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Jdeo'e, The CERN Accelerator Complex

The CERN Accelerator School

CMS
o —

LHC ->7 TeV North Area

LHCb
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ATLAS ->450 G

T2

HiRadMat

2011 8
I

AD

A Linear accelerators scale in size and cost(!) ~ linearly with the energy.
A Circular accelerators can each turn reuse
A the accelerating system
A the vacuum chamber 4
A the bending/focusing magnets
Abeam instrumentation, &
->economic solution to reach higher particle energies
But each accelerator has a limited energy range.
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D Special Relativity: Energy and Momentum
Velocity ¢ relativistic beta: Lorentz factorg relativisticgamma
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®
D Acceleration very different depending on rest mass

The CERN Accelerator School
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Je'e Unit of Energy

The CERN Accelerator School

In fact, the energy unit eV comes from acceleration:

1 eV (electron Volt) is the energy that 1 elementary charge e (like one electron or
proton) gains when it is accelerated in a potential (voltage) difference of 1 Volt.

1eV=1.602176634x10" 13

Basic Unit: eV (electron Volt)
kilo keV = 1000 eV = 10° eV
mega MeV =100 eV (million)
giga GeV=10 eV (billion)
tera  TeV =102 eV (trillion)

Todayos accel erators
work/aim atthe TeV energy range.

LHC: 7 TeV ->14TeV

CLIC: 3TeV

FCC: ~100TeV

LHC = ~450 Million km of batteries!!! 3x distance Earth -Sun



D Example: LHC at Collision Energy
A Take a proton({ E "HifgF)
A kinetic energy N "HA £ "HA
An o o4 s 04
Aa RT3
A7 e '"Hh 8 € "Hn 7

v 1
ﬂ=—=1/1——2
C Y

Arelativistic speeds 8 o 8 1L
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®
QD CERN AcceleratorsRelativistic velocity variation

The CERN Accelerator School

The velocity, revolution and RF frequency will be changing during acceleration
Much more important for lower energies  (values are kinetic energy - protons).

PS Booster:
(post LS2): 160 MeV (b=0.520) -> 2 GeV (©=0.948) =>95% increase
PS:
(post LS2): 2 GeV (b=0.948) -> 25.4 GeV (b =0.9994) => 5% increase
SPS: 25.4 GeV -> 450 GeV (b=0.999998)

=>0.06% frequency increase
LHC: 450 GeV ->7TeV (b=0.999999991)

=>only2 10 -® increase
RF system needs more flexibility in lower energy accelerators.

Question : What about electrons and positrons ?

Frank Tecker, CERN Introduction to Accelerators 9



Acceleration: May the force be with you

To accelerate, we need a force in the direction of motion !

Newton -Lorentz Force

on a charged particle
with charge ¢

Hence, it is necessary to have an electric field E
(preferably) along the direction of the initial momentum  (2), - r']‘O
which changes the momentum of the particle.

D) A_"P n(a Mc—)’) 2nd term always perpendigular

to motion => no acceleration

The 2" term - larger at high velocities dis used for:
- BENDING: generated by a magnetic field perpendicular to the plane of the

particle trajectory. The bending radius I obeys to the relation :

P_

e

Br

in practical units: B/ [Tm] »

P [GeV/c]

0.3

- FOCUSING: the bending effect is used to bring the particles trajectory
closer to the axis, hence to increase the beam density.

Frank Tecker - Introduction to Accelerators
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Electrostatic Acceleration

source

m!

>

D\/—

Electrostatic Field:
~ dp
Force: F=-F =

dt
Energy gain: W =

used for first stage of acceleration:
particle sources, electron guns,

X-ray tubes

Limitation: insulation problems
maximum high voltage (~ 10 MV)

—

q E

qe¢V

. \{ = 'C;ﬁ \:. g ' »

s Yt

Van-de-Graafgenerator at MIT

Frank Tecker - Introduction to Accelerators
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Radio- Frequency (RF) Acceleration

Electrostatic acceleration limited by insulation
possibilities => use time -varying fields

1924 Ising suggests drift -tubes with time -varying
S fields

1928: Widerge builds first demonstration linac

G.lIsing

Prinzip einer Methode zur Herstellung von

>

R.Widerge

Kanalstralilen hoher Voltzahl. >
Yon

GUSTAF ISING.

it 2 Fignren im Texte.

Mitgeteilt am 12. Marz 1924 durch C. W. OsgEX und M. Si2oDAEN.
K

\ ] 5 :q az.- .

To Pumps
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Radio- Frequency (RF) Acceleration

. A
~ Vsin ot
8

B
€ —» —> - —>
I I I I
I
I I
———————— >

Cylindrical electrodes ( drift tubes ) separated by gaps and fed by a RF
generator , as shown above, lead to an alternating electric field polarity

Synchronism condition — L=VvT/2 v = particle velocity
T = RF period

Consequence: We can only accelerate bunched beam!

Similar for standing wave
cavity as shown (with v a)c

11 1 1 1 I I J I

D.Schulte
Frank Tecker - Introduction to Accelerators 13


file:///Users/tecker/cernbox/Lectures/CAS/animations/linac.swf
file:///Users/tecker/cernbox/Lectures/CAS/animations/linac.swf
https://phyanim.sciences.univ-nantes.fr/Meca/Charges/linac.php

RF acceleration: Alvarez Structure

Used for protons, ions (50 8200 MeV, f ~ 200 MHz)

(T B B

Synchronism condition (g < <L)

=

0

ﬂ

RF generator @ LINAC 1 (' CERN)

L: VSTRF = bs /RF

Frank Tecker - Introduction to Accelerators
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Resonant RF Cavities

Considering RF acceleration, it is obvious that when particles get high
velocities the drift spaces get longer and one loses on the efficiency.
=> The solution consists of using a higher operating frequency

The power lost by radiation, due to circulating currents on the electrodes,

is proportional to the RF frequency

=> The solution consists of enclosing the system in a cavity which resonant
frequency matches the RF generator frequency.

HoulJ - The electromagnetic power is now
constrained in the resonant volume

- [, =——— - Each such cavity can be independently
N —_— powered from the RF generator

- Note however that joule losses will

{-\CO.RF occur in the cavity walls (unless made
l of superconducting materials)

Frank Tecker - Introduction to Accelerators 15



Principle of Phase Stability (Linac)

Let s consider a succession of accelerating
for which the synchronism condition is fulfilled for a phase Fs.

N~ IS the energy gain in one gap for the particle to reach the
eVS - e\EsmFS next gap with the same RF phase :P,,P,, é¢é are fixed points.

energy 4
gain 1 l\v,b early «---—--- >late
N P] P2
For a 2U meV e " N T
the electric field N | Nz\
is the same in all , ;
1 | |
gaps at any given . =
time.
stable

acceleration

If an energy increase is transferred intoa  velocity increase =>
M, & N, will move towards P , =>stable
M, & N, will go away from P, =>unstable

(Highly relativistic particles have no significant velocity change)

Frank Tecker - Introduction to Accelerators 16



Energy- phase Oscillations (Small Amplitude) (1)

- Rate of energy gain for the synchronous particle :

dE, dp
S snf,
dz =5

- Use reduced variables with respectto synchronous particle

W:W_\/\/S:E_ES /-:f-fs

Energy gain: %V: eEO[sin(fS +/ )- SN fs] ° eEcosfy (smallj )

- Rate of phase change with respect to the synchronous one:

d/ _ adt Adtg al 10
dz WR':E?:IZ ‘(:;?:Iz_ R @ \/S2 (V- )
Leads finally to: di WRF "\

dz n'bvfgs

Frank Tecker - Introduction to Accelerators
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Energy- phase Oscillations (Small Amplitude) (2)

Combining the two 1t order equations into a 2 "d order equation gives the
equation of a harmonic oscillator :

d?/ - Wi W = eEWge COS/
d—Z2 " \N:/ =0 " ) ”%\/3595 Slower for

higher energy!

Stable harmonic oscillations imply: \N’SZ >0 andred

hence: COSfS >0 4 cos (fy)
And since acceleration also means:

sinf.>0

synchronous

You finally get the result for
the stable phase range:

p  Positive rising
O<f8< 2 RF slope!

\ 4

~ acceleration

Frank Tecker - Introduction to Accelerators
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Summary up to her

A Acceleration by electric fields , static fields limited
=> time-varying fields

A Synchronous condition needs to be fulfilled for acceleration
A Particles perform oscillation around synchronous phase

A Stable acceleration on the rising slope of the RF in a linac.

A Electrons are quickly relativistic, speed does not change

A Protons and ions need changing structure geometry and certain
RF frequency range

Frank Tecker - Introduction to Accelerators
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Circular accelerators

Cyclotron

Synchrotron

Frank Tecker - Introduction to Accelerators
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Methods of Acceleration In circular accelerators

Electrostatic field Iimited by insulation,

Circular machine: DC acceleration impossible since BO¢AIE) Tt

Vacuum
chamber

Insulator
(ceramic)

mp NO Acceleration

The electric field is derived from a scalar potential y and a vector potential A
The time variation of the magnetic field H generates an electric field E

The solution: => time varying electric fields N To ..
- Induction O¢APb T—C?Afp

- RF frequency fields

Frank Tecker - Introduction to Accelerators
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Circular accelerators:  Cyclotron

Courtesy: EdukiteLearning , https:// youtu.be/cNnNnNM2Zqglsc

Frank Tecker - Introduction to Accelerators
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Circular accelerators:  Cyclotron

lon source

=N

(o) ] ]]

/ /w
i

Used for protons, ions B = constant

Wgg = constant
RF generator, Wire

Synchronism condition

» M/s = WRF
2/7 r :Vs TRF
qB
Cyclotron frequency W= ——

lon trajectory

)
1. gincreases with the energy
74 Y no exact synchronism
Extraction 2. if v<<c Y g @1
electrode

Frank Tecker - Introduction to Accelerators
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file:///Users/tecker/cernbox/Lectures/CAS/animations/cyclotron.swf
https://phyanim.sciences.univ-nantes.fr/Meca/Charges/cyclotron.php

Cyclotron/ Synchrocyclotron

TRIUMF 520 MeV cyclotron

R [
: "_‘F. ] ]

E L Rl
b "
. {'.(,
" - §
(:fg',

Vancouver - Canada RN 600 Me 0 otro

Synchrocyclotron : Same as cyclotron, except a modulation of Wi

B = constant
g Wie = constant Wre decreases with time
L — — q B Allows to go beyond the
The condition: M/s(t) = Wie (t) — (t) non-relativistic energies

Frank Tecker - Introduction to Accelerators
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Circular accelerators:  Cyclotron

Courtesy Berkeley Lab,
https://  www.youtube.conv watch?v=cutKuFxeXmQ

Frank Tecker - Introduction to Accelerators 26



Circular accelerators: The Synchrotron

(™) RF generator 1. Constant orbit during acceleration

® RF cavity

2. To keep particles on the closed orbit,
B should increase with time

Bending
magnet

R=C/ 2U 3. W and Wg increase with energy

injection extraction RF frequency can be

multiple of revolution frequency

r

bending —| "ST2
radius
< T =h T h integer,
20 R harmonic number :
Synchronism condition — msp PR _ hT,. number of RF cycles
V per revolution
S

h is the maximum number of bunches in the synchrotron.
Normally | ess bunches due to gaps for

Ifickers,

Frank Tecker - Introduction to Accelerators
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Circular accelerators: The Synchrotron

EPA (CERN)

LEAR (CERN)

Electron Positron Accumulator

Low Energy Antiproton Ring

© CERN Geneva

Examples of different
proton and electron
synchrotrons at CERN

+ LHC (of course!)

PS (CERN)
Proton Synchrotron

Frank Tecker - Introduction to Accelerators

m

HHH

L'y
)

"II
@’
|

© CERN Geneva

'“'"| |

—é»ge- IL

= Nt
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The Synchrotron 90 LHC Operation Cycle

The magnetic field (dipole current) is increased during the acceleration .

beam energy
coast "\ dump ramp coast '_\
12000 f

. . % 7 TeV
10000
o start of ]
=< 8000 the ram
= T
D T
= 6000 I
= L .
Kb Injection .
=1 4000 phase -
=] _
2000 : .
preparation 5 !
o and access T 450 GeV
-4000 -2000 0] 2000 4000
L.Bottura time from start of injection (s)

Frank Tecker - Introduction to Accelerators

29



m LI IC Page 1 LHC Pagel Fill: 10000 E: 6799 GeV t(SB): 01:53:50 13-08-24 18:13:26

PROTON PHYSICS: STABLE BEAMS

Energy: 6799 GeV | B1: 3.40e+14 | B2: 3.42e+14

Beta* IP1: [ECECEON Beta* IP2: Beta* IP5: [JJREERul Beta* IP8: [JEXIES

Inst. Lumi [(ub.s)"™-1] IP1: 20881.18 IP2: 8.56 IP5: 20134.22 IP8: 1623.49

The CERN Accelerator School
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O
cm How can we keep the particles on a circular trajectory for hours?

The CERN Accelerator School

A Force on a charged particle in electraagnetic field:

Lorentz Force |F =¢q-(E + ¥ x B)

A What is the equivalent E field of B =1 T?
T Ultra-relativistic:

U] ~ ¢~ 3 x 10%m/s

F =¢q-3-10°2.1T
=q-3-10%2. L3 R
= ¢ 300V 2 |B| = 3007

A Typical limit for electric fields-3 MV/m

Equivalent electric field!:

A => Magnetic field can create a much higher force for bending

A => Toguidethe particles, we usenagnetic fieldsfrom electromagnets or
permanent magnets

Frank Tecker, CERN Introduction to Accelerators 31



D Magnet Types in Accelerators

The CERN Accelerator School B . H Olzer
dipole guadrupole sextupole octupole
S N
S
N N
S S S
N

bending focusing chromaticity Landau
correction damping

Frank Tecker, CERN Introduction to Accelerators 32
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The CERN Accelerator School

Frank Tecker, CERN

Charged Particles Deviatedipoles

Charged Particles are
deviated in magnetic fields

Two charged Particles in a
homogeneous magnetic field

L orentz force:

F = e(V x B)

Particle A

- == == Particle B

Introduction to Accelerators
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Frank Tecker, CERN

Oscillatory Motion of Particles

Horizontal
motion

Horizontal

displacement

Particle B- [ b ticle A

N\ /
N 7’

o Machine circumference 2°

Different particles with different initial conditions in a
homogeneous magnetic field will cause oscillatory motion
In the horizontal plane A Betatron Oscillations

Introduction to Accelerators
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The CERN Accelerator School

Frank Tecker,

CERN

Focusing the ParticlesQuadrupoles

Introduction to Accelerators
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D Oscillatory Motion of Particles

The CERN Accelerator School

The hori zont al
What about the vertical plane ?

motl on S eems

Many particles
many initial conditions

Y Beam gets dispersed
Y We need focusing

c
e
©
o @
g%
o
>.¢£
©

Force on
particles

N

Many different angles

Quadrupoles focus in one plane
and defocus in the other!

Frank Tecker, CERN

Quadrupoles : Focusing particles,
a bit like lenses for light

y

Introduction to Accelerators
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D Alternating gradient latticeg FODO Iattice

The CERN Accelerator School

An illustrative scheme
(LHC: 2x3 dipoles per cell)

One can find an arrangement
of quadrupole magnets that

provides net focusing in both
pl anes (Astrong focu

Dipole magnets keep the particles on
the circular orbit.

B - Bending Dipole Quadrupole magnets focus
QF - Focusing Quadrupole | @Jternatively in both planes.

QD = Defocusing Quadrupole
] ep
S

X
7] Coordinate system

Frank Tecker, CERN Introduction to Accelerators 37




D he Equations of Motion: V B.Holzer

The CERN Accelerator School

* Equationfor the horizontalmotion:

x¢+x(%+k):o

x = particle amplitude L . (0'¢)
x6 = angle of uwptieatpatcling t r ajle® A Ary@EDIOIARIC OEE?
0" Qw

* Equationfor the vertical motion:

%=O no dipoles € in gener al
b=—3,

k 2 -k quadrupolefield changessign~ ______"
¢ ky=C

Harmonic oscillator with changing restoring foré¢gs)

Frank Tecker, CERN Introduction to Accelerators 38



The CERN Accelerator School

Frank Tecker, CERN

Questions?

Introduction to Accelerators
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[ 4
D Application of Particle Accelerators for Society

The CERN Accelerator School M.Vretenar
Lt y2ad ntQaan L NI A O (R R T
operation around the world: Particle Physics 0,5%

U only 6% for research (0.5% particle physics Nuclear Physics, solid state, materials 0,5%
U 94% for medicine and industry Biology 504
edical pplications | | % _
Diagnostics/treatment with X-ray or electrons 33%
Radio-isotope production 2%
Counting only >100 kV accelerators, excluding the Proton or ion treatment 0.1%
old TV tubes that are electron accelerators. _
lon implantation 34%
Cutting and welding with electron beams 16%
SN /\ﬁ S Polymerization 7%
T /m Neutron testing 3.5%
Non destructive testing 2.3%

Image credit: Wikimedia commons

Frank Tecker, CERN Introduction to Accelerators 40



@
D Examples of Accelerator Applications

The CERN Accelerator School M .Vrete n ar

Linear accelerator for ion Cyclotron for radioisotope
implantation production
Radiotherapy linear ~12,000 in operation ~1,800 in operation
accelerator to treat cancer
Image creditAxcelisTechnologies Image credit: IBA

17,000 in operation

Image credit: Siemerndealthineersvied
Museum

Frank Tecker, CERN Introduction to Accelerators 41
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The CERN Accelerator School

A The standard model (SM) describes extremely well the particle interactions

A BUT:
I neutrino masses (explaining measured neutrino oscillations) not foreseen

I afew parameters differ from expectations
(anomalous magnetic dipole momeot the muon (g2), W-mass B meson decay asymmetries)

I matter/anti-matter inequality

Frank Tecker, CERN

Particle Physicsg

Leptons

he Standard Model

pp

nnnnnnn

nnnnnnn

Introduction to Accelerators

Standard Model Production Cross Section Measurements  swuws oy 2
T T T T T T T T T T \M)\/"'l_ T qI T
0
ATLAS Preliminary m..m;mvé g
Run1 +s=7,8TeV ¢ 8
¢ 4
[+
o B
[ )
B o
% 1o
¢ ©
oA e
[«] LHC pp V5=7TeV ]
o & - Theory .!-:.
4 Data o
L]
¢ LHC pp 5 =8TeV n
h Theory _
— = — = o 5% CLupperi Data
o - stat e
B ‘B
———— -I----l-l---i 95% CL uppar limit | )

d d A ol d d d I'M’\ 1 1
0% 102 10* 1 10 10® 10*® 10* 10° 10%° 10 05 1 15 2

o [pb] data/theory

014 JLdt
_1

= 7]

8x107%

45
4.5

0.035 D8

0.035
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http://en.wikipedia.org/wiki/File:Quark_structure_proton.svg

m ne Dark Side of the Universe

The CERN Accelerator School

[~ -~/ V [
observed 3
g 3% Y

expected
from

-~ . _ _ luminous disk 74 % DARK ENERGY ‘ 2 2% DARK MATTER

R (kpc

. x 3.6% INTERGALACTIC GAS
M33 rotation curve 0.4% STARS, ETC.

A Significant presence of dark (invisible) matter! Interacts gravitationally but does not shine
A Only4%of the universe is¥2 NRA VI NEQ YI 0G0SN) 60{ a LI NIAOfS
A most of the universe is completely unexplained and not understood

A There is fosure something new out theteBut we arenot sure if wewill be able todiscover it

A The discoveries / no discoveries at ifiél-)LHC will sethe directions foranyfuture collider

Frank Tecker, CERN Introduction to Accelerators 43



Jee, Path to discovery higher energy

The CERN Accelerator School

& History of Colliders:

& HadronCollidersat the energy frontier
=> direct discovery

® LeptonCollidersfor precision physics
=> deviations from SM expectations

® LHC has discovered the Higgs in 2012
with my,= 126 GeVE

©® What will be the next flagship
machine?

THE ENERGY FRONTIER
(Discoveries)

(GeV)

Hadron Colliders

(top quark)  Tewvatron ,
. YLERT

(W™, Z bosons) SppS #
100 B MSLC LEP  (Ny=3)—

f,—i"rmsmm
lfﬁF’ETHA, PEFP (gluon)
/4 CESR
rFa

”
9SPEARII
S SPEAR  (charm quark, T leplon)
LYADONE

ete- Colliders

—
]
1=
D
=
L
L
Ll
o
=
u—
{?
f -
o
i
=
D
O
bt
o
€
=
=
w0
O
o
Q

1960 1970 1980 1980 2000
Year of First Physics
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The CERN Accelerator School

LHC: Hbh %%

(+30 minimum bias events)

e w/aral ALICE: lon even

LEP evet 0

Frank Tecker, CERN

Hadron vs. Lepton Collisions
b N X '

& ATLAS Preliminary Q=10 GeV?

& HadronCollider p, ions):

p p 08 - —— ATLASepWZtop18 NNLO =
4’ L uncertainties:
’ % > < .'o I experimental
o= ¥ 1 model Xuy
\

[ parameterisation

06 wnn epWZ

© Composite nature of protons _
«® Quarks (which collide) carry only

fraction of the momentum =>|
«® Can only use ronservation
® Huge QCD background '

xg (x 0.05)

L L |
103 102 10! 1

‘o Lepton Collider:

e+ e-
) e bt o (mm
\

\

® Elementary particles

® Well defined initial state

«® Beam spin polarization

«® produces particles democratically

©® Momentum conservation eases decay product analysis

Parton distribution function
of the proton

Introduction to Accelerators 45



D Relativistic Particle CollisionsColliders

Thetermi (O 'O) (Gam Gamm) isinvariant.4/7 is available energy

A Collider- Centre of Mass Frame (CMF):
Momenta are equal and opposite, total energyls.

© — «— O
F i [T Ir T - e 1]
Ai (cO)
A Available energy in a collider:
o T

Twice the beam energy!
Colliders allow to reach highest energies!

Frank Tecker, CERN Introduction to Accelerators



The CERN Accelerator School

Relativistic Particle CollisionsFix target

Thetermi (O 'O) (Gam Gamm) isinvariant.4/7 is available energy

A Fixed target experiment Laboratory Frame (LF):
one particle at rest

© > O

|fF|—FE| Wﬁ[l%lfﬁ—

Al (O a @) (Ghm)

Ai O 04 & (G @) (Ciem)

Al c@ o c@ w) =>forlarged: i ¢ Q1 ®
A Available energyr  / O |

A Increases with square root of beam energy only

Frank Tecker, CERN Introduction to Accelerators 47



[ 4
D Main HighEnergy Frontier Collider Projects

The CERN Accelerator School

Circular colliders:

A HL-LHQCERN] HighLuminosity upgrade of LHC

A FCC(CERN) (Future Circular Collider)

A FC@hh: ~100TeVproton-proton cmsenergy, ion operation possible
A FC@ee: 90350 GeVe*e collider as potential intermediate step
A FC@he: Leptonhadron option

A CEPC $ppC(China)(Circular electrogpositron Collider/Super protoproton Collider)
A CepC e*e" 90-240GeVcms
A SppC pp 70TeVems

A Muon collider 3-10 (14)TeVcmsenergy
Linear colliders:

A ILC(International Linear Colliderg*e’, 250500 Ge\emsenergy, SC technology
Japan considers hosting project

A CLIGCompact Linear Collidegte, 380GeV3TeVcmsenergy, NC technology
CERN hosts collaboration

Frank Tecker, CERN Introduction to Accelerators 48



D Challenge: Luminosity

The CERN Accelerator School

A Theintegrated luminosityis the figure of merit for a collider Fshysics results

Number of events:0 , ¢ fl'Q0O , production crosssection
f . revolution frequency
é U U Q ) n,: number of colliding bunch pairs at that Interaction Point (IP)
fl T - o]0 N, N,,: bunch population

S,y transverse beam size at the collision point

F. geometric reduction factors
A transverse offsets
A crossing angle
A hour-glass effect

L H,: beambeam enhancement factor (linear colliders)
A In principle, we need

I many intense bunches with high repetition frequency
T well centered collisions
T small beam sizes

Frank Tecker, CERN Introduction to Accelerators 49
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Collider Luminosity

The CERN Accelerator School L . ROSSI
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D Challenge: Energy

The CERN Accelerator School

A Ring collider:
i no
I E:\/pzc:2+rnz(:4 » pc (for pc>>me)

. particle momentum

. electric charge, typicall§2
0 : magnetic field [T]

” . bending radius [m]

3 O~ -

Y For a given size, the magnetic field determines the energy
Y Limitation for hadron collidergnot limiting lepton colliders)
Y need to develogstrong superconducting magnets

A Linear collider: =

i 'O [00 "O: accelerating gradient [MV/m]
U : length of the acceleration [m]

damping
beam delivery linac ring

maximize the gradient for high energy reach

Y
Y need to develophigh-gradient RF structuregor alternative methods, plasma acceleration)
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D Challenge: Synchrotron radiation
A Emitted power P scales with ! 6 Q °°<’ ‘07 ) T
A Factor ~18 between electron and protom,/m .=1836) ?- \aw

I LEPI, electrons
A E =100 GeV,=3026 m, | =6 mA =>4 2.9GeV,P =174 MW (!)
I LHC, protons
A E = 7Te\V” = 2804 m, | = 580 mA => 6.6 keV, P = 3.8 k\hot negligible!

A This idimiting the energy forhigh-energyelectron-positron storage rings
A FC@eelimits synchrotron radiation power in design to 50 MW/beam

A Muon-collider has the advantage of colliding elementary particles with less
synchrotron radiation (rgm =207)
I but the muons are decaying => rapid acceleration and beam cooling
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D CERN Future Circular Collider Study

The CERN Accelerator School

International FCC B
collaboration (CERN as Sy
host lab) to study: >
A ~100 km tunnel ==

infrastructure in Geneva

area, linked to CERN ®/\
A e*e collider (FCC-ee), \A“"“‘g”@
&RDesign//

as potential first step

- A pp-collider (FCC-hh)
A long-term goal, defining
Infrastructure requirements

~16 TY 100 TeV pp in 100 km |

A lepton-hadron collisions as
options to FCC-hh Infrastructures

Schematic of an
80 - 100 km
long tunnel

Frank Tecker, CERN Introduction to Accelerators
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[ 4
D Main HighEnergy Frontier Collider Challenges

The CERN Accelerator School

Hadron colliderqHL:LHC, FCBh, Sppd:.

A Highfield dipoles: SC magnet R&D with new materials {8lv, HTS), large stored energy Iin
magnets requires guench protection

A Stored energy in beansophisticated collimation system and machine protection
e+/e- ring colliders(FCGee, CEPKC
A Synchrotron radiation powdimits the energy reach

A FC@ehas 10.9 GV energy loss/turn at 350 @e\s
A huge installation with SC RF cavities

Linear colliders:
A ILC SC RF technology developments, rheram stability

A CLICNC structures with low RF breakdown rate, ndogam, alignment (RF structures and
magnets) and stability

Muon collider:
A fast muon cooling
Power and Energy consumption
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D Summary

The CERN Accelerator School

A Accelerators are aaxtremely broad field
I Most accelerators foindustry andmedical applications

I Flagshipacceleratomprojects for particle physics
A Several possible projects for a future highergy collider
A Drive technology and innovation

I Manytechnological challenges
A Superconducting magnets and accelerating cavities
A Material science
A Energy consumption and sustainability

A Accelerators will stay ainteresting field for developmentgor many years to come!
I for broader applications
I for future advanced acceleration concepts, like plasma acceleration
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O
CERN Accelerator Schedlpcoming Courses

The CERN Accelerator School

-

RCULAR o+e- COLL
AND LIGHT_SOUR

in collaboration with the University of Edinburgh, is organising a course on

INTRODUCTION TO
ACCELERATOR PHYSICS

PEEBLES, UNITED KINGDOM

20 September - 3 October:2026

Contact: CERN Acoelerator School
CH - 1211 Goeva 23
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O
(A’) CERN Accelerator SchoedResidential CAS Courses

The CERN Accelerator School

A Introduction to Accelerator Physidgearlyc in September)

I 20 Sep; 3 Oct 2026 (in Peebles, UK), 13 nights

I General introduction to accelerator physics and technology

I Handson exercises in transverse and longitudinal beam dynamics
A Advanced Accelerator Physi¢svery two years)

I nextin June 2027

I Handson exercises in RF, Beam Instrumentation and Beam Dynamics
A Special Topical Courses

I 2023: Radiofrequency, Normalnd Superconducting Magnets

I 2024:. Mechanical and Material Engineering

I 2025: Intensity Limitations in Hadron Beams, Beam Instrumentation

I 2026: Medical Accelerators, Circular et@olliders and Light Sources
A Highlevel expert lecturers from CERN and many other institutes
AN

etworking is an essential part of each CAS course!
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The CERN Accelerator School

Frank Tecker, CERN

The different projects

Introduction to Accelerators
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Cm Proton-Proton ring collider: HILHC

The CERN Accelerator School

A Upgrade LHC operation for the period beyond 2025 up to 2040

A Goal: Increase LHC luminosity by a factortdd) integrated luminosity 08000 fi!
A Limit the pileup (number of collisions per bunch crossingpte ™ n s

A => Luminosity levellingequired

A Modifications:
I Lower beta* (~15 cm) => larger beam size in inner triplet magnets => larger crossing angle
A New technology inner triplet magnetsvide aperture NRSnc radiation shielding necessary

I more intense and brighter bunches from injector complex (from 1.15E11p / 3.4umto 2.2E11p/
21um emittance at SPS extraction)

I Shielding and collimation upgradew impedance collimators) => beam stability

I large crossing angle significantly reduces luminosity
A compensation by crab cavities
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D CERN Future Circular Collider Study

The CERN Accelerator School

International FCC B
collaboration (CERN as Sy
host lab) to study: >
A ~100 km tunnel ==

infrastructure in Geneva

area, linked to CERN ®/\
A e*e collider (FCC-ee), \A“"“‘g”@
&RDesign//

as potential first step

- A pp-collider (FCC-hh)
A long-term goal, defining
Infrastructure requirements

~16 TY 100 TeV pp in 100 km |

A lepton-hadron collisions as
options to FCC-hh Infrastructures

Schematic of an
80 - 100 km
long tunnel

Frank Tecker, CERN Introduction to Accelerators
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C
Cm FCchh: The Key Challenges

The CERN Accelerator School

A Energy
I Limited by the machine size and tegength ofthe bendingdipoles
=>maximisethe magnet strength

A Luminosity
Y Need tomaximisethe use of the beam for luminosity production

A Beam power handling
I The beam canamagethe machine (16 GJ total energy stored in beams)
I Quench the superconducting magnets
I Create background in the experiments
Y Need a concept to deal with the beam power

A Cost
I The total costs a concern => push everything to the limit to reduce cost
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O
D Maximum magnetic field in hadron collider

The CERN Accelerator School L . ROSSI

" D
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The CERN Accelerator School

FCchh Challenges: Magnets

Arc dipoles are the main
cost and parameter driver

Baseline: Nb;Sn at 16T

HTS at 20T also studied
as alternative

) ] ] i RER
1! Lkl e
. O !
Carl i ) o e
2L = | i‘ Y
N =~ & -
L |
- ' '
! l .
A=
l ‘
u ! i
gi N D
i
AP £
3 LN I
>

200 240
Coll sketch of a 15 T magnet with grading, E. Todesco
Field level is a challenge but many additional questions:
A Length, weight and cost
A Aperture
A Field quality
A Separation
A Stored energy: O(160GJ) in magnets, O(20) times LHC
=> Serious protection issue
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@
Q) 14 T magnet reached by US MDP cadipole at FNAL

The CERN Accelerator School
\u.s. MAGNET - ; =
() crocran ' Key milestone: 15 T dipole E:
% 100% SSL  87% SSL

* 4 layer graded magnet, 1-m long

* I1ststep: 14.1 T performance
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=>a 16 T 100 km accelerator requires still significant R&D
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D FCchh challenges

The CERN Accelerator School

A Stored energg GJ per beam, 16 GJ total
I 20 times higher than LHC
I 2000kg TNT per beam, can melt 12 tons of copper
I Equivalent to A380 (560 t) at nominal speed (850 km/h)

A => Collimation, control of beam losses and radiation effects very important
A Injection, beam transfer and dump very critical
A Machine protection issues to be addressed early on!

Frank Tecker, CERN Introduction to Accelerators
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O
(m FCechh: Synchrotron Radiation and Beam Screen

The CERN Accelerator School

LHGheamscreen

Synchrotron radiation power: B e
~30W/m/beam in arcsH,,=4.3keV) P
=>total 5 MW (LHC 7kW) '

Longitudinal weld
Cooling challenge Cooling tube

Vacuum challenge
Impedance challenge
Mechanical challenge
Electron cloud

Cost challenge

Beam screen tube

“Saw teeth” Sliding ring

Copper layer

<<= << <

A Beam screen protects superconducting magnets from synchrotron radiation
Choice of beam screen temperature is 50K (for reduced cooling power)
5MW synchrotron radiation =200MW of cooling power

Frank Tecker, CERN Introduction to Accelerators
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e @, FC@e basic design choices

double ringe*e collider ~100 km¢gmsenergies
Z (90 GeV)W (160 GeV)H (240 GeV) <350 GeV)
follows footprint of FC&hh, except around IPs

asymmetric IR layout & optict limit synchrotron
radiation towards the detector (lower incoming bend)

large horizontal crossing ang&0 mrad
crab-waist optics
presently 2 IPgalternative 3 or 4Ps under study)

synchrotron radiation power 50 MW/beanat all
beam energies; tapering a@f'c magnet strengths to
match local energy

top-up injectionrequires booster synchrotron in
collider tunnel

K. Oide et al

FCC-ee: The Lepton Collider, Eur. Phys. J. Spec. Top. 228, 2617 623 (2019)
Frank Tecker CERN K. Oide et al., Phys"R&VACCET BEams 19, 111005 (2016) o



