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Abstract

Undulators are widely used in synchrotron storage rings
and free-electron laser facilities. With the advent of low-
temperature superconductors (LTS), a new generation of
superconducting undulators (SCUs) emerged, including the
recent new THz LTS undulator for FLUTE. At KIT, state-
of-the-art magnetic and cryogenic measurement capabilities
— provided by the Magnet and Cryogenics Facilities (MCF)
and the Accelerator Technology Platform (ATP) — form a
foundation for the development and characterization of these
systems.

Building on this experience, KIT is now advancing mag-
nets and undulators based on high-temperature supercon-
ductors (HTS), aiming for compact, sustainable, energy-
and resource-efficient solutions. These activities are driven
by in-house research and providing the full value chain of
HTS technology from tape development via structuring to
prototypes and tests in real-world environments at KIT.

In this contribution, we provide an overview of our current
developments and the supporting experimental infrastruc-
ture.

INTRODUCTION

Undulators are key components in modern synchrotron
storage rings and free-electron laser facilities, enabling the
generation of highly brilliant and tunable radiation for a
wide range of applications. While permanent magnet un-
dulators are widely used, SCUs enable significantly higher
magnetic fields on the symmetry axis for comparable geo-
metric constraints, allowing for shorter period lengths and
enhanced photon energies [1]. With the commercial avail-
ability of LTS, SCU technology has matured and demon-
strated its potential in various accelerator facilities [2—5].
At the Institute for Beam Physics and Technology (KIT-
IBPT), extensive expertise in the development and operation
of conduction-cooled LTS undulators has been established
over the past decades [6], including recent developments
such as a THz undulator for FLUTE (Ferninfrarot Linac-
und Test-Experiment) [7, 8]. A key stone for this develop-
ment are the MCF which allow a precise measurement of
the magnetic properties and therefore a direct approach to
the quality of the undulator. In close collaboration with our
industrial partner Bilfinger, this work has also led to the suc-
cessful industrialization of SCU technology [6]. Building
on this experience, current research at KIT-IBPT focuses on
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the development of magnets and undulators based on HTS,
aiming at compact, sustainable, and energy- and resource-
efficient solutions.

In the following sections, a short motivation for HTS
is given, followed by the HTS undulator research and is
concluded by the HTS magnets. Lastly, the MCF and its
possibilities are outlined.

FROM LTS TO HTS: MOTIVATION AND
OPPORTUNITIES

LTS materials such as NbTi and Nb;Sn have enabled the
successful development of SCUs with high magnetic perfor-
mance and reliable operation [9]. However, their operation
at temperatures around 4 K requires complex and energy-
intensive cryogenic systems. While conduction cooling has
significantly simplified operation by eliminating the need for
liquid helium, the overall cooling effort remains substantial.
In addition, intrinsic geometric limitations arise from the
finite cross-section and mechanical properties of LTS wires,
restricting the minimum achievable bending radius and thus
limiting undulator period lengths to approximately 8 mm
and above. These constraints hinder further miniaturization
and performance scaling of SC IDs. HTS conductors, often
available as tapes, allow for novel design approaches that
can overcome these geometric limitations and enable shorter
period lengths. Their higher critical temperatures enable
operation at elevated temperatures or, alternatively, signif-
icantly higher current densities and magnetic fields at 4 K.
This opens up new possibilities for more compact designs,
enhanced field strengths, and improved energy efficiency,
contributing to more sustainable and resource-saving accel-
erator technologies. Beyond accelerator applications, HTS
materials are widely regarded as a key enabling technology
for next-generation high-field systems.

HTS UNDULATOR R&D AT KIT

The use of HTS enables fundamentally new approaches
to undulator design, see Fig. 1, particularly when employing
structured HTS tapes. At KIT, high-intensity laser pulses
are used to define a meander-shaped current path within the
SC layer, resulting in a quasi-sinusoidal magnetic field distri-
bution along the beam axis [10]. Based on this concept, two
main design approaches are currently pursued [11,12]. In a
first concept, a single 15 m long HTS tape is structured and
wound around a stainless-steel yoke to form a continuous,
jointless current path. In a second approach, 25 cm short
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Figure 1: Undulator developments at KIT-IBPT. On top,
in red, the quasi-sinusoidal path through a structured tape.
Based on this, the zigzag and the jointless concept are shown.
At the bottom, the helical undulator and the racetrack coil,
both developed in collaboration with CERN, are shown.

structured HTS tapes are connected to each other via a solder-
ing contact at the ends in an alternating zigzag configuration,
allowing for increased flexibility in handling, material usage,
and potential replacement of individual segments. Subse-
quently, initial power tests and first field measurements were
conducted in liquid helium.

Vertical racetrack coil Operating in high-field regimes
pushes superconductors close to their critical limits, making
the risk of a quench omnipresent, and protection remains
challenging. A no-insulation (NI) winding approach has
been pursued in a KIT-CERN collaboration within the Com-
pactLight project [13] for HTS undulator coils with a 13 mm
period length and vertical racetrack design. The NI winding
allows current to redistribute within the coil, preventing the
spread or formation of a normal zone [14]. Tests at 4.2 K
and 77 K achieved a magnetic flux density of approx. 2T
and operation at up to 300% of the expected critical current,
with no degradation or damage to the superconductor.

Helical undulator In addition to planar designs, further
concepts such as helical HTS undulators with 4 mm NI tape
are being investigated, highlighting the versatility of HTS-
based approaches [15]. The first HTS helical undulator
demonstrator (10% of full winding, 77 K) with NI winding
and copper terminals achieved stable operation. A full short
model with five periods (13 mm period, 5 mm gap) is the
next step, targeting >2 T at 4.2 K — an approximately 60 %
increase over NbTi undulator technology.

HTS MAGNET DEVELOPMENT BEYOND
UNDULATORS

In addition to superconducting undulators, high-
temperature superconductors are being explored at KIT for
a broad range of advanced magnet applications.

Periodic Quadrupole An ongoing research activity fo-
cuses on the design, fabrication, and testing of an HT'S pe-
riodic quadrupole magnet based on simple pancake coils
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for laser—plasma accelerator applications [16]. The demon-
strator, corresponding to one fourth of half a period of the
periodic quadrupole and employing NI HTS tapes, was suc-
cessfully operated at both 77 K and 4.2 K without degrada-
tion. Stable operation was achieved at 150 A (120 % of the
critical current) at 77 K and up to 1 kA at 4.2 K, as shown
in Fig. 2. Magnetic field measurements at 4.2 K showed
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Figure 2: HTS periodic quadrupole prototype (left) and
cryogenic measurement setup in CASPER I (right).

excellent agreement with Opera simulations, with deviations
below 1%, confirming the capability of the prototype to gen-
erate high magnetic field gradients. Future work will focus
on improving the bridge connections to enable operation at
even higher currents of approximately 1.3 kA.

HiTSMAPIS & HTSCryo Currently, there are two
projects for novel HTS magnet concepts funded by the Ger-
man Federal Ministry for Research, Technology and Space.
The HiTSMAPIS project advances HTS magnet technology
through combined simulation and experimental R&D, fo-
cusing on compact, energy-efficient, and resource-saving
magnet systems for future photon and ion sources. A partic-
ular emphasis is placed on understanding transient effects in
HTS coils, including NI ReBCO-based windings, through
dedicated modelling and experimental validation.

The HTSCryo project focuses on advancing HTS magnet
technologies for next-generation particle accelerators. The
aim is to achieve high magnetic fields at elevated operating
temperatures, thereby reducing reliance on liquid helium
and improving overall energy efficiency. A key aspect is
the development of HTS demonstrators ranging from small-
scale test coils to accelerator-relevant geometries, supported
by iterative simulation and experimental validation.

Both projects contribute to the development of sustainable,
scalable, and energy-efficient magnet technologies for future
accelerator facilities.

MAGNET AND CRYOGENICS FACILITIES

A key enabler for the development of SCUs at KIT is
the availability of dedicated magnetic and cryogenic mea-
surement infrastructure. These systems are essential for
characterizing the magnetic performance of prototypes with
mT resolution at 4 K with um spatial resolution to provide
feedback to the iterative design and manufacturing process.
Without this experimental capability, continuous develop-
ment and optimization of SC devices would not be possible.
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Figure 3: Mobile Measurement system with the latest wig-
gler for Diamond Light Source, UK. Bottom left: sledge and
instrumentation. Bottom right: laser interferometer.

Figure 4: COMPASS teststand and worlds first operational
prototype for 10 kA CMRC current lead.

Five systems build the foundation. These are the perma-
nently installed CASPER I and CASPER II (Characteriza-
tion Setup for Field Error Reduction), two mobile systems
for the on-site measurements and COMPASS (Compact Ac-
celerator System).

CASPER 1 is a vertical liquid helium bath cryostat-based
measurement facility designed for undulator coils up to
500 mm [17]. It allows current-carrying capacity tests and
high-precision local magnetic field measurements by Hall
probes mounted onto a slide.

CASPER II extends these capabilities towards larger (up
to 2m SC coils) and more flexible device geometries [18].
It is a horizontal, cryogen-free, conduction-cooled environ-
ment equipped for local and integral field measurement at
4 K. Additionally, CASPER I and II are equipped with an
in-house developed quench detection system from the In-
stitute of Data Processing and Electronics (KIT-IPE). Both
systems have been continuously improved and have been in
operation for over 15 years.

In addition to stationary facilities, comparable mobile
systems have been developed to allow in-situ characteriza-
tion of SC devices in the final cryostat [19]. The smaller
system only allows integral field measurements, whereas
the upgraded system provides both local and integral field
measurements. It is the first of its kind worldwide and was
successfully tested in 2025 for the new Diamond wiggler,
see Fig. 3.

The COMPASS teststand, shown in Fig. 4, is a dedicated
experimental facility at the Institute for Refrigeration and
Cryogenics (KIT-ITTK) [20]. It enables the testing and
characterization of SC magnet systems, including compact
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accelerator undulators, at currents from several hundreds
amperes up to 10kA.

A key focus of the COMPASS teststand is the investiga-
tion of mixed-refrigerant-cooled current leads. Typically,
state-of-the-art current leads transport electrical current from
ambient to cryogenic temperatures, using a series combina-
tion of a normal conducting, metallic part and HTS materials
below 80 K for low-loss operation. Due to resistive losses
in the normal conducting part, the current lead contributes
significantly to the heat on the cryogenic system [21]

In case of a mixed-refrigerant-cooled current lead, the
resistive part is cooled by a cryogenic mixed-refrigerant
cycle (CMRC). By providing cooling power along the entire
length of the resistive part in a closed-loop setup, the heat
load on the cryogenic system, as well as the overall power
demand for cooling, is significantly reduced [22].

CONCLUSION AND OUTLOOK

HTS undulators and magnets developed at KIT demon-
strate the potential to overcome the limitations of traditional
LTS systems, achieving compact, sustainable, and energy-
efficient solutions. Key milestones include stable operation
at magnetic flux densities up to 2 T and successful power-
ing beyond critical current limits, validated by experimental
results aligning closely with simulations.

The unique combination of in-house design, fabrication,
and dedicated magnetic and cryogenic measurement infras-
tructure provides a strong basis for continuous development
and optimization. Future work will focus on enhancing per-
formance and reliability, including improving component
connections for higher current operation and scaling proto-
types to full-scale models. These advances aim to establish
HTS technology as the cornerstone for next-generation ac-
celerator systems.
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