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20 km, SRF, 130 MW power, 250 GeV c.m.e. Cost estimate 7 B$
100 km, three rings, power ~300MW (tbd) Cost est. 10.5 BCHF
100 km, three rings, ~200-300 MW, Cost est. “<6 B$” 
11 km for 380 GeV c.m.e.NC RF, 168 MW Cost est. 5.9 BCHF

LHC is 27 km long, SC magnets, 150 MW,  3.8-4.8 BCHF *



Luminosity e+e- : Circular vs Linear 
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Challenges of e+e- Ring HF’s
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~1034

• ξy =0.13 new beam-beam instability; while synchrotron radiation 
ΔEturn/E ~ 0.1-5% per turn Z to 360 GeV, the beam-strahlung is at 
IPs only and spreads δE/E ~0.1-0.2% , but tails upto 10x that 
±2.5% determine 18 min beam lifetime ~18 min → need large 
acceptance optics βy* = 0.8-1.6 mm and full energy booster

• Power limited regime. Synchrotron 
radiation power from both beams 
limited to 100 MW (P/η=total cite 
power). Beam current I is determined 
by power. 

• Luminosity determined by bend radius ρ, beam-beam parameter ξy, 
beta function at the IP βy* and power
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Linear Higgs Factories

Ring Higgs Factories’s - R&D ahead :
• High efficient RF sources: 

• Klystron 400/800 MHz η from 65% to >85%
• High efficiency SRF cavities: 

• 10-15 MV/m and high Q0; Nb-on-Cu, Nb3Sn
• Energy Storage and Release R&D: 

• Magnet energy re-use > 20,000 cycles 
• Efficient Use of Excavated Materials: 

• 10 million cu.m. out of 100 km tunnel
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• All key items addressed by R&D and test facilities: 
• 31.5 MV/m at FNAL, KEK, etc … “ready now”

• Radiation at IP (beam strahlung) is growing issue : 
• δE/E ~1.5% in ILC, 40% of CLIC lumi 1% off 

NB: Real complimentarity is hardly possible because 
of the cost of these facilities (> LHC)
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Chinese Electron Positron Collider CepC
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• All proposals are focused on : 
– (Affordable) Cost and Luminosity

• Usually :
– Scale of civil construction grows with Energy
– Cost of accelerator components grows with Energy
– Requirement site power grows with Energy

• So, the total cost grows with ENERGY
– Thankfully, not linearly , more like cost ~ β E κ , κ≈½± 1/6

• Take ILC as an example: 0.25 → 0.5 → 1 TeV 0.69 : 1 : 1.67
– Still, huge challenge for energies E some x10 of LHC
– Choice of technology ( β ) and prior investments are critical 

Future Energy Frontier Colliders



Let’s Consider  
Limits of Linear e+e- Colliders

5/10/2019Ruan & Shiltsev | FPCP 2019 Future Colliders16

• Both ILC and CLIC offer staged 
approach to ultimate E

• The limits are set by:  
Cost
Site power requirements
Total length
Beamstrahlung



Beamstahlung rms energy spread :

→ Luminosty : 
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CERN

LHC

LHC
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Circular pp Colliders

Key facts:         HE-LHC / FCC-hh* / SppC*
Large tunnel           – 27 / 100 / 100 km
SC magnets           – 16 /  16  / 12 T
High Lumi & pileup O(1035) , O(500)
Site power (MW) – 200 / 500?  / ?
Cost (BCHF) – 7.2 /  17.1  / ? 

* follow up after e+e- Higgs factories

FCC-hh CDR (2018)HE-LHC CDR (2018)

Tunnels 

Small Experimental C.

Dump CavernLarge Experimental C.
Service Cavern

Shafts

FCC-hh 100 TeVHE-LHC 27 TeV
SppC 75 TeV



Strategic R&D Ahead : 
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• High field dipoles: 
• Nb3Sn 16 T / iron-based 12 T, wire
• (see also Akira’s talk)

• Intercept of synchr radiation : 
• 5 MW FCC-hh / 1 MW CepC

• Collimation : 
• x7 LHC circulating beam power

• Optimal injector: 
• 1.3TeV scSPS, 3.3 TeV in LHC/FCC

• Overall machine design : 
• IRs, pileup, vacuum, etc
• Power and cost reduction
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High Energy μ+μ- Colliders
JINST Special Issue (MUON)

μμ @ 14 TeV
=

pp @ 100 TeV

Advantages: 
• μ’s do not radiate / no 

beamstrahlung→ acce-
leration in rings → low cost 
& great power efficiency

• ~ x7 energy reach vs pp

• US MAP feasibility studies were very successful → MCs can be built with 
present day SC magnets and RF; there is a well-defined path forward

• ZDRs exist for 1.5 TeV, 3 TeV, 6 TeV and 14 TeV * in the LHC tunnel 
Key to success: 
• Test facility to demonstrate performance implications - muon production 

and 6D cooling, study LEMMA e+-45 GeV + e- at rest→P+-P- , design study 
of acceleration, detector background and neutrino radiation 

Offer “moderately conservative -
moderately innovative” path to 
cost affordable energy frontier 
colliders: 
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* more like “strawman” parameter table



7-10 YEARS FROM NOW
WITH PROPOSED ACTIONS / R&D DONE / TECHNICALLY LIMITED
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• ILC: 
• Some change in cost (~6-10%)
• All agreements by 2024, then
• Construction (2024-2033)

• CLIC: 
• TDR & preconstr. ~2020-26
• Construction (2026-2032)
• 2 yrs of commissioning

• CepC: 
• Some change in cost & power
• TDR and R&D (2018-2022)
• Construction (2022-2030)

• FCC-ee: 
• Some change in cost & power
• Preparations 2020-2029
• Construction 2029-2039 

• HE-LHC: 
• R&D and prepar’ns 2020-2035
• Construction 2036-2042

• FCC-hh (w/o FCC-ee stage): 
• 16T magnet prototype 2027
• Construction 2029-2043

• P+-P- Collider :
• CDR completed 2027, cost known
• Test facility constructed 2027
• Tests and TDR 2028-2035
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Summary – cont’d (VS):
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• Remarkable progress of the projects/proposals/technologies: 
• esp. ILC, CLIC, FCC-ee, -hh, CepC, μ-Colliders, plasma, …
• allow in-depth evaluation of readiness, power and costs

• Higgs Factories Implementation : 
• several  feasible options on the table
• the choice might define high-energy future collider choice

• Highest Energy Future Colliders: 
• demand very high AC power & cost; some options to save
• each machine has a set of key R&D items for next 7-10 yrs
• core acceleration technology R&D – SC magnets, SRF and 

plasma – are of general importance and help all - pp/ee/μμ
• We also expect to gain valuable experience from the machines 

to be built and operated over the next decade 
• SuperKEKB, HL-LHC, NICA, PIP-II, ESS, EIC, Super C-Tau, etc


