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Linear Collider Challenges
Critical aspects: Physics, Gradient and Power Efficiency, Cost
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Two e+e- linear collider designs, starting as a Higgs factory

International Linear Collider (ILC): Compact Linear Collider (CLIC):

Two-beam acceleration (or klystron driven initially)
380GeV CME, upgradeable to 1500, 3000 GeV
L =2.3E34 cm?s', 11.4km long, at CERN

. 250 GeV CME, upgradeable to 500, 1000 GeV
« L=1.35E34 cm?s, 20km length, in Tohoku / Japan

. SRF Cavities, 31.5 MV/m, 1.3 GHz
- relaxed tolerances & smaller emittance dilution d

+  High-Q (Q, =1010): nSUS: next "big CO“‘ er oG

» Larger aperturt Genefa\ conse tinize Hig9s DOS -...q..cr aperture / better accuracy

collider 1O ' scrutih

*  Cryogenics «  Water cooling
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* Long beam pul »  Ultra-short beam pulses (us pulse)

Report of the Snowmass’21
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The International Linear Collider: Report to Snowmass 2021 “CERN. G
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Snowmass Implementation TF

Report, arXiv: 2208.06030

August 15, 2022

ILC Snowmass White paper:
arXiv: 2203.07622

CLIC Snowmass White paper:
Abstract arXiv: 2203.09186

and w ovid
the ILC up t

struction, an Abstract
community.

tuhmqur with normal-c The Snowmass’21 Implementation Task Force has been established to evaluate the proposed

future accelerator projects for performance, technology readiness, schedule, cost, and environmen-

tal i es di trics has been developed fc ifc C is f the sals
Snowmass Implementation TF Report: provi ded an opportu nity for o o g/ BV fcsoris 6 mlt T pion, hdron anh o coller e, pued
on traditional and advanced acceleration technologies. This report documents the metrics and

form u Iatl n g n ew Id e a s , ove rv'ews . fo r th e U S a n d wo rl dWld e processes, and presents evaluations of future colliders performed by Implementation Task Force.




The Compact Linear Collider (CLIC)

S — _ o _ Timeline: Electron-positron linear collider at
S — CERN for the era beyond HL-LHC
o Compact: Novel and unique two-beam
accelerating technique with high-gradient room
7 s e temperature RF cavities (~20°500 structures at

onvE s Loce B oo 380 GeV), ~11km in its initial phase

e s Expandable: Staged programme with collision
energies from 380 GeV (Higgs/top) up to 3 TeV
CDR in 2012 with focus on 3 TeV. Updated
" TURN AROUND project overview in 2018 (Project Implementation

Plan) with focus 380 GeV for Higgs & top factory.

DRIVE BEAM INJECTOR
\
\\

“.__DRIVE BEAM DUMPS

The CLIC accelerator studies are mature: Accelerating strudture L
prototype for CLIC:
» Optimised design for cost and power 12 GHz (L~25cm)

* Many technical tests in CTF3 (drive-beam
production issues), FELs, light-sources, and
test-systems (alignment, damping rings, beam
delivery, etc.)

» Technical developments of “all” key elements;

C-band XFELS (SACLA and SwissFEL) now

normal- conducting, high-frequency, corresponding to 50% of CERN'’s energy consumpt. today
low-emittance linacs * Comprehensive Detector and Physics studies

* Accelerator Cost: 5.9 BCHF for 380 GeV
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CLIC Baseline (380 GeV initial) - Drive-beam Based Machine

Ly
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190 GeV, 12 GHz, 72 MV/m, 3.5 km

CAPTION

CR : Combiner ring
RAINEEAN for e’ TA : Turnaround
N BEAM som 350 DR : Damping ring
COMRLEX (F m—(«(‘“——a PDR : Predamping ring
BC : Bunch compressor
BDS : Beam delivery system

\\\\\\g‘—«««(__a 1P : Interaction point

Secc @ : Dump
Spin Rotator  Injector Linac Pre-Inject l DC Gun
2.86 GeV € Lin:

ova

Some (key improvements) study goals by ~ 2025:

Luminosity numbers, covering beam-dynamics,
nanobeam, and positrons - at all energies.
Performance risk reduction, system level studies
Energy/power: 380 GeV well underway, 3 TeV to
be done, L-band klystron efficiency
Sustainability issues, more work on running/energy.
models and carbon footprint

X-band progress — for CLIC, smaller machines,
industry availability, including RF network

R&D for higher energies, gradient, power,
prospects beyond 3 TeV

Cost update, only discuss changes wrt Project
Implementation Plan in 2018

Low cost klystron version — reoptimize for power,
cost and fewer klystrons

Concept:

1. Drive beam accelerated to ~2 GeV using conventional
klystrons

2. Intensity increased using a series of delay loops and
combiner rings

3. Drive beam decelerated and produces high-RF

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

Four main technology challenges:
* High-current bunched at 12 GHz
* Power transfer and main-beam acceleration,

« Towards 100 MV/m gradient in main-beam

. Allgnment and stability




On-going CLIC Studies Towards next European Strategy 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 -
more and more driven by use in
small compact accelerators

CERN and Lausanne University Hospital
collaborate on a pioneering new cancer
radiotherapy facility

CERN and the Lausanne University Hospital (CHUV) are collaborating to develop the
conceptual design of an innovative radiotherapy facility, used for cancer treatment

15 SEPTEMBER, 2020

Optimizing the luminosity at 380
GeV - already implemented for
Snowmass paper, further work
to provide margins will continue:

Luminosity margins and increases:

+ Initial estimates of static and dynamic
degradations from damping ring to IP
gave: 1.5 x 1034 cm-2 s-1

» Simulations taking into accord static
and dynamic effects with corrective
algorithms give 2.8 on average, and

. S._Stapnes: 90% of the machines above 2.3 x
https://lindico.cern.ch/event/ 1034 cm-2 s-1 (this is the value
1260648/

currently used)

Improving the power efficiency for both the initial phase and at
high energies, including more general sustainability studies:

Very large reductions in power
estimate (380 GeV) since the CDR:
better estimates of nominal settings,
much more optimised drive-beam
complex and more efficient klystrons,
injectors more optimized, main target
damping ring RF significantly reduced,
recent L-band klystron studies

micro Perveance (WA/V'®)




Creating particles ITN focus areas (>2023):

= polarized elections/positrons Sources

Undulator positron source

L-band SW NC
capture cavity

drive linac

e
® AMD (FC)

Electron driven positron source

High quality beam Damping ring
- low emittance beams

Acceleration Main linac
= superconducting radio frequency (SRF)

Collide them Final focus
- nano-meter beams

Go to Beam dumps

ILC Site Candidate Location in Japan: Kitakami Area

Establish a site-specific Civil Engi ing L e (site independent) TDR
baseline onto the preferred si i as a primary candidate

Collaboratio
s lend thell X

LCLSHI

| E (under congtruction)

Linearbeschleuniger

Recent talks (2022 eeFACT Symposium):
https://agenda.infn.it/event/21199/



ILC Baseline (250 GeV initial) — Recent Key Technology Updates

v'  Mature technology = R&D is ongoing to mitigate the identified risks
-2 ready to be built, once diplomatic decisions have been reached

v' Positron source remains THE biggest challenge

v Priority work packages have been identified for the next (4-5) years

ILC Technology Level:

Since the publication of the conceptual design report (RDR) in 2007 and the Technical Design Report (TDR) in
2013, the technical development has been progressing steadily toward the start of construction.

International Cooperation in SRF:  Progress in Positron Sources:

US-Japan: Improving Performance through Surace Treaiment

2018-2021; ost

Achieve stable electricfield E > 35 MV/m through US-Japan
cooperalion

~2017 2018~2021 technical verification
Baseline Undulator scheme to obtain polarization

technical design Pre-lab

W

2K 13GH |
Status

(RDR) (TDR) (EDRY*

2021

~2017 2018~2021

Technology development ->Model work-> Prototype

SRF cavity, CM

International mass

producton, and ransfer

propetties (FG, MG, LG)
+ Improvementof surface reatment technology
. -20C) EP T baking(75C and

120C) Optimizatonof cooling speed (ux expuision)

£ Ingot

Targe before and st adition:

Optics design

Pulse'sol

id deLign

reduction of cavities ty G 5 i
automation Germany/France-Japan cooperation
European XFEL user operation 2 + Beamacceleration demonstration KEK-STF, 33MVim
1 T High Gradient Cryomodule (HGC, FNAL) (in progress)
+  Aimto demonstrate 38 MV/m
Demonstration plan at ILC Pre-Lab (2022-)

Next Steps: evaluate
both schemes by
intemational cooperation

1=

Target maintenance

SRF Linac

Model work: smallscole marels, partallcomponent
models. 2 Undulator

~2017

K]
Eg [MVn)

€-source Tech. Design->Tech. De Tech. confirmation

Practical Operation of
Superconducting
Helical Undulator
(Altemate Periodic
Structure)

Prepar intemational
statistic

KEK-STF
HGC (FNAL)

W
aimingfor

perfomencebeyond
ILC specifcations in | .
¥ Remote handling progress) 40 (O

w  Aipr

ree region .
Germany-Japan: Improving France-Japan : Automation of
efficiencyin cavity manufacturing Dust Prevention Work

et source

017 g ¥
Undulator scheme i

Tech. Devel Toch, Target and magneic focusing

Tech. Desig

operationat
European XFEL

positron target,

~2017 Technology Design

Tech. Design->Tech. Developmen

et source

et W
e-driven scheme ‘Tech. Demonstration

Target and capture cavity

Technology selection

ILC construction

Target

Prototyping

Caviy Fraquency Measurement Vacuum

0 Sty s CE== s desin characterst

OFemmish iedontad \‘g» cauity manufacturing process) S A0 xex cs Testing
" Target Mag. focusing ~ Paricle simulation ——— -

thermal

simulation

Kicker

~2017
DR i Tach, jon achi

d at KEK ATF APS cavit

[ GGt 25

7
Design->Tech. Development->Tech. demonstration achieved at KEK ATF.

Plan B:e-driven scheme (same tunnel)
Plan C:e-driven scheme (extra tunnel)

Plan A:Undulator scheme

Finalfocus Stable op.

2018~2021

Loading
Facilty design

compensation

Thermal
analy§is:

Dump

~2017
Tech. Design->Tech. Development

RF stability test

: ~2017
: 2018~2021
: Pre-lab

*EDR:Detailed Engineering Design
Report required to start construction.

Progress in Damping Rings: Progress in Final Focus: Progress in Beam Dump:

~2017 2018~2021 Pre-lab

Y

~2017 2018~2021
e B
Detaled design

e r
Tech. design completed
Wakefield effects

Pre-lab

~2017 2018~2021

s DY
Design revalidation and specific facility design F_#emule
Maintenance
—

Specific design of radiation shield
Designed with 500GeV beam Y =) H
Absorber: Water(10atm)

Pre-lab

DR  p—
Design based on experience with y
circular accelerators (4" generation SR)
around the world eve- shareda
common tuanel

Basic design

Eng. design
= \ (by researchers abroad)

- . Spec. almost achieved Stable operation
Maturing technology for beams in i
the latest ring accelerators such as

SuperKEKB

g st
Beam Dup Water Circulition
System Design (2020)

pr——
e ek #Testing of main
components of circulating
water system
#Beam vindow
replacement device
oleakage
countermeasures for
radiating dump water
®Earthquake resistant
design
Detailedsystemdesign
(pursutofsafety design)

A —

manent Y |

gnets . et Confimation of safety by simulation

* Heatand stress in beam window, heat
and shock waves in water

« Evaluation of activation and shielding

3.2 km circumference
HV 4 /20 nmin 100 ms

—— )
Inj./Ext. Eng. Design
Equipment verification |

Beam extraction demonstrated. ———————

ATF: achieved 41nm (2016)
(37nm=ILC (7.7nm))

ol
v - ATE2 vakefield knobs
H | systembe-tween BEM
Distbuionof 4 ; " QDIOBET ad QDIOAFF
bunch positions ~ § . Wakefieldeffect was evaluated at ATF.
measured al IPB, ~onftm no sefous poblem at[LC
with two-BPM FB -demonstratea techniqueto reduce the
off (green) and on wakefeldefect
(puple)

o] Designior
| shiedngol
muon paricles
goncrtod by
beam dump

Civil Design of Beam

DumpCavity (2019) |

(including muon
shielding)

ana
Consultations with beam tergetidump
experts from around the world beyond ILC

High-speed beam
position control

ATF Intemational Review (Commitee)"
~The committee ighly evaluatedthe
T Y worimion {ochnology was  &chievementsof ATF sofer
B J
Stable i ! 1 | ool
operation i ATF
N— el stable operation.

ILC fral convergence.

FONT feedback system “htps:/iagendainearcolider.org/event/8526/ LHC beam dump RADIATE collaboration




Examples of Worldwide Efforts on ILC (2017-2021)

- ~2017 2018~2021

Cooperation on nano-beam at ATF, study on
industrialization of cavity and cryomodule for SRF,
cooperation on design of cryogenics, beam dump,
and civil engineering

CERN

Start of construction of LCLS-II; development of a
new SRF cavity treatment method for LCLS-II;

e development of a crab cavity for HL-LHC.

(USA+Cana
da)

Experience in assembly of SRF input couplers and
cryomodule assembly at XFEL in Europe, cooperation

france with Nanobeam at ATF

TESLA (preliminary stage of ILC) planning study,
XFEL construction started in 2007, SRF cost estimate
for TDR.

Germany

Contribution to ILC-TDR for cryomodules, cavities
and reference Blade tuners, in-kind contribution to
half of the cavities and cryomodules at XFEL in
Europe.

Nanobeam collaboration at ATF, in-kind contributions
such as superconducting magnets at European XFEL,
in-kind contributions to IFMIF in Japan

Nanobeam collaboration at ATF. Contributions to TDR
for damping rings, positron sources, beam delivery
system, RF sources, and beam dump.

Nanobeam collaboration at ATF, SRF cavity
fabrication technology, cryogenics, beam dump and
civil design collaboration. Overall coordination of ILC
R&D in Europe.

US-Japan collaboration on SRF cavity performance
improvement and cost reduction, assembly and
installation of cryomodules for LCLS-II.Production
began for in-kind contributions of the RFD crab
cavities and cryomodules to the HL-LHC by the US &
Canada

In-kind contributions to the European Neutron Source
(ESS), the US PIP-II project, cavity performance
improvement at SRF, nanobeam collaboration at ATF.

Demonstration of large SRF accelerator with stable
operation of XFEL, and improvement of SRF cavity
performance

In-kind contributions to the European Neutron Source
(ESS), the US PIP-II project, cavity tuner design at
the VSR Upgrade of BESSY storage ring HZB

In-Kind contribution to the European Neutron Source
(ESS), CIEMAT was awarded a budget for the R&D
of the ILC superconducting magnet.

In-kind contributions to the European Neutron Source




International Development Team (IDT) to Prepare ILC Pre-Lab

The original timescale to start the ILC Pre-lab in
2022 was too optimistic:
- there was no progress in the “top-down”

Established in
August 2020

ICFA .'IP
' o

arXiv:2106.00602v1 [physics.acc-ph] 1 Jun 2021

iernaiona devslapment ioam

ILC International Development Team

Executive Board

Americas Liaison
Working Group 2 Chair
Working Group 3 Chair

Executive Board Chair and Working Group 1 Chair

Working Group 1
Pre-Lab Setup

Proposal for the ILC Preparatory Laboratory (Pre-lab)

KEK Liaison
Europe Liaison
Asia-Pacific Liaison

Working Group 2
Accelerator

International Linear Collider
International Development Team

1 June 2021

ILC Pre-lab proposal

developed by IDT-WG1

and submitted

to MEXT on Jun. 2, 2021:

arXiv: 2106.00602

Andrew Lankford (UC Irvine)
Shinichiro Michizono (KEK)
Jenny List (DESY)

Tatsuya Nakada (EPFL)
Yasuhiro Okada (KEK)

Steinar Stapnes (CERN)
Geoffrey Taylor (U. Melbourne)

Working Group 3
Physics & Detectors

political-governmental approach (> 2021)

- The IDT Pre-lab plan was reviewed by a

MEXT appointed panel and deemed
premature, referring to that the prospects for
ILC international cost sharing are not clear.

-2 Increased support for technical developments

& accelerator R&D was recommended (these
plans were included MEXT budget request
and has been approved by the JP Finance
Ministry in FY2023 - double KEK resources

for ILC preparation for the ILC ITN)

IDT-WG2 TP document:

ILC Pre-lab

SRF
~41MILCU
285 FTE-yr
WP-1
Cavity production
WP-2
Cryomodule assembly
WP-3
Crab cavity

U

SRF technology is
energy-efficient, and its
applications are
increasing around the
world.

These WPs will
contribute to the
promotion of SRF
accelerators in each
region.

e- source
~2.5MILCU, 6 FTE-yr
WP-4
Electron source
e+ source
~6MILCU, 15FTE-yr
Undulator scheme

WP-5
Undulator

Actual cavity /CM manufacturing

\WP-6
| Rotating target |
P-7
—l Magne\{choc ]
e o= o=
e-Driven scheme
WP-8
Rotating target
P-9
o Magne\{chocusing

WP-10
Capture cavity

BDS
~2MILCU, 16FTE-

DR
~2.5MILCU, 30FTE-yr|

Dump
~3MILCU, 12FTE-yr
- WP-17
Main dump
wpis |
Photon dump

WP- (] 2. WP-15
System design Final focus

WP-13 P-16
Collective effect Fin\aIlY doublet

For detail,
http://doi.org/10.5281/ zenodo.4742018

. WP-14
Injection/extraction

®The technical preparation document was reviewed by the
international review committee (chair:Tor Raubenheimer
(SLAC)).

®The total global cost of the project is about 60 MILCU and
about 360 FTE-year. (This does not include the cost of the
infrastructure for the WPs.)

®The cost will be shared internationally as in-kind
contribution.

IDT - WG2
summarized
the technical

preparation as
Work

Packages

(WPs) for the
Pre-Lab stage
in the

Technical
Preparation

(TP)

Document




ILC Technology Network (ITN) — European Focus Areas

A subset of the initial plan for the ILC preparation phase
activities (“Pre-lab”) have been identified at the most S D
critical, and the priorities emphasized in the ITN:

infrastructure

- Some funding can be used to foster international

collaboration and efforts (budget needs to be approved e Msteriol forisics
» ARrojech major/core part
yearly, but the programme is set up for 5 years) ite it g

some cases
complemented by
local funding

resources at CERN)

- European Preparation for the ITN (2023 ->) distributed
on five main activity areas, and foreseen to concentrate
for the accelerator part (ILD-WG2) & technical activities :

EAJADE, MC exchange project
supporting Higgs factory personnel
exchange to Japan and the US

« A1 SC RF related: Cavities, Module, Crab-cavities

* A2 Sources: Concentrate on undulator positron scheme —
fast pulses magnet, consult on conventual one (used by
CLIC and FCC-ee)

Work fork if Activity type Number

package person-months

no. involved
secondment

A3 Damping Ring including kickers: low Emittance Ring
community, and also kicker work in CLIC and FCC RADAY s ety opeting | Reseaech

t Ia—nfiﬂm—an facilities

hlgh g:radlent Research INFN
« A4 ATF activities for final focus and nanobeams: many oy s -.--

European groups active in ATF, more support for its
operation expected using the fresh funding

Sustainable  technologies
scientific facilities

» AS Implementation including Project Office: Dump, CE,
Cryo, Sustainability, MDI, others (many of these are
continuations of on-going collaborative activities)

EAJADE Exchange program: https://www.e-jade.eu/



Many Forms of Linear Collider Detector R&D Efforts

RPC DHCAL Silicon ECAI;PCLCTPC
KPIX SDHCAL (ILD)

Muon6
GEM DHCAL CMOS MAPS

Scintillator

Silicon ECAL VIP FPCCD HCAL
(SiD) TPAC DEPFET SOI Scintillator o Sl
FCAL

ECAL
Dual Readout

ChronoPixel CLICPix €=

v' Keep various detector technology options and do not prioritize.
This has the advantage that the technologies can be further
developed until specific choices have to made once future Higgs
Factory is approved.

Detector and Softw.
technology R&D computing
i Cus! 0 vid

v' Furthermore — and as important — this keeps a broad
community of detector research groups at universities and
laboratories involved and increases the chance to arrive at the
best technically possible detector solution when it has to be built.




ILC Tracking (ILD vs SiD): Two Complementary Approaches

ILD: Silicon + Gaseous Tracking

* long barrel of 3 double layers of Si-pixels
VERTEXING:

0.3% Xo / layer, osp < 3 ppm

* Intermediate Si-tracker (SIT, SET, FTD)
- SIT/FTD: silicon pixel sensors (e.g. CMOS)
- SET: silicon strip sensors

* Time Projection Chamber with MPGDs Ri:¥:Xedi¢]\\[cF:

- High hit redundancy (200 hits / track) 1
- 3D tracking / pattern recognition;
- dE/dx information for PID

o

!

Number of Si hits
Number of Layers

Y

0 0
90 80 70 60 50 40 30 20 10 0
0/degrees

Still a lot of opportunities in ILD/SiD
B0 60 49 0 0 optimization : physics goals, software
0/ degrees developments and technology options

SiD: All-Silicon Tracking

short barrel of 5 single layers of Si-pixels

-~

0.15% Xo / layer, 0sp = 3-5 um

',

5 layers Silicon-strip tracker
(25um strips, 50 um readout pitch)

Fewer highly precise hits (max. 12)
Robustness, single bunch time stamping

— Vertex Barrel
— Inner Vertex Disks
— Outer Vertex Disks

— Tracker Barrel S i D

Tracker Disks

Vertex detector
Strip detector



Vertex Technologies for Future Linear Colliders (ILC)

= Sensor’s contribution to the total X, is 15-30% (majority cables + cooling + support)

= Readout strategies exploiting the ILC low duty cycle 0(10-3): triggerless readout, power-pulsing
— continuous during the train with power cycling - mechanic. stress from Lorentz forces in B-field
—> delayed after the train - either ~5um pitch for occupancy or in-pixel time-stamping

Physncs driven requirements Running constraints Sensor specifications
.r_a l)Lll]‘l

o 4 . >  Small pixel ~16 um

5.p.

Matenal budget __0.15% X Thinningto 50 um

R > Aircooling __________________ low power 50 mW/cm?
r of [nner most layer _16mm > beam-related background _____5  fastreadout ~7ps
b > > radiation damage -_-_________ >  radiation tolerance

__FPCCD_| _DEPFET “mm S e
<6.2x10%n,,/ (cm? year}

Added value Very Low material 2 tier process Industry
(example) granular budget (high density pcircuits) evolution

Technology

time stamp 16x64 pm2

CMOS (MAPS): 2-sided ladders: =—>
« mini-vectors » concept for ILC with - |
high spatial resolution & time stamping textepm2 [ spatal resolution

180 nm CMOS technology: VALIDATED

ALPIDE@ ALICE
\’ ITS-3 (bending

50 um sensor)

Bending thin Si-layers (MAPS): Industrial stitching & large
surfaces for low-mass detect.

Truly cylindrical, supportless CPS ysing several reticles from the same wafer
for ALICE-ITS3 upgrade (65 nm) (possible with both 180 and 65 nm)

Endcap L Repeated Sensor Unit Endcap R

arXiv: 2105.13000

Peripheral circuits \

! - s

MIMOSIS @ » ';

CBM-MVD




Gaseous Tracking: TPC with MPGD-based Readout

Three MPGD options are foreseen for the ILC-TPC:  Spatial resolution of o; ~ 100 um and dE/dx res. < 5%

- Wet-etched / Laser-etched GEMs have been reached with GEM, MM and InGrid)
- Resistive Micromegas with dispersive anode

- GEM + CMOS ASICs, « GridPix » concept
(integrated Micromegas grid with Timepix chip)

Micromegas
- GridPix
\\ DESY GEM
A_i_:%.l

Gye 1oy | (AE/dX)

L]
s s
Rt TR

Micromegas

DESY GEM

100 200 300 400 500 600
drift length [mm]

track length in/TPC [mm]

arXiv: 2003.01116
K/ dE/dx

- — K/n TOF
— K/m dE/dx+TOF

ILC: gating scheme, based on large-aperture GEM
- Machine-induced background and ions from gas amplific.
- Exploit ILC bunch structure (gate opens 50 us before

the first bunch and closes 50 us after the last bunch)

dE/dx ~ <4 % can be
achieved with Gridpix
(cluster-counting)

separation /G
S = N W A A e D

Added value of TIME
information for ILC:
dE/dx combined
Fhase 02 bon with ToF (SiW-ECAL)

:§ Fins for backup for K-PID

_  air-cooling

i« FElectron transparancy
/> 80% for AV ~ 5V

3D-printed monolithic
cooling plate for a
TPC using 2-phase CO2

CHALLENGES / FUTURE PLANS:
v" Common modules with a final design (with gating)
v" Optimization of cooling & material budget

Integrated

v" GridPix development (dN/dx cluster counting) erponkine P. Colas @ ILCX2021




Particle Flow (Imaging) Calorimeters: The 5" Dimension ?

Impact of 5D calorimetry (x,y,z, energy, time) needs to be evaluated more deeply to undertand optimal time acc.

What are the real goals (physics wise)? Replace (part of) ECAL with LGAD for
O(10 ps) timing measurement

20 ps TOF per hit can separate T. Suehara @IL_CX2021
n/k/p up to 5-10 GeV i ﬁf q* ki
|
Test beam at Tohoku
October 2021

= Mitigation of pile-up (basically all high rates)

= Support for full 5D PFA - unchartered territory
= Calorimeters with ToF functionality in first layers?
= Longitudinally unsegmented fibre calorimeters

B Required Time Resolution [ps]

i} R. Poeschl
100

80
60
40
20

Timing resolution
Is affected by noise

S8664-50K
(inverse)

}¥ i,
. ! Djr:‘—u L L
0 gPID —

. . ) 52385
ToF Functionality : 6 810

Momentum (GeV)
v' Trade-off between power consumption &

_ i : : ILC AHCAL & CMS HGCAL common test-beam
timing capabilities (maybe higher noise level)
v" Timing in calorimeters / energetic showers?

= intelligent reconstruction using O(100) hits &
NN can improve “poor” single cell timing

W, T
' ih'--.\ " * " AHCAL
—> can help to distinguish particle types:
usable for flavour tagging (b/c/s), CMS HGCAL has measured evoluton of hadronic
long-lived searches (decaying to neutrals) , showers in the time domain with ~80ps

enhance o(E)/ E accuracy (50ps TDC binning)



Energy Recovery and Plasma Acceleration

Project concepts exists and need to be further advanced. Practical work concentrated on smaller
facilities (e.g. PEARL, bERLinPro, EUPRAXIA and many others (Flashforward, CLARA, AWAKE,
etc), use of plasma acceleration for injectors, in many cases outside particle physics).

Upcoming facilities for Energy Recovery R&D
complementary in addressing the R&D objectives for Energy Recovery

PERLE @ liCLab Y + -2
international collaboration bringing all )’:JJ. ¥
aspects together to demonstrate readiness of S
Energy Recovery for HEP collider applications i

first multi-turn ERL, based on SRF
technology, designed to operate
at 10MW power regime

Target Parameter
Injection energy
Electron beam energy
Normalised Emittance

P-ECFA Report on Plasma and Energy Recovery: https://indico.cern.ch/event/

sine . N Duty factor

ALEG RO 2023 ol A hybrid, asymmetric, linear Higgs factory

based on plasma-wakefield and radio-frequency acceleration

A Hybr’d B. Foster,!"* R. D’Arcy,2 and C. A. Lindstrgm?

A Sym metic Y John Adams Institute for Accelerator Science at University of Ozford, Ozford, UK
2 Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany

H H 3 Department of Physics, University of Oslo, Oslo, Norway
Linear Hi ggs (Dated: March 17, 2023)
Fa cto ry ( H A L H F) The construction of an electron—positron collider “Higgs factory” has been stalled for a decade,

F - : not because of feasibility but because of the cost of conventional radio-frequency (RF) acceleration.
mm:"gg;g:’mw fcy: Petric Muogh, Jens Osterhoff Plasma-wakefield acceleration promises to alleviate this problem via significant cost reduction based
T — on its orders-of-magnitude higher accelerating gradients. However, plasma-based acceleration of
positrons is much more difficult than for electrons. We propose a collider scheme that avoids positron
acceleration in plasma, using a mixture of beam-driven plasma-wakefield acceleration to high energy
a rXi V = 23 03 1 0 1 5 0 for the electrons and conventional RF acceleration to low energy for the positrons. We emphasise the
- " benefits of asymmetric energies, asymmetric bunch charges and asymmetric transverse emittances.
The implications for luminosity and experimentation at such an asymmetric facility are explored

and found to be comparable to conventional facilities; the cost is found to be much lower.

Facility length: ~3.3 km
Posit b . Turn-around loops
ositron Damping rings 1 GeV e*/dri
source (3 GeV) Driver source, (81 GeV ev/drivers)

Interaction point RF linac (5 GeV) RF linac Electron

ac

(250 GeV c.om.) e (o) BTN (5-51 GeV evfarivers) source
e P b BIIIIIDIIIIIIIIIDIIIIIIFIIIDIIIIIIIIIIIIID)

L

— e

=T mm
\/ RF linac

Plasma-accelerator linac (5GeVe)
(16 stages, ~32 GeV per stage)

. . Beam-delivery system
Beam-delivery system Positron transfer line (500 GeV &)

with tumn-around loop (31 GeVeY)

(31 GeV &) Scale: 500 m




ILC / CLIC Accelerators — Power, Energy and Sustainability
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Power and Energy

CLIC power at 380 GeV: 110 MW. ”_C (250 Gew and Luml Upgrade
_

Coll. Cryo 18.7

Coll. RF 42.8 29.2 56.9
Coll. Magnet 9.5 9.5 12.6
Cooling & Vent 15.7 13.1 19.9

ILC 250L.up Power [MW]

W Main-beam injectors
Main-beam damping rings
Main-beam booster and transport
Drive-beam injectors

W Drive- by frequency multiplication and transport

W Two-beam acceleration
Interaction region

W Infrastructure and services
Controls and operations

General services 8.6 8.8 134
Inj. Cryo 2.8 2.8 28
Inj. RF 17.1 10.0 11.3
Inj. Magnet 10.1 8.6 8.6

Detector 5.7 5.7 57 = Coll. Cryo m Coll. RF

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.

Bl B 2.7 27 } m Coll. Magnet m Cooling & Vent

Margin (3%) 4.0 33 -
Total [MW] 138 111 164 Detector Data Center

m General services ® Inj. Cryo

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

380 110 25 9
1500 364 38 13
3000 589 46 17

u Inj. RF Inj. Magnet

With standard running scenario every 100MW
Power estimate bottom up (concentrating on CLIC (380 GeV): corresponds to ~ 0.6 TWh annually;

Very large reductions since the CDR, better estimates of corresponding to ~85 MCHF annually
nominal settings, much more optimised drivebeam complex
and more efficient klystrons, injectors more optimized,

Energy of Future 6'e Collider:

m—— FCCee, 2 IPs [arXivi2203.08310]

600 || == cepc,21ps farxiv zznsnsas‘]
2

)

main target damping ring RF significantly reduced, recent i / N

L-band klystron studies 400 » Consions
r e R Technical stops

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 I ] « standard »
permanent magnets not included at this stage, so numbers I ‘ ] " LHC running
will be reduced scenario

W Machine development
Fault induced stops

Total AC Power [MW]

1
S. Stapnes Center-of-Mass Energy [TeV]



Power Optimization —

» Design Optimisation:

All projects aim to optimize — most often energy reach,
luminosities and cost. Power is becoming at least as
important, maybe even compromising

ultimate performance for power saving

 Technical Developments:

Technical developments targeting reduced power
consumptions at system level high efficiency klystrons and
RF systems generally, RF cavity design and optimisation
(treatment of bulk Nb, thin film SRF, beyond bulk niobium),
magnets (traditional SC and HTS including cryo, and also
permanents magnets):

 Heatrecovery:

- Already implemented & LHC P8

- Tunnel hear recovery study by e s
ARUP in 2022

CLIC Example

The designs of CLIC (drive-beam), including key
performance parameters as accelerating gradients,
pulse lengths, bunch-charges and luminosities, have
been optimised for cost and power

Parameter
scans to
find
optimal
parameter
set, change
acc.
structure
designs
and
radients to
find an

Cost [a.u.] optimum

=
£
e
a
=
8
o

3.1 3.2 33 34 3.5 36 3.7 38 39 4 4.

Efficiency performance of the selected commercial
klystrons and the new HE klystrons.

https://indico.cern.ch/event/1138197/cont
ributions/4821294/attachments/2474897/4
246880/HE_WS_2022_Syratchev.pdf

L-MBK/2S —
CLIC, 24 MW Leec, 1.5 Mw FSUHE-LHC
0.35 MW
7 O % ~—
L-SNS, 0.55 M X-CERN/CPI
50 MW

Less1smw@ A @ (] X-CERN/Canon—

X-BVERI UHF-LHC UHF-B-factory MW e
50 MW 0.3 MW 1.25 MW

X-Canon
X-Toshiba ’ 6 MW
PPM, 50 M .
X-CPI .

50 MW 150 MWSITT 2960

Efficiency

O Klystrons for science

~| @ HE design, CERN (PIC simulations)
N HE industrial prototype /\ ; off shelf A
0.75 1

1.5)

micro Perveance (HA/V



Power Modulation - Running on Renewables
Studies in 2017: Fraunhofer

»  Supply the annual electricity demand of CLIC (380Gev) by
installing local wind and PV generators (this could be e.qg.
achieved by 330 MW-peak PV and 220 MW-peak wind
generators) at a cost of slightly more than 10% of the CLIC

»  Study done for 200 MW, in reality only ~110 MW are needed

«  Self-sufficiency during all times can not be reached but 54%
of the time CLIC could run independently from public ENERGY LOAD AND COST ANALYSIS
electricity supply with the portfolio simulated.

* Can one run an accelerator as CLIC in a mode where one
turn “on” and “off” depending prices (fluctuating with weather?)

»  Flexibility to adjust the power demand is expected to become s i gy R e
increasingly important and in demand by energy companies o S e

Final Report
Version 1.0 [29.11.2018

A real implementation of renewable energy supply:

v A physical power purchase agreement (PPA) is a long-term
contract for the supply of electricity at a defined, fixed price at the
start and then indexed every year, and a consumer for a defined
period (generally 20 years). Being considered for CERN, initially at
limited scale. Advantages: price, price stability, green, renewable.

v Nuclear energy remains very important, on the timescale of a
future CERN facility

v Must be a goal to run future accelerator at CERN primarily on
green and more renewable energy with very low carbon footprint.
However, energy costs will remain a concern (two slides back).




e

“Green ILC” and Carbon Neutrality

Although SRF has been adopted, the AC power consumption
of ILC Main Linac is < 50%, of the total of 110 MW (250 GeV ILC)

> “Green ILC”: Past efforts include increasing the efficiency of accelerators (SC, klystron)
https://green-ilc.in2p3.fr/documents/
» Carbon neutrality: Common challenge for all future HEP accelerators.

v

infemational development feam

Proceedings of the 19th Annual Meeting of Particle Accelerator Society of Japan

Proceedings of the 17th Annual Meeting of Particle Accelerator Society of Japan
October 18 - 21, 2022, Online (Kyushu Universily)

September 2 - 4, 2020, Online

PASJ2020 WEPPS7 PASJ2022 WEOBO5
STUDY ON SUSTAINABLE ENERGY MANAGEMENT SYSTEM IN ILC,

STUDY ON A SUSTAINABLE ENERGY MANAGEMENT SYSTEM FOR THE ILC PART-IL

Masakazu Yoshioka #4+8:©, Tohru Kano®), Shinya Narita®, Hisashi Odaira®, Sadayoshi Hirai®), Yasuo Kawabata®,
M. Yoshioka, Iwate University, Morioka, Japan and Iwate Prefectural University, Takizawa, Japan
T. Kano, Iwate Prefectural University, Takizawa, Japan
S. Narita, Iwate University, Morioka, Japan
H. Odaira, Iwate Prefectural Office
S. Hirai and R. Ueda, NTT FACILITIES, INC., Solution Business Department, Tohoku Branch
Y. Kawabata, TOBISHIMA CORPORATION, Civil Engineering Division

Masakazu
Yoshioka

D) Twate Prefec

P TOBISHIMA CORPORATIO

J. Sawai, Sumitomo Mitsu Construction Co., Ltd. Civil Engineering Division
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LCWS2023 @SLAC: International Workshop
Future Linear Colliders (May 15-19, 2023)

| £/
INTERNATIONAL WORKSHOP e~ LINEAR COLLIDERS

» Sustainability Studies for Future Linear Collider —
+ Introduction to Industry/Sustainability Session — Benno List (DESY, Germany)
Session Conveners
» LC related high efficiency RF systems, status

Univ./AAA, Japan
") * Green ILC Concept — Yoshioka Masakazu (lwate

« US Office of accelerator R&D and Production University/KEK, Japan)
(ARDAP) — Ginsburg Camille (Deputy Director of -
ARDAP, USA) « Sustainability: Permanent Magnets — Shepherd

Ben (STFC, UK)
* Advances in Spanish Science Industry — Fernandez _
Erik (INEUSTAR, Spain) * ARUP Study Report (Carbon Cost/ Life Cycle

Assessment)

« RadiaBeam experience of supporting the accelerator will take place J

community - speaker tbd (Radiabeam, USA\ g power Klystron
|_|TY geveiopment - Zusheng Zhou (IHEP, China)

Experience in U _
o"lders «ENEGn as 3 company inthe ° Basicresearch using synchrotron radiation and
||OKU region - KONDO, Masahiko (Kondo commercialization of waste heat recovery
Equipment Corporation, Japan) technology from ILC - Mitoya Goh (Higashi
Nihon Kidenkaihatsu Co., Ltd., Japan)

* Development of Nb3Sn SRF cavity using o e :
electroplating method - TAKAHASHI, Ryo (Akita . Tf)wn planning in the vicinity of ILC candidate
Chemical Industry Co., Ltd, Japan) site as a regional company - Kondo Masahiko

(Kondo Equipment Corporation, Japan)



Sustainable Construction — Life-Cycle Assessment

For carbon mission, the construction impact will be much earlier Responsable purchasing — and
and might be more significant (rare earths and many other issues) understnding the impact of supply
chain, costs and potential for changes
« Construction: CE, materials, processing and assembly — not — will be essential for future projects
easy to calculate
«  Markets will push for reduced carbon, responsible purchasing Carbon Cost/Life Cycle
crucial (see right) — construction costs likely to increase Assessment (ARUP study 2023)
Decommissioning — how do we estimate impacts ? ARUP

Quantity DB Klys.
Inner Diameter [m] ] 10

Goal and Scope
Goal: Reduce embodied and construction environmental impacts
LCA for 3 tunnel options (tunnels, caverns & access shafts)

Tunnel Cross Section [m?] 79
Lining / Grouting [cm] 45/15
Concrete Area [m?] : 44.8
Lining & Floor Area [m?] ] 19.7
Concrete per m [t/m] 129
Steel per m [t/m] L 2.3

System boundaries: Embodied and construction.
Excluding operation, use and end of life.

. CLIC Drive Beam tunnel, 2. CLIC Klystron tunnel, 3. ILC Japan tunnel,
5.6m internal diameter 10m internal diameter arched 9.5m span

Concrete GWP [t CO2-eg/m]
Steel GWP [t CO2-eq/m]
Material GWP [t CO2-eq/m] 5
Total GWP (25% overhead)

B. List: https://indico.cern.ch/event/1260607/

Assume a small tunnel (~5.6m diameter) and that the equipment in the tunnel has the same carbon footprint as

the tunnel itself, a 20km accelerator (tunnel plus components) correspond to 240 kton COZ2 equivalent

Many caveats, first of all this is a very first indication of the scale: 2 ST

+ many more components in tunnel (also infrastructure), injectors, shafts, detectors, construction, spoils, etc ...

+ upgrades and decommissioning, this is not only an initial important contribution

- Improvement and optimisations (e.q. less and/or better concrete mixes, support structures, steel in tunnels,
responsible purchasing, etc etc



Summary and Outlook

CLIC and ILC are two mature designs for an et+e- Higgs Factory based on Linear
Collider technology

Both concepts can be extended in energy to study tth production and the Higgs
self coupling in double Higgs production at energies of 500 GeV and beyond

- CLIC energy upgrades to 1.5 and 3 TeV
-2 ILC upgrades to 500 GeV and 1TeV
In baseline configuration, both use 110MW electric power (similar to LHC)
- Flexible operation (power modulation) is a strength of linear colliders
R&D programs for the next 3-4 years are defined

= CLIC: focus on X-band and nanobeam technology, prepare for next European
Strategy update

= ILC: focus on time critical items (esp. SRF, positron source concept) parallel
to inter-governmental discussions towards an international project

- Both: continue luminosity optimisation: ATF3
Sustainability studies are important and will be extended

Special thanks to:
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