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Motivation

. compact form (10TeV muon collider footprint comparable to 3TeV CLIC with physics potential

Proton and muon collider energy Facility footprints for different high Luminosity per beam power as
for about equal cross section energy physics projects function of beam energy
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® Compactness promises cost ® Increasing luminosity per beam
effectiveness and low CO; power improve power efficiency
footprint for construction. and precision potential.

® Discovery reach with lower
energies than for proton colliders.




Introduction

Proton Driver Front End Cooling Acceleration Collider Ring
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® High power proton beam (short intense ® Stages of muon ionisation ® Low energy acceleration with recirculating
bunches) and low repetition rate on cooling in matter. linacs.

target.
® Merging of p bunches into ® Acceleration to collision energy in a

® Target and capture channel, protons one bunch. sequence of pulsed synchrotrons.

produce pions which decay into muons.
® Collider packed with high field magnets to

® Large energy spread p beam split to minimise circumference and maximise
sequence of bunches. luminosity.

Short muon life-time —> lonization cooling, fast |
acceleratlon hlgh RF gradlents and hlgh fleld magnets'
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Large energy
Dense beam

acceptance

High beam power
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3 TeV 1 ab—?!
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14 TeV | 20 ab~?!

1Yields constant number of :
levents in the s-channel (cross |
fsection decries with energy). |

l» Tentative parameters based on MAP study, might add margins. | ‘
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Design Baseline Overview - key challenges

iBeam-induced background. |

Special design of absorbers for '
effective shielding. |
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IMCC continues MAP & MICE ‘
effort in design optimisation. |

Accelerator
Ring

Muon Collider

>10TeV CoM
~10km circumference
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: 4 GeV Target, w Decay u Cooling  Low Energy
Proton & pBunching Channel  uAcceleration
- Source Channel

.
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iDense neutrino flux in
idirection tangential to ring. |

| Mitigations planned to keep
idose generated at Earth’s
surface at negligible levels

Cost and power consumptlon limit energy reach e. g 35km |
accelerator for 1OTeV |mpacts beam quallty - (




Muon Production and Capture
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1Protons driver: :
1 ® A few MW (1 to 4AMW) short proton beam with lowish repetition rate. | ITER Central

Solenoid Model Coil
13Tin 1.7 m (LTS)

'Front end:

" ® Proton beam hit the target (graphite, liquid metal jet or powder).
i ®p+N=>m+X
f \u +Y |
t ® Collection of muons with large energy spread and generation of 21 |
| bunches with equal energy.

® Large bore strong solenoidal fields for maximum intensity with minimum
i emittance.




Muon Production and Capture

',' ® Review of linac parameters is ongoing

i ® high intensity machine development (CERN PS Booster, ESS).

‘ Baseline lattice for accumulator-compressor based on neutrino factory lattice.
’ Work ongoing on limitations to accommodate the 2MW beam at 5Hz.

Studylng 2 MW target:
‘ Beam impact on target.

L Studies on parameter range for proton beam.

® Stress in target, shielding, vessel and window being studied.
{® In general very promising.
|® Studies using HTS solenoids ongoing.
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Muon Cooling

iShort muon lifetime —> lonisation cooling only option |

" o Magnetic field ®® <
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Buhch
Merge
6D Cooling

6D Cooling
Final Cooling

.| Charge Separator,

mcreased Iongltudmal emittance

I Absorber: reduction of longitudinal and transverse momentum.

IScattering: beam blow-up —> need for strong solenoids and low Z absorbers.
L Cavities: acceleration, i.e., increase of only longitudinal momentum.
iNet effect: reduction of transverse momentum and thus beam cooling.

| Code development: RFTRACK integrating multiple scattering and collective effects, maintained at CERN. |



Muon Cooling - 6D cooling
6D cooling

| TOP VIEW __ -
absorber coil cavities
| o 4 o
Dispersion from Acceleration rf
| — — ' vertical magnetic field cavities
— —d
: SIDE VIEW

Wedge absorber slowing
down high (low)
momenta more (less)

|
- - B
D. Stratakis et al.
® MAP demonstrated higher than goal gradient.
| ® Improve design based on theoretical understanding.
1 ® Preparation of new test stand, but needs funding

| @ test stand at CEA (700 MHz, need funding) |
| ® test at other frequencies in the UK considered. |

C. Marchand, A.
Grudiev et al. (CEA,
Milano, CERN, Tartu)
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|Assessment of realistic goal for |
thighest field solenoids:

{® MAP demonstrated 30 T

| ® now magnets aim for 40+ T

1 ® even more can be possible

|® synergy with high-field research. _|

L. Bottura et al.

INFN (Task Leader), CEA,
CERN, LNCMI, PSI,
SOTON, UNIGE and
TWENTE, in collaboration
with KEK and US-MDP




Muon Cooling
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10 MeV — 5 MeV

~ Absorber length s [cm]

® Simulations using optimised parameters confirm the potential for lower 'j’

emittance (compared to the baseline studies).

; ® Machine learning techniques are currently used for design optimisation.

® Liquid hydrogen is evaporated at the end of last cell thus an alternative like 1
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Acceleration

Acceleration

{Fast acceleration to avoid significant muon losses due to decay]

Initial acceleration to 0.06TeV Accelerators:

RCS1 Linacs, RLA or FFAG, RCS

Normal

cond.
0.3 TeV

HOM coupler

10002

flange 115.4 mm power coupler
_ (rotated by 65°) flange

| ® Followed by rapid cycling synchrotrons (RCS) f 1061 mm

L ® acceleration within few tens of turns '. < 1276 mm

® studies based on Tesla cavities | High Energy Orbit

® hybrid RCSs have fast ramping normal conducting and constant ‘ Warm Warm
superconducting dipoles : Dipole Dipole

® frr tuning for cavities : Low Energy Orbit

® . . ;

/
? ® Start with re-circulating linacs (RCL). f J_ _____ X

HOM coupler




I - CS3  |RCS4
Acceleratlon R = T =

Circumference [m] 5990 5990 10700 26659

e Injection/extraction energy [TeV] 0.06/0.30 0.30/0.75 0.75/1.5 1.5/4.2
', Fast-ramplng magnet system

| ® Expected to be one of the most important cost and power drivers. | Survivalrate [%] 90 90 90 90
i i Acceleration time [ms] 0.34 1.10 2.37 5.75
“ i Number of turns 17 55 66 65
1 ® Magnet ramping and RF voltages require optimisation of | Energy gain/turn [GeV] 14.8 7.9 LS LS
{ ) { NCdipole field [T] 0.36/1.8 -1.8/1.8 -1.8/1.8 -1.8/1.8
acceleration parameters - RF voltages, synchronous phase, decay. | sc dipole field [T] i 10 10 16
§ NC/SCdipole length [m] 2.6/- 49/1.1 49/13 8.0/1.3
: ® o . § Number of arcs 34 26 26 26
i © Study quasi-linear ramping -> decrease peak power and magnet | Number of cells/arc 5 10 17 19
~ powering costs (natural resonant discharge of e.g. two harmonics). | Celllength[m] 215 N COON
{ Path length diff. [mm] 0 9.1 2.7 9.4
5 § Orbit difference [mm] 0 12.2 5.9 13.2
| ® Management of the power in the resistive dipoles (tens of GW). { Min. dipole width [mm] 17.4 19.6 10.7 18.8
Bunch population >2.5E12 >2.3E12 2.2E+12
I Example for RCS3 . | Survival rate per ring 90% 90% 90%
21 hormoric| : : A. Chancé et al.
= : :
8] | 1 Hourglass frame magnet H magnet Window frame magnet
Sl : : :
| t | . t |
0 | 2 3 | 4 5
Injection t [ms] Ejection

2000 - linear :

— harmonic /"‘_4‘—‘\

| | . AE@@ AR
|| || l || ||
|

Ramp rate [T/s]
o

200007 ' F. Batsch et al. N 5.07 kd/m 5.65...7.14 kJ/m 5.89 kJ/m

: 1 ; ; ; ; _
t [ms] F. Boattini et al.




Collider Ring

Muon Collider Ring

Ecom:

Higgs Facto
to

| with "10km circumference generating 10ab* luminosity in 5 years. | i

ok /]
- N\ deep
iBeam characteristics: | Sy oA

® rms relative momentum spread o5~10-3.
| ® Twiss beta at IP and bunch length B*=0,= €//(0s E)=1.5mm (5ps). ,_
| ® Hour glass effect becoming significant (lumi reduction f,g0.76).

B (mm)
LA R A

iChallenging conditions for collider lattice design: |
® Small B* at high beam rigidity enhancing chromatic effects. '
; ® Large beta-functions at locations with superconducting magnets.

] ® Short bunch length to be kept for ~1000 turns.

| ® Radiation from muon decay products. :

0 20 40 60 80 100 120
s [m]



Muon Collider Ring - extended final focusmg

[Extended final focusing region:

1 ® Final focusing quads (max Bs~500km).

| ® Chromatic correction section for the control of the strong (non)linear chromatic aberrations.

' ® Matching section to connect with the arc and control of the working point.

| ® Muon decay products generate beam induced background at detectors and should be controlled as well

as possible (nozzle see next presentation, addition of dipolar componentsinFF). |
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Muon Collider Ring - radiation

Vi

A. Lechner et al.

A\

\/s=10 TeV:

u Ve ut Ve ) 2.5 cm beam aperture { Due to synchrotron
y 3ecm W Shielding photons emitted by
A decay e+/e-
4 4 Power density (mW/cm’) in inner/outer C(»)Iils
iDue to photons and e-/e*: _-f = (\ /I .
| ® W absorber to intercept most of shower (~*500 W/m for 10km). f N
| ® Residual power “leaking” into cold mass. | ”

| ® Cryo load, radiation damage etc. “under control” with 30-40mm absorber. } el J xiem j

iDue to neutrinos: |

t ® Showers generated by neutrinos close the earth surface

® extensive use of dipoles and combined function magnets for evenly distribute the neutrino radiation
®

® positioning such that neutrinos from IR reach earth surface in uncritical areas.

® Cross sections and energy deposition per interaction about proportional to energy.
| ® Strong increase of maximum dose with muonenergy.

Arc with an integer — say eight — vertical machine deformation periods

Vertical bend +16.7 Tm C. Carli et al.

wobbling of machine in vertical direction (modulation within £1 mrad reduce peak dose by factor ~100)

due to muon decay

\

Collider Ring

[




'C: ‘
', ® Flexible Momentum Compaction arc cells.
| ® Keep ap to small values (restrict bunch lengthening).

?, ® Controls linear chromaticity.

/; ® Copper coated (>1pum) on tungsten and 50(>1000)-turn

| damper need for 13(<20)mm radius.

L ® Preliminary coil aperture 158mm.

| ® 25MW Cryo for a 10km ring

i ® feasible only with “warm” W absorber

® use of HTS appealing
® cooling magnets under discussion, Tabs=250K (CO; or ,
water), Tcoi210K (He or Hy).
growth below 10 % after 3000 turns
24 -- —— Copper at 300 K

—<— Tungsten at 300 K

22 - —>- Copper 100 um on Tungsten at 300 K —
-x- Copper 10 um on Tungsten at 300 K i
20-- —*- Copper 1 um on Tungsten at 300 K 125
->- Copper 0.1 um on Tungsten at 300 K i
18 - < = 100 =
£
16 - > 15

=
IS
1

Minimum chamber radius [mm]
o

=
o
1

20 50 100 500 1000 inf

Damping time [# of turns]

D. Amorim et al.
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Coil aperture 158 mm

Beam aperture
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Magnet coil
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Collider Ring
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Summary

® IMCC aims to design a 10+ TeV com energy muon complex.
® Might be more efficient in construction and operational cost than other future machines.

Collaboration exists and is growing
® Addressing key challenges.

A number of proof-of-principle experiments and component tests have been carried
i ® Practical demonstration of the underlying technologies.
® Underlying technologies will be exploited in order to ensure the best possible performance.

| http://muoncollider.web.cern.ch {;


http://muoncollider.web.cern.ch
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Thank you for your time!




Ideas on muon colliders

Present status of |deas on muon colllders are based on several studles in the past

Project Place Period
g-2 experiment (measuring the anomalous magnetic moment of the muon) CERN 1959 - 1989
“On the effects at colliding p meson beams” (F. Tikhonin, arXiv:0805.3961) JINR Dubna 1968
“Accelerators and colliding beams” (G. Budker, p*/p:- storage ring c.m.e. few 100’s GeV) INP Novosibirsk 1969
European Muon Collaboration - EMC (interactions of muons up to 280GeV in NA2, NA9 and NA28 expiraments at CERN 1973 - 1985
SPS)
MC design considerations and ionization cooling of muons (A. Skrinsky and V. Parkhomchuk) INP Novosibirsk 1981
Comprehenswe theory of ionization coolmg of muons (D Neuffer) Fermllab 1983
Flrst US Studles on Muon Collldfr Complex (”Status of muon colllder research and development and future USA 1990 - 1999
plans” Phys. Rev. ST Accel. Beams 2, 081001 (1999))
First European study on muon collider potential (“Prospective Study of Muon Storage Rings at CERN) CERN 1999
Neutrino Factory and Muon Collider Collaboration - NFMCC USA 2000 - 2010
Muon Accelerator Program - MAP USA 2010 - 2017
Muon lonization Cooling Experiment - MICE (demonstrate ionization cooling of muons, Nature volume 578, UK 2015 - present
pages53-59 (2020))
International Muon Collider Collaboration - IMCC (Muon collider complex with c.m.e. ~10TeV, Nature Physics
Global 2021 - present
volume 17, pages289-292 (2021))
Muon collider physics case (physics case “explosion” last 3 years) Global
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International Muon Collider Collaboration

A S A S SIS AP S S A A PO A APPSOy v CERN Council
| ® The collaboration is formed to implement an R&D Roadmap | i |
for CERN Council:
® No insurmountable obstacle found for the muon collider | B s —

® but important need for R&D f’/ o |

Other regional
body

° . . ] Cordingtion
develop funding scenarios. : Commitiee
® Scenarios delivered by next ESPP update. |
® 50+ partner institutions (30+ already signed agreement). ', - prysics |- 0 |- Magnets |- Demonsi. |- Us ace
o : etector | wion L g | ocogear [ousae
I ¥ US Showmass strong interest f,' .
1 . ) ) ) — Accelerat. = ot techn. — Asia acc.
® To contribute to R&D and potentially collider in the US. | e |
® " - Steig - Coll eff L Asia det
Now waiting for P5. }
| [«

f" ®FuU Design Study approved this summer, 32 partners ',
- (EU+Switzerland+UK and partners), O(3+4 MEUR). | [y | Mo comontom d‘

Management 1 Governing Board ™~ Advisory Committee

Internat na °
/u\mm« ollider Committee
Collaboratior

1 1 l l

{ ® Plan to apply in 2024 for HORIZON-INFRA-2024-TECH Goal: o e . | W proton comptex | WP = Hish-Enery ‘ W7 - Magnet “

t prepare experimental programme, e.g. demonstrator, 1

| prototypes, ... :

and Communication

WP2 - Physics and WP4 - Muon WP6 - Radio WP8 - Cooling Cell
Detector Requirements Production and Cooling Frequency Systems Integration
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4
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International Muon Collider Collaboration

IEIO
FR

DE

IT

SE

PT
NL
us

CERN
CEA-IRFU
CNRS-LNCMI
DESY

Technical University of Darmstadt

University of Rostock
KIT
INFN

INFN, Univ., Polit. Torino

INFN, Univ. Milano
INFN, Univ. Padova
NFEN, Univ. Pavia
NFN, Univ. Bologna
NFN Trieste

NFEN, Univ. Bari
INFN, Univ. Roma 1
ENEA

ESS

University of Uppsala
LIP

University of Twente

lowa State University
Wisconsin-Madison
Pittsburg University
BNL

UK

EST
LAT
AU

ES
CH

BE
FI
China

RAL

UK Research and Innovation

University of Lancaster

University of Southampton

University of Strathclyde
University of Sussex
Imperial College

Royal Holloway
University of Huddersfield
University of Oxford
University of Warwick
University of Durham
Tartu University

Riga Technical Univers
HEPHY

TU Wien

13M

PSI

University of Geneva
EPFL

Louvain

Tampere University
Sun Yat-sen University
IHEP

Peking University

IT

US

Japan

INFN Frascati

NFN, Univ. Ferrara
NFN, Univ. Roma 3
NFN Legnaro

NFN, Univ. Milano Bicocca
NFN Genova

NFN Laboratori del Sud
INFN Napoli

FNAL

LBL

JLAB

Chicago

Akira Yamamoto

Akira Sato

Toru Ogitsu



