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Abstract—Within the framework of the International Muon
Collider Collaboration (IMCC), researchers are involved in a fea-
sibility study to develop high-temperature superconducting (HTS)
magnets for a 10 km collider ring, designed to reach a 10 TeV
Center-of-Mass (CoM) energy.Due to the short lifetime of muons
of only 2.2 µs, the machine must minimize their acceleration time,
allowing them to collide before the decay. To optimize the machine
cost and maximize the collider luminosity, the superconducting
dipoles of the collider ring must be compact and generate high
steady-state magnetic fields. In addition, they must feature large
apertures for the insertion of a shielding structure needed to pre-
serve the superconducting coils from muon decay products. These
demanding specifications pose significant technological challenges
for the design of the dipole magnets, both in terms of physics
and engineering. In this contribution, we give an overview of the
conceptual 2D electromagnetic design of the main collider dipoles,
followed by a preliminary mechanical analysis for a first estimation
of stresses due to the Lorentz forces. Since the coil design is based
on REBCO tapes - whose magnetization effects must be taken into
account - an analytical code was written in MATLAB to evaluate
the magnet performances considering non-uniform current distri-
bution according to the Brandt model.A validation study of the code
by comparing its results with finite element method (FEM) simula-
tions is also presented. In this comparison, the computational time
of the analytical and numerical approaches will also be pointed out
to better appreciate the importance of the work done in developing
the new tool.

Index Terms—2G HTS conductors, accelerator dipoles,
magnetic field effects, magnetization processes, modeling.
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I. INTRODUCTION

THE International Muon Collider Collaboration[1], [2]
(IMCC) is focused on investigating the feasibility of

a 10 km long Muon Collider accelerator machine reaching
10 TeV Center-of-Mass energy. Differently from protons, muons
are elementary particles, so their collision energy is entirely
used in particle interaction studies[3]. Also, muons, being
200 times heavier than electrons, have 109 times lower syn-
chrotron radiation losses[4]. Thanks to these two factors, the
muon colliders can aim to state-of-the-art performance in both
precision measurements and discovery physics within a re-
markably compact design[5], [6]. To build a multi-TeV Muon
Collider, high-field superconducting magnets are essential[7],
[8]. This paper presents an updated electromagnetic design of
the 16 T cosθ collider ring dipoles[9], [10] based on HTS tech-
nology. The magnets must feature a 140 mm coil aperture for the
insertion of a tungsten shielding protecting the superconductor
from the muon decay products. Screening currents induced by
external fields significantly affect coil behavior. While finite ele-
ment method (FEM) tools can achieve high accuracy accounting
for this phenomenon, their computational cost is incompatible
with iterative optimization. To address this, an analytical MAT-
LAB[11] code based on the Brandt model[12] was developed
to efficiently compute non-uniform screening currents. The
paper includes six sections: design requirements, an overview
of the Brandt analytical model and a COMSOL-based[13] T-A
formulation[14], electromagnetic results for uniform and non-
uniform current, a preliminary mechanical analysis, a summary
of quench protection findings, and a cost estimation model.

II. CONDUCTOR AND MAGNET DESIGN

Analytical studies indicate that a 16 T dipole with a coil
aperture of 140 mm approaches the limits of what Nb 3 Sn
technology can achieve[15], [16]. Hence, high temperature su-
perconducting (HTS) technology is being considered for the
dipole magnet design of both the accelerator[17] and collider
rings. Using HTS allows operation up to 20 K instead of 1.9 K,
cutting cryogenic costs by a factor of ten[18]. The cable from the
preliminary study[19] was updated by considering the same of
the block coil design[20], [21] and compatible with a no-graded
coil layout. The cable consists of two identical subunits formed
by two stacked Fujikura REBCO tapes (FESC-SCH12)[22] and
a stainless steel layer.
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Fig. 1. Tape composition rendering (left). Cable structure (right): in dark gray
the stainless steel stabilizer layer.

TABLE I
MAGNET PARAMETERS

The tape is 12 mm wide and 110 mm thick (Fig. 1). The
stainless steel metal-insulator 50 mm thick was introduced for
protection reasons[23]. In Table I, the achieved design param-
eters of the four-layers cosθ dipole are listed. The bore field
value has been selected to reduce the collider length, while the
temperature margin has been set from the analytical estimates.
The blocks are arranged in a 3-4-2-2 layout, featuring the outer
layers closer to the midplane to be more efficient in increasing
the bore field. The other parameters were then optimized to meet
both margin and cost constraints.

III. BRANDT MODEL AND T-A FORMULATION FOR

NON-UNIFORM CURRENT CALCULATION

Even tough HTS material presents many advantages w.r.t.
LTS in terms of critical surface, REBCO tapes are generally
more expensive, and the quench protection is more challenging
due to the higher heat capacity of the material. Moreover, the
large width of the tapes combined with their non-transposed
arrangement within the cables results in significant magnetiza-
tion (produced by the non-uniform screening currents), which
in turn causes considerable hysteretic losses, degrades the bore
field uniformity, and generates additional stress inside the coils.
To compute the non-uniform current distribution in the 16 T
cosθ dipole, a code was developed in MATLAB to apply the
Brandt model within the cross-section of each tape. Developed
by Brandt and Indenbom (1993), this model describes how the
sheet current J(A/mm) — the current density integrated over
the tape thickness — distributes in a REBCO tape subjected to
a uniform perpendicular field B⊥. To adapt the field uniformity
assumption of the model to the cosθ magnet study, the mean
perpendicular field along each tape is considered. In addition,
convergence algorithms account for mutual tape interactions.
This code was validated by results obtained from the T-A

formulation, a numerical method implemented in COMSOL.
The analytical approach of the Brandt model makes the MAT-
LAB code much faster than the T-A formulation (see Sec.IV-B).
However, two are the main limits that characterize the analytical
tool from the numerical one. Indeed, the former cannot simulate
(at least for now) phenomena that are:

1) linked to the ferromagnetic behaviour of the materials (that
inevitably arise in presence of an iron yoke around the
coils). It means that for the dipole magnet here studied,
numerical methods remain essential to evaluate the iron
magnetization impact on the design performances.

2) time dependent (e.g. the hysteretic behavior of persistent
currents inside the REBCO tapes). Thus, the analytical
model can be used only to simulate the first energization
of the magnet. Anyway, for steady state magnets (like in
this case), this second limit is not so significant.

IV. ELECTROMAGNETIC ANALYSIS

A. Uniform Current

As a preliminary step, the numerical tool ROXIE[24] - limi-
tated to simulating only uniform current distribution inside the
conductor - was used to estimate how much the coils and the
iron yoke contribute to the bore field and to the field quality.
This analysis assessed that:
� with a cylindrical shaped iron yoke 350 mm thick, the coil

alone must generate about 14 T;
� since the iron yoke saturates almost completely, it does not

affect the field quality significantly.
This second aspect is very important, because it means that -

in first approximation - the effects of current distribution on field
quality could be studied without the necessity of simulating the
iron yoke, enabling the analytical model to obtain useful results
for this design study. To evaluate the effects of non-uniform
current on field quality (without the iron yoke), the magnet
geometry was imported in MATLAB. Before fully exploiting the
analytical code potential for simulating screening currents, an
initial validation was carried out by assuming a uniform current
distribution and comparing the results with those obtained from
ROXIE without the yoke.

Fig. 2 shows that the electromagnetic results in absence of
iron obtained by the two software are compatible with a relative
error of 0.7% related to the field intensity (the difference in the
maximum temperature margin is due to the sharp growth of the
critical current when the field is quite parallel to the tape). A
minimum local temperature margin of 6 K was obtained (with
the term local we refer that it is not averaged on the tape cross
section; the minimum averaged temperature margin is 10 K
and considers that the current can redistribute inside the tape
avoiding the most critical point to quench) This margin will
be obviously reduced with the yoke insertion; for this reason,
a new simulation was performed with ROXIE, including the
iron yoke and always considering uniform current in order to
estimate the margin in the worst case. The results assured that
the requirement of a minimum Tmarg of at least 2.5 K was met.
In Table II, the field quality comparison between ROXIE and
the analytical code is reported. The sextupole component in the
case of uniform current is high since the magnet geometry has
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Fig. 2. Electromagnetic results in absence of the iron yoke. (a) field and
temperature margin map in ROXIE, (b) field and temperature margin map in
MATLAB.

TABLE II
FIELD QUALITY COMPARISON (NO IRON)

Fig. 3. Field map comparison (top). Current distribution comparison (bottom):
positive current outgoing in red, negative current in blue.

been conceived for exploiting the magnetization coming from
the screening current effect as field quality corrector.

B. Non-Uniform Current

The code was then compared with the T-A formulation. As
expressed in Sec.III, both the approaches account for a non-
uniform current distribution. The comparison of the field map
and the current distribution of the two models (no yoke) is
presented in Fig. 3. Hysteretic losses were also computed and

TABLE III
FIELD QUALITY AND LOSSES COMPARISON (NO IRON)

Fig. 4. Field quality considering non-uniform current and the iron yoke effect
(left). Coils and iron yoke field map considering non-uniform current (right).

compared. The formula giving their value is:

Physt = M · dB
dt

(1)

where M (A/m) is the magnetization produced exclusively by
shielding currents. Table III shows the results obtained. It must
be noted that the sextupole component is reduced by the screen-
ing currents. The proximity between the hysteretic losses values
integrated over time calculated by the two methods (consid-
ering a time of charge of 20 minutes) reflects the similarity
in current distribution (Fig. 3, bottom), since the calculation
strictly depends on it. Given that the magnet works in steady
state and so can tolerate a longer ramp time, the hysteretic
power can be easier managed by adjusting the cooling power
accordingly. The computational time t of the analytical code for
the electromagnetic analysis is 28 times lower than the numerical
code.

The results discussed so far - useful to validate the analytical
code implementing the Brandt model - do not consider the iron
yoke contribution, since, as said in Sec. III, the code cannot study
non-linear phenomena. So, once the validation with non-uniform
current was also performed, the design study continued in COM-
SOL with the insertion of the iron yoke inside the geometrical
model that will result in Fig. 4. For the reasons explained in
Sec. IV-A, the yoke does not change appreciably the field quality,
and it is clear also that, since the required temperature margin
of 2.5 K is already guaranteed considering uniform current, it
remains valid with the non-uniform current assumption, due to
field attenuation caused by the screening effect.

V. MECHANICAL ANALYSIS

The screening currents also have an impact on the mechanical
design. To assess their effect, a mechanical analysis was carried
out in COMSOL under the following assumptions:
� the four layers were considered as bonded together;
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Fig. 5. Radial (left) and azimuthal (right) stress map.

Fig. 6. Maximum temperature depending on coil fraction absorbing the energy
and protection delay (left). Maximum temperature depending on the quench
integral (right). Solid line considers the peak field Bpeak in the coil; dotted line
considers the average field inside the cable where Bpeak is reached.

� the collar surrounding the magnet was modeled as infinitely
rigid;

� the contact between the collar and the coil layers was
assumed to be frictionless;

� the Young’s modulus of the coil layers, taken as
174 GPa[25], was computed assuming a homogeneous
material;

� the wedges were assumed to be made of copper.
Fig. 5 shows the radial and the azimuthal stress produced by

the Lorentz forces. The screening currents produce additional
stress to the coils, threatening their degradation. Considering the
radial and azimuthal stress limits of 100 MPa and 400 MPa[25],
further study is needed to reduce the radial stress inside the coils.

VI. QUENCH PROTECTION ANALYSIS

One of the main challenges in designing an HTS magnet is
the quench protection. In this study, an analytical calculation
was performed, providing several useful insights summarized in
Fig. 6. A further calculation enabled us to know the maximum
admitted stored energy depending on the copper current density
JCu. From the analysis, it was found that with a stored energy
density of 0.28 J/mm3, a JCu = 1897 A/mm2 is below the
design target limits thereby ensuring compliance with the pro-
tection study constraints using conventional quench protection
methods.

VII. COST MODEL

The model[26] used to evaluate the total cost of the magnet
takes LHC dipole as a benchmark[27], [28], and considers three
different contributions:

TABLE IV
DENSITY AND COST PER KILO OF TAPE AND STABILIZER

TABLE V
COST CONTRIBUTIONS AND TOTAL AMOUNT

� cost of the coil material and the manufacturing;
� cost of the cold mass material and the manufacturing;
� cost of the cryogenics.
The cost of the coil material obviously depends on the density

and cost per kilo of the different components of the cable shown
in Table IV .

Assuming an aspirational tape cost of one third[29] of the
actual one, and considering a 8.272 km tape length per meter of
coil, the cost values are those shown in table V.

CSC and CSS are respectively the total cost of the supercon-
ductor tapes and the total cost of the stainless steel stabilizer
inside the cables. The cold mass material cost was obtained by
considering its cost in the LHC dipoles and scaling it according
to the bore field value ratio BMuCol/BLHC = 16 T/8.33 T.
Finally, the cryogenic cost is assumed to be identical to that
of the LHC dipoles[30].

VIII. CONCLUSION

The conceptual design of the cosθ dipole magnet for the
Muon Collider ring was performed accounting for the screening
currents effect, also trying to obtain benefits from it. The elec-
tromagnetic analysis confirmed that all the main requirements
are satisfied: bore field of 16 T, temperature margin of 2.5 K,
and acceptable field quality. The preliminary mechanical study
showed that further work is needed to reduce the maximum
radial stress compression of almost 100 MPa. The constraints
identified in the quench protection study conducted so far have
been satisfied. The total cost of the magnet is much lower
than the maximum cost limit, giving space for significant im-
provements for the next design optimizations. The design study
presented in this paper gave also the opportunity of evaluating
the accuracy of the analytical code implementing the Brandt
model, comparing its results with those obtained by ROXIE
and COMSOL. The huge reduction in computational time be-
tween the analytical and the numerical simulations was also
shown.
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