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up to 

c. 100 GeV

per beam

Large Electron-Positron Collider (LEP)



Synchrotron radiation
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Discovered Elder et al

1947 (General Electric)

http://en.wikipedia.org/wiki/File:Ge-synchrotron-acclerator.jpg


Synchrotron radiation
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Power lost due to synchrotron radiation  PSR ~ γ4 /ρ2

γ = E / m0, ρ = radius of trajectory
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γ = E / m0, ρ = radius of trajectory

For LEP (100 GeV, 27km) 

each electron would lose ~ 3 GeV / turn
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Synchrotron radiation
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Power lost due to synchrotron radiation  PSR ~ γ4 /ρ2

γ = E / m0, ρ = radius of trajectory

For LEP (100 GeV, 27km) 

each electron would lose ~ 3 GeV / turn

P = 10-6 Watts/electron → 18 MW total

→ compensate with RF cavities



Synchrotron radiation
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Suppose we increase LEP beam energy (100 GeV) by 
factor 5: E → 500 GeV, in the same tunnel  

PSR ~ γ4 /ρ2



Synchrotron radiation
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Suppose we increase LEP beam energy (100 GeV) by 
factor 5: E → 500 GeV, in the same tunnel  

PSR ~ γ4 /ρ2

γ increases by factor 5, so P increases by 54

this would give PSR =  54 *  18 MW = 11 GW!

Compensate by increasing radius ρ?

Need 10 x ρ to reduce PSR by 100 → 270km tunnel!
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c. 50 GeV

per beam

SLAC Linear Collider (SLC)
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SLAC Linear Collider (SLC)
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Luminosity vs c.m. energy

EPPSU 2020 Briefing Book
https://arxiv.org/abs/1910.11775

https://arxiv.org/abs/1910.11775
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Collider options

EPPSU 2020 Briefing Book
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https://arxiv.org/abs/1910.11775
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e+e- collider options

EPPSU 2020 Briefing Book
https://arxiv.org/abs/1910.11775
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Luminosity around 250 GeV 

EPPSU 2020 Briefing Book
https://arxiv.org/abs/1910.11775

https://arxiv.org/abs/1910.11775
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Luminosity around 350 GeV 

EPPSU 2020 Briefing Book
https://arxiv.org/abs/1910.11775

https://arxiv.org/abs/1910.11775
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500 GeV and above 

EPPSU 2020 Briefing Book
https://arxiv.org/abs/1910.11775

https://arxiv.org/abs/1910.11775
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Around 91 GeV 

EPPSU 2020 Briefing Book
https://arxiv.org/abs/1910.11775

91 GeV 0.2/0.4

Tera Z

Giga Z

https://arxiv.org/abs/1910.11775
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Number of IPs 

EPPSU 2020 Briefing Book
https://arxiv.org/abs/1910.11775

4 also

possible

2 also

possible

2 also

possible

4 also

possible

https://arxiv.org/abs/1910.11775
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Longitudinal beam polarisation 

EPPSU 2020 Briefing Book
https://arxiv.org/abs/1910.11775

https://arxiv.org/abs/1910.11775
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Beam polarisation is an essential tool  

G. Hamel de Monchenault SPC 24/9/24
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Future Circular Collider 
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Future Circular Collider 
Feasibility Study due to report March 2025
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FCC baseline run plan 
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CEPC 

TDR completed (Dec 2023)

Awaiting decision on inclusion

in next 5-year plan 2026-2030

Could be operational mid 2030s



Linear Colliders

SLC: 1988-1998 ILC: since 2004

CLIC: since 1985

NLC

JLC

TESLA
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ILC Technical Design Report (June 2013)

baseline 500 GeV: $6.7B (2010) + 13,000 person-years

https://linearcollider.org/technical-design-

report/
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ILC 2017/8

• Cost ~ $5B (2010)  UPDATE IN PROGRESS
• Power ~ 111 MW FOR EPPSU MARCH 25

8,000 1.3GHz 

SRF cavities @ 2K

30



European XFEL @ DESY

Largest deployment of 

SCRF technology

- 100 cryomodules

- 800 cavities

- 17.5 GeV

- First beams 2016

3.4 km
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Tohoku ILC Project 
Development Center
(https://tipdc.org/)
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Candidate site proposed by Japanese researchers

https://tipdc.org/


ILC project status

• April 2022: ICFA extended International Development Team (IDT) mandate

• April 2023 MEXT increased ILC budget at KEK, IDT has identified ‘time-critical’ work 
packages and initiated collaboration among KEK and international partners

→ ILC Technology Network

• ‘International Expert Panel’ reviewed models for realising a large global project 
such as ILC; informal conversations involving funding agencies 

• Cost update in progress (for input to European Strategy ~ March 2025): 

250, 350, 500/550 GeV stages

inflation, exchange rate changes

cryomodules: experience from EU-XFEL, LCLS-II-HE + industry 

→ cost in 2023 US$ using methodology that allows currency translation
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CLIC overview

• Timeline: e+e- linear collider at CERN for the era beyond HL-LHC  

• Compact: novel and unique two-beam accelerating technique based on 

high-gradient room-temperature X-band RF cavities: 

first stage: 380 GeV, ~11km long, 20,500 cavities

• Expandable: staged collision energies from 380 GeV (Higgs/top) up to 3 TeV

34
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CLIC overview

• Timeline: e+e- linear collider at CERN for the era beyond HL-LHC  

• Compact: novel and unique two-beam accelerating technique based on 

high-gradient room temperature RF cavities: 

first stage: 380 GeV, ~11km long, 20,500 cavities

• Expandable: staged collision energies from 380 GeV (Higgs/top) up to 3 TeV

• Conceptual Design Report published in 2012

• Project Implementation Plan released in 2018: Cost: 5.9 BCHF for 380 GeV

• Status report: Snowmass ‘white paper’ 2022: https://arxiv.org/abs/2203.0918

• Preparing CLIC Readiness Report for 2026 European PP Strategy Update
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https://arxiv.org/abs/2203.0918


Baseline electron polarisation ±80%

CLIC 380 GeV layout 
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CLIC 3 TeV layout 

Baseline electron polarisation ±80%
38



CLIC project readiness → 2025/26

39

CLIC Readiness Report will include:

•380 GeV + 2 TeV (single drive beam); also 250 

GeV @ 100Hz

•Luminosity performance update, including 

beam dynamics, nanobeam studies, and positron 

production (all energies) 

•Energy, power, sustainability …

•Sustainability issues: running/energy models, 

CO2-eq Life Cycle Assessment (LCA): 

construction + operation + decommissioning 

•RF design optimization/development – including 

injectors, R&D for higher gradients - links to 

wakefield acceleration where relevant 

•Cost update w.r.t. to 2018, including impacts of 

more sustainable design  
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UK + future e+e- colliders

40

UK strongly committed to European Strategy priority of an e+e- ‘Higgs Factory’

2004-12: £18M investment in Global 
Design Effort → ILC TDR

UK capability: 
Positron source
Damping rings
Beam Delivery + Mach/Det Interface
Beam dumps

International Development Team 

ILC Technology Network (with CERN)
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UK strongly committed to European Strategy priority of an e+e- ‘Higgs Factory’

2004-12: £18M investment in Global 
Design Effort → ILC TDR

UK capability: 
Positron source
Damping rings
Beam Delivery + Mach/Det Interface
Beam dumps

International Development Team 

ILC Technology Network (with CERN)

2011-18: £14M investment joint with 
CERN → CLIC CDR + PIP

UK capability: 
Permanent magnets
Linac RF systems
Beam Delivery + Mach/Det Interface
Instrumentation

CLIC Project Readiness Report

Input to EPPSU 2026

→ deployed on HL-LHC, AWAKE, FCCee, Diamond, UK-XFEL

2015-19: EuroCircol: 
Beam dynamics + 
lattice design

2021-25: FCCIS

Feasibility study: 

JAI working on main 
ring BPMs and collision 
feedback system 

UK + future e+e- colliders
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Hybrid Asymmetric Linear 

Higgs Factory (HALHF) 

Foster, D’Arcy and Lindstrøm, New J. Phys. 25, 093037 (2023)

Lindstrøm, D’Arcy and Foster, arXiv:2312.04975

Directly capitalises on UK expertise in wakefield acceleration and linear collider systems

→ Richard D’Arcy’s talk

https://iopscience.iop.org/article/10.1088/1367-2630/acf395
https://arxiv.org/abs/2312.04975


Outlook

Circular e+e- collider designs spanning 91 GeV → 360 GeV are at an advanced stage:

FCC(ee) Feasibility Study will report March 2025

CERN resources identified in MTP for ‘pre-TDR’ phase prior to any decision to proceed

DG / FCC schedule foresees a Council decision ~ 2028, FCCee operation ~ 2048 → 2066

CEPC TDR completed, in consideration for implementation in next ‘5-year plan’

Linear Colliders offer a flexible, staged approach to energy frontier in e+e- collisions:

straightforward energy upgrade path 250 GeV → 500+ GeV and 1 TeV and beyond

linear facility reusable as technology improves, eg. ILC → CLIC → plasma wakefield ...

complementary to long-term future hadron or muon colliders 

‘LC Vision’ in preparation for EPPSU 

→ Cost and environmental sustainability will be important factors in decision-making
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Towards CLIC Carbon Accounting via Life Cycle Assessment 
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CE upgrade: tunnel lengthening if needed important, should do better than today (concrete etc)

Decommissioning: not estimated, important for upgrades if parts are removed, and end of life

Acc upgrade: should be able to improve for raw materials, processing and assembly

Com&Operation: Energy use (~0.7 TWh annually) times carbon load (50% nuclear plus 50% renewables), improve with time

Accelerator: Here equal to tunnel - to be done, materiel and design choices, responsible purchasing, in progress

CE: From ARUP study, roughly 11-12 kton/km

Work in progress – this example is closest to the CLIC drive-beam parameters, 

detectors and computing (and travels) not considered  

This plot (blue part) 

is for 11 km of 

tunnel, scales with 

length

Now working on 

machine parts 

(orange), here 

assumed hardware 

= civil engineering 

impact  

Steinar Stapnes



Environmental impact
Will be a major consideration for any new facility

Eg.  Study by Breidenbach et al, PRX Energy 2 047001 (Oct 2023):
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Environmental impact
Will be a major consideration for any new facility

Eg.  Study by Breidenbach et al, PRX Energy 2 047001 (Oct 2023):
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Detailed life-cycle 

assessment (LCA)

Consistent basis

Using industry 

standards for 

CO2eq costs for 

construction, 

operation + 

decommissioning 

LCA in progress for 

ILC, CLIC, FCCee



Schedules?
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Thanks to many colleagues
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Extra material
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Costs?

All numbers provisional – expect updates for ESPPU:

FCCee: Feasibility Study interim report (Oct 2023) - CERN core cost:

240 GeV, 2 IPs, no detectors 12.8 BChF 

350 GeV, 4 IPs, no detectors 15    BChF

ILC: TDR cost (2010 US$): 

500 GeV, 1 IP, no detector (2013) $6.7B capital + 13,000 years labour

250 GeV, 1 IP, no detector (2018) $5B    capital

CLIC: Project Implementation Plan (2018) - CERN core cost:

380 GeV, 1 IP, no detector 5.9 BChF

52



Extra material:

ILC
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ILC baseline
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ILC upgrade options
Luminosity I
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ILC upgrade options
Luminosity II
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ILC upgrade options
Energy I + II

57



ILC upgrade options
Energy III
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Ongoing ILC technology developments
• Huge global interest in ILC-like SC RF systems:

eg. European XFEL, LCLS-II, Shanghai XFEL …

• Nb cavity performance advancements made at many labs

• Improved fabrication techniques + surface treatments → prospects for

higher gradient, Q, yield, also reductions in cost, cryo power …

advanced Nb sheet production

advanced surface treatments 

longer-term: thin-film coatings on Cu → 4K vs. 2K operation

• ILC Technology Network (‘ITN’) advancing technical progress on linac RF, sources, 
damping rings, beam delivery system, dumps …

59



ITN kickoff meeting @ CERN Oct 2023

60



ILC indicative schedule

61



ITN scope
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ITN SC RF cavity development
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ILC cost update panel

64



Extra material:

CLIC

65



CLIC parameters

66



CLIC X-band structure development

67

→ Emphasis on industrialising processes via collaboration

with manufacturers

→ Collaboration with C3



Beyond CLIC: 

global X-band deployment

68

Compact linacs have 

many uses:

• Research 

accelerators (e.g. 

FELs as main 

technology or 

special elements),  

in medical or 

industrial linacs 

• Many/most of these 

developments are 

driven by CLIC 

collaborators, for 

their ”local” 

applications 

Main benefits for CLIC: 

much strengthened 

industrial base and 

strong increase in  

research/experience 

with X-band technology 

and associated 

components 



CLIC timeline

69

Technology-driven schedule from start of construction shown above. 

A preparation phase of ~5 years is needed beforehand 
(estimated resource needed  ~4% of overall project cost)

69



CLIC European Strategy 2020 Inputs 

http://clic.cern/european-strategy

CERN-2019-001

70

http://clic.cern/european-strategy


CLIC Snowmass Inputs (2022) 

Several LoIs have been submitted on behalf 

of CLIC and CLICdp 

The CLIC accelerator study: Link

Beam-dynamics focused on very high energies: Link

The physics potential: Link

Detector: Link

71

https://www.snowmass21.org/docs/files/summaries/AF/SNOWMASS21-AF4_AF3-EF0_EF0-177.pdf
https://www.snowmass21.org/docs/files/summaries/AF/SNOWMASS21-AF1_AF4-161.pdf
https://www.snowmass21.org/docs/files/summaries/EF/SNOWMASS21-EF0_EF0_CLICphysics-170.pdf
https://www.snowmass21.org/docs/files/summaries/IF/SNOWMASS21-IF3_IF6_Mathieu_Benoit-188.pdf


Sustainability: towards a Life Cycle Assessment 
(LCA) for LCs

29.11.23

What is the carbon intensity of energy in ~2050 (operation):

• 50% nuclear and 50% renewable give ~10-15g/kWh

• France summer-months are today ~40g/kWh

• ILC has a green implementation concept including 

compensation and contracting renewable energy

• Reductions predicted (LINK)

Around 11-12 kton/km main linac (CLIC DB and ILC)

LCA report for Civil Engineering: 

LINK

Addressing the 

Civil Engineering 

impact 

Steinar Stapnes

https://iea.blob.core.windows.net/assets/830fe099-5530-48f2-a7c1-11f35d510983/WorldEnergyOutlook2022.pdf
https://edms.cern.ch/document/2917948/1


SwissFEL
• 104 x 2m-long C-band structures

(beam → 6 GeV @ 100 Hz)

• Similar um-level tolerances

• Length ~ 800 CLIC structures

73



Cost (380 GeV)

Accelerator re-costed bottom-up

• Methods and costings validated at review  

November 2018 – similar to LHC, ILC, CLIC CDR 

• Technical uncertainty and commercial 

uncertainty estimated 

74
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Cost - II
Other cost estimates:

Construction:

• Labour estimate: ~11500 FTE for 380 GeV 

• From 380 GeV to 1.5 TeV, add 5.1 BCHF (drive-beam RF upgrade and lengthening of linacs) 

• From 1.5 TeV to 3 TeV, add 7.3 BCHF (second drive-beam complex and lengthening of linacs)

Operation: 

• 116 MChF consumables + spares (see below) 

• Energy costs

75
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Power + energy: 380 GeV

Power = 110 MW

Annual energy consumption = 0.6 TWh  ( ~ 50% of current CERN energy use)

Further savings possible: high-efficiency klystrons, permanent magnets … 

Looking also more closely at 1.5 and 3 TeV numbers  
76
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Extra material:

C3
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78Caterina Vernieri



Cool Copper Collider (C3)
• Design aim: 550 GeV c.o.m. energy w. 120 MV/m structures

start @ 250 GeV w. 70 MV/m structures 

• Beam parameters optimised for same integrated luminosity as ILC: 2 ab-1 in 10 
years @ 250 GeV

• Benefits from synergies with ILC and CLIC:

Beam Delivery System and Interaction Region based on ILC

Damping Rings and injectors use CLIC as a baseline
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Cool Copper Collider (C3)
Design choice: C-band Cu RF cavities @ 77K (LN2)

higher gradients → lower RF power 

higher RF → beam efficiency

80
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C3 comparison

Mei Bai et al, SLAC-PUB-17629: C3: a cool route to the Higgs Boson and beyond84
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C3 comparison

Mei Bai et al, SLAC-PUB-17629: C3: a cool route to the Higgs Boson and beyond88
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C3 demonstrator

Caterina Vernieri



Development of accelerators


