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CMS CMS MuonMuon Pairs MassPairs Mass
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ISRISR
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Interaction point

with crossing angle
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AntimatterAntimatter
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A BeamA Beam--Beam Resonance ScanBeam Resonance Scan

at the SPS Colliderat the SPS Collider
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23 Kms of  23 Kms of  superconductingsuperconducting MagnetsMagnets
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CryodipoleCryodipole CrossCross--SectionSection
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Dipole magnetic flux plotDipole magnetic flux plot
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……atat the the PhysicsPhysics LaboratoryLaboratory of  of  LeydenLeyden, , HeliumHelium

waswas first first liquifiedliquified
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Heike Kamerlingh Onnes

“Door meten tot weten”

To knowledge through measurement 



DiscoveryDiscovery of  of  SuperconductivitySuperconductivity (1911)(1911)
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HintHint of  a quantum of  a quantum EffectEffect…?…?
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DiscoveryDiscovery of  of  superfluiditysuperfluidity in He II (1938)in He II (1938)

J.F. Allen & A.D. Misener (Cambridge)

P.L. Kapitsa (Moscow)

Vaporization of  liquid helium

He I (T=2.4 K) He II (T=2.1 K)
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« In my PhD work in Toronto on superconductivity, I had 
often seen the sudden cessation of  boiling at the lambda 
temperature Tλ but had paid it no particular attention. It 
never occured to me that  it was of  fundamental 
significance. »

J. Allen, Physics World, November 1988, p 29.

J. F. AllenJ. F. Allen
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Specific heat of  LHe and CuSpecific heat of  LHe and Cu
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Equivalent thermal conductivityEquivalent thermal conductivity

of  He IIof  He II
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Insulation and heat removalInsulation and heat removal

1st Layer w ith overlap

(to provide enough 

surface current path: 

200V/cm  &

to avoid punch through)

2nd Layer w ith or 

w /out  spacing 

and glue on 1 or 2 

sides
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LHC Main Magnet

IR Quad.

Sealed Kapton (Model)

Sealed Ep.+F.Glass (Model)

Enhanced insulation (Model)

This translate in about 10 

W/m of  heat tr. from coil to 

the bath 
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150ns bunch train performance, 22/09 to 29/10

12/8/2010 19

Energy TeV 3.50 3.50 3.50 3.50 3.50 3.50 3.50 3.50

Bunch intensity 1.E+10 10.0 10.0 10.5 10.3 10.0 10.6 11.5 12.2

Bunches per beam 24 56 104 152 204 248 312 368

Colliding in 1 5 8 16 47 93 140 186 233 295 348

Emittance µm 3.30 2.20 2.80 2.90 2.60 2.40 2.60 2.40

β* m 3.50 3.50 3.50 3.50 3.50 3.50 3.50 3.50

Luminosity 1 & 5 cm-2 s-1 4.6E+30 2.0E+31 3.5E+31 4.8E+31 6.8E+31 1.0E+32 1.4E+32 2.1E+32

Event rate / Xing Hz 1.5 2.3 2.0 1.8 2.0 2.4 2.6 3.2

BBTS / Xing 0.0037 0.0055 0.0046 0.0043 0.0047 0.0054 0.0054 0.0062

BBTS for 3 Xing 0.0111 0.0166 0.0137 0.0130 0.0141 0.0161 0.0162 0.0187

Protons 2.4E+12 5.6E+12 1.1E+13 1.6E+13 2.0E+13 2.6E+13 3.6E+13 4.5E+13

% nominal 0.7 1.7 3.4 4.8 6.2 8.1 11.1 13.9

Current mA 4.3 10.1 19.6 28.1 36.0 47.1 64.8 81.0

Stored energy MJ 1.3 3.1 6.1 8.7 11.2 14.7 20.2 25.2
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TouschekTouschek ScatteringScattering

20

AsAs particlesparticles performperform theirtheir betatronbetatron andand synchrotronsynchrotron oscillations,oscillations, theythey
exchangeexchange energyenergy duedue toto multiplemultiple CoulombCoulomb scatteringscattering.. TheThe correctcorrect frameframe
ofof referencereference toto understandunderstand thethe phenomenonphenomenon isis thethe restrest frameframe ofof thethe
beambeam.. TheThe transversetransverse rmsrms momentamomenta ’’x,yx,y areare unchangedunchanged byby thisthis
transformationtransformation whereaswhereas thethe longitudinallongitudinal momentummomentum pp isis transformedtransformed
intointo pp/g/g.. InIn aa highlyhighly relativisticrelativistic beambeam likelike thethe LHC,LHC, thethe longitudinallongitudinal planeplane
isis thereforetherefore veryvery “cold”“cold” comparedcompared withwith thethe transversetransverse planesplanes andand oneone
wouldwould expectexpect aa dampingdamping ofof thethe transversetransverse dimensionsdimensions andand anan increaseincrease inin
thethe energyenergy spread,spread, whichwhich wouldwould bebe goodgood forfor luminosityluminosity preservationpreservation.. ThisThis
indeedindeed doesdoes occuroccur inin thethe verticalvertical planeplane althoughalthough thethe dampingdamping timetime isis veryvery
longlong.. Unfortunately,Unfortunately, inin thethe regionsregions wherewhere thethe dispersiondispersion isis notnot zerozero (most(most
ofof thethe machine),machine), aa particleparticle changeschanges itsits energyenergy byby CoulombCoulomb scatteringscattering butbut
doesdoes notnot changechange itsits positionposition andand thereforetherefore findsfinds itselfitself onon thethe wrongwrong orbitorbit
forfor itsits momentummomentum.. ItIt cancan onlyonly makemake aa betatronbetatron oscillationoscillation aroundaround itsits newnew
equilibriumequilibrium orbit,orbit, addingadding aa heatingheating termterm thatthat completelycompletely swampsswamps thethe slowslow
dampingdamping inin thethe radialradial planeplane..

Lyn Evans



IntrabeamIntrabeam Scattering in the SPS. Top Bunch Lengthening with Time for a strong Scattering in the SPS. Top Bunch Lengthening with Time for a strong 

Proton Bunch (left) and a weak Antiproton Bunch (right) Bottom. IBS Growth Rate Proton Bunch (left) and a weak Antiproton Bunch (right) Bottom. IBS Growth Rate 

compared with Theory.compared with Theory.
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Time
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EmittanceEmittance Blow Up during Ramp Blow Up during Ramp –– 33

Lyn Evans

Excitation amplitude

Bunch length

Ramp
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EmittanceEmittance Blow Up during Ramp Blow Up during Ramp –– 11

• Rectangular Phase Noise Power 

Spectral density that excites only the 

core

– avoid tails and losses

– hit:  6/7 fs < f < 1.1 fs
• corresponds to a 1.2 ns window in the 

core

– and follow fs along the ramp
• from 57 Hz to 28 Hz

Method developed by Joachim for the 

SPS

• Algorithm to adjust the amplitude of 

the excitation xn from a measurement 

of the instantaneous bunch length 

(mean) Ln and comparison to target L0

• target bunch length L0 1 ns for ions

– was 1.2 ns for protons
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LHC now on its own in terms of stored energy 

12/8/2010 24

LHC Oct. ‘10



UFO - Unidentified Falling Object (fast local loss)

25

• Sudden local losses

• No quench, but preventive beam dump

• Rise time on the ms scale

• Working explanation: dust particles falling into beam 
creating scatter losses and showers propagating 
downstream



• UFO dump rate has gone down significantly since we increased the 
thresholds at SC elements (except triplets) by a factor 3. 
– 12 UFOs before change of threshold. 
– But there are still coming at a steady rate (see E. Nebot del Busto). 
– No quench with UFOs. 

• 2 UFOs since threshold change: 
– UFO near LHCb leading to dump by LHCb – not the LHC BLMs. 
– Ultra-fast and somehow non-standard UFO at BSRT. 

• Even though the UFO rate seems to be under control now, UFOs will 
become a problem if we ever increase the energy since the quench and 
BLM thresholds will come down again (factor 2-3 !). 

• To be looked at/understood
– UFO mechanism
– Possible cleaning by beam
– Actions for 2012 stop

12/8/2010 26

Mitigated by change of BLM threshold



• Motivation (in view of effects seen during 150ns operation)
– Exploration of physics conditions with 50ns spacing
– Injection and capture efficiency
– Behaviour of Beam Instrumentation and RF and damper systems
– Behaviour of vacuum system

• Planning adapted as observations were made
– Injection and capture of trains of 12
– Physics fill with 9x12 bunches + end of fill beam-beam studies
– Large increase in vacuum pressure when injecting trains of 24 bunches
– Beam stability at injection
– Systematic measurements of pressure rise in the straight sections and 

heat load in the arcs for different filling patterns to provide input for 
simulations and guide predictions:

• Dependence on bunch intensity
• Dependence on bunch train length
• Dependence on bunch train spacing 

– Measurements for the characterization of the scrubbing

12/8/2010 27

50ns run (29/10 to 04/11)



• Vacuum Interlock due to pressure increase on the penning 
gauges VGPB.773.6L7.R on the cold-warm transition of the 
Q6L7.R. Beams circulating in different vacuum chambers

• Unexpected for this number of bunches

12/8/2010 28

Pressure rises with trains of 24 
bunches

9x12 1x12+4x24



• Observed temperature increases on the beam screens in all 
the arcs in correspondence with 50 ns beam injection

12/8/2010 29

Heat load on beam screens

I beam



The Electron Cloud Effect The Electron Cloud Effect 
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Simulated Heat LoadSimulated Heat Load

as a Function of  SEYas a Function of  SEY
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Scrubbing in the LSSScrubbing in the LSS
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Linear scale

Can hope to gain 2 

orders of magnitude 

in ~16h



Luminosity Evolution 2010Luminosity Evolution 2010
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5 orders of magnitude in ~200 days
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~50 pb-1 delivered, half of it in the last week ! 



75 75 nsecnsec operationoperation
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DueDue toto thethe asymmetryasymmetry ofof thethe detector,detector, LHCLHC--bb isis displaceddisplaced byby 33 RFRF halfhalf
wavelengthswavelengths ((1111..2525m)m) withwith respectrespect toto thethe symmetrysymmetry pointpoint..
TheThe onlyonly twotwo “magic”“magic” bunchbunch spacingsspacings wherewhere allall fourfour IP’sIP’s areare illuminatedilluminated
naturallynaturally areare 2525 nsecnsec andand 7575 nsecnsec.. ForFor allall otherother separationsseparations specialspecial
bunchesbunches havehave toto bebe putput inin forfor LHCLHC--bb thatthat dodo notnot collidecollide elsewhereelsewhere..

TestsTests withwith 7575 nsecnsec havehave shownshown nono electronelectron cloudcloud effecteffect exceptexcept inin thethe
commoncommon vacuumvacuum chamberchamber.. ThisThis cancan easilyeasily bebe controlledcontrolled..

7575 nsecnsec operationoperation isis anan attractiveattractive optionoption forfor 20112011 whilstwhilst “scrubbing”“scrubbing” isis
takingtaking placeplace..

Lyn Evans



PbPb Orbit compared to p Orbit Orbit compared to p Orbit –– No Steering !No Steering !

35Lyn Evans



First stable Beams (2 bunches per beam)First stable Beams (2 bunches per beam)
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Luminosity Evolution (not quite upLuminosity Evolution (not quite up--toto--datedate))
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1025 cm-2 s-

1



2011: “Reasonable” Numbers2011: “Reasonable” Numbers
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• 4 TeV 

• 936 bunches (75 ns)

• 3 micron emittance

• 1.2 x 1011 protons/bunch

• beta* = 2.5 m, nominal crossing angle
Peak luminosity 6.4  x 1032

Integrated per day 11 pb-1

200 days 2.2 fb-1

Stored energy 72 MJ

Usual warnings apply – see problems, problems above



Ultimate ReachUltimate Reach
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• 4 TeV

• 1400 bunches (50 ns)

• 2.5 micron emittance

• 1.5 x 1011 protons/bunch

• beta* = 2.0 m, nominal crossing angle

Peak luminosity 2.2  x 1033

Integrated per day 38 pb-1

200 days 7.6 fb-1

Stored energy 134 MJ

Usual warnings particularly apply – see problems, problems above



• Bunch train operation with 150ns was a big success
– Bunch intensity ~ nominal
– Normalised emittance n in collision ~ 2.5 µm
– Maximum bunches/colliding 1 & 5 368/348
– Peak luminosity ~ 2 1032 cm-2 s-1

– Delivered luminosity ~ 50 pb-1

– Plenty of interesting data
– A few interesting (intensity-related) effects

• 50ns run
– Very useful few days
– Should allow definition of strategy for 2011 (together with ongoing studies)

• Ion run
– Very fast switch from p to Pb
– Quickly up to nominal performance for 2010 

• 75 nsec run
– No e-cloud
– Interesting mode of operation in 2011

12/8/2010 40

Summary


