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Introduc=on	  

The	   electron	   cloud	   (EC)	   is	   a	   set	   of	   electrons	   produced	  
inside	  the	  beam	  pipe	  of	  a	  par=cle	  accelerator	  that	  reduce	  
the	  quality	   of	   the	  beam	  or	   can	  have	  bad	  effects	   on	   the	  
machine	  performance.	  

What	  are	  the	  seeds	  of	  the	  electron	  cloud?	  

Ø Residual	  gas	  ioniza=on.	  	  
	  
Ø Photoemission	  when	   the	   beam-‐induced	   synchrotron	  
radia=on	  hits	  the	  surface	  of	  the	  beam	  pipe.	  	  



Schema=c	  of	  the	  EC	  build-‐up	  
How	  is	  produced	  the	  EC	  build-‐up?	  

Key	  elements:	  
	  
v Seed	  electrons	  (either	  residual	  gas	  ioniza'on	  or	  photoemission).	  

v Secondary	  emission	  process	  
	  
v Mul'pac'ng	  



Due	   to	  e-‐	   induced	  gas	  desorp=on	   from	   the	  walls	  of	   the	  beam	  screen	   the	  
vacuum	  pressure	  is	  increased	  by	  several	  orders	  of	  magnitude.	  	  

The	  electrons	  near	  the	  center	  of	  the	  vacuum	  chamber	  are	  aRracted	  by	  the	  
electric	  field	  of	  the	  beam	  and	  accumulate	  (“pinch”)	  inside	  the	  proton	  beam	  
during	   a	   bunch	   passage.	   They	   can	   cause	   beam	   instabili=es,	   emiRance	  
growth,	  even	  beam	  loss,	  and	  poor	  life=me.	  

The	  energe=c	  electrons	  heat	  the	  surfaces	  that	  they	  impact.	  Only	  a	  limited	  
cooling	  capacity	  is	  available	  for	  the	  addi=onal	  heat	  load	  due	  to	  the	  electron	  
cloud.	  	  

What	  is	  the	  problem?	  

Electron	  cloud	  effects:	  



Introduc=on	  

Ø In	  1999,	  EC	  effects	  have	  been	  observed	  with	  LHC-‐type	  
beams	  first	  in	  the	  SPS,	  then	  in	  the	  PS.	  

Ø Since	  2010,	  as	  predicted,	  EC	  effects	  were	  observed	  in	  
the	   LHC:	   pressure	   rise,	   cryogenic	   heat	   load,	   beam	  
instabili=es,	  beam	  loss	  and	  emiRance	  growth.	  

	  

What	  can	  we	  do?	  
emiRance	  growth	  observa=on	  
F.	  Roncarolo	  



Mi=ga=on	  techniques	  

Ø A	  sawtooth	  paRern	  on	  the	  horizontally	  outer	  side	  of	  
the	  beam	  screen	  inside	  the	  cold	  arcs.	  

Ø A	   shield	   mounted	   on	   top	   of	   the	   LHC	   beam-‐screen	  
pumping	  slots	  blocking	  the	  electrons.	  

Ø NEG	  coa=ng.	  

Ø The	  ul=mate	  mi=ga=on	  technique:	  
	   	   	  Beam	  Scrubbing	  

	  Reduc=on	   of	   the	   secondary	   emission	   yield	   with	  
increasing	  electron	  dose	  hi^ng	  the	  surface,	  i.e.,	  as	  a	  
result	  of	  the	  EC	  itself.	  
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Electron	  Cloud	  Simula=ons	  

•  The	  EC	  simula=on	  includes	  the	  electric	  field	  of	  
the	   beam,	   arbitrary	   magne=c	   fields,	   the	  
electron	  space	  charge	  field,	  and	  image	  charges.	  

	  	  

	  

Input	  numbers:	  
•  Machine	  parameters	  
•  Beam	  parameters	  
•  Surface	  proper=es	  

	  

Simula'on	  Codes:	  
•  ECLOUD	  (F.	  Zimmermann	  et	  al.)	  
•  PyECLOUD	  (G.	  Iadarola)	  



Electron	  Cloud	  Simula=ons	  
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Secondary	  emission	  yield:	  
	   Number of secondary electrons

Incident electron



Ingredients	  for	  e-‐cloud	  build-‐up	  simula'on	  

1.	  Seed	  electrons	  genera'on	  	  
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Slides	  taken	  from	  G.	  Iadarola	  ECLOUD	  mee=ng	  presenta=on	  on	  28th	  November	  2011	  
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EC	  build-‐up	  evolu=on	  

Gas	  ioniza=on	  movie	  sample	  

Photoemission	  movie	  sample	  





Simula=ons	  Methodology	  

•  All	   the	   simula=ons	   were	   performed	   for	   a	   bending	   sec=on	  
using	  ECLOUD	  version	  4b.	  

•  	  We	  assumed	  a	  Gaussian	  bunch	  profile.	  	  

	  

Parameter 450 GeV 3.5 TeV 7 TeV 
Bunch 
intensity 

1.22x1011 p/b 1.22x1011 p/b 1.15x 1011 p/b 

RMS bunch 
length 

11.8 cm 9 cm 7.55 cm 

Bunch 
spacing 

50 ns 50 ns 25 ns 

Transverse 
normalized 
emittance 

2 µm rad  2.5 µm rad 3.75 µm rad 

Pressure 32 nTorr --- --- 
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Results	  	  
Het	  load	  contour	  plot	  for	  50-‐ns	  bunch	  spacing	  at	  3.5	  TeV	  
	  	  



Results	  	  
Heat	  load	  benchmarking:	  
	  	  

m
	  



Results	  	  
Heat	  load	  contour	  plot	  for	  25	  ns	  bunch	  spacing	  at	  450	  GeV	  
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Results	  	  
Evolu'on	  of	  δmax	  for	  the	  LHC	  arc	  chamber	  during	  the	  2011	  LHC	  run	  as	  inferred	  
from	  benchmarking	  heat-‐load	  simula'ons	  (ECLOUD)	  and	  measurements	  at	  25-‐ns	  
and	  50-‐ns	  bunch	  spacing,	  assuming	  a	  low-‐energy	  electron	  reflec'vity	  R	  =	  0.5.	  
	  	  

19

FIG. 22: Incoherent tune spread evolution at 3.5 TeV and a transverse normalized emittance of 2.5 µm in straight
sections (top) and in bending magnets (bottom).

FIG. 23: Approximate time evolution (from April to October 2011) of �

max

in the uncoated warm straight sections
(chamber radius 40 mm) as well as in the arc dipoles (chamber half apertures 22 ⇥ 18 mm) at the LHC at injection
energy. The lowest values reachable with scrubbing corresponds to the 25-ns multipacting threshold at 3.5 TeV. The

first injection of a beam with 25-ns bunch spacing beam took place on 29 June 2011. The error bars refer to
di↵erent locations (in the case of straight sections they are included in the size of the point).

would be the target values required to be reached in order to operate the LHC without any electron-cloud related
limitation.

It is clear that further scrubbing is needed to achieve the target values. According to some estimates [39], ap-
proximately 2 weeks machine time would be required to achieve these values, since the scrubbing e↵ect reduces with
decreasing �

max

. Two weeks is too large a time period for the tight physics schedule planned for LHC in 2012, es-
pecially in view of the fact that 50-ns beams o↵er a higher luminosity, owing to their smaller emittance and higher
bunch intensities from the injectors. These considerations have yielded the decision of operating the LHC machine
with 50-ns bunch spacing in 2012. Operating at 50-ns spacing slows down (or stops) the further surface conditioning
and prevents approaching the target values. However, several beam-experiment periods have been scheduled for 2012
to further study the 25-ns beams and to re-assess the conditioning state of the machine. Similar assessments and
dedicated conditioning periods are expected to be needed in the future at the start of every LHC running period.



Conclusions	  	  

•  For	   the	   nominal	   LHC	   opera=on	   scheme	   with	   25-‐ns	  
bunch	  spacing	  at	  top	  energy,	  the	  maximum	  secondary-‐
emission	   yield	   should	   be	   below	   1.4	   in	   order	   to	   reach	  
the	  nominal	  bunch	  intensity	  with	  acceptable	  heat	  load.	  	  

•  For	   the	   current	   opera=onal	   mode	   of	   the	   LHC	   the	  
calcula=ons	   at	   50-‐ns	   bunch	   spacing	   show	   acceptable	  
heat	  load	  values	  for	  all	  combina=ons	  of	  δmax	  and	  R.	  	  

•  The	  simulated	  heat-‐load	  values	  can	  be	  compared	  with	  
measured	   heat-‐load	   data	   for	   50-‐ns	   and	   25-‐ns	   bunch	  
spacing	   in	   order	   to	   es=mate	   the	   actual	   surface	  
parameters	   (especially	   δmax)	   for	   the	   LHC	   and	   their	  
evolu=on	  in	  =me.	  	  

•  0.5	  <	  R	  <	  0.7?	  



Future	  work	  

•  Heat	   load	   benchmarking	   for	   the	   next	  
scrubbing	  run	  at	  25	  ns.	  

•  EC	  simula=ons	  for	  the	  HL-‐LHC.	  
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