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Abstract—Over the past few years, interest in a Muon Col-
lider as a potential post-LHC machine has grown significantly.
By colliding muons, it is possible to achieve both precision and
high energy, overcoming the limitations of synchrotron radiation
in conventional lepton colliders. However, the very short muon
lifetime at rest requires high beam intensity and fast acceleration
rates limiting the collider ring dimensions. These limitations lead to
several challenges in the design of superconducting magnets, which
must generate high magnetic fields in large apertures to provide
shielding from the radiation due to muon decay. This work explores
the design of combined function magnets, which are essential to
address the neutrino flux issue in straight sections by bending the
particles during focusing/defocusing stages. The superconducting
material selected for these magnets is REBCO, a High Temperature
Superconductor (HTS), with operating temperatures ranging from
4.5 K to 20 K. Various configurations of combined function magnets
are studied and simulated using a Python code interfaced with the
Finite Element Method (FEM) software ANSYS, employing the
sector coil approximation. The goal is to identify feasible designs
that can accommodate substantial internal shielding while contin-
uing to provide the high fields and gradients demanded by the
lattice optics. To validate the manufacturability of such concepts,
a preliminary winding test has been performed using Nb3Sn in a
Canted-Cosine-Theta (CCT) geometry. While REBCO represents
the most promising HTS conductor for future high-field applica-
tions, Nb3Sn remains one of the most mature options for large
accelerator magnets, providing a valuable feasibility benchmark.
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I. INTRODUCTION

THE Muon Collider has recently emerged as one of the
most promising options for a next-generation high-energy

physics facility. By colliding muons instead of electrons or
protons, it combines the energy reach of hadron colliders with
the precision of lepton colliders, potentially extending the explo-
ration frontier beyond the capabilities of the High-Luminosity
LHC [1], [2]. With a mass of mµ = 105.7 MeV/c2, about 200
times heavier than the electron mass (me = 0.511 MeV/c2),
muons experience synchrotron radiation losses reduced by a fac-
tor of 109 compared to electrons. The main challenge, however,
lies in their extremely short lifetime at rest, only 2.2μs, which
imposes the need to produce, cool, accelerate, and collide them
as quickly as possible [3]. The main decay channels of muons
and antimuons are:

μ− → νµ e
− ν̄e and μ+ → ν̄µ e

+ νe. (1)

Electrons (e−) and positrons (e+) produced in muon decays must
be absorbed locally by dedicated shielding to prevent quench
and radiation damage to the superconducting magnet coils. In
contrast, the emitted neutrinos (νµ, ν̄µ, νe, ν̄e) interact only
weakly with matter and therefore escape the collider tunnel,
reaching the atmosphere. In the straight sections of the collider,
the decay products of relativistic muons are emitted within a
narrow cone with an angle 1/γ, where γ is the Lorentz factor
(see Fig. 1). As a consequence, neutrinos emerge from the tunnel
in collimated beams carrying high energy, potentially leading to
non-negligible equivalent radiation doses at ground level. One
possible mitigation strategy consists in reducing the length of
straight sections by introducing a controlled bending of the
beam also during the focusing and defocusing phases. In this
way, the neutrino emission is spread over a larger solid angle,
lowering the radiation levels at the surface. This approach can be
implemented by employing combined-function magnets, which
simultaneously provide dipole and quadrupole fields within the
same aperture [5].

This paper presents the progress made in the study of
dipole–quadrupole combined-function magnets for the muon
collider ring, focusing on their electromagnetic optimization,
technological feasibility, and preliminary winding tests as prac-
tical validation studies.
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Fig. 1. The radiation cone produced by a charged particle moving at ultra-
relativistic speeds while accelerating in the same direction as its motion [4].

Fig. 2. Schematic representation of the geometrical variables: a1,quad (aper-
ture radius), wquad (quadrupole coil width), and wdip (dipole coil width).

II. PYTHON–ANSYS INTERFACE

The main goal of this work is to extend the performance-
limit analysis of the collider ring magnets [6] to the case of
combined-function configurations. Unlike standalone dipoles
and quadrupoles, these magnets simultaneously generate two
main field components of different orders within the same
aperture, making it difficult to establish a general analytical
formulation. For this reason, the study has been carried out
by means of Finite Element Method (FEM) simulations using
Ansys APDL. The aim is to reproduce the same workflow al-
ready developed for standalone dipoles [7] and quadrupoles [8],
extending it to combined-function magnets in order to generate
performance-limit maps that enable a direct comparison between
multiple configurations in terms of field, gradient, and aperture.

A. Preliminary Analysis

To generate a magnetic field with two independent harmonic
components, B1 and B2, a comparison among possible coil lay-
outs was performed. Asymmetric coils, in which the secondary
harmonic is introduced as a perturbation of the main one, are
not suitable because they do not allow precise control of both
field amplitudes. A more effective solution is the nested config-
uration, where one magnet is placed inside the other (Fig. 2).
A comparative analysis between the two possible schemes —

TABLE I
BEAM PHYSICS REQUIREMENTS FOR COMBINED-FUNCTION

DIPOLE–QUADRUPOLE MAGNETS IN THE LATTICE VERSION 0.7 [10]

dipole inside quadrupole and quadrupole inside dipole — con-
firms that the configuration with the quadrupole placed inside
the dipole provides higher overall efficiency, in agreement with
US-MAP studies [9]. This is mainly because, for the same field
at the winding, a quadrupole located at a smaller radius generates
a higher gradient, whereas the magnitude of the dipole field is
not sensitive to the coil radius. Consequently, the configuration
with the dipole inside and the quadrupole outside results in a
less efficient use of the available space. In addition, beam optics
requirements for the Muon Collider typically demand stronger
quadrupole gradients than dipole fields [10], as summarized in
Table I.

B. Development of the Numerical Tool

A Python–Ansys interface was implemented to automatically
run simulations and collect the main results after each iteration,
allowing fast parametric exploration of different coil geome-
tries and operating conditions without manual intervention. The
study adopted a cos–theta configuration under the sector-coil
approximation for both dipole and quadrupole windings [11].
The aim of the simulation campaign was to explore the trade-off
between dipole field, quadrupole gradient, and aperture size,
identifying feasible regions that satisfy the main technological
constraints in terms of operational margin, mechanical stress,
and quench protection. Within this framework, the main geo-
metrical parameters were varied: the inner coil aperture radius
a1,quad, the quadrupole coil width wquad, and the dipole coil
width wdip, as shown in Fig. 2. Therefore, a Python code with
three different loops was developed to perform FEM simulations
across the full parameter space. The aperture radius was varied
from 25 mm to 150 mm in 25 mm steps, while for each aperture,
the quadrupole coil width wquad and dipole coil width wdip

were independently varied from 10 mm to 80 mm in 10 mm
steps. For each geometry, electromagnetic and mechanical op-
timization cycles were performed to identify the configuration
that maximizes the performance without crossing the critical
surface or exceeding the maximum allowable azimuthal stress
(400 MPa). As a baseline for the Muon Collider, HTS (REBCO)
non-insulated (or metal-insulated) coils are considered, with
three possible operating temperatures: 4.5 K, 10 K, and 20 K.
This leads to 256 optimized configurations for each temperature.
A cost model [12] is then applied to select only those solutions
with an estimated cost below 400 kEUR/m per magnet, which
is defined as the reference budget for the collider magnets.

Another key requirement for the collider magnets is a large
aperture since they must host a tungsten absorber that limits
the power reaching the coils at 4.5 K to 5 W/m, and up to
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Fig. 3. 3D-printed radial build of the arc combined-function magnet. The main
component in terms of size is the tungsten absorber (in silver).

Fig. 4. B–G plot at 4.5 K for six different aperture diameters.

10 W/m for higher operating temperatures. This corresponds to
a radial absorber thickness of about 4 cm and 3 cm, respectively,
which represents the main reason why large coil apertures are
necessary [13], [14]. Fig. 3 shows a 3D-printed sketch of the
combined-function arc magnet, where the tungsten absorber
clearly dominates the total coil aperture.

III. PERFORMANCE LIMITS

By analyzing in detail the FEM simulations for all geometries,
it was possible to identify a fitting curve for each aperture size
in the so-called B–G plots — maps where the dipole magnetic
field is plotted on the y-axis and the quadrupole gradient on the
x-axis. Figs. 4, 5, and 6 show the B–G plots at 4.5 K, 10 K, and
20 K, respectively. In each plot, a limit curve can be identified
as a function of the magnet aperture. This curve separates two
regions: the area below the curve (allowed area), where the
technological limits of superconducting magnets are satisfied,
and the area above the curve (forbidden area), which corresponds
to configurations that exceed one or more constraints related to
mechanical stress, operating margin, or quench protection. As
expected, increasing the operating temperature leads to a reduc-
tion in electromagnetic performance, but improves sustainability
and reduces the overall environmental impact by avoiding the

Fig. 5. B–G plot at 10 K for six different aperture diameters.

Fig. 6. B–G plot at 20 K for six different aperture diameters.

use of liquid helium. The intersections of the curves with the
axes correspond to the configurations of a pure dipole (along
the y-axis) and a pure quadrupole (along the x-axis).

These plots have proven to be a practical and effective tool to
interface with beam-optics, establishing a common starting point
for the design of the collider magnets. They make it possible to
compare a large number of configurations in terms of aperture
size and electromagnetic performance, and to identify the pa-
rameter space where feasible solutions may exist. However, a
magnet lying in the allowed region is not necessarily guaranteed
to be technically achievable, but it represents a realistic basis for
further detailed design studies.

IV. PRACTICAL STUDIES

The baseline technology selected for the Muon Collider mag-
nets is REBCO, considering that the project is foreseen to be real-
ized in the coming years, allowing further R&D progress in HTS
magnet technology. However, if such magnets were to be built
with the technologies currently available, one of the most mature
and effective options would be Nb3Sn cables. Focusing on one
representative combined-function magnet among those listed in
Table I, namely the arc magnet (8 T, 320 T/m in a 130 mm
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Fig. 7. 2D cross section of the arc dipole–quadrupole combined-function
magnet, showing the magnetic field distribution and the adopted geometric
layout.

aperture), the goal is to assess how far a Low-Temperature
Superconductor (LTS) such as Nb3Sn is from meeting the design
target.

A. Specific Design

Among the possible magnet layouts, the Canted-Cosine-Theta
(CCT) geometry was selected as the reference model. An elec-
tromagnetic design of a CCT magnet with a 130 mm aperture
was therefore developed, consisting of four layers arranged in
two layer pairs (see Fig. 7). In this study, the constraint of the
nested configuration (quadrupole inside, dipole outside) was
relaxed, allowing each layer pair to act independently as a dipole,
quadrupole, or combined-function winding. Defining the ratio
between the two desired harmonics as:

Bratio =
B1 [T]

B2 [T/m] · a1,quad[m]
(2)

the value of Bratio is theoretically infinite for a pure dipole and
zero for a pure quadrupole, while the design target corresponds
to Bratio ≈ 0.4. Before proceeding with the winding tests, an
optimization study was performed in Ansys to identify the
configuration providing the best trade-off between dipole and
quadrupole components within the given aperture. A design
target of Bratio = 0.4 led to a configuration consisting of a pure
quadrupole in the first two layers (Bratio = 0) and a combined-
function winding in the two outer layers with Bratio = 1.4,
i.e., a dipole component stronger than the quadrupole one.
The resulting layout was then selected as the reference for the
electromagnetic model and reproduced in the laboratory. The
conductor used is the Nb3Sn Rutherford cable from the HL-
LHC MQXF quadrupoles [15], with a bare width of 18.15 mm
and a bare thickness of 1.53 mm. Operating at 4.2 K in the
short-sample limit, the design achieves approximately half of
the target performance, namely about 4 T and 160 T/m in the
same aperture, with a peak field of 13.74 T located in the inner
layers.

Fig. 8. Winding test on layer 1 of the CCT combined-function magnet.

Fig. 9. Winding test on layer 3 of the CCT combined-function magnet.

B. Winding Tests

After the analytical and numerical study of the specific design,
a CAD model was produced and 3D-printed mandrels were
fabricated to perform winding tests. The goal was to visually
inspect possible cable deformations; since no cryogenic testing
was required, the mandrels were printed using PLA plastic.
All groove parameters were optimized to minimize the critical
aspects related to twist and bending angles in both easy- and
hard-way directions, with a solenoid tilting angle of 25◦ selected
to reduce the effects that can cause strand decabling in the
Rutherford cable.

Fig. 8 shows the winding of layer 1, the most critical one due
to its smaller radius. The fiberglass insulation was removed from
the cable to allow visual inspection during the winding process.
Small clamps were used to help prevent the strands from popping
out of their grooves in the Rutherford cable. The winding test
was successfully carried out, and the large aperture required by
the Muon Collider design facilitated the operation. The process
was stopped after the first turn in order to preserve the cable for
further tests, as all turns are expected to behave identically.
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An additional winding test was performed on layer 3, corre-
sponding to the first combined-function layer, shown in Fig. 9.
As expected, this operation was easier than the previous one,
mainly due to the larger radius. The asymmetry introduced by the
combined function coils did not create any particular difficulties,
but it revealed the presence of a preferred cable orientation,
which favors strand compaction rather than strand separation
within the Rutherford.

V. CONCLUSION

The B–G plots provide the final step required by beam optics
to define a new lattice that remains consistent with the techno-
logical limits of superconducting magnets. Although these plots
were developed in the framework of the Muon Collider, the
methodology itself is general. Beyond their analytical purpose,
the B–G plots also represent a practical and effective tool for
direct interaction with beam optics, providing an immediate way
to identify realistic design targets. The allowed region should
therefore be regarded as a starting point for detailed design
studies [16], [17] rather than as an exclusive domain of feasible
configurations.

In addition to the performance-limit study, practical investi-
gations have been initiated on real Canted-Cosine-Theta (CCT)
combined-function magnet configurations. The winding tests
were successfully performed, demonstrating the windability and
practical feasibility of this type of magnet design.
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