The Compact Linear Collider (CLIC)
- In previous ESPP -
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Timeline: Electron-positron linear collider at
CERN for the era beyond HL-LHC

Compact: Novel and unique two-beam
accelerating technique with high-gradient room
temperature RF cavities (~20°500 structures at
380 GeV), ~11km in its initial phase

Expandable: Staged programme with collision
energies from 380 GeV (Higgs/top) up to 3 TeV
(Energy Frontier)

CDR in 2012 with focus on 3 TeV.

Updated project overview documents in 2018
(Project Implementation Plan) with focus 380
GeV for Higgs and top.



Two formal submissions to the

Status reports and studies e _[*__ |

3-volume CDR 2012 Updated Staging Baseline 2016

Several Lols have been submitted on behalf of CLIC
and CLICdp to the Snowmass process:

4 CERN Yellow Reports 2018  The CLIC accelerator study: Link
« Beam-dynamics focused on very high energies: Link
» The physics potential: Link

S » The detector: Link
s‘-k- A . A The C“LI.C‘projeut o
Details about the accelerator, detector R&D, physics studies for SnowmaSS Wh Ite paper o
Hi /! d BSM . . stract
'ggs/top an https://arxiv.org/abs/2203.09186 =
. Broadly speaking: “Updated accelerator
Available at: part of 2018 Summary Report”

clic.cern/european-strateqy



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
https://arxiv.org/abs/2203.09186
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380 GeV
Parameter Unit Stage 1 Stage 2  Stage 3
Centre-of-mass energy GeV 380 1500 3000
Repetition frequency Hz 50 50 50
Nb. of bunches per train 352 312 312
oo IERERBRAN ety m”"“"w'“” Bunch separation ns 0.5 0.5 0.5
== BRI S (oo el seper " da 24 o
R @ o Mm @) omn Accelerating gradient MV /m 72 72/100  72/100

25 u:cx s tlonm each 878 m
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- o Main Linac, 1.5 TeV, 12 GHz, 72/100 MV/m, 22 km . ©*Main Linac, 1.5 ToV. 12 GHz, 72/100 MVim, 22 km ™ o Lum‘ above gg% Of V/E 1)(1034 cm_2 S_l 1.3 1.4 2

B “;)'s"»;\'u 2 o Total int. lum. per year fb—! 276 444 708
YA pry— Main linac tunnel length ~ km 11.4 29.0 50.1
MAT S (30 )som ’?“‘” = ZZ(?‘Q_TL_(Z&(&? Egnzsti’;ipmpgg Nb. of particles per bunch 1x10? 5.2 3.7 3.7
((( | (mm B " Bunch length pm 70 A1 44
R et e o - IP beam size nm 149/2.0 ~60/1.5 ~40/1
— Ay Final RMS energy spread % 0.35 0.35 0.35

Crossing angle (at IP) mrad 16.5 20 20




On-going and recent CLIC studies - 2019-25

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
10%*cm? s'1- already implemented for Snowmass
paper, further work to provide margins will
continue (HW and SW)

D22V - . ’ ’Luminosityf
p E—— e— (N - - Bending magne -band studies: Beam-dynamlcs
~ Source of electrons N Accelerating stage QOQ For CLIC and studies and

%, % applications in FElated
CERN and L: 1e University Hospital 4 o Bending magnets
collaborate on a pioneering new cancer 0'\ o\@ smaller linacs hardware

optimisation for Project summary for Snowmass:
~ https://arxiv.org/pdf/2203.09186.pdf

radiotherapy facility
CERN and the L:

_~ Patient

RF efficiency and
sustainability studies

Improving the power efficiency for both the initial §

phase (already in Snowmass report) and at high R

energies, including more general sustainability N

studies (in many cases done together with ILC — " e =
see later) [ e T

micro Perveance (WA/V'*)


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




Linear Collider Inputs to the EPPSU - from LCWS

« Expect each LC project (ILC, CLIC, C3, HALHF, ...) to make "Project Submissions”
* project overviews with accelerator bias

« Joint LC Submissions
* physics at a LC from 90 GeV to multi-TeV (use references to existing documents, but highlight specifically
 need for >= 500 GeV and polarised beams
* new results since Snowmass
* a joint vision for a Linear Collider Facility incl. upgrades, beyond collider etc — at any location in the world

- Expect some Detector Concepts (ILD, SID, ...) to make a “Detector Concept Submissions”

« “LC facility” submission (i.e. starting with ILC and upgrade) at CERN

""" lIU Global Design Effort - CFS . ..l.h‘
Introducti 1L Giobal Design Effort - CFS
ntroduction

» European Site (CERN site only) Introduction

: : « European Site (CERN site only)
* Only the 500 GeV hine (yellow) considered he
Y ~ swactiine (yasow) ekl e * Only the 500 GeV machine (phase 1) considered here

- phasez - pha|:e1 -{- phase 2 -

PM-12 PM-9 PM-7 PM+7  PM+g  PM+11
Only phase 1 (500 GeV) Eosted
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The CLIC ESPP update main report

Preparing “Project Readiness Report” as a step toward a TDR
Assuming ESPP in ~ 2025-6, Project Approval ~ 2028, Project (tunnel) construction can start in ~ 2030.

However several important changes compared to what is presented earlier:

» Energy scales: 380 GeV and 2 TeV with one drivebeam, consider also 100 Hz running
at 250 GeV (i.e. two parallel experiments, two BDSSs)

» Several updates on parameters (injectors, damping rings, drive-beam) based on new
designs, results and prototyping (e.g. klystrons, magnets) - however no fundamental
changes beyond staying at one drivebeam

» Technology results updates, including more on use of them in other projects (e.g.
alignment, instrumentation, X-band RF is small linacs)

» Update costing and power — for costing interplay between inflation and CHF

THE COMPACT LINEAR COLLIDER (CLIC)

BB EFOuT exchanges — and for example power at 2 TeV never estimated

« LCAs
* More details needed for next phase (i.e. prep phase)
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Luminosities studies 2019-22

» Luminosity margins and increases
 Initial estimates of static and dynamic degradations from damping ring to
IP gave: 1.5 x 103 cm2 s >
« Simulations give 2.8 on average, and 90% of the machines above 2.3 x
10%*cm—2 st
« A “perfect” machine will give : 4.3 x 103*cm=2? st
* In addition: doubling the frequency (50 Hz to 100 Hz) would double the 0.04 | Y
luminosity, at a cost of ~55% and ~5% power and cost increase ooz | N
« Z pole performance, 2.3x10%2 — 0.4x103*cm=2 st
* The latter number when accelerator configured for Z running (e.g. early or 0 o
end of first stage) 0O 50 100 15; 2[(2;3\/2]50 300 350 400
« Gamma — Gamma spectrum (example) o

0.08 |

0.06 |

dU/dE,,, [10%*cm?s™"/GeV]
g.r

These numbers are already included in the Snowmass report 2021

CLIC / Stapnes



CLIC is heavily prototyped

The CLIC accelerator studies are

mature:

« Optimised design for cost and power

« Many tests in CTF3, FELSs, light-sources
and test-stands

» Technical developments of “all” key
elements

Update with most recent results, update
with examples of use in other projects, X-
band project overview (details in separate

paper)




X-band RF technology — outside CLIC

Compact Linacs have many uses:

» As part of research accelerators (e.g. in
FELs as main technology or special
elements), or in medical or industrial linacs

* Many/most of these developments are
driven by CLIC collaborators, for their
"local” applications

Main benefits for CLIC: much strengthed
industrial base and strong increase in
research/experience on/with X-band
technology and associated components
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Trieste, Fermi  Linearizer KEK NEXTEF TU Eindhoven Smart*Light, ICS
SwissFEL Linearizer and Polarix deflector CERN XBox-2,3 and SBox Tsinghua. VIGAS, ICS
SARI: Linearizer, deflectors Tsinghua TPot CERN: AWAKE electron injector
CERN: Xbox-1 with CLEAR, accelerator Valencia IFIC VBox INFN Frascati EuPRAXIA@SPARC LAB, accelerator
DESY: PolariX deflectors in FELs Trieste FERMI S-Band DESY: SINBAD/ARES, deflector
SLAC: NLCTA, XTA SLAC Cryo-systems CHUV/CERN. DEFT, medical accelerator
Argonne AWA LANL CERF-NM Daresbury CLARA, linearizer
Arizona CXLS, ICS INFN Frascati. TEX Trieste: FERMI energy upgrade
Melbourne AusBox + more

(cm_ﬁ} Laurence Wroe | Compact Electron Linacs for Research, Medical, and Industrial Application: 10th July 2024 10

(https://indico.cern.ch/event/1291157/contributions/5890088/attachments/2899569/5084489/240719 Wroe |ICHEP.pdf)



https://indico.cern.ch/event/1291157/contributions/5890088/attachments/2899569/5084489/240719_Wroe_ICHEP.pdf

Medical - DEFT (Deep Electron Flash Therapy)

« CERN-CHUV-THERYQ collaboration
+ VHEE (100 — 250 MeV)

« Clinical trials planned for 2025

* Accelerator technology
» S-band photoinjector

» X-band accelerating structures mounted on
girders

» X-band klystrons with pulse compressor
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Research -

EuPRAXIA@SPARC_LAB IR S & o =

* 41 laboratory collaboration, hosted

= X-band Booster mo.sn\m;:sm.
at INFN Frascati E
+ FEL facility driven by plasma acceleration ey /m o st T

. box:s (Possidle upgrade in C-band)

« 1GeV X-band electron linac driver of a

» Expected ready for operatlon in 2028
Circular waveguide

WCS50 and T-pumping

units for circular

+ Accelerator technology | _ T——

» S-band injector
* 50 MW X-band klystrons
» X-band pulse compressor

» X-band accelerating structures
WR90 Pumping
units
NEXTORR Pumps

Mode converter

X-band BOC
pul
compressor

«— Spiral loads
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Directional
couplers
WRS0 straights
and etbows

Industrial - VULCAN (Versatile ULtra-Compact
Advanced Neutron Generator)

CERN-DAES-DTI-Xnovotech
collaboration

« 35 MeV, kW-scale electron linac

« Target-moderator-reflector for converting
electrons to thermal neutrons

« Stress-strain measurements, battery & fuel-
cell investigations

« Proof of concept testing in CLEAR this year,
complete prototype construction by mid-late
2020s
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Accelerator technology

« High-gradient accelerating structures and
pulse compressor optimized for compactness,
cost, beam power and efficiency

« High-power, high-efficiency klystrons

. ) xnovo tech

* Dutch-Flemish collaboration, at

* Accelerator technology

Research / Industrial - Smart*ngh

Eindhoven University of Technology
* Inverse Compton Scattering

» 30 MeV electrons producing 40 keV X-rays
through laser interaction

» Upgrading to Smart*Light 2.0 with 60 MeV
and 100x higher repetition rate

» Table-top device in operation

» Single X-band accelerating structure

* 6 MW X-band klystron with pulse
compressor

EINDHOVEN
e UNIVERSITY OF
TECHNOLOGY

CERN i?

Laurence Wroe | Compact Electron Linacs for Research, Medical, and Industrial Application:
(https://indico.cern.ch/event/1291157/contributions/5890088/attachments/2899569/5084489/240719 Wroe ICHEP.pdf)

19th July 2024
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Lengths

Widths

Second
experiment

Surface

Costing

Prep. Time,
etc

LCA

revise main drawings from PiP.
Check turn around lengths.

5.6m ML and BDS.
Klystron version unchanged

2 BDS, extra caverns

Check DB, transfers, injectors
and DRs

Check CLIC versus FCC — can
we extract unit costs ? Almost
done (ref Carlo’s work)

Model from FCC

On-going

CE and layout
 |UpdatewrtPiP ____ [Comments

380 GeV, for 250 (same as 3807?)
and 2 TeV (length to be defined),

Check surface conflicts.
Laser straight.

Check also turn arounds and
transfer tunnels

Check crossing angels and
cost estimate, understand FF
support and beamdumps

Fit into Prevessin, even with
two experiments ?

Compare with FCC and
internal review

Prep. time estimate

Consistent with CE drawings

w5
BDS:TUNNEL

s
MAIN BEAM INJECTOR




Power and Energy

CLIC power at 380 GeV: 110 MW.

B Main-beam injectors
Main-beam damping rings
Main-beam booster and transport
Drive-beam injectors
W Drive-beam frequency multiplication and transport
B Two-beam acceleration
W Interaction region
B Infrastructure and services
Caontrals and operations

Fig. 4.8: Breakdown of power consumption between different domains of the CLIC accelerator in MW at a
centre-of-mass energy of 380 GeV. The contributions add up to a total of 110 MW. (image credit: CLIC)

Table 4.2: Estimated power consumption of CLIC at the three centre-of-mass energy stages and for different
operation modes. The 380 GeV numbers are for the drive-beam option and have been updated as described in
Section 4.4, whereas the estimates for the higher energy stages are from [57).

Collision energy |[GeV| Running [MW] Standby [MW]| Off [MW]|

380 110 25 9
1500 364 38 13
3000 G89 46 17

CE/RW
\

Power estimate bottom up (concentrating on 380

GeV systems)

* Very large reductions since the CDR, better
estimates of nominal settings, much more
optimised drivebeam complex and more
efficient klystrons, injectors more optimized,
main target damping ring RF significantly
reduced, recent L-band klystron studies

Energy consumption ~0.6 TWh yearly, CERN is
currently (when running) at 1.2 TWh (~90% in
accelerators)

1.5 TeV and 3 TeV numbers still from the CDR
(but included in the reports), to be re-done the
next ~2 years

Savings of high efficiency klystrons, DR RF
redesign or permanent magnets not included at
this stage, so numbers will be reduced




Cost - |

a

Cost [MCHF]

Machine has been re-costed bottom-up in 2017-18 Domain Sub-Domain Drive-Beam Klystron
* Methods and costings validated at review on 7 November Injectors 175 175
2018 — similar to LHC, ILC, CLIC CDR Man fieam Production - Dampiie Mhes o o
» Technical uncertainty and commercial uncertainty Injectors 584
estimated Drive Beam Production Frequency Multiplication 379
Beam Transport 76
Lo Main Linac Modules 1329 895
Main Linac Modules Post decelerators 37
Main Linac RF Main Linac Xband RF 2788
Beam Delivery and B:eam Delivery Systems 52 52
1 . Post Collision Lines Final focus, Exp. Area 22 22
8000 Post-collision lines/dumps 47 47
7290 m Main Beam Production Civil Engineering Civil Engineering 1300 1479
w Drive Beam Production Electrical distl:ihution 243 243
6000 5890 Main Linac Modules Infrastructure and Services Survlfay end Allgnlm el:lt 194 147
Main Linac RF Cooling and ventilation 443 410
w Beam Delivery, Post Collision Lines Transport / installation 38 36
|.I|. w Civil Engineering » . Safetj,f system 72 114
g 4000 Infrastructure and Servicas Machine Control, Protection Machine Control Infrastructure 146 131
Machine Control. Protection and Safety systems Machine Protection 14 8
and Safety systa'ms Access Safety & Control System 23 23
Total (rounded) 5890 7290
2000
CLIC 380 GeV Drive-Beam based: 58907 {370 MCHF;
0

380 GeV Drive-beam 380 GeV Klystrons
CLIC 380 GeV Klystron based: 7290159 MCHEF.

CLIC / Stapnes



Other cost estimates:

Cost - |l
=l
Construction:

« From 380 GeV to 1.5 TeV, add 5.1 BCHF (drive-beam RF upgrade and lengthening of ML)

« From 1.5 TeVto 3 TeV, add 7.3 BCHF (second drive-beam complex and lengthening of
ML)

« Labour estimate: ~11500 FTE for the 380 GeV construction

Operation:
116 MCHF (see assumptions in box below)
* Energy costs ~ 1% for accelerator hardware parts (e.g. modules).

— 3% for the RF systems, taking the limited lifetime of these parts into account.
~ 5% for cooling, ventilation and electrical infrastructures ete. (includes contract labour and
consumables)

These replacement /operation costs represent 116 MCHF per year.

CLIC / Stapnes



Sustainability: Life Cycle Assessment (LCA)

What is the carbon intensity of energy in ~2050 (operation):
50% nuclear and 50% renewable give ~10-15g/kWh

System boundaries
Borets and France summer-months are today ~40g/kWh

|
i
Before use stage Use stage End of life stage i
[A0-A5] [B1-B8] [c1-C4] i
the system 1 1
e T Reductions predicted (LINK) P A TR SO MR oA T8
A0 Preliminary studies se D i ‘ D] — regions by scenario, 2020-2050
i
i
! i)
i

ARUP

Benefits and

United States

European Union
\ e Korea
N

e Japan

Reuse
Recyr” .y

| = Ma—limenance Advanced economies Emerging market and developing
A1 Raw material supply c2 'g;:ipsf;rlt for
B3 Repair

. w ing f
Materials — A2 Transport I B4 Replacement | = as:‘::or‘?:;ss'"g o Benefits and
loads of

s AfriCa
3 additional Middle East
B5 Refurbish 5
A3 Manifactie 5 Refurbishment > e —Cm_na
functions e India N
B6 O i Energy p—. sia
A4 T rt rk:
Transport & ranszic:e 0 works STEPS
APS

Use
COI?St‘ﬂ.lCthﬂ e B7 Operational Water
U
B8 User utilisation of
— infrastructure
v‘ BS EN 17472:2022

CO, intensity of electricity generation varies widely today, but all regions see a decline in
future years and many have d\ d net zero i itions by aroun d 2050

A1-A5 GWP (tCO,¢)

ARUP Next working on the
machine parts, on top
of the CE estimate

Linear Collider Options

1. CLIC Drive Beam 2. CLIC Klystron 3.IL.C
10m internal dia. Geneva. Arched 9.5m span. Japan. 250,000t

LCA report for Civil Engineering:  ‘semsass T i
LINK ~ '

Addressing the s -
Civil Engineering —— |~ —=

Bafarensa; CLIC Drive Beam tinne! cross sacson, 2018 Refecence; CLIC Kiystron tuml cross section, 2018 Rafaranse: Tohoks LG Crvé Eninsering Pan, 2020

H o
I m aCt CLIC Drive Beam 380GeV  GLIC Klystron 380GeV ILC 250GeV
M Tunnels ¥ Shafts 2 Caverns

200,000t
<)
Q

150,000

Around 11-12 kton/km main linac (CLIC DB and ILC)


https://iea.blob.core.windows.net/assets/830fe099-5530-48f2-a7c1-11f35d510983/WorldEnergyOutlook2022.pdf
https://edms.cern.ch/document/2917948/1

Towards Carbon Accounting with LCA

90

Work in progress — this example is closest to the CLIC drive-beam parameters,
»| detectors and computing (and travels) not considered

This plot (blue part)

Is for 11 km of

tunnel, scales with .
length (ref. CE
study prev. page)

More power (here 0.7
TWh) or more carbon
(here 12g/kWh) will
increase this quickly

Next working on S t
machine parts = AERERRNRNNEER
(orange), here :
-10 -5 Start comm. Operation Upgrade start Comm. Upgrade Operation
assumed hardware ; .
= civil engineering CE upgrade: tunnel lengthening if needed important, should do better than today (concrete etc)
impact m Decommissioning: not estimated, important for upgrades if parts are removed, and end of life

MW Acc upgrade: should be able to improve for raw materials, processing and assembly
m Com&Operation: Energy use (~¥0.7 TWh annually) times carbon load (50% nuclear plus 50% renewables), improve with time

M Accelerator: Here equal to tunnel - to be done, materiel and design choices, responsible purchasing, in progress

m CE: From ARUP study, roughly 11-12 kton/km




Agenda today

CLIC Project Meeting #46

Tuesday 3 Sept 2024, 09:00 — 13:00 Europe/Zurich

Q 6/2-004 (CERN)

V- f 200mM . . -
ideoconference © CLIC Project Meeting #46 | T @ 6/2-004 o

(EHOM — 09:20  Introductions, preparing for the ESPP update ®©20m v

Speaker: Steinar Stapnes (CERN)

([l — 09:45 Low and medium power HTS measurements. ®15m & ~

Speaker: Jessica Golm (CERN)

(LR — 10:05 Studies of two BDSs ®15m & ~

Speaker: Vera Cilento (CERN)

(X[ — 10:25 Electron driven pulsed neutron source ®15m & ~

Speaker: Laurence Matthew Wroe (CERN)

[kl — 10:50 Coffee Break ©® 20m

(R — 11:05 ATF3 studies and results ®15m & ~

Speaker: Pierre Korysko (University of Oxford (GB))

ANV — 11:25 Condition studies ®15m [ ~

Speaker: Victoria Madeleine Bjelland

BVl —» 11:45 Dielectric (DDA) structures ®15m & ~

Speaker: Pablo Martinez Reviriego

AHIW — 12:00 AOB and close O5m 2 ~
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