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Summary for the transverse planes:

Introduction to Accelerators 1

Ø A particle is described by its position and its slope (x, x’) and (y, y’)

Ø The circular trajectory is achieved with dipoles.

Ø The particles are kept together in the chamber with quadrupoles.

Ø The particles perform betatron oscillations around the closed orbit.

Ø The number of oscillations per turn (the tune Q) has to be carefully 
selected in order to avoid resonances.

Ø The phase advance per cell (µ) can be modified with quadrupoles.

Ø The natural chromaticity of the machine Q’ (<0) is compensated with 
sextupoles.
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Protons sources
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Gas in

Plasma

Cathode

Anode

protons out (~300 mA)

Duoplasmatron from CERNs Linac-Homepage

E. E. WildnerWildner: : TeachersTeachers Programme 2007Programme 2007
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Longitudinal Longitudinal DynamicsDynamics

F = e (E + v x B) 
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Acceleration

TheThe acceleratoraccelerator hashas to to provideprovide kinetickinetic energyenergy to to thethe chargedcharged particlesparticles,  i.e. ,  i.e. 
increaseincrease thethe momentummomentum ofof thethe particlesparticles. To do . To do thisthis, , wewe needneed an an electricelectric fieldfield E, E, 
preferablypreferably in in thethe direction direction ofof thethe momentummomentum of of thethe particlesparticles

Electrostatic acceleratorElectrostatic accelerator

Gain: n.e.Gain: n.e.∆∆VV

Limit: VLimit: VGG = = ΣΣ VVii

SparksSparks !!

Rather use RF  fields !Rather use RF  fields !
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RF accelerating fields:

Wideroe structureWideroe structure

Synchronism: L = vT/2Synchronism: L = vT/2

As the speed of the particles increases, the length of the drift As the speed of the particles increases, the length of the drift 
tubes has to increase ! Efficiency !tubes has to increase ! Efficiency !
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Low energy linac:

Linear structure Linear structure 
in use  at CERNin use  at CERN
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Resonant cavities (1)

The resonance frequency of the cavity is adapted (matched) to The resonance frequency of the cavity is adapted (matched) to 
the frequency of the RF generator.the frequency of the RF generator.
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Resonant cavities (2)

Real geometry is Real geometry is 
more sophisticated more sophisticated 
to improve the to improve the 
performance of the performance of the 
cavitycavity

Nose: E in the vicinity of the         Nose: E in the vicinity of the         
symmetry axissymmetry axis

Rounding: losses, Rounding: losses, 
multipactingmultipacting

D. Brandt    8HST 2009 Introduction to Accelerators



RF cavities:

LEPLEP "NC""NC"

LHC "SC"LHC "SC"
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Acceleration or compensation
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Ø We have to provide energy to the particles either to accelerate them or
to compensate for the losses accumulated during one turn.

Ø This energy is not provided by electrostatic plates, but by RF cavities.

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

0

VV

tt

EquilibriumEquilibrium::

ffRFRF = h . f= h . frevrev

SS22

SS11
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“Off momentum” particles:
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0

VV

tt

tt00tt11 tt22

Ideal particle arrives Ideal particle arrives atat tt0 0 èè V = VV = V0 0 èè o.k.o.k.
∆∆p/p > 0 path longer p/p > 0 path longer èè arrives late,  tarrives late,  t2 2 èè VV22 < V< V00
∆∆p/p < 0 path shorter p/p < 0 path shorter èè arrives in advance, tarrives in advance, t1 1 èè VV11 > V> V00

Synchronous particleSynchronous particle
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The bunches of particles:
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The RF system creates bunches of particlesThe RF system creates bunches of particles

With fWith fRFRF = h . f= h . frev rev , we could thus have "h" bunches of particles , we could thus have "h" bunches of particles 
circulating in the machine.circulating in the machine.

RF phase

Momentum

LHC: h= 35640LHC: h= 35640

ffRFRF = 400 MHz= 400 MHz

VVRFRF = 16 MV        = 16 MV        

2808 bunches per 2808 bunches per 
beambeam
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Synchrotron RadiationSynchrotron Radiation
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Synchrotron radiation

Ø Charged particles bent in a magnetic field emit synchrotron radiation!

Energy loss:

eU0 = A . γ4/ρ

with γ = E/E0 = m/m0  and m0 is the rest mass

m0 proton = 0.938 GeV/c2

m0 electron = 0.511 MeV/c2

(mo-p/mo-e)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

D. Brandt    14HST 2009 Introduction to Accelerators



The power is all too real !

L. Rivkin

CAS-Trieste2005
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The PerformanceThe Performance
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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 (1.15 1011)

f = révolution frequency (11.245 kHz)

k = number of bunches (2808)

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

Beam sizes !Beam sizes !
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σσ = < 10= < 10--3939 cmcm22

L =L = 10103434 1/(cm2.s)
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Optimal performance:

ØØ Highest possible bunch intensity (NHighest possible bunch intensity (N22))

ØØ Number of bunchesNumber of bunches

ØØMinimise beam size Minimise beam size èè decrease decrease ββ function function !!

Create special zones around the experiments:Create special zones around the experiments:

The Insertions !The Insertions !
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The insertions:

•• Break the periodic structure of the arc at a selected placeBreak the periodic structure of the arc at a selected place..

•• «« InsertInsert » a » a straight section straight section with the experiment in the middle. with the experiment in the middle. 

•• Each straight section is composed of (L+R):Each straight section is composed of (L+R):

•• Dispersion suppressor (a few dipoles  and quadrupoles)Dispersion suppressor (a few dipoles  and quadrupoles)

•• Section with quadrupoles to Section with quadrupoles to stronglystrongly squeeze the beamsqueeze the beam
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LHC insertions:
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β function in the LHC:
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Basic high energy collider:
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Collective EffectsCollective Effects
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Multi-particles effects:
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Ideal Conductor: Es = 0

M. Ferrario – CAS Baden 2005
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The Impedance ZL(ω):
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• If the conductor is not perfect, or, even worse, if b ≠ const.

L

d

b

Es ≠ 0 => there is an interaction between the beam and the wall !

M. Ferrario – CAS Baden 2005
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Impedance Z(ω)
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Worst case: abrupt changes in the wall cross-section:

The beam loses energy (heating), but the induced e.m. fields 
can also interact back on this same bunch or on the following 
bunches:

=> Instabilities!

M. Ferrario – CAS Baden 2005
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Fields induced in the RF cavities:
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M. Ferrario – CAS Baden 2005

e.m. fields induced in 
the RF cavities during a 
bunch traversal.

These fields can act 
back either on the 
bunch itself, or on the 
following bunches.

bunchbunch
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Impedance Z(ω)

D. Brandt    28

Ø Choice of the best suited materials is crucial.

Ø Avoid any cross-section changes unless mandatory.

Ø In case cross-section changes cannot be avoided, 
then use smooth transitions (α ≤ 15 °).

As could be expected : Imax ∝ 1/Z(ω):
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LHC “beam-Screen”

• Without this 
additional Cu layer,  
the nominal 
intensity foreseen 
for the LHC could 
not circulate in the 
machine!
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ApplicationsApplications
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Domestic applications:
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Your TV set…Your TV set…

is a small accelerator !is a small accelerator !
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PET Tomography

University Hospital Geneva

Light Ion Cancer Therapy 

Gantry at PSI , Villigen (CH)

Medical applications
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Accelerators at CERN (HEP)…
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Accelerators around the world (2002)
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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

Courtesy: W. Mondelaers JUAS 2004
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Some interesting homework …
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The LHC and the vast majority of its The LHC and the vast majority of its 
components represent a real technological components represent a real technological 
challenge. Why did we go for this option ? challenge. Why did we go for this option ? 
Why not more conventional solutions ?Why not more conventional solutions ?

1) 1) Why a collider?Why a collider? What would be What would be 
the beam energy required to do the the beam energy required to do the 
same physics in fixed target mode ?same physics in fixed target mode ?

Fixed Target:

synchrotron

RF
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Hint for 1) …
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The difference between fixed target and colliding mode 
deserves to be considered in some detail:

FixedFixed targettarget mode:mode:

EEc.m.∝∝ (2mE)(2mE)1/21/2

CollidingColliding mode:mode:

EEc.m.∝∝ 2E2E

What would be the required beam energy to achieve Ec.m.=14 TeV in fixed
target mode ?

⇔⇔



Homework (2) …
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2) 2) Why SC magnets ?Why SC magnets ?

By using conventional warm magnets (max. 2 T) and for the By using conventional warm magnets (max. 2 T) and for the 
same energy range, what would be the circumference of the same energy range, what would be the circumference of the 
machine ?machine ?

3) 3) Why p Why p –– p ?p ?

ØØ pp++ -- pp-- : : intensitéintensité pp-- atteignable atteignable èè luminositéluminosité

ØØ ee++ -- ee-- : radiation synchrotron : radiation synchrotron èè pertes par tour !pertes par tour !
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Hint for 2) …
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Magnetic rigidity:

Bρ = mv/e = p/e

RatherRather straightforwardstraightforward, , rememberremember thethe «« magicmagic » relation:» relation:



By the time of your next visit…
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Thank you very much for your attention !Thank you very much for your attention !
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