The Compact Linear Collider (CLIC) A

* Timeline: Electron-positron linear collider at CERN for the era beyond
HL-LHC

* Compact: Novel and unique two-beam accelerating technique with

DRIVE BEAM INJECTOR

high-gradient room temperature RF cavities (~20'500 structures at
380 GeV), ~11km in its initial phase

“_INTERACTION REGION

" MAIN BEAM INJECTOR * Expandable: Staged programme with collision energies from 380 GeV

“~.__DAMPING RINGS

(Higgs/top) up to 3 TeV (Energy Frontier)

“._DRIVE BEAM DUMPS

* CDR in 2012 with focus on 3 TeV. Updated project overview
documents in 2018 (Project Implementation Plan) with focus 380 GeV

“~_TURN AROUND
for Higgs and top.
Accelerating structure

prototype for CLIC:

* Cost: 5.9 BCHF for 380 GeV (stable wrt 2012)
12 GHz (L~25cm)

* Power: 168 MW at 380 GeV (reduced wrt 2012),
corresponding to 60% of CERN’s energy consumption today

° Comprehensive Detector and Physics studies

m — 16:05 CLIC physics and detector activities

Speaker: Aidan Robson (University of Glasgow (GB))
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CLIC parameters

Parameter Symbol Unit Stage 1 Stage2  Stage 3
Centre-of-mass energy NG GeV 380 1500 3000
Repetition frequency Jrep Hz 50 50 50
Number of bunches per train ny, 352 312 312
Bunch separation At ns 0.5 0.5 0.5
Pulse length TRE ns 244 244 244
Accelerating gradient G MV/m 712 72/100 72/100
Total luminosity L 10 em™ s 1.5 3.7 5.9
Luminosity above 99% of /s Zo.01 10 em™ s 0.9 1.4 2
Total integrated luminosity per year %, fb! 180 e 708
Main linac tunnel length km 11.4 29.0 50.1
Number of particles per bunch N 10° 5.2 3.7 3.7
Bunch length O. um 70 - +4

[P beam size o,/ 0, nm 149729 ~60/1.5 ~ 40/1
Normalised emittance (end of linac) €, /g, nm 900/20 660/20 660/20
Final RMS energy spread To 0.35 0.35 0.35
Crossing angle (at IP) mrad 16.5 20 20
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CLIC is a mature design/study )

The CLIC accelerator
studies are mature:

Optimised design for
cost and power

Many tests in CTF3,
FELs, lightsources and
test-stands

Technical developments
of “all” key elements

CLIC / Stapnes



Available at: .
Resources clic.cern/european-strat

.

3-volume CDR 2012 Updated Staging Baseline 2016
- m:,:“.,.:.r_:.:m:,: e e Two formal submissions to the ES

ExPLORING THE TR ASCALE

e e Several Lols have been submitted on behalf of CLIC and

- e —
e =

CLICdp to the Snowmass process:

s The CLIC accelerator study: Link
= = Beam-dynamics focused on very high energies: Link

The physics potential: Link
Details about the accelerator, detector R&D, physics studies for Higgs/top .
and BSM The detector: Link

CLIC / Stapnes 4


http://clic.cern/european-strategy
https://www.snowmass21.org/docs/files/summaries/AF/SNOWMASS21-AF4_AF3-EF0_EF0-177.pdf
https://www.snowmass21.org/docs/files/summaries/AF/SNOWMASS21-AF1_AF4-161.pdf
https://www.snowmass21.org/docs/files/summaries/EF/SNOWMASS21-EF0_EF0_CLICphysics-170.pdf
https://www.snowmass21.org/docs/files/summaries/IF/SNOWMASS21-IF3_IF6_Mathieu_Benoit-188.pdf

CLIC Project Readiness 2025-26 @

Project Readiness Report as a step toward a TDR — for next ESPP
Assuming ESPP in 2026, Project Approval ~ 2028, Project (tunnel) construction can start in ~ 2030.

Focusing on:

* The X-band technology readiness for the 380 GeV CLIC initial phase

* Optimizing the luminosity at 380 GeV

* Improving the power efficiency for both the initial phase and at high energies

Goals for these studies by ~2025:

* Improved 380 GeV
parameters/performance /project plan

*  Push multi-TeV options/parameters

CLIC / Stapnes 5



#| OPERATIONAL

OPERATIONAL

CPI 50MW 1.5us klystron CPI 50MW 1.5us klystron 2x Toshiba 6MW 5us klystron
Scandinova Modulator Scandinova Modulator 2x Scandinova Modulators
Rep Rate 50Hz Rep Rate 50Hz Rep Rate 400Hz

Beam test capabilities

Ongoing test:
CPI2 repair validation and
interferometry tests

Ongoing test: Ongoing test:
CLIC TD26 CLEX SuperStructure SARI X-band deflector

High power window

S-box (3GHz) also being set up again to test KT structure, PROBE and the new injector

Industrial questionnaire:

Based on the companies feedback, the preparation phase to the

mass production could take about five years. Capacity clearly Structures and components production programme to study

available. designs, operation/conditioning, manufacturing, industry

Manufacturing cost (EC1) qualification /experience

Automation § Building
1.72% I 5.74%

¥ Building

® Manpower

e EU projects: ARIES, I-FAST, new TNA
® Electricity, machines

H Electricity, facilities

® Maintenance, machines

® Automation




09:20

Ongoing test:
CPI2 repair valid.
interferometry te

SadE  09:40

Industrial
Based or

available

— 09:35

— 09:55

X-band

X-band design activities
Speaker: Ping Wang (CERN)

Xband structures and components

Speaker: Pedro Morales Sanchez (Centro de Investigaciones Energéti cas Medioambientales y Tecnolégicas (ES))

X-Band Interferometry at Xbox1 and Xbox Status

Speaker: Amelia Veronica Edwards (Lancaster University)

Monte Carlo simulation of HG conditioning and operation

Speaker: Lee Millar (CERN)

Xband technology spread and societal impact

Speaker: Anastasiya Magazinik (Helsinki Institute of Physics (Fl))

me to study
industry

ToONNg
® Electricity, machines
H Electricity, facilities
® Maintenance, machines

® Automation




SwissFEL: C-band linac

104 x 2 m-long C-band (5.7 GHz) structures
(beam up to 6 GeV at 100 Hz)

Similar um-level tolerance
Length ~ 800 CLIC structures
Being commissioned

X-band structures from PSI perform well

26 academic and
industrial partners:
http://www.compactligh
t.eu/Main/HomePage

CompactLight Design Studies 2018-21 (link)
Compact FEL based on X-band technologies

CLIC / Stapnes i

Use in smaller linacs (C and X-band) A

eSPS - study of facility for light dark matter searches
« Start from X-band based 70m LINAC to ~3.5 GeV in TT4-5

3.5GeV Linac Experimental area
Transfer to SPS
Acceleration in SPS

Extraction

NEW Extraction tunnel

NEW Experimental area

CERN: eSPS study (3.5 GeV X-band linac)


https://indico.cern.ch/event/952778/contributions/4013808/attachments/2113655/3555697/20201001_GdA_Mini-CLIC_WS.pdf
http://www.compactlight.eu/Main/HomePage

Applications — injector, X-band modules, RF

FIXED POL. VAR POL.

CompactLight Design Studies 2018-21 (right) Compactc BASELINE Schematic

FEL-1 SXR
INFN 1 GeV |inac SPS?;ER FIXED POL. VA POL. ’l o
Flash RT, at CHUV (see talk of M.Cirilli) - A N <
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“Design Studies” for ICS B LhsER
AERES, IFAST and TNA project o e
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Applications — injector, X-band modules, RF @)

° CompaCtnght DESign Studies 2018-21 (rlght) CompactO BASELINE Schematic FIXED POL. VAR POL.

* INFN 1 GeV Ilnac 0.3 GeV GHz FIXED POL. VAPOL. \N "{ AR
» Flash RT, at CHUV (see talk of M.Cirilli) =G AR - ’: xR
« “Design Studies’ for ICS S isen

AERES, IFAST and TNA project

— 11:35 CompactLight and ICS including new EU project ideas

Speaker: Gerardo D'Auria (Elettra Trieste)

X-band in linacs outside particle physics and “novel” R&D ideas for gradient and/or power-efficiency

Speaker: Walter Wuensch (CERN)
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m CLIC acc. studies — luminosities

Further work on luminosity performance, possible improvements and margins,
operation at the Z-pole and gamma-gamma

0.1
* Z pole performance, 2.3x103? — 0.4x1034 cm2 5! = ”
* The latter number when accelerator configured for Z running (e.g. early or & o008l °
end of first stage) ;:, 3
* Gamma — Gamma spectrum (example) g 006 ™
* Luminosity margins and increases S st
* Baseline includes estimates static and dynamic degradations from ':E 0.04 1 kY
damping ring to IP: 1.5 x 1034 cm™2 5!, a “perfect” machine will give : 4.3 w502 | Ry
x 1034 ecm2 s, so significant upside 3
* In addition: doubling the frequency (50 Hz to 100 Hz) would double the 0 ‘ : : ‘ : s
luminosity, at a cost of +50 MW and ~5% cost increase 0 50 100 150 200 250 300 350 400

Ecm [GeV]

* Studies cover from beam-dynamics to technical studies of the required
performances of stability, alignment, instrumentation, magnets, BDS,

final focus, injectors including positrons, damping rings — priority for
next ESU

* CLIC note and paper about these studies

CLIC / Stapnes


https://cernbox.cern.ch/index.php/s/97GulC6RNLPMjFG
https://journals.aps.org/prab/abstract/10.1103/PhysRevAccelBeams.23.101001

Luminosity related

See talks in earlier PMs this year:
https: / /indico.cern.ch/event /1042101 /contributions /4377 679 /attachment

s/2264162/3843869/CLIC Projecté.pdf (Daniel Schulte)

Positron studies(see for example talk by Hugo Bajas):
https://indico.cern.ch /event /995633 /contributions /4270584 /attachments /

2209893/3739822/LCWS2021 H Bajas.pdf

Nanobeam workshop (summary by Nuria Catalan):
https:/ /indico.cern.ch /event /995633 /contributions /4271717 /attachments /220949

7/3739115/NanobeamsWS LCWS2021.pdf

Program and
organization team

Tuesday 2 February 2021
. RFdesign for High-frequency systems for rings (including loy Themis Mastoridis

£ Injection syst d methods for ult .
a Masamitsu Aiba
3 rines
S = Powersystems for low emmittance rings Erk Jensen
u
£ Wake-field monitors and wakefield mitigation. Kyrre Ness Sjobaek
5

S Kicker design with tight kick tolerances and Pulsers with ultri i ke Bares

Break

Z  Overview on profile of nano-beams. Thibaut Lefevre
=
£ B Measuring nanometer beam size at final focus. Toshiyuki Okugi
S&

8 High resolution cavity BPMS. From prototype to larger produ Alexe] Lyapin
5

using Pavel Karataey

E
E X -band transverse deflection structure with variable polarizi Barbara Marchetti

Helene Mainau id-Durand
Jean-Christoph Gayde
Leonard Watrelot

Mateusz Sosin

Costa Pinta

udcia Lain Amador

Schulte

I3/l — 14:45 Module and main linac studies
. - _ bunche ptical techn Serge Bielawskl
Speaker: Matthew John Capstick Nuria Catalan-Lasheras z T -
§ Welcome and introduction Steinar Stapnes £ _ The PACMAN project results.
. Angeles Fa LIS-GOlfe g‘gmamdmmiumllﬂnmshrmng, Yannis Papaphilippou E E Structured laser beam for alignment.
. : ‘Eﬂeam dynamics tolerances for FELs and Linear colliders. Andrea Latina E E Status MDI alignment.
RV — 15:10 Coffee Break * Thibaut Lefevre 5 Jitter control and Feedback (IF, DB). Philippe Burrows E g Development of low-cost alignment systems.
Break g—' Girder stability LAPP Gael Balik
* Helene Mainaud-Durand s Permanent adjusable Magnes e Break
X . e . . . ) . . - £ sclow-betamagnets Brett Parker g _Verythin" N
(R — 15:25 DR Longitudinally Variable Field Dipole: Assembly and Magnetic Measurements * Yannis Papaphilippou g T — Danie! schoeriing E‘,: 3o prvR——
Speaker: Manuel Dominguez + Nobuhiro Terunuma Eu Special magnets (ATF octupoles, skew sextupoles) : Mdm : § §emutns onuctyof s srtcs e reuenen il
High-field longitudinal gradient dipoles. Menuel Domingues 3 F 4
g Crab cavities S.Verdu E Workshop wrap-up

Nuria Catalan-Lasheras

* Alexia Augier

_ ¢ Sreeeremsdeen

Damping rings, radio-frequency, magnets, alignment,
stabilization, Injection/extraction, vacuum and impedance,

instrumentation



https://indico.cern.ch/event/1042101/contributions/4377679/attachments/2264162/3843869/CLIC_Project6.pdf
https://indico.cern.ch/event/995633/contributions/4270584/attachments/2209893/3739822/LCWS2021_H_Bajas.pdf
https://indico.cern.ch/event/995633/contributions/4271717/attachments/2209497/3739115/NanobeamsWS_LCWS2021.pdf

. High Eff. Klystrons
“1 L-band, X-band (for
. ﬁ applications/collaborators and test-stands
Foretom cERR High Efficiency implementations:
Drivebeam klystron: The klystron efficiency (circles) and the peak RF power (squares) °

New small X-band klystron, ordered

* Large with CPI, work with INFN

L-band two stage, design done, prototyping for
FCC

simulated for the CLIC TS MBK (solid lines) and measured for the Canon MBK E37503
(dashed lines) vs total beam power. See more later.
Publication: https://ieeexplore.ieee.org/document/9115885 .

Magnetic circuit N\ High Efficiency X-band klystrons retrofit upgrades (in collaboration with CPI and Canon).
ot e Canon
Voltage, kv 420 420 Voltage, kv 154 154 . . . .
e — e = = Also important, redesign of damping ring RF system
Frequency, GHz 11.994 11.994 Frequency, GHz 11.994 11.994
N 1 stage T T T = T (well underway) — no klystron development foreseen
Main solenoid
Sat. gain, dB 48 58 Sat. gain, dB 49 58
an HY insulating Efficiency, % 36.2 68/ KiyC Efficiency, % 42 57/Fcl
. Life time, hours 30000 85000 Life time, hours 30000 30000 1
ceramic (115 kV) .
2" stage Solenoidal magnetic 06 035/0.6 Solencidal magnetic 0.35 04
PA field, T field, T 0.9
gap - RF circuit length, m 0.32 032 RF circuit length, m 0127 0.127
- —— “ o1 : -
Output waveguide ) S HEX8 " gaying 0.8 LCITSKZ/Z;W —
. o 12 s L-FCC, 1.5 MW
T “ HEXSD// o — . £ : VHERLIC
E“ F |- s 0.35 MW
s q e " wm 5" - HEXB H 2
£, /-/ // g Ex / N/" " ofims s & o L-SNS, 0.55 M\A: ..x-cmN/cpl
Output coil Y . » d =2 a2 s0MW |
o / VKX-B311A // s L-ESS,1.5 MW A .
_— N . c o X-CERN/Canon S-Canon
0/1/2 = o am ‘ y E 06 X:BVERI ‘UHF-LHC UHF-B-factory BMW. A 7.5MW
Beam collector = SOMW  0.3MW 1.25 MW
0.5 X-C
- X-Toshiba ’ 6Ma\!r\‘lcn S-SLAC
Collector coil PPM, 50 M . . et
04 S-SLAC
:;f;'w. 1S0MW 7T 296!
® Klystrons for science 33 MW
03| @ HE design, CERN (PIC simulations)
| HEindustrial prototype A\ ; off shelf A
) 0.25 0.5 0.75 1 125 15 1.75 2

— 14:25 Klystron developments for CLIC - Xband and L-band prospects

micro Perveance (HA/V'S)

Speaker: Igor Syratchev (CERN)



https://ieeexplore.ieee.org/document/9115885

Drive-beam option: 168 MW

® Main-beam injectors
Main-beam damping rings
Main-beam booster and transport
Drive-beam injectors
m Drive-beam frequency multiplication a
B Two-beam acceleration
Main linacs (klystron)
Interaction region
W Infrastructure and services
Controls and operations

Power estimate bottom up (concentrating on 380 GeV systems)

* Very large reductions since CDR, better estimates of
nominal settings, much more optimised drivebeam complex
and more efficient klystrons, injectors more optimized, etc

Further savings possible, main target damping ring RF, L-band
klystron (target 140-150 MW)

Energy consumption ~0.8 TWh yearly (target 0.7)
CERN is currently (when) running at 1.2 TWh (~90% in
accelerators)

— 14:05 CLIC power update

Power qa nd Energy Speaker: Alexej Grudiev

Design Optimisation:

The designs of CLIC, including key performance parameters as accelerating gradients, pulse
lengths, bunch-charges and luminosities, have been optimised for cost but also increasingly
focussing on reducing power consumption.

Technical Developments:

Technical developments targeting reduced power consumptions at system level high efficiency
klystrons, and super conducting and permanents magnets for damping rings and linacs.

Running when energy is cheap:

CLIC is normal conduction, single pass, can change off-on-off quickly, at low power when not
pulsed. Specify state-change (off-standby-on) times and power uses for each — see if clever
scheduling using low cost periods, can reduce the energy bill

Renewable energy (carbon footprint):

Is it possible to fully supply the annual electricity demand of the CLIC-380 by installing local
wind and PV generators (this could be e.g. achieved by 330 MW-peak PV and 220 MW-
peak wind generators, at a cost of slightly more than 10% of the CLIC 380 GeV cost)



CLIC can easily be extended

IR PTE 72 /;' -
Compact Linear Collider (CLIC) "~

What are the critical elements:

* Physics

* Gradient and power efficiency
* Costs

Drive beam accelerated to ~2 GeV using conventional klystrons
Intensity increased using a series of delay loops and combiner rings

Drive beam decelerated and produces high-RF

el

Feed high-RF to the less intense main beam using waveguides

Extend by extending main linacs, increase drivebeam pulse-length and power, and a
second drivebeam to get to 3 TeV

Kiystro
472 units, 20 MW, 48 us

)

2 0 km
Drive Beam Accelerator
191 GeV, 1.0 GHz

Klystrons
588 units, 20 MW, 148 us

)

— 2skm
Drive Beam Accelerator
2.4 GeV, 1.0 GHz

DRIVE BEAM

DRIVE BEAM
COMPLEX

COMPLEX
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Drive Beam Accelerator
2.4 GeV, 1.0GHz

@95 m

Decelerators, 4 sectors
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CLIC - Scheme of the Compact Linear Collider (CLIC)



Pushing the RF technologies,

see talk of Walter already mentioned

. __— Bead Pull Test
{ Nonlinear @ Model | Y I=
45K et t t \
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Cal 2017
Cal 21.6 (2018): 061301.
.
il .

Cryo-cooled copper cavity, SLAC

And two more talks:

Accelerating Gradient [MV/m]

Muon collider towards multi-TeV energies

w
=
=

Implementation

o

?zun ‘ Copper in high electric field region (qnd technology I Inks to LCS)
g / HTS in high magnetic field region

i Daniel Schulte

! 70 80 50 100 o 120 L
E (MV/m)
Cryo-cooled copper pulsed dc : e~ 3 0r 12 GHz for
electrodes, Up psala/CERN high power test in Akey open question is how the

CLIC test stands. HTS will behave at high-power. Can
it be even put in the high electric

i
field region?

Cryogenic systems extended: Combining
high-gradients in cryo-copper and high-

temperature superconductors for high- CLEARI TOUChing on mqny CLIC qnd

technology application studies
Luke Dyks

efficiency and reduced peak RF power
requirements.




MonbpAy, 13 DECEMBER

Tuespay, 14 DeEcemE

LV — 13:45

— 14:.05

— 14:25

— 14:45

- 1510

— 15:25

—+ 15:45

—+ 16:05

LRIV — 16:15

Introductions, goals for 2025 09:00

Speaker: Steinar Stapnes (CERN)

CLIC power update

Speaker: Alexej Grudiev (CERN)

09:40
Klystron developments for CLIC - Xband and L-band prospects

Speaker: Igor Syratchev (CERN)

Module and main linac studies
Speaker: Matthew John Capstick (CERN)

Coffee Break

DR Longitudinally Variable Field Dipole: Assembly and Magnetic Measurem

Speaker: Manuel Dominguez (Centro de Investigaciones Energéti cas Medioambientales y Tecno)

Muon collider studies and links to LC studies

Speaker: Daniel Schulte (CErN)

CLIC physics and detector activities

BB BEEE Q8B

Speaker: Aidan Robson (University of Glasgow (GB))

AOB and end of session
12:00

-+ 09:15

—+ 09:35

— 09:55

= 10:15

—+ 10:35

- 11:00

=+ 11:15

- 11:35

-+ 11:55

=+ 12:05

X-band design activities

Speaker: Ping Wang (CERN)

Xband structures and components

Speaker: Pedro Morales Sanchez (Centro de Investigaciones Energéti cas Medioambientale

X-Band Interferometry at Xbox1 and Xbox Status

Speaker: Amelia Veronica Edwards (Lancaster University)

Monte Carlo simulation of HG conditioning and operation

Speaker: Lee Millar (cern)

Xband technology spread and societal impact

Speaker: Anastasiya Magazinik (Helsinki Institute of Physics (FI))

Coffee Break

CLEAR Report
Speaker: Luke Aidan Dyks (University of Oxford)

CompactLight and ICS including new EU project ideas

Speaker: Gerardo D'Auria (Elettra Trieste)

X-band in linacs outside particle physics and “novel” R&D ideas for grad

Speaker: Walter Wuensch (CErN)

AOB and end of meeting

Speaker: Steinar Stapnes (CERN)



