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LHC	
  Machine	
  Performances	
  

LHC	
  Performance	
  summary	
  
Courtesy	
  A.	
  Macpherson	
  

Impressive	
  performances,	
  already	
  at	
  
70%	
  designed	
  luminosity!	
  



High-­‐lights	
  on	
  Swiss	
  contribu2ons	
  to	
  the	
  LHC:	
  
•  LHC	
  ContribuAon	
  
–  CollimaAon	
  (classical	
  and	
  bent	
  crystal	
  concept)	
  
–  Impedance	
  studies	
  
–  Beam-­‐beam	
  interacAons	
  	
  
–  Electron	
  cloud	
  effects	
  
–  Leveling	
  luminosity	
  and	
  stability	
  issues	
  
–  Energy	
  deposiAon	
  studies	
  
– Magnet	
  design	
  
–  Injectors	
  studies	
  	
  

•  HL-­‐LHC	
  contribuAon	
  
– OpAcs	
  studies/soluAons	
  
–  Beam-­‐beam	
  interacAons	
  
–  Crab-­‐caviAes	
  and	
  colliding	
  beams	
  	
  

•  Computer	
  faciliAes	
  



C.	
  Bracco,	
  EPFL	
  PhD	
  thesis	
  no	
  4271	
  (2009)	
  
Commissioning scenarios and tests for the LHC collimation system	
  

LHC	
  collima2on	
  system	
  
Losses	
  on	
  superconduc2ng	
  magnets	
  unwanted:	
  can	
  provoke	
  a	
  quench	
  
System	
  efficiency	
  has	
  to	
  be	
  beUer	
  than	
  99.998%	
  to	
  avoid	
  it!	
  

Studies	
  of	
  loss	
  maps	
  to	
  opAmize	
  the	
  system	
  performances	
  



Performance evaluation of a crystal-enhanced 
collimation system for the LHC!

Montecarlo simulations!
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V.	
  Previtali,	
  EPFL	
  PhD	
  thesis	
  no	
  4794	
  (2010)	
  

LHC	
  crystal	
  collima2on	
  

P.	
  J.	
  Schoofs,	
  EPFL	
  PhD	
  student	
  

•  Collima2on	
  efficiency	
  improved	
  by	
  factor	
  15	
  
•  “Standard”	
  Collimators	
  can	
  be	
  retracted	
  

Use	
  a	
  bent	
  crystal	
  to	
  drive	
  the	
  beam	
  halo	
  
deep	
  into	
  a	
  secondary	
  collimator/absorber	
  



Low	
  frequency	
  transverse	
  impedance	
  of	
  LHC	
  
collimator	
  jaws	
  

B.	
  Salvant,	
  EPFL	
  PhD	
  thesis	
  no	
  4585	
  (2010)	
  
LHC	
  transverse	
  impedance	
  is	
  dominated	
  by	
  the	
  
collimators	
  contribuAon.	
  
Defines	
  beam	
  intensity	
  limits	
  

The	
  LHC	
  Transverse	
  Coupled-­‐bunch	
  
Instability	
  

N.	
  Mounet,	
  EPFL	
  PhD	
  thesis	
  no	
  5305	
  (2012)	
  

Impedance	
  defines	
  intensity	
  limits	
  of	
  the	
  collider.	
  
Drives	
  transverse	
  and/or	
  longitudinal	
  beam	
  instabiliAes	
  

Beam	
  Impedance:	
  	
  
traveling	
  charges	
  produce	
  EM	
  fields	
  then	
  scaUered/reflected,	
  depending	
  on	
  geometry	
  and	
  
conduc2vity,	
  by	
  the	
  surroundings.	
  This	
  ac2ng	
  back	
  to	
  beams	
  can	
  excite	
  instabili2es	
  



Beam-­‐beam	
  interac2ons:	
  EM	
  interac2ons	
  of	
  beams	
  when	
  
sharing	
  a	
  common	
  beam	
  pipe	
  (Interac2on	
  regions)	
  

Unfortunately	
  during	
  a	
  beam	
  crossing	
  most	
  of	
  the	
  par2cles	
  …	
  99.999%	
  (or	
  more)	
  are	
  
just	
  distorted!	
  
	
  

A	
  Study	
  of	
  Beam-­‐beam	
  effects	
  in	
  hadron	
  Colliders	
  with	
  a	
  Large	
  Number	
  of	
  Bunches	
  

T.	
  Pieloni,	
  EPFL	
  PhD	
  thesis	
  no	
  4211	
  (2008)	
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  Strongest	
  non-­‐linearity	
  

Head-­‐on	
  	
  

Long-­‐range	
  

	
  
	
  	
  

	
  	
  
	
  	
  

	
  	
  
	
  

	
  
	
  

Head-­‐on	
  	
  

Long-­‐range	
  
•  	
  3	
  head-­‐on	
  collisions	
  
•  120	
  long-­‐range	
  interacAons	
  



e-­‐	
  cloud:	
  limits	
  the	
  25	
  ns	
  opera2on	
  

2012	
  experiments	
  to	
  evaluate	
  the	
  scrubbing	
  process	
  in	
  the	
  LHC	
  straight	
  secAons:	
  
reduce	
  the	
  secondary	
  emission	
  yield	
  to	
  avoid	
  build-­‐up	
  of	
  electrons	
  

Scrubbing	
  campaigns	
  

MD	
  
25	
  ns	
  50	
  ns	
  

Electron-­‐cloud	
  will	
  determine	
  the	
  future	
  runs	
  condi2ons	
  25	
  ns	
  or	
  50	
  ns!	
  

F.	
  Ruggiero	
  

E-­‐cloud	
  studies	
  during	
  LHC	
  commissioning	
  
O.	
  Dominguez	
  Sanchez	
  de	
  la	
  Blanca,	
  EPFL	
  PhD	
  student	
  



Beams	
  Stability	
  and	
  Luminosity	
  Levelling	
  
New	
  issues	
  for	
  accelerator	
  physics	
  from	
  the	
  LHC:	
  	
  
•  too	
  High	
  LUMINOSITY	
  
•  instability	
  due	
  to	
  very	
  high	
  brightness	
  beams	
  (coherent	
  

instabili2es	
  present	
  in	
  most	
  of	
  the	
  fills	
  causing	
  emiUance	
  
growths	
  &	
  beam	
  damps)	
  

Study	
  of	
  luminosity	
  levelling	
  scenarios	
  for	
  LHC	
  and	
  HiLumi	
  LHC	
  
to	
  guarantee	
  beam	
  stability	
  (use	
  beam-­‐beam	
  head-­‐on	
  Landau	
  
damping	
  to	
  avoid	
  coherent	
  instabili2es)	
  
	
  

Levelling	
  test	
  ATLAS/CMS	
  	
  
With	
  offset	
  
LHCb	
  usual	
  opera2on	



Stability	
  of	
  colliding	
  Beams	
  
X.	
  Buffat,	
  EPFL	
  PhD	
  student	
  

Time	
  

Level	
  with	
  transverse	
  offset	
  

Level	
  with	
  transverse	
  offset	
  



β*	
  leveling	
  and	
  collide&squeeze	
  for	
  stability!	
  

a)  Single	
  bunch	
  test	
  
b)  Orbit	
  reproducibility:20	
  days	
  later	
  verificaAon	
  single	
  bunches	
  
c)  	
  β*	
  and	
  long-­‐range:	
  repeat	
  above	
  with	
  1	
  train	
  of	
  48	
  bunches	
  
d)  	
  β*	
  9	
  m	
  à0.6	
  m:	
  cover	
  the	
  full	
  range	
  

Development	
  of	
  an	
  opera2onal	
  beta-­‐star	
  leveling	
  scheme	
  for	
  the	
  LHC	
  
A.	
  Gorzawski,	
  EPFL	
  PhD	
  	
  student	
  

CERN-­‐ATS-­‐Note-­‐2012-­‐071	
  MD	
  X.	
  Buffat,	
  W.	
  Herr,	
  	
  T.	
  Pieloni,	
  S.	
  Redaelli	
  J.	
  Wenninger	
  

Intensity	
  decay	
  due	
  to	
  burn-­‐off	
  

β*=15	
  cm	
  

β*=35	
  cm	
  

Example	
  Lumi-­‐leveling	
  by	
  beta*	
  
	
  for	
  HL-­‐LHC	
  scenario	
  Example	
  of	
  orbit	
  offsets	
  at	
  beta*	
  steps,	
  LHC	
  MD	
  



HiLumi	
  LHC	
  



Local	
   orbit	
   bumps	
   to	
   alleviate	
   the	
   beam-­‐beam	
   long-­‐range	
   interacAons	
   and	
   to	
  
miAgate	
  the	
  event	
  mulAplicity	
  with	
  luminosity	
  leveling	
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An	
  Early	
  Separa2on	
  Scheme	
  for	
  the	
  LHC	
  Luminosity	
  Upgrade	
  
G.	
  Sterbini,	
  EPFL	
  PhD	
  Thesis.	
  4574	
  (2010)	
  

LHC	
  interac2on	
  region	
  upgrade	
  
R.	
  de	
  Maria,	
  	
  EPFL	
  PHD	
  Thesis	
  (2008)	
  

Several	
  possible	
  studies	
  to	
  define	
  possible	
  opAcs	
  scenarios	
  

First	
  involvements	
  in	
  LHC	
  Upgrades	
  before	
  HiLumi-­‐Project	
  
L = L0

1�
1 + σ2

s1+σ2
s2

σ2
u1+σ2

u2
(tanφu

2 )2
LHC:	
  15-­‐20%	
  	
  
HL-­‐LHC:	
  	
  70%	
  



Final	
  goal	
  :	
  3000	
  n-­‐1	
  by	
  2030’s…	
  

5	
  1034	
  levelled	
  lumi	
  	
  
(25	
  1034	
  virtual	
  peak	
  lumi)	
  
140	
  pile	
  up	
  (average)	
  	
  
3	
  n-­‐1	
  per	
  day	
  
60%	
  of	
  efficiency	
  
250	
  n-­‐1	
  /year	
  
300	
  n-­‐1/year	
  as	
  «ul2mate»	
  

FP-­‐	
  Full	
  Performance	
  	
  upgrade	
  
(3000	
  n-­‐1):	
  
-­‐  crab	
  cavi2es	
  
-­‐  HB	
  feedback	
  system	
  (SPS)	
  
-­‐  Advanced	
  collimaAon	
  systems	
  
-­‐  E-­‐lens	
  (?)	
  

PIC-­‐Performance	
  Improving	
  
Consolida2on	
  Up-­‐grade	
  (∼1000	
  n-­‐1)	
  



Parameter nominal   25ns 50ns 
N 1.15E+11 2.2E+11 3.5E+11 
nb 2808 2808 1404 
beam current [A] 0.58 1.12 0.89 
x-ing angle [µrad] 300 590 590 
beam separation [σ] 9.9 12.5 11.4 
β* [m]	

 0.55 0.15 0.15 
εn [µm]	

 3.75 2.5 3.0 
εL [eVs]	

 2.51 2.51 2.51 
energy spread 1.20E-04 1.20E-04 1.20E-04 
bunch length [m] 7.50E-02 7.50E-02 7.50E-02 
IBS horizontal [h] 80 -> 106 18.5 17.2 
IBS longitudinal [h] 61 -> 60 20.4 16.1 
Piwinski parameter 0.68 3.12 2.85 
geom. reduction* 0.83 0.305 0.331 
beam-beam / IP 3.10E-03 3.3E-03 4.7E-03 
Peak Luminosity 1 1034 7.4 1034 8.5 1034 

Virtual Luminosity 1.2 1034 24 1034 26 1034 

‘Stretched’ Baseline Parameters following 2nd HL-LHC-LIU: 

Events/crossing 19 /28 207/140 476/140 

Large ξbb 
 

Large crossing angle 
requires 

compensation of 
geometrical factor 

by CRAB-CAVITIES  
 

High pile-up 
needs robust 
strategy for 

leveling	
  

DA studies with 
Working Point 

optimization & Orbit 
effects	
  

O.	
  Bruning	
  

HL-­‐LHC	
  parameters	
  and	
  beam	
  dynamics	
  



Crab-­‐CaviAes	
  and	
  beam-­‐beam	
  

Crab Cavity

Crab Cavity Crab Cavity

Crab Cavity

L = L0
1�

1 + σ2
s1+σ2

s2

σ2
u1+σ2

u2
(tanφu

2 )2
LHC:	
  15-­‐20%	
  	
  
HL-­‐LHC:	
  	
  70%	
  

KEKB	
  Crab	
  Cavity	
  2l2ng	
  

LHC	
  Crab	
  Cavity	
  schema2c	
  

Crab	
  Cavi2es	
  and	
  proton-­‐proton	
  collisions	
  

•  Study	
  impact	
  of	
  crab	
  caviAes	
  operaAon	
  on	
  p-­‐p	
  collisions	
  
•  Small	
  offsets	
  	
  at	
  IP	
  can	
  drive	
  emihance	
  growth	
  and	
  

deteriorate	
  lumi	
  reach	
  
•  Evaluate	
  failure	
  scenarios	
  and	
  impact	
  on	
  colliding	
  

beams	
  
	
  
	
  

Strong-­‐strong	
  	
  
beam-­‐beam	
  studies	
  
J.	
  Barranco,	
  EPFL	
  post-­‐

doctoral	
  Fellow	
  



Simula2ons:	
  single	
  par2cle	
  long	
  term	
  tracking	
  to	
  define	
  onset	
  of	
  chao2c	
  mo2on	
  
• 6	
  HL-­‐LHC	
  opAcs	
  	
  
• 11	
  crossing	
  angles	
  (from	
  400	
  to	
  900urad)	
  	
  
• 17	
  XY	
  plane	
  angles	
  	
  
• 6	
  amplitude	
  (2	
  to	
  12	
  sigma)	
  	
  
• 8	
  beam	
  intensity	
  (1.6E11	
  to	
  3E11)	
  
• 60	
  seed	
  
• 6	
  physics	
  case	
  (BB,	
  Error,	
  crab,	
  noise	
  source..)	
  
	
  
Close	
  to	
  20Mjobs	
  to	
  cover	
  all	
  possible	
  cases!	
  ….+	
  leveling	
  scenarios	
  +	
  other	
  IPS	
  +	
  …?	
  
It’s	
  impossible	
  to	
  run	
  such	
  number	
  of	
  jobs	
  on	
  CERN	
  lsf.	
  BOINC system	
  is	
  the	
  only	
  way	
  to	
  go!	
  
EPFL	
  is	
  main	
  sponsor	
  of	
  the	
  LHC@Home	
  project	
  on	
  BOINC	
  planorm!	
  
	
  

IR1 IR5 IR2/8 

round 15cm 15cm 15cm 10m 

round 10cm 10cm 10cm 10m 

flat 7.5cm 7.5cm 30cm 10m 

flat 5cm 5cm 20cm 10m 

flat* 7.5cm 30cm 7.5cm 10m 

flat* 5cm 20cm 5cm 10m 

4D	
  lens,	
  all	
  IPs	
  	
  

Nominal	
  X-­‐ing	
  angle:	
  
• 550urad	
  @7.5cm	
  flat	
  
• 720urad	
  @10	
  cm	
  
• 590urad	
  @15	
  cm	
  

Define	
  operaAonal	
  scenarios:	
  
•  Choose	
  opAcs	
  layout	
  	
  
•  Working	
  point	
  	
  
•  Crossing	
  angles	
  
•  Beam	
  parameters	
  
•  Calculate	
  lumi	
  performances	
  
•  Decide	
  lumi	
  leveling	
  scenario	
  	
  

Weak-­‐strong	
  beam-­‐beam	
  studies	
  
D.	
  Banfi,	
  EPFL	
  post-­‐doctoral	
  Fellow	
  



hhp://lhcathomeclassic.cern.ch/sixtrack/	
  

Not	
  only	
  people	
  but	
  compu2ng	
  infrastructures	
  
LHC@home	
  and	
  EPFL	
  HPC	
  



Summary	
  

•  Several	
  contribuAons	
  to	
  the	
  LHC	
  over	
  the	
  past	
  years	
  with	
  
12	
  PhD	
  Thesis	
  published	
  between	
  2008	
  and	
  2013	
  

•  Few	
  studies	
  showed,	
  did	
  not	
  covered	
  also	
  contribu2on	
  to	
  
LHC	
  injector	
  chain	
  and	
  magnets	
  design	
  (2	
  PhD	
  thesis)	
  

•  Many	
  studies	
  on-­‐going	
  to	
  push	
  LHC	
  performances	
  aqer	
  LS1	
  
and	
  to	
  define	
  HiLumi	
  LHC	
  scenarios	
  (	
  14	
  PhD	
  students	
  
working	
  on	
  various	
  subjects)	
  

•  2	
  EPFL	
  post-­‐doctoral	
  fellows	
  via	
  FP7	
  to	
  HiLumi	
  LHC	
  with	
  
responsibility	
  to	
  define	
  HiLumi	
  possible	
  scenarios	
  for	
  
colliding	
  beams	
  (HL-­‐LHC	
  opAmizaAon,	
  crab-­‐caviAes	
  
dynamics,	
  leveling	
  scenarios…)	
  

•  	
  Supports	
  and	
  provides	
  compu2ng	
  facili2es	
  where	
  needed	
  
LHC@home	
  and	
  HPC	
  EPFL	
  (BB	
  studies	
  impossible	
  without!)	
  

•  …looking	
  also	
  at	
  future	
  new	
  machines!	
  



J.	
  Osborne	
  and	
  C.	
  Waaijer	
  

O.	
  Domínguez	
  –	
  PhD	
  student	
  

pp	
  machines	
  beyond	
  the	
  LHC:	
  HL-­‐,	
  HE-­‐	
  and	
  VHE-­‐LHC	
  

LHC	
   HL-­‐LHC	
   HE-­‐LHC	
   VHE-­‐LHC	
  

c.m.	
  energy	
   14	
   33	
   100	
  

Circumference	
  (km)	
   26.7	
   80	
  

Dipole	
  field	
  (T)	
   8.33	
   20	
  

Nb	
  (·∙1011	
  ppb)	
   1.15	
   2.2	
   0.94	
   0.97	
  

β*	
  (m)	
   0.55	
   0.15	
   0.35	
   1.1	
  

εN	
  (µm)	
   3.75	
   2.5	
   1.38	
   2.15	
  

εs	
  (eVs)	
   2.5	
   3.8	
   13.5	
  

σs	
  (cm)	
   7.6	
  

Current	
  (A)	
   0.58	
   1.12	
   0.48	
   0.49	
  

Stored	
  energy	
  per	
  beam	
  (GJ)	
   0.362	
   0.694	
   0.701	
   6.61	
  

SR	
  power	
  per	
  ring	
  (kW)	
   3.6	
   7.3	
   96.2	
   2.9·∙103	
  

Arc	
  heat	
  load	
  (W/m/aperture)	
   0.17	
   0.33	
   4.35	
   43.4	
  

Energy	
  loss	
  per	
  turn	
  (keV)	
   6.5	
   201.3	
   5.9·∙103	
  

Luminosity	
  (·∙1034	
  cm-­‐2s-­‐1)	
   1.0	
   5.0	
  (lev.)	
   5.0	
   5.0	
  

~18	
  Ames	
  the	
  LHC	
  value!	
  

unprecedented	
  SR	
  damping	
  in	
  
hadron	
  machines:	
  Beam	
  
dynamics	
  driver	
  

1)  Luminosity	
  performance	
  studies	
  (different	
  scenarios,	
  basic	
  parameters,	
  etc.)	
  
2)  e-­‐	
  cloud	
  studies	
  

	
  Very	
  high	
  SR	
  



2013-­‐2008	
  PhD	
  Thesis:	
  
•  Electromagne2c	
  Simula2on	
  of	
  CERN	
  Accelerator	
  Components	
  and	
  Experimental	
  Applica2on,	
  

C.	
  Zannini;	
  L.	
  Rivkin	
  and	
  G.	
  Rumolo	
  (Dirs.).	
  
•  Heat	
  Transfer	
  between	
  the	
  Superconduc2ng	
  Cables	
  of	
  the	
  LHC	
  Accelerator	
  Magnets	
  and	
  the	
  Superfluid	
  Helium	
  Bath.	
  

P.	
  P.	
  Granieri;	
  L.	
  Rivkin	
  (Dir.).	
  
•  High	
  Intensity	
  Beam	
  Issues	
  in	
  the	
  CERN	
  Proton	
  Synchrotron.	
  S.	
  Aumon	
  
•  The	
  LHC	
  Transverse	
  Coupled-­‐Bunch	
  Instability.	
  N.	
  Mounet;	
  L.	
  Rivkin	
  and	
  E.	
  Métral	
  (Dirs.	
  
•  Cyclotron	
  Designs	
  for	
  Ion	
  Beam	
  Therapy	
  with	
  Cyclinacs.	
  Garonna;	
  L.	
  Rivkin	
  and	
  U.	
  Amaldi	
  (Dirs.).	
  
•  Study	
  and	
  Experimental	
  Characteriza2on	
  of	
  a	
  Novel	
  Photo	
  Injector	
  for	
  the	
  CLIC	
  Drive	
  Beam	
  

Ö.	
  Mete;	
  L.	
  Rivkin	
  and	
  S.	
  Döbert	
  (Dirs.).	
  
•  Beam-­‐Machine	
  Interac2on	
  Studies	
  for	
  the	
  Phase	
  II	
  LHC	
  Collima2on	
  System.	
  L.	
  Lari;	
  L.	
  Rivkin	
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  Machine	
  Interac.on	
  studies	
  for	
  the	
  Phase	
  II	
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  System	
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Main	
  topics	
  to	
  which	
  the	
  PhD	
  thesis	
  was	
  addressed:	
  

hUp://infoscience.epfl.ch/record/153492	
  
	
  
•  Can	
  the	
  Ph2	
  collimators	
  withstand	
  the	
  energy	
  density	
  

deposi2on	
  induced	
  by	
  the	
  primary	
  p+	
  losses?	
  
•  Which	
  is	
  the	
  distribu2on	
  of	
  the	
  thermal	
  loads	
  in	
  the	
  

collimator	
  components	
  during	
  the	
  most	
  destruc2ve	
  
possible	
  failure	
  mode?	
  

•  How	
  much	
  is	
  the	
  influence	
  of	
  collimators	
  on	
  the	
  
residual	
  ambient	
  dose	
  equivalent	
  levels	
  in	
  the	
  region	
  
in	
  which	
  they	
  are	
  installed?	
  

•  Which	
  are	
  the	
  consequences	
  of	
  Ph2	
  on	
  the	
  adjacent	
  
equipments?	
  

•  How	
  can	
  we	
  evaluate	
  the	
  degrada2on	
  of	
  the	
  
collimator	
  materials	
  due	
  by	
  radia2on?	
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4-5 times ! 

•  Experimental	
  characterizaAon	
  of	
  heat	
  transfer	
  in	
  LHC	
  SC	
  coils	
  operaAng	
  in	
  
superfluid	
  helium	
  (He	
  II)	
  

•  Development	
  of	
  a	
  thermally	
  enhanced	
  insulaAon	
  for	
  HL-­‐LHC	
  

•  Modeling	
  of	
  He	
  II	
  heat	
  transfer	
  through	
  Nb-­‐Ti	
  cable	
  insulaAon	
  

}  Fundamental	
  invesAgaAon	
  of	
  He	
  II	
  heat	
  
transport	
  laws	
  in	
  narrow	
  channels	
  

}  ComputaAon	
  of	
  LHC	
  and	
  HL-­‐LHC	
  magnets	
  
quench	
  limits	
  



HL-­‐LHC	
  Work-­‐Package	
  Structure	
  



LHC	
  Injector	
  chain:	
  

 !"#$%&'()'
!"#$%&' 

!! !"#$!!"#$%&'&( 
!!"#$ 

!"#$% !"#$ !"!#!"" !"#$!!"#$% 

!"#$%#!"#$%&'(!
!"#$%&'()*+,-.$

!"#$%& 
!"!# !"!#!"" !"#$%!"&'$ 

!"#$%# !"#$ !"#!"" !"#$%&"'( 

!"#$% !"#$%&'(!
!"#$%&'()*+,-.$

!"#$%& 
!"!"! !"#!"" !"#$%!"&' 

!

•  A{er	
  LS1	
  physics	
  run	
  
•  LHC	
  test-­‐bench	
  for	
  HiLumi	
  LHC	
  studies	
  
•  Injectors	
  up-­‐grade	
  	
  

Injectors	
  performances	
  beyond	
  LHC	
  Design	
  

Possible	
  beam	
  scenarios	
  from	
  injectors	
  

Injectors	
  are	
  a	
  fundamental	
  input	
  to	
  the	
  big	
  collider	
  performances!	
  	
  



LHC	
  and	
  Swiss	
  contribu2on	
  to	
  accelerator	
  

Collima2on	
  

	
  
	
  	
  

	
  	
  
	
  	
  

	
  	
  
	
  

	
  
	
  

Lumi	
  Leveling:	
  techniques	
  
and	
  scenarios	
  

Impedance	
  

Beam-­‐Beam	
  electro-­‐magne2c	
  interac2ons	
  

Electron	
  cloud	
  

Intensity	
  decay	
  due	
  to	
  burn-­‐off	
  

β*=15	
  cm	
  
β*=35	
  cm	
  


