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An invitation to further reading.



CERN’s accelerators
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LHC - overview

Eight sectors plus:
Point 1: Atlas
Point 2: Alice, injection
Point 3: Momentum cleaning
Point 4: RF
Point 5: CMS
Point 6: Beam Dumps
Point 7: Betatron cleaning
Point 8: LHCb, injection
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Design basics

We want to deliver high luminosity at the maximum 
beam energy for maximum physics reach

Review of Particle Physics, PDG, Chapter 25
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Maximize Luminosity
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F N1, N2 number of particles per 
bunch
k – number bunches per beam
f – revolution frequency
σ – beam size
θc – crossing angle
σz – bunch length

High bunch current
Beam-beam, collective effects

Many bunches
total beam power, crossing angle, long range beam-
beam, beam diffusion

Small beam size
triplet aperture, triplet field errors



End up with…

LEP tunnel
which for economy we’d better use – defines the bending radius

7 TeV 
Play off momentum against achievable field strength in the 
bending magnets

Superconducting magnets
B ~ 8.4 T
I = 11,850 A   T= 1.9 K
Two vacuum pipes – 2 in 1 design
Exceptional field quality

Huge cyrogenics system
Protons and Ions
5 or 6 experiments

LHC 7



Dipoles – final configuration

Momentum at collision 7 TeV / c
Momentum at injection 450 GeV / c
Machine Circumference 26658.883 m
Revolution frequency 11.245 kHz

Number of dipoles 1232
Dipole field at 450 GeV        0.535   T
Dipole field at 7 TeV           8.33 T
Bending radius 2803.95 m
Main Dipole Length  14.3 m

8LHC



LHC beam parameters (at 7 TeV)

LHC 9

Bunch Intensity 1.15 x 1011

Number of bunches 2808
emittance 5 x 10-10 m
β* fully squeezed 55 cm
beam size at IP 16 µm
Crossing angle 285 µrad
Bunch length 1.06 ns   (7.5 cm)
Luminosity 1034 cm-2s-1

Total Beam energy 362 MJ per beam

Full list at: http://cern.ch/ab-div/Publications/LHC-DesignReport.html
Chapter 2 



Superconductivity

To produce the high magnetic fields we need very high 
currents…

Make use of the remarkable properties of He II

Superfluid helium:

Very high thermal conductivity (3000 time high grade copper)
Very low coefficient of viscosity… can penetrate tiny cracks, 
deep inside the magnet coils to absorb any generated heat.
Very high heat capacity…stablizes small transient temperature 
fluctuations

10LHC



Phase diagram of Helium
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Critical surface of niobium titanium

LHC 12

Niobium titanium NbTi is the 
standard ‘work horse’ of the 
superconducting magnet business 

picture shows the critical surface, 
which is the boundary between 
superconductivity and normal 
resistivity in 3 dimensional space

superconductivity prevails 
everywhere below the surface, 
resistance everywhere above it
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Niobium-Titanium Rutherford cable

Strand

Filament

Cable

Used 1200 tonnes/7600 km of cable
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LHC - dipole
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Stuck inside…
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Stuck inside the LHC tunnel
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LHC - quadrupole

Two intersecting ellipses, 
rotated by 90°, generate a 
perfect  quadrupole fields

17LHC



Cryogenics system
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Cooling the magnets

LHC 19
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Cyrogenic subsystems

LHC 20
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Beam vacuum  ~10-10 Torr

27 km (x ~2 +): warm, cold, transitions, valves, gauges etc.

The vacuum group are very, very busy…

Vacuum

(~3 million molecules/cm3)
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Miscellaneous

Potential aperture restrictions! 

22LHC



RF - point 4

• Superconducting 400 MHz
• 4 cavities per module, 2 modules per beam
• 16 MV at 7 TeV    (5.5 MV/m)

23LHC



Collimation

LHC 24

1992

1987

2008

1981

1971

pp, ep, and ppbar collider history

The “new Livingston plot“ of proton colliders: Advancing in unknown territory!

A lot of beamlot of beam comes with a lot of garbagelot of garbage (up to 1 MW halo loss, tails, backgrd, ...) 
Collimation. Machine Protection.

SC magnets

Collimation
& Machine
Protection

~ 80 kg TNT

Ralph Assmann



Collimation

LHC 25

Collimators must intercept any 
losses of protons such that the rest 
of the machine is protected („the 
sunglasses of the LHC“): 

> 99.9% efficiency!
To this purpose collimators insert 
diluting and absorbing materials into 
the vacuum pipe.
Material is movable and can be 
placed as close as 0.25 mm to the 
circulating beam!
Nominal distance at 7 TeV: 
≥ 1 mm.

Top view
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Halo

Ralph Assmann
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Momentum
Collimation

Betatron
Collimation

C. Bracco

“Phase 1”



Schematic Layout of LHC beam dump system
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Beam dump is rather essential 

LHC 29

2009



Interlocks and machine protection

Mask all Interlocks
Disable Beam Dump
All Collimators Out
Call Ralph

A change in culture might be required



Typical view of LEP control room

Fixed Display

Operator



Experiment Insertion

32LHC

beta* Beam size at IP (µm) 
17 92 
11 74 
9 67 
5 50 
1 22 

0.55 17 
 



To the left of Atlas
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Beam - Squeeze

Small beam in the IP → big beams in the inner triplets → reduced aperture

Therefore inject & ramp (& collide initially) with bigger beam sizes at IP.
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Beam  - Crossing angle

With 2808 bunches per beam work with a crossing angle to avoid 
parasitic collisions.

Can leave the crossing angle off with up to 156 bunches per beam

• generates additional tune shift
• requires larger triplet magnet aperture
• breaks symmetry between x,y planes
• odd order resonances are exited
• couples longitudinal and transverse motion
• breaks the bunch symmetry
• lowers available luminosity

Cons:



LHC 36

Crossing and Separation Bumps



Beam-beam

LHC 37



Bunch configuration
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Collisions

A 25 ns. beam gives us a peak crossing rate of 40 MHz.
Because of the gaps we get  an average crossing rate = 
number of bunches * revolution frequency = 2808 * 
11245 = 31.6 MHz.  
times 19 events per crossing at nominal luminosity gives 
us our 600 million inelastic events per second.

LHC 39

• Inelastic - 60 mbarn
• Single diffractive -12 mbarn
• Elastic - 40 mbarn

L = 1034 cm-2 s-1 ~600 million inelastic 
collisions per second
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Luminosity and lifetime

LHC 4018/01/2008

Single beam contribution
Luminosity burn – 2 IPs
(inelastic)

~70 hours

Beam gas 100 hours
Single beam total 36 hours

 Growth rate[hours] 
450 GeV 

Growth rate [hours] 
7 TeV  

Residual gas – multiple Coulomb scattering ~17 ≈500 
Collisions – elastic scattering - 87 
Transverse IBS 38 80 
Longitudinal IBS 30 61 
Long range beam-beam  Cuts in above 6σ  

Longitudinal emittance damping - -13 
Transverse emittance damping - -26 
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Luminosity Monitors

Monitor the collisions rate by detecting the flux 
of forward neutral particles generated in the 

interactions



BACKGROUND

LHC 4222/5/2007



Make distinction between:
Ultra Fast Losses – nasty
Operational losses during machine cycle
Background….

Background
Experiments on, disturbed (trigger, occupancy) by…
Products of the secondary cascades, caused by proton losses 
upstream and downstream of the experiment
Wide range of spatial orgins for secondaries

LHC – Sources of Background

3/04/2008 43LHC



Abnormal (Fast & Ultra fast loss)
Equipment malfunction etc.

Injection: wrongly set empty machine, pre-fires
Beam dump: Abort gap, Pre-fires
Fast trips: warm magnets e.g D1 trip

Aim to catch most of it on protection devices
TDI, TCDQ, TCLI, Collimators
Vital to have rigourously set-up machine with all protection deviecs 
correctly set – note importance of collimation system in this regard

Short lifetimes
Beam instabilities, resonances
Parameter control challenges (persistent currents etc.)

Chromaticity, Tune, Energy, Orbit, Operator, Collimation

Loss Mechanisms

44LHC



Particles can be:
Kicked gently and stay within beam
Kicked to large betatron or momentum amplitude

scattering, collimation
lost on physical or dynamic aperture

Scattered directly out of the aperture
Annilation
Pushed slowly to large betatron or momentum amplitude

Diffusion or Emittance growth – various means
On to collimation system

Loss Mechanisms – Steady State

3/04/2008 45LHC

Our three main ways of doing these:
• beam-gas
• collisions
• collimation



Beam Gas

LHC 46

Incident proton 
energy [GeV] 

Centre of mass 
energy [GeV] 

tot
ppσ  el

ppσ  SD
ppσ  

7000  114.6 ~46.9 mb ~8 mb ~5.2 mb 
450  29.1 ~40 mb ~7 mb ~3.3 mb 

 

Inelastic:
Local losses (dominates)  within 10s of metres of interaction

Elastic:
1. small angle scattering: < 6 σ particle stays within beam –
emittance growth
2. mid-range: 6 σ – 24 σ populate halo to be lost on next aperture 
restriction – collimators, experiment’s IRs, TCDQ etc. 
3. large: lost locally

Cross-sections

Given a beam-gas lifetime, e.g.τgas ≈ 100 hours, can assign losses proportionally



Beam-Gas
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N.V. Mokhov
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Collisions

Total cross-section ~ 110 mbarns
Inelastic
Single diffractive – low t
Single diffractive – higher t
Elastic

SD & elastic come barreling down the 
beam pipe, along with some inelastic 
debris
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Halo

Ralph Assmann
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Tertiary collimators

TAN

TCTH
TCTVA

ATLAS

p beam 
(incoming)

Message: watch us very carefully



COMMISSIONING
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Baseline cycle
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Injection

Beam dump

Physics Prepare
Physics

Ramp down ≈ 18 Mins 
Pre-Injection Plateau 15 Mins 

Injection ≈ 15 Mins 
Ramp ≈ 28 Mins 

Squeeze ≈ 20 Mins 
Prepare Physics ≈ 10 Mins 

Physics 0 - 20 Hrs 
 

 

Injection from SPS:
- pilot, intermediate
- 12 x nominal per beam
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Commissioning stages

Safely establish colliding 
beams as quickly as 
possible

Initial optics: 
β*= 11 m in IR 1 & 5
β*= 10 m in IR 2 & 8

Crossing angles off 
Low bunch intensity
1, 12, 43, 156 bunches per beam
No parasitic encounters - no long 
range beam-beam
Larger aperture in IRs
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Beam Commissioning to 7 TeV Collisions
Rings Total [days]

1 Injection and first turn 2 4 
2 Circulating beam 2 3
3 450 GeV - initial 2 4
4 450 GeV - detailed 2 5
5 450 GeV - two beams 1 1
6 Snapback - single beam 2 3
7 Ramp - single beam 2 6
8 Ramp - both beams 1 2
9 7 TeV - setup for physics 1 2
10 Physics un-squeezed 1 -

TOTAL TO FIRST COLLISIONS 30
11 Commission squeeze 2 6
12 Increase Intensity 2 6
13 Set-up physics - partially squeezed. 1 2
14 Pilot physics run
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Stage A: First Collisions

Approx 30 days of beam time to establish first collisions
Un-squeezed
Low intensity
Optimistic!

Approx 2 months elapsed time
Given reasonably optimistic machine availability

Continued commissioning thereafter
Increased intensity
Squeeze

RHIC 2000:
- First beam April 3rd

- First successful ramp: June 1st

- First collisions June 12th
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Stage A - Luminosities
1 to N to 43 to 156 bunches per beam 
N bunches displaced in one beam for LHCb
Pushing gradually one or all of:

Bunches per beam 
Squeeze
Bunch intensity

Bunches β* Ib Luminosity Event rate
1 x 1 11 1010 ~1027 Low

43 x 43 11 3  x 1010 6 x 1029 0.05
43 x 43 4 3  x 1010 1.7 x 1030 0.21
43 x 43 2 4  x 1010 6.1 x 1030 0.76

156 x 156 4 4  x 1010 1.1 x 1031 0.38
156 x 156 4 9  x 1010 5.6 x1031 1.9
156 x 156 2 9  x 1010 1.1 x1032 3.9

IP 1 & 5
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Pilot physics – the first month

Interleaved physics and commissioning
Push number of bunches, intensity, squeeze…

156 x 156
3 x 1010 protons per bunch
β* = 2 m.

Peak luminosity: ~1.2 x 1031

Integrated: few pb-1

Pushing the bunch intensities with 156x156
with reasonable operational efficiency 
another month would see 30-40 pb-1

Acceptable exit condition for 2008
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Stage B – 75ns

Up to 936 bunches 
Parameter tolerances:

Tightened up. Optics/beta beating under  control
Emittance conservation through the cycle

Commission crossing angles. 
Injection, ramp and partial squeeze
Long range beam-beam, effect on dynamic aperture, 

Need for feedback 
Orbit plus adequate control of tune and chromaticity through 
snapback.

Lifetime and background optimization in physics
with a crossing angle and reduced aperture

Plus Machine Protection with increased intensityMachine Protection with increased intensity Won’t happen
overnight
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Stage B - Luminosities

β* Ib Luminosity Event rate % Total I
Per month

[pb-1]

4 4  x 1010 5.6 x 1031 0.32 0.12 40

2 4  x 1010 1.1 x 1032 0.64 0.12 100

2 6  x 1010 2.5 x 1032 1.1 0.17 220

2 8  x 1010 4.5 x1032 2.6 0.23 400
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2009

Initial luminosity 8 x 1032 cm-2s-1 (say)
2808 bunches, β* = 2 m, 6 x 1010 protons per bunch

Luminosity lifetime: 27 hours
Fill length: 12 hours
Turn around time: 5 hours
100 days of physics
Operational efficiency 60%

Of the order 2-3 fb-1

• Commission and exploit 75 ns.

• Move to 25 ns


