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Abstract—The Muon Collider represents an exciting proposal
for a post-LHC accelerator, capable of exploring higher-energy
regions with greater power consumption efficiency compared to
hadronic alternatives, while avoiding synchrotron radiation limi-
tations inherent in electron colliders. This contribution will focus on
the magnets for the Muon Collider storage ring. These magnets pose
an unprecedented technological challenge: high magnetic fields
are required to ensure the compactness of the ring, maximizing
the number of muon beam passes through the interaction region
and thereby increasing luminosity. Additionally, large apertures
are essential to accommodate an adequate shielding system that
keeps the thermal and nuclear loads induced by the beam within
acceptable limits. Furthermore, minimizing straight sections is crit-
ical to avoid the radioactive hazard posed by collimated neutrino
beams, necessitating the use of combined-function magnets (dipole
+ quadrupole and dipole + sextupole). The interaction region
also presents extreme conditions that demand the development of
magnets beyond the current state of the art. In this contribution,
we will discuss the progress in the feasibility study of magnets
for both the arc and the interaction region of the Muon Collider
storage ring. Performance limits will be analyzed for dipoles and
quadrupoles, taking into consideration constraints on mechanical
stresses, margin on the load line, ease of the protection system
and cost for ReBCO-based magnets. Finally, the most up-to-date
conceptual designs of the arc dipole will be presented, comparing
the strengths and challenges of the cos-theta and block coil layouts
in terms of achieving of electromagnetic requirements, mechanical
structure feasibility, and windability.

Index Terms—Muon collider,
accelerator magnets.

superconducting magnets,

1. INTRODUCTION

HE Muon Collider is an exciting candidate for a post-
LHC facility, offering a unique combination of advantages.
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Unlike protons, muons are fundamental particles, and compared
to electrons, they have a higher mass and emit significantly
less synchrotron radiation. These properties enable a muon
collider to deliver both high-energy collisions, similar to hadron
colliders, and high-precision measurements, typical of electron
colliders.

However, the major challenge stems from the muon’s short
lifetime, approximately 2 us at rest. This constraint demands
extremely rapid production, cooling, acceleration, and collision
of muons. Moreover, their decay products must be effectively
shielded, and straight sections in the collider ring must be
minimized to avoid collimated neutrino fluxes.

To address these technical challenges, the international Muon
Collider Collaboration (IMCC), led by CERN [1], has been
established and is conducting a feasibility study for such a
machine. The current baseline design envisions a 10 TeV center-
of-mass collider within a 10 km ring (see Fig. I).

Due to the limited lifetime of muons, all magnet systems—
particularly those in the collider ring [2]—must operate at the
frontier of technological capabilities. To ensure compactness
and maximize the number of revolutions before decay, the ring
magnets must deliver the highest possible magnetic fields. In
the interaction regions, quadrupoles must achieve extremely
high gradients to reduce §* and beam emittance, while also
providing large apertures to accommodate shielding for decay
heat. Combined-function magnets such as dipole-quadrupole
and dipole-sextupole are necessary to avoid straight sections
that could otherwise lead to dangerous neutrino radiation. In
this paper, we present a feasibility study of such magnets, with
a focus on REBCO-based HTS magnets, capable of ensuring
outstanding electromagnetic performance while promoting sus-
tainability and energy efficiency.

II. MAGNETS REQUIREMENTS AND PERFORMANCE LIMITS

Defining the collider ring magnet requirements demands co-
ordinated input from several Work Packages (WPs), including
Cryogenics, Energy Deposition, and Beam Dynamics, in addi-
tion to the Magnet WP itself. The Cryogenics WP sets an upper
limit on the heat load from muon decay products, which depends
on the operating temperature: 5 W /m for temperatures up to
10K, increasing to 10 W/m for higher temperatures. Thanks
to studies from the Energy Deposition WP, these heat load
constraints have been translated into tungsten shield thickness
requirements: 4 cm to respect the 5 W /m limit, or 3 cm for the
10 W/m limit [3] [4].

The Beam Dynamics WP has defined the minimum beam pipe
diameter, equal to 40 mm (already including the beam screen,
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Fig. 1. Muon collider complex.
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Fig. 2. Upper limits for the ReBCO based dipoles at 20 K with a maximum
budget of 400 KEUR/m assuming two different cables: Roebel and stacked tapes,
respectively with a superconductor fraction of 0.011 and 0.018.
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Fig. 3. Upper limits for the ReBCO based quadrupoles at 4.5 K with a
maximum budget of 800 KEUR/m assuming two different cables: Roebel and
stacked tapes, respectively with a superconductor fraction of 0.011 and 0.018.

the insulation, the heat intercept and the clearance), which
determines the magnet aperture range from 140 to 160 mm,
depending on the operating temperature. Specifically, using
HTS materials allows operation at 20 K with a 3 cm tungsten
shield and a 140 mm magnet aperture. Conversely, with LTS
technology, respecting the 5 W /m limit requires a 4 cm shield,
resulting in a 160 mm aperture. In both cases, we refer to an
aperture approximately three times larger than that of typical
accelerator magnets. As shown in Fig. 4, the LHC Main Bending
Dipole easily fits within the bore of our arc dipoles. To guide

Cos-Theta

W Shield LHC MB

Fig. 4. Block (on the left) and cosf (on the right) coil cross-sections of the
two proposed layouts. LHC Main Bending Dipole is also shown as a reference
for scale.

magnet design and provide a quick feedback to the Beam Dy-
namics WP on the preliminary versions of the lattice designs,
a novel approach has been implemented combining analytical
estimates with finite element (FEM) simulations [5][6]. This
method evaluates upper limit curves in the field—aperture plane
for dipoles and in the gradient—aperture plane for quadrupoles,
while incorporating key constraints:

® Load-line margin: Set to 2 K for NbTi at 1.9 K (LHC-

based), 2.5 K for Nbs Sn at 4.5K (Hi-Lumi LHC target),
and 2.5 K for REBCO at 20 K, the latter based on cryogenic
system stability rather than critical surface limits.
® Mechanical stress: Maximum allowable compressive
stress is 100 MPa for NbTi, 150 MPa for Nb 3 Sn, and
400 MPa for REBCO, derived from material datasheets
and literature [7].

® Protection feasibility: Hotspot temperature limits are
250 K for NbTi and Nb 3 Sn, and 200 K for REBCO. A
delay time of 40 ms is assumed for insulated conductors,
and 1 ms for metal-insulated REBCO. [8]

These constraints define the feasible parameter space for
different technologies and operating conditions, such as temper-
ature and cost, set as free parameters that can vary to perform
sensitivity studies. Following this approach, A-B plots were
generated for Nb-Ti, Nbs Sn, and ReBCO, considering different
budget ranges (from 120 kEur/m to € 800 kEur/m) and operating
temperatures between 4.5K and 20K, as reported in previous
works [2], [5], [6]. From these preliminary studies,REBCO-
based magnets emerged as the only credible option capable of
meeting all requirements while ensuring an energy-efficient and
sustainable machine. For this reason,they are the sole focus of
discussion in this paper.

Fig. 2 shows the upper performance limits of ReBCO-based
dipoles at an operating temperature of T, = 20 K and under a
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Fig. 5. Magnetic field map across one quarter of the magnet cross section for
the two studied layouts (block coil on the left, cosf coil on the right), including
the coil and the iron yoke.

maximum cost constraint of 400 kEUR/m, which correspond
to the current baseline parameters for the collider arcs. The
magnet cost per unit length is estimated according to the model
described in Section IV. Two cable layouts are considered:
Roebel and stacked tapes, with respective superconductor filling
factors of 0.011 and 0.018. The stacked tape configuration has
been adopted as the baseline for the conceptual design study, as
further discussed in Section III.

Fig. 3 presents the upper performance limits for ReBCO-
based quadrupoles, using the same two cable types. In this
case, the baseline temperature and cost are set to 4.5 K and
800 KEUR/m, which reflect the more demanding requirements
of the IR. Based on these results, two candidate working points
are identified: a 14 T dipole for the arc and a 300 T/m quadrupole
for the IR, both with a 140 mm aperture. These working points
have been proposed as milestone technology demonstrators in
the supplementary report to the European Strategy for Particle
Physics [9]. The goal is to complete their construction by 2045,
with an estimated investment of 15.8 MCHF and 126 FTEy for
the dipole, and 8.8 MCHF and 60 FTEy for the quadrupole,
respectively.

III. ARC DIPOLE CONCEPTUAL DESIGNS

While analytical tools provide valuable guidance during the
design phase, they must be complemented by detailed engineer-
ing models. The conceptual designs currently under develop-
ment feature arc dipoles with both block and cos# coil layouts,
as illustrated in Fig. 4, and incorporate several improvements
over previous publications [2], [11], [12].

The cable configuration remains unchanged: REBCO con-
ductors are arranged in a stacked layout composed of two
12 mm-wide tapes (Fujikura FESC type with artificial pinning
centers, used as a reference for both geometry and electrical
performance), co-wound with a 50 pm thick stainless steel strip
serving as metallic insulation, as detailed in earlier work.

Twisted conductor geometries such as CORC and Roebel
cables were excluded from consideration due to their complexity
and the limited benefits they offer in terms of AC loss reduc-
tion [13].

Fig. 4 shows the status of the art of the coil cross-sections
of the two proposed layouts side by side for comparison, along
with the LHC Main Bending Dipole to provide a size reference.
Additionally, the magnetic field distribution is illustrated using a
color scale, as in Fig. 5 where one quarter of the overall magnets
including the coil and the iron yoke is shown.
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TABLE 1
MAIN PARAMETERS FOR BLOCK AND C0S6 COIL LAYOUTS

Parameter Block coil | Cosf coil
Iop [A] 3515 3700
JenG [A/mm?2] 542 571
JcoppER [A/mm?] 1820 1916
By [T] 16 16
Bpraxk [T] 18.1 18.2
Top [K] 20 20
ATviarcin [K] 2.5+ 1% 2.5+ 1%
Aperture [mm] 140 140
Egtorep/ [J/mm?] 0.3 0.29
Estorep/L [MJ/m] 53 3.9

L [mH/m] 853 534
Ntapes 10720 8272

The block coil concept achieves a 16 T central field and an
18.1 T peak field. It features 7 vertically stacked blocks resem-
bling cosf geometry but without keystoning, easing winding
around the bore. 4 upper blocks use a racetrack layout, avoiding
bending being located above the beam pipe aperture. This design
promises better manufacturability and easier stress management,
pending winding validation.

The cosf layout achieves similar fields (16.1 T bore, 18.2 T
peak), and allows for reduced conductor volume (25% less)
and easier field quality optimization. However, it poses greater
challenges for mechanical stress management. It consists of four
layers, containing respectively 3, 4, 2 and 2 blocks. Unlike in the
block coil case, the non-uniform current distribution resulting
from screening currents is already taken into account, using both
an analytical MATLAB-based model following Brandt’s ap-
proach [10] and the T-A formulation, a numerical method imple-
mented in COMSOL. While the latter is computationally more
demanding, it enables the inclusion of nonlinear effects such
as the magnetization of the iron yoke and the time-dependent
hysteretic behavior of persistent currents within the REBCO
tapes.

The main parameters of the two models are listed in Table I
and more details about can be found in the dedicated papers [14]
and [15], where also the hysteretic losses and the quench aspects
are analyzed.

A preliminary mechanical analysis has also been conducted
for both concepts, focusing on the stress induced by Lorentz
forces on the coils. The coils were modeled as homogeneous
blocks with a Young’s modulus of 174 GPa and Poisson’s
ratio of 0.3 [16], encapsulated within an infinitely rigid support
structure.

Assembly and cooldown effects are not yet considered in this
analysis, and the mechanical structure itself still requires a more
realistic description, which will be developed in the next phase
of the study.

The principal stress distribution for the block coil config-
uration, along x and y directions, is shown in Fig. 6, and is
compared with a previous layout version published in [11]. A
stress-management strategy has been implemented: coil blocks,
which were previously monolithic, have been subdivided into
smaller sections separated by mechanical spacers designed to
partially intercept Lorentz forces and redistribute them more
effectively. As a result, the peak stress along the x -direction
is reduced from —238 MPa to —216 MPa, and along the y
-direction from —218 MPa to about —60 MPa.

A more refined analysis, incorporating realistic mechanical
properties for the spacers, is currently underway.



4001505

Horizontal stress Vertical stress
Vivigs _— e
Vaae— ! WA (e
Ll - - ' fom—
axmpa] [V == oytmpa) [T} Dl
=: [IER  [== &R
=5 g | Bl |
143 I . -37.5 S A=
‘:-119 I:'~3141 I
‘:l-su :I-H-G
|- " { By 1 |
[ ( J—r—re |
C 224 L5 ‘ ‘
P | B\ 117 | !
ox[MPa] ayMPa] ||| [
- -2 M -
. -169 A
— =i P e
[ 21 H /2 \
l:'-105 :'-954 i
:l-n.z :l-721 |
%-5146 %-473
- - \
Fig. 6. Stress map showing the distribution of mechanical stress along the

z-direction (horizontal) and y-direction (vertical) induced solely by Lorentz
forces for the block coil layout. For completeness, the previous design from [11]
is also included (botton left and right), to illustrate the impact of the applied
stress-management strategy.

Radial stress o,(MPa)

\ @%“ \
M e

Fig. 7. Stress map showing the distribution of mechanical stress along the
radial and the azimuthal direction induced solely by Lorentz forces for the cosf
layout.
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TABLE II
COMPARISON OF MAXIMUM STRESS COMPONENTS FOR BLOCK COIL AND
cos6 CoIL LAYOUTS

Parameter Block coil | Parameter Cosf coil
00X MAX [MPaJ —216 Or MAX [MPaJ —194
oy,Max [MPa] —56.9 o9, MmAX [MPa] —252

Fig. 7 shows the principal stresses in the 7 and 6§ directions
for the cosf configuration. In this case, no stress-management
strategy has been applied yet, and the stress along the radial
direction exceeds the allowable limit of 100MPa for the com-
pressive stress on the thinner tape side [16].

The maximum stress in the principale directions for the two
models are listed in Table II.

IV. CosT MODEL

The cost model used in this work has been revised and
improved with respect to previous studies already cited. The

. . . . C _
estimated cost per unit length of the magnet is given by 7 =
Ccoil + C'ColdMass + CCryoMagnel-
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TABLE III
COST AND MATERIAL PARAMETERS FOR THE REBCO-BASED MAGNET

REBCO (aspirational) Unit
CStrand 2671 EUR/kg
dStrand 7800 kg/m3
fcable 0.0 )
CCoilManufacturing 9.9 KEUR/m
CColdMassMaterialsRef 25 KEUR/m
BRef 8.33 T
CColdMassManufacturing 26.4 KEUR/m
CryoMagnet 8.0 kEUR/m
TABLE IV
ESTIMATED MAGNET COST PER UNIT LENGTH
C’coil C'ColdMass CCryostat Ctol
[KEUR/m]  [KEUR/m] [KEUR/m] | [KEUR/m]
Block coil 303 74 8 385
Cos# coil 236 74 8 318

The coil cost includes three contributions, Ce.o; = Csc +
Ceaple + CcoilManufacturing- The first term accounts for the super-
conducting material itself. The second term refers to cabling
and insulation, and is estimated as a fraction fc,pje Of the super-
conductor cost, Ccaple = fcavle * Csc The third term represents
the cost of coil manufacturing. The cold mass cost is composed
of material and manufacturing contributions. The material cost
scales with the magnetic field intensity, under the assumption
that higher B values require more iron for magnetic return and
result in stronger Lorentz forces, increasing the complexity of
the support structure. This contribution is scaled with respect to a
reference case as C’ColdMaSsMalterials = % : (CCOIdMassMaterials)ref-

The cost model parameters adopted in this analysis are sum-
marized in Table III. An aspirational unit cost of 2671 EUR/kg is
assumed for the REBCO material, approximately one third of the
current market price (8000 EUR/kg). The remaining parameters
are based on experience from Hi-Lumi and LHC projects. Since
a no-insulation REBCO cable is considered, the cabling factor
fcable 18 set to zero.

Using this model and the reference values listed above, the
estimated cost per unit length of the arc dipole was computed
for both the cosf and block coil configurations, as shown in
Table IV. The conductor cost for the cosd layout is about 25%
lower, consistent with the reduced amount of cable required.

V. CONCLUSIONS AND OUTLOOK

The feasibility study for a 10 TeV Muon Collider is ongoing
within the IMCC. Magnet design requirements are being de-
fined in coordination with beam dynamics, energy deposition,
and cryogenics working groups, using upper performance lim-
its derived from an innovative analysis of stress, margin, and
protection feasibility. Conceptual designs for cosf and block
coil dipoles are in progress, including electromagnetic and
mechanical modeling. The development of HTS demonstrators
is a critical milestone to validate these design approaches, as
emphasized in the European Strategy for Particle Physics.
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