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Abstract 

 Electrons generated and accumulated inside the beam 
pipe form an ‘electron cloud’ that interacts with a charged 
particle beam. If the number of electrons is sizable, this 
beam-cloud interaction can give rise to a two-stream 
instability, resulting in beam loss or emittance growth. 
The instability can occur within a single bunch, e.g., 
passing through the cloud on successive turns in a storage 
ring, or it can be a multi-bunch instability, where the 
motion of successive bunches is coupled via the electron 
cloud. In this talk, I review the experimental evidence, 
simulation approaches and analytical treatments of single-
bunch two-stream instabilities caused by an electron 
cloud. Depending on the parameter regime, this type of 
instability may resemble a coasting-beam instability, 
classical beam break-up, or transverse-mode coupling. It 
can also cause long-term emittance growth. Despite of the 
apparent similarities, a few fundamental differences 
distinguish the two-stream instability from a conventional 
impedance-driven instability, and limit the applicability of 
established accelerator-physics concepts, like ‘wake 
field’. On the other hand, if, in addition to the electron 
cloud, space-charge forces, conventional impedance, or 
beam-beam interaction are also present, these can 
conspire so as to enhance the growth rate.  

1. INTRODUCTION 
Electron-cloud instabilities are a concern because they 

can lead to beam loss, emittance growth and to turn-by-
turn or pulse-to-pulse trajectory changes. In this review, I 
describe experimental evidence, simulation approaches, 
and analytical treatments for electron-cloud driven single-
bunch instabilities. Some emphasis is placed on 
similarities with and differences from impedance-driven 
instabilities. I also discuss synergetic effects, e.g., the 
combined action of electron cloud and space charge or 
conventional impedance, and mention a few 
countermeasures against electron-cloud instabilities. A 
number of open issues are highlighted.  

Although I here focus on single-bunch instabilities, it 
should be pointed out that these instabilities usually occur 
in multibunch or multiturn operation. In almost all cases, - 
at least some - electrons are present when a bunch arrives. 
This is particularly true for bunch trains of closely spaced 
short bunches., where the electrons causing the instability 
are generated by the preceding bunches. For long proton 
bunches as in the Los Alamos PSR, the electron density 
may greatly vary during the bunch passage, since here the 
so-called ‘trailing-edge multipacting’ process results in a 
significant increase towards the tail of the bunch. As a 
consequence, for such long bunches the instability and the 

electron-cloud generation are more closely connected, 
and, for example, the tail may become unstable first due 
to the much higher electron density it encounters.  

Aside from instabilities with single-bunch character, the 
electron cloud can also drive true coupled-bunch 
instabilities; these are discussed in a companion 
presentation by K. Ohmi [1]. Interestingly, recent 
simulation results by D. Schulte indicate that the bunch-
to-bunch wake fields may likely excite higher-order 
coupled-bunch head-tail instabilities [2].  

In the following section we describe various 
observations of single-bunch electron-cloud instabilities 
and the countermeasures that were implemented.  We next 
discuss simulations and then analytical treatments. The 
review closes  with some outstanding questions. 

2. OBSERVATIONS 
Perhaps the first ever observation of an electron-cloud 

driven instability was made with a bunched beam at a 
small proton storage ring (PSR) of the INP Novosibirsk 
around 1965 [3,4,5]. The ring circumference was only 2.5 
m. Coherent betatron oscillations and beam losses 
occurred above a threshold proton intensity of 1-1.5x1010, 
as is illustrated in Fig. 1. Soon G. Budker and coworkers 
identified the instability as one due to electrons. It was 
cured by a transverse feedback system.  

 
Figure 1: Observation of an electron-driven instability 
at the INP PSR in 1965 [3]; beam intensity (top curve) 
and radial beam position (bottom curve) as a function 
of time (1 ms per division).  
 

Two years later, another PSR at INP also suffered an 
electron-cloud instability, in this case with a coasting 
proton beam. The threshold here corresponded to 1.2x1011 
protons, which were distributed over a 6-m circumference 



[6]. The coasting beam instability was suppressed by 
increasing the beam current and the gas density.  This 
compensation scheme allowed storing up to 1.8x1012 
protons, i.e., about 15 times the initial threshold value 
[5,7]. As pointed out by V. Dudnikov [5], the fast 
accumulation of secondary plasma by gas ionization was 
essential for the stabilization. The existence of an ‘island 
of stability’ above the threshold was consistent with a 
previous analysis by B. Chirikov [8]. 
 

At about the same time as in Novosibirsk, a vertical 
instability, that is now attributed to electron cloud, was 
observed at the Argonne ZGS [9,5]; see Fig. 2. The 
instability growth time varied between 5 and 100 ms, and 
the intensity threshold between 2 and 8x1011 protons 
distributed over 8 equally spaced bunches. It was 
observed that the most intense bunches also were the most 
unstable, that the bunches moved independently from 
each other, that the threshold changed with the radial 
beam position (presumably due to nonlinear fields and an 
associated variation in the Landau damping), and that the 
range or memory of the blow up did not extend for more 
than 70 feet around the machine. The instability was 
suppressed with a wideband (100 MHz) transverse 
damper [9,10]. 
 

 
Figure 2: Observation of coherent vertical instability 
at the Argonne ZGS in 1965 [9]; oscilloscope traces 
show the instability; the sweep rate is 0.2 sec/cm; top 
trace: signal from a vertical pick up; bottom trace: 
beam current. 
 
Also, since 1965, an electron-related instability affected 
operation of the BNL AGS [11]. A typical observation 
from the AGS is displayed in Fig. 3.  Again, a coherent 
vertical betatron oscillation led to beam loss. The 
instability could be caused by poor vacuum (10-5 torr over 
1/12th of the ring was sufficient to trigger the instability). 
A typical threshold current was 4x1011 protons per pulse, 
with 12 bunches. The instability growth rate strongly 
depended on the vacuum pressure. Growth times of 20-
500 ms were common. Hence, the instability growth time 
was slow compared with the 8-ms synchrotron period. 
Pure modes of numbers n equal to 8 and 9 were found to 
be excited. At large amplitudes more than one mode was 

present. The instability was suppressed by increasing the 
chromaticity with sextupoles. A narrow-band feedback 
was also developed, which proved partially successful in 
damping the instability; a wide-band feedback remained 
under consideration for higher currents [11].  
 

 
Figure 3: Observation of  coherent vertical instability 
at the BNL AGS in 1967 [11]; shown are the sum and 
difference signals from a vertical pick up; horizontal 
axis is time with 10 ms per div.; the graph shows a 2-
mm growth in peak-to-peak amplitude, at an intensity 
of 1.15x1012 protons. 
 
In the same epoch, pressure-dependent instabilities were 
observed at Orsay. As noted by H. Bruck, these were 
attributed to nonlinear fields introduced by particles of 
opposite sign (electrons or ions) [11]. 

Given the history of electron-cloud instabilities in 
proton rings, perhaps it is not surprising that, in 1971, also 
the Bevatron suffered from an electron-driven instability, 
in this case for a coasting beam [12]. Defining the mode 

frequency by )(0 yn Qnff −= , with the Bevatron 

revolution frequency f0 of 2.455 MHz, all modes with n 
between 3 and 10 were observed to become unstable, 
successively in time. The unstable mode number changed 
towards smaller values as the instability progressed, 
which was attributed to the decrease in the oscillation 
frequency of the electrons for increasing beam size. 
Figure 4 illustrates the cascade of excited modes in the 
Bevatron. For 1012 protons per pulse, the beam size 
doubled in 200 ms. The Bevatron vacuum pressure was 
2x10-6 torr. Clearing fields were applied. They decreased 
the oscillation amplitude by a factor of two. The 
instability was not very sensitive to the settings of the 
octupoles. A detection and feedback system was built, 
which stopped the growth of the beam size, but resulted in 
non-negligible steady-state oscillations. The general 
behavior of the feedback was somewhat erratic, since it 
was optimized for a single mode (n=6) only. 



 
Figure 4: Observation of a coherent coasting-beam 
instability at the Bevatron in 1971; oscilloscope traces 
showing the amplitudes of modes 6, 5, and 4 as a 
function of time; sweep time was 100 ms per cm [12]. 
 
The observation of electron-cloud instabilities in coasting 
beams at the CERN ISR has by now become legendary. A 
measurement from 1972 is presented in Fig. 5. The 
instability had a fast rise time and lasted for 5-10 ms. It 
repeated itself, e.g., in intervals of 1-2 s. The ISR 
instability was thought to transport protons into nonlinear 
resonances. In addition, it was suspected that successive 
electron-proton instabilities led to a gradual beam blow up 
similar to multiple scattering off the residual gas. For a 
pressure of 2x10-11 torr, a neutralization level of 3.5% was 
estimated, corresponding to a tune shift (or tune 
modulation amplitude) of about 0.015.  An extensive 
system of electrostatic clearing electrodes was installed to 
keep a low residual neutralization level. 
 

 
Figure 5: Observation of coupled electron-proton 
instability at the CERN ISR in 1972 [13]; shown is the 
beam-induced signal from a horizontal pick up; the 
coasting beam current was 12 A and the beam energy 
26 GeV. 
 

 Since about 1988, an electron-cloud instability is 
observed at the Los Alamos PSR [14,15]. The 
characteristics of the instability are similar to those at the 
earlier proton storage rings. A coherent vertical betatron 
oscillation starts, grows and results in beam loss. The 

beam loss occurs on a time scale of 10-100 µs above a 
threshold charge of 1.5x1013 protons. The LANL PSR 
ring circumference is 90 m, and the harmonic number 1. 
The transverse oscillations during the instability exhibit a 
frequency around 100 MHz. 

Figure 6: Observation of coherent vertical oscillation 
and the resulting beam loss at the Los Alamos PSR 
instability around 1990 [14]; beam current (top curve 
shows inverted signal from beam current monitor) and 
vertical oscillations (bottom curve is the simultaneous 
signal from a vertical difference monitor); horizontal 
axis is time with 200 �s/div. 
 

Figure 7 shows the same type of signal on a different 
time scale, namely recorded over two successive turns. 
The frequency of the oscillation clearly varies along the 
bunch, roughly as the square root of the local line density. 
Lower amplitude lower-frequency oscillations are 
associated with the ‘shoulder’ of the bunch profile.  

 
Figure 7: Observation of PSR instability signals on 
two successive turns [14].  
 

The square-root dependence of the frequency on the 
bunch charge was also seen when comparing instability 
frequencies for different bunch populations, early on 
supporting the hypothesis that the instability was of the 
‘e-p’ type [14]. In addition, changes in instability 
frequency were monitored over a single cycle. Figure 8 



illustrates the evolution of the beam spectra as the 
instability progresses.  

Two important features of the PSR instability are that 
the maximum number of protons at the threshold scales 
linearly with the rf voltage and that it is almost 
independent of bunch length; as is illustrated in Fig. 9. A 
conditioning over time is observed, which can be inferred 
from the ‘historical’ curve in Fig. 9. Other characteristics 
of the PSR instability are the occurrence of sustained 
coherent oscillations below the loss threshold and the 
observation of an intense electron flux on the wall at the 
end of a bunch passage. The latter can be seen in Fig. 10, 
which also illustrates the progression of the instability 
from the end of the bunch towards the front., suggesting 
that for the PSR electron production and instability should 
be considered as a combined process. 

 
Figure 8: Spectra recorded during a single PSR cycle 
with a strong instability [14]; picture (a) shows the 
spectrum at the beginning of the instability, (b) 100 �s 
later, and (c) 300 �s later after beam loss; the vertical 
scale is logarithmic; the horizontal span is from 0 to 1 
GHz. 

 
Figure 9: PSR threshold rf voltage vs. bunch intensity 
[16]; the historical curve reflects the situation before 
the extended 2001 run, the other 3 curves refer to 
three different injected bunch lengths (200, 260 and 
290 ns) at the end of this run. 
 
 

 
Figure 10: Evolution of the vertical PSR instability; 
red Gaussian-like trace is the beam current, blue 
oscillating trace the vertical beam position (difference 
signal) and the green negative curve the electron 
current measured by a detector.; from bottom to top 
the traces were obtained 120 �s, 200 �s and 280 �s 
after the end of accumulation; the beam charge is 4.4 
�C. 
 

Around 1989, M. Blaskiewicz performed a series of 
electron-cloud experiments at the BNL AGS booster [17]. 
Among other achievements, he was able to intentionally 
produce a coasting beam electron-proton instability, 
which is illustrated in Fig. 11. Figure 12 shows a 
downward frequency shift by about 100 MHz as the 
instability progresses.  

In 1999 it was observed that the beam size of the 
KEKB positron beam, consisting of many closely spaced 
bunches, strongly blew up above a certain threshold 
current [18]. At the end of 1999 it was suggested that the 
blow up was a manifestation of a single-bunch electron-
cloud instability, similar to conventional beam break-up 
or TMCI [19,20], where small beam perturbations are 
amplified by the electron cloud as by a wake field. Unlike 



for the proton accelerators the primary source of electrons 
in the KEKB positron ring are photoelectrons, which are 
generated by synchrotron-radiation photons impinging on 
the vacuum-chamber wall. Installation of solenoids, 
starting in the summer of 2000, increased the current 
threshold. The beneficial effect of the first set of solenoids 
is evident in Fig. 13. There is also some evidence for a 
slower, more gradual blow up, below the threshold of the 
steep beam-size increase. It is not clear, if this gradual 
beam-size increase reflects the effect of a different 
process blowing up the beam (perhaps similar to the slow 
blow up seen in recent simulations of E. Benedetto for the 
LHC), or if it is an instrumental artifact of the beam-size 
measurement. 

 
Figure 11: Coasting-beam vertical instability at the 
BNL AGS booster in 1998/99 [17]; shown are the beam 
current in units of A and the vertical narrow-band 
power density at 76 MHz (smoothed over 1 turn); the 
horizontal span ranges from -500 �s to 500 �s. 
 
 

 
Figure 12: Shift in AGS-booster vertical beam 
spectrum as the instability progressed. The time 
advances from the bottom to the top (12 �s between 
traces); the vertical scale extends from 0 to 0.2 GHz.  
 
 
 

 

 
Figure 13: Vertical beam size of the KEKB LER 
positron beam as a function of the beam current 
measured by the synchrotron-light interferometer in 
2000 [21]; two trains with 60 bunches each were 
injected on opposite sides of the ring; the bunch 
spacing was 4 rf buckets; the effect of the first set of 
solenoids covering an effective length of 800 m is 
shown. 
 

The single-bunch nature of the fast blow up was 
studied, following a proposal by E. Perevedentsev, by 
injecting a test bunch immediately behind a train of 
bunches and varying the charge of this test bunch, 
keeping the charge of the preceding bunches constant.  
The measurement is illustrated in Fig. 14, which shows 
that the size of the test bunch increased when its bunch 
current was increased. This blow up, therefore, is a single-
bunch effect [22]. 

Preliminary attempts were made at KEKB to detect the 
head-tail motion of individual bunches using a streak 
camera in dual-sweep mode. Figure 15 shows an example 
measurement from around 2002, without solenoid field. 
Bunches in the tail of the train are blown up vertically, 
and there also may be some evidence for a head-tail tilt in 
a few of them. Further and more recent streak-camera 
measurements were presented by H. Fukuma in Ref. [24].  

At KEKB the primary countermeasure has been the 
confinement of photoelectrons to the vicinity of the 
vacuum-chamber wall by an extensive installation of 
solenoids in all field-free regions of the ring [22] (the 
effect of the solenoids is illustrated in Fig. 13). A 
multibunch feedback system is always active at KEKB. 
At least in the early years, the blow could be reduced by a 
large chromaticity, e.g., up to 12’ ≈yQ   [22]. 

 



 
Figure 14: Vertical beam size along a train followed by 
a test bunch in the KEKB LER, as observed by a 
synchrotron-light monitor with a gated camera, vs. the 
bunch number [22]; the three curves refer to three 
different currents of the (last) test bunch, indicated in 
the legend.  

 
Figure 15: Streak-camera measurement in dual-sweep 
mode of individual vertical beam sizes and their y-z 
correlation at KEKB [23]; the vertical axis is the time 
along the bunch, the horizontal axis the vertical 
direction; consecutive bunches are displayed, 
separated horizontally. 
 

In the summer of 2000, a beam size blow up due to 
electron cloud, similar to that at KEKB, was also noticed 
at the SLAC PEP-II B factory. Figure 16 illustrates this 
blow up for a single non-colliding beam, as seen on a 
synchrotron-light monitor. Different from KEKB, at PEP-
II the horizontal beam size also increased as a function of 
current, and even more strongly than the vertical. The 
reason for the different behavior at the two B factories is 
not understood. 

 
Figure 16: Horizontal (top) and vertical beam size 
(bottom) of the PEP-II positron beam measured by 
synchrotron light monitor on 30 October 2000, as a 
function of the total beam current in mA [25]; the 
horizontal scale extends from about 0.15 to 2.15 A; the 
beam consisted of 1660 bunches spaced by 2 rf 
buckets. 
 

The PEP-II blow up occurred in collision as well. This 
is illustrated in Figs. 17 and 18. Figure 17 displays the 
luminosity as a function of bunch number along several 
long trains. The luminosity drops by more than a factor of 
two towards the end of each train, which was attributed to 
the electron-cloud induced beam size blow up. Figure 18 
shows a direct measurement of the blow up with colliding 
beams. In this example, mini-gaps of 2 missing bunches 
were introduced to clear the electrons between short trains 
comprising 22 bunches each. Two components of the 
beam size blow up are visible: An increase by about 50% 
with respect to the single-beam size, attributed to the 
beam-beam interaction, and a further increase by up to 
20% along each mini-train, due to the electron cloud. 
 



 
Figure 17: Luminosity versus bunch number recorded 
at the PEP-II B factory in July 2000 for a bunch 
spacing of 4 rf buckets with 8 additional large gaps 
[25]; only one straight solenoid was installed at this 
time. 
 

In May 2003, the tunes of the PEP-II LER were shifted 
away from the 3rd integer resonance closer to the ½ 
integer. This change in tune is illustrated in Fig. 19. After 
the tune change the electron-cloud induced horizontal 
blow up disappeared for the colliding beams. The positron 
beam size now only depends on the electron beam 
current, and hence it is dominated by the beam-beam 
interaction [26]. By contrast, until this time it had mainly 
been correlated with the positron beam current itself. The 
electron-cloud (and beam-beam?) effect in PEP-II thus 
appears quite sensitive to the working point, which might 
well account for some of the difference from KEKB. 

During the construction of the accelerator the PEP-II 
arc vacuum chambers were coated with TiN in order to 
reduce the secondary emission yield. Antechambers 
absorb most of the synchrotron radiation. Nevertheless, a 
significant electron cloud was observed. Measurements of 
electron flux at the wall suggest that in PEP-II the 
electrons are generated primarily by beam-induced 
multipacting (despite of the TiN coating). PEP-II uses a 
multibunch feedback, which damps the bunch centroid 
motion. An intrabunch feedback is under development for 
higher beam current [27]. The main remedies to suppress 
electron-cloud effects were the installation of solenoids, 
as in KEKB, and the tailoring of the bunch filling pattern, 
e.g., introducing mini-gaps plus charge ramps along 
trains.  
 
 
 

 
Figure 18: Horizontal and vertical beam size as a 
function of bunch number with colliding beams at the 
PEP-II LER in 2001 [25]; the measurement was taken 
by a gated camera, with an LER bunch current of 2.0 
mA (HER bunch current 1.25 mA); short 22-bunch 
trains were separated by mini-gaps of 2 missing 
bunches; the bunch spacing was 4 rf buckets.  
 

 
Figure 19: Change in the PEP-II LER nominal 
working point from (Qx,Qy)=(0.64,0.56) [blue] to 
(0.52,0.57) [red] on May 1, 2003 [26]. 
 

 
 
 
 
 
 



Since 1999, an LHC test beam has been available in the 
CERN SPS, which is being upgraded to serve as the LHC 
injector. The LHC beam is composed of trains of 72 
proton bunches, with a bunch population of 1.15x1011 and 
spaced by 25 ns. In the SPS, this beam will be accelerated 
from the injection energy 26 GeV/c to the extraction 
energy of 450 GeV/c. Already in 2000, early SPS 
machine experiments with the LHC beam revealed 
emittance growth and beam loss above a certain current 
threshold that coincided with thresholds of large pressure 
increase and of significant electron flux on the chamber 
wall. An example of beam loss in the tail of a bunch train 
after injection is shown in Fig. 20. 

The character of the SPS instability is different in the 
two transverse planes [28,29]. In the horizontal plane a 
low-order coupled bunch instability is observed, with all 
bunches oscillating approximately in phase. In the vertical 
plane the instability shows single-bunch character, 
without any phase or amplitude correlation between 
successive bunches. At high intensity the growth time is 
about 50 turns ( roughly 1 ms) in both planes. The vertical 
growth rate is more sensitive to the beam current. Snap 
shots of the horizontal and vertical beam positions for the 
first 48 bunches in a train during instability are displayed 
in Figs. 21 and 22.   

 
Figure 20: Intensity of the LHC beam vs. time after 
injection at the CERN SPS in 2000: relative total 
intensity (top) and relative bunch intensity for four 
bunches at the start and in the tail of the train 
(bottom) [28]; losses after a few ms are visible for the 
trailing bunches; the intensity was measured every 7 
turns for a span of  about 20 ms. 
 

The  SPS instabilities were suppressed by the transverse 
feedback (‘damper’) and high chromaticity (up to 

1’ >≡ yyy QQξ ) in both planes. Another approach of 

weakening the instability, suggested by E. Metral and not 
yet tested, is to increase the linear coupling [30]. In the 
SPS, both the beam stability and the vacuum-pressure 
increase due to electron cloud were much improved after 
about two weeks of a dedicated scrubbing run with high 
pressure and high duty cycle, but a residual effect 
remained. The interaction of the electron cloud with the 

conventional vacuum-chamber impedance and possibly 
space charge is thought to be important in the vertical 
plane. 

 
Figure 21: Snap shot of horizontal position of the first 
48 bunches in the SPS when the instability is present 
[29]. 

 
Figure 22: Snap shot of vertical position of the first 48 
bunches in the SPS when the instability is present [29]. 
 

Measurements of the horizontal tune shift with 
amplitude evidence a significant detuning which is 
positive at low amplitudes (∆Q~0.01 at 1σ) and negative 
at larger amplitudes [31]. A hysteresis-like behavior is 
also visible, as the amplitude decreases again. The 
detuning and hysteresis may be related to the nonlinear 
character of the wake coupling successive bunches and/or 
they may reflect the local distribution of the electron 
cloud including its pinch during a bunch passage.  

 
Figure 23: Tune vs. normalized oscillation amplitude 
at the tail of the LHC bunch train in the SPS for a 
bunch population of 1.1x1011 [31]. The data for the 
first 700 turns after injection are plotted. Each data 
point represents a sliding-window average over 32 
successive turns of the amplitude and phase advance 
per turn. 



The SPS instability is different in the two planes of the 
SPS, since the electron cloud is concentrated in regions 
with dipole magnetic fields. Here electrons can freely 
move up and down along the field lines during a bunch 
passage, while they are constrained in the horizontal 
direction. The attraction of the electrons in the vertical 
plane leads to a ‘pinch’ enhancement of the local electron 
density inside the beam. The electron cloud is then 
expected to give rise to an effective wake field whose 
strength varies along the bunch. A characteristic 
frequency of this electron cloud ‘wake’ is the oscillation 
frequency of the electrons in the bunch potential. At the 
SPS non-rigid vertical head-tail oscillations can be 
detected by a wideband pick up resolving the transverse 
beam position over a fraction of the about 1-m full bunch 
length.  Kicking the beam transversely, the evolution of 
the betatron phase difference can be detected as a function 
of the turn number. Originally this detector was designed 
for fast chromaticity measurements. However, the head-
tail phase is sensitive not only to chromaticity, but also to 
conventional impedance and to the electron cloud. Figure 
24 shows the measured head-tail phase difference for a 
bunch at the head of the train (without electron cloud) and 
a bunch at the end (with electron cloud). Clearly the 
electron cloud induces an additional frequency in the 
signal. The measured electron-cloud contribution can be 
reproduced in calculations,  if a wake field with 
interaction length equal to 0.3-0.5 times the full bunch 
length is introduced to model the electron-cloud head-tail 
coupling [29,31]. The SPS measurement, therefore, 
provides a direct evidence for the existence of head-tail 
instability. 

Figure 24: Calculated and measured head-tail phase 
difference for a bunch in the head (a) and a bunch in 
the tail (b) of the LHC bunch train [29,31]. 

After it was observed that the LHC beam in the SPS 
suffered from electron-cloud instabilities, it was attempted 
to create an electron cloud in the CERN PS, where the 
LHC beam is produced before it is injected into the SPS. 
The cloud is generated by beam-induced multipacting, a 
process which requires a sufficiently short bunch length. 
For the initial full length of 16 ns, no electron cloud is 
observed in the PS. However, prior to their extraction, the 
PS bunches are shortened from 16 to 4 ns (full length) 
using a fast bunch rotation. The short bunches stay in the 
ring only for a few tens of turns. For study purposes, in 
2000 a different adiabatic rf gymnastics was applied, 
which allowed shortening the bunches to 10 ns, while 
keeping them in the PS ring for about 100 ms. Indeed, in 
this case a fast horizontal instability was observed above a 
threshold bunch population of 4.6x1010 [32,33], as is 
illustrated in Fig. 25. Above the threshold the instability 
rise time was almost constant, equal to 3-4 ms, but it 
started earlier in time the higher the bunch charge. For the 
three highest intensities shown in Fig. 25, the bunches 
were still longer than 10 ns at the onset of the instability. 
It is remarkable that the instability occurred only in the 
horizontal plane (possibly due to the PS combined 
function magnets) and that it gave rise to persistent large 
oscillations, without beam loss. 

 
Figure 25: Time evolution of the first unstable 
betatron line during electron-cloud experiments at the 
CERN PS in 2001 [32]; the LHC bunches are 
shortened and stored at a constant length for the last 
100 ms; the horizontal axis is time with 20 ms per div.; 
the various pictures refer to different bunch 
populations, increasing from 4.2x1010 to 8.3x1010; the 
signal was obtained by a spectrum analyzer with zero 
span and central frequency set to 357 kHz. 
 
Figure 26 provides some further information on the PS 
instability. Together with the growth rate in the ring, it 



shows the Fourier spectrum over a wide frequency range, 
indicating that many betatron lines participate in the 
instability, and the single-passage signal from transverse 
beam-position pickups in the ring and in the transfer line. 
Especially the last figure demonstrates that the instability 
is present only in the horizontal plane and that there is no 
regular pattern in the horizontal position along the bunch 
train, which seems to rule out a multibunch instability. 

 
Figure 26: Instability footprint for a bunch population 
of 5.5x1010 in the CERN PS [32]; the signal obtained 
from a spectrum analyzer with zero span (upper left 
picture),  Fourier analysis from 0 to 10 MHz (upper 
right), signal from a pick up in the PS ring several 10s 
of ms before extraction (bottom left) and from a pick 
up in the PS-to-SPS transfer line (bottom right). 
 

A number of impressive experiments on electron-cloud 
effects were performed at BEPC, starting in 1996 as an 
IHEP-KEK collaboration for KEKB, and in more recent 
studies focusing on the BEPC-II upgrade. In operation 
with a single positron beam both coupled-bunch 
instabilities and a ‘single bunch’ beam-size blow up are 
observed [34]. Figures 27-30 show the suppression of the 
single-bunch blow up by increasing the chromaticity, by 
exciting solenoid fields in the field-free regions to 15 G or 
a single octupole to 30 m-3 (corresponding to 1 A), or by 
biasing all 128 buttons of the 32 ring BPMs at a voltage 
of +/- 600 V, respectively. 

 
Figure 27: Vertical beam size of the first and last 
bunch in a train as a function of chromaticity ’yQ at  

BEPC in 2004 [34]; the beam size was measured by a 
streak camera. 

 
Figure 28: Vertical beam size of the first and last 
bunch in a train as a function of the solenoid strength 
at  BEPC in 2004 [34]; beam size was measured by a 
streak camera. 

 
Figure 29: Vertical beam size of the first and last 
bunch in a train as a function of the octupole strength 
at  BEPC in 2004 [34]; beam size was measured by a 
streak camera. 

 
Figure 30: Vertical beam size of the first and last 
bunch in a train as a function of the BPM bias voltage 
at  BEPC in 2004 [34]; beam size was measured by a 
streak camera. 



 
 

Figure 31 shows some raw beam-size measurements, 
for the effect of a BPM bias. If confirmed in future 
studies, these results from BEPC might represent the first 
successful application of clearing electrodes for 
suppressing the single-bunch beam blow up due to an 
electron cloud. We caution that in Fig. 30 the sizes of both 
head and tail bunches are reduced by the BPM bias, which 
could indicate a small optics difference, and that Fig. 31 
suggests the presence of longitudinal oscillations. 

 Comparing the efficiency of the different remedies 
explored, Z. Guo and coworkers inferred from the BEPC 
experiments that the solenoids reduced the vertical size of 
a tail bunch by 27%, the BPM bias by -18%, the octupole 
by -34%, and the chromaticity by -46%. 

 
Figure 31: Streak-camera measurement in dual-sweep 
mode of individual vertical beam sizes and their y-z 
correlation at BEPC [34]; bunches in the head (left) 
and tail of the train (right) are compared without (top) 
and with +/-600-V bias at all 128 BPM buttons 
(bottom); the vertical axis is the time along the bunch, 
the horizontal axis the vertical direction; consecutive 
bunches are displayed, separated horizontally. 
 

It has long been a mystery why DAFNE did not see an 
electron-cloud effect, unlike the two B factories and 
BEPC. However, recently a horizontal instability with a 
low threshold was observed for the positron beam only, 
where electron cloud may play a role [35]. Betatron 
amplitudes were measured turn by turn and bunch by 
bunch. Figures 32 and 33 show the result of grow-damp 
measurements, where the feedback was switched off for 
short time. As can be seen, the instability growth rate 
strongly increases along the bunch train, similar to what 
might be expected from an electron cloud build up along 
the train or from a short-range wake field coupling 
successive bunches. A series of complementary 
measurements were performed. Single-bunch tune shifts 
with current are negligible for both electron and positron 
rings. While for electrons the multibunch tune shifts have 
opposite sign slopes in the two transverse planes and can 
be calculated analytically  (the strong asymmetry due to 
wiggler vacuum chamber), for the positron ring  the 
vertical tune shift is almost zero, but the horizontal one is 
positive and by a factor of 2 higher than that in the 
electron ring. The instability threshold in 2004 after 
reducing the nonlinear fields in the wiggler magnets, was 

a factor 2 lower than in the fall of 2003. The threshold 
corresponds to a tune shift approximately equal to the 
synchrotron tune, indicating TMC instability as the 
source. The wake could be due to electron cloud, resistive 
wall, cavity HOMs or, likely,  a combination thereof. 
However, the threshold is unexpectedly sensitive to the rf 
frequency. This sensitivity is possibly related to changes 
in Landau damping. The instability does not occur with 
colliding beams. Presumably it is suppressed by the 
additional beam-beam tune spread.  

After reviewing the long history of electron-cloud 
single-bunch instabilities in proton and positron 
accelerators, we could ask if there has been any 
significant progress after 40 years of studying this 
phenomenon. It appears to me that the same cures have 
been applied from the earliest observations in the mid-60s 
until today. These common cures include the change of 
chromaticity, the use of octupoles, wide-band and/or 
narrow-band transverse feedbacks, clearing electrodes, 
and improving the vacuum pressure. The only new 
approach seems to be the application of TiN or TiZrV 
getter coating, whereby the practical efficiency of the TiN 
coating at PSR and PEP-II appears somewhat 
questionable.  The only true progress that I can observe is 
the clear identification of the electron cloud as root cause 
for instabilities and beam size blow up in many machines, 
thanks to much improved diagnostics, and the improved 
models of electron generation and resulting instabilities, 
which benefit from the greatly enhanced computing 
power. However, despite of 40 years of studies, still lots 
of questions remain to be answered.  

 
Figure 32: Grow-damp measurement of horizontal 
oscillations for bunches 25, 50, 70 and 90 at DAFNE in 
2004 [35]; the feedback was switched off for a short 
time; there were 90 bunches followed by a gap of 30 
missing bunches. 



 
Figure 33: Grow-damp measurement of horizontal 
oscillations for bunches 75, 80, 85 and 90 at DAFNE in 
2004 [35]; the feedback was switched off for a short 
time; in total there were 90 consecutive bunches 
followed by a gap of 30 missing bunches. 
 

3. SIMULATIONS 
Computer simulations appear indispensable for a proper 

prediction and understanding of the instability dynamics. 
Various different approaches are followed to model the 
interaction of a bunch and an electron cloud in the 
simulations: 

• representing the beam by a number of 
microbunches with finite transverse size, but 
which are point-like in the longitudinal phase 
space (K. Ohmi’s PEHT code [36], Y. Cai’s 
ECI code [37]); 

• using a soft-Gaussian approximation (G. 
Rumolo’s HEADTAIL code version 0 [38]); 

• discrete PIC codes (K. Ohmi’s code PEHTS 
[39], G. Rumolo’s code HEADTAIL [38,40], 
code from IHEP [34]); 

• quasi-continuous PIC codes (code QUICKPIC 
from T. Katsouleas et al. [41]); 

• centroid codes by T.-S. Wang [42], M. 
Blaskiewicz [17] (the latter also included the 
effect of multipacting during the instability); 

• δf method for solving the Vlasov-Maxwell 
equations (BEST code by H. Qin, R. Davidson 
et al.  [43]). 

An example result from a microbunch simulation for 
KEKB is shown in Fig. 34. Without synchrotron motion 
the instability affects mainly the tail particles, while with 
synchrotron motion it is weaker, but also affects the head 

of the bunch. Figure 35 displays the associated beam size 
increase as a function of time for three different electron 
densities. Without synchrotron motion the beam suffers a 
beam break-up instability with fast emittance growth for 
all electron densities considered (left picture). With 
synchrotron motion included, a threshold electron density 
exists above which a fast steep growth occurs. The beam-
size blow up saturates at a value well above the natural 
beam size. The fast instability above the threshold seems 
to be of the TMCI type. Below the threshold, the 
microbunch simulation shows a moderate emittance 
growth due to the classical head-tail instability, if the 
chromaticity is not zero (the lower two curves in the 
centre picture). This conventional head-tail instability is 
not observed in some of the other simulations, such as the 
PIC codes. For zero chromaticity and below the TMCI 
threshold there seems to be yet another, slower growth 
(the right picture), whose origin is unexplained and which 
may or may not correspond to slow emittance growth and 
beam-size blow up seen in other simulations [44] or 
detected  at KEKB (see Fig. 13). 

 
Figure 34: Bunch shape deformation due to the 
interaction with electron cloud without (left) and with 
synchrotron motion (right) obtained from a 
microbunch simulation for KEKB [36]; positions of 
microbunches are plotted after 100 turns for an 
electron density of 1012 m-3; the synchrotron tune for 
the right case is Qs=0.015. 
 

 
Figure 35: Growth of the vertical rms amplitude of the 
microbunches without synchrotron motion (left), with 
synchrotron motion and chromaticity )8,4(’

, ≈yxQ  

(centre) and for zero chromaticity (right) [36]; the 
three curves refer to electron densities of 2x1011, 4x1011 
and 1012 m-3;  the growth is faster for higher density; 
the dashed lines indicate the natural rms beam size. 
 
Figure 36 shows the result of a microbunch simulation for 
PEP-II [37]. Here the instability was simulated for various 
bunches along a train, each of which encounters a 
different electron density, that increases towards an 
asymptotic value.  The simulation reveals a 30% beam-
size blow up along the train, though the asymptotic 
density is well below the TMCI threshold. The beam size 
increase is roughly consistent with observations at KEKB 
and PEP-II. However, the simulated beam size increase is 



mainly in the vertical plane, contrary to the actual 
observation at PEP-II, where the beam size blew up 
horizontally, but consistent with the findings at many 
other storage rings. Interestingly, unlike for KEKB above, 
the PEP-II simulations did not show any sign of the 
conventional head-tail instability. 
 

 
Figure 36: Horizontal and vertical beam size increase 
along a PEP-II bunch train with 8.5 ns bunch spacing, 
simulated by a microbunch model [37]; the electron 
density was assumed to reach an asymptotic value of 
2x1011 m-3 with an exponential rise time of 50 ns; the 
final density is a factor 2.5 below the TMCI threshold.  
 

The simulation scheme for the soft-Gaussian or PIC 
codes is illustrated in Fig. 37. The interaction between 
bunch and electrons occurs at one or several locations 
around the ring. Both beam and electrons are represented 
by macroparticles. The bunch macroparticles are divided 
into longitudinal slices, and the interaction between the 
beam and the cloud is computed slice by slice. The 
electrons move between slice passages with their 
instantaneous momenta and under the possible influence 
of external magnetic fields. After the interaction, the beam 
particles are propagated to the next interaction point, 
using a 6x6 matrix representing the linear optics. 
Chromaticity, nonlinear fields, space charge, conventional 
impedances and transverse feedback can also be included 
in this transformation, to study their effect on the 
electron-beam instability. Prior to a bunch arrival the 
electron cloud is refreshed, i.e., it is assumed to be newly 
generated by preceding bunches and not to keep any 
memory of previous perturbations. The interaction 
between bunch particles and cloud electrons is expressed 
by the following coupled equations of motion (this is the 
general form in the case when the kick approximation is 
applied and the cloud is lumped in Nint locations around 
the ring) [46]: 
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Here, the positions of electrons and bunch particles are 
represented by the 2-dimensional and 3-dimensional 
vectors x e ≡ xe , ye( ) and x p (s) ≡ xp,yp ,zp( ) where z = s − ct  

denotes a co-moving longitudinal coordinate; K(s) is the 

distributed 3-D focusing strength between two interaction 
points – commonly the effect of this focusing is integrated 
and compressed into a 6x6 matrix; fe(x,y) and fp,SL(x,y) 
represent the distribution functions of the electron cloud 
and the bunch particles within a slice, respectively; Ee is 
the electric field of the electrons and E,p that of the beam, 
respectively; Bext is an external magnetic field that can 
significantly influence the electron dynamics. In the PIC 
approach, the electric fields Ee,p acting on the electrons 
and beam particles during their interaction are calculated 
on a grid. In the soft-Gaussian approximation the beam is 
assumed to be locally Gaussian transverse shape with 
centroid position and local rms size determined from the 
macroparticle beam distribution within a slice; the field of 
the electrons is computed from the Bassetti-Erskine 
expression for a non-round charge distribution by 
assigning to the macroelectrons a small Gaussian size, 
typically a tenth of the rms beam size. In either case, the 
fields may be chosen to obey conducting boundary 
conditions on the chamber wall, or to have open 
boundaries. Results of soft-Gaussian approximation and 
PIC simulation were compared in [38]. 
 

 
Figure 37: Schematic of the simulation algorithm in 
the code HEADTAIL modeling the single-bunch 
instability due to an electron cloud [45]. 
 

Figures 38 and 39 present the results of PIC simulations 
with the code PEHTS [39] for the LHC. The two pictures 
refer to different electron cloud densities; the various 
curves to different synchrotron tune. It can be seen that 
for moderate electron densities a fast TMCI instability 
starts after a short initial lee time. The instability is 
suppressed, if the synchrotron tune is large enough.  For 
the two times larger density in Fig. 39, the stabilizing 
synchrotron tune is also two times higher than in Fig. 38. 
Indeed, the TMCI instability exhibits a nearly perfect 
scaling with the ratio se Qρ as is illustrated in Figure 40, 

where results for many different densities and synchrotron 
tunes, but constant scaling ratio, are superimposed and the 
horizontal axis is weighted with the electron density. The 
simulated curves and the initial instability rise times 
coincide for all densities, as long as the latter are smaller 
than 5x1011 m-3. For higher densities, another type of 



blow up occurs, which starts directly at time zero and 
which resembles an incoherent effect. 

 
Figure 38: Evolution of the LHC vertical beam size at 
injection with turn number simulated by the code 
PEHTS for an electron density of 1x1011 m-3 [47]; the 
curves correspond to different synchrotron tunes as 
indicated. 

 
Figure 39: Evolution of the LHC vertical beam size at 
injection with turn number simulated by the code 
PEHTS for an electron density of 2x1011 m-3[47]; the 
curves correspond to different synchrotron tunes as 
indicated. 
 

For the purpose of benchmarking, several comparisons 
were performed between the two PIC codes PEHTS and 
HEADTAIL.  Figures 41 and 42 show, as an example, the 
simulated suppression of the beam size blow up by a 
positive chromaticity in KEKB simulated by the two 
codes for an electron density of 1012 m-3 and one electron-
beam interaction per turn . Note that the horizontal scale 
in Fig. 41 is about twice that in Fig. 42 (1 turn is about 10 
µs).  The agreement between the two codes is quite 
satisfactory. Both predict that the instability can be cured 
by increasing the chromaticity. Neither suggests the 
existence of conventional head-tail instability, but both 
show a persistent gradual growth in the beam size, even 
when the fast instability is suppressed. These simulations 
did not include radiation damping. The KEKB LER 
transverse damping time is about 46 ms or 4600 turns, 
thus 5-10 times longer than the time scales considered in 

Figs. 41 and 42. Actual beam size increase below the 
TMCI threshold is, therefore, likely, and might be 
consistent with the observations, e.g., in Fig. 13.  

 
Figure 40: Evolution of the LHC vertical beam size at 
injection versus normalized product of turn number 
and electron density, simulated by PEHTS, for various 
densities and synchrotron tunes, keeping their ratio 
constant [47]. 

 
Figure 41: Vertical rms beam-size growth of a KEKB 
bunch over 1000 turns for different values of 
chromaticity Q’y simulated by the PEHTS code [39,48]. 

 
Figure 42: Vertical rms beam-size growth of a KEKB 
bunch over 500 turns for different values of 
chromaticity Q’y simulated by the HEADTAIL code 
[48]. 



In order to investigate whether HEADTAIL or PEHTS 
yield realistic results and if no important physics is 
missing, in late 2001 a collaboration was launched 
between CERN and the University of  Southern California 
(USC) to upgrade the plasma code QUICKPIC developed 
at UCLA and USC for modeling the electron-cloud 
instability in a large storage ring. QUICKPIC had been 
written to simulate plasma wake field acceleration in a 
few-meter long plasma [49]. The code was extensively 
benchmarked against a more elaborate code OSIRIS and 
against experimental results obtained in the SLAC FFTB 
beam line (see, e.g., [50]). The advantages of the 
QUICKPIC benchmarking are numerous: (1) the code 
was validated with controlled experimental data, (2) it 
does not consider one or few electron-beam interaction 
points per turn, but it models a continuous beam-electron 
interaction around the ring (employing a quasi-static 
approximation, which makes it much faster than OSIRIS 
and which was thought to be necessary to simulate the 
evolution of the beam over many 10s of kilometers), and 
it includes all magnetic and electric fields of the electrons 
and the beam. In order to model the electron cloud, some 
extensions of the original code were required. For 
example background ions had to be removed and also the 
beam transverse and longitudinal motion to be added [41]. 
Figure 43 presents a typical  QUICKPIC result. Shown 
are initial density profiles of the electrons and the beam, 
prior to the development of an instability. 

 
Figure 43: Initial electron (left) and beam density 
(right) in the x-z plane, at y=0, simulated by 
QUICKPIC for the CERN SPS; the electron peak 
density enhancement by a factor 150 is reached  1.9�z 
behind the bunch center [41]. 
 

At ECLOUD’02 a wider inter-laboratory comparison of 
electron-cloud build-up and instability-simulation codes 
was launched. The contact persons identified at that time 
were M. Blaskiewicz (BNL), Y. Cai (SLAC), M.A. 
Furman (LBN), T. Katsouleas (USC), K. Ohmi (KEK), 
M. Pivi (then LBNL, now SLAC), L. Wang (then KEK, 
now BNL) , H. Qin (PPPL), G. Rumolo (then CERN, now 
GSI), T-S. Wang (LANL) and F. Zimmermann (CERN), 
to which I would like to add G. Bellodi (RAL), who has 
made outstanding contributions. For the build-up 
simulations the code comparison was fairly successful. 
Results were submitted from the codes CSEC (N. 
Blaskiewicz), ECLOUD (G. Rumolo and F.Z.), PEI (K. 

Ohmi), POSINST (M. Pivi and M. Furman), and 
CLOUDLAND (L. Wang). The comparison was less 
successful for the instability simulations, where only 3 
results are available, namely from HEADTAIL, PEHTS 
and QUICKPIC. Further details and updated information 
on the code comparison, including all of the 
benchmarking parameters, can be found on the 
comparison web page  
http://wwwslap.cern.ch/collective/ecloud02/ecsim. 

 
Figure 44: HEADTAIL simulation result by G. 
Rumolo of horizontal and vertical emittance growth 
for the code benchmarking; the horizontal scale 
extends over 5 ms, the vertical from 0 to 1 �m; one 
interaction point per turn was used.  

 
Figure 45: PEHTS simulation result by K. Ohmi of 
horizontal and vertical emittance growth for the code 
benchmarking; the horizontal scale extends over 5 ms, 
the vertical from 0 to 1.4 �m; one interaction point per 
turn was used. 
 

Figures 44-46 present some results of the code 
comparison for the benchmarking parameters listed on the 
web site, which approximately correspond to the CERN 
SPS. HEADTAIL and PEHTS give nearly identical 
results, namely a large emittance growth by more than a 
factor of 10 in both planes, whereas in QUICKPIC the 
emittance growth is only a few percent, perhaps consistent 
with zero. The main difference between the simulations is 
that in HEADTAIL and PEHTS a single interaction point 



per turn was considered, while QUICKPIC models a 
quasi-continuous interaction (the lattice was treated in a 
smooth approximation with constant beta function). 
Another difference is that QUICKPIC assumed 
conducting boundaries, and the two other codes open 
boundaries. In the case shown,  no fast TMC instability 
occurs. We might expect a better agreement between 
codes, when this instability is present.  
 

Figure 46: QUICKPIC simulation result by A. 
Ghalam and T. Katsouleas of horizontal and vertical 
emittance growth for the code benchmarking; the 
horizontal scale extends over 4 ms, the vertical from 0 
to 0.06 �m. 

 
Figure 47: Horizontal emittance growth for LHC 
example parameters as a function of time simulated by 
HEADTAIL (green curve) and by the discretized 
QUICKPIC (red curve) with a single electron-beam 
interaction per turn.  
 

A second attempt was later made, by E. Benedetto and 
A. Ghalam, to benchmark the program HEADTAIL 
against QUICKPIC. In this case, conducting boundaries 
for rectangular boundaries were employed in both codes. 
In addition, QUICKPIC was modified, for the purpose of 
this comparison, to model a single discrete interaction 
point instead of a continuous interaction. Example 
parameters for the LHC were considered here. The results 
of both codes for the horizontal and vertical plane are 
displayed in Figs. 47 and 48, respectively. The agreement 

is considerably improved compared with the above, but a 
factor two discrepancy in the emittance growth still 
remains. Its origin is uncertain, since the physics in these 
two simulations is thought to be essentially identical.   
 

 
Figure 48: Vertical emittance growth for LHC 
example parameters as a function of time simulated by 
HEADTAIL (green curve) and by the discrete version 
of QUICKPIC (red curve) with a single electron-beam 
interaction per turn.  
 

Returning to the original large difference between the 
continuous QUICKPIC and the discrete HEADTAIL, Fig. 
49 illustrates that the character of the simulated emittance 
growth can indeed change as the number of beam-electron 
interaction points per turn is increased. For a small 
number the emittance growth starts at time zero and has 
an incoherent flavor, while for a number equal to or larger 
than 5, the initial emittance growth is small and the TMCI 
like instability becomes noticeable after about 20 ms.  
 

 
Figure 49: Vertical emittance growth in the LHC at 
injection as a function of time, simulated by 
HEADTAIL, for various numbers of beam-electron 
interaction points (the various curves), increasing 
from 1 to 9 in steps of 1; the cloud density is 6x1011 m-3 
[44]. 



A further aspect that is worth mentioning is the 
sensitivity of the electron-cloud effect to other additional 
perturbations, such as conventional impedance or space 
charge. Figures 50 and 51 show by now classical 
simulation results of electron-cloud induced blow up in 
the SPS if or not space charge is included [51]. In this 
case, without space charge, the electron cloud leads to a 
monotonic blow up in the beam size, and almost no 
dipolar motion of the slice centroids. When space charge 
is added to the electron cloud, the character of the 
instability changes and a violent head-tail motion ensues. 
We note that in this example the coherent tune shift from 
the electron cloud [52] is about 0.0077 (the incoherent 
tune shift is much larger due to the electron pinch during 
the bunch passage), while the space charge tune shift at 
the center of the bunch is -0.0365.  

 
Figure 50: Simulated vertical bunch shape (centroid 
and rms beam size) after 0, 250 and 500 turns in the 
CERN SPS assuming a cloud density of 1012 m-3 
without proton space charge [51]; the HEADTAIL 
code was used; the vertical scale extends from -8 to +8 
mm, the horizontal axis from -0.6 to +0.6 m (+/- 2�z). 

 
Figure 51: Simulated vertical bunch shape (centroid 
and rms beam size) after 0, 250 and 500 turns in the 
CERN SPS assuming a cloud density of 1012 m-3 with 
proton space charge at 26 GeV/c [51]; the HEADTAIL 
code was used; the vertical scale extends from -8 to +8 
mm, the horizontal axis from -0.6 to +0.6 m (+/- 2�z). 
 

Figure 52 shows a simulation of the combined effect of 
electron cloud and broadband impedance (the coherent 
tune shifts resulting from these two sources are of similar 
order of magnitude in the SPS), as well as the combined 
effect of broadband impedance and space-charge tune 
spread. It is evident that the electron cloud greatly 
modifies the effect of the broadband impedance and 
renders the beam more unstable. 

 
Figure 52: Evolution of the centroid vertical position 
of an SPS bunch over 500 turns considering the 
combined effect of electron cloud and broadband 
impedance (red), the effect of broadband impedance 
and an additional space-charge tune spread (blue) and 
the broadband impedance alone (green) [38]; the 
simulation was performed with HEADTAIL. 
 

Figure 53 illustrates the effect of a positive chromaticity 
on the beam-size blow up by for the SPS. The suppression 
of the instability by a chromaticity of 10’ ≈yQ  is roughly 

consistent with observations. In Figs. 41 and 42 we 
presented similar simulations for KEKB. A difference is 
that, for the SPS, in order to obtain the remedial action of 
the chromaticity it was necessary to include the effect of a 
broadband resonator; for completeness space charge was 
also taken into account. Without the broadband resonator, 
the positive chromaticity has no positive effect for the 
SPS, which is different from the KEKB case, and which 
illustrates the importance of such synergistic components. 

Before concluding the discussion of simulations, we 
take a look at electron-cloud effects in single-pass 
systems. As a critical example, we consider the beam 
delivery system of a future linear collider, which is 
particularly vulnerable to electron-cloud effects, since it 
must produce an unprecedented small spot size at the 
electron-positron interaction point (IP), which implies 
tight tolerances on emittance preservation and optics 
control. A study has recently been performed for the NLC 
beam delivery by D. Chen et al. [53], where an electron 
cloud can build up during the passage of a positron bunch 
train. For sufficiently high secondary emission yields, the 
electron cloud may reach densities up to 1014 m-3. The 
study [53] demonstrated that the IP spot size is 
significantly degraded if the electron cloud density 
exceeds a critical value of about 1011 m-3, as is illustrated 



by simulation results from the “CLOUD_MAD” program 
[54] in Fig. 54.  

 
Figure 53: Simulated vertical emittance of an SPS 
bunch at injection as a function of time over 5 ms for 
three different values of the vertical chromaticity; a 
broadband resonator impedance and space charge are 
included in addition to the electron cloud [48]; the 
simulation was performed with the HEADTAIL code. 
 

 
Figure 54: Relative vertical (pink) and horizontal 
(blue) IP beam size increase as a function of the 
electron cloud density, as simulated by CLOUD_MAD 
[53]; the horizontal axis is logarithmic, and it extends 
from 107 to 1012 m-3.   
 

In the beam-delivery system, two effects of the electron 
cloud could cause a blow up of the IP spot size: the 
breakdown of the so-called –I transform between 
chromatic-correction sextupoles and the direct focusing  
effect. The breakdown of the –I occurs due to the change 
in phase advance induced by the additional focusing: 
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In both cases the electron density ρe strongly depends on 
the longitudinal position z inside the bunch.  
Detailed studies have proven that the direct focusing 
contribution is the dominant effect for the NLC [53]. 
Figure 55 shows that at the IP the tail of the bunch is 
blown up, as expected for beam-break up without 
synchrotron motion and that the shape of the blow up 
resembles the pinch of the electron cloud during the 
bunch passage monitored at an upstream location with 
large beta function.  

 
Figure 55: Simulated vertical rms size of the positron 
beam in units of m (purple) and the electron density at 
the center of the beam 100 m upstream of the IP 
(yellow) as a function of the longitudinal position z/�z 
along the bunch [53]; the bunch tail is on the right.  

 

4. ANALYTICAL TREATMENTS 
Analytical models for the beam-electron interaction 

provide additional insight and furnish scaling laws. They 
can be used as benchmarks for simulations. Conversely, 
the latter allow for the numerical verification of analytical 
approximations. An important aspect of the electron-cloud 
response to the passing beam is their accumulation near 
the beam center, which is sometimes called the ‘electron 
pinch’. The pinched electrons, whose density increases 
during the bunch passage, introduce a tune spread, 
nonlinear fields, and a dynamic variation of the beta 
function with longitudinal and radial position. 
Experimental evidence for an electron-cloud induced beta 
beating was presented at this workshop [55]. With a brief 
delay, the pinched electrons follow any transverse-
longitudinal perturbation of the beam distribution, e.g., a 
head-tail tilt. The effect of this additional transverse 
electron motion during the bunch passage, which is 
induced by a beam perturbation, can be interpreted as an 
effective head-tail ‘wake field’. This ‘electron-cloud 



wake’ depends on many parameters, for instance, the 
bunch intensity, the magnetic field, the chamber 
dimensions and the, e.g., conducting, boundary conditions 
[41]. The net cloud response to a perturbation in the beam 
can drive instabilities. Depending on the cloud density, 
the instability could appear as a beam break up with a rise 
time much shorter than the synchrotron period ( sT<<τ ), 

as a transverse mode coupling instability with a rise time 
comparable to the synchrotron period (

sT≈τ ), or as a 

conventional head tail instability, which typically has a 
slower growth rate (

sT>>τ ). It has further been 

speculated whether a more ‘exotic monopole’ instability 
could be driven by the electron cloud as well [56].  In 
addition, electron-induced tune spread and resonance 
excitation can conceivably cause an incoherent emittance 
growth, which would explain the results of some 
simulations and measurements. 

The electron-cloud build up saturates when the electron 
losses balance the electron generation rate. This can 
happen either, at low bunch charges, when the average 
neutralization density is reached [57] or, at high bunch 
currents, when the kinetic energy at emission is too low to 
penetrate into the space-charge field of the cloud [58]. 
The estimates for the equilibrium electron volume density 
are 
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where b denotes the chamber radius (for simplicity we 
consider a round chamber), Es is the average energy of the 
emitted secondary electrons, and re is the classical 
electron radius. The transition occurs at a bunch 
population of about [59] 
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Therefore, if multipacting occurs, the average electron 
density in the steady state first increases linearly with 
current, until it reaches the transition intensity Ntrans, 
above which the average density stays approximately 
constant, while the density at the center of the chamber 
decreases [58], reducing the likelihood of electron-driven 
instabilities. 

The effective electron-cloud wake field is proportional 
to the electron cloud density and the ring circumference.  
The magnitude of both single-bunch and coupled-bunch 
wakes can be estimated as [20,60] 
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where the higher coefficient corresponds to the single-
bunch wake it is assumed that the electrons perform at 
least half an oscillation in the bunch potential.  

The electron cloud induces a coherent single-bunch 
tune shift which is related to the initial electron density, 
prior to the bunch passage, via [52] 
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where pr denotes the classical radius of the beam 

particles, e.g., of protons or positrons. For a flat beam and 
a flat geometry the vertical tune shift could be larger by a 
factor of two.  

Various analytical estimates are also available for  
instability growth rates and thresholds. The first estimate 
[61] adapted the theory of the fast beam-ion instability 
[62] to the single-bunch electron-cloud blow up, taking 
into account that - unlike the creation of ions during the 
passage of a bunch train experiencing the fast beam-ion 
instability - , the electrons of the cloud are produced by 
the preceding bunches or bunch passages and are already 
present prior to the bunch arrival. The estimate which 
describes the rise time of the single-bunch beam break up 
induced by the electron cloud is [61] 
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In Ref. [63] a different model of two particles was 
employed to describe single-bunch instabilities driven by 
the electron cloud.  For the conventional impedance, such 
simplified models typically employ point-like particles. 
However, in the case of the electron cloud, the oscillation 
of the electrons in the bunch potential is important.  
Therefore, we must assign a length at least to the driving 
particle.  The resulting expression for the BBU growth 
rate is [20] 
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where ωe denotes the single-electron, e.g., vertical, 
oscillation frequency inside the bunch: 
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The expression for the growth rate τBBU depends on 
whether the electrons perform at least one half oscillation 
over the rms bunch length or not, and, accordingly, is 
either independent of the bunch length or linearly 
increasing. By contrast, the previous expression, based on 
a model of the continuous two-stream interaction, 
depends on the square root of the bunch length.  

With synchrotron motion, at low electron density the 
beam break up is suppressed. In this case, the same two-
particle model can be used to estimate the growth rate of 
the conventional head-tail instability, e.g., considering 



again the long-bunch limit from above for the l=1 head-
tail mode one finds [20] 
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which increases linearly with chromaticity, bunch length, 
and cloud density.  

At higher electron density, the threshold of the 
transverse mode coupling instability (TMCI) may be 
reached. In the case of the electron cloud, this threshold is 
a threshold in the electron density (rather than in the beam 
intensity), which takes the simple form [20] 
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where Qs is the synchrotron tune. 
Another approach is to establish and exploit some 

correspondence between the electron cloud wake and a 
conventional wake. Simulations for a constant beam line 
density suggested that the electron-cloud Green-function 
wake (i.e. the wake excited due to a single displaced slice) 
is fairly well parameterized by a damped broad-band 
resonator of the form [63] 
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The three free parameters are the resonator frequency ωR, 
the quality factor QR and the shunt impedance Rs. The 
resonator frequency is roughly equal to the linear electron 
oscillation frequency at the center of the bunch 
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The shunt impedance can be obtained analytically 
considering an initial cloud that is of Gaussian transverse 
shape and of the same size as the beam, with the result, 
for the vertical plane, [63] 
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where an additional empirical factor Henh was introduced 
to represent the contribution from electrons at larger 
amplitudes. In simulations of wake fields for the SPS and 
KEKB, the factor Henh was found to be 3—4 vertically 
and 7—20 horizontally. This factor can also be estimated 
analytically as [64,41] 
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The effective quality factor is low, 1≈RQ . It reflects 

a damping that arises from the nonlinear force acting 
between the beam and the electrons as well as from the 
frequency spread due to the variation of the beta functions 

around the ring and due to the longitudinal variation of 
the beam line density along the bunch. 

Once the wake field is approximated by a broadband 
resonator, a standard stability analysis can be applied. For 
example, invoking the conventional formula from Zotter 
[65], the TMCI threshold intensity for long bunches 
becomes [66] 
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In the case of the electron cloud, this is an implicit 
equation for the threshold intensity, since on the right-
hand side ωR and Rs/QR depend on Nb(,thr). 

One can also compute a threshold for the ‘fast blow up’ 
that was studied for conventional impedance by Ruth and 
Wang [67], Pestrikov [68], and Kernel et al. [69]. 
Applying this theory to the electron cloud instability [63], 
the corresponding threshold is [63] 
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where (∆p/p)rms denotes the rms momentum spread, Z0 the 
vacuum impedance, ωξ=Q’c/(ηC) the chromatic 

frequency shift and Rωω ≈max  the frequency at which 

the real part of the impedance assumes a maximum. 
Again, this is an implicit equation. 

If the electrons perform many oscillations inside the 
bunch, we can also invoke a coasting beam 
approximation. Using formulae of Refs. [70,71,72,30] one 
finds the threshold condition 
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which assumes a mode number cl zRσω≈ near the 

peak of the resistive part of the electron cloud impedance. 
In particular, the right-hand side is zero and there is no 

Landau damping at all if ηξωω β−≈R  (here ωβ is the 

betatron frequency, including integer part, in units of s-1 
and η the slippage factor). As for the usual bunched-beam 
head-tail instability, above transition this situation is met 
at negative values of the chromaticity. The left-hand side 
of the above equation scales with intensity and bunch 

length as 2/12/3
beenhz NH ρσ , where Henh is the pinch 

enhancement factor. 
Several multiparticle models were developed to 

represent the combined effect of the electron cloud and 
the beam-beam interaction or space charge. A weak-
strong approach was studied which models the electron-
cloud wake and the linearly increasing incoherent tune 
shift along the bunch due to the electron pinch. A 
quadratic tune shift around the bunch center was added to 
approximate the additional incoherent focusing from 
beam-beam or space charge forces [73]. Note that the 
bunch needs to be represented by more than two 



macroparticles in order to observe a destabilizing effect 
from the various s-dependent tune shifts (while a δ-
dependent tune shift only requires two macroparticles to 
cause an instability).  An alternative strong-strong model 
for electron cloud and (here electron-positron) beam-beam 
interaction represents the positron bunch by two 
macroparticles, and the electron beam by a single one. 
The macroparticles of the two beams collide near the IP. 
The electron cloud effect is represented by a constant 
head-tail wake field coupling the leading and the trailing 
positron macroparticle once per turn [74]. The 
synchrotron motion and the resulting change of the 
longitudinal order of the macroparticles are crucial for 
both the weak-strong and the strong-strong models.  

An impressive variety of elaborate analytical and semi-
analytical models descriptions were constructed to 
understand the instability of long proton bunches in the 
PSR and to make predictions for the future SNS. In the 
following paragraphs, we can only give a brief summary. 
Interested readers are referred to the original literature for 
further details.  

In [75], T.S. Wang and colleagues derived centroid 
equations for protons and electrons assuming a 
transversely uniform distribution (so that the forces 
between beam and electrons are linear) and a Lorentzian 
frequency distribution for both the beam and the 
electrons. Starting from the centroid equations, 
approximate solutions for the one-pass two stream 
instability are obtained. The amplitude grows quasi-
exponentially due to the instability, while it is damped 
exponentially by the frequency spread; the instability 
growth rate is a function of both longitudinal position and 
time. More specifically, for a longitudinally uniform 
electron density and a parabolic bunch profile of total 
length l the amplitudes of both beam and electrons grow 
as [75] 
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v is the beam velocity, λe the electron line density, a the 
radius of the beam and electrons, z’ is the longitudinal 
position in the beam frame with respect to the head of the 
bunch, which extends from z’=0 to z’=1. 

The above equation shows that a spread in the electron 
oscillation frequency introduces damping with the 
longitudinal position, but not in time, while the proton 
frequency spread leads to a temporal damping.   

A different approach is pursued by P. Channell in Ref. 
[76]. Based on the observation that in the linear theory the 

electron oscillation amplitudes are much larger than those 
of the protons he considers the nonlinear electron regime. 
For simplicity he assumes that the electron amplitudes 
have reached saturation and drive the proton beam at 
fixed oscillation amplitude. Depending on whether the 
saturated electron oscillation has a frequency spread or 
not, the secular growth of the proton amplitude is either 
linear or logarithmic in time. This result is reminiscent of 
the amplitude growth determined by S. Heifets for the 
nonlinear regime of the fast beam-ion instability [77]. An 
important ingredient of Channell’s theory is that the 
coherent phase of the large-amplitude electron oscillation 
driving the beam motion is carried by a small oscillation 
at the head of the proton bunch. This suggests a possible 
cure [76]: Driving small oscillations of the bunch head by 
an external excitation at a frequency different from the 
betatron frequency would destroy the phase coherence 
from turn to turn, which might suppress the instability. 

M. Blaskiewicz [16] includes the proton space charge, 
which is the dominant effect. Considering a square-well 
approximation for the rf and a longitudinal ‘boxcar’ beam 
distribution he reduces the dimensionality of the 
eigenvalue problem and can solve the dispersion relation 
in the presence of linear space charge and electron cloud. 
After adding nonlinear space charge, i.e., an amplitude-
dependent tune shift, and treating it as in [78], the 
threshold is seen to be a strong function of the electron 
survival during the gap. Small changes in the residual 
electron line density might then explain the insensitivity 
of threshold intensity to bunch length which is observed 
in the PSR (where, for fixed bunch length, the measured 
threshold rf voltage scales linearly with the intensity; see 
Fig. 9) [16]. 

H. Qin and co-workers developed a 3D self-consistent 
description of the two-stream instability starting from the 
nonlinear Vlasov-Maxwell equations in the electrostatic 
and magnetostatic approximation [43,79]: 
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where the sub-index j refers to either the beam or the 
electrons, and  
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is the force due to external focusing, electric self fields 
and magnetic self fields.  The above Vlasov-Maxwell 
equations are solved by a perturbative, but fully nonlinear 
δf formalism, which considers the evolution of a small 
deviation δ fj from a stationary equilibrium distribution 
[43,79]:  

jjj fff δ+= 0,  

The numerical solution advances a density weight 
function together with the particle’s phase-space 
coordinates. The advantage of the δf method is that the 

noise is reduced by a factor ( )2
0,jj ffδ  compared with a 

direct non-perturbative solution. The nonlinear space-
charge induced tune spreads are automatically included in 



the Vlasov-Maxwell approach. Numerical solutions are so 
far restricted to coasting beams, for which a stationary 
solution is known. Above a threshold, they exhibit 
unstable dipole modes [79]. They also reveal the existence 
of a second phase of nonlinear growth which occurs after 
the initial linear instability for both beam and electrons 
has saturated, and which strongly increases the beam 
density perturbation on a long time scale [43,79]. 

Summarizing the characteristic features of electron-
cloud effects for long proton bunches (see also [80]), I 
note that (1) varied opinions exist concerning the 
importance and role of the nonlinear space charge, e.g., in 
[16] and [79];  (2) the electron oscillation frequency 
depends on the local beam current and on the local 
electron density, which strongly increases near the bunch 
tail - not taken into account in some of the simplified 
descriptions but probably significant; and (3) a self-
consistent treatment of instability and electron generation 
will likely prove necessary.  

As for conventional impedance-driven instabilities, the 
effect of the electron cloud depends on whether there are 
less than one or many electron (or resonator) oscillations 
over the length of the bunch. Following G. Rumolo [80], 
we introduce a parameter n denoting the number of 
vertical oscillations over the full length of the bunch: 
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If n>>1 the bunch can be considered as long, and if n<<1 
as short. Table 1 illustrates that almost all present or 
future storage ring operate with ‘long’ bunches, the only 
possible exception being DAFNE.  

 
Table 1: Selected storage rings with electron-cloud 
concerns, the type of stored particles, typical rms 
bunch length, parameter n defined above, and rigidity 
factor.    
Ring Type of 

particles 
Typical 
�z/c (ns) 

n Z/(A�) 

DAFNE Positrons 0.083 0.7 1.88 

SPS (LHC) Protons 1 1.2 0.036 

LHC (inj) Protons 0.45 1.6 0.0021 

KEKB  Positrons 0.013 1.6 0.27 

LHC (coll.) Protons 0.25 1.8 1.3x10-4 

RHIC Au79+ ions 2.5 3.0 0.0037 

PS (store) Protons 2.5 3.0 0.036 

SIS18 U73+ ions 17 7.3 0.25 

ISIS Protons 23 15 0.54 

PSR Protons 54 53 0.54 

 

Figure 56 illustrates, for a conventional impedance, 
how the TMCI intensity threshold varies as a function of 
bunch length. The threshold assumes a minimum close to 

2/1≈n  and it increases monotonically for both shorter 
and longer bunches. Why the bunch length at 2/1≈n  is 
the most unstable one can be understood from Fig. 57, 
which shows that the Green-function wake field changes 
sign after a distance ( )rft 21≈∆ ; hence for 2/1≈n  the 

full bunch length matches the first half oscillation of the 
wake [82]. Figure 59 shows this case in the frequency 
domain. The modes 0 and -1 are coupled together by the 
negative resistive impedance and give rise to the TMCI 
threshold. 
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Figure 56: Intensity threshold for a classical 
broadband resonator near 2/1≈n  [82,83]. 
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Figure 57: Transverse Green-function wake field for a 
classical broadband resonator as a function of time 
[82]. 

 

 
Figure 58: Power spectra for the most unstable bunch 
length with 2/1≈n , as well as the real and imaginary 
parts of the driving broadband impedance [82]. 



Figure 59 illustrates the situation for a long bunch. In 
this case the two adjacent modes determining the TMCI 
threshold, m and m+1, are those overlapping the peak of 
the negative resistive impedance.  The corresponding 
mode number is given by  

( )ryzrfm ωωσ ξ+≈+ 181  

where  

( ) βξ ωηξω ≡  

denotes the chromatic frequency shift. As a consequence 
of the change in the relevant mode number with 
chromaticity, the TMC instability threshold for long 

bunches increases in proportion to ( )rωωξ+1 . In other 

words, to achieve a noticeable increase in TMCI threshold 
the chromatic frequency shift must be comparable to the 
resonator frequency, which for the electron-cloud case 
equals the electron oscillation frequency inside the bunch 
[82]. For short bunches a weaker dependence on 
chromaticity is expected, since the power spectrum of 
mode 0 extends well beyond the resonator frequency [82]. 
We here recall that, when the TMCI theory is applied to 
the electron-cloud problem, the resonator frequency and 
the peak impedance depend on the bunch charge (and on 
the bunch length), so that the threshold expression 
becomes an implicit equation.  

 
Figure 59: Power spectra for a long bunch with 

2/1>>n , as well as the real and imaginary parts of 
the driving broadband impedance [82]. 
 

An important difference between the electron-cloud 
impedance and a conventional impedance is the evolution 
of the electron-cloud density during the bunch passage 
(‘pinch’). The pinch arises due to the attracting force of 
the beam. Electrons in the linear portion of the beam field 
cross the center of the beam after a quarter oscillation. 
The nonlinearity at larger amplitudes results in electrons 
at larger amplitudes ‘lagging behind’. Typical electron 
phase-space distributions and their spatial projections are 
shown in Fig. 60 [48].  

In 1999, M. Furman and A. Zholents discussed a 
number of incoherent perturbations resulting from the 
electron pinch, such as tune spread, beta beating, spurious 
dispersion, and the excitation of synchro-betatron 
resonances [84]. Figures 61 and 62 present some of their 
classical results for PEP-II. Figure 61 shows the electron 
transverse density distribution after the bunch passage, 
and Fig. 62 the increase of the density near the beam axis 

as a function of position along the bunch, where the 
electron density is normalized to its initial uniform value. 

 
 

 
Figure 60: Snapshot of horizontal (left) and vertical 
(right) electron phase space (top) and their projection 
onto the position axes (bottom) at the end of a bunch 
passage in the SPS [48].  
 

 
Figure 61: Simulated electron distribution just after 
the bunch tail has passed for the PEP-II positron ring 
[84]. 

 
Figure 63 shows the result of a similar simulation for 

the LHC at injection energy [85]. In this case, the 
enhancement of the local density on the beam axis is 
shown (i.e., without averaging over 1σ). After an initial 
increase the electron density approximately follows the 
bunch density profile. Superimposed is a modulation at 
twice the linear electron oscillation frequency. The 
maximum enhancement for the round LHC beam is about 
60. 



 
Figure 62: Simulated electron density enhancement 
factor within the 1-� ellipse around the beam axis for 
the PEP-II LER pumping sections; the bunch head is 
on the right. The straight line is a free-hand 
approximation [84]. 

 
Figure 63: Electron density enhancement (pinch 
effect)  at the beam center during the passage of an 
LHC bunch; the bunch head is on the left; the 
simulation (red curve) includes the exact nonlinear 
force; an analytical prediction for a linearized force is 
superimposed (green line)’; the intervals between 
density peaks correspond to half periods of the small-
amplitude electron oscillation around the beam center; 
near the bunch center the density enhancement is 
about a factor of 50 [85].  

 
The pinched electron distribution should give rise to a 

large incoherent tune spread, with protons or positron in 
the center or tail of the bunch and near the beam axis 
experiencing the largest focusing force from the electrons. 
Beam particles at the head of the bunch or at large 
betatron amplitudes are subjected to weaker field and, 
thus, their tune shift should be smaller. Tune spectra 
measurements at the KEKB LER, performed for different 
electron densities, provide strong experimental evidence 
for the electron-cloud induced tune spread. as is illustrated 
in Figs. 64 and 65. The electron density was varied by 

turning on and off the solenoid magnets that cover most 
of the otherwise field-free regions of the ring. 

 
Figure 64: Vertical (green) and horizontal (red) tune 
spectrum detected at the KEKB LER in 2000 or 2001, 
with solenoids off; the spectrum indicates significant 
incoherent tune spread [86]. 

 
Figure 65: Vertical (green) and horizontal (red) tune 
spectrum detected at the KEKB LER in 2000 or 2001, 
with solenoids on, reducing electron density near the 
beam; the vertical tune spread is much narrower than 
with solenoids off (compare Fig. 64) [86]. 

 
The electron-induced tune spread was studied in 

simulations with the HEADTAIL code [47]. For the 
purpose of extracting accurate tune values for individual 
beam particles, the pinched electron distribution as a 
function of longitudinal position along the bunch and the 
resulting electric fields were computed for a single bunch 
passage and saved. Then the same fields were applied on 
successive turns. This ‘frozen-field approximation’ 
generates a time-independent Hamiltonian, for which the 
precise frequency map analysis [87] can be applied [47]. 
A tune shift of only 0.003 is expected for the unperturbed 
uniform cloud density, while the pinched cloud is seen to 
induce a tune spread of some 0.05 units, about 20 times 
larger. The pinched cloud does not only cause a tune 



spread, but it also excites resonances.  Figure 66 reveals 
beam particles locked to various resonances, e.g., to the 
(0,3), (1,-4), and 10th order resonance lines.  The 
simulation with a frozen potential exhibited much less 
emittance growth than the simulations for a dynamic two-
stream system, which suggests that the incoherent effect 
of the electron cloud alone is not the dominant source of 
emittance growth.   

 
Figure 66: LHC tune footprint obtained by a 
frequency-map analysis [87] for particle trajectories 
tracked through a frozen electron potential with 1 IP 
per turn [47]. The tune spread is about 20 times larger 
than that expected from the unperturbed cloud. 
 

An analytical calculation of the TMC instability 
including the incoherent tune shift induced along the 
bunch due to the electron pinch by E. Perevedentsev 
indicates that the latter acts stabilizing and that it can 
greatly increase the instability threshold [71]. For 
example, if the electron pinch leads to a betatron tune 

shift of ± 2.5 times the synchrotron tune at zσ1±  from 

the bunch center, the TMCI threshold increases by more 
than a factor of 4. The calculation is analogue to an earlier 
similar analysis of TMCI suppression by an rf quadrupole 
for a conventional impedance [88]. The stabilization due 
to the electron pinch is illustrated in Figs. 67 and 68, 
showing the real and imaginary components of the head-
tail mode tunes as a function of the cloud density for the 
CERN SPS without and with the additional incoherent 
tune shift due to the electron pinch, respectively. 

 
 
 

 
Figure 67: Real and imaginary part of the coherent 
tune shift in units of the synchrotron tune without 
incoherent tune shift vs. the electron density in units of 
1012 m-3 for a bunch of Nb=1011 protons in the SPS, 
computed by E. Perevedentsev [71]. 

 
Figure 68: Real and imaginary part of the coherent 
tune shift in units of the synchrotron tune with an 
incoherent tune shift of sν5.2±  at zσ± vs. the 

electron density in units of 1012 m-3 for a bunch of 
Nb=1011 protons in the SPS, computed by E. 
Perevedentsev [71]. 

 
The ‘wake’ force coupling different longitudinal parts 

of a bunch can be computed by the HEADTAIL code. 
The computation is done for a single bunch passage 
through the electron cloud. It consists of displacing a 
longitudinal slice transversely and computing the 
resulting force on subsequent bunch slices [89], as is 
illustrated in Fig. 69. Unlike for conventional wake fields 
driven by a classical impedance, in the electron-cloud 
case the wake depends on the slice that is displaced, for a 
number of reasons, such as the variation of the electron 
oscillation frequency with local beam current, the electron 
pinch along the bunch, and the nonlinear transverse force. 
In addition, computing either the wake force on axis or 
the average wake force over a bunch slice yields 
strikingly different wake fields, both in shape and in 
magnitude. As an example, Figs. 70 and 71 compare the 
average wake field and the wake on axis, obtained by 
displacing different bunch slices for the case of the CERN 
SPS. The force on the axis is about 20 times stronger than 
the force average over the transverse size of the bunch, a 
consequence of the highly spiked distribution of the 
pinched electrons. 



 
Figure 69: Illustration of wake-field calculation by the 
HEADTAIL code [89]; after displacing a longitudinal 
bunch slice transversely, either the field on axis or the 
average force experienced by subsequent slices is 
computed; normalization to the charge and offset of 
the displaced slice yields an estimate of the ‘wake’.  

 

Figure 70: Horizontal and vertical dipole wake 
functions for a uniform SPS bunch obtained by 
displacing several bunch slices in a field-free region 
and averaging the resulting forces over the transverse 
beam size [48]. 
 

 
Figure 71: Horizontal and vertical dipole wake 
functions for a uniform SPS bunch obtained by 
displacing three several bunch slices in a field-free 
region and computing the resulting force on axis [48]. 

 

Inside a dipole magnetic field the electron motion 
during the bunch passage is confined essentially to the 
vertical (and longitudinal) direction. The electron 
distribution is highly non-uniform, with electrons being 
concentrated into one, two or three vertical stripes. The 
number and position of the stripes depend on the bunch 
intensity [57,91,92]. Typical distributions shown in Fig. 
72 were generated by G. Rumolo as the initial densities 
for single-bunch wake-field calculations. Wake fields 
corresponding to different horizontal positions of the two 
stripes are illustrated in Fig. 73. For the same average 
density of electrons, the amplitude of the vertical wake is 
greatly reduced as the electron stripes move away from 
the vicinity of the beam. The horizontal wake is less 
sensitive to the stripe position; it is also much smaller 
than the vertical wake in all cases.  

 
Figure 72: Illustration of electron distributions with 
one or two vertical stripes, representing initial electron 
densities which may exist in a dipole field; here 10% of 
the electrons are distributed uniformly, 90% are in the 
stripes; as shown in Fig. 73, the different stripe 
distributions yield different wake fields for the same 
average density [89].  

 
Figure 73: Horizontal (left) and vertical (right) 
averaged dipole wake functions for a Gaussian SPS 
bunch in a dipole field; the various curves refer to 
different initial electron distributions (a single 4�x-
wide vertical stripe, and two 2�x-wide stripes located 
at increasing distances from the center); the different 
stripe distributions yield different wake fields for the 
same average density [90].   
 

Though most of the analytical treatments are based on 
the notion of a wake field, it must be noted that the force 
transmitted by the electron cloud to successive parts of a 
bunch (or to later bunches) is not a true wake field in the 



classical sense. It deviates from the latter in various 
regards:  

1) the ‘electron wake’ is not strictly linear in 
displacement amplitude  (nonlinear force); 

2) it depends on the intensity, beam size and 
bunch length, hence on several beam 
parameters, while the conventional wake field 
for ultra-relativistic beams is independent of 
beam properties; 

3) it is not translational invariant, due to the 
electron pinch during the bunch passage and 
due to the variation of the electron oscillation 
frequency with the local beam density; 

4) the superposition principle does not apply, due 
to the nonlinear force and due to the memory 
of previous perturbations stored in the electron 
motion; 

5) the wake depends on the transverse position, 
even if the beam is ultra-relativistic, which is 
not the case for a classical wake; 

6) the effect of the ‘electron wake’ on the beam 
emittance varies strongly with the number of 
‘beam-electron’ interaction points per turn, 
which normally is hardly ever observed for a 
classical impedance (unless a synchro-betatron 
resonance is hit). 

In view of these significant differences, the 
conventional formalism should be applied to the electron-
cloud instabilities only with great care and it needs to be 
cross-checked with simulations. So far a few attempts 
were made to account for point 3) in the above list: The 
three and four-particle models in [51] included a tune shift 
along the bunch, representing the incoherent tune shift 
from the electron pinch in a simplified way. Much more 
groundbreaking is an exact analytical treatment by E. 
Perevedentsev, who extended the concept of impedance to 
cases without translational invariance [71]. 

The dependence of the ‘electron wake field’ on the 
longitudinal location of the driving charge within the 
bunch can be taken into account by generalizing the 
notion of the wake field from one that depends only on 
the distance between the driving and the test particle, 

)’(1 zzW − , to one that independently depends on the 

positions of these two particles, )’,(1 zzW . The 

mathematical framework for this generalization has been 
worked out in great detail by Perevedentsev [71].  The 
generalized wake is related to the generalized impedance 
by a two-dimensional Fourier transform: 
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The wake )’,(1 zzW can be obtained from simulations. An 

example result for the SPS is shown in Fig. 8. The inverse 
Fourier transform of this two-dimensional wake field 
yields the two-dimensional impedance. Two such 
impedances, for the CERN SPS and the GSI SIS18, are 
illustrated in Fig. 75.  From the generalized impedance, 
the TMCI threshold can be obtained analytically. The 
TMCI calculation proceeds via expansion into a set of 

orthonormal functions and subsequent solution of a matrix 
eigenvalue equation [71], just as for the conventional 1-
dimensional impedance. Only the expression of the matrix 
elements now involves a double integral over the two-
dimensional impedance, rather than a single integral [71].  

 

 
Figure 74: Two-dimensional wake field simulated by 
G. Rumolo [89] for a uniform bunch profile in the 
CERN SPS using the HEADTAIL code; displacing 
different bunch slices gives rise to non-identical wake 
fields that enter into the Fourier transform for the 
two-dimensional impedance; the bunch head is on the 
left. 
 

 
Figure 75: Two-dimensional impedance obtained for a 
uniform bunch profile in the SPS (left) and in the GSI-
SIS18 including effect of electron cooler (right) [89,93].  

5. OUTSTANDING QUESTIONS 
There are a number intriguing open questions, some of 

which are possibly crossing the border between 
accelerator physics and plasma physics.  

The first question is whether there exist important 
instability modes that are not of dipolar character. Figure 
76 shows evidence for a circular symmetric instability 
mode found in a 2-dimensional plasma simulation 
modeling the beam-electron interaction in quasi-static 
approximation with enforced independence of the 
transverse azimuth*. As illustrated in Fig. 77, strong 
emittance growth was seen, if the so-called arrival point, 
i.e., the point where small-amplitude electrons first cross 

                                                           
*
 During the workshop G. Stupakov mentioned that this simulation 

contained an error.  



the beam axis, lies in front of the bunch center. For a 
Gaussian profile, this condition can also be written as 

[56]: 36.32 ≥rzebrN σσ . 

 
Figure 76: Beam distribution in z-� plane for t=0 (top) 
and t=0.35 ms (bottom), without synchrotron motion 
[56];   �=s-ct is the longitudinal distance from the 
bunch center. 

 

 
Figure 77: Emittance growth rate as a function of 
longitudinal position within the bunch for three 
different electron densities, in the absence of 
synchrotron motion. The beam center corresponds to 
�=�0; the arrow shows the ‘arrival-point location’, 
which is the point where electrons starting at small 
amplitudes first and simultaneously cross the beam 
axis [56].  
 

Inspired by the results of [56], the possible existence of 
monopole-mode instabilities was explored with the 
HEADTAIL code [47]. Figure 78 presents a typical 
simulation of emittance growth in the LHC. The three 
curves refer to 3 different numbers of equidistant beam-
electron interaction points (IPs) per turn. The emittance 
growth changes with the number of IPs. The origin of this 
dependence is not completely understood, but it is most 
likely related to different resonances being excited.  

Figure 79 shows that suppressing the centroid motion of 
the bunch prior to each IP reduces the emittance growth, 
if there are several IPs. The reduction is even more 
pronounced, if not only the bunch-centroid motion is 
suppressed, but also the centroid motion of each single 
bunch slice, as is shown in Fig. 80. Finally, the macro-
particle distributions for electrons and beam protons can 
be perfectly symmetrized, so that for each particle at 
initial coordinates (x,y), there are equivalent partners at 
positions (-x,y), (x,-y,) and (-x,-y), which prevents the 
occurrence of any dipolar motion during the collision. 
With this symmetrization in place, the simulated 
emittance growth vanishes completely, which is 
illustrated in Fig. 81. This seems to suggest that, at least 
in HEADTAIL, there is no noticeable isolated ‘monopole’ 

or incoherent emittance growth. Some small amount of 
dipolar motion between the beam and the electron cloud 
appears to be required to cause a measurable emittance 
blow up [47]. 

 

 
Figure 78: Simulated evolution of LHC emittance vs. 
time in seconds for �e=6x1011 m-3 in a full simulation 
with fixed phase advances between IPs; the curves 
correspond to different numbers of electron-beam IPs 
[47]. 

 
Figure 79: Simulated evolution of LHC emittance vs. 
time in seconds for �e=6x1011 m-3 when the bunch 
centroid motion is suppressed at each IP; the curves 
correspond to different numbers of electron-beam IPs 
[47]. 
 

A second open question concerns the possible existence 
of a second instability regime [44] and, more particularly, 
the origin of the slow emittance growth, below TMCI 
threshold, observed in some simulations [37,44] and 
possibly at KEKB [21] and PEP-II [44].  

A third open question is the effect of a real lattice as 
compared with a smooth approximation. It is known from 
space-charge simulations that the emittance growth for a 
real lattice can be much larger that than for a smooth 
optics. Whether a similar statement holds for the electron 
cloud remains to be investigated. 
 



 
Figure 80: Simulated evolution of LHC emittance vs. 
time in seconds for �e=6x1011 m-3 when the bunch-slice 
centroid motion is suppressed at each IP; the curves 
correspond to different numbers of electron-beam IPs 
[47]. 

 
Figure 81: Simulated evolution of LHC emittance vs. 
time in seconds for �e=6x1011 m-3 when the beam and 
electron macro-particles are perfectly symmetrized; 
the curves correspond to different numbers of 
electron-beam IPs [47]. 

 
Also, more realistic electron distributions could alter 

the simulation result. This point does not only refer to the 
transverse stripes mentioned above, but also to 
longitudinal discontinuities, e.g., the existence of electron 
cloud inside a type of magnet and a smaller cloud or no 
cloud at all in adjacent beam-pipe regions.  

A fifth question is whether we should look out for 
approaches that are superior to PIC calculations†. 
Specifically, this might be necessary if the slow emittance 
growth should turn out to be a numerical artifact. One 
possible path to reduce artificial emittance growth from 
simulation noise could be to apply the δf technique that is 

                                                           
† In a recent FNAL seminar on string calculations for 

space charge, R. Talman expressed the view that ‘PIC is 
for the birds.’ 

 
 

 
 

used in the BEST code or a variant thereof.  This, 
however, may require an a priori knowledge of a 
stationary distribution. 

 
Figure 82: Charge disturbance in the TEL electron 
beam detected by a pick up, as a function of time over 
the first 200 ns after a proton-bunch transit; the 
different curves refer to various TEL electron-beam 
energies (cathode voltages); they are separated by 0.1 
units in the vertical direction [94]. A fast wave and a 
slow ware are evident. 
 

 
Figure 83: Potential of the longitudinal waves in the 
TEL electron beam after the passage of the proton 
bunch computed by a flat-disk model; three 
characteristic features are noticeable: a near zone 
around 0 cm, caused by polarization and local plasma 
oscillation, a fast wave (excited when the proton bunch 
enters into the electron beam) and a slow wave 
(excited where the proton bunch leaves the electron 
beam) [94]. 
 

Finally, the sixth and last question addresses the 
possible existence and importance of longitudinal plasma 
waves. In [94], V. Parkhomchuk and coworkers attempt to 
explain the lifetime reduction experienced by proton 
bunches interacting on successive turns with a magnetized 
electron beam (namely the Tevatron Electron Lens, or 
short, TEL) in the Fermilab Tevatron by either of two 



mechanisms: scattering off plasma fluctuations excited by 
individual protons or longitudinal wake fields excited in 
the electron-beam plasma. Figure 82 displays longitudinal 
plasma waves excited by a passing proton bunch in the 
electron beam detected on a beam-position pick up. The 
first small ‘wiggle’ corresponds to the polarization field 
traveling with the proton beam, the second and third, 
larger peaks are called the fast and the slow waves. These 
are excited when the bunch enters and leaves the electron 
beam. This observation may suggest that longitudinal 
discontinuities in the electron cloud, which are certainly 
abundant in a storage ring, could lead to much larger 
longitudinal wake fields than expected for a longitudinally 
uniform electron cloud. Figure 83 illustrates the 
longitudinal wake predicted by an analytical model. The 
electron density variation also obtained from this model 
looks quite similar to that in Fig. 82 [94]. 

 
Figure 84: Summary of TEL position scan. Beam sizes 
are approximately to scale (V. Shiltsev) [95]. 
 

On 1 March, 2004, another experiment with the TEL 
was performed [95]. Here the electron beam was scanned 
transversely across the positions of the proton and 
antiproton beams, respectively. The scanned positions are 
illustrated in Fig. 84. Figure 85 shows a contour plot of 
the proton loss rate as a function of the two-dimensional 
transverse position of the electron beam. The position 
with maximum loss rate corresponds to the location of the 
proton beam. Similar plots were obtained for the 
antiprotons. Figure 86 shows that the antiproton loss rate 
decreases with the third inverse power of the electron-
beam distance. Figure 87 illustrates that for the proton 
beam, whose intensity was about 10 times higher and 
which showed greater losses than the antiprotons, the 
losses occurred mainly longitudinally, which might be 
consistent with the effect of longitudinal plasma wake 
fields as suggested by Parkhomchuk.  
 

 
Figure 85: Proton losses vs. TEL position [95]. 

 
Figure 86: Antiproton loss rate as a function of TEL 
distance, exhibiting an inverse cubic dependence [95]. 

 
Figure 87: Bunch length from a Gaussian fit to wall-
current monitor signal as a function of time for proton 
bunches P6 and P7. Bunch P6 which interacts with the 
TEL is shaved longitudinally [95]. 



To estimate the expected field amplitude of possibly 
excited plasma waves, we note that for a typical electron 
density of 1012 m-3, the plasma frequency  

eep cr ρπω 24=  

is of the order 6x107 s-1. The electric field at the wave 
breaking limit can be approximated for cold relativistic 
oscillations by [96,97] 

e

cm
E peωγ2

max ≈ . 

E.g., for phase velocities equal to the beam velocity, 
5000≈γ , the cold wave breaking limit is 10 MV/m, 

while the non-relativistic limit [96,98] is about 100 kV/m. 
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