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Linear Colliders

SLC: 1988-1998 ILC: since 2004

CLIC: since 1985

1990s:

NLC

JLC

TESLA
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Why Linear?
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per beam

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



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 



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



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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SLAC Linear Collider (SLC) 
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SLAC Linear Collider (SLC) 

Built in the 1980s 

within the existing 

SLAC linear 

accelerator

Operated 1988-98 

at c.o.m energy 

~91 GeV on the Z0

resonance

- established LC 

concepts

- longitudinal e-

beam polarization 

@ IP       
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The SLAC Linear Collider
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State-of-the-art accelerating cavities

ILC: 35 MV / m

(1.3 GHz)

CLIC: 100 MV / m

(12 GHz)



Luminosity

L = H N1 N2 frep / ( 4π σx σy )
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ILC
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Luminosity (ILC 250)

L = H N1 N2 frep / ( 4π σx σy )

N1 = N2 ≈ 2 x 1010 e+/e- per bunch

frep = 1312 x 5

σx,y ≈ 500 x 8 nm 2

L = 4 1010 1010 1300 x 5 / ( 4π 8 x 500 10-7 10-7 )

≈ 1034 / cm2 / s

Ignored ‘hour-glass’ + intra-bunch effects (H) …

These need to be taken into account for precise L calculation
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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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https://linearcollider.org/technical-design-report/


ILC today

• Cost ~5 B$

• Power ~110 MW

8,000 1.3GHz 

SRF cavities @ 2K
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Ongoing developments

Huge global interest in ILC-like SC RF systems:

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

New surface treatments + improved fabrication techniques →major 
improvements in gradient, Q, yield, cost

eg. N-infusion  → 45 MV/m @ Q ~ 2 x 10**10

(ILC spec: 31.5 MV/m @ Q ~ 1 x 10**10)
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Ongoing 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

New surface treatments + improved fabrication techniques →major 
improvements in gradient, Q, yield, cost

eg. N-infusion  → 45 MV/m @ Q ~ 2 x 10**10

(ILC spec: 31.5 MV/m @ Q ~ 1 x 10**10)

Extensive site studies in Japan: geology, civil, environment, safety … 
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Tohoku ILC Project 
Development Center
(https://tipdc.org/)
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https://tipdc.org/


Ongoing 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

New surface treatments + improved fabrication techniques →major 
improvements in gradient, Q, yield, cost

eg. N-infusion  → 45 MV/m @ Q ~ 2 x 10**10

(ILC spec: 31.5 MV/m @ Q ~ 1 x 10**10)

Extensive site studies in Japan: geology, civil, environment, safety … 

Engineering design studies for beam dumps, positron source …

Ongoing optimisation of nanobeam production at ATF2

Detailed plan for 4-year work programme: engineering prototypes →
Engineering Design Report + construction start
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ILC upgrade options
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ILC upgrade options
Luminosity
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ILC upgrade options
Luminosity
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ILC upgrade options
Luminosity
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ILC upgrade options
Energy
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ILC Detectors

SiD ILD
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ICFA ILC plan

2020: ICFA set up International Development Team (IDT) ‘towards … timely 
realisation of ILC’

1 + 4-year ‘Pre-lab’ to finalise technical prototypes, prepare Engineering Design 
Report, secure cooperation among funding agencies, and prepare for construction 
start  
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CLIC
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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
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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 2018

Cost: 5.9 BChF for 380 GeV (stable w.r.t. CDR)

Power: 168 MW at 380 GeV (significantly reduced since CDR)

• Comprehensive Detector and Physics studies
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CLIC Collaborations
https://clic.cern

CLIC accelerator:

• ~50 institutes from 28 countries

• CLIC accelerator studies, design and development

• Construction + operation of CLIC Test Facility, CTF3

CLIC detector and physics (CLICdp):

• 30 institutes from 18 countries

• Physics prospects & simulation studies

• Detector optimisation + R&D for CLIC
+ strong participation in the CALICE 
and FCAL Collaborations and in AIDA-
2020/AIDAinnova
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CLIC Collaborations  
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CLIC European Strategy Inputs 

http://clic.cern/european-strategy

CERN-2019-001
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http://clic.cern/european-strategy


CLIC Snowmass Inputs 

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
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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


CLIC parameters
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Baseline electron polarisation ±80%

CLIC 380 GeV layout 
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CLIC 3 TeV layout 

Baseline electron polarisation ±80%
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SwissFEL
• 104 x 2m-long C-band structures

(beam → 6 GeV @ 100 Hz)

• Similar um-level tolerances

• Length ~ 800 CLIC structures
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CLIC detector
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CLIC project readiness → 2025/26
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Project Readiness Report as a step toward a TDR – for next ESPP

Assuming ESPP in 2026, Project Approval ~ 2028, Project (tunnel) 
construction can start in ~ 2030.

Focusing on:
• The X-band technology readiness for the 380 GeV CLIC initial 

phase
• Optimizing the luminosity at 380 GeV
• Improving the power efficiency for both the initial phase and 

at high energies

49



CLIC timeline
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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)
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Summary

ILC + CLIC are technically-mature projects

large X-ray FEL systems in operation using both technologies

Concepts have been developed over decades via global efforts

ILC TDR 2013

CLIC CDR 2012, updated 2018

Both are consistent with European PP strategy
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European Strategy Update 2020
The vision is to prepare a Higgs factory, followed by a future hadron collider with
sensitivity to energy scales an order of magnitude higher than those of the LHC,
while addressing the associated technical and environmental challenges

3. High-priority future initiatives a) An electron-positron Higgs factory is the
highest-priority next collider. For the longer term, the European particle physics
community has the ambition to operate a proton-proton collider at the highest
achievable energy ...

The timely realisation of the electron-positron International Linear Collider (ILC)
in Japan would be compatible with this strategy and, in that case, the European
particle physics community would wish to collaborate.

b) Innovative accelerator technology underpins the physics reach of high-energy and 
high-intensity colliders. It is also a powerful driver for many accelerator-based fields of 
science and industry. The technologies under consideration include high-field 
magnets, high-temperature superconductors, plasma wakefield acceleration and other 
high-gradient accelerating structures, bright muon beams, energy recovery linacs.
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Summary

ILC + CLIC are technically-mature projects

large X-ray FEL systems in operation using both technologies 

Concepts have been developed over decades via global efforts

ILC TDR 2013

CLIC CDR 2012, updated 2018

Both are consistent with European PP strategy

Both affordable: costs comparable with LHC cost (today)

Manageable power: 110 MW (CLIC 380, ILC 250) similar to LHC

Intrinsically upgradeable for both luminosity and energy

LC offers a flexible, staged approach to energy frontier:

energy ~ length

facility reusable as gradient improves, eg. ILC → CLIC → PWFA …

complementary to long-term future hadron or muon colliders 53



Thanks to ILC + CLIC colleagues
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