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Muon Collider Concept ©

The main challenge is the short muon lifetime! x 2.2> a R
Up to 100msat collision energy

Proton Driver Target & Front End Cooling Acceleration Collider
H™ LINAC Accumulator Com ’Joressor Pion Chicane & Muon Phase | Charge Bunch Final ~ Buncher Pre- SC LINAC RLA1,2 RCS 1,2,3 &4 3 TeV Collider
Ring Target Absorber Buncher Rotator Separation - Merge ; Cooling accelerator 10 TeV Collider
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Cooling A Cooling B

W
M

Protons produce L : T ——— -
Short, intense pionswhich decay lonisationcooling of e Collision
ton bunch : , muon in matter collision energy
proton bunc into muons which are
captured
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IMCC (&)

International Muon Collider Collaboration /,\||
UON Collider
Collaboration

Collaboratiorformed 2022, currentlyhostedby CERN
A 61full partnerinstitutes, morein the process
A Fromall regions

EUco-fundeddesignstudy MuColstarted 2023

Strongrecommendatiornfrom P5«Thisis our muon shot» MucCol
A Interest inhostingat FNAL
. L. e In early August, held an open meeting of the US community
USpartnersarein the processof joining 274 (+25 virtual) participants
A US Muon @llider Inauguration Meetingn August2024
at Fermilab(about 300 participant9 IEAST

A Formingnationalorganisatiorto participate
A Addendumto CERNDOE agreemenin preparation

® Tonured Facuty
equivsient
Graduste

.

.
e

IMCC will carry ouhe R&Dtogetheranddevelop
options to host the collider at CERN ofFgrmilab
and potentially also other sites
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Alreadystrong U&ontributionto IMCC ESPRldcuments
Work atuniversitiesstarted
Obtainedseveralgrantsalso atlabratories
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ESPPU Submission Content @

p— JAieaiEs
Presentgreen fielddesigns and technologies

A International collaboration Backup document
AtlINYSGSNBRE fFU0UAOS YR O2YLRY SY@06R As0isignatorie:
R&D plan

Including scenarios and timelines

A al3aySias Ydzy O22ftAy3z RSGSOG2]
A The muon cooling technology and test facility is critical for this

Implementation Considerations o A

Civil engineering studies/considerations (for CERN and for FNAL) =

Cost and power consumption scales 210

Parameter tables, scaled from green field -
A Will develop detailed lattice designs after ESPPU

Schedulg(strongly linked to R&D Plan)

A Aim for initial stage by around 2050
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Key Parameters

International
UON Collider
Collaboration

Site independent CERN 2 tunnels CERN 1 tunnel
Sqrt(s) TeV 3 10 3.2 7.6 3.2 7.6
L/IP 1034 cmést 1.8 17.5 2 10 0.9 7.9
Int L ab! 1 10 1 10 1 10
Accumulation years 2+2.8 2+2.9 2+2.5 2+5 2+5.6 2+6.3
time
C km 4.5 11.4 4.8 8.7 11 11
Biipole 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.
Rampup over the first three years 5%, 205%, 70% of nominal.
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Muon Collider CTEs ()

International
UON Collider
Collaboration

Protons produce

proton bunch  into muons which are ey mmatey collision energy  Collision
ntured
Proton Driver & Front End Cooling /\ /\ ‘ Acceleration

Chicane &

SC LINAC RLA 1,2

Charge Buncher  Pre-
Separatio 3 accelerator

- Pulsedmagnetsand

- Proton pulse - Graphite target - Muon coolingdesign power converters
accumulation and - Target solenoid - 6D coolingsolenoids - RCS R$ystem
compression - 6D coolingRFcavities

- Finalcoolingsolenoids - Collider ringdipoles
- Finalfocusquadrupoles
- Machinedetectorinterface
- Neutrinoflux

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

Challenge:
Obtain negligible neutrino flux

Fermilab

Achieved:
site study

A Detailed modelling
A First good orientation found
A Mover system concept

Mover system design

FLUKA and RP studies

Key conclusions:
A Are close to a solution
A More work to be done

D. Scjulte, Muon CO||ideIf,>W|N, Brighton, June2vzy




Physics and Detector Concepts

Two detector concepts are being developed

MUSIC MAIA
(MUon Smasher for Interesting Collisions) (Muon AcceleratorinstrumentedAperatug

L. Lee + C. Bell
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Beaminduced Background

Challenges:

Muon decay can give important background - v
A 40 000 muons/m/bunch crossing -

A 1/3 of energy in electrons and positrons

Achievements:

A Two conceptual detector designs

A Simulation studies with background also
from machine

A Studies of different lattices

' i - /“\b”éi’%i‘.%?;:!
Detailed studies with FLUKA Collaboration

Interaction point (IP) & nozzle Q1
e e Treetocusng | | 1 e tat emove t
v quadrupoles to control FeC Clpoies AL IEMOvE L1¢

order of magnitude i i
g the bosm Sizeinthelp electrons coming from the line

800000

A Reconstruction algorithms
A Physics studies

600000

BIm]

200000 /

P

400000 £

-200 -100

options in the past to employ

beam aperture reaches its maximum < -
P combined function to reduce BIB

;‘ 1111 N \‘ Qz Q3
W N\, . Two focusing quadrupoles. Different
N/ R Two defocusing quadrupoles. Here the
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Conclusions:
A can do the physics
A Also thanks to HLHC technology
A But room for improvement
A Radiation level similar to HIHC
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Challenge:

A 2 MW, 5 GeV, 5 Hz,

A 5 x 104 protons/pulse

A Proton pulse accumulator and
compressor rings

Achieved:

A Accumulator and combiner
ring lattices

A First collective effects studies
promising

A One or two bunches in
compressor, to be decided
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Proton Driver

Proton Complex

H™ LINAC Accumulator Compresso w]
Ring in;
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Fig. 5.1.8: Simulation of the full compression for one bunch at 5 GeV. Since this requires a 2 bunch
solution scheme, this bunch has half of the full intensity shown in Table 5.1.1. Notice that at the end of
the compression there is still some emittance blow up that need still to be addressed.
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Beam creation and Acceleration

Accumulation and Compression
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Transport Target

Increasing Charge Density -

Key conclusions:
A Can compress 2 MW, 5 GeV proton bean
to two 2 ns bunches, then merge them
A Optimisationin compressor ring
for collective effects ongoing
A For 4 MW need 10 GeV beam
A Cool beamline to avoid ion loss from
black body radiation -
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Target

Challenges:

A 2 MW, 5 Hz, 400 MJ/pulse target

A Can we replace mercury with graphite’ I I
Achieved: ’:

A Initial 2 MW graphite target conceptual
design, pion yieldptimised
A HTS solenoid and shielding concept i»

Target & Front End N

Pion Chicane &

Targel Absorber | International
’ lUON Collider
Collaboration

US-MAP LTS+resistive hybrid solenoid

AlU-HTS solenoid

developed
A Study of proton removal ongoing

Helium cooling Muon/ Downstream
connections. nner vessel  Outer vessel  Beam window

Time: 15
/8202 10:05 AM

Target rod Target support structure

] 04 " i en
o = %
Fig. 6.5.1: 2D map of the displacement per atom (DPA) in the superconducting magnets of the target o
area (left) and the peak DPA in the coils most exposed to radiation (right).
(5
[

Fig. 6.4.4: Liquid lead target curtain concept.

Key conclusions

A Yield, magnet shielding, target stres:
cooling, radiation are OK

A Components survive 2 MW beam

A Higher power alternatives to study:

A Graphite

A Liquid metal

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



Highfield Magnet Technology

UON Collider

International
Superconducting magnets reach highest fields, three mnaboranon

main technologies for the cables

NbTi(niob-titanium, operating at 24 k) Cut through a cable wit
A is standardpsed in LH@Gmited to O(8 T) superconductor

embedded in copper, SO
Nb;Sn(niobiumtin, operating at 24 K) some remains
A Canreach O(16 T) conductivity in case of a
A Difficult technology, needs to mature further quench
A Expensive
A Used in some points for HIHC
A Foreseen for FGEh also in arcs REBCO Tap @ Gusiabilsaion (optona)

Ag cap layer

HTShightemperature superconductor, operating up to 20 K)
Different options exist, e.g. REBCO

In solenoids > 30 T demonstrated

Still expensive and technology challenges

Applications in other fields, e.g. medical, fusion reactors,
L2 6 SNJ ISYSNFG2NE FT2N 6AYyR

D. Schulte, Muon Collider, WIN, Brighton. June ———eET

REBCO layer
buffer layer stack
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Magnets

/«Imernatlonal

: : UON Collid
6Dcoolingsolenoids Collaboration

WAL A A BI B2 B B4 B35 B6 Bl BS = Pulsed‘nagnetsand
) R ' ' powerconverters

Proton Driver Target & Front End Cooling Acceleration Collider
H™ LINAC Accumulator Com Iéaressor Pion Chicane & Muon Phase | Charge Bunch Final  Buncher Pre- SC LINAC RLA 1,2 RCS1,2,3 &4 3 TeV Collider
Ring Target Absorber Buncher Rotator Separation - Merge 5 Cooling accelerator 10 TeV Collider

Cooling A Cooling B
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Muon Cooling Lattice Design

Challenge: Mz
Novel, complex lattice with cavities and Previous design (MAP) anilodhC! I 2boration
absorbers in solenoids L - o o il

Goal \ \ 8 gnilooD A gnilooD

609 Magnetic field \
© 00

0\\;’:9' Cavities Achieved

<4
high transvers! "\
emittance N

N
104 '\

better
g [eV s]

) A =

energy loss re-acceleration v
Achieved: 10-7
Much improved lattice design
Improved simulation tools: BDSIM aRdéFtrack
Key conclusions i L A — 7
y 104 10! 10t 10!

A Can in principle reach or exceed performance target
A Much improved longitudinal, may be useful for collider ring
A Study of collective effects important

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



Muon Cooling Technology ()

Challenges: o 2% / MuCooldemonstrated >50 Mol

Collaboration

A NC RF cavities in magnetic field (30 MV/m) MV/min5T
A HTS magnets (up to 40 T in final cooling) H2-filled copper
A Bright beam hard on absorbers and windows Be end caps

A Canevaporisdiquid hydrogen

A MAP proved gradient
A Initial RF designs
A More RF design ongoing

Dipole
Cooling Cell

A First window tests
performed with protons

A Use of H2 gas where
required

Key conclusions

A Ready taamp-up effort, in particular
prototyping and experimental work, also
beamdynamics

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




Challenge:

A Uses faspulsed normal magnets

A 5 Hz pulses of O{10ms)

A 6-35 km circumference

A Cost

A Recover energy from magnetic field
A High bunch charge

A Maintain beam quality

Achieved:

A Lattices for all site independent RCSs

A Beam propagation through complex

A Conceptual design of magnets and
power converters

A Optimiseddesign together with RF

0 0O O L

D. Schulte, Muon Collider, WIN, Bright

RCS Designs
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International
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25 50 75 100 125 150 175
Turn

Acceleration
SC LINAC RLA1,2 RCS 1,2,3 &4

- Key conclusiors

SPS 1 5447
LHC1 5678
LHC 2 5752

on, June 2025

1.6
6.3/2

A 1.3 GHz TESltype cavities work
A Emittance transport is OK
12.8 A Cost and power is OK

A Need to connect to initial linacs
26.6

J



Collider Ring

Cha”engeS: — Bx St Dl Sh|e|d|ng (3@0 mm) /«Intilrnatlilpnal
500 W/m loss, magnet strength, o JUON Collider

ollaboration

lattice design with beta 15 mm, t=7oz30lm]
0.1% beam energy spread =

) ;; Beam pipe u?smmmm
AChleVed e Clearance to coils 1 mm
A Magnet Sh|e|d|ng dES|gn —— mTunal magnet aperture 118-158 mm (diameter)

Surface: Stress tensor, azimuthal stress (MPa)

A Magnet conceptual designs

A Cryogenics concept o o

A Lattice reaches target beta T o o N : ﬁf<<
functions but not yet full target .

F =
» V[ 5 o0eh S 3
o (Pa) T - P X
energy acceptance ""I""I;"”I"I" = i i'/"‘ »3
A First studies of mover system SERRRUNEERRUSIRERUIIRENE B HI “
Impact on beam Fio. 6.7.2: an‘mm:«ihem|ns.ddenmnednn lhrcmr.lmx“w‘n“-' A% a function of ahsorher femner- - llf “":: » ‘ : HLE
Cryogenlc Ioads at dlﬁe rent temperatu res Fig. 6.1.31: Mechanical stress on conductor under Loo:u F:ac‘cs alooosm‘n:lo: rrcnollfo b;:l:lock coil
and cos-theta magnet configurations.
Arc with an integer — say eight — vertical machine deformation periods
| g y €ig p
§§§3§§§§ Key conclt_JS|orts
SIS A Should improve energy acceptance shoul
SR somewhat
Vttioal bend A OK Wlth energy spread predicted in muon
+16.7 Tm cooling

A Mover system does not compromise
beam in regular arcs
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Site Specific Designs ()

Startedstudiesfor concretesite at CERN anBermilal looksvery promising /“\'U”gi’zi‘.'l?;:!
Collaboration

Fermilab
OneRCS idevatrontunnel,
three RCS imne sitefiller tunnel

CERN:
OneRCS in SPS atweb in LHC

Constructfacility on CERMNand
A Adjustedparameters(3.2 and 7.6eV 10TeVmaybepossible)

SC LINAC CERN land '

200x25 m. -
Tar et Coolln ~  |RLA1
1000x25 mg | Length 200m]
_— RL
Rccumulator flLengintooom,

L \ Injectlon Tunngl
Muon Collider| \ :
Ring Length 10 km. . 3

from RLA2 to SPS
Length 1010 m.

~__ Prevessin Site
Experimental cavern

TI18

Length 257 m.

T2
Length 533 m.
/

Injection Tunnel
Length 2006 m. -

Meyrin Site— — k ,,.

A e,

SPL —".7_ f?:?ré'g’. . Injection Tunnel 2
- Length 2006 m.

LINAC4| s 1 =2 [ - i F
D. Schulte, Muon Collider, WIN, Brighton, June 2025 J




Cost and Power Scale

Design of many collider /V\'U”g‘;fg";ﬁi.?g:,'
areas/components has progressed Coliehoreten
but uncertainties remain CERN-specific muon collider parameters
A No overalloptimisation Parameter Symbol unit Scenario 1 Scenario 2
A HTS cost model Stage 1 | Stage 2 || Stage 1 | Stage 2
. Centre-of-mass energy E.. TeV 32 7.6 32 7.6

POV\_/er estimate pased on conceptua Target integrated luminosity | [ Liarget ab™* 1 10 1 10
designs and scaling from know Estimated luminosity | Lesgimated | 107%em 251 || 0.9 7.9 2.0 10.1
components, e.g. Collider circumference Ceol km 11 11 4.8 8.7
A Simulations of fastamping magne|  Collider arc peak field By T 4.8 11 11 14

and power converter Collider dipole technology NbTi | NbySn || NbgSn | HTS
A Detailed scaling for RCS cavities or HTS

Cost range for Muon Collider scenarios

Unit 3.2TeV 7.6TeV

Operation power MW 117 182 10TeV Green field R =

Energy consumption TWh  0.53 0.82

Stand-by power MW 73 111 7.6 TeV @ CERN '

Energy consumption TwWh  0.09 0.14

Off state power MW 58 69 32TeV @ CERN o

Energy consumption TWh  0.17 0.21
Yearly energy consumption TWh 0.8 1.2
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Timeline and R&ProgrammeProposal

International
UON Collider
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20) M. 203 . . o203 ., . 20s0| , . . ooas]  ,  o0so] ., . . 20| , . o0eo ., ., 2065,
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T

Decision on demonstrator

Muon Collider (Initial Stage)

T T T ] T T T ] T T T
Technically Limited Timeline
LDG roadmap Project preparation
Technology R&D
Civil engineering

Installation & commissioning Shutdown 1 Shutdown 2

" 10 Year R&D Plan

' P — - >
Initial final demonstrator

a—

R&D timeline drivers

Timeline is driven by R&D _
Most ambitious example to define R&Pogrammepriorities A Superconducting magnets _ _
A Collider ring with no HTS dipoles for first

A Muon collider next flagship after HIHC
Other options stage _
A Muon cooling demonstration

A In Europe after &iggsfactory ) ¢ :
A In the US to become leader at the energy frontier A RF cavities, solenoids, absorbers,
integration, demonstration with beam

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




R&D Plan Deliverables and Resource;

International
UON Collider
Collaboration

Technologies Deliverables Key parameters and goals

Magnets

Target solenoid Develop conductor, winding and magnet ~ 1m inner / 2.3 m outer diameters, 1.4m ‘ Delverables ko .
technology length, 20 T at 20 K Drgumid  Dambn contia wiadog gt 1 e (23moer mcer 14m

Split 6D cooling Demonstration of solenoid with cell 510 mm bore, gap 200 mm, 7T at 20 K S ol DE.? ukactivihot  ibmmicon gy SMmn, T K

solenoid integration ol cocing Buid and tes HTS prototype 01 bore, 16 e lengeh, 40T a1 K

Final cooling Build and test HTS prototype 50 mm bore, 15 cm length, 40 T at 4 K magnetsystem  comerer

LTS collider dipole  Demonstrate NbySn collider dipole Tdiameter, 11T, 45K, 5m long
Solenoid HTS RCS dipole Demong Spole 30 mm x 100 mm, 10T, 20K, 1 m long

HIS.cob: 5T Demonstrate HTS collider dipole 140 mm diameter, 14T, 20K, 1 m long
HTS collider Demonstrate HTS IR quadrupole 140 mm diameter, 300T/m, 4.5K, Im long
quadrupole

Year I | o0 | m [ IV | V | VI | VO |[vil | IX X ‘ T e
Accelel‘ator D%igll and Technologies :::]c:?;wlmg RF Design, build and test RF cavities 352 MHz and 704 MHz in 10 T field
Material MCHF) | 1.6 | 32 | 48 | 64 | 96 | 108 | 120 | 120 | 120 | 120 e wer M s

FTE 471 60.6 75.0 85.0 100.0 | 1200 | 1500 | 1746 | 1772 185.1 RF test stands :l;eueh:;i;fdhmmm.. rate in :J-stll\’"' 704 MHz-3 GHz cavities

SCRF cavities Design SRF cavities, FPC and HOM 352MHz, 1056 MHz, 1.3GHz, 1MW
Demonstrator couplers, fast tuners, cryomodules. peak power (FPC)

Material (MCHF) | 0.6 22 39 54 7.8 15.1 | 259 | 324 | 31.8 | 126 Muen Cooling

First 6D cooling cell  Build and test first cooling cell

20 MW peak power, 704 MHz / 352 MHz

FTE 9.5 11.0 12.5 292 297 30.5 25.5 27.7 26.7 25.5 S-cell module Build and test first 5-cell cooling module
Cooling Design and build cooling demonstrator Infrastructure 1o test cooling modules
Detector demonstrator facility with muon beam

Final cooling Experimental determination of final 3% 10" muons, 22.5 pm emittance, 40T

Material (MCHF) | 0.5 1.1 1.6 2.1 2.1 2.1 2.1 2.6 3.1 3.1 absorber cooling absarberlmit feld
FTE 234 | 465 | 70.0 | 93.0 | 93.0 | 93.0 | 93.0 | 1164 | 139.5 | 139.5 e

Neutrino flux mover  Protoype components and tests as needed  Range to reach O(+1mradian)

system
Magrlets Beam Instrumentation component designs Protoype components and tests as needed
1 Instrumentation
Material (MCHF) 3.0 49 10.1 10.0 11.0 13.4 11.7 72 6.6 4.7 Target Studies Target design and test of relevant 0.4 MJfpulse, 5 Hz
FTE 233 | 284 | 364 | 409 | 443 | 47.1 | 46.2 | 37.7 | 36.1 | 294 components
Stari-to-End Facility A stari-to-end model of the machine Lattice designs of all beamlines, simu-
TOTALS e

Material MCHF) | 5.7 114 | 203 | 239 | 306 | 414 | 51.7 | 542 | 535 | 324
FTE 103.3 | 146.5 | 194.0 | 248.1 | 267.0 | 290.6 | 314.8 | 356.3 | 379.4 | 379.6
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Muon Cooling Demonstrator

Cha”enge; j.5 = = RF Test stands, to develop
. . - = novel RF and magnet technologies
Demonstrate muon cooling technology in stages == == g
Critical for timeline , One-cell module to test RF in operational
magnetic environment

Five-cell module to demonstrate
integration of absorber, RF and magnets

Achieved: =

A Defined the scope and concept, made initial —
cost estimate, investigated three promising
locations at CERN

Demonstration of cooling module to
show operation with beam

A Staged timeline to implement demonstrator "* '
A SLAC is moving forward building a 3/1.3 GHz ~ i -
test stand '4-———_—_-
Di trati f li
Muon Cooling Demonstrator e d::&r‘s?r:elgga% gg;sligg;grformance
2025, ., @80 2035 a0 2045>

'Technically Limited Timeline

RF Test Stands
for Cavity Models

DRI RRGIGL LT of first cell
of first cell

HFfTeSTIDS;E:\::S =50 of module cavity
or z WL of cell-wise module

Key conclusions:

A Installation of demonstrator at CERN
appears possible with limited cost
(O(10kW)) proton beam

A Expensive solution with O(80 kW)

International
UON Collider
Collaboration

I T of first cooling module would allow future upgrade
Demonsirator T A Fermilab has approved a study
mm.m of colll A RF test stands are critical and urgen
R&D plan Project Construction A C_:ons_|stent with implementation
preparation timeline B

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




Magnets

Achieved:

Internatipnal
| 10 TeV full-length /C \HOE COIItl_der
prototype ollaboration

2=
e
2
A

-

%ﬁs conductor
A Systematidipole/solenoid performance prediction (LT&hdHTS) OpeT Sy

A Aperture, field, cost, strestadline  LINE (G SO A 2 yES
A HTS solenoid designs (6D cooling, final cooling, target)
A Normalconductingfast-pulsed dipolegHTS as alternative)
A Technically limited R&D timeline developed

3 TeV full-length
prototype

Dipole - ReBCO @ T_op = 20 K

300

=== Protection |
Protection MI

—— Margin limit

—— Stress limit

Did adjust collider ring field 2o

10 TeV HTS short
model

40T NI UHF solenoid |-+
J
6D cooling solenoids %
7

207T/20K model coil FQ RCS string test

~
=]
=]

HTS final cooling solenoid
mechanical design

Bore diameter [mm]
= -
5 G
3 =)

€

50 REBCO’ 20K mk Fast pulsed
' @ . |_REMFTF Spit Solenoid A NC dipole FirstHTS winding tests
~ ) B[T]
Target HTS solenoid e Key conclusions:
— 5 e = | A Design work is basically done

S —— ; 1 ; A Opportunity toramp upeffort (engineering designs, building

e o Y2ZRSfaz Xo

| I -“ Normakconducting el A With sufficient resourceBI TS solenoidandNb,Sn dipoles

B pulsed magnets Eﬂﬂ“ \ ‘ L if could be ready for decision in 4 yearsconsistent with
, E"_ ‘‘‘‘‘ ————————a implementation timeline

L A HTS dipolesikely take longer -
D. Schulte, Muon Collider, WIN, Brighton, June 2025 ;




Way F

s : == Design of 10 MW HTS
a - g - wind generator

International
UON Collider
Collaboration

Continue to execute the Design Study

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

partners
e
. . . (7N
Synergy with other particle physics and accelerators W 1)
A ad2yasr ySdaZiNAyz2aszr X =7

Strong synergy with societal applications exist
HTS magnets for fusion reactors, wind power
generators, motors, material science, health
applications

A Power converter

A RF in magnetic field can be relevant for fusion

A X

Examples: ‘ =
A Collaboration on target solenoid/fusion -7

with FAPERUOFusigiaussFusigrENI K
A Common EU request with Infineon for
power converter

Early career expertare very motivated by the
required and possible innovations

(infineon
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Conclusion ()

UON Collider

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

Need to ramp up the momentum globally

A Full start to end modelling

A Actual hardware development

A HTS solenoid and other magnet development
A Preparation of the muon cooling demonstrator

Strong synergies with other fields ranging from particle physics to societal application exist
A Fusion reactors

A Hightield solenoids Many thanks to the collaboration for all the work
A Power converter
A X Our web pagehttp://muoncollider.web.cern.ch
If you want to joinmuon.collider.secretariat@cern.ch
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Reserve ()

International
UON Collider
Collaboration
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R&D Plan Deliverables and Resourc

International
UON Collider
Collaboration

Technologies Deliverables Key parameters and goals

Magnets

Target solenoid Develop conductor, winding and magnet ~ 1m inner / 2.3 m outer diameters, 1.4m ‘ Delverables ko .
technology length, 20 T at 20 K

Split 6D cooling Demonstration of solenoid with cell 510 mm bore, gap 200 mm, 77T at 20K s ot y eimiivince ey R T K

solenoid inte grati on Final cootng Build and test HTS prototype 50 mm bore, 15 cxm length, 40°T at 4K

Final cooling Build and test HTS orototvne 50 mm bore. 15 cm lensth. 40 T at 4 K magnetsysen - comenr

LTS collider dipole  Demonstrate NbySn collider dipole

SOlGﬂOld - HTS RCS dipole Demong STipole 30mm x 100 mm, 10T, 20K, 1m long
O a S . Call = Demonstrate HTS collider dipole 140 mm diameter, 14T, 20K, 1m long

Tdiameter, 11T, 45K, 5m long

. | HTS collider Demonstrate HTS IR quadrupole 140 mm diameter, 300T/m, 45K, 1m long
Year 1 [ m| Duration 10 years
Accelerator Dwign and Technol( :::‘c:;:;wlmg RF Design, build and test RF cavities 352 MHz and 704 MHz in 10 T field
Materia] (MCHF) 1 6 3 2 Klystron prototype :.;f‘jgi:\:’:rui;i;v\xlt?liu;iﬁzrli’:ld MHz 20 MW peak power, 704 MHz / 352 MHz

FTE 47'1 60_6 Accelerator: 300 M C H F material ’ 1mEy RF test stands. :ll:;:l::‘lfliclfuhmakdnmn rate in il:;i?l;l‘l\“';'lu. T04 MHz—3 GHz cavities

SCRF cavities Design SRF cavities, FPC and HOM 352MHz, 1056 MHz, 1.3GHz, 1MW
Demonstrator

Material (MCHF) | 06 | 22| Detector: 20 MCHF material, $OEYy e
—

First 6D cooling cell  Build and test first cooling cell

rorve, 5-cell module Build and test first S-cell cooling module

FTE 9'5 11'0 ‘ T ‘ E= = I ZT.T | T | =TT | ZT.T ‘ ZXT.T

Cooling Design and build cooling demonstrator  Infrastructure to test cooling modules

Detector demonstrator facility ‘wim muon beam
Material (MCHF) | 0.5 1.1 1.6 2.1 2.1 2.1 2.1 2.6 3.1 3.1 o e gL o BBy e 40T
FTE 234 | 465 | 700 | 93.0 | 93.0 | 93.0 | 93.0 | 1164 | 139.5 | 139.5

Neutrino flux mover ~ Protoype components and tests as needed  Range to reach O(+1mradian)
Magnets

Material (MCHF) | 3.0 4.9 10.1 | 10.0 | 11.0 | 134 | 11.7 7.2 6.6 4.7 Instrumentation

Beam Instrumentation component designs Protoype components and tests as needed

Target Studies Target design and test of relevant 0.4 MIfpulse, 5 Hz
FTE 233 | 284 | 364 | 409 | 443 | 47.1 | 462 | 37.7 | 36.1 | 294 companets

Start-to-End Facility A start-to-end model of the machine Laitice designs of all beamlines, simu-
TOTALS Design :.::::E‘ff.‘.:.‘fh realistic performance l:lr:::; Tﬁ&:.l:.h. Lr:l;\“T;dl:;:r:\ physics,

Material MCHF) | 5.7 114 | 203 | 239 | 306 | 414 | 51.7 | 542 | 535 | 324
FTE 103.3 | 146.5 | 194.0 | 248.1 | 267.0 | 290.6 | 314.8 | 356.3 | 379.4 | 379.6
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Magnet R&D Impact

™1

20@20 ]i[' i

m'
+

™2
SOLID

™3
UHF-DEMO

FCC-ge, CLIC
(e+ source)

I

FCC-hh, SppC.

™4
RCS-String

T™M5
MBHY

™6 F\
MBHTS |

FCC-hh, SppC.

~

™7

MBHTSY FCC-hh, SppC.

™S8
MQHTSY

D. Schulte, Muon Collider, WIN, Brighton, Ju

High field, low
consumption

High field, low
consumption

Ultra-high-field

High pulsed
power and
energy recovery

Ultra-high-field

High-field large
bore, cryo-free

technology

Motors/generators

High-field, large
bore and large
stored energy

High-field,
compact

windings
High pulsed
power and
energy recovery

3D, compact
pole winding

3D, compact
pole winding

3D, compact
pole winding

International
UON Collider
Collaboration

L.Bottura

ne 2025




Practical Examples ©

A Fusion for Energd TER EU Domestic Agency) s
A Framework agreement and first addendum in final negotiation
A Contribution to the design of the HTS target solenoid, relevant to the central solenoid of DT

A EUROFusiofnext step European fusion reactor)

/§§\ A Framework agreement signed in 2023, first addendum signed in 2024
\(( \\;‘)) A Contribution to the design of the HTS target solenoid, relevant to the magnets of a Volume
=7 Neutron Source proposed as next step in the European fusion strategy
A Gauss Fusiofone of the leading EU fusion starps)
r_ A Consultancy agreement signed in 2023
G A CERN contribution to the design of the LTS/HTS GIGA stellarator magnets, based on adva

the HTS target solenoid
&=, A ENI(oil and gas energy giant)
% A Framework agreement and first addendum signed in 2024

. A Collaboration on the conceptual design and project proposal for the CERN construction of :
enl large bore HTS solenoid (20@20 model coil) relevant to the muon collider and fusion

A IFAST2 proposal tdNFRA2025TECKD1-02 (CERN, INFINEON, PSI)
A Proposal of fast pulsed power cell + magnet system sent to {EA8drdination for ranking at

infineon TIARA
A L.Bottura

Industrial interest in rapidly pulsed and large energy/power supplies
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European Accelerator R&D Roadmapg<>)

Reviews in Europe and the US found muon collider promising-

A Requires important innovation

European Strategy for Particle Physics Upda&HPV
supported muon collider R&D in 2020

CERN Council charged Laboratory Directors Gidp@ to
develop Accelerator R&D Roadmap

International
UON Collider
/ Collaboration

A Directors of institutes, e.g. INFN Frascati, PSI, DESY, RA Ly

/I 9wb 2 X
LDG formed five panels, one on Muon Collider

Muon Collider panel developed &&%D Roadmapvith the
help of the global community until end of 2021

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

Begin | End | Description Aspirational Minimal
[FTEy] | [kCHF] ‘ [FTEy] | [kCHF] ‘

MC.SITE 2021 | 2025 | Site and layout 15.5 300 13.5 300

MC.NF 2022 | 2026 | Neutrino flux miti- | 22.5 250 0 0
gation system

MC.MDI 2021 | 2025 | Machine-detector 15 0 15 0
interface

MC.ACC.CR 2022 | 2025 | Collider ring 10 0 10 0

MC.ACC.HE 2022 | 2025 | High-energy com- 11 0 75 0
plex

MC.ACC.MC 2021 | 2025 | Muon cooling sys- 47 0 22 0
tems

MC.ACC.P 2022 | 2026 | Proton complex 26 0 35 0

MC.ACC.COLL | 2022 | 2025 | Collective effects | 18.2 0 18.2 0
across complex

MC.ACC.ALT 2022 | 2025 | High-energy alter- 11.7 0 0 0
natives

MC.HFM.HE 2022 | 2025 | High-field magnets 6.5 0 6.5 0

MC.HFM.SOL | 2022 | 2026 | High-field 76 2700 29 0
solenoids

2021 | 2026 | Fast-ramping mag- | 27.5 1020 225 520

net system

MC.REHE 2021 | 2026 | High Energy com- 10.6 0 7.6 0
plex RF

MC.REMC 2022 | 2026 | Muon cooling RF 13.6 0 7 0

MC.RETS 2024 | 2026 | RF test stand + test 10 3300 0 0
cavities

MC.MOD 2022 | 2026 | Muon cooling test | 17.7 400 49 100
module

MC.DEM 2022 | 2026 | Cooling  demon- | 34.1 1250 3.8 250
strator design

MC.TAR 2022 | 2026 | Target system 60 1405 9 25

MC.INT 2022 | 2026 | Coordination and 13 1250 13 1250
integration

\ [ [ [ Sum [ 4459 [ 11875 | 193 [ 2445 |

Table 5.5: The resource requirements for the two scenarios. The personnel estimate is given in full-time
equivalent years and the m:*~ "'~ e e ' o
number of PhD students. M
similar costs. Colours are ir

T ant
and



http://arxiv.org/abs/2201.07895

Muon Collider Roadmap CT

International
AU [ TlEs lonisationcooling of i MH‘QE&;T?&’

Short, intense pionswhich decay muon in mattgr Acceleration to
proton bunch into muons which are u collision energy  Collision

Acceleration
SC LINAC RLA 1,2

Buncher Pre-
accelerator

B¥hcher Rotator

- Pulsedmagnetsand

- Proton driver - Graphite target - Muon coolingdesign
bunch compression - Target solenoid - 6D coolingsolenoids %ocwserconverters
- 6D coolingRFcavities i el
Identified and prioritized with community - Finalcoolingsolenoids - Collider ringdipoles
Other areas need now also to be addressed - Finalfocusquadrupoles

(some work started) - Machinedetector interface
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MuColTimeline ()

LDG anticipated input to next ESPPU by 2026 /:\:Uf;gct“tdl
The ESPPU has been advanced to early 2025

I Initial parametric study
Establish tentative parameters
Develap tentative concept
Establish preliminary parameters

Develop preliminary concept
Establish consolidated parameters
Documentation of preliminary concq:pt
Preliminary assessment repdrt

justment anajreview
Consolidated assessment rep (il

»
L

Sudy consolidated concept

-
«

2023 2024 I 2025 2T26 2027

v

"'y
v
"'y

v
"y

ESPPU submission ESPPlecommendation
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Muon Cooling Challenges

International
UON Collider
Collaboration

Y 6599 Magnetic field

.. >‘ - .. . L, .
. ._4 X < Voo Cooling
A : © 0 0
_ LHo-Absorber » Charge Bunch 6D Final Buncher  Pre-
2 S~ Cavities Separation  Merge Cooling Cooling accelerator

r'etluced transversal but
—9 ¥

|ncreased Icngltudlnal emlttance
Oy ,q‘
u_.‘tﬂ-—- (oL ')‘\

SOIenmd Electr|c field ® 0 @ .
iy g ) H
®®®
/T /TA Zj High field solenoideinimisebeta-
function and impact of multiple

energy loss re-acceleration
scattering

Energy loss = cooling Multiple scattering = heating /

1 1 [(14MeV)~
ds  |(v/c)2ds E |2 (v/c) E Lg

_____Jv

dEJ_ 1 dEEJ_
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ESPPU Submission March 2025

International
UON Collider
Collaboration

Collaboration produced ESPPU input:

The Muon Collider
gt o 14 B v e Pk Fiis - 308 s

A Short,ten-pagereport (10p) PRI
T Addendum fo: TheMuon Cotider
. R The Muon Collider
A Addendumto answers specific et ) e ——

guestions from ESPPU (18p)

A Backup document(406p, 450 S
signatories) © M
A Assessmenof collider status i s
based on progress of R&D
A R&D Plan
A Final polishing is ongoing, you
Urgently sign up to support

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




IMCC ()

International Muon Collider Collaboration M

Develop higkenergy muon collider as option for particle physics: 3Tev 10TeV
A Implement globally defined accelerator R&D roadmap (2022 | p 10% st 1.8 175

to justify CDR phase .
A Mid-term roadmap review found 75% of goal achieved T AT e —

f, Hz 5 5

Focus on fga_s_ibility dfo TeV with 10 ab(site independent) C Kkm 45 11.4
A Exploreinitial stage by 2050maybe around 3 TeV with 1-&ab

or lower luminosity 10 TeV Baipote T 11 14
Explore implementation at specific sites reusing infrastructure Collidertechn. Nb3Sn HTS

Provided ESPPU with :
A Assessment of muon collideroncept, technologies and = Ak e O e e
work progress : Siin E———
A AnR&D planfor the next 10 years
A Implementation consideration® A y Of dzZRAy 3 &A G S
A Backup document(406p, 450 signatories)

L Roadrn"rlap:
Will inform other strategy processes http://arxiv.org/abs/2201.07895
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Muon Cooling Technology ()

| i |
MuCooldemonstrated >50 /:\Jéirgiﬂ?ﬁr

ollaboration

Challenges:

A NC RF cavities in magnetic field (30 MV/m)

A HTS magnets (up to 40 T in final cooling)

A Bright beam hard on absorbers and windows
A Canevaporisdiquid hydrogen

MV/min5T
H2-filled copper
Be end caps

\\\\\\\\\\\\

('u/walls Luc » —
/ B =< IVI. \IAHI\.\;\Mu
Ry | = A% % | -
- ‘ 0 | A MAP proved gradient
. | A Initial RF designs
I =c ¥ . A More RF design ongoing
R S A First window tests performed with protons

A Use of H2 gas where required

' A 40 T final cooling solenoid
conceptual designs exist
A 55 T might be possible

Key conclusions

A Ready taamp-up effort, in particular
prototyping and experimental work, also

375 ot o A T 56 oo Ko L 5 beamdynamics

acting on each pancake. The lengths of the radial arrows have been scaled down by a factor of 3.
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Muon 6D Cooling Cell

Challenge: Al A2 A3 A4 Bl B2 B3 B4 B5 B6 B7 BS International
. 10 \ /‘\UON Collider
A Integrated 6D cooling cell o5 -—— A 3 =\ \ /collaboration
A HTS solenoid designs F 0 N — £ &g S1al
m -5 . w z 2 ° — | \\
Achieved: ‘

A Cooling cell engineering design
almost ready

A Solenoid models for use in
beamdynamic®ptimisation

Cooling cells, = 1 km length channel: absorber, RF, solenoid
About 3000 solenoids, axis field = 2..14 T

. Free bore diameter from 90 mmto 1.5 m
Coils
. RF cavities e on
Dipole xpodadviam \;Qu
| = | e : Q;Lm.,:;:“ _
se— pame I o - L. Rossi et al.
— S — ==V ) L L Botturaet al.

timated 6 Cols assembly total weight: 520 ke

' CW Coil bl Key conclusions
i mewed-coers A Key challenge is force from magnetic field

Special plate)

A Concept to connect flanges developed

A lterations to improve overall and components
design also considering beam dynamics is
required/ongoing

Absorber A Conceptual design ready in a few months
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RCS Designs

Acceleration

International

Challenge: ] ” e nes1|  SCLINAC RLA1,2  RCS1,2,3 &4 MHgﬁgf;'tiﬁoeg
A Uses faspulsed normal magnets g LT BN ot

ISANE =10 v 'S 3
A 5 Hz pulses of O{10ms) 3 3 Geg

A 6-35 km circumference Bmrramr e o S AL ——
A Cost and power efficient acceleration At (us)
A High bunch charge = . s
A Maintain beam quality 0.05] /—\
Acheved: AT o[ emiems |
A Lattices for all site independent RCSs E °1 S60| |
A Strong synchrotron motion 0.02 { “’540 3 1
A Including hardware specifications sidid g e y
A Beam propagation through complex ool T e 20 g EM 7 3
works 00 25 50 75 100 125 150 17.5 20.0 0 :._f %g ';‘
| x [m] 0 25 50 75 100 125 150 175
I O T v

=S =30 CEUIGES Chance etal. Key conclusions
 Long. dynamics: Hhamerellet al. A 1.3 GHz TESttype cavities work

RF:AlexejGrudievet al. A Emittance transport is OK

Power converter: Boattiniet al.
| Magnets: LBotturaet al.

D. Schulte, Muon Collider, WIN, Brighton, June 2025 _____J,
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Fastramping RCD Dipoles ()

International
UON Collider
Collaboration

Challenge:
Fast ramping normal magnets-{D ms)
with efficient energy recovery in power

converter (200 MJ stored in magnets) .
(%) &

¢) WFIM

161 mm

Achieved:

A Conceptual design of magnets and
power converters

A Optimiseddesign together with RF

A Power converters can switch sign of ot
magnets without changing direction of ]
voltage on capacitors

@ Switch S2 ON
Il Switch S2 OFF, S1ON

' A\ Switch 51 OFF

€) WF3 D1 conducts, D2 conducts
s sections are 1o scale): a) Hourglas S S1 conduct:
v-frame WF£1M, J = 20 Almm2. d

Bipolar

Current

e PreLoad Capacitor

1
Phase 1 1 Phase 2 1 Phase 3 Phase 4

NN

== Booster Capacitor

Charger

Voltage

3
>

Power converter: F. 5 ' /‘\/\
Boattiniet al. g : \ :
| RCS | E[I/m] | Eyoq[d/m] Ecoppe,[J/m] Loss [%] | P[Mw] [EVINSSERRr Nt —
SPS 1 5447 et al. ! . I
LHC 1 5678 9.2 80.6 1.6 12.8 Key conclusions
A High recovery efficiency for RCSs-938%6)
LHC2 5752 63.4 298 6.3/2 26.6 A Sedy oy crpemenE
Energy in magnets, losses per cycle and total power at 5 Hz including cooling optimization/modelsprotoypes
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Goal:
Identify collective effects intensity
bottlenecks

Achieved:
A Initial studies for proton complex
A Assessed impedances (beam
screen and RF cavities) in RCSs
and collider ring
A Studying counterotating
beam impedance
A Studies started on muon cooling

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

Collective Effects ©

International
UON Collider
Collaboration

Key conclusions:

A Impedances in RCSs and collider ring can be taken
care of by design

A Beambeam can be handled by 20 turn feedback

A Resistive wall in muon cooling is OK

A Further key detailed studies: beam loading,
longitudinal and transverse space charge in 6D
cooling, impedance of cooling absorbers




