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=> The number!: the number of particles (protons) per bunch 
in the CERN LHC is similar to the number of neurons in a 
human brain or the number of stars in our galaxy (Milky Way). 
What is the order of magnitude of this number?
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◆ Furthermore, there is often much more than only 1 bunch in a 
particle accelerator: ~ 5500 bunches in the LHC!

=> How can all these particles be kept under control?
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This was the background of my 1st slide…
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Do you know what it is?
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=> It’s one of the world’s largest painting (600 )…
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=> Electricity (and Magnetism),  
i.e. ElectroMagnetism (EM), is the (only) force  

which is used for particle accelerators!
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And do you know what this is?

“La Jamais Contente” (The Never Contented) was the 1st road vehicle to go 
over 100 km/h (62 mph) on April 29, 1899. It was a Belgian electric vehicle. 
Soon after, the internal combustion engine supplanted the electric technology 
for the next century. Ecological considerations did not appear until much 
later…and we are now back to electric cars!
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and confine the particles 

                          10



E. Métral, 09/01/2023, ESI

Lorentz force

Transverse magnetic  
field in MAGNETS to guide 
and confine the particles 

Longitudinal electric  
field in RF CAVITIES to 

accelerate (or decelerate) 
the particles
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𝜆𝑤𝑙 =
𝑐
𝑓

𝐸 =
h 𝑐
𝜆𝑤𝑙

Electromagnetic spectrum
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Reminder: Fundamental physical constants

How can we  
express the speed of light 

 as a function of some 
parameters of this 

 table? 

c
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Reminder: Fundamental physical constants

The identification of  
light with an EM wave 
(with phase velocity 

related to the electric 
permittivity and magnetic 
permeability) was one of 
the great achievements 
of 19th century physics
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𝜆𝑤𝑙 =
𝑐
𝑓

𝐸 =
h 𝑐
𝜆𝑤𝑙

RF = Radio Frequency

(from few kHz to hundreds 
of GHz) used for particle 

accelerators

Electromagnetic spectrum
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𝜆𝑤𝑙 =
𝑐
𝑓

𝐸 =
h 𝑐
𝜆𝑤𝑙

What is the frequency of 
your preferred radio?

RF = Radio Frequency

(from few kHz to hundreds 
of GHz) used for particle 

accelerators

Electromagnetic spectrum
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𝜆𝑤𝑙 =
𝑐
𝑓

𝐸 =
h 𝑐
𝜆𝑤𝑙

=> For me it is 93.5 MHz 
(France Inter)

RF = Radio Frequency

(from few kHz to hundreds 
of GHz) used for particle 

accelerators

Electromagnetic spectrum
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Relationship between the force on an 
object and the motion of this object?
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Classical mechanics

◆Do the Newtonian, Lagrangian and Hamiltonian mechanics 
describe the same physical mechanisms?

✴Yes

✴No
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◆ For particle accelerators, which one(s) of the following major 
sub-field of mechanics need to be included?

✴Quantum mechanics mainly and sometimes special 

relativity

✴Special relativity mainly and sometimes quantum 

mechanics

✴Quantum mechanics, special relativity and general relativity

Classical mechanics
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Classical mechanics

QUANTUM mechanics:

for “small” sizes (atomic 
and subatomic scales)  

CLASSICAL mechanics:

1) Newtonian mechanics (more “physical”)


2) Lagrangian and Hamiltonian mechanics (more “mathematical")
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Note that since some time 
some people want to test 
g e n e r a l r e l a t i v i t y o n 
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CLASSICAL mechanics:

1) Newtonian mechanics (more “physical”)


2) Lagrangian and Hamiltonian mechanics (more “mathematical")

                          18



E. Métral, 09/01/2023, ESI

Classical mechanics

QUANTUM mechanics:

for “small” sizes (atomic 
and subatomic scales)  

SPECIAL RELATIVITY:

for velocities “not small” 
compared to the speed 

of light  

GENERAL RELATIVITY:

for “extremely massive” 

objects

CLASSICAL mechanics:

1) Newtonian mechanics (more “physical”)


2) Lagrangian and Hamiltonian mechanics (more “mathematical")

                          18



E. Métral, 09/01/2023, ESI

Classical mechanics

QUANTUM mechanics:

for “small” sizes (atomic 
and subatomic scales)  

SPECIAL RELATIVITY:

for velocities “not small” 
compared to the speed 

of light  

GENERAL RELATIVITY:

for “extremely massive” 

objects

- For most purposes, the particles can be seen as “hard 
points” and their motion treated with classical point 
mechanics (due to the fact that the de Broglie 
wavelengths of accelerated particles are very small 
compared to the size of accelerator structures)

- However, it is needed when radiations emitted by the 
particles, scattering and superconductivity are discussed

CLASSICAL mechanics:

1) Newtonian mechanics (more “physical”)


2) Lagrangian and Hamiltonian mechanics (more “mathematical")

                          18



E. Métral, 09/01/2023, ESI

Classical mechanics

QUANTUM mechanics:

for “small” sizes (atomic 
and subatomic scales)  

SPECIAL RELATIVITY:

for velocities “not small” 
compared to the speed 

of light  

GENERAL RELATIVITY:

for “extremely massive” 

objects

- For most purposes, the particles can be seen as “hard 
points” and their motion treated with classical point 
mechanics (due to the fact that the de Broglie 
wavelengths of accelerated particles are very small 
compared to the size of accelerator structures)

- However, it is needed when radiations emitted by the 
particles, scattering and superconductivity are discussed

CLASSICAL mechanics:

1) Newtonian mechanics (more “physical”)


2) Lagrangian and Hamiltonian mechanics (more “mathematical")

                          18



E. Métral, 09/01/2023, ESI

Classical mechanics

QUANTUM mechanics:

for “small” sizes (atomic 
and subatomic scales)  

SPECIAL RELATIVITY:

for velocities “not small” 
compared to the speed 

of light  

GENERAL RELATIVITY:

for “extremely massive” 

objects

- For most purposes, the particles can be seen as “hard 
points” and their motion treated with classical point 
mechanics (due to the fact that the de Broglie 
wavelengths of accelerated particles are very small 
compared to the size of accelerator structures)

- However, it is needed when radiations emitted by the 
particles, scattering and superconductivity are discussed

CLASSICAL mechanics:

1) Newtonian mechanics (more “physical”)


2) Lagrangian and Hamiltonian mechanics (more “mathematical")

                          18



E. Métral, 09/01/2023, ESI

Classical mechanics

QUANTUM mechanics:

for “small” sizes (atomic 
and subatomic scales)  

SPECIAL RELATIVITY:

for velocities “not small” 
compared to the speed 

of light  

GENERAL RELATIVITY:

for “extremely massive” 

objects

- For most purposes, the particles can be seen as “hard 
points” and their motion treated with classical point 
mechanics (due to the fact that the de Broglie 
wavelengths of accelerated particles are very small 
compared to the size of accelerator structures)

- However, it is needed when radiations emitted by the 
particles, scattering and superconductivity are discussed

CLASSICAL mechanics:

1) Newtonian mechanics (more “physical”)


2) Lagrangian and Hamiltonian mechanics (more “mathematical")

                          18



E. Métral, 09/01/2023, ESI

Classical mechanics

QUANTUM mechanics:

for “small” sizes (atomic 
and subatomic scales)  

SPECIAL RELATIVITY:

for velocities “not small” 
compared to the speed 

of light  

GENERAL RELATIVITY:

for “extremely massive” 

objects

- For most purposes, the particles can be seen as “hard 
points” and their motion treated with classical point 
mechanics (due to the fact that the de Broglie 
wavelengths of accelerated particles are very small 
compared to the size of accelerator structures)

- However, it is needed e.g. when radiations emitted by the 
particles, scattering and superconductivity are discussed

CLASSICAL mechanics:

1) Newtonian mechanics (more “physical”)


2) Lagrangian and Hamiltonian mechanics (more “mathematical")

                          18



E. Métral, 09/01/2023, ESI

Classical mechanics

QUANTUM mechanics:

for “small” sizes (atomic 
and subatomic scales)  

SPECIAL RELATIVITY:

for velocities “not small” 
compared to the speed 

of light  

GENERAL RELATIVITY:

for “extremely massive” 

objects

- For most purposes, the particles can be seen as “hard 
points” and their motion treated with classical point 
mechanics (due to the fact that the de Broglie 
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- However, it is needed e.g. when radiations emitted by the 
particles, scattering and superconductivity are discussed

=> See for instance “Quantum 
aspects of beam physics” from 1999 
(https://accelconf.web.cern.ch/p99/
PAPERS/TUCR1.PDF) 
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 (from 

Newton’s second law of 
motion, including special  

relativity)

⃗F =
d ⃗p
dt
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Particle accelerators
◆ Particle accelerators are devices that handle the motion of 

particles by means of EM fields
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Particle accelerators
◆ Particle accelerators are devices that handle the motion of 

particles by means of EM fields


Example of some particle 
accelerators from CERN
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Particle accelerators
◆ 3 conditions must be satisfied: which ones?


✴Charged particles (e.g. p+ or e-)

✴Stable particles (during the manipulation time)

✴Sufficient vacuum
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Particle accelerators
◆ TRICK of particle accelerators: the best way to keep 

something (here particles) under control (i.e. stable) is to make 
it oscillate! And this is what we are doing…in the 3 planes

?
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Particle accelerators

Case here of a “synchrotron”
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Particle accelerators

LHC proton beam in the injector chain

Linear accelerator 
(replaced now by LINAC4)

Circular accelerator 
(Synchrotron)

Transfer line

InjectionEjection

Duoplasmatron	 =	 Source => 90 keV (kinetic energy)

LINAC2	 =	 Linear accelerator => 50 MeV

PSBooster	 =	 Proton Synchrotron Booster => 1.4 GeV

PS	 =	 Proton Synchrotron => 25 GeV

SPS	 =	 Super Proton Synchrotron => 450 GeV

LHC	 =	 Large Hadron Collider => 7 TeV

1 keV = 103 eV
1 MeV = 106 eV
1 GeV = 109 eV
1 TeV = 1012 eV
1 PeV = 1015 eV

1 eV = 1.6  ×  10−19 J
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LHC proton beam in the injector chain

Linear accelerator 
(replaced now by LINAC4)

Circular accelerator 
(Synchrotron)

Transfer line

InjectionEjection

Duoplasmatron	 =	 Source => 90 keV (kinetic energy)

LINAC2	 =	 Linear accelerator => 50 MeV

PSBooster	 =	 Proton Synchrotron Booster => 1.4 GeV

PS	 =	 Proton Synchrotron => 25 GeV

SPS	 =	 Super Proton Synchrotron => 450 GeV

LHC	 =	 Large Hadron Collider => 7 TeV

1 keV = 103 eV
1 MeV = 106 eV
1 GeV = 109 eV
1 TeV = 1012 eV
1 PeV = 1015 eV

1 eV = 1.6  ×  10−19 J

Record collision  
energy reached in the 
LHC with Lead ions in 

2015 => See https://
home.cern/news/opinion/

physics/new-energy-frontier-
heavy-ions 
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Special Relativity
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Special Relativity

=> See MOOC (Massive Open Online Course) on Special 
Relativity (SR): http://mooc.particle-accelerators.eu/special-relativity/ 
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Maxwell

     (1831-1879)

 

=> See MOOC on ElectroMagnetism: http://mooc.particle-
accelerators.eu/electromagnetism/  

ElectroMagnetism
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ElectroMagnetism
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Results of the quiz on SR  
(as of this morning)

                          28

Course 1

29/30 passed the quiz: 
congratulations! (only the 
person coming “à la carte” 
did not take the quiz)

=> Any comment?
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Special Relativity
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Maxwell

     (1831-1879)

 

◆ 4 “coupled” equations, which combine 
the work of Gauss, Faraday, Lenz 
and Ampere


◆ Apply to all electric and magnetic 
phenomena and descr ibe the 
behavior of the electric and magnetic 
fields, and electric charges and 
currents (the magnetic charge does 
not exist) => Framework for all 
calculations involving EM fields


◆ Predicted EM waves

◆ Led Einstein to discover special 

relativity (together with the “failed” 
Michelson-Morley experiment)

EM: the 4 Maxwell equations

                         52                          33
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◆ : electric charge [C] =>  for a proton

◆ : electric charge density [C/m3]

◆ I, : electric current [A], electric current density [A/m2]


◆ : electric field [V/m]

◆ : magnetic field [A/m]


◆ : electric displacement [C/m2]

◆ : magnetic induction or magnetic flux density [T] => But, beware: it is often 

called “magnetic field”


𝑞 𝑞 = 𝑒
𝜌

→
𝐽

→
𝐸
→
𝐻
→
𝐷
→
𝐵

EM: the 4 Maxwell equations
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Field matching

                          38



E. Métral, 09/01/2023, ESI

Energy of EM waves

◆ Poynting vector: 


=> It points in the direction of propagation and describes the “energy flux”, 
i.e. the energy crossing a unit area per second


◆ Remark on complex notations for vectors

▪ As long as we deal with linear equations, we can carry out all the 

algebraic manipulations using complex field vectors, where it is 
implicit that the physical quantities are obtained by taking the 
real parts of the complex vectors


▪ However, when using the complex notation, particular care is 
needed when taking the product of two complex vectors: to be safe, 
one should always take the real part before multiplying two complex 
quantities, the real parts of which represent physical quantities

→
𝑆 =

→
𝐸   ×  

→
𝐻
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Relativistic transformation  
of EM fields

                          40



E. Métral, 09/01/2023, ESI

Relativistic transformation  
of EM fields

                          40



E. Métral, 09/01/2023, ESI

Relativistic transformation  
of EM fields

                          41



E. Métral, 09/01/2023, ESI

Relativistic transformation  
of EM fields

                          41



E. Métral, 09/01/2023, ESI

Relativistic transformation  
of EM fields

                          41



E. Métral, 09/01/2023, ESI

Relativistic transformation  
of EM fields

                          41



E. Métral, 09/01/2023, ESI

Relativistic transformation  
of EM fields

                         68                          42



E. Métral, 09/01/2023, ESI

Relativistic transformation  
of EM fields

                          42



E. Métral, 09/01/2023, ESI

Relativistic transformation  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(RF) cavities & waveguides
◆ At the surface of an ideal (or perfect) conductor (i.e. with no 

energy dissipation), the normal component of  and the 
tangential component of  must both vanish => Standing 
waves that can persist within the cavity are determined by 
the shape of the cavity


◆ Usually, the energy stored in an RF cavity is needed to 
manipulate a charged particle beam in a particular way 

▪ Accelerate the beam => Most of the time

▪ Decelerate the beam => Used in some cases

▪ Deflect the beam => e.g. Crab Cavities for future LHC


◆ The effect on the beam is determined by the field pattern. 
Therefore, it is important to design the shape of the cavity, so 
that the fields in the cavity interact with the beam in the desired 
way; and that undesirable interactions (which always occur to 
some extent) are minimized

→
𝐵→

𝐸
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◆ Cavities are useful for storing energy in EM fields, but it is also 
necessary to transfer EM energy between different locations, 
e.g. from an RF power source such as a klystron, to an RF 
cavity


◆ Waveguides are generally used for carrying large amounts of 
energy (high power RF)


◆ For low power RF signals (e.g. for timing or control systems), 
transmission lines are generally used (over short distances)


◆ Although the basic physics in waveguides and transmission 
lines is the same – both involve EM waves propagating through 
bounded regions – different formalisms are used for their 
analysis, depending on the geometry of the boundaries


◆ As was the case for cavities, the patterns of the fields in the 
resonant modes are determined by the geometry of the 
boundary

(RF) cavities & waveguides
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Conclusions on EM & SR
◆ 2 main pre-requisites to understand in detail the accelerator physics 

and perform all the necessary computations 


▪ Electromagnetism

▪ Special relativity


◆ You will now use these concepts to make many computations

▪ Transverse beam dynamics: motion of independent particles 

under the Lorentz force from a magnetic field 

▪ Longitudinal beam dynamics: motion of independent particles 

under the Lorentz force from an electric field 

▪ Space charge: EM interaction between the particles of a beam

▪ Beam beam: EM interaction between the two beams of a collider

▪ Instabilities: EM interaction between the particles and their 

environment (and/or another beam; electron cloud; ions; etc.)

▪ Etc. => To correctly describe the dynamics of a beam of 

particles, all the wanted and unwanted EM interactions need 
to be taken into account!
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2 modes of particle  
accelerators: Fixed-target vs. Collider
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2 modes of particle  
accelerators: Fixed-target vs. Collider

=> Figure of merit: BEAM POWER, to deliver a certain number of particles on target (p.o.t) / year

=> Figure of merit: LUMINOSITY (see after)
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Luminosity:  
figure of merit of a collider

Detector Nature Accelerator

The number of events  is the product of the cross-section of interest 
 and the time integral over the instantaneous luminosity 

Nexp
σexp L(t)

Nexp = σexp × ∫ L(t)dt
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Luminosity for the SIMPLEST case

Number of bunches

Transverse beam sizes

=> More will be said during the “Introduction on colliders” on Monday 23/01/23  
and during the colliders’ session on Tuesday 24/01/23 afternoon
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Many thanks for your attention 
and I wish you again a great 

JUAS-2023! 


