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The largest scientific instrument in the worldThe largest scientific instrument in the world



Advanced Advanced technologytechnology atat workwork
23 km of 23 km of superconductingsuperconducting magnetsmagnets
cooledcooled in in superfluidsuperfluid heliumhelium atat 1.9 K1.9 K



A new A new territoryterritory in in energyenergy and and luminosityluminosity
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Main Main parametersparameters of LHC (pof LHC (p--p)p)

• Circumference 26.7 km
• Beam energy at collision 7 TeV
• Beam energy at injection 0.45 TeV
• Dipole field at 7 TeV 8.33 T
• Luminosity 1034 cm-2.s-1

• Beam current 0.56 A
• Protons per bunch 1.1x1011

• Number of bunches 2808
• Nominal bunch spacing 24.95 ns
• Normalized emittance 3.75 µm
• Total crossing angle 300 µrad
• Energy loss per turn 6.7 keV
• Critical synchrotron energy 44.1 eV
• Radiated power per beam 3.8 kW
• Stored energy per beam 350 MJ
• Stored energy in magnets 11 GJ
• Operating temperature 1.9 K



Critical current densityCritical current density
of technical superconductorsof technical superconductors
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Cost structure of the LHC acceleratorCost structure of the LHC accelerator

Total ~ 2.2 BEuro
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Magnets
Cryogenics
Beam dump
Radio-frequency
Vacuum
Power converters
Beam instrumentation
Civil Engineering
Cooling & ventilation
Power distribution
Infrastructure & services
Installation & coordination



90 main industrial contracts in the world90 main industrial contracts in the world



ProcurementProcurement & installation & installation logisticslogistics
QualityQuality & & quantityquantity atat the right time in the right placethe right time in the right place

Installed in LHC tunnel: 50 000 t

Transported throughout Europe: ~150 000 t



A global A global projectproject spanningspanning spacespace……



……and timeand time

• Preliminary conceptual studies 1984
• First magnet models 1988
• Start structured R&D program 1990
• Approval by CERN Council 1994
• Industrialization of series production 1996-1999
• DUP & start civil works 1998
• Adjudication of main procurement contracts 1998-2001
• Start installation in tunnel 2003
• Cryomagnet installation in tunnel 2005-2007
• Functional test of first sector 2007
• Commissioning with beam 2008
• Operation for physics 2009-2030



TwinTwin--aperture aperture dipoledipole magnetmagnet

Field reproducibility/precision ~ 10-3

Field homogeneity ~ 10-4
⇒ Winding precision < 0.05 mm



CryogenicCryogenic tests of tests of magnetsmagnets



DipoleDipole fieldfield qualityquality in in seriesseries productionproduction
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SortingSorting reducesreduces dispersiondispersion



LoweringLowering of of magnetsmagnets in tunnelin tunnel



CryomagnetCryomagnet installation in tunnelinstallation in tunnel



Interconnections in tunnelInterconnections in tunnel

65’000 electrical joints

Induction-heated soldering

Ultrasonic welding

Very low residual resistance

HV electrical insulation

40’000 cryogenic junctions

Orbital TIG welding

Weld quality

Helium leaktightness







600 kW precooling to 80 K with 
LN2 (up to ~5 tons/h)        

33 kW @ 50 K to 75 K       
23 kW @ 4.6 K to 20 K       
41 g/s liquefaction

EightEight 18 kW @ 4.5 K 18 kW @ 4.5 K cryogeniccryogenic plantsplants



First coolFirst cool--down of LHC sectorsdown of LHC sectors



SupplySupply of of cryogeniccryogenic fluidsfluids



SuperfluidSuperfluid helium coolinghelium cooling
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Large projects cooled by Large projects cooled by superfluidsuperfluid helium helium 

Tore Supra tokamak, 
Cadarache (France)

CEBAF accelerator, 
Newport News (USA)



LargeLarge--scalescale superfluidsuperfluid heliumhelium systemssystems
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3.3 km

CryogenicCryogenic operationoperation of LHC of LHC sectorsector



4 cold compressor stagesCartridge 1st stage 

Cold compressors for 1.8 K refrigerationCold compressors for 1.8 K refrigeration

Axial-centrifugal impeller



LHC cryogenics on 10 September 2008LHC cryogenics on 10 September 2008



HighHigh--precisionprecision, , modularmodular
switchedswitched--mode power mode power convertersconverters

[2kA,8V] converters
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RampRamp and squeeze of the main circuitsand squeeze of the main circuits

SECTOR 5-6
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10 10 SeptemberSeptember 20082008-- first first beambeam in LHCin LHC





35

First beam First beam –– 10 September 200810 September 2008



BeamBeam on on turnsturns 1 and 2 1 and 2 –– 10 10 SeptemberSeptember 20082008



Few Few hundredhundred turnsturns



IntegerInteger tune tune measurementsmeasurements



FractionalFractional tune tune measurementsmeasurements



Dump dilution Dump dilution sweepsweep



BeamBeam transverse profile: horizontal transverse profile: horizontal wirewire scanscan



No RF, No RF, debunchingdebunching in ~ 250 in ~ 250 turnsturns



BeamBeam capture by RFcapture by RF





19 September incident at LHC sector 319 September incident at LHC sector 3-- 44
Electrical arc between two magnetsElectrical arc between two magnets



SpliceSplice in 12 kA bus barin 12 kA bus bar



CollateralCollateral damage: damage: magnetmagnet displacementsdisplacements

47



CollateralCollateral damage: damage: groundground supportssupports

48



Longitudinal Longitudinal displacementsdisplacements in in damageddamaged areaarea
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DetectionDetection of of resistiveresistive zones by He II zones by He II calorimetrycalorimetry
MethodologyMethodology

1. Assessment of the baseline slope (remaining CV opening mismatch w/r to static HL)
2. Assessment of the temperature increase during powering plateau
3. Assessment of the internal energy variation (J/kg)
4. Assessment of the deposited energy assuming a mass of 26 l/m of LHeII

∆∆ ∆∆U
( ∆∆ ∆∆

T)
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DetectionDetection of of resistiveresistive zones by He II zones by He II calorimetrycalorimetry
Experimental validationExperimental validation

10 W applied on Q15R1
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Before heating With heating

∆U [J/kg] -1.1 78

M [kg] 823

∆U [kJ] -0.92 64.2

t [s] 2880 6600

W [W] -0.3 9.7

∆∆∆∆W [W] 10.0

The power variation calculated by He II calorimetry is 10.0 W, 
corresponding to the applied electrical power

The method is validated and able to resolve ~ W
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DetectionDetection of of resistiveresistive zones by He II zones by He II calorimetrycalorimetry
Experimental validationExperimental validation



CalorimetryCalorimetry duringduring 15R1 powering @ 5000A 15R1 powering @ 5000A 
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The 15R1 case: additional heat dissipationThe 15R1 case: additional heat dissipation
due to a bad splicedue to a bad splice

Nominal
dissipation

Local resistance:  ~90 nohms
confirmed by electrical measurement !

Nominal dissipation 13 W: OK w/r to 
the cooling loop capacity margin

Current Total (measured) Nominal 
Splices*

Add. local 
dissipation Uncertainty

[A] [mW/m] [W] [W] [W] [W] 

3000 4.4 1.0 0.4 0.6 0.6

5000 14.9 3.2 1.1 2.1 0.6

7000 32.2 6.9 2.1 4.8 0.6

*: Calculated on the basis of 0.33 nW per splice and verified with the 5000 A plateaus
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Schematic of the RB circuit in SSchematic of the RB circuit in Sectorector 11--2 2 
halfhalf--cells 14 to 20cells 14 to 20

CRYO-CELL 15-17

Suspicious zone
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Installation of 8 Installation of 8 nanovoltmetersnanovoltmeters for monitoring for monitoring 
interconnections in halfinterconnections in half-- cells 15&16 Sector 1cells 15&16 Sector 1-- 22
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Results of resistance measurementsResults of resistance measurements

Channel Resistance No of splices R/ Splice
CH1 1.18 3 0.39
CH2 1.07 3 0.36
CH3 0.75 2 0.38
CH4 0.97 3 0.32
CH5 0.96 3 0.32
CH6 0.48 2 0.24
CH7 1.13 3 0.38
CH8 1 3 0.33

Average 0.34
StDev 0.05

Half-cells 
15&16

Half-cells 
17&18

Channel Resistance No of splices R/ Splice
CH11 1.069 3 0.36
CH12 1.14 3 0.38
CH13 0.694 2 0.35
CH14 0.81 3 0.27
CH15 0.99 3 0.33
CH16 0.75 2 0.38
CH17 1.175 3 0.39
CH18 0.98 3 0.33

Average 0.35
StDev 0.04
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U_2U_1

U_QS0 => -(U_1+U_2)
Sampling Rate = 5ms
Resolution = 0.125mV
Quench Threshold = 100mV@10ms

13sec, 2450 points

~4mV

Average = -0.88±0.02mV

Sector A12: A15R1 Sector A12: A15R1 –– C19R1C19R1
InternalInternal splice measurementssplice measurements by «by « snapshotsnapshot »»
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60min @ 7kA

10min @ 6kA,5kA,4kA,…,0kA

“Snapshots”: triggering PM-data collection of individual
QPS for the dipoles A15R1 – C19R1 (15 magnets)

Sector A12: A15R1 Sector A12: A15R1 –– C19R1C19R1
InternalInternal splicesplice measurementsmeasurements by «by « snapshotsnapshot »»

Courtesy Z. Charifoulline 59



Sector A12: A15R1 – C19R1: Dipole Measurements made on 03.11.08

0.7mV/ 7kA=100nOhm
0.7mV*7kA=4.9W

Snapshot at 03.09.08 : 0.85mV*8.4kA=7.1W

B16R1 => 2334

05/11/2008 Zinour Charifoulline, AT/MEI

Compatible with SM18 data (resolution ±20 nΩ)

100 n100 nΩΩ resistanceresistance in dipole B16.R1in dipole B16.R1
in the splice between the two aperturesin the splice between the two apertures
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SnapshotSnapshot measurementsmeasurements on all 154 on all 154 dipolesdipoles in Sin S 67 and 7867 and 78
B32.R6 B32.R6 shows shows 47 n47 nΩΩ joint resistance between poles of one aperturejoint resistance between poles of one aperture

Results from provoked massive Post-Mortem of all dipoles in sectors 67 & 78

Sector 67

Sector 78

Dipole B32.R6 with 47 nΩ splice resistance
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Repair statusRepair status

63

53 magnets (39 dipoles and 14 SSS) to be removed from 
the tunnel

All fully disconnected

47 magnets removed by end 2008, leaving 6 for 2009

4 dipoles reinstalled by end 2008



19 September incident at LHC sector 319 September incident at LHC sector 3-- 44
Magnet removal from the tunnelMagnet removal from the tunnel



19 September incident at LHC sector 319 September incident at LHC sector 3-- 44
Magnet repair in SMI2Magnet repair in SMI2



The plan for 2009The plan for 2009

JanJan FebFeb MarMar AprApr MayMay JunJun JulJul AugAug

Last magnet goes 
into sector 34

LHC cold

2009
DecDec

Removal of damaged magnets
Cleaning and repair
Cold testing
Reinstallation
Interconnection
Pressure testing
Cool down
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