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Commissioning strategyCommissioning strategy
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DescriptionDescription

Superconducting accelerator and Superconducting accelerator and collidercollider in the LEP tunnelin the LEP tunnel
LEPLEP

Constructed 1984Constructed 1984--8989
Operated 1989Operated 1989--20002000
Dismantled 2001/2002Dismantled 2001/2002

LHCLHC
Civil engineering and preparation of tunnel 1998Civil engineering and preparation of tunnel 1998--20052005
Installation 2004Installation 2004--66
Commissioning 2007Commissioning 2007

Luminosity goal 10Luminosity goal 103434 cmcm--22 ss--11

Excludes proton Excludes proton –– antiproton in one beam pipeantiproton in one beam pipe
Hence proton Hence proton –– protonproton machinemachine

Separate magnetic fields and vacuum chambers in the arcsSeparate magnetic fields and vacuum chambers in the arcs
Common sections in the interaction regionsCommon sections in the interaction regions
IonIon--ion collisions also possibleion collisions also possible

Tunnel cross section excludes 2 separate rings of magnetsTunnel cross section excludes 2 separate rings of magnets
Hence twin aperture magnets in the arcsHence twin aperture magnets in the arcs
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Dipole magnet cross sectionDipole magnet cross section

194mm
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QuadrupoleQuadrupole magnet cross sectionmagnet cross section

194mm
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LHC dipoles (1232 of them)LHC dipoles (1232 of them)
7TeV
• 8.33T
• 11850A
• 7MJ
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And plenty more magnets besides And plenty more magnets besides ……

Several thousand magnets
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And plenty of power circuits And plenty of power circuits ……

Several
hundred 
power 
circuits
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Geographical situationGeographical situation

27km circumference

50-100m deep
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LEP and LHC underground structuresLEP and LHC underground structures
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Layout schematicLayout schematic

8 arcs8 arcs
8 LSSS8 LSSS
16 dispersion 16 dispersion 
suppressorssuppressors
4 main 4 main 
experimentsexperiments
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The arcsThe arcs

23 regular cells in each arc23 regular cells in each arc
106.9m long, made from two 53.45m long half106.9m long, made from two 53.45m long half--cellscells
Half cellHalf cell

3 15m 3 15m cryodipolecryodipole magnets, each with spoolmagnets, each with spool--piece correctorspiece correctors
1 Short Straight Section (~6m long)1 Short Straight Section (~6m long)

QuadrupoleQuadrupole and lattice corrector magnetsand lattice corrector magnets
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Dispersion suppressorsDispersion suppressors

Standard arc cells with missing dipole magnet and individually 
powered quadrupoles
Threefold function

adapt the LHC reference orbit to the geometry of the LEP tunnel
cancel the horizontal dispersion arising in the arc and generated 
by the separation / recombination dipole magnets and the crossing 
angle bumps
help in matching the insertion optics to the periodic solution of the 
arc
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IR1 (ATLAS)IR1 (ATLAS)

ATLAS experiment (high luminosity)ATLAS experiment (high luminosity)
Symmetrical around IP (right side shown)Symmetrical around IP (right side shown)
Single bore low Single bore low ββ triplet assemblytriplet assembly
Single bore Single bore conventionalconventional dipole D1dipole D1
Double bore Double bore superconductingsuperconducting dipole D2dipole D2
4 matching 4 matching quadrupolesquadrupoles Q4 to Q7Q4 to Q7
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IR5 (CMS and TOTEM)IR5 (CMS and TOTEM)

CMS experiment (high luminosity) and TOTEMCMS experiment (high luminosity) and TOTEM
Basically the same layout as IR1Basically the same layout as IR1

Symmetrical around IP (right side shown)Symmetrical around IP (right side shown)
Single bore low Single bore low ββ triplet assemblytriplet assembly
Single bore Single bore conventionalconventional dipole D1dipole D1
Double bore Double bore superconductingsuperconducting dipole D2dipole D2
4 matching 4 matching quadrupolesquadrupoles Q4 to Q7Q4 to Q7
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IR2 (ALICE and injection into Ring 1)IR2 (ALICE and injection into Ring 1)

Injection into matching section left of IPInjection into matching section left of IP
D2 and D1 both D2 and D1 both superconductingsuperconducting
ALICE experiment (ions)ALICE experiment (ions)
Flexible optics to control luminosityFlexible optics to control luminosity
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IR8 (IR8 (LHCbLHCb and injection into Ring 2)and injection into Ring 2)

Injection into matching section right of IPInjection into matching section right of IP
D2 and D1 both D2 and D1 both superconductingsuperconducting
LHCbLHCb experiment (CP violation in B decays)experiment (CP violation in B decays)
Flexible optics to control luminosityFlexible optics to control luminosity
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IR3 (collimators; momentum cleaning)IR3 (collimators; momentum cleaning)

Double bore Double bore conventionalconventional dipoles D4 and D3dipoles D4 and D3
Double bore Double bore conventionalconventional quads Q5 and Q4quads Q5 and Q4 Primary collimators here
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IR7 (collimators; IR7 (collimators; betatronbetatron cleaning)cleaning)

Double bore Double bore conventionalconventional dipoles D4 and D3dipoles D4 and D3
Double bore Double bore conventionalconventional quads Q5 and Q4quads Q5 and Q4 Primary collimators here
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IR4 (RF)IR4 (RF)

Symmetrical around IP (right side shown)Symmetrical around IP (right side shown)
Double bore Double bore superconductingsuperconducting dipoles D4 and D3dipoles D4 and D3
400MHz accelerating system400MHz accelerating system

For capture, acceleration and storeFor capture, acceleration and store
2 * 42 * 4--cavity cryogenic modules per beamcavity cryogenic modules per beam

200MHz capture system (staged)200MHz capture system (staged)
For injected bunches with longitudinal For injected bunches with longitudinal emittanceemittance > 1eV.s > 1eV.s 
Design done, space reserved for possible later installationDesign done, space reserved for possible later installation

400MHz 200MHz
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IR6 (Beam dump)IR6 (Beam dump)

Symmetrical around IP Symmetrical around IP 
Horizontal kick by MKD into septum magnetHorizontal kick by MKD into septum magnet
Vertical deflection by MSD into transfer tunnelVertical deflection by MSD into transfer tunnel
Beam dilution kicker magnets MKB to spread beam on dumpBeam dilution kicker magnets MKB to spread beam on dump
Beam dumps TDE located 750m from the septumBeam dumps TDE located 750m from the septum
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Injectors and transfer linesInjectors and transfer lines October 2004
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TI8 schematicTI8 schematic
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TI2 schematicTI2 schematic

upstreamdownstream

radiation limit

vehicle storage area

LHC
SPS

Tricky installation logistics
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LHC Operational cycleLHC Operational cycle
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Phases of LHC operationPhases of LHC operation

Dump beams @ 7TeVDump beams @ 7TeV
Ramp down to preRamp down to pre--
injection plateauinjection plateau
PrePre--injection tasksinjection tasks
Injection @ 450GeVInjection @ 450GeV

Establish injection Establish injection 
conditionsconditions
Fill for physics (in the Fill for physics (in the 
presence of decay of presence of decay of 
persistent currents)persistent currents)

Ramp (with snapback)Ramp (with snapback)
SqueezeSqueeze
Physics @ 7TeVPhysics @ 7TeV

Safe beam
Safe beam
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Performance goalsPerformance goals

Nearly all these parameters are variableNearly all these parameters are variable
Number of particles per bunchNumber of particles per bunch ΝΝ
Number of bunches per beamNumber of bunches per beam kkbb
Relativistic factor (E/mRelativistic factor (E/m00)) γγ
NormalisedNormalised emittanceemittance εεnn
Beta function at the IPBeta function at the IP ββ **

Crossing angle factorCrossing angle factor FF
Full crossing angleFull crossing angle θθcc
Bunch lengthBunch length σσzz
Transverse beam size at the IPTransverse beam size at the IP σσ**
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b
*

2

4 βπε
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Parameters for 10Parameters for 103434 cmcm--22 ss--11

7.557.55Bunch length (cm)Bunch length (cm)

Nominal ParametersNominal Parameters

0.55,10,0.55,100.55,10,0.55,10Beta function at IP 1, 2, 5, 8 (m)Beta function at IP 1, 2, 5, 8 (m)
3.753.75NomalisedNomalised transverse transverse emittanceemittance ((μμm m radrad))

285285Crossing angle (Crossing angle (μμradrad))
28082808Number of bunches per beamNumber of bunches per beam

1.15 101.15 101111Number of particles per bunchNumber of particles per bunch
7.07.0Beam energy (Beam energy (TeVTeV))

FfkNL
n

b
*

2

4 βπε
γ

=

Related parametersRelated parameters

70.970.9Transverse beam size at IP 2 & 8 (Transverse beam size at IP 2 & 8 (μμm)m)
16.716.7Transverse beam size at IP 1 & 5 (Transverse beam size at IP 1 & 5 (μμm)m)

10103434Luminosity in IP 1 & 5 (Luminosity in IP 1 & 5 (cmcm--22 ss--11))
~5 10~5 103232Luminosity in IP 2 & 8 (Luminosity in IP 2 & 8 (cmcm--22 ss--11))

362362Stored energy per beam (MJ)Stored energy per beam (MJ)



R,BaileyR,Bailey, MP review, April 2005, MP review, April 2005

28082808 is a lot of bunches per beamis a lot of bunches per beam

Filling Filling 
scheme scheme 
requires 12 requires 12 
SPS cycles SPS cycles 
per beamper beam

Crossing Crossing 
angle angle 
neededneeded
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362MJ362MJ is a lot of beam energy to handleis a lot of beam energy to handle
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So how to get there ?So how to get there ?

Avoid quenches (and damage)Avoid quenches (and damage)
Reduce total current to reduce stored beam energyReduce total current to reduce stored beam energy

Lower Lower iibb
Fewer bunches (we have 25ns 50ns 75ns spacing available)Fewer bunches (we have 25ns 50ns 75ns spacing available)

Higher Higher ββ** to avoid problems in the (later part of) the squeezeto avoid problems in the (later part of) the squeeze
Reduce energy to get more marginReduce energy to get more margin

Against transient beam lossesAgainst transient beam losses
Against magnet operating close to training limitAgainst magnet operating close to training limit

Both machine and experiments will have to learn how to stand Both machine and experiments will have to learn how to stand 
running at nominal intensitiesrunning at nominal intensities
An early aim is to find a balance between robust operation and An early aim is to find a balance between robust operation and 
satisfying the experimentssatisfying the experiments

Maximize integrated luminosityMaximize integrated luminosity
Minimize event pileMinimize event pile--up (to event + 2)up (to event + 2)
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Other considerationsOther considerations

Electron cloud ( LHC simulations and SPS experience )Electron cloud ( LHC simulations and SPS experience )
iibb < 35% nominal for 25ns spacing< 35% nominal for 25ns spacing
iibb ~ nominal for > 50ns~ nominal for > 50ns

With With lower currentslower currents in mind, two machine systems will be in mind, two machine systems will be 
stagedstaged

Only 8 of 20 beam dump dilution kickers initially installedOnly 8 of 20 beam dump dilution kickers initially installed
Total beam intensity < 50% nominalTotal beam intensity < 50% nominal
Install the rest when neededInstall the rest when needed

Collimators ( robustness, impedance and other issues )Collimators ( robustness, impedance and other issues )
Phased approachPhased approach
Run at the impedance limit during phase IRun at the impedance limit during phase I

Lower currentsLower currents
Higher Higher ββ**
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Proposal for early proton runningProposal for early proton running

Phase I collimators and partial beam dumpPhase I collimators and partial beam dump

1.1. Pilot physics run with few bunchesPilot physics run with few bunches
No parasitic bunch crossingsNo parasitic bunch crossings
Machine deMachine de--bugging no crossing anglebugging no crossing angle
43 bunches, 43 bunches, unsqueezedunsqueezed, low intensity, low intensity
Push performance (156 bunches, partial squeeze, higher intensityPush performance (156 bunches, partial squeeze, higher intensity))

2.2. 75ns operation75ns operation
Establish multiEstablish multi--bunch operationbunch operation
Relaxed machine parameters (squeeze and crossing angle)Relaxed machine parameters (squeeze and crossing angle)
Push squeeze and crossing angle Push squeeze and crossing angle 

3.3. 25ns operation with Phase I collimators + partial beam dump25ns operation with Phase I collimators + partial beam dump
Needs scrubbing for higher intensities ( Needs scrubbing for higher intensities ( iibb > 3 10> 3 101010 ))

Phase II collimators and full beam dumpPhase II collimators and full beam dump
25ns operation25ns operation

Push towards nominal performancePush towards nominal performance
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Stage 1 Stage 1 –– pilot run luminositiespilot run luminosities
No squeeze to startNo squeeze to start
43 bunches per beam (some displaced in one beam for 43 bunches per beam (some displaced in one beam for LHCbLHCb))
Around 10Around 101010 per bunchper bunch
Push one or all ofPush one or all of

156 bunches per beam (some displaced in one beam for 156 bunches per beam (some displaced in one beam for LHCbLHCb))
Partial optics squeezePartial optics squeeze
Increase bunch intensityIncrease bunch intensity

~ 2 10~ 2 103131~ 5 10~ 5 103030~ 3 10~ 3 102828Luminosity IP 1 & 5 (cmLuminosity IP 1 & 5 (cm--22 ss--11))

~ 4 10~ 4 103030~ 1 10~ 1 103030~ 6 10~ 6 102828Luminosity IP 2 (cmLuminosity IP 2 (cm--22 ss--11))

4 104 1010104 104 1010101 101 101010Bunch IntensityBunch Intensity

0.5250.5252.0252.0252.025 2.025 Bunch spacing (Bunch spacing (μμss))

3.753.753.753.753.75 3.75 Transverse Transverse emittanceemittance ((μμm m radrad))

0 0 0 0 0 0 Crossing Angle (Crossing Angle (μμradrad))

2,10,2,102,10,2,102,10,2,102,10,2,1018,10,18,1018,10,18,10ββ* in IP 1, 2, 5, 8 (m)* in IP 1, 2, 5, 8 (m)

15615643434343Number of bunches per beamNumber of bunches per beam

6.0, 6.5 or 7.0 6.0, 6.5 or 7.0 6.0, 6.5 or 7.06.0, 6.5 or 7.06.0, 6.5 or 7.06.0, 6.5 or 7.0Beam energy (Beam energy (TeVTeV))
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Stage 2 Stage 2 –– 75ns luminosities75ns luminosities

Partial squeeze and smaller crossing angle to startPartial squeeze and smaller crossing angle to start
Luminosity tuning, limited by event pileupLuminosity tuning, limited by event pileup
Establish routine operation in this modeEstablish routine operation in this mode
Move to nominal squeeze and crossing angleMove to nominal squeeze and crossing angle
Increase bunch intensity ?Increase bunch intensity ?
Tune IP2 and IP8 to meet experimental needsTune IP2 and IP8 to meet experimental needs

FfkNL
n

b
*

2

4 βπε
γ

=

~ 1 10~ 1 103232~ 2 10~ 2 103131~ 2 10~ 2 103131Luminosity IP 2 & 8 (cmLuminosity IP 2 & 8 (cm--22 ss--11))

~ 2 10~ 2 103333~ 4 10~ 4 103232~ 1 10~ 1 103232Luminosity IP 1 & 5 (cmLuminosity IP 1 & 5 (cm--22 ss--11))

9 109 1010104 104 1010104 104 101010Bunch IntensityBunch Intensity

3.753.753.753.753.75 3.75 Transverse Transverse emittanceemittance ((μμm m radrad))

285 285 285 285 250 250 Crossing Angle (Crossing Angle (μμradrad))

0.55,10,0.55,100.55,10,0.55,100.55,10,0.55,100.55,10,0.55,102,10,2,102,10,2,10ββ* in IP 1, 2, 5, 8 (m)* in IP 1, 2, 5, 8 (m)

936936936936936936Number of bunches per beamNumber of bunches per beam

6.0, 6.5 or 7.0 6.0, 6.5 or 7.0 6.0, 6.5 or 7.06.0, 6.5 or 7.06.0, 6.5 or 7.06.0, 6.5 or 7.0Beam energy (Beam energy (TeVTeV))
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Production physics runningProduction physics running
Start with bunch intensities below electron cloud thresholdStart with bunch intensities below electron cloud threshold

Scrubbing run (1Scrubbing run (1--2 weeks)2 weeks)
Increase bunch intensities to beam dump & collimator limitIncrease bunch intensities to beam dump & collimator limit

Install beam dump kickers Install beam dump kickers 
Install phase II collimatorsInstall phase II collimators

Increase bunch intensities towards nominalIncrease bunch intensities towards nominal
Tune IP2 and IP8 to meet experimental needsTune IP2 and IP8 to meet experimental needs

Stage 3 Stage 3 –– 25ns luminosities25ns luminosities FfkNL
n

b
*

2

4 βπε
γ

=

~ 5 10~ 5 103232~ 1 10~ 1 103232~ 4 10~ 4 103131Luminosity IP 2 & 8 (cmLuminosity IP 2 & 8 (cm--22 ss--11))

10103434~ 2 10~ 2 103333~ 7 10~ 7 103232Luminosity IP 1 & 5 (cmLuminosity IP 1 & 5 (cm--22 ss--11))

1.15 101.15 1011115 105 1010103 103 101010Bunch IntensityBunch Intensity

3.753.753.753.753.75 3.75 Transverse Transverse emittanceemittance ((μμm m radrad))

285 285 285 285 285 285 Crossing Angle (Crossing Angle (μμradrad))

0.55,10,0.55,100.55,10,0.55,100.55,10,0.55,100.55,10,0.55,100.55,10,0.55,100.55,10,0.55,10ββ* in IP 1, 2, 5, 8 (m)* in IP 1, 2, 5, 8 (m)

280828082808280828082808Number of bunches per beamNumber of bunches per beam

7.0 7.0 6.0, 6.5 or 7.06.0, 6.5 or 7.06.0, 6.5 or 7.06.0, 6.5 or 7.0Beam energy (Beam energy (TeVTeV))

Long shutdown (6months)
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TOTEM luminositiesTOTEM luminosities

Total Cross Section and Elastic scatteringTotal Cross Section and Elastic scattering
Diffraction and minimum biasDiffraction and minimum bias
Characterized byCharacterized by

Several 1 day runs per year (starting early)Several 1 day runs per year (starting early)
Some single beam runsSome single beam runs
43 and 156 bunches per beam43 and 156 bunches per beam
IP5 IP5 ββ** = 1540m= 1540m
IP5 IP5 ββ** = 18m= 18m

~ 3 10~ 3 103232~ 6 10~ 6 102828~ 4 10~ 4 102727Luminosity IP 5 (cmLuminosity IP 5 (cm--22 ss--11))

1.15 101.15 1011116 106 1010103 103 101010Bunch IntensityBunch Intensity

0.0250.0250.5250.5252.025 2.025 Bunch spacing (Bunch spacing (μμss))

3.753.753.753.753.75 3.75 Transverse Transverse emittanceemittance ((μμm m radrad))

285 285 0 0 0 0 Crossing Angle (Crossing Angle (μμradrad))

18181540154015401540ββ* in IP 5 (m)* in IP 5 (m)

280828081561564343Number of bunches per beamNumber of bunches per beam

6.0, 6.5 or 7.0 6.0, 6.5 or 7.0 6.0, 6.5 or 7.06.0, 6.5 or 7.06.0, 6.5 or 7.06.0, 6.5 or 7.0Beam energy (Beam energy (TeVTeV))

FfkNL
n

b
*

2

4 βπε
γ

=
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ION luminositiesION luminosities

ALICE request short run ALICE request short run ““after the first long shutdownafter the first long shutdown””
First runs with First runs with ““early ion schemeearly ion scheme””
Move to nominal when possibleMove to nominal when possible

NominalNominalEarlyEarly

10102727~ 5 10~ 5 102525Luminosity in IP2 (cmLuminosity in IP2 (cm--22 ss--11))

7 107 10777 107 1077Bunch IntensityBunch Intensity

1.3501.3500.099 0.099 Bunch spacing (Bunch spacing (μμss))

1.51.51.5 1.5 Transverse Transverse emittanceemittance ((μμm m radrad))

0 0 0 0 Crossing Angle (Crossing Angle (μμradrad))

0.50.511ββ* in IP 2 (m)* in IP 2 (m)

5925926262Number of bunches (per beam)Number of bunches (per beam)

2.762.762.762.76Beam energy / nucleon (Beam energy / nucleon (TeVTeV))

FfkNL
n

b
*

2
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SummarySummary

LHC is a large and complicated machineLHC is a large and complicated machine
Performance goals are very demandingPerformance goals are very demanding
Damage potential is Damage potential is very highvery high
Staged approach towards nominal parametersStaged approach towards nominal parameters

Reduced complexityReduced complexity
More robust operationMore robust operation
Damage potential is Damage potential is stillstill very high, very soonvery high, very soon

Machine protection system mandatory Machine protection system mandatory 
Needed from day 1 + not manyNeeded from day 1 + not many

A few low intensity bunches at injection are OKA few low intensity bunches at injection are OK
Everything else is dangerousEverything else is dangerous

Has to be commissioned as an integral part of the machineHas to be commissioned as an integral part of the machine


