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The Large Hadron Collider (LHC) at CERN is now in its 
final commissioning phase. It is a two-ring 
superconducting proton-proton collider housed in the 
27 km tunnel previously constructed for the Large 
Electron Positron collider (LEP). It is designed to 
provide proton proton collisions with unprecedented 
luminosity (1034cm-2.s-1) and a centre-of-mass energy 
of 14 TeV for the study of rare events such as the 
production of the Higgs particle if it exists. In order 
to reach the required energy in the existing tunnel, 
the dipoles must operate at 1.9 K in superfluid helium. 
In addition to p-p operation, the LHC will be able to 
collide heavy nuclei (Pb-Pb) with a centre-of-mass 
energy of 1150 TeV (2.76 TeV/u and 7 TeV per 
charge).   
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Extraction devices 
◆  special magnets 
◆  high voltage septa 
◆  high power targets

Main components of a modern accelerator 
◆  Source of charged particles; 
◆  Acceleration element (RF cavities); 
◆  Guiding magnets (quadrupole, dipoles, correctors); 
◆  Vacuum system; 
◆  Beam diagnostics; 
◆  Physics detectors in an experimental area 
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The event rate R in a collider is proportional to the interaction cross section σint and 
the factor of proportionality is called the luminosity: 

If two bunches containing n1 and n2 particles collide with frequency f, the luminosity is 
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In the general case one express the trajectory as 
β  and φ define the motion of the 
ensamble and are determined by 
the arrangement of the magnets 
in the tunnel 

A and φο describe the initial 
state of the each single particle 
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The beam size can be expressed in terms of two quantities, one termed the transverse 
emittance, , and the other, the amplitude function, β. The transverse emittance is a 
beam quality concept reflecting the process of bunch preparation, extending all the way 
back to the source for hadrons and, in the case of electrons, mostly dependent on 
synchrotron radiation. The amplitude function is a beam optics quantity and is 
determined by the accelerator magnet configuration. When expressed in terms of σ 
and β the transverse emittance becomes 

The number of betatron oscillations per turn in a synchrotron is called the tune 
and is given by 
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The orbit offset inside the quadrupole is one of the effects that cause error on 
the orbit (alignment, movement of the lattice, calibration of power supplies….) 

The idea is to NOT integrate the errors each turn to the extent this is possible. 
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Watch integer and semi-integer tunes !!! 
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In superconducting magnets of the type 
used in the LHC, the field quality is 
determined by the precision of the 
positioning of the superconductor and 
not by the geometry of the iron yoke, 
been shown by experience in the 
different superconducting machines and 
by particle tracking that the aperture 
inside which particle orbits are stable is 
much smaller than the physical aperture 
of the beam pipe. This is called the 
dynamic aperture and is limited by a 
complex interplay between the unwanted 
higher field harmonics due to magnet 
imperfections. Sophisticated computer 
codes have been developed to track 
particle orbits around virtual machines 
with distributed random and systematic 
imperfections. And these results are 
used to define maximum systematic and 
random deviations of each field 
multipole. 
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It was from this work that the control limits for the sextupole 
component of the dipole field were derived. Even with present 
day computers it is not possible to perform full scale simulation 
over a large number of virtual machines over 4x107 turns, which 
corresponds to 1 hour of storage time. The dynamic aperture 
obtained from tracking of existing machines is always too 
optimistic when compared to experiment by 20% or more. For 
the LHC, in order to insure a dynamic aperture of 6 sigmas it has 
been decided that the tracked dynamic aperture over 106 turns 
should be a factor of 2 larger. These results have been used to 
supply the tables of allowed multipole errors to the magnet 
builders,  

Since the dynamic aperture depends strongly on the horizontal and 
vertical tunes, the tracking studies are also used to find the 
best working points. 
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Special features 

◆  SC dipoles and quadrupoles with two-in-one design 
◆  SC cables operating with 15% margin from critical 

field 
◆  Superfluid He coolant with tight cryogenic load budget 
◆  e-cloud 
◆  high vacuum without diffused pumping (cryo-pumping) 

Main parameters 
Energy per beam  (TeV) 7.0 
Dipole field  (T) 8.3 
Luminosity  (cm-2 s-1)

 1034 
Injection energy  (GeV)

 450 
Circulating current per beam (A)  0.56 
Bunch spacing  (ns) 24.95 
Particles per bunch   1.1x1011 
Stored beam energy  (MJ) 334 
Radiated power per beam (kW) 4.0 

Ring layout 

Performance improvements 
◆ B-field  x 1.5  
◆ luminosity  x 20 
◆ collimation efficiency 70 -> 96 % 
◆ beam stored energy  x 100 
◆ beam energy density  x 
1000 
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◆  Nominal operating field  8.33T 
◆  Conductor limited quench field  9.76T    
◆  Coil aperture  56 mm 
◆  Magnetic Length  14.3 m 
◆  Nominal operating current  11800 A 
◆  Self Inductance  100 mH 
◆  Stored energy at 8.33 T  7 MJ 
◆  Operating temperature  1.9 K 
Inner Layer Cable 
◆  No. of strands / cable width  28 / 15.1 mm 
◆  strand diameter  1.065 mm   
◆  NbTi  filament diameter  7 µm   
◆  Cu/NbTi  1.6     
Outer Layer Cable 
◆  No. of strands / cable width  36 / 15.1 mm   
◆  strand diameter  0.825 mm  
◆  NbTi  filament diameter  6 µm   
◆  Cu/NbTi  1.9     

Inner layer cable 

Outer layer cable 
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B 
F 

I 

F = B ^ I 

◆  the outward force must be supported by an external structure 
◆  both forces cause compressive stress in the conductor and 

insulation 

◆  forces in a dipole are horizontally outwards 
and vertically towards the median plane 
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total outward 
force per quadrant 

total vertical force 
per quadrant 

Fx 

Fy 

Fy 

Fx 

LHC dipole Fx~ 4.0×106 N/m ~ 400tonne/m 
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◆  SC cables short sample critical field B=9.7 T.  
◆  There is 15 % margin at the nominal MB field of B=8.3 T. 
◆  At the operational temperature T=1.9 K, the materials have almost no heat capacity, 

hence it is essential to provides  - He II wetting                                                          
       - mechanical stability (no coil movements) 

◆  Because of the high energy stored, a protection system detecting quenches and 
firing quench heaters, located between the outer layer and the ground insulation, is 
necessary to drive a fast quench propagation to the whole mass of the coil. 

◆  Cold diodes provide a by-pass of any quenching magnet. 
◆  The magnetic field quality is determined by the coils, which must be stable and 

reproducible to within a few 0.01 mm. 

Training Quenches & 
Quench History at 1.8K
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Magnetic energy density 
o

BE
µ2

2
= at 5 T    E = 107 Joule·m-3      at 10T    E = 4 x 107 Joule·m-3 

LHC dipole magnet (twin apertures) E = 1/2 LI 2  L = 0.12 H    I = 11.5 kA -> E = 7.8 x 106 Joules 

the magnet weighs 26 tonnes the magnetic stored energy is equivalent to the kinetic energy 
of:- 26 tonnes travelling at 88km/hr  

◆  resistive region starts somewhere in the winding 
at a point   
 - this is the problem ! 

◆  it grows by thermal conduction 
◆  stored energy 1/2LI2 of the magnet is dissipated 

as heat 
◆  greatest integrated heat dissipation is at point 

where the quench starts 
◆  internal voltages much greater than terminal 

voltage ( = Vcs current  supply) 
◆ maximum temperature calculated from a 'fuse 

blowing' calculation (adiabatic approximation) 

Quenches should dissipate all this energy 
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1) Series connection of many magnets 

◆  In each octant, 154 dipoles are connected in series. If one magnet quenches: 
■  the combined inductance of the others will try to maintain the current;  
■  the stored energy of all 154 magnets will be fed into the magnet which has quenched  

  ⇒ vaporization of that magnet! 
◆  Solution 1: put cold diodes across the terminals of each magnet.   

■  In normal operation, the diodes do not conduct - so that the magnets all track accurately.   
■  At quench, the diodes of the quenched magnet conduct so that the octant current by-passes it. 

◆ Solution 2: open a circuit breaker onto a dump 
resistor (several tonnes) so that the current in 
the octant is reduced to zero in ~ 100 secs. 

2) High current density, high stored energy 
and long length 

◆  the individual magnets are not self protecting. 
If one magnet quenches alone or with the by-
pass diode,  
 ⇒ vaporization of that magnet!  

◆ Solution 3:  Quench heaters on top and bottom 
halves of every magnet.  

quench-back 
heaters 

diod 
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circuit 
breaker 
t ≈ 100 s 

◆  diodes allow the octant current to by-pass the magnet which has quenched 
◆  circuit breaker reduces to octant current to zero with a time constant of 100 sec 
◆  initial voltage across breaker = 2000V 
◆  stored energy of the octant = 1.29GJ ---> total = 11GJ 

Half a cell 
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Name Quantity Purpose

MSCB 376 Combined chromaticity/ closed orbit correctors

MCS 2464 Dipole spool sextupole for persistent currents at injection

MCDO 1232 Dipole spool octupole/decapole for persistent currents

MO 336 Landau octupole for instability control

MQT 256 Trim quad for lattice correction

MCB 266 Orbit correction dipoles

MQM 100 Dispersion suppressor quadrupoles

MQY 20 Enlarged aperture quadrupoles

Unprecedented logistic and installation complexity 
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The LHC magnets are cooled with pressurized superfluid helium, which has some 
interesting properties that make it a unique engineering material. Best known is its very 
low bulk viscosity which allows it to permeate the smallest cracks. This is used to 
advantage in the magnet design by making the coil insulation porous and enabling the 
fluid to be in contact with the strands of the superconductor. It also has a very large 
specific heat, 100,000 times that of the superconductor per unit mass and 2000 times 
per unit volume. 
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The RF system is located at Point 4. Two independent sets of cavities operating at 
400 MHz (twice the frequency of the SPS injector) allow independent control of the 
two beams. The superconducting cavities are made from copper on which a thin film 
of a few microns of Niobium is sputtered onto the internal surface. In order to allow 
for the lateral space, the beam separation must be increased from 194 mm in the 
arcs to 420 mm. For each beam there are 8 single cell cavities, each providing 2 MV, 
with a conservative gradient of 5.5 MV/m. The cavities are grouped into two modules 
per beam, each containing four cells. Each cavity is driven by an independent RF 
system, with independent klystron, circulator and load. Although the RF hardware 
required is much smaller than LEP due to the very small synchrotron radiation power 
loss, the real challenges are in controlling beam loading and RF noise. 
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The LHC presents several original requirements compared with classical vacuum 
systems. It has to ensure adequate beam lifetime in a cryogenic system where heat 
input to the 1.9 K helium circuit must be minimized and where significant quantities 
of gas can be condensed on the vacuum chamber. The main heat sources are: 

- Synchrotron light radiated by the beam at high energy (0.2 W.M-1 per beam, with a 
critical energy of about 44 eV; 

- Image currents (0.2 W.M-1 per beam); 
- Energy dissipated by the development of electron clouds. 
- Energy loss by nuclear scattering (30 mW.M-1 per beam). 

In order to remove the heat from 
all these processes but the last 
with high thermodynamic 
efficiency, the 1.9 K cold bore of 
the magnets is shielded with a 
beam screen cooled to between 5 
and 20 K. This beam screen is 
perforated with about 4% of the 
surface area to allow the cold bore 
of the magnets at 1.9 K to act as a 
distributed cryo-pump, allowing 
gas to be condensed on the cold 
bore surface protected against 
desorption by bombardment with 
synchrotron radiation photons. 
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◆  The beam screen is cooled through two tubes welded in top-bottom positions.  
■  Flow dense cooling fluid through small tubesThe holes of the beam screen act 

as cryo-pumps. Regeneration by thermal cycling up to ~100 K 
■  Size, geometry and number of pumping holes 

◆  The holes have a random pattern to prevent beam instabilities induced by the 
electromagnetic power leakage.  

◆  Parasitic object in aperture 
■  Maximize geometric aperture for beam 
■  Very low magnetic permeability m<1.005 (including weld) 
■  High electrical resistance to limit eddy currents at quench 
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When the beams are brought into collision, a much stronger 
nonlinearity than the magnet imperfections comes into play. It 
is called the beam-beam interaction and is caused by the force 
due to the electromagnetic field of one beam on the particles in 
the other beam. It produces two main effects. The first is to 
cause a variation of the tune with amplitude. This means that 
the beam does not occupy a point on the Qh, Qv tune diagram 
but produces an extended “footprint” The second effect is that 
because of the periodic nature of the force (particles 
experience a delta function kick on each revolution) it excites 
nonlinear resonances which can strongly limit the beam 
lifetime. 
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•  Large Stored Energy 

•  Beam losses and magnet 
quenches 

•  Crossing angle 
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Phase I collimators and partial beam dump 

1.  Pilot physics run with few bunches 
•  No parasitic bunch crossings 
•  Machine de-bugging no crossing angle 
•  43 bunches, unsqueezed, low intensity 
•  Push performance (156 bunches, partial squeeze in 1 and 5, push intensity) 

2.  75ns operation   
•  Establish multi-bunch operation 
•  Relaxed machine parameters (squeeze and crossing angle) 
•  Push squeeze and crossing angle  

3.  25ns operation with Phase I collimators + partial beam dump 
•  Needs scrubbing for higher intensities ( ib > 3 - 4 1010 ) 

Phase II collimators and full beam dump 

 4.  25ns operation 
•  Push towards nominal performance 
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106 seconds @ <L> of 1033 cm-2 s-1 = 1 fb-1 

107 seconds @ <L> of 1034 cm-2 s-1 = 100 fb-1 

100 seconds @ <L> of 1034 cm-2 s-1 = 10 nb-1 
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p 

θ pT 

pT = p sinθ 

Rapidity:  
) (tg log-  2

θη = θ = 90o    →  η = 0 
θ = 10o    →  η ≅ 2.4 
θ = 170o  →  η ≅ -2.4 
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Total inelastic cross-section:   
      σtot (pp) = 70 mb        √s = 14 TeV  

 = L x σtot (pp) = 7 108 interactions/s (**) 

These include two classes of interactions.   

Rate = 
n. events 
second 

10 nb-1 s-1 

(**) 7 108 interactions/s    18 interactions/bunch crossing 
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Most interactions are due to collisions at large distance between 
incoming protons where protons interact as “ a whole ” → small 
momentum transfer (Δp ≈  /Δx ) → particles in final state have large 
longitudinal momentum but small  transverse momentum (scattering at 
large angle is  small)  

< pT > ≈ 500 MeV      of charged particles in final state 

7  ≈ηd
dN  charged particles uniformly 

 distributed in φ 

Most energy escapes down the beam pipe. 

Minimum bias events 
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Monochromatic proton beam can be seen as beam of quarks and gluons 
with a wide band  of energy.  Occasionally hard scattering (“ head on”) 
between constituents of incoming protons occurs.  

ŝx1p x2p 

Spectator partons Interactions at small distance → large momentum transfer  
→ massive particles and/or particles at  large angle are produced.  

Ex.         u +    → W+ 

σ (pp → W) ≈ 150 nb ≈ 10-6 σtot (pp)  

d u 
W+ 

d

High q2 events: “rare” 
and interesting 
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•   effective centre-of-mass energy             smaller 
   than √s of colliding beams:  

ŝ

Aaa p  x p 
=

Bbb p  x p 
=

pA= pB= 7 TeV s xsxx  ŝ ba ≈=

→  to produce m ≈  100 GeV    x ~ 0.01 
     to produce m ≈      5 TeV     x ~ 0.35 

if xa ≈ xb  
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Main difficulty, typical of LHC:   PILEUP 

      R = Lσ = 109 interactions / second 
      Protons are grouped in bunches (of  ≈   1011  protons) 
      colliding at interaction points every  25 ns  

detector 

25 ns 
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→  applying pT cut allows extraction of interesting 
      particles  

⇒ At each interaction on average ≈ 25 minimum-bias 
     events are produced. These overlap with interesting 
     (high pT) physics events, giving rise to so-called 

                            pile-up    

 ~800 charged particles produced over |η| < 2.5 at each crossing. 
   However   < pT > ≈ 500 MeV  (particles from minimum-bias). 
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 Large impact on detector design: 

•  LHC detectors must have fast response, otherwise  integrate over many bunch 
crossings  → too large pile-up 

  Typical response time : 20-50 ns 
  →  integrate over 1-2 bunch crossings → pile-up of  25-50 minimum bias  
  ⇒  very challenging readout electronics 

•  LHC detectors must be highly granular to minimise probability that pile-up particles 
 be in the same detector 
  element as interesting object (e.g. γ  from H → γγ decays) 
  → large number of electronic channels 
  ⇒  high cost 
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 Large impact on detector design: 

•  LHC detectors must be radiation resistant: high flux 
  of particles from pp collisions → high radiation environment 
   E.g. in forward calorimeters: 

      up to 1017 n / cm2                                in 10 years of  LHC operation 
      up to  107 Gy   (1 Gy = unit of absorbed energy = 1 Joule/Kg) 

Radiation damage : 
--  decreases like d2 from the beam → detectors  nearest to beam pipe are more 
affected 
  -- need also radiation hard electronics (military-type technology) 
 --  need quality control for every piece of material 
 -- detector + electronics must survive 10 years of operation 



69 



70 

high-pT events dominated by QCD 
          jet production: 

•  Strong production → large cross-section 
•  Many diagrams contribute: qq → qq, 
  qg → qg, gg → gg, etc.  
•  Called “ QCD background “ 

Most  interesting processes are rare processes: 
•  involve heavy particles 
•  have weak cross-sections (e.g. W production) 

q q 

q 

g 

q 

jet 

jet 

αs 

αs 

To extract signal over QCD jet background must look at  
decays to photons and leptons → pay a prize in branching ratio 

Ex.         BR (W  → jet jet) ≈ 70% 
              BR (W  → ν)      ≈ 30% 



71 



72 

                              0.001             104 
   (m=1 TeV) 

     H                       0.02            105 
  (m=130 GeV)   

 Process           Events/s    Events/year    Other machines 
                                                         (total statistics)  

W→ eν                 15                108                   104 LEP / 107 Tev.  
Z→ ee                 1.5               107                        107  LEP 
                            0.8               107                         104  Tevatron   

                           105                       1012                      108 Belle/BaBar 

QCD jets            102                         109                   107  
pT > 200 GeV 

gg~~

tt
bb

Expected event 
rates in ATLAS/
CMS for  
representative 
(known and new) 
physics 
processes at low 
luminosity 
(L=1033 cm-2 s-1)   
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