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ÅCERN Accelerator Complex

ÅSome basics
ïRelativity

ÅAccelerator types
ïLinac, Cyclotron, Synchrotron

ÅApplication of Accelerators

ÅHigh-Energy Collider Project Challenges
ïEnergy, Luminosity

ÅConclusion

Å If time permits: The different high-energy projects
ïHL-LHC, FCC, Linear Colliers (ILC, CLIC), Muon Collider
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160 MeV - > 2 GeV        

- > 25 GeV

- > 450 GeV

- > 7 TeV

Å Linear accelerators scale in size and cost(!) ~ linearly with the energy.
Å Circular accelerators can each turn reuse 
Å the accelerating system
Å the vacuum chamber
Å the bending/focusing magnets
Åbeam instrumentation, é

-> economic solution to reach higher particle energies
But each accelerator has a limited energy range.

4
-

The CERN Accelerator Complex
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Special Relativity: Energy and Momentum
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╔ ╔ ▬╬
Energy-Momentum-
Relation: 

Kinetic Energy ╔ἳ ╔ἳ ♬□ ╬ □ ╬

Total Energy ╔ ╔ ♬□ ╬

Rest Energy ╔ ╔ □ ╬

Momentum ▬ ▬ ♬□ ○ ♫♬□ ╬

Velocityςrelat ivist ic beta:  Lorentz factor ςrelat ivist ic gamma:  

c = 299792458 m/s

ά πȢυρρ-Å6ȾÃ

ά ωσψȢσ-Å6ȾÃ

Speed of light

Electron mass

Proton mass



total energy

rest energy

Normalized velocity ɼ

Acceleration very different depending on rest mass 
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Unit of Energy
In fact, the energy unit eV comes from acceleration:

1 eV = 1.602176634×10ī19J

Basic Unit:   eV (electron Volt)
kilo       keV = 1000 eV = 103 eV
mega MeV = 106 eV   (million)
giga GeV = 109 eV   (billion)
tera TeV = 1012 eV  (trillion)

Todayõs accelerators and future projects
work/aim at the TeV energy range.

LHC:  7 TeV -> 14 TeV
CLIC: 3 TeV
FCC: ~100 TeV

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

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.
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Example: LHC at Collision Energy

ÅTake a proton (□ ἙἭἤȾ╬)

Åkinetic energy ╔ἳ ἢἭἤ ἑἭἤ

Å╔ἳ ♬□ ╬ □ ╬ ♬ □ ╬

Å♬ ╔ἳȾ□ ╬

Å♬ ἑἭἤȾȢ ἑἭἤ ♬

Årelativistic speed ♫ Ȣ ○ Ȣ ╬



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 (b=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 -> 7 TeV (b= 0.999999991)
=> only 2 10 - 6 increase

RF system needs more flexibility in lower energy accelerators.

Question : What about electrons and positrons ?

CERN Accelerators ςRelativistic velocity variation 
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Hence, it is necessary to have an electric field E
(preferably) along the direction of the initial momentum (z),
which changes the momentum of the particle.

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

particle trajectory. The bending radius robeys to the relation : 

Acceleration: May the force be with you

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

rB
e

p
=

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

Newton -Lorentz Force 
on a charged particle 
with charge q

2nd term always perpendicular 
to motion => no acceleration

B r [Tm] »
p [GeV/c]

0.3
in practical units:

ᴆὊ
Äᴆὴ

Äὸ
ήὉ ᴆὺ ὄ

Äὴ

Äὸ
ήὉ
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Electrostatic Acceleration

Electrostatic Field:

Force:

Energy gain: W = qçV

used for first stage of acceleration: 
particle sources, electron guns,
x-ray tubes

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

750 kV Cockroft-Walton generator

at Fermilab(Proton source)

E

DV vacuum envelope

source

Van-de-Graafgenerator at MIT
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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 
fields 

1928: Widerøe builds first demonstration linac

P.Lebrun

R.WiderøeG.Ising
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Radio- Frequency (RF) Acceleration

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 = v T/2 v = particle velocity
T = RF period

D.Schulte

Similar for standing wave 
cavity as shown (with våc)

Widerøe -type
structure

Animation: https:// phyanim.sciences.univ-
nantes.fr / Meca/Charges/ linac.php

Consequence: We can only accelerate bunched beam !

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
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Synchronism condition

RFsRFs TvL lb==

( )Lg<<

RF acceleration: Alvarez Structure

LINAC 1 ( CERN)

g

L1 L2 L3 L4 L5

RF generator

Used for protons, ions (50 ð200 MeV, f ~ 200 MHz)

ⱷ╡╕ Ⱬ█╡╕ ς“
ὺ

ὒ
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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.

- The electromagnetic power is now 
constrained in the resonant volume

- Each such cavity can be independently 
powered from the RF generator

- Note however that joule losses will 
occur in the cavity walls (unless made 
of superconducting materials)
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Letõs consider a succession of accelerating gaps, operating in the 2Ù mode, 
for which the synchronism condition is fulfilled for a phase Fs .

eVs = eĔV sinF s
is the energy gain in one gap for the particle to reach the
next gap with the same RF phase : P 1 ,P2, éé are fixed points.

Principle of Phase Stability (Linac)

If an energy increase is transferred into a velocity increase  => 
M1 & N1 will move towards P 1 => stable
M2 & N2 will go away from P 2 => unstable

(Highly relativistic particles have no significant velocity change)

For a 2Ù mode, 
the electric field 
is the same in all 
gaps at any given 
time.

energy
gain lateearly

stable 
acceleration
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- Rate of energy gain for the synchronous particle :

ss EEWWw -=-= sffj -=

( )[ ] ( )jjffjf smalleEeE
dz
dw

sss .cossinsin 00 º-+=

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

( )s
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Leads finally to:

- Use reduced variables with respect to synchronous particle

Energy- phase Oscillations (Small Amplitude) (1)

dEs

dz
=

dps

dt
= eE0 sinf s

w
vmdz

d

ss

RF
33

0 g

wj
-=

Energy gain: 
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Combining the two 1 st order equations into a 2 nd order equation gives the 
equation of a harmonic oscillator :

0
2

2

2

=W+ j
j

s
dz

d
33

0

02 cos

ss

sRF
s

vm

eE

g

fw
=Wwith

Stable harmonic oscillations imply: Ws

2 > 0 and real

hence: 0cos >sf

And since acceleration also means:

0sin >sf

You finally get the result for 
the stable phase range :

2
0

pf<< s

j s2

p
p

2

3
p

VRF

cos (fs)

acceleration

synchronous
phase

Energy- phase Oscillations (Small Amplitude) (2)

Slower for 
higher energy!

Positive rising 
RF slope!
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Summary up to hereé

ÅAcceleration by electric fields , static fields limited 
=> time-varying fields

ÅSynchronous condition needs to be fulfilled for acceleration

ÅParticles perform oscillation around synchronous phase

ÅStable acceleration on the rising slope of the RF in a linac.

ÅElectrons are quickly relativistic, speed does not change

ÅProtons and ions need changing structure geometry and certain 
RF frequency range
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Circular accelerators

Cyclotron

Synchrotron
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Electrostatic field limited by insulation, magnetic field doesnõt accelerate at all.

Circular machine: DC acceleration impossible since ḂὉɇÄᴆί π

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

The solution: => time varying electric fields
- Induction
- RF frequency fields

Methods of Acceleration in circular accelerators

ὉɇÄᴆί
‬ὄ

‬ὸ
ɇÄᴆὃ

+
+

+

Vacuum 
chamber

Insulator
(ceramic)

First attracted 

Acceleration

Then again attracted

Deceleration

=> no Acceleration
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Circular accelerators: Cyclotron

Courtesy: EdukiteLearning , https:// youtu.be/cNnNM2ZqIsc
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Circular accelerators: Cyclotron

Cyclotron frequency

g
w

0m

Bq
=

1. gincreases with the energy 
Ý no exact synchronism

2. if  v <<c Ý g@1

Synchronism condition

RFs

RFs

Tv=

=

rp

ww

2

B = constant

wRF = constant

B

RF generator, wRF

g

Ion source

Extraction 
electrodeIon trajectory

Used for protons, ions

Cyclotron 
Animation

Animation: https://phyanim.sciences.univ -nantes.fr/Meca/Charges/cyclotron.php `

file:///Users/tecker/cernbox/Lectures/CAS/animations/cyclotron.swf
https://phyanim.sciences.univ-nantes.fr/Meca/Charges/cyclotron.php
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Synchrocyclotron : Same as cyclotron, except a modulation of wRF

B = constant

g wRF = constant wRF decreases with time

The condition:

)(
)()(

0 tm

Bq
tt RFs

g
ww == Allows to go beyond the 

non-relativistic energies

Cyclotron / Synchrocyclotron

TRIUMF 520 MeV cyclotron  Vancouver - Canada CERN 600 MeV synchrocyclotron
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Circular accelerators: Cyclotron

Courtesy Berkeley Lab, 
https:// www.youtube.com/ watch?v=cutKuFxeXmQ
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Synchronism condition

1. Constant orbit during acceleration

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

3. wand wRF increase with energy

RF generator
RF cavity

RF

s

RFs

Th
v

R

ThT

=

=

p2

h integer,
harmonic number :
number of RF cycles
per revolution

Circular accelerators: The Synchrotron

RF frequency can be 
multiple of revolution frequency

‫ Ὤ‫

B

injection extraction

r

R=C/2Ù

E Bending 
magnet

bending
radius

h is the maximum number of bunches in the synchrotron.
Normally less bunches due to gaps for kickers, collision constraints,é
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PS (CERN)
Proton Synchrotron © CERN Geneva

Examples of different 
proton and electron 

synchrotrons at CERN

+ LHC (of course!)

LEAR (CERN)
Low Energy Antiproton Ring

© CERN Geneva

© CERN Geneva

EPA (CERN)
Electron Positron Accumulator

Circular accelerators: The Synchrotron
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The Synchrotron ðLHC Operation Cycle

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

0
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)
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preparation 
and access

beam 
dump

injection
phase

coast coast

L.Bottura

450 GeV

7 TeV

start of 
the ramp



LHC Page 1

https://op-webtools.web.cern.ch/vistar/vistars.php
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How can we keep the particles on a circular trajectory for hours?

ÅForce on a charged particle in electro-magnetic field:

ÅWhat is the equivalent E field of B = 1 T?
ïUltra-relativistic: 

ÅTypical limit for electric fields: 1-3 MV/m

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

Å=> To guidethe particles, we use magnetic fieldsfrom electro-magnets or
permanent magnets

Lorentz Force

Equivalent electric field!: 
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Magnet Types in Accelerators
B.Holzer

bending focusing chromaticity 
correction

Landau 
damping



Lorentz force: 

Charged Particles Deviated - Dipoles
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2

q

2

q

2

L

2

L

q

r

Charged Particles are 
deviated in magnetic fields

Two charged Particles in a 
homogeneous magnetic field

Particle A

Particle B



Oscillatory Motion of Particles
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Horizontal 
motion

Different particles with different initial conditions in a 
homogeneous magnetic field will cause oscillatory motion 

in the horizontal plane Ą Betatron Oscillations

Particle B Particle A

2ˊ0

H
o

ri
zo

n
ta

l 
d

is
p

la
ce

m
e

n
t

Machine circumference



Main Dipoles

Focusing the Particles - Quadrupoles
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Main DipolesMain DipolesQuadrupoles



Oscillatory Motion of Particles
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The horizontal motion seems to be òstableóé. 
What about the vertical plane ?

Many particles
many initial conditions

V
e

rt
ic

a
l 

d
is

p
la

ce
m

e
n
t

Many different angles

Ą s

Quadrupoles : Focusing particles, 
a bit like lenses for light  

Force on 
particles

Ý Beam gets dispersed
Ý We need focusing

Quadrupoles focus in one plane 
and defocus in the other!



Alternating gradient lattice ςFODO lattice

Dipole magnets keep the particles on 

the circular orbit.

s

y

x

Coordinate system

An illustrative scheme

(LHC: 2x3 dipoles per cell) One can find an arrangement 

of quadrupole magnets that 

provides net focusing in both 

planes (ñstrong focusingò).

Quadrupole magnets focus 

alternatively in both planes.
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¢ ¢ x + x (
1

r 2
+ k) = 0

Equationfor the verticalmotion:*

0
1

2
=

r

kk -ª

no dipoles é in general é 

quadrupolefield changessign

   

¢ ¢ y - k y =0

y

x

y

x

ɟ

s

ɗ

yĔ

Equationfor the horizontal motion:*

x =   particle amplitude

xô = angle of particle trajectory (wrt ideal path line)

B.HolzerThe Equations of Motion:

1ÕÁÄÒÕÐÏÌÅÓÔÒÅÎÇÔÈὯί
ρ

ὄ”

Ὠὄ

Ὠὼ

Harmonic oscillator with changing restoring force k(s)!
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Questions?
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Application of Particle Accelerators for Society
M.Vretenar

!ƭƳƻǎǘ птΩллл ǇŀǊǘƛŎƭŜ ŀŎŎŜƭŜǊŀǘƻǊǎ ƛƴ 
operation around the world:
ü only 6% for research (0.5% particle physics)
ü 94% for medicine and industry

Counting only >100 kV accelerators, excluding the 
old TV tubes that are electron accelerators.

Image credit: Wikimedia commons

Research 6%

Particle Physics 0,5%

Nuclear Physics, solid state, materials 0,5%

Biology 5%

Medical Applications 35%

Diagnostics/treatment with X-ray or electrons 33%

Radio-isotope production 2%

Proton or ion treatment 0.1%

Industrial Applications 60%

Ion implantation 34%

Cutting and welding with electron beams 16%

Polymerization 7%

Neutron testing 3.5%

Non destructive testing 2.3%
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Examples of Accelerator Applications

Radiotherapy linear 
accelerator to treat cancer

17,000 in operation

Image credit: Siemens HealthineersMed 
Museum

Linear accelerator for ion 
implantation

~12,000 in operation

Image credit: AxcelisTechnologies

Cyclotron for radioisotope 
production

~1,800 in operation

Image credit: IBA

M.Vretenar



ÅThe standard model (SM) describes extremely well the particle interactions
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Particle Physics ςThe Standard Model

Å BUT:
ïneutrino masses (explaining measured neutrino oscillations) not foreseen

ïa few parameters differ from expectations
(anomalous magnetic dipole momentof the muon (g-2), W mass, B meson decay asymmetries)

ïmatter/anti-matter inequality

Proton

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


Å Significant presence of dark (invisible) matter!   Interacts gravitationally but does not shine

ÅOnly 4%of the universe is ΨƻǊŘƛƴŀǊȅΩ ƳŀǘǘŜǊ ό{a ǇŀǊǘƛŎƭŜǎύ

Åmost of the universe is completely unexplained and not understood 

Å There is for sure something new out there! But we are not sure if we will be able to discover it.

Å The discoveries / no discoveries at the (HL-)LHC will set the directions for any future collider

The Dark Side of the Universe
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Path to discovery - higher energy

History of Colliders:

HadronColliders at the energy frontier
=> direct discovery

LeptonColliders for precision physics
=> deviations from SM expectations

LHC has discovered the Higgs in 2012
with mH = 126 GeV/c2

What will be the next flagship 
machine?

Frank Tecker, CERN Introduction to Accelerators 44



Hadron vs. Lepton Collisions

LEP event: Z0 Ҧ о ƧŜǘǎ

LHC:  H Ҧ ½½ Ҧ пҡ

ALICE: Ion event

HadronCollider (p, ions):

Composite nature of protons
Quarks (which collide) carry only
fraction of the momentum       =>
Can only use pt conservation
Huge QCD background

Lepton Collider:

Elementary particles
Well defined initial state
Beam spin polarization
produces particles democratically
Momentum conservation eases decay product analysis

p p

e+ e-

Frank Tecker, CERN Introduction to Accelerators 45

Parton distribution function
of the proton



Relativistic Particle Collisions ςColliders

ÅCollider - Centre of Mass Frame (CMF): 
Momenta are equal and opposite, total energy is Ecm.

Åί ςὉ

ÅAvailable energy in a collider:
╔╬□ ╔

Twice the beam energy!

Colliders allow to reach highest energies!
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╔ȟ▬ȟ□ ╔ ╔ȟ▬ ▬ȟ□

The term ί Ὁ Ὁ ὧ▬ ὧ▬ is invariant. ίis available energy



ÅFixed target experiment - Laboratory Frame (LF): 
one particle at rest

Åί Ὁ ά ὧ ὧ▬

Åί Ὁ ςὉά ὧ ά ὧ ὧ▬

Åί ςὉά ὧ ςά ὧ => for large Ὁ:   ί ςὉά ὧ

ÅAvailable energy ╔ □ ╔

Å Increases with square root of beam energy only

The term ί Ὁ Ὁ ὧ▬ ὧ▬ is invariant. ίis available energy

Relativistic Particle Collisions ςFix target
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Main High-Energy Frontier Collider Projects

Circular colliders:

ÅHL-LHC (CERN) ςHigh-Luminosity upgrade of LHC

ÅFCC(CERN) (Future Circular Collider)
Å FCC-hh: ~100 TeVproton-proton cmsenergy, ion operation possible

Å FCC-ee: 90-350 GeV  e+e- collider as potential intermediate step

Å FCC-he: Lepton-hadron option

ÅCEPC / SppC(China)  (Circular electron-positron Collider/Super proton-proton Collider)
ÅCepC: e+e- 90-240GeV cms

ÅSppC: pp 70TeV cms

ÅMuon collider: 3-10 (14) TeVcmsenergy

Linear colliders:

ÅILC(International Linear Collider):  e+e-, 250-500 GeV cmsenergy, SC technology
Japan considers hosting project

ÅCLIC(Compact Linear Collider): e+e-, 380GeV-3TeV cmsenergy, NC technology
CERN hosts collaboration
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ÅThe integrated luminosity is the figure of merit for a collider => physics results
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Challenge: Luminosity

Number of events:   ὔ „ɇ᷿flὨὸ „production cross-section

f :  revolution frequency

nb: number of colliding bunch pairs at that Interaction Point (IP)

Nb1, Nb2: bunch population

sx,y: transverse beam size at the collision point

F:  geometric reduction factors
Å transverse offsets

Å crossing angle

Å hour-glass effect

HD: beam-beam enhancement factor (linear colliders)

fl
ὲὔ ὔ Ὢ

τ“„„
ὊὌ

Å In principle, we need
ïmany intense bunches with high repetition frequency

ïwell centered collisions

ïsmall beam sizes



Collider Luminosity

ÅElectron-Positron collider

50

ÅHadron collider

Frank Tecker, CERN

L.Rossi

Introduction to Accelerators



ÅRing collider:
ïὴ ήὄ”

ï (for pc>>mc2)

Ý For a given size, the magnetic field determines the energy 

Ý Limitation for hadron colliders (not limiting lepton colliders)

Ý need to develop strong superconducting magnets

ÅLinear collider:

ïὉ ήὋὒ

Ý maximize the gradient for high energy reach

Ý need to develop high-gradient RF structures (or alternative methods, plasma acceleration)

Frank Tecker, CERN Introduction to Accelerators 51

Challenge: Energy

Ὃ: accelerating gradient [MV/m]
ὒ: length of the acceleration [m]

ὴ: particle momentum
ή: electric charge, typically Ὡ
ὄ: magnetic field [T]
”: bending radius [m]

E = p2c2 +m2c4 » pc

e+ e-

source damping 
ring

main 
linacbeam delivery



ÅEmitted power P scales with ‎ !

ÅFactor ~1013 between electron and proton (mp/me=1836)
ïLEP-II, electrons

ÅE = 100 GeV, ”= 3026 m, I = 6 mA  =>  U0 =  2.9 GeV, P = 17.4 MW (!)

ïLHC, protons

ÅE = 7 TeV, ”= 2804 m, I = 580 mA  =>  U0 = 6.6 keV, P = 3.8 kW ςnot negligible!

ÅThis is limiting the energy for high-energy electron-positron storage rings

ÅFCC-eelimits synchrotron radiation power in design to 50 MW/beam

ÅMuon-collider has the advantage of colliding elementary particles with less 
synchrotron radiation (mµ/me=207)
ïbut the muons are decaying => rapid acceleration and beam cooling
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Challenge: Synchrotron radiation

ὖ
Ὡὧ

φ“‐

Ὁ

άὧ

‍

”



International FCC 

collaboration (CERN as 

host lab) to study: 

Å ~100 km tunnel 

infrastructure  in Geneva 

area, linked to CERN

Å e+e- collider (FCC-ee),                

as potential first step

Å pp-collider (FCC-hh)                      

Ą long-term goal, defining 

infrastructure requirements 
Å

Å lepton-hadron collisions as 

options to FCC-hh

~16 T Ý 100 TeV pp in 100 km

HE-LHC

CERN Future Circular Collider Study  

Frank Tecker, CERN Introduction to Accelerators 53



Main High-Energy Frontier Collider Challenges

Hadron colliders(HL-LHC, FCC-hh, SppC):
ÅHigh-field dipoles: SC magnet R&D with new materials (Nb3Sn, HTS), large stored energy in 

magnets requires quench protection 
ÅStored energy in beam: sophisticated collimation system and machine protection
e+/e- ring colliders(FCC-ee, CEPC):
ÅSynchrotron radiation powerlimits the energy reach
Å FCC-eehas 10.9 GV energy loss/turn at 350 GeV cms
Å huge installation with SC RF cavities

Linear colliders:
ÅILC: SC RF technology developments, nano-beam stability
ÅCLIC: NC structures with low RF breakdown rate, nano-beam, alignment (RF structures and 

magnets) and stability
Muon collider:
Å fast muon cooling
Power and Energy consumption
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Summary

ÅAccelerators are an extremely broad field! 
ïMost accelerators for industry and medical applications

ïFlagshipaccelerator projects for particle physics

ÅSeveral possible projects for a future high-energy collider

ÅDrive technology and innovation

ïMany technological challenges

ÅSuperconducting magnets and accelerating cavities

ÅMaterial science

ÅEnergy consumption and sustainability

ÅAccelerators will stay an interesting field for developments for many years to come!
ï for broader applications

ï for future advanced acceleration concepts, like plasma acceleration
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CERN Accelerator School - Upcoming Courses
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Å Introduction to Accelerator Physics (yearly ςin September)
ï 20 Sep ς3 Oct 2026 (in Peebles, UK), 13 nights

ïGeneral introduction to accelerator physics and technology

ïHands-on exercises in transverse and longitudinal beam dynamics

Å Advanced Accelerator Physics (every two years)
ï next in June 2027

ïHands-on exercises in RF, Beam Instrumentation and Beam Dynamics

Å Special Topical Courses
ï 2023: Radiofrequency, Normal- and Superconducting Magnets

ï 2024: Mechanical and Material Engineering

ï 2025: Intensity Limitations in Hadron Beams, Beam Instrumentation

ï 2026: Medical Accelerators, Circular e+/e- Colliders and Light Sources

Å High-level expert lecturers from CERN and many other institutes

Å Networking is an essential part of each CAS course!
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The different projects



ÅUpgrade LHC operation for the period beyond 2025 up to 2040

ÅGoal: Increase LHC luminosity by a factor 10, total integrated luminosity of 3000 fb-1

ÅLimit the pile-up (number of collisions per bunch crossing) to Җ˃ мпл

Å=> Luminosity levellingrequired

ÅModifications:
ïLower beta* (~15 cm) => larger beam size in inner triplet magnets => larger crossing angle

ÅNew technology inner triplet magnets - wide aperture Nb3Sn ςradiation shielding necessary

ïmore intense and brighter bunches from injector complex (from 1.15E11p / 3.4µm to 2.2E11p / 
2µm emittance at SPS extraction)

ïShielding and collimation upgrade (low impedance collimators) => beam stability

ï large crossing angle significantly reduces luminosity

Åcompensation by crab cavities
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Proton-Proton ring collider: HL-LHC



International FCC 

collaboration (CERN as 

host lab) to study: 

Å ~100 km tunnel 

infrastructure  in Geneva 

area, linked to CERN

Å e+e- collider (FCC-ee),                

as potential first step

Å pp-collider (FCC-hh)                      

Ą long-term goal, defining 

infrastructure requirements 
Å

Å lepton-hadron collisions as 

options to FCC-hh

~16 T Ý 100 TeV pp in 100 km

HE-LHC

CERN Future Circular Collider Study  
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FCC-hh: The Key Challenges

Å Energy

ï Limited by the machine size and the strength of the bending dipoles

=> maximisethe magnet strength

Å Luminosity

ÝNeed to maximisethe use of the beam for luminosity production

Å Beam power handling

ï The beam can damagethe machine (16 GJ total energy stored in beams) 

ïQuench the superconducting magnets

ïCreate background in the experiments

ÝNeed a concept to deal with the beam power

Å Cost

ï The total cost is a concern => push everything to the limit to reduce cost
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Maximum magnetic field in hadron collider

62

Real operating  
colliders

Eucard2 insert in Fresca2

CERN-CEA Fresca 2 ςFnalHFD

USA 
USA and CERN

Frank Tecker, CERN Introduction to Accelerators
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FCC-hh Challenges: Magnets

Field level is a challenge but many additional questions:

ÅLength, weight and cost

ÅAperture

ÅField quality

ÅSeparation

ÅStored energy: O(160GJ) in magnets, O(20) times LHC

=> Serious protection issue

Coil sketch of a 15 T magnet with grading, E. Todesco

Arc dipoles are the main 

cost and parameter driver 

Baseline: Nb3Sn at 16T

HTS at 20T also studied 

as alternative
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Å!ǘ Ҕ мр ¢ ǘƘŜ ƳŀƎƴŜǘ ŦŀƛƭŜŘΧ  
=> a 16 T 100 km accelerator requires still significant R&D

14 T magnet reached by US MDP cosdipole at FNAL 
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FCC-hh challenges

ÅStored energy 8 GJ per beam, 16 GJ total
ï20 times higher than LHC

ï2000kg TNT per beam, can melt 12 tons of copper

ïEquivalent to A380 (560 t) at nominal speed (850 km/h)

Å=> Collimation, control of beam losses and radiation effects very important

Å Injection, beam transfer and dump very critical

ÅMachine protection issues to be addressed early on!  
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Synchrotron radiation power: 
~30W/m/beam in arcs (Ecrit=4.3keV)
=> total 5 MW (LHC 7kW)

Ý Cooling challenge
Ý Vacuum challenge
Ý Impedance challenge
Ý Mechanical challenge
Ý Electron cloud
Ý Cost challenge

LHC beamscreen

FCC-hh: Synchrotron Radiation and Beam Screen

ÅBeam screen protects superconducting magnets from synchrotron radiation

Choice of beam screen temperature is 50K (for reduced cooling power)

5MW synchrotron radiation => 100MWof cooling power
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K. Oide et al.

FCC-ee: The Lepton Collider, Eur. Phys. J. Spec. Top. 228, 261ï623 (2019)

K. Oide et al., Phys. Rev. Accel. Beams 19, 111005 (2016)

double ring e+e- collider ~100 km, cmsenergies:

Z(90 GeV), W (160 GeV), H (240 GeV), ◄Ӷ◄(350 GeV)

follows footprint of FCC-hh, except around IPs

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

large horizontal crossing angle 30 mrad

crab-waist optics 

presently 2 IPs (alternative 3 or 4 IPs under study)

synchrotron radiation power 50 MW/beamat all 
beam energies; tapering of arc magnet strengths to 
match local energy

top-up injection requires booster synchrotron in 
collider tunnel

FCC-eebasic design choices
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