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A Muon Collider ïWhat and why ?

4

Target and capture Muon beam cooling Accelerator Collider

Muons are heavy, short-lived leptons: 

mmå 207 me , tå 2.2 ms

A 10 TeV MC is equivalent to a 100 TeV FCC-hh, and it is the most affordable and sustainable collider
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Target and 

capture 

solenoid

Muon beam 

cooling 

solenoids

Accelerator 

and collider 

magnets

23 solenoids: 20 T, 1.4 m bore 

3000 solenoids: 2 to 14 T, 

90 mm to 1.5 m bore

17 solenoids: 40 T, 

60 mm bore

5 km: 10 T, 30(V) x 100 mm (H) dipoles 10 km 14 T, 140 mm bore dipoles

Focus on superconducting magnets only !



Overview of magnet development targets

Strong accent is put on HTS as technology enabler for a high-performance 
Muon Collider, becauseé

1. Solenoids are critical for the production and cooling of a high-intensity muon 
beam

2. High-field HTS accelerator magnets operated at 20 K reduce CAPEX+OPEX
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Complex Magnet Conductor
Aperture

(mm)

Length

(m)

Bore Field

(T)/(T/m)

Stored 

energy

(MJ)

Ramp-rate

(T/s)

Heat load

(W/m)

Radiation 

dose

(MGy)

Temperature

(K)

TRL range

(-)

Target, decay and capture Solenoid (HTS) REBCO 1400 19 20 1400 SS 2 80 20 5 6
6D cooling Solenoid (HTS) REBCO 60é8000.08é0.32.6é17.95é75 SS 20 3 4

Final cooling Solenoid (HTS) REBCO 50 0.5é1 > 40 4 SS 4.5 3 4

Rapid cycling synchrotron

NC Dipole Cu 30x100 5 ± 1.8 0.03 3320é8101200 300 7 8

SC Dipole 

(HTS)
REBCO 30x100 2 10 3.4 SS 5 20 3 4

Collider (3 TeV)
Dipole (NbTi) Nb-Ti 160 4é6 5 5 SS 5 30 4.5 7 8

Dipole (Nb3Sn) Nb3Sn 160 4é6 11 20 SS 5 30 4.5 6 7

Collider (10 TeV)

Dipole (HTS) REBCO 140 4é6 14 24 SS 10 30 20 3 4

IR Quadrupole 

(HTS)
REBCO 140 3é9 300 60 SS 10 30 4.5é20 3 4



Target and capture solenoid

Coil assembly, helium cooling 

layout, busbars

Double pancake winding, 

joints and terminations, 

electrical insulation 

Conductor 

design, cooling 

and operating 

margin, quench 

protection

7A. Kolehmainen, C. Accettura, A. Portone, J.L. Gomez, P. Testoni



Courtesy of M. Brice (CERN) and CERN visuals 8



6D cooling solenoids

9
S. Fabbri, M. Statera, M. Castoldi, S. Sorti, L. Rossi, G. Scarantino, R. Losito

Largely based on the advances in IRIS and ESMA

Cooling cells, å 1 km length channel

About 3000 solenoids, axis field å 2.6é17.9 T

Free bore diameter from 50 mm to 800 mm 
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Final cooling solenoids
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Magnet concept

40 T

50

5
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B. Bordini, A. Dudarev, M. Hafiz, C. Accettura, A. Bertarelli, A. Kolehmainen, F. Sanda
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Mechanics and assembly details

First winding tests

Winding 

tooling



Accelerator magnets

11F. Boattini, CERN

High energy orbit

Low energy orbit

F. Boattini, M. Breschi, P.L. Ribani, S. Fabbri, A. Pampaloni, T. Maiello, F. Levi, S. Mariotto

Steady state 

SC 10 T dipole

Steady state 

SC 10 T dipole

Pulsed 

NC 1.8 T dipole

Quadrupole Quadrupole

B [T]

Energy Saving Magnet for Accelerators

S. Fabbri, L. Bottura A. Pampaloni, T. Maiello, F. Levi



Collider magnets
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Most efficient

configuration

Quad into dipole 

REBCO at 20 K

B = 11.7 T, G=143.3 T/m

Dipole into quadrupole

ReBCO at 20 K

B = 12.4 T, G=90.4 T/m

D. Novelli, S. Mariotto, B. Caiffi

Findings consistent with: V. Kashikin, et al. ñHigh-Field 

Combined Function Magnets  for a 1.5×1.5 TeV

Muon Collider Storage Ringò, THPPD036, Proc. IPAC-2012,
https://accelconf.web.cern.ch/IPAC2012/papers/thppd036.pdf

Combined 

function 

magnets 

(B1+B2)



Collider magnets
Å HTS tape stack conductor (20 tapes) with 2.5 K 

operating margin

Å Double pancake coils, encased in a supporting 
structure to manage the electromagnetic forces

Å Minimal (no) hard-way bend for HTS tape winding

Å Winding insulation technology (NI or other) yet TBD

Å Bore field: 15.7 T

Å Magnet cost < 400 kEUR/m

Bedstead coils

Racetrack coilsP1

P2P3

L. Alfonso, D. Novelli, F. Mariani, S. Mariotto, B. Caiffi, A. Bersani

Conceptual magnet design
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Block 

vs. 

Cos(theta)

é

What else ?
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The plan (SC magnets only)
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2x3030 solenoids

20 K 

Conduction cooled

30 solenoids

4.5 K

Bath/conduction cooled

3000 dipoles

20 K

Bath/conduction cooled

(2x) 1250 CF dipoles

20 K (IR at 4.5é10 K)

Bath/conduction cooled

20 solenoids, 20 K

Force-flow



3 TeV

TRL driven R&D

Å The medium-term R&D 

proposal (10 years) aims at:

Å Increasing TRL of critical 

magnet systems to a level 

sufficient for a go/no-go 

decision (TRL 6)

Å Demonstrating engineering 

readiness of high-TRL magnets 

towards the first stage of the 

Muon Collider (3 TeV)

16



R&D M+P proposal

Å The proposal is presently at the level of ñblue-sky thinkingò, for 
discussion and evaluation. M+P is intended as the required 
resources to achieve targets (i.e. not only CERN)
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JE! JE! JE !
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1 kA/mm2

REBCO

Bi-2212



Cost of high field superconductors

20

Yes, this is 

a Nb3Sn 

point



Cost of high field dipoles (and colliders)
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1 kA/mm2

1/3 cost reduction 

on a per kg basis

1 kA/mm2



Energy efficiency and sustainability
Å Operation at 20 K 

requires 
significantly less 
warm power and 
helium inventory 
than in the vicinity 
of liquid helium

Å Warm power 
reduction by a 
factor four

Å Helium inventory 
reduction by a 
factor three 
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HTS as the Holy Graal ?!? Maybe
Å Critical current density at high field and high temperature is 

spectacular (count on 1 kA/mm2 at 20 T and 20 K) é but there is 
a strong anisotropy, and the conductor is a wide tape

Å Mechanical strength is good in directions longitudinal (800 MPa) 
and transverse (400 MPa) to the tape é but delamination is an 
issue

Å NI windings may provide a solution to protection at high current 
and energy density é but they may have limits at high stored 
energy and entail field lags, field quality issues, and AC loss 
during ramps

Å Price is dropping, driven by applications other than accelerators 
é but it is not clear today that this is a sustainable development

23This are all reasons why we should intensify this R&D now !
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Challenges to SMTF and IDSM
Å Characterization of HTS material performance at cryogenic temperatures 

and ultra-high field (up to 40 T), including stress and strain and angle 
dependence and in relevant radiation environment

Å High current conductor testing with capabilities up to 20 T, currents up to 
60 kA and variable temperature in the range of 4.2 to 100 K 

Å Characterization of magnet performance, quench detection and protection 
of NI HTS magnets, including at temperatures above liquid helium (e.g. 
10 to 20 K)

Å Measurement of field quality, stability and reproducibility of NI HTS 
dipoles and quadrupoles, which can rely on the standard methods of 
harmonic expansion, as well as combined function accelerator magnets 
and solenoids, for which a non-standard field representation is required.
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In-field stress test
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Cu etched Ag etched

C. Senatore, M. Bonura, R. Babouche, C. Lucas, G. Vernassa, B. Bordini, H. Felice

New experiment at University of Geneva 

allows in-field measurement of 

delamination strength

Interpreting values as delamination strength 

implies that tapes cannot go in internal 

tensile stress under any condition

B//

IC > 2000 A

IQ = 471 A

IC = 30 A


