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The physics landscape 
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The Higgs is new, it is 
special, we believe 
studying it in detail can 
be aportal to new 
physics
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Particle types to accelerate

Not so many choices: 

Å Need stable charges particles: protons, electrons, (muons), 
ions ςmost used: electrons and protons 

Å Secondary beams: photons, pions, kaons, neutrons, 
ƴŜǳǘǊƛƴƻǎΣ ΧΦΦ    

Proton collisions: compound particles

Å Mix of quarks, anti-quarks and gluons: variety of processes

Å Parton energy spread

Å QCD processes large background sources  

Electron/positron collisions: elementary particles

Å Collision process known

Å Well defined energy

Å Background from other physics limited 

Muons: elementary particle, but lifetime only 2.2 ‘s 
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proton mass
electron mass Ғ2000



e
LC physics opportunities   

A wide programme:

Å ILCX ïe.g. beam-dump 

experiments, dark sector physics, 

light dark matter, strong QED (ILCX 

workshop) 

Å Higher energies: Improved Higgs, 

extended models, top well above 

threshold with polarization, new 

physics searches and 

measurements 

Å Z running also possible 

arXiv:2206.08326

e+e- colliders show very comparable performance for standard 

Higgs program, despite quite different assumed integrated 

luminosities => longitudinal beam polarization an important 

factor for LCs

Å several couplings at few-0.1% level: Z, W, g, b, Ű

Å some more at ~1%: ɔ,c

4

https://agenda.linearcollider.org/event/9211/overview
https://arxiv.org/abs/2206.08326
arxiv:2206.08326
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Beyond the Standard Model  

Unknowns:
Å Flavourstructure
Å Matter-antimatter
ÅWhy is the Higgs so light 
Å Forces merging ?

Å General Relativity versus 
Quantum Field Theories

Å Dark Matter and Energy 
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Initially  e+e- collisions at least at 250 GeV
Å Linear colliders: 11 (Higgs) -> 50 (max) km for 

higher energies later
Å Four different RF solutions drive the designs

LC projects ðgeneral aspects
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ILC in Japan CLIC at CERN 

C3 - US based study (initially)  HALHF ςanywhere  
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The critical steps: 
Create low emittance beams (sources, injector, damping rings, ring to main linac - RTML)
1) Acceleration in main linac(energy increase per length) 
2) Supply energy as efficient as possible to beam (high power at 1, 1.3 and 12 GHz) 
3) Nano-beams:  Squeeze the beam (Beam Delivery System -.5{ύΣ ƛΦŜΦ ǊŜŘǳŎŜ ʲ

The key parameters: Energy and luminosity 

Generic Linear Collider

7
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High energy limited by how strongelectric fields you can have inside metallic structures: 
Å Make accelerators circular, then we become limited by magnetic fields for bending ςas in LHC, 

accelerating protons 
Å It also allows us to re-ŎƻƭƭƛŘŜ άōǳƴŎƘŜǎέ

For electrons also limited by synchrotron radiation when bending a particle, at some point cannot 
provide enough energy in a circle to compensate for these losses, go back to linear accelerators 
(CLIC/ILC designed for 3/1 TeVat ~50km)

CLIC is ~11km (380 GeV), ILC ~20km (250 GeV),  FCC/CEPC ~90-100km (~350 GeV)

8

Circular versus linear 
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LC general considerations 

Increased luminosity with energy, e.g. 

1-3 x 1034 cm-2s-1  for Higgs factories at 

250 GeV, 6 x 1034 at 3 TeV

Higher energies ñeasyò ï3 TeV studied 

(CLIC), but many TeVs challenging: 

Å Power proportional to luminosity 

ÅConsider up to 50km 

ÅHigher energy means smaller beams 

and increasingly important beam-

beam effects 

9
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e+e- Linear Colliders, overview of features   
Linear Collider (LC) proposals for CLIC and ILC are very mature: parameters & design, technically 
developments, in term of performance verifications, project planning ςwith strong communities 
behind 

Key features and technical focus of studies:
Å Initial stages with costs and power similar to LHC, further investments will be staged
Å Expandable to higher energies ςwith existing, improved or new RF technologies - and in some cases 

also increased luminosities 
Å RF (energy) and nanobeams (luminosity) main challenges 
Å Strong connection and synergies with light-sources and FEL linacs
Å Polarized beams foreseen 
Å Can also run a lower energies (Z), and gamma-gamma is possible
Å Sustainability, relatively low power and compact  

e+ e-

source

damping 
ri ng

main 
linacbeam delivery

e- Source

e+ Main Linac

e+ Source

e- Main Linac

Physics Detectors

Damping Ring

1010
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Cavity/Accelerating Structure
ILC cavity

1.3 GHz, superconducting

Target effective operational 31.5MV/m

Target gradient 35MV/m

Q0å10
10

Long pulse => low peak power

Large structure dimensions => low WF (wakefields)

Very long pulse train => feedback within train

SC structures => high efficiency 

Gradient limited  => longer linac 

Large number of e+ per pulse 

Large DR 

CLIC accelerating structure

12 GHz, normal conducting

Target loaded gradient  100MV/m

Target unloaded gradient 120MV/m

Q0å6 10
3

High gradient => short linac 

Small structures => strong wakefields 

Generation of high peak RF power (drivebeam)

Small DR

1111
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Gradients and frequencies 
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Limitations of CLIC gradient Eacc

Surface magnetic field

Pulsed surface heating => material fatigue =>  cracks

Field emission due to surface electric field 

RF break downs 

Break down rate => Operation efficiency

Local plasma triggered by field emission=> Erosion of surface

Dark current capture
=>Efficiency reduction, activation, detector backgrounds

RF power flow

RF power flow and/or iris aperture have a strong impact on 
achievable Eaccand on surface erosion. 

1313
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Achieved 100 MV/m gradient in main-beam RF cavities

Status

XBox-3 XBox-2 

6 MW klystron 
pairs

50 MW klystron

1414
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Goal ILC:

Eusable ᾗ 31.5 MV/m

Q0 ᾗ 1Ŀ10

R&D Goal ILC:

Eusable ᾗ 35 MV/m

Q0 ᾗ 1.6Ŀ1010
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R&D for Improved SRF Performance & Sustainability

ÅBetter surface treatments and cavity shapes improve cavity 
performance. Lots of progress in last 10 years

ÅRaise gradient: fewer cavities for same beam energy.
Short term goal: 31.5MV/m -> 35MV/m
Medium term goal: 45MV/m
Lab record: 59MV/m

ÅImprove Q0: reduce cryogenic losses 
(1W @ 2K requires ~750W AC power!)
Short term goal: 1E10 -> 2E10

ÅNew treatments reduce / avoid need for electropolishing 
treatments (involving aggressive chemicals)

ÅR&D into replacement of bulk niobium cavities with Nb or 
Nb3Sn coated copper:
reduce niobium consumption, 
increase performance (arXiv:2203.09718)

15

https://doi.org/10.48550/arXiv.2203.09718
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Beam-beam Effect

Bunches are squeezed 

strongly to maximise

luminosity

Electron magnetic fields are 

very strong

Beam particles travel on 

curved trajectories

They emit photons (O(1)) (beamstrahlung)

They collide with less than 

nominal energy

1616
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BeamstrahlungOptimisation

17

Ibeam
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Light-sources (LC DR) and FEL linacs (LC ML) are heavily invested in
Very important to work closely with such projects, for common technology development, 
construction and operation experience ςand also for industry capabilities
In particle physics we have some special challenges: scale, luminosities, positrons 

The key parameters: Energy and luminosity 

Generic Linear Collider

18
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Synchrotron Light Sources: about 50 storage ring based

слΨллл usersworld-wide

Established, maturetechnology
From L.RivkinEPFL 19
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Damping ring, experience from light sources 
The damping rings reduce the phase space (emittance xʁ,y) of the 
beam ςwigglers to stimulate energy losses (SR)  

Light-sources need similar beams (picture: ALBA) 
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X-Ray Free Electron Lasers

SACLA 2011
8.5 GeV, 60 Hz NC

PAL XFEL 2016 

LCLS I, II 2009, 2019

European XFEL 2017
DESY, Hamburg 

SwissFEL 2017

From L.RivkinEPFL

SHINE, Shanghai, under 
construction

21



March 2024 - Steinar Stapnes
22



March 2024 - Steinar Stapnes

SwissFEL

Å 104 x 2m-long C-band structures (beam Ą 6 GeV @ 
100 Hz)

Å Similar um-level tolerances

Å Length ~ 800 CLIC structures

23
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Initially  e+e- collisions at least at 250 GeV
Å Linear colliders: 11 (Higgs) -> 50 (max) km for 

higher energies later
Å Four different RF solutions drive the designs

LC projects being discussed below 

24

ILC in Japan CLIC at CERN 

C3 - US based study (initially)  HALHF ςanywhere  
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ωTimeline: Electron-positron linear collider at CERN 

for the era beyond HL-LHC 

ωCompact: Novel and unique two-beam accelerating 

technique with high-gradient room temperature RF 

ŎŀǾƛǘƛŜǎ όϤнлΩрлл structuresat 380 GeV), ~11km in 

its initial phase

ωExpandable: Staged programme with collision 

energies from 380 GeV (Higgs/top) up to 3 TeV

(Energy Frontier)

ωCDR in 2012with focus on 3 TeV. Updated project 

overview documents in 2018(Project 

Implementation Plan) with focus 380 GeV for Higgs 

and top. 

The Compact Linear Collider (CLIC)

Accelerating structure 
prototype for CLIC: 12 GHz  
(L~25 cm), 100 MV/m



26
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CLIC Accelerator challenges

ÅCLIC baseline ða drive-beam based machine with an initial stage at 380 GeV

ÅFour main challenges

1. High-current drive beam bunched at 12 GHz

2. Power transfer and main-beam acceleration

3. Towards 100 MV/m gradient in main-beam cavities

4.Alignment and stability (ònano-beamsó)

ÅThe CTF3 (CLIC Test Facility at CERN) programmeaddressed all drive-beam production issues

ÅOther critical technical systems (alignment, damping rings, beam delivery, etc.) addressed via 

design and/or test-facility demonstrations

ÅX-band technology developed and verified with prototyping, test-stands, and use in smaller systems

ÅTwo C-band XFELS (SACLA and SwissFELðthe latter particularly relevant) operational: large-scale 

demonstrations of normal-conducting, high-frequency, low-emittance linacs

Details in PIP, DOI: http://dx.doi.org/10.23731/CYRM-2018-004

Å Demonstrated two-beam acceleration

31 MeV = 145 MV/m

Two beam acceleration 

http://dx.doi.org/10.23731/CYRM-2018-004
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Low emittance generation and preservation

Low emittance damping rings 

Preserve by
Å Align components (10 ˃m over 200 m) 

Å Control/damp vibrations (from ground to accelerator)

Å Beam based measurements 
ςallow to steer beam and optimize positions 

Å Algorithms for measurements, beam and component optimization, 
feedbacks 

Å Experimental tests in existing accelerators of equipment and 
algorithms 
(FACET at Stanford,  ATF2 at KEK, CTF3, Light-sources) 

Wake-field measurements in FACET

(a) Wakefield plots compared with numerical 
simulations. 
(b) Spectrum of measured data versus 
numerical simulation. 

Target and achieved
emittance in existing and 

planned machines
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The CLIC accelerator studies are mature:

ÅOptimised design for cost and power 

ÅMany tests in CTF3, FELs, light-sources and test-

stands

ÅTechnical developments of ñallò key elements 

CLIC to 3 TeV

Extend by extending main linacs, 

increase drivebeam pulse-length 

and power, and a second 

drivebeam to get to 3 TeV
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On-going CLIC studies towards next ESPP update

Project Readiness Report as a step toward a TDR 

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

The X-band technology readiness for the 380 

GeV CLIC initial phase - manufacturability and 

developments driven by use in small compact 

accelerators for industrial experience  

Optimizing the luminosity at 380 GeV at 2.3 x 

1034 cm-2 s-1ïalready implemented for Snowmass 

paper, further work to provide margins will 

continue (HW and SW)

Improving the power efficiency for both the initial 

phase (already in Snowmass report) and at high 

energies, including more general sustainability 

studies (in many cases done together with ILC ï

see later)

Project summary for Snowmass: 

https://arxiv.org/pdf/2203.09186.pdf

https://arxiv.org/pdf/2203.09186.pdf
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ÅCompactLight Design Studies 2018-21 (right) 
ÅINFN 1 GeV linac
ÅFlash RT, at CHUV 
Åά5ŜǎƛƎƴ {ǘǳŘƛŜǎέ ŦƻǊ L/{
ÅAERES, IFAST and TNA projects 
Overview at LINK

Applications ςinjector, X-band modules, RF 

X-band accelerating modules
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STATIONS

HXR
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-1

LINAC3 FEL-2
AB
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0.3 GeV
BEAM
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BASELINE Schematic

3333

https://indico.cern.ch/event/1101548/contributions/4636002/attachments/2364016/4036129/CLIC%20project%20wuensch.pdf
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e- Source

e+ Main Liinac

e+ Source

e- Main Linac

Damping Ring

Beam dump

Interaction point

Physics Detectors

Bunches of ~1010 e+/e-

The ILC250 accelerator facility 

34

Item Parameters

C.M. Energy 250 GeV

Length 20km

Luminosity 1.35 x1034 cm-2s-1

Repetition 5 Hz

Beam Pulse  Period 0.73 ms

Beam Current 5.8 mA (in pulse)

Beam size (y) at FF 7.7 nmύ250GeV

SRF Cavity G. 

Q0

31.5 MV/m

(35 MV/m)

Q0 = 1x10 10

Parameters and plans for luminosity and 

energy upgrades are available, 

interesting and relevant SCRF R&D also 

for such upgrades (Snowmass input)

https://arxiv.org/pdf/2203.07622.pdf
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Potential for upgrades
The ILC can be upgraded to higher energy and luminosity.

Increase in energy and luminosity 
foreseen

New cavity results open for 
further optimization (reduce costs, 
increase energy, increase 
ƭǳƳƛƴƻǎƛǘȅ Χ ύ 

35
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Å Creating particles Sources

Å polarized elections/positrons

Å High quality beam                   Damping ring

Å low emittance beams

Å Acceleration Main linac

Å superconducting radio frequency (SRF)

Å Collide them    Final focus

Å nano-meter beams

Å Go to                                       Beam dumps

Key systems and challenges

36

SHINE (under construction)

-75 cryomodules
-~600 cavities
- 8 GeV (CW)

ILC
-900 cryomodules
-8,000 cavities
-250 GeV (Pulsed)

-100 cryomodules
-800 cavities
-17.5 GeV (Pulsed)

-35 + 20 cryomodules 
-280 + 160 cavities 
- 4 + 4 GeV (CW) 

Euro-XFEL
Operation started from 2017

SLAC

DESY

LCLS-II + HE (under construction)

SINAP
KEK

LAL/Saclay

INFNFNAL
JLab

Cornell

International Linear 

Collider (ILC) (Plan)

LCLS-II 

The ILC is a very mature design, with a 

comprehensive TDR 

Next steps involve technical developments  

and industrial prototyping with final specs as 

needed for an Engineering Design and in 

preparation of pre-series and construction
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Tohoku ILC Project Development Center
(https:// tipdc.org/)

ωLocal governments and universities in Tohoku area 
established Tohoku ILC Project Development 
Center this summer to solve issues that should be 
handled by the region regarding the construction 
of research facilities and environmental 
improvement around the ILC candidate site.

ωMandate of the center

Å Examination of the impact of ILC construction on the 
natural environment, society, and economy 

Å Utilization of local resources associated with the 
location of research facilities and examination for 
regional promotion 

Å Examination of system and town development 
corresponding to acceptance and settlement of 
researchers and families 

Geological survey of the ILC candidate site 

3737

https://tipdc.org/
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The ILC IDT organization ςinitiated at the ICFA 
meeting at SLAC February 2020

38

Jenny List (DESY)

2020-21: The IDT ïcreated by ICFA and hosted by KEK ïwas set 

up to move ILC towards construction. The worldwide structure of the 

WGs: https://linearcollider.org/team/

A set of key activities were identified in a Preparation Phase 

Programme.

2022-23: A subset of the technical activities of the full ILC 

preparation phase programme have been identified as critical (next 

slide). These are being addresses by a ~4 year programme called 

ITN ïthe ILC Technology Network. Moving forward with this work is 

being supported by the MEXT (ministry) providing crucial increased 

funding. 

As of today: With funding from 1.4.2023 ITN is now starting. An 

agreement KEK and CERN and several European lab activities have 

been/are being set up. In the US the P5 process is ongoing, the 

hope is that ITN planning and interests can turn into important ITN 

involvements in due time.   

https://linearcollider.org/team/
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The ITN 

39

Building the ITN activities:

Å Planning in the IDT WG2 ï

significant interests and expertise 

already represented 

Å Information meeting at CERN 16-

17.10 jointly organized by KEK 

and the IDT

Å Interest matrix for the ITN work-

packages, being consolidated 

Å The next step: Further technical 

discussion to define deliverables, 

followed by agreement who among 

the laboratories will deliver what

WPP 1 Cavity production

WPP 2 CM design

WPP 3 Crab cavity

WPP 4 E- source

WPP 6 Undulator target

WPP 7 Undulator focusing

WPP 8 E-driven target

WPP 9 E-driven focusing

WPP 10 E-driven capture

WPP 11 Target replacement

WPP 12 DR System design

WPP 14 DR Injection/extraction

WPP 15 Final focus

WPP 16 Final doublet

WPP 17 Main dump


