
The operation of the 
LHC accelerator complex

Part 2

LHC Physics Centre at CERN - Student lectures
April 7th  and 9th, 2010

CERN, Geneva, Switzerland

Stefano Redaelli 
CERN Beams Department

Operations Group



S. Redaelli, LPCC lectures, 07/09-04-2010 2

~19 h of physics at 7 TeV
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Status ~1h ago
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Outline - 2st lecture

• Recap. of 1st lecture
• Parameters for 2010-11
• LHC operational phases
 - LHC cycle
 - Commissioning: baseline / status
• Operational tools
 - Page 1’s / fixed displays 
 - More applications
• One shift of LHC operation
 - How do we operate the LHC
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Basic accelerator physics
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x(s) = A
√

βx(s) cos[φ(s) + φ0] + D(s)× ∆p

p
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p

e

Q =
1
2π

∫
ds

β(s)
Q′ =

∆Q

∆p/p

x′′ + K(s)x =
1
ρ

∆p

p0

σx(s) =
√

εβx(s) + [Dx(s)δ]2

Equation of motion and its solution:

Betatron tune and chromaticity:

Emittance and beam size:

Beam rigidity:

Beta function Dispersion
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Beam measurements at the LHC
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Closed-orbit

Betatron 
tune

Longitudinal 
profile

Beam 
losses

Transverse size

Wire
Synch. light
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LHC injector complex

726 GeV

1.4 GeV

450 GeV
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LHC layout and accelerator systems
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Eight arcs and 
eight straight sessions:
Point 1: Atlas, LHCf
Point 2: Alice, injection
Point 3: Momentum cleaning
Point 4: RF
Point 5: CMS, TOTEM
Point 6: Beam Dumps
Point 7: Betatron cleaning
Point 8: LHCb, injection
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LHC design parameters
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Nominal LHC parameters
Beam injection energy (TeV) 0.45
Beam energy (TeV) 7.0
Number of particles per bunch 1.15 x 1011

Number of bunches per beam 2808
Max stored beam energy (MJ) 362
Norm transverse emittance (μm rad) 3.75
Colliding beam size (μm) 16
Bunch length at 7 TeV (cm) 7.55

- β* = 0.55 m 
- Crossing = 285 μrad

- L = 1034 cm-2 s-1

σ = 16 μm
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The stored energy challenge
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Increase with respect to existing accelerators:

•A factor 2 in magnetic field

•A factor 7 in beam energy
•A factor 200 in stored energy

WHEN will we 
get there?
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LHC energy target - way down
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2002-2007
7 TeV

Summer 2008
5 TeV

Spring 2009
3.5 TeV

Nov. 2009

450 GeV

Detraining

nQPS
2 kA

6 kA

9 kA

When Why

12 kA

Late 2008 Joints

1.18 TeV

Design

All main magnets commissioned for 
7TeV operation before installation

Detraining found when hardware 
commissioning sectors in 2008
5 TeV poses no problem
Difficult to exceed 6 TeV

Machine wide investigations following 
S34 incident showed problem with joints

Commissioning of new 
 Quench Protection System
 (nQPS)
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LHC energy target - way up
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Train magnets
6.5 TeV is within reach
7 TeV will take time

Repair joints
Complete pressure relief system

Commission nQPS system

2014 ?

2010

Training

Stabilizers

nQPS

When What

7 TeV

3.5 TeV

1.18 TeV

450 GeV

2011

2013

2009

6 TeV
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Goals for 2010-2011
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Repair of Sector 34 1.18
TeV

nQPS
6kA

3.5 TeV
Isafe < I < 0.2 Inom

β* ~ 2 m
Ions

3.5 TeV
~ 0.2 Inom

β* ~ 2 m
Ions

2009 2010 2011

No Beam B Beam Beam

Goal (ambitious!) for the run: collect 1 fm-1 of data/exp at 3.5 TeV/beam.

To achieve such this goal the LHC must 
operate in 2011 with 

L ~ 2×1032 Hz/cm2 ~ Tevatron Luminosity
 which requires ~700 bunches of 108 p/bunch
 (stored energy of ~ 30 MJ – 10% of nominal)

Implications:
Strict and clean machine setup.
Machine protection systems at near nominal performance.

β*inj β*min

IP1 / IP5 11 m 2 m

IP2+ 10 m 3 m

IP8+ 10 m 2 m

IP5-TOTEM 11 m 90 m

Mininum β* in various IP’s
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Outline

• Recap. of 1st lecture
• Parameters for 2010-11
• LHC operational phases
 - The LHC cycle
 - Commissioning: baseline / status
• Operational tools
 - Page 1’s / fixed displays 
 - More applications
• One shift of LHC operation
 - How do we operate the LHC
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LHC cycle
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energy 
ramp

preparation 
and access

beam 
dump

injection phase

collisions

collisions

450 GeV

7 TeV

start of the 
ramp Squeeze

3.5 TeV

Also ramp time needs an update...



S. Redaelli, LPCC lectures, 07/09-04-2010

What has to be done in each phase?
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• Procedures elaborated within the LHC Commissioning Working Group 
(LHCCWG) in preparation for the 7 TeV operation.
• Updated now for the 3.5 TeV scenario
• Particular careful for machine protection aspects! 

http://lhccwg.web.cern.ch/lhccwg/

http://lhccwg.web.cern.ch/lhccwg/overview_index.htm
http://lhccwg.web.cern.ch/lhccwg/overview_index.htm
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Commissioning vs. “routine” OP
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During beam commissioning, we want to:
 1. Establish for the first time the critical phases
  - First beam threading, RF capture, closed orbit, ...
  - First ramp, first squeeze, ...
 2. Verify that all the accelerator system work correctly with beam
  - Beam instrumentation, controls
  - Kickers, RF, collimators, beam dump, ...
 3. Bring within tolerance the key machine/beam parameters
  - Orbit, tune, chromaticity, beta-beating, coupling, aperture, ...
 4. Establish re-producible reference settings for critical systems
  - Orbit and optics; collimator settings
  - Machine protection conditions for given beam configuration
 5. Assess safely the machine protection aspect before each energy step

During beam operation for physics, we want to:
 1. Re-establish the reference conditions with minot changes
 2. Optimize the time without beam to improve integrated luminosity

Initially, 
commissioning and 

physics will be 
interleaved (“staged” 

approach)
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Example of commissioning
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Ramp Problems
Beam 1
Beam 2

2 days
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Example of operation for physics
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Bunches injected, kept the minimum time 
needed for tuning and for recovering ref 

conditions, then ramp, then stable beams!

And then... hands OFF! ! ! 

Will come back to this later - brief 

commissioning status now.
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Where do we stand?
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Global machine checkout

450 GeV re-commissioning

System/beam commissioning continued
Squeeze

Establish stable safe beams at 3.5 TeV

Collisions at 3.5 TeV

Full machine protection qualification

Collisions at 3.5 TeV squeezed

Ramp commissioning 

Machine protection commissioning 

today
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2010 commissioning milestones
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27th Feb First injection

28th Feb Both beams circulating

5th March Canonical two beam operation

8th March Collimation setup at 450 GeV

12th March Ramp to 1.18 TeV

15th - 18th March Technical stop – bends good for 6 kA

19th March Ramp to 3.5 TeV

26th - 29th March Preparation of ‘stable’ beam conditions

30th March First 3.5 TeV collisions in all experiments (media event)

1st April Betatron squeeze to 5 m in IP1 and IP5

4th - 5th April 19h-long store with collisions in all IPs

7th April Betatron squeeze to 2 m in IP1 and IP5

Can only show a selection of topics:
injection

first beam threading
RF capture

Q, Q’, orbit adjustment
optics and aperture

collimator setup
3.5 TeV ramp

squeeze
beam dump

pre-cycle
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Injection
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TED
SEPTUM

KICKER

TDI

Extensively tested during TI2/8 
commissioning and sector tests:

- synchronization of kickers with extracted beam
- steering of the transfer lines

- protection settings
- injection quality checks
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Beam threading - Beam1 on TDI 

23

0 5 10 15 20 25

10-5

10-4

10-3

Be
am

 lo
ss

es
 [ 

gy
/s

 ]

Longitudinal position [ km ]

09:33:43

IP2 IP3 IP4 IP5 IP6 IP7 IP8 IP1

TDI.4L2

Collimators in all points were used to stop the beam: 
  - optimize beam trajectory before going into next sector; 
  - improve the show!
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Beam threading - Beam1 to IP3
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Beam threading - beam to CMS
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Beam threading - beam to CMS
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Courtesy of CMS team
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Beam threading - Beam 1 to the dump
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Beam threading - Beam1 to IR7
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Beam threading - Beam1 to IR8
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Beam threading - Beam 1 to ATLAS
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Beam threading - Beam 1 to ATLAS
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Courtesy of T. Wengler for the ATLAS team
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Closure of first turn for beam 1
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RF capture
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RF OFF

VERY first beam circulating in the LHC 
for several minutes (Sep. 11th, 2008)

RF ON – wrong phase RF ON – wrong freq.

RF ON – phase 
and frequency ok:

beam captured !

Courtesy of P. Baudrenghein for the RF team

Initial 
commissioning 
in 2008 for B2
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Optimization at injection
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- Tunes to nominal injection values
  (H / V = 0.28 / 0.31)
- Chromaticity under control
- Coupling under control
- Repeat with experiment magnets on
- Establish reproducibility fill after fill 
  (with pre-cycle)
...

Work of weeks! 
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2010 reference “golden” orbit
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Beam 1 - H

Beam 1 - V

Beam 2 - H

Beam 2 - V

Is this good or bad??

J. Wenninger
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One word on references and tolerances

36

Up to 360 MJ 
stored energy

Orbit, beam size and 
alignment must be 

controlled well and kept  
constant to avoid 

problems!

In addition, collimators gaps are set with respect to reference orbit and beam size 
(remember Spain/Italy on euro coin ! !).

A new collimator alignment campaign (several hours) needed if reference changes! 

Closed orbit ± 4 mm
Beta-beat ± 20 %
Spurious dispersion 27% DnomArc

Mechanical tolerance 1-2.5 mm
Alignment 1.0.-1.6 mm

Tolerance table

Transverse view in an arc

Cold aperture: 
quench limit ~mJ/cm3
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Optics: dispersion
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J. Wenninger
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Optics: correction of β functions
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R. Tomàs
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Aperture measurements
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Aperture bottlenecks are found by exciting orbit oscillations (or emittance blow-up) 
to explore all phases of the betatron oscillations.

Measurements started 
during the sector tests.
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Aperture measurements
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Aperture bottlenecks are found by exciting orbit oscillations (or emittance blow-up) 
to explore all phases of the betatron oscillations.

Measurements started 
during the sector tests.

Beam losses

Beam envelope + 
aperture model

No un-expected 

restrictions found so far..
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Collimator setup

41
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Cleaning efficiency
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The machine is protected against 

losses - we can proceed with the 

commissioning of the energy ramp!

Collimation team
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Ramp functions - dipoles
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Present ramp with 
maximum dI/dt = 2 A /s 

3.5 TeV ramp with 
nominal settings
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eV
 ] 3.5 kA

1000 s

2800 s

We are limited by the new QPS 
system: 2 A/s instead than 10 A/s

Ramp to 3.5 TeV is taking ~ 45 min 
instead than less than 20 min.
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Scaling of currents with energy
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Bρ =
p

e

Time [hh:mm]

Cu
rre

nt
 [ 

A 
]

Top 
energy

Injection

Ramp

The magnetic fields must match the beam energy!
Pre-generated functions are loaded into the power converters and are triggered simultaneously 

by timing events. Need to be updated after corrections and injection (“incorporation”).
Synchronous movements of power converters, radio-frequency and collimators!
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Frequency change during ramp
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200 Hz
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Collimator ramp functions
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Top energy 
gaps

Injection 
gaps σx(s) =

√
εβx(s) + [Dx(s)δ]2

εtop =
Einj

Etop
εinj
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Betatron squeeze
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Cu
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For the power converters, 
it is like a “ramp”: currents 

of the matching section 
quadrupoles change to 

modify the optics functions.

Gain luminosity without 
increasing the stored 

energy!!!
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Betatron squeeze
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For the power converters, 
it is like a “ramp”: currents 

of the matching section 
quadrupoles change to 

modify the optics functions.

Ex: three different 
optics in IP5 for β* = 

11m (inj), 9 m and 7m

Gain luminosity without 
increasing the stored 

energy!!!
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Results from YESTERDAY night
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Impressively good 
results for the first 

test down to β* = 2 m
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Beam dump

50Beam dump team
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Superconducting features

51

ΔB

+Jc-Jc MDC

These effects can be dangerous for 
the beam. A tight control requires to 

pre-cycle the SC magnets to re-
establish the same magnetic history 

before each new fill.

M

Bext

Magnetic field depends 
on powering history

Dynamic field effects

M. Lamont
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Pre-cycle
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M. Lamont, 2001

Done WITHOUT 
beam!!!
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Pre-cycle combined to ramp-down
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Top 
energy

Time [hh:mm]

M
ea

su
re

d 
cu

rre
nt

 [ 
A 

]

Imax = 6000A

Injection



S. Redaelli, LPCC lectures, 07/09-04-2010 54

Outline

• Recap. of 1st lecture
• Parameters for 2010-11
• Operational phases
 - Commissioning: baseline / status
 - Operation routine

• Operational tools
 - Page 1’s / fixed displays 
 - More applications
• One shift of LHC operation
 - How do we operate the LHC
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The LHC page1

55

http://op-webtools.web.cern.ch/op-webtools/vistar/vistars.php?usr=LHC1

Beam current
Beam 1
Beam 2

Beam 
energy

Fill number

Machine:beam mode

Information BIC and safe 
machine parameters (SMP)Operation crew’s comment

http://op-webtools.web.cern.ch/op-webtools/vistar/vistars.php?usr=LHC1
http://op-webtools.web.cern.ch/op-webtools/vistar/vistars.php?usr=LHC1
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The LHC page1
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http://op-webtools.web.cern.ch/op-webtools/vistar/vistars.php?usr=LHC1

Beam current
Beam 1
Beam 2

Beam 
energy

Fill number

Machine:beam mode

Information BIC and safe 
machine parameters (SMP)Operation crew’s comment

http://op-webtools.web.cern.ch/op-webtools/vistar/vistars.php?usr=LHC1
http://op-webtools.web.cern.ch/op-webtools/vistar/vistars.php?usr=LHC1
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Interlock / SMP panel on page1
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SMP = safe 
machine 

parameters

Allows experiments to 
take data with sensitive 
components: all safety 

conditions are met!
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Page1 for injection modes
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Inject&Dump or Circulate&Dump
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Screens of 
dump line
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Ramp Down / Recovery
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Info on the last post-mortem event, 
with comment by the EiC.
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Access → a bit sad...

61
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Page1 - powering mode
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Powering phase 
for the different 

sectors

My daughter
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Very high energy...

63

Don’t panic! Easy way to see if there is beam or not...
Distributed energy info goes to the maximum (safest settings 
for machine protection) in case of errors of the beam energy 

measurement based on dipole current reading. We would tell you in 
advance - probably - if we 

tried higher energies...
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LHC “operation” Page1
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Beam current / lifetime display
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Cryogenics page1
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Cryo MAINTAIN and START 
for each cryogenics sector

The message here is:
all GREEN → good

some CRYO-START RED → bad
some CRYO-MAINT RED → VERY bad
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Power converter status displays

67
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Power converter status displays

68

Green = IDLE (OK)
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Power converter status displays
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Green = IDLE (OK) Violet = ARMED (OK)
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Power converter status displays
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Green = IDLE (OK) Violet = ARMED (OK)
YELLOW = Executing 

functions (OK)
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RED = BAD

71

Candidate sources:
Cryo

Power converters
Quench protection system
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Colorful combinations are possible...

72
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Summary of circuit states
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Colors we like
(no faults)

Colors we do NOT like
(faults!)

ON, IDLE

OFF

ARMED

EXECUTING

STAND_BY

ERROR

NO_
CONN.
SLOW_
ABORT
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Collimators - OK

74
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Collimators - Not OK
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Beam interlock status
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Can ONLY put beam if all is green!
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Outline - 2st lecture

• Recap. of 1st lecture
• Parameters for 2010-11
• LHC operational phases
 - The LHC cycle
 - Commissioning: baseline / status
• Operational tools
 - Page 1’s / fixed displays 
 - More applications

• One shift of LHC operation
 - How do we operate the LHC

Assume that: 
we have the target parameters for the beam

the experiments have decided the running config
the machine protection is validated for the specified 

intensities
All injector chain is up and ready



S. Redaelli, LPCC lectures, 07/09-04-2010

One day of the LHC . . .

78

Put beams back 
after ~20 h
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. . . starts waiting for cold-down.

79

March 24th, 23:50 March 25th, 01:38

March 25th, 01:57 March 25th, 02:00 → Ready for powering
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No Cryo = No powering

80
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No powering = no beam

81
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Maskable and un-maskable channels of powering sub-sector with no 
cryo conditions prevent ARMING the beam dump system.

What do can we do while we wait for 

cryo conditions?
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Preparing for beam: RF

83

Injection settings: 
8 MV per beam 

= 
1 MV x 8 cavities 

per beam

16 Klystrons

One Power Converter 
feeds 4 klystrons

Cavity Controller 
LLRF
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Preparing for beam: Collimators
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- TED’s open (“beam”)
- TDI’s to “protect” settings
- Cleaning collimators to 

injection settingsInjection 
gaps

Parking 
positions

100 collimators 
moved to inj 

settings
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Preparing for beam: injection kickers
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Kickers need to be conditioned.
Conditioning (“soft-start”) takes 10-15 minutes and lasts 1h30 
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Preparing for beam: SPS emittances
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Horizontal beam size Vertical beam size

Could also verify steering of transfer lines with TED closed...
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Finally, pre-cycling the sectors

87
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Machine is ready for injection!

88
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Need to inform the experiments...
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Injection hand-shake performed with appropriate sequences

Then we can request the beams from the injectors!!
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Both beams are back - what a relief! 

90

Scopes at the end of TI2/8 Longitudinal pickups in the LHC
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Time-line
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Cryo OK

Pre-cycle

~2h

Injection

~15-30m

Kicker conditioning  
(1h30)

Inj. handshake

Check SPS beams

Inj. handshake

Inj. handshake

Coll to Injection

Prepare RF

Clear beam interlocks
Each step can  have problems - 

recovery space is very complex...
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Injection and first orbit

92
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Orbit corrected to golden
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Correct RMS 
difference to 

golden to below 
150-200 μm

Collimation 
regions: absolute 
difference below 
~200 μm = 20 % 

of σ
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Tune correction - B1
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Tunes are also 
good.

BUT: lifetime 
VERY bad! 
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Chromaticity adjustment
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We are finally ready 
for a RAMP!

But . . . 

Qy = Qy,0 + Q′
y
∆p

p
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Another “cold” shower at 05h00 
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Lost the cryogenics 
sector 81!!
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Ready to start 30 min later
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Luckily, “just” a measurement problem 
on a circuit that is not needed.

Recovery of conditions followed up by 
the cryo operators in the CCC
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Another pre-cycle
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Waiting for the last one...

About 2 h lost = 30 min for cryo + 1h30 for pre-cycle

Finally got beams back - no need of 
further adjustment! Ready for ramp!
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Preparing for ramp
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End of injection:
 1. Switch the injection kickers to stand-by
 2. Disable SPS extraction / inhibit injection in to LHC
 3. Move out the injection protection devices
Preparation of the ramp
 1. “Incorporate” injection setting into the ramp functions
 2. Set-up feedback and feed-forward corrections
 3. Load functions to the key systems:
   - power converters, RF, collimators
 4. Tell the experiments → close injection handshake
 5. Send timing event
 6. Only then, start praying.
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Ramp to 3.5 TeV / stable beams
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Preparation for stable beams
 1. Change tune working point (0.28, 0.31) → (0.31, 0.32)
 2. Collapse the separation bumps
 3. Move collimator to protection settings for physics
 4. Un-mask all the maskable interlocks
 5. Link beam permits
 6. Change the mode to stable beams. Hands OFF!

OPENCLOSED
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Collapsing the separation bumps
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Colliding beams

102
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Movie from March the 30th
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Courtesy of BI
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Luminosity scans

104
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Can you then make sense out of that?

105

Thanks for your attention
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Reserve 
slides
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Sector 1

5

DC Power feed

3 DC Power

2

4 6

8

7LHC
27 km Circumference 

Powering permit per sector
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Cryogenics conditions

108
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Extended with injection permit

109
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Software interlocks

110
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Power permit

Power Converters

QPS

Cryo

→ Authorises power on
→ Knocks power off in 
     case of fault

→ Authorises beam
→ Requests a beam dump 
     in case of problems 

Collimators

access

RF

Beam permit

Experiments

vacuum

BLMs

Warm 
Magnets

Software interlocks

Stored 
magnetic 
energy

Stored 
beam 

energy

Power Permit Beam Permit

Beam permits
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10.4 GJ 362 MJ

Beam Interlock System

Beam 
Dumping 
System  

Injection BIS

PIC essential
+ auxiliary

circuits
WIC

QPS
(several 1000)

Power 
Converters

~1500

AUG
  

UPS
  

Power 
Converters

Magnets

FMCM
  

Cryo
OK

RF
System

Movable Devices

Experiments

BCM
Beam Loss

Experimental 
Magnets

Collimation
System

Collimator
Positions

Environmental
parameters

Transverse 
Feedback

Beam 
Aperture
 Kickers

FBCM
Lifetime

BTV

BTV 
screens Mirrors

Access 
System

Doors EIS

Vacuum
System

Vacuum
valves

Access
Safety
Blocks

RF 
Stoppers

 

BLM
 BPM in 

IR6

Monitors
aperture 

limits
(some 100)

Monitors  in 
arcs

(several 
1000)

Timing System 
(Post Mortem)

CCC 
Operator 
Buttons

Safe
Mach.
Param.

Software
Interlocks

LHC
Devices

SEQ

LHC
Devices

LHC
Devices

Ti
m

in
g

Safe Beam Flag

Isn’t that a miracle that it works?
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Circulating
 beam

Injection
First turn

450GeV
initial

450GeV
optics

450GeV
Increase I

Circulating
 beam

Injection
First turn

450GeV
initial

450GeV
optics

450GeV
Increase I

Commissioning flow chart
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Top energy
Collisions

Pilot
physics

Ramp 
both beams

Squeeze 
both beams

450GeV
Collisions

450GeV
2 beams

Beam 2

Beam 1

2 beams

Experiment
magnets

OFF

Dipoles
OFF

Snapback
Ramp

Top energy
checks

Snapback
Ramp

Top energy
checksSqueeze

Squeeze
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Fast 2009 commissioning
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Date Day Achieved

Nov 20 1 Each beam circulating. Key beam instrumentation working.

Nov 23 4 First collisions at 450 GeV. First ramp (reached 560 GeV).

Nov 26 7 Magnetic cycling established (reproducibility).

Nov 27 8 Energy matching done.

Nov 29 10 Ramp to 1.18 TeV.

Nov 30 11 Experiment solenoids on.

Dec 04 15 Aperture measurement campaign finished. LHCb and ALICE dipoles on.

Dec 05 16 Machine protection (Injection, Beam dump, Collimators) ready for safe operation with pilots. 

Dec 06 17 First collisions with STABLE BEAMS, 4 on 4 pilots at 450 GeV, rates around 1Hz.

Dec 08 19 Ramp colliding bunches to 1.18 TeV

Dec 11 22 Collisions with STABLE BEAMS, 4 on 4 at 450 GeV, > 1010 per bunch, rates around 10Hz.

Dec 13 24 Ramp 2 bunches per beam to 1.18 TeV. Collisions for 90mins.

Dec 14 25 Collisions with STABLE BEAMS, 16 on 16 at 450 GeV, > 1010 per bunch, rates around 50Hz.

Dec 16 27 Ramp 4 on 4 to 1.18 TeV. Squeeze to 7 m. Collisions.
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Injection quality control
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Tune correction - B2
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Tune feedback
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Tune feed-forward
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LHC beam modes
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LHC-OP-ES-0005 rev 1.2
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Cryo - all green
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Machine integer tunes
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Nominal integer tunes: 
Qh = 64; Qv = 59
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Kicker statuses

121
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Bunch length measurements
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Single bunch pilot in both rings, ~ 0.4-0.5 eVs. Constant 12 MV during ramp.

At 450 GeV 
bunch length 
increases by 
~ 30 ps/h

At 3.5  TeV 
bunch length 
increases by 
~ 6 ps/h


