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outline 
• brief history 

• notion of “wake” or “impedance” for coupled 
bunch electron-cloud effects 

• notion of “wake” or “impedance” for single bunch 
electron-cloud effects 

• 2-D generalization of impedance for more 
accurate analysis of electron-cloud phenomena  

• modification of conventional impedances by an 
electron cloud 

• impedance for incoherent electron cloud effects? 

• microwaves & electron cloud 

 



INP Novosibirsk, 1965 Argonne ZGS,1965  BNL AGS, 1965 

Bevatron, 1971 ISR, ~1972  PSR, 1988 

AGS Booster, 1998/99 KEKB, 2000 CERN SPS, 2000 



electron cloud: schematic of e- build up  

large spacing 

short spacing 





J.T. Rogers, 1995 [1] 

simulated e- build up model growth rate & tune shifts 

theory of coupled-bunch electron-cloud instability  
• explanation for “anomalous antidamping” in CESR 

• modelled by macro-particle simulation 



theory of coupled-bunch electron-cloud instability  
• identified at KEK Photon Factory w e+ operation 

• described by wake model 

e- operation e+ operation 

M. Izawa,  

Y. Sato,  

T. Toyomasa, 

1995 [2] 



measurement  

wake model with range of 8 

bunches (16 ns) 

M. Izawa, Y. Sato, T. Toyomasa, 1995 [2] 



theory of coupled-bunch electron-cloud instability  
• identified at KEK Photon Factory w. e+ operation 

• wake field computed by macro-particle simulation 

transient e- distribution 

simulated wake field instability growth rate  

K. Ohmi, 1995 [3] 



theory of coupled-bunch electron-cloud instability  
• perhaps the first mentioning of  “impedance” in  

connection with electron cloud 

K. Ohmi, 1995 [3] 



theory of coupled-bunch electron-cloud instability  
• explanation of “anomalous anti damping” in CESR 

• macro-particle simulations J.T. Rogers & T. Holmquist, 1997 [5] 



J.T. Rogers & T. Holmquist, 1997 [5] 

probably the first explicit 

“impedance” in connection  

with electron cloud 





simple wake field model for short bunches 



e- density due to charge neutralization 

F.Zimmermann, 1997 [4] 

 

e- density due to space charge and 

thermal energy  

S. Heifets, 2002 [11] 

SB and CB wake of e- cloud 

K. Ohmi, F.Zimmermann, 2000 [6] 

G. Rumolo, F.Zimmermann, 2001[9] 

 
coherent tune shift due to e- cloud 

K.Ohmi, S.Heifets, F.Zimmermann,   

2001 [8] 

ee

sat

e
rbcm

E
22

0 1


sep

bsat

e
Lb

N
2

 

b

e

N

C
W


)8...4(0 

C
r

Q e

e 
2



analytical estimates of equilibrium electron  

density, wake field and coherent tune shift 



resonator model of e-cloud wake 

with 

K. Ohmi, F. Zimmermann, 

E. Perevedentsev, 2001 [7] 

analytical solution for coasting beam, rigid Gaussian cloud of size  

equal to beam size and linear force 



fitted to 

simulated e-cloud wake for varying 

cloud size 

K. Ohmi, F. Zimmermann, 

E. Perevedentsev, 2001 [7]  



wake strength vs cloud size 

K. Ohmi, F. Zimmermann, 

E. Perevedentsev, 2001 [7]   



analytical 

calculation 

se=sbeam 

simulation 

se= 

10-50 sbeam 

fitted vs analytical wake  

K. Ohmi, F. Zimmermann, 

E. Perevedentsev, 2001   



wake strength vs transverse offset 

(linearity check) 
K. Ohmi, F. Zimmermann, 

E. Perevedentsev, 2001 [7]   

se=sbeam 

se=20sbeam 



wake strength vs longitudinal 

position of displaced “slice” 

K. Ohmi,  

F. Zimmermann, 

E. Perevedentsev, 

2001 [7] 

KEKB-LER 



wake strength vs longitudinal 

position of displaced “slice” 

K. Ohmi,  

F. Zimmermann, 

E. Perevedentsev, 

2001 [7] 

SPS 



e-cloud resonator impedance 

K. Ohmi,  

F. Zimmermann, 

E. Perevedentsev, 

2001 [7] 



wake fields from 3-D e-cloud 

computations (e.g. for wiggler) 

average  e- cloud density in  

2D and 3D  calculation 
s-dependent  e- cloud  

density in 3D  calculation 

z=ct-dependent  e- cloud  

wake potential 

W. Bruns et al,  

PAC07, 

2007  



unusual wake behavior 

simulated by HEADTAIL code 

 G. Rumolo, F. Zimmermann, 2002 [12] 



unusual wake behavior 

wake averaged over a beam slice ≠ wake on axis 

  

 G. Rumolo, F. Zimmermann, 2002 [12] 

wake depends on longitudinal position of displaced slice 

  



generalization of transverse 

impedance 

• must consider wake W1(z,z’), not W1(z-z’) 
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2-dimensional Fourier transform 

 E. Perevedentsev, 2002 [10] 

•  the wake W1(z,z’) can be obtained from  

 simulations 



 E. Perevedentsev, 2002 [12]  

standard 

TMCI 



 E. Perevedentsev, 2002 [12] 

generalized 

TMCI 



extracting the 2-dimensional wake 

G. Rumolo, 2002  [13] 



2-dimensional impedance for SPS & SIS 

G. Rumolo, 2002 [13] 



2-dimensional wake matrix for KEKB-LER 

A. Markovik, 2011 & 2013 [16] 



tracking with wake matrix for KEKB-LER 

simulation 

measurement 

A. Markovik et al, 2011 & 2013 [16] 



resistive-wall impedance with space 

charge & electron cloud 

 

Proc. CARE-HHH BEAM07 

A.M. Al-Khateeb, R. Hasse, O. Boine-Frankenheim, 2007 [15]  



A.M. Al-Khateeb, R. Hasse, O. Boine-Frankenheim, 2007 [15]  

dielectric function 

combined resistive wall, space-charge & e-cloud impedance:  

resistive-wall impedance with 

electron cloud 



A.M. Al-Khateeb, R. Hasse, O. Boine-Frankenheim, 2007 [15]   

coupling 

impedance 

depleted up to 

500 MHz 

(50x fec) 

shielding of resistive wall 



A.M. Al-Khateeb, R. Hasse, O. Boine-Frankenheim, 2007  [15] 

impedance for <ec:  

shielding of resistive wall 



A. Al-Khateeb,  

W. Hasse,  

O. Boine-

Frankenheim, 

BEAM’07 [15] 

difference between high- and low-

energy machines 

instabilities at 

 

≤ 2-20 MHz  

(low energy) 

 

≤ 50-500 < MHz  

(high energy) 

 

 



A. Al-Khateeb, W. Hasse, O. Boine-Frankenheim, BEAM’07 [15] 

impedance for >ec:  
evanescent & overdamped surface waves 

heating 

evanescent overdamped evanescent overdamped 



incoherent electron-cloud impedance? 

(in analogy to “space charge 

impedance”) 

E. Benedetto, G. Franchetti, F. Zimmermann, 2006 

no impedance or wake mentioned  



1) vertical m=1 head-tail mode stabilized by trapped electron cloud in 
CESR-c (R. Littauer, CNLS 88/847, 1988) due to coupling w. e- cyclotron 
resonance 

2) proposals to inject of microwaves to  suppress or enhance (for 
conditioning purposes) the electron-cloud  build up in a storage ring 
(A. Chao 1997, F. Caspers 2002, M. Mattes, E. Sorolla & F.Z. , 
ECLOUD’12 & IEEE APWC - EEIS '12 ) 

3) evidence for an interplay of beam-induced ``wake fields''  and 
electron-cloud build up  seen at the PEP-II collider (F. Decker et al, 
Proc. ECLOUD’02) 

4) suggested “magnetron effect”: under the influence of a beam-
induced electromagnetic wake field and for certain values of the 
external dipole magnetic field, the cloud electrons oscillate and 
radiate coherently,  at frequencies so high that the inner ``beam 
screen''  of the LHC is no longer shielding, which could lead to the 
quench of all superconducting magnets (F. Caspers, May 2005).  
 

microwaves & electron cloud 



thank you! 

"To have seen Italy without having seen 

Sicily is not to have seen Italy at all, for 

Sicily is the clue to everything." 

Johann Wolfgang von Goethe 
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