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Energy and Luminosity  Energy and Luminosity  

l Particle physics requires an accelerator colliding beams with 
a centre-of-mass energy substantially exceeding 1TeV

l In order to observe rare events, the luminosity should be in 
the order of 1034 [cm-2s-1] (challenge for the LHC accelerator)

l Event rate:

l Assuming a total cross section of about 100 mbarn for pp 
collisions, the event rate for this luminosity is in the order of 
109 events/second (challenge for the LHC experiments)

l Nuclear and particle physics require heavy ion collisions in 

the LHC (quark-gluon plasma .... )
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The CERN Beschleuniger KomplexThe CERN Beschleuniger Komplex
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The LHC is the largest machine that has ever been The LHC is the largest machine that has ever been 
built, and probably the most complex onebuilt, and probably the most complex one

To make the LHC a reality: Accelerators physics and  .... 

l Electromagnetism und Relativity
l Thermodynamics
l Mechanics
l Physics of nonlinear systems

l Solid state physics und surface physics
l Quantum mechanics 
l Particle physics and radiation physics
l Vacuum physics

+ Engineering

Mechanical, Cryogenics, Electrical, Automation, 
Computing, Civil Engineering
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l Accelerator Physics: An Introduction
• Why protons? Why superconducting magnets?  Why “two” 

accelerators in one tunnel?

l LHC layout and beam transport
l The quest for high luminosity and the consequences
l Wrapping up: LHC Parameters

l LHC technology 
l LHC operation  
l Conclusions

OutlineOutline
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To accelerate protons to 7 TeV … To accelerate protons to 7 TeV … 
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To accelerate protons to 7 TeV … To accelerate protons to 7 TeV … 

Acceleration of the protons in an electrical field with 7000 
Billion Volt…….

But: 
§ no constant electrical field above some Million Volt 

(break down) 
§ no time dependent electrical field above some           

10 Million Volt

Proton travel around the circular accelerator with the speed 
of light and are accelerated by ~1 Million Volt per turn 
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Lorentz ForceLorentz Force

The force on a charged particle is proportional to the charge, 
the electric field, and the vector product of velocity and 
magnetic field:  

For an electron or proton the charge is:  

Acceleration (increase of energy) only by electrical fields – not 
by magnetic fields:  
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AccelerationAcceleration
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Acceleration of a particle by an electrical potential

Energy gain given by the potential
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For an acceleration to 7 TeV a voltage of 7 TV is required
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Acceleration with RF fieldsAcceleration with RF fields
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RF buckets and bunchesRF buckets and bunches
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LHC RF frequency 400 MHz

Revolution frequency 11246 Hz
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RF systemsRF systems : 400 MHz : 400 MHz 

400 MHz system:

16 sc cavities (copper sputtered with 
niobium) for 16 MV/beam were built 
and assembled in four modules
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To get to 7 TeV: Synchrotron To get to 7 TeV: Synchrotron –– circular circular 
accelerator and many passages in RF cavitiesaccelerator and many passages in RF cavities

LINAC (planned for several hundred GeV - but not above 1 TeV, e.g ILC)

LHC circular machine with energy gain per turn ~0.5 MeV
acceleration from 450 GeV to 7 TeV takes about 20 minutes 

....requires deflecting magnets (dipoles)
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Particle deflection: Lorentz ForceParticle deflection: Lorentz Force

The force on a charged particle is proportional to the charge, 
the electric field, and the vector product of velocity and 
magnetic field:
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• Maximum momentum 7000 GeV/c

• Radius 2805 m fixed by LEP tunnel

• Magnetic field B = 8.33 Tesla

• Iron magnets limited to 2 Tesla, therefore 
superconducting magnets are required 

• Deflecting magnetic fields for two beams in 
opposite directions
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LHC Layout

eight sectors
eight arcs 

eight long straight 
sections (insertions) 
about 700 m long

IR6: Beam 
dumping system

IR4: RF + Beam 
instrumentation

IR5: CMS

IR1: ATLAS

IR8: LHC-B
IR2: ALICE

InjectionInjection

IR3: Momentum Beam 
Cleaning (warm)

IR7: Betatron Beam 
Cleaning (warm)

Beam dump 
blocks

Main dipole 
magnets: making 
the circle
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Beam transportBeam transport

Need for getting protons on a circle: dipole magnets

Need for focusing the beams:

l Particles with different injection parameters (angle, 
position) separate with time
• Assuming an angle difference of 10-6 rad, two particles would 

separate by 1 m after 106 m. At the  LHC, with a length of 26860 m, 
this would be the case after 50 turns (5 ms !)

l Particles would „drop“ due to gravitation

l The beam size must be well controlled 
• At the collision point the beam size must be tiny

l Particles with (slightly) different energies should stay 
together
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Focusing using lenses as for light

f1

x x

Quadrupolemagnet – B-field zero in centre, 
linear increase (as an optical lense)

Dipolemagnet – B-field in 
aperture constant

z z
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Assuming proton runs along s (=y), 
perpendicular to x and z
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From Maxwell equations:
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Focusing of a system of two lenses for both planes

d = 50 m

horizontal plane

vertical plane

f1 100m:=

f2 100- m:=

d 50m:=
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To focuse the beams in both planes, a succession of 
focusing and defocusing quadrupole magnets is required: 
FODO structure
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A cell in the LHC arcs
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main 
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LHC Cell - Length about 110 m (schematic layout) 

Vertical / Horizontal plane
(QF / QD)

Quadrupole magnets controlling the 
beam size „to keep protons together“ 
(similar to optical lenses) 
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Magnets and beam stabilityMagnets and beam stability

l Dipole magnets
• To make a circle around LHC

l Quadrupol magnets
• To keep beam particles together
• Particle trajectory stable for particles with nominal momentum 

l Sextupole magnets
• To correct the trajectories for off momentum particles  
• Particle trajectories stable for small amplitudes (about 10 mm)

l Multipole-corrector magnets
• Sextupole - and decapole corrector magnets at end of dipoles

l Particle trajectories can become instable after many turns 
(even after, say, 106 turns)
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Particle stability and superconducting magnets Particle stability and superconducting magnets --
QuadrupolarQuadrupolar-- and multipolar fieldsand multipolar fields

LHC

Teilchenschwingung
im Quadrupolfeld
(kleine Amplitude)

Harmonische Schwingung
(Koordinatentransformation)

Kreisbewegung im 
Phasenraum

z
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LHC

Teilchenschwingung
bei nichlinearen Feldern
und grosser Amplitude

Amplitude wächst bis zum
Teilchenverlust

Keine Kreisbewegung im 
Phasenraum

z
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Particle oscillations in 
quadrupole field (small 
amplitude)

Harmonic oscillation            
after coordinate 
transformation

Circular movement in 
phase space

Particle oscillation 
assuming non-linear fields, 
large amplitude

Amplitude grows until 
particle is lost (touches 
aperture)

No circular movement in 
phasespace
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Dynamic aperture and magnet imperfectionsDynamic aperture and magnet imperfections
l Particles with small amplitudes are stable
l Particles with large amplitudes are not 

stable
l The dynamic aperture is the limit of the 

stability region
l The dynamic aperture depends on field 

errors - without any field errors, the 
dynamic aperture would be large

l The magnets should be made such as the 
dynamic aperture is not too small (say,   
10 ×the amplitude of a one sigma particle, 
assuming Gaussian distribution) 

l The dynamic aperture depends also on 
the working point (number of oscillations 
per turn) and on the sextupole magnets for 
correction of chromatic effects
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High luminosity by High luminosity by colliding trains of bunchescolliding trains of bunches

Number of „New Particles“
per unit of time: 

The objective for the LHC as proton – proton collider is a luminosity of 
about 1034 [cm-2s-1] 

• LEP (e+e-)           :    3-4 1031 [cm-2s-1]
• Tevatron (p-pbar) :         some 1032 [cm-2s-1]
• B-Factories : > 1034 [cm-2s-1]
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Luminosity parametersLuminosity parameters
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Beam beam interaction determines parametersBeam beam interaction determines parameters

Beam size 16 mmmmm, 
for b = 0.5 m (b is a function of the lattice)

f = 11246 Hz

Beam size given by injectors and 
by space in vacuum chamber

Number of protons per bunch 
limited to about 1011

L =  N2  f  n b / 4pppp s s s s x s s s s y = 3.5 1030 [cm-2 s-1] 

with one bunch

with 2808 bunches  (every 25 ns one bunch) 
L =  1034 [cm -2s-1]
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Large number of bunchesLarge number of bunches

IP 

Bunch structure with 25 ns spacing
• Experiments: more than 1 event / collision, but should not exceed a 

number in the order of 10-20
• Limit number of collision points as far as possible
• Vacuum system: photo electrons
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Large number of bunchesLarge number of bunches

IP 

l Crossing angle to avoid beam beam interaction (only long 
range beam beam interaction present)

l Interaction Region quadrupoles with gradient of 250 T/m 
and 70 mm aperture
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Very high beam currentVery high beam current

Many bunches and high energy -

Energy in one beam about 360 MJ

l Dumping the beam in a safe way
l Beam induced quenches (when 10-7 of beam hits magnet 

at 7 TeV)
l Beam cleaning (Betatron and momentum cleaning)
l Beam stability and magnet field quality
l Synchrotron radiation - power to cryogenic system
l Radiation, in particular in experimental areas from beam 

collisions (beam lifetime is dominated by this effect)
l Photo electrons - accelerated by the following bunches
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Challenges:Challenges: Energy stored in the beamEnergy stored in the beam

courtesy R.Assmann
Momentum [GeV/c]
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Transverse energy density:  even a factor of 1000 larger

x 200

x 10000

One beam, nominal intensity
(corresponds to an energy 
that melts 500 kg of copper)
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summarising constraints and consequences….summarising constraints and consequences….

Centre-of-mass energy must well exceed 1 TeV, LHC 
installed into LEP tunnel

l Colliding protons, and also heavy ions
l Magnetic field of 8.3 T with superconducting magnets
l Large amount of energy stored in magnets

Luminosity of 1034 cm-2s-1

l Need for “two accelerators” in one tunnel with beam 
parameters pushed to the extreme – with opposite magnetic 
dipole field

l Large amount of energy stored in beams

Economical constraints and limited space
l Two-in-one superconducting magnets



1232 Dipolmagnets
Length about 15 m
Magnetic Field 8.3 T
Two beamtubes with an opening of 56 mm

Dipole magnets for the LHCDipole magnets for the LHC
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Coils for DipolmagnetsCoils for Dipolmagnets
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Dipole field Dipole field –– approximate cosine teta current approximate cosine teta current 
distributiondistribution

In practice the above current distributions are approximated by real 
conductors, so the field contains also higher order harmonics  

Intersecting ellipses 
generate uniform field

Such configuration follows:  
Js = J××××cos( qqqq) 
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Superconducting 
cable for 12 kA

15 mm / 2 mm

Temperature    
1.9 K cooled with 
Helium

Force on the cable:

F = B * I0 * L

with

B = 8.33 T

I0 = 12000 Ampere

L = 15 m

F = 165 tons
56 mm

Dipole coil cross sectionDipole coil cross section
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Beam tubes

Supraconducting coil

Nonmagetic collars

Ferromagnetic iron

Steelcylinder for 
Helium

Insulationvacuum 

Supports

Vacuumtank 

Dipole magnet cross sectionDipole magnet cross section
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Magnetic field Magnetic field -- current density current density -- temperaturetemperature

Superconducting
material determines:
Tc critical temperature 
Bc critical field

Production process:
Jc critical current density  

Temperature [K]
A

pp
lie

d 
fie

ld
 [T

]

Superconducting
state

Normal state

Bc

Tc
Lower temperature �

increased current 
density

Typical for NbTi: 
2000 A/mm2 
@ 4.2K, 6T

LHC: for 10 T operation at less than 1.9 K required
Copyright A.Verweij
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Superconducting wireSuperconducting wire

Filament diameter Æ6 mm

Typical value for operation at 8 T and 1.9 K: 800 A

Copyright A.Verweij

Rutherford cableRutherford cable

width 15 mm

Wire diameter Æ1 mm



Rüdiger Schmidt CERN September 2009 44

First cryodipole lowered on 7 March 2005First cryodipole lowered on 7 March 2005
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Es gibt nur einen Schacht, inn dem die Magnete in den LHC Tunnel abgesenkt werden koennen, aufgrund der Laenge von ueber 15m.
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Alle Dipolmagnete muessen dann mit einen speziellen Transportfahrzeug an die Einbaustelle gebracht werden.
Der Tunnel ist klein, und Heliumringleitung und Magnete nehmen viel Platz ein. Waehrend des Transports  sind in dem Tunnelabschnitt keine anderen Arbeiten  moeglich. 
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Transfer on jacksTransfer on jacks
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Operational margin of a superconducting magnetOperational margin of a superconducting magnet

Temperature [K]

A
pp

lie
d 

fie
ld

 [T
]

Superconducting
state

Normal state

Bc

Tc

9 K

Applied Magnetic Field [T]            

Bc critical field

1.9 K

quench with fast loss of 
~5 · 109 protons

quench with fast loss of 
~5 · 106 protons

8.3 T

0.54 T

QUENCH 

Tc critical 
temperature

Temperature [K]            
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Quench Quench -- transition from superconducting state to transition from superconducting state to 
normalconducting statenormalconducting state

l Quenches are initiated by an energy in the order of mJ 
(corresponds to the energy of 1000 protons at 7 TeV) 

l Movement of the superconductor by several µm (friction 
and heat dissipation)

l Beam losses

l Failure in cooling

l To limit the temperature increase after a quench
• The quench has to be detected
• The energy is distributed in the magnet by force-quenching the 

coils using quench heaters
• The magnet current has to be switched off within << 1 second
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Interconnecting busbars Interconnecting busbars 
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One out of 1700 interconnections One out of 1700 interconnections (19/3/2007)(19/3/2007)

6 kA bus 
bars

600 A bus 
bars 

(NLine)
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Commissioning of the LHCCommissioning of the LHC

Commissioning of the hardware systemsCommissioning of the hardware systems

Beam commissioningBeam commissioning
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LHC CoolLHC Cool--downdown
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Cool-down time ~ 4-6 weeks/sector
[sector = 1/8 LHC]

All sectors at 
nominal 

temperature

First beam around 
the LHC
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September 10September 10thth –– like a like a 
dream !dream !
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Beam threadingBeam threading

• Threading by sector:

• One beam at the time, one hour per beam.

• Collimators were used to intercept the beam (1 bunch, 2´ 109 p).

• Beam through one sector, correct trajectory, open collimator and move on.

Beam 2 threading
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Beam on turn 1 and  turn 2 on a screenBeam on turn 1 and  turn 2 on a screen
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No RF,  debunching in ~ 250 turns,  roughly 25 mSNo RF,  debunching in ~ 250 turns,  roughly 25 mS
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einzelner 
Umlauf    

etwa 1000 
Umläufe    
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First attempt at capture, at exactly the wrong First attempt at capture, at exactly the wrong 
injection phase…injection phase…

��������	��	��
�
�




Rüdiger Schmidt CERN September 2009 58

Capture with corrected injection phasingCapture with corrected injection phasing
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Capture with optimum injection phasing, correct Capture with optimum injection phasing, correct 
referencereference
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Integer and fractional Integer and fractional 
tunestunes
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Tune meter

QH_int = 64

QV_int = 64



Rüdiger Schmidt CERN September 2009 61

LHC run 2009/20010LHC run 2009/20010
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l The commissioning of the technical systems should restart 
in June / July 2009

l Beam commissioning is planned to start in November
l We intend to start the LHC at an energy of 3.5 TeV/beam
l The physics run will start this year, and continue (with a 2 

weeks stop around Christmas) until autumn next year

l This should provide a lot of useful data to the physics 
experiments

Planning for 2009 / 2010Planning for 2009 / 2010
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OutlookOutlook

l With (low intensity) beam the LHC is a wonderful machine.
• All key systems were operational.
• Remarkable performance of the beam instrumentation.

l The incident in sector 34 revealed a weakness in the 
protection of the bus-bars and in the pressure relief 
systems.
• Quench protection system upgrade under way.
• Improvements of the pressure relief system.

l Repair is progressing well, re-commissioning of the 
hardware will start mid-June.

l Beam commissioning will resume in November 2009.
• Followed by a 1 year run, starting with 3.5 TeV.



Rüdiger Schmidt CERN September 2009 64

endend


