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BeamBeam October 2004

August 08-10August 22-24September 5-7September 10

October 2007



September 10September 10thth

�� Single bunch of protons 3 10Single bunch of protons 3 1099

�� AchievedAchieved
�� Beam 1Beam 1 injected IP2injected IP2
�� Threaded around the machine in 1hThreaded around the machine in 1h
�� Trajectory steering gave 2 or 3 turnsTrajectory steering gave 2 or 3 turns

�� Beam 2Beam 2 injected IP8injected IP8
Threaded around the machine in 1h30Threaded around the machine in 1h30

No Major Obstacle

No Major Magnetic Problem
�� Threaded around the machine in 1h30Threaded around the machine in 1h30
�� Trajectory steering gave 2 or 3 turnsTrajectory steering gave 2 or 3 turns
�� Q and Q’ trims gave a few hundred turnsQ and Q’ trims gave a few hundred turns



Day Beam 1 progress Beam 2 progress Images Significant events
Mon 
08

Electrical problem point 8 in evening
Q8.L8 short circuit investigations

Tue 
09

Few accesses in the morning
Q8.L8 fixed in the afternoon
Cryogenics point 8 OK in evening

Wed 
10

First turn 09.30 to 10.30
Makes 2 to 3 turns

First turn 13.30 to 15.00
Few hundred turns
BPM on multiple turns
Measure Q working

screen shows beam 
on turns 1& 2

few 100 turns

Turbine stop in 78 at 04h
Search dropped in point 2

All OK by 08h !!
Fast BC working
Systematic polarity checks

tune measurements
fast BCT

Thu 
11

Inject and dump
Circulate and dump 50ms

dump dilution 
sweep

RB34 trip in early hours
Other problems follow in 56 R8 R211 Circulate and dump 50ms

Circulate - dump request
RF capture working
Integer tunes OK
Mountain range working

sweep

integer tunes

mountain range

Other problems follow in 56, R8, R2
QPS experts need to go in
Access until 18h

Mountain range working
Systematic polarity checks

mountain range

Fri 
12

Circulating beam
Beta-beat measurement

H beta-beat No beam from SPS 16h to 20h
Transformer fault point 8 at 23.30

Wire scan H and V works H wire scan - serious

Sat 
13

Cryogenics reconfigure to stabilise
Supply 400V for cryogenics
Transformer exchange3 days of beam Transformer exchange
Sector 45 cryogenics in evening

Sun 
14

Transformer work continues
Sector 56 cryogenics

y



Beam 1 Beam 1 –– First turn trajectoryFirst turn trajectory



Beam 1 on injection screen Beam 1 on injection screen –– 11stst and 2and 2ndnd turnsturns



Beam 2 Beam 2 –– Closed orbit system workingClosed orbit system working



Beam 2 Beam 2 –– Aperture checksAperture checks



Beam 2 Beam 2 –– Polarity checksPolarity checks

Histogram : measured trajectory change
Points : model

Polarity error

Beam 2Beam 2 



Beam 2 Beam 2 –– Optics measurementsOptics measurements



Beam 2 Beam 2 –– Tune measurement workingTune measurement working



Beam 2 Beam 2 –– Transverse profile with wire scannerTransverse profile with wire scanner



Beam 2 Beam 2 –– RF captureRF capture

RF OFFRF ON – wrong phaseRF ON – wrong frequencyRF ON – correct injection 
phase and frequency:

beam captured !



Fast start (September 10 11 12)Fast start (September 10 11 12)

�� A lot done in 3 daysA lot done in 3 days

Made possible byMade possible by�� Made possible byMade possible by
�� Meticulous preparationMeticulous preparation
�� Magnetic model dataMagnetic model data
�� Sophisticated settings generationSophisticated settings generation

Dry runsDry runs�� Dry runsDry runs
�� Injection testsInjection tests
�� Powerful control system (LSA)Powerful control system (LSA)
�� Powerful beam instrumentation working very quicklyPowerful beam instrumentation working very quickly

Logging a multitude of parametersLogging a multitude of parameters�� Logging a multitude of parametersLogging a multitude of parameters

�� Allowed Allowed 
�� Early look at several machine parametersEarly look at several machine parameters
�� Systematic check of orbit systemSystematic check of orbit system

�� Recovery from transformer failure through the following weekRecovery from transformer failure through the following week
�� CryogenicsCryogenics�� CryogenicsCryogenics
�� Completion of hardware commissioningCompletion of hardware commissioning

�� Serious problem during power tests on September 19Serious problem during power tests on September 19thth



Incident of September 19Incident of September 19thth 20082008

�� During a few days period without beamDuring a few days period without beam

�� Making the last step of dipole circuit in sector 34, to 9.3kAMaking the last step of dipole circuit in sector 34, to 9.3kA
�� At 8.7kA, At 8.7kA, development of resistive zone in the dipole bus bar splicedevelopment of resistive zone in the dipole bus bar splice

between Q24 R3 and the neighbouring dipolebetween Q24 R3 and the neighbouring dipole

�� Electrical arc developed which punctured the helium enclosureElectrical arc developed which punctured the helium enclosure
�� Helium released into the insulating vacuumHelium released into the insulating vacuum

�� Rapid pressure rise inside the LHC magnetsRapid pressure rise inside the LHC magnets
�� Large pressure wave travelled along the accelerator both waysLarge pressure wave travelled along the accelerator both ways
�� Self actuating relief valves opened but could not handle all Self actuating relief valves opened but could not handle all 
�� Large forces exerted on the vacuum barriers located every 2 cellsLarge forces exerted on the vacuum barriers located every 2 cells
�� These forces displaced several quadrupoles and dipolesThese forces displaced several quadrupoles and dipoles
�� Connections to the cryogenic line affected in some placesConnections to the cryogenic line affected in some places
�� Beam vacuum also affectedBeam vacuum also affected



Development of resistive zone in dipole bus bar spliceDevelopment of resistive zone in dipole bus bar splice



Bus bar spliceBus bar splice



Working hypothesisWorking hypothesis

Favored hypothesis for the S34 incident cause : 
� Temperature increase due to excessive resistance (estimate ~ 200nnΩΩ)
� Superconductor quenches and becomes resistive at high current
� Up to a certain current the copper can take it (cooled by the He II)� Up to a certain current, the copper can take it (cooled by the He II)
� Beyond a certain current, ‘run-away’ of the temperature, splice opens, 

electrical arc …



Arc and helium released into the insulating vacuumArc and helium released into the insulating vacuum
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Multi kA electrical arcMulti kA electrical arc



ConsequencesConsequences
100100m

Insulating vacuum barrier every 2 cells in the arc Some moved

�� Considerable collateral damage over few hundred metresConsiderable collateral damage over few hundred metres
�� Damage to superinsulation blanketsDamage to superinsulation blankets

Insulating vacuum barrier every 2 cells in the arc Some moved

�� Damage to superinsulation blankets Damage to superinsulation blankets 
�� Contamination (by soot and insulation blankets) of beam pipesContamination (by soot and insulation blankets) of beam pipes
�� Large release of helium into the tunnel (6 of 15 tonnes)Large release of helium into the tunnel (6 of 15 tonnes)



Consequences Consequences –– Magnets displacedMagnets displaced



Consequences Consequences –– Magnets displacedMagnets displaced



Consequences Consequences –– Vacuum chamber contaminationVacuum chamber contamination

Beam Screen (BS) : The red color is 
BS with some contamination by

BS with soot contamination. The 
characteristic of a clean copper 

surface 
 

BS with some contamination by 
super-isolation (MLI multi layer 

insulation) 

grey color varies depending on the 
thickness of the soot, from grey to 

dark. 

 



RepairRepair
100100m

�� Present strategy assumes treating all magnets Q19 to Q33   as shownPresent strategy assumes treating all magnets Q19 to Q33   as shown
�� 53 have to be brought to the surface (39 dipoles and 14 quads)53 have to be brought to the surface (39 dipoles and 14 quads)
�� Will be replaced with spare / refitted retested and reinstalledWill be replaced with spare / refitted retested and reinstalled
�� Estimate for magnets November 08 to April 09Estimate for magnets November 08 to April 09g pg p
�� Not forgetting cleaning the beam pipesNot forgetting cleaning the beam pipes
�� Then have to finish interconnection, cool down, power testThen have to finish interconnection, cool down, power test



Needles and haystacks Needles and haystacks 

� Following the incident, a close look at the logged cryogenic 
data (temperatures and valve states) clearly indicated abnormal 
behaviour in the cell that was at the origin of the S34 incidentbehaviour in the cell that was at the origin of the S34 incident

7 kA test on Sector 3-4, Sept 15 7 kA test on Sector 2-3, April 14

Temperature of cell Q23 
keeps rising!
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Warning signsWarning signs

�� This was followed by systematic scrutiny of all data logged This was followed by systematic scrutiny of all data logged 
during the weeks of power testing of all 8 sectorsduring the weeks of power testing of all 8 sectors

�� Anomalous cryogenic behaviour found in sector 12 at 7kAAnomalous cryogenic behaviour found in sector 12 at 7kA
�� Higher than nominal heat load in cryogenic sector 15 R1Higher than nominal heat load in cryogenic sector 15 R1

80 602.05

Post-mortem  analysis of  the powering at 
7 kA of  the sub-sector 23R3 (15/09/2008)

Analysis of  the powering at 9.3 kA of  
the sub-sector 15R1 (01/09/2008)
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CalorimetryCalorimetry

�� How can we use this information ?How can we use this information ?
�� Can we develop a measurement system along these lines ?Can we develop a measurement system along these lines ?

Hydraulic restriction
(cutting conduction in HeII

Q Q DDDD
Bayonet HX

Supply pipe
Saturated LHeII

DD D D Q Q DDDDDD D D

HX

CV910
TT911

(cutting conduction in HeII
w/r to adjacent sub-sectors)

Q Q DDDDDD D D Q Q DDDDDD D DCV910

� Block the JT valve (CV910) at a value to extract the static heat� Block the JT valve (CV910) at a value to extract the static heat 
in-leaks before the powering

� Then, the temperature drift is mainly due to electrical resistive 
h ti di i t d d i th iheating dissipated during the powering



Calorimetry Calorimetry –– validation of methodvalidation of method
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W [W]W [W] --0.30.3 9.79.7

� The power variation calculated by calorimetry came out at 10 W 
corresponding to the applied electrical power

9:30 10:30 11:30 ΔΔW [W]W [W] 1010

corresponding to the applied electrical power



Calorimetry Calorimetry –– application to sector 15 R1 application to sector 15 R1 

�� Controlled tests made late October at different currentsControlled tests made late October at different currents
�� Measure temperature increase at XkA Measure temperature increase at XkA mK/hmK/hpp
�� Derive rate of energy deposition Derive rate of energy deposition J/s = WJ/s = W
�� Fit Energy deposition vs currentFit Energy deposition vs current

Deduce equivalent resistanceDeduce equivalent resistance nnΩΩ�� Deduce equivalent resistanceDeduce equivalent resistance nnΩΩ

15 
Nominal dissipation 
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Electrical measurements Electrical measurements –– splicessplices



Electrical measurements Electrical measurements –– splices splices –– datadata



Electrical measurements Electrical measurements –– splices splices –– all perfect!all perfect!

Channel Resistance No of splices R/Splice
CH1 1.18 3 0.39
CH2 1.07 3 0.36Electric
CH3 0.75 2 0.38
CH4 0.97 3 0.32
CH5 0.96 3 0.32
CH6 0 48 2 0 24

Electric 
half-cells 
15&16

CH6 0.48 2 0.24
CH7 1.13 3 0.38
CH8 1 3 0.33

Average 0.34 nnΩΩ
StDev 0.05

Channel Resistance No of splices R/Splice
CH11 1 069 3 0 36

Electric 
half-cells 
17&18

CH11 1.069 3 0.36
CH12 1.14 3 0.38
CH13 0.694 2 0.35
CH14 0.81 3 0.27

(including 
7000A run)

CH15 0.99 3 0.33
CH16 0.75 2 0.38
CH17 1.175 3 0.39
CH18 0 98 3 0 33CH18 0.98 3 0.33

Average 0.35
StDev 0.04

nnΩΩ



Electrical measurements Electrical measurements –– dipoles dipoles –– voltage tapsvoltage taps

1
2

3

5

4

DQLPU Main Dipole Quench Detector

7
6

DQLPU Main Dipole Quench Detector
Board A: 112 – 211 and 211 – 213
Board B: 111 – 113 and 113 – 212
U_QS0 is the difference between the two aperture voltages
By the polarity of U QS0 of the two boards we knowBy the polarity of U_QS0 of the two boards we know
-if the higher resistance is located in outer or inner aperture
-if the higher resistance is located in the interconnect between the two 
apertures.



Electrical measurements Electrical measurements –– dipoles dipoles –– datadata

60min @ 7kA

10min @ 6kA,5kA,4kA,…,0kA

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



Electrical measurements Electrical measurements –– dipoles dipoles –– found it!found it!

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

B16R1 => 2334

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

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

05/11/2008 Zinour Charifoulline, AT/MEI



Calorimetric and electrical measurementsCalorimetric and electrical measurements

30

35
Made wherever possible in late 2008Made wherever possible in late 2008

Sectors 23 34 45 already not coldSectors 23 34 45 already not cold
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Protection against future incidentsProtection against future incidents

�� These electrical methods have been prototyped and will be These electrical methods have been prototyped and will be 
further improved before being installed machinefurther improved before being installed machine--wide and wide and gg
applied as applied as dedicated proceduresdedicated procedures during the machine during the machine 
commissioningcommissioning

2000 new electronic crates 
160km of cable to be pulled



Further measuresFurther measures

�� Mitigate the consequences of any event similar to that in sector 34 by Mitigate the consequences of any event similar to that in sector 34 by 
increasing the helium gas release capabilityincreasing the helium gas release capability

�� Studies have been made to protect against Studies have been made to protect against Maximum Credible IncidentMaximum Credible Incident

�� Needs to increase helium release capability by Needs to increase helium release capability by Factor 20Factor 20

All d l t t h flAll d l t t h fl�� All quadrupole cryostats have spare flangesAll quadrupole cryostats have spare flanges
�� Equip them with new fullEquip them with new full--flow release valvesflow release valves
�� Gives Gives Factor 8Factor 8 in discharge cross sectionin discharge cross section
�� Can and will be done Can and will be done in situin situ at coldat cold

�� Addition of fullAddition of full--flow release valves on EVERY dipole cryostatflow release valves on EVERY dipole cryostatp yp y
�� Brings overall discharge cross section increase to Brings overall discharge cross section increase to Factor 40Factor 40
�� Necessitates cutting 20cm diameter holes in the cryostatNecessitates cutting 20cm diameter holes in the cryostat
�� Can only be done at warmCan only be done at warmCan only be done at warmCan only be done at warm



RestartRestart

�� Repair of Sector 34Repair of Sector 34 and commissioning to 5TeVand commissioning to 5TeV
�� Installation of protection systems necessary for thisInstallation of protection systems necessary for this

Beam commissioning starts in late summer 2009Beam commissioning starts in late summer 2009�� Beam commissioning starts in late summer 2009Beam commissioning starts in late summer 2009



Geneva, 6 February 2009Geneva, 6 February 2009

At the conclusion of a workshop held in Chamonix this week, recommendations have 
been made to the CERN management for the restart schedule of the Large Hadron 
Collider (LHC). If accepted in a management meeting on Monday, these 
recommendations will ensure that the LHC starts to produce physics data in late 2009, 
running through the winter and on to autumn 2010 at an energy of 5 TeV per beam and 
ensuring sufficient data for the experiments to produce their first new physics results

2009

ensuring sufficient data for the experiments to produce their first new physics results.

Repair of Sector 34
Installation of protection systems for 5TeV operation

Hardware commissioning to 5TeV

Machine 
checkout

Beam 
commissioning

5TeV

No beam Beam

2010

43/156 bunch operation 50ns or 75ns ops 25ns ops Shutdown

2010

No beamBeam



43/156 bunch operation43/156 bunch operation FfkNL
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4 1011 b h t i l itt

Optimum parameters studied for early running (aperture)

Rates in 1 and 5 shown

4 1011 per bunch at nominal emittance

Rates in 2 and 8 can be optimised to meet ALICE and LHCb requirements



Multibunch operationMultibunch operation FfkNL
n
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γ=

fk
LCrossEventrate

b

TOTσ=/

5 1011 b h t i l itt

Crossing angle the new parameter that comes into the game

Rates in 1 and 5 shown ( x 1032 )

5 1011 per bunch at nominal emittance

Rates in 2 and 8 can be optimised to meet ALICE and LHCb requirements

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


