 in Figure 2.7, corresponding to turns 30-31 in Figure 5.2 [64].
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applied resistance is increased to 1.8 Q, both simulated errors align with the response of the
measurement data, thereby demonstrating the model’s consistency in simulating impedance
under varying resistance conditions.

5.3 Analysis of the Short Circuits Impact on the Simulated
Impedance

Following the validation of the simulation against measurements from SM18, further anal-
yses were conducted to assess the impact of short circuits under varying conditions on the
magnet impedance. This was done with the aim of deepening the understanding of the
complex effects associated with such occurrences.

An initial evaluation was conducted with a resistance of Rgj,,,; = 0.01 Q connected across
different turns of the magnet coil, to see the impedance response to the same short-circuit
generated in different locations. In Figure 5.6, the impedance deviation relative to the refer-
ence simulation depends on the group to which the turn belongs. The turns are divided into
five blocks based on their location in the magnet coils, as illustrated in Figure 5.2. Turns 1-15
constitute the first block, 16-21 the second, 22-25 the third, 26-29 the fourth, and 30-31 the
fifth. This division is reflected in the relative error in Figure 5.6, whose magnitude is influ-
enced by the number of turns in each block. As the number of turns decreases progressively
from block 1 to block 5, the mutual coupling between turns in blocks with more coils becomes
stronger in the network model. This amplify the impact on the impedance when a short
arises across one of these turns. Consequently, the relative error varies considerably, with an
absolute value of 35 % for the initial turn situated in close proximity to the magnet midplane
and a mere few percent for those situated in closer proximity to the pole. In comparison to

- 30

% 10

_‘g 25

o O —

= 5

= 20€

B _10 .-

o =

3] 1535

8 N—

5 —20 55

= 105

S Z

L 30

= 5

S

Q

& —40 1
109 10! 102 10° 10* 10°

Frequency [Hz]

Figure 5.6: Relative error between the impedance simulation with and without the connection
of a short circuit resistance of 0.01 Q2 across the individual turns of the magnet. The color bar
represents the number of the short-circuited turn, following the configuration displayed in
Figure 5.2 [64].
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the ideal impedance simulation, which excludes coupling losses, in Figure 5.4, the complete

simulation provides a clearer distinction between the effects of different turns, thus enabling

more precise identification of their respective positions within the magnet coil.

Further simulations were conducted to investigate the impact of varying resistance magni-
tudes, connected to the same magnet turn, on the impedance characteristics. As illustrated
in Figure 5.7, for high resistance values, the relative error between the reference impedance

simulation and the faulty simulation initially remains at 0 % for low frequencies. However,
as the frequency increases, the relative error rises, reaches a maximum, and subsequently
decreases. This behavior can be attributed to the fact that, at low frequencies, if the resistance
is sufficiently high, the inductance of the turn is relatively small compared to the resistance,
resulting in the majority of the current flowing through the inductance. As the frequency in-
creases and the resistance becomes more significant, the current progressively shifts towards
the resistance branch. At the peak frequency, the current flows predominantly through the
resistance. Conversely, for low resistance values, the inductance is already greater than the
resistance at low frequencies, leading to an immediate current flow through the resistance
branch. At higher frequencies, variations in resistance induce a shift in the resonance peak.

Additionally, the absolute value of the relative error varies between approximately 5 % and
a few percent, inversely proportional to the short circuit resistance value. Specifically, as
the short-circuit resistance decreases, the current flows for a greater duration through the
resistance branch. This extended current flow results in increased losses, which in turn have a
more pronounced effect on the deviation of the magnet’s behavior from its ideal performance.
Consequently, lower resistance values lead to higher relative errors due to the increased
impact of these additional losses on the overall impedance characteristics of the magnet.
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Figure 5.7: Relative error between the impedance simulation with and without the connection
of a short circuit resistance across the same turn. The simulations have been performed for
several resitance values between Rgport = 1 nQ and Rgport = 0.1 MQ [64].
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Conclusions and Future Work

Superconducting magnets are fundamental elements of the Large Hadron Collider, serving

to direct and concentrate the particle flux along its circular pathways. However, these mag-
nets are subjected to notable operational risks, including those associated with quenching
or rapid changes in the magnet excitation current. These conditions have the potential to
cause localised heating and mechanical stress, which could result in damage to the insulation
and, subsequently, the formation of short circuits in the coil windings. Such faults have the
potential to damage the magnets’ electromagnetic behavior, which could ultimately result in
their failure. The current methods employed for the detection of faults in superconducting
magnets are frequently inadequate, as they often prove unable to accurately identify short
circuits or exhibit difficulty in detecting minor resistance fluctuations through resistive mea-
surements. To improve fault detection, it is essential to develop a comprehensive approach
that can precisely simulate the behavior of superconducting magnets under a wide range of
operating conditions.
Such an approach requires the development of a robust model that takes into account all
factors influencing the performance of the magnet. The model must be capable of replicating
the magnet’s behaviour under normal operating conditions in order to establish a reliable
baseline or reference. By comparing the real-time data with the established reference, it
becomes possible to identify any deviations that may indicate the early stages of potential
failure. The ability to accurately predict and identify these precursors is crucial for main-
taining the reliability and safety of the superconducting magnets in the LHC and preventing
unexpected failures.

6.1 Summary of findings

This thesis addresses these challenges by developing a method for monitoring the behav-

ior of superconducting magnets through complex impedance simulations in the frequency
domain. The continuous measurement of the magnet’s impedance provides invaluable in-
sight into any anomalies that may occur during operation. In order to create a model that
accurately reflects the true behavior of a superconducting magnet, a tool based on a physics-
driven network utilizing lumped element modeling was developed. This tool incorporates
fundamental elements such as coupling losses, interactions between coil turns and allows
calculation of the impedance across the entire magnet or just specific turns of the coils.
To extend this approach to different magnets comprehensively, the tool was integrated into
the STEAM framework, thereby enhancing its capability to include an equivalent lumped
element network model. This computationally efficient model effectively reproduces the elec-
trodynamic behaviour of superconducting magnets in both the time and frequency domains.
By combining finite element modelling (FEM) using COMSOL Multiphysics® with analytical
techniques, the approach successfully accounts for coupling losses and other factors that
impact impedance characteristics.
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In order to validate the developed tool, this thesis presents a detailed analysis using data from
the MBRD magnet, which has been developed as part of the HL-LHC project and has recently
undergone testing under a variety of conditions in the magnet test facility, SM18. The initial
validation of the tool was conducted by simulating the magnet’s behavior under standard
operating conditions at 1.9 K. This step was of critical importance for verifying the accuracy
of the tool’s implementation and establishing a reference simulation against which further
results could be compared.

Subsequently, the validation process was further expanded to include scenarios involving
short circuits and to enable a comparison with the reference simulations. This extension
effectively demonstrated the tool’s capacity to accurately capture the intricate behavior of
superconducting magnets in the presence of diverse fault conditions. Such comprehensive
validation is crucial for confirming that the simulation tool can be relied upon to accurately
predict and analyze magnet performance in a range of operational scenarios. Furthermore,
the development of the tool has enhanced the comprehension of the complex impedance
characteristics of superconducting magnets, through the mapping of the diverse contri-
butions of coupling losses to the impedance curve. It was observed that conductor losses
have a negligible effect on the curve, while metallic elements such as wedges, cold bores,
the aluminum ring, and coil protection sheets contribute significantly. Notably, the largest
contribution arises from domains where eddy currents can form the largest loops, which
consequently result in greater losses. As observed with the eddy currents in the aluminium
ring, both the size of a lossy element and whether it covers one or two apertures could also
significantly impact the results.

In conclusion, the thesis provides an exhaustive examination of the impact of short circuits on
the impedance curve of the magnet. This analysis provides valuable insights into the impact
of short circuits, specifically how varying resistance values and their locations within the
magnet influence its performance. The study thus establishes a foundational reference point
for the detection and diagnosis of short circuits, including the identification of their location
and magnitude. This comprehensive validation process guarantees that the tool is capable of
accurately identifying and analysing potential issues, thereby ensuring the continuous and
reliable operation of superconducting magnets in the LHC.

6.2 Model limitations

While the functionality of the tool has been demonstrated under a range of conditions,
there are still some limitations that require further investigation. One significant area for
further investigation is the capacitance modeling in the network model. Currently, the model
simplifies capacitance by using only three discrete capacitance values: one at the beginning,
one in the middle, and one at the end of the circuit. This simplification has an impact on
the accuracy of the simulation, particularly at high frequencies and in scenarios involving
short circuits. In order to achieve complete validation across the entire frequency range, it is
necessary to reconsider and refine the capacitance modeling.

Furthermore, the comparison between simulation results and measurements involving exter-
nally connected short circuits needs to be more thoroughly explored. This will facilitate a
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more precise alignment between the simulated and measured data, thereby enhancing the
reliability of the tool’s predictions. An initial step should involve expanding this validation to
include measurements at room temperature, where data on externally applied shorts tend
to be more consistent and reliable. Following this, the focus can shift back to validating
the model under superconducting conditions, informed by insights gained from the warm
temperature results.

6.3 Outlook

A crucial next step in advancing the tool’s development involves extending its validation
to include comparisons with simulations conducted under warm conditions, such as
those carried out at the SM18 facility. This supplementary validation is essential for a
comprehensive evaluation of the tool’s functionality and accuracy with regard to the MBRD
magnet. Additionally, as mentioned above, the validation of the model at warm may facilitate
a more precise comprehension of the influence of short circuits on the complex impedance
characteristics.

However, the impact of this research extends beyond the MBRD magnet. The successful
integration and validation of the TFM tool establishes a robust methodology that can be
applied to other superconducting magnets within the LHC. This development significantly
enhances the capacity to monitor, evaluate, and address potential performance issues,
thereby contributing to the overall reliability and efficiency of the accelerator system.

In the future, the tool will be expanded to include all superconducting magnets with available
data in the STEAM-SDK framework. It is, however, important to acknowledge that the current
implementation is not fully automated. At present, COMSOL Multiphysics® simulations
are necessary for each metallic component of every magnet in order to determine the
equivalent parameters for the currents flowing through these components. This process
is labour-intensive and could benefit from a more streamlined approach. The automation
of these steps would significantly improve the tool’s user-friendliness and accessibility.
Given the complexity of COMSOL Multiphysics®, especially in the early stages of use, the
incorporation of automation would greatly enhance the tool’s practicality and efficiency for
users, thereby making it a more effective resource for the management of superconducting
magnet systems.

In conclusion, this thesis project has represented an advancement in the analysis of
superconducting magnet performances by introducing a detailed, physics-based simulation
tool that significantly enhances the capabilities of the STEAM framework. The tool, validated
and designed to accurately model impedance while incorporating various non-ideal effects,
enhances the effectiveness of monitoring and fault detection.

The developments achieved through this research are directly relevant not only to the LHC
but also to the wider initiatives that are essential for the successful implementation of the
LHC'’s high-luminosity upgrade. Furthermore, they are of great significance not only for
the advancement of prospective projects in magnet technology but also for a multitude
of applications across a diverse range of fields. The accurate and reliable performance
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analysis of a given system is essential in a number of diverse areas, including sensors and
biomedical applications, amongst others. By refining the validation process and enhancing
the understanding of impedance characteristics, this approach can be adapted and applied
to improve the performance and reliability of a wide array of technologies. The developed
methodologies have the potential to significantly impact numerous sectors where precision
and dependability in electromagnetic performance are critical.

Further research will concentrate on the refinement of the model and its application to
additional magnets. This ongoing work is intended to facilitate a deeper comprehension of
superconducting magnet systems and to enhance their management in particle accelerators,
thereby supporting the continued progress and innovation in this field.
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