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Electromechanical Design of a 16-T CCT
Twin-Aperture Dipole for FCC

Bernhard Auchmann , Lucas Brouwer , Shlomo Caspi , Jiani Gao , Giuseppe Montenero, Marco Negrazus,
Gabriella Rolando , and Stéphane Sanfilippo

Abstract—Canted-cosine-theta (CCT) technology has been stud-
ied for its suitability for a future-circular-collider (FCC) main
dipole in terms of magnetic and mechanical performance, elec-
trothermal protectability, as well as efficiency. In this paper, we
present lessons learnt from our search for efficient CCT solutions
by means of two-dimensional (2-D) magnetic and mechanical sim-
ulations, discuss the 3-D periodic mechanical model, as well as 3-D
electromagnetic analysis of the end regions. Temperature and volt-
age distributions during a quench under simplifying assumptions
are discussed, and the magnet’s efficiency is compared to that of
other contenders in the FCC design study. The results qualify the
CCT design as a contender for the FCC main dipole.

Index Terms—FCC, CCT, Nb3 Sn accelerator magnet.

I. INTRODUCTION

THE Future-Circular-Collider (FCC) design study investi-
gates, among many other things, feasible designs for the

FCC 16-T main dipole magnet using Nb3Sn technology [1].
Initially, the study’s magnet work package studied cosine-theta,
block-coil, and common-coil type magnets in the framework of
the European Circular Energy-Frontier Collider Study (EuroCir-
Col) H2020 project [2]. Using slightly different assumptions, a
fourth option was proposed in [3], called the canted-cosine-theta
(CCT) design. In a CCT magnet, the cable is wound around the
magnet aperture along a tilted helical path

�r(θ) =

⎛
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(−1)�R cos(θ)
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where � is the layer number, R is the baseline radius, 0 ≤ θ ≤
2πnturn is the azimuthal angular position, nturn the number of
turns, n the harmonic order, Bn/Bref is the ratio between the
n-th desired normal field harmonic and the main or reference
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Fig. 1. Schematic cut through the four layers of a coil in the 16-T CCT magnet.
Ribs are what separate individual channel turns, and spars are what is left of the
full cylinder after machining the channel.

harmonic (skew harmonics are not taken into account here), α� is
the baseline’s tilt angle in layer �, and P is the tilted helix’ twist
pitch. A second layer is wound with the same pitch, tilted in the
opposite direction. The solenoidal field components of the two
layers cancel, and the remaining field in the straight section of
the magnet is a purely transverse field with the desired multipole
content [4].

The winding formers (see Fig. 1, right) provide azimuthal
and axial stress-management functionality, whereby the respec-
tive Lorentz force components are transmitted to the ribs, and
from there onto the solid spar; compare Fig. 1. In this way, the
impregnated cable is protected from over-compression, and the
coil does not need to be axially prestressed. Herein lies one of
the main advantages of the CCT design with respect to the other
three variants: it promises to provide significant stress margins
with respect to even pessimistic predictions of performance-
degrading transverse stress levels in Nb3Sn cable [7], [8].

For a CCT design to be eligible as a competitor in the FCC
Design Study, it needs to (a) be proven to be windable, (b) use
conductor in amounts comparable to the most efficient magnet
designs, (c) have good field quality, (d) keep coil stresses below
150 MPa at room temperature and below 200 MPa in cryogenic
conditions, (e) have a sufficiently low inductance for powering
in a string of magnets, (f) be protectable. In this paper, we
summarize the efforts at the Paul Scherrer Institute (PSI), in
collaboration with LBNL and CERN, to create a CCT 16-T
design that would follow exactly the design criteria adhered to
by the other three design types in the EuroCirCol project [9].
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Fig. 2. Left: Conventional CCT winding, with radial cable position above the
baseline. Right: Winding scheme optimized for windability and field quality.

In this way, the CCT design can be judged on equal footing in
terms of technical- and cost criteria.

In Section II we make some introductory considerations on
efficient CCT design. III discusses the question of windabil-
ity for a high-field CCT magnet. With a solution to this prob-
lem, we proceed in Section IV to the 2-D electromechanical
design, followed in Section V by 3-D finite-element analysis.
Section VI addresses the protection of the proposed CCT design.
Section VII discusses efficiency and cost aspects. Finally,
Section VIII describes the CCT technology R&D at PSI, geared
towards FCC magnets.

II. EFFICIENCY CONSIDERATIONS

An efficient and low-inductance CCT design requires a high
effective current density and a small number of turns. Note
that there are three mechanisms that lower the effective cur-
rent density in a CCT with respect to a cosine-theta magnet:
(a) the helical winding reduces the obtainable field by a factor
cos (|α� |); (b) the ribs dilute the peak current density on the
midplane; (c) the spars dilute the current density on the lay-
ers’ inner diameters. For all the above reasons, we opt for a
four-layer design, using 1.2-mm-diameter strand throughout to
reduce the number of ribs and decrease the number of turns. The
inner-layer Rutherford cable is 15 mm wide. The minimum rib
thickness is reduced to 0.2 mm, which is the smallest thickness
proven to be machinable, resulting in a twist pitch of 11 mm,
and the spar thickness is set to 2 mm.

III. WINDABILITY STUDIES

Winding a w = 15-mm-wide, 2-mm-thick cable in CCT fash-
ion into a channel with R = 27 mm inner radius (25 mm free
aperture and 2 × 2 mm spar) is challenging. The conventional
CCT design places the cable radially above the baseline (see
Fig. 2, left), which leads to a large difference between the lengths
of the inner and the outer cable edges, i.e., the cable is torn. For
an FCC magnet, with the ratio w

R = 15
27 = 0.55, it is not possible

to force a Rutherford cable into this radial position. However,
applying the differential-geometry methods of [10], [11], we
were able to modify the cable position above the baseline in
such a way as to reduce the perimeter difference by a factor ten.
The result is displayed in Fig. 2 (right).

The problem that comes with the departure from the conven-
tional, radial cable position above the baseline is that the field
quality deteriorates. In our case, a purely mechanical optimiza-
tion led to 80 units 10−4 in relative sextupole. Equation (1) holds

the solution to this problem: A variation of the baseline can com-
pensate for the unwanted harmonics, using the parameters Bn ,
n �= 1. Due to the non-radial cable position, the optimum field
quality needs to be found in a simple fixed-point iteration. At
this point the mechanical problem needs to be reoptimized, in-
fluencing again the field quality. This interdependency between
the two optimizations is considered in an outer fixed-point it-
eration loop, which leads to a global optimum within a few
steps.

A winding test was carried out in 2016 at LBNL. The cable
position was made to vary smoothly from the optimized position
at the onset of the first turn, to the radial position above the base-
line in the last turn. A 1.38 × 22 mm 51-strand Rutherford cable
was available for the winding test. The winding test confirmed
the theory, in that the optimized turn could be wound without
problem, the second turn was still possible, but the Rutherford
cable collapsed in every attempt to insert it into the third, radial
channel. The test was repeated another three times with different
cables, confirming the result.

IV. 2-D DESIGN

A. Electromagnetic Simulation

The 2-D cross-section model of the coil is obtained from a
3-D coil model via bisection algorithm. In 3-D, the hexahedral
bricks making up the cable are filled with straight line current
segments. In the 2-D cut, these line currents are represented
as points. The Biot-Savart law accounts for the coil field. In
order to take into account the contribution from the nonlinear
iron yoke, the point-current model was coupled to the Finite-
Element/Boundary-Element method [12] implemented in the
ROXIE software [13].

The electromagnetic optimization of a CCT coil essentially
boils down to the choice of a tilt angle (here 15 degrees from the
midplane) according to efficiency criteria [4], a cable according
to protection and efficiency criteria, and the minimum spar- and
rib widths according to mechanical and machinability criteria;
see above. The magnetic iron, which is in intimate contact with
the coil, introduces low field distortions. Electromagnetic sim-
ulation, therefore, serves to check each layer’s position on the
loadline, as well as to produce field maps for electro-thermal
calculations, and Lorentz-force input to the mechanical design.

At nominal current, the simulated field quality, excluding
persistent-current effects, is well below one unit 10−4 in all
relative harmonics bn for n > 3, with a b2 of six units due to
cross-talk between the apertures. The loadline margins are 14%
in Layers 1–3, and 16% in Layer 4, which is a necessity in order
not to drop below 70% current margin (vertical margin towards
the critical surface in the loadline plot). A lower current margin
may push the working point into unstable territory.

B. Mechanical Design

In the mechanical design, we start from the CCT-specific
premise that neither azimuthal nor axial prestress are needed,
as the respective force components are transferred turn-by-turn
to the former’s ribs and from there to the spar. As for the radial
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Fig. 3. Scissors lamination schematic explanation: (a) placement of first lam-
ination; (b) flipped second lamination; (c) with half-shells under welding press;
(d) welded half shells with weld shrinkage, horizontally pre-loaded coils.

force component, which tends to ovalize the coil horizontally,
the minimal spar thickness chosen for efficiency cannot provide
enough stiffness to prevent excessive coil deformation. An ex-
ternal support structure is required to react in particular around
the midplane. We adopt the idea of scissors laminations for this
purpose [14]: A 1-cm-thick protective iron shell is placed around
each of the coils of the twin-aperture magnet, and a single-piece
yoke lamination is stacked onto the two coils. The holes for
the coils are slightly off-center horizontally (by 0.5 mm) with
respect to the nominal coil centers. The laminations are stacked
in alternating orientation, as to result in a square-wave pattern
on the yoke’s outer diameter around the horizontal midplane.
The assembly is placed into 25-mm-thick stainless-steel half-
shells, which are welded under a welding press. Every second
lamination pushes on the coils. The protective shell dilutes peak
stresses on the coil (Fig. 3).

The analysis was carried out with ANSYS [15] in plane-
stress conditions. The shell thickness of 25 mm is designed to
be close to the limit of its mechanical strength (with appropri-
ate margin) at room temperature. This is because it is thought
that 25 mm is rather challenging to weld with sufficient weld
shrinkage (0.9 mm per half-shell; compare to 0.85 mm achieved
in welding trials on 12-mm-thick shells [16]). This amount of
weld shrinkage is needed to sufficiently pre-compress the scis-
sor laminations and, consequently, provide radial support to the
coils. Material properties and stress limits are taken from the
EuroCirCol program [9]. Simulation results are displayed in
Fig. 4. The coil stress at nominal field is only 135 MPa, which is
a result of the CCT design’s azimuthal stress management. The
former in the model is made from Al-bronze CuAl7Si2 where
we assume a stress limit of 450 MPa. Efforts are currently under
way to validate this assumption and characterize the material

Fig. 4. Top left: Azimuthal stress on the conductor (peak: 135 MPa). Top
right: Azimutal stress on the formers (peak: 440 MPa in compression with
node-based singularities in extension). Bottom: Von Mises stress in the two
layers of yoke lamination (peak: 360 MPa in compression). The left image is
the horizontally flipped second yoke layer in the model. The reaction pattern
indicates the preloading of the coils.

after a heat treatment at room temperature and in cryogenic
conditions.

V. 3-D ANALYSIS

A. Electromagnetic Analysis

For the 3-D electromagnetic analysis, Opera 3-D was used
[17]. To achieve “straight-section” conditions in the center of the
model, 240 CCT turns were required in the model. It was found
that the fields in the magnet ends exceeded the straight-section
fields by only 0.02 T. As there are no mechanical discontinuities
in the ends of a CCT magnet, this allowed us to extend the yoke
over the entire length of the winding former, whereas other
design variants cut back the yoke in order to provide additional
margins in the coil ends. The magnetic length of the magnet with
iron was found to be identical to the magnetic length without
iron, which can be calculated from the number of turns and
the pitch length by Lmag = nturns × P . These findings allowed
us to compare the difference between the magnet’s mechanical
length (excluding the electrical connections) and its magnetic
length with the same value in a 2-layer cosine-theta design for
the High-Luminosity upgrade of the Large Hadron Collider [18].
In both cases, the difference amounts to about 50 cm.

B. Periodic Mechanical Analysis

Since the CCT design does not feature a continuous transla-
tional symmetry in between the magnet ends, a 3-D analysis is
required to cross-check the 2-D simplification of Section IV-B.
The twist pitch, which is 11 mm in all four layers, provides
a discrete symmetry in the magnet which can be exploited to
analyze the straight section at the level of a discrete slice; see
Fig. 5. We use the generalized-plane-stress condition described
in detail in [19]. This technique accounts for the axial thermal
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Fig. 5. Left: Single-pitch slice model of the coil. Right: Von Mises stress on
the impregnated cable (peak: 135 MPa, neglecting single-node singularities).

shrinkage by assigning a single contraction value to each glued
component in the magnet assembly. The individual shrinkage
values are determined as to set for each component the inte-
grated axial forces on the front- and back surfaces, respectively,
to zero. Fig. 5 shows the slice model of the coils, as well as
the stresses on the impregnated cable. The results differ from
the 2-D results in Fig. 4 (top left) in the location of the peak
stresses, which should be expected given that a 2-D model can-
not predict the correct former stiffness. The magnitude of peak
stress, however, is consistent with 2-D predictions. Similar ob-
servations have been made for the former, whereas the other
structural components are in agreement with 2-D.

VI. ELECTROTHERMAL ANALYSIS

Following the EuroCirCol Project’s approach, a simplified
protectability study has been an integral part of the design pro-
cess [20]: it is assumed that 40 ms after the quench initiation
(at 105% of nominal current) 100% of the coil is quenched (by
either heaters, CLIQ [21], or another protection scheme). An
adiabatic integrator calculates both, the hot-spot temperature
and the coil resistance, which kicks in after 40 ms to dissipate
the magnet’s stored magnetic energy. The peak temperature in
this analysis must remain below 350 K [9].

The quench analysis was used to find the optimal cable grad-
ing, assigning an individual number of strands and copper/non-
copper ratio to each layer. As a consequence, the temperature
distribution across the coils is rather smooth (see Fig. 6), as
compared to that of cosine-theta and block-coil designs [23],
which use only two cable types, one for each inner and outer
double-pancake coil. The calculation of voltages to ground must
be carried out differently than in axially-wound magnets. The
sum of inductive and resistive voltage per turn builds up over
more than a thousand turns per layer (the FCC dipole mag-
netic length is 14.3 m). The connectivity between layers must
be chosen as to minimize the overall peak voltage to ground.

VII. COST EFFICIENCY AND OTHER CONSIDERATIONS

Considering all criteria outlined in [9] for the EuroCirCol
WP5, the present CCT design requires 9.7 kt of conductor
to construct the 4578 magnets of the FCC. This number is
30% higher than the most efficient design options, the cosine-
theta and the block coil. Moreover, it must be noted that the
manufacturing of the winding former is still considered as a

Fig. 6. Temperature profile after a quench in the second-layer.

challenge, technologically and in terms of cost. CNC machin-
ing trials have successfully been carried out for the tilted deep
channels required in the inner two CCT layers; see Fig. 1. PSI
has started a collaboration with the IWS Fraunhofer Institute of
Dresden, Germany, for cost-effective CCT-former manufactur-
ing by means of thin laminations [24]. It should be noted, how-
ever, that the external mechanical structure of the CCT magnet
is simple as compared to the bladder-and-key structures pro-
posed for the competing design options. The number of parts
is drastically reduced. The welded shell is economical in both,
cost and space requirements. Note that the 16-T bladder-and-
key Aluminum shells are about 100 mm thick, and need to be
enclosed in a helium-tight steel shell. For this reason, the CCT
design is suited as is for the High-Energy LHC (HE-LHC) op-
tion, where space requirements are more stringent due to the
existing LHC tunnel. Finally, in the context of Section VI, an
alternative winding approach should be mentioned: a CCT layer
could be wound as a double-helix. Each of the two helices in a
given layer would have twice the twist pitch of the single-helix
design. The increase in twist pitch would introduce a weak skew
dipole field which would have to be corrected in the baseline. In
this way, voltages to ground could be cut in half, while reducing
to 50% the required conductor unit-length, which may imply
important cost benefits, partly or fully compensating the above
30%. The double-helix option will be studied in more detail in
the coming year. Overall, we expect that the CCT design can be
competitive with other designs in terms of manufacturing cost.

VIII. THE PSI CCT TECHNOLOGY PROGRAM

As a result of the above findings, a CCT technology program
has been set up at PSI for an initial period of three years, in
order to study design features specific to a CCT magnet for the
FCC main dipole. The PSI program coordinates closely with
the CCT R&D under the US MDP program [22], building upon
the growing experience with high-field CCT magnets at LBNL,
and adding FCC-specific features such as wide cables wound
on relatively small radii, thin spars, and a custom-built external
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mechanical structure [5]. Two model magnets are foreseen to be
built: CD1 (Canted Dipole 1), which uses similar coil technology
as the MDP program with reduced spar thickness and an external
structure, and CD2, which, in addition to CD1 features, will use
a wide cable following the approach outlined in Section III.

IX. CONCLUSION

We have described a CCT design for the FCC main dipole,
which follows all the same design criteria as the EuroCirCol
Project’s cosine-theta, block-coil, and common-coil options.
The design is suitable for both, an FCC main dipole, and an
HE-LHC main dipole. It uses more conductor than the other
options, in particular cosine-theta and block coils. At the same
time it features a much simplified mechanical structure. The
design proves that CCT technology can provide important me-
chanical margins with respect to the degradation limit of Nb3Sn
cables. Whether or not this margin can translate into improved
magnet performance is a subject of active R&D at the US MDP
program, as well as at the PSI CCT Technology Program. PSI fo-
cuses is on the implementation of particular design features that
are necessary to make the CCT technology a viable candidate
for an FCC or HE-LHC accelerator.
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