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Colliders at the energy frontier

Brian Foster (JAI, Oxford)

IoP NPPD Conference Glasgow 
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Lessons of history
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Project 2010 2011 2012 2013 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033

LHC to nominal 7TeV Interc

onn 14 TeV linac4P

SB 10^34

LHC-HL 5.10^34 with luminosity leveling

LHC-HE New magnets 33 TeV

ILC 500 GeV

CLIC 500 GeV 3 TeV

PWFA FACET FACET-II

LWFA BELLA

Muon Collider

Neutrino Fact

Project X/FNAL

LHeC RR or LR instalation Towards HE-LHeC

eRHIC/BNL CD0                  upgrade from 5 x 325 GeV              to  30 x 325 GeV         

ELIC/JLAB MELIC ELIC

ENC/GSI       shared operation HESR/ENC

LHiC/CERN 2.8TeV/n 5.5 TeV/n: Pb-Pb, p-Pb, Ar-Ar, … Towards HE-LHeC

RHIC II/BNL

NICA/DUBNA

FAIR/GSI

SuperKEKB/KEK 50/ab

SuperB/LNF 75/ab

2014

Protons

Ions

Beauty 

Factories
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• Simple particles

• Well defined:

energy/ang. mom.

• E can be scanned

precisely

• Particles produced 

democratically

• Final states

generally fully

reconstructable

BUT – Synchrotron Rad. => Massive particles or LC!

Why lepton colliders ?



B. Foster - Glasgow 4/11 Colliders 5

e+e- colliders

CLIC 0.5 TeV: 13 km

CLIC 1.5 TeV: 27 km

5

ILC 0.5 TeV – 30 km

ILC 1 TeV ~ 45 km*
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Parameters
Technology ILC CLIC

Centre-of-mass energy (GeV) 500 500 3000

Total (Peak 1%) luminosity (1034) 2.0(1.5) 2.3(1.4) 5.9(2.0)

Total site length (km) 31 13.0 48.3

Loaded accel. gradient (MV/m) 31.5 80 100

Main linac RF frequency (GHz) 1.3 (Super Cond.) 12 (Normal Conducting)

Beam power/beam (MW) 20 4.9 14

Bunch charge (109 e+/-) 20 6.8 3.72

Bunch separation (ns) 176 0.5

Beam pulse duration (ns) 1000 177 156

Repetition rate (Hz) 5 50

Hor./vert. norm. emitt (10-6/10-9) 10/40 4.8/25 0.66/20

Hor./vert. IP beam size (nm) 640/5.7 202 / 2.3 40 / 1

Hadronic events/crossing at IP 0.12 0.19 2.7

Coherent pairs at IP 10 100 3.8 108

Wall plug to beam transfer eff 9.4% 7.5% 6.8%

Total power consumption (MW) 216 241 568
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ILC SCRF progress continues

2010

Milestone

TDR

Goal
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ILC SCRF progress continues
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ILC SCRF progress continues
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ILC SCRF proof of principle

FLASH @ DESY
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ILC COST

The reference design was

“frozen” on 1-12-06 for RDR

production, including costs.

Important to realise this

is a snapshot; design will

continue to evolve, due to 

R&D, accelerator studies

& value engineering.

The value costs have

already been reviewed many 

times; all reviews have been

very positive and generally 

consider there is scope for 

further cost reductions.

Σ Value =  6.62 B ILC Units

Summary

RDR “Value” Costs

Total Value Cost (FY07)

4.80 B ILC Units Shared

+

1.82 B Units Site Specific

+

14.1 K person-years
(“explicit” labor = 24.0 M person-hrs   

@ 1,700 hrs/yr) 

1 ILC Unit = $ 1 (2007)
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Towards the TDR in 2012

RDR SB2009 • Single Tunnel for 

main linac

•Move positron source 

to end of linac

• Reduce number of 

bunches factor of two 

(lower power)

• Reduce size of 

damping rings (3.2km)

• Integrate central 

region

•Single stage bunch 

compressor ????
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Towards the TDR in 2012

SB2009

Not to scale
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Industrialisation Model

Laboratory: F
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What about LHC results?

S. Dawson ALCPG11
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Increasing SCRF Gradient

Understanding in gradient limits and inventing breakthrough solutions are responsible for 

gradient progresses. This has been a tradition in SRF community and rapid gradient 

progress continues. Up to 60 MV/m gradient has been demonstrated in 1-cell 1300 MHz 

Nb cavity. 45-50 MV/m gradient demonstration in 9-cell cavity is foreseen in next 5 years.

R.L. Geng
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From 500 GeV -> 1 TeV

2.2 km

1
.3

 k
m

10.8 km

1
.1

 k
m

BDSMain Linac

e
+

 s
rc

b
u

n
c
h

 c
o

m
p

.

15.4 km

(site length ~31 km)

IP

central regionMain Linac

<Gcavity> = 

31.5 MV/m

Geff ≈ 

22.7 MV/m

(fill fact. = 0.72)



B. Foster - Glasgow 4/11 Colliders 18

From 500 GeV -> 1 TeV
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Main Linac

<Gcavity> = 

31.5 MV/m

Geff ≈ 
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(fill fact. = 0.72)

IP

central region

<10.8 km ?

Snowmass 2005 baseline 

recommendation for TeV upgrade:

Gcavity = 36 MV/m ⇒
9.6 km

(VT ≥ 40 MV/m)

Based on use 

of low-loss or 

re-entrant 

cavity shapes

6-10 km

21-25 km

(site length 42-50 km)
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CLIC
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Parameters
Technology ILC CLIC

Centre-of-mass energy (GeV) 500 500 3000

Total (Peak 1%) luminosity (1034) 2.0(1.5) 2.3(1.4) 5.9(2.0)

Total site length (km) 31 13.0 48.3

Loaded accel. gradient (MV/m) 31.5 80 100

Main linac RF frequency (GHz) 1.3 (Super Cond.) 12 (Normal Conducting)

Beam power/beam (MW) 20 4.9 14

Bunch charge (109 e+/-) 20 6.8 3.72

Bunch separation (ns) 176 0.5

Beam pulse duration (ns) 1000 177 156

Repetition rate (Hz) 5 50

Hor./vert. norm. emitt (10-6/10-9) 10/40 4.8/25 0.66/20

Hor./vert. IP beam size (nm) 640/5.7 202 / 2.3 40 / 1

Hadronic events/crossing at IP 0.12 0.19 2.7

Coherent pairs at IP 10 100 3.8 108

Wall plug to beam transfer eff 9.4% 7.5% 6.8%

Total power consumption (MW) 216 241 568
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CTF3 @ CERN

150 MeV e-linac

PULSE COMPRESSION
FREQUENCY MULTIPLICATION

CLEX (CLIC Experimental Area)
TWO BEAM TEST STAND

PROBE BEAM
Test Beam Line

3.5 A - 1.4 ms

28 A - 140 ns

30 GHz test stand

Delay Loop

Combiner Ring
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total length about 140 m

magnetic chicane

Photo injector tests,
laser Infrastructure from LEP

Demonstrate Drive Beam generationDemonstrate Drive Beam generation
(fully loaded acceleration, beam intensity and bunch frequency multiplication x8)

Demonstrate RF Power Production and test Power Structures

Demonstrate Two Beam Acceleration and test Accelerating Structures



B. Foster - Glasgow 4/11 Colliders 22

RF Structure Breakdown
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Two-Beam Module tests



B. Foster - Glasgow 4/11 Colliders 24

Muon Collider
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Beamstrahlung in 

any e+e- collider

E/E  2

-COMPACT
Fits on FNAL laboratory site

-MULTI-PASS ACCELERATION
Cost Effective

-MULTIPASS COLLISIONS IN 
A RING  (~1000 turns)

Relaxed emittance requirements 
& hence relaxed tolerances

-NARROW ENERGY SPREAD
Precision scans, kinematic constraints

-TWO DETECTORS (2 IPs)
- DTbunch ~ 10 ms … (e.g. 4 TeV collider)

Lots of time for readout
Backgrounds don’t pile up

-(mm/me)
2 =  ~40000

Enhanced s-channel rates for
Higgs-like particles
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Muon Collider Cooling

• Ionization cooling analogous to familiar SR damping process in electron 

storage rings

– energy loss (SR or dE/ds) reduces px, py, pz

– energy gain (RF cavities) restores only pz

– repeating this reduces px,y/pz ( 4D cooling)

MICE
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MICE Schedule
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Muon Collider Cooling

• Need 6D cooling (emittance exchange)
– increase energy loss for high-energy compared with low-energy muons

• put wedge-shaped absorber in dispersive region

• use extra path length in continuous absorber

Cooling ring

“Guggenheim” channel

FOFO Snake

Single pass; avoids 

injection/extraction issues

HCC
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Muon Collider Cooling

NOW

MAP PLAN

• Final cooling to 25 mm emittance requires strong solenoids
— not exactly a catalog item  R&D effort

— latest design uses 30 T

• 45 T hybrid device exists
— very high power device, so not a good “role model”

— exploring use of HTS for this task

Palmer, Fernow
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LHeC

Two options:
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LHeC Ring Option



B. Foster - Glasgow 4/11 Colliders 31

LHeC Ring Option
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LHeC Linac Option

THREE-PASS ERL Single-PASS 60 GeV ERL 

Future 150 GeV e ERL linac
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onn 14 TeV linac4P

SB 10^34

LHC-HL 5.10^34 with luminosity leveling

LHC-HE New magnets 33 TeV

ILC 500 GeV
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ENC/GSI       shared operation HESR/ENC

LHiC/CERN 2.8TeV/n 5.5 TeV/n: Pb-Pb, p-Pb, Ar-Ar, … Towards HE-LHeC
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LHeC
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MICE Schedule
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Summary and Outlook

• None of the projects I have discussed are very near realisation

• ILC – technically mature – but cost.

• We have to be realistic about technical maturity, schedule and 

cost – I don’t believe that we are at the moment and politicians 

can smell it. 

• If we want a facility in addition to LHC within YOUR active

lifetime – let alone mine - we need:

• FOCUS  REALISM  DETERMINATION + LUCK

}CLOSE Collaboration
• CLIC – much development required – cost?

• MC – well, what can I say? It’s a great idea….

• LHeC – technically ―OK‖ probably – lots of details & a TDR.


