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Abstract

Short-period high-field undulators are essential components for the production of brilliant
coherent light up to X-rays in compact light sources, e.g. synchrotrons or free-electron
lasers (FELs). The compactness should come with a small footprint and thus lower costs,
having to operate at lower energies. On the other side of the energy spectrum, future lep-
ton colliders like CLIC or FCC-ee demand high-field damping wigglers for the production
of low-emittance beams in order to increase the collision luminosity. The requirement of
high magnetic fields for such insertion devices (IDs) already stimulated further develop-
ment from permanent magnet wigglers and undulators to superconducting IDs. Here, the
state-of-the-art technology Nb-Ti already reached its performance limits and is commonly
operated at 4.2K or lower, making its operation and cooling complex and expensive. There-
fore, the above-described accelerators may benefit from the application of high-temperature
superconductors (HTS), like ReBCO (rare-earth barium copper oxide): On the one hand,
HTS makes magnetic field amplitudes in the range of 2T or higher feasible for short undu-
lator periods of 15mm or smaller with magnetic gaps of 6mm at 4.2K or lower; this may
also scale up to longer wiggler periods like 50mm. On the other hand, larger temperature
margins will make operations at higher temperatures like 20K or higher achievable, which
may relax cryogenic requirements and thus reduce costs.

Within the scope of this thesis, the application of ReBCO in the form of coated super-
conducting tape to superconducting undulators for compact FELs was investigated for the
three most common coil geometries (vertical and horizontal racetracks as well as a helical
undulator). The parameter space in terms of the undulator period length λu, the magnetic
flux density amplitude, and the magnetic gap was studied by means of electro-magnetic
calculations. This revealed an operation range of λu ≤ 20mm, where the application
of ReBCO may be significantly superior to the current Nb-Ti technology. Consequently,
modular coil models for all three geometries were designed with a λu of 13mm and studied
for their electro-magnetic performance and mechanical durability. To deal with the high
engineering current densities of 2 kA/mm2 or more, a non-insulated (NI) winding approach
was chosen. Subsequently, this thesis presents the technical design of a vertical racetrack
(VR) coil and the very first design of a helical undulator wound with HTS tape, to the
author’s knowledge.
Important characteristics of coated ReBCO superconducting tapes for coil manufacturing
were analyzed by bending and heating experiments as well as critical current measurements
in self-field and external field at 77K. Furthermore, winding and splicing techniques were
developed for coil manufacturing. Three VR prototype coils were manufactured and pow-
ered successfully at 77K in liquid nitrogen, proving the feasibility and stability of the NI
coil design, by operations with up to 300% of the critical current. Powering tests of two VR
coils at 4.2K showed safe operations at high engineering current densities of 2.3 kA/mm2

and generated magnetic fields of up to 1.5T at 3.5mm distance from the magnetic iron
poles. The stability of the tested VR coils was once more demonstrated by operations
beyond 3.6 kA/mm2 with produced magnetic fields in the region of 2T. Furthermore, the
very first HTS helical undulator demonstrator was manufactured as a five-period short
model wound with ReBCO superconducting tape. The first powering tests at 77K suc-
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cessfully proved the principle of this extremely compact and high-field undulator design.
In summary, the potential of HTS for superconducting undulators has been demonstrated
successfully as well as the feasibility to build and operate such designs with modular coils.



Kurzfassung (Abstract in German)

Kurzperiodische Undulatoren mit hohen Magnetfeldamplituden sind wesentliche Kom-
ponenten für die Erzeugung von brillantem kohärentem Licht mit Wellenlängen bis in
den Röntgenbereich in kompakten Lichtquellen, wie beispielsweise in Synchrotrons oder
Freie-Elektronen-Lasern (FELs). Die Kompaktheit sollte mit einer kleinen Stellfläche und
damit relativ niedrigen Betriebsenergien einhergehen; beides hat geringere Investitions- und
Betriebskosten zur Konsequenz. Auf der anderen Seite des Energiespektrums benötigen
künftige Leptonen-Collider wie CLIC oder FCC-ee Dämpfungswiggler mit hohen Mag-
netfeldamplituden für die Erzeugung von Strahlen mit geringer Emittanz, um die Kol-
lisionsluminosität zu erhöhen. Der Bedarf an hohen Magnetfeldern für solche Insertion
Devices (IDs) hat bereits die Weiterentwicklung von Wigglern und Undulatoren basierend
auf Permanentmagneten zu supraleitenden IDs angeregt. Hier stößt der Stand der Technik
Nb-Ti schon an seine Leistungsgrenzen und wird üblicherweise bei 4.2K oder darunter
betrieben, was Betrieb und Kühlung komplex und teuer macht. Daher könnten die oben
beschriebenen Beschleuniger von der Verwendung von Hochtemperatursupraleitern (HTS)
wie ReBCO (Seltene Erden mit Barium-Kupferoxid) profitieren: Einerseits ermöglichen
HTS Magnetfeldamplituden im Bereich von 2T oder höher für kurze Undulatorperioden
von 15mm oder kleiner mit Magnetspalten von 6mm bei 4.2K oder niedriger; dies kann
auch auf längere Wigglerperioden, wie z.B. 50mm, skaliert werden. Andererseits wird
durch größere Temperaturspannen der Betrieb bei höheren Temperaturen wie 20K oder
höher möglich, was die kryogenen Anforderungen lockern und somit die Kosten senken
kann.

Im Rahmen dieser Dissertation wurde die Anwendung von ReBCO in Form von be-
schichteten bandförmigen Supraleitern für den Bau von supraleitenden Undulatoren für
kompakte FELs für die drei gängigsten Spulengeometrien (vertikale und horizontale Renn-
bahnen, sowie ein helischer Undulator) untersucht. Der Parameterraum wurde in Bezug
auf die Undulatorperiodenlänge λu, die Amplitude der magnetischen Flussdichte und den
Undulatorspalt mittels elektromagnetischen Berechnungen untersucht. Dabei ergab sich
ein Betriebsbereich von λu ≤ 20mm, in welchem die Anwendung von ReBCO der derzei-
tigen Nb-Ti-Technologie signifikant überlegen sein kann. Infolgedessen wurden modulare
Spulenmodelle für alle drei Geometrien mit einem λu von 13mm entworfen und ihre elek-
tromagnetische Leistung sowie mechanische Strapazierfähigkeit untersucht. Um die hohen
technischen Stromdichten von 2 kA/mm2 oder mehr zu handhaben, wurde der Ansatz
einer nicht isolierten (NI) Wicklung gewählt. In der Folge wird in dieser Dissertation das
technische Design einer vertikalen Rennbahn-(VR-)spule und das nach Wissensstand des
Autors allererste Design eines mit HTS Band gewickelten helischen Undulators präsentiert.
Wichtige Eigenschaften von beschichteten ReBCO-Supraleiterbänder für die Spulenherstel-
lung wurden durch Biege- und Heizexperimente sowie Messungen von kritischen Strömen
in Eigenfeldern und externen Feldern bei 77K analysiert. Darüber hinaus wurden Wickel-
und Verbindungstechniken für die Spulenherstellung entwickelt. Drei VR-Prototypspulen
wurden gefertigt und erfolgreich bei 77K in Flüssigstickstoff bestromt, wobei die Mach-
barkeit und Stabilität des NI-Spulendesigns durch den Betrieb mit bis zu 300% des kriti-
schen Stroms nachgewiesen wurde. Bestromungstests von zwei VR-Spulen bei 4.2K zeigten
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einen sicheren Betrieb bei hohen technischen Stromdichten von 2.3 kA/mm2 und erzeugten
Magnetfelder von bis zu 1.5T in 3.5mm Distanz zu den magnetischen Eisenpolen. Die Sta-
bilität der getesteten VR-Spulen wurde nochmals durch den Betrieb bei und jenseits von
3.6 kA/mm2 mit erzeugten Magnetfeldern im Bereich von 2T aufgezeigt. Darüber hinaus
wurde der allererste helische HTS Undulator-Demonstrator basierend auf Wicklungen mit
beschichteten ReBCO-Supraleiterbändern in Form eines Kurzmodells mit fünf Perioden
gefertigt. Die ersten Bestromungstests bei 77K haben das Prinzip und die Machbarkeit
dieses extrem kompakten und hochfeldfähigen Undulators erfolgreich bewiesen.
Zusammenfassend wurde das Potential von HTS für supraleitende Undulatoren erfolgreich
demonstriert, ebenso wie die Machbarkeit, solche Designs mit modularen Spulen zu bauen
und zu betreiben.
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1. Introduction

Over the last decades, the application of synchrotron light has become more and more valu-
able not only in various natural sciences like physics, chemistry, and biology, but also in
the fields of archaeological science, paleontology, and cultural heritage [1, 2, 3, 4]. New sci-
entific approaches are possible in order to study matter, chemical reactions, and biological
processes due to the X-rays’ high time and spatial resolution. Additionally, non-destructive
and non-invasive processes are a great help to examine fragile items of a wide range like
microscopic paint fragments, fossils, historical musical instruments, or ceramics [5]. All
thanks to synchrotron radiation and its diverse use such as infrared spectroscopy, X-ray
absorbance spectroscopy, X-ray diffraction, X-ray fluorescence, or X-ray computed tomo-
graphy. There is a high worldwide demand for synchrotron light, especially in the hard
X-ray spectrum with photon wavelengths below 1 nm, as a consequence of its multipurpose.
However, synchrotron light sources like a free-electron laser (FEL) are complex and thus
expensive machines with a rather large footprint, which only major accelerator labora-
tories are capable of realizing. As the demand further grows, this current well-defined
spread around the globe needs to be changed. One approach was made by the so-called
CompactLight design study (XLS), which the European Union funded as an international
collaboration with the goal “to facilitate the widespread development of X-ray FEL facili-
ties across Europe and beyond, by making them more affordable to construct and operate,
through an optimum combination of emerging and innovative accelerator technologies.” [6].
While compactness is truly a desirable goal, more compact designs commonly imply lower
energy particle beams and consequently lead to a crucial need for high-field short-period
undulators for keeping the light production up to X-rays. However, the state-of-the-art
superconducting undulator technology has reached its performance limits and cannot pro-
vide magnetic flux density amplitudes in the range of 2T for short periods smaller than
15mm. Consequently, new solutions must be found to realize this challenging goal.

One promising approach was investigated in the scope of this thesis, namely the ap-
plication of high-temperature superconductors (HTS), such as ReBCO to superconducting
undulators. Rare-earth barium copper oxide (ReBCO) makes magnetic flux density am-
plitudes in the range of 2T or higher feasible for short undulator periods at 4.2K and can
make operations at higher temperatures such as 20K or higher achievable, which may relax
cryogenic requirements, and thus reduce costs. Additionally, it is commercially available
as coated superconducting tapes, ready for use, unlike other superconductors, e.g. Nb3Sn.
The designs of the three most common undulator coil geometries (vertical and horizontal
racetracks as well as a helical undulator) were investigated, followed by the manufactur-
ing of 13mm period coils and a helical undulator demonstrator with a non-insulated (NI)
winding approach to ensure safe operations for high engineering current densities in the
order of 2 kA/mm2. The outcome of this thesis hence includes the technical design of a
vertical racetrack (VR) coil and the very first design to the author’s knowledge of a helical
undulator wound with HTS tape. The VR coils were powered successfully at 77K and
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2 1. Introduction

Figure 1.1.: Different synchrotron light
sources and their photon
characteristics [6]. The top
group represents FELs (solid
lines), and the bottom group
synchrotrons (dashed lines).

4.2K, proving the feasibility, safety, and stability of the NI coil design, by impressive op-
erations beyond the critical current. Further, safe operations at 4.2K generated magnetic
fields up to the region of 2T. Therefore, the potential of HTS, more specifically ReBCO,
for superconducting undulators has been demonstrated successfully as well as the feasibil-
ity to build and operate such no-insulation designs safely with modular coils.
The research work was carried out at the European Organization for Nuclear Research
(CERN, former “Conseil européen pour la recherche nucléaire”) as well as at the Karls-
ruhe Institute of Technology (KIT). Additionally, the work of this thesis and its achieve-
ments were performed in the frameworks of CompactLight, CLIC, and FCC-ee, providing a
valuable contribution to the research communities by investigating short-period high-field
undulators and their implementation.

1.1. Insertion devices for synchrotron light sources and
future lepton colliders: undulators and wigglers

After Alfred-Marie Liénard first predicted in 1898 that charged particles emit radiation
when being accelerated, an electron beam’s first optical synchrotron radiation was seen
in 1947 at a General Electric research laboratory’s synchrotron [7, 8]. The production of
synchrotron radiation and its brilliance has been further studied and optimized over the
last century, which enabled the exploitation of the entire available spectrum from hard
X-rays down to the infrared for diverse applications as stated in the introduction above.
The photon’s peak brilliance of synchrotron radiation facilities for short wavelengths to the
present day is presented in Figure 1.1 with the addition of the projected CompactLight
parameters. Modern synchrotron radiation sources utilize so-called insertion devices (IDs)
for radiation production, implemented in straight sections of the accelerator, which are
called insertions. A common characteristic of IDs is a magnet structure that generates an
alternating magnetic field, i.e. multiple dipoles in series. Incoming accelerated charged
particles are therefore forced by the Lorentz force onto an undulating trajectory. However,
these structures must be invisible along their length for the beam, meaning a field integral
equal to zero, not introducing a total beam deflection or offset that might harm the beam’s
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Figure 1.2.: The functional principle of a plane undulator and its radiation cones. The
path of a charged particle, e.g. an electron e, with the energy γ is given by the
vector R⃗. Graphic modified from [9].

stability. Undulators are a kind of such alternating magnets which fulfill this criterion.
Their working principle is introduced in more detail in the following chapter’s section 2.2.
Magnetic field calculation methods for undulators are presented in multiple sections of
chapter 2.
The plane undulator is illustrated in Figure 1.2 with its important parameters:

• the undulator period length λu, defining the length of a single undulator period,

• the magnetic gap g, defining the distance between the dipoles,

• the magnetic field B with oscillating amplitude B0,

• the maximum angle regarding the z-axis Ψ0, and

• the particles’ energy γ.

Further parameters of interest are the number of periods Nu which defines the undulator
length LID = Nuλu.

As the particle beam is deflected transversely in undulators, a possible interference of the
radiated photons may result in a higher photon brilliance as compared to bending magnets,
where the particle beam’s trajectory is curved, which can be seen in a line spectrum with
sharp peaks. Therefore, to accomplish the next generation of highly brilliant but also
compact light sources, undulator magnets are essential components for the production
of coherent light, especially up to hard X-rays in synchrotrons and free-electron lasers
[10]. As described simultaneously with the above-introduced CompactLight project, the
compactness should come with a small footprint and thus lower costs, having to operate
at lower energies, which makes short-period and high-field undulators of high interest for
such machines.
In Figure 1.1 the difference in brilliance between synchrotrons as storage rings and FELs
can be well seen by about five orders of magnitude. The brilliance B, also known as spectral
brightness, is described for a given wavelength as the number of emitted photons Nphotons

per second, per unit area, and per unit solid angle of the source, and per photon energy
bandwidth which gives the respective units as [10, 11]

[Brilliance] = [B] =
Nphotons

s ·mm2 ·mrad2 · (0.1%BW)
. (1.1)



4 1. Introduction

Figure 1.1 also shows how the characteristic spectrum from synchrotrons drops rapidly after
it has reached a certain critical energy, characterized by the critical frequency ωc ∝ B0γ

2,
with the magnetic field amplitude B0 and the beam energy γ.
Therefore, the emitted photon energy can directly be influenced via the beam energy
and the applied magnetic field, thus tuning the undulator range. Higher beam energies in
storage rings are only possible by means of stronger bending magnets or a larger radius and
stronger radio frequency (RF) cavities for particle acceleration. Yet, the energy is somewhat
limited by the overall synchrotron radiation power loss Psync ∝ γ4/ρ2, which is given here
for a storage ring’s bending magnet with radius ρ. Many undulator harmonics are used
for radiation production, in which the intensity drops with the underlying synchrotron
radiation spectrum with its critical frequency. In FELs, in contrast, commonly only the
fundamental wavelength of the undulator is used and tuning uses both, beam energy and
undulator tuning. Therefore, the critical frequency is not really an issue. The radiation
losses are not a limiting factor in FELs, however, the beam energy obviously determines
the saturation power. Anyway, high beam energies in FELs as in every linear accelerator
imply high acceleration gradients and/or long structures. Consequently, large-footprint
accelerators are required, scaling linearly with energy.
Briefly summarized, all endeavors to increase the beam energy would imply significantly
higher costs and complex reorganization. Consequently, creating higher magnetic fields
by the use of the alternating fields of undulators or wigglers is the more beneficial and
economic solution, e.g. when aiming for the production of hard X-rays.
In the following the wavelength of the radiated synchrotron light from an undulator λγ is
anticipated, having multiple harmonics numbered by k, as further explained in detail in
the next chapter 2. However, the harmonic condition cannot be met for even integers k.

λγ =
λu

2kγ2

(
1 +

K2

2

)
. (1.2)

Here, the undulator strength parameter K is defined with the undulator period λu, the
undulator magnetic field amplitude B0, the speed of light c, and the electron charge and
rest mass e and me,0 as

K =
eλuB0

2πme,0c
≈ 93.37 ·B0

∣∣∣∣
in T

· λu

∣∣∣∣
in m

, (1.3)

and therefore defines the motion of the particles in the magnet.
The aimed region for the XLS design study is displayed as an example of a compact
synchrotron radiation facility with relatively low beam energies in Figure 1.3. Here, a
contour plot displays the achievable peak brilliance as a function of λu and K at 5.5GeV
within the boundaries of the desired photon wavelength range. A high peak brilliance
favors high K values, however, then requires short periods. Consequently, high magnetic
flux densities are actually needed. In this given scenario, values of K ∈ [0.5, 2.5] are
necessary to produce the desired hard X-rays with high brilliance. For a given period, on
the other hand, the K range is always determined by the boundaries of the desired photon
energy range.

Within the scope of this thesis, the term “undulator” will cover magnets with K ≤ 4. Here,
K ≤ 1 defines weak undulators with a rather weak deflection and K > 1 defines strong
undulators, which are more commonly utilized. A magnet with a K ≫ 1 represents the
limit case of the strong undulator and is called a wiggler. The brilliance spectra of different
insertion devices are displayed in Figure 1.4. Undulators with sharp harmonics are easy
to distinguish from wiggler and bending magnets, having a continuous spectrum with the
critical photon frequency at the top.



1.1. Insertion devices for synchrotron light sources and future lepton colliders:
undulators and wigglers 5

Figure 1.3.: Aimed peak brilliance of the
XLS project and emitted pho-
ton wavelength λγ at an en-
ergy of 5.5GeV. Adapted
from [12].

Figure 1.4.: Sketched brilliances of different inser-
tion devices [13].

Figure 1.5.: The functional principle
of radiation damping.

As discussed, brilliance is an important figure of merit when comparing synchrotron light
sources. Likewise, alternating magnetic fields are critical for the particle beams of even
larger machines. The next generation of high-energy particle accelerators, i.e. future lep-
ton colliders like CLIC or FCC-ee, demand high-field damping wigglers for the production
of low-emittance beams in order to reduce the collision cross-section. However, the design
of an optimized undulator magnet for a particular synchrotron radiation production may
differ from a wiggler, as seen above.
Figure 1.5 shows the principle of radiation damping in storage rings’ wigglers, where pho-
tons are emitted by a relativistic charged particle, e.g. an electron, due to a magnetic field
deflection. Before the deflection, the particle has a momentum p⃗0. Due to the emitted
synchrotron radiation, the momentum decreases by ∆p⃗γ . Accelerating structures, like RF
cavities, re-accelerate the particle in the storage ring within each turn in the desired di-
rection, thus increasing the momentum parallel to the beam trajectory ∆p⃗RF. Before and
after this process, the absolute momenta p⃗0 and p⃗1 are of the same value, but consist of
different components. After the radiation damping, p⃗1 has a larger momentum in beam
trajectory direction, here p⃗∥, which results in a smaller beam emittance.

Summarized, undulators mainly serve as radiation sources in synchrotrons and FELs,
whereas wigglers are commonly used for damping oscillating particle bunches in colliders
reducing the beam emittance, and thus the beam size. Yet, wigglers are likewise employed
in light sources for the production of intense hard radiation, i.e. with energies well above
the critical energy of the bending magnets, and favor shorter period lengths for increasing
the number of poles and thereby the photon flux. All scenarios have a particular interest
in using high-field insertion devices, which makes the undulator magnets investigated in
this thesis equally relevant for both, the particle accelerator and the synchrotron radiation
community.
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Permanent magnet, normal- and superconducting undulators

Since a charged particle beam passed through an undulator for the first time in 1952 at the
Stanford linear accelerator (SLAC) [14], undulators became a constant in the production of
synchrotron radiation and wigglers for damping the beam size. Permanent magnets were
used for this very first undulator magnet supported by soft iron poles to guide the mag-
netic flux. Interestingly, normal- and superconducting undulators were developed almost
simultaneously, with the first superconducting helical undulator magnet installed in 1975
at Stanford University and operated in the first FEL [15]. This was shortly followed by the
installation of a normal conducting planar electromagnet in 1979 at SPEAR [16]. In 1980,
the first superconducting undulator magnet was installed in a synchrotron: the VEPP-
3 storage ring at the Budker Institute of Nuclear Physics. However, permanent magnet
undulators (PMUs) were so successful that it was not until the late 1990s at KIT that
superconducting undulators were again further developed and optimized [17]. Still, the
vast majority of undulators and wigglers today are built with permanent magnets as they
are low-maintenance devices thanks to being able to operate at room temperature. Normal
conducting electromagnetic undulators are an absolute exception and not competitive. The
development from permanent magnet wigglers and undulators to superconducting IDs was
mainly stimulated by the requirement of high magnetic field amplitudes.
Nowadays, the achievement of higher magnetic flux densities on the beam axis resulted
in an improvement of the emitted photon brilliance of high energy x-rays, which made
Nb-Ti the state-of-the-art technology in superconducting IDs. Synchrotron light sources
like the Karlsruhe Research Accelerator (KARA) at KIT and the Advanced Photon Light
Source (APS) at Argonne National Laboratory (ANL) are only two successful examples
where optimized Nb-Ti planar undulators currently operate reliably with high performance
[18, 19, 20], whereas helical Nb-Ti undulators were further investigated e.g. at the STFC
Daresbury Laboratory and at ANL [21, 22]. The German Electron Synchrotron (DESY)
operates permanent magnet wigglers in Petra III to reduce the beam emittance, while a
superconducting damping wiggler prototype for CLIC was successfully tested in operation
at KARA, KIT [23]. The performance of Nb-Ti is maxed out with the CLIC wiggler’s
parameters of B0 = 3T, λu = 50mm, and a 12mm magnetic gap. Having reached its
performance limits and being commonly operated at 4.2K or lower, Nb-Ti makes its op-
eration and cooling relatively complex and expensive.
Consequently, when aiming for still higher fields or equally high fields at smaller periods
other materials have to be explored. The same applies when a more sustainable and cheaper
operation is desired, without conceding degradation in the performance. One group of ma-
terials might be high-temperature superconductors (HTS), which are introduced in detail
in the next chapter’s section 2.3. Another could be the superconductors Nb3Sn or MgB2,
which have to undergo several complex production treatments after winding to become su-
perconducting. Nevertheless, a 50 cm long prototype wound with Nb3Sn wire was studied
at ANL as well as a 25 cm long prototype wound from MgB2 wire at the Ohio State Uni-
versity [24, 25]. Compared to Nb3Sn and MgB2, the ready-to-use HTS wires, commonly
produced as tapes, may make their application to the major geometries for undulators
easier, as displayed in Figure 1.6. An HTS version of the CLIC damping wiggler was in-
vestigated as an example and might be able to deliver around 4T peak fields according to
calculations [26].



1.1. Insertion devices for synchrotron light sources and future lepton colliders:
undulators and wigglers 7

Figure 1.6.: Models of different undulator and wiggler geometries, wound from tape-shaped
conductors and investigated within the scope of this thesis. (a) vertical race-
track (VR) coils, (b) horizontal racetrack (HR) coils, (c) a helical undulator
coil.

Experimental applications of HTS as tape-shaped superconductor wire to superconduct-
ing undulators started around 2012 with an insulated vertical racetrack (VR) approach
[27]. The first proof of principle for non-insulated and partially insulated VR windings
with a jointless HTS tape winding scheme for λu ≥ 16mm was demonstrated in 2017
with achieved engineering current densities Je of 2.1 kA/mm2 at 4.2K [28]. This was 40%
higher compared to similar Nb-Ti devices. Also in 2017, a compact undulator concept
was presented based on laser-structured HTS tapes, first as non-insulated winding, later
in 2021 as soldered tape stack [29, 30]. This design achieved Je around 2.2 kA/mm2 with
B0 of around 1T for λu = 8mm in a 4mm magnetic gap. Further recent approaches of
applying HTS to undulators featured bulk staggered arrays [31, 32]. As this material is
rather difficult to purchase, stacked HTS tapes may be also an option here.
However, the achievement of high current densities brings not only advantages, like higher
peak fields. The high currents make quench protection a major concern in these operating
regions besides the new challenges for the winding procedures that need to be tackled due
to the superconductor’s tape geometry. As quench protection for HTS magnets has not
been fully mastered, yet, the above-mentioned undulator studies based on HTS tape had
to carefully power their devices well below the critical current.
Within this thesis, a non-insulated dry-wound approach is studied to prevent hotspots and
thus quenches. Compared to other designs, the superconductor is always supported by
enough normal conducting material, which allows the current to always bypass the super-
conducting path and stabilizes the coil. The here-designed VR coil includes also an iron
core and poles to boost the field and reduce radial forces on the conductor. Furthermore, a
very compact and novel helical design was developed for the application of coated ReBCO
superconducting tapes to undulators.
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1.2. Scope and research question

Within the scope of this thesis, the application of ReBCO in the form of coated supercon-
ducting tape to superconducting undulators for compact FELs is investigated for the three
most common coil geometries (vertical and horizontal racetracks as well as a helical undu-
lator). This should include simulation studies as well as the manufacturing of prototype
coils for experimental studies and therefore poses the following research questions:

• What is the ideal optimized parameter space for the application of ReBCO, thus
where may the application of ReBCO be significantly superior to the current Nb-Ti
technology?

• How can common undulator coil designs be realized with coated ReBCO supercon-
ducting tapes? What are the technical challenges, constraints, and which character-
istics of coated ReBCO tapes are the most critical for coil manufacturing?

• Consequently, what manufacturing techniques and processes need to be developed
when applying coated ReBCO superconducting tapes to undulator coils?

• As ReBCO enables very high current densities above 2 kA/mm2 at 4.2K, how can
such coils be powered and protected? How stable are operations and performances
at different cryogenic temperatures?

In summary, this thesis evaluates the questions of the HTS’ potential for superconducting
undulators as well as the feasibility to build and operate such designed magnets. Pro-
vided that a successful operation is feasible, the question of the real HTS undulator coil
performance will follow up next.

1.3. Outline

The structure of this thesis is organized starting with fundamentals to prepare the basis
for calculations and the magnet design, followed by the presentation of the experimental
results and their discussion. A final conclusion with an overview of the achievements closes
this thesis.

After a general introduction in chapter 1, chapter 2 gives an overview of the theory and
application in FELs of superconducting undulators as well as of the investigated super-
conducting materials, therefore sets up the background of the following work. In chap-
ter 3, a parameter space study is performed within the framework of the EU-funded design
study CompactLight (XLS), comparing low-temperature superconductors to the investi-
gated high-temperature superconductor ReBCO. As a result of further presented electro-
magnetic and mechanical investigations, the designs of a vertical racetrack coil and a helical
undulator are presented.

For proof of principle, VR coils were manufactured and tested at two different operating
temperatures: 77K and 4.2K. Furthermore, the very first HTS helical undulator demon-
strator1 with a short-model length of five periods was wound from ReBCO superconducting
tape and tested at 77K. Preceding experimental studies concerning ReBCO tape super-
conductors and the developed coil manufacturing process are presented and discussed in
chapter 4. This is followed by chapter 5, covering all built coils’ powering test results and
analyses at the two tested cryogenic temperatures.
In the end, the achievements of this thesis are summarized and conclusions are drawn as
well as prospects are given.

1To the author’s knowledge.



2. Fundamentals of superconducting
undulator magnets and FELs

The fundamental principles that find application in this thesis and define its close back-
ground can be found in this chapter. First of all, the magnetic field in undulators is derived
from Maxwell’s equations, followed by a description of implemented methods of the utilized
finite-element software, such as Opera [33], to calculate the field distributions in electro-
magnets. Next, the fundamentals of free-electron lasers are introduced with a focus on
undulator radiation, providing the higher frame of reference of this thesis. This chapter
is completed with an overview of applied superconductivity and superconducting magnets
including important parameters. This directly prepares the basis for the following magnet
design chapter 3.1.

2.1. Field calculation methods for undulators

In the previous chapter, undulators and wigglers were introduced as insertion devices in
synchrotron light sources with an alternating magnetic field. The magnetic field description
of the investigated geometries has to differentiate between planar undulators, such as VR
and HR coils, and helical undulators. Both geometries are essential parts of this thesis and
were designed electro-magnetically as well as measured experimentally in the following
chapters. The following two subsections present derivations and give an introduction to
the calculation methods of such devices, applied in the electro-magnetic design process.
This introduction does not claim complete integrity. Full detailed backgrounds can be
found in the relevant literature [34, 35, 36, 37], which was used as the basis to perform the
following recapitulation.

2.1.1. Analytical field calculation methods

In the following, the magnetic flux density is considered in the undulator’s magnetic gap
g between the magnetic poles, which is assumed to be free of sources. Figure 1.2 already
introduced a planar undulator’s conventional coordinate system with the beam going in
ẑ-direction and the field amplitude in ŷ-direction. Assuming an infinitely long periodic
undulator, this magneto-static derivation starts from two basic Maxwell’s equations, valid
in a vacuum environment:

∇ · B⃗ = 0 , (2.1)

∇× H⃗ = J⃗ , (2.2)

where B⃗ is the magnetic field, or magnetic flux density, H⃗ is the field intensity, and J⃗ is
the current density. Here, B⃗ and J⃗ are integrated over a surface, with [B] = 1Vs/m2 and

9
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[J⃗ ] = 1A/m2. H⃗ is unlike integrated along a line with [H⃗] = 1A/m.
The magnetic field and field intensity in the magnetic aperture are connected via the
vacuum permeability µ0 as

B⃗ = µ0H⃗ , (2.3)

with µ0 = 1.25663706212(19) × 10−6N/A2 ≈ 4π × 10−7H/m as redefined in 2019 [38].
Additionally when in a vacuum, the current density consequently becomes J⃗ = 0. The
total magnetic scalar potential Ψ ([Ψ] = 1A) is then defined for ∇× H⃗ = 0:

H⃗ = −∇Ψ , with ∇× (∇Ψ) = 0 . (2.4)

Next, the Laplace-Equation is created by inserting equations (2.4) and (2.3) into equa-
tion (2.1):

∇ · B⃗ = −∇ · µ0∇Ψ = −µ0∇2Ψ = 0 . (2.5)

The potential along the assumed infinite undulator can be described by a sum over all
separable functions in the 3-dimensional space:

Ψ(x, y, z) =
∞∑
m=1

XmYmZm . (2.6)

With the undulator period λu defining the periodicity via the fundamental wave number
k0 = 2π/λu, the flux along the z-axis can be developed with constants am and bm as:

Zm = am cos(mk0z) + bm sin(mk0z) . (2.7)

This can be inserted into the Laplace-equation (2.5) followed by an execution of ∇2:(
Ym

∂2Xm
∂x2

+ Xm
∂2Ym
∂y2

)
−m2k20XmYm = 0 . (2.8)

The considered undulator is now assumed not only of infinite length but also of infinite
width along the x-axis, defining it as a planar undulator from here on. The x-component
can then be seen as

∂Xm
∂x

= 0 =
dXm
dx

, (2.9)

which reduces equation (2.8) assuming an equal partial to total deviation:

dYm
dy2

= m2k20Ym , (2.10)

for which the known solution exists generally with constants cm and dm as

Ym = cm sinh(mk0y) + dm cosh(mk0y)
sym.
= cm sinh(mk0y) . (2.11)

Here, the symmetric condition (sym.) of the undulator By(y) = By(−y) lets the term with
the hyperbolic cosine disappear. This leads to the solution of equations (2.3) and (2.4) for
each component:

Bx = 0 , (2.12)

By =
∞∑
m=1

(
Am cos(mk0z) +Bm sin(mk0z)

)
· cosh(mk0y) , (2.13)

Bz =
∞∑
m=1

(
−Am sin(mk0z) +Bm cos(mk0z)

)
· sinh(mk0y) , (2.14)
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Figure 2.1.: Ratio of the central Bm and pole Bm,pole field amplitude for several odd har-
monics m, evaluated at y = 0 and y = g/2, respectively

with the constants Am and Bm, to be defined by the boundary conditions. Assuming a
perfect undulator, an odd function is required here, implying that all even harmonics Bm
and skew harmonics Am disappear. For considering only the central field on the center of
the beam axis, y = 0 has to be applied. Consequently, the ratio between Bm and the field
at the pole tip Bm,pole at y = g/2 can be written as

Bm
Bm,pole

=
1

cosh(mπ g
λu
)
. (2.15)

Evaluating equation (2.15) for odd harmonics as seen in Figure 2.1 shows a steep decay
of the ratio already from m ≥ 3, implying a decrease of the magnetic field amplitude
Bm. Additionally, a decrease of Bm can be noticed when increasing the gap, especially for
shorter undulator periods. With the higher harmonics being relatively small, executing the
summation or integrating the field leads to a valid approximation for a planar undulator:

Bx = 0 , (2.16)
By = By,0 sin(k0z) · cosh(k0y) , (2.17)
Bz = Bz,0 cos(k0z) · sinh(k0y) , (2.18)

with the magnetic field amplitude Bv,0 ≡ B1 for v ∈ {x, y}. On the beam axis is y = 0,
which lets Bz vanish and makes By only a function of sine.

When considering now the magnetic field on the beam axis of an ideal helical undu-
lator as displayed in Figure 2.2, fields on both transverse axes, x- and y-axis, are present
with a variable phase difference φ (generally φ = π/2):

Bx = Bx,0 sin(k0z) , (2.19)
By = By,0 sin(k0z + φ) , (2.20)
Bz = 0 . (2.21)

A more detailed matter concerning field derivations and end field descriptions of helical
undulators can be found in the literature [39, 40, 41, 42].

Termination and field integrals As undulators are insertion devices, they must be
transparent for the beam, meaning not introducing a total beam deflection or a displace-
ment in the trajectory that might harm the beam’s stability. Essentially, the beam entrance
must match the beam exit in both vertical and horizontal positions, which also applies to
the beam entrance and exit angles. This is done by setting the first and second field in-
tegrals, FI1 and FI2, equal to zero. Here, FI1 integrates the magnetic flux along the
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Figure 2.2.: Schematic sketches of a single helical (left) and a bifilar helical coil (right)
along the z-axis with pitch p = λu and radius R. The escaping arc ζ describes
the angle between the helical slope and the z-axis. In the case of the bifilar
coil, both helices may also be powered in series (I1 = I2).

undulator length LID, whereas FI2 integrates additionally over the variation in z:

FI1 =

∫ LID

By(z) dz and FI2 =

∫ LID
∫ z

By(z
′) dz′ dz . (2.22)

As Bx = Bz = 0 in the center of the gap, the vertical position and angle are unmodified
and only By must be considered. The first field integral FI1 can be treated by either
a symmetric or an antisymmetric design, which have an odd or even number of poles,
respectively. A common technique to realize the second field integral FI2 is the adding of
extra poles, so-called matching periods, with 1/4By,0 and −3/4By,0 at each end.

2.1.2. Calculation methods for magnetic field amplitudes

Once again, the magnetic flux density is considered in the undulator’s magnetic gap g
between the magnetic poles, which is assumed to be free of sources. Figure 1.2 already
introduced a planar undulator’s conventional coordinate system with the beam going in
ẑ-direction and the field amplitude in ŷ-direction. Here, it will be shown that the planar
undulator can be described as a limit case of calculations done for a helical undulator.
Consequently, a helical undulator electromagnet wound in a bifilar scheme is considered in
the beginning. Both geometries are essential parts of this thesis and are designed electro-
magnetically as well as measured experimentally in the following chapters.
Figure 2.2 displays schematically the shape of a helical and a bifilar helical coil and the
characteristic parameters. Assuming an infinitely long periodic undulator, this magneto-
static derivation starts from two basic Maxwell’s equations, introduced in equations (2.1)
and (2.2). The field of a bifilar helical undulator is defined by the helical geometry of
its conductor. From equation (2.1), the magnetic vector potential A⃗, [A⃗] = Tm, can be
defined as

∇× A⃗ = B⃗ . (2.23)

With equations (2.3) and (2.2) this leads to

∇× A⃗ = µ0H⃗ , (2.24)
1

µ0
∇× (∇× A⃗) = J⃗ . (2.25)

As ∇ × A⃗ = ∇ × (A⃗ + ∇ϕ), where ϕ is a smooth scalar field, the divergence of a curl is
zero, but not unique, and may be treated as gauge invariance. The Coulomb gauge fixes
this by setting ∇ · A⃗ = 0. Here, suitable boundary conditions have to be chosen to show a
unique solution of this problem [36]. With this equation (2.25) becomes

1

µ0

(
−∇2A⃗+∇(∇ · A⃗)

)
= J⃗ , (2.26)

∇2A⃗ = −µ0J⃗ . (2.27)



2.1. Field calculation methods for undulators 13

The vector potential does not permit any current to escape, which makes it source-free and
given for a line current within a closed loop L. With the position vector of the field point
r⃗ on this loop and the position vector of the source point r⃗ ′, the vector potential can be
rewritten as

A⃗(r⃗) =
µ0I

4π

∮ L dr⃗ ′

|r⃗ − r⃗ ′|
. (2.28)

Inserting this finding in equation (2.23) yields the Biot-Savart law:

B⃗(r⃗) =
µ0I

4π

∮ L dr⃗ ′ × (r⃗ − r⃗ ′)

|r⃗ − r⃗ ′|3
, (2.29)

where the acronym s⃗ ≡ r⃗ − r⃗ ′ is often used. The Biot-Savart law is commonly used to
calculate the magnetic field amplitude in electro-magnets besides other methods that are
introduced later. Here, a clear field dependence on the current I can be seen, such that
B ∝ I, which makes conductors with a higher current carrying ability directly interesting
for higher magnetic fields.
First, only one indefinite helix is considered for the determination of a bifilar helical undu-
lator’s magnetic field. Here, the so-called escaping arc ζ of the helix can be found as

ζ = arctan
( p

2π ·R

)
, (2.30)

with the helical pitch p ≡ λu and radius R as presented in Figure 2.2. In the following
ζ > 0 is assumed for a considered helical coil with a finite magnetic field on its central axis.
The helix in a 3-dimensional Cartesian coordinate system can then be described
in ẑ-direction by

x = R · cos(ϕ) , y = R · sin(ϕ) , z = R · ϕ tan(ζ), (2.31)

where z steps up by 2πR tan(ζ) = p for ϕ = 2π. As the on-axis magnetic field is in focus,
points on the z-axis are congruently found as follows:

sx = −R · cos(ϕ) , sy = −R · sin(ϕ) , sz = −Rϕ tan(ζ) + Φ, (2.32)

dr ′
x = −R · sin(ϕ) dϕ , dr ′

y = R · cos(ϕ) dϕ , dr ′
z = R tan(ζ) dϕ. (2.33)

First, the focus is on the Bz-component for R > 0. Applying the Biot-Savart law from
eqation (2.29) with the acronym s⃗ ≡ r⃗ − r⃗ ′ then yields

Bz,0 =
µ0I

4π

∮
(dr⃗ ′ × s⃗)|z

s3
=

µ0I

4π

∮
sydr

′
x − sxdr

′
y

s3
. (2.34)

Now the origin is set to the point where Bz,0 is determined by s = (s2x + s2y + s2z)
1
2 =

R
√

1 + ϕ2 tan2(ζ) and limits are chosen accordingly for the integration with a potential
distance b from the coil’s center and a total number of turns N as

ϕ1 = −Nπ +
b

R tan(ζ)
, (2.35)

ϕ2 = Nπ +
b

R tan(ζ)
. (2.36)

This together with taking the infinite periodic geometry into account, the closed line can
be dropped which forms equation (2.34) further into a shape that can be solved [43]:

Bz,0 =
µ0I

4πR

∫ ϕ2

ϕ1

dϕ[
1 + ϕ2 tan2(ζ)

] 3
2

(2.37)

=
µ0I

4πR tan(ζ)

 πRN tan(ζ) + b√
R2 +

(
πRN tan(ζ) + b

)2 +
πRN tan(ζ)− b√

R2 +
(
πRN tan(ζ)− b

)2
 .

(2.38)



14 2. Fundamentals of superconducting undulator magnets and FELs

Now, a point P is assumed, which lies within the helical coil in the defined distance b from
the z-axis with b < R. Then β1 and β2 describe the angles between the z-axis and the
vectors connecting P with the outermost ends of the helical coil. Consequently, one of βi
has to be greater than π/2. With this equation (2.38) can be rewritten as

Bz,0 =
µ0I

4πR tan(ζ)
· (cos(β2)− cos(β1)) . (2.39)

The length of a coil l commonly describes the distance between the outermost ends of a
coil, with n turns per unit length:

l = 2πRN tan(ζ) , with N = n · l . (2.40)

This reforms the last equation to

Bz,0 =
µ0nI

2
· (cos(β2)− cos(β1)) . (2.41)

Assuming now an infinite helical coil implies an infinite number of turns N :

lim
N→∞

Bz,0 =
µ0I

2πR tan(ζ)
= µ0nI . (2.42)

The components Bx,0 and By,0 can be treated consistently with equation (2.34) and are
listed in appendix A.1 in their integral formula. In general, these integrals are not equal to
zero, which implies a spiral. Assuming now again an infinite helical coil lets Bx disappear
due to its odd functions under the integral. However, the y-component becomes

By,0 = −2πRn2µ0I

∫ ∞

0

cos(ϕ) + ϕ sin(ϕ)

[(2πRn)2 + ϕ2]
3
2

dϕ . (2.43)

By integrating term by term, it can be shown that the solution of this integral is given
with the modified Bessel functions of the second kind Kj yielding [43]

By,0 = −nµ0I · [2πRn ·K0(2πRn) +K1(2πRn)] . (2.44)

For a bifilar helix, this description can simply be summed up for the two currents I1 and I2
as the fields superimpose [44, 45]. An additional rearrangement of the presented parameters
leads to the following:

By,0 = −µ0(I1 + I2)

λu
(k0R ·K0(k0R) + ·K1(k0R)) (2.45)

A limit case can now be examined to determine the field amplitude of a straight wire
parallel to ẑ and at distance R from the z-axis, which may be used for a planar undulator.
Setting ζ = π

2 or n = 0 implies the consequence of Bz = 0. This yields

lim
n→0

By,0 = − µ0I

2πR
. (2.46)
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2.1.3. Numerical field calculation methods

The previous sections derived the magnetic field in an undulator’s aperture for the magneto-
static scenario from Maxwell’s equations. Besides the conductor, ferromagnetic materials,
like iron, are commonly utilized to boost the pole fields by roughly 15 to 20%, to modify
appearing forces, and to guide the magnetic flux in electromagnets. This also applies to the
designed modular prototype coils in this thesis. The Biot-Savart law is not able to calcu-
late the complete magnetic field in an electromagnetic undulator including ferromagnetic
materials but needs to be supported by separate vector and scalar potential methods. The
magnetic field distribution has to be described accordingly as a boundary value problem,
which these numerical methods are able to solve. How this is treated mathematically and
implemented in software would go beyond the scope of this thesis and can be found in
detail in particular articles and books [35, 36]. What follows is a rough overview of the
principles.
The magnetization M needs to be introduced with [M ] = A/m when doing calculations
with ferromagnetic materials and transforms equation (2.2) with B⃗ = ∇A⃗ = µ0(H⃗ + M⃗)
to

1

µ0
∇× (∇× A⃗) = J⃗ +∇× M⃗ , (2.47)

which is one option to calculate the magnetic field. Again applying the Coulomb gauge
gives the vector Poisson equation

∇2A⃗ = −µ0(J⃗ +∇× M⃗) . (2.48)

As a two-case scenario is considered: one with an in-vacuum field and one with an iron
domain, the magnetic vector potential is split accordingly with the two parts defined as the
impressed vector potential A⃗s caused by source currents in space and the reduced vector
potential A⃗r caused by the iron magnetization. With the linearity of the nabla operator,
this gives

∇A⃗ = ∇× (A⃗r + A⃗s) = ∇× A⃗r +∇× A⃗s . (2.49)

Consequently, the magnetic field can also be described by the reduced vector potential:

B⃗ = µ0H⃗s +∇A⃗r . (2.50)

Ampère’s law can be used to calculate the magnetic field, which leads to the so-called
curl-curl vector potential method. Here, B⃗ = ∇× A⃗ is valid and equation (2.2) is used as

∇× 1

µ
(∇× A⃗) = J⃗ , (2.51)

with µ = µrµ0, where the relative permeability µr can be found besides the vacuum
permeability µ0. Here, the magnetic permeability µ describes the permeability of a specific
(ferromagnetic) material and can also be described as µ = µ0(1 + χV), with the volume
magnetic susceptibility χV , defined by M⃗ = χVH⃗.
A similar approach for magneto-static problems as presented in equation (2.49) can be
done when by splitting up H⃗:

H⃗ = H⃗r + H⃗s , (2.52)

where the source field is found as ∇ × H⃗s = J⃗ and ∇ × H⃗r = 0 is defined. Likewise, a
reduced magnetic scalar potential Ψr can be introduced, for which the following is valid:

∇× (∇Ψr) = 0 , (2.53)

Consequently, equation (2.52) results in

H⃗ − H⃗s = −∇Ψr , (2.54)
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Figure 2.3.: Visualized BEM-FEM coupling. To determine the magnetic field at a point r⃗,
a superposition of the vector potentials A⃗(r⃗)s and A⃗(r⃗)r is applied. The source
vector potential A⃗(r⃗ ′)s affects r⃗ directly as well as the magnetic subdomain Ω⃗,
representing a yoke. The yoke then creates A⃗(r⃗)s acting also on r⃗ [46].

Applying equation (2.1) gives further

∇ · (µ∇Ψr) = ∇ · µH⃗s , (2.55)

where the Biot-Savart law can be used to find H⃗s. Similar absolute values but opposite
directions can be found for H⃗r and H⃗s in highly permeable regions, which may lead to errors
that add up when the cancellation calculation is performed [35]. This can be avoided by
going back to the total magnetic scalar potential Ψ in regions without induced current,
thus ∇H⃗ = 0:

H⃗ = −∇Ψ . (2.56)

Applying once more equation (2.1) gives

∇ · (µ∇Ψ) = 0 . (2.57)

The following interface conditions couple the current-free domain with Ψ to the current-
carrying domain’s Ψr:

−µ∇Ψ · n⃗ = µ0(n⃗ · H⃗s −∇Ψr · n⃗) , (2.58)

n⃗×∇Ψ = n⃗× H⃗s − n⃗×∇Ψr , (2.59)

with the outward unit normal vector n⃗ of the interface or boundary, pointing from the
ferromagnetic to the vacuum or air domain, as displayed in Figure 2.3.

With the made derivations it was shown that only the ferromagnetic domain must be
treated as a boundary value problem due to its non-linearity. One option to deal with this
is utilizing the so-called “boundary-element method finite-element method” (BEM-FEM)
[47, 46], which has the advantage of not needing an all-embracing mesh for the entire
problem as sketched in Figure 2.3. Although this theory was in the end not applied in
the following calculations, it provides a very comprehensive understanding of treating a
boundary value problem given by the application of ferromagnetic materials in the magnet
design and is therefore worth the excursion. To handle the non-linear magnetic permeability
µ, solely the magnetic sub-domain Ω⃗ has to be meshed with a focus on the elements along
its border. The field at the distant boundaries is typically insignificant and thus assumed
to be zero in order to define boundary conditions Υ⃗ for the numerical calculation of A⃗r.
Iterative solving steps for a non-linear equation system demonstrated that the following
continuity requirements are satisfied in boundary elements [47]:

n⃗ · B⃗ = 0 , (2.60)

n⃗× H⃗ = k⃗ , (2.61)

where k⃗ represents a possible surface current density. Finding the solution determines
the values of all nodes or elements in the magnetic sub-domain. As a result, A⃗r can be
calculated and subsequently superimposed on A⃗s, which follows the Biot-Savart law.
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Within this thesis, most of the electro-magnetic calculation work was done by using the
software Opera [33]. The here implemented and applied methods are summarized in the
following:

• Vector potential (3D): 1
µ0
∇× (∇× A⃗) = J⃗ .

Applied in the definition of so-called “circuit element conductor” and can calculate
the current’s skin effect. The entire model has to be meshed with a particularly fine
mesh strongly necessary for the conductors.

• Reduced vector potential (3D): B⃗ = µ0H⃗s +∇× A⃗r.
Applied in the definition of so-called “Biot-Savart conductors” and works with the
Biot-Savart law to calculations of source fields.

• Two scalar potentials (3D): A combination of the below-described potentials.
The combination makes magneto-static calculations stable and very accurate.

– Reduced magnetic scalar potential: ∇ · (µ∇Ψr) = ∇µH⃗s.
Potential errors due to cancellation calculations in non-linear magnetic materials
may increase numerical errors.

– Total magnetic scalar potential: ∇ · (µ∇Ψ) = 0.
No induced currents must exist.

• Vector potential (2D): ∇2A⃗ = µ0(J⃗ +∇× M⃗).
Applied in the definition of conductor areas, primarily in 2D. The entire model has
to be meshed with a particular fine mesh necessary for the conductors.

2.2. Free-electron lasers

Similar to the commonly known laser, standing for light amplification by stimulated emis-
sion of radiation, a free-electron laser (FEL) generates coherent radiation based on the
interaction between the emitted photons from undulators and their source particles. A
relativistic charged particle beam (usually electrons) is accelerated by a linear accelerator
(linac). The source of the coherence is the so-called microbunching effect of the parti-
cle beam on the scale of the radiation wavelength, caused by the transmission of energy
between the particles and the emitted photons. Consequently, comparing spontaneously
emitted light from a particle beam traveling through an undulator to that emitted by an
FEL one can see a significant enhancement. Short pulse lengths, high intensity, and bril-
liance combined with coherent photons make it a very attractive light source.
In the following, an FEL’s working principle is briefly introduced. As undulators are key
components for light production in FELS, this application provides the higher frame of
reference for the undulator coils and their parameters investigated in this thesis. This
introduction does not claim complete integrity. Full detailed backgrounds can be found in
common literature, from where most of the derivations were performed [48, 13, 49, 50, 37].

2.2.1. Undulator trajectories

In the following, trajectories of relativistic charged particles and their synchrotron radiation
emitted in planar and helical undulators are reviewed. The magnetic field, or magnetic
flux density, of a planar undulator along the z-axis was introduced by equation (2.17) as

B⃗planar(z) = (Bx, By, Bz) =
(
0, By,0 sin(k0z), 0

)
, where k0 =

2π

λu
. (2.62)
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The magnetic field of a helical undulator along the z-axis is known from equations (2.19)
and (2.20) and for this approach given with a phase difference of φ = π/2 as

B⃗helical(z) = (Bx, By, Bz) =
(
−Bx,0 sin(k0z), By,0 cos(k0z), 0

)
. (2.63)

When a charged particle with charge e moves with velocity v⃗e through an undulator, it is
influenced by the Lorentz force F⃗L given as

F⃗L = ev⃗e × B⃗ . (2.64)

Since the moving particle is commonly ultra-relativistic, relativistic factors with the speed
of light c become

β =
ve
c

≈ 1 and γ =

√
1

1− β2
≫ 1 . (2.65)

A planar undulator is considered to demonstrate the approach. With the above-shown
relations, the relativistic equations of motion can be directly given as a pair of differential
equations with the particle’s rest mass me,0 and the particle’s energy γ, assuming an initial
particle position at x = y = 0:

me,0γẍ = me,0γ
d2x

dt2
= −eBy,0 sin(k0z)ż , (2.66)

me,0γz̈ = me,0γ
d2z

dt2
= eBy,0 sin(k0z)ẋ . (2.67)

Integrating equation (2.66) yields

ẋ =
eBy,0

me,0γk0
cos(k0z) . (2.68)

By means of equation (2.65), the constant particle velocity is given as

β2c2 = ẋ2 + ż2 (2.69)

⇒ ż = βc

√
1− ẋ

β2c2
. (2.70)

Two scenarios are now considered: First, a trajectory with a rather small maximum deflec-
tion angle Ψ0 is assumed for the transverse velocity ẋ, which can then be neglected as in
equation (2.70) (weak undulator approximation). The general deflection angle is described
by ξ. Therefore, the approximation ż ≈ βc can be made, yielding for the derivative of x
with respect to z:

x′(z) = ξ =
dx(z)

dz

∣∣∣∣
K≪1

≈ eBy,0
βcme,0γk0

cos(k0z) =
K

βγ
cos(k0z) . (2.71)

Here, the undulator strength parameter K from the introduction chapter 1 recurs and is
defined as

K =
eBy,0
cme,0k0

=
eBy,0λu

2πcme,0
. (2.72)

As already stated in the introduction, undulators with K ≤ 1 are so-called weak undulators.
This results in a Ψ0 that is smaller than the opening angle of the synchrotron radiation
cone, given by 1/γ.
In the second scenario, K > 1 is assumed, thus a so-called strong undulator, and therefore
a rather large maximum deflection angle Ψ0 for the transverse velocity ẋ. Consequently,
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the just neglected term in equation (2.70) becomes larger, thus more powerful, and yields
then

x′(z) = ξ =
dx(z)

dz

∣∣∣∣
K>1

=
K cos(k0z)

βγ
√
1− K

β2γ2

. (2.73)

It can be shown, that for the strong undulator, the particle velocity is derived by a transfor-
mation of the longitudinal coordinates [49]. Here, the transformation goes back to the time
t′ in the co-moving system with the electron having the following longitudinal velocity:

β∗c = βc

(
1− K2

4β2γ2

)
. (2.74)

The transformation then results in

ẋ(t′) =
cK

γ
cos(Ωpt

′) , (2.75)

ż(t′) = β∗c− cK2

4β2γ2
sin(2Ωpt

′) , (2.76)

with the oscillation frequency Ωp = β∗k0c. This system of coupled differential equations
can now be integrated and yields the particle trajectory in a planar undulator1:

R⃗planar(t
′) =


K
βγk0

sin(Ωpt
′)

0

β∗ct′ + K2

8β2γ2k0
cos(2Ωpt

′)

 . (2.77)

This trajectory is seen as a figure-of-eight diagram in the co-moving frame due to the fact
that the transverse oscillation in Rx has half the frequency compared to the longitudinal
oscillation in Rz. Therefore, also terms of a higher order than the linear ones should be
considered when calculating the radiation spectrum.

When considering now the magnetic field on the beam axis of an ideal bifilar helical
undulator according to equation (2.63), an analog derivation as above can be performed
finding the frequency Ωh,v = β∗

hk0c = k0βc
√

1−Kv/(β2γ2) with v ∈ {x, y}, and yields
the particle trajectory in a helical undulator with :

R⃗helical(t
′) =


Kx
β∗
hγk0

cos(Ωh,xt
′)

Ky
β∗
hγk0

sin(Ωh,yt
′)

β∗ct′

 . (2.78)

Note that this elliptical trajectory becomes circular for the specific case of Bx,0 = By,0.

2.2.2. Undulator radiation

The derived particle trajectory inside an undulator together with general calculation ap-
proaches for synchrotron radiation, including the Liénard-Wiechert potentials, lead to the
radiation field and can be found in common literature [44, 13, 49, 37]. A short overview of
the main characteristics is given in the following.
Accelerating charged particles forces them to emit synchrotron radiation, which can be
described as any electromagnetic radiation. Starting from Maxwell’s equations it can be
shown that a coupling of the electric field E⃗ and the magnetic field B⃗ exists:

B⃗ =
1

c
(E⃗ × n⃗) , (2.79)

1Terms of higher orders than
(

K
βγk0

)2

were neglected.
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where n⃗ is the normalized vector in the direction of the observer. Consequently, energy
can be transported through space, which is described via the Poynting vector S⃗, again for
the observer, as

S⃗ =
1

µc
(E⃗ × B⃗) =

E2 · n⃗
µc

=
1

R2

d2W

dΩdt
n⃗ , (2.80)

with R being the distance between the point of emittance and the point of observation.
The Poynting vector, therefore, describes the energy flux per time and per unit area, with
the unit solid angle Ω.
The characteristics of undulator radiation can be calculated from the radiation term of the
Liénard-Wiechert potentials

E⃗(t) =
e

4πcϵ0

 n⃗×
(
(n⃗− β⃗)× ˙⃗

β
)

R
(
1− n⃗ · β⃗

)3

ret

. (2.81)

Inserting the derived equations from the previous subsection 2.2.1 leads to the radiation
field which is proportional to the undulator flux density amplitude By, explaining the
motivation for optimizing this parameter. Note that for the weak undulator, this is rather
straightforward in contrast to the strong undulator. For the latter, the complex periodic
motion cannot be described by a pure sinus, which makes the expansion of the radiation
field E(t) into a Fourier series necessary. Yet, the Fourier integrals after inserting the
equations of motion would go beyond the scope of this chapter and can be found in the
literature [49].
Taking the above-made derivations into account, the power P per solid angle can be found
as

dP

dΩ
=

R2|E⃗|2

µ0c
(1− n⃗ · β⃗) , (2.82)

whereas the average angular power distribution over the undulator length LID is given as

d2P

dΩdω
=

2R2|E⃗|2

µ0LID
. (2.83)

Further, a summation of all harmonics and angles yields the total power of the strong
undulator radiation in a vacuum, emitted by a single particle:

Ptot,rad =
2r0c

3e2⟨B⟩2W 2
e

3(me,0c2)3
, (2.84)

with the classical electron radius r0 = e2/(4πϵ0me,0c
2), where ϵ0 is the vacuum permittivity

and the particles Energy We = me,0c
2γ. It is well visible that the power scales with

(me,0c
2)−4 for a given particle energy, which makes particles of greater rest mass m0 not

as efficient for the production of synchrotron light as lighter ones, such as electrons.

2.2.2.1. Photon wavelength

To generate coherent light, the conditions for interference have to be fulfilled. As shown
in Figure 2.4, light interference of the same particle over one period is possible when the
particle is one or more whole emitted wavelengths λγ behind. Here, the angle of photon
emittance is θ for the trajectory derived in equation (2.71). As the wavefront moves with
the speed of light c, it will have moved by λu/β

∗
z while the particle needs a time of λu/(cβ

∗
z )

for one period. Then the distance between the two wavefronts can be given as

d =
λu

β∗
z

− λu cos(θ) = mλγ , with m ∈ N. (2.85)
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Figure 2.4.: Sketched trajectory of a charged particle within the field of an undulator with
period length λu. The transverse and longitudinal velocities are marked with
ẋ and ż, respectively.

This can now be further approximated and expanded [13], leading to the undulator equa-
tion for planar undulators:

mλγ ≈ λu

(
1 +

1

2γ2
+

λuK
2

4βγ2

)
− λu cos(θ) , (2.86)

⇔

λγ =
λu

2γ2 ·m

(
1 +

K2

2
+ θ2γ2

)
, (2.87)

Since all used approximations are very well fitting for small angles θ, the approximation is
generally recognized as an equation.

When considering now the magnetic field on the beam axis of an ideal helical undu-
lator according to equation (2.63), an analog derivation as above can be performed for
small angles θ by defining Kx(Bx) and Ky(By) for each field component. This yields the
undulator equation for helical undulators:

λγ =
λu

2γ2 ·m

(
1 +

K2
x

2
+

K2
y

2
+ θ2γ2

)
. (2.88)

Here, it is worth noticing that phase variation φ does not influence the emitted wavelength.

2.2.2.2. Photon flux distribution and brilliance

Generally, planar undulators produce linearly polarized radiation, whereas helical undu-
lators produce circularly or elliptically polarized photons. The angular spectral power
density as the basis for the photon flux can be further calculated from equation (2.83):

d2Pm
dΩdω

=
3Ptot,radNu

2πck0
·Am(K) , (2.89)

where the central frequency was chosen to be ∆ω = 0. The function Am(K) is given with
the Bessel functions Ji and for odd integers m as

Am(K) =
m2K2(

1 + 1
2K

2
)2 ·

[
Jm−1

2

(
mK2

4 + 2K2

)
− Jm+1

2

(
mK2

4 + 2K2

)
︸ ︷︷ ︸

:=JJm(Ξ)

]2
. (2.90)

Here and for a planar undulator is Ξ = mK2/(4+2K2). Equation (2.90) is plotted in Fig-
ure 2.5, where saturation and accumulation of peaks can be seen for larger K parameters.
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So far, only a single particle was considered. The more practical interest is the photon
flux for a beam current Ib, representing Ib/e particles. Having derived the above equation,
another conversion yields the angular flux distribution of a planar undulator by
dividing by the energy of each photon, thus hω

2π with the Planck constant h. The result can
be given given by the number of photons Nphotons per the unit solid angle Ω and in terms
of a relative bandwidth dω/ω as

dNphotons,planar

dΩdω/ω

∣∣∣∣
θ=0

=
eN2

uγ
2

2ϵ0ch
· Ib · Λ

(
Nu∆ω

ω1

)
·Am(K) , (2.91)

with the numbers of periods Nu, the Planck constant h, the beam current Ib. The function
Λ, based on the so-called “lineshape function” ω = kω1 + ∆ω. Here, frequencies next to
the harmonics are considered with

Λ

(
Nu∆ω

ω1

)
=

sin2
(
Nuπ∆ω
ω1

)
N2 sin2

(
Nuπ∆ω
ω1

) . (2.92)

From equation (2.91) one can derive the integrated flux of photons in the central cone with
the fine structure constant α = e2

2chϵ0
:

Ṅphotons,planar = απNu
Ib
e

∆ω

ω

(
1 + K2

2

m

)
Am(K) (2.93)

= 1.43× 1014 NuIb

(
1 + K2

2

m

)
Am(K) . (2.94)

The last line includes further simplifications and conversion in practical units of photons
per second and per 0.1% bandwidth.

Similar as above, the angular flux distribution of a helical undulator with φ =
π/2 can be given as

dNphotons,helical

dΩdω/ω

∣∣∣∣
θ=0

=
eN2

uγ
2

2ϵ0ch
· Ib · Λ

(
Nu∆ω

ω1

)
·Am(Kx,Ky) , (2.95)

Likewise, from equation (2.95) one can derive the integrated flux of photons in the central
cone with the fine structure constant α as

Ṅphotons,helical = απNu
Ib
e

∆ω

ω

1 + K2
x
2 +

K2
y

2

m

Am(Kx,Ky) . (2.96)

As stated earlier, the elliptical particle trajectory turns into a circular one for the common
case of Bx,0 = By,0. The arguments of the Bessel functions become zero as a result of
Kx = Ky = K, which spares only J0 in Am(Kx,Ky). J0 can only be reached for m = 1,
thus only the first harmonic exists in this case with a pure circular polarization.
With this note, equation (2.96) can be rewritten as

Ṅphotons,helical = απNu
Ib
e

∆ω

ω

(
1 +K2

m

)
Am(K,K) (2.97)

= 2.86× 1014 NuIb

(
K2

1 +K2

)
. (2.98)

The last line as above includes further simplifications and conversion in practical units of
photons per second and per 0.1% bandwidth.
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Figure 2.5.: Amplitude of the central bril-
liance function considering
B ∝ Am(K) for typical K and
m parameters.

Figure 2.6.: Ratio between the produced
photon flux of a planar and he-
lical undulator Ṅ for typical K
parameters (m = 1).

Here, it is worth noticing the similarities and differences between the planar and the
helical case. An absolute variation can be detected when considering the first harmonic:

Ṅphotons,helical

Ṅphotons,planar

∣∣∣∣
m=1

=

(
1 +K2

)
A1(K,K)(

1 + K2

2

)
A1(K)

(2.99)

=
2.86

1.43

(
K2

1+K2

)
(
1 + K2

2

)
A1(K)

> 1 . (2.100)

Equation (2.99) is plotted in Figure 2.6 and demonstrates the superior efficiency of a helical
undulator compared to a planar undulator in terms of photon production by a minimum
factor of around 1.8.

Brilliance Earlier in the introduction, the brilliance was presented and already briefly
described by equation (2.101). For an undulator in a known accelerator, the central bril-
liance B at angle θ = 0 can be described via the photon flux Ṅ and the effective source
sizes Σv and divergences Σv′ as follows [51, 13]:

B =
Ṅ

4π2ΣxΣyΣx′Σy′
, (2.101)

where Σv =
√

σ2
v + σ2

r and Σv′ =
√

σ′
v
2 + σ′

r
2, with v ∈ {x, y} and the source sizes and

divergences of the beam σv and σ′
v, plus the spatial source size σr with its divergence σ′

r.
With the pulse duration στ and the repetition frequency ν, the peak brilliance B̂ then
equals

B̂ =
B
στν

. (2.102)
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(a) Low-Gain FEL. (b) High-Gain FEL.

Figure 2.7.: Theory of operation sketched for a Low-Gain and a High-Gain FEL [50].

2.2.3. FEL radiation

Undulators are the key element for the production of free-electron laser (FEL) radiation.
Figure 2.7 displays two different systems:

(a) The Low-Gain FEL produces radiation that can be collected by means of optical
resonators, e.g. mirrors. This covers the infrared up to the visible spectrum. Multiple
circulations of electron bunches produce the radiation, which undergoes only minor
amplification.

(b) The High-Gain or SASE FEL produces radiation beyond the operation of optical
resonators with a π-deflection. Therefore one passage through the undulator line
must be sufficient, using Self-Amplified Spontaneous Emission (SASE). Here, the
amplification is achieved by means of so-called microbunching, and photons of the
ultraviolet (UV) up to the hard X-ray spectrum are emitted.

2.2.3.1. The Low-Gain FEL

The oscillating movement of electrons inside the undulator with its periodic transverse
velocity component vx enables the coupling to the electrical field of the photons. Therefore
the particle is now considered to have the electron charge −e. The electro-magnetic wave
is given with its electric field E

Ex(z, t) = E0 cos(kγz − ωγt+ φ0) , with kγ =
ωγ
c

=
2π

λγ
. (2.103)

The energy change of an electron with respect to this E-field is given as

dW

dt
=

d γmec
2

dt
= −evx(t)Ex(t) . (2.104)

With the above-derived velocity in equation (2.75), this can be written for an electron as

dW

dt
= −e

cK

γ
cos(k0z) · E0 cos(kγz − ωγt+ φ0) (2.105)

=
cKeE0

2γ
[cos(P) + cos(χ)] , (2.106)

with the ponderomotive phase P(t) ≡ (kγ + k0)z(t)− ωγt+ φ0

and χ(t) ≡ (kγ − k0)z(t) − ωγt + φ0. Note that a constant P, i.e. dP(t)/dt = 0, leads
to a continuous energy transfer, featuring the undulator equation (2.87). From here, the
resonance electron energy Wr = γrmec

2 can be defined further by rearranging the undulator
equation:

γr =

√
λu

2λγ

(
1 +

K2

2

)
. (2.107)
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Electrons with this energy emit photons with λγ and have a constant ponderomotive phase.
Assuming now a particle energy W gives the relative energy deviation:

η =
W −Wr

Wr
=

γ − γr
γr

for |η| ≪ 1 . (2.108)

For the Low-Gain case, the coupling between the ponderomotive phase and the relative
energy deviation can now be described as

dP
dt

= 2k0cη , with
dη

dt
= − eE0K

2mecγ2r
cos(P) , (2.109)

which are known as the FEL pendulum equations. As the intensity in the Low-Gain FEL
increases over time, it is generally considered that the light wave’s field amplitudes gets
larger linearly with time as Iγ(t) ≈ I0,γ(1 + 2δ · tu), where δ is a small quantity (δtu ≪ 1,
with an electron’s travel time through the undulator tu). Therefore, the FEL gain function
G in the Low-Gain regime is given as the E-field’s relative energy growth per passage of
the undulator, known as the Madey theorem:

GLG(η) =
∆Wγ

Wγ
= −πe2K̂2N2

uλ
2
une

4η0mec2γ3r

d

dξ

(
sin2(ξ)

ξ2

)
, (2.110)

with the particle density ne, the number of undulator periods Nu, the dimensionless variable
ξ = 2πNuη, and the modified undulator parameter K̂ with the Bessel functions Ji as

K̂ = K · JJ1
(

K2

4 + 2K2

)
. (2.111)

For a helical undulator, K can be utilized for both gain cases as there is no longitudinal
oscillation. Note that the function JJm(

K2

4+2K2 ) already appeared in equation (2.90), the
amplitude function Am above, which shows the common origin of a planar undulator.

2.2.3.2. The High-Gain FEL

The commonly considered 1D-High-Gain theory is briefly summarized in the following.
Therefore, the E-field from equation (2.103) is now written in its complex and marked
with a tilde for simplifying the mathematics with respect to complex quantities:

Ẽx(z, t) = Ẽx(z)e
i(kγz−ωγt) , (2.112)

where now also the field amplitude is considered to be a function of z (cf. low-gain FEL).
Additionally, an electric charge density ρ and the consequential current density j are as-
sumed for the bunch with an infinite spread:

ρ(P, z) = ρ0 + ρ̃1(z)e
iP , (2.113)

j(P, z) = j0 + j̃1(z)e
iP , (2.114)

where the real part defines the real charge density and the modulation of the charge density
ρ̃1(z)e

iP is assumed to be initially small. Further, the oscillation in the longitudinal direc-
tion is neglected here and the motion in the longitudinal direction is therefore described
as a uniform movement with average drift velocity β̄,

z(t) = v̄zt = β̄ct =

[
1− 1

2γ2

(
1 +

K2

2

)]
, (2.115)
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ignoring higher harmonics, but using the modified undulator parameter K̂ from equa-
tion (2.111) when needed. The coupling between the E-field and the charge density can
be described by the inhomogeneous wave equation[

∇2 − 1

c2
∂2

∂t2

]
E⃗ = µ0

∂j⃗

∂t
+

1

ϵ0
∇ρ , (2.116)

where ∇ becomes ∂/∂x in this case. As the last derivative of ∇ρ is much smaller than
the first term, it is insignificant in the 3D theory and vanishes in the 1D theory [50].
The z-dependent amplitude of the E-field is used to apply the so-called “slowly varying
amplitude” approximation to receive the coupling between E-field and the charge density

dẼx
dz

= −µ0cK̂

4γ
· j̃1 , (2.117)

which can be seen as laser amplification. The modulation of the charge distribution caused
by the interaction with the electromagnetic field of the radiation induces a modulated
longitudinal electrical field, which counteracts the microbunching (see the below paragraph)
and has the amplitude of

Ẽz(z) ≈
i

ϵ0kγ ρ̃1(z)
. (2.118)

The last two equations can now be combined in order to find the longitudinal field in
relation to the derivative of the transverse field:

Ẽz = i
4γc

ωγK
· dẼx
dz

. (2.119)

The coupling further reforms the energy-transfer to dη
dt = −eE0K̂

2mecγ2r
cos(P). Now a reformu-

lation of the pendulum equations, known from the low-gain FEL in equation (2.109), is
possible by replacing the time t by the longitudinal coordinate z according to z(t) = β̄ct,
with β̄ ≈ 1:

dP
dz

= 2k0η , with
dη

dz
= − eE0K̂

2mec2γ2r
cos(P) . (2.120)

For the second pendulum equation, the electric field amplitude of the light wave has now to
be treated with the z-dependence. Furthermore, the energy change due to the interaction
between the electron and the space charge field has to be taken into account. To further
treat these two counteracting behaviors, it is now required to take the real part of this
equation as the relative energy deviation is always a real quantity:

dη

dz
= − e

mec2γr
Re

[(
K̂Ẽx
2γr

+ Ẽz

)]
eiP . (2.121)

In summary, it was shown that the amplification process in an FEL is clearly a many-
particle effect. Assuming a monoenergetic particle beam with energy W , this can all be
summarized in the Third-Order Equation of the high-gain FEL as:

Ê′′′
x

Γ2
+ 2i

η

ρFEL

Ê′′
x

Γ2
+

[
k2p
Γ2

−
(

η

ρFEL

)2
]
Ê′
x

Γ
− iẼx = 0 . (2.122)

Here, the important FEL measures are the gain parameter Γ =
3

√
µ0K̂2e2k20ne

4γrme
,

the FEL or Pierce parameter ρFEL = Γ
2k0

, and

the space charge parameter kp =
ω∗
p

c

√
2λγ
λu

with the plasma frequency ω∗
p =

√
nee2

γrϵ0me
.
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Figure 2.8.: The principle of microbunching. Interaction and exchange of energy, depending
on the particle’s longitudinal position modulate the bunch density into multiple
microbunches, located at a distance of the emitted radiation wavelength λγ .

Equation (2.122) can be solved with the approach Ẽx(z) = Aeαz. If the particles’ energy is
equal to the resonance energy, thus η = 0, and the space charge density kp = 0 is neglected,
the following solution can be found:

Ẽx ∝ e
z
Lg , with the gain length Lg ≡ 1√

3Γ
≈ λu

4π
√
3ρFEL

(
1 +

σ2
δ

ρ2FEL

)
. (2.123)

As noted, the relative rms energy spread σδ allows a more practical description of an FEL
with respect to the undulator design parameters, with the Alfvén current IA ≈ 17 kA and
the beam peak current Ib [52]:

σδ =
σγ
γ0

≪ ρFEL =
3

√√√√IbK2JJ1

(
K2

4+2K2

)2
16IAγ30σ

2
xk

2
0

(2.124)

Finally, the FEL gain function G in the High-Gain regime is given as for the relative
energy deviation and the position in the undulator (cf. equation (2.110)):

GHG(η) =

(
Ẽx(η, z)

Ein

)2

− 1 , with Ein = Ẽx(0) . (2.125)

Microbunching In an FEL, the linac provides the acceleration of particle bunches, which
are guided through the undulator lines. The particles’ trajectory inside the undulators
was already introduced and derived from the provided magnetic field. As a consequence of
deflective acceleration, the particles start to radiate synchrotron radiation but also interact
with the emitted photons as it was shown in the preceding paragraph. The entire principle
is sketched in Figure 2.8. This complex interaction and exchange of energy can briefly be
summarized as processes of energy gain or loss depending on their longitudinal position.
Studying the phase space in this background, taking the growth of the field amplitude of the
light wave Ẽx as well as the evolution of the space charge field Ẽz particularly into account
as in equation (2.121), leads to the following observation: as a result, the particle bunch
density is modulated into multiple periodic disks, the so-called microbunches, located at
a distance of the emitted radiation wavelength λγ . These microbunches have a smaller
longitudinal spread than λγ and particles in these microbunches emit coherent radiation.
The fixed phase relation of the microbunches causes a coherent and maximum amplification
of the microbunches’ emitted radiation with λγ . Consequently, the energy amplification
increases until a saturation limit is reached for fully established microbunching. This
saturation can be approximated with the beam power Pbeam = (γrme,0c

2I0)/e as

Psat ≈
4

3
ρFELPbeam . (2.126)
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Table 2.1.: Selected superconductors and important properties. [54, 55, 56, 57, 58, 59, 60].

Material Critical Temperature Tc / K Critical B-Field Bi / T

Type-I

Ga 1.1 Bc = 0.006
In 3.4 Bc = 0.03
Sn 3.7 Bc = 0.03

Type-II

Nb-Ti 9.6 Bc2 = 14.5
Nb3Sn 18.1 Bc2 = 25
MgB2 39 Bc2 = 74

High-temperature superconductors

Bi2Sr2CaCu2O8 90 Bc2∥ > 250, Bc2⊥ > 60

(BSCCO-2212)
YBa2Cu3O7 (YBCO) 92 Bc2∥ > 240, Bc2⊥ = 110

2.3. Applied superconductivity

In 1911, a group around H. Kamerlingh Onnes discovered at the University of Leiden
that mercury suddenly had a non-measurably small resistivity below 4.2K, thus the phe-
nomenon of superconductivity was revealed [53]. Since then, many other materials across
metals, compounds, and metallic alloys showed the same superconducting characteristic of
having a zero resistivity below an individual critical temperature Tc. A few important su-
perconductors are listed in Table 2.1. The theory of superconductivity and its application
can be found in detail in the literature [61, 62, 55, 63]. This subsection will give a brief
introduction to the most relevant aspects for this work.
All superconductors have in common to conduct high current densities without any resis-
tance. Nevertheless, the superconducting materials may be split into type-I and type-II
superconductors. The group of type-I superconductors generally covers elements like mer-
cury, gallium, indium, and tin. In their superconducting state, the magnetic field is expelled
up to their critical field Bc, with leaving only a thin layer of surface shielding currents.
This effect is called the Meissner-Ochsenfeld effect [64], and the superconducting state of
type-I superconductors is named the Meissner phase. Above Bc, type-I superconductors
become normal conducting as displayed in Figure 2.9a for the magnetization M , which is
the magnetic moment per unit volume.
Compounds and alloys such as Niobium-Titanium (Nb-Ti), Niobium-Tin (Nb3Sn), and
rare-earth barium copper oxides (rare-earth Ba2Cu3O7−δ, short: ReBCO) are commonly
found in the group of type-II superconductors. This group, including the named examples,
is widely used for building superconducting magnets and features two critical fields: Bc1

and Bc2, with typically Bc1 < Bc2. For fields below Bc1, superconductors of type-II have
an identical behavior as those of type-I (see Figure 2.9b). However, above Bc1 the so-called
Shubnikov phase starts for low-temperature superconductors, where the field penetrates the
superconductor through quantized vortices, so-called fluxoids, each causing screening cur-
rents in its direct environment. Vortices may be (actively) fixed on well-defined structures
such as micro-structural defects in the superconductor, which is known as flux pinning.
Likewise, high-temperature superconductors are penetrated by fluxoids above Bc1, where
the so-called vortex glass or lattice starts as sketched in Figure 2.9d. Here, thermal fluc-
tuations may directly enhance vortex density fluctuations while pinning disorders tend
to minimize such fluctuations, yet, keeping the material in a superconducting-mixed state
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[65]. With increasing operating temperature, thermal fluctuations prevail and cause a flux-
liquid. This limit is described by the so-called “irreversibility line”.
The Lorentz force will also finally act on the vortices, as soon as a current is applied to the
superconductor within a perpendicular magnetic field to the direction of the current. The
location of the vortices next to the micro-structural defects is yet energetically favorable as
they are held in place with a pinning force. The state where the pinning force compensates
the Lorentz force exactly in value represents the state of the critical current density Jc.
However, the vortices are forced to move when the Lorentz force exceeds the pinning force.
As a result, resistance is caused for the current flow which usually ends the superconducting
state. For ideal type-II superconductors, this happens as soon as B > Bc1 as no pinning
forces exist.
By means of the three introduced parameters Tc, Bc, and Jc, a critical surface in the
(T,B, J) parameter space can be described for each superconductor. The superconducting
state of a material can be found on or below this surface. Figure 2.10 sketches the critical
surfaces of Nb-Ti, Nb3Sn, and YBCO. These surfaces can be described by semi-empiric
scaling laws, stored in appendix B. Furthermore, the superconductive characteristics de-
pend on external operating conditions such as radiation load, strain, and magnetic field
orientation (for ReBCO) [66, 67].

2.3.1. LTS and HTS

When considering type-II superconductors, a general classification into low-temperature
superconductors (LTS) and high-temperature superconductors (HTS) can be found. Here,
the boiling temperature of liquid nitrogen (LN2, TLN2 = 77K) is used to divide the ma-
terials into the two groups with respect to their Tc (see also Table 2.1). Figure 2.11 gives
an overview of state-of-the-art superconductors and their parameters. This thesis focuses
on HTS, more specifically on coated ReBCO tapes. However, comparisons to the state-of-
the-art LTS technology for superconducting undulators, Nb-Ti, are done.

Low-temperature superconductors Nb-Ti is a ductile material that is commonly
implemented in the form of multifilamentary twisted wires, forming strands. The length
of these strands can be produced in the order of several kilometers. One of the well-
known applications of Nb-Ti is its utilization for the LHC main bending dipole magnets.
Here, fully-transposed cables, so-called Rutherford cables, were used to reduce losses due
to eddy currents and increase mechanical stability. As the practical critical limit of Nb-
Ti is reached between 9 and 10T at 1.9K, other materials have to proceed to tackle
the challenges of the next high-energy accelerators. Today, Nb3Sn is the most promising
candidate to reach maturity for its application in accelerator magnets. However, this brittle
material needs a relatively complex treatment, called wind-and-react, when being applied
to superconducting magnets. Different filaments of Nb and Sn have to be separated in
an initial step during winding before a reaction at up to over 900K and over multiple
hours is needed to produce finally the superconductor Nb3Sn [71]. Afterward, the brittle
superconductor has to be protected, e.g. by an epoxy resin impregnation. Nevertheless,
for the next generation of accelerator magnets at CERN, bending dipole magnets based on
Nb3Sn are foreseen to be implemented in the FCC, with a target field of up to 16T [72].

High-temperature superconductors High-temperature superconductors are crucial
when aiming for magnetic fields of 20T and beyond, as well as for high fields in short-period
undulators. HTS not only show a relatively high Tc > TLN2 , but also superconducting states
in rather high fields and for high currents at low temperatures. The latter is especially
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(a) (b)

(c) (d)

Figure 2.9.: Superconductors of type-I and II. The upper graphs show the magnetization
M over the magnetic field B. Lower graphs show B over the temperature
T . (a) Type-I superconductors’ M drops to zero after the critical field Bc is
reached. Below Bc, the Meissner phase excludes the magnetic flux from the
superconductor. (b) Type-II superconductors’ M decreases steadily to zero
after having reached Bc1. Below Bc1, the Meissner phase is present. Between
Bc1 and Bc2, vortices penetrate the material on fixed positions but keep the
superconducting state. After Bc2 the vortices will move and thus transition
the material to the normal phase. (c) Magnetic field over temperature for low-
temperature superconductors. (d) Magnetic field over temperature for high-
temperature superconductors as described in section 2.3. Graphs adapted from
[65, 55].

(a) LTS (b) LTS and HTS

Figure 2.10.: Critical current density surfaces of different superconductors: Nb-Ti, Nb3Sn,
and YBCO, as example of ReBCO. Plots inspired by [68, 69].
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Figure 2.11.: Different state-of-the-art superconductors and their critical engineering cur-
rent density. Plot adapted from [70].

crucial for short periodic structures as high field gradients are common over the conductor
pack. Therefore, this thesis investigated their application to undulators. As Figure 2.9d
displays, HTS have so-called irreversible fields, smaller than critical fields, for which the
vortices with their fluxoids are moving due to the Lorentz force. A voltage is introduced over
the conductor as a result and therefore limits the material at this point for its application
to superconducting magnets. Further constraints in HTS are given by the presence of
grain boundaries. Only very small misalignment is tolerated when producing high-current
carrying films, which limits the feasible conductor lengths [55].
Nevertheless, for the application in superconducting magnets, there are currently two HTS
materials sufficiently mature [73]: Bismuth strontium calcium copper oxide (BSCCO) and
rare-earth barium copper oxide (ReBCO). Both have critical temperatures above 90K and
critical fields Bc2 well above 100T [74]. BSCCO-2212 is nowadays available as round
wires, whereas ReBCO is commercially sold as coated tape superconductor. However, to
achieve a consistently high critical current density, BSCCO-2212 requires a quite complex
various-stage heat treatment, comparable to Nb3Sn [75]. Another drawback is the silver-
made matrix to hold the filaments, which is necessary for the treatment but also keeps
the conductor cost at a stable high level due to the price of silver. Therefore, ReBCO
was chosen to be investigated within the scope of this thesis with the focus on solving
the challenges related to its application as coated superconducting tape to short-period
undulator coils in order to achieve magnetic field amplitudes in the order of 1.5T and
beyond.

2.3.2. Coated ReBCO superconductors

Superconducting compounds from rare-earth elements combined with barium copper oxides
were first discovered in 1987 with the element yttrium as YBa2Cu3O7−δ (YBCO), having
a critical temperature of Tc = 93K and an upper critical field limit of Bc2 = 168 ± 26T
[76, 74]. Nowadays, gadolinium is also widely used, but other rare-earth elements are pos-
sible as well without influencing the superconducting properties significantly, creating the
generic term “ReBCO”.
ReBCO superconductors are commercially available as so-called coated conductors, where a
thin superconducting film is deposited on a carrier inside a tape. Figure 2.12 shows a sketch
of a coated ReBCO superconducting tape. Besides ReBCO, the multilayered tape consists
of a substrate, Hastelloy (C-276) or stainless steel, which acts as thin film growth and pro-
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Figure 2.12.: Cut through a coated ReBCO superconductor tape with several layers and
their typical order of thickness. Hastelloy (or stainless steel) serves as the
substrate for mechanical stability. Copper is used as the main stabilizer for
thermal and conductive stability, but can be reduced down to 0µm. Copper
and silver are commonly coated around the other layers. Adapted sketch [69].

(a) (b) (c)

Figure 2.13.: Polished cross-sections of a coated ReBCO superconducting tape from Bruker
with several layers under the optical microscope. (a) Due to the production
process, the tape may be bent along its width. (b) Mechanical cutting and
electroplating of copper may result in a so-called dog bone, where the tape
edges are thicker than the center. (c) Different layers and their measured
thicknesses.

vides mechanical robustness. Extremely fine buffer layers are used to support the epitaxial
growth of the few micrometers thick ReBCO crystallites on top of the substrate. This stack
is covered in a thin silver sleeve to prevent the ReBCO layer to undergo chemical reactions
with the copper, which is coated around it. Compared to other materials such as Nb3Sn
or BSCCO-2212, no further complex treatments are necessary. Superconducting ReBCO
tapes are typically ready-for-use and provide extremely high current densities as displayed
in Figures 2.11 and 2.10. Additionally, ReBCO as a material is not the cost-driving factor
leaving the potential to bring the prices down due to mass production. Currently, mainly
the fusion research, for example, the International Thermonuclear Experimental Reactor
(ITER) and power applications drive the market to lower prices with their high need for
HTS.
Due to the tape manufacturing process, the tapes may have so-called dog boning effects

or have a transverse curvature as seen in Figure 2.13. The dog boning effect describes the
fact that the tape edges are thicker than its center and is usually caused by mechanical
cutting and/or electroplating of copper, as it is common for tape manufacturers to produce
tapes with a width of 12mm and further cut it down to smaller widths. To counteract
this misalignment in the geometries, optical tape slitting by means of laser cutting was
introduced to limit this and potential mechanical damage. The transverse curvature is a
result of Bruker’s manufacturing technique and was only seen here.
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Figure 2.14.: ReBCO coated conductor Jc surfaces. Normalized critical current density
over the magnetic field and field angle (sketched on the right) for different
temperatures. Plot adapted from [69].

2.3.2.1. The critical surface of ReBCO

The critical surface of ReBCO was already introduced above. It clearly differs from any
LTS material, especially in terms of the in-field behavior. Additionally to the boundary
conditions temperature, current, and B-field dependencies, one can observe that the mag-
netic field angle ι with respect to the ReBCO tape’s plane has a significant influence, as
presented in Figures 2.14 and 2.15 for multiple temperatures. Therefore, the critical current
density is described by three parameters as Jc(B, T, ι). The critical current drops rapidly
for other configurations than the parallel orientation, coming to a minimum around the
perpendicular arrangement and becoming even more distinct when higher magnetic fields
are applied. Then, the discrepancy in critical current measured in parallel or perpendicular
magnetic field directions may vary by more than 50% [77].
The reason for this anisotropic behavior can be found in ReBCO’s crystalline structure.
The unit cell of YBCO is shown in Figure 2.16. In epitaxial growth, the highlighted crys-
tallographic planes are aligned parallel to the band surface. The yellow sketched barium
(Ba) atoms sit in the center of the planes as well as the magenta yttrium (Y). Copper
(Cu) and oxygen (O) are drawn in brown and blue, respectively. Here, the CuO2 planes
contribute the most to the superconducting state. When a magnetic field is applied with
a perpendicular direction through these planes, thus parallel to the planes’ normal vector,
the induced screening currents circulate within each plane resulting in a relatively weak
flux pinning as no current is forced through the crystallographic planes’ boundaries [78].
This differs for magnetic fields with parallel orientation to the ReBCO’s plane, where the
field penetrates in between the CuO2 planes with a vortex size much larger than the plane’s
distance, thus not harming the superconducting state. Consequently, ReBCO supercon-
ducting tapes can tolerate parallel fields well whereas perpendicular magnetic fields have
a heavy impact.
Lately, flux pinning techniques advanced more and more making this anisotropy less rel-
evant. Engineering current densities of over 2 kA/mm2 were reached at 4.2K and 20T
and also for higher temperatures such as 20K and 20T promising values above 1 kA/mm2

showed the great potential of coated ReBCO tapes [79].

2.3.2.2. Types of ReBCO cables: Roeble, CORC, (twisted) stack

High operating currents are preferred to be transported by a compact conductor cable
alignment in superconducting magnets. This allows for keeping the current density high
as well as the magnet’s inductance smaller and thus makes faster ramping rates for driving
the current feasible. Keeping the inductance small is particularly important for ramping
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(a) (b)

Figure 2.15.: Angular anisotropy and B-field dependency of a state-of-the-art coated
ReBCO superconductor at (a) 77.5K and (b) 20K. Data and plots repro-
duced from [80].

Figure 2.16.: Unit cell of YBCO - a ReBCO crystal struc-
ture. Different atoms are displayed by individ-
ual color and size. Planes are indicated by rect-
angles and represent the universal crystalline
structure of a ReBCO, e.g. top and bottom
CuO chains and the two center CuO2 planes.

the field up as well as ramping the magnet down in cases of malfunction, e.g. a quench
(see section 2.4.1). This is commonly achieved by combining multiple superconductors
into a cable. As the commonly used, fully transposed Rutherford cables are not suitable
for tape-shaped conductors, new geometries had to be developed. Figure 2.17 gives an
overview of possible geometries of ReBCO cables based on coated tapes: Stacks of tapes,
or a twisted stack, Roebel, and CORC are the most prominent examples.
The most straightforward approaches are stacks or twisted stacks of tapes, providing also
the basis for more complex cable types [81, 82]. The high packing fraction, thus a high
filling factor, and relatively simple construction without harming the superconductor make
it an attractive and cost-efficient choice. Further, a twisted stack can provide transposition
in order to reduce losses. However, a cable of stacked tapes can preferably bend in the
soft-way direction, meaning around the transverse axis, whereas hard-way bending along
the tape’s longitudinal axis is problematic.
A variation of the tape stack is the so-called Roebel cable, providing a slightly smaller filling
factor. This design dates back to 1913 when it was created to reduce AC losses in copper
power bus-bars and was transferred to tape superconductors almost 100 years later at KIT
in Germany [83, 84]. The Roebel cable consists of a stack of punched tapes orientated
and folded together in a meandering way. With this technique, a full tape transposition
is possible, however, the superconductor gets mechanically harmed and a lot of material
is wasted. Nevertheless, their potential was demonstrated by transporting currents over
10 kA in 10T magnetic fields at 4.5K [85]. Consequently, Roebel cables were used to man-
ufacture the full HTS Feather-M2 magnet at CERN [69].
A popular third option is the so-called CORC (Cable On Round Core) cables, which are
based on a round copper core, providing bending as for round LTS cables [86, 87, 88].
The superconducting tapes are wound around the core in several layers, providing partial
transposition but reducing the filling factor significantly. Still, transport current densities
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Figure 2.17.: Different cable types from coated ReBCO tape superconductors. Left: Stack
of multiple tapes with no transposition. Center-left: Twisted stack of tapes
with no transposition. Center-right: Roebel cable consisting of a stack of
punched tapes that are fully transposed. Right: CORC® (Cable on Round
Core) configuration, which is partially transposed with a copper core.

of around 650A/mm2 were demonstrated at 12T and 4.2K.
For undulators, a high packing fraction is of high relevance, as especially short-period mag-
nets have only a very limited space for conductors. Further, Roebel cables have currently
rather large physical dimensions with a width of around 12mm, which disqualifies them
for applications to short-period undulators. Therefore, a stack of tape was chosen for the
magnet design with one or two tapes as cable layout.

2.4. Superconducting magnets

As the demand for high-field magnets rises with future accelerator projects such as FCC
or CLIC, fusion power plants, and undulators, the application of superconductors to elec-
tromagnets becomes crucial. It was shown above, that high current densities are feasible
without any resistances inside a superconducting coil allowing it to achieve way higher
magnetic fields than normal conducting magnets, e.g. wound from copper, or permanent
magnets could ever achieve. Prominent examples in accelerator physics are the LHC main
dipoles with a nominal operating field of 8.33T for a 7TeV beam energy [89]. The op-
erating temperature for this field is 1.9K, roughly leaving a 14% margin to the magnet’s
short sample limit of 9.65T. When operating a superconducting magnet, such margins
are essential for a safe operation. The superconducting magnet needs to be operated at a
certain distance from Tc, which establishes an enthalpy margin against thermal perturba-
tions. For similar reasons, a margin of the operating current density to Jc is necessary to
guarantee thermal stability and also avoid so-called training effects, that may appear in
superconducting magnets. Here, the conductor might move due to electromagnetic forces
or material changes during the cool-down. As a consequence, motion, even on microscopic
levels, sets free energy and thus causes the magnet to heat up. The short sample deter-
mines an absolute limit in terms of operation, as the operating current equals the critical
current locally at some point in the coil. Therefore, a superconducting magnet is operated
on its so-called load line, which shows the peak magnetic field on the superconductor for
a defined operating current density as shown in Figure 2.18. Here, the short sample limit
is located at the intersection of the critical current surface and the load line for a chosen
operating temperature. The load line is calculated based on the entire magnet geometry,
including the coil-winding, support, and iron poles. Common margins vary between 10%
and 20%.
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Figure 2.18.: Principle of a load line and a commonly used margin illustrated by intersection
points of the load line with the critical current surface of a superconductor.
Short sample and operation points are marked.

Down to the present day, there is no HTS accelerator magnet in use. However, stand-
alone solenoids manufactured with ReBCO superconducting tape created magnetic fields
in the conductor of 16.5T at 23K [90]. At lower temperatures, high fields of up to 45.5T
were reached using ReBCO-based solenoids in a 31.1T background field [91]. This clearly
demonstrated ReBCO’s potential for superconducting magnets with high engineering cur-
rent densities. However, operations in such regimes are critical and push the supercon-
ductor close to its limits. The risk of a transition to the normal conducting state, called
quench, is omnipresent and protection is still challenging to achieve.

2.4.1. Quench

Superconducting magnets, especially HTS magnets, can carry current densities well above
the limit for normal conductors. However, they have to be operated within the above-
described margins, on or below their critical surface. The most likely cause of failure is
a local thermal runaway, which strikes through the critical surface causing a transition to
the normal conducting state, commonly referred to as quench. Here, thermal instabilities
drive the temperature locally above the current-sharing temperature Tcs < Tc, allowing the
superconductor to carry less current. Consequently, the current flows partly in the stabi-
lizing copper matrix, causing a low-resistance zone. The resulting ohmic heating P = RI2

depends on the electrical resistance R and current I in the conductor. It has to be cooled,
otherwise, further heating may cause a growth of this normal conducting zone and finally
lead to a quench. The energy which is needed to trigger such a normal conducting zone is
known as the Minimum Quench Energy (MQE) and gives a description of the conductor
stability. To increase the MQE, copper or silver are used as stabilizers in the conductor’s
cross-section. With a lot of energy stored in a superconducting magnet, a quench can have
serious and even irreversible harmful consequences for the superconductor. To prevent
such incidents, the thermal runaway must be detected early to allow a ramp-down of the
magnet and/or switching off the magnet’s power supply.
However, the protection against a quench in HTS as well as its detection is still challenging
and not completely accomplished. This challenge has high priority in order to mature HTS
technology and receives high attention [92]. Consequently, there are multiple approaches
how to detect and subsequently dissipate the magnet’s stored energy internally or exter-
nally. Examples of detection methods span over optic fibers [93], acoustic detectors [94, 95],
pick-up antennas [96], LTS quench detectors [97], and coupling secondary coils [98]. Mea-
suring the voltage over the conductor is one more common method [99], as the presence
of a voltage features a reliable parameter for an existing normal conducting zone. Its sim-
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Figure 2.19.: Graph of quench propagation speed in one dimension for a coated ReBCO
superconductor, being in the order of 9 cm/s, whereas for LTS, such as Nb3Sn,
the propagation speed would be around 8m/s. Plot adapted from [69].

plicity makes it applicable to the vast majority of the superconducting magnets and thus
got steadily improved to a kind of state-of-the-art method [100].
Quench detection is one step ahead of triggering a protection scheme. Depending on the
stored energy, the power supply may be simply switched off. Small coils and cables can gen-
erally deal with this approach. Magnets with higher stored energies certainly need active
protection. Here, a very common method is to heat up the superconductor in a controlled
way, using so-called quench heaters to distribute the energy in a greater volume, thus mass
[101]. The principle of this method got further developed, e.g. by Coupling Loss Induced
Quench (CLIQ) systems [102], quench absorption coils [103], inductively coupled energy
dissipaters [104], and energy extraction units (E3SPreSSO) [105]. Another different strat-
egy is contained by no-insulation coils [106, 107]. Here, coils are wound in a non-insulated
(NI) way providing a current redistribution to bypass potential hotspots within the coil
in case of a normal conducting zone formation. As a result, the peak temperature of the
hotspot gets limited. However, as a tradeoff, one has to deal with an increased ramp-up
time, induced eddy currents, as well as potential unbalanced Lorentz forces [108].
Additional to all methods, it is advantageous to separate a quenching coil when multiple
magnets are connected in series. This was done for example for the LHC beam diagnostics
undulator, where each half period may be monitored and protected individually using par-
allel connected resistors [109]. An NI winding was chosen to be applied to the undulator
coils, designed and manufactured within the work of this thesis because of its simple but
effective approach. Additionally, the relatively low stored energy in the hereinafter pre-
sented prototype coils makes them ideal test material, also for investigating the limits of
charging times.

As HTS, such as coated ReBCO superconductors, are characterized by a relatively high
Tc, they provide the opportunity to be operated stably at various temperatures with regard
to a thermal runaway. In addition, the heat capacity grows rapidly with temperature in
a cryogenic environment, which may result in a more than three magnitudes higher MQE
for HTS compared to LTS. However, a relatively slow propagation velocity of the normal
conducting zone in HTS is the result, being approximately two orders of magnitude smaller
than compared to LTS [110, 111]. Figure 2.19 gives an idea of the quench propagation speed
for a coated ReBCO superconductor. This becomes crucial when observing the voltage for
detecting and preventing a potential quench. More time will be needed until the voltage
hits defined thresholds, thus providing a relatively late warning.
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2.4.2. Magnet parameters

Electromagnets have the advantage of field tuning by changing the operating current.
This may be generally easier than for permanent magnets, for instance, where the field
tuning has to be done by mechanically changing the aperture of the magnet, implying a
complex mechanic. The following subsection briefly introduces parameters that play an
important role in the electromagnet’s operation conditions and therefore in the following
design considerations, namely appearing forces, stored energy, and inductance [112].

Forces The Lorentz force was already introduced in equation (2.64) and is used here to
describe the force F⃗cond on a conductor with current density J⃗ and volume V within a
magnetic field B⃗:

F⃗cond =

∫ V
J⃗ × B⃗ dV . (2.127)

Further forces appear between the different poles of a periodic undulator magnet, consist-
ing of an upper and a lower part. When considering a planar undulator with a length
LID = Nuλu, a width w of constant peak field in x-direction, and a sinusoidal magnetic
field as introduced above By = By,0 sin(k0z) yields [13]

F =
1

2µ0

∫ w
2

−w
2

∫ LID
2

−LID
2

B2
y dz dx =

B2
y,0LIDw

4µ0
. (2.128)

A consequence of this force is that the aperture needs to be supported in order to counteract
the attracting magnetic poles.

Energy The energy also has an influence on the occurring forces. Assuming a homoge-
neous B-field in V and B⃗ = µH⃗ is valid with a constant µ, then the magnet’s stored energy
W can be given as

W =

∫ V (∫ B

0
H⃗(B⃗) · dB⃗

)
dV =

B2V

2µ
. (2.129)

This can also be measured when powering, thus charging, an electromagnet until time
point τ while keeping track of the voltage U and the applied current I:

W =

∫ τ

0
U(t)I(t) dt . (2.130)

Inductance The magnetic flux ΦB = LI is used to determine the inductance L via the
current I. For this purpose, the following differential equation has to be solved:

U(t) =
dΦB
t

=
dLI

dt
=

(
∂L

∂I
I + L

)
︸ ︷︷ ︸

:=L̄

dI

dt
+

∂L

∂t
I︸︷︷︸

→0 for
stationary operation

= L̄
dI

dt
, (2.131)

where the term ∂L
∂I I becomes insignificant for non or highly saturated magnets. When the

current and the inductance are constant, the stored energy can be given by the inductance:

W =
1

2
LI2 . (2.132)



3. Design of superconducting undulator
magnets

This chapter covers the design studies performed in order to optimize and mature the
planned coils as well as their manufacturing and operation. The three most common
undulator coil geometries were investigated in this work, i.e. horizontal racetrack (HR)
and vertical racetrack (VR) coils as well as a helical undulator coil geometry. To find
the most advantageous working parameters of a high-temperature superconducting (HTS)
undulator magnet, the design work started with analytical 2D electro-magnetic parameter
space investigations, to be further investigated in 3D for modular coils and short models.
The two investigated modular planar coil designs with coated ReBCO tape superconductors
are displayed in Figure 3.1. The designs were further enhanced by mechanical analyses
and field quality studies which defined boundary conditions. Finally, a complete vertical
racetrack coil design is presented in detail as it was chosen to be applied to the modular
prototype HTS undulator coils. Furthermore, two options for a helical undulator to be
wound from coated ReBCO tape superconductor - the first presented designs for an HTS
tape wound helical undulator to the author’s knowledge.
Substantial parts of the following sub-chapters 3.1 and 3.2 have already been presented at
international conferences and/or have been published [12, 113, 114].

3.1. Electro-magnetic design

All investigative electro-magnetic simulations were performed using the commercial soft-
ware Opera [33]. Critical current density Jc fits of the investigated superconductors, e.g.

(a) (b)

Figure 3.1.: Visualization of the designed and investigated planar undulator coils. (a) A
vertical racetrack (VR) coil that covers one undulator period with two sub-
coils including iron poles, sharing a copper winding body. (b) A horizontal
racetrack (HR) coil with a central copper body housing a 50mm long iron
pole.

39
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ReBCO, were used to describe the performance as a function of operating temperature
and the magnetic flux density B on the conductor for all, plus the field angle for ReBCO
(see section 2.3). The Jc fits were defined for single tape superconductors, based on CERN
internal reports and can be found at full length in appendix B [115, 116, 117]. Due to this
definition, there may be minor deviations to the measured critical current values described
in the following chapter 5. Whereas Jc is commonly used to solely refer to the supercon-
ducting material’s critical current density, the engineering current density Je can be derived
from Jc to describe the (critical) current density across the whole wire cross-section, e.g.
the ReBCO tape. Utilization of the latter is in most design cases more concrete when
designing superconducting magnets, thus will be employed in the following. Consequently,
both notations of the current densities imply the critical engineering current density Jc,e,
directly connected to Jc by a volumetric filling factor of the wire. A perpendicular ori-
entation of the magnetic flux density (B-field) on the ReBCO layer was considered for
all investigated geometries, to assume a worst-case scenario. Therefore, the perpendicu-
lar component of the absolute field was monitored in particular and utilized to define the
respective Jc.

Anisotropy of the ReBCO’s critical field

As introduced in the previous chapter’s section 2.3, the investigated HTS ReBCO holds
an anisotropy of its critical B-field, which features a significant addition, thus difference
compared to low-temperature superconductors (LTS). The critical current of LTS such as
niobium-titanium (Nb-Ti) and niobium-tin (Nb3Sn) does not depend on the field angle,
only on the absolute field value and its operating temperature. Figure 3.2 shows a sector
of an infinite 2D undulator design with iron poles and a period length of λu = 13mm
having a 6mm gap. The B-field strength on the conductor cross-section can be seen as
a contour plot, and the implied tape orientation for an HR or VR undulator geometry
is sketched on the side. Tapes closer to the poles or the beam pipe see varied B-field
lines, especially relative to the tape’s ReBCO plane orientation. Consequently, the tape
orientation defines the absolute B-field that can be tolerated by the material, without losing
its superconducting characteristic. As seen earlier, higher currents in coated ReBCO tape
superconductors are generally attained when the magnetic flux density lines are positioned
parallel to the tape’s plane. This comes into play when further investigating and designing
an HTS undulator magnet based on ReBCO, but also has to be taken into account when
discussing the following calculated results by noting different on-axis magnetic flux densities
for different superconductor orientations in the coils.

3.1.1. 2D electro-magnetic simulations

Opera 2D was used to investigate the parameter space of planar undulators in two dimen-
sions for undulator periods λu between 5 and 15mm, gap size g between 3 and 9mm, and
the resulting magnetic flux density (B-field) amplitude By ≡ B0 on the beam axis. A
helical undulator may also be represented approximately by the VR coil’s tape alignment,
having a comparable 2D geometry along its beam axis. All investigated models included
iron poles with iron yokes as displayed in Figure 3.2. The width and height of the super-
conductor cross-section were varied for every configuration to find the optimized shape.
The plotted values are given for 80% of the given critical engineering current density at
4.2K on the respective undulator magnet’s load line, respecting commonly agreed safety
margins of LTS magnets (see section 2.3). However, the fact that a 2D geometry was used
here to represent simply the B-field around the beam pipe but not for other parts of the
conductor led to this choice of a rather conservative margin of 20% when investigating the
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Figure 3.2.: 2D electro-magnetic mirror-models of an undulator with flux density lines in
the vacuum and sketched most obvious tape orientations for VR and HR ge-
ometries on the side. The total B-field and its components are given as a
contour on the conductor cross-section in arbitrary units in (a), (b), and (c),
respectively.

potential of ReBCO in the first order. The discussed anisotropy of the ReBCO’s critical
field may lead to further boundary conditions in the 3D coil design and may reduce the
margin further to commonly applied margins around 10%, as presented later in subsec-
tion 3.1.2.
The focus of the graphs was narrowed down to g ≤ 6mm, as it is the high B-field region
with particular interest for FELs. However, K parameters were plotted in the full range
with the attractive zone between 1 and 2 marked for better orientation. No further opti-
mization of the geometry was performed regarding the anisotropy of the ReBCO’s critical
field, e.g. varying the tapes angle other than for the HR and VR common orientation.

Nb-Ti The state-of-the-art technology for superconducting undulators, Nb-Ti, was in-
vestigated as a comparison for the corresponding undulator parameters and the achievable
By as shown in Figure 3.3a. For reaching B-fields higher than 1.5T, gap sizes around or
smaller than 5mm are needed as well as λu > 10mm. The calculated engineering current
densities are around 1 kA/mm2. Period lengths from 9mm with gaps of 4mm make de-
sired K parameter values above one feasible. Nb-Ti is a mature and reliable technology
for superconducting undulators and wigglers, which has proven stable operation under the
demanding conditions of several storage rings worldwide. However, it has reached its per-
formance limits, and significantly higher fields for shorter periods will not be feasible with
this technology.

Nb3Sn Additionally, Nb3Sn-based superconducting undulators were investigated, as this
superconductor is currently the first candidate for the next generation of high-field ac-
celerator magnets [118]. Its performance is displayed in Figure 3.3b where a shift of the
contour towards a higher B-field amplitude can be observed. Here, B-fields up to 2T may
be feasible for g < 6mm and λu ≥ 10mm. Appropriate K parameter values above one are
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Table 3.1.: B-field values optimized for the materials ReBCO and Nb-Ti with a gap of
6mm and operational engineering current densities of 80% Jc,e at 4.2K in 2D.

λu ReBCO HR ReBCO VR Nb-Ti
in mm By in T By in T By in T

13 2.3 1.7 1.2
14 2.7 2.0 1.4
15 3.0 2.3 1.5

feasible for λu ≥ 9mm with gaps of 3.5mm. The calculated engineering current densities
are between 1 and 1.5 kA/mm2. However, the performance of Nb3Sn in superconduct-
ing undulators has to be considered with care. Besides the complex treatment of Nb3Sn
strands (c.f. section 2.3), operation at higher current densities would create larger eddy
currents that cannot be sufficiently fixed in place by the pinning forces, thus may result
in an unstable operation caused by flux jumps. Further developments might resolve this
issue in the future.

ReBCO The calculations for coated ReBCO tape superconductors in the VR and HR
geometry are shown in Figure 3.4. A significant shift of the contour towards a higher B-field
amplitude with respect to Nb-Ti and Nb3Sn can be seen for both cases. Both geometries
make favored K parameter values above one feasible already for period lengths from roughly
7mm with gaps of 3mm. For B-fields higher than 2T in the VR geometry, gap sizes around
or smaller than 5mm are needed or λu > 12mm. The HR geometry enables B-fields greater
than 2T already for g ≤ 6mm. In general, superior performance can be observed in 2D for
the HR geometry down to an undulator period length of 7mm. This is a clear consequence
of the different B-field orientations relative to the superconductor’s plane: especially high
fields are less tolerated in perpendicular orientation, as seen earlier. Here, the calculated
engineering current densities are in the range between 2 and 3 kA/mm2, with the VR
geometry being at the lower and the HR geometry at the upper limit.

A practical comparison between the HTS ReBCO performance and that of the LTS state-
of-the-art material Nb-Ti for a gap of 6mm results in the values stated in Table 3.1. When
regarding the average performance of the HR and VR ReBCO geometry, a peak enhance-
ment of up to 77% for the on-axis B-field amplitude may be feasible compared to the Nb-Ti
design, demonstrating the ReBCO’s potential.
A region where ReBCO clearly outperforms the LTS technology and simultaneously is
within reach of a K around 2 narrowed the parameter space down to λu ∈ [11, 13]. With
a convenient magnetic gap size of 5 or 6mm and the ambitious goal of 2T B-fields, an
undulator period length of 13mm was chosen to be further investigated for both geome-
tries. The optimized 2D period consists of two 2.5mm wide iron poles and two 4× 5mm2

superconductor blocks. This decision was supported by the fact that a width of 4mm
is the most common value after 12mm among all commercially available coated ReBCO
conductors on the market.
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(a) (b)

(c) (d)

Figure 3.3.: Parameter space graphs for 2D electro-magnetic simulations of a supercon-
ducting undulator wound with Nb-Ti in (a) and (c) and Nb3Sn wires in (b)
and (d). The magnetic field By and the respective K were calculated with
80% of the critical current at 4.2K for the gap g and undulator period length
λu. K of 1 and 2 are marked with white lines. Plots reproduced from [12].
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(a) (b)

(c) (d)

Figure 3.4.: Parameter space graphs for 2D electro-magnetic simulations of a supercon-
ducting undulator wound with coated ReBCO superconductor tape: (a) and
(b) Vertical racetrack (VR) geometry. (c) and (d) Horizontal racetrack (HR)
geometry. The magnetic field By and the respective K were calculated with
80% of the critical current at 4.2K for the gap g and undulator period length
λu. K of 1 and 2 are marked with white lines. Plots reproduced from [12].
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(a) VR coil at 4.2K. (b) VR coil at 77K.

Figure 3.5.: 3D electro-magnetic simulations of a one-period VR coil geometry. The ab-
solute magnetic field Bcond is shown as a color contour on the conductor and
copper body for two temperature zones: (a) Je(4.2K) = 2071A/mm2, (b)
Je(77K) = 75A/mm2. Graphics are reproduced from [113].

3.1.2. 3D electro-magnetic simulations

To investigate load lines and forces, full three-dimensional magnetic designs were elaborated
and analyzed for the cases of interest identified in the 2D study. This supported the so-
far acquired results and further brought investigations of the resulting magnetic field on
the conductor Bcond at 4.2K and 77K into focus. Opera 3D [33] was used to investigate
single undulator coil modules in three dimensions further, including the observation of the
magnetic flux density on-axis and on the coils’ entire superconductor volume. Further
calculations included the resulting Lorentz forces caused by the operating current densities
at the respective operating temperature. The investigations of these single modules prepare
the basis for the experimental investigations in chapter 5 and are therefore analyzed in more
detail. All investigations were performed for a defined undulator period λu of 13mm and
gap sizes g between 5 and 7mm. In the following step, short undulator models of HR
and VR coils as well as a helical undulator were studied. All investigated planar HR and
VR models included iron poles with iron yokes if not specified differently. The optimized
superconductor cross-section had the dimensions of 4 × 4mm2 for the HR geometry, 4 ×
5mm2 for the VR geometry, and 4 × 6mm2 for the helical short model. Conductors
solely described by the Biot-Savart law were used to describe the superconducting coils
with respective current densities. Therefore, the utilized software Opera calls them simply
“Biot-Savart conductors” and applies a constant current density J to the defined volume’s
cross-section.

Vertical racetrack geometry Figure 3.5 displays the absolute magnetic field on the
conductor stack Bcond as well as on the copper winding body for a VR coil at 4.2K and
77K. The plotted values are given for 80% of the critical engineering current density at
4.2K and for Jc,e at 77K on the coil’s load line, respecting a safety margin compared to
LTS magnets at low temperatures. The iron poles and core with the highest magnetic
fields are hidden for a better scale.
Comparing both performances, one can see a clear asymmetric B-field distribution for the
applied current at 77K on the straight conductor close to the beam pipe. This is a direct
consequence of the VR coil’s asymmetric geometry, having a central and a lateral iron pole.
At 77K, the generated B-field with a maximum of 0.62T is well below the iron saturation
and therefore heavily guided by the yoke. The generated B-field increases significantly
to a maximum B-field of 4.9T for higher operating currents at lower temperatures down
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(a) HR coil at 4.2K. (b) HR coil at 77K.

Figure 3.6.: 3D electro-magnetic simulations of an HR coil geometry. The absolute mag-
netic field Bcond is shown as a color contour on the conductor for two temper-
ature zones: (a) Je(4.2K) = 2071A/mm2, (b) Je(77K) = 75A/mm2.

to 4.2K. Reducing the margin on the load line by 10% to 10%, a current density of
2.3 kA/mm2 would become feasible, generating a 5.5T field on the conductor. Here, the
influence of the iron on Bcond is smaller. This can also be noted when observing the location
of the maximum B-field on the conductor pack: for the performance with currents at 77K,
the maximum is located close to the iron pole tip, whereas for currents at 4.2K there is
a uniformly high zone on the edges of the opposed sub-coils, not only in the region of the
iron poles. Additionally, B⊥ is onbserved to be 99.95% Bcond for the VR coil at 4.2K,
supporting the assumption of investigating the perpendicular component.
Although investigating a single one-period VR coil, an on-axis By of 1.38T was calculated
for Jop = 2071A/mm2 at 3.5mm distance below the central iron pole at 4.2K, showing
the ReBCO’s potential.

Horizontal racetrack geometry Figure 3.6 shows the absolute magnetic field on the
conductor stack Bcond for an HR coil at 4.2K and 77K. As seen earlier, the HR geometry
has a preferred coated ReBCO tape orientation regarding the B-field lines. To allow a
better direct comparison with the VR coil, however, the plotted values are given for the
same current densities as for the VR coil at the respective temperatures, namely Je(4.2K) =
2071A/mm2 and Je(77K) = 75A/mm2. Here, the iron pole with the highest magnetic
fields is hidden for a better scale as well as the copper body. Both performances show a
rather symmetric B-field distribution on the conductor as a consequence of a symmetric
HR coil geometry around one central pole. The generated absolute Bcond had maxima of
0.58T and 5.6T for operating currents at 77K and 4.2K, respectively. A 20% load line
margin at 4.2K would allow a potential operating current density of 2.58 kA/mm2 with a
resulting absolute field on the conductor of 6.9T. For lower temperatures, the location of
the maximum Bcond can be found on the inner curved side of the conductor pack whereas it
was located on the conductor edges next to the iron pole at 77K due to the iron’s influence.
Here, B⊥ can be found as 57.14% Bcond for the HR coil for operating currents at 4.2K,
showing the significantly different alignment of magnetic density flux lines compared to the
above presented VR coil and the HR’s potential. A By of 1.26T is calculated at 3.5mm
distance below the central iron pole for Je(4.2K).
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Figure 3.7.: Load lines of five-periods undulator short-models and of single VR and HR coils
for comparison. The maximum perpendicular magnetic field component on
the conductor is plotted with respect to the applied Je. The individual Jc,e for
Bruker HTS with a 20% margin are marked with dots and stars, respectively.

Table 3.2.: Engineering critical current densities Jc,e and investigated operating values
Je,op (≳ 20% margin) of the analyzed HR, VR, and helical short models plus
respective modular coils. Iron was replaced by holmium (Ho) in the short mod-
els for further analyses. All for λu = 13mm, a 5mm gap and at 4.2K.

HR VR helical HR coil VR coil HR (Ho) VR (Ho)

Jc,e (A/mm2) 3038 2724 2440 3326 2592 2973 2704
Je,op (A/mm2) 2500 2000 2000 2071 2071 2500 2000

3.1.2.1. Short model undulators

Short models of HR and VR with iron poles, as well as an iron-free helical undulator
with five undulator periods, were investigated for λu = 13mm and a gap g = 5mm. As
short models represent the full-size undulator magnet, it is crucial to demonstrate the
feasibility of their design based on the above-presented modular coils. In the following,
three-dimensional electro-magnetic simulations of the investigated undulator geometries
are presented and discussed in the form of five period-long short models. Their load lines
are displayed in Figure 3.7 together with the modular coil’s load lines, all constrained by
the perpendicular magnetic field component.
A deviation between the single VR and HR coils and their respective short models was
expected due to the significantly different overall geometries, therefore needed further in-
vestigations in terms of applied forces and field distribution, both on-axis and on the
superconductor. All calculated engineering critical current densities Jc,e and the investi-
gated operating values Je,op, having an approximate safety margin of 20%, are noted in
Table 3.2. However, the Jc,e of the HR geometries have to be considered with some care,
as they seem relatively high in value. Consequently, the HR coils were further investigated
with a rather large safety margin. The worst-case scenario would be to take the absolute
magnetic field as a reference parameter rather than its perpendicular component on the
conductor. In this case, HR and VR geometries would fall comparable on the current VR
load lines, making the VR coil an attractive representative candidate for further experi-
mental investigations. The on-axis B-fields By of all short models are plotted in Figure 3.8
for their respectively selected Je,op(4.2K). The HR and VR short models show a drift of
the B-field along the beam axis due to missing corrector coils (or matching periods) at
the beginning and end of the rather limited geometries, where the field fades back to zero.
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(a)

(b)

Figure 3.8.: Graph of the magnetic field By along the beam axis of each short undulator
model for λu = 13mm and a gap of 5mm. All short models were investigated
for their respective Je,op(4.2K): (a) HR 2500A/mm2, VR 2000A/mm2, and
(b) helical undulator 2000A/mm2 for option 1 (cf. section 3.5).

Figure 3.9.: Graph of the magnetic field By along the beam axis of the helical undula-
tor, design option 2 (cf. section 3.5), for λu = 13mm, a 5mm gap, and
Je,op(4.2K) = 2000A/mm2. The correction for By,corr was realized by a 0.38T
background field along the helical structure.
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Figure 3.8b shows the B-field behavior of the helical undulator by displaying both B-field
components perpendicular to the beam axis. Here, Bx and By construct a helical magnetic
flux density vector. The designed tape return path options may be compensated and are
presented in section 3.5. However, an opposing tape stack ending (option 2) results in an
asymmetric shape of the field amplitudes Bx and By, shown in Figure 3.9, and makes field
corrections necessary. Applying a 0.38T background field along the bifilar helix, as an
example, already improves the field significantly (By,corr).

Vertical racetrack geometry Figure 3.10 shows the absolute magnetic field on the
conductor Bcond for the VR short model’s critical engineering current density Jc,e and
engineering current density for operation Je,op with iron poles and core side by side. As
already seen for the single VR coil, the highest B-field can be observed on the opposing
coil sides of the superconducting stack. This applies especially to the outermost coils of
the presented VR short model where the peak fields can be detected due to the ending
geometry. Corrector coils with 1/4 and 3/4 of the original coil width could be used to
reduce these end fields further.

Horizontal racetrack geometry Bcond for the HR short model with iron poles is pre-
sented in Figure 3.11a for a Je,op. The maximum B-field is observed in the region of the
inner curved sides of the conductor stack. Therefore, changing the coil end of the horizontal
racetrack may significantly reduce the field on the conductor, thus allowing higher currents
and on-axis fields. This was briefly investigated by splitting one HR coil up into two with
different lengths as seen in Figure 3.11b. With this simple approach, the maximum Bcond

can already be reduced by about 10% moving the location of the maximum on-conductor
field towards the central iron pole of each coil. Another approach to reduce the field on
the coil ends and to get rid of the rather tight bending radii when going to small periods
like 13mm, might be the application of so-called cloverleaf coils with alternating varying
straight lengths [119, 120, 121]. However, further investigation and resources beyond the
scope of this work would have been necessary.

Helical geometry Figure 3.12 displays Bcond for the helical undulator short model’s
engineering operating current density Je,op without iron poles. Both coil-end design op-
tions are taken into consideration (cf. section 3.5). The maximum B-field can be observed
on the opposing coil sides of the superconducting stack as well as on the innermost turns
next to the central beam pipe. Cross-sections along the beam pipe show the B-field dis-
tribution inside the tape stacks in Figure 3.13. Here, Figure 3.13b shows the planned
demonstrator short model of the helical undulator and the field on its superconductor for
Jc,e(77K) = 350A/mm2. Having only 12 turns, the demonstrator is planned to be tested
only at 77K, for which this simulation serves as a reference. Here, the pattern of Bcond

is comparable to the full-size short model with 120 turns. For both helical cases, possible
tape return paths are neglected, yet, their design can be found later in section 3.5.
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(a) (b)

Figure 3.10.: 3D electro-magnetic simulations of a five-periods VR short model. The ab-
solute magnetic field Bcond is shown as a color contour on the conductor for
(a) Jc,e(4.2K) = 2724A/mm2 and (b) Je,op(4.2K) = 2000A/mm2. Iron
and copper are hidden for an enhanced view.

(a) (b)

Figure 3.11.: 3D electro-magnetic simulations of two five-periods HR short models:
(a) A simple HR design, (b) a double HR design. The absolute mag-
netic field Bcond is shown as a color contour on the conductor for
Je,op(4.2K) = 2500A/mm2. Iron and copper are hidden for an enhanced
view.

(a) (b)

Figure 3.12.: 3D electro-magnetic simulation of a five-period helical undulator short model.
The absolute magnetic field Bcond is shown as a color contour on the conduc-
tor for Je,op(4.2K) = 2000A/mm2, approximately 80% Jc,e(4.2K). (a) The
design with a parallel tape stack ending (option 1, cf. section 3.5). (b) The
design with an opposing tape stack ending (option 2, cf. section 3.5). Wind-
ing bodies are hidden for an enhanced view.
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(a) (b)

Figure 3.13.: 3D electro-magnetic simulations of a helical undulator short model (left) and
demonstrator (right) with five periods and an opposing tape stack ending
(option 2, cf. section 3.5). The absolute magnetic field Bcond is shown
as a color contour along the beam pipe on the conductor’s cross-section
for (a) Je,op(4.2K) = 2000A/mm2, approximately 80% Jc,e(4.2K), and (b)
Jc,e(77K) = 350A/mm2. Scale in mm.

3.1.3. Ferromagnetic materials

Superconducting as well as normal conducting magnets use poles made of ferromagnetic
material to increase the magnetic flux density in certain regions or to prevent fringe fields
that may influence the magnet’s performance. In these investigations, iron was imple-
mented in the coil’s design not only to improve the peak field performance but also as core
material in the vertical racetracks to adjust the direction of the forces, such that the main
stress becomes compression (cf. section 3.2). This made the calculation methods more
complex as explained above in subsection 2.1.3.
The most prominent materials to be used are pure iron or steel with saturation values
around 2.1T. However, there are further attempts to push the saturation to higher val-
ues, e.g. Vacuumschmelze’s Vacuflux® and Vacodur® with saturations of 2.3T. Another
example is the application of the rare earth metal holmium in magnetic poles which is
only ferromagnetic below 20K with a saturation of roughly 2.5T [122, 123]. Holmium may
also be anti-ferromagnetic (between 20 and 133K) or paramagnetic (above 133K), which
makes its usage challenging. The B-H-curves of holmium, iron, and AISI 1010 low-carbon
steel at 4.2K are plotted in Figure 3.14.
As holmium provides the highest saturation among the presented ferromagnetic materials,
its application to the designed HTS undulator short models was investigated within this
work and compared to iron and air for their individual Je,op(4.2K) (cf. Table 3.2). Iron as
the pole and core material provides an increased B-field of about 8% for VR and HR com-
pared to air. Here, a massive iron winding body for the helical undulator short model may
improve the B-field by 13%. Utilizing holmium, further B-field enhancements for the VR
and HR short models of up to approximately 13% and 12% can be calculated respectively,
making it a very attractive choice for boosting the magnet’s performance at 4.2K. Also,
the helical undulator short model would benefit from an additional 8% B-field increase.
All changes apply for the same Je,op(4.2K) as without the ferromagnetic material, thus
implying a change of the load line. In the end, iron was chosen for coil manufacturing due
to its availability and straightforward application.
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Figure 3.14.: Simplified B-H curves of
iron, holmium, steel 1010,
and vacuum/air at 4.2K.

3.2. Mechanical design

All investigative mechanical simulations were performed utilizing the software ANSYS
Workbench [124]. The von-Mises stress and strain were mainly calculated for two processes
concerning the modular coils and undulator short models: First, the material shrinking due
to the uniform cool-down from a room temperature of 300K to a possible operating tem-
perature of 4.2K. Second, the caused Lorentz forces by powering the coils.
Note, that von-Mises analyses are commonly used for maximum stress and strain evalu-
ations in isotropic ductile materials, such as steel. It may be debatable to use von-Mises
here as the investigated coils are not isotropic and the high-temperature superconductor
ReBCO is a brittle material. However, ReBCO’s volumetric percentage in the overall coil
is rather small and large pieces of the coil are made of metals. Additionally, the ReBCO
tape superconductor stacks were modeled as a homogeneous material as described below.
The Lorentz forces were calculated from the 3D electro-magnetic calculations, presented
in the preceding sections, and transferred to the mechanical models as element force densi-
ties. In the mechanical models, all solid surface contacts were defined as so-called bonded
contact regions, which prevented sliding and therefore may overestimate the caused stress.
All materials’ properties were taken into account respectively. However, the 4mm wide
coated ReBCO tape superconductor stacks were modeled as a homogeneous material as
the layered structure makes the below-presented properties challenging to measure. Con-
sequently, the different materials were treated according to their volume percentage with
considered layer thicknesses of 3 µm thick YBCO, 7 µm silver, 40 µm copper, and 100 µm
stainless steel, Besides the thermal contraction, the following properties for solid materials
were defined for the temperature range between 4.2K and 300K [125, 126]:

• Poission’s ratio, measuring a material’s deformation in directions perpendicular to
the direction of the applied loading.

• Young’s modulus, describing a material’s compressive or tensile stiffness for a length-
wise applied loading in the linear elastic region in GPa.

• Shear modulus, measuring a material’s elastic shear stiffness in GPa.

Note that apart from measuring these three properties, it is also possible to calculate the
missing parameter, as long as the other two are known.
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Figure 3.15.: Lorentz forces on modular vertical and horizontal racetrack (VR and HR)
undulator coils, all calculated at 4.2K. (a) One-period VR coil (Je,op =
2071A/mm2), (b) HR (Je,op = 2800A/mm2).

3.2.1. Modular undulator coils

Figure 3.15 displays the Lorentz forces on the investigated modular undulator coils (VR
and HR) for their respective Je,op at 4.2K. Stacked together, these modular geometries
can be used to assemble a short model or a full-size undulator magnet. All coils are split
into segments to showcase the direction of the forces.

Vertical racetrack geometry The modular VR coil, which consists of two sub-coils,
shows the strongest forces in opposing coil directions with 4.8 kN and an equivalent of
16MPa. Here, the relatively small iron core also helps to reduce the expanding forces of
the superconductor stack by about 6%. The stress due to the cool-down and powering at
4.2K of the designed VR coil is shown in Figure 3.16a. The resulting allocation of the
stress can be once more seen as a cause of the asymmetric geometry. Maximum values of
about 64MPa can be detected on the edges of the superconducting tape stack.

Horizontal racetrack geometry As expected, the two parallel sides of the HR coil
want to expand with a maximum force of 4.2 kN, seeing 14MPa. However, the ends of
the coil are even more stressed in the radial direction by 21MPa. The analysis concerning
the stress due to the cool-down and powering at 4.2K for the designed single HR coil is
presented in Figure 3.16b. A relatively high Je,op was chosen to test the limits of this
rather small coil. Maximum values of about 42MPa are monitored on the edges of the
superconductor stack next to the iron pole in the coil’s center.

For both investigated modular VR and HR coils, the stress is shown to stay well below
tolerable thresholds of 600MPa that might harm the superconducting properties of coated
ReBCO tape superconductor [67, 127]. Stresses on the other materials can be neglected
due to low values. To prevent any movement of the coated ReBCO tapes, a stainless steel
supporting structure was designed to fix the superconductors and keep the coils compressed
starting from the cool-down.
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3.2.2. Short model undulators

Vertical and horizontal racetrack Figure 3.17 displays the stress on the supercon-
ducting tape stacks of the designed VR and HR undulator short models as a consequence
of the cool-down and powering at 4.2K. The VR short model was investigated for its Jc,e
to demonstrate the manageable stress up to the electro-magnetic limits. As the relatively
high Jc,e of the HR geometry has to be regarded with some caution, the HR short model
was investigated for its Je,op. Both racetrack geometries have their maxima of stress on
the superconductors close to their iron pole location with around 360MPa for the VR and
488MPa for the HR. Furthermore, the VR and HR short models show rather thin regions
of high stress, which may be overcome by increasing the manufacturing margins. Yet, this
should be experimentally validated by manufacturing short undulator models and e.g. ap-
plying pressure measurement films to regions of interest. Although the investigated short
models show higher absolute stress values than the modular coils, the revealed stresses are
below tolerable thresholds and in expected regions, not showing a showstopper for the two
racetrack designs.

Helical geometry Contrary to the two racetrack geometries, the helical undulator mod-
ule presents itself with a well-balanced set of forces during operation with values around
200N or rather 4MPa, caused by its symmetric geometry displayed in Figure 3.18a. Fur-
ther investigation of the designed coil ends, presented in section 3.5, will most likely show
similar values as compared to the VR and HR geometries. Due to their relatively sim-
ple shapes (solenoid and half racetrack), both proposed helical coil end options should be
well to handle, especially since they stand out of the magnet’s structure. A quarter of
the helical short model is shown with its stress caused by the cool-down and powering at
4.2Kin Figure 3.18b. Here, the cool-down has a significant influence and caused scattered
high-stress regions of up to 552MPa, also on the winding body made of stainless steel.
However, the connections between surfaces may be difficult to model in a helical structure
when preventing any edge movement with nearly no flat surfaces. Therefore this result has
to be met with care and is probably exaggerated by the boundary condition of bonded sur-
face contacts. Nevertheless, the revealed stresses in the helical module are below tolerable
thresholds, not showing a showstopper for the helical undulator designs.
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(a) (b)

Figure 3.16.: Equivalent stress on the modular coils due to a uniform cool-down from 300K
to 4.2K and powering. (a) VR with 2071A/mm2. (b) HR with 2800A/mm2.

(a) (b)

Figure 3.17.: Equivalent stress on undulator short models due to a cool-down from 300K
to 4.2K and powering. (a) VR with 2724A/mm2. (b) HR with 2500A/mm2.

(a) (b)

Figure 3.18.: Mechanical investigations of the helical undulator module calculated for
Je,op = 2000A/mm2 at 4.2K. (a) Lorentz forces, (b) Equivalent stress due
to a cool-down from 300K to 4.2K and powering.
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3.3. Field quality studies

For the application in synchrotrons and FELs, the performance of undulators must be well
controlled in steady operation and during the charging and discharging process. On the
one hand, a non-zero field integral may have devastating consequences for the beam and
could even harm the machine when particles get dumped in an uncontrolled way. On the
other hand, the phase error acts as a limiting factor for the emitted radiation (cf. subsec-
tion 3.3.3). Both may be additionally influenced by current sharing in a non-insulated coil.
However, also the application of an undulator in a synchrotron, a ring accelerator, or an
FEL plays a role when reviewing potential sources of malfunction. Transient field effects,
for example, may have a larger impact on undulators in synchrotrons which depend on
a stable beam compared to run-through-once undulators in FELs. In the following, eddy
currents were investigated during the ramping process of the designed VR and HR undula-
tor geometries, as the used ReBCO superconductor was copper-coated and the undulator
design includes large copper and iron bodies. The generated eddy currents in these metals
are finite but may have the potential to influence the field on the beam axis in a disturbing
way. Consequently, their current density and decay time need to be investigated. Further
research should also focus on eddy currents inside the superconducting layers, as they may
cause a hysteresis loop for the on-axis field based on eddy currents, as recently described
for an HTS undulator bulk structure [128].
Furthermore, the mechanical margins of the winding, thus finite errors, constitute a poten-
tial source of field errors. Variations in the winding position were therefore analyzed with
respect to a change in the field amplitude.
Another potential error source in static conditions may be the current distribution in non-
insulated windings, as planned and exercised in the following chapters. However, this
is not straightforward to investigate by means of calculations and would go beyond the
scope of this thesis. Here, experimental field studies in HTS undulator short models may
also be a well-feasible approach. Other future investigations may cover particle tracking
and potential beam emittance growth due to mechanical errors in a known storage ring
configuration.

3.3.1. Dynamic electro-magnetic: current ramping

2D Opera [33] simulations were utilized to investigate eddy currents in normal conducting
metals around the superconducting coils during the current ramping process of the de-
signed VR and HR undulators, wound with copper-coated ReBCO superconducting tape.
Therefore, the copper winding body, the iron poles, as well as the copper layers of the
superconducting tape were monitored. Both geometries were analyzed for a 13mm period
length and a 6mm gap, having a conductor cross-section of 4× 5mm (VR) and 4× 4mm
(HR). The 100 µm thick superconducting tapes were split up into two parts: the copper
coating of 40 µm and the 60 µm thick rest, mainly consisting of stainless steel and the
ReBCO layer. For the latter, the current density was driven over 900 s up to a plateau of
2 kA/mm2 where it remained steady for another 300 s. This corresponded to a maximum
Je of 1.2 kA/mm2 in the overall undulator groove. Eddy currents were observed during
this process in all conductive materials of the model. Iron and copper were described with
their electrical conductivity at 4.2K, being approximately 1×108 S/m and 3.268×109 S/m,
respectively. For copper, a RRR of around 40 was assumed.
Figure 3.19 shows the magnetic field build-up for different time steps as an example of a
VR undulator geometry. The B-field amplitude B0 at the beam axis increases over time
and shows clearly the two absolute maxima below the iron poles within the undulator
period. After the current density reaches its plateau value of 2 kA/mm2, a change in B0
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Figure 3.19.: B-field buildup for various time steps in a 2D 13mm period, 6mm gap VR
undulator during 900 s current ramping with the influence of eddy currents.

of ∆B0 ≈ 0.38% can be observed for both geometries over 300 s. The current density
distribution, including the induced eddy currents, can be seen for different time steps in
Figure 3.20. Here, subfigures 3.20a to 3.20d display the investigated HR geometry, whereas
subfigures 3.20e to 3.20f show the VR geometry as an example. Due to the start of the
current ramp, relatively large eddy currents of 47A/mm2 and 27A/mm2 are seen after
the first 120 s. They stabilize around 15A/mm2 while the current is constantly driven up
and become insignificant 300 s after the plateau is reached. However, directly after the
current ramping has finished, they are already more than a factor of 100 smaller than the
applied current. Consequently, they influence the overall current density by about <0.5%
and thus are insignificant already directly after the current ramping for the given ramp
rate of 2.2A/s.

3.3.2. Mechanical margins

For a precise undulator adjustment, all modular coils have to be placed to meet the target
values. Otherwise, B-field components of higher order may be introduced due to deviations
in the pitch, shearing, or roll angles. To avoid this, pin holes and rods are mainly designated
to align the VR coils to a full-size undulator. However, deviations in the superconductor
stack height might appear, e.g. due to the acting Lorentz forces of the coated ReBCO
tapes. A direct influence on the magnetic field amplitude B0 would be the consequence.
Investigations of different stack heights were performed for modular VR coils by means of
3D electro-magnetic simulations. All models were operated with Jop(4.2K) = 2071 kA/mm2

for their designed 5mm superconductor stack height. A relatively large height reduction of
8% (here 0.4mm) corresponds to a relative change in B0 of −9%, whereas smaller variations
of 2% (here ±0.1mm) show a relative change in B0 of approximately ±2%. Consequently,
the coils need precise coil winding techniques as well as strong support during powering to
avoid any tape stack movement that may cause variation.

3.3.3. Phase errors and their effects on undulator radiation

As introduced earlier, undulators are mainly used as light sources. Having seen different
sources of malfunction implies the question of tolerable field deviations for the undulator
radiation. Here, unfortunately, no straightforward answer can be deduced. It is not only
a matter of relative amplitude deviations but also of their distribution and is best to be
evaluated in a short model magnet. A comprehensive description concerning undulators
can be found in [129], which is briefly summarized in the following.
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(a) 120 s. (b) 600 s.

(c) 900 s. (d) 1200 s.

(e) 120 s. (f) 1200 s.

Figure 3.20.: Close-ups of current density rampings with caused eddy currents in 2D 13mm
period, 6mm gap undulator geometries at 4.2K. Each graph shows about
half an undulator groove. (a) to (d) HR geometry, (e) and (f) VR geometry.

Three main types of phase errors can be found. First, smooth variations along the undulator
length LID caused by steady varying field amplitude errors are defined as systematic errors
(σsm). They originate most likely from a variation in the magnetic gap, but can also arise
from another parameter variation such as periodicity. Second, local magnetic field errors
may generate random phase errors (σΨ), thus can be described by a random-walk process,
which can further introduce errors in the electron trajectory as well as angular errors. The
latter causes phase oscillation (σ∆) between negative and positive poles as the third error
type. However, phase oscillations are rather small, having relatively less influence on the
radiation’s spectral properties. Random and systematic malfunctions, in contrast, both
typically reduce the peak brilliance, whereas the systematic component may additionally
broaden the brilliance spectrum, causing a deteriorated integrated flux, yet not to the same
amount.
In general, phase errors are built up cumulatively from all three types. A good figure of
merit to describe the potential peak brilliance reduction, independently of the number of
magnet poles, is the overall rms phase error σϕ, which can sum all three error types as

σϕ ≃
√

σ2
sm + σ2

ψ + σ2
∆ . (3.1)

It was shown that the on-axis peak brightness due to phase errors is reduced by a fac-
tor RB̂ = e−m

2σ2
ϕ [130]. However, the rms local phase error as in the reduction factor

RB̂ = e−a·m
2σψnp may be the better or rather additional choice to the rms phase error

for describing the integrated flux reduction, though being dependent on the number of
magnetic poles np and a constant a.
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Figure 3.21.: Technical drawings of the VR coil. Front view (left) and cross-section (right).
Zone A is displayed in Figure 3.29 in more detail. Measures in millimeters.

Figure 3.22.: Exploded view of the VR coil. (1) VR sub-coil 1, (2) VR sub-coil 2 with
10mm wide HTS connection tape, (3) G11 insulation, (4) iron body with
lateral pole, (5) copper winding body, (6) iron body with center pole, (7) and
(8) central G11 insulation, (9) Kapton® insulation sleeves, (10), (11), (12)
Kapton® insulation sheets, (13) pin to fix the tape, (14) G11 dowel, (15) hex
socket low head screws, for fixing the iron parts.

3.4. A coated ReBCO tape-based vertical racetrack design

The above-presented investigations of electro-magnetic and mechanical performances led
to the technical design of a vertical racetrack undulator prototype coil: the VR coil. Design
parameters for the three planned prototype coils can be found in Table 3.3. As presented
earlier and already displayed in Figure 3.1a, the VR coil spans over an undulator period
of 13mm housing two VR sub-coils Both sub-coils are wound on the same winding body,
which consists of a 10.5mm wide and 9.9mm thick copper ring including an iron core and
poles for B-field enhancement.
The period consists of two 4mm wide superconducting tape stacks with 5mm of height

and two 2.2mm wide iron poles, leaving some margin e.g. for insulation. This modular
construction should allow easy replacement of single periods within a long undulator mag-
net, in case of need. The central iron body includes pinholes and voids for aligning the
coils by means of rods and pins when being stacked to a full-size undulator. Figure 3.21
presents a technical drawing with a side and cross-section view. Here, the iron core is split
into two parts: the central iron pole and the iron core connected to the lateral iron pole,
which allows an assembly by sliding them one after another into the copper winding body
and clamping them together with two screws (c.f. also Figure 3.29). All parts needed for
the VR coil manufacturing are presented in Figure 3.22 in form of an exploded component
view.
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Table 3.3.: Design parameters of the VR undulator coils

λu = 13mm VR coil #1, #2 VR coil #3

Sub-coil cross-section 4× 5mm2 4× 4.6mm2

HTS tape manufacturer BrukerHTS SuperPower
HTS tape dimension 4mm× 100 µm 4mm× 45 µm
⌞ substrate thickness 50 µm 30 µm

Number of turns 51 102
⌞ cable type single HTS tape single HTS tape

Jc,e in self-field at 77K (LN2)

Jc,e(0.6T, 77K) 75A/mm2 222A/mm2

Ic,sim(0.6T, 77K) 30A 40A
B0(Ic, 3.5mm) 0.14T 0.28T

80% Jc,e in self-field at 4.2K (LHe)

Je(4.9T, 4.2K) 2071A/mm2 2222A/mm2

Isim(4.9T, 4.2K) 828A 400A
B0(Isim, 3.5mm) 1.38T 1.24T
Stored energy 130.4 J 130.5 J
Inductance 380.4 µH 380.7 µH

Figure 3.23.: Technical drawings of the VR coil’s copper body. (A) Slit and pinhole to fix
the HTS tapes, including the 10mm wide and 100 µm thick connection HTS
tape, and start the coil winding. (B) Endpoint of the connection HTS tape.
All dimensions and measures are given in millimeters.
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The three VR coils were manufactured from two different coated ReBCO superconducting
tapes, both having a width of wtape = 4± 0.2mm:

• Two coils wound from Bruker HTS tape, with a thickness of ttape = 100 µm.

– Designed to withstand mechanical stress and for operations at low temperatures
(≤ 20K),

– Experimentally determined Ic(77K, s.f.1) ≈ 92A and Ic(4.2K, 5T) ≈ 735A.

• One coil wound from SuperPower HTS tape (SCS4030-AP), with a thickness of
ttape = 45 µm.

– Designed for high current densities and small bending radii,

– Experimentally determined Ic(77K, s.f.1) ≈ 178A and Ic(4.2K, 5T) ≈ 650A;
Ic(4.2K, 7T) ≈ 550A

As a consequence of the different tape thicknesses ttape, the designated conductor cross-
section of 4× 5mm2 has to be filled with a different amount of turns nturns = 5mm/ttape.
The two VR coils wound from Bruker HTS tape, therefore, have 50 turns, plus 1 turn as a
safety margin.
As shown in Figure 3.23, the straight section and the two different arc types then define
the total length of tape ltape needed for one VR sub-coil with n being the layer number
wound:

lSideArc =
150.13◦

360◦
· 2π · (20mm+ n · ttape)mm , (3.2)

lCenterArc =
59.74◦

360◦
· 2π · (95.3mm+ n · ttape)mm , (3.3)

lTape,Bruker =

∫ 51

0
75mm+ 2lSideArc + lCenterArc dn ≈ 15m . (3.4)

Equation (3.4) shows that a total length of approximately 2× 15m = 30m of Bruker HTS
tape is needed for a VR coil. For the thinner SuperPower HTS tape, the amount would
increase to 2× 33m. However, for a better direct comparison in terms of magnet charging
times, the coil wound with the SuperPower HTS tape was decided to have exactly double
the turns compared to the other two (102 vs. 51). This results in a reduced tape stack
height of 4.6mm instead of 5mm and requires lTape,SuperPower ≈ 2× 30m.
A non-insulated (NI) coil winding procedure is chosen for all to deal with the relatively
high current densities with respect to the quench protection (see subsection 3.4.5). Further
details concerning the ideal VR coil design, directly linked to the operation of the coils,
are presented in the following part of this section. Final technical drawings with applied
margins are attached in appendix C.

3.4.1. Support structure

As mentioned earlier, a structure has to prevent any movement of the coated ReBCO tapes
during the powering tests and keep the coils compressed during cool-down and operation.
The support structure was designed to consist of non-magnetic stainless steel (here 316LN)
and insulation plates (G10), supporting the coil and the copper leads. An exploded view
of the VR coil sitting in the center is shown in Figure 3.24. From its flat sides, the VR
coil is supported by G10 plates bolted together by means of stainless steel plates. The flat
bottom and side arcs of the VR coil sit in two Kapton®-insulated stainless steel bodies,
while copper leads clamp the coil from the top and provide the electrical connection to

1self-field



62 3. Design of superconducting undulator magnets

Figure 3.24.: Exploded view of the support structure based on stainless steel (ss). (1) VR
coil, (2) and (3) ss plates, (4) and (5) lower ss support, (6) and (7) G10 plates,
(8) central G10 divider, (9) upper G-10 stamp, (10) top ss plate, (11) ss cover
plate, (12) G10 dowels, (13), (14), (15) filler blocks for sensors (ss and G11),
(16) copper leads, (17) G10 leads support, (18) and (19) M10 ss washer and
nut, (20) M10x65 ss screws, (21) M10x75 ss screws, (22) M8x35 ss screw, (23)
M8 bronze washer, (24) M10x25 ss screw, (25) M10x65 ss screw.

the power supply. Therefore, a good electrical connection must be established between the
copper leads and the outermost turns of the VR coil, achieved by an estimated contact
pressure of around 5MPa. The pressure can be enforced by torquing down the four M8
bolts on the top plate. Spring washers were placed on the bolts to keep the clamping
pressure during cool-down.
The stress area (threaded part) of an M8 bolt is 36.6mm2. The load should not exceed

75% of the maximum capacity load. Taking the yield stress of an A4-50 stainless steel bolt
with 500MPa, the maximum allowed load for one bolt is then

Fmax = 500MPa · 36.6mm2 · 0.75 = 13.725 kN . (3.5)

The area A of the 4mm wide copper leads on the VR coil is given with values in equa-
tions (3.2) and (3.3) for n = 51. The force needs to create a pressure of 5MPa on both
copper leads:

FCuLeads = 2A · 5MPa ≈ 6.3 kN . (3.6)

With four screws, this force can equally be distributed via the top plate. However, dur-
ing the cool down to 4.2K there is a variation in the material shrinkage between copper
and steel. The total linear contraction of a length L from room temperature (RT) to a
temperature T is defined as the following fraction, thus given in %:

∆L

L
=

LRT − LT

LRT
. (3.7)

When cooling down from room temperature to 4.2K, copper shrinks 0.327%, stainless
steel 0.296%, and G10 0.241% [68]. With the given dimensions in the order of 13mm
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this results in a maximum shrinkage of 40 µm, which can easily be covered by the applied
clamping pressure. Spring washers on each screw respectively need to compensate for this
and maintain the pressure. For full compression, 885N is the maximum force an M8 spring
washer can take, according to its manufacturer. With equation (3.6), the four M8 bolts
need to provide 6.3 kN, which leads to

6.3 kN/4 = 1.575 kN . (3.8)

Consequently, two spring washers per bolt should be sufficient. On both sides, the stainless
steel plates are bolted together by ten M10 bolts. From the electro-magnetic calculations,
a maximum of combined forces on the side plates plus margin can be estimated to 36 kN
at 4.2K. Taking a maximum allowed load of around 20 kN per M10 bolt, this can easily
be handled by the provided configuration.

3.4.2. Temperature margin

Superconducting magnets have to operate in a cryogenic environment. As cryostats have
a significant energy consumption, minimizing the heat dissipation during the operation is
always crucial when designing superconducting magnets, e.g. a full-size undulator. In the
case of the investigated modular superconducting undulators in this work, electrical joints
are most likely the main heat contribution. Further heat sources may be eddy currents or
the impact of synchrotron radiation on the magnet, which should be further investigated.

3.4.2.1. Resistive joints

Based on the operating experience at KARA, KIT, an absolute cooling power of 2W/m is
estimated to be well feasible at 4.2K [19]. The designed undulator period length of 13mm
then defines the heat load threshold per undulator period as

2W/m · 13mm = 26mW . (3.9)

A full undulator model requires two VR coils, consequently, 13mW for a single modular
VR coil should be met. In an early design stage, both sub-coils were soldered directly to
the shared copper winding body as it would connect them electrically. However, to reduce
the heat load and enhance the electrical connection between the two sub-coils, a 10mm
wide coated ReBCO tape was included in the design as a superconducting connection,
the so-called “c-tape”. The innermost turns of both sub-coils should be soldered face-to-
face with their superconducting sides to this c-tape, thus aiming for the lowest possible
resistance between the superconductors. For this orientation, a joint area resistance of
Rjoint,f2f = 36nΩ cm2 at 4.2K was derived from earlier CERN internal investigations [131].
Potential low-temperature solders to protect the superconducting properties are presented
in Table 3.4. As the straight section of the coils face the beam pipe, this is designed to be
along the curved side of the D-shaped winding body (c.f. Figure 3.23).
In view of the entire design, the straight length is chosen to be 75mm long, providing a

large enough good B-field region but also supplying a joint surface of AjointC = 9.53 cm2

for a single sub-coil. Assuming an operational current of Iop(4.2K) = 828A, this gives a
power dissipation for the outgoing current of

Psub−coil,out = Iop(4.2K)2 ·
Rjoint,f2f

AjointC
≈ 2.6mW . (3.10)

The same may be feasible for the in-going current, doubling Psub−coil,out. Therefore, in-
cluding the connections to the neighboring VR coils when being stacked to a full-length
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Table 3.4.: Potential solders for coated ReBCO superconducting tape with melting tem-
peratures below 200 ◦C and their tensile strength at room temperature [68].
Solders marked with A and Ω were chosen for the VR coil’s first and last turn.

Solder Melting temperature Tensile strength
in ◦C in MPa

63Sn-37Pb 183 52
62Sn-36.65Pb-0.35Sb 183 -
62Sn-36Pb-2Ag (Sirius 1DI) A 179 44
In 157 1.9
97In-3Ag Ω 143 5.5
52In-48Sn 118 11.8
66.3In-33.7Bi 72 -
50Bi-25Pb-12.5Sn-12.5Cd (Wood’s metal) 70 31

undulator with many periods, one VR coil may emit a total power of

PVRcoil,total = 4 · Psub−coil,out = 10.4mW , (3.11)

leaving some margin to the threshold value. Copper terminals for in- and out-going current
of the full undulator magnet will also include HTS current leads and most likely have extra
cooling supplies, e.g. by boiling helium.

3.4.2.2. Eddy currents

Caused by a change in the magnetic field, eddy currents arise during the ramping of the
undulator magnet. This is investigated in the previous subsection 3.3.1 with respect to
the field quality. A second possible cause of a rapid magnetic field change would be a
quench of the superconducting undulator magnet. For both scenarios, 2D electro-magnetic
simulations show rather small eddy currents in the stabilizing copper and iron parts of
the coil, rather fast decaying. Consequently, these eddy currents would not contribute
significantly to the heat load and thus can be neglected.
However, persistent eddy currents in the superconducting tapes may be an issue for the
field quality and should be further investigated. One possible countermeasure might be to
power the VR coils close to their critical current, leaving less room in the superconductor
for eddy currents. Another approach might be to power the NI coils first above their critical
current if possible when having stabilized them with enough normal conducting material.
After driving the current down slowly to the operational value, the magnetic field may
change less, thus inducing less persistent eddy currents.

3.4.3. Magnetic measurement

Together with the VR coil design, a supporting structure based on non-magnetic stainless
steel is framed as earlier described in detail. A pocket for measurement instrumentation
is provided in this structure, right below the center of the straight coil section, where the
beam pipe would be located.
Two Hall sensors from the company AREPOC were utilized to measure the magnetic field
amplitude B0 below the two iron poles of the VR coil. Both sensors had dimensions of
5× 7× 1mm3 and were operated with 100mA. To ensure a mechanically stable operation
between room temperature and 1.5K, the Hall sensors were glued on a ceramic plate, which
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Figure 3.25.: Picture of the two used Hall sensors (No.
1441 and 1442) glued to a ceramic plate
in front of a bar magnet for signal tests
at 300K. Scale in cm.

(a) Charging. (b) Steady state powering. (c) Discharging.

Figure 3.26.: Illustration of current paths in a non-insulated VR coil. The superconductor
and its current are shown as a spiral with a current direction. A transverse
current flow during (dis-)charging skips this spiral as shown in (a) and (c).
Copper and iron bodies are sketched in solid colors and are not to scale.

was screwed to a G10 block. The prepared block with Hall sensors No. 1441 and 1442 can
be seen in Figure 3.25, with a permanent bar magnet in front of the sensors to test their
setup. The entire set-up is inserted in the supporting structure and fixed with a screw from
the outside, as seen in the next chapter’s Figure 5.1b. When in place, the Hall sensors’
active areas were at distance d = 3.5mm below the iron poles.

3.4.4. Insulation

The VR coil is targeted to be a non-insulated (NI) coil, as already stated earlier. Conse-
quently, no insulating material is located in between the coils’ turns, allowing the current
to freely distribute in transverse directions. Therefore, the voltage signals across the coils
may appear other than for an insulated coil. This should be especially true during the
charging and discharging process, for which the current flow is displayed in Figure 3.26.
A simplified version of the VR coil’s circuit diagram can be found in Figure 3.27. During
charging the superconducting VR coil, the current can choose between the transverse path
with resistance Rtr,i or the superconductive but inductive path with RSC,i and LSC,i of
each sub-coil i. In the beginning, the current is most likely pushed in both routes, causing
a voltage increase across the coil before slowly flowing completely into the superconducting
spiral, resulting in a voltage decay. For a steady-state operation, the current flows in the
superconducting path. When driving down the current in the VR coil, a transverse current
flow may again appear, enabling a faster discharge and a negative voltage across the coil.
In order to separate the NI sub-coils from each other, two 2.3mm thick and 7.3mm high
quadrant G11 plates cover the round sides of the VR coil. A schematic cross-section view
can be seen in Figure 3.28. Only the innermost turns of each sub-coil are connected, being
both soldered to the 10mm wide superconducting connection tape.

In the straight part of the D-shaped VR coil, the two iron poles replace the G11 sep-
arator. They are wrapped in a double layer of 50 µm thick Kapton® foil, to insulate the
superconducting tape stacks from each other as shown in Figure 3.29. One 2mm thick
semicircular G11 plate covers the back side of the VR coil together with two Kapton®

foils. There is no insulation planned between the copper and the iron bodies, nor between
the copper winding body and the coated ReBCO tapes.



66 3. Design of superconducting undulator magnets

Figure 3.27.: A simplified circuit diagram for one turn sub-coils of the VR coil. The two
main potential current paths (transverse and circular) in the NI sub-coils are
shown. Both inductances Lsc,i may interact because of the small physical
distance which can be described by a mutual inductance LM in an electrical
circuit model as shown in [132]. Graphic adapted from [114].

Figure 3.28.: Schematic cross-section of the two sub-coils of the VR coil. Current can
always flow along the superconductor or transverse. Both sub-coils are sep-
arated by a G11 insulation and only connected by a 10mm wide connecting
coated ReBCO tape conductor.

Figure 3.29.: Ideal technical close-up from Fig-
ure 3.21 of the 13mm period VR
coil with its iron poles and sub-
coils. Materials are given by num-
ber: (1) iron body with pole 2, (2)
iron pole 1, (3) copper body, and (4)
ReBCO tape layers. Applying me-
chanical margins changes the num-
bers slightly. All measures are in
millimeters.
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(a) Transverse current. (b) Hotspot with heating.

Figure 3.30.: Illustration of current paths in the dry wound, non-insulated VR coil for an
existing hotspot. The superconductor and its current are shown as a spiral
with a current direction. A transverse current flow skips this spiral, can
redistribute, and therefore cause local heating. Copper and iron bodies are
sketched in solid colors and are not so scale.

3.4.5. Quench detection and coil protection

With the application of high-temperature superconductors like ReBCO, magnets may be
operated by engineering current densities of Jop ≥ 2 kA/mm2. For these high current
density regions, the protection of a magnet is still challenging, especially in a quench
event (see section 2.4.1). The here presented VR coil utilizes a non-insulated (NI) winding
approach, allowing the current to redistribute to the neighboring turns within the coil to
bypass normal conducting zones or to enlarge them, causing a reduction in the hotspot
temperature.
Figure 3.30a illustrates a transverse current flow, e.g. if the coil becomes completely normal
conductive, whereas Figure 3.30b shows schematically the current paths in case of a local
hotspot, where the current may skip one or more turns. However, if the hotspot exceeds
the critical temperature of the superconductor, a transition to the normal conducting state
is triggered, which is referred to as quench. This irreversible transition forces all the
current to flow through the stabilizing material of the conductor, thus the copper coating,
generating resistive heating. For high current densities, the heating will enforce a steep
increase in temperature of the entire coil or magnet which may cause severe damage to
the materials, including the superconductor. Therefore, the magnet has to be switched
off. To detect a potential quench that would be seen in a rise in voltage, the voltage will
be monitored across both sub-coils by means of voltage taps on the inner- and outermost
turns. The presented NI-designed VR coil allows a fully transversal current flow, with the
copper winding body ring acting as additional stabilizing material. This may gain some
time for driving down the current or even allow the complete energy to be dumped into
the VR coil itself, depending on the available cooling power. Another protection is the
modular VR coil design. The LHC beam diagnostics undulator demonstrated that each
half period may be monitored and protected individually using parallel connected resistors
[109]. The energy will be extracted into the resistor and the current can bypass the affected
undulator coil in case of a quench. As seen in Table 3.3, the stored energy in the VR coil
is rather small (≪ 1 kJ).
However, the high Jop has to be extracted in case of a quench to avoid burning the VR
coil. As mentioned in the previous chapter, the characteristics of the HTS materials make
it quite challenging to model a quench in detail. For this reason, adiabatic conditions
were assumed using an estimation of the quench load at a homogeneous B-field to get a
conservative approximation for the hotspot temperature over time.
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(a) (b)

Figure 3.31.: Hotspot temperatures over time for an operating VR coil with a copper RRR
of 100. (a) Iop(77K) = 112A and (b) Iop(T0 = 4.2K) = 900A.

Defined operating currents Iop(T0 = 4.2K) = 900A and Iop(77K) = 112A lead to the
following equation [36, 62]:∫ t

t0

Iop(t)
2dt = ηA2 ·

∫ Tmax

T0

cv(T )

ρe(T,RRR)
dT , (3.12)

with t0 being the starting time of an occurring quench, the cross-section of the tape A,
the volumetric filling factor of copper η, and the operating and hotspot temperature T0

and Tmax. The temperature-depended parameters are the volumetric heat capacity cv and
the electrical resistivity ρe. The latter also depends on the applied magnetic field as well
as the RRR. Here, a constant B-field of B(4.2K) = 6T and B(77K) = 0.6T as well as
a RRR of 100 are assumed. cv and ρe are calculated as the mean of 50 µm copper and
50 µm stainless steel, being stabilizer and substrate of the coated ReBCO superconducting
tape. The quench detection can be triggered within Milliseconds. Figure 3.31 shows the
hotspot temperature rise over time for the two investigated operating temperatures. The
superconducting properties of ReBCO begin to degrade around 200 ◦C, thus 473K. With
reaction times until reaching 250K of more than 0.5 s at 77K and 9ms at 4.2K, the system
should have enough time to dump the energy and the current. This analysis shows that the
protection of a high-current density operation of the VR coil is feasible within the given
time constraints.
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(a) First design with close-ups. (b) Elaborated design with tape.

Figure 3.32.: Option 1 for a helical undulator based on a bifilar helix, wound from coated
ReBCO tape superconductor. The tape is returned via three spools along the
side of the undulator. Both tape stacks exit parallel on the same height level.

3.5. Coated ReBCO tape-based helical undulator designs

The research of this work included the design of helical undulators, wound from coated
ReBCO tape superconductor. So far, helical undulators already exist in the form of per-
manent magnet structures as well as superconducting undulators, wound from Nb-Ti wires
[21, 133, 22]. Especially superconducting helical undulators have proven to be very com-
pact with a small footprint and efficient in terms of light production by surrounding the
beam pipe producing circularly polarized photons. Therefore, and in contrast to e.g. a
VR coil geometry, almost the entire length of the superconductor may contribute to the
magnetic field amplitude on the beam axis, making it an attractive choice for the use of still
rather expensive HTS materials concerning the superconductor length. In the following,
the very first designs up to date of an HTS tape wound helical undulator to the author’s
knowledge are presented.
The major part of the helical undulator consists of a bifilar helix with winding pitches of
13mm, which correspond to λu. A helix in a 3-dimensional Cartesian coordinate system
can be described in ẑ-direction, which is equivalent to the beam direction, as stated in the
previous chapter’s section 2.1.2. The winding body is suggested to be 3D printed from
titanium to ensure rigidity and should be anodized for electrical isolation. To cover and
support the helical structure from the outside, a tube may be installed. The superconductor
stack cross-section was optimized to 4× 6mm, making it convenient to utilize 4mm wide
coated ReBCO tape superconductor. The presented helical undulator is designed with a
magnetic gap of 5mm, implying a minimum bending radius of 2.5mm for the innermost
and a maximum bending radius of 8.5mm for the outermost turn. The very first turn may
also be wound with a copper tape of ≤ 100 µm thickness to prepare the best possible wind-
ing surface for the tape superconductor. The challenge of the tape winding is the tape’s
limited degrees of freedom when it comes to bending directions compared to a round wire
as well as the changing winding angle with increasing radius (see also Figure 4.17 in the
following chapter). This is taken into account when designing the two different coil ends.
Table 3.5 presents the main design parameters of the helical undulator short model and
its planned demonstrator. Both helical magnets are to be manufactured using 4± 0.2mm
wide superconducting ReBCO tape from the supplier SuperPower (SCS4030-AP), hav-
ing the currently thinnest available stabilizer thickness of only 30 µm, which is crucial for
realizing small bending radii down to 2.5mm.
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Table 3.5.: Design parameters of the helical undulator short model (SM) and its demon-
strator (Demo), based on design option 2. Both have a 5mm magnetic gap.

λu = 13mm Helical undulator SM Helical undulator Demo

Sub-coil cross-section 4× 6mm2 4× 0.6mm2

HTS tape manufacturer SuperPower HTS SuperPower
HTS tape dimension 4mm× 50 µm 4mm× 50 µm
⌞ substrate thickness 30 µm 30µm

Number of turns 120 12
⌞ cable type 2 HTS tapes stack (f2b∗) 2 HTS tapes stack (f2b∗)

Jc,e in self-field at 77K (LN2)

Jc,e(0.25T, 77K) 88A/mm2 350A/mm2

Ic,sim(0.25T, 77K) 35A 140A
B0(Ic, 3.5mm) 0.14T 0.1T

80% Jc,e in self-field at 4.2K (LHe)

Je(5.6T, 4.2K) 2000A/mm2 1985A/mm2

Isim(5.6T, 4.2K) 800A 794A
B0(Isim, 3.5mm) 2.0T 0.6T

* ReBCO layers face-to-back (f2b), both facing the winding body.

Option 1 For option 1, the tape is returned via three spools along each side of the undu-
lator body as displayed in Figure 3.32. This option was motivated by locating the return
points away from the beam pipe, not influencing the beam. All coils are positioned with
a different angle and height to accommodate the parallel in-going and out-coming tapes
on the same level in the best possible average: The tilt angles are α = -6.5◦, β = 5.8◦,
and γ = 16.0◦ for the ascending coils, respectively. The centers of the return spools are
shifted in height with a = −6mm, b = 4mm, and c = 9mm with respect to the innermost
turn. Acting on the assumption of a 50 µm thick tape superconductor, the first, lowest
spool takes the first 20 turns, after which the next 30 turns are returned via the center
spool before the last, top spool should take the remaining 70 turns. As the winding force
will add up, the return spools with a diameter of 15mm should be additionally supported
by an external structure. They are located at a safe distance greater than 30mm to the
beam pipe, far enough not to influence the beam. However, there is no fixed support, yet,
between the helix and the return spools which may accommodate the tape stack height
and tape angle. To fill this gap and support the superconductor stack, a ductile material,
e.g. wax or a precise 3D printed body might be used. Likewise, copper could be used
as a 3D print to act as a terminal for powering the magnet. A possible disadvantage of
this option 1 design may be the limited space for normal conducting current leads which
most likely have to be applied via the return spool and/or in the space between the spools
and the undulator structure. Another solution to overcome the lack of space might be to
wind the HTS helical undulator turn-by-turn from multiple shorter single-piece lengths of
superconductors which are solder-connected at the respective ends, rather than winding
the magnet from one long single piece of superconductor. Especially when considering
undulator lengths of several tens of meters for FELs, this might be an attractive choice.
The needed further developments would have gone beyond the scope of this thesis. Never-
theless, this helical design option 1 is worth undergoing future investigations and improve-
ments as it provides a very advantageous superconductor geometry for its return paths
with respect to the magnetic flux density quality on the beam axis.
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(a) (b)

Figure 3.33.: Option 2 for a helical undulator based on a bifilar helix, wound from coated
ReBCO tape superconductor. (a) The tape is returned via two big spools in
line with the undulator. For the demonstrator, solely the dashed encircled
areas were realized as terminals. Two tape stacks exit v-shaped on the oppo-
site sides and height levels, conjoined by half a spiral on each spool as shown
in (b).

Option 2 Design option 2 is presented in Figure 3.33 and allows all 120 turns of the
superconducting tape always to be wound on the same rigid structure, thus being mechan-
ically well supported. This design option was chosen for the manufacturing of the first
helical undulator demonstrator short model due to its simplicity and stability (see subsec-
tion 4.4.3 in the following chapter). Consequently, it is described in more detail than the
first design option.
Two bigger spools with an inner radius of 35mm at the end of the helical structure and
in line with the undulator are used to return the tape. Therefore, the tape has to enter
and exit the undulator body v-shaped on opposite sides. The different height levels force
the tape to follow half a spiral around each return spool. Normal conducting current leads
can be placed as half circles in the region of the return spools, allowing the current to flow
radially in case of any higher resistance in the helical path, e.g. due to hotspots of normal
zones. Here, the spools’ given inner radius defines an overall soldered joint area of

Ajoint,Hel = 4mm · 2π · 35mm ≈ 8.8 cm2 . (3.13)

The above-presented VR coil design provides a joint area in the same order of magnitude
(cf. equation (3.10)) for a similar operating current value Iop(4.2K). However, a face-to-
back (f2b) superconductor configuration is applied due to the approach of using a two-tape
stack cable. As a result, the current will face a direct soldered connection from the copper
terminal to the first tape, followed by an f2b configuration for the second tape. From
earlier investigations at CERN [131], a joint area resistance Rjoint,f2b = 290 nΩ cm2 was
experimentally determined for this configuration. An approximation of the total power
dissipation of the in-going and out-going joint with Iop(4.2K) = 800A yields:

PHel,in-out = 2 (Ptape1 + Ptape2)

= 2

(
Iop(4.2K)2 ·

Rjoint,f2f

Ajoint,Hel
+

(
Iop(4.2K)

2

)2

·
Rjoint,f2b

Ajoint,Hel

)
≈ 15.8mW .

(3.14)

The here provided area satisfies the constraint of 2W/m (or rather 26mW per 13mm
period) easily as this power is dissipated per five periods in the designed short model.
A longer full-size HTS helical undulator magnet may further lower the average power
dissipation per meter, as the terminals may stay the same size.
The most challenging region in this design option is the transition from the helical path to
the return spool where the tapes have to be twisted and aligned although having different
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escaping arcs ζ at the helix’s exit and entry. Spacers may be needed to further optimize
this region for a full tape stack of 120 turns. Field corrections are necessary to generate
a circular helical field, as the two tape stacks which exit in a v-shape on the opposite
sides and height levels create an asymmetry between the absolute values of the two field
components Bx and By. Twisting the return spools by an angle around the ẑ-axis may
counter this effect to some extent. Yet, both field options have their application with the
light production of circularly or elliptically polarized photons, respectively. Besides these
considerations, two (half) solenoids are needed to counterbalance the stray fields of the
return spools.

Helical undulator demonstrator Design option 2 is further simplified for the demon-
strator magnet, which only consists of 10% of the aimed turns (cf. Table 3.5). The copper
terminals are therefore realized at one return spool only and reduced in size with joint areas
of roughly 125mm2, as demonstrator tests are exclusively foreseen at 77K with operating
currents not higher than 200A. This is sketched by dashed lines in Figure 3.33a. In a
second optimization step, for a helical undulator demonstrator to be tested at 4.2K, the
complete current in- and outlets have to be realized in copper to manage the high current
densities in regions of 2 kA/mm2 and, if possible, above.



4. Experimental studies of coated ReBCO
tape superconductor

This chapter presents the more fundamental experimental research covering the in-field con-
ducting performance, the minimum bending radius, and temperature tolerances of coated
ReBCO tape superconductors. The characterization of the high-temperature superconduc-
tor ReBCO in the form of tapes prepared the basis for the superconducting undulator coil
manufacturing by validating and further optimizing the design and powering tests in cryo-
genic environments. All experiments were performed at CERN and/or KIT. Substantial
parts of the following sub-chapters 4.2 and 4.4 have already been published [134, 113, 114].

4.1. In-field I c measurements

First powering tests of the undulator prototype coils are performed at 77K in a liquid
nitrogen (LN2) bath. To experimentally determine the critical current Ic of the foreseen
superconductor inside a magnetic field (B-field) beforehand, an experiment was set up with
permanent bar magnets and tape samples of Bruker HTS tape as seen in Figure 4.1. The
used fit (see appendix B) was known to be critical for field regions smaller than 0.5T and
therefore had to be validated and if needed to be adapted, especially for perpendicular field
directions. As presented in the previous chapter, electro-magnetic simulations predicted
a maximum B-field on the superconductor of approximately 0.6T at 77K for the vertical
racetrack undulator coils. Consequently, two permanent bar magnets with 0.6T and 0.4T
were chosen to be placed directly and with perpendicular field orientation on the surface of
the tape for respective tests. The current was ramped-up while the voltage over the tape
sample was monitored by means of soldered voltage taps and a nanovoltmeter. As for the
bending experiments in the next section, Ic of a tape was derived from a non-linear voltage
fit:

U = U0︸︷︷︸
Offset

+ r · I︸︷︷︸
Resistive slope

+Uc

(
I

Ic

)n
︸ ︷︷ ︸
Powerlaw

, (4.1)

with constants r and n. Figure 4.2a shows the measured voltage as a function of the applied
current as well as the solid line representing the Ic threshold of 4.5 µV, derived from the
electric field criterion of 1 µV/cm. Critical currents Ic(77K) of 34A and 39A are found for
0.6T and 0.4T at the superconductor, respectively. The measured values helped to adjust
the existing Ic fitting functions for 77K [116] as seen in Figure 4.2b, thus giving confidence
for the VR undulator coils’ first powering tests in liquid nitrogen.

73
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(a) Overview. (b) Support with permanent magnet.

Figure 4.1.: Ic measurement setup for superconducting tapes under a constant B-field at
77K in liquid nitrogen. A 0.6T and a 0.4T bar magnet were used with per-
pendicular field direction to the superconducting plane.

(a) (b)

Figure 4.2.: Results of the in-field Ic measurement at 77K in LN2. (a) An Ic measurement
curve of a Bruker HTS ReBCO tape wit 0.6T applied perpendicular B-field.
The solid red line represents the electrical field criterion of 1 µV/cm, whereas
the dashed and dotted red lines show more conservative criteria. The data fit
was done with the formula (4.1). (b) Measurement points on the calculated
vertical racetrack (VR) coil’s load line for Bruker HTS ReBCO tape. The
solid blue and dashed green curves represent critical current fits for respective
B-field orientations.

4.2. Bending limits

Compact undulator geometries with short periods like 15mm and below most likely imply
conductor bending radii smaller than 10mm, which is the minimum approved bending
radius from most of the coated ReBCO tape superconductor manufacturers. However, the
investigated horizontal racetrack (HR) and helical undulator coil geometries demand bend-
ing radii of 1.25mm and 2.5mm, respectively, for an undulator period length λu of 13mm
and a magnetic gap of 5mm. As a consequence of the induced strain on the superconduct-
ing material when moving to smaller bending radii, the superconducting characteristics
may be harmed.
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Earlier studies showed that compressing the ReBCO layer leads to the advantage of
smaller bending radii without critical current (Ic) degradation rather than pull strain [135].
To the author’s knowledge, there existed only one data source for (helical) bending radii
smaller than 5mm including two specific tapes at the point of this experiment [87]. This
lack of data motivated the following bending experiment including the design of two new
bending rigs, presented in the following.

4.2.1. Experimental methods and setup

The Ic performance of various coated ReBCO tape superconductors was investigated for
multiple bending radii from 10mm down to 1.25mm. The tape specimens were bent at
room temperature to simulate the coil winding, then cooled down to 77K in liquid nitrogen
(LN2) for powering tests. The electric field criterion of 100 µV/m was employed to identify
Ic of a tape specimen from V-I measurements. The voltage was measured with soldered
voltage taps and a nanovoltmeter around the bent region while the current was driven up.
Three different bending rigs at KIT and CERN were used to bend a tape specimen down
to a Ic degradation of 70% or more.
From the bending radius R, one can derive the approximate strain ϵ on the superconducting
layer as

ϵ =
−tsub

2R+ tsub + 2tstab
≈ −tsub

2R+ tsub
, (4.2)

with the substrate and stabilizer thickness tsub and tstab. Compression of the ReBCO layer
will be seen as negative bending strain. The smallest radius for which the measured Ic
showed degradation of less than 5% was defined as the minimum bending radius Rmin of a
tape specimen.
Figure 4.3 shows the used bending rigs at KIT. With the already existing so-called "Goldacker"
bending rig at KIT’s Institute for Technical Physics (ITEP), tape specimens can be inves-
tigated down to a bending radius of 5mm continuously [136, 135]. By using gear wheels
the Goldacker bending rig is capable of bending tapes in a liquid nitrogen bath by moving
the clamped tape ends on a circular shaped path (see Figure 4.3a). The caused uncertainty
of the exact bending shape was shown to be around 2% [137].
The mechanic of the Goldacker bending rig allows one to measure reversible Ic degradation
(measurements after bending at R = ∞) and to confirm the results of the newly designed
bending rig, presented in the following. A second bending rig was designed for fast cool-
downs and manufactured to study bending radii smaller than 5mm: the so-called “U-bend”
rig uses replaceable bending bodies and is shown in Figure 4.3b and c. The bending bodies
were 3D-printed to investigate bending radii R ∈ {10, 8, 7, 6, 5, 4, 3, 2.5, 1.25}mm. In ad-
dition to normal bending, half helical twist bends with different angles are as well feasible
with the U-bend rig, as demonstrated in Figure 4.3d. D-shaped frames with fixation holes
allow 5◦ steps for the diagonal alignment. For both configurations, the tape specimen is
supported from the copper terminals down to the bending body. Two sleeves cover the
tape right after the copper terminals to reduce the strain in the s-shaped region. Pressure
is applied by means of springs and nuts to press the bending body onto the tape, ensuring
a tight fit.

To further investigate helical bending and to confirm the results for random samples
once more, a helical bending rig with exchangeable bodies was designed and manufactured
at CERN. Here, the 3D-printed bending bodies have the same variation of radii R as above.
The helical pitch of the bending bodies, displayed in Figure 4.4, measured 13mm, as the
setup aims to investigate the winding feasibility of a helical undulator with such a period
length.
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Figure 4.3.: Bending configurations utilized for the ReBCO tape bending experiment at
KIT. (a) The Goldacker bending rig which can be used down to a 5mm bending
radius. (b) The newly designed U-Bend rig which uses bending bodies and a
cross-section sketch. The movable support can also be used for twist bending
by means of different fixation holes. (c) 3D-printed bending bodies to be used
in the U-bend rig. (d) Detailed view of The U-bend rig’s twist-bend setup
with a 30◦ configuration. Pressure was applied by springs and nuts ensuring an
optimal fit of the superconducting tapes around the bending bodies. Graphic
reproduced from [134].

Figure 4.4.: ReBCO helical bending rig utilized at CERN. Helical winding bodies were 3D-
printed with the same radii as shown in Figure 4.3. The superconducting tape
was wound three times around the body with a winding pitch of 13mm.

4.2.2. Results

The relative Ic degradation over the bending radius is drawn in Figure 4.5. All tested tape
specimens and results are summed up in Table 4.1.
Reversible degradation can be observed for all tested specimens but ShanghaiSCT’s ST1911-
78, down to the tested 5mm. Besides Bruker’s tape, all specimens show similar behavior
of an abrupt Ic decay after their Rmin is reached. Bruker’s tape decays continuously from
R = 10mm to smaller bending radii. A possible explanation could be the use of stainless
steel as substrate material, whereas all other manufacturers use Hastelloy®. SuperPower’s
SF12050-AP and SCS4050-AP as well as THEVA’s TPL4120 tape show a similar bend-
ing performance with an Rmin of 4mm, having all the same substrate thickness of 50 µm.
Their measurements are plotted in Figure 4.5b, where the bending strain is calculated ad-
ditionally according to equation (4.2) and marked on a second x-axis for further analyses.
Although having almost the same material parameters, the two tested ShanghaiSCT tape
specimens show a different performance with Rmin of 7mm and 2.5mm, for the 4mm wide
ST1910-19 and the 10mm wide ST1911-78, respectively. This behavior is not understood
yet and may need further investigation, e.g. more samples. The smallest measured Rmin

of 2mm in this study is reached by the tapes with the thinnest substrates of 30 µm and
25 µm from SuperPower as seen in Figure 4.5c. A thin substrate generates less stress and
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(a) 50µm thick substrate tapes. (b) 50µm thick substrate tapes.

(c) Tapes of various substrate thicknesses. (d) Half helical twist bending.

Figure 4.5.: Relative critical current over the bending radius R. Specimens in (a) and (b)
have a substrate thickness of 50µm, (c) SuperOx 942-R with 60µm, Super-
Power SCS4030-AP with 30µm and SCS2025-AP with 25µm thick substrate.
(d) Various specimens for half helical twist bending. Plots reproduced and
adapted from [134].

strain on the superconducting layer, making thinner substrates favorable for smaller bend-
ing radii on the one hand, but degrading the mechanical strength of the superconductor
tape on the other hand.

Half-twist and helical bending

For the half twist and helical bending, no tests regarding reversible degradation were
safely possible, without risking damaging the tape specimens mechanically. The three
tapes with the smallest bending radii were tested again in the half-twist bending setup.
Their performance can be seen in Figure 4.5d. As expected, Superpower SCS4050-AP and
ShanghaiSCT ST-1910-19 show similar performance as for normal bending. Superpower
SCS2025-AP showed an earlier degradation this time (Rmin = 4mm compared to 2mm for
normal bending). However, the constant Ic values between R = 4mm and 2mm after a
first abrupt degradation hint at external mechanical damage, e.g. during the exchange of
the bending bodies and may need further investigations. Unfortunately, there was no more
spare tape to redo the test.
With the helical bending rig at CERN, specimens of the two coated ReBCO tape super-
conductors which are planned to be used for the undulator prototype coil manufacturing
were tested. The measurements could confirm the previously obtained results and are dis-
played in Figure 4.6. Bruker’s tape degrades even less severely compared to normal bending
whereas Superpower SCS4030-AP shows the same bending performance of Rmin = 2mm,
thus supporting its use for the helical undulator demonstrator aiming at a minimum bend-
ing radius of 2.5mm.
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Table 4.1.: Tape specimens and parameters (tape width wtape and thickness ttape, stabilizer
thickness tstab and substrate thickness tsub), measured critical current Ic at 77K
and minimum bending radius Rmin, for which the critical current degraded less
than 5%. Table reproduced and adapted from [134].

Manufacturer Reference w tape ttape tstab tsub I c(77K) Rmin

Bruker - 4mm 105µm 50 µm 50µm 91A 10mm
THEVA TPL4120 4mm 80µm 20 µm 50µm 167A 4mm
ShanghaiSCT ST1911-78 10mm 95µm 40 µm 50µm 360A 7mm
ShanghaiSCT ST1910-19 4mm 95µm 30 µm 50µm 159A 2.5mm
SuperOx 942-R 4mm 76µm 10 µm 60µm 127A 5mm
SuperPower SF12050-AP 12mm 55µm Ag only 50 µm 428A 4mm
SuperPower SCS4050-AP 4mm 100µm 40 µm 50µm 135A 4mm
SuperPower SCS4030-AP 4mm 42µm 10 µm 30µm 130A 2mm
SuperPower SCS4025-AP 2mm 36µm 10 µm 25µm 65A 2mm

Figure 4.6.: Relative critical current over bending radius R. The two superconducting
tapes to be used for undulator prototype coil winding were tested for helical
bending.
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(a) Samples #1, #2, #3.

(b) Samples #4, #5, #6 after 12 h at 150 ◦C.

(c) Samples #7, #8, #9 after 3 h at 200 ◦C.

(d) Samples #7, #8, #9 after 12 h at 200 ◦C.

(e) Samples #10, #11, #12 after 3 h at 250 ◦C.

(f) Samples #10, #11, #12 after 12 h at 250 ◦C.

Figure 4.7.: Heat treatment of coated ReBCO tapes. 120mm long samples from Bruker
HTS coated ReBCO tapes were heated for 3 h, 6 h and 12 h, respectively.

4.3. Temperature tolerance and splicing

Splices of coated ReBCO superconducting tapes are inevitable when designing a modular
undulator magnet. Likewise, connections between superconductors and normal conductors
like copper require soldered connections for the best possible electrical contacts. Previous
studies have already shown a reduction of the superconducting tape’s critical current when
undergoing heat treatment, yet different samples may behave differently [67]. Especially
temperatures well above 200 ◦C are critical for the ReBCO layer.
For a better understanding of the Bruker HTS tape batch, to be used for the VR undu-
lator coils, several 120mm long specimens were tested in various heat treatments. Three
specimens without treatment are taken as reference and stored at room temperature. The
influence of four temperatures T on the tape specimens was investigated by storing them in
an oven: T ∈ {150, 190, 200, 250} ◦C. For each temperature, three specimens were tested
for their Ic in self-field at 77K in liquid nitrogen before the heat treatment cycles and
subsequently after the first cycle of 3 h, second after additional 3 h, and third after another
6 h more of heating. As earlier, the used electrical field criterion was always 1 µV/cm. Due
to this heat cycling process, copper clamps were used instead of soldered voltage taps to
measure the voltage over the specimens for the ramping current [138]. Figure 4.7 gives
a visual impression of the specimens after their respective heat treatment. Oxide layers
slowly transformed the shiny copper into a dark green appearance.
The Ic(77K) of Bruker HTS tape in self-field without any heat treatment was in agreement
with the above-measured value of 91A. All measurement results are plotted in Figure 4.8.
The first light degradation effects greater than 2% are observed after 6 h at 190 ◦C. Degra-
dation of more than 5% can be seen after 6 h at 200 ◦C. A clear decline of Ic of about 20%
is detected for 250 ◦C, already after the shortest heating cycle of 3 h. For all investigated
specimens, the observed Ic degradation is not linear with time nor with temperature.
As a consequence of the observed critical current degradation, a fixed upper temperature
limit of 200 ◦C as short as possible is defined for all soldering and splicing processes in the
further experimental work.
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Figure 4.8.: Relative critical current over heating time for Bruker HTS tape specimens.

(a)

(b) (c) (d)

Figure 4.9.: Splicing techniques for coated ReBCO tapes. (a) The fixation of the 10mm
wide ReBCO tape, which connects the two sub-coils of the VR coil. (b) One
4mm wide tape fixed on top with soldering paste in between for splicing prepa-
ration. (c) Pinhole punching setup right after the splicing. All manufactured
stainless steel blocks could be heated with inserted cartridge heaters to the de-
sired temperature. (d) VR coil winding bench with vertical heating plate and
cartridge heaters on the right to allow splicing and winding simultaneously.

For the preparation of the VR coil manufacturing including the winding, special tooling
was required. Splicing techniques for connecting the 4mm wide tapes of the sub-coils to
the 10mm wide connecting tape needed to be developed. Figures 4.9a to 4.9c show the
designed and built setup for fixing the beginnings of the tapes, which clamps the tapes
together while applying solder paste in between them. The entire stainless steel block can
be precisely heated by a cartridge heater (±2 ◦C), which was inserted inside the lower part
of the structure. For soldering the first turns of each sub-coil along the connecting tape
on the curved side of the winding body and for fixing the last turns of the coil to their
penultimate, a rotating heating plate powered by four cartridge heaters was developed.
As seen in Figure 4.9d on the right side, this allowed to turn or even wind the coil while
heating up the entire structure.
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4.4. Coil winding

This section covers the different winding techniques investigated to wind the VR and helical
undulator coil. For reasons of the earlier described coil (self-)protection, a non-insulated
(NI) approach is favored. In the end, a non-insulated single tape dry winding was chosen
for the coil manufacturing of both geometries allowing a well-controlled winding process as
well as reasonable charging times of the coils (see the sections 5.1 and 5.2 in the following
chapter).
In contrast, the charging times of the fully soldered coils with non-insulated single tape
wet winding would have been orders of magnitudes longer and the amount of solder in
between the turns was difficult to control, although this technique would have granted a
mechanically and electrically even more stable operation [132]. Other techniques under
discussion were a non-insulated double tape winding with the superconducting layers face-
to-face for an increased current exchange or with co-winding a metal tape (e.g. stainless
steel or brass) for shorter charging times [139, 140, 141]. The first option was discarded
because it would have complicated the design of the external current leads. The second
option, however, is still of interest and recommended for further investigations in order to
reduce the measured charging times and enable a better-controlled turn-to-turn resistance.

4.4.1. VR coil dry winding

All dry winding processes of the VR coils were performed in a vertical position. Ahead of
superconducting coil winding, several tests to optimize the winding procedure took place
which ended in two VR dummy coils wound from 4mm wide and 100 µm thick copper tape.
The coated ReBCO superconducting tape as well as the copper tape was spooled onto two
spools with an approximate minimum diameter of 25 cm, each individually operated and
controlled by a motor with a clutch to manage the winding tension. The copper winding
body with iron core and poles was mounted on a rotating heating plate as shown in Fig-
ure 4.10a. A counter support fixed the other side of the winding body’s axis. The motor
and power supply for heating are not shown in the sketch.
The first two VR coils (#1 and #2) were manufactured by winding two NI sub-coils si-
multaneously in the same direction with 4mm wide and 100 µm thick Bruker HTS tape.
For VR coil #3, 4mm wide and 45 µm thick SuperPower tape was used. The supercon-
ducting side faced towards the copper winding body, i.e. inwards keeping the ReBCO
under compression, to provide the mechanically most stable orientation for all VR coils
(cf. section 4.2).

Figure 4.10b shows steps of the winding procedure which started with fixing a 10mm
wide and 95 µm thick coated ReBCO superconducting tape from ShanghaiSCT with a
stainless steel pin to the winding body. Only here, for the so-called "connecting tape",
the superconducting layer faced outwards to enable the best possible electrical connection
between the superconducting tapes, thus reducing the local heat load of the individual sub-
coils. The first turns of each sub-coil were soldered for 5min at 185 ◦C with Sn62Pb36Ag2
solder paste to the connecting tape along the curved side of the D-shaped winding body.
VR coil #1 was wound with a regulated and monitored tension of 30N, VR coils #2 and
#3 with 25N. For VR coil #1 and #2, 51 turns were wound resulting in a 4 × 5mm2

conductor cross-section. With the thinner tape utilized for VR coil #3, more turns were
anticipated. The winding process was stopped at 102 turns, thus exactly double the previ-
ous amount of turns, ending in a conductor cross-section of 4× 4.6mm2. The last turn of
each sub-coil was soldered with 97In3Ag solder paste to their penultimate turn along the
curved side of the D-shaped winding body by heating the VR coil to 155 ◦C for 5min. A
rotating heating plate, installed on the winding machine, was used for soldering the first
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(a) (b)

Figure 4.10.: (a) VR coil winding sketch without two tape spools, motors, and clutches.
(b) Winding collage of different steps clockwise: (1) A pin fixes the tape to
the copper body, (2) two ReBCO tapes are wound at once for the VR coil, (3)
VR coil on the winding bench and visible voltage taps, (4) center insulation
with included voltage taps, (5) VR coil and its copper current lead placement.
(6) VR coil after winding. Pictures reproduced and adapted from [113]

.

Figure 4.11.: Completed VR coil #3 and volt-
age taps right after its winding.
Scale in millimeters. Graphic
reproduced from [114].

Figure 4.12.: Likely damaged coated
ReBCO superconducting
tape sections during the
winding of VR coil #1.

and the last turn of the coil, respectively, as described in the previous section. 25 µm thin
copper voltage taps were placed in between the four joint connections. Both sub-coils were
covered on their sides of the tape stack with 50 µm thick Kapton® sheets. The completed
VR coil #3 is presented exemplary in Figure 4.11.
The winding process was not always perfect and straightforward, as planned. Unexpected
movement of the insulating Kapton® forced to wind back at rare intervals. This happened
primarily during the winding of VR coil #1 and resulted twice in an impact on the super-
conducting tape when the tape got caught under the Kapton® sheet. Figure 4.12 shows
the visible mechanical influence on the tapes which most likely also resulted in damage to
the ReBCO layer, thus the superconducting properties. This may be seen when comparing
the test results of the three manufactured VR coils in the following chapter’s section 5.1.

Manufacturing quality assurance After completing the manufacturing of the VR coils
and before proceeding to the first powering tests in liquid nitrogen, the dimensions of the
coils were measured with a coordinate measuring machine called FaroArm® [142]. Five
sections of the coils were inspected as shown as an example for VR coil #2 in Figure 4.13.
In contrast to VR coil #3, the outermost layer of VR coils #1 and #2 shows a concave
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(a) Faro 0. (b)

(c) (d) (e)

Figure 4.13.: Dimension measurements of VR coil #2 by means of a FaroArm®. (a) shows
the measured positions relative to the coil’s geometry. (b) to (e) show the
measured deviations for each position, respectively. Due to the slightly con-
cave tape, the majority of deviations are negative.

profile that originates from the Bruker HTS tape’s curved shape (cf. section 2.3.2). The
tape width may vary according to the supplier by 5%, implying a width of 4mm±0.2mm.
In this background, the exterior sides of the tape stacks are found to be within acceptable
tolerances. Single points reveal maximum deviations of around 250 µm or smaller at cross-
sections 1 and 2. However, the more important cross-sections 3 and 4 in the region of the
magnetic poles show a well-aligned tape stack for the given tolerance. These investigations
prove that the VR coil manufacturing process is able to be performed with the requested
quality.

4.4.2. VR coil wet winding

The possibility of a wet winding process was investigated, as it may provide an electrically
and mechanically very stable coil. Here, wet winding names the process of applying solder
paste during the winding process. The soldering process can then be performed during or
after the winding process, in vertical as well as horizontal orientation. In these trials, 4µm
wide and 100 µm thick copper tape was used together with Sn62Pb36Ag2 solder paste
for soldering at 185 ◦C. As for the dry winding, the copper tape was spooled onto two
spools with an approximate minimum diameter of 25 cm, each individually operated and
controlled by a motor with a clutch to control the winding tension.
The solder paste was applied on top of the two tapes to be wound simultaneously by using
a spraying device with a solder paste filled cartridge. Air pressure extruded the solder
paste on the moving copper tape before it was wound on the winding body. The process
was investigated for soldering after and during the winding process. Different steps are
presented in Figure 4.14. In the straight sections of the D-shaped winding body, it was
difficult to keep the tension of the tapes, thus having no gap between the turns. All in all,
soldering after the winding turned out to be challenging but manageable for the designed
VR coil: after heating up, the liquid solder paste released space in between the turns which
emerged in a loss of winding tension. As a consequence, the entire coil was tightened by
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(a) (b) (c)

(d) (e)

Figure 4.14.: Wet winding trial of a VR coil with separated processes of winding and heat-
ing. (a) and (b) display the horizontal winding process with solder paste. (c)
shows the heating and soldering process. (d) The resulting VR coil without
the iron body. (e) This VR coil was cut to investigate the inter-turn soldering.

the applied 30N of winding tension which might harm the superconductor. For a second
approach, the winding body was heated to the mentioned 185 ◦C during the entire winding
process. The spare liquid solder accumulated in the form of a bubble where the tape met
the winding body and had to be removed occasionally.
For all wet winding trials, a vertical winding orientation delivered a better distribution of
the solder in between the turns than a horizontal position. A fully soldered dummy VR
coil wound with copper tape was cut into sample pieces for further investigations of the
cross-sections as seen in Figure 4.15. These samples were investigated under an optical as
well as a scanning electron microscope (SEM). The alignment of the tape stack as well as
the uniformity of the solder layer thickness was inspected and is displayed in Figure 4.15.
With the best efforts, the solder layers still revealed a rather large spread with thicknesses
from 7 µm to almost 30 µm, thus not the uniformity which was aimed for.
The process may be improved significantly by pre-tinning the tape before winding to define
the exact amount of solder per tape meter to be used. However, the large charging times
of a fully soldered coil were not superior to undulator magnets and further improvements
would have exceeded the scope of this work. On these grounds, a wet winding process was
neglected for the final superconducting VR coil manufacturing.

4.4.3. Helical coil dry winding

As presented in the previous chapter, the helical undulator consists of a bifilar helix with
a winding pitch of 13mm representing the undulator period. The helical design was intro-
duced in detail in the preceding chapters’ sections 2.1.2 and 3.5.
The entire coil is planned to be wound from one single piece length of superconducting tape,
or rather two single piece lengths in parallel for a two-tape stack. For both, the winding
tests and the superconducting demonstrator winding, the winding body was a 3D-printed
polymer that did not tolerate temperatures above 200 ◦C. Consequently, a non-insulated
dry winding process was chosen. Two cable types were investigated: single tape and a stack
of two tapes with a face-to-back superconductor orientation. The superconductor faced the
winding body for both configurations, keeping the ReBCO layer under compression. Tests
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(a) (b) (c)

(d) (e) (f)

Figure 4.15.: (a) to (c) present optical microscopy images, (d) to (f) SEM images of a fully-
soldered VR coil’s cross-sections, as seen in Figure 4.14. Measured thicknesses
of soldering layers are marked with a respective scale.

Figure 4.16.: Helical winding setup with rotat-
ing axes, as an example for the
chosen coil-end design. The wind-
ing body is mounted with a rod
through the beam pipe.

were performed with 4mm wide and 100µm thick copper and stainless steel tape. For the
demonstrator coil winding a 4mm wide and 50 µm thick coated ReBCO superconducting
tape was used. Figure 4.16 shows the winding setup of the preferred return option with
the two rotating axes to realize the winding. Similar to the above-described procedures,
the tapes were spooled onto spools with an approximate minimum diameter of 10 cm, indi-
vidually operated and controlled by motors with a clutch to manage the winding tension.
A constant winding tension of 5.5N was applied to each tape for both design options.
Compared to the up to 30N used for the VR coil winding, this relatively low value resulted
from the required tape flexibility during the winding procedure for the rather sensitive
tape. Here, the winding angle equals the escaping arc ζ, introduced in equation (2.30).
Consequently, the winding angle had to be adjusted for changing winding diameter, thus
for every turn, to keep the winding pitch constant as sketched in Figure 4.17a. Here, the
angles ζin and ζout represent more inner and more outer turns, respectively. Additionally,
the winding former had to be turned over to align the tape along the two returning spools.
The result at the end of the helix is sketched in Figure 4.17b where the beginning and the
end of the helical winding formed a fan-like structure, making the return of the tape a
challenge.
For option 1, housing the return spools next to the beam axis, the beginning of the tape
was clamped to the winding body. This was different for option 2 with the return spools
above and under the beam axis, where the tape was soldered for shorter than 2min at
185 ◦C using Sn62Pb36Ag2 solder paste to a copper terminal, located outside the helical
structure in a return spool. The two designed and experimentally wound options to return
the tape are presented in more detail in the following.
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4.4.3.1. Tape return options

To deal with the different exit angles, two different return options have been developed. For
the first option with the three returning spools on the side, the winding could be performed
as planned for the full tape stack. This is shown in Figure 4.18a where stainless steel tape
was used for demonstrating the winding. However, it was challenging to mechanically
stabilize the tape between the helical winding body and the returning spools, and space
for current leads was limited in this design. Further investigation would have been needed
to find a proper shape, most likely to be produced with a 3D printing process, to fill the
gap and provide room for current leads at the same time.
To fulfill these requirements, the second winding body was designed with two returning
spools next to the beam pipe. Here, the tape could be wound always being in contact with
a solid surface, thus mechanically stabilized. This test winding can be seen in Figure 4.18b
and 4.18c with copper and stainless steel tape. The conductor tape stack was well aligned.
Simply the regions, where the tape exited the helical winding body showed some minor
gaps. Spacers and clamps during and after the winding process could further improve
the quality in these zones. For the helical undulator demonstrator, six turns were wound
with a stack of two superconducting tapes in a face-to-back superconductor orientation,
resulting in twelve turns. As 120 turns were the aimed number of turns to fill the winding
groove, the demonstrator represents exactly 10% of the complete superconducting coil
dimension. The helical undulator demonstrator after winding and before the installation
of the outer copper terminal can be seen in Figure 4.19. The outermost turn was clamped
to an outer copper piece with a 100 µm thick and 4mm wide indium sheet to cover potential
gaps. Additionally, a stack of two superconducting tapes connected the final turn with a
soldered connection to the outer side of the closing copper terminal. Here, the process of
soldering was once more performed for shorter than 2min at 185 ◦C using Sn62Pb36Ag2
solder paste.

(a) (b)

Figure 4.17.: Helical tape winding for multiple layers and constant pitch. (a) Higher layers
must have a different winding angle ζout > ζin to keep the pitch constant,
which results in a fan at the end. (b) Fan of tapes for three helical undulator
periods.
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(a) (b) (c)

Figure 4.18.: Winding trials with 100µm thick stainless steel and copper tape for the helical
undulator option 1 and 2. (a) Top view of option 1 and a close-up of the
returning spools. (b) Top view of option 2 and a close-up of the transition
from the helical to the solenoidal shape. (c) Tape stack at the center of a
returning spool.

Figure 4.19.: The helical undulator demonstrator as short model of five 13mm long periods
after winding twelve turns. One copper terminal can be seen on the left.
Voltage taps for each turn are sticking out of the return spools.





5. Coated ReBCO tape-based undulator
coils: experimental results and analyses

All experimental results, analyses, and descriptions of the ReBCO tape-based undulator
coils’ powering tests performed within the scope of this work are presented hereinafter. This
covers first, three one-period vertical racetrack (VR) coils and second, a helical undulator
demonstrator short model. All coils were powered at 77K, in liquid nitrogen bath cryostats.
Two VR one-period coils were additionally powered at 4.2K. Experiments were performed
at CERN and/or KIT having uncertainties within the plotted line or marker thickness, if
not stated differently. Substantial parts of the sub-chapter 5.1 have already been published
[113, 114, 143].

5.1. Vertical racetrack undulator: one-period coil

This section is dedicated to the vertical racetrack (VR) coils’ powering tests and magnetic
field measurements. All three manufactured VR coils were built and first tested at CERN
in liquid nitrogen (LN2) at 77K. VR coil #2 and #3 were selected for powering tests
and measurements at 4.2K in liquid helium (LHe) at KIT. The mainly investigated and
presented parameters below were the same for all three VR coils:

• the coils’ behavior was first tested up to the region of its predicted critical current Ic
by means of current ramps,

• charging and discharging of the coils was checked via voltage decays enforced by
current step functions in the fully superconducting regime,

• smaller current steps were used to explore the limits of the NI coil design up to,
around and above Ic as well as to measure the transverse resistance Rtr at 77K.

An electric field criterion of 1 µV/cm along the length of the outermost turn (≈ 30 cm),
was used to determine the threshold value of 30 µV for defining Ic of a coil. This was
derived from simulations, determining the point of the highest absolute field value on the
outermost turn of a coil, close to the central iron pole. The minimum value of both sub-
coils (s-c) equaled Ic of the comprising VR coil: Ic = min(Ic,s-c1, Ic,s-c2). Due to this
definition, there may be deviations to the calculated critical current values described in
the preceding chapter 3, which was derived for a single tape’s Ic. Table 5.1 summarizes the
key parameters of all performed powering tests for which each VR coil was placed in the
same supporting structure, introduced in the following subsection. The Hall sensors’ values
had an accuracy of 0.2%. As the voltage taps are located in the first and last turns of each
sub-coil, they are directly in the current’s path entering and exiting the superconducting
coils, thus must be corrected for ohmic resistance, leaving the inductive resistance. VR
coil #1, #2 and #3 may be referred to as VRc1, VRc2 and VRc3 in the following.
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Table 5.1.: Measured parameters of the VR undulator coils with Isim(VRc1, 2) = 30A at
77K and 828A at 4.2K and Isim(VRc3) = 40A at 77K and 400A at 4.2K.

VR coil #1 VR coil #2 VR coil #3
Sub-coil 1 2 1 2 1∗ 2

77K (LN2)

Ic (A) 40 30 39 35 47 41
B0(Isim) (mT) 129 16 135 18 275 24
Rtr (µΩ) 58 48 29 19 400 58
τ (s) 26 42 32 46 4 90
Rt2t (µΩ) 1.14 0.94 0.57 0.37 3.92 0.57

4.2K (LHe)

Ic (A) n/a n/a 930 930 500 420
B0(Isim) (T) n/a n/a 1.40 0.23 1.26 0.23
τ (s) n/a n/a 76 74 5 121

∗ damaged ReBCO layer suspected.

5.1.1. Measurement setups

In order to deal with the Lorentz forces during the powering tests, each VR coil was
mounted in a stainless steel supporting structure, which was insulated by G10 and Kapton®.
Two copper leads were pressed on the curved side of the D-shaped coils to guide the current
in and out. A 50 µm thin indium foil was placed between the copper lead and the VR coil’s
outermost turn to increase the electrical contact. Four M8 bolts on the top plate applied a
contact pressure of around 5MPa. To compensate for pressure loss due to thermal shrink-
age, two spring washers were used for each bolt. The insulation of the supporting structure
was tested after its mounting for 30 s with up to 1 kV at room temperature. Values above
2TΩ confirmed the insulating quality of the mock-up assembly.
All VR coils were monitored via six voltage taps (Vtaps) during the powering tests: two
on the innermost turns, two at the outermost turns, and two at the copper current leads.
Voltages across the single sub-coils would trigger a quench detection above a certain thresh-
old, meaning shutting down the current, thus dumping the energy in the NI coils. Two
Hall sensors were placed below the two iron poles at a fixed distance of d = 3.5mm (com-
pare Figure 5.1). For the first test runs, two additional temperature sensors PT1000 were
placed next to the outermost turns. The cooling power of liquid nitrogen, however, did
not allow for measuring significant data, hence the two PT1000s were removed. Later, the
temperature sensors were not used again for the measurements in liquid helium due to a
lack of space.
A sketch of the supporting structure cross-section is shown together with the setup for

powering tests in LN2 at CERN in Figure 5.2. Current cables were fixed with screws to
the copper leads of the VR coil. All data were acquired with a sample rate around 1Hz
while the quench detector was set to 3mV. The mock-up was placed in an open bucket
cryostat where the LN2 was filled in from the top.
The measurement setup for powering tests in LHe at KIT is shown in Figure 5.3. Here,
the mock-up was fixed on a G10 plate attached to an insert which was mounted inside the
closed cryostat vessel for the powering tests. The external current leads were fixed through
the insert and ended with Nb-Ti wires which were soldered to copper plates. A 50 µm thick
indium foil was clamped in between these copper plates and the copper leads of the VR
coil to increase the electrical connection. Signals were detected with a 10Hz sample rate
while the quench detector was first set to 1mV and later switched to 4mV.



5.1. Vertical racetrack undulator: one-period coil 91

(a) Adapted from [114]. (b)

Figure 5.1.: (a) Cross-section sketch of the VR coil measurement setup with the winding
body, iron core and poles, sub-coil 1 and 2. Measurement distance d = 3.5mm.
(b) Close-up of two fixed Hall sensors installed in the VR coil supporting
structure. The fine cables were fixed to the stainless steel plate for protection
and stable conditions.

(a) VR supporting structure. (b) LN2 cryostat. (c) LN2 setup.

(d) VR supporting structure setup.

Figure 5.2.: Measurement setup in CERN’s building 288 for powering tests of VR coils in
liquid nitrogen (LN2) with a supporting structure based on stainless steel.
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(a) LHe setup and cabling. (b) Indium foil contact.

Figure 5.3.: Measurement setup CASPER I at KIT for powering tests of VR coils in liquid
helium (LHe). 50µm thick indium foil was placed between the clamped copper
pieces to increase the quality of the electrical contact.

5.1.2. Powering at 77 K (in LN2)

Multiple thermal and electrical cycles were performed for each VR coil to ensure the va-
lidity of the measured data. Additionally, a total amount of three powering test sessions,
including multiple test runs, were performed for each VR coil, the first two within ap-
proximately two weeks, and a third about three months later to investigate a possible
degradation of the performance, which was not seen. However, only the very first powering
tests occasionally showed voltage spikes and different transversal resistances which most
likely resulted from moving superconductors.
First signal checks after the cool down to 77K were carried out with slow current ramps
of 0.05A/s up to a maximum current value of 30A. Second current ramps increased the
speed to 0.5A/s and aimed at current plateaus of 10A, 20A, 30A and 35A, displayed in
Figure 5.4. As shown in the previous chapter, a different Ic per sub-coil was expected due
to the asymmetric shape of the VR coil and its iron poles which implies an asymmetric
magnetic field distribution on the conductor (cf. subsection 3.1.2). A voltage rise over
the NI sub-coils is expected when the current is ramped up: first of all, the majority of
the current will enter the coil transversely and also has to overcome the inductance before
being able to settle in the superconducting path and therefore letting the voltage decay.
However, ramping up the current further, hence reaching the local Ic, will demand the
current to flow partially in the copper matrix of the coated superconductor and/or even
bypass this zone in a transverse direction. Consequently, an elevated voltage plateau after
a decay time can be measured. As defined above, once this constant voltage reached 30 µV
the sub-coil’s Ic was found. All three VR coils showed similar voltage signals. Ic values
of 30A, 35A and 41A were noted for VR coil #1, #2 and #3, respectively. These values
were to be checked by means of small current steps in one of the next subsections.
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(a) (b)

Figure 5.4.: Powering tests with currents ramps and plateaus showing voltage responses
across the sub-coils of VR coil #1 (a) and #2 (b). Plots reproduced from
[114].

5.1.2.1. Effective time constants

The introduced voltage decay time from above can be used to investigate the undulator
VR coil’s charging and discharging time. An effective time constant τ was introduced to
describe the time the current needs to settle in the superconducting spiral. The voltage over
a resistance R can be described for the given number of turns with the resistive transverse
current path Itr and the superconducting current path Isc, as derived from the previous
chapter’s Figure 3.27 [132, 113]:

U = (ISC − IR) ·R+ L · dIsc
dt

. (5.1)

The current can be further described by a differential equation when U → 0V, of which
the solution is known:

dIsc
dt

= (IR − ISC) ·
R

L
⇒ I(t) = I · e−t/τ . (5.2)

Analog to the current, a simple exponential decay can approximately describe the voltage:

U(t) ≈ a · e−t/τ with τ = L/R , (5.3)

coil inductance L and constant a. After a waiting time of 5× τ , the voltage was considered
to be decayed. To make sure that the coil is in a fully superconductive state, a current
step plateau value of 10A was chosen and kept for 300 s. This was followed by a step to
a 0.5A plateau, held for another 300 s, back to 10A for 300 s and so on or finally down to
0A.
Figure 5.5 displays the recorded voltage responses for all three VR coils. Exponential fits
were used to extract the individual values of τ . The expected characteristics were observed
for VR coil #1 and #2, where similar τi of τ1,s-c1(77K) = 26 s, τ1,s-c2(77K) = 42 s and
τ2,s-c1(77K) = 32 s, τ2,s-c2(77K) = 46 s have been measured. Although these were tests at
77K, further improvements of the coil’s turn-to-turn resistance are needed in order to align
both sub-coils’ values and to guarantee a uniform ramp of an undulator magnet with a total
field integral of zero. More tests at 4.2K had to show if the deviations between the two
sub-coils still remain and are presented in the following subsection including suggestions
for improvements.
With double the number of turns, VR coil #3 was expected to show longer decay times.
Its sub-coil 2 showed τ3,s-c2(77K) = 90 s, thus was well in agreement with the expectation.
However, sub-coil 1 in VR coil #3 showed a different behavior of a drastically fast decay
(τ3,s-c1(77K) = 4 s) with a change of voltage sign followed by a slow voltage increase. As
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Figure 5.5.: Current step functions to 10A
and the measured voltage de-
cays of VR coil #1 (top), #2
(center) and #3 (bottom), re-
spectively. Exponential fits are
indicated by black dashed lines.
Plots reproduced from [114].

a simple exponential decay is not capable of describing this behavior, the τ value has to
be regarded with suspicion. The fast decay during charging and rise during discharging
is a hint at potential damage in the superconducting ReBCO layer which would force
the current to (dis-)charge transversely and therefore bypass the superconducting spiral.
Additionally, both sub-coils are connected in series in the NI VR coil design, thus having
a mutual influence on the individual (dis-)charging characteristic – especially when one
behaves differently. As a consequence, the slower decaying absolute voltage of sub-coil 2
dragged/pushed current out of or into sub-coil 1. The reason for the higher noise level as
noticed for the measured data points of sub-coil 1 during charging is unknown. Further
investigations have to reveal the exact type and position as well as possible factors of the
assumed defect.

5.1.2.2. Current steps and overflow

A current step function of 2A and 300 s voltage decay time was used to power all three
VR coils progressively up to 112A. Two Hall sensors tracked the magnetic field below the
iron (Fe) poles at a distance of d = 3.5mm. The B-field and decayed voltage values are
plotted together with the sub-coils’ Ic values in Figure 5.6.
All three VR coils showed a qualitative similar performance and the expected behavior,
except for VR coil #3’s sub-coil 1. Ic values of the individual sub-coils followed the simu-
lated predictions with values noted in Table 5.1. Sub-coil 1 of VR coils #1 and #2 became
resistive around 40A and 39A, respectively whereas 47A were found for VR coil #3. The
found difference of 30A compared to 35A for sub-coil 2 in VR coil #1 and #2 is not fully
understood and may be caused by local damage of the superconducting layer during the
winding process. Up to the Ic region, an increase of the B-field below the Fe poles 1 and 2
could be seen. As a consequence of being the central iron pole in the VR coil, the absolute
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value of Fe pole 1 is significantly higher than that of Fe pole 2. Respective B-field values
B0 of 129mT, 135mT and 275mT were measured below Fe poles 1 in VRc1, 2 and 3 as
well as 16mT, 18mT and 24mT below Fe pole 2.
Stepping the current further beyond Ic showed more and more resistive sub-coils and sta-
bilizing B-fields for VR coil #1 and #2. Turn after turn reached its local critical current
when the current was stepped up, forcing the V -I-curve to converge to Ohm’s law, thus
representing the transverse resistance Rtr across a sub-coil. This was mainly influenced by
the surface resistances between the turns. Values of 58 µΩ and 48 µΩ were detected for VR
coil #1, but 29 µΩ and 19 µΩ for VR coil #2. In VR coil #3, Rtr was found to be 400 µΩ
and 58 µΩ.
Consequently, irregularities during the winding process and different turn-to-turn resis-
tances influence the slope of the linear increase of voltage. The different winding tensions
of 30N and 25N between VR coil #1 and #2, #3 might most likely be one possible cause.
However, the main factor for VR coil #3 was the double amount of turns compared to
the other two coils. But this can only explain the reasonably higher value of sub-coil 2.
As seen in the previous subsection, VRc3’s sub-coil 1 already showed signs of a strong
resistive characteristic which was now confirmed with a magnitude larger Rtr, explaining
the observed fast voltage decay. With the values of Rtr, a calculation of the turn-to-turn
resistance Rt2t,i at 77K becomes possible by dividing through the number of turns for each
sub-coil. The results can be found in Table 5.1 and are with the exception of VRc3’s sub-
coil 1 in the range of 1µΩ or smaller. Last but not least, the observed B-field of VRc3’s
Fe poles does not show a stabilization after having reached Ic making harmed ReBCO
sections far away from the Fe poles a suspected root cause with enforced current sharing
between turns.
As a result, only VR coil #1 and #2 were studied regarding τ during this current step
procedure to further investigate the critical current of single turns. Figure 5.7 shows τ over
the applied current step for each sub-coil with the marked Ic of the respective VR coil. In
theory, when an HTS coil reached Ic and turn after turn is filled with current, τ should
decrease due to the limited amount of remaining turns to be charged. Both sub-coils 1
clearly showed this trend with a drop after their respective Ic around 40A. On the contrary,
sub-coils 2 had more variation in their voltage decay times before also showing a global
decaying trend of τ . Within a NI coil, current sharing is always possible which might be
a prominent cause of this noticed variation. Therefore, an NI approach with higher turn-
to-turn resistance, such as metal insulation, would most likely stabilize the decay times
up to Ic. Other possible causes of the varying time constants may be the powering cycle
and the series connection of both sub-coils which might influence one coil more than the
other due to minor irregularities. This evaluation turned out to be a very interesting way
of understanding Ic in a NI HTS coil design but will need further investigations, also for
different geometries, and a better statistical background to be more accurate.



96 5. Coated ReBCO tape-based undulator coils:
experimental results and analyses

Figure 5.6.: Current step functions with 2A steps and 300 s latency. Measured decayed
voltage and B-field responses of VR coil #1 (top), #2 (center), and #3 (bot-
tom) are plotted, respectively. Linear fits of the transverse resistance are indi-
cated by black dashed lines. Plots reproduced from [114].

(a) (b)

Figure 5.7.: Individual effective time constants τ for applied current steps of 2A in VR
coil #1 (a) and #2 (b), where Ic of sub-coils 2 are marked in red. In theory,
τ should start decreasing when a sub-coil reached its Ic. Sub-coils 1 show a
clear drop in τ , while sub-coils 2 show a tendency. The variation in τ can be
explained by the NI winding, allowing free current redistribution.
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(a) (b)

Figure 5.8.: Powering tests and voltage responses of VR coil #2 (a) and #3 (b). The cur-
rent was ramped to plateaus to see the voltage responses of each sub-coil. Note
that the values were not corrected according to the voltage taps’ resistance.

5.1.3. Powering at 4.2 K (in LHe)

Multiple electrical cycles were performed for each VR coil to ensure the validity of the
measured data. The only two unusual powering runs can be found in appendix E. Due
to a limited amount of measurement time, only two out of three VR coils were chosen
to be tested at 4.2K. With VR coils #2 and #3, two VR coils with different types of
coated ReBCO superconducting tapes, thus different amounts of turns were investigated.
The various types of powering tests followed the ones performed at 77K, presented in the
previous subsection, to validate the qualitative performance.
First signal checks were performed to validate the coils’ and voltage taps’ connections.
As shown in Figure 5.8, the current was ramped with 0.25A/s to plateaus to observe
the voltage across the individual sub-coils. VR coil #2 showed the expected response for
current plateaus of 100A, 250A, 400A, 550A, 650A and 750A. The sub-coils of VR
coil #3 were powered to 100A, 250A and 400A while showing the earlier detected higher
resistivity already after the first plateau. Both were powered up until a clear drift in the
decayed voltage was visible, thus reaching the region of Ic.

5.1.3.1. Current ramping and magnetic field response

In order to investigate the B-field response of the VR coils at 4.2K, the current was driven
up with 0.25A/s to different plateau values as before. A long ramp was used to bring the
current in the operation region, thus close to the expected Ic. Shorter ramps followed to
explore the region around and above Ic. The voltages of the sub-coils of both VR coils and
their B-field responses in a 3.5mm distance of the Fe poles are plotted in Figure 5.9.
The voltage was expected to rise with increasing current as observed earlier and explained
above for these NI VR coils. For both VR coils, the B-field acted in accordance with
the increasing current and was in excellent agreement with the predicted simulated values
(cf. subsection 3.1.2). Saturation of the iron core was seen at approximately 200A and
100A for VR coil #2 and #3, respectively. Operating currents of 828A in VR coil #2 and
400A in VR coil #3 generated magnetic fields of 1.40T and 1.26T. After driving down
the current, the field below Fe pole 1 was observed to still have a finite small value, thus
implying the presence of persistent currents in the superconductor.
The measured voltage across VRc2’s sub-coils showed symmetrical behavior in the same
order of magnitude with a peak value of around 0.1mV. After the last current ramp to
975A, a faster voltage decay for sub-coils could be observed, hinting at an Ic saturation
of multiple turns. Sub-coils of VRcoil #3 showed a similar behavior at first. However, the
voltage over sub-coil 1 increased stronger than across sub-coil 2, beginning from currents
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(a) (b)

Figure 5.9.: Powering tests and voltage responses of VR coil #2 (a) and #3 (b). The
current was ramped to plateaus to see the voltage and the B-field responses.
Simulated B-field values for operating currents are marked with purple stars.
Reproduced from [143].

higher than 400A until a four times larger voltage of around 2mV was observed across
VRc3’s sub-coil 1 at 600A. As already discussed earlier for the powering tests at 77K, this
increased resistance was most likely induced by locally damaged superconducting zones,
probably caused during the winding process, forcing the current to flow transversely. Nev-
ertheless, VR coil #3 performed interestingly well with observed B-fields in the expected
ranges. As a consequence, the damage is most likely not located closely around the Fe
poles. Further investigations, e.g. unwinding and testing sections of the superconductor
will most likely be needed to analyze the root cause.

5.1.3.2. Effective time constants

The above analyzed powering tests at 77K introduced an effective time constant τ to
describe the undulator VR coil’s charging and discharging time, thus the needed time for
the current to settle in the superconducting path. As seen earlier, the decaying voltage can
be described by an exponential decay. However, at 4.2K, the coils’ turn-to-turn resistance
decreases further due to the changing material properties, making a double exponential
decay necessary to describe the voltage more accurately, as explained in [132]. In fact, one
more term will be added to equation (5.3):

U(t) ≈ a · e−t/τini + b · e−t/τavg , (5.4)

with constants a and b. τini and τavg correlate with the initial and average effective time
constants of the NI VR coils. Here, the ramping time of a coil is mainly defined by τavg ≡ τ .
To ensure a fully superconductive state for both coils, a current step plateau value of 200A
was chosen and sustained for about 350 s for VRc2. For VRc3 with double the amount of
turns, the plateau was kept steady for 1000 s. This was followed by a step to a 0A plateau,
sustained for the same respective times, back to 200A and so on or finally down to 0A.
Figure 5.10 plots the observed voltage responses of VR coil #2 and #3 for one step as an
example. The individual values of τ were extracted by means of exponential fits. From
the powering tests at 77K expected characteristics were observed for VR coil #2, where
two similar τi of τ2,s-c1(4.2K) = 76 s, τ2,s-c2(4.2K) = 74 s have been measured. As earlier
stated, VR coil #3 was expected to show longer decay times due to having double the
number of turns. Its sub-coil 2 confirmed that expectation with τ3,s-c2(4.2K) = 121 s.
Again, sub-coil 1 in VR coil #3 showed a different behavior of a drastically fast decay
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(a) (b)

Figure 5.10.: Current step functions to 200A and the measured voltage decays of (a) VR
coil #2 and (b) VR coil #3. Exponential fits are indicated by black dashed
lines. Reproduced from [143].

with τ3,s-c1(4.2K) = 5 s and a change of voltage sign followed by an increase in voltage
to zero. As discussed earlier, this τ value has to be regarded with care, since a simple
exponential decay is not capable of describing this behavior correctly. The change of sign
can be explained as already understood before.

The conformity of the charging times is particularly critical for undulators in a synchrotron,
where the insertion device might be switched on or rather charged simultaneously to an
already running beam. Here, devastating effects on the beam stability could be induced
by a non-zero field integral. Consequently, although being already comparable, the time
constants of VR coil #2 should undergo further optimization trying to align both values.
This could be done e.g. by implementing a well-controlled turn-to-turn resistance or even
by the use of partial insulation. The above-described current ramping showed what B-field
level the VR coils could reach and how the B-field increased. To investigate the time
constants in more detail and explore the B-field variation in the region of operation, the
current was driven up with a ramp rate of 0.25A/s to 750A and 400A, for VR coil #2 and
#3, respectively. The variation of the B-field was then monitored at the central Fe pole 1
for more than 600 s, as displayed in Figure 5.11. Magnetic field changes ∆B were analyzed
after 5 × τ , with τ being defined as the greater of the two measured values per VR coil.
∆B of 0.23mT were observed for VR coil #2 and 0.05mT for VR coil #3 over a 15 s long
detection time. These variations meant a relative B-field change of 0.018% and 0.004%,
respectively, with an equivalent detuning of the hypothetical undulator. The difference in
value can be well explained when looking at the voltage across the investigated sub-coils,
where a faster settling time was caused by higher resistances: voltage peak values of VR
coil #3 were about four times higher than the ones of VR coil #2.
Nevertheless, the two investigated VR coils appear to stabilize faster than other, earlier
NI coil approaches (compare [28]). The same group demonstrated as well the expected
influence of partial insulation to maintain the undulator field after 200 s, observing a ∆B
of 2mT over 45 s, yet losing partially the advantage of a self-protective coil. Having a well-
controlled turn-to-turn resistance will certainly make the charging time faster, however, will
need further investigation in more detail. Metal insulation or rather a separation between
turns, e.g. made of stainless steel or brass, may be a promising approach, maintaining
the self-protective characteristics of a NI coil design. Such approaches have already been
successfully studied for high-field HTS solenoids [139, 140, 141].
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(a) (b)

(c) (d)

Figure 5.11.: Measured B-fields over time, 3.5mm below the respective Fe pole 1 of VR
coil #2 (a) and #3 (b) with the voltage across the individual sub-coils (s-c)
after a 0.25A/s current ramping rate. Reproduced from [143]. (c) and (d)
display the investigated time interval for determining ∆B around 5τ .

5.1.3.3. Current steps and overflow

To detect the VR coils’ Ic, both were powered step-by-step until a sub-coil’s voltage fell
back to an asymptotic voltage plateau of greater or equal to 30 µV after a decaying time td.
For VR coil #2, the current was incremented with steps of 40A and td = 300 s in between
steps, whereas VR coil #3 had steps of 20A.
The decayed voltage can be seen in Figure 5.12 for the applied current and the corre-
sponding signals of the Hall sensors. Up to an Ic of 930A, VR coil #2 showed a stable
performance for both its sub-coils. With the geometry of the Bruker HTS tape, this equals
to a Je of 2.3 kA/mm2, creating a B-field B0 = 1.6T below the central Fe pole 1. The iron
core saturation could be seen around 200A. After Ic, a clear rise in voltage was detected
for both sub-coils of VRc2. A similar performance was observed for VRc3’s sub-coil 2,
which revealed an Ic of 420A with stable low voltage. The curved data points of sub-coil 1
together with the spotted voltage spikes in previous power runs once more strengthen the
assumption of potential local damage in the superconducting layer. The variation in the
decayed voltage of sub-coil 1 was most likely caused by a significant transverse current flow
on different routes, leading to various decay speeds, thus voltages after td. Nevertheless,
an Ic of 500A was detected for sub-coil 1. The clear linear increase of the magnetic field
even beyond the critical current hints additionally at a local defect, rather than having
reached the coil’s absolute critical current.
As already mentioned, the current needs more time to settle in the superconducting path
with double the number of turns for VR coil #3 compared to #2. Consequently, td should
have been longer than the waited 300 s. In hindsight, the measured Ic would have been
more representative for VR coil #3 with a td of 600 s. The relatively low increase of voltage
for sub-coil 2 and the further strongly increasing B-field revealed a potential higher Ic for a
longer voltage decay time. Yet, a B-field B0 of 1.3T could be measured below the central
Fe pole 1 for an Ic of 420A, corresponding to a Je of 2.3 kA/mm2 with the geometry of
the utilized Superpower tape. Furthermore, B0 = 1.6T would be the result of 500A, or
rather Je = 2.7 kA/mm2.
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(a) (b)

Figure 5.12.: Current step functions for VR coil #2 and #3 with 40A steps (a) and 20A
steps (b), respectively. Measured decayed voltage and B-field responses after
300 s latency are plotted, respectively. Reproduced from [143].

The quenching behavior of VR coil #3 should be investigated in an ultimate powering
test. This was performed with current ramps until the voltage started slowly increasing
while keeping the current constant on a plateau as plotted in Figure 5.13. To enforce a
steep voltage slope, more than 650A were needed until sub-coil 1 triggered the voltage
threshold of 4mV inducing a rapid current ramp down after 0.5 s due to which the B-field
decreased accordingly. The strongly evaporating Helium and the high resistance clearly
prove a quench event which happened at roughly 130% of Ic – a value most likely never to
be reached in ordinary undulator operation.
VR coil #3 was cooled down after this incident and could be powered as before this event
without any visible degradation in B-field performance, proving the stability of this NI
coil design. However, clear signs of burned areas on both, the HTS coil and the insulating
material were seen after opening the mock-up as captured in Figure 5.14. In the quench
event, the current was forced through the normal conducting materials of the coated su-
perconducting tape causing heat. With 140 ◦C as the upper operating temperature of G10,
the burned marks on the G10 together with the coil performance after this event led to a
potential temperature between 140 ◦C and approximately 200 ◦C, leaving the superconduc-
tor still operational. The quench clearly started in the region where the copper leads end
touching the VR coil. As there is no way for the current to escape, this seems consistent
since the outer copper support did not surround the entire coil.
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(a) (b)

Figure 5.13.: Powering test and voltage responses of VR coil #3 for a powering run forcing a
quench. (a) All the data including current steps and ramps, B-field response,
and the voltage across the two sub-coils (s-c). Reproduced from [143]. (b)
A close-up of the voltages across sub-coil 1 and 2. The current was driven
to plateaus to see the voltage responses of each sub-coil. The ramping was
stopped after a runaway of the voltage was detected.

(a) (b)

Figure 5.14.: The mock-up opening after the quench event. (a) VR coil #3 inside its sup-
porting structure, (b) Branded G10 insulation plate which can withstand
temperatures up to 140 ◦C. The current was forced through normal conduct-
ing zones next to the end of the copper lead.
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5.2. Helical undulator demonstrator: short model

This section covers the experimental studies of the helical undulator demonstrator, which
was wound as a short model with five periods. The demonstrator represents 10% of the
full superconductor length, thus 12 turns instead of 120. However, the innermost turns
of this type of helical coil see the highest magnetic flux density according to calculations
(cf. Figure 3.13b) and have to undergo the smallest bending radii (≥ 2.5mm), which
makes their realization the most challenging for the full-size magnet. Therefore, powering
tests at 77K were performed in liquid nitrogen at CERN to show the proof of principle
by matching the calculated critical operating currents to the tested ones. The following
points were covered in this investigation:

• the coils’ behavior was first tested up to the region of its predicted critical current Ic
by means of current ramps,

• current ramps were further used to explore the limits of the NI coil design up to,
around, and above Ic as well as to measure the transverse resistance Rtr at 77K.

• charging and discharging of the coils was checked via voltage decays enforced by
current step functions in the fully superconducting regime.

Magnetic measurements could not be realized within the work of this thesis, as develop-
ing a movable measurement setup to be operated in LN2 along the length of the 4mm
wide aperture would have needed a significant additional amount of time and further in-
vestigations. An electric field criterion of 1 µV/cm along the length of the innermost turn
(≈ 73.5 cm), was used to determine the threshold value of 73.5 µV for defining Ic of the
helical demonstrator coil. This was derived from simulations, determining the point of the
highest absolute field value on the innermost turn of this coil.

5.2.1. Measurement setup

To bring the current into and out of the superconducting coil, two copper leads were pressed
on top of the inner and outer copper terminals with a 50 µm thin indium sheet in between
to increase the contact. Each was clamped by an M3 and M4 bolt and supported by spring
washers, to compensate for pressure loss due to thermal shrinkage. As both current leads
were located close to each other, i.e. between 1.4mm and 2 cm due to the reduced number
of turns, they are insulated by four layers of 50 µm thin Kapton® sheet, and an additional
5mm thick G10 plate, where possible.
The helical undulator demonstrator was monitored via seven voltage taps (Vtaps) during
the powering tests: one voltage tap on each turn’s inner tape plus an additional on the
in-going current’s copper lead. As all voltage taps but one are located directly on the
superconductor and with distance to the copper terminals, only an inductive resistance
can be seen during current changes. Voltages across the individual turns or across the coil
would trigger a quench detection above a certain threshold, meaning shutting down the
current, thus dumping the energy in the non-insulated helical undulator demonstrator coil.
The test station and cryostat setups were similar to the one presented earlier in Figure 5.2c.
The helical undulator demonstrator was placed in an open vat cryostat where the LN2 was
filled in from the top. Current cables were fixed with screws to the copper leads of the
helical coil. All data were acquired with a sample rate around 5Hz while the quench
detector was set to 1mV. The setup for powering tests in LN2 at CERN is shown in
Figure 5.15.
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(a) (b)

Figure 5.15.: Helical undulator measurement setup inside a LN2 bath cryostat. (a) All
cables are voltage taps for individual turns. A non-magnetic stainless steel
(316LN) rod was placed inside the beam pipe, to stabilize the coil mechani-
cally. Glass fiber cords were used to fix the tape stack at critical locations.
(b) The yellow dashed line sketches the superconducting coil path in the re-
gion of the current leads. The dotted orange line represents the additional
soldered connection from the outermost turn to the copper terminal, realized
with a two-tape stack.

5.2.2. Powering at 77 K (in LN2)

Multiple thermal cycles and electrical powering test runs were performed over two weeks
to ensure the validity of the measured data. Additional powering runs of interest can be
found in appendix D.2. Similar to the investigated VR coils, the very first powering tests
occasionally showed voltage spikes far away from the critical current region, which most
likely resulted from moving superconductors. First signal checks after the cool down to 77K
were carried out with current ramps of 0.25A/s up to a maximum current value of 30A
and verified the correct operation. A voltage rise over the helical undulator demonstrator is
expected when the current is ramped or stepped up for the same reasons as presented earlier
for the VR coils: first of all, the majority of the current will enter the coil transversely and
also has to overcome the inductance before being able to settle in the superconducting path
and therefore letting the voltage decay. This behavior can be seen in both investigations
presented in the following subsections.

5.2.2.1. Effective time constants

The introduced effective time constant τ from the VR coil investigations was used to inves-
tigate the helical undulator demonstrator’s charging and discharging time by monitoring
the voltage decay (compare equation 5.3). To make sure that the coil is in a fully super-
conductive state, a current step plateau value of 10A was chosen and kept for 60 s. This
was followed by a step to a 0.5A plateau, held for another 60 s, back to 10A for 60 s and
so on or finally down to 0A.
Figure 5.16 displays the monitored voltage responses over the helical undulator demonstra-
tor. Exponential fits were used to extract τ . Even if there are only 12 out of 120 turns,
a clear decay of voltage can be seen as the current needs time to settle in the supercon-
ducting coil. Multiple powering tests with the described step function show a τHel = 4.7 s.
Taking the earlier results for the VR coils #2 and #3 having different amounts of turns
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Figure 5.16.: Current step function to 10A and the measured voltage decays of the helical
undulator demonstrator at 77K. The exponential fit is indicated by a black
dashed line.

into account, the following estimation may be drawn: doubling the amount of turns ap-
proximately results in a doubling of the (dis-)charging time. Applying this approximated
scaling law yields an effective time constant of 10 × τHel = 47 s for a full-size helical un-
dulator short model. After a waiting time of 5 × τ , the voltage is considered to be fully
decayed. However, scaling the decaying time up to a full-size helical undulator short model
may not be completely straightforward and also depends on other technical factors such
as the stable winding tension, thus the overall turn-to-turn resistance. Consequently, more
tests for a full-size short model and at 4.2K need to be performed in order to produce more
significant charging times data for a ReBCO tape-based helical undulator. Furthermore,
multiple short models have to be built and tested to ensure the reproducibility of this
performance.

5.2.2.2. Current ramps to critical current and beyond

As already mentioned, a voltage rise over the helical undulator demonstrator is expected
when the current is ramped up, due to the current overcoming the coil’s inductance before
being able to settle in the superconducting path and therefore letting the voltage decay.
However, driving up the current further, hence reaching the local Ic, will demand the
current to flow partially in the copper matrix of the coated superconductor and/or even
bypass this zone in a transverse direction. Consequently, an elevated voltage plateau after a
decay time can be measured. As defined above, once this constant voltage reaches 73.5 µV
the demonstrator’s Ic is found. Figure 5.17 presents the powering of the helical undulator
demonstrator up to and beyond its Ic. Although voltage taps monitored each individual
turn, solely the voltage signal across the entire demonstrator and turn 2 is plotted as an
example to ensure readability. Here, the current was driven with 0.5A/s up to 100A,120A,
140A, 150A, and 160A with a resting time at each plateau of 60 s. A first clear increase
in voltage was seen for the ramp to 150A in turn 2. Multiple powering runs revealed an
Ic value of 150A for this demonstrator coil, wound with a non-insulated two-tape stack
cable.
Driving the current further up to 160A, representing 106.7% Ic, directly caused a voltage
runaway. However, the overall voltage stayed at a constant-high value of roughly 612 µV
for keeping the current constant again and could be driven down together with ramping
down the current. This relatively high-voltage plateau can be interpreted as transverse
current trespassing, implying a transverse resistance Rtr = U/I ≈ 3.8 µΩ for this helical
undulator demonstrator short model. Scaling this value up to a full-size helical undulator
short model as seen above for the time constants, yields 10 × Rtr = 38 µΩ. However, this
value will most likely be an overestimate, as a full-size version of this helical undulator
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Figure 5.17.: Powering test and voltage responses of the helical undulator demonstrator at
77K. The current was driven to plateaus to see the voltage responses of each
turn as well as across the entire coil. The ramping was stopped after a clear
voltage plateau was detected.

magnet will have larger copper terminals, thus providing a greater area for the current to
flow transverse.
The helical undulator exercised in this demonstrator did not show any showstopper so
far for further exploration toward a full-size helical undulator short model. It is worth
noticing that the experimentally found Ic value agrees with the calculated prediction,
yielding confidence regarding this extremely compact and novel ReBCO-based undulator
design. Nevertheless, magnetic field measurements should be performed to further cross-
check its performance.



6. Conclusion

6.1. Achievements

The application of high-temperature superconductors (HTS) in the form of coated ReBCO
superconducting tapes to undulator magnets for compact free-electron lasers was investi-
gated in this thesis. Advanced high-field short-period undulators of the three most common
coil geometries (vertical and horizontal racetracks as well as a helical undulator) were ana-
lyzed. Methods for the manufacturing of such optimized coils and operational results were
presented, including the following main achievements:

• The parameter space was investigated to determine an ideal operating range where
the application of ReBCO is significantly superior to the current Nb-Ti technology
and in which modular coil models for all three geometries were designed, optimized,
and evaluated.

• An advanced design of a vertical racetrack (VR) coil and the very first design1 of a
helical undulator wound with HTS tape were both derived and assessed. Manufac-
turing techniques and processes were developed and major technical challenges were
identified and solved.

• Important characteristics of coated ReBCO superconducting tapes for coil manufac-
turing were analyzed by bending and heating experiments as well as critical current
measurements in self-field and external field at 77K.

• Three VR coils were built as no-insulation (NI) coils and tested at 77K and 4.2K. At
low temperatures, safe operations at high engineering current densities of 2.3 kA/mm2

and 3.6 kA/mm2 generated magnetic fields of up to 1.5T and 2T at 3.5mm distance
from the magnetic iron poles, respectively. Additionally, operations beyond the coil’s
critical current with no detected degradation were achieved, proving the aimed sta-
bility of the copper-stabilized NI coil design.

• The very first HTS helical undulator demonstrator1 was built from coated ReBCO
superconducting tape as a five-period short model and successfully tested at 77K.

In conclusion, the potential and value of the HTS ReBCO for superconducting undulators
have been demonstrated successfully as well as the feasibility to build and operate such
designs with modular coils. These ReBCO-based NI undulator coils can produce up to
70% higher magnetic flux density amplitudes at 4.2K compared to the state-of-the-art
superconducting undulator magnets made of Nb-Ti. However, a few more steps are needed
to mature this technology for the application. Mastering the quench protection for HTS
coils as well as the screening currents after ramp up and down are the main concerns. The
presented NI approach demonstrated already impressively how HTS coils can be protected.

1To the author’s knowledge.
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Yet, this comes with current redistribution which may be an issue for the field quality.
Overall, significantly outperforming the state-of-the-art superconducting undulators and a
potential operation at higher temperatures with the indirect effect of saving energy, thus
cost, makes the investigated advanced HTS undulator coils a very attractive option for the
next generation of compact synchrotron light sources.

6.2. Prospects

As presented above, many challenges were overcome, and all questions from chapter 1 were
answered, which resulted in substantial achievements in the field of compact high-field
undulators. However, not all aspects of the design, manufacturing, and operation of HTS
undulator magnets could be handled in the scope and time frame of this thesis. Some had
to be disregarded because the technology needs to mature further, others because they
exceed the scope or due to limited funding. With his having noted, future work should
address the following aspects:

• The observed effective time constants at 4.2K of 90 s and 120 s may be reasonable for
steady-state operation, yet need to become shorter to enable fast charging tunable
undulators. Potential improvements concerning the used cable may be done, e.g.
applying a multiple-tape stack with two or more tapes as cable to lower the coil’s
inductance or co-winding a metal tape for increasing the turn-to-turn resistance.

• One VR sub-coils showed an alarming high resistance (VR coil #3, sub-coil 1). The
likeliest origin is damage or defect in the ReBCO layer, which might have been caused
during the winding process. Unwinding the VR coil might help to find the source
of this high resistance and its location, and may give information on how to prevent
such incidents in the future.

• As a logical next step, a short vertical racetrack model undulator should be built,
to demonstrate the feasibility of NI coils, also in terms of stress and strain. The
modularity has to be proven experimentally in order to easily realize an extension of
the overall length of the magnet. Here, especially the connection between the modular
VR coils needs to be evaluated by building at least a five-period short model.

• On-axis magnetic field measurements of the helical undulator demonstrator should
be performed to validate the simulations, completing the proof of principle of this
very compact design.

• The horizontal coil design should be further investigated, as it provides a preferred
tape orientation, thus great potential. Here, the coil ends have to be redesigned for
short periods as the tape’s bending radius is a critical limit.

• The influence of potential eddy currents has to be investigated for the field quality,
especially after ramping the magnet, as no fully transposed cables were used. Notably,
coated ReBCO superconductors may not evenly distribute the current during ramp-
up since the applied current first flows along the tape edges due to shielding effects,
causing screening currents, and thus counter fields [144].

• For the presented coils, beam-dynamics studies should be performed after having
measured a magnetic flux density field map of the helical undulator and of a VR
undulator short model to evaluate the field quality and its margins. This may also
include further investigation of the influence of synchrotron radiation on the magnet’s
heat load.
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HTS, including ReBCO-based superconductors, are still undergoing further developments
and enhancements for applications in terms of critical current densities, e.g. thinner sub-
strates, advanced pinning methods, and optimized cable geometries [79, 145]. Conse-
quently, further future improvements may be expected. Further, HTS makes a new field of
operating temperatures above 4K or very high current densities, thus magnetic fields, ac-
cessible not only for superconducting undulators but for electromagnets and general power
applications, such as fusion power. Therefore, more relaxed cryogenic requirements and
cooling cost reductions become feasible, facilitating the future application of superconduct-
ing undulators. The anticipated higher demand for HTS will further lower the market price
and thus increase the availability and application of HTS, such as ReBCO.





Appendices

A. Supplementary fundamentals

B. Critical current density functions

C. Technical drawings: VR coil

D. Additional powering test results at 77 K

E. Additional powering test results at 4.2 K

111



112 Appendices

A. Supplementary fundamentals

A.1. Calculation methods for magnetic field amplitudes.

In subsection 2.1.2, the following integrals of the components Bx,0 and By,0 can be treated
consistently with equation 2.34:

Bx,0 =
µ0I

4π

∮
(dr⃗ ′ × s⃗)|x

s3
=

µ0I

4π

∮
szdr

′
y − sydr

′
z

s3

=
µ0I

4π

∫ ϕ2

ϕ1

R2 tan(ζ) · (sin(ϕ)− ϕ cos(ϕ))

s3
dϕ , (6.1)

By,0 =
µ0I

4π

∮
(dr⃗ ′ × s⃗)|y

s3
=

µ0I

4π

∮
sxdr

′
z − szdr

′
x

s3

=
µ0I

4π

∫ ϕ2

ϕ1

−R2 tan(ζ) · (cos(ϕ) + ϕ sin(ϕ))

s3
dϕ . (6.2)
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B. Critical current density scaling laws

The following subsections list the describing functions of the treated and investigated su-
perconductors’ critical current density functions. The according parameters, utilized in
this thesis are listed in the provided tables.

B.1. ReBCO

The Jc description of coated ReBCO conductors is considered to be limited by the in-
teraction between individual flux lines and pinning centers and is mainly based on the
description of a CERN internal report and a Ph.D. thesis by J. Fleiter [115, 146]. The
following base function was implemented for fitting the critical surface as a function of
magnetic flux density B, temperature T , and field orientation angle ι:

Jc(B, T, ι) = min
(
Jc,ab(B, T ), Jc,c(B, T )

)
+

max
(
0, Jc,ab(B, T )− Jc,c(B, T )

)
1 +

(
ι−ιmax
g(B,T )

)ν . (6.3)

Here, ιmax is the angle at which the critical current reached its maximum across all mea-
sured field orientations. Therefore, this formula is valid for ι ∈ [ιmax, ιmax + π/2], which
is commonly ι ∈ [π/2, π]. Further, Jc,ab and Jc,c are the critical current densities for
external fields in parallel and perpendicular orientation, where ιmax is typically corre-
lated with Jc,ab. The min- and max-functions are necessary to prevent irregularities for
Jc,ab(B, T ) < Jc,c(B, T ), which might happen at high temperatures [69]. Finally, ν is a
unitless exponent and the anisotropy is described by the function g:

g(B, T ) = g0 + g1Be−g2e
g3T

, (6.4)

where g0, g1, g2, g3 are fitting parameters. Further, the respective critical current densities
are defined as

Jc,ab =
αab

B
· bpabab (1− bab)

qab ·
(
(1− tn1)n2 + a(1− tn)

)γab
(6.5)

Jc,c =
αc

B
· bpcc (1− bc)

qc · (1− tn)γc , (6.6)

with the reduced magnetic fields bab and bc, the reduced temperature t = T/Tc0 with the
maximum critical temperature Tc0 for B = 0T, the normalization constants αab and αc

and the reduced field dependence parameters pab and pc as well as qab and qc. The reduced
temperature dependence is described by γab and γc and varies between perpendicular and
parallel field orientations due to the nature of pinning centers’ intrinsic difference. The
reduced fields in the respective field orientations are given as

bab =
B

Bi,ab
, with Bi,ab = Bi0,ab

(
(1− tn1)n2 + a(1− tn)

)
bc =

B

Bi,c
, with Bi,c = Bi0,c(1− tn) ,

where the the maximum irreversibility fields are described by Bi0,ab and Bi0,c at T = 0K,
and n, n1, n2 represent fitting parameters. However, n = 1 is a common assumption in
order to decouple the two critical current densities Jc,ab(B, T ) and Jc,c(B, T ).
The total critical current density Jc can further be transformed into the current carrying
capacity of the tape superconductor:

Ic = J̄cpw · d = Jc · dw · ŝ, (6.7)
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Table B.1.: Fitting parameters with units for describing the used SuperPower HTS tape.

Parameter ιmax a ν αab αc γab γc Bi0,ab Bi0,c Tc0

Unit - - - AT/mm2 A T/mm2 - - T T K
Value π/2 0.1 1.85 68.3× 106 1.86× 106 1.63 2.44 250 140 93

Parameter g0 g1 g2 g3 n n1 n2 pab pc qab qc d w

Unit - - 1/T 1/T - - - - - - - mm mm
Value 0.03 0.025 0.06 0.058 1 1.4 4.45 1 0.5 5 2.5 2 4

where J̄cpw is the critical current density per unit width, d the thickness of the super-
conducting ReBCO layer, w the width of the tape superconductor, and ŝ a scaling factor
(ŝ = 5.875 for SuperPower).

Equation (6.3) is still valid for describing Bruker HTS tape, but its J-subfunctions
have to be slightly adapted respectively [116]. The respective critical current densities are
redefined as

Jc,ab = Jc0,ab · e
−
(

T
T∗
ab

)n1
·
(

B

B∗
ab

+ p

)q T
T∗
ab

+m1

(6.8)

Jc,c = Jc0,c · e
−
(
T
T∗
c

)n
2 · e−

(
B
B∗
c

)m2

, (6.9)

where the fitting parameters are Jc0,ab, Jc0,c, B∗
ab, B

∗
ab, T

∗
ab, T

∗
c , m1, m2, n1, n2, p, and q.

The values can be found in Table B.2.

Table B.2.: Fitting parameters with units for describing the used Bruker HTS tape.

Parameter ιmax Jc0,ab Jc0,c B∗
ab B∗

ab T ∗
ab T ∗

c d w

Unit - A/mm2 A/mm2 T T K K mm mm
Value π/2 4.401× 105 8.034× 1012 1 1 43.27 30.34 2 4

Parameter g0 g1 g2 g3 m1 m2 n1 n2 p q

Unit - - 1/T 1/T - - - - - -
Value 0.03 0.025 0.06 0.058 -0.177 0.2983 2.207 1.511 0.7698 -0.01107
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B.2. Nb3Sn

The critical current density for Nb3Sn was described by using Summers’ fit [147], depending
generally also on the strain ϵ:

Jc(B, T, ϵ) =
CNb3Sn(ϵ)√

B

(
1− B

Bc2(T, ϵ)

)2
(
1−

(
T

Tc0(ϵ)

)2
)2

, (6.10)

with the upper critical flux density Bc2(T, ϵ) and the critical temperature Tc0(ϵ) at B = 0T,
and fitting parameter CNb3Sn. They can be further described as

Bc2(T, ϵ) = Bc20

(
1−

(
T

Tc0(ϵ)

)2
)(

1− 0.31

(
T

Tc0(ϵ)

)2(
1− 1.77 ln

(
T

Tc0(ϵ)

)))
,

(6.11)

Tc0(ϵ) = Tc0m
3
√
1− α|ϵ|1.7 , (6.12)

CNb3Sn(ϵ) = CNb3Sn,0

√
1− α|ϵ|1.7 , (6.13)

with the critical temperature Tc0(ϵ) = at B = 0T and ϵ = 0.
However, equation (6.10) was simplified and used as follows in this thesis:

Jc(B, T ) = J CNb3Sn, 0√
B

(
1− B

Bc2

)2
(
1−

(
4.2K

Tc0(ϵ)

)2
)2

. (6.14)

Table B.3.: Fitting parameters with units for describing the superconductor Nb3Sn,
adapted from [112].

Parameter CNb3Sn,0 Bc20 Tc0 J α ≤ 0 α ≥ 0

Unit
√
TA/mm2 T K - - -

Value 11030 24.92 18 0.74048 900 1250
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B.3. Nb-Ti

The critical current density for Nb-Ti was described by using Lubell’s[148] and Bottura’s
fit [149]:

Jc(B, T ) = Jc,ref ·
CNb-Ti

B

(
B

Bc2(T )

)α(
1− B

Bc2(T )

)β (
1−

(
T

Tc0

)1.7
)γ

, (6.15)

with Jc,ref being the critical current density at 4.2K in 5T and where Bc2(T ) is the critical
magnetic flux density at the operating temperature T , given as

Bc2(T ) = Bc20

(
1−

(
T

Tc0

)1.7
)

. (6.16)

Here, Bc20 is the upper critical magnetic flux density at T = 0K. Fitting parameters are
α, β, γ, and CNb-Ti. The used values are given in Table B.4 and were adapted from [150].

Table B.4.: Fitting parameters with units for describing the superconductor Nb-Ti.

Parameter α β γ CNb-Ti Bc20 Tc0 Jc,ref

Unit - - - T T K A/mm2

Value 0.63 0.98 2.32 31.4 14.4 9.2 837
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C. Technical drawings: VR coil

The ideal design had to be transferred into real parts with mechanical margins for manu-
facturing and assembly. Therefore and to ensure a VR coil with period length λu ≤ 13mm,
ideal values had to be adapted. All drawings were prepared by CERN services and have
been anonymized.

Figure C.1.: Technical overview of the VR coil.
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Figure C.2.: Technical overview of the VR coil’s copper winding body.
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18.4

Figure C.3.: Technical overview of the VR coil’s iron core body with pole 2.
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Figure C.4.: Technical overview of the VR coil’s iron pole 1 body.
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Figure C.5.: Technical overview of the VR coil’s backside G-11 insulation plate.
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Figure C.6.: Technical overview of the VR coil’s G-11 central sub-coil insulation (1/2).
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Figure C.7.: Technical overview of the VR coil’s G-11 central sub-coil insulation (2/2).
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C.1. VR coil support

Figure C.8.: Technical overview of the VR coil support.
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Figure C.9.: Technical overview of the VR coil’s copper lead.
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Figure C.10.: Technical overview of the VR coil’s lower support (1/2).
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Figure C.11.: Technical overview of the VR coil’s lower support (2/2).
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Figure C.12.: Technical overview of the VR coil’s measurement block.
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Figure C.13.: Technical overview of the VR coil’s measurement block cover.
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D. Additional powering test results at 77K

D.1. VR coils

Subsection 5.1.2 presents the measurement results of the built VR coils at 77K, in LN2. As
stated earlier, all powering test runs were performed multiple times to verify the VR coils’
performance. The two presented test runs in Figure D.14 represent the only extraordinary
behavior.
During the third and last powering test of VR coil #1, a different time constant τ was
observed in sub-coil 2, compared to the previous runs, while sub-coil 1 stayed unchanged.
As seen in Figure D.14a, the time constant of sub-coil 2 is observed as τ1,s-c2 = 14 s, thus
was reduced by 28 s. This was also confirmed by the current step function, ramping the
current to 112A by steps of 2A. Here, the transverse resistance of sub-coil 2 measures
Rtr = 62 µΩ, thus increased by 14 µΩ. Additionally, an increase by up to 10% in the B-field
and its saturation value can be seen. However, the critical current values stayed intact.
At present, the origin of this change is unknown and needs further investigation. As
the same supporting structure was used for all VR coils, the coils had to be mounted
and unmounted. Therefore, sub-coil 2 might has been harmed during this process which
resulted in increased turn-to-turn resistance.

(a) (b)

Figure D.14.: Powering test and voltage responses of the helical undulator demonstrator
at 77K. The current was driven to plateaus to see the voltage responses of
each turn as well as across the entire coil. The ramping was stopped after a
clear voltage plateau was detected.
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D.2. Helical undulator demonstrator

Figure D.15 presents two powering tests of the helical undulator demonstrator up to and
beyond its Ic. Although voltage taps monitored each individual turn, solely the voltage
signal across the entire demonstrator and turn 2 is plotted as an example to ensure read-
ability. Here, the current was driven with 0.5A/s up to 100A,120A, 140A, 150A, and
160A with a resting time at each plateau of 60 s. A first clear increase in voltage was seen
for the ramp to 150A in turn 2. Also, voltage spikes appeared here more commonly.
Driving the current further up to 160A, representing 106.7% Ic, directly caused a voltage
runaway. However, the overall voltage stayed at a constant-high value of roughly 600 µV
for keeping the current constant again. The voltage over turn 2 influenced the overall
voltage by the majority.

(a) (b)

Figure D.15.: Powering test and voltage responses of the helical undulator demonstrator
at 77K. The current was driven to plateaus to see the voltage responses of
each turn as well as across the entire coil. The ramping was stopped after a
clear voltage plateau was detected.
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E. Additional powering test results at 4.2K

Subsection 5.1.3 presents the measurement results of the built VR coils at 4.2K, in LHe.
As stated earlier, all test runs were performed multiple times to verify the VR coils’ perfor-
mance. The two presented runs in Figure E.16 represent the only extraordinary behaviors.
The magnetic field build-up in VR coil #2 showed abnormal behavior in its second pow-
ering test run at 4.2K (cf. Figure E.16a). The B-field below Fe pole 2 first rises before
changing signs, hinting on current sharing. However, this cannot be detected in the voltage
signal. Further investigations have to reveal the cause of this measurement, which is not
fully understood, yet. The field below Fe pole 1 behaves normally and in the same way as
for the other powering test runs.
Figure E.16b presents the first voltage runaway in VR coil #3 during the powering tests at
4.2K due to the resistive sub-coil 1 showing voltage plateaus above 2.5mV. Interestingly,
the voltage across sub-coil 1 stayed around 2mV for the following powering tests, for un-
known reasons. The field below the iron poles behaves in the same way as for the other
powering test runs, without any notable degradation.

Figure E.17 shows the raw data of a current step function measurement. The single
decays are represented by their decayed value in Figure 5.12. A resistive, linear slope can
be seen for every single decay, caused by the voltage taps. Sub-coil 1 shows a fast voltage
decay as noted for the measurement of the effective time constants, most likely caused by
defects in the superconductor. For sub-coil 2, a 300 s voltage decay time may be too short,
as the voltage was not able to fully decay. On the right end, a voltage runaway in sub-coil
1 forced the stop of the powering test. Here, sub-coil 2 was an order of magnitude below
this sub-coil 1’s voltage.

(a) (b)

Figure E.16.: Powering tests and voltage responses of VR coil #2 (a) and #3 (b). The
current was ramped to plateaus to see the voltage and the B-field responses.
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Figure E.17.: Raw data plot of VR coil #3 during the current step function with steps of
40A and 300 s voltage decay time.
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