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Australian Synchrotron, Melbourne, 2010-12-16

Under the LHC Bonnet

Commissioning with Beam in 2010

An impression by Ralph J. Steinhagen, CERN

mailto:Ralph.Steinhagen@CERN.ch
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Overview

Part I  - LHC Commissioning with Circulating Beam

– Milestones of 60 hours of LHC Beam

– 'The September 19th Incident in LHC Sector 34'

– Analysis, consolidation and response measures

Part II – Re-Commissioning with Beam in 2010

– Some impression on operation with

• Proton beams

• Ions beams

– Some selected “puzzles” we are working on...

mailto:Ralph.Steinhagen@CERN.ch
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The Large Hadron Collider LHC
Installed in the LEP tunnel, 27 km, Depth of 70-140 m

Lake of Geneva

LHC ringLHC ring
Sector 34

Jura mountains

the Alps

mailto:Ralph.Steinhagen@CERN.ch
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Accelerator energy (GeV)
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27 km Circumference – 1232 LHC dipole magnet

B field 8.3 T (11.8 kA) @ 1.9 K (super-fluid Helium)
two-in-one magnet design:        two beam tubes 
with an opening of 56 mm.

Operating challenges:
Dynamic field changes at injection.
Very low quench levels (~ mJ/cm3)    in 
an environment that stores MJ → GJ

mailto:Ralph.Steinhagen@CERN.ch
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Risks with Beam:
Total Stored Beam Energy

LHC requires respect and vigilant treatment ...not much margin to err

see Chamonix XIV: “Damage levels - Comparison of Experiment and simulation” and PAC'05 for details

x 200

x 10 000

LHC in 2010

mailto:Ralph.Steinhagen@CERN.ch
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It all looks so easy...

mailto:Ralph.Steinhagen@CERN.ch
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10th September 2008
Milestones of 50 Hours of LHC Beam Operation

mailto:Ralph.Steinhagen@CERN.ch
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10th of September 2008 – CERN Control (Show) Room

Three fantastic days, all went like a dream with beam…

mailto:Ralph.Steinhagen@CERN.ch
http://elogbook.cern.ch/eLogbook/attach_viewer.jsp?attach_id=1025394
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Risk without Beam:
While preparing the last sector for to 5 TeV operation ...

10
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Dump Resistors
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19th September 2008 – 11:18:36.798 - Impressions
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Magnet Interconnection

bus U-profile bus

wedge

Solder No solder

X-ray of joint

The copper stabilizes the bus bar in the event of a cable quench  
(=bypass for the current while the energy is extracted from the circuit).

– Protection system in place in 2008 not sufficiently sensitive.

A copper bus bar with reduced continuity coupled to a superconducting cable badly 
soldered to the stabiliser can lead to a serious incident.

Typical joint resistances: 0.3 nΩ @1.9K 
(100 μΩ @300K)

During repair, inspection of the joints 
revealed systematic voids caused by the 
welding procedure.

mailto:Ralph.Steinhagen@CERN.ch
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LHC repair and consolidation
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LHC target energy: the way down

15

2002-2007
7 TeV

Summer 20085 TeV

Spring 2009
3.5 TeV

Nov. 2009

450 GeV

De-training

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

 De-training 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)

mailto:Ralph.Steinhagen@CERN.ch
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Steve Myer's Conclusion during the Chamonix Workshop:

“A ship in harbour is safe, but that is not what ships are built for.”, John 
Augustus Shedd, Salt from My Attic, 1928

mailto:Ralph.Steinhagen@CERN.ch
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LHC 2009 → 2010 Re-Commissioning

Clear priorities 
– Re-commission the repaired sectors and new more sensitive quench 

protection system with beam

– lay the foundations for 2011 and the delivery of 1 fb-1                

↔ competitive high-energy-physics (Tevatron)
• peak luminosity target 1032 cm-2s-1 

– Gain solid operational experience of injecting, ramping, squeezing and 
establishing stable beams

– Steady running at or around 1 MJ for an extended period

– Perform a safe, phased increase in intensity with validation and a running 
period at each step

mailto:Ralph.Steinhagen@CERN.ch
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November 2009
After 14 month of Repair, Consolidation and HW Re-Commissioning

Great relief on November 20th when both beams circulated again
November 29th reaching 1.2 TeV for the first time:

Systems commissioned at forced pace – aim to check as much as possible
– Our most optimistic plan became true !!
– Gained experience with the new, and much more sensitive QPS system

mailto:Ralph.Steinhagen@CERN.ch
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1.2 TeV Collisions

mailto:Ralph.Steinhagen@CERN.ch
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LHC target energy: the way up

 Train magnets
– 6.5 TeV is in reach
– 7 TeV will take time

 Repair joints
 Complete pressure relief system

 Commission nQPS system

2014 ?

2010

Training

Stabilisers

nQPS

When What

7 TeV

3.5 TeV

1.18 TeV

450 GeV

2011

2013

2009

6 TeV

Chamonix
4++ TeV?

mailto:Ralph.Steinhagen@CERN.ch
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Milestones - 2010 

Date Achieved

Feb 28 Restart with beam.

Mar 30 First collisions at 7 TeV centre of mass. Luminosity ~ 2 1027 cm-2 s-1

Apr 01 Start squeeze commissioning.

Regular physics runs
2 on 2 bunches of 1010
Un-squeezed
1 colliding pairs per 
experiment
Rates around 100Hz

Apr 07 Squeeze to 2 m in points 1 and 5.

Apr 09 Single nominal bunch of 1.1 1011 stable at 
450GeV.

Apr 13 Squeeze to 2 m in point 8.

Apr 16 Squeeze to 2m in point 2.

April 
24

First stable beams at 7 TeV, 3 on 3, squeeze 
to 2m.

Luminosity ~ 2 1028cm-2 s-1

mailto:Ralph.Steinhagen@CERN.ch
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Milestones reached 2010 (to August)

Date Achieved

May Increase bunch intensity to 2 1010, Increase 
kb.

Regular physics runs

May 24 13 on 13, 8 colliding pairs per experiment. Luminosity ~ 3 1029cm-2 s-1

June Increase bunch intensity to nominal, 
squeeze to 3.5m.

Machine development

June 25 First stable beams at 7 TeV, 3 on 3 nominal 
bunch.

Luminosity ~ 5 1029cm-2 s-1

July 15 13 on 13, 8 colliding pairs, 9 1010 / b Luminosity ~ 1.5 1030cm-2 s-1

July 30 25 on 25, 16 colliding pairs, 9 1010 / b Luminosity ~ 3 1030cm-2 s-1

Aug 19 48 on 48, 36 colliding pairs 1 5 and 8, 9 1010 
/ b

Luminosity ~ 6 1030cm-2 s-1

 Aug Stable running period to consolidate 
operation and MP

50x50, 11 1010 / b

~2-3 MJ per beam
Luminosity ~ 1 1031cm-2 s-1
 

mailto:Ralph.Steinhagen@CERN.ch
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Available Aperture

A great relief : the aperture was very good – no buckled bellows & Co.

mailto:Ralph.Steinhagen@CERN.ch
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Integer Tunes

Something probably measured only rarely during an accelerator's life-time:

– Integer tunes: Q
x
 = 64 & Q

y
 = 59 

J. Wenninger

mailto:Ralph.Steinhagen@CERN.ch
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Optics

Stunningly stable optics after three month

R. Tomas et al.

mailto:Ralph.Steinhagen@CERN.ch
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Orbit Feedback Performance during the Ramp

Orbit stability in the ramp:  ≤ 80 µm rms

The LHC only operates reliably with both orbit and tune FBs (ramp and squeeze).
– Ramp and squeeze essentially without losses !!!!

mailto:Ralph.Steinhagen@CERN.ch
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Feedback in Action : Ramp

OFB trims (µrad)

QFB trims

Energy (TeV)

Fill 1309

29.08.2010

mailto:Ralph.Steinhagen@CERN.ch
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Orbit Stability during one LHC Fill

Injection probe-beam, injection physics beam, ramp, squeeze, stable physics

– Stability at one reference pick-up in LSS4

Orbit stability during physics < 5 μm over 15 hours

Ref. changes at ramp start
and start of squeeze

mailto:Ralph.Steinhagen@CERN.ch
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OFF ON

Crucial to keep emittance 
growth under control

Transverse Dampers

Already operational through 
the cycle – including stable 

beams

W. Höfle et al.

mailto:Ralph.Steinhagen@CERN.ch
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Protons visible by eye

30

 At the LHC momentum and magnetic fields are 
sufficiently strong for the protons to emit visible 
light that can be used to image the beams in real-
time.

The energy loss per turn is 7 keV at 7 TeV.

 Excellent performance of the beam instrumentation has largely 
contributed to the fast progress. 

E.Bravin, Th. LeFevre, F. Roncarolo et al.
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Beam-Beam Interaction I/II
Head-On

31

- black witness bunches (zero collisions); 
- red bunches colliding in IP 1 5 and 2 (3 collisions); 
- blue bunches colliding in IP 1 5 and 8 (3 collisions); 
- green bunches colliding in IP 2 and 8 (2 collisions). 

20 30 40 50 60 70
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fill 1264 - beam 1
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fill 1264 - beam 2

Beams in collision Beams in collisionBeam1 Beam2
Intensity
loss (%)

Effects of the beam-beam force are visible on the lifetime of the various bunches.

– sensitive to tune working point → cured by tune split and/or transverse damper

– Lots of numerology

mailto:Ralph.Steinhagen@CERN.ch
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Beam-Beam Interaction II/II
Long-Range Beam-Beam – Lifetime versus crossing angle

32 

10
0 

µr
ad170  

100 µrad

80
 µ

ra
d

70
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d

60
 µ
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d

50
 µ
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d

40
 µ

ra
d

30
 µ

ra
d

20
 µ

ra
d

90
 µ

ra
d

Test with 3 batches of 8 bunches each, spacing 150 ns at injection

– up to 6 long range interactions per bunch.

At injection the minimum crossing angle with 150 ns trains is 100 μrad

– Using nominal value of 170 μrad to gain experience (aperture not a problem).

mailto:Ralph.Steinhagen@CERN.ch
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Beam current during fill 25/08/2010

“The price of freedom is 
eternal vigilance.”

Mike Lamont: “Quite frankly: we’re dreaming…”

mailto:Ralph.Steinhagen@CERN.ch
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Two weeks in August

48b 50b25b

mailto:Ralph.Steinhagen@CERN.ch
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August: Operational Reliability and Routine are starting to settle in....

August Fill Bunches Stable nb-1 EOF

18 1293 25x25 12h01 93 Programmed dump

19/20 1295 48x48 14h43 238 Programmed dump

22/23 1298 48x48 13h07 280 fast beam loss event Q22.R3.

24 1299 48x48 3h18 87 RD1.R2 trip.

24/25 1301 50x50 14h17 345 EOF studies

26 1303 50x50 13h07 369 fast beam loss event Q25.R5.

27 1305 50x50 3h30 118 EOF studies

28/29 1308 50x50 13h42 335 Programmed dump

29/30 1309 50x50 11h18 312 Programmed dump

mailto:Ralph.Steinhagen@CERN.ch
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Fantastic Availability of Core Systems
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All LHC Faults Downtime Distribution
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Crossing Angle and Satellite Bunches

For the time being a non-issue

– need to revisit if becomes larger than 5%
synchrotron light monitor

2.5 ns

ALICE

mailto:Ralph.Steinhagen@CERN.ch
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Emittance and Bunch Charge Improvements

Injected emittance reduced to less than 1.5 μm (nominal 3.5 μm).
– Lower for 50, 75 and 150 ns than 25 ns.
– Impact on beam-beam observed – curable

Presently we aim to inject beams with emittances of ~2 μm.
– routinely start collisions with ε ~2.5 μm (B1 better than B2).
– Since Luminosity ~ 1/emittance → ~30% gain of luminosity.

In addition, injector already can already produce above nominal bunch 
intensities → LHC future looks bright
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Proton Performance in 2010

Integrated delivered proton luminosity ~ 48 pb-1/experiment

Record peak Luminosity of 2·1032 cm-2s-2

plots at: http://cern.ch/lpc
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LHC Operation with Ions

Acknowledgements to:
John Jowett
Mike Lamont
Walter Venturini
Matteo Solfaroli Camillocci
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Ion Commissioning: Thursday & Friday

Beam 1 Inj., 
Circ.

& Capture

Beam 2 Inj., 
Circ.

& Capture

Optics Checks
BI Checks

Collimation Checks

First Ramp
Collimation Checks

Squeeze
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Lead Ion Injector Chain
“We are standing on the shoulder of giants”

→ achieved 70% more than nominal bunch intensities!!
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Performance of Ion Operation

LHC Mode change: Large Hardron Collider → Large Hardron Collider

Hours spent in stable beams in 2010:

–  851 hours of protons out of 7 months, 1 apr - 31 oct

–  223 hours of ions out of 1 month , 8 nov - 6 dec
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Friday afternoon: first ramp – no losses

World first:  observation of synchrotron light 
from nuclei

Appears around  0.55 Z TeV (later if filtered)

Bunch length increasing at injection (IBS), down during the ramp, 
increasing again at 3.5 TeV (IBS)
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Optics measurements at 3.5 Z TeV, squeezed

n Very similar to protons

R. Tomas et al.
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Betatron Loss Maps with Ions – 450 GeV

Leakage to DS
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Ions - conclusions

n Very swift commissioning period leveraging proton set-up to 
the maximum.
¨ pushing though 2 – 17 – 69 toward 120 bunches per beam

¨ Peak luminosity around 6 x 1024 cm-2s-1 with 69 bunches

n Injectors are giving us 70% beyond design single-bunch 
intensity, some consequences…
¨ Significant IBS growth and de-bunching at injection, seems to be in 

reasonable agreement with theory

n Emittance blow-up in physics is not too bad, but mostly not IBS
n Collimation of heavy ions is complicated

¨ Simulations roughly right but do not show all details – need considerable 
effort for refinement … and counter-measures in future

Courtesy John Jowett
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CERN grew beyond it's original Mission...

LHC's success was not an accident, but a result of a combined, high-quality, and 
meticulous preparation prior to and after the 10th of September.       
It did not jump out of the ground but has a fine pedigree all across the world...
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Issues, Issues, Issues...

LHC commissioning was not without any faults and problems

Most of the problems were addressed at a fast pace

Some need some revisiting next year

Following slides contain some assorted examples
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51/63Not ideal but we’ve learnt to live with it

The Hump – Source is still unknown

Tunes

external 
excitation
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Tune Christmas Trees in May

Impedance measurement in agreement with estimates (dominated by collimators)

What happend when we got ultra-short bunches for the first time:

Not an issue: easily cured by Landau Damping (non-linear field ↔ Octupoles)
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Injection Septa Interconnection Repair

n Injection is becoming more critical:
● Injected beams have now some damage potential.
● Losses at injection collimators become more critical

n Radiation survey and X-ray showed aperture restriction at the transition between the 
injection septa due to a non-conformity in the mounting of the interconnection

J-M. Dalin

Circulating beam

RF fingers
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UFO's @ LHC

Sudden local losses have been recorded.                   
No quench, but preventive dumps (raised level).

– Rise time partly < 1 ms.

– Pot explanation: dust particles falling into beam → thus 'UFO'

• However: seen these only at 3.5 TeV and never at 450 GeV!
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UFO: intensity dependence

Beam loss monitor thresholds have been raised a the 
appropriate timescales 

Logging data mined for events not above threshold

mailto:Ralph.Steinhagen@CERN.ch


U
nd

e
r 

th
e 

L
H

C
 B

o
nn

et
, R

al
ph

.S
te

in
ha

ge
n@

C
E

R
N

.c
h

, M
el

bo
u

rn
e

, 2
01

0
-1

2
-1

6

56/63

UFO Landing Landing Sites in the LHC
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Intensity Reach 150 ns

4.35·1013 p (?)   being followed up

312b 364b 364b364b

424 b

364b

Stored energy reached at 3.5 TeV: 28.0 MJ
Stored energy at 3.5 TeV in stable beams: 24.4 MJ Ralph Assmann
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n Pressure rise seen in common beam pipe regions
n Particularly unbaked warm-cold transitions
n Two effects:

¨ electron cloud driven by closely space passage of b1 and b2 bunches
¨ synchrotron radiation induced desorption

n Region +/- 58 m of IP1 equipped with solenoids
¨ worked well – classic cure for electron cloud

n Cleaning observed

Vacuum Pressure Rise
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[F. Ruggiero]

Schematic of e-Cloud Buid up in LHC Arc Beam Pipe,
due to Photoemission and secondary Emission
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LHC Strategy against Electron-Cloud
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Solenoids between DFBX and D1 in IR1L

M. Jimenez

61
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Solenoid A4L1 - ON Solenoid A4R1 - ON

Vaccum Pressure in IR1
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Very successful period of initial commissioning

– No real physics operation but got a good idea on how 2010 could look like

– Re-established and solidified physics that has been discovered over the last 50 
years at Tevatron, RHIC, ….

All key systems performed remarkably well

– Some commissioning still required, issues still to be addressed

Performance with beam (losses, lifetimes, luminosity, emittance 
growth etc.) is very encouraging.

Moving towards a MJ culture.

2011: smooth running with 10s MJ

– re-establish 2010 performance

– a bit of scrubbing (e-cloud mitigation)

– Move LHC status from 'commissioning' to 'physics operation'

– > 1 fb-1, cranking up intensities: 75 ns bunch trains (50 ns?), ~900 bunches

Conclusions
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ANSTO, Lucas Heights, Sydney, 2010-12-17

Thank You for your Attention!

LHC has taken off
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ATLAS: Preliminary Projections

5fb-1 enough to close gap with LEP at 7 TeV 

– Expected 3σ observation from 123 to 550 GeV with

– ATLAS estimates from a very conservative analysis at 7TeV
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Beauty also counts

LHCb expectations for  Bs → µ µ    (FCNC)

Exclusion limit @ 90% C.L.

And the Bs equivalent of the “Bd CKM angle (B factories)”

Strongly suppressed 
in Standard Model!!

Possible 
enhancement by 
New Physics!!

But Higgs is not everything...

Courtesy Massimiliano Ferro-Luzzi
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Q/Q'-Stability and Feedback Performance

Analysed a total of  275 ramps, excluded most of early ramps in 2009

early commissioning “physics operation with protons”

ions
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Maximum Intensity and Transmission Loss during the Ramp
Beam 1

ions

protons

systematic FastBCT effects

Most losses when switching mode of operation (single bunch → trains → ions)
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'What-if-... Scenario' Analysis – Out of 191 Ramps...

… 56 lost due to low-order (3rd,4th,C-) 
resonance crossing without Tune-FB

… 150 exceeding ΔQ=±0.01 tolerance

… all above nominal ΔQ=±0.0015 limit

… 83 lost due to low-order (3rd,4th,C-) 
resonance crossing without Tune-FB

… 157 exceeding ΔQ=±0.01 tolerance

… all above nominal ΔQ=±0.0015 limit

Ramp dynamics and variations are compensated/absorbed by Tune-FB
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Beam 2 - RF Capture
Thursday 11th – Late Evening

RF on 
– wrong frequency

RF on
– wrong phase

RF on (22:33)
–  bunch captured 

RF off (21:20)
–  bunch captured

Courtesy of Ed Ciapala, BE-RFΔt = 10 turns

once QPS, cryo and power systems have been fixed:

Re-cycled LHC, re-corrected tune, orbit, …, switched on RF

Beam circulated for more than 10 minutes (life-time > 1 h)
– forced beam abort → first emergency beam dump test

Commissioning driven by RF team from SR4.
– CCC could only watch the longitudinal profile monitor!

Beam 2 in dump line

note: 2 bunches!!
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