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Outline

• Why e+e-?

• Linear vs Circular Machines

• Status of current LC designs 

• ILC, CLIC 

• The future? Plasma-wave acceleration
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Simple particles

Well defined:

energy, angular mom.

E can be scanned

precisely

Particles produced

~ democratically

Final states generally

fully reconstructable

e+e- vs pp
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Circular e+e- machines

Very approximate cost

LC vs circular based on

minimum of cost model

Cost = aE4/R + bR

where a,b “fixed” from

LEP – two curves are

most optimistic and

pessimistic LEP cost. 

BUT – luminosity of 

circular machine in 

this picture dropping 

steeply with E. 
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Circular e+e- machines

(D. Schulte)

Linear

CepC (2 IPs)

Circular,

adding four 

experiment

s

Modified from original version:

http://arxiv.org/pdf/1308.6176v3.pdf
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CEPC & SppC Layout

BTC

IP1

IP2

e+ e-

e+ e- Linac

(240m)

LTB

BTC

Medium Energy Booster(4.5Km)

Low Energy Booster(0.4Km)

IP4
IP3

Proton Linac

(100m)

High Energy Booster(7.2Km)

SC predicts 2020 China GDP = $24.6 Trillion 

=> Cost of CEPC ~ 0.07*24.6*6 B ~ $10B
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Current Status – funding awarded in next

5-year plam for R&D – not as much as

requested, but still significant. Further

funding will be sought and work going

ahead as planned. 



 

ILC - Overview

Berkeley, January 2016

Damping Rings Polarised electron 

source
Ring to Main Linac (RTML)

(including 

bunch compressors)

e- Main Linac

e+ Main Linac

Parameters Value

C.M.  Energy 500 GeV

Peak luminosity 1.8 x1034 cm-2s-1

Beam power 10.5 MW

Beam Rep. rate 5 Hz

E gradient 31.5 MV/m +/-20%

31km
E+ source
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SCRF Linac Technology 

Approximately 20 years of R&D 

Worldwide  Mature technology

* site dependent
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1.3 GHz Nb 9-cell Cavities 16,024

Cryomodules 1,855

SC quadrupole package 673

10 MW MB Klystrons & 

modulators
436 / 471*

• solid niobium

• standing wave

• 9 cells

• operated at 2K (Lqd. He)

• 35 MV/m

• Q0 ≥ 1010
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RF Cavity

Cavities accelerate particles via EM 

standing waves
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0

RF Cavity

Cavities accelerate particles via 

EM standing waves
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RF Cavity

Cavities accelerate particles via 

EM standing waves
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RF Cavity

Cavities accelerate particles via 

EM standing waves
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RF Cavity

Cavities accelerate particles via 

EM standing waves
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European XFEL @ DESY
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Largest deployment of 

this technology to date

- 100 cryomodules

- 800 cavities

- 17.5 GeV

The ultimate ‘integrated 

systems test’ for ILC. 

Commissioning with beam 

begins 2016



 

Industrial production - XFEL
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(Thanks to Nick Walker)

One vendor following ILC baseline recipe

quench limit

Field emission 

Limit (XFEL spec.)

require 

retreatment

status:01.06.2016
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CLIC
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Current status

Luminosity

Operation &
Machine Protection

– Start-up sequence and low energy 
operation defined

– Most critical failure studied and first
reliability studies

Implementation – Consistent staged implementation scenario defined 

– Schedules, cost and power developed and presented

– Site and CE studies documented 

Luminosity
– Damping ring like an ambitious light source, no show 

stopper

– Alignment system principle demonstrated

– Stabilisation system developed, benchmarked, better 
system in pipeline

– Damping ring like an ambitious light 
source, no show stopper

– Alignment system principle 
demonstrated

– Stabilisation system developed, 
benchmarked, better system in 
pipeline

– Simulations on or close to the target  

Conceptual design complete
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8

Plasma Wave Acceleration
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RF Cavity

Cavities accelerate particles via EM 

standing waves
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RF Cavity

Cavities accelerate particles via 

EM standing waves
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RF Cavity

Cavities accelerate particles via 

EM standing waves
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RF Cavity
20 – 40 

MV/m

Cavities accelerate particles via 

EM standing waves
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RF Cavity

Plasma

wakefield

Cavities accelerate particles via 

EM standing waves

B. Foster - Humboldt Kolleg - 06/16



 

2

4

RF Cavity

Plasma

wakefield

Cavities accelerate particles via 

EM standing waves
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RF Cavity

Plasma

wakefield

Cavities accelerate particles via 

EM standing waves

B. Foster - Humboldt Kolleg - 06/16



 

2
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RF Cavity

Plasma

wakefield

20 – 40 

MV/m

10 – 1000 

GV/m

Cavities accelerate particles via 

EM standing waves

Enables “table-top”

Accelerators & 

promises major 

reduction in pp

collider length/cost
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Inject beam

To understand acceleration in plasma, inject high-quality beam 

into plasma – requires excellent  time and spatial precision.. 
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Litos et al., Nature 515, 92-95 (06.11.2014)     



 

The New Livingston Plot

B. Hidding (Strathclyde/Hamburg)
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FLASHforward @ DESY
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FLASHforward @ DESY
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FLASHforward @ DESY
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Realising the dreams?

~10 cm

~1 m

A laser-plasma-driven linear collider?
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Beam-driven PWFA LC?
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D. SCHULTE



 

Conclusion – D. Schulte

– Plasma acceleration is an interesting and promising technology

• Might be useful for linear colliders

– Some work to arrive at a parameter baseline

• Needed in order to identify the relevant issues

– Important R&D required to establish feasibility of collider

• Positron acceleration

• Beam-plasma interaction (hollow plasma, …)

• Efficiencies

• Tolerances: timing, emittance preservation - ~ 3 nm tolerance 

required? 

• Cost

• …

– Interesting future R&D

• Collaboration of linear collider and plasma experts is essential
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Summary and Outlook

• Particle & accelerator physics very lively – many ideas out there

• ILC – technically mature – but expensive

• CLIC – significant development required – < 1 TeV, cost ~ ILC

• PWA – very exciting, but long way from a LC for particle physics 

– requires very large lumi = amps & exquisite beam sizes, stability

• Many “off-ramps” for PWA to produce interesting devices such     

as ”table-top” XFELs – but is there “off-ramp” for particle physics?

• Needs high-energy beam driver and large cross-section physics

• Circular e+e- – Higgs factory cheaper than LC – but not trivial

accl. physics & no energy-upgrade path…

• Recently, great upsurge of interest in new large rings, aimed at 

~ 100 TeV pp but with possibility of initial e+e-
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• I commend our next speaker to you…..



 

Backup slides
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Inject beam

To understand acceleration in plasma, inject high-quality beam 

into plasma – requires excellent  time and spatial precision.. 
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Litos et al., Nature 515, 92-95 (06.11.2014)     



 

World-wide acceleration

Enormous growth in activity world-wide –

interesting experiments can be done at 

Universities but most activity at accelerator

labs.

Proton driven

FACET, FACET2

BELLA

LAOLA:
Helmholtz VI,

ELI, FLASH,

PITZ, REGAE

B. Foster - Humboldt Kolleg -
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Leemans et al., Nature Physics 2, 696 (2006)

Plasma 

Wake-Field Acceleration

Development of much higher gradient

accelerator not only pushes back frontier for 

particle physics – also permits current

accelerators to be built much smaller/cheaper.

1 GeV electron beams on “table top”.

B. Foster - Humboldt Kolleg -
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Site-specific work plan
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Planning Basic Design Detailed Design Tendering

2014 2015 2016 2017 2018

Basic Survey

Geological Survey

Detailed Survey

Detailed

Cost Estimate

Land NegotiationSite Decision

Land Acquisition 

Acquisition

Compensation

Environmental Impact Survey

Environmental Impact Study

Permission

Topographical Survey

Basic 
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n
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n
 
w
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r
k

s

Preparation

Additional.

2014 2015 2016 2017 2018



 

Access Tunnel ex.

41

1

2

3

4

5

6

7

8

9

10

62.0
61.9 61.9 61.9 61.9

60.3

Cavern ex.

Hall ex.

AH-1AH-2AH-3AH-4 AH+1 AH+2 AH+3 AH+4

120m/week

250m/week

100m/week

Survey & supports set-out
Electrical general services
Piping & ventilation
Cabling
Supports
Machine installation

Beam Tunnel excavation
Concrete Lining

BDS Tunnel excavation
BDS Service Tunnel excavation

Invert & Drainage
Shield Wall

RTML
(1.35k

m)

e-BDS
(3.33km)

e+BDS
(2.25km)

RTML
(1.35k

m)

e- Main Linac
(11.19km)

e+ Main Linac
(11.07km)
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Ring collider parameters
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SCRF Linac Technology 
9-cell fabrication

(EBW)

Optical inspection

(inner surface)

Light etching 
(BCP)

100-120um EP

Cleaning

800 deg C bake

RF tuning

Light EP 
(20-30um)

Ethanol/
detergent rinse

1st HPR

Initial assembly
(clean room)

Final HPR

Final assembly
(clean room)

Leak check

120 deg C bake
(in situ)

Assembly of 
LHe tank

Pressure testing

cold low-power 

RF test

(vertical test)

Mechanical 

surface repair

to string and 

module 

assemmbly
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Cryomodule

12.652 m (slot length)

cavities (8) SC quad package
Type-B module
Type-A has 9 cavities and no quadrupole
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Cryomodule at FLASH
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High beam power and long bunch-trains (Sept 2009)

Metric ILC Goal Achieved

Macro-pulse current 9mA 9mA

Bunches per pulse 2400 x 3nC (3MHz) 1800 x 3nC

2400 x 2nC

Cavities operating at high 

gradients, close to quench

31.5MV/m +/-20% 4 cavities > 30MV/m

Gradient operating margins (Feb 2012)

Metric ILC Goal Achieved

Cavity gradient flatness (all 

cavities in vector sum)

2% DV/V (800ms, 5.8mA) 

(800ms, 9mA)

<0.3% DV/V (800ms, 4.5mA)

First tests of automation for Pk/Ql control

Gradient operating margin All cavities operating

within 3% of quench limits

Some cavities within ~5% of quench 

(800us, 4.5mA)

First tests of operations strategies for 

gradients close to quench

Energy Stability 0.1% rms at 250GeV <0.15% p-p (0.4ms)

<0.02% rms (5Hz)

FLASH Achievements

B. Foster - Humboldt Kolleg -

06/16
46



 

SCRF Linac Technology 
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DR: Vacuum (Electron Cloud)

• Reduction of electron cloud build-up in e+ 
ring critical for ILC parameters

• Full e-cloud mitigation concepts included 
into vacuum design

– CesrTA (and other) R&D results

• Vacuum System Design/Costing

– Super-KEK-B VCs in production 
with similar designs to ILC DR

DR Wiggler chamber concept with thermal spray 

clearing electrode – 1 VC for each wiggler pair.

Conway/Li Y. Suetsugu

SuperKEKB Dipole Chamber Extrusion

Chapter 6. Damping Rings

RECESSED 
NEG STRIP ALUMINUM

SCREEN

TUNGSTEN CLEARING 
ELECTRODE

CLEARING ELECTRODE
POWER FEEDTHRU

(a)

SLOPING TOP AND 
BOTTOM GROOVED SURFACES

(b)

Figure 6.9. (a) Wiggler vacuum chamber with clearing elect rode and 20mm tall

antechambers with recessed NEG st rips. (b) Wiggler sect ion photon stop showing

sloping and grooved photon-absorbing walls [22].

(a) WIGGLER CHAMBER (b) ARC CHAMBER (c) DIPOLE CHAMBER (d) DRIFT CHAMBER

20.00

10.00 10.00

R23.00

R25.00 R25.00

50.00

Figure 6.10. Side-by-side comparison of ILC DR vacuum chamber profi les. Dimen-

sions are in millimeters [22].

tall antechambers to match the wiggler chambers and minimize impedance issues.

The design is based on those previously specified for the DCO lat t ice [23, 24]. These

chambers have gradually sloping, grooved antechambers are shown in Fig. 6.9b to

dilute power density st riking the photon stop. The gap between the sloping surfaces

opens to antechambers pumped with an ion pump and Titanium sublimat ion pumps

through ducts. An addit ional photon stop is required at the first bending magnet of

the arc after the wiggler st raight to intercept the forward SR component .

The remaining st raight sect ions have simple round aluminum vacuum chambers

with 50mm aperture and TiN coat ing as shown Fig. 6.10. Aluminum-stainless-steel

explosion-bonded transit ions on the ends allow welding to stainless steel flanges. At

the ends of the straight drift sect ions, tapered chambers match to the sect ions with

antechambers.

Solenoid windingscover all accessibledrift sect ions throughout theDRsto further

reduce the number of secondary elect rons approaching the beam axis.

14 —DRAFT— Last built : November 10, 2012
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Damping Rings

Part I I - T he ILC Baseline Reference 8.2. Lattice descr iption

elect ron ring as indicated in Fig. 8.2a and Fig. 8.2b.

Arc Cell 

April 24, 2012  4 

Magnets pre-assembled on I-Beam and transported into DR 

I-beam system used in Arcs, Wiggler Section, Chicane 

Allows for most alignment to take place outside tunnel 

 

 

Three ring optional upgrade shown 
(a)

Arc Cell 

April 24, 2012  4 

Magnets pre-assembled on I-Beam and transported into DR 

I-beam system used in Arcs, Wiggler Section, Chicane 

Allows for most alignment to take place outside tunnel 

 

 

Three ring optional upgrade shown 
(b)

Figure 8.2: Damping ring arc magnet layout with posit ron ring at the bot tom and

electron ring direct ly above. A second posit ron ring would be placed above the elect ron

ring if required: arc a) quadrupole sect ion layout and b) dipole sect ion layout .

The superconduct ing damping wigglers [30] are based on the CESR-c design, with 14

poles and 30cm period. The peak field of the 54, 1.875m long wigglers is 1.51T for a 24ms

damping t ime in the 5Hz mode and 2.16T gives a 13ms t ransverse damping t ime for 10Hz

operat ion. The horizontal emit tance is near 0.5 nm-rad over the range of relevant wiggler

fields. 10 single-cell 650MHz superconduct ing cavit ies will be deployed in the baseline

configurat ion. For 5Hz operat ion, 8 of these cavit ies can provide a total of 14MV for a

6mm bunch length, even in the event of a single klyst ron failure. For 10Hz operat ion the

number of cavit ies is increased to 12 and the accelerat ing voltage to 22MV for the same

6mm bunch length. A phase t rombone provides for adjustment of betat ron tune and a

chicane for small variat ions of the circumference.

8.2 Lat t ice descr ipt ion

(Ed: Give reference to lattice in EDMS) Each arc in the DR consists of 75 cells, each

with one focusing and two defocusing quadrupoles placed symmetrically about a single

3m bend. Focusing and defocusing sextupoles are located adjacent to the corresponding

quadrupoles. There are one vert ical, one horizontal, and a skew quad corrector in each cell

as well as two beam posit ion monitors adjacent to the defocusing sextupoles, as shown in

Fig. 8.3a. Dispersion suppressors, at the ends of the arc, match the finite dispersion in the

arcs to zero dispersion in the st raights. The dispersion suppressor beam line includes two

dipole bending magnets and seven quadrupoles. There is a skew quad corrector at each of

the two dipoles.

Acceptable values of the momentum compact ion are bounded from below by the single

bunch instability threshold, and from above by the RF voltage required to achieve the

—DRAFT EC Melbourne— Last built : July 6, 2012 93

Positron ring (baseline)

Electron ring (baseline)

Positron ring (upgrade)

Arc quadrupole section Dipole section

Circumference 3.2 km

Energy 5 GeV

RF frequency 650 MHz

Beam current 390 mA

Store time 200 (100) ms

Trans. damping time 24 (13) ms

Extracted emittance x 5.5 mm

(normalised) y 20 nm

No. cavities 10 (12)

Total voltage 14 (22) MV

RF power / coupler 176 (272) kW

No.wiggler magnets 54

Total length wiggler 113 m

Wiggler field 1.5 (2.2) T

Beam power 1.76 (2.38) MW

Values in () are for 10-Hz mode

Many similarities to 

modern 3rd-

generation light 

sources
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Positron Source

• located at exit of electron Main Linac

• 147m SC helical undulator

• driven by primary electron beam (150-

250 GeV)

• produces ~30 MeV photons

• converted in thin target into e+e- pairs

not to scale!

150-250 GeV
e- beam to BDS

150-250 GeV
e- beam

SC helical undulator

aux. source (500 MeV)

Photon
collimator

(pol. upgrade)

Target

Flux concentrator

Capture RF
(125 MeV)

e- dump

photon
dump

Pre-accelerator
(125-400 MeV)

SCRF booster
(0.4-5 GeV)

spin rotation
solenoid

Energy
comp. RF

to Damping Ring

yield = 1.5
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Polarised Electron Source 

• Laser-driven photo cathode (GaAs)

• DC gun

• Integrated into common tunnel with positron BDS

B. Foster - Humboldt Kolleg -
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Central Region Integration

e- BDS

e- BDS muon shield
e+ main beam dump

detector

RTML return line

e+ source

Damping Rings

3D CAD has been used to developed 

beamline layouts and tunnel requirements.

Complete model of ILC available.

B. Foster - Humboldt Kolleg -
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Japanese Sites

- GDE-CFS group visited two 

sites, Oct., 2011.

- GDE EC visit in Jan. 2012.
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250 GeV CM (first stage)
Relative to TDR 500 GeV baseline

Half linacs solution

G = 31.5 MV/m

POSITRON linac straightforward

~50% ML linac cost (cryomodules, klystrons, 

cryo etc.)

~50% ML AC power

ELECTRON linac needs 10Hz mode for e+ 

production

DE = 135 GeV instead of 110 GeV (+25 GeV)

~57% ML linac cost (cryomodules, klystrons 

etc) 

10Hz needs (1/2 linac × 10Hz/5Hz): 

100% ML AC power 

(1/2 linac × 10Hz/5Hz)

80% cryo cost 

(50% static + 100% dynamic)

Main Linac infrastructure

Linac components: 50%

Cryogenics:    65%

RF AC power: 80%

B. Foster - Humboldt Kolleg -
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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

B. Foster - Humboldt Kolleg -
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Collider ‘Wall Plug’ AC Power
ILC and 80 km ring: ILC -H ILC-nom Ring - H Ring - t

E_cm (GeV) 250 500 240 350

SRF Power to Beam (MW) 5.2 10.5 100 100

Eff. RF Length (m) 7,837 15,674 600 1200

AC to RF efficiency (%) 10 14 45 45

klystron operating margin, 

HVPS, Klystron Aux and 

klystron water cooling (%)

20* 20

Cryo (MW) 16 32 20 40

Normal Conducting (exc. 

Injector complex) (MW)

6 10 120** 120

Injector complex 32 32 16*** 16

Conventional (Air, lighting, ..) 6 6**** 18 18

Total (exc. detector) 112 153 396 416

* 5% for operating margin, 2% for auxiliaries, 3% for HVPS and 10% for water cooling

** assume 1.5 kW / m tunnel inclusive (ILC avg. 3 kW / m)

*** from SSC / Fermilab injector (linac + LEB + MEB)

**** 6 MW for 30 km beam tunnel complex; ~3x more for 80 ring

Cf. Blondel et al. est.

~ 260 MW
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gamma-gamma

(Yokoya LCWS12)
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Parametric ‘value’ costing for 

TeV–class machines (KILCU)*:

• Civil Construction: 35 / m

• Utilities: 5000 / MW

• Superconducting RF 180 / m (inclusive)**

• ‘Conventional Acc.’ 35 / m
TLEP-t 

quantity MILCU

ILC 

quantity MILCU

Civil Construction km 80 3000 34 1200

Power and cooling MW 416 2000 162 800

SRF (incl. packing) km 1.2 / .7 250 22 4000

‘Conventional’ km 160 5500 *** 12 800

Installation km 80 100 34 100
Total 11000 7800**

* 1 ILCU = USD 01.2012

** cryogenics not included – reuse LHC assumed; 900 MILCU included for ILC

*** Conventional cost – scale reduced 2x for ring

Institutional Labor is part 

of the project cost and 

must also be analyzed.
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Upgrades

Chapter 12. Possible upgrade and staging opt ions

BDS$Main$Linac$
(base)$

e+
$s
rc
$

IP$

BC$

BDS$

e+
$s
rc
$

IP$

BC$

BDS$

e
+
$s
rc
$

IP$

BC$

BDS$

e+
$s
rc
$

IP$

BC$

start$civil$construc: on$ 500GeV&opera+ons&

500GeV&opera+ons&

Installa+on/upgrade&shutdown&

civil$construc: on$+$installa: on$

final$installa: on/connec: on$
=$removal$first$10$GeV$of$baseline$linac$
=$removal/reloca: on$of$BC$
=$removal$of$turnaround$etc.$

Installa: on$of$addi: on$
magnets$etc.$

Commissioning&/&opera+on&at&1TeV&

Main$Linac$
(base)$

Main$Linac$
(base)$

Main$Linac$
(base)$

Main$Linac$
(upgrade)$

Figure 12.3. Parallel const ruct ion stages for the TeV upgrade (scenario B). Const ruc-

t ion of the main linac (yellow) extensions occurs in parallel to 500GeV operat ions,

requiring a minimum interrupt ion to make the final connect ions and necessary instal-

lat ion work in the RTML (orange), posit ron source (green) and BDS (blue). Note that

the serial approach shown for the main linac extension const ruct ion is oversimplified,

and sect ions of tunnel would likely be const ructed and installed in parallel.

294 —DRAFT— Last built : November 14, 2012

Shown is initial 500 GeV -> 1 TeV. Similar scenario for starting with 250 GeV

Higgs factory – or could build complete 500 GeV tunnel and half-populate. 
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gamma-gamma

(Yokoya LCWS12)
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Fermilab CM2 results

CM-2 installed in 

ASTA cave

courtesy E. 

Harms (FNAL)
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Provisional MICE SCHEDULE 
update: November 2014

STEP I

STEP IV
Q3 2015

to Q3 2016

STEP 3p/2

Run date:

EMR run Oct 2013

Under construction:

Target date Q1 2017
Run complete Q2 2017

MICE Schedule
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