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Why Do We Need Particles at even Higher Energies

A To study the smallest building blocks of matter

Hectron Neutron

Optical Microscope: 10% m
Radioactive Source: 10m
Q LHC: <102'm
Atom Nucleus Proton Quarks
Matter 1510, 10%m 105 m <101 m

Higher particle energ§ smaller wavelengt, smaller structures
C Accelerators are Supeavlicroscopes !

A To produce massive particles (e.g. W, Z, top, Higgs) that are either unknown or predicted by theories.

A The study of the smallest building blocks of matter with high energy particle colliders and the production of new
massive particles is connected. Vs - 50000 MeV
Zy
E=mc> ~°Z Lo a0 ey

P=45000 MeV/c : : P=45000 MeV/c

C Accelerators are powerful tools for particle discoveries and precision measurements!
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Which Rarticle Types to Accelerate?

A Need stable charged particgsptons, electrons, (muons), io$
most used: electrons and protons

A Proton collisions:
A Mix of quarks, antjjuarks and gluns: variety of processes
A Parton energy spread
A QCD process large background sources

A Electron/positroncollisions: elementary patrticles
A ollision process known
A Well defined energy
A Background from other physics limited

A Photoncollider:

A e+le- colliders can be turned to gamagamma by inverse compton
scattering using lasers

A Muons: elementary particle, but lifetime only 2.2 ps
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Which Accelerator Type: Circular versus Linear

ﬂ:ular colliders: \

Allows to recollide bunches for hours.

Limitations:

A Forhadron collidersThe limitation isnagnet
strength

A Forelectronpositron collidersCircular
machines are limited ksynchrotron

radiation

x M Ofluﬂ(”?ﬂ( )4R2

‘ |
Magnet Synchrotron
Light
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Linear colliders:

Favorable for acceleration of low mass particles
to high energies.

Limitations:

A Linear machines accelerate particles in a
single passl'he amount of acceleration
achieved in a given distance is the
accelerating gradienflhis number igmited

to 100 MeV/mfor conventional copper
cavities.

. /




The Large Hadron Collider

Lac L@nan A 27 km circumference

A Collision of protons (or lead) at
13.6 TeV c.o.m.

A High Luminosity upgrade in
20262028 to increase the

= 0L OGIOOIRE S Jar TR MW integrated luminosity by a

":T' 55

factor of 10
A Operating until 2042
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Future Colliders

Clrcular collders

CEP&SppC in China

FCC at CERN
91 km, 380 GeV (e$e100 TeV (pp)

pInjector H

{ 4GeV Turget, nDecay uCooling  Low Energy  :
i Proton & pBunching Channel pAcceleration
% Source H

Muon Collider Accelerator

>]10TeV CoM
~10km circumference

Ring

P2

100 km, 240 GeV (e4e75100+TeV (pp)

Linear colliders

',b ; Legend
Shin-Acmori Station

Kitakami
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Jura Mountains

p

20 km, 250 Ge
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Haneda Airport

* CLIC at CERN
=% 11 km, 380 GeV
@& 48 km, 3 TeV

C3 - 8 km footprint for 250/550 GeV

Main Linac
S Mecav
\‘\\_ / Beam =
RTML ~—__ Delvery , 1P o= —
Polarized Damplng Rlng
Electron Source .

T Qe Damping Ring

N3
Positron Source e 2

Cool Copper Collider C
8 km, 250/550 GeV

Colliders based on plasma wakefield
~4. 5km eV

MIRROR

RECO
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IN PLASMA CHANNEL
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Future Circular Collider
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Future Circular Collider, FCC

Inspired by successful LERHC program at CERN
Comprehensive longerm program maximizing physics opportunities

8 surface sites

Collider program:
FC@e Luminosity frontier: 91,.160, 240, 365 GeV W X

FCehh: Energy frontier: 100eV - _ ’ SR a. (alserhone -.
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FCC Timeline

AL

HL-LHC art y
Feasibility Study Project approval. by Conaliiation alarts _— Operation of FCC-.m
(geology, R&D on accelerator, CERN Council s - stons - 20 years of physics exploitation)
years of physics exploitations

detector and computing (or alternative project selected)
technologies, administrative

procedures with the Host States,

environmental impact, financial Real IStIC SChed u Ie

feasibility, etc.)

Feasibility Study by March 2025 as input for the ESPP update
A demonstrategeological, technical, environmental and administrative feasiblitye tunnel and surface areas al

optimization of placement and layout of the ring
A Optimisedesignof the colliders, injector chaindetectors and physics concept.
A Develop consolidatedost estimateand funding and organisational models based on discussions with Coul

E. Gschwendtner, CERN



FCC Challenge: Optimized Placement and Layout

8 surfacesites<40hatotal land use

Possibility for 4 experiment sites

All sites close to roadfrastructures< 5km ofnewroad)
Vicinity of several sitde 400 kV grid lines

Drilling work on the lake

A Regional implementation development:
A Meetings with municipalities in F(31) and CH (10)

A Site investigations to identify location of geological interf
A Molasse layer vs moraines/limestone

A Excavation material strategy

CC Faucigny-Gliéres

Individual meeting

Sondage AB9 (2007) incliné de 45° de 125 mi (surface plateforme estimée : 12 x 12 m soit environ 150 m?)

Individual meeting planned

Collective meeting ] — Quatemary
—Lake

FCCinclined at 0.5% Limestone unavoidable — Wildflysch

g S % —.Molasse subalpine
gradient to minimise between G-H _ Molasse
depth of point F

Limestone
—Shaft

HNHOY AahLy{ @& OQHeotizeNDdelePNE
and test an innovative process to transform sterile
GY2tl aasS¢ Aya2 FSNIAES |a:
afforestation. Near LHC HBuration: (2024027)

L)
8
3
Lake Geneva
Arve Valley
Rhone Valley

Okm 10km 20km 60km 70km

40km 50km
Distance along ring clockwise from CERN (km)

FCC passes below Lake
Geneva moraines

FCC passes above
limestone

Shaft depth:
p 10
A: 202 m B: 200 m D: 177 m F:399 m G: 228 m H: 139 m J:251m L:253 m



Stage 1: FGE€e

Double ringe*e” collider 90 km. 91, 160, 240, 365 GeV:
Followsfootprint of FCehh, except around Ips. hightintensity electron positron collider for detailed study of the 2(10
W (16), Higgs boson (%) top quark (16).

Asymmetric IR layout & optits limit synchrotron radiation towards. | jirect sensitivity to new physics up to ~70 TeVi@times LHC)

the detector.

Synchrotronradiation power 50 MW/bearat all beam energies Parameter z WW  H(ZH)  ttbar
. _ _ beam energy [GeV] 45.6 80 120 182.5
Topup |nject.|on(0.-1 Hz at all energiequiresbooster beam current [mA] 1370 137 267 e
synchrotron in collider tunnel. oumber bunches/beam | 11200 | 1780 | as0 0
bunch intensity [107'] 2.14 1.45 1.15 1.55
SR energy loss / turn [GeV] | 0.0394 | 0.374  1.89 10.4
o boons_/ madbsaiert o) = Ao =102 total RF voltage 400/800 MHz [GV] 0.120f/0 | 1.0/0 | 2.1/0 @ 2.1/9.4
o g N long. damping time [turns] 1158 | 215 | 64 18
it e horizontal beta® [m] 0.11 0.2 0.24 1.0
vertical beta* [mm] | 0.7 | 1.0 1.0 1.6
booster horizontal peometric emittance [nm] 0.71 2.17 0.71 1.59
| | vertical geam. emittance [pm] 18| 22 1.4 1.6
‘E‘:::‘;':e'm ‘z‘::"'r‘i"'m‘e'm vertical rms IP spot size [nm] 36 47 40 51
= e luminosity per IP [10* em 251 | 140 | 20 25.0 1.25
total integrated luminosity/IPfyear [ab™fyr] 17 2.4 0.6 0.15
Tocmncal s Tt e Betatron & beam lifetime rad Bhabha + BS [min] | 15 | 12 12 11

800 MHz RF

SSS = 1400 m' collimation

. 4 years 2 years 3 vears 5 years
- —— 5x162Z >10wWw °Y° 1S 2x 16t
LEPx 0 LEPx 10 pairs
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FC&ee Challenges

50 MW synchrotron radiation/beanA Optimized RF systemn increase energy efficiency

5-cell
800 MHz,
bulk Nb

1-cell 2-cell
400 MHz, 400 MHz,
Nb/Cu Nb/Cu

& o &'

366 cryomodules and 1464 cavities, of which a quarter are based on Nb/Cu technology and the rest on bulk niobium.
A Nb on Cu 400 MHz caviti€dKEK as R&D partner), seamless cavity production, coating techniques.

A Bulk Nb 800 MHzavities surfacetreatmenttechniques.
A RF power sourc®&D imnsynergywith HLHCA boostingthe efficiencyof commerciallyavailableklystrons (TRL@bove80% .

400 MHz

monoblockprototype
01:59:02 TURN THE INSIDE

5-cell 800 MHz cavity development
collaboratlon with JLAB

E. Gschwendtner, CERN C Development also important for Energgd®very Linacs! 12



FC@e Key TeCh NoO I Og | @ Rototypes of FCCee low power magnets

Energy efficient twin aperture arc dipoles
16 MW (at 175GeV), with Al busbars

HTS option for FCCee arc quads and sextupoles:

Gl ¢{né LINR2SO0G gAGKAY [/ I

A Nested SGextupoleand quadrupole.

A HTS conductors operating at around 40K.
A Cryocooler supplied cryostat.

A Produce & 1m prototype by 2026.

1.0T

Gl ¢{né LRGSYGALI

A Power saving
A Reduced length
A Optics flexibility

E. Gschwendtner, CERN

Bven more efficient alternative magnet designs are being explored. 12
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FC@&e Machine Detector Interface

Challengel* is only 2.2 nC Fnal focusing magnets (SC!) are deep inside the-E€@etectors.

Screening solenoid

Q1 prototypetestedat
\eold. un~8|\/|1ﬁ3 ERN);’, 7

Skeleton
Screening solenoid support

“hO u-?—'b
Compensation solenoid ]
smpensation solenoid support

LumiCal

QC1R1p
QC1R1e QC1R2e

Beam pipe Support tube Central chamber Outer tandkmedium

Bellows — = — racker

pachne L L rcoes L cere Ll sumiie

Crossing-angle mrad 30
L* m 2.2 1.9 3.5 0.935
Vertical p,* at IP mm 0.7-1.6 0.9-2.7 0.4 0.3
Detector soln field T 2/3 3 3.5/5 1.5
Detector stay clear mrad 100 118/141 90 350/436 = ||
Two beam AX atL* mm 66 62.7 49 77.6 IDEA detector 8
Conical chamber
He temperature K 1 9 42 4-5 45 Remote vacuum connection

LumiCal Disks Outer and medium tracker

Eventrate (max 100kHz at Z) and radiation are minor problems at{€€C
Technology developed for lenadiation environment like heasrgn experiments are highly relevant forlf@C
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cm-

Stage 2: FGGh

A Order of magnitudeperformance increase bothenergy & luminosity

A 100TeVem collision energivs 14TeVfor LHC), heavipn (Pb) collider at 3BeVC Direct discovery potential for new
physics up to ~40 TeV (~10 times the LHC)

A Integrated Luminosity of 20 abper experiment collected over 25 yeafoperation (vs 3 abfor HI-LHC)

5]

peak luminosity |

parameter . FCChh HL-LHC LHC
| E+36 collision energy cms [TeV] 81-115 14
T FCC-hh -
|E435 4 dipole field [T] 14 -20 833
/ circumference [km] 90.7 26.7
[E+34 —HE arc length [km] 76.9 225
E4+33 / beam current [A] 0.5 1.1 0.58
X e ISR o R “{' Fevatrgn bunch intensity [101] 1 2.2 1.15
HE+3 bunch spacing [ns] 25 25
1E+31 et synchr. rad. power / ring [kW] 1020 - 4250 73 3.6
P SR power [ length [W/m/fap.] 13-54 0.33 0.17
1E+30 | it. d time [h] 0.77-0.26 12.9
0,01 0.1 | 10 100 1000 ong. emit. damping time : : :
v k luminosity [10** cm-2s? ~30 5 (lew. 1
c.m. energy [TeV] pea i ) (lev)
) events/bunch crossing ~1000 132 27
stored energy/beam [GJ] 6.1-8.9 0.7 0.36
Integrated luminosity/main IP [fb] 20000 3000 300

E. Gschwendtner, CERN 15



FCchh Key Challenge Magnets

Magnet development is part of the ESPP accelerator R&D roadmap

A "

: 3 - yia__lz_lH_HC technology
2 12T NeSn-quadrupole
g ;.7.—;_[1‘_.3.-::'-‘—"}*-,-'—‘. \ﬁ‘y/'

3

-

if CHefechnology 4F
8.3 JNbTidipole £

y 4

A FCGhh magnets¢ main R&D activities:

A Materials: Goals:
A ~16 T for Nb3Sn,
A at least ~20T for HTS inserts

A Magnet technologyengineering, mechanical
robustness, insulating materials, field quality

A Production of models and prototypes:
demonstrate material, design, engineering
choices, industrialisation, costs |

A Infrastructure and test stationfor tests up to
~20 T and 260 kA

Nb,Sn@12T
IBS ReBCO@20T NbySn@14-16T Nb-Ti@9T

Bi-2212| ReBCO@14 T

E. Gschwendtner, CERN 16



FCchh Challenges

¢ RCGhhmagnet development timeline
Phase 0 Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 Phase 6 Phase 7 Phase 8
*-2025 2025-2030 2030-2035 2035-2040 2040-2045 2045-2050 2050 -2055 2055 - 2065 2065 - 2070
Setup Canvassing Scopir Feasibility | Prototyping Industriali- Pre-series Series Manufacturing Commis-
zation sioning

A A AAA A

With FCchh after FC@e: significantlynore ime forhigh-field magnet R&[aiming at highest possible energies

C Energyconsumption: 4 TWh/yea R&D orcrya> ¢{ZX 0SIFY OdaNNByusz X
C Powerload in arcs from synchrotron radlatlothWA cryogenicsyacuum
C Sored beam energy= 9 GA machine protection

E. Gschwendtner, CERN 17



Muon Collider

E. Gschwendtner, CERN
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Muon Collider

Motivation:
A Previous studies the US, experimental program in the UK and alternatives studies by INFN /‘\U};i{%@ﬁ'ﬁd”;'
. . . . . . / Collab '
A New strong interesin high energy, high luminosity lepton collider oreboratien
A Combination of precision physics and discovery reach Goal
A Muon colider promisesusainable approacto the energy frontier NE TCdi
A Limited power consumption, cost and land use 3TeV | 1ab !
A Technology and design has advaricettie past years 10 TeV | 10 ab™!
14 TeV | 20 ab~!

A No unsurmountable obstacles

A Saged approach
A Collider operational in 2050

Organization:
A International Muon Collider CollaboratidiMCC @ MC

nnnnnnnnnnn

A Qupport from the EW, MuCol Mo Mucol

A Particle Physics Prioritisation Panel @Plorses muon collider R&D:
EOKAA A& 2dzNJ Yd2Yy &aK20¢0
A recommend joining the IMCC
A Consider FNAL as a host candidate
A Addendum to CERDIOENSF agreement is in preparation

E. Gschwendtner, CERN 19



Muon Collider

Proton Driver

SC Linac
Buncher
Combiner

| .
o
4=
o
=
£
=
o
o
<t

Capture Sol.
Decay Channel

MW-Class Target

Front End

Buncher

Phase Rotator

Acceleration

Cooling

SC LINAC RLA1,2

RC51,2,3 &4

j -
£ 9 =
g £ £ 2 £
© 2 o - o O 2
o »n 8 T w 9 O

() Chu

f“’g 5 2 A ©
© %JLD o =2 © K=
et (.
—_ L
£ O

Accelerators:
Linacs, RLA or FFAG, RCS

Collider Ring

Short, intense proton bunch

lonisationcooling of p in matter

Acceleration to collision energy Collision

Protons producg@ionswhich decay
into muons, muons are captured

C Design istilly driven by short muon lifetime, 2.31s:
ionization cooling, fast acceleration, high RF gradients
and high field magneits

E. Gschwendtner, CERN

Parameter Symbol Value
Beam energy E 5000 GeV
Luminosity per IP L ~20%103cm2 571
Bunch population N, 1.8 x 1012
Repetition rate fr 5Hz
Normalized transverse rms emittance Enx = Eny 25 um
Geometric transverse rms emittance Egx = &gy 0.528 nm
Longitudinal geometric rms emittance £ 70 mm
Rms bunch length o, 1.5mm
Relative rms energy spread - %E 0.1% )
\Beta function at IP By = By 1.5mm )
Circumference C ~ 10 km

20




Muon Collider Challenges Target

A 5 GeV proton beam
A 2MW =400 kJ x5 Hz

Proton Driver

Front End

—_OOA

H

SC Linac
Buncher
Combiner
Capture Sol.
Decay Channel
Buncher
Phase Rotator

Accumulator

MW-Class Target,

2 MW target FLUKA studies:

stress in target, shielding, vessel is OK.

Cooling OK.
Look closer at window.

naz
H e
e

Target

Operation at 200@C tomaximise
stress resistance

E. Gschwendtner, CERN

protons

in target

———

]
RRRRR

decay

pions =) muons

i

iy,

+

400 kJ protons to produce 5 x 10*3 captured muon pairs

I

i

Graphite Target

20 T solenoid
to guide pions and muons

Tungsten shielding
To protect magnet

Targetsolenoiddesignongoing
Eitherlargebore20 T HT®r 15 T LT®ith 5 Tinsert

Large bore, high field solenoid
Nb,Sn or HTS

ITER Central Solenoid Model Coll
13Tin 1.7 m (LTS)

21



Muon Collider ChallengesCooling

'1'..'

Cooling s : e
LA «4
high transvers| - "- "+
emittance Sl LH,-Absorber L
£ 2 oo B
R & = — -
© F 8 <o 8 o Beam direction- -+ - -
o v g o 5 o
I % © @2 o < - " Solenoid
= 2 LT
4
RF cavities in magnetic field

energy loss re-acceleration

In MICE (UK) : principle demonstrated with no RF
Nature vol. 578, p. 539 (2020)

MuCooldemonstrated >50 MV/m in 5 T,
| H2-filled copper, Be end caps
32 T with low temperature HTS

E. Gschwendtner, CERN 22



Muon Collider ChallengesAccelerators and Collider

Acceleration

AcceleratOrS: SCLINAC RLA1,2  RCS1,2,3 &4

Acceleration time: 10 ms in the four accelerators

Recirculating linacs, ddmpne shape MeV to 63 GeV
Racpictycling synchrotron, RCS:
A Large RF voltage required: 5000 SC TESLA RF cavities
A Fast ramping magnets: e.g. 4200T/s in RCS 1
A RCS2,3 and 4 are hybrid RCS:
A pulsed normal conducting and fixed field SC magnets.

 —— /’/4
4 Beam monitor
B RF station 66 turns
RC53
750 -1500 GeV

RCS1 RCS2
63 =313 GeV 313 - 750 GeV

_______._.—-—P

55 turns

RCS &
1.5 -5.0 TeV

Collider Ring

Collider:

High performance 10 TeV challenges:
Very small betafunction at IP (1.5 mm)
Large energy spread (0.1%)

Maintain short bunches (1.5 mm)

ECOM:

Higgs Facto

Q

Final focusing quadrupotes
Significant aperture, very high magnetic field (HTS technol

Minimize circumference and maximize luminosity.

A 10 km ring for 1deV: 16 T NgSn or HTS dipoles

A 20-40 mm tungsten shielding inside magnet to mitigate power Ig
of 500W/m due to muon decays

Neutrino flux:
Fewest possible straight sections, mover system

09

)SS
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Linear Collider

E. Gschwendtner, CERN
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CLIC, e+d.inear Collider

w Timeline Electronpositron linear collider at CERN for the era beyond
olider e 400 HL-LHC

w0 R

Compact Linear Collider (CLIC) 7/ ;
B 380 GeV - 11.4 km (CLIC380) -

w CompactNovel and uniquévo-beam accelerating techniquéth high
gradient room temperature RF cavities, ~11km in its initial phase

w Staged programmwith collision energies fro®80 Ge\(Higgs/top) up
to 3 TeV(Energy Frontier)

w Comprehensive Detector and Physitglies done

wCDR in 201®&ith focus on JeV Updated project overview documents
in 2018 (Project Implementation Plamith focus 380 GeV for Higgs and

top.

wProject Readiness Repfot 2026 ESPPB80 GeV + ZeV also 250 GeV
@ 100 Hz

w Performance updatesustainability aspects, cost update

Elevation (mASL)

E. Gschwendtner, CERN 25



1. Drive beanaccelerated te-2 GeV using conventional klystrons

2. Intensityincreasedusing a series of delay loops and combiner ring
Iystrons 3. Drive beam decelerateathd produces higRRF
RS 4. Feedhigh-RRo the less intensenain beanusing waveguides

The CLIC accelerator studies are mature: o st }l‘i»))) —_

1 H H 2.0km
A Optimiseddesignfor cost and power S —
' @95m
AMany testdn CTF3, FELs, ligiturces and testtands o, s e e,
A ~ ~ . ~ A P A 2 4 ~ >) t» \ Time F)eluv LIDl: g Wg)y{ﬁ BC2
A ¢ S O K y A O I f R S Q S t 2 LJY S y ua 2 ?j\ LM. llm )Rpgl,t)»»;gg»») D S e —‘;’ - k:m ﬂ(f {0 L «« (uul--»- ©
- - e”Main Linac, 190 GeV, 12 GHz, 72 MV/m, 3.5 km - ’ e*Main Linac, 190 GeV, 12 GHz, 72 MV/m, 3.5 km
AEventrate similar to FC@e on G Do
Spi Iur Eoughéreblna\c_)
)) }\\\\ CAPTION
o Pre-Injector Primary e” Linac CR : Combiner ring
DR e m & Linac fore* production TA : Turnaround
Table 1.1: Key parameters of the CLIC energy stages. MAIN BEAM ‘ wom  amm  \POR 0.2 Gev DR : Damping fing
COMPLEX (('F ._<(«(“—= Egn B Pre?‘ampir;g ring
. Target Gun : Bunch compressor
Parameter Unit Stage 1 Stage 2  Stage 3 \\\(“‘: —=3 ﬁ:";?ﬁfii??ﬁi’!?n? system
Centre-of-mass energy GeV 380 1500 3000 SpinRotmor  Ijector Linac preinocior oGun .
Repetition frequency Hz 50 50 50 e 02Gev 380 GeV
Nb. of bunches per train 352 312 312
Bunch separation ns 0.5 0.5 0.5
Pulse length ns 244 244 244
Accelerating gradient MV/m 72 72/100  72/100
Total luminosity 1x10**em 2571 23 3.7 5.9
Lum. above 99 % of /s 1x10%em 25! 1.3 1.4 2 From 380 GeV to Be\l
Total int. lum. per year b1 276 444 708
Main linac tunnel length km 11.4 29.0 50.1 I ovecr
Nb. of particles per bunch 1x10° 5.2 3.7 3.7 T§ - EI—
Bunch length nm 70 44 44 N (RmehEAe
IP beam size nm 149/2.0 ~60/1.5 ~40/1
Final RMS energy spread % 0.35 0.35 0.35
Crossing angle (at IP) mrad 16.5 20 20

Energyfrom drive beam is extracted in
the PETS in form of powerful RF waves
A used to accelerate main beam.

26
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CLIG High Gradient XBand Technology

12 GHZA X-band

RF accelerating gradient

-\ |

ML T

L

Compact linacs have many users: research

Test structure

X-band technology readinesmanufacturability and developmendsiven by use
in small compact accelerators for industrial experience.

i ) . DI .
accelerators, medical or industrial linacs. o — ., Bendingmagne
(\" Source of electrons Q\\' Accelerating stage o “gQQ-
Trieste, FERMI: Linearizer +  TU Eindhoven: SMART*LIGHT, ICS *  KEK: NEXTEF R K ) \'"QQ
SwissFEL: Linearizer and PolariX deflector +  Tsinghua: VIGAS, ICS *  CERN: XI-30>(—2,3 and SBox @ __,Bending magnets
SAR!: Linearizer, deflectors +  CERN: AWAKE electron injector * Tsmgh'.‘la_‘ IPot QQ i B
CERN: XBox-1 with CLEAR, accelerator +  INFN Frascati: EUPRAXIAGSPARC LAB, ; *  Valencia: IFIC VBox e % _ Patient
DESY: FLASHForward and FLASH2, PolariX deflectors +  DESY: SINBAD/ARES, deflector : ;ﬁséEEFRM';BE”d Qn Y 7
SLAC: NLCTA, XTA *+  CHUV/CERN: DEFT, medical accelerator * - LIYO-Systems - - ; Q. Y
oo | R P e rsrntr | LN CERN, Universiy Hospital o i ®
) : ' +  INFN Frascati: TEX Lausanne (CHUV), THERYQ i

+  Trieste: FERMI d
rieste energy upgrade Melbourne: AusBox

E. Gschwendtner, CERN 27



ILC 250 GeV Accelerator Faclility

o C.M. Energy 250 GeV
e- MainLinac - P 20k
8,000 SRF cavities at 1.3GHz, 2K
Luminosity 1.35 x16*cmst
e+ Source
Repetition 5 Hz
ivery system (BDS) ]
Beam Pulse Period 0.73ms
Physics Detectors :
Beam Current 5.8 mA (in pulse)
e- Source Beam size (y) at FF 7.7 nm 250GeV
+ Main Li SRF Cavity G. 31.5 MV/m
e ain Linac (35 MV/m)

Q Q, = 1x10t

‘kNodla Airport
Haneda Airport

ILC has mature desigd next steps involve technical developments and industrial prototyping with final specs.

Key Challenge: SC RF systems

A Huge global interest: European XFEL (800 cavitieshLLUCBS { K yIKF A - C9[ X

A Nb cavity performance advancements made at many labs

A Improved fabrication techniques and surface treatmeyntprospects for higher gradient, Q, yield, reduction in cost, cryo power

ILC project status:

A April 2023: ILC budget at KEK increased, International Expert Panel: reviewed models for realising a large globdl gdje@t stiormal conversations
involving funding agencies.

A Cost update in progress for input to ESPPU



Cool Copper Collider (C3)

C3 - 8 km footprint for 250/550 GeV

Novel linac concept: ®and Cu RF cavities at K7(LN2) =
A High gradient comparable with CLIC but witoaventional RF system [ Main Linac
A Compact footprint ~8 km (250/550 GeV)
A Significant progress in last years, demonstrator needed

245 GeV

S Beam
RTML i » Delivery IP ¥ ol g

aly
o

"g T > O R T i
5 10| 1
£ ; Cu@45K
S 1072k . ppa—
; LF i / Polarized Damping Ring
2 10 » Soft Cu___ #“ E Electron Sour,cgv e & 24 ~ Pre-Damping Ring
§ il ; Hard Cu \ 4 3 - 1%om -
g il Hard 3 Positron Sou:c;\\\ ‘Zsfw_]
8 j0-b CuAg#1 ] i
[;]\1_) 10—"_' D A S A S & N I B ;
50 100 150 200 250 300 350
Gradient [MV/m] CM Energy [GeV] 250 | 550
Cahill, A. D., et @RAE1.10 (2018): 102002 Luminosity [x10%] 13 | 24
: . Gradient [MeV /m] 70 120
Design aim: Effective Gradient [MeV/m] | 63 108
A 550 GeV c.0.m. energy with 120 MV/m structures Length [km] 8 8
A Sart at 250 GeV with 70 MV/m structures Num. Bunches per Train 133 75
Beam parameters optimised for sanmeegrated luminosity as IL2ab? in Train Rep. Rate [Hz] O
10 years @ 250 GeV. Bunch Spacing [ns| 526 | 3.5
' Bunch Charge [nC] 1 i
Benefits from synergies with ILC and CLIC: Single Beam Power [MW] 2 2.45
A Beam delivery system and interaction region based on ILC Added Beam Power [kW/m] | 1.1 1
A Damping rings and injectors based on CLIC Site Power [MW] ~150 | ~175
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Accelerating Gradient

Conventional RF Cavities

Typical gradients:
LHC: 5 MV/m
ILC: 35 MV/m
CLIC: 100 MV/m

Accelerating fieldsare limited to ~120 MV/m

In metallic structures, a too high field level leads to
break downof surfaces, creating electric discharge
Fields cannot be sustained; structures might be
damaged.

E. Gschwendtner, CERN

Plasma Acceleration
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Solid Liquid Gas Plasma

< Temperature ’
or Energy
Low High

sustainelectric fields up to three orders of magnitude
higher gradients

A order of 100 GV/m.

A ~1000 factor stronger acceleration!

PlasmaA & It NBI Re ARYAVSERI gRI 6




Colliders Based on Plasma Wakefield Accelerat

E. Gschwendtner, CERN 31



Plasma Wakefields

ldea:Using plasma to convettie transverse electric fielaf a drive bunch into &ongitudinal electric field in the plasma.

Plasmaquastneutral, electrostatic Drivebunch or pulserelativistic || Witnessbunch:
interactions dominate, charge particles are || charged particles bunches or || accelerated in the 2N
dense enough to support collective behavioutaser pulse. longitudinal electric field.| =

dmm \ccelerating for e

T — —— 2
— — = _ n,.e
R R 4 KRt 4 === Decelerating for e Whe = | £
+ =t + F|+ + + + ) MeEp
--:..- e . | -
+ +=F + +[|+ + ".‘&H Focusing for e
+ + Tt +llF W+ , = c
TR == 1 S l Defocusing for e Ape= En—wpe

plasma wavelength A,

The maximum accelerating field (waweaking field) is Fy ~ 0.961/n(1014 ¢cm—3)[GV/m]

Examplen,, = 7x107 cm® C E,z= 80 GV/m
Examplen,, = 7x104cm? (AWAKELC Eyg= 2.5 GV/m

E. Gschwendtner, CERN 32



Energy Gairg State-of-the-Art

Laser Driven

Electron Driven

Proton Driven

42 GeV in 85 cm

Dispersion (mm)

FACET, SLAC, US

-16 -14 -12
-4
Energy loss Energy gain
-3 e —

=2 Scalloping of the beam

Position (mm)

A gradient of
52 GV/Im

240 180 120 60
Charge density (-e um2)

|. Blumenfeldet al,
Nature 455, p 741
(2007

Experiment

P -3 x 106 e GeV-'
Simulation *

Charge density (e mm-1)

35 40 50 60 70 80 90 100

Electron energy (GeV)

8GeVin20c

laserheated capillary discharge waveguide,
20cmscale plasma

115

mrad

-0

-1.1 ‘ : : : g g ! ‘ ‘
72 74 76 7.8 80 82 84 86 88 90 -0
Momentum (GeV/c)

A.J.Gonsalvext al.,Phys.Rev.Lett22 084801 (2019)

(4]
(o/n=D)/peawyod

dQldx / {C mm’*

Proof-of-concept 2 GeV in 10 m

el NN

e

Potential for much
larger energy gain in
single plasma source

J\ = AWAKE Collaboration,
""" Nature561,363;367 (2018

d?Qldxdy / 1C mm2

E. Gschwendtner, CERN
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