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Introduction to Colliders

HEP Context:
e EPPSU2020 & Snowmass 2021
® Next ESPPU2026

e+e- colliders frontiers
® | uminosity & Energy frontiers
® Sustainability frontier

Conventional e+e- colliders
® CC projects: FCC-ee (CepC)
® | C projects: ILC, CLIC, C3, LCF@CERN

Advanced e+e- colliders
® Boosting the performances: HG SRF, ERLs
® | PA e+e- collider subsystem: injectors

® | PA based e+e- colliders
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Where are we?

High

Beam Energy

Low

Beam Power High

http://mooc.particle-accelerators.eu/applications-of-particle-accelerators/
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COLLIDERS FOR HEP

ARIES

COLLIDERS ARE THE
MOST POWERFUL

NS e = INSTRUMENTS FOR
i 28 DISCOVERIES AND
o PRECISION
bang! MEASUREMENTS

oA

The main advances in High-Energy Physics in the last
century have been possible thanks to the Colliders

‘ THE PERFORMANCE OF A PARTICLE COLLIDER ‘
IS QUANTIFIED BY:

Energy Luminosity
available for production number of useful
of new effects interactions
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MAXIMIZING PERFORMANCE
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Maximum Luminosity Higher Energy

INCREASING LUMI
‘ REQUIRES HIGH BEA l BENDING RADIUS
CURRENTS. / MAGNETIC FIELD

Beam-Beam < N

" HIGHER ENERGIES IMPLY . E.. oL Gpp
seam densty 7 <D | INCREASING THE SIZE AND TN TN
[1 TECHNOLOGICAL | B
IMPROVEMENTS

— - Energy Frontier
Precision Frontier 8Y




ALL THE HEAVIER
PARTICLES OF THE
STANDARD MODEL WERE
PRODUCED IN COLLIDERS

Since the 60s, when the first
colliders were constructed
to the LHC, colliders have
become 3x104 LARGER and
now achieve 107 times higher
luminosity and energy.

20™ CENTURY COLLIDERS

A Brief Historical Recall: High Energy Colliders and Factories

SppC, FCC-hh

Year muon collider

The era of Higgs
boson started
from 2012, and
we entered the
BEST EPOCH of
High Energy
Physics

In the last 60 years
we have made a
tremendous
progress in particle
physics, and we
have to prepare
for the next
exciting and
discovering years
of human being

Future Large Colliders:
* new paradigm/theory
new colliders equipped with advanced

Higgs boson 2012

CEPC-SppC was proposed
by Chinese scientists in

Sept. 2012 after Higgs

In 60’s, Ada, VEP-I,
VEPP-II, ACO...

Boson was discovered on
July 4, 2012 at CERN

Top quark 1995

J. Gao, “Review of Different Colliders”,
International Journal of Modern Physics A,
(2021) 2142002 (25 pages).

W,Z bosons 1983
PETRA: 5 ~ 12~46.7 GeV GeV | Gluon 1979

Bottom quark 1977

(e*e” colliders)

Next? A _FCC-ee (H,t, ZW...Dark matter)
| CEPC/ILC/CLIC: new e* e~ collider — .
(B physics...) o~ detectors
2013 | [SuperKEKB:S ~ 10GeV,£ 290" | ™~ mm _—
= 2012 . - ny HIZ5S,
2010 |(|.HC\'<§ a2 ltTeV,L ﬂlo” ‘\v |Iﬁ/CERN:'
T — charm,...
2006 | BEPCIl:ys ~ 2 — 5 GeV,\ﬁ 1033 \ Crab-Waist in 2014
2002 (T mass, charmonium,...) at DA;NE =
p— v1GeV, L~ 1
1999
1994
1990
1988 T —charm,...
| BEPC:y/s ~ 2 — 5 GeV, £ ~ 10°!
1980 I
=t | CESR:y/5 = 10 GeV
o7 U/ ,c-quark, t .. | Fermilab: 400GeV p on Cu, Pt
| SPEAR&BNL:/S |

(proton accelerators)

COLLIDERS PROGRESS WAS ENABLED BY THE INTRODUCTION OF NEW
CONCEPTS AND EMERGENCE OF NEW TECHNOLOGIES
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Separate function Strong Colliding
magnets focusing beams
Sequence of S b I
Dipoles for alternately P e
E(((llllllllll))j guiding converging and # s RN
diverging magnetic _
lenses of equal Crab crossing schemes

Quadrupoles strength is itself

for focusing CONVErsing ‘ f

Nano beam sizes
at Interaction Point = ... Crab waist schemes

« higher field levels
« more optics flexibility

83 mrad
crossing angle




CURRENT TECHNOLOGIES

Superconducting RF systems Superconducting magnets
PETRA, TRISTAN and LEP-II started TEVATRON was the first accelerator
the massive use of SC RF systems based in SC magnets

HERA, RHIC and LHC use both SC RF and SC magnets
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The Large Hadron Collider

The LHC is the world’s largest and most powerful collider. The LHC consists of a
27 km ring of thousands of SC magnets with a number of RF accelerating
structures to boost the energy of the protons up to 7 TeV.
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i Pushing Precision frontier - Pushing Energy frontier
ACCELERATORS TECHNOLOGIES ARE NEW SC HIGH-FIELD MAGNETS AND ENERGY
READY TO GO FORWARD FOR LEPTON MANAGEMENT STRATEGIES ARE NECCESARY

COLLIDERS, HIGGS FACTORIES. FOR ENERGY FRONTIER COLLIDERS
s W 7 = I e 3

» o -
V3 y 2 P e Fx
e T e .
£ — . o A £
| s R
. Yy - : S ¢
£ A ; . 7 B,

qa Compact Linear Collider

Higgs factories: ILC, CLIC, FCCee and CepC Energy frontier colliders: FCChh and SppC
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ULTIMATE COLLIDERS

COOLING-FREE MUON COLLIDERS, PROMISE AN ENERGY EFFICIENT PATH TOWARDS
LEPTON COLLISIONS. WHILE PLASMA ACCELERATORS OFFER UNPRECEDENT HIGH
GRADIENTS HENCE COMPACT COLLIDERS

Muons colliders Plasma accelerators

Proton Driver Target & Front End Cooling Acceleration C
H” LINAC  Accumulator Con.?)resw' Pion i n e | Charge Bunch Final  Buncher Pre- SC LINAC RLA1,2 RCS1,2,3 &4 3 TeV Collider
Ring ing rget Bi tator Sepamﬁun &b Merge © Cooling accelerator| 10 TeV Collider
Cooling A Cooling B
i
Protons produce S = :
: < Lt lonisation cooling of Acceleration to Collision
Short, intense pions which decay . o
P . : muon in matter collision energy
proton bunc into muons which are
captured
MuCool demonstrated Coils .
6D cooling cell

>50 MV/min5T

NRy=2.1x10Mem3
Marker Marker iR
Laser Laser Laser Laser Laser

Pulse Pulse Pulse Pulse Pulse
50ps 50ps 50ps 50ps !

31 Bunches!!!

— . ks kS RMRARR AR RRDELS
i, S g (SRS RS e g ~c,/c~200ps

Arc mitigation concept Absorber
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European Stratagy,

2020 Strategy Statements

2 statements on activities
N e High-priority f initiative: i

Wokndo Ao |g_; -priority future initiative: |
——————1 Prepare a Higgs fa?ctory, f‘qll.owed by a future [ oo
o freserveheled hadron collider with sensitivity to energy scales fag fields
D aegnesel an order of n_1agnitude hi.gher than tho_se of the
e | LHC, while addressing the associated 5

- - 1on

. environmental and technical challenges

future hadron impact
b) Vigorous R&D

through b) Invest innext generation of researchers

Letters for itemizing the statemenis are introduced c) Sppart lapwlerior cid fectnolagy braneler

for identification, do not imply prioritization

-

Sprmd cultural heritage: public engagement,

education and communication

_J

> LDG Report (2022)

-~ LG

GIF 2025

LDG and the and Acc R&D Coordination panels

SPS fixed target
Other fixed target; FAIR (hep) ALICE3 FCC-hh
Belle Il LHCb (2 LS4) FCC-eh
ALICELS3 EC FCC-ee Muon Collider

PIP-II/DUNE/Hyper-K LHeC ILc cLc Plasma Collider

<2030 2030-2035 2035-2040 2040-2045 >2045

(~ feasible start dates)

The 5 R&D Themes

M1 High-fieid magnets !

High-gradient plasma and laser accelerators Scope
: ; R&D needs
Bright muon beams and muon collider
Teams

|4. Energy Recovery Linacs . .
Time horizon

I5. High-gradient RF structures and systems

[ I R s e

Context: EPPSU 2020 and Snowmass 2021

Community Summer Study

Energy Frontier (Message)

* Compared to Snowmass 2013 the lands has #icantly ch
O The programn of measuring the Higgs bason p-op-ﬂnl
= well underway st the LHC with growing peecsion
0 A broad range of searches have explored multiple BSM scenarios
without comwindng evidence of new physics
O The HL-LHC is an approved peoject

* Without » robust support for the HLALHC and a clearly defined path
mm.;nuhmmhnchst
checked and il

* The Ef community should be prepared to sxplore » brosd range of BSM
phenomena at the 10 TeV mass scale

The Energy Frontier community voices a strong support for

1. HL-LHC operations and 3 ab* physics program, incduding awdliary experiments
2. The fastest path towards an ‘e Higgs factory (linear or circular) in & global partnership
3, Avigorous RED progrem for a multi-TeV collider (hadron or mucn collider)

The Energy Frontier is >50% of the US HEP community, therefore the potential impact on CEF
|governmemal advecacy, workforce training, diversity and inclusion) are critical to the progress of HEP

The most surprising thing that emerged from Snowmass was an gverwhelming sentiment to engage in hosting 8

future collider in the US
—.and the public pravsing of £F by Michoe! Peskin for enabiing o wgorous discussion on future mwth-TeV coliders

Pathways to Innovation
Vision of the 2023 Particle Physics Project andDiscovery
in Particle Physics
Draft for Approval

Exploring
the

Quantum  Prioritization Panel (P5)
Universe

As the highest priority independent of the budget scenarios, complete construction projects and support
operations of ongoing experiments and research to enable maximum science. This includes HL-LHC, the
first phase of DUNE and PIP-II, the Rubin Observatory to carry out the Legacy Survey of Space and Time (LSST), and
the LSST Dark Energy Science Collaboration.

Construct a portfolio of major projects that collectively study nearly all fundamental constituents of our
universe and their interactions, as well as how those interactions determine both the cosmic past and future.
1 CMB-S4, which looks back at the earliest moments of the universe,
Z Re-envisioned second phase of DUNE with an early implementation of an enhanced 2.1 MW beam
as the definitive long-baseline neutrino oscillation experiment,
3. Offshore Higgs factory, realized in collaboration with international partners, in order to reveal
the secrets of the Higgs boson,
4. Ultimate Generation 3 (G3) dark matter direct detection experiment reaching the neutrino fog,
5. IceCube-Gen2 for the study of neutrino properties using non-beam neutrinos complementary to DUNE and
for indirect detection of dark matter.
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Possible scenarios of future : Proton collider W Construction/Transformation
colliders (] aedron ICl::hder " Preparation / R&D Original from ESG by UB
uon colfider Updated July 25, 2022 by MN
re 2040 start ph
ccc CCC: 250 GeV 550 GeV 2TeV
=2 yents B ki v} 2abl 4ab? ~4ab?
3 n Muon Collider CCC and Muon colliders timelines are technologically limited
3 years 4km & reise Tevatron o iy ot
L R akm+6km km ring oy PP —— 125 GeV or 1 TeV at Stage 1
- 2038 start physic:
ILC: 250 GeV
© 2 ab?
8

2035 start physics

:g CepC: 90/160/240 GeV S :
3 : 1 1
5 100/6/20 3b ppC: 75-125 TeV, 10-20 ab Energy/Lum upgraded e+e-
"Higgs-factory” e+e-
LHC followed by HL LHC
Today 2040 ~2050-55 Time
LHC HL-LHC (14TeV, 3 ab™) :

(13.6TeV, 450 ")
CERN projects are linked to completion of the HL-LHC
2048 start physics

FCC-ee: 50/160/2350 GeV

~150/30/S ot FCC hh: 100 TeV = 30 ab™?

100km tunnel, installation

CERN

CLIC: 380 GeV

holdin
‘—llIllllgllll 1.5ab?

2030
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Timeline for European

Strategy Update 2026

0O June 2024: appointment of Strategy Secretary, Strategy Secretariat and European Strategy Group (ESG) by CERN Council

QO March 2025: deadline for submission of community input

QO June 23-27, 2025: Open Symposium

QO Early Dec 2025: Strategy Drafting Session

Q June 2026: Strategy update by CERN Council = end of the process

CepC not entered in the 2025-2030 China strategic plan

« Coundil decision on
tcigol:m of E:PP upd':’h
- I for nominations
Stralegy Secretary We are here !!!
- Cal for nominations for
ESG ang PPG members
- Announcement to the
community that March
2025 is deadine to submi
input June 23-27 Draft Strategy Document
= Cal for venue of Open Sep 2024  Councll decision on venue s : submitted to Council for
Symposium for Strategy Drafting Session pen Symposium
‘ June 2024 i March 2025 f Earjy Dec 2025 ‘ March-June 2026
- Council appointment
of PPG members
March 2024 Bt gt 2024 End Jan 2026
Open Symposum venue
Submission of
3 Deadline for Drafti Councll discussion
= Council appoiniment of Strategy Secretary ng
and :cstabish;mnt of OSQcMUiaI submission of input Bﬁoﬂng it m OF SN SHmingry
= by the community Document folowed
Councll establishment of ESG b of ESPP
- Call for venue of Strategy Drafting Session y update
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: Under study
R | I An uncompleted view ... NN

RV g
A ~
b h"i‘.‘-‘ra;__-:‘" = = = f IR e i |
f R S e
":“—:"‘—ﬁ'—’@‘: S i) e -
- - T +
E — ~ T i | . < - —— . " e 7
I.I\‘ : A L n = - = T T e o R e 12T T "' . = L
I’j
. i

—= > ==
International Large Scale

EPPSU
FCC/CLIC, ILC?

LHC ESS HL-LHC
ATF2 SC linac 11T Nb3Tn

| -
[ - 4
" Bxmmeaxmmex<a

FCChh (FCCee)
16T NbsTn/NbTn

Super KEKB FAIR LHC (HL-LHC) ATy
XFEL NbsTn/NbTn

A complex choice
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® | uminosity & Energy frontiers
® Sustainability frontier
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Luminosity & Energy Frontiers

— pa—"y

anb
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Luminosity/Power [1 0% em?s™ MW'1]
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10°

—+FCC ee —+-CCC
—-CEPC -+MC
~+-CERC —=-FCC hh
——ERLC -+SPPC
—+-ReLiC - PWFA
—-+|LC SWFA
—+CLIC —+LWFA

Integrate Luminosity per Energy [ab'1 TWh'1]

T
—
S

-

107 10°

10'
CM Energy [TeV]
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Luminosity & Energy Frontiers Sustainability Frontier

55 | Higgs
- L o PsynadE;m gg gy 800 TTAC Power vs Energy of Future e'e Colliders ) !
; | | | m——FCCee, 4 IPs [FCCee EPPSU submission] -y
E- e gl e g:.w-;;:'ﬁwof E::;mh-‘:ﬁ E L s g&ﬁ:::,ﬁ?’:;ﬁﬁ? el : P
P S - v [FCCee m=gpes |LC baseline 1
2 wmmes CEPC, 2 IPs [TDR, arXiv:2312.14363] | — = seasn ILClumiu i 3 -
= 1 R W fo samas ﬁiﬁ:‘::: lumi up [dito] G, 600 : | ssa=s LCF-SCRF 10Hz, low power i
- et : o mEen - B LCF-SCRF 10Hz, full
o St et e ..:.. l‘%@%‘é”%ﬁmm G;) = = cmm;n[an%mm
g S . - ] e g LCF-SCRF 10Hz, full power ##¥ e s CLIC luminosity upgrade [dito]
2 B = T +1a11 LCF-SCRF Z pole optimized (@) ~ | | ==0== C3 60Hz [PRAB 27.6 (2024): 061001]
........ <ce| s CLIC baseline [arXiv:2203.09186] o .
~ «#¥ s+ CLIC luminosity upgrade [dito] &
el w=o== C3 60Hz [PRAB 27.6 : 061001
E‘ 10 1 s el e ‘ ;. ".'T cs'lzﬂ"lll[dlﬂ (m‘) l o
5 T = <
> B
® 10 2
E i
=3
J -
1072 1
107 1
Center-of-Mass Energy [TeV]

GIF 2025
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Conventional e+e- colliders
® CC projects: FCC-ee (CepC)
® | C projects: ILC, CLIC, C3, LCF@CERN
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The FCC Integrated Program
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http://cern.ch/fcc

FCC integrated program — scope

- stage 1: FCC-ee (Z, W, H, tt) as Higgs factory, electroweak & top factory at highest luminosities
« stage 2: FCC-hh (~100 TeV) as natural continuation at energy frontier, pp & AA collisions; e-h option

« common civil engineering and technical infrastructures, building on and reusing CERN'’s existing
infrastructure

 FCC integrated project allows the start of a new, major facility at CERN within few years of the end
of HL-LHC exploitation

transfer lines proposed

Injection \ PA (Experiment site) tabainstalad ekl |/ PA(Experiment site)
into booster \ FCC-hh ring tunnel / \
T G Injection into collider

/ Injection - SLSS=1400 m N Injection
PB N i

LLSS=2032m AN (Technical site) PL LLSS=2032m I LLSS=2032m PB

(Technical site) (Technical site)
FCCJh h 7

\ Beam absorber  ,00'MH2 RF Momentum
Arc length \9§6 586 m

Azimuth = -10.Z

SLSS=

1400 m
I,

PL
(Technical site)

Booster RF

¥ LLSS=2032 v

FCC-ee

Arc length \QQB 586 m

collimation

. AN N l /
( ~—/ N w2
N v | \ SLSS=1400m N s
s Schematic of an Pl @ i s Eaetn weve iz | PD Pl @ T iEgws gy - - — - ——— PD
g 80-100 km (Experiment | | (Experiment (Secondary 5 4 : N (Secondary
g long tunnel site) | | site) Experiment 5 | Experiment
¢ " / site) 5 % : site)
» o |
\‘ 3
-~ / |
- 3 LLSS=2032m | LLSS=2032m
Ten - PH PF PH | PF
sbods (Technical site) (Technical site) (Technical site) SLSS=1400 m (Technical site)
Collider RF S, o Betatron & Betatron : s Beam absorber
“"‘l PG (Experiment site) s sollenatlan PG (Experiment site)

collimation

2070 - 2100 =
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Reference layout and implementation: PA31 90.7 km

Layout chosen out of ~ 100 initial variants, ; PA‘ - /t 4 \ }’(gﬂ;rtlens :
. . E Xperimen : ‘ utieber
based on several criterias: , 7 T ,
' } PB: technlcal
« surface constraints (land availability, e Nog Nl P
o | - technical : b oo
urbanistic, etc.), S0 277 (i) |
i enVirOnment, (prOteCted ZOneS), Number of surfa;; sites 8 %
 infrastructure (electricity, transport), SIS SO ] DD cxporiment
. e LSS@IP (PA,PD, PG, PJ) 1400 m ;
* machine performance ~* LSS@TECH (PB, PF,PH,PL) 2032m
= Arc length 9.6 km
PJ. experiment  sum of arc lengths 76.9 m

“Avoid-reduce-compensate” principle of
EU and French regulations.

Total length 90.7 km

4 experiments PF: technical

PH: technical % //

. 26
\_,,4 PG: experiment

Overall lowest-risk baseline:
90.7 km ring, 8 surface points,
4-fold symmetry
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FCC-ee collider Concept Combining concepts from past and

for maximizing Iuminosity present lepton colliders results in a

double ring collider giant step in efficiency:

* many bunches, high current, like LHC and B factories,

different from LEP —>10% - 10° x luminosity/energy of LEP
top-up injection - sustainable physics
» standard at modern light sources, like SLS
» used at recent e*e colliders, PEP-II (USA), KEKB (Japan), = 10° T T ! ! T g
BEPCII (China) E o W FCCes(iPs)
crab-waist co"ision scheme E 10* &= o ......... ......................... s g...A..,.LEP.(4-IPs? ......... _§
* successfully demonstrated at DA®NE (Italy) and E Te 3 HER S—— WW(15716366V) ............. - ——— _;,
SuperKEKB (Japan) 2 ~a 3
. . O 2 : : : : : (365 GeV)
superconducting radlofrequency system u% 102 b= — R s s E— et
* Nb/Cu 400 MHz SC cavities pioneered at former CERNLEP | > b = .
» bulk Nb 800 MHz SC cavities similar to ESS (Sweden), § T— =
EuXFEL (Germany) I= oy o —
 revolutionary highly efficient RF power sources 3 Lgﬂms) §
* new operation scheme for flexible energy switching & 10— = o i 0 T
reduced complexity /s [GeV]
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FCC-ee main parameters and operation plan

y4

WW

H (ZH)

tt

parameter

Collision energy Vs [GeV] 88, 91, 94 157, 163 240 340-350 365
synchrotron radiation/beam [MW] 50 50 50 50 50
beam current [mA] 1294 135 26.8 6.0 5.1
number bunches / beam 11200 1852 300 70 64
total RF voltage 400 / 800 MHz [GV] 0.08/0 1.0/0 211/0 21/7.4 21/9.2
luminosity / IP [1034 cm2s-1] 144 20 7.5 1.8 1.4
luminosity / year [ab] 68 9.6 3.6 0.83 0.67
run time (including lumi ramp-up) [years] 4 2 3 1 4
total integrated luminosity [ab™] 205 19.2 10.8 04 2.7
8 6
total number of events 61012Z ﬁn‘:;l1 (\)NVV\\/"Q{[ 625f( wWZi 2 loggk ;V‘?JE')( SH
higher Vs) H




FCC-ee operation sequence and SRF concept

commissioning

400 MHz RF layout and beam switching

RF geometry schematics
nmum -‘DI' s00 : , , - :
* - " - -
| Flexible sequence Z—-W - H ‘ ‘ 20 = — R — -—
| 100
Collider 66 SRt +102 R 400 f - N4, WW operati
pLaY: M 400 MHz SDOKW Tristrons BRA0TsY 500 MHz, 200 kW Tristrons “700: | o
-1000 i i i k
-500 0 500 1000 1500 2000 2500
500 T T T T T
Booster 28 Wi +84 = 112 ol R —
= p— | =
pasY 500z, Z00KW Tristons EelSBl 500 Mz, Z00KW Tristrans E¥
-100 | 4
R TARSR 600 MHz, 10 kW (SSA) . .
400 | ZH operation
—t——4 44—+ [
0 1 2 3 4 § 6 T 8 9 10 M 12 13 14 15 -1000

L 1 1
: _ -500 0 500 1000 1500 2000 2500
time (operation years)

- 2-cell 400 MHz SRF system for Z, W and ZH, entire system installed at operatlon start

- flexibility for switching between Z, WW, ZH operation [T A e[ EE
< o | |/ . o Ve
- reverse phase operation at Z allows constant cavity couplin 2 WO
P. P . y piing AN /\ {
- suppression of the single-cell 400 MHz system ®
- reduced R&D, installation, commissioning, etc... —200p/ oo
=i 0 1 2 3 4 5 6

Phase

- 6-cell 800 MHz SRF system for collider ttbar operation and booster at all energies »
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FCC-ee optics: 2 solutions meeting the requirements (g, DA, MA)

Baseline “GHC”, K. Oide et al. Alternative “LCC”, P. Raimondi, S. Liuzzo, et al.

Short 90/90: 17, Zh

arc

Long 90/90: Z, W

FCCee_z_624 nosol 9.sad FCCee_t_623 nosol.sad
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FCC-ee optics: beam dynamics studies

P. Raimondi, FNAL

S. Liuzzo, S. White, ESRF chromaticity = 5
Magnet Misalignments Leading to 1% rms Beta K. Andre, M. Hofer, CERN S i
Beating or 1 mm rms Dispersion: Intra-bunch motion at _
: N, = 3.4 x 101 2
Optics AB./ B ABs /By D, P §
GHC quadr. 2.9 um 0.7 um 0.1 um g " g
LCC quadr. 6.1 um 0.5 um 0.26 um g
GHC sext. 17 ym 85um 2.6 um »
LCC Sext. > IOO //lm 46 //lm 10 um —D‘.OZ 0.00 O.b? '0.04

z[m)

dynamic aperture with errors

DA after optics tuning simulations with sextupole ramp-up

Ay

S. Liuzzo’s slides 17500

—— o optics cor. GHC Z
15000 ®- LOCO cor. .
= optics cor., no IR errors lattice
g 12500 ~4- Phase cor.
s
= 10000
-
~
-
3 7500 GFRFI & s
512 tums
5000 rad False
orbit tune chrom
2500
] 10 20 30 40 S0 60 70

quad. sext. alignment error rms [um]

Severe reduction of DA with IR errors —Dedicated alignment system might be needed.

Mild reduction of DA when errors only applied to arcs up to 70 um and likely beyond. without beam-beam with beam-beam

Phase advance correction does not show significant improvement for DA...
D. Shatilov, BINP



SuperKEKB as FCC-ee demonstrator

« FCC-e€’s “virtual” crab waist scheme successfully implemented in ~2020
* routine operation at FCC-ee’s B,~1 mm
« beam currents > 1.3 A (FCC-ee maximum current)

os- | & QCRBPM  QCIRBPM QClLEPM QC2LBeM | ]

Aspects specific to SuperKEKB W |

« complex interaction region with superimposed g ;
magnets, non-closure of optical aberrations TR S .
+ magnet coil manufacturing error Rede =M Lside

« sudden beam loss due to combination of special “MO” flange (only at KEK)
and use of vacuum sealant (intruding into the chamber)

poor injection efficiency at B,'~1 mm, and impossibility to squeeze much further,
due to large injected beam (huge blow up in both transfer lines,
SuperKEKB: & ~10 nm (&f~100 um), FCC-ee: £ ~10 pm (1000x smaller!)

 low specific luminosity due to residual (large) linear & chromatic coupling at IP,

space charge and feedback noise




FCC-ee RF system — key technology

Power source: Multibeam Tristron
= Very efficient ~90 % ! <<OPEX

. 3 m long
. 50 kV
. 500 kW, CW
Superconducting elliptical cavit
. 400 MHz, 2-cell, copper Nb coated 400 MHz Cryvomodule X 264
- 1.5 m. long

800 MHz Collider + Booster
X (408 + 448 booster)

X 204

+ 448 x 10 kW SSA booster

Superconducting elliptical cavity
. 800 MHz, 6-cell, bulk Nb
. Nbs3Sn if R&D is successful

800 MHz Cryomodule 33
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RF power source R&D — operation efficiency, sustainability, etc.

« ForZ, W, ZH operation: 100 MW RF required via 264 klystron + 2-cell cavity units, 400 MHz CW.
 New 380 kW Kklystron prototype built with industry (HL-LHC) n = 70%, as design simulation.

« Two-stage klystron design made for n = 86%, similar to CLIC drive-beam and ILC klystrons.

«  Concept for multi-beam tristron developed, n = 93% over wider range of powers - prototype 2027.
* Assumption for present FCC-ee power consumption is n = 80%.

HL-LHC

(relevant prototype) Two-stage klystron

(design)

Tristron
(concept)

34
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R&D topics — energy and operational efficiency, industrialisation

3 * 92km of beam vacuum chamber _
NEG-coated technology for collider Booster dipole
synchrotron radiation absorbers and shielding low-field
Prototyping started cycling magnet

s L]
3D printed synchrotron radiation absorber

Pumping dome

Twin F/D arc
quad design with
2% power saving

25 MW (at 175
IR GeV), with Cu
3D printed synchrotron radiation absorber conductor

Illustration of vacuum chambers with

Flange connection absorbers and pumps
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FCC_ee injector Wlth HE Linac « Located on CERN Prévessin site

1744m.

« possible connection to North Area
e ccnemonsnsee. © tANSTer line to FCC PA (LHC P8)

I FcC LINAC STRUCTURES

I FCC INJECTION TUNNEL ° {] t d L) t t

i CERN EXISTING SUB-SURFACE STRI Cu a n Cove r CO n S ru C |O n
CERN NON FENCED LAND

OPTION 9 T
DAMPING RING NEXT TO "DECHETERIE" \f 2
»\_"a__\-"\/\,’-\/ N
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FCC-ee injector °

 PSI ¥Ce (INFN

Istitute Kazionale di Fisica Nucleare

~1200 m
Linac buidings and energy compressor ~1025 m ~50 m ~125m
< /\ / >e— > < >
electron source and linac positron source and linac
%::2 204 m, 20.5 MV/m * 350 m, 14 MV/m
20 GeV \ electron transfer line

2.86 GeV

"\ —
HE linac (main linac)
1025 m, 22.5 MV/m 2.86 GeV

 Linac structures:

 Based on SwissFEL Linac structures;

* 100 Hz repetition rate and moderate gradients (~20 MV/m)
for reliability and low power consumption.

* Positron source prototyping
» Positron yield similar to SuperKEKB
« HTS solenoid as focusing device (tested 18 T @ 12 K) "
« proof-of-principle beam tests at PSI SwissFEL in 2026 m{";'g;';;;:;";ggg‘;l




Envwonmental initial state anaIyS|s

Environmental information system

C asoa FCC EIS Home Infoemation Logows

& o Geographical
- A e G 2 7 Public Web Information
| \ I : g 3 information i System
r e i : B o PO i for anonymous
Desige »a Sumaen. o D& ¢ Taa B R 4 users T@ esrl
PA31-4.0 Releated ® G (;. Mot & 'f £ Pla -\:':l‘.-\"." Thands X ; v o o O "o e
s (:" siboey 1 S e J o s e Web
e ‘ ' r 3 o </> applications
\ = “| Relational
O -) database
Future Circular Collider Detailed EF"Q systems
information =

NOTE

for authenticated

N PRESENTATION DES DOANES 1 : e
— e B4 7, & : : N i :
- = e -« The environmental initial state analysis at the eight
= = & A ¢ surface site locations (~600 ha covered) did not reveal
— — ' oA principal showstoppers for the project.

N 7 - Basis for detailed optimisation of surface sites.
==

 Reference for the environmental impact assessment.

38



FCC — main tunnel integration — 5.5 m inner diameter

FCC-ee arc FCC-ee 400 MHz RF section FCC-hh arc

3782
15500

3150
3300
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Optimum placement of FCC tunnel and geology

1800m FCCinclined at 0.5% Limestone unavoidable — ke
gradient to minimise between G-H — Wildflysch

1600m __Molasse subalpine
depth of point F

__Molasse
Limestone

—Shaft

- Alignment

1400m

1200m
Ei000m
o |

<<,t) 800m
1S

Lake Geneva
Arve Valley
Rhone Valley

600m
400m

200m

Om

60km 70km

Okm 10km 40km 50km
Distance along ring clockwise from CERN (km) FCC a bOVG Iimestone

20km

FCC passes below Lake
Geneva moraines

Tunneling mainly in molasse layer (soft rock), well suited for fast, low-risk TBM construction.
6 million m3 excavated volume - 8.5 million m3? excavation material on surface

CE Designs of all underground structures developed

Average shaft depths ~240 m

To fix the vertical position of the tunnel, interfaces between geological layers have to be known



FCC - Initial Sub-Surface Investigations

28 boreholes and 80 km of seismics planned between October 2024 and December 2025

Site investigation results provide:

« Locations of geologic interfaces, permitting to fix vertical
position and inclination of tunnel

 Molasse versus limestone/moraines

Southern work package status mid May 2025

« Geophysics acquisition & interpretation completed (40 km)
« All drillings completed (logging and testing ongoing)
 Preliminary results positive, confirming 3D geol model.

» Limestone passage Mandallaz less extensive.

Northern work package status mid May 2025

3 drill sites in France currently active, 2 more to start soon
« Still pending permits for the works in Switzerland
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Reuse of excavated materials: OpenSkyLab project b

 Develop a quality-managed processes to
transform excavated materials into fertile soil

T Q*ﬁé‘l’;’m

Permit reuse in renaturalisation, agriculture, etc.

Additives as compost etc. in various mixtures
Location: 1 ha field, LHC P5 CMS Cessy (FR)
Applicable to entire alpine molasse region!

Estimate of reuse quantities: v
40% refill of quarries (~ 7.5 Mt)
25% reconstituted soil (~ 4 Mt) e S Ty e a SGbL R nd AR |
b ezsest (= BIL SRRl o AR PR N
5% other reuse S g S TR N LR st \ > ok

Raw Molasse E— Plant nursery .

_h e p i a Géosciences pour une Terre durable EDHPHDS [] m@cr;um\us MUNTAN
sunge DIQM ENGINEERING b N ukEd BECC W h b
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Status of the FCC Global Collaboration

Increasing international collaboration is a prerequisite for success:
—2links with science, research & development and high-tech mdustry will be essential to further advance

and prepare the implementation of the FCC

38 Participating Countries

Austria — Belgium — Brazil — Canada — Chile —
Colombia — Czech Republic — Denmark — Estonia —
Finland — France — Georgia — Germany — Greece —
Hungary — India — Iran — Italy — Japan — Latvia — Malta
— Mexico — Netherlands — Norway — Pakistan — Poland
— Portugal — Republic of Korea — Romania — Serbia —
Spain — Sweden — Switzerland — Thailand — Turkiye —
Ukraine — United Kingdom — United States of America

| \!.'}..;'.., %
WL AR 2N S .

38
1.62 Countries E:llJRTcL:JS EAR
Institutes + COLLIDER

CERN



poACE: 2 LCs Accelerator Challenges and Key Technologies

hysique & PARTICULES

Energy Luminosity

L—N

Eov=1g o D

/ \
High Gradient ) ) : o
9 9 Main Linac High Efficiency n ol B g . -
{ : Technology . | | mall Beamspot o*,0*, ¢ =/f*¢
Losses in cavity walls Pou &R
@ . ST Nanobeam Technology
‘> « Dampingring (¢
Small dUty CyC|e: H|gh frequency & . FinaFI) ngCUS ?B(*))

Low resistivity Pulsed operation Ultra-short pulses

iyt | iy

ILC SCRF

ATF2 Beamline Beam Extraction Line

3-\\
( )

7

LA—--I-——-~——-——————-——-——-——-———-——- - | |

Electron Linac

pre-a celerator

pre it =} source Key Technologies

extraction

Linac Technology & dump

final focus

Nanobeam Technology

collimation
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Welcome
| Agenda

Accomodation
Social Program

Registration

Parficipants
Location
Org. Committee

Warning: fopen();

Unable to access
ks aniesl ~AeTECFA-GOE2006

History of ILC Collaboration

‘06 ‘07 ‘08 ‘09 ‘10 '11 ‘12 ‘13 ‘14

Technolo
Selection
by ITRP

ILC technical design

e

International Meear collider

International Linear Collider (ILC) Workshop

( ILC-ECFA and GDE Joint Meeting)
Valencia, 6-10 November 2006

* General Information

This year, the International Linear Collider Work d by the pean C for Futyre Accelerators (ECFA) to study the physics and detectors for a linear
collider will be held together with the meeting of the Global Design Effort (GDE) committee. The event will take place in Valencia (Spain) at Ateneo Mercantil de Valencia
and Fundacio Universitat Empresa (ADEIT) .

For any consultation the local contacts, telephones and address is:
Institut de Fisica Corpuscular (IFIC)

Edificio de Institutos de Paterna. Poligono La Coma. E-46071 Valencia.
Tel. #3496 354 3473; +34 96 354 3474; Fax. +34 96 354 3488

+ Latest News (25/10/2006)

You can get the poster of the conference

20 Grants for attending the conference have been assigned. They fully cover the registration fee. The accomodation could not be covered by the organization but people
will be placed in the students’ residences. If people having asked for a grant have not been notified of the result please contact urgently the organization (either
JuanF uv.es orfand om)

People are invited to join the SiD Lunch on Thursday

7~~~ *eaks will all be served at ATENEO: Salon Stolz

15 ‘16 ‘17 ’18 ‘19 ‘20

yn kvans
LCC director
(former LHC project manager)

S. Michizono, LCWS 2025

21’22 '23 ’25 26

24

International
Development
Team

IDT

ILC Technology
Network (ITN)

AR o
Tatsuya Nakada (EPFL)
IDT chair

The mamatonal Linedr Colder
lVJ-A-tr--Ao‘s_t»_;-:; R_z\_-.'n.:j) 1" R
ILC-250
(2017)

OT-£8-2021-00!
DS 2enods g Tesord 4BB4T IR

LC Tey Ni N k S
Technical Preparation and Work Packages (WPs) TLC Technology Network (XN) and wock pacioages

during ILC Pre-lab

Pre-lab ILC Technology

GIF 2025

NetworRk

(July 2023)

workpackages
(May 2021)

46



IDT-WG2 has about 50 accelerator researchers from around the world participating in discussions on ILC
accelerator development research.

ICFA

ILC International Develoement Team

Executive Board

Americas Liaison Andrew Lankford (UC Irvine)
Working Group 3 Chair Jenny List (DESY)
Working Group 2 Chair__Shinichiro Michizono (KEK)
Executive Board Chair and Working Group 1 Chair Tatsuya Nakada (EPFL)
KEK Liaison Kazunor Hanagaki (KEK)
Europe Liaison Steinar Stapnes (CERN)
Asia-Pacific Liaison Geoffrey Taylor (U. Melbo

WL'J; JEP f'/" ;‘ ; )
1\/\‘1\—.
i )

4 v
P |
- A

Working Group 1 J

Working Group 2
Accelerator

Working Group 3

Pre-Lab Setup Physics & Detectors

International Expert Panel
Decision Process for a global project applicable to the ILC

'—

GIF 2025 47
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Turn around Bunch compressor e- blue

et e+ red > SC helical undulators (baseline):
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\ Interaction Point (IP) Tame e — spin rotation
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ILC Technology Network

Time-consuming and essential work packages for ILC are summarized

as ILC Technology Network (ITN). (~4-year plan)
https://linearcollider.org/wp-content/uploads/2023/09/IDT-EB-2023-002.pdf

Interaction point Damping Ring

e- Main Linac

Beam
dump SRF
e+ Main Liinac
*Creating particles Sources

*polarized elections / positrons

*High quality beams
°Low emittance beams

*Small beam size (small beam spread)

Damping ring N o ot

Sources

*Parallel beam (small momentum spread)

*Acceleration Main linac
esuperconducting radio frequency (SRF)

*Getting them collided Final focus
*nano-meter beams

*Go to Beam dumps

Nano-
Beam

GIF 2025

S. Michizono, LCWS 2025

ILC Technology Network (ITN)
-- global collaboration program--

* Acc. R&Ds focusing on
* SRF
* e- & e+ Sources
* Nano-beam

WPP 1 Cavity production Jp., Eu. Kr.
WPP 2 CM design Jp., Eu. Kr.
WPP 3 Crab cavity

WPP 4 E- source

WPP 6 Undulator target Ger.
WPP 7 Undulator focusing Ger.
WPP 8 E-driven target Jp.
WPP 9 E-driven focusing Ip.
WPP | 10 E-driven capture Ip.
WPP 11 Target replacement Jp.
WPP | 12 DR System design Jp. Kr., Au.
WPP | 14 | DR Injection/extraction UK
WPP 15 Final focus Jp., Eu., Kr.
WPP | 16 Final doublet

WPP | 17 Main dump Jp. 49
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Time-consuming and essential work packages for ILC are summarized  |LC Technology Network (ITN)

as ILC Technology Network (ITN). (~4-year plan) -- global collaboration program--
https://linearcollider.org/wp-content/uploads/2023/09/IDT-EB-2023-002.pdf . R&DS focusing on

Interaction point

Damping Ring

& e+ Sources

e- Sourge i," eam
"/-’f Ip., Eu. ,Kr.
e+ Main Liinac 1o Eu. Kr
*Creating particle
° .
'nghpq0| ator target Ger.
Undulator focusing Ger.
.LO 8 E-driven target Jp.
9 E-driven focusing Jp.
10 E-driven capture Jp.
OAccelerati 0 11 Target replacement Ip.
sy perC ® WPP | 12 DR System design Ip. Kr., Au.
°Getting them CO”I Nano- WPP | 14 | DR Injection/extraction UK
) - Beam WPP | 15 Final focus Ip., Eu., Kr.
*nano-meter beams WPP | 16 Final doublet
*Go to Beam dumps GIF 2025 WPP | 17 Main dump Ip. 50




WPP-1/2 cavity fabrication & cryomodule (KEK plan)

S. Michizono, LCWS 2025

Production ~2025 Component Test |2025/26 Installation CM Test ~2027
L-band SC 9-cell cavity . v e \ [

Vertical test for cavity

Waveguide assembly

SCQ magnet

Frequency tuner

Radiation shield




—

Nb melting 1
V] FG Nb
> @D » g = =
Nb Ingot Forgin Rolling
g ging Fine Grain (FG) Disc

Grain Size: 50 - 100 um

« Aiming for clean, mechanically stable, and cost-effective SRF cavity production.

Niobium ingot » - » - »

(Raw material)

»

Ingot, forged
and annealed Slicing image
by wire-saw

A New Approach:

Medium Grain (MG) Disc
Grain Size <1 mm

52
GIF 2025



WPP-1 cavity fabrication by KEK

S. Michizono, LCWS 2025

Six 1-cell cavities produced Three 9-cell cavity produced

R1FCo01 R1FC03 FCO01 (completed) MCO01 (completed)

FCO02 (completed) MCO02 | tnder production

L-JL-A E

1\IC 03 TUnder production

FC04 | unoer production
\ FRl)l, 02 Under production

Six 9-cell cavities are under production /

Red : Cavity[Nb) - P .
Aun end tube Yellow ! Beamtube (Nb], out of HPGR Ehsicle R_ed bm(,‘l:avlt\r LR
(Low RRR Mb: 40 < RRR < 150 Elue ; Conical disk (NbTi) (Nb & Ti & NbTi)

Green & Flange [NBTil, out of HPGR Inside Green circle: Chimney

Tiring

These cavities are made by RI! \ e e e sine
0 Beamtube {5US316L)
(for the first time at KEK) )
—L\ N £
p— o

[ Categories related to HPGS i: - .3 |/ Al

(High RRR Mb: RRR > 270)  Stiffening ring He jacket[Ti}

Takayuki Saeki/Takeshi Dohmae conical ARk(NET) (Low RRR Nb: 40 < AR < 150)

GIF 2025

The world’s first MG cavity! ]

Large/Small EBW machines

i .

Cavity Fabrication Facility

Large EBW

Small EBW

Chemical polish

Press machine

3D measurement device

53



Surface treatment recipe at KEK S Ve (ENRE

Based on the results of past R&D, we chose 2-step baking for this project.

KEK’s recipe VT for six 1-cell cavities was successfully done, 9-cell cavities will start from next year.
Bulk EP (150 pum) Heat treatment Cold EP Baking VT
Heat treatment
(900°C, 3h)
Final EP
(cold EP, 20pum)
I R A
HPR 2?1:,:5 w0 § i:’ .......... o'y -
Cleall (dl"y) Assembly g SOOE + Temp-Sensor - E _‘S -120 E 16 g Z 140 -
'g 7°°E- + Vacuum Level 3 g p- ; 5120 1 5
G L Rl E T100 89 153 £ g
5005 ] § ] € ° - s ite.
2-step Baking ol 3 N . E (I
o a0 : 60 - 13 i !
(75°C, 4h . w 10 1
+ ub ItISl I1Il') I.15‘ = 20' * ‘2‘5" ‘3‘0‘ ‘315 = ‘40 % 4‘5‘ 10 ¢ 20 1" 20»
1200C 48h Elapsad Time [hours] 07‘.“,5 ....... L : " cO" ol L fo i, e = . o5 om M,',_,;'fl AR
. ) Elapsed Time [sec] — //\
Kensei Umemori/Ryo Katayama QlE 2093 [ All cavities passed the spec. *20%! | 34




Single-cell R&D activity

Material procurement and ECS (Nb): vt it s el
v Done TR ———
Mechanical production and treatments: e g 4 x et
v'Specs prepared by CEA-INFN-CERN (treatments as option)

v Order (mechanical + baseline) placed in industry (RI) in March 2025
v’ Delivery of materials: expected in two weeks
v CEA/INFN responsible of the technical support at Rl (QC, etc.)

Technical specs for
Single-cell fabrication
and treatments

L. Monaco

9-cells industrialization activities: goals and strategy @TTC2025

ITN-EU main goals for 9-cells cavities:
* Production of 9-cells jacketed cavities at the EU Industries (Rl and Zanon)
* Qualification of EU Industries in term of pressure vessel code (harmonization with HPGS)
* Installation into the ILC type cryomodule (KEK) of 2 EU cavities

GIF 2025
55



Korea Univ. fabricated two 1-cell cavities.

WPP-1 in South Korea S. Vichizono, LOWS 2025

Single cell cavities satisfied ILC specification

[ J
[ J
Eacc vs Q0 FG_0mG
1E11 ; , . ; . ; 1
FG single-cell cavity o2
O 1.9K {09
7E10 1.8K
6E10 017K
o O {08
O o 0 1.6K
L ) O
5E10 B (S 5 2.0K_initial o5
4E10 ? o olf E '
O o ©
o 5 ® 3 106
o 3E10 | - g5
¢} Rl ) 0 o =
¥ 0 e ; {05
O ¥ O
2E10 o0
TR S A 104
{03
*
PP 102
1E10 ILC specification ¢
P I SR 0.1
5 10 15 20 25 30 35 40
Eacc[MV/m]
Eacc vs Q0 MG_0OmG
1E11 ; — — 1000
MG single-cell cavity g
O 1.9K 1900
7E10 01%
BE10f ¢ ok {800
=9 B 2.0K _initial
r % initia
5E10 0 5= Iolal s
4E10 | A B *
5 O {600
3E10+ 2 : °
g 09 4 o 4500
o "0 0] *
o ; {400
2E10 | o5
$90gg T 1300
]
o * 1200
*
1E10} ILC specification  #¢ 100
x*'*****'*:*#i"i%** . 0
0 5 10 15 20 25 30 35 40
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* ILC “Type B” CM chosen (eight cavities + one SC magnet/BPM) Specifications
* Single thermal shield @40K (5K dropped (t.b.d.)) Type B
* Tuner access available
Thermal shield Single
* 3D model completed :
 Heat load simulation done (dynamic under progress) Vacuum vessel length 12,652 m
* Waveguide support frame designed Vacuum vessel diameter | OD965mm, ID946mm
» Total cost for contract under estimation —
Coupler pitch distance 1326.7 mm
3D model of CM with waveguide system 2.2K forward Cavity length 1247.4 mm

-n

Thermal analysis for 40K shield
GRP

60K return

8K fetufn C: Steady-State Thermal

Temuerature 4
Type Tervpersture
Uri. K

SC magnets + BPM

Equipment of waveguide system

40K supply
Pre-cooling 2K supply
Takeshi Dohmae/Tomohiro Yamada/Takafumi Hara 57




Undulator scheme and e-driven scheme positron source

S. Michizono, LCWS 2025

Undulator method (baseline): 125 GeV electrons are passed through a helical undulator, and the —
produced gamma rays hit the target to produce electron-positron pairs. Polarized positrons (30%) are ﬁ,ﬁ/;
obtained. Need 125 GeV electron beam. . T
to Damping Ring A \\?\\“ M\N“"’
C‘:T;;tgror Pre-accelerator / X %H’ki:' \\{':""‘AGZ
(pol. upgrade) (125-400 MeV) £ Energy e 2 P
Target | SCRF booster d comp. RI
v+ Flux concentrator (0.4-5 GeV)
<——spin rotation .
| ' jj solenoid Developed in

125GeV o- [ T _
SC helical undulator photon m a I n IV E U .
Capture RF : dump
(125 MeV)
e- dump
pp- 150-250 GeV

e- beam to BDS

Electron driven method : 3GeV electrons hit the target to produce electron-positron pairs. High-energy
electrons are not required, and the commissioning of the positron production is independent from

electron beam commissioning.

L-band SW NC

capture cavity - DampingRing Developed
3GeV S-band NC | / 5GeV L+S band main|y Ta
drive linac N - |4 NC e+ linac e J
"—; . 9 - en"e-rgy — e+ dump _am
® compressor
&,e‘ yand e dump
xR AMD (FC) solenoid

Both needs strong target and sophisticated design of Flux concentrator and capture section (cavity and solenoid) = In KEK,
prototype of positron source based on e-driven method start to develop. GIF 2025 58




WPP'8/9/10: e'Driven pOSitron Source in KEK S. Michizono, LCWS 2025

Collimagor with pillow seal

Fabrication of Target disk (W-Cu) /"Build these parts  Targe disk e

Install Flux Concentrator (FC) Until Fy2024 e LR AR ) 4 ; S
Fabrication of collimator with pillow seal : -‘Eggg"?ggggggg"éi_ IE b
Fabrication of solenoid --——~—~——_ = L_l

o

)%=, rotating target.

7
R e
'av/
‘
(J

m

Flux _
trat b i S ACCstructure \
concentrator . -+ -] Manuchturmg test}}

About200rp m =

with water @

cooling. e —om . T e N T o a———
Vacuum is -

around 10”-6 Pa The infrastructure for positron test stand was developed until JFY2024,
level. (last year including a cold fit test of the W-Cu target. From 2025, we will conduct the
& this year) accelerator structure fabrication.

GIF 2025
Stable rotating target was produced under good vacuum condition. = impressive progress for future e+e- colliders 59




WPP-15: Final focus at ATF in KEK

Physics Detectors

e- Main Linac

nnnnnnnnnn

SRVE BEAM NUECTOR

Develop nano-beam technologies for ILC-CLIC
Goals: - Realize nanobeam size
- Stabilize its position

e+ Source
8,000 SP™

w2

.ain Liinac TP ARGUND 12 GHz
= (L~25 cm)

ATF2 final focus test beamline ’{'\O(\
= Final focus System R&D \\\ _acation of Low-emittance beam
= Intra-train ultra-fast beam feedback 6‘3

R G
Focal point (IP) &eﬂ\‘

Small beam of 37 nm \a

IPBSM (nanometer beam size monitor) ((\
‘e( Damping Ring (-140m)
%’ Low emittance beam generation =
Photocath O“ ~dn - 10 pm for ATF2 studies (4pm achieved) <L
Electron bu \« _aeration * Accumulate up to 3 trains

« 1-~20 bun .es/train Injection-extraction: 3.125 H=z

= ~1x10'° e-/bunch
= Repetition: 3.125 Hz

1.3 GeV S-band Electron LINAC

110m

(Y A U AT B e & SxvoRD




cw @ ATF2 past experimental results achieved

ey, - NUCLEAIRE
i hoied & PARTICULES PRAB 19, 091002 (2016)

Wakefield model KEK Report 2020-4 (2020) M ajor ReVieW
, | |

ILC-IDT

Octupoles

Octu| pdesmst lled mﬁ?ﬂ OCtu pOIes swap

and swapped i 201?

Orbit stabilization

5 FF sextupoles

Skew sextupole modif.
4 FF sextupoles FONT feedback on

1st wakefield setup

2015 2016 2017 2020

Intensity
dependence

100 101 optics
i half-beta* optics

= 1 P e
§ [ ultra-low beta* optics i E:‘ 2 ym jitter Fiéedbeck slate ‘: S e “ P A 1 Oy = \/ 03,0 + w?N?
o> 80} _ £ 1 mon g No delay: | ? ]
3 0 ] on S | Ultra low-b opti

N ] L€ 22 um jitter Position Kick delayed bunch | ra low-b optics
5 3 i | stabilty 4 peyond receives | 7 T
2 60 [ i I f ) o il 3 amval tlme full kick | § [PBSM 7 mode
£ 60 = ] i %
8 - 3 3 . gz 45 pm jitter nch Latency 008 DE 0% G HE 1% 10
- $ 13 = - i 148 ns
g 3 3 $ i oy i ® B w 120 10 10 180 [

40} - . et a0 B )
oo by by o by o by by by s b R l\ L
2013 2014 2015 2016 2017 2018 2019 2020 PRAB 21, 122802 (2018) . 5
025 Year e 5 =T* + W x 0
175| - e -

Small beam sizes were obtained with reduced beam
es of 0.5-1.5 10° elbunch (1010 deS|gn value)

PRAB 23, 121004 (2020)



cLab @ ATF2-3 recent and current status

e NUCLEAIRE
#T & PARTICULES Hardware upgrades
LeSSOHS |eal"ned Major ReVIeW ATF2 beam line upgrade is ongoing in the framework of

the new Advanced Accelerator Element Technology
 Hardware ATF issues were

Development (MEXT ATD) grant started in April 2023
ILC'I DT and will continue over 5 years.

identified (retrofitted / re-used

components)

Skew sextupole

« Mitigation plan is in progress S D R
, (MEXT ATD) 2019 2020 2021 2022 2023 2024 2025 2026

Magnet mover control
box prototype IPBSM laser

 Detailed studies to assess the

ILC/CLIC FFS system design from Magnets: Kicker system
the pOint Of VieW Of the :ﬁggﬁg?évse[:g, SP1 ._-',“: = - % New ceramic chamber

| . B/ Linac Klystron control

Vacuum chambers:
- Bellows shielding and
flanges

- Cavity BPM tapering

- Stripline BPMs

technological/hardware choices
are of paramount importance
(wakefields, magnet field errors...)

Low-impedance - Dipole chamber Tlmlng systems
. bellow New VME based Event
5 CBPMs: Genarator/receiver system

- Re-installation of all CBPMs - Renew optical signal
- Fast small movers g distribution system for

- Electronics & Digitizers: = reference clocks linac&DR




Wew @ ATF2-3 recent and current status

Performance Optimization

Iréne Joliot-Curie NUCLEAIRE

Laboratoire ¢e Physique
des 2 Infinis

Lessons learned Major Review

« Qutstanding and unique results achieved ILC-IDT
in ATF/ATF2. Based on ATF2 particular the assessment of the ILC FFS system

achievements no showstopper for ILC design specs and the technological/hardware
has been found choices and the long-term stability operation issues.

ATF3 plan is to pursue the necessary R&D to
maximize the luminosity potential of ILC. In

 ATF2 beam intensity dependence is

’I compatible with wakefields impact and 2021 2022 2023 2024 2025 2026
long bunch lengths. ATF2 low-intensity is

“roughly” equivalent to ILC nominal

intensity. KEK Report 2020-4 (2020)
CERN-THESIS-2020-095 (2020)

High-order aberrations

2 ] Octupoles

« ATF2 optics limitation could be Wakefield mitigation
explained by alignment, jitters, and X
multipolar aberrations. Comparative Fusur—
simulations shown than ATF2 10x1 optics Long Term stability |

| has closer tolerances to ILC optics than ‘ ‘

ATF2 1x1 optics. PRAB 17, 023501 (2014)




Increased operating weeks to 20 weeks in JFY2024.

Wakefield evaluation

Wakefield study chamber
(ABE chamber)

QF9BFF

Install to ATF beamline
step-by-step

Magnet mover control system
GIF 2025

[CBeam Weeks [ IProposed
for power aliocation.
July
|Sa | Th| Fr[sa |Su[Mo| Tu[we|Th] Fr[sa
6 2|34 1]2[3fa]s]e
13 9 [10]11 7 | LCWS2024 | 12]13
20 16[17]18 111]12]13] 14] 14|15[16[17]18]19] 20
27 25 18[19]20 21 | 21[22]23[24[25]26]27]
128129 | 30 | 31
November
Sa ' Su | Mo | Fr |Sa [Su|Mo| Tu|We| Th | Fr | Sa
3 1]2 6|7 2
0 89 13]14 3[a|s5][e[7][8]9
7 (15[ 16 20 [ 21] 10 16
24 22|23 | 27 {28 17 23
31 on 24|25[26]27]28]29]30
March
Su|{Mo|Tu[We|Th| Fr [Sa Fr |Sa Su|Mo|Tu|We|Th| Fr[Sa Su[Mo|Tu|We|Th| Fr [Sa
1 7 3|4 1 1
14 1011 8 2 8
21 1718 14 [15 9 15
28 24|25 21]22 16 22
28] | |23124125/26127]28)29
30] 31

FY2024 4

m CNRS/In2p3
M [FIC

W IHEP

i Korea Univ.

= RHUL

@ Univ. of Oxford

64



WCub @

Iréne Joliot-Curie NUCLEAIRE
& PARTICULES

Laboratoire de Physique
des 2 Infinis

Detector Hall

Vertical Shaft
for Detector
(diam. 18m )

> i
Layout of the detector hall and around will
be optimized with detector groups.

@ AR

£/23kW 3.2km
=1

“Straight in

vertical”
Between access points
(PM-8 and PM+8)

Rey.Hori / KEK

Kitakami mountains

1) ILC Location

ILC accelerator area : inside the granite rock bodies
- inside black curves (left)
- in the pink color (right)
- possible up to 50 km

ILC Site Study and Civil Engineering

e

\ D

granite zone

N
X\
N
N
| ) "\‘
84 \.‘
1 k)

IR

\|

- On-going jobs : Optimal accelerator placement, considering surface environment, land-use and

land-acquisition

2 Geological Surveys

*  Electric Prospecting (crack)

*  Seismic Exploration (stiffness)

* Boring Survey

* Borehole Camera

* Measurement of Initial Stress
of the Ground

2/

Q . 48

M

Hitokabe Granite Rock Body
-

Cross sectlon of the electromagnetic (electric)
prospecting
200

S (“r"‘ ( A éovlng P‘oht:?‘
= { > o \
N ). . & & BNIN kS 2
, 4 Measurement Line of the
/ = ' Seismic Explg’r:lion/
p——— ) " Orikabe Granité ; /.
}/ . Sonmaya Granito Rock Body | Rock Body | —/__,_&:? «d
o > s 2 S
e : |

W L mee—

4000
Cross section of the geology

i)

v

Electromagnetic 1
Prospecting [ 1e
Seismic ks

- Exploration

Access Station

Access Hall
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ab
Iréne Joliot-Curie NUCLEAIRE

e “Green ILC” and Carbon neutrality

Green-ILC AAA-2014 Report

Although SRF has been adopted, the AC power consumption for ML part is
<50%, what is a total of 110 MW

> “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. The use of
SC will contribute to carbon neutrality in the future. ,,'.7( | WSFA2023 aussativon-sruea

Work is ongoing to study these issues in
collaboration the "ILC Environmental
Assessment Advisory Board"

* e ILC Energy center (artistic) view https://wsfa2023.hep.org/

e 2 =4

> 3 3 / \"' 4 ; B—
5 e & e v =
¥ :ln Global organization for Green ILC . .
e Green ILC Studies in Tohoku Area
ﬂHqﬁ Energy c Eun;naalch * Studies conducted on Bl e .
Research Center Research Center . A Q t
undameatal Researndh nau Basic Aesewch 2
.“,:, 4 — } A el 50

* Exhaust heat recovery from the ILC and the
creation of business derived from it

* Connecting the ILC with the local forestry
industry

* Utilization of solar heat

* The "Green ILC" concept and community

development and planning - building an energy

recycling society based on the Global Village

Vision
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e B ‘e ?
CLIC “novel” concept

Coming up on the 40t anniversary!

CLIC Note 7
11th November 1985

CONSIDERATION OF A TWO-BEAM TWIN RF SCHEME FOR POWERING
AN RF LINEAR COLLIDER

by W. Schnell

Power-

€Xtractj
transfer opp 0N and

' structure (pers)

GIF 2025



e & CLIC parameters and beam accelerator sequence

Laboratoire dePhysique & PARTICULES

des 2 Infinis

Drive beam time structure - initial Drive beam time structure - final
240 ns 240 ns
: T Y 35T Mystrons, 28 MW/ 3B s b ] 58 us
| | Drive beam complex JLLLLL LU LRt -
drive boam accolerator P 140 ps train length - 24 x 24 sub-pulses L e
191 GeV, 1.0 GH: 4.2 A - 2.4 GeV - 60 cm between bunches 24 pulses - 101 A - 2.5 cm between bunches
18 km
deloy leep 72 m |3
decelerators 4 soctors O9%5m @ decelerators, oach 978 m
»c2 iiiii =1 iiiii & iiiii & iiiii L ’!‘ wos1 uu! (] !uu E "u! & u!u 8532
— «~ muain linuc, 12 GHz, 72 MV/m TR T o main Bmas, 2.5 km u"d% Energy staging
2\ F
Main lnac length 11.4 bm drive beam — |
- cetacior main beam
e-red R— mm BDS
CR  combiner ring o in beam mm  accelerator 100 MV/m
TA  tumarcund e+ green Sl Main complex mm accelerator 72 MVim
DR damgang rng

PDR predarrping rng
BC  bundh compeessor

605 beem delveryaymem =009 [ N O T W " )\ mmmmmmmmmm 00T, N e S R SN A Y O LN A
»w iMeracion pont
W dump 380 GeV
unused arcs
Parameter Unit 1.5TeV 250GeV 550 GeV

Centre-of-mass energy GeV 1500 250 5560
A 77 Repetition frequency Hz 50 100 100
Compact Linear Collider (CLIC) ffg Nb. of bunches per train 312 352 352
| W 350 Gev-11.4km (CLC380) Bunch separation ns 0.5 0.5 0.5
S5 Tev - 200k CLC100) EPES A Pulse length ns 244 244 244
 3.0TeV-50.1 km (CLIC3000) _ Y
P AN P Accelerating gradient MV /m 72/100 72 72
Total luminosity 10** em s 3.7 ~3.0 ~t.5
Lum. above 99 % of /= 10** em 257! 1.4 ~2.1 ~3.2
Total int, lum, per year ! 540 444 ~350 ~T80

Power consumption MW 166 ~130 ~210
b ek Main linac tunnel length km 114 11.4 ~15

Nb. of particles per bunch 10" 5.2 3.7 5.2 52

Bunch length pim T0 44 T0 70

IP beam size 149/20 | 60/1.5 ~184/25 ~124/1.7




WCuo

Iréne Joliot-Curie
Laboratoire de Physique
des 2 Infinis

@

NUCLEAIRE
& PARTICULES

® Two Interaction Regions

CLIC new design highlights

Addresses a long-standing concern: a single IR does not sufficiently serve the particle physics community

Two detectors can be operated each at an average rate of 50 Hz
All the luminosity can also be delivered to a single detector at 100 Hz

Emittance budgets to full start-to-end simulation

For the expected alignment imperfections and with a conservative ground motion
80\(:}el1,0900 Iff of machines achieve a luminosity of 4.5 x 1034 /cm?/s or greater, at 380
eV, Z.

Lh()e average luminosity achieved in simulations is 5.6x103* /cm?/s (380 GeV, 100
z).

Future improvements to the technologies used to mitigate imperfections, such as

better pre-alignment, active stabilization systems and additional beam-based tuning,

will also help increasing this luminosity surplus further. A start-to-end simulation of a

%er\f/ec1t0r8al_<|: )ine shows that a luminosity of 8.6 x 1034 /cm?/s would be achieved (380
eV, z).

¢ 50 and 100 Hz operation

Re-evaluation of the level and distribution of power consumption at 380 GeV made
clear that repetition rate — luminosity! - could be doubled with only 60% increase in
power consumption.

Due to large fraction of non-pulsed consumption, magnets, infrastructure etc.
o to implementing two interaction regions.

[em™2s

3.75

3.50

3.25

T 300

275

92250

225

2.00

~— Bending magnets
S. Stapnes, LCWS 2025 — Quadupale
-10 o~ Detector
=15
-20
’E 10m /"’""‘K
X -25 transverse &
displacement
_305(‘
R
=35 40m
longitudinal
isplacement
-40 i
2000 2100 2200 2300 2400 2500 2600
) s[m]
x 104
0. T T
'
- g 400k [ RFalign. 3
AT g 1 RFalign. w/ knobs
-F/F:r it 0 g 300 F | Pastushonko, A, Schulte, D.: Emittanco tuning bumps for the main linac of
R PO & CLIC 380 GeV. JACoW IPAC2023, 087 (2023)
- of % e - ©
A - £ 200} :
—n 2" _E
o s 100 |
- Z
. 0 .
& 0 1 2 3 4
.'. «  Without Ground Motion Ag, [nm]
o »  With Ground Motion
0 20 10 60 80
Collider Number
Parameter Symbol Unit 380 GeV, 100 Hz 380 GeV, 50 Hz
Centre-of-mass energy N GeV 380 380
Number of interaction points Nip 2 1
Repetition froquency 7l Hz 100 50
Numbar of bunches per train ny, 352 352
At 0.5 0.5
TrE 244 244
G MV/m 2 72
Total luminosity c 10%em~2,! 45 23
Luminoesity above 9% of /& Loom 10%em~ 2! 27 1.3
Beamstrahlung photons per particle  n., 1.5 1.5
Total integrated luminosity per year Ly ! 540 270
Power consumption P MW 166 105

380 GeV, S0Hz: 105 MW

380 GeV, 100Hz: 166 MW
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Iréne Joliot-Curie NUCLEAIRE

CLIC accelerator challenges/technologies

S. Stapnes, LCWS 2025

CTF3 facﬂlty

o
3 Al

 CLIC baseline — a drive-beam based machine with an i
initial stage at 380 GeV. The main challenges: -—‘%?
¥

 High-current drive beam bunched at 12 GHz

“mm\“";\

20 10 60 80 100 120

« Power transfer and main-beam acceleration, efficient RF Power in accelrating structure ()
power

« Towards 100 MV/m gradient in main-beam X-band cavities
 Alignment and stability (“nano-beams”)

« CLIC 380 GeV with X-band klystrons (larger tunnel,
klystron design not optimized...)

« The CLIC Test Facility at CERN (CTF3) programme
addressed all drive-beam production issues

« Other critical technical systems (alignment, damping 10000
rings, beam delivery, etc.) addressed via design and/or Target and achieved ¢ ., w71
test-facility demonstrations emittance in existing g ., PG =
o _ and planned machines § *° e T
« X-band technology developed and verified with E G o e ey
prototyping, test-stands, and use in smaller systems g sa*;H;gt v
s 10 ’ FCCee{Z] ILC Fcc_ee(ﬂ}mmounu
-

and linacs s

e
=

0.001 0.01 0.1 1 10 100
Horizontal emittance [nm]



W 9. Examples of technical developments

CLIC Technical developments of key elements S. Stapnes, LCWS 2025
Extensive prototyping over the last ~5-10 years




WK ’ .
ol oot Progress in X-band Technical Systems

. . S. Stapnes, LCWS 2025
» Fundamental process for high-fields

Structures and components production Processes, Developments (rectangular disks, Iﬁ_r I'_H?,dCLIt(}‘;\’ FLCbC‘eg ang )Ii_(t: Fé)r CLIC,
program to study designs, operation, brazing, halves), Fabrication capacity 'S Includes the L-band and A-band sources
conditioning, manufacturing, industry and Components for system. Tailored Technologies. High Efficiency yagetc ccut <,
qualification/experience. Understanding the el gl ok

limits by: Field emission, Vacuum arcing CURRENT PRODUCTION mEme emEe Cattade oo
ELOVY [ H ﬁm:s;ﬂ Main solenoid 1 stage

(breakdown) and Fatigue due to pulsed
surface heating

oiscs flor AS

2" HV insulating
ceramic (115 kV)

2n stage
PA gap

Théles TH1803 Output waveguide
A 10 beams MBK —

The new klystron bunching technologies Output coil

cannot be directly adopted to the CLIC MBK:
= COM requires very long (5m) RF circuit. Beam collector
= |n CMS, the 3 harmonic cavity is not

compatible with MB-type cavities layout. Collector coil

1. Syratchev, LCWS, Japan, Sendai, October 28 — November 1, 2019

. Industrial Manufacturing cost (EC1) Drivebeam Kklvstron: Th % )
X-box studies " o ‘ ‘ v . N
questionnaire: 172% |8 i 5.70% klystron efficiency (circles) » .
Based on the and the peak RF power . Z
3 ¥ Buildin . °>. " o b
companies feedback, .:Aa:’mgwe, (squares) simulated for the : H
the preparation phase - CLIC TS MBK (solid lines) = * 5%
w0y Toolin, :;
i | ;(;;}(;icrgisscoul d take -aem;w, machines and measured for the Canon 5 10
" v "Cecrevidtes  \TBK E37503 (dashed lines) _
about ﬁVe years. 59.46% ® Maintenance, machines 40 b)
C . : ® Automation vs total beam  power. L -
apacity clearly . . Toal beam power, MW
R https://ieeexplore.ieee.org/do
'D 85 90 95 100 105 110 Cument/9115885

Accelerating Gradient (MV/m)


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

"bc @

= Sl GLIC Site implementation and Civil Engineering

Implementation central complexes entirely on CERN property

S. Stapnes, LCWS 2025

Geological profile of the two stages collider

CERN Non Fenced Land
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®Cus @f :
SR “Green CLIC” and Carbon neutrality

] .. S. Stapnes, LCWS 2025
> Energy consumption: rive-boarm opton: 168MW > Energy studies:

* Very large reductions since . Running V\zlrjn energy is cheap 2030
CDR, better estimates of nominal R e e £ 70 g 70
settings, much more optimized S T 2] s ]
drive-beam complex, more y £ s . g s
efficient klystrons and optimized i M ——— 35 . ———
injectors. ¢ & *}\@& e f‘:@ & “ P &y&
* Further savings possible, as A P e S ;;#‘ &
permanents magnets Qgsp" il %@\_f‘ T of

380 GeV, 50Hz: 105 MW

Relative energy cost by no scheduling, avoiding the winter months
(restricted), daily, weekly and dynamic scheduling. Central values of the
ranges shown should be considered best estimates. The absolute cost scale

n.b. Net yet o will depend on price, contracts and detailed assumption about running times,
paﬂﬂv‘:{/ef : but the relative cost differences indicate that significant cost-reductions
calcutatigh. i, could be achieved by optimizing the running schedule of CLIC to avoid
! i “i high-energy cost periods (Fraunhofer)
Y ———— e 2 a8t
e o e — « Renewable energy (carbon footprint) ? /
o e ot o e « Recovering energy ;

ACCELERATORS FOR RESEARCH
AND SUSTAINABLE DEVELOPMENT

GIF 2025
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E. Nanni, LCWS 2025

®* (C3is based on a new RF technology Bl

* Dramatically improving efficiency and breakdown rate _E, Z — Cu@4sk

* Distributed power to each cavity from a common . .. /

RF manifold n 0F e /8N ;‘F |

* Operation at cryogenic temperatures (LN,~80K) ”’ .t

* Potential for High gradient: 155 MeV/m g bl bl
®* Scalable to multi-TeV operation Gradient [MVim]

High power Test at Radiabeam

E\1110 . 1 . .
Y U Exceeding Gradients and
§ 100 .
C3 Prototype One Meter Structure To /| ! ~ Pulse Lengths Required
O]
STRUCTURE 60 I \ for C3
p e i

0 500 1000 1500 2000
Time (ns)

INSTALLATION

Wi RAFT MOUNTS  HARDWARE ]
SR ] -
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C3 Accelerator complex and performances

E. Nanni, LCWS 2025

8 km footprint for 250/550 GeV CoM = 70/120 MeV/m Scenario C*-250 | C*-550 | C*-250 | C°-550
: : : su. | high lumi | high lumi
® 7 km footprint at 155 MeV/m for 550 GeV CoM — present Fermilab site — e = = —
_ _ Luminosity [x10""cm™ s '] 1.3 2.4 7.6 4.8
Large portions of accelerator complex are compatible between LC Gradient [MeV/m] 70 120 70 120
. Effective Gradient [MeV/m] 63 108 63 108
technologies Num. Bunches per Train 266 150 532 300
® Beam delivery and IP modified from ILC (1.5 km for 550 GeV CoM) Train Rep. Rate [Hz] 60 60 120 60
. . - . . . Bunch Spacing [ns] 2.65 1.75 2.65 1.75
® Damping rings and injectors to be optimized with CLIC as baseline Single Beam Power [MW] 5 245 g 40
® Costing studies use LC estimates as inputs Site Power [MW] ~110 | ~125 | ~I180 ~180
Parameter Set [6] PS1 PS2 PS2 PS2

C3 - 8 km Footprint for 250/550 GeV

energy

|1 collimation

matching

Ntounis, et al., Phys. Rev. Accel. Beams 27, 061001, 2024

C? Beam Delivery System (Adapted from ILC/NLC)

final focus system

L
800

mm\{--\'\‘;ﬁ’ @ ~A @ @ ri“m ~8 I 2!55«\.;' @ @ @ Ec\z/_msw %
. / : ] \ -
U i = 2 V 15km Z5km ﬂ
0.5
! J ; @ skew correction /
g _@—,—( po— en.Tance |d'iag|n°sﬁcs betatron collimation
— | L Ll L
[TTITTTTTIT |
.............................. 3Gev laserwire ~ detector
" ”"1 ..... 3 (.| & energy spectrometer
circumlerence {900 m) — / . -“" - - '
' III III; '_III:II . Il ) II
......... N e oy = J{i’_l : i i matcring ot focue 18
i :::":mmhmnl I__.-'I I"\I\ 5 :;5
. R e 2 . B
Cryomodule Unit - 9 m < Al e i W ,ﬂ
A Y s
(630 MeV/1 GeV ) AL

L
1000
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1200
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e The Complete C3 Demonstrator

E. Nanni, LCWS 2025

Demonstrate fully engineered cryomodule

Injector N .
o Liquid Nitrogen Tank «  ~50 m scale facility
« 3 GeV energy reach
« Answer technical questions needed for CDR
Liquid Nitrogen Insertion Three C3 Cryomodules

and Nitrogen Gas
Extraction

Comacilines Liquid
e L A Nitrogen
=1 Boiler

Spectrometer / Dump

|| c?Demonstrator R&D [ Completed R&D ~ Applications
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C3 R&D programme

E. Nanni, LCWS 2025
Alignment and Vibrations

T, Beam Dynamics and Luminosity Studies

System level optimization essential for achieving performance

g ) 3 g ; g sin Compatible with ILC-like Detector
RE Structure Optimization Vibration Measurements and Analysis @ Studies ongoing towards ensuring target luminosity P
& ¥ Disghacemant FAMU-FSU - - 4 o Ntounis, Gfay, Vernieri
(AT = College of Emittance Preservation with HOM Suppression The paie . " eaunpipe
¥ - :0 s E H H
3.55 mm iris radius E M o T ped / Damped- Par Esvoloes bor Ayl
5 =3 ] Detuned Spectrum =
2.0Ead/Eace fn i K Shosle T E v e
- S0 W 1% M0 % Wo 20 3 — e -
1.23=Heou/Hut Fragisasy by zo: E ,ml - :::. S basats o o
8% i 9 Precision Short and Lol g
Electric Field ; iyRadisBean TR o e 5
M. Shi iz U Magnet ic Field Z. George, V. Borzenets, A. Dhar, D. Palmer Range Ahgnma]t H. Van Der g oo |
. Shumail, Z. raaf TM130 (927 GMz| TMV213 (1228 Gz 2 o ‘
Main Linac Beam Dynamics N 3 b k h ef Rt at, LANE g ‘
— | [ oo o] Units B
Raft Components um 5 100 nm resolution Py m"m’ - | Freqeescy (CHz) .
Short Range (~10m) o o Approved effort to test cold i ;
Long Range (>200m) um | 1000 % TR "] WeiHou Tan, Zenchaili See C3 talks at ECFA Workshop
© 15 Structure Vert. Vibration um 9 E K £ rbadatite. Lok Saoen y
- 1-MS Error [jam] 2 a g 2
E Quad Vert. Vibration nm 15 L k| //a; infnit/event/3484
R BPM Resolution um 01 https://arxiv. 2307.07981, e Vg
| 2nd pon RF BPM-Quad Alignment um 2 a8 o PSSR & :

0 2 4 6 8 100 120

75XP Series Klystrons as RF sources for C3
The SLAC 75XP is a PPM-focused, X-band klystron designed for 75 MW peak power

Single Cell Cryogenic High Gradient Tests

High power tested up to 5 MW per cavity with Cu and CuAg

e CuAg proven to give higher gradient
o  First demonstration of Cu and CuAg at C-band in cryo
= Corresponding to fields >200 MeV/m

Motivated/funded by the Next Linear Collider (NLC) program

Years of engineering effort > attractive candidate for a potential C2 demonstrator

Specification Design Features:

i Gradient for,‘&'.'l :w to Cu cavity .. o Beam Voltage m kV Large “DESY' HV gun &
x i Beam Current 257 A insulator '
150 107! Output P
! i’ ¥ 1 LR Ll 7-cavity gain circuit
100 Z 107 - Frequency 11.424 GHz
E & e, 1 RF Pulses 1.5 us @ 60 Hz _5-ce|| e>'ctended-
§ 50 0 ] Saturated Gain 55 dB interaction output
100 1%0 200 250 300 Bandwidth 75 MHz Isolated collector

0 1000 2000 3000
Time (ns)

Efficiency

GIF 2025
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The injector linac Demonstrator

E. Nanni, LCWS 2025

COLD

C2 cold copper

Operation
Linac
Demonstrator

A demonstrator
to prove

high gradient
cryogenic
accelerating
structures

for users facility
grade operation
at low repetition
rate.

The pre-injector
of a new 6GeV
linac.

Cool copper Operation Linac Demonstrator: Preliminary studies for a 6 GeV injector linac for the ESRF

control
rack

modulator
50 MW
4.0 pus
C-band
5.712GHz

modulator
25 (35) MW
1.5 ps
S-band
(2.998GHz)

——

5
L i
isolator

Waveguide S-band

Photo-gun I

shielding/dup
Faraday cup

Steerer
FastCT
scr-een
BPM/BLM
Quadrupol
BPMBLM

R

Vibration. i C3c-band distributed coupling accelerating structures

measurement

LN,

ESRF

The European Synchrotron | B
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The Roadmap -

Basic assumption is to provide a scenario that can start “now” and that can be progressively upgraded to cover the physics
needs and/or to be able to react on “surprises”. The guiding line should be to avoid as much as possible major civil
construction for the upgrades. Upgrades should benefit from technology updates with the aim that the LC project benefits
but also drives the innovation.

* The first step is construction of 250 GeV ILC at CERN. This requires a 21 Km tunnel in the CERN area, a first
implementation already studied by CLIC project, with 2 IRs sharing Luminosity.

« After 10 years construction and 10 years data taking at at 250 GeV, the accelerator will be upgraded in stages with
more advanced technologies to achieve higher-energies ( 500 GeV — 1 TeV) or higher-luminosities as:

¢ Higher-gradient SRF, NCRF CLIC or Cool Copper C3
CERL O e o
® Plasma wakefield £ =

® vy collider (optical or XFEL lasers)

» Upgrades have to be understanded like: we have a tunnel with an ILC machine available and we need R&D to see
how the new technologies can fit in such a facility, where DRs exists, tunnel diameter is fixed and a cryo-system is
available.

In later stages the 2IRS can be used by sharing luminosity by running parallel programs at higher and lower energ
3 testbed for technology development. R

GIF 2025
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Advanced e+e- colliders
® Boosting the performances: HG SRF, ERLs
® | PA based e+e- colliders
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What can be done with bulk Nb within a 5-year horizon?

On a short timescale of about 5 years, the focus shall be on improving the reliability and repeatability
of the selected technologies and demonstration of their industrialization.

121,361z
T2k

Two-step baking + cold E°

The most relevant for ILC recently developed surface treatment is a combination of cold ™
electropolishing and two-step baking (75/120°C). It paved the way for gradients near 50 MV/m in
single-cell TESLA-shape cavities. Combining this advanced treatment with developed earlier
improved shape standing wave SRF cavities holds the prospect of gradients close to 60 MV/m in
single-cell cavities and 50-55 MV/m in 9-cell cavities in a cryomodule.

Applying these advances in accelerating gradients to ILC upgrades must be accompanied by

1) R&D on improving Q, at high gradients to avoid increase of the collider power consumption, and
2) developing methods to mitigate field emission during cryomodule assembly (e.g., robot-assisted
automation) and after installation, e.g., plasma processing.

Equally important is the continuation in development of “companion” technologies, such as high-
efficiency high-power RF sources, modern LLRF with Al/ML tools (including precise cavity
resonance control at high gradients), robust RF power distribution network.

If 50 MV/m can be reliably achieved in cryomodules, the ILC can be upgraded to collisions at 380 GeV
center of mass energy within the ~20 km facility site. With an improvement of the cavity quality factor
to 2x 1019, the overall site power will be about 135 MW, as compared to 111 MW for ILC250. New
high-efficiency klystrons would reduce the overall site power.

Examples of optimized
cavity geometries

Fastening coupler flange after

R&D on advanced SRF superconductors: Nb,Sn

" The most developed alternative SRF superconductor is NbsSn. SRF NbsSn cavities have a potential to be a
game changer, bringing higher gradients at higher cryogenic efficiency: NbSn has higher T, of 18.3 K,
compared to the 9.2 K of Nb, and higher DC superheating field (B, ), approximately twice that of Nb.

| R Porter et al, LINAC'2018
| Nb3Sn cavity at 4.2 K
| P s w s .

® 1.3 GHz Nb cavities must operate at 2 K to have Q, > 1x10%°, 2 K cryogenic systems are inefficient, o5

COP =~ 800 W/W. NbsSn can have similar Qy but at 4.2 K where the cryogenic efficiency ~3 times better. i IR, o Loie | O
" Nb,Sn cavities might reach 90-100 MV/m with good system efficiency at the same time. However, despite

continuous efforts, the accelerating gradients achieved to date remain < 24 MV/m. b I ORI
| |

First applications are in compact accelerators, including conduction-cooled. If the technology will mature 1
even at this gradient level, it could be useful for an ERL-based LC. 9%
The most progress to date has been made with the vapor diffusion process. Other processes of making
Nb,Sn are under investigation: electroplating, CVD deposition, magnetron sputtering... As these
techniques mature, we should expect further progress. If there is a breakthrough, one could potentially
apply NbsSn to traveling wave structures, making even higher accelerating gradients reachable.

Demonstration of beam acceleration at IMP (China) ,1 E g MV
= A=

|
& ' S Posen et al 2021 Supercond. |
t i. Technol. 34 025007

U Wigpena & JLa. 1680
Cormd U, 20t

e s
DL CTERAR 944
6 Cridsanion 0 14

T @44
i Crimsain @13

Two 5-call NbsSn cavities in a cryomodulé at JLAB

A - RN
Linecy Tclaer Viaan [ 5 R B | " wwna

1/9/2025

SCRF upgrades | Sergey Belomestnykh

Boosting the performances of LCs: HG SCRF

Traveling wave SRF: Prime-time ready on a 10-year timescale

Further improvements in accelerating gradients of bulk Nb structures are possible but require
developing an alternative approach, utilizing a traveling wave (TW) in a resonant ring
configuration. The SRF TW structure has several advantages compared to the standing wave
structures. The most salient advantages are :

| |

ILC (TESLA) 9-cell standing wave cavity

RN

Traveling wave 15-cell SRF cavity

Substantially lower ky; promises achieving higher E .. at the same magnetic quench limit.

®  Approximately a factor of 2 higher R/Q (even at lower G) would ensure lower cryogenic

losses.

®  |n addition, the TW structure provides high stability of the field distribution along the
structure with respect to geometrical perturbations. This allows for much longer accelerating
structures than ILC cavities, limited by the manufacturing technology only.

Assuming the accelerating gradient of 65 MV/m and the quality factor of 1.4x10° (for the
surface resistance corresponding to Q, = 2x10° of ILC cavity), the superconducting collider
built with TW cavities could reach 500 GeV center of mass collision energy within the 20 km
footprint. The total site power is estimated at 168 MW.

P.S. Presently the progress towards proof-of-principle experimental demonstration on a 3-cell structure and
developing a longer structure is slow due to intermittent funding. Proper investment in this technology could
bring it to “prime time” readiness — demonstrated performance in a full-scale cryomodule — on a 10-year time
scale. After that, a TW-based linear collider should be feasible.

3D model of a 7-cell TW cavity

R&D on advanced SRF superconductors: multilayers

A concept to overcome limitations of Nb is to create a multilayer structure called S-I-S.

It is achieved by coating the cavity surface with alternating insulating and superconducting thin =
films (hence SIS) with thickness d thinner than the London penetration depth A.

Theory suggests increase of max. E,.. because magnetic shielding improvement, caused by
counter currents at each interface, and the Meissner state can be maintained at a magnetic field
much higher than the bulk critical magnetic field. However, surface defects, grain boundaries, etc.
can allow for flux penetration at field levels below Bgy,.

RF field is dominant in the top superconducting layer with higher energy gap A compared to Nb.
This will reduce losses because Rpcs  exp(—A/kgT.) — higher Q.

®  Technological readiness level is still low — successful sample studies need to be transferred to

Kubo T et & 2014 Appl. Phys. Lett. 104 032603

cavities. =i
®  Teams in Asia, Europe and America are working on several materials (NbTiN, NbN, NbsSn), using ”

various deposition techniques (sputtering, ALD, CVD, PVD) and applying different post-deposition % s

processing steps. %ot
" Asustained investment into the basic R&D studies, infrastructure, analytical instruments is o2 o, LT

needed before we can expect first practical multilayer SRF cavities. “ ST

o o M 1= 150

®  Goal is to achieve ~70 MV/m with a Qg of 10° (optionai: st ax) on single cell cavities within next x fom)

~10 years.
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W. Kaabi, LCWS 2025

ERL Loop
. eratiop: INREN) X
The Idea: RF < mided i—-m, s -
pto cavities INEEN) e R
acceleration
) New beam Acceleration to (5(2')... ,/. 1
|n;ect:do';n ERL p—— (2 /A
@’ deccieration
ERL Loop o ‘__L o
o
inetic ene of us . ASAASSNS .
(4) Kl.)eam -ecy'g:d:or:-d Be"".‘,;se" " (3) = Superconducting Linac
excrhemmesu Injector Beam dump
Deceleration:
180° RF Phase shift
The benefits: More advantages:
> Important reduction of RF power > Linac-like beam quality with extremely flexible time
consumption structure N
> Dumping the beam at injection power > High operating efficiency

Y

> Fresh beam in IP with the same

Multi-pass configuration: High current carrying -
. ha_racteristics .

capability (no RF power limit) + High beam power in
a compact machine

GIF 2025
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W. Kaabi, LCWS 2025

LCs with energy recovery potential reach luminosities 2 orders of magnitude higher than ILC. Two different concepts
of LC with energy recovery:

» After the IP, the beams are decelerated and stored in damping rings until the beam properties (emittance, energy
spread, etc) are restored. Then, accelerated again {ReLiC)

» After IP, the beams are decelerated and weakly dan\ped by wigglers (single pass). Then, accelerated again (ERLC,
Ghost Collider)

Gain of 40 to 200 at HIGS energy

Po itron source Detectors gc :__‘::A =
& 23 v i
2 - D St =
53 6 Linac Linac %_" %
E]ectron?m_ce_: oy L (N .é
polarized e+e- Recycling Linear Collider with high-energy, high luminosity reach (ReLiC) 't . el -
C.M. energy GeV 250 3000 elGev]
Length of accelerator km 21 276
Section length m 500 250 N
Bunches per trin _ : 21 Accelerator R&D Challenges g
oy —— . ; T High efficiency LiHe refrigeration systems s B o1e
eam currents in linacs 2 . Z 9
Beam currents in b —mA |18 2 « Very high-Q SRF cavities Y | E 0>1011, 15K
S p Cend : = + Reactive tuners in SRF systems IILL
by, matched men - I « Damping rings
Disruption p;rameter, Dx 0 0 O MHZ rated lekerS
Disruption parameter, Dy 109 3
_____ Luminosity per detector 10** cmsec” 215 20 Cryomodule
Yotal luminosity 10** cmZsec’! 429 40
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W. Kaabi, LCWS 2025

LCs with energy recovery potential reach luminosities 2 orders of magnitude higher than ILC. Two different concepts
of LC with energy recovery:

» After the IP, the beams are decelerated and stored in damping rings until the beam properties (emittance, energy
spread, etc) are restored. Then, accelerated again (ReLiC).

» After IP, the beams are decelerated and weakly damped by wigglers (single pass). Then, accelerated again (ERLC,

Ghost Collider) —
ERLC: A re-imagining of the ILC as an ERL The Ghost Collider

Twin LC with the energy recovery A new ERL-based concept of an e+ e- linear collider, 550 GeV center-of-mass, initially inspired

by ERLC design, then evolved thanks to the properties of “ghost bunches”.
*headﬂn 00" acceleration hnac(dE) compressor

,‘::::D::D:.‘flxlbcm:xz:{

decelerauon decompressor
e E~5GeV
+

beam dump

<-- € /
\\e, e_// Wiggler(-dE~0.05 GeV)

e dec. (3 Bmax - Biny) & 9UMP (Einj) e ace. (X Emax - Emax)
e dump (Eip;)) e dec. (5 Emax - Eing)

e ace. (i B = B}

——mg

! e dec. (Epax --'isw) e inj. (Eyny) & 3. (g .,.iEm“)
from DRs \ o ace. (Bipy - 2Bax) @ 0. (i) & dec. (B -~ ; Emas)
o In each side of the IR, 2 parallel SC linacs, one for acceleration and the other for deceleration, connected
one to the other with twin-axis cavities to exchange recovered beam power. Linacs are the same length as the ILC ones, with partial CW RF (2s on- 4s off), or later full CW
o To reduce the energy spread arising from beam collisions, damping is ensured by wigglers at a return RF @ 4.5K.
energy of about 5 GeV. Shape of arcs was optimised, reducing synchrotron radiation by 35.8%.

o Duration of cycle is of several second (partial CW RF), imposed by the cryogenic consumption.
= Ghost bunches are electrically neutral: equal numbers of e- and e+ traveling together in
the same Linac buckets - No electromagnetic interactions with the linac environment: No

Accelerator R&D el W excitation of High Order Modes (HOM) or multi-bunch Beam Breackup (MBBU)

— =5 - R e | o Energy transferred between e- and e+ in the same bunch, decelerating one and

Chal Ienges Mb accelerating the other - No need to couple linacs in the same side to transfer the power
. Travellng Wave (TW) cavities % % (no twin-cavity needed)
DE ), COmblned Wlth the e* to be W No electromagnetic interactions between ghost bunches travelllng in opposite di

____________________ Single bidirectional linac on either side of the IR
No electromagnetic |nteract|on in IP as bunches ¢
in the IR, each of them with t

GIF 2025




%Cub @ .
Y& e Boosting the performances of LCs: ERL demo

10° e e TS
PERLE configuration and main parameters: Y Koabl LEWE 2025 1o o | B P N e
HEll N

* Multi-turn ERL (3 pass up, 3 pass down) 2 We— T ey =
«  Top energy: 250 MeV, ~ 82 MeV /Linac Bl glemme ] N
» 500 pc bunch charge @ 40 MHz > 20 mA AV S R L e S

« 802 MHz SRF system, targeted Qy= 3. 10™° 10 &m, T

@ oo @ () s).
« Beam damped at injection energy (7 MeV) ® 0 ncn \

: ~ . Recup.

S S
*BERLInPRO -l
(1-pass) @ 3

10t |

S \\1,,1 ]
g, oy, ]
e o

10t 102 10

PERLE will proceed in phases

» Phase 1: injection line installation (2027)
35 » Phase 2: ERL single turn (2028-2029) > 89 MeV- 20 mA

T » Phase 3: ERL 3-turn 250 MeV (2030) > 250 MeV- 20 mA o

GIF 2025



Iréne Joliot-Curie NUCLEAIRE
hysique & PARTICULES

e, ©

Simulation Tools Plasma Sources

E.g. using..

Development of scalable ”'/W
plasma sources at CERN

\
b L

S. Diederichs et al., Comput. Phys. Comm. 276 108421 (2022)
Open-source: https://github.com/Hi-PACE/hipace

HiPACE++
200
| | e— r'r/:>| ,‘q
n<l y — -——-.~—-— Numerical .
E v convergence: BERKELEY LAB
few hrs on
few GPU’s
) HALHF
0 -200 2x107 dISChargeS FLASHForward - Lhaia
200 10-150 Hz operation |ow voltage solid-state

discharge system
1 MHz repetition rate

Multiple open source codes W anananan
available to simulate collider [ 20 ]
”g 18- “. AAAAAAAA

quality beams

t [ps]

LPA recent progress on the Technology R&D

M. Turner, LCWS 2025

Efficient Laser Drivers

Multiple technologies beina

investigated, e.g.
Ti:Sa, fiber lasers, TmYLF,
Tm-doped ceramics

Development of Joule-class kHz
laser systems:

@ KALDERA - based on Ti:Sa

technology, started commissioning

@il KBELLA - efficient coherent

BERKELEY LAB

combination of fiber lasers 10’s mJ at
kHz, 100+ mJ in progress scheduled
for next year
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Matched Guiding and Controlled Injection in Dark-Current-Free, 10-GeV-Class,
Channel-Guided Laser-Plasma Accelerators
A. Picksley et al., Phys. Rev. Lett. 133, 255001 (2024)

~

Frerrerrs "I|

2 4 6 8 10
Momentum (GeV/c)

1 ~9.2 GeV energy gain over 30 cm

] Laser-created ‘free-standing’ plasma

channels that can be recreated at the

repetition rate of the laser

- Multiple independent results /ﬁﬂ

ARyiIA>

C. Aniculaesei et al., The acceleration of a high-charge electron bunch to
10 GeV in a 10-cm nanoparticle-assisted wakefield accelerator. Matter
Radiat. Extremes 2024; 9 (1): 014001

1
Energy (GeV)
1 ~10 GeV energy gain over 10 cm &=
] Multiple acceleration regimes that may be
difficult to control

Beam Quality

Winkler, P. et al. Active energy compression of a laser-plasma electron
beam. Nature 640, 907-910 (2025).
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Lindstrem, C.A., Beinortaité, J., Bjérklund Svensson, J. et al. Emittance
preservation in a plasma-wakefield accelerator. Nat Commun 15, 6097 (2024)
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LPA recent progress in experiments

M. Turner, LCWS 2025

Efficiency

C Zhang et al 2024 Plasma

C. A. Lindstrem et al., Phys.
Phys. Control. Fusion 66

Rev. Lett. 126, 014801 (2021)
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depletion
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transfer efficiency

E. Rockafellow et a;., High charge laser acceleration of electrons to 10 GeV
NIM A, Volume 1077, August 2025, 170586
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1 Laser to electron conversion efficiency of
at least ~30%

1 Multi-GeV energy gain 'ﬁ)
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Matched Guiding and Controlled Injection in Dark-Current-Free, 10-GeV-Class,
Channel-Guided Laser-Plasma Accelerators
A. Picksley et al., Phys. Rev. Lett. 133, 255001 (2024)

~
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BERKELEY LAB

2 4 6 8
Momentum (GeV/c)

1 ~9.2 GeV energy gain over 30 cm

] Laser-created ‘free-standing’ plasma

channels that can be recreated at

repetition rate of the laser y

—> Multiple independent results

10

C. Aniculaesei et al., The acceleration of a high-charge 4
10 GeV in a 10-cm nanoparticle-assisted wakefield accele
Radiat. Extremes 2024; 9 (1): 014001
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1 ~10 GeV energy gain over 10 cm <
] Multiple acceleration regimes that may be
difficult to control

Beam Quality

Winkler, P. et al. Active energy compression of a laser-plasma electron
beam. Nature 640, 907-910 (2025).
0’ I_] 707;)(‘, per MnV

| o ) 5 pC por MoV RFoff ' RFon

290
1
280 [
[vrhinatien R ]
270 [
3 |
> 260 | |
g 250 ‘
c
w
240 | |
230
1
220 A
- v - e = .

- Towards delivering beams for first applications i
Application will be used to mature wakefield
acceleration vtechnology

Norm, emittance (mm-mrad)
o o

A I X X -10 [) 10 20
S Beam-waist location (mm)
3 =
e x. = T X

2t Sdis s

Plasma cell extracied |
1| 3 Plasma cetinserted ‘
n

1 Emittance preservation at micron level
for 40 MeV energy gain (on top of 1 GeV)

LPA recent progress in experiments

M. Turner, LCWS 2025

Efficiency

C Zhang et al 2024 Plasma
Phys. Control. Fusion 66
025013

C. A. Lindstrem et al., Phys.
Rev. Lett. 126, 014801 (2021)
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1 Laser to electron conversion efficiency of
at least ~30%
1 Multi-GeV energy gain @

., High charge laser acceleration of electrons to 10 GeV
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Mo LPA recent progress in applications

M. Turner, LCWS 2025

« Laser-Driven Plasma Wakefield Injector for PETRA IV injector complex : [fizve:
* Final Goal: . /@
6 GeV injector, to decrease the spatial footprint and power requirements \\ 7

PIP4 CDR A. Martinez de la Ossa et al. doi:10.3204/PUBDB-2024-06078 — /- '".‘?’ o

 ATVAKE Proton-driven plasma wakefield experiment at CERN) Run 2c and d approved
—t fixed-target applications after LS4

> CEPC Plasma Injector (alternative option) and TF Plan

CEPC phuirns mjpctor schame! onr
e

B il L

N {l

§ > CEPC Injector

CEPC

Conceptual Design Report

Vohume | - Accelerator

. PRA ZIA (Particle accelerator research infrastructure based on novel plasma acceleration)
/s > FEL user facility by 2031 _&PACRI

 FEL lasing achieved by 4 groups!
« Enabled by improved beam-quality and stability
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M. Turner, LCWS 2025
Wakefield Acceleration Comes with Unique Challenges

1) Positron Acceleration in Plasma SR — ST .
. . . . np/ng /o (B, - B,)/Ey
e Acceleration in the non-linear regime , e j S
is not symmetric for positive and 3 B f . -
negative charges = N ol

2) Staging
* Tight tolerances, matching Driver 1
Witness
* Must be compact |

Plasma 2

Driver 2

\ )
)\ §
Unit cell

GIF 2025
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M. Turner, LCWS 2025
Wakefield Acceleration Comes with Unique Challenges

Strategy 1: Avoid Positron Acceleration Strategy 2: Avoid Staging

Driver 1
Witness

High densily slectron cusp

Plasma 2

Plasma 1

e: conventional
magnetic optics and/or
plasma lenses

Unit cell

GIF 2025




Cub @

Iréne Joliot-Curie  NUCLEAIRE
Laboratoire e physique & PARTICULES
des 2 Infinis

HALH
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Since 2023

GIF 2025

HALHF

Hybrid, Asymmetric, Linear Higgs

Factory

* e acceleration in e- beam-
driven plasma wakefields

» e* acceleration in radiofrequency
cavities (C3 technology)

» To make most effective use of

space —> collision of polarised

375 GeV e with 42 GeV et

Advantages:
+ most advanced wakefield

collider concept - avoids e*
acceleration in plasma

t‘rin, ~5 km

M. Turner, LCWS 2025

HALHF Combine
v Surface-to-underground | rings Delay Driver RF linac Driver source
transfer line (5% slope) (@x&3%) /" 1o0p (4 GeV e, 4 MV/m, 1 GHz) (8nC) = s e Damping
= Liquid nitrogen plants rings
e cccccccacaceccccaceccceacccececcececcceccecacaces
g ) (2.5 MW at 77°K) o (3GeV)
e o ~ e [ CCCCCCCTCTCCC
Eslguc?o%n RF linac Plasma-accelerator linac Helical ngre‘;" RF linac P"S’g"“':]e de?i:/lealwb::ge.m Dual interaction points dellji\l/lzlryb:y?s',tném Cool-copper RF linac -
(1.6nC) (3Geve) (48 stages, 7.8 GeV per stage, 1 GV/m)  undulator 48nC) (3Geve) (3Geve) (375Geve) (250 GeV c.o.m.) (42 GeV e*, 40 MV/m, 3 GHz)

(42 GeVe’)

<

>

Facility length: ~6 km

Foster et al., Phys. Open 23, 100261 (2025)
« Asymmetric collisions: 375 GeV polarized e- with
41.7 GeV polarized e* (boost: y=1.67), Center-of-mass energy: 250 GeV.

« > upgrades 380, 550 GeV center-of-mass energy discussed

Estimated luminosity: 1.2x1034 cm2s-1 two IPs

Estimated total power usage: 106 MW

Estimated R&D time (technically limited):
10-15 years
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M. Turner, LCWS 2025
Preliminary investigation of a Higgs
[ . l fnal foeuny factory based on proton-driven
LIVE Since 2024 'Zt_uwg left IR and. detector right IR % (l'?“““' plasma wakefield acceleration
= J J. Farmer et al., 2024 New J. Phys.
PPWFA PPWFA 26 113011
- : :
ALIVE e LINAC & DR 2 kan i ST
= . PR & e+ Linace
A Linear accelerator for Very high Protn: —
i ks Ralaversy Beaw delivery
Energies g Proton LINAC for ¢

* e and e*acceleration in single
stage p* beam-driven plasma
wakefields

« Enabled by the energetic
and short p* drivers
e p* drivers: high-rep.-rate

Collider Parameters:
Centre-of-mass energy (CoM): 250 GeV

Estimated luminosity: 1.7x1034 cm-2s-1
Proton

Main

Aty Footprint: ~4 x 2 km.
500 GeV synchrotron 500 GeV.
p+ synchrotron
Advantages. 7 km circumference

. . high rep. rate: 14.4 kHz Upgrade to ~7 TeV fOr 10
+ avoids staging TeV collisions
+ compact footprint

+ scaling to higher energies
eV)

GIF 2025
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Wakefield Acceleration Comes with Unique Challenges HTImerEC e

Ca- - And very high
Strategy 3: Aim Longer Term energies: 10+ TeV

Higgs 10+ TeV

Collider factories collider
~10 years building block
~J years Particle physics 10 TeV
First user applications 250 GeV €
facilities
Low-_Energy O (~1 Os GEV)
Injector > Exploratory studies
O (~GeV) HALHE 10 TeV

ALIVE Design Study
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1@
Since 2025

10 TeV
Design Initiative for a 10 TeV pCM  The Design Study aims to produce a unified, self-consistent concept for
Wakefield Collider a 10 TeV parton-center-of-mass (pCM) collider based on wakefield
Technology candidates: accelerator (WFA) technology.
» Laser-Driven Plasma Wakefields
« Beam-Driven Plasma Wakefields « Assume for now that is an upgrade to another linear collider
« Structure Wakefields facility.
Collider type:
° e+e_
e ee
Yy

Goals include delivery of.

+ end-to-end design study report in
2028 ,
+ roadmaps and resource 2 o

GIF 2025
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Let’'s dream

« Colliders are an essential tool for the future of Particle Physics.

- Building a collider demands an enormous effort and requires many different
scientific and technical experts coming together with a common goal.

« Arich R&D program is driving the developing and building of these new facilities

« New and revolutionary ideas are needed to push the precision and the energy
frontier




THE BRAVE FCs COLLABORATORS

1 A. Yamamoto, S. Michizuno, T.Okugi, N. Terunuma, K. Yokoya, H. |

Sakai, A. Arishev. T. Abe, K. Popov, S. Stapnes, R. Tomas, Y.
Papaphilippou, N. Catalan Lasheras, F. Zimmermann, M.

Benedikt, A. Pastushenko, V. Cilento, R. Yang, A. Latina, P.

Korysko, T. Lefevre, W. Kaabi, I Chaivkoska, A. Korsun, R.
Poeschl, F. Richard, M. Winter, M. Titov, N. Fuster, L.Pedraza,
B. Gimeno, J. List, B. List, P. Burrows, D. Bett

M. Turner, J. Gao




Useful Links

® FCC Week 2025 (19-23 May 2025) https://indico.cern.ch/event/1408515/

® Open Symposium on the European Strategy for Particle Physics (23-27
June 2025), https://agenda.infn.it/event/44943/overview

® International Workshop on Future Linear Colliders 2025 (20-24 October
2025) https://agenda.linearcollider.org/event/10594/

GIF 2025
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