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LHC design parameters LHC design parameters 

nn Luminosity (defines rate of doing physics)Luminosity (defines rate of doing physics) 1010 3434 cmcm --22 ss --11

nn Need lots of particles to achieve this rateNeed lots of particles to achieve this rate
nn Hence proton Hence proton –– proton machine (unlike proton machine (unlike TevatronTevatron or or SppbarSSppbarS))
nn Separate bending fields and vacuum chambers in the arcsSeparate bending fields and vacuum chambers in the arcs
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LHC design parametersLHC design parameters

nn EnergyEnergy 7TeV per beam  7TeV per beam  óóóóóóóó Dipole field 8.33TeslaDipole field 8.33Tesla

nn Superconducting technology needed to get such high fieldsSuperconducting technology needed to get such high fields
nn Tunnel cross section (4m) excludes 2 separate rings  (unlike RHIC)Tunnel cross section (4m) excludes 2 separate rings  (unlike RHIC)
nn Hence twin aperture magnets in the arcsHence twin aperture magnets in the arcs
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LHC dipoles (1232 of them) operating at 1.9KLHC dipoles (1232 of them) operating at 1.9K

7TeV
• 8.33T
• 11850A
• 7MJ
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Construction Commissioning Consolidation 2002Construction Commissioning Consolidation 2002--20092009

20022002 20032003 20042004 20052005 20062006 20072007 20082008 20092009
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While not forgetting
• Injection systems
• Extraction systems
• RF systems
• Collimation systems
• Vacuum systems
• Beam instrumentation systems
• Machine protection systems
• Controls
• Experiments
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Incident of September 19Incident of September 19 thth 20082008

nn During a few days period without beam while During a few days period without beam while 
recovering from transformer failurerecovering from transformer failure

nn Making the last step of the dipole circuit in Making the last step of the dipole circuit in 
sector 34, to 9.3kAsector 34, to 9.3kA

nn At 8.7kA, At 8.7kA, development of resistive zone in the development of resistive zone in the 
dipole bus bar splicedipole bus bar splice between Q24 R3 and the between Q24 R3 and the 

Sector 34

Sector 56
Sector 78

Sector 81
Sector 23

Sector 67
Sector 12

Sector 45

dipole bus bar splicedipole bus bar splice between Q24 R3 and the between Q24 R3 and the 
neighbouring dipoleneighbouring dipole

nn Later estimated (from cryogenic data on heat Later estimated (from cryogenic data on heat 
deposition) to be deposition) to be 220n220n��

nn Electrical Electrical arcarc developed which punctured the developed which punctured the 
helium enclosure, allowing helium enclosure, allowing helium release into helium release into 
the insulating vacuumthe insulating vacuum

nn Large pressure wave travelled along the Large pressure wave travelled along the 
accelerator accelerator in both directionsin both directions



Development of resistive zone in dipole bus bar spli ceDevelopment of resistive zone in dipole bus bar spli ce

1232 dipoles, 392 dipoles, 6 high current splices each



Arc and helium release into the insulating vacuumArc and helium release into the insulating vacuum

Liquid
toto

Gas
Expansion

Factor

1000



Cold-mass
Vacuum vessel
Line E
Cold support post
Warm Jack
Compensator/Bellows
Vacuum barrier

Large pressure wave travelled along the acceleratorLarge pressure wave travelled along the accelerator

Self actuating relief valves 
opened but could not handle all

PTQVQV QV QVQV SVSV

Q D D QD D D QD D D QD D D QD

(DN90) (DN90)

��� ������ ��� ���

Large forces exerted on vacuum 
barriers located every 2 cells

Connections to cryogenic line 
also affected in several places

Beam vacuum system 
also affected

50m 50m100m



Multi kA electrical arcMulti kA electrical arc



Consequences Consequences –– Magnets displacedMagnets displaced



Consequences Consequences –– Magnets displacedMagnets displaced



Beam vacuumBeam vacuum
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RepairRepair

100m

nn Had to treat to lesser or greater degree all magnet s Q19 to Q33   as shownHad to treat to lesser or greater degree all magnet s Q19 to Q33   as shown
nn 53 had to be brought to the surface (39 dipoles and  14 quads)53 had to be brought to the surface (39 dipoles and  14 quads)
nn Replaced with spare or refitted, then retested and reinstalledReplaced with spare or refitted, then retested and reinstalled
nn Huge enterprise; last magnet back in mid AprilHuge enterprise; last magnet back in mid April
nn Not forgetting cleaning the beam pipesNot forgetting cleaning the beam pipes
nn Then have to align, make all interconnections, cool  down, power testThen have to align, make all interconnections, cool  down, power test



Magnet removalMagnet removal

Special tooling needed for safe 
transport of damaged magnets

Underground logistics tricky at best



Surface activitiesSurface activities
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Bus bar splice constructionBus bar splice construction



InterconnectsInterconnects

Copper stabilizerSolderSuperconductor

Current flow at 1.9K

Current flow after a quench

Good joint resistance < 10 µ�

Good joint resistance <  1 n�



Most likely explanation (after tests and simulation s)Most likely explanation (after tests and simulation s)



Machine wide investigations Machine wide investigations at cold at cold Q4 2008Q4 2008

nn Systematic scrutiny of all Systematic scrutiny of all 
cryogenic data logged during cryogenic data logged during 
power tests made in 2008power tests made in 2008

nn Gave pointers to trouble spotsGave pointers to trouble spots

nn Controlled calorimetric Controlled calorimetric 
measurements measurements at cold at cold where where 
possiblepossible
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possiblepossible
nn Measured heat loads indicated Measured heat loads indicated 

problem areasproblem areas

nn Measure electrical resistance in Measure electrical resistance in 
suspect regionssuspect regions

nn Electrical resistance of joints Electrical resistance of joints 
between and inside magnetsbetween and inside magnets

nn Fix anything obviously very Fix anything obviously very 
wrong (means warming up)wrong (means warming up)

( ,((( -((((

�		

�


�
�
���

���
��

�
����������
�����
�������.-&��.-,/-�0 1-%/-��2���������������	�������� �	�(3�--�()

������� �!"��
#$�
�����%� �!��&�

'
���$����������&��(�)���(���%(�� �!��"�

�-4/-�$5�&336

(,7--7&(() 8�	����1����������	�#�.
7�'�



&(

&,

3(

3,
���

���
���

*�
Calorimetric and electrical measurements summaryCalorimetric and electrical measurements summary

Made wherever possible in late 2008Made wherever possible in late 2008
Sectors 23 34 45 already not coldSectors 23 34 45 already not cold
Sectors 12 56 67 78 81 measuredSectors 12 56 67 78 81 measured

Identified 3 suspicious casesIdentified 3 suspicious cases
Sector 12 Sector 12 –– 15R1 15R1 –– confirmedconfirmed
Sector 12 Sector 12 –– 31R1 31R1 –– not confirmednot confirmed
Sector 67 Sector 67 –– 31R6 31R6 –– confirmedconfirmed
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Splices (worst found 100nSplices (worst found 100n �� , S12) (Chamonix), S12) (Chamonix)

nn All in sectors 12 56 67 78 81 fixed above All in sectors 12 56 67 78 81 fixed above 
nn 40 40 nn�� (magnets, no bad connection splices found)(magnets, no bad connection splices found)

nn QPS threshold of 0.3 mV is needed to protect the di pole bus and QPS threshold of 0.3 mV is needed to protect the di pole bus and 
the joints the joints in all imaginable conditionsin all imaginable conditions

nn Running at lower currents Running at lower currents gives margingives margin while new system is run inwhile new system is run in

SPLICES
23 34 45 not measured

OK for 5TeV



Decisions Q1 2009Decisions Q1 2009

nn Decided to warm up in 12 and 67 to replace faulty m agnets Decided to warm up in 12 and 67 to replace faulty m agnets 
nn Decided to warm up sector 56 in parallel for other reasonsDecided to warm up sector 56 in parallel for other reasons

Q4 2008Q4 2008 Q1 2009Q1 2009 Q2 2009Q2 2009 Q3 2009Q3 2009 Q4 2009Q4 2009

Sector 34 repair Restart

nn Warming up meansWarming up means
nn 3 weeks to get to 300K3 weeks to get to 300K
nn Repair workRepair work
nn ELQA and other issuesELQA and other issues
nn 6 weeks to get to 2K6 weeks to get to 2K

Q4 2008 Q1 2009

12 Cold Cold èèèè Warm

23 < 100K < 100K

34 Warm Warm

45 < 100K < 100K

56 Cold Cold èèèè Warm

67 Cold Cold èèèè Warm

78 Cold < 100K

81 Cold < 100K



Investigations in sector 34 Q1 2009Investigations in sector 34 Q1 2009

Bad surprise after gamma-ray imaging of the joints
Void is present in bus extremities because SnAg flowed out during soldering of the joint



Machine wide investigations Q2 2009Machine wide investigations Q2 2009

nn Electrical measurements Electrical measurements at warm at warm on sectors 12 34 56 67on sectors 12 34 56 67
nn Confirms new problem with the copper stabilizersConfirms new problem with the copper stabilizers

nn NonNon--invasive electrical measurements to show suspi cious regionsinvasive electrical measurements to show suspicious  regions
nn Several bad regions foundSeveral bad regions found

nn Open and make precise local electrical measurements  Open and make precise local electrical measurements  
nn Several bad stabilizers found (30µSeveral bad stabilizers found (30µ �  �  to 50µto 50µ �� ) and fixed) and fixed



Machine wide investigations Q3 2009Machine wide investigations Q3 2009

nn Electrical measurements Electrical measurements at 80K at 80K on sector 45on sector 45
nn Suspicious region foundSuspicious region found
nn Decided in June to warm up sector 45 to checkDecided in June to warm up sector 45 to check
nn Problem confirmed and fixedProblem confirmed and fixed
nn Other bad stabilizers found (~ 50µOther bad stabilizers found (~ 50µ �� ) and fixed) and fixed

Electrical measurements Electrical measurements at 80K at 80K on sectors 23 78 81on sectors 23 78 81

Q4 2008Q4 2008 Q1 2009Q1 2009 Q2 2009Q2 2009 Q3 2009Q3 2009 Q4 2009Q4 2009

Sector 34 repair Restart

nn Electrical measurements Electrical measurements at 80K at 80K on sectors 23 78 81on sectors 23 78 81
nn Nothing significant found (but data in 78 and 81 ve ry noisy)Nothing significant found (but data in 78 and 81 ve ry noisy)

Q4 2008 Q1 2009 Q2 2009 Q3 2009 Q4 2009

12 Cold Cold èèèè Warm Warm Warm èèèè Cold Cold

23 < 100K < 100K < 100K èèèè Cold Cold èèèè 80K èèèè Cold Cold

34 Warm Warm Warm Warm èèèè Cold Cold

45 < 100K < 100K < 100K èèèè Warm Warm èèèè Cold Cold

56 Cold Cold èèèè Warm Warm Warm èèèè Cold Cold

67 Cold Cold èèèè Warm Warm Warm èèèè Cold Cold

78 Cold < 100K < 100K èèèè 80K 80K èèèè Cold Cold

81 Cold < 100K < 100K èèèè 80K 80K èèèè Cold Cold



Modeling and outcomeModeling and outcome

nn Simulate effects of a bad copper stabilizer jointSimulate effects of a bad copper stabilizer joint

nn Input data neededInput data needed
nn RRRRRR 100100 ConservativeConservative
nn Worst joint leftWorst joint left 90µ90µ�� ConservativeConservative
nn Time needed for energy extraction (easily modified)Time needed for energy extraction (easily modified)
nn Conditions at the joint when quench occursConditions at the joint when quench occurs

nn Essentially determined by quench propagation and co olingEssentially determined by quench propagation and co oling
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51s OK for 4 TeV
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Quench Protection System upgradeQuench Protection System upgrade

nn New QPS to provideNew QPS to provide
nn Protection against Protection against symmetric quenchessymmetric quenches (problem noticed in summer 08)(problem noticed in summer 08)
nn Local bus bar measurements capable of Local bus bar measurements capable of detecting bad splicesdetecting bad splices

nn Will also provideWill also provide
nn Precision measurements of the joint resistances Precision measurements of the joint resistances at cold at cold (sub(sub--nn �� range) of range) of 

every every busbarbusbar segmentsegment
nn complete mapping of the splice resistances (the bon ding between the complete mapping of the splice resistances (the bon ding between the 

superconducting cables)superconducting cables)
nn The basic monitoring system for future determinatio n of The basic monitoring system for future determinatio n of busbarbusbar

resistances resistances at warm  at warm  (min.  80 K)(min.  80 K)
The basic monitoring system for future determinatio n of The basic monitoring system for future determinatio n of busbarbusbar
resistances resistances at warm  at warm  (min.  80 K)(min.  80 K)

nn measure regularly the continuity of the copper stab ilizersmeasure regularly the continuity of the copper stab ilizers

nn Huge taskHuge task
nn Has to be working before repowering Has to be working before repowering (recommendation of external review)(recommendation of external review)
nn On the On the critical pathcritical path for restartfor restart
nn Will require extensive testingWill require extensive testing

LHC Enhanced Quench Protection System Review



Quench Protection System upgradeQuench Protection System upgrade



Mitigation Mitigation –– Relief valves arc Relief valves arc SSSSSS

nn Keep existing 2 DN90 relief Keep existing 2 DN90 relief 
devicesdevices

PTQVQV QV QVQV SVSV

Q D D QD D D QD D D QD D D QD

>1000 relief valves to install on existing flanges

nn Per vacuum subPer vacuum sub--sectorsector
nn Mount Mount relief springsrelief springs on 5 on 5 

DN100 vac. flangesDN100 vac. flanges
nn Mount Mount relief springsrelief springs on 8 on 8 

DN100 BPM flangesDN100 BPM flanges
nn Mount Mount relief springsrelief springs on 4 on 4 

DN63 cryo.instr. DN63 cryo.instr. FlangesFlanges

nn Can be done Can be done at coldat cold



Mitigation Mitigation –– Relief valves arc DipolesRelief valves arc Dipoles

nn Keep existing 2 DN90 relief Keep existing 2 DN90 relief 
devicesdevices

PTQVQV QV QVQV SVSV

Q D D QD D D QD D D QD D D QD

>1200 relief valves to install, each requires cutting

nn Per vacuum subPer vacuum sub--sectorsector
nn Mount relief springs on 4 Mount relief springs on 4 

DN100 blank flangesDN100 blank flanges
nn Add 12 Add 12 DN200 new relief DN200 new relief 

devicesdevices (1 per dipole(1 per dipole))
nn Some cases need 2Some cases need 2

nn Can only be done Can only be done at warmat warm
nn 12 34 56 6712 34 56 67



Mitigation Mitigation –– Relief valves Long Relief valves Long Straight SectionsStraight Sections

> 200 relief valves to install



Mitigation Mitigation –– Anchoring Anchoring 
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ScheduleSchedule

nn It is foreseen that LHC will ready for beam by midIt is foreseen that LHC will ready for beam by mid- -NovemberNovember

nn Before thatBefore that
nn All sectors powered separately to operating energy ++All sectors powered separately to operating energy ++
nn Dry runs of many accelerator systems (from Spring)Dry runs of many accelerator systems (from Spring)

nn Injection, extraction, RF, collimatorsInjection, extraction, RF, collimators
nn ControlsControls

nn Full machine checkout before taking beamFull machine checkout before taking beam

nn Beam testsBeam tests
nn TI8 (June)TI8 (June)
nn TI2 (July)TI2 (July)
nn TI2 and TI8 interleaved (September)TI2 and TI8 interleaved (September)
nn Injection tests (late October)Injection tests (late October)



Running through winterRunning through winter

nn There will be no long There will be no long 
shutdown 2009/10shutdown 2009/10

nn Regular scheduled stops of Regular scheduled stops of 
LHC (as already foreseen)LHC (as already foreseen)

nn Essential maintenance of Essential maintenance of 
injectors in the shadow of injectors in the shadow of 
thisthis

nn Decided to stop over the end Decided to stop over the end nn Decided to stop over the end Decided to stop over the end 
of the year 2009of the year 2009

nn Machine will be nowhere Machine will be nowhere 
near operationalnear operational

nn Would need full expert Would need full expert 
coverage in all areascoverage in all areas

nn Standby from around Standby from around 
December 19December 19 thth to January 4to January 4 thth

nn Need to define standby Need to define standby 
conditionsconditions



Beam Beam –– recall 2008recall 2008

Commissioning plan 2008Commissioning plan 2008

1 Injection and first turn

2 Circulating beam

3 450 GeV – initial commissioning

4 450 GeV – detailed optics studies

5 450 GeV increase intensity

6 450 GeV - two beams

7 450 GeV - collisions

Lot done in 3 days

(after weeks of 
meticulous 

preparation)

7 450 GeV - collisions

8a Ramp - single beam

8b Ramp - both beams

9 Top energy checks

10a Top energy collisions

11 Commission squeeze

10b Set-up physics - partially squeezed

Settings
Controls

Instrumentation
RF capture

System commissioning
Aperture

Optics

Working with very safe beam
Beam machine protection systems barely needed

System commissioning just started



Beam Beam –– mapping 08 onto 09mapping 08 onto 09

Commissioning plan 2009Commissioning plan 2009 Days*Days*

Establish circulating beams Repeat 2008 2

Essential 450 GeV commissioning Instrumentation, optics, energy, capture 4

Machine protection commissioning 1 As needed for 450 GeV and 1TeV 4

EnergyEnergy SafeSafe SaferSafer

450 GeV 1e12 1e11

1 TeV 2e11 2e10

4 TeV 2e10 2e9

Key will be to increase intensity and energy
Move deep into Machine Protection territory

Phased approach using safe beams
For operational efficiency will also use safer beams

Machine protection commissioning 1 As needed for 450 GeV and 1TeV 4

450 GeV 2 beams and collisions Commission experiment magnets 2

Ramp commissioning to 1 TeV Master snapback, orbit, PLL 4

Machine protection commissioning 2 As needed for low intensity to high energies 3

Ramp to operating energy Beam dump, instrumentation 2

First collisions 2

Full machine protection qualification As needed for increased intensity 3

Increase intensity 2

Pilot physics 28

Squeeze

* Estimate is for beam time – elapsed time will depend on machine availability – factor 2 ???



Staged commissioning (Staged commissioning (as planned since 2005)as planned since 2005)

Repair of Sector 34
Machine Beam 2009

(A)

Installation of protection systems
Hardware commissioning

Machine 
checkout

Beam 
commissioning

No beam Beam

2009

No beamBeam

43/156 bunch operation 50ns operation
25ns 

operation 
?

Shutdown
2010

A B
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LuminosityLuminosity

Nearly all the parameters are variableNearly all the parameters are variable
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nn Nearly all the parameters are variableNearly all the parameters are variable
nn Number of particles per bunchNumber of particles per bunch NNNNNNNN
nn Number of bunches per beamNumber of bunches per beam kk bb

nn Relativistic factor (E/mRelativistic factor (E/m 00)) gggggggg
nn NormalisedNormalised emittanceemittance eeeeeeeenn

nn Beta function at the IPBeta function at the IP bbbbbbbb **

nn Crossing angle factorCrossing angle factor FF
nn Full crossing angleFull crossing angle qqqqqqqqcc

nn Bunch lengthBunch length ssssssss zz

nn Transverse beam size at the IPTransverse beam size at the IP ssssssss **
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PerformancePerformance

F
fkN

L
n

b
*

2

4 bpe
g

=

Key parameters are gN kb b* and they are strongly correlated

g Energy not a free choice but has consequences for F N b*

fk
L

CrossEventrate
b

TOTs
=/

Need a crossing angle when kb > ~ 150 (consequences for aperture) 

Smaller emittances ? Could be problems

g Energy not a free choice but has consequences for F N b

kb Number of bunches has consequences for F b* and machine protection

N Bunch intensity has consequences for beam-beam and pileup

b* Has consequences for N F and aperture



Boundary conditions 2009 2010Boundary conditions 2009 2010

nn EnergyEnergy will be will be initially limited to 3.5TeVinitially limited to 3.5TeV
nn Safe current as decreed by splices to start withSafe current as decreed by splices to start with
nn nQPSnQPS running running in for splice protectionin for splice protection
nn Dipole training (0 quenches to 5TeV, 10 to 6TeV, 10 0 to 6.5TeV)Dipole training (0 quenches to 5TeV, 10 to 6TeV, 10 0 to 6.5TeV)
nn Recovery time from quenches during operationRecovery time from quenches during operation

nn Intensity (nominal is 2808 bunches of 1.15 10Intensity (nominal is 2808 bunches of 1.15 10 1111))
nn Machine protection considerationsMachine protection considerations
nn Phase I collimation cleaning efficiency Phase I collimation cleaning efficiency 

Conservative

nn Phase I collimation cleaning efficiency Phase I collimation cleaning efficiency 
nn Goes down with Goes down with gggg
nn Beam lifetime dipsBeam lifetime dips
nn Magnet Magnet quenchesquenches

nn 1010% % nominal at 5TeVnominal at 5TeV
nn 25% nominal at 3.5TeV25% nominal at 3.5TeV

nn Experience will tell !Experience will tell !

nn bbbbbbbb** (nominal is 0.55m)(nominal is 0.55m)
nn Aperture considerationsAperture considerations
nn LossesLosses

nn Aim forAim for 2m2m
nn Experience will tell !Experience will tell !



Parameter spaceParameter space

No Crossing Angle Crossing Angle NCA Nom

Energy TeV 0.45 0.45 3.50 3.50 3.50 3.50 3.50 3.50 3.50 5.00 7.00

Bunch intensity 1.E+10 1 4 4 4 4 9 9 9 9 9 11.5

Bunches 4 43 43 43 156 156 702 1404 2808 156 2808

Emittance µm 3.75 3.75 3.75 3.75 3.75 3.75 3.75 3.75 3.75 3.75 3.75

� * m 11 11 11 2 2 2 3 3 3 2 1

(106 seconds @ <L> of 1033 cm-2 s-1 � 1 fb-1)

Luminosity cm -2 s-1 4.2E+26 7.2E+28 5.6E+29 3.1E+30 1.1E+31 5.6E+31 1.7E+32 3.3E+32 6.7E+32 8.0E+31 1.0E+34

Protons 4.0E+10 1.7E+12 1.7E+12 1.7E+12 6.2E+12 1.4E+13 6.3E+13 1.3E+14 2.5E+14 1.4E+13 3.2E+14

% nominal 0.0 0.5 0.5 0.5 1.9 4.3 19.6 39.1 78.3 4.3 100.0

Stored energy MJ 0.0 0.1 1.0 1.0 3.5 7.9 35.4 70.8 141.5 11.2 361.7

Monthly (0.2) pb-1 0.00 0.04 0.29 1.59 5.76 29.16 85.84 171.67 349.87 41.65 5231.88



Delivered luminositiesDelivered luminosities

nn Without crossing angleWithout crossing angle

Could hit few 1031 cm-2 s-1 say <L> of 1031 cm-2 s-1

40% efficiency for physics �  106 seconds collisions per month

Integrated luminosity per month = 10 pb-1

nn With crossing angleWith crossing angle

Could hit few 1032 cm-2 s-1 say <L> of 1032 cm-2 s-1

40% efficiency for physics �  106 seconds collisions per month

Integrated luminosity per month = 100 pb-1

(106 seconds @ <L> of 1033 cm-2 s-1 � 1 fb-1)



SummarySummary

nn From what we have seen with beam, we have a beautif ul machineFrom what we have seen with beam, we have a beautif ul machine
nn Gives us confidence that we know how to make it wor kGives us confidence that we know how to make it wor k

nn September 19 cut us off at the kneesSeptember 19 cut us off at the knees
nn Repair is well under way for restart Repair is well under way for restart late late in 2009in 2009

nn We now have a clear picture of what happenedWe now have a clear picture of what happened
nn Checks all around the machine for similar problemsChecks all around the machine for similar problems

nn Protection systems are being deployed to prevent re currenceProtection systems are being deployed to prevent re currence
nn Mitigation systems are being deployed to limit dama geMitigation systems are being deployed to limit dama ge

nn The way forward is clear for serious physics in 201 0The way forward is clear for serious physics in 201 0
nn Experience will then tell us where to go nextExperience will then tell us where to go next

We need to be careful, but we will make it work


