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@) Introduction

N7

Accelerator development has initially been driven by nuclear and particle physics
* Now, accelerators have many applications and are also driven by other fields

Will focus on the high-energy frontier accelerators for particle physics
* Important application

* Helps to understand basic accelerator concepts

* Could be the next flagship project

Will address the accelerators with a project view

* Notan introduction into the principles first

* Rather look at the goal and see which tools we need

* Cannot cover all relevant physics, concepts, technologies, ...

Note:

* Notall project parameters are fully up to date
* Does not harm understanding the concepts
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Oper. Time [y]

ILC ee 0.25 2 11 129 (upgr. 4.8-5.3 GILCU + upgrade
150-200)
0.5 4 10 163 (204) 7.8 GILCU
1.0 300 ?
cuc ee 0.38 1 8 168 5.9 GCHF
1.5 2.5 7 (370) +5.1 GCHF
3 5 8 (590) +7.3 GCHF
CEPC ee 0.091+0.16 16+2.6 149 5GS
0.24 5.6 7 266
FCC-ee ee 0.091+0.16 150+10 4+1 259 10.5 GCHF
0.24 5 3 282
0.365 (+0.35) 1.5 (+0.2) 4 (+1) 340 +1.1 GCHF
LHeC ep 60 / 7000 1 12 (+100) 1.75 GCHF
FCC-hh pp 100 30 25 580 (550) 17 GCHF (+7 GCHF)
HE-LHC pp 27 20 20 7.2 GCHF
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@)

N7

Implementation Task
Force (ITF) looked at
many different
proposals

Cannot cover them
all

Select according to
European view

Collider Proposals at Snowmass

Future collider proposals: 0.125 - 500 TeV; e+e-, hh, eh, py, vy, ...

PA M

. FCC-ee 0.24 TeV / CEPC 0.24 ToV \ Collider-in-the-sea 500 TeV
o Storage ring FCC-hh 100 TeV / SPPC 125 TeV \
FCC-eh 3.5 TeV : SPPC-CEPC 5.5 TeV \
c°'|ider8 Ly Rt 2 3 FDRhH . hl“
> 1 / X
o Linear j = s o
colliders .Lc 0.25 TeV CLIC 0.24 TeV CCC 0.25 TeV
o ERL e
colliders CERC 0.24 TeV ReLiC 0.24 TeV ERLC 0.24 TeV
e Muon A :
collider MC 10 Tov 10 km
G———
i i, i e S S ez [ [
-
PWFA 15 TeVv LWFA 15 TeV SWFA 3 TeV
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&)

N7

Europe:

Last ESPPU concluded

* Long term ambition is high-energy hadron collider
* Higgs factory is most urgent project after HL-LHC

Plan Ais FCC
* FCC-ee, e*e circular collider, 91.2-365 GeV
*  FCC-hh, hadron collider, O(100 TeV), same tunnel

Prudently prepare plan B
* CLIC, an e*e’ linear collider 380 GeV-3 TeV
* Muon collider, as initiated by ESPPU, 3-10+ TeV

Also in the R&D Roadmap

* Energy recovery linacs (LHeC, FCC-eh, electron-
proton)

e Plasma technology

Key Collider Options

US:
P5 process recommended
* No higgs factory in US
* 10TeV parton-parton collider
* e+e-, pp, but in particular muon collider

Japan:
ILC, 0.25-1 TeV, waiting for governement to move

China:
Interest in CepC/SppS, comparable to FCC-ee/FCC-hh
* Aim to have decision by Chineese government 2025

Many more less mature proposals

Will not give all details but short reminder of key
projects and a bit on the novel ones



(=) Key Collider Factors

Particle type

Collision energy

Luminosity

Background conditions in the detector

Site availability
Technical risk

Cost

Power consumption
Environmental impact
Support by society
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Collider Particle Choices

Hadron collisions: compound particles

Protons or ions

Mix of quarks, anti-quarks and gluons: variety of processes
Parton energy spread

QCD processes large background sources

Hadron collisions = can typically achieve higher collision energies

Lepton collisions: elementary particles

Sofar always electrons and positrons

Muons are an option but have limited lifetime
Collision process known

Well defined energy

Lepton collisions = precision measurements

Photons also possible

D. Schulte, Future Collider 1, BND, 2024




) Particle Accelerator Fundamentals

N7

Accelerate charged particle
Force on charged particle is given by

F=¢q(E+vxB)

/o

Typically particles are
accelerated to gain

Typically particles are
guided on the trajectory

energy using RF cavities by magnets that have

that have longitudinal
fields

transverse fields

Note: gamma-gamma collider transforms
electron to photons just before the collision
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@) Spoiler: Key Technologies )

N7 N7

Typically the key technical cost and power drivers and hence the defining technologies:
 Magnet technology
e superconducting dipoles are the key for hadron colliders and very important for muon collider
* beam-guiding quadrupoles are important for all
* RF technology
» critical for linear colliders, superconducting ILC or normal-conducting CLIC, and for circular
high-energy lepton colliders
e important for circular hadron colliders

Many other technologies are also important and can drive the design
* Cryogenics

* Machine protection

e Collimation

* Vacuum

* Beam instrumentation

e CLIC stabilisation and alignment system



Hadron Colliders
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@) High Energy Protons: Overview D)

N7

The LHC is the current high energy frontier collider
* Centre-of-mass energy 14 TeV

e 27 km circumference collider at CERN

* Discovery of the Higgs boson in 2012

* Upgrade to higher luminosity ongoing: HL-LHC

Studies of future proton colliders that use a larger
tunnel are FCC-hh and SppC

An option to use FCC-hh magnets in the LHC tunnel
has been studied (HE-LHC) but is not maintained

Also the option to collide the LHC or FCC-hh beam with electrons is considered
* Named LHeC and FCC-eh
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@)

N7

| guess, everybody is familiar

Two multi-purpose experiments

e ATLAS and CMS

RF - :
cavities "\ ,;" DUMP

ALICE i A North Area LHCh
Clesning Cleaning

T142
\/ AWAKE

™" [ 1976 7 km) |

HiRadMat

450 GeV

o . . 0 TT66
Two specialised experiments Ml _m— oo
* ALICE and LHCb ALICE ./ \_~JLHCb > | 3= -
o, W & n_TOH ‘ : s ol
s ATLAS: Em ~
LHCf \ T | CR
o LEIR N
DY 2005 78 m |
Time — s
I | I 1 ) H™ (hydrogen anions) ) ions D RIBs (Radioactive lon Beams) P n (neutrons) P p (antiprotons) ) e (electrons)
1 1 ' : 6.5 TeV
{ N l
I o . . . .
i i ; : The LHC obtains its beam from a chain of injectors
i i i | Typically, few hours to fill and several hours of
- X | 1 . luminosity
Injecton '}  Ramp | "Squeeze |}  Stable beams for physics : Dump
! ! Adjust . Ramp down
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@) HL-LHC @)

& commissioning

= Upgrade of existing LHC
e 2000 e A pgak luminosity .of Lpeak =5x10* cm?s? with Ieve!ling, allowing:
R&D * Anintegrated luminosity of 250 fb? per year, enabling the goal of
e | o - * L, =3000 fb! twelve years after the upgrade.
Nb3Sn
CERN- LARPI o 3000
KEK HiField /jEJ_‘_\ o
| awsc | [l I8, | B8, 6]
CERN- RP Dip SLHC INJ o
A (é‘;mo FP7Ds  |implem. £ 5 - 2500
esign <~ Hi-Lumi LHC N 2015 go
&j f/ S 4 - 2000
Constr Injector ~—
uction upgrade :
HL-LHC install. Bt "5 3
o
=
g 2
=

Upgrades to higher current

o
o
o
Integrated luminosity [fb'1]

ot —5

 Injectors o

e Collimation /0/0 i \__ — 10

* Detectors (phase 1) 2010 2015 2020 2025 20\2035 2040

* Year Upgrade to full luminosity

Small luminosity increase * Detectors (phase 2), triplets, ...
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N7

Similar to LEP/LHC staging
Focus on site studies

* (
*/ _~
: A s S
s Schematic of an

g 80-100 km
s long tunnel

FCC Overview

FCC-ee at Z, WW, ZH and tt

Injection
into booster

PA(Experiment site) Azimuth =-10.2°

Injection into collider

Technical site "
PLYS Technical site

Booster RF Beam dump

booster

Y e
(optional
Experiment
site)

——————— FD
(Qptional
Experiment
site)

Technical sl X( Lss = 2160 m LSS = 2160 m Jof Technical site

Betatron &
momentum

PG (Experiment site) collimation

Start 2045 ?
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FCC-hh at 80-116 TeV, depending on
magnet technology (Nb;SN vs HTS)

transfer lines proposed to be
installed inside FCC-hh ring tunnel

PA (Expggiment site) Azimuth = -10.2°

Injection
Injection

Technical site

Technical site
d
RF PL Beam dump

l
I
|
|
~ | ,
Y
Arc length = 9616.586'm !
|
I

PD
(Secondary
experiment
site)

PJ
(Secondary
experiment

site)

\ ’
N 4
/
8§ = 1400m J:‘ ‘\ A-l |h
FARRN
7 ~

SSS = 1400 m
s N

Technical site
PH O

I
|
|
I
|
|
! Tochnical sito
‘ Lss = 2160m Jo Toc

I

Momentum
collimation

SSS = 1400 m Betatron collimation

PG (Experiment site)

Start 2070 ?

CepC and SppC is a similar
approach in China
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@)

)

Demonstration of the geological, technical, environmental and
administrative feasibility of the tunnel and surface areas and optimisation
of placement and layout of the ring and related infrastructure;

Pursuit, together with the Host States, of the preparatory administrative
processes required for a potential project approval to identify and remove
any showstopper;

Optimising design of colliders and their injector chains, supported by R&D
to develop the needed key technologies;

elaboration of a sustainable operational model for the colliders and
experiments in terms of human and financial resource needs, as well as
environmental aspects and energy efficiency;

development of a consolidated cost estimate, as well as the funding and
organisational models needed to enable the project’s technical design
completion, implementation and operation;

identification of substantial resources from outside CERN’s budget for the
implementation of the first stage of a possible future project (tunnel and
FCC-ee);

consolidation of the physics case and detector concepts for both colliders.

D. Schulte, Future Collider 1, BND, 2024

FCC Goals for 2021-2025

Site development ongoing

e JURA21 ™Ay oiare | JiL o Y -
Ok AT m""@ﬁh S 7 -~
~.\\ An 1. 3 Bt 7z,

Technical and scientific preparation
Other preparation

Taken from F. Zimmermann
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(=) New FCC-hh Layout D)

transfer lines proposed to be

installed inside FCC-hh ring tunnel

PA (Experiment site) Azimuth =-10.2°

Injection

ISSS =1400 m Injection

* Exact four-fold symmetry (FCC-ee layout) et site\

* Four experiments (A, D, G, & J) RF PL

* Two collimation insertions
* betatron cleaning (F)

Technical site
PB Beam dump

Leg=2100m LSS =2160m

N\ /
* momentum cleaning (H) S e ! ;7
. . . . . . 4
» Extraction insertion + injection (B) ™ Y |
e RFi . .. . L 5 sss=1400m N\ _/ _________ PD
insertion + injection (L) (Secondary 7Y sss<1a00m ¥ (Secondary
* Last part of transfer lines in the ring tunnel, %) AR So
I
normal-conducting magnets e | L
* Compatible with LHC or SPS as injector ;7 : N
P
r | h N\
. . 7 | N\
Technical site Ny | 55 = 2160 m | LSS = 2160 m ’T,?:Chmca' site
Momentum SSS = 1400 m' Betatron collimation

collimation

PG (Experiment site)
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Hadron Collider Parameters

parameter

collision energy cms [TeV] 84-120 14

dipole field [T] 14 -20 8.33
circumference [km] 90.7 26.7

arc length [km] 76.9 22.5

beam current [A] 0.5 1.1 0.58
bunch intensity [10'?] 1 2.2 1.15
bunch spacing [ns] 25 25

synchr. rad. power / ring [kW] 1100 -4570 7.3 3.6
SR power / length [W/m/ap.] 14 -58 0.33 0.17
long. emit. damping time [h] 0.77-0.26 12.9

peak luminosity [10%* cm2s?] ~30 5 (lev.) 1
events/bunch crossing ~1000 132 27
stored energy/beam [GJ] 6.3-9.2 0.7 0.36
Integrated luminosity/main IP [fb] 20000 3000 300

U. SCTTuite, ruturce LOmder 1,

DIND, ZUZ4

17




Hadron Collider Energy



) Arc Cell (FCC-hh CDR)

N

Arcs consist mainly of dipoles to bend the beam (80% dipoles in LHC or shown FCC-hh arcs)
Maximum field and size of ring then define maximum collision energy

Simplified hardware layout

Quadrupoles so that
particles stick together

Dipoles to make beam

go around thering ‘
Beam position monitors
(BPM) to know where

the beam is \

A B C D E F 1.38 Q MC

1.5
—dipole  —MCS

0.35 1.35

1.5 1.5 1.5 15 a
—MCD —Qpole  =—sextupole —multipole =—corrector —BPM

Plenty of correctors, spool pieces etc

@)

Optics functions (accelerator physicists view)

OO

arc cell fcc v8 L=14.3 m B=15.74 T Lcell=214.755 m

400. 2.4
X b D\' -
365. b ”
- 2.2
330. I
295, - - 2.0
260. - - 1.8
225.
790, ] - 1.6
155. - 1.4
120. -
- 7.2
85. 1 /
50. : : : : : : : : : 1.0
0.0 50. 100. 150. 200. 250.
s (m)
19

D. Schulte, Future Collider 1, BND, 2024

D (m)



(=) Dipole Basic Concept D)

H Vertical field= horizontal deflection
Beam direction

dipole

= r E LHC: E=7 TeV, p=2.8 km,B=8.3T

0.3GeV B FCC-hh: E=50 TeV, p=10.6 km, B=15.6 T

Need two apertures with opposite field to bend both proton beams
If the beams had different signs of charge one aperture could be sufficient

D. Schulte, Future Collider 1, BND, 2024 20



@) High-field Magnet Technologies )

N7 o7

Superconducting magnets reach highest fields, three main
technologies for the cables

NbTi (niob-titanium) Cut through a cable with

e jisstandard, used in LHC limited to O(8 T) superconductor embedded in
copper, so some remains

Nb;Sn (niobium-tin) conductivity in case of a quench

e canreach O(16T)

e but difficult technology and needs to mature further
* expensive

 Used in some points for HL-LHC

* Foreseen for FCC-hh also in arcs

HTS (high-temperature superconductor)
e canreach O(20T) or more

* insolenoids >30T demonstrated

* veryexpensive




@)

N7

The cables are only
superconducting
below a certain field
and current

Depends also in the
temperature

Above the magnet
“quenches”,

this can cause
machine protection
issues

Whole Wire Critical Current Density (A/mm?, 4.2 K)

Conductors

@)

o7

T
MASLAB

ﬁ HTS (REBCO)

REBCO: B || Tape plane
«»= REBCO: B L Tape Plane

Nb-Ti: High Field MRI1 4.22 K

104
42K LHC insertion
- N b-Ti guadrupole strand
{BuuthuI et al. 2006)
S
I | | |
i ?‘-\--..-.....__ Expected IBS 2025 &
% . = —t S e——— . Y. Ma (IEECAS) ozt
L '_-_+, — - r—
103+ % -
- S < ks 5 j,m.
- 0 <> it
B S
i ¢ $e
L <> <>
&
i ~—0 *—%eo
L / BS 2016 ¥. Ma (IEECAS)
- --"""0
. Nb-Ti
102~ N bTi —
C 22 K High Fie!d N b3 S n "r\ \
— MR strand . i - :
C (tuic::]j \ Nb,Sn: High J, : B|h2212 50 ba: opP )
= s NbzSn: | Sn RRP
Nb33l‘| \ - — 35n: Internal Sn
L Bronze Process ¥ . = Nb3Sn: High Sn Bronze
IBS- Iron Based Superconductor T \ Nb-Ti: LHC 4.2 K
Much lower cost and better ;
mechanical properties expected 4543 filament High Sn J\ feh == [BS 2016 - Ma IEECAS
Bronze-16wt.%Sn-0.3wt%Ti [l
(Miyazaki-MT18-IEEE'04) \ = [ ==|BS 2025 - Ma |IEECAS
10 L L L L L L L I L L L1 |1 L L L L L L T
0 5 10 15 20 30 35
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Modified version by Q. Xu in Oct. 2017
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) Previous Magnet Designs (FCC-hh) )

N

Several configurations are possible
* All with advantages and drawbacks

O

Criteria: Amount of conductor, stress in
magnets, ...

CammmE

P
fi
il
N
W
m
]
P

The conductor is a major cost item of
the magnet
= try to minimise the amount

Cos-Theta

D. Schulte, Future Collider 1, BND, 2024 23



©

16.38
15.52
14.67
13.81
12.95
12.1

11.24
10.38
9.527
8.670
7.813
6.956
6.099
5.242
4.384
3.527
2.670
1.813
0.956
0.098

ROXIE 102

Cost Effective Magnet Design

Field builds up to
toward the centre

Could use cheaper
conductor for the
outer coils, but
generates design
challenges

Lo
125 135 145 155 165 175 185 195 205 215 225
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@) Magnet Models D)

BIE (O)igs. #Fermiab

With today’s state of the art conductors:
e 15T achievable at 14 % margin
e 17 T at short sample

15 T dipole demonstrator '
60-mm aperture

« Cos-theta and common-coil model magnet 4-layer graded coll

programs are under preparation

1. Internal joints? ——*" ~~<
. s 4 ~
2. External joints? \’ 4

D. Schulte, Future Collider 1, BND, 2024 25



FalconD
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) HTS @)

NS Ny

Explore different HTS solutions
*  Much effort on REBCO
* Some on iron-based HTS (China and some INFN effort)

REBCO Tape

Cu stabilisation (optional)

Kabel challenges

* Improvement of REBCO tapes with industry
* Develop cables for accelerators

Magnet challenges

* Dealing with high forces

* Quench protection

Ag cap layer
REBCO layer
buffer layer stack

substrate

Strong synergy with applications in society
*  Funsion reactors, power generators for windmills, motors, power transmission, medical applications, ...

Spoiler:

* Solenoids are already achieving high fields
* Noinsulation required if magnets operate at fixed field

D. Schulte, Future Collider 1, BND, 2024 27



@) HTS @)

NS N

R&D effort in the HFM programme

. .. Twente: Study to prevent blisters on tape
But also important efforts in industry Y pﬁ_.,?,,. P

KIT: Production of tape to improve quality CERN: Winding of coils

'—s_ v {
7

M, top layers /.

Cu ~ 20 microns

Ag ~ 2 microns

det mode & HV tilt PW HFW mag @
)" TLD  SE 2.00kv  300° 27.0nm  414pm 10000 x
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HL-HLC and Hadron Collider
Luminosity



@) Emittance D)

N7 o7

Particles come in bunches
* The bunch has a nominal energy, longitudinal position, transverse positions, and transverse angles

However, each particle has a slightly different energy, longitudinal position, transverse positions and
angles with respect to the bunch

* For technical reasons

* But actually, particles are fermions, they must differ a bit

(2,9, 2, Dz, Py, D2)

The beam occupies a volume in phase space, this volume is normally preserved (“Liouville’s Theorem”)

dp  Op [8p Op ] B
dt ot i Z 0q; (9}92-10Z =0

D. Schulte, Future Collider 1, BND, 2024 30



) Note: Emittance EN

For some reason accelerator physicists used angles instead of momenta

(z,Y, 2, Day Py, Dz) (z,y,z,2",y, E)

This geometric emittance is not preserved when the beam is accelerated

Linac and other reasonable people cure this by multiplying the “geometric emittence” with
beta c to obtain the “normalised emittance”

D. Schulte, Future Collider 1, BND, 2024 31



@)

N7

Example

2D emittance (most often the directions are not coupled)

Particle coordinates

at one location

: . -1
Particle coordmates/

at other location

Py [a.u.]

X [a.u.]

D. Schulte, Future Collider 1,

BND, 2024

@)

o7

The emittance € corresponds
to the surface of the beam
and does not change

However, the beam size and
angular spread change as
well as the correlation
between position and angle

Why correlation?

32



G Quadrupole Design

N

y

Quadrupoles can focus the beam
The vertical field is proportional to x
= horizontal force is proportional to x

1B
W = !/ & B
T —— | 2 \\ o
~ >~ ’/:«’ A
X .

Maximum field in quadrupole depends on

product of focal strength and aperture

= LHC can use NbTi

= HL-LHC needs 11 T

= This requires Nb;Sn (also for FCC-hh)
D. Schulte, Future Collider 1, BND, 2024 33




FODO-lattice

\ /

One can alternate the quadrupole orenitations

* Oneis focusing in our plane, the next defocusing

* Inverted order in the other direction

If quadrupoels are not too far spaced, the beam is overall focused and oscillates

D. Schulte, Future Collider 1, BND, 2024 34



@) Beta-function )

N7 o7

The particles experience a transverse force along the collider

z"(s) + K(s)xz(s) =0

K varies along the accelerator because the focusing strength (the “spring constant”) changes

If K were constant the solution would be

\F cos + (}50

—Sln —+gb0 Kp*=1

Particle property

Lattlce property

D. Schulte, Future Collider 1, BND, 2024 35



@) Beta-function

N7

Because K varies along the accelerator the solution is more complex

z(s) = \/eB(s) cos (p(s) + o)

52’ cos (p(s) + ¢g) — sin (p(s) + ¢0)]

€

=(9) =\ 565

/'

/
Correlation between x and x’ /(’) ; dS
B (s )

/8” /6 5/2
2 4

D. Schulte, Future Collider 1, BND, 2024
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Beam Size

Lattice property

Particle coordinates
at one location

@)

o7

Beam property

?Sf‘ygi‘,y «
Try = .
T T T E T "}."'

Area € does

-
not change S 0
N
Particle coordinates/-1

at other location

X [a.u.]

D. Schulte, Future Collider 1, BND, 2024
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Luminosity D)

Luminosity £ determines the event rate

It depends on the geometrical overlap of the colliding beams

/ Bunch charge (N?=N;N,)

N?
Number of bunches times

L = n
bfT\ circulation frequency

dro,o,
L = collisions per second

Vertical rms beam size
(Gaussian beam)

Horizontal rms beam size
(Gaussian beam)
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@) Hadron Collider Luminosity Drivers @)

N 1
L XX ——)Nnbffr Risks:
€ 7 —. High stored energy and losses
* Impedance and electron cloud
* Aperture should be minimised for dipole cost
* High synchrotron radiation load due to high beam
energy

Use high beam current

Squeeze the beam as much as possible
Mitigate more collision debris due to higher
luminosity and energy

Make small emittance and large charge For integrated luminosity:
* Fast turn-around critical for luminosity
Limited by emittance growth, * Minimise time for stops etc.
imperfections and particle losses e High availability with more components than LHC

* Maximising current also maximises time between new fills

D. Schulte, Future Collider 1, BND, 2024 39



@) Some Key HL-LHC Ingredients )

N Ny
Crab cavities to reduce

luminosity reduction by
crossing angle

Higher field focusing
magnets at experiments

Models tested omaecaumes - (recent first tests in SPS)
A i e me ove =onamaves — Aclditional collimators to
Injector upgrade o SR, i e,

o free up space for the new

e protect arcs

Stronger dipoles to make space
for additional collimators
(recent first prototype)

(A TLAS nd CMS)

FOCUSING MAGNETS
12 more powertul quadrupole magnets

Civil engineering i
and more kryogenics - Aidsogeas

CRYOGENICS
2 new large 1.9 K helium refrigerators
for HL-LHC near ATLAS and CMS

COLLIMATORS
15 10 20 new collimators and 60 repiacement
collimators to reinforce machine protection

= Improved collimators
And many more JPERCONDUTINGL!NKS deSign and material

lm}uansmssm ines based on a

or to carry

Instrumentation, vacuum, availability, ... e
Optics design, electron cloud, impedances, ...
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@) HL-LHC Luminosity Run @)

N7

Peak luminosity is leveled

to limit background :'m < [ |\ no leveling with peak
g : at 2.2x10* cms’! :
Luminosity decays because & 15} .
beam particles are lost in x : :
the collisions 2 | :
E1op t : :
Time between fills is a few E "B |eveling at '1*
hours l 5x10% cm2s! tae
* ramp magnets down S [
* inject beamin small i
batches 0 (= — —
* Ramp beam energy and 0 2 4 6 8 10 12 14 time (h)
magnets up
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@)

NS

Beam Burn-off

Proton-proton cross section is O(100 mb)
* Many events per bunch crossing
* Not very interesting (we assume...) but annoying

Power in burn-off O(10kW) in LHC and O(500 kW) in FCC-hh

Cms energy [TeV]
Luminosity [1034cm2s1]
Machine circumference
Arc dipole field [T]
Bunch distance [ns]

Background events/bx

Bunch length [cm]

14
1
27

25
27

7.5

14 96
5 5
27 91
8 16
25 25
135 170
7.5 8

D. Schulte, Future Collider 1, BND, 2024
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30
91
16
25

1020

75
10
100
12
25

490
7.55

150

100
24
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) Detector and Machine )

N

Tracking Uses forward solenoid
Ecal
HCAL Alternative option with

Magnets and cryostat  forward dipole considered
Muons

mmmmmmmmmm ry

Yo

T T T T T /T T T I T [T T AT Hpe
: H Add. protection TAS .
, umSEEE s Triplet
J __SSSECSSSeREEE | || NN EEEp ——
<€ > € >

Hall half length: 33m Tunnel before triple;: 7m

L*=40 m
€ >€ —> FCC-hh example
Detector half length 23.5m Space to open 9.5m

D. Schulte, Future Collider 1, BND, 2024 43



@) Radiation from Beam-beam @)

N . .

E)
Total collision debris per experiment ;5?
e 0(10 kW) for HL-LHC —  > -
FCC-hh example
«  0(500 kW) in FCC-hh m—<1C , , , , , :

. . 4000 5000 6000 7000 8000 9000 10000
* LHC final triplet magnets have to Distance from IP [cm]
be replaced due to the SRR A AR AL AARA AR

accumulated radiation

18 I~ L* 45 m, 15 mm shielding - s

| L* 45 m, 55 mm shielding - +
Resolution: Az =10 cm, Ad = 2 deq,
radial average is considered along the
innermost coil (Q: 28 mm , C: 5 mm)

* Shieldingis required and further
increases magnet aperture

(i ]

FCC-hh example shown Heat load limit

-L-—i—-— e— o

55 I,T]r],] 131 41 51 61 71 a1 91 101 111 121 131 141 151 1681 171 181 191 201
distance from IFP [m]
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@)  Interaction Region and Final Focus Design )

N7

L= T)fill
I

Beam size is limited by aperture
in the magnets

FCC-hh example

Maximum beam size [mm]

—_— 10 Beamsize at IP: 3.5 microns -
Eaol S LN N :
o

30 - e R 5

Beamsize at IP: 7 microns

20 | e NN .

10l AN TR o

o 0 20 40 60 80 100 120 140 160

—600—400—200 o 200 400 600 Distance from the IP [m]
distance from IP [m]

Smaller beta-function requires larger aperture
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@) Synchrotron Radiation

N7

Use FCC-hh CDR parameters &

v >>1
At 100 TeV even protons radiate significantly
Total power of 5 MW R
= Needs to be cooled away S/ E )4 1
Equivalent to 30W/m /beam in the arcs <X % | m R

Protons loose energy

= They are damped
Z = Emittance improves with time
> * Typical dampingtime 1 hour

energy loss re-acceleration

D. Schulte, Future Collider 1, BND, 2024
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(=) Luminosity Evolution

1.og10t
2.0 —— Horizontal
0.8 — Vertical
E1.5
=0.6 =
g P
£0.4 < 1.0
o
0.2 =0.5
0.0 T : SR S :
ime [h] Time [h]
1035 X. Buffat, D.S.
Example with ultimate parameters shown ‘
2.5 .
Ultimate example, 25ns,
7720 - no luminosity levelling
o _
pi 8fb1/day
Burn beam quickly 5t 3
But emittance shrinks £1.0 |
— Can reach 8fb'1/day — Turn-around time
0.5 =
= 5000fb1 per 5 year cycle
0.0 ‘ ‘ ‘ :
0 1 2 3 4 5] 6] 7

Time [h]
D. Schulte, Future Collider 1, BND,
2070 A



@) Cooling @)

N7 N7

Less efficiency More heat from screen into magne
To cool 5 MW at 2 K requires about 6 GW electrical power < >

3000

Rule of thumb
Carnot inefficiency and O(25%) technical efficiency

Tcm=1.9 K, 28.4 W/m

2500

Tcm=1.9 K, 44.3 W/m

Tcm=4.5 K, 28.4 W/m

About a factor three better at 4 K (from 4 to 2 K is hard) 2000

Tcm=4.5K, 44.3 W/m
1500

Solution is a beam screen at higher temperature that
captures the radiation

Total power to refrigerator [W/m per beam]

1000
LHC beamscreen (16 K) 500 -
Cooling tube
atachmentwelds'
2 1 (0] w4 w0+ | Tavian, C. Kénig, Ph. Lebrun
(0] 50 100 150 200
B - t t , T K
Longitudinal weld eam-screen temperature, T, [K]
Cooling tube ~
SeeT NI NOS 16K beamscreen would require 300MW for cooling

“Saw teeth”

50K requires 100MW => current baseline

Copper layer
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Cooling tube
atachmentwelds

Cooling tube

“Saw teeth”
Copper layer

LHC beamscreen

Sliding ring

Beamscreen

Longitudinal weld

Beam screen tube

mOlewAﬁrsnary chamber

S.R. 50 TeV
photons p+ beam

both figures

represented at
the same scale

D. Schulte, Future Collider 1, BND, 2024

FCC-hh beamscreen

|
m
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@) FCC-hh Technology Example

N7

30 W/m synchrotron radiation (LHC: 1 W/m)
Make it small to make magnet cheap

Prototype |

Eur::CirCol

& kay 1o Mew Physcs

Magnet aperture 50 mm (LHC 56 mm)
Laser treatment / carbon coating against ecloud

T gy
) ///;;;;,‘IIIIIII;::::‘Z,////// >
/ / 0’4’:’% >
V4l R

XD %% #

Extract photons for
great vacuum

Strong to
withstand quench

Hide pumping holes from
beam for low impedance

%

L. SCNulte, Future Lolniaer L, BND, 2uZ4



Beam-beam studies ongoing, promising Many limitation for the beam current exist:
results * Impedances

il parasitic electromagnetic fields induced

. - by the beam
Long-range
i . * Electron cloud

electrons hitting the beam screen can

produce avalanche of more electrons
Losses in

e Collimation
* Injection
* Extraction

N

—
wut

—

Normalised emittance [irad]
Dynamic aperture [o]

o

0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4
F le [;.rad 2
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) Beam-Beam Force

N7

Beams produce electric and magnetic fields around them

For particles travelling in the same direction the two forces almost cancel
* Inthe frame of the bunch, it is very long (Lorentz transformation)
* Magnetic fields are the relativistic correction of electric fields

For particles travelling in the opposite direction the two forces add up
* Forthe same charge in both beams the force is deflecting
* Forthe opposite charge it is attractive

d*r LL/Tf(Z)_NeeX _r
dz2  ym2meoctr Jo P73

4N, 2
- o))
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Beam-beam Effects )

o7

N
L = —— 1 Turn : 004 X. Buffat
A i 15 ; j 5 : ,

SE
5
2 ol
D
=
g —sf
— 10
_1;515 S - 0 5 10 15

Position [o.]
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N
L I@ Ktnﬁ”

Beam-beam Effects
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Beam-beam Effects )

o7

N
L = —— 17 | _Turn : 003 | X. Buffat
N AL 15 % ;

< 0

e |

s Y

=

g _s|

_10_

—UE —im —5 © 5 10 15

Position [o,]
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N
L I@ Ktnﬁ”

Beam-beam Effects
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@) Crossing angle and Crab Cavities

N7

Larger crossing angle reduces
impact of parasitic crossings

But reduces luminosity

Crab cavities give a kick to
beam head and tail to rotate
it the beam to avoid this

Crab Cavity

Crab Cavity

-

Crab Cavity

Crab Cavity

D. Schulte, Future Collider 1, BND, 2024



Collimation System

' w
) .
L =& 252 CMS Sé¢
2EG :

@)

NS

At collision, the final triplets at experiments are

the bottleneck
= particles that drift into the tails get lost here

— Need to introduce a new, smaller bottleneck
to have losses in less sensitive region, the

collimation system

__TCLA.7R3
TCLAGR3

TCLA.BSR3

. . . . . o TCLAASR3
Collimation also protects from injection failure, ropers | [ 1S5S 8RS
fesesrs TOSG.4R Momentum Betatron
asynchronous beam dump, ... rcs002 1PS  cleaning cleaning
G.ASLI TCP6L3
6.0c 7.00 10.00 8.50 10.00 Ry
TCLA.B5L3
TCLAGL3
TCLATLI

Be

am halo

Secondary
(robust)

S

Absorber
(W metal)

Physics absorbers
(Cu metal)

Tertiary
(W metal)

Primary
(robust)
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TCLAATLY
TCLADELT

\Bz

_FEP.CELT

TCLA.C6L7 chot
TCLABELE-
TCSGHELT B5
TCSGESLY TCSG.ASLT
TCSG.D5L7 TCSG.DALT
TCSG.BSLT TCSG.BALT
TCSG.A4LT TCSG.AILT
IP7

TCSG.ART TCSG.A4RT
TCSG.B4RT eSO psRT
TCSG.D4RT TCSG.DSRT
TCSG.ASRY TGSG ESRT
TCSG.B5RT TeaG BRT
TCSG.ABRT oL R
TI:%F;?;ESI [/ TcLaBeR?
TCP.DER7 ~ICLA C6R7
: TCLAD6RT
TCLAATRT
o
Ta
rC?‘b[j"“’-{&
LHC-b
“
T



EN Collimation System D)

N7 N7
V
Transverse collimation (“betatron”) system is most challenging L =& @
FCC-hh design is shown, but a copy of LHC system
Protect arcs with additional
Primary Secondary collimators Some protons only collimators
collimators and absorbers lose energy and make * Nospacein LHC
intercept intercept showers it to next arc, where = replace some 8 T dipoles with
protons they are lost shorter 11 T ones
* Foreseen in FCC-hh
1MW
Betatron Collimation Insertion (2.8km) Dispersion suppressor region
| Pritnary Secondary Shower I
collimators collimators absorbers

' ' ' ' ' 5kW  pispersion suppressor

collimators

N . |
S TG i ot

230kwW ' ' '
200kwW
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N7

&)\ Intensity Limitation: Beam Energy/and Dump\

¥,
L =& P 2.5 km dump line ..

| | — :

[ T : —
IA L!A <

) O o g

1.4 km dump insertion ! 2.8 km collimation insertion

Kicker Septum ' 10 mrad bend Dilution i Absorber
— — | - \ J—>

(—1m' _—

»'@
> <

AT
-——-¥---

LHC pattern (""y ~

In LHC / HL-LHC 400 to 800 MJ per beam g\ }
(same scale) |

In FCC-hh 8 GJ kinetic energy per beam
* Airbus A380 at 720 km/h
« 2000kg TNT
* 400 kg of chocolate
— Run 25,000 km to spent calories
* 0(20) times LHC
e Candrill 300 m long hole in copper
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@) Other Intensity Limitation Examples @)

N7

Impedance

Beam produces parasitic electromagnetic
fields in collimators, beam screen etc that can
kick beam and induce instability

Electron cloud

free electrons are kicked into wall by proton beam and can
produce secondary electrons which can build-up to cloud
of electrons and render beam unstable

y AAVT LOST v APIVT N
/ /,/’l /,/(I 7 o,
¥ np. .
sy e ™ s

¥ 7 S P
=/ / ’Jl-_— x""w\_r TN
7 .’" } - o
4/ ;", / Y
rry

- 25 ns re———— 25 115 —>




Reserve
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NS N7
Circular colliders:
e HL-LHC
*  FCC (Future Circular Collider)
* FCC-hh: 100 TeV proton-proton cms energy, ion operation possible
* FCC-ee: First step 90-350 GeV lepton collider
* FCC-he: Lepton-hadron option
e CEPC/SppC (Circular Electron-positron Collider/Super Proton-proton Collider)
* CepC:e'e 90-240 GeVcms
* SppC:pp70TeVcms

Considered High Energy Frontier Collider @)

Linear colliders
* |LC (International Linear Collider): e*e 250 GeV cms energy, Japan considers hosting project
* CLIC (Compact Linear Collider): e*e 380 GeV - 3 TeV cms energy (also lower possible), CERN hosts collaboration

Other options

*  Muon collider, past effort in US, new interest also in Europe and Asia
* Plasma acceleration in linear collider

*  Photon-photon collider

* LHeC
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&)

N7

| guess, everybody is familiar

Two multi-purpose experiments
e ATLAS and CMS

Two specialised experiments
* ALICE and LHCb
* Combined with injection

Other insertions

e Betatron cleaning

e  Momentum cleaning
* RFinsertion

* Dump insertion

Machine is producing physics since 2010

LHC D)

RF _ .
cavities 4 DUMP

Cleaning Cleaning

| G ATLAS °
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) LHC Injection Complex

NS

The LHC obtains its beam from
a chain of injectors

2010 (27 km)

Typically few hours to fill and several hours of
. . HiRadMat
luminosity I |
ErEE ‘ ISOLDE

! ! Rigs REX/HIE
‘ AT

1m0
n_TOF P
_— PS Vst
R p 959 (628 m)
Time 7 LINAC 4 CLEAR
3 I —
! [ 1 1 L
1 1 1 : 6.5 TeV 1994 |
z d 1
I : : :\.‘ : p ions D RIBs (Radioactive lon Beams) p n (neutrons; P p (antiprotons) P e (electrons)

1 1 1 |
1 1 1 :
1 1 1 i
1 1 1 I
1 1 1
] 1 1
1 1 1
1 1 1

450 GeV 1 1 1
] 1 1 1

<€ > € ¥ £ > € i N =
Injection " Ramp 1 Squeeze Stable beams for physics : Du&mp
1 1 . 1
Adjust Ramp down
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(E Previous FCC-hh Layout @)

Layout for CERN site A — L DS

mmm |_sep

*  Two high-luminosity experiments (A and G) ’I-E -\. — | arc
xp

Inj. + Ex Inj. + Ex
« Two other experiments combined with ) p J -

injection at 3.3 TeV (L and B)

1 4 km
e Two collimation insertions

*  Betatron cleaning (J) J Il Bcol  — 58km — extractlon”‘ D

*  Momentum cleaning (E)
* Extraction insertion (D) 4 km
* Cleaninsertion with RF (H)
e Circumference 97.75km RF 0-Cco
. o 7 . "
’

 Can beintegrated into the area ~\
* (Can use LHC or SPS as injector H G F
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FCC Beam Screen Mechanical Design

VAL - 18O

i >4.12E+01
C. Garion e TEor

\\\\\\\\\ I \\\\ '

Beam screen remains relatively cool

Stress is acceptable from heat

Worry about sheer stress in quench
* attachment copper steel

D. Schulte, Future Collider 1, BND, 67
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)

Low Frequency Impedances )

At injection multi-bunch instability is
driven by resistivity of arc beam screen

Resistivity increases with temperature

Minimium radius is defined by strong
dependence of impedance

/r
b3
= Multi-bunch instability O(10) worse
than in LHC

= Assumes fast feedback

Zr M

\\\\\\\\\\\\\\\\\\\\\\\\&\\\\\\\\\\\\ g

N. Mounet, G. Rumolo, O. Boine-Frankeheim, U.
Niedermayer, F. Petrov, B. Salvant, X. Buffat, E. Metral, D.S.

D. Schulte, Future Collider 1, BND, 2024
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High Frequency Impedance EN

In LHC pumping holes are important contribution
to high frequency impedance at injection

Pumping holes in LHC-like design would lead to
instability (TMCI) at 1.5x10%!
= Way to little margin for charge of 1x10!

S ey

N b N

In FCC holes are shielded
= Removes impedance

'y = Other sources need to be studied (e.g.
— collimation system, ...)

N \\\\\\\\\\\\\\\\\\\\\\\\\k\\\\\\\\\\\\

— X. Buffat, O. Boine-Frankeheim, U.
Niedermayer, F. Petrov, B. Salvant, D.S.
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(=) Conductor )

N7 N7
New activity with many collaborators Wire diameter mm ~1
started in 2017 with ambitious targets Non-CulJc (16T, 4.2 K)* A/mm? > 1500

FCC Conductor Development Workshop at CERN, 5-6 March 2018 Unit Iength km > 5
Participants
Cost €/KA m** <5
@) Ooxen R
Fu;zuxmun 4000 Yellow: FCC_]_
eﬁ i::::flcc “\T Western Superconducting m 3500 ] - Gl’eenl FCC_Z
fosare > ASTEE- o Sl Blue: FCC_3
oo \ S S Dashed red: FCC_4
aly . ~ S . b - .
Fmmmm o, SRR 5 N E 2500 |~ e T~ _ | Dashedblue: HL-LHC
& ""‘E'\- -\-‘-H""-\_\_ - -:.-‘_\_\_\_H\-\- -
[7 companies, two universities and two national research institutes ] E- 2000 T . o ‘-“‘\\_‘ -
= 1500 R
. . 1000 )
First wires almost reached HL-
LHC ) so0 - Measurements @ CERN (4.2 K)
requirements 1 . i ¥
Field (T)
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Feedback

W. Hofle, J. D. Fox et al.

=4 BPM J------- D" mmm e e e e e e e e e e e e e e mm — — — Kicker |-----

Active closed loop A
Feedback J

—t

' _— _— -
1 1
1
Analog i . ! Analog
I Signal ! Power
—>1  Front ; « Processing : Back Amp
End ! H End
1 1
[ - - - 1

—_— /\/ s, g I fﬁLl \/\, \/\/

pre-processed pre-distortion drive signal

Higher bandwidth than in LHC (5ns bunch spacing)
Faster feedback allows to rise beam screen temperature

Even intra-bunch feedback is considered

D. Schulte, Future Collider 1, BND, 2024
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D) HL-LHC

N7
, —
Upgrade of existing LHC —|
* Apeak luminosity of L., = 5x10* cm?s* with DOE
levelling, allowing: Nb3Sn
* Anintegrated luminosity of 250 fb* per year, enabling R&D
the goal of LARP FP6
* L, =3000 fb!twelve years after the upgrade. - generic CARE
=Rt . - Nb3Sn
CERN- | | LARP FP7
KEK HiField /*EPJ——\\ sLHC
R&D qua EUCARD m
HiField =
CERN- ARP Dip sLHC INJ
KEK D1 emo FP7 DS imple
design Hi-Lumi LHC
Constr J L Injector
uction upgrade
HL-LHC install.
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2000

2005

2010

2015
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@)

N

Upgrades to higher current

HL-LHC Goal

Injectors 3000
Collimation
Detectors (phase 1) 2500
;mall luminosity increase 2000
2 3. 1500
o
c
= 2 1000
=
Upgrade to full luminosity 1 <+ 500
Detectors (phase 2) ]
Triplets D | 0

2010 2015 2020 2025 2030 2035 2040
Year

D. Schulte, Future Collider 1, BND, 2024
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HL-LHC Timeline

2021 2022 2023 2024 2025 2026 2027 2028 2029
J[FIMAM[3]3]A[s]olN[D] 3[F[M]AIM[3]3A]s[alN]D] [FM[AlM[3[3[ATs[oNID| 3 [FM[AM] 3 [3]AlS]o]N]D| 3 [F[M[AM[ 3] 3 [A[s[o]N[ofa [FIMAIM[3]a[A]S AM[3]3[A]s[oIN]D{ 3 [FM[AM]3[3]Als[a]N[Df 3 [FiM[AM] 3 [3]A[S]O]N]D]
|
LHC ‘ Run 3 | LS3 ‘
\ 1 TTTTT
INJECTORS ‘
North Area consolidation
2030 2031 2032 2033 2034 2035 2036 2037 2038
J[FIMAM[2]3]A[s]o]N[D| 3[FIMAIM]3]a[A]s[a[N]D [FIM AlM[ 3 [aATs[oINTD|  [FIM[AM] 3 [3]ATS]o]N]D| 3 [F[M[AM] 3] 3 ]A[S[oIN[Dfa [F M AIM[ ]2 [A]S AM[3]2[A]s[oN]D{ 3 [FM[AM]3[2]ATs[aNo| 3 [FIM[AM]a [3]A[S[O]NID]
INRNEE NN
LHC | Run 4 ‘ ‘ Ls4 | ‘ Run 5 ‘
INJECTORS
North Area consolidation phase 2
Last updated: June 202
2039 040 2041
J[FM A}M|J|J\A|S}ONDJ FIMAM[I[2]A]s[oIN[D{3[FMAM[2 [3]Als[o[ND] Shutdown/Technical stop
J—LLL Protons physics
LHC | LS5 | | Run6 | Ions (tbc after LS4)
W W'I_ITI— Commissioning with beam
‘ Hardware commissioning
INJECTORS
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