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Abstract—For future 20+ T accelerator type magnets, ReBCO
superconductors are ideal for their high current density in high
magnetic field. At CERN, demonstrator dipole magnets using
ReBCO conductor are being developed in order to study their
feasibility. In this work, a design of a cloverleaf-racetrack magnet
is presented, which consist of two poles. A key problem in such
magnets is how to realize the coil-ends without causing degradation
due to coil winding, cool down and operation. The cloverleaf geom-
etry accommodates the particle beam pipe without any hard-way
ReBCO tape bending. To design such geometry of the coil-end, a
new method using Bézier splines is presented. The ReBCO coils are
wound with dual tape conductor where the ReBCO layers are facing
each other. For quench protection, the coils are non-insulated,
allowing the coil current at quench to redistribute transversally
through the winding pack. A comparison between dry-wound and
soldered non-insulated coils is made. Progress on the electromag-
netic and mechanical design of the cloverleaf magnet is reported in
this paper.

Index Terms—Accelerator dipole magnet, coil-ends, HTS
ReBCO tape, magnet structure, non-insulated coil.

I. INTRODUCTION

R ESEARCH into high-temperature superconductor (HTS)
high-field accelerator dipole magnets has been steadily

gaining traction over the last couple of years, where vari-
ous coil and cable layouts are being explored. In the frame-
work of the R&D program EuCARD2, two dipole magnets
called Feather M2.1-2 and M2.3-4 using Roebel cable with
ReBCO coated conductor were constructed and cold-tested at
CERN [1]. Another magnet to be tested at CERN in the same
program is a cosine theta dipole magnet also using Roebel
cable and constructed by CEA [2]. Elsewhere, canted co-
sine theta dipoles are made with other conductor and cable
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configurations, such as Bi-2212 Rutherford cable [3] and
ReBCO CORC wires [4].

The high magnetic field program at CERN ultimately aims to
construct and cold-test a demonstrator accelerator magnet made
with ReBCO conductor, which can operate stand-alone and can
reach fields beyond 20 T with a usable aperture of at least 50
mm diameter within the decade [5]. These high magnetic fields
would allow for significant gains in the particle collision energy
for future accelerator complexes.

Previously, a conceptual study towards 20 T accelerator mag-
nets has been performed by Van Nugteren et al. [6]. There it was
concluded that full ReBCO tape based magnet would be less
complex to construct and operate than a hybrid NbTi/Nb3Sn-
ReBCO magnet. To prevent hard-way bending of the tape con-
ductor, which is bending over the thin edges of the tape, it was
proposed to use cloverleaf coils to guide the conductor over
the particle beam pipe. For quench protection, it was deemed
that non-insulated coils could provide a solution by allowing
the current to by-pass a local normal zone. Tests of the Feather
M2.1-2 and M2.3-4 in helium gas flow showed that the onset of a
quench is preceded by a drift in voltage and temperature several
minutes before a quench. It was therefore proposed to operate
high field accelerator magnets in gas flow, sacrificing conductor
performance for stability as well as reduced cryogenic losses.
A detailed mechanical study of such a 20 T cloverleaf-racetrack
magnet was performed by Murtomäki et al. [7].

Here, a design of a demonstrator cloverleaf-racetrack accel-
erator magnet, based on the aforementioned conceptual study,
is presented. The magnet is foreseen to be constructed and
cold-tested at CERN and will act as a first stepping stone towards
20+T magnets. In the first part of the paper, the coil design of the
magnet is discussed. The magnet consists of two poles each with
a so-called cloverleaf coil and a racetrack coil. A new geometri-
cal description of the cloverleaf coil-ends using Bézier splines is
presented here. Non-insulated coil technology is used for quench
protection and the consequences for this cloverleaf-racetrack
configuration, as well as implications for magnetic field quality
are discussed. In the second part of the paper, the design of the
magnet enclosure, which provides the mechanical support for
the coils and incorporates the instrumentation and current leads,
is presented. To show that the magnet can be operated within
the allowable stress and strain levels, a mechanical simulation
of the magnet assembly has been performed and is presented as
well.
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Fig. 1. Overview of the coil-layout of the short demonstrator magnet. The
magnet consists of two poles, with each a cloverleaf coil and a racetrack coil.
The colors on the coil indicate the magnetic flux density present on the conductor
surface for a current of 2 kA. In this case, the maximum field is reached at the
inside of the coil-end of the racetrack and has a magnitude of 12.2 T.

Fig. 2. Cross-sectional layout taken in the center of the magnet. The colors
on the coil indicate the magnitude of the magnetic flux density for a current of
2 kA, and black lines show the magnetic field lines. The racetrack coils have a
larger thickness than the cloverleaf coils, creating a rectangular aperture.

II. COIL DESIGN

A. Conductor and Coil Layout

In Fig. 1, the coil layout of the magnet is depicted. The magnet
consists of two cloverleaf coils and two racetrack coils with a
rectangular aperture. In Fig. 2, a cross-section in the center of
the coil is shown, with the magnetic flux density through the
cross section and magnetic field lines in the plane indicated.

For most ReBCO tapes, the critical current is highest when
the magnetic field is parallel to the broad side of the tape, and the
lowest when the field is oriented perpendicular to the tape [8]. To
maximize the critical current in the coils, it is thus of importance
to align the tape parallel to the applied field. In cloverleaf design,
this is achieved by using a block coil configuration, where the
tapes are oriented parallel to the dipole field in the aperture.
Another reason for having the tapes in vertical is that the forces
are pushing outwards on the broad side of the tape, instead of
on the thin edges in a horizontal configuration.

The coils are wound using dual ReBCO conductors, where the
superconducting layers are facing each other. This is so that the
resistance between the two superconducting layers is minimized

TABLE I
MAGNET PARAMETERS

[9]. This can lead to better current sharing between the tapes in
the case of a quench, which can improve the stability of the coils.
There is no insulation in-between the tapes.

On the inside and outside surfaces of the ReBCO coil wind-
ings, 2 mm thick copper tape windings are present. These layers
serve as a stabilizer as well as current entry and exits point along
the first and the last turn of the coil windings. In Table I, the most
relevant coil parameters are listed.

B. Coil-End Design

The top and bottom coils of the cloverleaf-racetrack magnet
are simple racetrack coils and the center coils are in clover-
leaf configuration (see Fig. 1). The cloverleaf coils allow the
conductor to go over the particle beam pipe. The cloverleaf
configuration was first proposed by Gupta et al. in 2003 as
a design for high field accelerator magnets using “React &
Wind” Nb3Sn conductor technology, where it was named as
the over/underpass configuration [10]. It fulfills the geometric
requirement that the tape is not bend over its thin edges (the
“hard-way” bending direction), but only over the wide side of
the tape (the “soft-way” bending direction).

In order to calculate the field quality as well as to design a
surface for the winding mandrel, a geometrical description of the
cloverleaf coil-end geometry is needed. The inside surface of the
coil winding pack can be modelled as a strip surface, which can
be bent like a strip of paper [11]. The center of the bent strip
which is representing the tape is traced out by a base curve r(t).
The base curve can be any kind of parametrizable curve, but here
we took a Bézier curve as a baseline. Using Bézier splines allows
the geometry to be described in such a way that the coil-end can
meet the straight section without the need of additional twist,
which was required in previous design methods [12]. The usage
of Bézier splines allows us to create a surface which is fully
hard-way bend free. For a conductor with a finite thickness, there
will be some hard-way bending present. In Fig. 3, the geometry
of the inside of the cloverleaf ear is shown, i.e., the first turn of
the coil winding pack. The hard-way bend free surface is drawn
from the base curve using differential geometry methods [11],
[12]. This surface can be used to design mechanically the coil
winding pack and the winding mandrel. An in-detail description
of the mathematics behind the cloverleaf ear is subject of a future
publication.
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Fig. 3. Ear of the cloverleaf with the yellow squares indicating the control
points of the Bézier curve, the red circles the perimeter points and the black
lines the rulings of the gray surface, which are the Darboux vectors of the base
curve and connect two points on the opposite perimeters of the strip.

TABLE II
INDUCTANCES TABLE (NUMBERS IN MH)

Inductances table with the self-inductances in mH of the cloverleaf (CL) and racetrack
(RT) coils in pole 1 and 2 on the diagonal and mutual inductances between the coils
on the off-diagonal entries. The self-inductance of the whole coil system is the sum
of all the listed inductances.

C. Quench Protection and Charging Time

To deal with quench protection, the coil has no insulation
between the turns of the dual tape conductor. This allows the cur-
rent to bypass a local hotspot or normal zone by conduction in the
radial direction [13]. A consequence of the use of no-insulation
technology is the ramping time of the coils being significantly
longer compared to coils with insulated conductor. For a system
of non-insulated coils, the ramping time can be estimated by
performing a spectral decomposition of the time constant matrix
Θ = LR−1 [14]. The ramping time is then defined as tramp =
5τmax, where τmax is the largest eigenvalue of Θ. The induc-
tance matrix L, with self-inductances on the diagonal and mutual
inductances off-diagonal, is shown in Table II. For the purpose of
calculating the ramping time, an average transverse resistivity is
used. From experiments with small pancake solenoids at CERN,
an average radial resistivity of 25 to 250 μΩ˙m for a dry wound
coil at 10 K was found, and 0.1 to 0.5 μΩ˙m for a soldered
coil [14]. The ramping times are then estimated to be 3 to 30
minutes for the dry-wound coil and for a soldered coil 25 to
130 hours. Typical accelerator magnets require ramping times
of some 30 minutes. Therefore soldered coils cannot be used, for
their ramping time is too large for accelerator magnet purposes.
Dry-wound coils are right in this range, and it was thus decided to
dry-wind the coils. However, for larger magnet configurations,
the inductance is much larger than for this demonstrator. It means
that for a full size magnet a higher transverse resistance is needed
to keep the ramping time of the magnet at some 30 minutes.
A possible way to achieve this is to add a specifically chosen
resistive material in between the turns of the coil.

D. Field Quality

The position of the blocks was optimized for minimum
integrated higher order magnetic field errors. The integrated
magnetic field is 1.7 T/m, and the minimum higher order mag-
netic field is 61 μT/m. However, this optimization assumes a
homogeneous current redistribution in the conductor, which is
difficult to achieve in ReBCO conductor due to the absence
of fine filaments. Moreover, in a non-insulated coil the current
path is not well defined during ramping, leading to additional
dynamic field effects. To correct for this, it is foreseen to add
a ReBCO magnetic screen to correct for field quality errors
[15]. To accommodate these screens, the aperture was made
rectangular.

III. COIL-ENCLOSURE DESIGN

A. Overview

In Fig. 4, an overview of the support structure of the magnet is
shown. The coils are placed in an aluminum alloy casing, which
is capable of taking the Lorentz forces when powering the coil.
To support the bridge section of the cloverleaf coil, an aluminum
alloy bridge support is present. The coils are insulated from the
former using a 3-D printed plastic [16] U-channel, which is
sitting around the coils. To ensure a good fit, the precise shape
of the coils is determined by surface laser scanning, and used as
input for the U-channel production. To insulate the top surface of
the coils, a 3-D printed cap made from the same plastic is used.
The two poles of the magnet are enclosed in an aluminum alloy
shell, which holds the poles together and allows for mounting
the magnet assembly in a cryostat.

The current leads are made of copper, and are attached to
the copper rings in the straight section. To reduce the heat load,
ReBCO tapes may be added to the surface of the copper. To
lower the complexity of this first demonstrator, it was chosen to
make the connections on the straight legs of the coils causing
additional magnetic field errors. For a full size magnet it is
foreseen to have the current leads on the bridge for the cloverleaf
coils and in the coil-end of the racetrack coils for best field
quality.

The magnet is constructed in a modular way. The configura-
tion allows the magnet to be partially cold-tested, first with just
the cloverleaf coils, and later with the racetrack coils added. It
also enables the replacement of a defect coil, interchanging coils
made with different conductor, testing different no-insulation
techniques or other conductor configurations.

B. Mechanical Modelling

In order to understand the mechanical performance of the
magnet, and assess if any degradation of the tape occurs due to
a combination of thermal contraction and Lorentz forces when
powering the coils, a mechanical model of the magnet is needed.
One quarter of a magnet pole was modelled in ANSYS [17],
where the magnet is cooled down to 4.2 K and is powered with
a current of 2000 A. In Fig. 5, the equivalent stress and axial
strain are plotted in the coil-winding pack. In Fig. 5(a) and (c),
the racetrack is split up in four different segments, where the
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Fig. 4. Overview of the magnet assembly. In (a), the individual components of a magnet pole are shown. In (b), the magnet assembly is shown. In (c), a
cross-section of the magnet is shown, where the red arrows indicate the current direction.

Fig. 5. Simulation of the stress (a), (b) and strain (c), (d) in a quarter of the
cloverleaf and racetrack coils, for a coil current of 2000 A. In (a) and (c), the
racetrack is split in four different sections that can slide relative to each other.
This is to simulate the individual turns of the coil pack. Modelling all turns
was computationally too intensive. In (b) and (d), the racetrack is modelled as
a block, which is representative for the soldered case. The maximum strain and
stress is obtained on the inside of the racetrack coil-end.

turns can slide relatively to each other. It was chosen to split the
coil in four parts, as modelling all turns was computationally
too intensive. Modelling all turns would correspond to the dry-
wound case. By extrapolation it can then be determined if the
magnet is below critical stress and strain values of the ReBCO
for the dry-wound case. For the soldered case both coils are
modelled as a single block (Figs. 5(b) and 5(d)), where the turns
cannot move relative to each other.

From the equivalent stress plot, it can be seen that the maxi-
mum stress in the coils is reached in the inside of the coil-end of
the racetrack coil, and reaches almost 700 MPa for the soldered
case. This is comparable to the maximum allowable stress that
the ReBCO tape can take, which is around 600–800 MPa [18].
The stress for the soldered case is thus too high, which can
lead to irreversible damage of the tape. The four-way splitted
racetrack coil does not exceed the critical stress limit, and has
a maximum stress of 455 MPa. By extrapolation, if each turn
would be modelled, the resulting stress is predicted to be even
lower. Thus according to extrapolation of the performed finite
element modelling, for the dry-wound coil the stress is below the

allowable stress. The maximum axial strain in block racetrack
is 0.46% and for the four-way splitted racetrack it is 0.3%.
The critical strain limit of ReBCO is 0.5% to 0.7% [18]. By
extrapolation to the dry-wound case, the strain is predicted to
be even lower. Thus for all cases, the strain is below the limit,
although for the soldered racetrack coil there is little to no margin
left. The stress and strain in the cloverleaf coil are well below
these values, and thus from a mechanical point of view the
cloverleaf coil is not as critical as the racetrack coil. The most
critical point from a mechanical point of view is the inside of the
bend in the racetrack coil. Thus, besides the requirement on the
time constant, it was also chosen to dry-wind the coils for a better
mechanical performance in both stress and strain management.

IV. CONCLUSION

The new design of a demonstrator cloverleaf-racetrack mag-
net has been presented, which is foreseen to be developed in the
framework of the high magnetic field program at CERN as a first
step towards very high field ReBCO accelerator magnets. The
magnet consist of two poles with a racetrack coil and cloverleaf
coil each. The cloverleaf geometry allows the conductor in the
coil-end to be smoothly lifted over the particle beam pipe. To
describe the geometry of such cloverleaf coil-ends, a novel
method using Bézier splines was used. To minimize the risk
of damage due to coil quenches, the coils are wound without
insulation. To meet the requirement on the charging time of
accelerator dipoles, it was chosen to wind the coils dry-wound.

A coil-enclosure design, where the coils are placed in a metal
casing, was presented. The mechanical model of the magnet
assembly shows that dry-wound coils experience lower mechan-
ical stresses than a soldered coils due to the ability of the turns to
slide relatively to each other. From the finite element modelling,
it was determined that a dry-wound coil is subjected to lower
mechanical stress, providing a second motivation to dry-wind
the coils.

Next steps in the cloverleaf-racetrack magnet development are
conducting winding tests on the cloverleaf geometry, in order to
investigate in detail its windability and ReBCO tape behavior in
such a geometry.
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