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Zusammenfassung

Teilchenbeschleuniger sind wichtige Werkzeuge in der Hochenergiephysik, um die fundamentale Struktur
von Materie zu untersuchen. In Ringbeschleunigern ist die Kollisionsenergie proportional zum ablenkenden
magnetischen Feld und dem Radius des Rings. Als Folge verwenden Ringbeschleuniger wie der Large Hadron
Collider am CERN traditionellerweise Magnete aus Niedrigtemperatur-Supraleitern, die starke Magnetfelder
erzeugen, um die Ausmalde der Teilchenstrahlen auf akzeptable Dimensionen zu beschréanken. Diese Klasse
von Supraleitern weist ein praktisches Limit fiir die erreichbaren Magnetfelder innerhalb der Magnet6ffnung
von ungefdhr 8 T fiir eine Nb — Ti Legierung und 16 T fiir eine Nb3Sn Verbindung. Um diese Limitierungen
in Beschleunigermagneten zu tiberwinden, miissen Hochtemperatur-Supraleiter (HTS) verwendet werden,
insbesondere ,rare-earth barium copper oxide“ (ReBCO) Bander.

Im Vergleich zu ihrem niedrigtemperatur-supraleitenden Gegenstiick verhalten sich Beschleunigermagnete
auf Basis von ReBCO Bandern unterschiedlich im Bezug auf die magnetische Feldqualitit sowie die Absiche-
rung gegen Quenches. Die Binder sind dquivalent zu breiten und anisotropischen Mono-Filamenten, was zu
Abschirmstromen fiihrt, welche die Feldqualitét insbesondere bei niedrigen Strémen negativ beeinflussen.
Gleichzeitig ist das Auftreten von Quenches weniger wahrscheinlich aufgrund der groeren thermischen Sta-
bilitat der Bander, die Detektion derselben und die anschlieRende Absicherung gegen deren Folgen gestaltet
sich jedoch als schwieriger. Zudem wird das dynamische Verhalten von Beschleunigermagneten auch vom
umliegenden elektrischen Schaltkreis beeinflusst, weswegen dieser berticksichtigt werden muss. Dies fiihrt
zu multiphysikalischen Multiskalen- und Multiratenproblemen. Numerische Methoden spielen eine zentrale
Rolle, um die Herausforderungen im Bezug auf magnetische Feldqualitat und Absicherung gegen Quenches
zu liberwinden.

In dieser Arbeit wird die magnetothermische Dynamik von hochtemperatur-supraleitenden Magneten mit-
tels eines Wirbelstromproblems im Zeitbereich modelliert. Eine gemischte Feldformulierung wird entwickelt,
um dem nichtlinearen spezifischen Widerstand der supraleitenden Materialien gerecht zu werden. Die For-
mulierung wird um Distributionsfunktionen erweitert, um externe Quellspannungen und/oder Quellstrome
ans Feldproblem zu koppeln. Weitere Vereinfachungen werden fiir den Fall von Bdndern mit gro3en Aspekt-
verhéltnissen und multi-filamenten Leitern diskutiert. Weiterhin wird eine Kopplung von Feldproblem und
Schaltkreis als optimierte Schwarz-Transmissionsbedingung hergeleitet, sodass die Formulierung zur Losung
solcher gekoppelten Probleme mittels Methoden der Co-Simulation eingesetzt werden kann. Die Implemen-
tierung der Formulierung in der Finite-Elemente-Methode wird mittels analytischer und Referenzlésungen
aus der Literatur verifiziert und mittels Messungen des auf HTS basierenden Dipolmagnet Feather-M2 vali-
diert.

Als Fallstudie wird die Formulierung auf , proof-of-concept“ ReBCO Abschirmungen fiir passive Feldfehler-
reduzierung in Beschleunigermagneten angewandt. Das vorgeschlagene Design heif3t HALO (,harmonics-
absorbing layered object“), da es aus geschichteten Bandern besteht, welche voll skalier- und erweiterbar
sind. Die Abschirmungen werden so positioniert, dass ihre persistente Magnetisierung das Magnetfeld im
Inneren der Magnetoffnung formt und dabei ungewiinschte Feldfehler ausgleicht. Experimentelle Messun-
gen bei 77K in fliissigem Stickstoff zeigen eine signifikante Reduktion des Feldfehlers, bis zu einem Faktor
von vier. Aullerdem verdeutlicht numerische Extrapolation fiir beschleunigerdahnliche Bedingungen, dass ein
sorgfaltiges Design der supraleitenden Abschirmungen die typischen Anforderungen an die Feldqualitét in
Beschleunigermagneten erfiillt.







Abstract

Particle colliders for high-energy physics are important tools for investigating the fundamental structure of
matter. In circular accelerators, the collision energy of particles is proportional to the bending magnetic field
and the radius of the machine. As a consequence, circular accelerators such as the Large Hadron Collider at
CERN have traditionally relied on high-field magnets made of low-temperature superconductors, confining
the particle beams within a complex of acceptable dimensions. This class of superconductors shows a practi-
cal limit in the achievable magnetic field in the magnet aperture of about 8 T for a Nb — Ti alloy, and 16 T for
a Nb3Sn compound. Overcoming these limits requires the use of high-temperature superconductors (HTS) in
accelerator magnets, in particular rare-earth barium copper oxide (ReBCO) tapes.

With respect to the low-temperature counterpart, accelerator magnets based on ReBCO tapes are known to
behave differently in terms of magnetic field quality and protection from quench events. The tapes are
equivalent to wide and anisotropic mono-filaments, resulting in screening currents detrimentally affect-
ing the magnetic field quality, in particular at low currents. At the same time, quenches are less likely
to occur due to the enhanced thermal stability of the tapes, but are more difficult to detect and mitigate.
Moreover, the dynamic behavior of accelerator magnets is also affected by the surrounding circuitry which
must be taken into account, leading to multiphysics, multirate and multiscale problems. Numerical meth-
ods play a crucial role for overcoming the challenges related to magnetic field quality and quench protec-
tion.

In this work, the magnetothermal dynamics in high-temperature superconducting magnets is modeled by
means of an eddy-current problem in the time domain. A mixed field formulation is developed to cope
with the nonlinear resistivity law of superconducting materials. The formulation is complemented with dis-
tribution functions for the coupling of external voltage and/or current source quantities. Further simplifi-
cations are discussed in case of tapes with high aspect ratio, and multifilamentary conductors. Moreover,
a field-circuit coupling interface is derived as an optimized Schwarz transmission condition, such that the
formulation can be used in field-circuit coupled problems by means of co-simulation methods. The imple-
mentation of the formulation in the finite element method is verified against analytical and reference solu-
tions available in literature, and validated against measurements on the HTS-based dipole magnet Feather-
M2.

As a case-study, the formulation is applied to proof-of-concept ReBCO screens for the passive field-error can-
cellation in accelerator magnets. The proposed design is called HALO (harmonics-absorbing layered object)
as it is made of stacks of tapes arranged in layers which are fully scalable and expandable. The screens are po-
sitioned such that their persistent magnetization shapes the magnetic field in the magnet aperture, canceling
the undesired field imperfections. Experimental measurements at 77 K in liquid nitrogen show a significant
reduction of the field error, up to a factor of four. Moreover, numerical extrapolation for accelerator-like con-
ditions shows that a careful design of the superconducting screens allows matching the typical field quality
requirements for accelerator magnets.
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1 Introduction

Particle colliders for high-energy physics are powerful tools for investigating the fundamental structure as well
as the governing forces of matter. In circular accelerators, beams of charged particles traveling in opposite
directions are accelerated by means of alternating electric fields generated within radio-frequency cavities.
Lorentz forces act on the particles such that the beams are kept on a circular trajectory. Dipole and quadrupole
magnets located all around the ring provide the steering force and the focusing effect, keeping the particles on
the intended trajectory and preventing the beams from diverging. Once the particles reach the desired energy,
they are made to collide at designated interaction points, where collisions are transformed into showers of
particles which are subsequently studied in particle detectors. The energy of particles W}, and the consequent
collision energy scales directly with the radius of the accelerator ring 7 and the bending dipole magnetic field
B, that is, W, o< r:B. Although a higher energy can be reached by increasing the radius of particle colliders,
this may lead to unpractical dimensions. Therefore, it is necessary to use magnetic fields as high as possible,
for which superconductivity is needed [1].

To date, the European Organization for Nuclear Research (CERN) operates near Geneva, Switzerland, the
largest and most powerful circular accelerator in the world, the Large Hadron Collider (LHC) [3] which is
shown in Figure 1.1. The LHC is located in a complex of tunnels about 100 m underground, featuring a ring
of 27 km which is composed of eight arcs linked by straight sections, and organized in octants. Four interac-
tion points host the main detectors ALICE [4], ATLAS [5], CMS [6] and LHCb [7], optimized for tracking the
particle showers from collisions. The LHC consists of over 1500 main dipole and quadrupole superconducting
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Figure 1.1. The Large Hadron Collider. (@) Schematic representation highlighting the octants and the interaction
points. (b) Photograph taken in the tunnel of the LHC. Figures taken from [2], © CERN.
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Figure 1.2. LHC main bending dipole magnet. (a) Cross section of the magnet, highlighting the main components.
(b) Photograph of a cut-away demonstration model. Figures taken from [2], © CERN.

magnets, operated at the cryogenic temperature of 1.9 K. Liquid helium in superfluid state [8] is used as a
coolant, since it is a very effective thermal stabilizer. Thanks to the lack of electrical resistance, superconduct-
ing coils can withstand high densities of current, making it possible to implement compact designs reaching
much higher magnetic fields than the typical 1.5 T in traditional iron-cored, copper-coil magnets. The 15-m-
long dipole magnets used for bending the particle beams produce a nominal magnetic field of 8.33 T when op-
erated at a current corresponding to the intended maximum collision energy of 14 TeV. Figure 1.2 shows the
cross section of an LHC main bending dipole magnet and the surrounding structure with the principal compo-
nents. The twin-aperture design comprises two ultra-high vacuum beam pipes and dipole coils embedded in
the same iron yoke, mechanical structure, and cryostat. Within each LHC octant, the magnets are electrically
connected in series, composing a circuit which spans over 7km length within 3.5 km of tunnel and includes
for example power converters and energy-extraction resistors, warm and cold busbars, current leads, bypass
diodes, and diagnostic systems. The total energy stored in a superconducting circuit is equal to the sum of
energies stored in the magnetic field of each magnet, and can exceed 1 GJ. If released in an uncontrolled way,
this stored energy can lead to irreversible damage. Therefore, dedicated circuit and magnet protection sys-
tems must be put in place. The analysis of circuits containing superconducting magnets and their protection
systems is crucial to ensure smooth operations in particle accelerators.

The energy of particles W}, is of paramount importance because it determines which particles are created
during collisions, and may be consequently discovered. The successor of the LHC, named the Future Circular
Collider (FCC) [9] is already under study, a 80 km long accelerator using 16 T dipole magnets, aiming in the
next decades at proton-proton collision energies of 100 TeV.

1.1 Superconductivity for Magnets

This section introduces basic concepts of superconductivity which are relevant for applications; for an in-depth
discussion see for example [10]. The phenomenon of superconductivity was firstly observed in 1911 [11]
as the complete vanishing of the electrical resistance in certain materials, occurring below a certain critical




temperature 7,. Superconducting materials are classified into the type-I and type-II superconductors, de-
pending on their behavior with respect to an externally applied magnetic field. Type-I superconductors are
typically chemical elements such as mercury, lead, and aluminum, and while entering the superconducting
state, they generate electric currents which expel the magnetic field. This phenomenon is known as the
Meissner-Ochsenfeld effect [12], and it can occur only for magnetic fields below a critical field B, above
which the superconductivity is lost.

Type-II superconductors include alloys and compounds such as niobium titanium (Nb-Ti), niobium tin (Nb3Sn)
and rare-earth barium copper oxides (ReBCO). These materials feature both a first critical field B, and an
upper critical field Bqy. As By is typically orders of magnitude higher than B, type-II superconductors are
suitable for practical applications. Below Bc, the behavior of type-I and type-II superconductors is identical.
Once B, is exceeded, the magnetic field penetrates in the material through Abrikosov vortices [13], each
carrying a flux quantum which is surrounded by screening currents. The result is a mixed state where the
normal conducting center of the vortices is surrounded by material in superconducting state. Depending on
the material and its micro-structure, some or all of the vortices are located on micro-structural defects in
the material, resulting in a behavior known as flux pinning [1]. When a current is applied to the material,
and a magnetic field transverse to the direction of the current is present, then the vortices are exposed to
Lorentz forces. However, it is energetically favorable for the vortices located on micro-structural defects to
remain there, and the equivalent force holding the vortices in place (either directly for vortices located on
pinning sites or indirectly through mutual repulsion for unpinned vortices) is known as the pinning force. If
the Lorentz force exceeds the pinning force, the vortices start to move and dissipate energy, and the property
of zero resistance is lost. The critical current density J. is the current density at which the pinning force
and Lorentz force are equal in magnitude and opposite in direction. A superconducting material may con-
veniently be described with the parameters 7T, B, and J.. These three parameters span a critical surface
f(Te, Be2, Jo.) = 0 which defines limits for temperature, magnetic field and current density below which a
material is in the superconducting state. The critical surfaces of the Nb-Ti, NbsSn and ReBCO materials are
shown in Figure 1.3a and 1.3b [14]. In addition, other parameters influence these three parameters as well,
for example magnetic field orientation, strain and radiation load.

Type-II superconductors are traditionally subclassified into low-temperature superconductors (LTS) and high-
temperature superconductors (HTS), depending whether 7. exceeds the boiling temperature of liquid nitro-
gen at 77K. The difference between the operational temperature of superconductors and 7; determines a
enthalpy margin which is beneficial against thermal perturbations. The most commonly used *workhorse’
is the type-II superconductor Nb-Ti. This material is ductile and can be manufactured in multifilamentary
twisted wires, referred at as strands in the following, of length up to several kilometers. In the LHC, the
main bending dipole magnets are wound using a fully-transposed cable, known as Rutherford cable, which is
composed of Nb-Ti strands. The critical surface of Nb-Ti limits the magnetic field for practical applications to
about 9T [1]. Therefore, to exceed this field in the next generation accelerators the use of Nb3Sn is foreseen.
However, this material is brittle, complicating the manufacturing of superconducting coils. The filaments
of Nb and Sn are initially separated in the coil, forming the compound only after several days of reaction at
relatively high temperatures, up to over 900 K, in a technological process called wind-and-react, see for exam-
ple [15]. After the heat treatment, the coil is usually impregnated using an epoxy resin to protect the brittle
superconductor. In the context of FCC, the main bending dipole magnets are expected to be constructed with
NbsSn, with an intended magnetic field up to 16 T [9].




(@) Nb-Ti and NbsSn materials. (b) ReBCO material.

Figure 1.3. Comparison of the critical surfaces of Nb-Ti and Nb3Sn, and ReBCO materials.

1.2 High-Temperature Superconductors

To date, a possibility for exceeding the magnetic field limits posed by Nb3Sn is given by high-temperature
superconducting (HTS) materials. As an example, YBCO compounds which were discovered in 1986 have an
estimated upper critical field of 140 T [16] and a critical temperature of 93K (See Figure 1.3). Consequently,
HTS materials can potentially be used in superconducting magnets for boosting magnetic fields beyond 20
T [17], and with enthalpy margins one order of magnitude above traditional LTS materials. As a consequence,
and in view of possible future accelerator projects including FCC, the use of high-temperature superconduc-
tors in accelerator-type dipole magnets is under exploration; see [18] for an overview. A significant milestone
was recently achieved within the EuCARD-2 [19] and ARIES [20] projects, which led to the construction of
the HTS accelerator dipole insert-magnet Feather-M2.1-2 [21, 22]. This demonstrator magnet is designed to
operate inside the aperture of the Nb;Sn FRESCA2 dipole magnet [23, 24], producing a peak field of 5T at
a nominal current of 10kA, in a background field of 13 T.

At present, two main HTS conductors are available and sufficiently mature for applications in demonstration
magnets [18]. The first is based on the Bi-2212 compound which belongs to the family of bismuth strontium
calcium copper oxides (BSCCO) [25, 26], and it is manufactured in the shape of a strand. The second
belongs to the family of rare-earth barium copper 