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Electron cloud Effects 
 and Cures. 

partially founded by INFN-Gr.V nta-IMCA project. 
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Electron cloud in accelerators 
� Phenomenology:   
What happens to the Vacuum beam pipe in presence of the 
beam? (LHC Example) 

� Numerical model 
 
� The Surface Science properties of relevance:  
ü  SEY (Secondary Electron Yield); 
ü  PY (Photo Yield); 
ü  R (photon Reflectivity)  

� Mitigation strategies 

� Conclusion 
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But: Vacuum interact with the beam! 

Beam dynamic experts design a complex and high 
performing machine and than somebody will design a 
metallic shell  around it: It is a technical issue!!! with: 
 Ø   Pressure better than 10 -9  mbar  rapidly reached and stable 
Ø   Few pumps, no bake out (typically no space nor budget),  
Ø   Very low desorption yield 
Ø   High thermal conductivity 
Ø   High electrical conductivity 
Ø   No effect on the magnetic field!! 
Ø   Mechanically robust  
Ø   ….. And, of course, cheap! 
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One real example to see it: 5 

450 GeV –  150 ns bunch spacing: 
Merged vacuum @ LHC 

8-10-2010 
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Exotic Vacuum behavior @ LHC: 6 

Beam 1 

Beam 2 

No pressure 
Increase 

Pressure 
Increase 

450 GeV – 150 ns bunch spacing: Merged vacuum 8-10-2010 
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Easily solved: Installation of Solenoids 

7 

CAS, Warsaw  6-10-2015 R. Cimino 

Solenoids have effect on pressure!!! 

Beam 
Intensity 

Solenoid ON 
A4L1 Solenoid ON 

A4R1 

Remove multipacting 
Still primary electrons 

After 20 min 
ΔP ≈7·10-10 

After 20 min 
ΔP ≈7·10-10 
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Electron-cloud history 
•  1965 INP PSR Transverse instability & beam loss 
•  1971 ISR e-p, 1977 Beam induced multipacting 
•  1988 LANL PSR vertical instability &beam loss 
•  1988 KEK PF multibunch instability 
•  Since 1996 BEPC IHEP-KEK collaboration 
•  1997 LHC crash program launched 
•  1997 CESR “anomalous anti-damping” explained 
•  1997/98 APS e- cloud study start 
•  Since 1998 SPS e-  cloud with LHC beam 
•  2000 PS e- cloud with LHC beam 
•  Since 1999 e- cloud at KEKB and PEP-II 
•  Since October 2001 evidence for e- cloud at RICH 
•  Since december 2002 e- cloud at TEVATRON 
•  Etc etc… 

G. Budker et al 

K. Cornelis, 
G. Arduini et al 

KEK PF, 1988 

M. Izawa, Y. Sato,  
T. Toyomasu 
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Vacuum  in new generation accelerators 
is much “more” than a technical issue!  

�  Let us see what may cause such beam and/
or pressure instabilities. 

�  The case of the: 

LHC arcs 
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Cold Bore @ 1.9 K 

Extreme High Static Vacuum (<< 10-13 Torr) 

Static 
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Cold Bore @ 1.9 K 

Need of a Beam Screen  

@ 5K< T <20K  

to reduce heat load (SR, 
Eddy current, Impedance, 
etc…) on Cold bore for 

thermal load issues 
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T=0, without beam 

Static 
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Cold Bore @ 1.9 K 

Let us see what happens to 
the Beam screen Surface 

during operation 
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T=0, without beam 

Static 
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Time = 0 

calculation 
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+ + + + + +  + + + + + + + + + + + +  

p + 

Synchrotron Radiation: Ec = 44 e V @ LHC 
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Time = 2 ns 

+ + + + + +  + + + + + + + + + + + +  

p 
+ 

Photon reflectivity: SR & Surface Science 

Flat Cu Saw tooth 

N. Mahne et al. App. Surf. Sci. 235, 221-226, (2004). 
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Time = 5 ns 
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+ + + + + +  + + + + + + + + + + + +  

p + 

Photoemission:(vs. hν, Q, E,T, B)  

2 6 10 14
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E.D.C.
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 (
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Kinetic Energy (eV)

R. Cimino, V. Baglin, I. R. Collins. Phys.Rev. ST-AB 2 63201 (1999).  

Produced e- (PY): very important for single beam 
instabilities (K.Ohmi and F. Zimmermann PRL 2000) 

SR & Surface Science 
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SPS 
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Time = 5 ns 

Observation
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+ + + + + +  + + + + + + + + + + + +  

p + 

  Even in absence of SR: 
e- from ionization of residual gas… etc 

Beam induced multipacting is observed in SPS where 
no e- are photoemitted. 

MD - LHC type Beam (25/08 18H - 26/08 14:00)
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Time = 10 ns 

simulation 
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+ + + + + +  + + + + + + + + + + + +  

Beam induced el. acceleration 

p + 

(F.Zimmermann) 
At the moment of 

creation 

After 
acceleration 

100 0 20 40 60 80 Energy (eV) 
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Time = 15 ns 

+ + + + + +  + + + + + + + + + + + +  

e- induced   e- emission Surface Science: SEY 

R. Cimino et al Phys. Rev. Lett. 93, 14801 (2004). 
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Time = 20 ns 

+ + + + + +  + + + + + + + + + + + +  

e- induced e- emission vs. E Surface Science 

 Energy Distribution Curves as function of Ep 
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R. Cimino et al Phys. Rev. Lett. 93, 14801 (2004). 
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Time = 25 ns 

E- cloud simulation 
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+ + + + + +  + + + + + + + + + + + +  

P + 

e- cloud Build-up 

+ + + + + +  + + + + + + + + + + + +  

Time structure vs.  
Simulations. 

P 
+ 

(F. Zimmermann) 
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Time = 25 ns 

+ + + + + +  + + + + + + + + + + + +  

p + 

e- induced  heat load 

+ + + + + +  + + + + + + + + + + + +  

p 
+ 

Simulation 

R. Cimino et al Phys. Rev. Lett. 93, 14801 (2004). 
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It causes Heat load! 
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CB 
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Time = 25 ns 

+ + + + + +  + + + + + + + + + + + +  

p + 

ph. and/or e- induced desorption 

+ + + + + +  + + + + + + + + + + + +  
Dynamic  
pressure  

increase !!! p 
+ 

Desorbed gas 

Surface Science 
and simulation 

It is a  beam/Vacuum issue! 
24 
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Time = 25 ns 

E- cloud simulation 
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+ + + + + +  + + + + + + + + + + + +  

P + 

Beam blow up 

+ + + + + +  + + + + + + + + + + + +  

Time structure vs Simulations. 
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+ + + + + +  + + + + + + + + + + + +  

+ + + + + +  + + + + + + + + + + + +  

Jean-Luc Vay 
IPAC’2012 

It affects beam quality! 
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Electron cloud in accelerators 
� Phenomenology:   
What happens to the Vacuum beam pipe in presence of the 
beam? (LHC Example) 

� Numerical model (G. Rumolo UPAS Lectures 2015) 

 
� The Surface Science properties of relevance:  
ü  SEY (Secondary Electron Yield); 
ü  PY (Photo Yield); 
ü  R (photon Reflectivity)  

� Mitigation strategies 

� Conclusion 
26 
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Numerical model of electron cloud effects 

Multi-bunch beam 
s 

Primary and 
secondary electron 
production, chamber 
properties  E-cloud build up 

x 

y 

Equations of 
motion of the 
beam particles 

Noise 

The build up 
problem 

The instability 
problem 

(see: G. Rumolo UPAS Lectures 2015) 
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Numerical model of electron cloud effects 
�  Coupled bunch electron cloud instability naturally needs a self-consistent 

solution of the electron cloud problem 
◦  A broad time scale to cover, currently working on the problem 

�  For the moment we simulate the two branches separately (similar to what 
is done for impedances): 
◦  Electron cloud build up 

ü  Multi-bunch 
ü  Usually single passage, single turn or just few turns 

◦  Electron cloud instability 
ü  Single bunch 
ü  Multi-turn, or even multi-kick multi-turn 

 

Build up simulation Instability simulation 

Information on how many 
electrons interact with a bunch: 
•  central density 
•  detailed distribution  

ECLOUD, PyECLOUD, 
POSINST, CSEC, … 

HEADTAIL, PyHEADTAIL, 
CMAD, PEHTS, … 

(see: G. Rumolo UPAS Lectures 2015) 
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Numerical modeling: e- cloud build up 
t=t+Δt 

Evaluate the electric field of beam 
at macroparticles’ location 

Generate seed e- 

Move macroparticles (t à t+Δt) 

Detect impacts and generate 
secondaries 

Evaluate the e- space charge  
electric field  

(see: G. Rumolo UPAS Lectures 2015) 

CAS, Warsaw  6-10-2015 R. Cimino 
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t=t+Δt 

Evaluate the electric field of beam at 
macroparticles’ location 

Generate seed e- 

Move macroparticles (t à t+Δt) 

Detect impacts and generate 
secondaries 

Evaluate the e- space charge  
electric field  

Evaluate	  the	  number	  of	  seed	  e-‐	  to	  be	  

generated	  during	  the	  current	  ?me	  step	  and	  

generate	  macropar/cles:	  

•  Residual	  gas	  ioniza/on	  and	  

photoemission	  are	  implemented	  

•  Theore?cal/empirical	  models	  are	  used	  to	  

determine	  macropar/cle	  space	  and	  

energy	  distribu/ons	  

Numerical modeling: e- cloud build up 
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t=t+Δt 

Evaluate the electric field of 
beam at macroparticles’ location 

Generate seed e- 

Move macroparticles (t à t+Δt) 

Detect impacts and generate 
secondaries 

Evaluate the e- space charge  
electric field  

•  The	  field	  map	  for	  the	  relevant	  chamber	  

geometry	  and	  beam	  shape	  is	  pre-‐computed	  

on	  a	  suitable	  rectangular	  grid	  and	  loaded	  

from	  file	  in	  the	  ini?aliza?on	  stage	  

•  When	  the	  field	  at	  a	  certain	  loca?on	  is	  

needed	  a	  linear	  (4	  points)	  interpola/on	  

algorithm	  is	  employed	  

Numerical modeling: e- cloud build up 
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t=t+Δt 

Evaluate the electric field of beam at 
macroparticles’ location 

Generate seed e- 

Move macroparticles (t à t+Δt) 

Detect impacts and generate 
secondaries 

Evaluate the e- space charge  
electric field  

Use	  of	  PIC	  (Par?cle	  in	  Cell)	  algorithm	  for	  e-‐	  space	  

charge	  field:	  Poisson	  equa/on:	  

with	   on	  the	  boundary	   

The	  electric	  field,	  given	  by:	  

x [m]

y 
[m

]

ρ(x,y) [C/m2]
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0
x 10-5

r2
�(x, y) = �⇢(x, y)

✏0

�(x, y) = 0

~

E(x, y) = �r�(x, y)
is	  calculated	  on	  the	  grid	  points	  and	  interpolated	  

at	  the	  macropar?cles’	  posi?ons	  	  

Numerical modeling: e- cloud build up 
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t=t+Δt 

Evaluate the electric field of beam at 
macroparticles’ location 

Generate seed e- 

Move macroparticles (t à t+Δt) 

Detect impacts and generate 
secondaries 

Evaluate the e- space charge  
electric field  

Boris	  tracker	  is	  used	  for	  efficiently	  and	  

accurately	  dealing	  with	  fast	  cyclotron	  mo?on	  

and	  slow	  driS	  in	  presence	  of	  magne?c	  

gradients	  

The	  equa?on	  of	  mo?on	  is	  integrated	  to	  update	  

macropar/cles’	  posi/on	  and	  momentum:	  

d~p

dt
= �e

h
~E(~r(t), t) + ~v(t)⇥ ~B(~r(t))

i

Numerical modeling: e- cloud build up 
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t=t+Δt 

Evaluate the electric field of beam at 
macroparticles’ location 

Generate seed e- 

Move macroparticles (t à t+Δt) 

Detect impacts and generate 
secondaries 

Evaluate the e- space charge  
electric field  

•  When	  a	  MP	  hits	  the	  wall	  the	  SEY	  model	  is	  

employed	  to	  generate	  charge	  of	  emiBed	  

charge.	  Energy	  and	  angle	  also	  come	  from	  

theore?cal/experimental	  models.	  

•  According	  to	  the	  number	  of	  emi[ed	  

electrons,	  macropar?cles	  can	  be	  simply	  

rescaled	  or	  new	  are	  generated.	  

Numerical modeling: e- cloud build up 

34 
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�   Example: determine the bunch-by-bunch phase shift and compare it with 
machine measurements 

Numerical modeling: e- cloud build up 

(see: G. Rumolo UPAS Lectures 2015) 

CAS, Warsaw  6-10-2015 R. Cimino 36 

Numerical modeling: electron cloud instability 

Beam made of macroparticles is 
transported from one EC 
interaction station to the next one 

Electron Cloud (EC)  
interaction station  

At EC interaction station, beam is sliced 
and slices interact sequentially with 
electron cloud, made of macroparticles 

(see: G. Rumolo UPAS Lectures 2015) 
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→  The effect of the electron cloud on the 
beam becomes visible only after many 
turns 

→  The electron cloud is re-initialized at 
every EC interaction station 

→  Slicing is renewed at every turn 

The mutual force between beam 
and electrons is computed using 
the same module as for the build up 
and kicks are applied to both  

Numerical modeling: electron cloud instability 

CAS, Warsaw  6-10-2015 R. Cimino 38 

�  Sample result, LHC à Interaction of bunch with e-cloud causes 
coherent instability and emittance growth, cured by chromaticity 

Numerical modeling: electron cloud instability 
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Electron cloud in accelerators 
� Phenomenology:   
What happens to the Vacuum beam pipe in presence of the 
beam? (LHC Example) 

� Numerical model 
 
� The Surface Science properties of relevance:  
ü  SEY (Secondary Electron Yield); 
ü  PY (Photo Yield); 
ü  R (photon Reflectivity)  

� Mitigation strategies 

� Conclusion 
39 
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It depend on the surface 
type and condition: has a 
big impact to simulations 
(see calculation for LHC). 

Secondary Electron Yield (SEY) 

three-step process: 
• production of SEs at a depth z 
• transport of the  SE toward the surface 
• emission of SE across the surface barrier 

secondary electron emission   

See: R. Cimino and T. Demma, 
“Electron cloud in Accelerators”  
Int. Jou. of Modern Physics A Vol. 29, 1430023 (2014). 

40 
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Need of “state of the art” Surface Science systems to study SEY 

Manipulator  

Farady Cup  

LEED + e- gun  

X-ray Lamp e- gun  

Electron Analyser 

Sample 
Prep.  
Chamber 
for  
reactions 

The XPS system 

41 
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Measure of Secondary e- Yield: 2 methods 
Igun - Isample 

Iin SEY= δ= 
Iout =  Igun 

ELECTRON GUN
(0-3 KV)

PRIMARY

ELECTRONS
Ep , Ip

SECONDARY ELECTRON
COLLECTOR (cage)

SECONDARY
ELECTRONS

SAMPLE

+-
Iout

Vcage

+
-

Vbias

Is

42 
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2nd method: Measure of Secondary e- Yield 

�  In a µ-metal chamber 
�  sample manipulator (also 
at Low T) 
�  Sample well insulated (to 
measure small current Is) 
� A Faraday cup. 
� A Low energy electron 
gun 1mm slot 

•  e- beam Stable between 30 - 500 eV 
•  Currents from few nA to µA (20µC/h/mm2 - 

20mC/h/mm2) 
•  Intense spot (φ < 0.5 mm) with low background 

Igun - Isample 
Iin SEY= δ= 
Iout =  Igun 

Isample 

Igun 

43 
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Measure of Secondary e- Yield: 2 methods 

Iout and Iin (N. Hilleret) 
 

Advantages: 
 

•  Simultaneously measure δ at 
each energy: very fast. 

•  Effective also for “dispersive 
samples” (i.e. Sponges) 

 
Disadvantages 

 
•  Gun far from the sample 

 (difficult to control LE e-) 
•  Big(er) spot and no LE-SEY 

Igun - Isample 
Iin SEY= δ= 
Iout =  Igun 

ISample and Iin 
 

Advantages: 
 

•  Gun close to sample. 
•  Reduce noise for low current 

measurements (i.e. insulators) 
•  LE-SEY accessible!?!  
 

Disadvantages 
 

•  Gun need to be very stable 
(takes time) 

•  More work (2 separate runs) 

44 
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Measure of Secondary e- Yield 

At each Primary energy we measure 
Igun (with the Faraday cup) and 
Isample. 

R. Cimino et al. Phys. Rev. Lett. 93, 14801 (2004). 

  
  

Igun - Isample 
SEY= δ = 

Igun 
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•  Each point in d is the integral of the energy 
distribution of the emitted electrons  

45 
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SEY of LHC Cu @ Low energy 

R. Cimino et al. Phys. Rev. Lett. 93, 14801 (2004). 

Integrating the curves gives 
the Percentage of Secondaries 
and Reflected electrons 
To separate “true 
secondaries from“re-diffused 
electrons is arbitrary and has 
not been considered in this 
analysis. 
 
We observe that the 
contribution to δ of the 
reflected electrons at very low 
primary energy is, in this 
material, very high. 
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Recently A. N. Andronov, A. S. Smirnov, I. D. Kaganovich, E. A. Startsev, Y. 
Raitses, and V. I. Demidov, (in Proceedings of ECLOUD’12 (2013), 
CERN-2013-002, p. 161) questioned this result based on the fact that: 
Long (forgotten) history of secondary electron emission 
studies suggests otherwise. 

•  Theoretical 
– Quantum diffraction from potential barrier 
 

•  Experimental 
– Difficulties of measurements at low incident 

electron energy 
– Previous careful measurements showing contrary 

observation  
– Probe measurements in plasma will not work 

CAS, Warsaw  6-10-2015 R. Cimino 

While I will leave the theoretical aspects 
to others…. 
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Previous careful measurements showing contrary 
observation  
Total secondary electron yield of Cu as a function of incident electron energy. 1. from the letter for fully 
scrubbed Cu (T=10 K). 2. Experimental data for bulk Cu after heating in vacuum (room temperature). 
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1.	  R.	  Cimino,	  et	  al,	  Phys.	  Rev.	  Le[.	  93,	  014801	  
(2004).	  
2.	  I.	  M	  Bronshtein,	  B.	  S	  Fraiman.	  Secondary	  
Electron	  Emission.	  Moscow,	  Russia:	  Atomizdat,	  
p.	  408	  (1969).	  	  

Other measurements reported the reflection 
coefficient of about 7% for incident electron 
energy below few electron volts for most pure 
metals. 
I.H. Khan, J. P. Hobson, and R.A. Armstrong, Phys. 

Rev. 129, 1513 (1963). 
H. Heil, Phys. Rev. 164, 887, (1967). 
Z. Yakubova and N. A. Gorbatyi, Russian Physics 
Journal, 13 1477 (1970).  
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From:  A. N. Andronov, A. S. Smirnov, I. 
D. Kaganovich, E. A. Startsev, Y. Raitses, 
and V. I. Demidov, (in Proceedings of 
ECLOUD’12 (2013), CERN-2013-002, 
p. 161)  
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Previous careful measurements showing contrary 
observation  

Total secondary electron yield of Mo as a function of incident electron energy after 
degassing by prolong heating of target. 

	  I.	  M	  Bronshtein,	  B.	  S	  Fraiman.	  
Secondary	  Electron	  Emission.	  Moscow,	  
Russia:	  Atomizdat,	  p.	  60	  (1969).	  	  
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Total secondary electron yield of Ge.  

From:  A. N. Andronov, A. S. Smirnov, I. D. 
Kaganovich, E. A. Startsev, Y. Raitses, and V. I. 
Demidov, (in Proceedings of ECLOUD’12 
(2013), CERN-2013-002, p. 161)  



10/2/15	  

26	  

CAS, Warsaw  6-10-2015 R. Cimino 

Thanks to this contribution we decided to address in 
details the capability of our setup to study LE-SEY. 

�  Setting the energy scale. 
�  Expected Setup limitations at Low energy 
�   Study in identical conditions (same geometry 

etc.) atomically clean (XPS) Cu obtained by 
cycles of Ar+ sputtering  of the “as received” Cu. 

� Compare it to “as received” Cu samples. 

�   Warning: “As received” is NOT a well defined 
chemical state! 

CAS, Warsaw  6-10-2015 R. Cimino 

Setting the energy scale for metals 

e- Gun 
Cathode 

E 
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Vacuum 
field free 
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Gun At Sample 
Surface 
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Ep = Eg – Vbias - ΔW 
 e- 

R. Cimino et al. PR ST (2015) 
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Expected Setup limitations @ low energy 
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R. Cimino et al. PR ST (2015) 
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Clean (Ar+ Sputtered) Polycrystalline Cu 
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Clean (Ar+ Sputtered) Polycrystalline Cu 
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“As received” vs. Clean Cu 
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“As received” vs. Clean Cu 

R. Cimino et al. 
 PR ST (2015) 
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For the LHC: test HL simulations. 

R. Cimino et al. PR ST (2015) 
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For the LHC: test HL simulations. 

R= δ(0) = 0.8 
in all cases  

R. Cimino et al. PR ST (2015) 
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For the LHC: test HL simulations. 

δmax R. Cimino et al. PR ST (2015) 
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Electron cloud in accelerators 
� Phenomenology:   
What happens to the Vacuum beam pipe in presence of the 
beam? (LHC Example) 

� Numerical model 
 
� The Surface Science properties of relevance:  
ü  SEY (Secondary Electron Yield); 
ü  PY (Photo Yield); 
ü  R (photon Reflectivity)  

� Mitigation strategies 

� Conclusion 
61 

R. Cimino and T. Demma   
“Electron cloud in Accelerators”   

Int. J. Mod. Phys. A 29 (2014) 
1430023 (pag. 65). 
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Why? 

� Not only to study the input parameters 
used in simulations of multipacting and e-
cloud build-ups, related instabilities 

� But  also to simulate and prevent single 
bunch instabilities just connected to the 
mere existence of a certain density of e- 

in the accelerator chambers.  
 (K. Ohmi and F. Zimmermann PRL 2000) 

62 
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SOFT X- RAY REFLECTIVITY AND PHOTOELECTRON YIELD OF

TECHNICAL MATERIALS: EXPERIMENTAL INPUT FOR

INSTABILITY SIMULATIONS IN HIGH INTENSITY ACCELERATORS
∗

R. Cimino , LNF-INFN, Frascati, Italy and CERN, Geneva, Switzerland†

F. Schäfers, Institute for Nanometre Optics and Technology, HZB BESSY-II, Berlin, Germany

Abstract

High luminosity particle accelerators can suffer from
serious performance drop or limitations due to interaction
of the synchrotron radiation produced by the accelerator
itself with the accelerator walls. Such interaction may
produce a number of photoelectrons, that can either seed
electron cloud related instabilities and/or interact anyway
with the beam itself, potentially causing its deterioration.
To correctly take these effects into account simulation
codes depends on the realistic knowledge of Reflectivity
and Photoelectron Yield of technical materials. In this
work we present a mature technique to study such relevant
experimental data for some of the mostly used technical
surfaces in accelerators under realistic geometrical con-
ditions. Some preliminary results will be presented and
discussed.

INTRODUCTION

High-energy collider machines [1] and accelerator-based
Synchrotron Radiation (SR) light sources with positive
beams [2] suffer from serious performance drop or limita-
tions due to the interaction of the SR with the accelerator
walls, by which photoelectrons are created. To understand
and control such detrimental effects it is essential to study
in great detail the behavior of the chosen accelerator mate-
rial under SR illumination. Then, the knowledge of photo
yield (PY) and X-ray reflectivity (R) from technical ma-
terials is of utmost importance for optimizing ultimate
performance at accelerators [1, 3–5]. In an arc of an ac-
celerator the circulating beam, being deflected, produces
SR with a given energy spectrum and beam divergence.
Such SR illuminates the accelerator walls at a very grazing
incidence angle (in the case of LHC of less than 2◦). Most
of the photon beam will be scattered/reflected away, some
will create photoelectrons which, in a field free region, may
interact with the accelerated beam. In the presence of the
dipole magnetic field perpendicular to the orbit plane, the
electrons photoemitted in the orbit plane, being affected by
the magnetic field, are constrained to move along the field
lines, thus they will not be able to cross the vacuum cham-
ber and gain energy from the beam. On the other hand,
the scattered photon beam will soon illuminate top and
bottom walls, emitting photoelectrons perpendicular to the
orbit plane (hence parallel to the magnetic field) that will
only spiral along the field lines, free to interact with the

∗Work partially supported by NSC5-INFN.
† roberto.cimino@lnf.infn.it

accelerated (positive) particle beam. Such photoelectrons
are capable to seed e-cloud related effects in accelerators
efficiently participating to secondary electron production
and, eventually, to multipacting. E-cloud related resonant
phenomena are not the only detrimental effects occurring
in accelerators and originated by the background electrons.
Ohmi and Zimmerman when analyzing some of the beam
instabilities observed at KEKB, introduced the concept
of ’single beam instability threshold’ and suggest that the
mere existence of a certain electron density in the accel-
erator (for the SuperKEKB case around 7x1011 e−/m−3)
is able to detrimentally affect beam quality [6]. Hence,
even in the absence of resonant phenomena, such elec-
tron density has to be carefully simulated, controlled and
careful material choice is needed for its mitigation. These
simple reasoning show how important it is to determine
the photon reflectivity of accelerator walls and its photo
yield experimentally. Preliminary work done [1,3–5,7] was
performed under geometrical conditions which were far
from the very grazing ones in accelerators, and the results
are not directly applicable to real situations. This paper
presents some experimental tools developed to analyze
properties of optical elements designed for Synchrotron
Radiation, and adapt them to the study of technical surfaces
used in accelerators.

EXPERIMENTAL

To perform such PY and R measurements at the very
grazing geometries typically occurring in real machines,
one of the best option available was the use of the "soft x-
ray optics beamline for at-wavelength metrology at BESSY-
II" [3] and its Reflectometry experimental station [8]. Re-
flectometry or at-wavelength metrology is a powerful and
most essential characterization tool for the development
and characterization of optical elements [9]. With this
method the reflectivity of a material (mirrors, crystals),
the diffraction efficiency of gratings or the transmission of
thin films is investigated at the design wavelength for the
optical element. Since the optical constants of the coating
materials involved are dependent on wavelength, informa-
tion on reflectivity at a certain wavelength can be obtained
only by this method and cannot be deduced from any other
diagnostics technique. A dedicated ’optic’ beamline is
successfully in operation at the Berlin BESSY-II storage
ring. It collimates vertically and focusses horizontally the
bending magnet radiation by a toroidal mirror, disperses it
by a plane mirror/plane grating monochromator (PGM) and
refocusses the monochromatic light by a cylindrical mirror
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Measurements of x-ray scattering from accelerator vacuum chamber
surfaces, and comparison with an analytical model
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This paper compares measurements and calculations of scattering of photons from technical vacuum
chamber surfaces typical of accelerators. Synchrotron radiation generated by a charged particle beam in
the accelerator is either absorbed, specularly reflected, or scattered by the vacuum chamber surface. This
phenomenon has important implications on the operation of the accelerator. Measurements of photon
scattering were made at the BESSY-II synchrotron radiation facility using samples of aluminum vacuum
chamber from Cornell electron storage ring (CESR). A description of the analytic model used in the
calculation is given, which takes into account the reflectivity of the material, the surface features of the
sample, the wavelengths and the incident angles of the photons. The surface properties used in these
calculations were obtained from measurements made from an atomic force microscope.

DOI: 10.1103/PhysRevSTAB.18.040704 PACS numbers: 29.20.-c, 41.60.Ap, 78.68.+m, 42.25.Gy

I. INTRODUCTION

Photons from synchrotron radiation [1] generated in a
particle accelerator generally scatters from the vacuum
chamber walls multiple times before they are ultimately
absorbed. The distribution of photon absorption sites, as well
as the photon energy spectrum, is an important input into the
computation of quantities such as the distribution and energy
of primary photoelectronswhich seed the electron cloud, and
the distribution of heat load on the chamber wall [2–7]. This
subject is also important for other areas of accelerator physics
and engineering, such as long-range coherent synchrotron
radiation wakefield in accelerator vacuum chambers [8] and
performance of superconducting rf cavities [9]. While it is
possible to precisely calculate the pattern of synchrotron
radiation generated by the beam, the locations of the ultimate
sites at which the radiation is absorbed depend also on the
details of the scattering process, as well as the geometry and
composition of the vacuum chamber.
There are several raytracing programs available such as

RAY [10] or XOP/SHADOW [11] to simulate the imaging

properties of an optical system. Usually they randomly
create a set of rays within various types of light sources and
trace them according to the laws of geometric optics
through optical elements onto image planes. These codes
usually take into account only photon beams which are
specularly reflected rays on mirrors of different surface
shapes. Recently, as part of the CESRTA program [12], a
new tracking program called SYNRAD3D [13,14], which
includes both the generation and scattering of synchrotron
radiation photons in accelerator vacuum chambers, has
been developed to address this issue. SYNRAD3D treats
both specular and diffuse scattering from the vacuum
chamber surface, and can incorporate the detailed three-
dimensional geometry of the walls. The specular reflectiv-
ity of the surface material is taken from an LBNL database
[15]. The diffuse scattering from a rough surface is based
on an analytical model [16,17]. To validate the accuracy of
the scattering model used in SYNRAD3D, it is important to
compare its predictions directly with actual X-ray scatter-
ing data from rough surfaces, typical of accelerator vacuum
chambers. That comparison is the purpose of this paper.
To make the comparison, well-characterized mono-

chromatized soft X-rays beams from the BESSY II syn-
chrotron radiation facility were used to measure the
scattering from samples of aluminum technical vacuum
chamber surfaces from cornell electron storage ring. The
data includes both relative measurements of the shape

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOI.
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Optic beamline @ Bessy2 

64 

�  P h o t o n  e n e r g y : 
20-1600 eV 

-  a low grating (150 l/
mm)  

-  is used for 20-150 eV 
-   a high grating (1228.1 

l /mm) i s used for 
130-1600 eV 

�  Samples: aluminum, 
copper, and stainless 
steal 

�  Spot size:  

�  0.25 mm in vertical,  
�  1.1 mm in horizontal	 
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Reflectometer at BESSY II	 

65 
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Samples and Sample holder	 
• During the preliminary beam period, we 
measured different samples: 

      - as example here we show CU from LHC beam screen 

• The samples are isolated from the sample holder 
by Kapton to also measure the photo yield. 

120 mm	 

48 mm	 
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Reflectivity from LHC Cu 

67 
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Roughness produce scatter light  

68 
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Photo Yield	 
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Electron cloud in accelerators 
� Phenomenology:   
What happens to the Vacuum beam pipe in presence of the 
beam? (LHC Example) 

� Numerical model 
 
� The Surface Science properties of relevance:  
ü  SEY (Secondary Electron Yield); 
ü  PY (Photo Yield); 
ü  R (photon Reflectivity)  

� Mitigation strategies 

� Conclusion 
70 

R. Cimino and T. Demma   
“Electron cloud in Accelerators”   

Int. J. Mod. Phys. A 29 (2014) 
1430023 (pag. 65). 
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SR Reflectivity and PY  (@BESSY-II) 

ü  We measure and feed material parameters (R, PY, and SEY)  into simulations.  

ü  Understand their profound nature to: 

ü  Optimize chemical (mechanical) process to reduce their detrimental influence on beam. 

ü  Search for new material / coatings with intrinsically “good” parameters. 

Towards mitigation Strategies…. 
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External solenoid field 

Most of the existing and planned accelerator machines base 
the reaching of their design parameters to the capability of 
obtaining walls with a SEY ~1.3 or below! 

Electrodes in the lattice 

Surface Scrubbing 
 (or conditioning) 

Intrinsically low  
SEY material  

Geometrical modifications 

Mitigation Strategies 

72 



10/2/15	  

37	  

CAS, Warsaw  6-10-2015 R. Cimino 

Scrubbing  
(or conditioning) 

Intrinsically low  
SEY material 

Geometrical 
modifications 

Electrodes in the 
lattice.  

- Efficiency   
(time & final SEY)… 

Stability and material 
choice…   

Impedance. Space, 
Machining costs. 

If possible… 
(Impedance, costs.)  

External solenoid 
field.  Not always possible… 
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Scrubbing  
(or conditioning) 

Intrinsically low  
SEY material 

Geometrical 
modifications 

Electrodes in the 
lattice.  

- Efficiency   
(time & final SEY)… 

Stability and material 
choice…   

Impedance. Space, 
Machining costs. 

If possible… 
(Impedance, costs.)  

External solenoid 
field.  Not always possible… 
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wall. The electron’s energy at the wall has large spread 
because it strongly depends on the positions of interaction 
between the electrons and bunches. Consequently, 
multipacting random occurs with low threshold at this 
case.  

Example II; electron motion with a solenoid in 
the SNS, a long bunch case  

Multipacting in a long bunch accumulator occurs 
around the bunch’s tail due to the high energy-gain at the 
wall [7]. A weak solenoid of 30G can confine the 
electrons near the wall and totally suppress multipacting 
by reducing the electron's energy. Fig. 2 compares the 
energy at wall and orbit for 0G and 60G solenoid fields. 
The peak energy with 60G is less than 30 eV, below the 
multipacting threshold. Note that Eq. (3) doesn't apply in 
long bunch case.  

-100 -50 0 50 100
-100

-50

0

50

100

X [mm]
Y 

[m
m

]
-100 -50 0 50 100

-100

-50

0

50

100

X [mm]

Y 
[m

m
]

 

300 400 500 600 700
0

50

100

150

200

250

Time [ns]

En
er

gy
 a

t t
he

 w
al

l [
eV

]

300 400 500 600 700
0

5

10

15

20

25

30

Time [ns]

En
er

gy
 a

t t
he

 w
al

l [
eV

]

 

 
Figure 2: Electron orbit (top row), energy at the wall 
(middle row), and electron-cloud distribution (bottom 
row) with 0 G (left column) and 60G (right column) 
solenoid fields in the SNS’s accumulator drift region 

EFFECT OF BEAM INTENSITY   
In this section, we discuss the effect of the beam’s 

intensity on multipacting and electron distribution for the 
short bunch machine. For a given solenoid field, the 
electron's orbit and energy at the wall depends on the 
beam’s parameters, such as bunch spacing, and bunch 
current. Fig. 3 shows the distribution of the electron cloud 
with a 10 G solenoid field for different bunch intensities 
in the KEKB LER. The bunch spacing is 4 ns. The 

electron cloud is closer to the chamber’s center when 
bunch intensity is high due to the stronger beam's space-
charge-force. Therefore, a stronger solenoid field is 
required for a high beam current.  

When the bunch gap is longer than the half period of 
electron's gyration, the threshold of multipacting depends 
only on the beam’s intensity as given by Eq. (3) [8]. 
However, when the gap is shorter, it also depends on the 
bunch’s spacing and the solenoid field. 

 
Figure 3: Electron-cloud distribution at bunch intensity 
4 ×1010 (left) and 8 ×1010 (right) with a 10G solenoid 
field in the KEKB low-energy ring. 

RESONANCE OF E-CLOUD BUILD-UP 
With short bunches, such as in B-factories, resonance 

occurs when the time taken by an electron to emerge from 
the wall and be bent back by the magnetic field coincides 
with the interval between two consecutive bunches [8, 9] 

cST b /2/ =                                   (4) 
where T is the period of gyration motion )/(2 eBmeπ . This 
period is 7.2 ns for a 50 Gauss field. Resonance at 22G 
and 45G is, respectively, for 8ns and 4ns spacing in the 
KEKB LER. Fig. 4 shows the solenoid effect on the 
electron cloud’s density for 4 ns.  Simulation reveals a 
peak of electron density at 45 G, as predicted by Eq. (4), 
when the reflected electrons are included. However, 
without them, the electron density is a monotonic function 
of the solenoid field. Therefore, the reflected electron 
contributes to the peak density at resonance.  

Figure 5 depicts the electron-cloud distributions at 
different solenoid fields. The distribution in 10G already 
was shown in Fig. 3. The stronger the field, the closer to 
the wall is the electron cloud. Although the electron cloud 
density is peak at the resonance, a stronger field always 
more effectively confines the photoelectron cloud near to 
the wall. 

0 20 40 60 80

100

101

102

103

Bz [Gauss]

ρ  
[×

10
12

m
-3

]

With refelected electron
Without reflected electron

 

2

No field 
60 Gauss 
solenoid 

field 

SOLENOID EFFECTS ON AN ELECTRON CLOUD  
L. Wang, BNL, Upton, NY 11973, USA 

S. Kurokawa, H. Fukuma, S.S. Win, Tsukuba, KEK, Japan  
A. Chao, SLAC, Menlo Park, California, USA 

Abstract 
Electron cloud due to beam-induced multipacting can 

generate transverse instabilities and beam size blow-up in 
both positron and proton accelerators. A solenoid 
satisfactorily suppresses multipacting in the drift region 
by confining the electrons close to the walls’ surface. 
There is a long drift region in the KEKB LER, wherein a 
solenoid occupies most of the beam’s pipe. We 
investigated the solenoid’s effects on the build-up of the 
electron cloud, the wake field and transverse coupled 
instabilities induced by electron cloud. 

INTRODUCTION 
 An electron cloud was first observed at the INP PSR in 

1965[1]. Shortly thereafter, an electron cloud and beam-
introduced multipacting was found at CERN-ISR [2, 3]. 
Instability in that beam caused by the electron cloud was 
cured using clearing electrodes. More recently, electron 
clouds have s been observed in almost all high intensity 
beams. Solenoids have been employed in these machines 
to clean electron clouds, especially in the two B-factories 
[4, 5]. This paper summarizes solenoid effects on the 
electron cloud as a further study of that work [6]. Table 1 
shows the typical parameters of the three accelerator-
storage rings we studied. Among of them, the KEKB LER 
has a short bunch length and SNS's bunch is long. In the 
former, we considered both the real beam and an assumed 
high-beam current to check the state that an electron 
cloud may take in future under such conditions. 

 
Table 1: Basic parameters of the KEKB LER, RHIC, and 

the SNS ring 
Variable KEKB RHIC SNS 

Particle type e+ p p 

rms beam size (mm) 0.42/0.06 2.4 28 

Chamber radius (mm) 50 60 100 

Bunch length (ns) 0.05 15 700 

Beam intensity (×1010) 3.3/8 10 20000 

 

MECHANISM OF ELECTRON 
CLEARING WITH A SOLENOID 

Example I; electron motion with a solenoid in 
RHIC, a short bunch case  

In short bunch machine, the bunch spacing is much 
longer than its length. The electron’s orbit is close to a 

half circle if the bunch gap is longer than the half period 
of electron’s gyration motion. Therefore, a weak solenoid 
with gyration period less than half a bunch gap can 
efficiently confine electrons near the wall’s surface in the 
vacuum chamber. The required strength of the solenoid 
field can be estimated using the criterion 

a<<ρ                                  (1) 
where ρ is the Larmor radius 

eB
Eme2

=ρ                           (2) 

where E is the electron energy, and me and e are the mass 
and charge of the electron, respectively.  

In a static model, for an electron near the beam 
chamber’s surface, the energy received from the bunch is 
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where re is the classic radius of the electron, Nb the bunch 
intensity, and rb the radius of beam chamber. From the 
parameters given in Table 1, the energy calculated from 
Eq. (3) is about 21 eV, and 23 eV, respectively, for the 
KEKB LER and RHIC. For this given energy gain, we 
can roughly estimate the radius of the electron’s gyration 
orbit by Eq. (2) because the preliminary electron's energy 
is only a few eVs. This energy gain can also be used to 
assess the secondary emission yield. If the estimated yield 
is bigger than unity, multipacting happens. Note that the 
reflected electrons may have a high initial energy up to 
the value given by Eq. (3). Fig. 1 shows the simulated 
electron's orbit and energy at the wall in RHIC with a 20 
G uniform solenoid field. In this example, the bunch’s 
length is close to electron's gyration period. The energy at 
wall usually is less than that given by Eq. (3), but is 
higher for reflective electrons. 

 

-60 -40 -20 0 20 40 60
-60

-40

-20

0

20

40

60

X [mm]

Y 
[m

m
]

0 500 1000 1500
0

10

20

30

40

50

60

Time [ns]

En
er

gy
 a

t t
he

 w
al

l [
eV

]

 
Figure 1: Electron orbit and energy at the with 20 G 
solenoid fields in RHIC drift region 

 
When the bunch’s gap is shorter than the half period of 

electron's gyration, the electron's energy gain from the 
beam is difficult to be estimated. An electron receives 
multiple kicks from the beam before it hits the chamber 
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Electrodes at DAΦNE 

10] made of a very thin highly resistive layer deposited on 
a thin ceramic substrate.  

The pictures of the electrodes inserted in the dipole and 
wiggler chambers are shown in Fig. 1. The dipole 
electrodes have a length of 1.4 or 1.6 m depending on the 
considered collider arc, while the wiggler ones are 1.4 m 
long.  They have a width of 50 mm, thickness of 1.5 mm 
and their distance from the chamber is about 0.5 mm. 
This distance is guaranteed by special ceramic supports 
made in SHAPAL (Fig. 2) and distributed along the 
electrodes. This ceramic material is also thermo-
conducting in order to partially dissipate the power 
released from the beam to the electrode through the 
vacuum chamber coupling impedance. Moreover, the 
supports have been designed to minimize their 
contribution to the coupling impedance and to 
simultaneously sustain the strip. The mechanical drawing 
of a dipole-wiggler arc with the electrodes is shown in 
Fig. 3. The distance of the electrode from the beam axis is 
8 mm in the wigglers and 25 mm in the dipoles. 
Unfortunately, due to mechanical installation constraints 
the wiggler electrodes do not cover the total length of the 
wigglers that are 2.1 m long (to be compared with 1.4 
long electrodes). 

The electrodes have been connected to external dc 
voltage generators modifying the existing BPM flanges as 
shown in Fig. 4. 

 

 
Fig. 1: Pictures of the electrodes inserted in the dipole 

(right) and wiggler (left) chambers. 

The electrodes have been inserted in the vacuum 
chamber during January-May 2010 shutdown. The picture 
of an installed electrode is given in Fig. 5. The electrodes 
have been inserted in the machine using special plastic 
supports that allowed inserting the electrodes in the 
chamber without damaging the chamber and the 
electrodes themselves. Before and after their installation 
the electrodes have been tested applying a dc voltage of 
about 400 V (in air) to check the correct installation and 
reliability of the connections. Measurements with a 
Network Analyzer have also been done and they will be 
illustrated in the next section. 

A low pass-band RC filter has been inserted between 
the feed-through and the dc generator in order to decouple 
the dc generator from the beam induced signal at high 
frequency. 

 

 
Fig. 2: SHAPAL supports for the electrodes. 

 
Fig. 3: Mechanical drawing of a complete arc with the 

electrodes. 

 
Fig. 4: Detail of the electrodes output connection. 

Electrode Coupling Impedance 
    The electrode installation in the ring was a risky 
operation from the beam impedance point of view. In the 
past we had a negative experience with the so-called 
“invisible” ion clearing electrodes that contributed almost 
a half of the electron ring impedance and at some point 
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Electrodes at DAΦNE 

(a) Evolution of the averaged cloud density for different values of the 
electrode voltage. (b) e− cloud density at the end of the bunch train. 
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The Beam “scrubbing” effect is the ability of a 
surface to reduce its SEY after e- 

bombardment.  

V. Baglin et al,  LHC Project Report 472, CERN, 2001.  

 from LHC PR 472 (Aug. 
2001): 
 “… A l t h o u g h  t h e 
phenomenon of conditioning 
h a s  b e e n  o b t a i n e d 
r ep rodu c i b l y o n man y 
s a m p l e s , t h e  e x a c t 
mechanism leading to this 
e f fe c t i s no t p rope r l y 
understood. This is of course 
not a comfortable situation as 
the LHC operation at nominal 
intensities relies on this 
effect…” 
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Beam scrubbing effect with photon 
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See: R. Cimino et al Phys. Rew. AB-ST 2 063201 (1999) 
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Study the Chemistry governing the SEY reduction 
(scrubbing) with X ray photoelectron spectroscopy 
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Ø  the effective SEY of the metal is strongly modified by the surface contamination  
SEY 

Ø  SEY  is very Surface sensitive and XPS is a powerful tool to 
study  its chemistry dependence 
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electron  
analyzer 

X-ray photoelectron  spectroscopy 

KE: kinetic energy 

BE: binding energy 
 

φ: work function 
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metal  

binding energy (eV) 
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XPS spectroscopy of technical samples  
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oxygen 
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M-O 
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XPS spectroscopy of technical samples  
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co-laminated Cu for LHC beam screen 

1000 800 600 400 200 0
binding energy (eV)

4003002001000

Primary energy (eV)

2.0

1.0

0.0

S
E

Y
 (a

rb
. u

ni
ts

)

δmax=2.2

Cu – ‘As received” technical surface 

C1s 

O1s 
Cu3p 

Cu2p 

Understanding chemistry (XPS) and SEY 
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co-laminated Cu for LHC: fully scrubbed 
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SEY and XPS are directly related 
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the contribution of all electron-induced surface 
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R. Cimino et al. PRL (2012) & R. Larciprete PR ST (2013) 
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Ø  It occurs (with small differences) for 
many technical surface like Cu, SS, 
TiN etc. (noticeably  not for Al) 

Ø  BUT: it is a phenomenon which 
intrinsically need energy to 
occur: do all electrons induce it? 
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R. Cimino et al. PRL 109 064801 (2012)  

Ø  optimize the “scrubbing” process @ 
L H C w i t h b e a m p a r a m e t e r s 
enhancing the presence, in the cloud, 
of higher energy el. 

Ø  Give a more reliable estimate of the 
needed scrubbing time.  
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a-C films 
magnetron sputtering @ RT 
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R. Larciprete  et al,  App. Surf. Science 2015 

C films on polycristalline Cu 



10/2/15	  

51	  

CAS, Warsaw  6-10-2015 R. Cimino 

12 8 4 0
Binding energy (eV)

valence band hv=40.8 eV

 RT

EF

288 286 284 282
Binding energy (eV)

C1s
hv=1253.6 eVFWHM (eV)

1.8

 RT

1.0

0.6

0.2

4003002001000
Ep (eV)

1.17δ  

C films on polycristalline Cu 

R. Larciprete  et al,  App. Surf. Science 2015 

CAS, Warsaw  6-10-2015 R. Cimino 

C films on polycristalline Cu 

12 8 4 0
Binding energy (eV)

valence band hv=40.8 eV

 RT
 460 °C
 700 °C

EF

288 286 284 282
Binding energy (eV)

C1s
hv=1253.6 eVFWHM (eV)

1.8

0.9 

1.4

1.3

 RT
 460 °C
 700 °C

 HOPG

1.0

0.6

0.2

4003002001000
Ep (eV)

1.17

1.10

0.95

δ  

2p-
π 

2p-σ 

 

the graphitization of the C films corresponds to a lower SEY  
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 at LT: Kuzucan, et al JVSTA  30, 051401 
(2012) 

a-C bases its stability on its low reactivity 

I f , o n a n y s u r f a c e , 
condensed gas is chemi or 
physi-sorbed the resulting 
SEY will be the one of the 
contaminant layer. 

Kuzucan, et al JVSTA  30, 051401 (2012) 
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If annealing (@ ~ 200 °C) is possible: TiZrV  

Activated NEG: it pumps, low SEY, stable: ideal mitigator 

Kuzucan, et al JVSTA  30, 051401 (2012) 
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Figure 1: SEY versus PE energy of the TiZrV NEG coating; as received (A.r.) and after 2 h heating at 120
C, 160 C, 200 C, 250 C, 300 C.
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Figure 2: SEY versus PE energy of the TiZr NEG coating; as received (A.r.) and after 2 h heating at
160 C, 200 C, 250 C, 300 C.
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Figure 3: Influence of CO exposure on the SEY of a TiZrV coating which was activated during 2 h at
300 °C and cooled to 60 °C before the CO exposure.

Scheuerlein et al. Appl. Surf. Sci. 172 (2001) 95-102 
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Impedance enhancement factor 
(Code : Finite Element Method, PAC07 THPAS067, L Wang) 
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Sponge materials: 
R. Cimino, A. Romano,S. Petracca, I. Masullo, M. Taborelli etc. (IPAC 2014) 

Impedance, vacuum behaviour, 
desorption properties 
are still under study  
but seems very promising. 
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Not only low SEY, PY and R 

Pumping slots 

Pumping slots 
shields 

Cu layer 

Cooling tubes 

“Saw teeth” 
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Conclusion 
Ø Electron-Cloud is and will be an 

important issue in circular accelerators 
in years to come! 

Ø Numerical simulations are able to 
predict observed effects. 

Ø Mitigation techniques are developing. 
Ø Synergic efforts, dedicated Surface, 

Material and Vacuum science 
laboratories are required to reach 
desired performances. 
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