, 2
Alexander von Humboldt
Stiftung/Foundation

Future Accelerator Facilities
for Particle Physics

Brian Foster (Uni Hamburg/DESY/Oxford)

Natal School October 2014

B. Foster - Natal - 10/14 1



Unterstiitzt von / Supported by %

n
O u tI I I l e Alexander von Humboldt
Sti Foundation

e Lecture 2: Overview of ideas for future facilities

- e*e - linear, circular; y*u-

* Lecture 3: The future in depth — the ILC Project
— status & prospects
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Discovery of Higgs brings us to cusp in pp — is it the

SM Higgs, ~ SM Higgs, or is it quite different but in disguise as
the Higgs?

 What is (are) the best machine(s) to allow us to investigate this
fundamentally new type of particle in enough detail that we can
really understand its implications for how the Universe works?

« The obvious answer is the LHC. It will be our only source of
Information for many years to come. Beyond that, what
sort of machine can be built in the next few years that will
complement LHC and go beyond it in crucial areas.

« The answer to this question needs not only a view on the
maturity and capability of new machines, but also a prediction
on what LHC can achieve in the meantime.

B. Foster - Natal - 10/14 3



Lessons of history T g
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(J-P Delahaye)

Tentative schedule
new projects

Color code

R&D to CDR

Technical design to TDR
Construction

Operation

approved envisaged/prop_qsed

.te’St

\lexar yon Humboldt

4

tung /Foundation

%Lv

Lastupdate: | Project 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 Ws 2029 2030 2031 2032 2033
28/07/2010
LHC to nominal [7Tev. M 1aTev. | 100
Protons  |LHC-HL 5.10734 with lumjp”
LHC-HE New” eV
ILC
Linear  |CLIC _aGeV
Colliders [PWFA FA?”
LWFA
Muon Collider
Muons & - /
" [Neutrino Fact i
Neutrinos — — i
Project X/FNAL 17
LHeC o Lor LR instalation ywards HE:L HeC
e-hadrons eRHIC/BNL CDp/ upgrade from 5 x 325 GeV 30 x 325 GeV
ELIC/JLAB MELIC ELIC
ENC/GSI shared operation HESR/ENC
LHIC/CERN  [27 __#b-Pb, p-Pb, Ar-Ar, ... Towards HELHeC
RHIC I1/BNL
lons
NICA/
FAIR
Beauty |SuperKE 50/ab
Factories |SuperB/LN
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FCC-hh hadron collider with
100TeV proton cms energy

~16 T = 100 TeV pp in 100 km
~20 T = 100 TeV pp in 80 km

FCC-ee a lepton collider as a
potential intermediate step

Schematic of an

FCC-eh lepton hadron option .

International collaboration
Site studies for Geneva area

CDR for EU strategy update
in 2018

(FCC slides thanks to D.Schulte.)

B. Foster - Natal - 10/14 6



FCC Preliminary Layout ..

Stiftung/Foundation

First layout developed
(different sizes under
Investigation)

nj1  EXP4nj1

1.4km 1.4km

Arc (L=16km,R=13km)
Mini-arc (L=3.2km,R=13km)
DS (L=0.4km,R=17.3km)
Straight

—> Collider ring design
(lattice/hardware design)

— Site studies

Colll 2.8km Coll2 2.8km

Extrl 1.4 km Extr2 1.4 km

= Injector studies
— Machine detector interface
= Input for lepton option

Will need iterations

B. Foster - Natal - 10/14 7
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Arc dipoles are the é
main cost and ]
parameter driver L “ i E
Baseline is Nb;Sn at Tﬁw =
16T = =
HTS at 20T also to Lal =
be studied as 160 200 240 .

_ Coil sketch of a 15 T magnet with grading, E. Todesco
alternative

Field level is a challenge but many additional questions:
* Aperture
* Field quality

Different design choices (e.g. slanted solenoids) should be explored

Goal is to develop prototypes in all regions, US has world-leading expertise

B. Foster - Natal - 10/14 8



FCC Synchrotron Rad. e

Stiftung/Foundation

At 100 TeV even protons radiate .
significantly y

Total power of 5 MW (LHC 7kW)
— Needs to be cooled away

Equivalent to 30W/m /beam in

the arcs 2 2
» LHC <0.2W/m, total heat load =~ 7 4
1W/m LA <a-f

Critical energy 4.3keV, close to
B-factory Protons loose energy
— They are damped

— Emittance improves with time
RT « Typical transverse damping
time 1 hour

energy loss re-acceleration

B. Foster - Natal - 10/14 9



FCC Machine Protection e

Stiftung/Foundation

« >8GJ kinetic energy
per beam

/ . “ ‘
— Machine protection bl

Test 1 g Ly -
(1 LHC bunch @ 7TeV) 5

 Also small loss is

important > ¢ S
(Onset of Damage) j & Test 3

(72 SPS bunches)

= Collimation system

B. Foster - Natal - 10/14 10



Backgrounds from IP .. ¥

Stiftung/Foundation

Shield (TAS)
F. Ceruttietal. 3

e .
2? —
4

— 1 -

4>
0 | | | | | | |

4000 5000 6000 7000 8000 9000 10000
Distance from IP [cm]

« Total power of background events 100kW per experiment (a
car engine)
« Already a problem in LHC and HL-LHC (heating, lifetime)

= Improved shielding required. Lots of work to do before CDR.

B. Foster - Natal - 10/14 11



ete"vs pp aamnl

Alexander von Humboldt
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e Well defined:
energy, angular mom.

@ E can be scanned
precisely

e Particles produced
~ democratically

e Final states generally
fully reconstructable

B. Foster - Natal - 10/14 12



Circular e*e machines .~ ¥
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Very approximate cost - N. Walker & BF

LC vs circular based on
minimum of cost model
Cost = aE*/R + bR
where a,b “fixed” from
LEP — two curves are
most optimistic and
pessimistic LEP cost.

LEP scaling

Cost (AU)

ILC RDR

BUT — luminosity of

circular machine in

this picture dropping ,

steeply with E. o

200 250 300 350 400 450 500
Ecwm (GeV)

B. Foster - Natal - 10/14 13
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At Beamstrahlung &
tune-shift limit, assuming
100 MW power consumption:

— 17
: 1/3 2]
I PPsp (53;"’72) -
B13/3 \ egy ﬁ
>
P, : syn.rad.power 2
p . bending radius ~
4
&y © tune-shift £ 0.1
—

£g,y - geometric emit.

200 250 800 360 400 450 500 660 600
Eem (GeV)

(Telnov via Yokoya)

B. Foster - Natal - 10/14 14



Circular ete- machines ¥
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. Modified from original version:
Clrcular, http://arxiv.orq/pdf/1308.6176v3.pdf
adding four
[ ' ' ' ' [l experiment [CepC (21Ps) T ' |
Z:1.2 x 10% cm?s™! PE A )

—
o
|
|

Luminosity [10** cm2s 1]

o tf:?hzx‘lﬂsdﬁm'gs'i ........................................................................................................................ —
R W —————————————— e .
TP — gi]{jGeV"[Bx'l{]a"cm'zs" ......................................................................................................................... —

(D. Schulte)
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FCC-ee Luminosity Lifetime ™ &

© ldt

ion

£ 300
Large particle energy ¢ - | ~#- 7 Bhabha
loss in IPs and limited £ #0F Tee € Lo |2 zBeamstaniung
¢ kT - Oee nip
energy acceptance S of-
(2%) cause limited - N, =4
lifetime 150
. Radlatlye I_Bhabha 100F
scattering is -
proportional to 50 z
luminosity n
OD_III|III|III|III|III|III|III|III|III|III
- Beamstrahlung as in O 20 40 60 8 100 120 140 160 180 200
linear colliders Beam Eneray [GeV]
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Booster ring

As yet no acceptable
beam dynamics
solution.

Need continuous
injection (top-up)

Collider ring




Chinese plans — aamnl
CEPC & SppC Layout "=

Low Energy Booster(0.4Km) Proton Linac
P4 (100m) IP3

Mstef(mﬁ))

“HPC Collte Ringsncy BEPC cost/d y/GDP of Chinain 1984 ~ 0.0001
— SSC cost/10y/GDP of US in 1992 ~ 0.0001
— LEP cost/8y/GDP of EU in1984 ~ 0.0002
— LHC cost/10y/GDP of EU 1n 2004 ~ 0.0003
— ILC cost/8y/GDP of Japan in 2018 = 0.0002
— CEPC cost/6y/GDP of China in 2020 ~ 0.00007
(J. Gao) — SPPC cost/6y/GDP of Chinain 2036 ~ 0.0001

B. Foster - Natal - 10/14 17

LTB : Linac to Booster

BTC : Booster to Collider Ring



Parameter

Beam Energy
Number of IP

No. of Higgs/year/IP
e+ polarization
Bending radius
N,/beam

SR loss

Critical energy of SR
gyNn

Trans. size (x/y)
Energy spread SR
Lifetime due to Bhabha
b-b tune shift x/y

RF voltage V,

Long. Damping time

dB-peamsheam

Unit
GeV

km

(GeV/turn)
MeV
mm-mrad
pm

%

sec

GV
turns

%

Value
120
2
1E+05
0
6.2
50
2.96
0.6
7.75E+03
36.6/0.18
0.13
930
0.1/0.1
4.2
40.5
0.014

CEPC Parameters

Parameter
Circumference
L, /1P (1034)
Power(wall)
e- polarization
N./bunch
Beam current
SR power/beam
g,N
Bip (x/y)
Bunch length
Full crossing angle
Damping part. No. (x/y/z)
Syn. Osci. tune
Mom. compaction

Ave. No. of photons

Unit
km
cm2s?

MW

1E10

mA

MW
mm-mrad
mm

mm

mrad

1E-4

Unterstiitzt von / Supported by

Alexander von Humboldt
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Value
50
2.62
200
0
35.2
16.9
50
1.57E+06
200/1
3
0
1/1/2
0.13
0.4
0.59

18



Circumference

Beam energy

Dipole field

Injection energy

Number of IPs

Peak luminosity per IP

Beta function at collision
Circulating beam current

Max beam-beam tune shift per IP
Bunch separation

Bunch population

SR heat load @arc dipole (per aperture)

B. Foster - Natal - 10/14

SppC Parameters

52
35
20
2.1
2 (4)
1.2E+35
0.75
1.0
0.006
25
2.0E+11
56

Untersti
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km
TeV

TeV

cm2st

3

ns

W/m
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e Preliminary selected Qinhuangdao (22 %) (one of the candidate sites)
e Strong support by the local government

Imagere 2013 Digit 11Globe
e .\‘,\(l),i\(),\"\ L.S. Navy, NGA, GEBCO

RIEZ 2013 Mapabe. conm C()()ézlc ear’[h

MI.[‘,‘U 2013 TerraMetrics
-

B. Foster - Natal - 10/14



CEPC & SppC Layout .t

Stiftung/Foundation

e+ e- Linac
(240m)

Low Energy Booster(0.4Km) Proton Linac
(100m)

IP4 IP3

Booster(s()Km)

SppcC Collider Ring(SOKm)

BEPC cost/4 y/GDP of Chinain 1984 =~ 0.0001
— SSC cost/10y/GDP of US in 1992 = 0.0001
— LEP cost/8y/GDP of EU in1984 =~ 0.0002

SC predicts 2020 China GDP = $24.6 Trillion. LHC cost/10y/GDP of EU in 2004 ~ 0.0003

=> Costof CEPC ~0.07"24.6"6 B ~10B  _ 11 C ¢ost/8y/GDP of Japan in 2018 ~ 0.0002
— CEPC cost/6y/GDP of Chinain 2020 ~ 0.00007
— SPPC cost/6y/GDP of Chinain 2036 ~ 0.0001

B. Foster - Natal - 10/14 21
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_ _ Polarised
Damping RINgs  glectron source

—

Ring to Main Linac | il
(RTML)
(inc. bunch compresso

RS
W '8\‘\\’\“ _—

e+ Main

Beam dump

/ Beam Delivery
P

olarised System (BDS)
positron & physics
source detectors

e- Main
not to scale Linac

ILC Scheme | © www.form-one.de

B. Foster - Natal - 10/14 22
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Two-phasefe® @ @’; Beambipe Tl I/.HeEItankl]:I] OMlj:oupIerE
. - {1 i i
pipell 7 ; /

Input@ouplerk

1.3 GHz Nb 9-cellCavities 16,024
Cryomodules 1,855
SC quadrupole pkg 673

10 MW MB Klystrons & 436 | 471 *
modulators

* site dependent

Approximately 20 years of R&D worldwide
- Mature technology

23



326 klystrons
33MW, 139ps | | I

drive beam accelerator

>
>

A

1km
delay loop

S

CR1

CLIC

oo W U —__—

M_ BDS

45 M o
TAr=120m € main linac, 12 GHz, 100 MV/m, 21.02 km

<

N\

circumferences
delay loop 73.0 m

CR1146.1m
CR24383m

<

CR1

Unterstiitzt von / Supported by %

Alexander von Humboldt
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326 klystrons
33 MW, 139 ps

drive beam accelerator

<
<

delay loop

1 km

Y

decelerator, 24 sectors of 876 m

et main linac

i e eI
2.75 km i 2.75 km 245

<>
TA radius =120 m

Vs

<

CR combiner ring

TA  turnaround

DR damping ring

PDR predamping ring

BC bunch compressor
BDS beam delivery system
IP  interaction point

®  dump e~ injector,

2.86 GeV

B. Foster - Natal - 10/14

48.3 km

o-
PDR
398 m

<
.
DR

493 m

booster linac, 6.14 GeV

et injector,
2.86 GeV

>
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C Power Source Concept — @

Alexander von Humboldt
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Delay Loop x 2

Drive Beam Accelerator gap creation, pulse
efficient acceleration in fully loaded linac compression & frequency
multiplication

ombiner Ring x 3

ulse compression &
frequency multiplication

Combiner Ring x 4

pulse compression &
requency multiplication

CLIC RF POWER SOURCE LAYOUT

Drive Beam Decelerator Section (2 x 24 in total)

f Power Extraction )

Drive beam time structure - initial Drive beam time structure - final
240 ns
L PP L - ‘240—’“4 58 s R
140 s train length - 24 x 24 sub-pulses mmvgp I T
4.2 A-24GeV - 60 cm between bunches 24 pulses - 101 A - 2.5 cm between bunches

B. Foster - Natal - 10/14 25



CLIC Accelerating Structures = §

Alexander von Humboldt
Stiftung/Foundation

At

i PR W51 177 7\
ST

« CLIC acceleration travelling wave — too high Ohmic losses from
standing wave

« Bunches induce wakefields in the accelerating cavities
« Later bunches are perturbed by these fields
« Can lead to emittance growth and instabilities

« Effect depends on a/A (a iris aperture) and structure design
detalls

« Transverse wakefields roughly scale as W, o f 3
* Long-range minimised by structure design

B. Foster - Natal - 10/14 26



Structures built from discs

Each cell damped by 4 radial
WGs

terminated by SIC RF loads

Higher order modes (HOM)
enter WG

Long-range wakefields
efficiently damped

B. Foster - Natal - 10/14

Test results

Oscillation Frequency

7.6 GHz

Wy [VipCim/mm]

Alexander von Humboldt
Stiftung/Foundation

1.0 1.5 20 2.5 3.0 35 4.0 4.5

Time [ns]




CTF3@CERN .. %

Alexander von Humboldt
Stiftung/Foundation

£ Demonstrate 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

PULSE COMPRESSION
FREQUENCY MULTIPLICATION

magnetic chicane

I
150 MeV.e-linac
30 GHz 1'6&1’ stand \3 B5A-14yus ﬂ H oo B | ]_.

j | Dela Looj
= || \ \ I ..L- Y P
[ DT R S ..,m —s-"' ' ) ,,,-‘j .
% R
|:‘1
Skl CLEX (CLIC E per'lmen‘l'al Area) 28\4 140 e
Photo injector tests, TWO BEAM TEST STAND
laser PROBE BEAM
Test Beam Line Infrastructure from LEP

< total length about 140 m >

B. Foster - Natal - 10/14 28




Current status of aamnl
accelerating structures Aoantt o oot

I 'E'T:24
{3-TD18
1e-05 oo T18
© I {3-TD24 |-
IR TD24r05
e bo|gmum
5 e O S SO
w
-3
L
~ 1e-06
04
0
a8}
8 3e-07 _
1e-07
Results very good, design/performance more and more 160 12io 1;10
understood — but: MV/m

* numbers limited, industrial productions also limited
* basic understanding of BD mechanics improving

« condition time/acceptance tests need more work
» use for other applications (e.g. FELS) needs verification
In all cases test-capacity is crucial

B. Foster - Natal - 10/14 29



Current status .

Stiftung/Foundation

% Th

Luminosity ' Legend
==mm CERN existing LHC

—  Damping ring like an ambitious light T ————
sses CLIC 500 Gev

source, no show stopper ! ases CLIC1.5TeV

esese CLIC 3 TeV

—  Alignment system principle
demonstrated

—  Stabilisation system developed,
benchmarked, better system in
pipeline

—  Simulations on or close to the target

Conceptual design complete

Operation & —  Start-up sequence Y
Machine Protection operation defined
Implementation —  Consistent staged implementation scenario defined

—  Schedules, cost and power developed and presented
—  Site and CE studies documented

B. Foster - Natal - 10/14 30
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" = 1 | | ] .
‘© 8 Machine control

‘; & operational infrastructure
LL Civil engineering

(_I) - & services

= 6 B nteraction region

..u_.u; 4 - Two-beam accelerators

4y} . .

£ B Drive beam production

!

n Main beam production

° ., ] p

)

=

C

=

0

0.5TeVA 05TeVB

First to second stage: 4 MCHF/GeV (i.e. initial costs are very significant)

Caveats:
Uncertainties 20-25%
Possible savings around 10%
However — first stage not optimised (work for next phase), parameters largely defined for 3 TeV final stage
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CLIC project summary ~—~— ¢

Alexander von Humboldt
Stiftung/Foundation

The goals and plans for 2019 are well defined for CLIC, focusing on the
high energy frontier capabilities — well aligned with current strategies —

also preparing to align with LHC physics as it progresses in the coming
years:

« Aim provide optimized stages approach up to 3 TeV with costs and
power not too excessive compared to LHC

» Very positive progress on Xband technology, due to availability of
power sources and increased understanding of structure design
parameters

— Applications in smaller systems; FEL linacs key example — with considerable
interesting in the CLIC collaboration

« Also recent good progress on performance verifications, drivebeam,
main beam emittance conservation and final-focus studies
— CTF3 running and plan until end 2016, strategy for system tests beyond
« Technical developments of key parts well underway — with increasing
involvement of industry — largely limited by funding

» Detector and physics programme well defined, moving ahead well —
linking gradually with FCC hadron community

B. Foster - Natal - 10/14 32
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Muon Colllder
Conceptual Layout
-C( o

Project X -
Accelerate hydrogenionsto8GeV T
using SRFtechnology. @

o~
Compressor Ring 4+ T3 SN i
Reduce size of beam. | i

Target ‘ &
Collisions lead to muons with energy f
of about 200 MeV. | &

Muon Cooling | & 5\
Reduce the transverse motion of the | &
muons and create a tight beam. ;

1b Site

Initial Acceleration ' S\ i &
In a dozen tumns, accelerate muons wr ‘\\" N " &
to 20 GeV. ‘ 3 '

Recirculating Linear Accelerator

8 In a number of tums, accelerate T~ X AN A &

— muons up to 2 TeV using SRF \\\" S8 Tdl” VA

n technology. N Y P Taget =

I Collider Ring \ g &7

o Located 100 meters underground. \, Mo _ i
Muons live long enough to make . o

about 1000 tumns.

____ e ——
B—
n————
B eens
Sanme——
S

3020

33

Center ot mass energy E (GeV) 7
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Muon Collider Cooling  wcwt

Stiftung/Foundation

* lonization cooling analogous to familiar SR damping process in electron
storage rings

— energy loss (SR or dE/ds) reduces p,, py, P,
— energy gain (RF cavities) restores only p,
— repeating this reduces p, ./p, (= 4D cooling)

B. Foster - Natal - 10/14 34



Unterstiitzt von / Supported by ?
IVI I C E S C h e d u I e Alexander von Humboldt

Stiftung/Foundation

V Provizional MICE SCHEDULE
W/ m update: October 2012 Run date:
_..lli“:. STEP1 EMR run Q1-Q2 2013
S 2 2014
. _‘H ’ |I STEPIV c}riu
R #---—- Q4 2015
Under construction:
STEP VI

%.._..

ﬁ

target date Q3 2018
Step V run poszible Q3 2017

g
S

B. Foster - Natal - 10/14 35



Muon Collider Cooling .

Stiftung/Foundation

 Need 6D cooling (emittance exchange)

+ put wedge-shaped absorber in dispersive region M o

« use extra path length in continuous absorber

Quter Cylinder

Incident Muon Beam Incident Muon Beam

& @

Evacuated
Dipole Magnet

H; Gas Absorber
m Dipole Magnet

/

App

Single pass; avoids
& Injection/extraction issues
SipE5e ~

{Ban55%  “Guggenheim” channel

et

B. Foster - Natal - 10/14 36



Muon Collider Cooling  w et

Stiftung/Foundation

* Final cooling to 25 um emittance requires s enoids
— 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 gg
— exploring use of HTS for this ta4

0 1 2 3 4 5 6
L e e B

Palmer, Fernow
50 T Solenoids

1ydrogen

Pr.Driver

Target

Collection

L,
i

Re-acceleration & Matching

Main Cool

Final Cool

. NOW,

B MAP PLAN

Readiness
N . J

Hccelerator
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LHeC (FCC-eh) Linac /
Opt|0n LH C!:‘:

Single-PASS 60 GeV ERL

THREE-PASS ERL

comp. BF

tane-up dump
1oV limar _
. imjector _~
o & -
—_— U=1/3 U(LHC) -
017 km el
20, 40, 60 Ge g
// y
//." //.
2.0 km
LHC p BN =\
i ‘ ‘
‘ ‘ Taaning Multibunch wakefields - ok
(1A ..' 1N Emittance growth - ok
dump L Vi ( [ILC 10nm, LHeC 10pm]
- N — 360 separation at 3.5m - ok
— p—— Fast ion instability - probably ok
Figgure 10,8 Bending magnes for the LR recirenlaten with clearing gap (1/3)
Q — probably ok (between ILC/BNL)

"
600 4m dipoles/arc

26 o
C E R N 1 240 1.2m quadrupoles/arc

e- final focns

Polarized source Future 150 GeV e ERL linac
N x 10 GeV section decelerator

N x 10 GeV section accelerator
—— '

oo e

Energy flux is carried out by 10 GeV beams

B. Foster - Natal - 10/14

10-Coey” linac

B

(L0} km

Dump
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Surfing the wave B

Alexander von Humboldt
Stiftung/Foundation

o We know that electric fields inside an atom
are enormous. Can we find a way to use them
to accelerate? In a plasma, yes.

: i | .

| o R

\ & ¢ ¥
* <
| Electron injection:

B. Foster - Natal - L0072 e e — o R 39




Plasma aamnl
Wake-Field Acceleration st

e Development of much higher gradient
accelerator not only pushes back frontier for
particle physics — also permits current
accelerators to be built much smaller/cheaper.

e 1 GeV electron beams on “table top”.

x108 (pC GeV-1sr-)

0.03 0.15 0.175 0.3 0.4 0.6 0.8 1.0
GeV Leemans et al., Nature Physics 2, 696 (2006)
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Inject beam aamnl

Alexander von Humboldt
Stiftung/Foundation

e To understand acceleration in plasma,
Inject high-quality beam into plasma —
requires excellent time and spatial precision

. — Intensity
Ap = ng” % (~ 10 um) — Scalar potential
ha— > — Electric field

—  — Electron density

Normalized wakefield properties

B. Foster - Natal - 10/14 41
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Interesting experiments can be done at
Universities but most activity at accelerator

labs. World-Wide Interest in Plasma Acc.
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Staoce 1 15 November 2007
. or January 2008

—bil;'ﬁ II Stage 2 April 2008

July 2008

Delivery of 1st FC
May 2009

Stage S
summer 2009

o
b }__: Stage 6
AN A A — end 2009
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« Particle & accelerator physics very lively — many ideas out there.

* In last ~ year, great upsurge of interest in new large rings,
aimed at ~ 100 TeV pp but with possibility of initial e*e-

« |LC — technically mature — but expensive

« CLIC - significant development required — < 1 TeV, cost ~ ILC

« Circular e*e- — Higgs factory cheaper than LC — but not trivial
accl. physics & no energy-upgrade path...

« uC — It's a great idea but don’t hold your breath....

- LHeC/FCC-eh — technically “OK” once protons there.

Cost/physics?

- PWA — very exciting, but long way from a LC for particle physics

« A Japanese offer to host ILC is being discussed. In the next
lecture we will look at its design in detail and the status of
realising the project.
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