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Peak Luminosity 



Past Peak Performances 

Steve Myers, 14 June 2011 

Fill 

Number

Date Bunch 

Spacing

Number 

of 

Bunches

Peak 

Luminosity 

(1033cm-2s-

Total Number of 

protons per 

beam  (1014)
1635 18 March 2011 75 32 0.030 0.038

1637 19 March 2011 75 64 0.064 0.074

1644 22 March 2011 75 136 0.167 0.164

1645 22 March 2011 75 200 0.252 0.243

1712 15 April 2011 50 228 0.237 0.285

1716 16 April 2011 50 336 0.353 0.423

1739 26 April 2011 50 480 0.514 0.579

1749 30 April 2011 50 624 0.716 0.756

1755 02 May 2011 50 768 0.826 0.925

1809 27 May 2011 50 912 1.099 1.150

1815 29 May 2011 50 1092 1.268 1.330

Peak Performances



back to back fills with 1092 bunches 

Luminosity 1.2-1.3 x1033cm-2s-1 



recent LHC week 



recent LHC 10-fill statistics 



Best Fill as of June14 

Steve Myers, 14 June 2011 



integrated luminosity 



Records 
 Peak Stable Luminosity 1.26x1033 Fill 1815 11/05/29, 06:41 

Max. Luminosity / fill 46.93 pb-1 Fill 1868 11/06/13, 20:00 

Max. Luminosity / day 56.33 pb-1 Sunday 12 June, 2011 

Max. Luminosity / 7 days 239.42 pb-1 
Wednesday 08 June, 2011 - 
Tuesday 14 June, 2011 

Max. Colliding Bunches 1042 Fill 1815 11/05/29, 06:41 

Max. Peak Events / Bunch 
Crossing 

14.01 Fill 1732 11/04/23, 05:47 

Max. Average Events / Bunch 
Crossing 

8.93 Fill 1644 11/03/22, 02:20 

Longest Stable Beams / fill 17.9 hours Fill 1732 11/04/23, 10:25 

Longest Stable Beams / day 19.7 hours (82.1%) Sunday 27 March, 2011 

Longest Stable Beams / 7 days 93.0 hours (55.4%) 
Thursday 21 April, 2011 - 
Wednesday 27 April, 2011 

Fastest Turnaround to Stable 
Beams 

2.4 hours Fill 1718 11/04/16, 22:56 

https://atlas.web.cern.ch/Atlas/GROUPS/DATAPREPARATION/DataSummary/2011/fill.py?fill=1815
https://atlas.web.cern.ch/Atlas/GROUPS/DATAPREPARATION/DataSummary/2011/fill.py?fill=1868
https://atlas.web.cern.ch/Atlas/GROUPS/DATAPREPARATION/DataSummary/2011/day.py?day=12-06-2011
https://atlas.web.cern.ch/Atlas/GROUPS/DATAPREPARATION/DataSummary/2011/day.py?day=08-06-2011
https://atlas.web.cern.ch/Atlas/GROUPS/DATAPREPARATION/DataSummary/2011/day.py?day=14-06-2011
https://atlas.web.cern.ch/Atlas/GROUPS/DATAPREPARATION/DataSummary/2011/fill.py?fill=1815
https://atlas.web.cern.ch/Atlas/GROUPS/DATAPREPARATION/DataSummary/2011/fill.py?fill=1732
https://atlas.web.cern.ch/Atlas/GROUPS/DATAPREPARATION/DataSummary/2011/fill.py?fill=1644
https://atlas.web.cern.ch/Atlas/GROUPS/DATAPREPARATION/DataSummary/2011/fill.py?fill=1732
https://atlas.web.cern.ch/Atlas/GROUPS/DATAPREPARATION/DataSummary/2011/day.py?day=27-03-2011
https://atlas.web.cern.ch/Atlas/GROUPS/DATAPREPARATION/DataSummary/2011/day.py?day=21-04-2011
https://atlas.web.cern.ch/Atlas/GROUPS/DATAPREPARATION/DataSummary/2011/day.py?day=27-04-2011
https://atlas.web.cern.ch/Atlas/GROUPS/DATAPREPARATION/DataSummary/2011/fill.py?fill=1718


It is not always easy!  A day in June 

R. Assmann, S. Myers 



design present comment 

Beam energy 7 TeV 3.5 TeV ½ design 

transv. norm. 
emittance 

3.75 mm 2.9 mm ¾ design! 

beta* 0.55 m 1.5 m 3x design 

IP beam size 16.7 mm 34 mm 2x design 

bunch intensity 1.15x1011 1.25x1011 higher than design 

luminosity / bunch 3.6x1030 cm-2s-1 1.1x1030 cm-2s-1 only factor 3 away 
(x4 from energy!) 

# bunches 2808 1092 approaching ½ design 

bunch spacing 25 ns 50 ns 

beam current 0.582 A 0.236 A close to ½ design 

rms bunch length 7.55 cm ≥8.7 cm 

crossing angle 285 mrad 240 mrad 

“Piwinski angle” 0.64 ≥0.31 

luminosity 1034 cm-2s-1 1.2x1033 cm-2s-1 >10% design 

LHC actual versus design parameters 
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how to go further? 

 

50 ns spacing: 

nb:  1092 → 1380, Nb: 1.2x1011→1.7x1011 (double batch inj.) 

*: 1.5 →1.0 m  

total gain ~ factor 4 → 5x1033 cm-2s-1 at 3.5 TeV 

 

25 ns spacing (e- cloud in SPS & LHC!?): 

nb:  1092 → 2808, Nb: 1.2x1011  

*: 1.5 →1.0 m, g: 3 mm → 4 mm 

total gain ~ factor 3 → 4x1033 cm-2s-1 at 3.5 TeV 

 

another factor 4 from going to ~7 TeV (&*~0.5 m) 

2x1034 cm-2s-1 at ~7 TeV does not appear impossible 

 

 

 

luminosity potential of present LHC 

*

,2 yx
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some possible concerns 

• radiation to electronics – SEU’s 
• UFOs  
• longitudinal instability: “dancing bunches” 
• electron cloud at 25 ns 
• long-range beam-beam effects 
• emittance growth in physics (all IBS?) 
• … 
 
 



Duoplasmatron = Source  90 keV (kinetic energy) 

LINAC2 = Linear accelerator  50 MeV 

PSBooster = Proton Synchrotron Booster  1.4 GeV 

PS = Proton Synchrotron  25 GeV 

SPS = Super Proton Synchrotron  450 GeV 

LHC = Large Hadron Collider  7 TeV 

LHC injector complex 



  Possible Characteristics 2011 
  PSB extraction PS extraction SPS extraction 
  Ip / ring ɛh and ɛv nb nb Ip / bunch ɛh and ɛv nb Ip / bunch ɛh and ɛv ɛlongit nb 

  [x1011] 
[mm ∙ 
mrad] 

batche
s 

bunche
s [x1011] 

[mm ∙ 
mrad] 

bunche
s [x1011] 

[mm ∙ 
mrad] [eVs] bunches 

    1σ, norm.       1σ, norm.     
1σ, 

norm.     

LHC25 (DB) 16   2.5 2 4 + 2  1.3  2.5 72 1.15  3.6 0.7 4 x 72 
LHC50 (SB) 24 3.5 1 3 x 2 1.75 3.5 36 1.45 <3.5 ≤ 0.8 4 x 36 
LHC50 (DB) 8 1.2 2 4 + 2 1.3 1.3 36 1.15 (?) 1.5 (?) ≤ 0.8 4 x 36 

Ɛh/v  very low, 

potential for higher 

than nominal 

intensity 

25 ns beam from the PS 50 ns beam from the PS 

Rende 

Steerenberg 

Chamonix 

2011 

3 LHC p beams from the CERN PS 

LHC50 SB (now) → LHC 50 DB (lower emittance) or LHC25 DB (more bunches) 

+ future PS “batch compression” to (further) boost the brightness? 



SPS: 50ns bunch train – Double PSB batch 

Intensity 1.65 1011 p/b 
• Up to 4 batches injected 
• Very low losses along the cycle (reproducible 3%) 
• x2.0 mm and y=1.9 mm at flat top (sum 3.9)  

Roland Garoby, LHCC 14/06/2011 

May 2011 



Slippage factor in SPS relative to nominal optics 

1978 

2010 

1998 

nominal  

• SPS intensity limitations for LHC p beams in SPS 

– TMCI due to transverse impedance, Nth ~ η  

– Loss of longitudinal Landau damping), Nth ~ ε2τη  

– Longitudinal coupled bunch instabilities, Nth ~ ηε2/τ  

– Electron cloud instability 

• Slippage factor η defined by optics through transition energy (γt): 

 

 

 

 

 

 

 

 

 

 

 

 Increase in instability thresholds Nth for higher slippage factor η due to 

faster synchrotron motion (                           ) and faster damping of instabilities 
 

 

 

 

 

 

new optics for SPS (low γt or “Q20”)  
Nth … Instability threshold  
ε … longitudinal emittance 
τ … bunch length 
η … slippage factor 

Low γt optics 
Nominal optics  

H. Bartosik,  Y. Papaphilippou 



SPS single-bunch intensity limits 
 (units of protons/bunch) 

Benoit Salvant 

chromaticity Q’/Q 0.0 0.07 

old Q26 optics 1.7x1011  2.2 x1011 

new Q20 optics 2.8x1011  3.8 x1011 

>2 x LHC 

ultimate 



Nb &  with SPS Q20 low-gt optics (1 bunch) 
• extracted intensity together with total losses along the cycle 
• overestimation of horizontal emittance and its slope (dependence of dp/p 

on intensity) 
• PSB emittances: ~ 1μm < 1.5e11p / ~ 1.1μm @ 2e11p / ~ 1.3μm @ 3e11p  
• bunch length slightly increasing with intensity 
• up to Nb~3x1011 (~3x LHC at 450 GeV with g~2.5 mm (2/3 LHC design!) 

 
Hannes Bartosik 

11 May 2011 

intensity 

emittance measured! 



Phase Days Comment 

Commissioning 21 

Scrubbing run 10 

5 MDs 22 4.5 days per slot 

6 Technical stops 
30 

5 days (4 days TS plus 1 

day recovery with beam) 

Special requests 

10 

TOTEM/ALPHA 

Intermediate energy run 

Luminosity scans 

Intensity ramp up ~39  

Total high intensity ~130 

Ion setup 4 

Ion physics 24 

TOTAL 290 

M. Lamont March 2011 

LHC: days for physics in 2011 



1st LHC MD block; bb studies, ATS optics,… 



LHC MD blocks 

43 days of physics: 

push up brightness?! 

(PS SB→DB injection?) 

56 days of 

physics; 

luminosity 

production 

56 days of physics 

cont’d; 

& special requests 

(90 m, 

lumi calibration) 

Pb-Pb 

ion run 

1st injection of 25-ns beam; 

further search for b-b limit 

quality 25-ns beam 

 in terms of e-cloud 



several “special” runs already done: 

• 1.38 TeV run (ALICE request),  

•  VdM fills at 3.5 TeV (ATLAS),  

•  90 m MD (ALFA/TOTEM),  

•  RP TOTEM-220 m & ALFA setting-up for 

 squeezed physics 

 

still on the wish list (for September): 

• 90 m physics (several short fills) 

• ultimate luminosity calibration 

 

regular polarity reversals for LHCb (every 1-2 months) 

and ALICE (less transparent) 



offset leveling test 

conclusion:  the luminosity can be successfully leveled using 

transverse offsets between 0 and a few  (here at IP8) 

without significant effects on the beam or the performance of 

the other experiments (IP1&5) 

W. Herr et al, 

March 2011 



26 LMC 08/06/2011 

Beam intensities 

Luminosities 

1.4e11 

1.2e33 

Wk 3 

Blow up 

       leveling works 

 Monday 30/5 to Wednesday 08/06 

routine leveling in IP2 & 8!  

3e32 



T. Pieloni, W. Herr et al, May 2011 

beam parameters investigated beyond nominal LHC (Nb = 1.8‐1.95x1011, ε =1.2-1.4 

μm); no significant beam losses nor emittance effects observed with linear head-on 

parameter of ξbb= 0.02 /IP and ξbb=0.034 (total) – more than 3x above design! 

>0.03 



collimation MD#1 May 2011 

R. Assmann 

3.5 TeV operational collimator settings (not best possible) 

No quench of any magnet! 

intentional large loss on primary collimator to see margins  



99.995 % 

R. Assmann 

collimation MD#2 May 2011 
cleaning efficiency with tighter collimator settings 

 higher beam intensity and higher 

luminosity reachable with present system  



IP5 IP1 

Beam sizes @ 3.5 TeV [mm] and Dispersion [m] 

LHC “ATS” optics: squeezing IP1 to 10 cm 

S. Fartoukh 



31 

2022 

 
LS3 

Installation 
of the  
HL-LHC 
hardware 

Not yet approved! 

p-Pb 

run 

4 or 5  

TeV? 

6.5 TeV? 



(long) shutdowns 
Xmas stop 2011 

 thermal amplifier test to determine beam energy for 2012 

LS1: 2013-2014  

 machine splice consolidation for 7 TeV (14 months) 

 ATLAS (19 m.), CMS (17m), ALICE (12-17m), LHCb (12m) 

 upgrades; LINAC4 connection, PSB upgrade (?) 

2013-2017: 

 collimation upgrade (BPM jaws), 4 x design current 

LS2: 2018 

 collimation upgrade (dispersion suppressors) 

 preparation for crab cavities & RF cryosystem 

 detector upgrades 

LS3: 2022  

 major HL-LHC hardware (IR, cryo, crab cavities) 

 major detector upgrades 

   

 

 

  

  



future beam energy 

quench propagation test during May TS:   

 encouraging results - to be confirmed 

“thermal amplifier” measurement over XMAS break 

 to determine beam energy for 2012 (4 or 5 TeV?); 

 qualification tool to qualify maximum current  

 a sector can safely withstand 

after interconnect splice consolidation in LS1  

 retraining of magnets (to reach 6.5 TeV?) 

 

 

 



thermal amplifier M. Koratzinos 

Chamonix 2011 



magnet retraining: quenches vs. energy 
 empirical extrapolation of hardware 

commissioning data based on exponential fit 
  

  

 

 

 

 

 

 

– ~200 quenches per sector 5-6 

– For generic sector having 33% of Firm3: 
 110±35 quenches per octant to reach nominal  

 [A. Verweij, Chamonix 2009] 

8
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Quench number

Firm3 HC

Sector 5-6

7 TeV

6.5 TeV

E. Todesco 



HL-LHC – LHC modifications 

Booster energy upgrade 
1.4 → 2 GeV, ~2014 
 or RCS 

Linac4,  
~2014 

SPS enhancements 
(anti e-cloud coating,RF,  

impedance), 2012-2022 

IR upgrade 
(detectors, 
low- quad’s, 
crab cavities, etc)  

~2022 



HL-LHC goals 

• Leveled peak luminosity:    L = 5 1034 cm-2 s-1 

• Virtual peak luminosity:     L = 10 1034 cm-2 s-1 

• Integrated luminosity: 200 fb-1 to 300 fb-1 per 
year 

• Total integrated luminosity:  ca. 3000 fb-1 by 
2030  
 

 

 



effective beam lifetime 
for given luminosity  

teff scales with total beam current  

levIP

eff

tottot Ln
N

dt

dN


t


levIP

tot
eff

Ln

N


t 

(=100 mbarn) 



maximum leveling time 

levkLL ˆ virtual peak luminosity 











k
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1
1t



luminosity leveling at the HL-LHC 

w/o leveling 

leveling at  

5x1034cm-2s-1 

k=2, teff=15 h, Tta=5 h 

leveling at  

2.5x1034cm-2s-1 

k=4, teff=30 h, Tta=5 h 

virtual peak  

luminosity 



LHC Intensity Limits (7 TeV) 

Note: Some assumptions and conditions apply… Ideal scenario: no imperfections included! 

R. Assmann 

R. Assman @ Chamonix 2010 
Chamonix 2011 



example HL-LHC parameters 
parameter symbol nom. nom.*  25 ns, crab, lrc 50 ns, crab, lrc 

protons per bunch Nb [1011] 1.15 1.7 1.7 3.4 

bunch spacing Dt [ns] 25 50 25 50 

beam current I [A] 0.58 0.43 0.86 0.86 

rms bunch length z [cm] 7.55 7.55 7.55 7.55 

beta* at IP1&5 * [m] 0.55 0.55 0.15 0.15 

full crossing angle c [mrad] 285 285 425 425 

normalized mittance g [mm] 3.75 3.75 2.8 2.8 

Piwinski parameter cz/(2*x*) 0.65 0.65 2.13 2.13 

tune shift DQtot 0.009 0.0136 0.006-0.011 0.012-0.015 

potential pk luminosity L [1034 cm-2s-1] 1 1.1 9.6 19.3 

actual (leveled) pk luminosity Llev [1034 cm-2s-1] 1 1.1 5 5 (2.5) 

events per #ing  19 40 95 190 (95) 

effective lifetime teff [h] 44.9 30 13.3 13.3 (26.6) 

level time / run time tlevel,run  [h] 15.2 12.2 3.7 / 8.6  6.5 / 10.1 (16.4)  

e-c heat SEY=1.2 P [W/m] 0.2 0.1 0.4 0.3 

SR+IC heat 4.6-20 K PSR+IC [W/m] 0.32 0.30 0.58 0.91 

IBS  rise time (z, x) tIBS,z/x [h] 58, 104 39, 70 71, 60 36, 30 

annual luminosity Lint[fb
-1] 57 58 259 317 (204) 



50 ns 

pile up 95 

25 ns 

pile up 47 

50 ns 

pile up 190 

25 ns 

pile up 95 

50 ns 

pile up 285 

trade off: integrated lumi ↔ pile up  

roughly for 2 times more integrated 
luminosity 4 times the pile up  



electron cloud build up at 3.5 TeV 

“scrubbing” ?! 

of low-energy e- 

now 

H. Maury 



electron-cloud heat load (at 7 TeV) 
25-ns bunch spacing 50-ns bunch spacing 

H. Maury 

L. Tavian dedicated IR cryo plants needed;  

50 ns much easier than 25 ns;  

at 25 ns electron cloud contribution acceptable  

 if dmax≤1.2 

 



e-cloud heat load 
also OK for 50 ns 

spacing  plus 
“LHCb satellites” 

H. Maury 



approaches to boost LHC luminosity 

• low * & crab cavities (80 MV) 

 

• low * & higher harmonic RF 
(7.5 MV @800 MHz) + LR 
 compensation 

 

• large Piwinski angle + LR-BB  
 compensation 

 
   

always pushing intensity to “limit” 
  

c 

c 

c 



290 mm 

580 mm 

JLAB- 

ODU- 

Niowave SLAC 

92 mm 

84 mm 

20 mm 430 mm 

234 mm 

270 mm 

BNL 

advances in compact crab cavities 

Cockcroft Institute & EuCARD 

merged 



long-range beam-beam compensator 

SPS 

prototypes 

since 

2001 

after Chamonix 2011 

launch of BE-BI project 

 

concept: integrate wire 

inside “collimator” like  

copper block, with  

Integrated BPMs; 

diamond insulation 

 

goal: 

install two LHC 

Prototypes during LS1 



for future LHC 

LR beam-beam  

compensators, 

3-m long sections  

have been reserved  

in LHC at 104.93 m 

(center position) 

on either side of  

IP1 & IP5 



800-MHz system; 

stability gain > 

factor 3; 

e.g. lower longitudinal 

emittance  (no blow 

up in LHC), short 

bunches, 

higher intensity 

higher harmonic RF cavity 



ATS working group since April 2010 

EuCARD AccNet workshop HE-LHC’10 ,  

  14-16 October 2010 

key topics 

beam energy 16.5 TeV; 20-T magnets 

cryogenics: synchrotron-radiation heat 

radiation damping & emittance  control 

vacuum system: synchrotron radiation 

new injector: energy > 1 TeV 

parameters 

 

 

 

 

High Energy-LHC (HE-LHC) 
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HTS

HTS

HTS

Nb3Sn

Nb3Sn

Nb3Sn

Nb3Sn

Nb-Ti

Nb-Ti

Turns %

Nb-Ti 40 28%

Nb3Sn 58 41%

HTS 45 31%

 LHC HE-LHC 
beam energy [TeV] 7 16.5 
dipole field [T] 8.33 20 
dipole coil aperture [mm] 56 40 
#bunches 2808 1404 
IP beta function [m] 0.55 1 (x), 0.43 (y) 
number of IPs 3 2 
beam current [A] 0.584 0.328 
SR power per ring [kW] 3.6 65.7 
arc SR heat load dW/ds [W/m/ap] 0.21 2.8 
peak luminosity [1034 cm-2s-1] 1.0 2.0 
events per crossing 19 76 

E. Todesco 



HE-LHC – LHC modifications 

2-GeV Booster 

Linac4 

SPS+, 
1.3 TeV, 2030-33 

HE-LHC 
   2030-33 



EuCARD Newsletter article 



summary 
• LHC luminosity leveling works 
• beam-beam tune shift 3x design  

- beam parameters now constrained  
 by acceptable detector pile up?!  

• injectors send beam w higher bunch charge 
 and lower emittance than design 
 (and still improving) 
 

• finally 25 ns or 50 ns beam ?! 
• LS1 length determined by ATLAS 



conclusions 
• LHC rapid & safe increase in beam  
 intensity & luminosity; transition to 
 physics operation with a few   
 dedicated MD periods / year 
• LHC & injector performances exceed  
 expectations (intensity, emittance, 
 aperture, beam-beam effects,…) 
• it should be possible to surpass design 
 parameters in various ways 
• upgrade strategy for the next 20 years 
 

 

 

 



thank you for your attention! 


