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Motivation for Particle Accelerators 

 Ultra-high energies
 complicated detection  medium 

   (atmosphere)
 large-area detectors required

Nature delivers 
   ultra-high energy particles:

 Perfect control of initial conditions
 events originate in one place
 compact, tailored detector designs 

Particle accelerators  
   deliver high-energetic particles
     under laboratory conditions:

 Production of new, heavy particles: maximum mass = centre-of-mass energy
                                                 M = ECMS /c²
 resolution of small structures:  De-Broglie wave length of beam particles 



Basic Principle

The Lorentz force 

 Acceleration of charged partilces by electrical field(s)

 Deflection of charged particles by magnetic fields

Energy gain only from electrical fields: 
Acceleration voltage of
  1 V corresponds
 to an energy gain of 1 eV

An Accelerator is a machine providing
  arrangements of electrical and magnetic fields
  to accelerate, store and focus charged particles. 
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 Historical Accelerators 



Historical Accelerators: electrostatic

Cockcroft-Walton

source: lecture on Accelerator Physics by Anke-Susanne Müller 



 



The Betatron



Betatron (2)

Betatrons are still widely 
  in use today (medical applications)

Very compact systems
 example: 30 MeV with 0.1 m radius 



Linear Accelerdator ...

… the initial stage of every modern accelerator

Particle
 source 

~

l1 l2 l3 l4 l5 l6 l7

metal drift tubes
HF 

generator

– particles from source are acceletated in potention of first drift tube

– voltage is inverted while particle is inside the first tube 

– particles leave first drift tube and are accelerated towards the scond tube

– lengths of tubes and distance between them increase, because speed of 
  (low-energy) particles increases



Linac Structure

CERN Micorcosm



Linear Accelerator - principle
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Energy after passing drift tube i

–  r  =  x kHF(x) is phase of particle
      kHF is the wave number of high voltage
– U0 is maximum voltage
    of HF generator
– Ψs is phase of particle
     relative to HV 

Only particles with phase
  Ψ ≈ Ψs can be accelerated

  → leads to particle bunches
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The (so far) largest Linear Accelerator

operated on the Z resonance,  precision
 electroweak physics with polarized beams



Circular Accelerators: the Cyclotron
(M.S. Livingston, E.O. Laawrence, 1930)



Cyclotron Frequency



Weak Focusing in homogeneous B Field

Particles of the same energy 
 have the same curvature radius
 in an homogeneous B field

 → particle trajectories with
       slightly displaced positions
       cross twice per turn 

        ”weak focusing”

https://en.w
ikipedia.o rg/w

/inde x.php?cur id=
350848 21used in cyclotrons and early synchtrotrons



 Accelerator Physics 

     - a brief overview - 



Circular Accelerators: the Synchrotron

new idea:   
    increase magnetic field syncronous to particle momentum (M. Oliphant, 1943)

t 

B field

14 GeV
Injection

450 GeV
Extraktion

14s cycle

Example:   
 CERN-SPS
  protron synchrotronkeep beam radius ~constant, 

  magnetic field only in beam tube 

→ “Synchrotron”



Circular Accelerators: the modern Synchrotron

breakthrough discovery:   Phase Focussing (Veksler 1944, McMillan 1945)

Principle 
(for relativistic particles) :

 - fast particles arrive later 
   → receive less acceleration

 - slow particles arrive eariler
   → recive more acceleration

Phase of particles oscillates 

 around optimal phase, the
     “stabe phase” Ψs 

 “Synchrotron Oscillation”

Orbit length L in a circular accelerator is given by RF frequency fRF: 

    L is a multiple h of the  “RF wavelength”  λRF = c / fRF

        –  h is called “harmonic number”   

Phase of particles adjusts itself to compensate
  energy losses → Phase Focusing

also: Changes of beam energy by inceasing the magnic bending field



Accelerating RF Cavities

 Acceleration of particles by alternating electrical field in a resonating cavity

 enforces and retains bunch structure of beam

 radio frequency @ LHC: 400 MHz

 RF power generated in high-power klystron (by electron-density modulation)
   induced into cavities via RF wave guides 



Synchrotron: strong focusing
another important ingredient:  use of quadrupole magnets to focus beam
                                             (Chrostofilos 1950, Courant, Livingston & Synder 1952)

z
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Dipol B field quadrupol B field

for e–  into image plane: 
–  focusses horizontally 
– de-focusses vertically

z

x

N

N

S

S

constant field across aperture;
  provides bending field

zero field in centre, 
 linear growth of field strength 
 with off-set from centre

→ use pairs of quadrupoles
  to achieve overall focussing 

     “Alternate Gradient”
additional sextupole and octupole
 magnets are needed to control beam optics



Strong Focussing: principle 

→ beam is focussed in x and y 

sequence of elements:  
    Focusing    - o -  Defocusing  - o - 
                      – drift –             – drift –       

“FODO cell” 

optical analogy

  ”strong focusing”
in  modern synchrotrons



Modern Synchrotron

Components of a synchrotron
  – deflection magnets (dipoles)

  – focussing magnets  (quadrupoles,
 sextupoles and octupolse)

  – injection magnets (pulsed)
  – extraction magnets (pulsed)
  – RF acceleration cavities
  – vacuum system
  – beam diagnostics
  – control system
  – powerful power supplies 

Alternating-gradient principle reduces beam size and increases energy aperture

  beam optics charachterized by “Momentum Compaction Factor” αc

x: beam displacement
L: orbit length
p: momentum 



Transverse Beam Optics

x



Linear Transverse Beam Optics

differential equation
 of Hill’s type 

– R(s), k(s): periodic functions in distance s along trajectory
                      reflecting “magnetic lattice” of the machine

Solution:
-  β(s):  betatron function
-   ε:     emmitance
-  Ψ(s): phase advance

Describes oscillation around ieal orbit (“betatron oscillations”) 



Betatron Oscillation

3D-view of the betatron envelope
 around an interaction point at the LHC

value of β* during LHC Run 2:  30 cm 



Phase Space and Emmittance

Emmittance

with “Twiss parameters”



Luminosity of a collider
In an accelerator with counter-rotating bunches of particles, the
  luminosity is given by the bunch parameters:

     
   – N1, N2 : number of particles per bunch
  – σx, σy : bunch dimensions in x and y directions
   – f  : collision frequency
  – nb: numer of bunches    

L, the instantantaneous luminosity, is related to the interaction rate

  of a process with cross section σ by

The integrated luminosity,          is related to

  the total number of observed events in a data set

    unit:   [L] =  cm-2, convenietly also 1/fb = 1039 cm-2  

                  interpretation: a dataset of 1 fb-1 contains (on average)
                                   one event of a process with cross section 1 fb 



 Luminosity: Emmitance and Beta function

can rewrite formula for the luminosity of an accelerator
   in terms of beam parameters :

Strong quadrupoles near the interaction points locally reduce β;
    –  β* is value of the beta function at the interaction point  



Luminosity: typical values

122



Synchrotron Radiation

QED: accelerated charges 
           emit photons

→ particles kept on a circle
     in a synchrotron 
     emit “synchrotron radiation”

   – very desired effect in
       synchrotron light sources 

   – constant energy loss of
       beam particles 
      limits maximum energy of a
       circular electron accelerator !



Optical Resonances and Tune

Phase advance per turn:  

Inserting in Hill’s equation and integrating over one turn

  → “tune”    

tune is the number of oscillations per turn  

   –  betatron tune Qx,y 

   –  analog:  synchroton tune Qs:  number of logitudinal oscillations
                                (or oscillations between max. and min. energy)

Danger: in case of integer tunes, m Qx +n Qy, perturbations hit beam
              particles always at the same phase;  
               → resonant build-up  → beam loss !



Optical Resonances and Tune

LHC “tune diagram” (Qx, Qy) with 
working points for injection (green
dot), and for best collision 
performance (blue dot). 

Tunes close to strong resonance 
lines (bold solid lines) must be 
avoided in order not to lose the
beam. 



World Map of Accelerators



e+e- Colliders



Hadron Colliders



Energy increase with time – “Livingston Plot”



The CERN accelerator complex
ht tp
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Magnet Technologies
LEP Dipole (schematic)



LHC Dipoles



LHC Dipoles



LHC Layout



SuperKEKB acce – an asymmetric B factory

SuperKEKB is an upgrade of

  the former KEKB accelerator

   – an example of an (asymmetric) 
      electron-positron collider

two rings, one for 4 GeV 
positrons and one for
7 GeV electrons

centre-of-mass system at
 Υ(4s) resonance is boosted 
 to increase resolution on 
 displaced vertices from
 B hadron decays

aiming at a luminosity
 of 8 x 1035 cm-1 s-1



 Future accelerators 



Future Accelerators

Discovery of new phenomena is possible via two roads:

    1. higher energy to directly produce new particles

       Requires accelerators with higher energy and/or higher luminosity

       – luminosity increase of the LHC (High-Luminosity LHC, approved)

       – an new proton accelerator with a tunnel of 80 – 100km length

  

    2. higher precision of measurements

       Requires better control of initial conditions and a “clean” environment

        – electron-positron collisions at energies of 500 GeV – 1 TeV
           losses due to synchrotron radiation require either
            – a very large ring  or
            – a linear collider 

        – a myon collider (?)  very challenging        



Higgs Signatures in e+e- 
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Simulated Higgs-boson signals with different decay final states for 240 GeV
 electron–positron collisions envisaged at CEPC, using a PFA-oriented detector
 design.    Image credit: IHEP



Ideas for a Future Circular Collider @ CERN
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   - electron – positron collisions @ 90 – 350 GeV (Z and Higgs Factory)

   - hadron – hadron collisions @ ~100 TeV

   - electron/positron – hadron collisions (?)  

Large radius needed to keep
 particles in the ring: 



FCC: technological challenges
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FCC: more challenges
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The International Linear Collider (ILC)

a “mature” concept:

  – superconducting cavities already in use at DESY  (European XFEL) 

  – technical design report exists

  – experimental collaborations and detector proposals exist 

 https://ilch om
e.w

eb.c ern.ch/

possible place:  Japan,  but decision differed in March 2019 



CLIC (CERN Linear Collider) @ 3 TeV

A novel concept for particle acceleration:

                        Cavities driven by a particle beam 



CLIC (CERN Linear Collider) @ 3 TeV



A new Accelerator Complex in China ?
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Several sites in China under study for a possible 100 km-circumference collider

China’s bid for
 
a circular electron– positron  
 collider
 
    and – later – 

a  proton-proton machine  

    in a ~100 km tunnel



New concepts for acceleration

Laser Wake Field Accelleration in a plasma



Activities @ KIT

Contact: Prof. Dr. Anke-Susanne Müller
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