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ACCELERATE . . .

. . . what else ?

. . . how ?

. . . and why ?
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Outline

ñParticle accelerators 101ò ïshort introduction

ñRecipe for accelerationò ïhow can we accelerate particles ?

ñCan we go larger ?ò ïfuture accelerator projects and novel 
acceleration methods

ñBeyond the bottle of hydrogenéò ïwhat other particles do we 
accelerate ?

ñAccelerators outside CERN?ò ïapplications of particle 
accelerators

[ 2 ]



Baltic Teacher Programme 2023 25 / 04 / 2023

Acknowledgments

Ideas adopted from materials and lectures of 

CERN Accelerator School (CAS)

and

Joint University Accelerator School (JUAS)

Knowledge to which I am forever grateful !

[ 3 ]



Baltic Teacher Programme 2023 25 / 04 / 2023

To remember going in . . .

Electromagnetism: Lorentz force Special relativity

ᴆἐ ἹἏ Ἶ Ἄ

Electric fields ïgain 
in energy

Magnetic fields ï
change of trajectory

Ἶ

Ἣ
ἏἼἷἼἩἴ
ἏἺἭἻἼ

At relativistic regime ï
increase of energy does not 
correspond to a change in 

velocity 
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Why particle accelerators?

[ 4 ]

In high energy physics

sub-atomic particle collisions at enormous energies are 
observed and measured

Collision 
energy

Matter

New particles
E = mc2

Particle 
acceleratorsSince 1939 particle accelerators have 

contributed to 26 Nobel prizes
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Particle colliders

[ 5 ]

Fixed target Collider

% % %% ς%Í Ã

In a fixed target experiment: 2 Ἇ compared to a collider!

But is it easy to collide 2 beams of sub-atomic particles?

We will see later !

High rate of events

Low rate of eventsLow energy reach

High energy reach
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Lepton vs hadron machines

[ 6 ]

What do we collide ?

Leptons

electrons and positrons

Hadrons

protons

ÅElementary particles ïñwhat 
we accelerate - collidesò

ÅPrecisely defined energy at 
collision

Used for precision physics

ÅComposite particles ï
constituent quarks collide

ÅUncertainties for collision 
energy, not all of the energy 
used

Used for ñnew physicsò

Record collision energy: 13.6 TeV

How large is it? 
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Electronvolt ïhow much is it ?

[ 7 ]

1 V

e-

I am now 1 eV!

How much is it?

One proton of 1 eV = 1.6 * 10-19 Joules

One proton of 6.8 TeV = 1.1 * 10-6 Joules

There are 1.15*1011 protons in a bunch of LHC

One LHC bunch = 1.25*105 Joules

90 cal = 376.56 J 1*1010 J 

It is all about energy 
density:

Apple and plane: 105 - 106 J/m3

LHC beam at

interaction point: 1012 J/m3
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Have we used a particle accelerator?

[ 8 ]

Electrostatic acceleration

120 keV< 1 keV

Generally, we consider a particle accelerator as

ñparticle acceleratorò around 1 MeV

So . . . we just apply 6.8 TV electric field? Well.. Not really!



Baltic Teacher Programme 2023 25 / 04 / 2023

How to accelerate a particle ?

[ 9 ]

In 1928 Rolf Widerºeôs PhD thesis introduced the 
concept still used for modern particle accelerators

Radio-Frequency acceleration

Time varying electric 
fields are used for 

acceleration 

Travelling 
wave

Standing 
wave

The «trick» #2
sycnhronize the movement 

of the particle with the 
radiofrequency wave

The «trick» #1
particle beam must be 

bunched not continuous
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Linear accelerators

[ 10 ]

Radiofrequency cavities + radiofrequency generator = induced time-varying EM 

field

Typical radiofrequencies

electrons: 1.2 ï1000 GHz

protons, ions: 200 - 750 MHz

Synchronization rule for 
acceleration:

Ў

Ἤ

Electrons ïrelativistic at low 

energies - same length

Protons, ions ïnon-relativistic 

ïcavity length must account 

What are the limits?
Accelerating gradient ïelectrical breakdown

Increase energy ïincrease length of the structure
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Going circular - cyclotron

[ 11 ]

Synchronization rule for 
acceleration:

ἺἭἾ

ἹἌ
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What are the limits?
Maximum energy is limited by the diameter 

of machine

Acceleration with the basic concept works 
only in non-relativistic regime

How to regain the synchronicity?
Varying magnetic field strength with radius ïisochronous cyclotron

Gradually lower the RF frequency - synchrocyclotron
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Everything in sync - synchrotron

[ 12 ]

Synchronization rule for acceleration:
Keep a constant trajectory :

Ramping magnetic field strength and adapting RF 
frequency

Typical magnetic ramp cycle

What are the limits?

Limits coming from 
technological capabilities ï

discussed later
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The accelerator complex of CERN

[ 13 ]
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Lorentz force and centrifugal force

[ 14 ]

Lorentz force
Centrifugal 

force

ἐ ἹἾἌ ἐ
ἵἾ

ἠ
Beam rigidity

One of the main parameters describing

the technical requirements for a synchrotron
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How big should my synchrotron be?

[ 15 ]

In the case of LHC . . .

Bɟ=6800 / 0.3 = 22667 T*m

If we would want a é 10 km ring?

6.5 km ïfor dipole magnets

ɟ= 1035 m

We would need 21.9 Tesla dipole 
magnets ïnot really feasible

Optimum 
parameters

ÅCircumference of 27 km

ÅBending radius of 2803 m

ÅDipole magnets of 8.3 T

Design of close 
to 7 TeV
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LHC ïwhat do we need?

[ 16 ]

RF system

8 cavities @ 400 MHz

Magnets

1232 dipole SC magnets

Quadrupoles ïfocusing

Sextupoles ïchromaticity

Up to dodecapoles . . .

Corrector magnets

Support systems

Instrumentation (sensors), 
vacuum, cryogenics, 
mechanical support etc.

True engineering marvel
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Does the moon affect LHC?

[ 17 ]

With the enormous size of LHC . . .

Even when 100 m underground, the central orbit trajectory is affected:

Åby the gravitational pull of the Moon ïthe miniscule changes in 
gravity around the circumference

Åseasonal changes- rain, snow and temperature of the earth

Åground tides

All these impacts are registered and 
corrected
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Before we accelerate . . .

[ 18 ]

What are the prerequisites for 
acceleration?

Åparticles must be electrically charged

Åsufficient vacuum to limit the interaction with the environment

Åparticles must be stable or decay slowly enough

For LHC 
everything 
starts here . . . 

Each day just 2 nanograms are 
accelerated

1 gram of hydrogen would take 
a million years to accelerate


