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Introduction to LHC



Hadron colliders 
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ÇThe LHC is the latest in the series of the large hadron colliders 

after the ISR, SPS, Tevatron, HERA and RHIC. 

ÇThe LHC pushes the luminosity frontier by a factor ~25 and the 

energy frontier by a factor ~7 (soon !). 

o Higher energy and much higher beam intensity. 

W. Fischer 

LHC 2014 



Stored energy: past ï present ï future 
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Pre-LHC state-of-the-art 

2023 

>2040 ? 

2015 

LHC pushes the stored energy from few MJs to > 100 MJs 



LHC overview 
N

o
v
e

m
b

e
r 

2
0

1
4
 

J
A

S
 -

 M
P

S
 a

n
d

 o
p

e
ra

ti
o

n
 /

 L
H

C
 -

 J
. 
W

e
n

n
in

g
e
r 

5 

Ç Total length 26.66 km, in the 

former LEP tunnel. 

Ç 8 arcs (sectors), ~3 km each. 

Ç 8 straight sections of 700 m. 

Ç beams cross in 4 points.  

 

Ç 2-in-1 magnet design with 

separate vacuum chambers. 

Ç 2 COUPLED rings. 

Ç Injection at 450 GeV, operation 

at 4 TeV (6.5 TeV in 2015). 

The LHC can be operated with 

protons and ions (so far Pb208) 
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Lake of Geneva 

Installed in 26.7 km LEP tunnel 

Depth of 50-170 m 

Control Room  
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Lake of Geneva 

Installed in 26.7 km LEP tunnel 

Depth of 70-140 m 

CMS 

ALICE 

ATLAS 

LHCb 

Control Room  



Challenges and choices 
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Ç High magnetic fields ï 8T, 

Ý super-conducting magnets 

Ç 2 in 1 magnet design, 

Ç Superfluid Helium, 

Ç Luminosity ~1×1033 cm-2s-1 

Ú limit to 4 pp collisions (óeventsô) / bunch 

crossing ! 

 
The parameters remained rather stable over time, 

except for luminosity (and intensity): 

Ç Luminosity was pushed to ~1×1034 cm-2s-1 to compete with SSC. 

The SSC was cancelled in 1994, but the high luminosity was kept ! 

High luminosity Ą MPS !! 
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LHC incident 19th September 2008



LHC magnet interconnection 
0

1
.0

9
.2

0
1

4
 

J
A

S
 -

 M
P

S
 a

n
d

 o
p

e
ra

ti
o

n
 /

 L
H

C
 -

 J
. 
W

e
n

n
in

g
e
r 

10 

On 19th September  2008 , 

just 9 days after startup, 

magnet interconnections 

became a hot topic of the 

LHC ï until today! 



The most serious machine incident 
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Ç Last commissioning step of one out of the 8 main dipole electrical circuit in 

sector 34 : ramp to 9.3kA (5.5 TeV). 

ÇAt 8.7kA an electrical fault developed in the dipole bus bar located in the 

interconnection between quadrupole Q24.R3 and the neighboring dipole. 

  Later correlated to a local resistance of ~220 nW ï nominal value 0.35 nW.  

ÇAn electrical arc developed which punctured the helium enclosure. 

  Secondary arcs developed along the arc. 

  Around 400 MJ from a total of 600 MJ stored in the circuit were 

 dissipated in the cold-mass and in electrical arcs. 

Ç Large amounts of Helium were released into the insulating vacuum. 

  In total 6 tons of He were released. 

LHC incident on September 19th 2008 

This incident involved magnet powering, but no beam! 



Helium pressure wave 
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PT
QVQV QV QVQV SVSV

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

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

ÇPressure wave propagates along the magnets inside the 

insulating vacuum enclosure. 

ÇRapid pressure rise : 

ïSelf actuating relief valves could not handle the pressure. 

 designed for 2 kg He/s, incident ~ 20 kg/s. 

ïLarge forces exerted on the vacuum barriers (every 2 cells). 

 designed for a pressure of 1.5 bar, incident ~ 8 bar. 

ïSeveral quadrupoles displaced by up to ~50 cm. 

ïConnections to the cryogenic line damaged in some places. 

ïBeam vacuum to atmospheric pressure. 

 



Release of 600 MJ at LHC   

Arcing in the interconnection 

53 magnets had to 

be repaired 

The Helium pressure wave damaged ~600 m of LHC, polluting the beam vacuum 

over more than 2 km.  

Over-pressure 

Magnet displacement 
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Collateral damage : beam vacuum 
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Beam Screen (BS) : The red color is 
characteristic of a clean copper 

surface 
 

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

insulation) 

BS with soot contamination. The 
grey color varies depending on the 
thickness of the soot, from grey to 

dark. 

   
 

Beam screen with clean 

Copper surface. 

Beam screen contaminated 

with multi-layer magnet 

insulation debris. 

Beam screen contaminated 

with sooth. 

º 60% of the chambers  º 20% of the chambers  

Beam vacuum affected over entire 2.7 km length of the arc. 



Consequences 
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ÇMachine down for more than 1 year for repair and re-commissioning, 

ÇMajor upgrades to protection system of the magnets (surveillance 

of the bus-bars), 

ÇMajor upgrades to pressure release and magnet anchoring, 

ÇLimitation of the machine energy to 3.5 (later 4) TeV instead of 7 TeV, 

ÇAlmost 2 years long shutdown (2013-2014) to repair all magnet 

interconnections. 

ÇCommissioning and early operation in óeasierô conditions (3.5-4 

versus 7 TeV) ï lower fields, magnets less subject to quenching. 

see lecture by H. Pfeffer 



LHC energy evolution 
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Energy (TeV) 

7 TeV Design 

5 TeV 
Magnet de-training 

after installation 

3.5 TeV Joint 

problems, 

incident 

1.18 TeV 
Consolidation 

delays 

2007 2008 2009 2010 2011 2012 2013 2014 2015 

3.5 TeV 

Operation 

4 TeV 

Operation 

> 6.5 TeV 

Consolidation of all 

interconnections 

Long 

Shutdown 1 

(LS1) 

Energy increase Ú 

no quench at 3.5 TeV 



Return toé 
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Introduction to LHC
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Superconducting coil:  

quench at ~ 15mJ/cm3 

Proton beam: 145 MJ 

(design: 362 MJ) 

Factor 9.7 x 10 9 
Aperture: r = 17/22 mm 

LHC Run 1  2010-2013: No quench with 

circulating beam, with stored energies up to 

70 times above previous state -of -the-art!  

1232 NbTi superconducting dipole magnets ï each 15 m long  

Magnetic field of 8.3 T (current of 11.8 kA) @ 1.9 K (super-fluid Helium) 



Beam collimation (cleaning) 
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1.2 m 

Ç The LHC requires a complex multi-stage collimation system to 

operate at high intensity. 

o Previous hadron machines used collimators only for experimental 

background conditions. 

Almost 100 collimators, mostly made of 

Carbon and Tungsten, protect the 

superconducting magnets against 

energy deposition from the beam 

Dual role of collimators: 

Ç Halo collimation (cleaning) 

Ç Passive protection of the machine 

see lecture by S. Redaelli 



Collimation system 
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Ç To be able to absorb the energy of the 7 TeV proton, the LHC requires a multi-

stage collimation system ï primary, secondary, tertiary.  

Ç The system worked perfectly so far ï thanks to excellent beam stabilization 

and machine reproducibility ï only one full collimation setup / year. 

o ~99.99% of the protons that were lost from the beam were intercepted. 

Gap opening 



MPS inputs 
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Ç The LHC beam interlock system (BIS) has 189 inputs from client systems 

(including injection).  

ÇBehind each input that can be many individual tests / interlocks.  

Power
Interlock

Controllers

Beam
Interlock
System

Beam 
Dumping 
System

Quench Protection System

Power Converters

Cryogenics Auxiliary Controllers

Warm Magnets

Experiments

Access System

Beam Loss Monitors (Arc)

Collimation System

Radio Frequency System

Injection Systems

Vacuum System

Access System

Beam Interlock System

Control System

Essential Controllers

General Emergency Stop

Uninterruptible Supplies

Discharge Circuits

Beam Loss Monitors (Aperture)

Beam Position Monitor

Beam Lifetime Monitor

Fast Magnet Current Changes

Beam Television

Control Room

Software Interlock System

Timing
System

Post Mortem

Safe Machine Parameters

Magnet protection 

see lecture by R. Schmidt 



Geographical BIS layout 
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4 beam permit loops 

2 permit loops / beam  

Loop signal propagation in clockwise  

and counter-clockwise directions  

see lecture by R. Schmidt 

>80 us <150 us <90 us 90 us

unacceptable 
danger exists

Plant /  Sensor Beam Interlock System Beam Dump

DETECT COMMUNICATE SYNCHRONISE ABORT

beam dump 
completed

At the LHC the dump delay 

can reach ~3 turns ï ~300 ms 

Direct link to LHC injection 

and SPS extraction  

Ą no beam permit  

Ą no injection/extraction  



LHC beam dumping system 
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Q5R 

Q4R 

Q4L 

Q5L 

Beam 2 

Beam 1 

Beam 

dump block 

10 kicker 

magnets dilute 

the beam 

º 900 m 

º 500 m 

15 fast ókickerô 

magnets deflect 

the beam to the 

outside 

15 septum 

magnets deflect 

the beam vertically 

quadrupoles 

N
o

v
e

m
b

e
r 

2
0

1
4
 

J
A

S
 -

 M
P

S
 a

n
d

 o
p

e
ra

ti
o

n
 /

 L
H

C
 -

 J
. 
W

e
n

n
in

g
e
r 

A complex system, and yet it 

must be ultra-highly reliable! 



LHC dump line 
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The LHC dump block 

CERN visit McEwen 25 N
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The dump block is the only LHC element 

capable of absorbing the nominal beam. 

The beam is swept over dump surface to 

lower the power density. 

Without the sweep the beam could 

drill a hole with a depth of a few 

meters into the block ! 

Hydro-dynamic tunnelling 

 

25 



Beam dump sychronization 
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Ç The beam dump must be accurately synchronized to the beam abort gap 

to avoid spreading beam across the aperture during the kicker rise-time. 

Ç The 3 ms long beam abort gap must be é free of beam ! 

ÇPossible failure modes:  

o The abort gap fills with beams (RF fault, debunching, injection error), 

o The kicker synchronization fails, 

o A kicker fires spontaneously (not synchronized). 

Abort 

 gap 

Batch of bunches The LHC can be filled with up to 2800 bunches 

Asynchronous 

dump failure } 

see lecture by V. Kain 



LHC filling and kicker synchronization 

Ç Kickers magnets have to rise their field in the gaps between the circulating beam. 

Ç The trigger and reference frequencies are generated by the RF system. 

1 SPS batch 

(144 bunches) 

A
b

o
rt

 g
a
p

 ï
 3

 m
s
 

1 PS batch 

(36 bunches) 

LHC injection kicker gap SPS injection kicker gap 

LHC filling scheme 

6 or 12 bunch 

intermediate 

injection 



Asynchronous dump: passive protection 
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ÇTwo large absorbers in front of the extraction septum (TCDS) and in 

front of the first SC magnet (TCDQ) protect the LHC against damage 

/ quench from asynchronous dumps & beam in the abort gap. 

Septum Dump 

kickers 

Septum 

9 m long absorber (TCDQ) 

to dump 



Asynchronous dump: active protection 
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ÇThe asynchronous dump is the óultimateô unavoidable failure at the 

LHC ï must to protect the machine PASSIVELY. 

ÇDump kicker powering, synchronization and triggering are 

designed to exclude out-of-synch triggers with high reliability. 

o A spontaneous trigger of a switch expected at a rate ~ 1 / year. 

o So far none has been observed during high intensity operation (1 with 

a pilot bunch), but the system operated at reduce high voltage (4 TeV 

instead of 7 TeV). 

Ç Injection kicker synchronization Ą no injection into the abort gap. 

o Link between dump and injection system.   

ÇAbort gap monitoring (using synchrotron light) and abort gap 

cleaning. 

o Cleaning with transverse feedback system (excitation of the bunch 

positions corresponding to the abort gap Ą collimators). 



Failure timescales @ LHC 
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Time 

1 turn  

= 89 ms 

10 turns 

100 turns 

1000 turns 

Quenches 

Kicker  

magnets 

NC magnet  

powering failures 

10000 turns 

= 0.89 s 

Operational 

 ómistakesô 

BLMs 

Quench 

protection 

Absorbers 
BPMs 

FMCM* 

Power 

converter 

interlocks 

Failures and protection 

Transverse 

feedback 

* FMCM: Fast Magnet Current change Monitor for fast detection of powering failures 



If it does not work 
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Ç In case the operator request a beam dump trigger and it does not 

worké. Nobody wants to be on that shift ! 

o We have foreseen emergency actions (depends on why it did not work). 

o Only for dumps that are initiated by the operation crew ! 
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Masking 



Masking ï the safe beam concept 
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ÇAlready at the design phase of the LHC MPS the need of masking 

interlocks in certain phases was recognized. 

o Flexibility for commissioning and setting up. 

ÇTo avoid masking interlocks by raising thresholds, opening tolerances 

for many components (risk of errors during the reversal), the concept 

of Safe Beam was introduced. 

o A safe beam should not be able to damage accelerator components.  

o The corresponding intensity limit depends on the beam energy (and 

emittance). It also depends on the material ! 

ῐBut a Safe Beam may quench magnets! 

ῐThe Safe Beam must be defined for a reference material: Copper is 

used for the LHC. 

see lectures by A. Bertarelli, V. Kain & R. Schmidt 



SPS experiment : damage at 450 GeV 

Controlled SPS experiment / protons. 

Ç Energy 450 GeV,  

Ç Beam area ůx x ůy = 1.1 x 0.6 mm2, 

Ç Damage limit for copper at 2×1012  p. 

Ç No damage to stainless steel. 

Ç Damage onset is ~200 kJ,             
< 0.1 % of a nominal LHC beam. 

Ç Impact D: º 1/3 of a nominal 
LHC injection. 

25 cm 

6 cm 

 A       B      D      C 

Shot Intensity / p+ 

A 1.2×1012 

B 2.4×1012 

C 4.8×1012 

D 7.2×1012 

Special target (sandwich of 

Tin, Steel, Copper plates)  
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Safe Beam Flag for LHC 
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ÇThe simulations predicted the scaling law with beam energy E: 

o Larger energy deposition Ą scaling ~ 1/E, 

o Smaller emittance Ą beam area ~ 1/E, 

o Longer showers (~ log E)  Ą some dilution.  

ÇThis equation was implemented in a dedicated Safe Machine System 

(SMP). The SMP system is connected to reliable BCTs and energy 

sources (based on the dipole fields ï 4-fold redundancy). 

o Generates the SBF (Setup Beam Flag) Ą distributed to the BIS. 

o SBF true = setup beam Ą ómaskableô channels can be masked. 

o SBF false = unsafe beam Ą no channel may be masked.  

ÇThe beam interlock system is configured to allow masking certain 

classes of interlocks (maskable) when the SBF is true. 

7.1

GeV450 GeV450
)( ö

÷

õ
æ
ç

å
=

E
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And then operation startsé 
N

o
v
e

m
b

e
r 

2
0

1
4
 

J
A

S
 -

 M
P

S
 a

n
d

 o
p

e
ra

ti
o

n
 /

 L
H

C
 -

 J
. 
W

e
n

n
in

g
e
r 

36 

ÇWhen LHC operation started, it was realized setting up the machine 

accurately required nominal bunch intensities N ~ 1011 p/b. 

o Quality of the BPM measurements ï beam instrumentation ! 

ÇBut the SBF limit is below that value at 4 TeV (3x1010 p/b) and 7 TeV (1010 

p/b). To provide sufficient commissioning flexibility while maintaining a good 

level of safety, we had to be able to relax the limit. 

o Defined a relaxed limit (another equation), but with restricted usage. 

o Accepted a limited increase of the risk in order to improve setup quality. 

Only MPS experts can switch 

between the SBF equations 

SBF was rename Setup (and 

not Safe) Beam Flag since 

there is a residual risk of 

damage!  
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Commissioning 



Organization at LHC 
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ÇThe MPS activities of the LHC were organized since 2000 inside a 

Machine Protection Working Group (later changed to Machine 

Protection Panel - MPP). 

o Design and follow up of implementation, issues and performance, 

o Collaboration of all groups concerned by MPS. 

Ç With the startup approaching an executive body was created, the 

restricted MPP (rMPP) with representatives of the core MPS system. 

Ç The rMPP takes decisions related to MPS (example : BLM threshold 

changes) and steers the intensity ramp up of the machine. 

ü Recommendations are submitted to the CERN management. 

ü In general the recommendations are accepted. 



Commissioning - procedures 
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ÇBefore the machine startup, procedures were developed for the 

commissioning of the machine protection sub-systems. 

ÇThe procedures contain test descriptions and frequency of tests 

(after stop or intervention). 

ÇThe procedures were translated into a series of individual tests to be 

performed on the machine: 

o Without beam, 

o With beam ï if required for different intensity steps. 



Tracking 
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ÇThe tests are currently documented and tracked on a WEB page. 

ÇOne MPS expert is in charge of checking that all tests required for a 

certain machine phase are have been executed by the experts. 

o Note that it is generally the system expert that executes the tests for 

his system ï no independence. 

ÇThis simple mechanism must & will be improved. In fact the new 

concept exists but could not yet be implemented. 



Automated powering tests 
N

o
v
e

m
b

e
r 

2
0

1
4
 

J
A

S
 -

 M
P

S
 a

n
d

 o
p

e
ra

ti
o

n
 /

 L
H

C
 -

 J
. 
W

e
n

n
in

g
e
r 

41 

Ç The powering tests that are used to commission the LHC super-conducting 

magnet system are a good example of how to track and automate test. 

o Predefined and agreed test sequences, 

o Automated execution of the tests that are ready, 

o Test sequence blocked until tests are signed, 

o Tracking of results ï one cannot forget a step! 

encoding in a 

test sequence 

Test order 

1 block = 1 test 

This is where we want to implement for MPS sooné 



Commissioning example @ LHC 
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ÇWe take the example of some of the few normal conduction magnets 

of the LHC. Those magnets are used to re-combine the 2 LHC 

beams near an experiment (from two to a single vacuum chamber). 

LHC room temperature (normal conducting) 

separation/recombination dipoles (óD1ô) 

around ATLAS and CMS. 

Those magnets are very strong 

(large deflections) and they are fast 

ï> most critical powering failure ! 

see lecture by R. Schmidt 


