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Higgs and Beyond the Standard Model  

Many unknowns:

• Flavour structure

• Matter-antimatter

• Why is the Higgs so light ? 

• etc

• General Relativity versus 

Quantum Field Theories

• Dark Matter and Energy 

The Higgs is new, it is 

special, we believe 

studying it in detail can 

be a portal to new 

physics
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MINERvA

735 km (on-axis)

MINOS+ (far)

at 2340 ft level

5 kton

MINOS (near)

Operating

since 2005

350 kW (>400 kW)

NOvA (far)

Surface

14 kton

Detector complete

taking data

→700 kW in 2016

MicroBooNE

commissioning

(LAr TPC)

NOvA

(near)

810 km (off-axis)
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LBNE 
1300 km (on-axis)

New beamline
Near detector

“LBNF” Far detectorat 4850 ft level>10 kton à 40 kton LAr TPC
700 kW à 1.2 MW(PIP II) à 2.3 MW 

Evolution of Fermilab Neutrino Experiments

Lankford, American regional report

Colliders and proton drivers 

Some of our existing tools  



Particle types to accelerate

Not so many choices: 

• Need stable charges particles: protons, electrons, (muons), 
ions – most used: electrons (and positrons) and protons 

• Secondary beams: photons, pions, kaons, neutrons, 
neutrinos, …..    

Proton collisions: compound particles

• Mix of quarks, anti-quarks and gluons: variety of processes

• Parton energy spread

• QCD processes large background sources  

Electron/positron collisions: elementary particles

• Collision process known

• Well defined energy

• Background from other physics limited 

Muons: elementary particle, but lifetime only 2.2 𝜇s proton mass

electron mass ≈ 2000
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e- Source

e+ Main Liinac

e+ Source

e- Main Linac

Physics Detectors

Damping Ring

Need e+e- collisions at least at 250 GeV, 
four alternatives: 

ILC in Japan (linear)                FCC at CERN (ring)
CLIC at CERN (linear)             CEPC in China (ring) 

Linear colliders: 13 (Higgs) -> 50 (max) km for 
higher energies later

Rings ~100km, can be used for protons 
after 

Scope 1: A Higgs 
factory

6



New ideas being developed 
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8 km footprint for 250/550 GeV CoM ⟹ 70/120 MeV/m
● 7 km footprint at 155 MeV/m for 550 GeV CoM – present Fermilab site

Large portions of accelerator complex are compatible between LC technologies 
● Beam delivery and IP modified from ILC (1.5 km for 550 GeV CoM)
● Damping rings and injectors to be optimized with CLIC as baseline
● Reliant on work done by CLIC and ILC to make progress

C3 Accelerator Complex

8

C3 - 8 km Footprint for 250/550 GeV
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Understanding the Physics of Breakdown at High Gradients has 

Established the Limits of Normal-Conducting Copper Structures

• Controlling material properties produced dramatic improvements in 

achievable accelerating gradient → impacting accelerators and injectors

V. Dolgashev, S. Tantawi

Cryostat asse mbly

Be ad Pull Te st

• Material properties determine the performance of accelerating structures

• Dislocations caused by stress from fields form protrusions

• Reduced in higher strength materials and at lower temperatures

• Extreme surface fields (500 MV/m) require new models including emission

Cahill, PhD Diss., 2017

Cahill, et al. PRAB 21.6 (2018): 061301.

Rosenzweig, et al. NIMA (2018).

Cahill, et al. NIMA 865 (2017): 105-108.

Nonline ar Q M ode l

Cryo-cooled copper cavity, SLAC

Cryo-cooled copper pulsed dc 

electrodes, Uppsala/CERN

                 

24.04.23

64

https://arxiv.org/abs/2303.10150

HALHF 

24.04.23

Certainly very compact so embedded 
CO2, likely very reduced costs compared 

to other Higgs-factories, not clear of 
power is different to any other LC.

Technically still uncertain.  

Various energy recovery based ideas 



High energy limited by how strong electric fields you can have inside metallic structures: 

• Make accelerators circular, then we become limited by magnetic fields for bending – as in 

LHC, accelerating protons 

• It also allows us to re-collide “bunches” for hours (moderns machines are ”topped” up)

For electrons we are limited by synchrotron radiation when bending a particle, at some point 

cannot provide enough energy in a circle to compensate for these losses, go back to linear 

accelerators (CLIC/ILC designed for 3/1 TeV at ~50km)

CLIC is ~11km (380 GeV), ILC ~20km (250 GeV),  FCC/CEPC ~100km (~350 GeV)

8

Circular versus linear 
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60‘000 users world-wide

Established, mature technology

From L.Rivkin EPFL

Damping ring, experience from light sources 
The damping rings reduce the phase space (emittance εx,y) 

of the beam – wigglers to stimulate energy losses (SR)  

Light-sources need similar beams (picture: ALBA) 

energy loss re-acceleration
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SACLA 2011

8.5 GeV, 60 Hz NC

PAL XFEL 2016 

LCLS I, II 2009, 2019

European XFEL 2017

DESY, Hamburg 

SwissFEL 2017

From L.Rivkin EPFL

SHINE, Shanghai, 

under construction

Several large electron linac and ring projects outside particle physics 

Electron accelerators providing a lot of 

technical expertise, industry support –

but not colliders 



Timelines in Snowmass Energy Frontier summary 
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Comments: 
• Timelines are technologically limited – except for the CERN projects that are linked to completion of the HL-LHC

• CEPC and ILC schedules are mature, but the projects need to pass approval processes in the near future to maintain 

these schedules

• CCC and MC are less well defined but R&D and project development on the shown timescales is reasonable, CCC 

can also upgrade ILC

• From Meenakshi Narain “EF summary” Snowmass
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Scope 2: Beyond Higgs Factories (BHF) 
- ref presentation Tuesday by Carlos Wagner about physics -

Elba September 2019 12Steinar Stapnes

Beyond Higgs-factories we want a proton collider at least at 100 TeV (the more the better), and 

lepton colliders towards 10 TeV (also here more is better) 

In all cases luminosities at least around ~1035 cm-2 s-1 are needed 

Note: the experimental conditions are different, the clean nature of e+e- collisions would give 

advantages but reaching ~10 TeV difficult, the muon collider background looks manageable and 

hadron collisions are notoriously difficult with large pileup, but with a lot of LHC and HL LHC 

experience giving confidence

How close – or rather how far away – are we from these goals ?



Circular machines, e+e- and later hadrons  

24.04.23 13

CEPC

7

• The CEPC CDR was released in 2018. Since then, extensive 

technology R&D has been carried out, as well as design and luminosity 

optimization 

• CEPC-TDR is planned to be finished in early 2023 

• A three-year EDR phase is planned after TDR 

• The accelerator construction is scheduled to be started in the 15th five-

year-plan (2026-30)

• The CEPC aims to start operation in 2030s, as a Higgs (Z/W) factory in 

China 

Six sites studied. 

Funding model now considered is 2/3 from 

region, making regional interest more 

important, and 1/3 central government, which 

is more in line with other previous science 

projects in China 

Information mostly from 

Yuhui Li and Jie Gao

FCC 
Main activities: 

• Developing & confirming concrete implementation scenario, 
in collaboration with host state authorities, including 
environmental impact analysis 

• Machine optimization and technology R&D (examples next 
slide)

• Physics studies

• Global collaboration, supported by the EC H2020 Design 
Study FCCIS and Swiss CHART. 

• Goals: 

• Demonstrate feasibility by 2025/2

• Next milestone is the mid-term review, October 2023

• CE Cost & construction schedule underway 

Material from: PECFA (Benedikt), SCE (Watson, Cunningham, 
Osborne) – slides, FCC week (Peauger) 2022

4

In both cases the initial civil engineering, and to the extend possible tunnels and caverns are 
prepared for replacing the initial Higgs factories (e+e-) with proton-proton colliders 

FCC-hh and SppC

(see presentation in a moment about CEPC - > SppC by Prof. Tang) 



Energy reach of circular accelerators

The technological limit on the electrical field in an RF cavity (breakdown)

Gives a limited E per distance

 Circular accelerators, in order to re-use the same RF cavity

This requires a bending field FB in order to follow a circular trajectory

In circular arc sections the magnetic field must provide the desired radius,

and the energy achievable is limited by radius (i.e. cost) and bending field

(other effects as radiation losses in super conducting magnets and overall beam power represent additional challenges 
for future circular hadron machines) 

These considerations are applicable for other particles as electrons and muons as well. For electrons the synchrotron 
radiation is much more limiting such that the magnet strength achievable are not an issues 

(the FCC-ee and CEPC machines are limited to ~350 GeV as e+e- colliders, while aiming for ~100 TeV with protons)

1

r
=
eB

p

Hence the importance of 

high field magnet 

development as presented 

yesterday by P.Vedrine



Linear Colliders, for Higgs, top and later 1-3 TeV
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e- Source

e+ Main Liinac

e+ Source

e- Main Linac

Damping Ring

Beam dump

Interaction point

Physics Detectors

Bunches of ~1010 e+/e-

• Creating particles Sources

• polarized elections/positrons

• High quality beam                   Damping ring

• low emittance beams

• Acceleration Main linac

• superconducting radio frequency (SRF)

• Collide them    Final focus

• nano-meter beams

• Go to                                       Beam dumps

The ILC250 accelerator facility

SHINE (under construction)

-75 cryomodules

-~600 cavities
- 8 GeV (CW)

ILC
-900 cryomodules
-8,000 cavities

-250 GeV (Pulsed)

-100 cryomodules

-800 cavities
-17.5 GeV (Pulsed)

-35 + 20 cryomodules 

-280 + 160 cavities 

- 4 + 4 GeV (CW) 

Euro-XFEL
Operation started from 2017

SLAC

DESY

LCLS-II + HE(under construction)

SINAP
KEK

LAL/Saclay

INFNFNAL
JLab

Cornell

International Linear 

Collider (ILC) (Plan)

LCLS-II 

Recent talks (with more references): eeFACT-I1 and eeFACTI2

New funding for 
technology 

development, 
involving most 

European labs

5

The Compact  Linear Collider (CLIC)
• Timeline: Electron-positron linear collider at CERN for the era beyond 

HL-LHC 

• Compact: Novel and unique two-beam accelerating technique with high-

gradient room temperature RF cavities (~20’500 structures at 380 GeV), 

~11km in its initial phase

• Expandable: Staged programme with collision energies from 380 GeV 

(Higgs/top) up to 3 TeV (Energy Frontier)

• CDR in 2012 with focus on 3 TeV. Updated project overview documents 

in 2018 (Project Implementation Plan) with focus 380 GeV for Higgs and 

top. 

Recent talks (with more references): eeFACT1 and eeFACT2
Accelerating structure prototype 

for CLIC: 12 GHz  (L~25 cm)

The CLIC accelerator studies are mature:
• Optimised design for cost and power 

• Many tests in CTF3, FELs, light-sources and test-stands

• Technical developments of “all” key elements 

26.01.23

Both CLIC and ILC can be extended in energy, by 
lengthening, higher gradients (in fact CLIC is 
primarily designed for 3 TeV with a very extendable 
drivebeam).

C3 also foresees extending in energy to above 500 GeV 
and can in principle go further 

HALVH is somewhat extendable 

There is no real design beyond 3 TeV for e+e- colliders 

Plasma acceleration promising for electrons, positrons 
less so currently 

Issues like RF efficiency increasingly important – for any 
acceleration technology 

CLIC at 3 TeV is around 500 MW (~2.5 TWh annually).

.. but there are also other limitations (see next slide) 



Muon collider 

16

The luminosity per beam 

power is about constant 

in linear colliders

It can increase in muon

colliders
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Strategy CLIC:

Keep all parameters at IP constant

(charge, norm. emittances, betafunctions, bunch length)

 Linear increase of luminosity with energy (beam size reduction)

Strategy muon collider:

Keep all parameters at IP constant

With exception of bunch length and betafunction

 Quadratic increase of luminosity with energy (beam size reduction)

Slide from talk by D. Schulte in the SPC, June 2019



This bring us to proton and muon colliders (in the title of the talk) as 
primary candidates for very high energy colliders 

“High Energy Muon and Hadron Collider Projects - within the 
overall future accelerator panorama”

Not excluding linear colliders can make transformative improvements, 
plasma acceleration is radically more compact than “conventional” RF 

while most other technology changes in our field are gradual 

Some reminders and concepts are useful first

24.04.23 17
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Lorentz equation

The two main tasks of an accelerator

• Increase the particle energy

• Change the particle direction (follow a given trajectory, 

focusing “bunches” of particles)

Lorentz equation:

FB ⊥ v    FB does no work on the particle

• Only FE can increase the particle energy

FE or FB for deflection?  v  c  Magnetic field of 1 T 
(feasible) same bending power as en electric field of 3108

V/m (NOT feasible)

• FB is by far the most effective in order to change the particle 

direction (steering, focusing) 

19



The Lattice of an accelerator

An accelerator is composed of bending magnets, focusing magnets and 
usually also sextupole magnets, bending (dipole magnets) the performance 
driver for energy reach 

The ensemble of magnets in the accelerator constitutes the “accelerator 
lattice”
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The elements 



Phase stability in a synchrotron

h>0: velocity increase dominates, fr increases

Synchronous particle stable for 0º<fs<90º

• A particle N1 arriving early with f= fs-Df will get a lower energy kick, and arrive relatively later next pass

• A particle M1 arriving late with f= fs+Df will get a higher energy kick, and arrive relatively earlier next 
pass

h<0: stability for 90º<fs<180º

h=0 at the transition energy.  When the synchrotron reaches this energy, the 
RF phase needs to be switched rapidly from fs to 180-fs

Animation from Kyrre Sjøbæk, showing 

optimal phasing of a beam (red) in a 

periodic loaded structure.



European Organization for Nuclear Research

Organisation européenne pour la recherche nucléaire

Single particle coordinates
• We usually describe particle movement in a particle 

accelerator in a frame co-moving with a reference position 
at the beam center

• The state of a particle is characterized by the deviation from 
the reference position along the three spatial dimensions, 

• (x, y, z)

• and their complementary dimensions, for example 

• (x’ ≈ dx/ds, y’ ≈ dy/ds, E).

• The choices are not unique.

• The coordinates are usually given in the laboratory frame

z

y

pz

py y’≈dy/ds

s: co-ordinate
along accelerator

European Organization for Nuclear Research

Organisation européenne pour la recherche nucléaire

Beta function and emittance

Beta function, b(s): how well the beam is focussed.  Minimum, b*, at the beam waist.
Emittance, e: beam quality, phase-space area; e = √(<y2><y’2> - <y y’>2)

Two key concepts that defines a charged particle 
beam:

Evolution of the transverse phase-space in free space along the beamline :

s= √(eb (s))

Bunches in collision 
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1983 : First studies for the LHC project

1988 : First magnet model  (feasibility)

1989-1994:  Approval process   

1996-1999: Series production industrialisation

1998 : Declaration of Public Utility & Start of 

civil engineering

1998-2000  :Placement of the main production 

contracts

2004 :  Start of the LHC installation

2005-2007  :Magnets Installation in the tunnel

2006-2008: Hardware commissioning

2008-2009: Beam commissioning and repair 

2009-2040  :Physics exploitation and HL upgrade 

14 TeV proton-proton 
collider built in the LEP 

tunnel

Lead-Lead (Lead-proton) collisions

Hadron colliders – LHC: the ultimate proof of concept 

LHC: a New Era in Fundamental Science

LHC ring:
27 km circumference

CMS

ALICE

LHCb

ATLAS



The basic design was pursued strongly 
towards towards the European Strategy 
process update in 2018-19, and the main 
design and technical issues identified 

• Will show some slides on the CDR 
studies – magnets recognised as critical

• The High Field Magnet studies (was 
covered yesterday by P.Vedrine)

During the last 3-4 years a much more 
detailed design of the FCC-ee has been 
made, and the FCC-hh design is being 
updated to match/adapt to these changes 

• Change of circumference and hence 
lattice 

• More work of the injector and technical 
studies 

• Will show some examples

FCC-hh – conceptual design reports in 2018 

24.04.23 26

Link to the CDR

parameter FCC-hh HL-LHC LHC

collision energy cms [TeV] 100 14 14

dipole field [T] 16 8.33 8.33

circumference [km] 97.75 26.7 26.7

beam current [A] 0.5 1.1 0.58

bunch intensity  [1011] 1 1 2.2 1.15

bunch spacing  [ns] 25 25 25 25

synchr. rad. power / ring [kW] 2400 7.3 3.6

SR power / length [W/m/ap.] 28.4 0.33 0.17

long. emit. damping time [h] 0.54 12.9 12.9

beta* [m] 1.1 0.3 0.15 (min.) 0.55

normalized emittance [mm] 2.2 2.5 3.75

peak luminosity [1034 cm-2s-1] 5 30 5 (lev.) 1

events/bunch crossing 170 1000 132 27

stored energy/beam [GJ] 8.4 0.7 0.36

https://link.springer.com/article/10.1140/epjst/e2019-900087-0


2018: Circular hadron colliders - FCC-hh and SppC

Circumference ~100 km, two high-luminosity experiments up to 3 (1) x 1035 cm-2s-1, 

two additional experiments possibly combined with injection section, collimation insertions 

(betatron and momentum cleaning), extraction/dump insertion, RF insertion

FCC-hh SppC

new injector 

chain,

simultaneous 

operation with 

e+e- collider 

based on existing 

CERN injector 

chain,

Luminosity goal 

~20 ab-1 per main 

IP within 25 years

values in brackets refer to  

CEPC

Slide from M.Benedikt: Link
For more recent studies of the SppC see next talk by J.Tang

https://indico.cern.ch/event/808335/contributions/3365150/


2018: Challenges for hadron colliders

• High stored energy in the beam ~8-9 GJ
• Beam handling and dumping

• Collimation cleaning system optimization

• Kinetic energy of Airbus A380 (empty) at 880 km/h 

• High synchrotron radiation inside magnets several MW
• Beam screen design and cryogenic efficiency
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Tcm=4.5 K, 28.4 W/m

Tcm=4.5 K, 44.3 W/m300MW

LHC

pattern

FCC dump 

pattern

FCC Secondary 

Collimator
max power density

115 Wcm-3

Beam screen prototype 

• R&D on new materials, kickers & generators, vacuum systems, cryogenic system, electron lenses, ….
Slide from M.Benedikt: Link

https://indico.cern.ch/event/808335/contributions/3365150/
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Commissariat à l’énergie atomique et aux énergies alternatives

GOALS OF A HIGH FIELD MAGNETS R&D PROGRAM FOR FCC IN EUROPE

Page 38

u Demonstrate Nb3Sn magnet technology for large 
scale deployment, pushing it to its practical limits, 
both in terms of maximum performance as well 
as production scale

- Demonstrate Nb3Sn full potential in terms of 
ultimate performance (towards 16 T)

- Develop Nb3Sn magnet technology for collider-
scale production, through robust design, industrial 
manufacturing processes and cost reduction 
(benchmark 12 T)

u Demonstrate suitability of HTS for accelerator 
magnet applications, providing a proof-of-
principle of HTS magnet technology beyond the 
reach of Nb3Sn (towards 20 T)

o Other key parameters:
• Cost of Magnets & R&D

• Timeline of a realistic development

• Potential for wider societal applications

• Training and education

Commissariat à l’énergie atomique et aux énergies alternatives

u REBCO: TAPE

- Unit length ~300m (cable ~50 m)

u BiSCCO 2212: WIRE

u IBS: “powder in tube” wire

- Ba-122 has Tc~38K Hc2~70T

- China builds a plant for ~km wires

- CERN/SPIN: >100m, >1kA/mm2 at 16 T

§ Iron Based Superconductors laboratory à

u Magnets: 

- CERN FCC aims at 15T+5T tests

- PSI 20 T HTS solenoids

- Also CEA, UNIGE, U.Twente, etc

u Hope: fusion will develop REBCO industry

- >10,000km per year à Expect cost reduction

HTS MAGNET DEVELOPMENT

From “FCChh & Magnets” | Vladimir Shiltsev, FCC week 2023

45

Amalia Ballarino

Page 45

Commissariat à l’énergie atomique et aux énergies alternatives

Conductor Source: http://fs.magnet.fsu.edu/~lee/plot/plot.htm

JENG IN LTS AND HTS CONDUCTORS AT 4.2K AND 1.9K 

Page 6

High field magnets, crucially important 

for the hadron colliders energy reach, 

costs and power consumption 

See talk of P.Vedrine yesterday (LINK) 

High Field Magnets

https://indico.cern.ch/event/1221962/contributions/5325537/attachments/2697611/4696644/INFIERI%202023_HFM_Pierre-Vedrine_presentation%20v2.pptx


FCC feasibility study 
Main activities: 

• Developing & confirming concrete implementation 
scenario, in collaboration with host state authorities, 
including environmental impact analysis 

• Global collaboration, supported by the EC H2020 
Design Study FCCIS and Swiss CHART. 

• Goals: 

• Demonstrate feasibility by 2025/2

• Next milestone is the mid-term review this year 

• CE Cost & construction schedule underway 

24.04.23 30

Progress on underground design 

• 90.6km alignment, PA31-3.0

• Integration studies (klystrons, alcoves, 

caverns, beam dump)

• 8 point baseline design frozen

• Excavated materials study

This leads to changes for FCC-hh
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parameter FCC-hh HL-LHC LHC

collision energy cms [TeV] 100 14 14

dipole field [T] 16 8.33 8.33

circumference [km] 97.75 26.7 26.7

beam current [A] 0.5 1.1 0.58

bunch intensity  [1011] 1 1 2.2 1.15

bunch spacing  [ns] 25 25 25 25

synchr. rad. power / ring [kW] 2400 7.3 3.6

SR power / length [W/m/ap.] 28.4 0.33 0.17

long. emit. damping time [h] 0.54 12.9 12.9

beta* [m] 1.1 0.3 0.15 (min.) 0.55

normalized emittance [mm] 2.2 2.5 3.75

peak luminosity [1034 cm-2s-1] 5 30 5 (lev.) 1

events/bunch crossing 170 1000 132 27

stored energy/beam [GJ] 8.4 0.7 0.36

FCC-hh ring: overview of the new layout

Massimo Giovannozzi

FCC Week, 8 June 2023

Current layout of the FCC-hh ring

• IPA, IPD, IPG, IPJ: experimental insertions

• Two collimation insertions

• IPF: betatron cleaning

• IPH: momentum cleaning

• IPB: extraction (both beams) + injection (external)

• IPL: RF (both beams) + injection (external)

• Last part of transfer lines in the ring tunnel

• Compatible with LHC or a superconducting SPS as injector
Circumference: 90.66 km

New beam energy (for 16 T dipoles): 48 TeV

FCC-hh ring: overview of the new layout

Massimo Giovannozzi

FCC Week, 8 June 2023

Design of regular arcs and 

dispersion suppressors

The new layout has been used to optimise as much as possible the ring 

design

• 12-dipole FODO cells have been replaced with 16-dipole FODO cells

• Increase dipole filling factor

• Larger beam sizes can be compensated by a minor 
review of the beam screen geometry  

CDR cell
12-dipole

New cell
16-dipole

# dipoles 4668 4464
Cell length (m) 213.030 275.792
# of regular cells/arc 42 26
# of cells in dispersion 
Suppressor (TECH/EXP)

4/7

See talks by

G. Perez Segurana for optics design

R. Bruce for performance of collimation system

FCC-hh updates  
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FCC-hh ring: overview of the new layout

Massimo Giovannozzi

FCC Week, 8 June 2023

Permanent Magnet Concepts

• Permanent Magnets (PMs) are highly suitable for 

transfer line specifications:

• Single-pass beam requires less stringent field quality 

requirements

• PMs are already used in accelerators, although on a 

smaller scale.

• Temperature dependence of PMs is sufficiently small.

• The lifetime radiation dose is expected to be 

compatible with NdFeB or SmCo PMs.

• The provisional designs use a high coercivity NdFeB

grade (N42UH)

• Developing industrial-scale assembly processes will 

be a significant focus of future research.

Transverse 
radiation 
dose plots for 
FCC-hh
collider

Halbach dipole 
magnet for 

FASER 
experiment

FCC-hh ring: overview of the new layout

Massimo Giovannozzi

FCC Week, 8 June 2023

The Hybrid REBCO – Cu Coating

• The FCC-hh beam screen (BS) has become a 

high-tech device and several activities are on 

going to study the novel configuration.

• The increased operating temperature imposes 

an HTS coating to reduce beam impedance. 

• Full HTS coating generates a field distribution 

with poor properties.

• Alternated REBCO – Cu longitudinal segments 

achieve 

• low overall surface impedance 

• decreased trapped field in the HTS, resulting in 

a better field quality than pure HTS

HFM remain the main performance, 

costs and power consumption 

drivers 
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Outline
• Introduction 

• Scope 1: e+e- Higgs factories

• Scope 2: Beyond Higgs factories

• Some accelerator concepts 

• Proton and muon colliders 

• General challenges and main points



A muon collider addressing size, luminosity, power 

34

34

Comparing to FCC ~100km and 

CLIC 3 TeV ~50km

Parameter Unit 3 TeV 10 TeV 14 TeV

L 1034 cm-2s-1 1.8 20 40

N 1012 2.2 1.8 1.8

fr Hz 5 5 5

Pbeam MW 5.3 14.4 20

C km 4.5 10 14

<B> T 7 10.5 10.5

σδ % 0.1 0.1 0.1

σz mm 5 1.5 1.07

β mm 5 1.5 1.07

εL MeV m 7.5 7.5 7.5

ε μm 25 25 25

σx,y μm 3.0 0.9 0.63



Overview of the muon collider systems

• High power proton beam (short intense 
bunches) and low repetition rate on 
target. 

• Target and capture channel, protons 
produce pions which decay into muons. 

• Large energy spread μ beam split to 
sequence of bunches.

• Stages of muon ionisation 
cooling in matter.

• Merging of μ bunches into 
one bunch. 

• Low energy acceleration with recirculating 
linacs.

• Acceleration to collision energy in a 
sequence of pulsed synchrotrons.

• Collider packed with high field magnets to 
minimise circumference and maximise
luminosity.

Short muon life-time —> Ionization cooling, fast 
acceleration, high RF gradients and high field magnets! 



Muon Production and Capture

Proton complex:

• Baseline lattice for accumulator-compressor based on 
neutrino factory lattice. 

• Work ongoing on limitations to accommodate the 2MW 
beam at 5Hz.

Studying 2 MW target:
• Stress in target, shielding, vessel and window being 

studied.
• Studies of HTS solenoids ongoing.



Muon Cooling
Short muon lifetime —> Ionisation cooling only option

Absorber: reduction of longitudinal and transverse momentum

High Field solenoids: 30-40 or above T

Scattering: beam blow-up —> need for strong solenoids and low Z absorbers.

Cavities: acceleration, RF in magnetic field, i.e., increase of only longitudinal momentum.

Net effect: reduction of transverse momentum and thus beam cooling.

B. Stechauner

MuCool demonstrated 
>50 MV/m in 5 T
• H2-filled copper
• Be end caps

6D cooling



Acceleration

• Use of high (average) RF gradients to accelerate single μ+/μ- bunch.
• Start with re-circulating linacs (RCL).
• Followed by rapid cycling synchrotrons (RCS) 

• acceleration within few tens of turns, studies based on Tesla cavities
• hybrid RCSs have fast ramping normal conducting and constant superconducting dipoles
• the fast-ramping magnet system and energy management are expected to be important cost and power drivers
• FFAs a possible alternative.

Initial acceleration to 0.06TeV

Re-Circulating Linacs Rapid Cycling Sychrotron

Fast acceleration to avoid significant muon losses due to decay



Muon Collider Ring - radiation due to  muon decay

Radiation due to photons and e-/e+:
• Residual power “leaking” into cold mass.
• Cryo load, radiation damage etc. “under control” with 30-40mm absorber.
• W absorber to intercept most of shower (~500 W/m for 10km).

Due to neutrinos:
• Showers generated by neutrinos close the earth surface

• extensive use of dipoles and combined function magnets for evenly distribute the neutrino radiation
• wobbling of machine in vertical direction (modulation within ±1 mrad reduce peak dose by factor ~100)
• positioning such that neutrinos from IR reach earth surface in uncritical areas.

• Strong increase of maximum dose with muon energy.

C. Carli et 

al.

A. Lechner et 

al.Beam-parameters and lattice design challenging
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MUON COLLIDER MAGNETS
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Cooling Test Facility 

Target

+ horn (1st phase) /

+ superconducting solenoid (2nd

phase)

Momentum selection chicane, 10 m

Collimation and 

upstream diagnostics 

area, 10 m

Cooling area, 50 m

Downstream 

diagnostics area, 5 

m

C. Rogers
Look for an existing proton beam with 

significant power. 

Different sites are being considered

• CERN, FNAL, ESS are being discussed

• J-PARC also interesting as option

41
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Outline
• Introduction 

• Scope 1: e+e- Higgs factories

• Scope 2: Beyond Higgs factories

• Some accelerator concepts 

• Proton and muon colliders 

• General challenges and main points



Power and energy 

24.04.23 43

100 MW corresponds to ~0.6 TWh with 

the running scenario on the left 

1 TWh very roughly 100 MCHF

Power/energy is generally associated with 

carbon footprint but we can probably 

access and adapt to use of green energy 

by ~2050 (nuclear, sun, wind, hydro, 

thermal …)



Sustainable facilities 

24.08.23 Steinar Stapnes - Accelerator R&D 44

“Not enough to look at 

operation power and 

guess the CO2 from this 

power in ~2050 in your 

favourite country” 

Optimize with respect to:

• Energy reach, luminosities, 
experimental conditions 

• Facility size and schedule

• Costs and Power 

• Environmental Impact and 
Sustainability (we are learning 
what this means)

Keep in mind: This is not only more 
constraints but also a new 
opportunity for R&D, new ideas, 
collaboration 



Personnel estimate and cost – for Higgs factories 

24.04.23

One FTEy estimated to 200kUS$

45



Higher energy projects – and costs
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Impact on/from – and collaboration with – other fields 

Steinar Stapnes - Accelerator R&D 47

Landscape of accelerators 

• The large markets are medical and industrial small 

accelerators (dominated by electron linacs and ion 

implantation) 

• Material and life-sciences: Synchrotron-sources (new 

or upgrades) and FELs, ESS (0.5 - 2B projects)  

• Research in particle and nuclear physics, LHC and HL, 

EiC, Neutrino “Factories”, Future colliders … 

Whenever possible we benefit strongly from aligning to 

overall accelerator landscape – connected industry, 

connected laboratories 

In some cases we can link to use of “our” key 

technologies in other fields, e.g. energy sector with HF 

magnets a very good example (fusion, power generators, 

etc) 
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Medical linacs
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E-Beam Material Processing

Electron Beam Irradiation
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Neutron Generators

Radioisotope Production

PRELIMINARY DATA
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Summary
Higgs-factories are well in reach technically – much needed

Beyond this a hadron collider and/or muon collider are 
ambitious and very interesting opportunities:

- for the hadron collider the magnets are crucial, drives 
energy reach, cost and power 

- for the muon collider a wider range of challenges, cooling, 
RF and and also magnets  

LC e+e- can be pushed to ~3 TeV.
Unclear (to me at least) if realistic 10 TeV e+e- collider 
concepts can be established, even though plasma 
acceleration can provide very high gradients

Resources needed are large, and sustainability issues will 
need to be a part of the design throughout

Many opportunities for students and young scientists, these 
project studies are open collaborations 
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We are not in a position to ignore any of them 



Most of the slides/information from:

The Snowmass Implementation Task Force (chair T.Roser)

M.Benedikt, T.Raubenheimer, M.Giovannozzi
D.Schulte, K.Skoufaris

B.List and ARUP team 
E.Adli

M.Narain

Earlier talks in the school, in particular Carlos Wagner (physics) and Pierre Vedrine 
(high field magnets)

…. 

THANKS 
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