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Outline 

•  Principles of particle accelerator 
• How to control particle beam? 

•  Longitudinal beam dynamics 
•  Transverse beam dynamics 

•  Large Hadron Collider (LHC) 
•  Summary 
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     Materials from the talks by D. Brandt     
and E. Wildner talks  



Principle of particle accelerator 

•  Energy gain only due to E field 
•  Bending due to B field 
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Units: the electronvolt (eV) 
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Acceleration 
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RF accelerating fields: 
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Resonant cavity 
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Ideal linear machines (linacs) 

- + - - - + + + 

Advantages: High intensity Drawbacks: Single pass 

       Available Energy 

Available Energy : Ec.m. = (2mE)1/2 

E 
Target 
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Improved solution for Ec.m. 

- + - - - + + + 

Available Energy : Ec.m. = 2E 

Advantages: High intensity 
Drawbacks: Single pass   

        Space required     

e- e+ 
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Keep particles: circular machines 

Basic idea is to keep the particles in the machine for many turns. 
Move from the linear design 

To a circular one: 

 Need Bending 

 Need Dipoles! 
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Circular machines  

fixed 
cyclotron 

huge dipole, compact design, 

B = constant 

low energy, single pass. varying B, small magnets, high energy 

fixed target: 

synchrotron 

RF 
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Colliders (Ec.m.=2E) 

Colliders: 

electron – positron 

proton - antiproton 

Colliders with the same type 
of particles (e.g. p-p) require 
two separate chambers. The 

beam are brought into a 
common chamber around the 

interaction regions 

Ex: LHC 

4  interaction regions 
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How to control particle beam? 

• How to accelerate particles?  
•  Longitudinal beam dynamics 

• How to bend particles? 
•  Transverse beam dynamics 

• How to make efficient collisions?  
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How to control particle beam? 

• How to accelerate particles?  
•  Longitudinal beam dynamics 

• How to bend particles? 
•  Transverse beam dynamics 
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Beam Dynamics 

•  In an accelerator designed to operate at the energy Enom, all particles 
having (s, Enom, 0, 0, 0, 0) will happily fly through the center of the 
vacuum chamber without any problem. These are “ideal particles”. 

•  The difficulties start when: 

  one introduces dipole magnets 

  the energy E ≠ Enom or (p-pnom/pnom) = Δp/pnom ≠ 0 

  either of x, x’, y, y’ ≠ 0 
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Acceleration or compensation 
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  We have to provide energy to the particles either to accelerate 
them or to compensate for the losses accumulated during one 
turn. 

  The ideal particle has to arrive at the cavity exactly at the 
same moment turn after turn (synchroneous particle). 



The bunches of particles: 
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Circular machines: Dipoles 

B

Classical mechanics: 

Equilibrium between two forces 

Lorentz force  Centrifugal force  

F = e.(v x B)  F = mv2/ρ 

evB = mv2/ρ 

Magnetic rigidity: 

Bρ = mv/e = p/e 

Relation also holds for relativistic case provided the classical momentum 
mv is replaced by the relativistic momentum p 

p = m0.c.(βγ) p = m0.c.(βγ) 
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Dipole magnet for the LHC 
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Focusing with quadrupoles 

Fx = -g.x 

Fy = g.y 

Force increases linearly  

with displacement 

Unfortunately, this quadrupole is 
focusing in the horizontal plane  

but defocusing in the vertical plane! 
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Quadrupoles: 
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Alternating gradient focusing 
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Synchrotron 

•  Energy depends on orbit and B field: 
    To accelerate the particles, the magnetic field has to increase 

and the frequency has to be adjusted to keep the particles on 
the reference trajectory 

•  The particles oscillate around the closed orbit 
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•  Q (“tune”): number of oscillations per turn 
•  Q values are slightly different in two planes 



Orbit Errors 

•  The magnets are not perfect, in addition they cannot be 
perfectly aligned 

•  For the quadrupoles,  the force that the particles feel is either 
too large or too small with respect to the theoretically calculated 
force. Effect: the whole beam is deviated 

•  The field felt by a particle may come not only from the magnetic 
elements but also from the other particles (coulomb field):    
space charge 

•  Use small dipole magnets (or sextupole) to correct the orbit 
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Sources for orbit errors 

•  Ground motions 
•  Movement of the surface of the earth 
•  Trains 
•  The moon 
•  The seasons 
•  Construction work 

•  Error in magnet strength 
•  Error in particle energy 
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Orbit stability 

• Dipole kick error:  
•  The perturbations add up for Q=n(integer): 

need to avoid integer tune 

•  Q=n+0.5: will this work? 
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Basic high energy collider: 

D. Brandt    27 



Lepton vs Hadron Collider 
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Particle colliders 
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LHC accelerator 
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Choices for the LHC 

•  Proton-proton collider 
•  Super conducting RF 
•  R=2784 m: 
•  Super conducting magnet technology: Bmax = 8.38T  
•  FODO lattice 
•  2 beams in 1 magnet design 
•  2808 bunches with 1011 particles per bunch:  
 event rate = 109 events/second 
•  Cryo pump at 2K temperature 
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The LHC 

•  The largest machine that has even been built, and probably the 
most complex one: energy stored in one beam: 360 MJoule 
( 10GJoule in the magnet system, like Airbus 380 with 700km/h) 

•  To make the LHC a reality: EM, relativity, mechanics 
thermodynamics, nonlinear physics, solid state physics, particle 
physics, and vacuum physics   
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LHC insertions: 
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Why Superconducting magnet? 

    34 



The Superconducting Dipole for LHC 
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Collider: the luminosity 

dN/dt = L x σ 
[1/s] = [1/(cm2.s)] x [cm2] 

L = N1.N2.f.k/(4.π.σx.σy) 

with: 

N1,2 = Number of particles per bunch (1.15x1011) 

f = révolution frequency (11.245 kHz) 

k = number of bunches (2808) 

σx,y = horizontal and vertical beam size (17 µm) 
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Synchrotron radiation 

  Charged particles bent in a magnetic field emit synchrotron radiation!  

Energy loss: 

eU0 = A . γ4/ρ 

(mp/me)4 = (1836)4 ≅ 1013  

Collider B (T) E/beam (GeV) γ eU0 (GeV) 

LEP (e+ e-) 0.12 100 196000 2.92 

LHC (p-p) 8.3 7000 7500 0.00001 
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Synchrotron Light Source 
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DIAMOND, Rutherford Lab 



Future Accelerators 

•  LHC upgrade: higher beam E, one order of higher 
lum. 

•  Linear colliders: 
•  International Linear Collider (ILC), 35 km, 500 

GeV, electron-positron 
•  Compact Linear Collider (CLIC), 38 km, 3 TeV, 

electron-positron 
•  Muon collider 
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Domestic applications: 

   43 



PET Tomography
University Hospital Geneva

Light Ion Cancer Therapy 
Gantry at PSI , Villigen (CH)

Medical applications 
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Accelerators around the world 
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Basic and Applied Research Medicine 

High-energy phys. 120 Radiotherapy 7500 
S.R. sources 50 Isotope Product. 200 
Non-nuclear Res. 1000 Hadron Therapy 20 

Industry 

Ion Implanters 7000 

Industrial e- Accel. 1500 Total:                  17390 


