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Short, intense 
proton bunch

Protons produce 
pionswhich decay 

into muons which are 
captured

Ionisationcooling of 
muon in matter

Acceleration to 
collision energy

Collision

The main challenge is the short muon lifetime =̱ ɹ x 2.2 ˃ ǎ
Up to 100 msat collision energy
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International Muon Collider Collaboration
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Collaborationformed2022, currentlyhostedby CERN
Å 61 full partner institutes, morein the process
Å Fromall regions

EU co-fundeddesign studyMuColstarted2023

Strong recommendationfrom P5«This is our muon shot»
Å Interest in hostingat FNAL

US partnersare in the processof joining
Å US Muon Collider Inauguration Meeting in August 2024 

at Fermilab(about300 participants)
Å Formingnational organisationto participate
Å Addendum to CERN-DoE agreement in preparation

Alreadystrong US contribution to IMCC ESPPU documents
Work at universitiesstarted
Obtainedseveralgrantsalso at labratories

IMCC will carry out the R&D togetherand develop 
options to host the collider at CERN or at Fermilab
and potentially also other sites
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CA Université Laval

US Iowa State University

University of Iowa
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Chicago University
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Tennessee University
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Brazil CNPEM
Signed MoC(61), requested MoC, contributor
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Assessment
Present green field designs and technologies
Å International collaboration
Å tŀǊŀƳŜǘŜǊǎΣ ƭŀǘǘƛŎŜ ŀƴŘ ŎƻƳǇƻƴŜƴǘ ŘŜǎƛƎƴǎΣ ōŜŀƳ ŘȅƴŀƳƛŎǎΣ ŎƻǎǘΣ Χ

R&D plan
Including scenarios and timelines
Å aŀƎƴŜǘǎΣ Ƴǳƻƴ ŎƻƻƭƛƴƎΣ ŘŜǘŜŎǘƻǊΣ Χ
Å The muon cooling technology and test facility is critical for this

Implementation Considerations
Civil engineering studies/considerations (for CERN and for FNAL)
Cost and power consumption scales
Parameter tables, scaled from green field

Å Will develop detailed lattice designs after ESPPU
Schedule (strongly linked to R&D Plan)
Å Aim for initial stage by around 2050

Back-up document
(406p, 450 signatories)
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Param. Unit Site independent CERN 2 tunnels CERN 1 tunnel

Sqrt(s) TeV 3 10 3.2 7.6 3.2 7.6

L/IP 1034 cm-2s-1 1.8 17.5 2 10 0.9 7.9

Int L ab-1 1 10 1 10 1 10

Accumulation 
time 

years 2+2.8 2+2.9 2+2.5 2+5 2+5.6 2+6.3

C km 4.5 11.4 4.8 8.7 11 11

Bdipole T 11 14 11 14 4.8 11

Collider dipole technology Nb3Sn HTS Nb3Sn HTS NbTi Nb3Sn
or HTS

Accumulation time: Time to obtain the integrated luminosity with two IPs.
Ramp-up over the first three years 5%, 205%, 70% of nominal.



Muon Collider CTEs
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Short, intense 
proton bunch

Protons produce 
pionswhich decay 

into muons which are 
captured

Ionisationcooling of 
muon in matter

Acceleration to 
collision energy Collision

- Proton pulse 
accumulation and  
compression

- Graphite target
- Target solenoid

- Muon coolingdesign
- 6D coolingsolenoids
- 6D coolingRF cavities
- Final coolingsolenoids

- Pulsedmagnetsand
power converters

- RCS RF system

- Collider ring dipoles
- Final focusquadrupoles
- Machine-detector interface
- Neutrino flux

Identified and prioritized with community
Other areas need now also to be addressed
(some work started)
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Challenge:
Obtain negligible neutrino flux

Achieved:
ÅDetailed modelling
ÅFirst good orientation found
ÅMover system concept

FLUKA and RP studies Mover system design

Arc mitigation concept

Site study at CERN for experimental insertion

Key conclusions:
ÅAre close to a solution
ÅMore work to be done
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Physics and Detector Concepts
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Two detector concepts are being developed 

MUSIC
(MUonSmasher for Interesting Collisions)

MAIA
(Muon AcceleratorInstrumentedAperatus)



Beam-induced Background
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Challenges:
Muon decay can give important background
Å40 000 muons/m/bunch crossing
Å1/3 of energy in electrons and positrons

Detailed studies with FLUKA

Conclusions:
ÅCan do the physics

ÅAlso thanks to HL-LHC technology
ÅBut room for improvement
ÅRadiation level similar to HL-LHC

Achievements:
ÅTwo conceptual detector designs
ÅSimulation studies with background also 

from machine
ÅStudies of different lattices
ÅReconstruction algorithms
ÅPhysics studies



Proton Complex
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Challenge:
Å2 MW, 5 GeV, 5 Hz, 
Å5 x 1014 protons/pulse 
ÅProton pulse accumulator and 

compressor rings

Achieved:
ÅAccumulator and combiner 

ring lattices
ÅFirst collective effects studies 

promising
ÅOne or two bunches in 

compressor, to be decided

Key conclusions:
ÅCan compress 2 MW, 5 GeV proton beam 

to two 2 ns bunches, then merge them
ÅOptimisationin compressor ring 

for collective effects ongoing
ÅFor 4 MW need 10 GeV beam
ÅCool beamline to avoid ion loss from 

black body radiation



Target
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Achieved:
Å Initial 2 MW graphite target conceptual 

design, pion yield optimised
ÅHTS solenoid and shielding concept 

developed
ÅStudy of proton removal ongoing

Challenges:
Å2 MW, 5 Hz, 400 MJ/pulse  target
ÅCan we replace mercury with graphite?

Key conclusions:
ÅYield, magnet shielding, target stress, 

cooling, radiation are OK
ÅComponents survive 2 MW beam
ÅHigher power alternatives to study:

ÅGraphite
ÅLiquid metal



High-field Magnet Technology
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NbTi(niob-titanium, operating at 2-4 k)
Å is standard, used in LHC limited to O(8 T)

Nb3Sn (niobium-tin, operating at 2-4 K)
Å Can reach O(16 T)
Å Difficult technology, needs to mature further
Å Expensive
Å Used in some points for HL-LHC
Å Foreseen for FCC-hh also in arcs

HTS (high-temperature superconductor, operating up to 20 K)
Å Different options exist, e.g. REBCO
Å In solenoids > 30 T demonstrated
Å Still expensive and technology challenges
Å Applications in other fields, e.g. medical, fusion reactors, 
ǇƻǿŜǊ ƎŜƴŜǊŀǘƻǊǎ ŦƻǊ ǿƛƴŘ ŜƴŜǊƎȅΣ ŜƴƎƛƴŜǎΣ Χ

Cut through a cable with 
superconductor 
embedded in copper, so 
some remains 
conductivity in case of a 
quench

REBCO Tape

Superconducting magnets reach highest fields, three 
main technologies for the cables



Magnets
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20 T large aperture target solenoid

6D coolingsolenoids

- Pulsedmagnetsand
power converters

14 T, 14 cm  HTS 
collider ring dipoles40 T smallaperturefinal 

coolingsolenoids



Muon Cooling Lattice Design
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b
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better

Previous design (MAP)

Goal

Achieved

Challenge:
Novel, complex lattice with cavities and 
absorbers in solenoids

Achieved:
Much improved lattice design
Improved simulation tools: BDSIM and RFtrack

Key conclusions:
ÅCan in principle reach or exceed performance target
ÅMuch improved longitudinal, may be useful for collider ring
ÅStudy of collective effects important



Muon Cooling Technology
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ÅMAP proved gradient
Å Initial RF designs
ÅMore RF design ongoing

Challenges:
ÅNC RF cavities in magnetic field (30 MV/m)
ÅHTS magnets (up to 40 T in final cooling)
ÅBright beam hard on absorbers and windows

ÅCan evaporiseliquid hydrogen

MuCooldemonstrated >50 
MV/m in 5 T
H2-filled copper
Be end caps

ÅFirst window tests 
performed with protons

ÅUse of H2 gas where 
required

Key conclusions:
ÅReady to ramp-up effort, in particular 

prototyping and experimental work, also 
beamdynamics



RCS Designs
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Key conclusions:
Å1.3 GHz TESLA-type cavities work
ÅEmittance transport is OK
ÅCost and power is OK
ÅNeed to connect to initial linacs

Achieved:
ÅLattices for all site independent RCSs
ÅBeam propagation through complex
ÅConceptual design of magnets and 

power converters
ÅOptimiseddesign together with RF

Challenge:
ÅUses fast-pulsed normal magnets
Å5 Hz pulses of O(1-10ms)
Å6-35 km circumference
ÅCost
ÅRecover energy from magnetic field
ÅHigh bunch charge
ÅMaintain beam quality

RCS E [J/m] Loss [%] P [MW]

SPS 1 5447 1.1 1.9

LHC 1 5678 1.6 12.8

LHC 2 5752 6.3/2 26.6



Collider Ring
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Key conclusions:
ÅShould improve energy acceptance should 

somewhat
ÅOK with energy spread predicted in muon 

cooling
ÅMover system does not compromise 

beam in regular arcs

Achieved:
ÅMagnet shielding design
ÅMagnet conceptual designs
ÅCryogenics concept
ÅLattice reaches target beta-

functions but not yet full target 
energy acceptance

ÅFirst studies of mover system 
impact on beam

Challenges:
500 W/m loss, magnet strength, 
lattice design with beta 1.5-5 mm, 
0.1% beam energy spread

Cryogenic loads at different temperatures

Shielding (30-40 mm)
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Site Specific Designs
Startedstudiesfor concretesiteat CERN and Fermilab, looksverypromising

Fermilab:
OneRCS in Tevatrontunnel,
three RCS in onesite-filler tunnel

CERN:
OneRCS in SPS and two in LHC
Constructfacilityon CERN land
Å Adjustedparameters(3.2 and 7.6 TeV, 10 TeVmaybepossible)
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Cost and Power Scale
Design of many collider 
areas/components has progressed
but uncertainties remain
Å No overall optimisation
Å HTS cost model
Power estimate based on conceptual 
designs and scaling from know 
components, e.g.
Å Simulations of fast-ramping magnets 

and power converter
Å Detailed scaling for RCS cavities
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Timeline and R&D ProgrammeProposal

Timeline is driven by R&D
Most ambitious example to define R&D programmepriorities
Å Muon collider next flagship after HL-LHC
Other options
Å In Europe after a higgsfactory
Å In the US to become leader at the energy frontier

R&D timeline drivers
Å Superconducting magnets

Å Collider ring with no HTS dipoles for first 
stage

Å Muon cooling demonstration
Å RF cavities, solenoids, absorbers, 

integration, demonstration with beam

Decision on demonstrator

Initial                     final demonstrator
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R&D Plan Deliverables and Resources



Muon Cooling Demonstrator
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Key conclusions:
Å Installation of demonstrator at CERN 

appears possible with limited cost 
(O(10kW)) proton beam

ÅExpensive solution with O(80 kW) 
would allow future upgrade

ÅFermilab has approved a study
ÅRF test stands are critical and urgent
ÅConsistent with implementation 

timeline

Achieved:
ÅDefined the scope and concept, made initial 

cost estimate, investigated three promising 
locations at CERN

ÅStaged timeline to implement demonstrator
ÅSLAC is moving forward building a 3/1.3 GHz 

test stand

Challenge:
Demonstrate muon cooling technology in stages
Critical for timeline

ConstructionProject
preparation

R&D plan



Magnets
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Normal-conducting RCS 
pulsed magnets

H
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HTS final cooling solenoid 
mechanical design

First HTS winding tests

Target HTS solenoid

Achieved:
ÅSystematicdipole/solenoid performance prediction (LTS andHTS)

ÅAperture, field, cost, stress, loadlineΣ ǇǊƻǘŜŎǘƛƻƴΣ Χ
ÅHTS solenoid designs (6D cooling, final cooling, target)
ÅNormal-conducting fast-pulsed dipoles (HTS as alternative)
ÅTechnically limited R&D timeline developed

REBCO, 20 K

MuCol HTS conductor
Operating current: 61 kA

Did adjust collider ring field

Key conclusions:
ÅDesign work is basically done
ÅOpportunity to ramp up effort (engineering designs, building 
ƳƻŘŜƭǎΣ Χύ

ÅWith sufficient resources HTS solenoids and Nb3Sn dipoles 
could be ready for decision in 10-15 years, consistent with 
implementation timeline

ÅHTS dipoles likely take longer
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Way Forward
Continue to execute the Design Study

Defined R&D plan, with deliverables and resources 
estimates for the next 10 years
ÅIdentify resources, sharing of work between 

partners

Synergy with other particle physics and accelerators
Å aǳƻƴǎΣ ƴŜǳǘǊƛƴƻǎΣ Χ

Strong synergy with societal applications exist
Å HTS magnets for fusion reactors, wind power 

generators, motors, material science, health 
applications

Å Power converter
Å RF in magnetic field can be relevant for fusion
Å Χ

Design of 10 MW HTS 
wind generator

Early career experts are very motivated by the 
required and possible innovations

Examples:
Å Collaboration on target solenoid/fusion 

with F4P, ERUOFusion, GaussFusion, ENI
Å Common EU request with Infineon for 

power converter
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Conclusion
Muon collider has a compelling physics case
R&D progress is increasing confidence that the collider is a unique, sustainable path to the future 
Å Much improved design, no showstopper identified, but more work to be done

Need to ramp up the momentum globally
Å Full start to end modelling
Å Actual hardware development
Å HTS solenoid and other magnet development
Å Preparation of the muon cooling demonstrator

Strong synergies with other fields ranging from particle physics to societal application exist
Å Fusion reactors
Å High-field solenoids
Å Power converter
Å Χ

Many thanks to the collaboration for all the work

Our web page: http://muoncollider.web.cern.ch
If you want to join: muon.collider.secretariat@cern.ch

http://muoncollider.web.cern.ch


D. Schulte, Muon Collider, WIN, Brighton, June 2025

Reserve
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R&D Plan Deliverables and Resources

Totals:
Duration 10 years

Accelerator: 300 MCHF material, 1800 FTEy
Detector:        20 MCHF material,   900 FTEy
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Magnet R&D Impact

L. Bottura
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Practical Examples

Å Fusion for Energy (ITER EU Domestic Agency) 
Å Framework agreement and first addendum in final negotiation 
Å Contribution to the design of the HTS target solenoid, relevant to the central solenoid of DTT

Å EUROFusion(next step European fusion reactor)
Å Framework agreement signed in 2023, first addendum signed in 2024
Å Contribution to the design of the HTS target solenoid, relevant to the magnets of a Volumetric 

Neutron Source proposed as next step in the European fusion strategy
Å Gauss Fusion (one of the leading EU fusion start-ups)

Å Consultancy agreement signed in 2023
Å CERN contribution to the design of the LTS/HTS GIGA stellarator magnets, based on advances in 

the HTS target solenoid
Å ENI(oil and gas energy giant)

Å Framework agreement and first addendum signed in 2024
Å Collaboration on the conceptual design and project proposal for the CERN construction of a 

large bore HTS solenoid (20@20 model coil) relevant to the muon collider and fusion
Å IFAST-2 proposal to INFRA-2025-TECH-01-02 (CERN, INFINEON, PSI)

Å Proposal of fast pulsed power cell + magnet system sent to IFAST-2 coordination for ranking at 
TIARA

Å Industrial interest in rapidly pulsed and large energy/power supplies L. Bottura



European Accelerator R&D Roadmap
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http://arxiv.org/abs/2201.07895

Reviews in Europe and the US found muon collider promising
Å Requires important innovation

European Strategy for Particle Physics Update (ESPPU) 
supported muon collider R&D in 2020

CERN Council charged Laboratory Directors Group (LDG) to  
develop Accelerator R&D Roadmap
Å Directors of institutes, e.g. INFN Frascati, PSI, DESY, RAL, 
/9wbΣ Χ

LDG formed five panels, one on Muon Collider

Muon Collider panel developed an R&D Roadmap with the 
help of the global community until end of 2021

http://arxiv.org/abs/2201.07895


Muon Collider Roadmap CT
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Short, intense 
proton bunch

Protons produce 
pionswhich decay 

into muons which are 
captured

Ionisationcooling of 
muon in matter

Acceleration to 
collision energy Collision

- Proton driver
bunch compression

- Graphite target
- Target solenoid

- Muon coolingdesign
- 6D coolingsolenoids
- 6D coolingRF cavities
- Final coolingsolenoids

- Pulsedmagnetsand
power converters

- RCS RF system

- Collider ring dipoles
- Final focusquadrupoles
- Machine-detector interface

Identified and prioritized with community
Other areas need now also to be addressed
(some work started)
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MuColTimeline

D. Schulte                        Muon Collider Collaboration, FNAL, June 2023 

EU Design Study Timeline

Initial parametric study

Develop tentative concept

Develop preliminary concept

Documentation of preliminary concept

Establish tentative parameters

Establish preliminary parameters

Establish consolidated parameters

Preliminary assessment report
Study consolidated concept

Final adjustment and review
Consolidated assessment report

Finalization

2023                                  2024                                   2025                                   2026

Representative of overall workplan

33

Tentative concept Preliminary concept Consolidated concept

LDG anticipated input to next ESPPU by 2026
The ESPPU has been advanced to early 2025

20262024 20252023 2027

ESPPU submission ESPPU recommendation



Muon Cooling Challenges
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Energy loss = cooling Multiple scattering = heating

High field solenoids minimisebeta-
function and impact of multiple 
scattering
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ESPPU Submission March 2025

Collaboration produced ESPPU input:

Å Short, ten-pagereport (10p)

Å Addendumto answers specific 
questions from ESPPU (18p)

Å Back-up document(406p, 450 
signatories)
Å Assessmentof collider status 

based on progress of R&D
Å R&D Plan
Å Final polishing is ongoing, you 

Urgently sign up to support



IMCC
International Muon Collider Collaboration
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Roadmap: 
http://arxiv.org/abs/2201.07895

Develop high-energy muon collider as option for particle physics:
Å Implement globally defined accelerator R&D roadmap (2022) 

to justify CDR phase
Å Mid-term roadmap review found 75% of goal achieved

Provided ESPPU with
Å Assessment of muon collider concept, technologies and 

work progress 
Å An R&D planfor the next 10 years
Å Implementation considerations όƛƴŎƭǳŘƛƴƎ ǎƛǘŜΣ ǘƛƳŜƭƛƴŜΣ Χύ
Å Back-up document(406p, 450 signatories)

Will inform other strategy processes

Focus on feasibility of 10 TeV with 10 ab-1 (site independent)
Å Exploreinitial stage by 2050, maybe around 3 TeV with 1 ab-1

or lower luminosity 10 TeV
Explore implementation at specific sites reusing infrastructure

Param. Unit 3 TeV 10 TeV

L/IP 1034 cm-2s-1 1.8 17.5

Int L Ab-1 2.2 1.8

fr Hz 5 5

C km 4.5 11.4

Bdipole T 11 14

Collider techn. Nb3Sn HTS

http://arxiv.org/abs/2201.07895


Muon Cooling Technology
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704 MHz cavity for the Muon Cooling (MC) Demonstrator
RF design and coupler RF-thermo-mechanical simulat ions

Á RF-thermo-mechanical simulations in 

COMSOL MultiphysicsÈ

Á Thermally-induced stress-strain state and 

frequency detuning

Á Mechanical stress and deformations and 

Lorentz Force Detuning (LFD) analysis

Á RF simulations in CST Studio SuiteÈ

Á Calculation of the pulse shape

Á Computation of the main RF figure of merits

Á Optimization of the cavity shape

Temperature [K] Total displacement [mm]

D. Schulte, Muon Collider, April 2024 33

ÅMAP proved gradient
Å Initial RF designs
ÅMore RF design ongoing

Challenges:
ÅNC RF cavities in magnetic field (30 MV/m)
ÅHTS magnets (up to 40 T in final cooling)
ÅBright beam hard on absorbers and windows

ÅCan evaporiseliquid hydrogen

MuCooldemonstrated >50 
MV/m in 5 T
H2-filled copper
Be end caps

Å40 T final cooling solenoid 
conceptual designs exist

Å55 T might be possible

Key conclusions:
ÅReady to ramp-up effort, in particular 

prototyping and experimental work, also 
beamdynamics

ÅFirst window tests performed with protons
ÅUse of H2 gas where required



Muon 6D Cooling Cell
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Key conclusions:
ÅKey challenge is force from magnetic field
ÅConcept to connect flanges developed
Å Iterations to improve overall and components 

design also considering beam dynamics is 
required/ongoing

ÅConceptual design ready in a few months

Achieved:
ÅCooling cell engineering design 

almost ready
ÅSolenoid models for use in 

beamdynamicsoptimisation

Challenge:
Å Integrated 6D cooling cell
ÅHTS solenoid designs

STEP 6: Connect 6x Coils with pins (half Cold Mass)

L. Rossi et al.
L Botturaet al.



RCS Designs
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Key conclusions:
Å1.3 GHz TESLA-type cavities work
ÅEmittance transport is OK
ÅNeed to connect to initial linacs

Achieved:
ÅLattices for all site independent RCSs

ÅStrong synchrotron motion
Å Including hardware specifications

ÅBeam propagation through complex 
works

Challenge:
ÅUses fast-pulsed normal magnets
Å5 Hz pulses of O(1-10ms)
Å6-35 km circumference
ÅCost and power efficient acceleration
ÅHigh bunch charge
ÅMaintain beam quality

Lattice: A. Chance et al.
Long. dynamics: H. Damerellet al.
RF: AlexejGrudievet al.
Power converter: F. Boattiniet al.
Magnets: L. Botturaet al.



Fast-ramping RCD Dipoles
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Key conclusions:
ÅHigh recovery efficiency for RCSs (98-99%)
ÅReady for experimental 

optimization/models/protoypes

Achieved:
ÅConceptual design of magnets and 

power converters
ÅOptimiseddesign together with RF
ÅPower converters can switch sign of 

magnets without changing direction of 
voltage on capacitors

Challenge:
Fast ramping normal magnets (1-10 ms) 
with efficient energy recovery in power 
converter (200 MJ stored in magnets)

RCS E [J/m] Eiron [J/m] Ecopper[J/m] Loss [%] P [MW]

SPS 1 5447 10 52 1.1 1.9

LHC 1 5678 9.2 80.6 1.6 12.8

LHC 2 5752 63.4 298 6.3/2 26.6

Energy in magnets, losses per cycle and total power at 5 Hz including cooling

Power converter: F. 
Boattiniet al.
Magnets: L. Bottura
et al.



Collective Effects

D. Schulte, Muon Collider, WIN, Brighton, June 2025

Key conclusions:
Å Impedances in RCSs and collider ring can be taken 

care of by design
ÅBeam-beam can be handled by 20 turn feedback
ÅResistive wall in muon cooling is OK
ÅFurther key detailed studies: beam loading, 

longitudinal and transverse space charge in 6D 
cooling, impedance of cooling absorbers

Achieved:
Å Initial studies for proton complex
ÅAssessed impedances (beam 

screen and RF cavities) in RCSs 
and collider ring
ÅStudying counter-rotating 

beam impedance
ÅStudies started on muon cooling

Goal:
Identify collective effects intensity 
bottlenecks


