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Head-Tail Instability Caused by Electron Clouds in Positron Storage Rings
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In positron or proton storage rings with many closely spaced bunches, an electron cloud can build
up in the vacuum chamber due to photoemission or secondary emission. We discuss the possibility
of a single-bunch two-stream instability driven by this electron cloud. Depending on the strength of
the beam-electron interaction, the chromaticity and the synchrotron oscillation frequency, this instability
either resembles a linac beam breakup or a head-tail instability. We present computer simulations of the
instabilities, and compare the simulation results with analytical estimates.

PACS numbers: 29.27.Bd, 29.20.Dh
The luminosity of B factories or Large Hadron Colliders
and the resulting physics discovery potential depend on
the bunch spacing and the beam sizes. However, narrow
spacing, which nominally increases luminosity, can lead
to an instability that blows up the beam size and limits
achievable luminosity.

For linear accelerators, a single-bunch instability of a
positron bunch due to electrons created by ionization of the
residual gas has been discussed [1], where a coherent oscil-
lation of both electrons and positrons grows from any small
initial perturbation of the bunch distribution, e.g., from the
statistical fluctuations due to the finite number of beam par-
ticles. This instability can be considered as a two stream
instability of the same type as studied in plasma physics.

A similar two-stream instability may occur in positron
storage rings due to interaction with electrons generated
by photoemission and secondary emission [2]. Such insta-
bility could be fast, since in the new generation of storage
rings, operating with many closely spaced bunches, the
density of the electron cloud which accumulates in the
vacuum chamber can become large. Without synchrotron
motion, this two-stream instability resembles the classical
beam breakup (BBU), and manifests itself in a coherent
dipole oscillation along the bunch. In a storage ring the
BBU appears as either strong or regular head-tail insta-
bility, due to synchrotron oscillation and, possibly, chro-
maticity. In this Letter, we study the BBU and the head-tail
instability caused by the electron cloud using a computer
simulation.

The photoelectrons produced by synchrotron radiation
in positron storage rings may also cause a multibunch
dipole-mode instability [3]. This multibunch instability is
different from the instability discussed in this Letter, which
is a single-bunch phenomenon caused by the photoelectron
cloud. Although a single-bunch effect, the latter will, how-
ever, occur only in multibunch operation, since the electron
cloud is built up from synchrotron radiation emitted by
the preceding bunches. The head-tail mode of the single-
bunch instability will be observed as a beam-size blowup.

As a concrete example, we study the single-bunch
photoelectron instability for the Low Energy Ring of the
0031-9007�00�85(18)�3821(4)$15.00
KEK-B factory (KEKB-LER), which is a 3.5 GeV posi-
tron storage ring with the circumference L � 3016 m [4].
At the beginning of the year 2000, the LER was operated
with a beam current of 600 mA stored in 1000 bunches at
8 ns spacing. A blowup of the vertical beam size has been
observed already early on during LER commissioning [5].
This blowup is not accompanied by any coherent beam
motion, which is suppressed by transverse feedback and
chromaticity, and the blowup is seen only in multibunch
operation with a narrow bunch spacing. The single-bunch
two-stream instability provides a plausible explanation of
the observed beam blowup.

We, first, discuss the density of electron cloud near the
beam, then describe the simulation model for the motion
of a positron bunch passing through an electron cloud, next
present simulation results of beam breakup and head-tail
instability, and, finally, compare the simulated instability
rise times with analytical estimates.

Photoelectrons produced by synchrotron radiation are the
major source of electrons in the vacuum chamber of the
KEKB-LER. At the LER, a positron emits about 450 pho-
tons in one revolution, or an entire positron bunch emits 5 3

109 photons per meter, where the bunch population is Nb �
3.3 3 1010. Assuming a photoelectron yield of 0.1, the
number of photoelectrons is estimated to be 5 3 108�m.

We obtain the quasistationary electron-cloud density, r,
from a computer simulation which models the motion of
photoelectrons in the electric field of the positron beam
during successive bunch passages. This calculation is per-
formed following the same procedure as was used for study-
ing the multibunch electron-cloud instability in Ref. [3].
The initial energy distribution of the electrons is assumed to
be a truncated Gaussian with peak energy 5 eV and standard
deviation 10 eV, restricted to positive values. Most elec-
trons are created at the side wall of the chamber where the
primary synchrotron radiation impinges, but a significant
portion (30%) is created uniformly around the chamber wall
to represent the contribution from reflected photons. When-
ever electrons are lost to the wall, secondary electrons
are emitted. Their number depends on the assumed sec-
ondary emission yield, the primary energy, and the angle of
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incidence. The simulation also takes into account the space
charge force between electrons [6].

Figure 1(a) shows electron-cloud densities obtained by
the simulation. Both average and local densities (at the
beam-pipe center) are depicted. The number of photoelec-
trons increases at each bunch passage and, finally, saturates
when a quasistationary value is reached representing a dy-
namic equilibrium between creation and absorption. After
a few bunch passages the central electron density exceeds
1012 m23. An average electron density of 6 3 1011 m23

corresponds to a line density 5 3 109 m21. Saturation oc-
curs when the electron line density becomes comparable to
the line density of the beam (1.4 3 1010 m21), in which
case the time-averaged electric field at the chamber wall
vanishes. Hence, the neutralization level may be defined
as the ratio of the line densities of electrons and beam. Fig-
ure 1(b) shows the velocity distribution of electrons close
to the bunch.

We have written a second simulation program to study
the coupled motion of a single positron bunch and the
cloud electrons. Perturbations of the cloud due to the
preceding bunches are neglected; that is, in the simulation
a positron bunch always interacts with the quasistationary
unperturbed electron cloud. The unperturbed electron
distribution is taken to be Gaussian, with transverse rms
sizes and electron-cloud density as input parameters. For
simplicity, the electron cloud is assumed to be localized at
a single position of the ring, denoted by se. The cloud den-
sity at this location is chosen such that the average electron
density over the ring circumference is equal to the actual
value. Note that the localization of the electrons ignores
the frequency spread of the electron oscillations which
would arise from a variation in beta functions and disper-
sion. If the number of oscillations over the bunch length
is small (in our KEKB example it is of the order of one),
the detuning due to such frequency spread will be small;
see also the analytical expression of the detuning effect
for the case of the fast beam-ion instability in Refs. [7,8].
The positron bunch with length sz is sliced into a
number of microbunches (Np) in the longitudinal direc-
tion. Each microbunch has a transverse beam size (sx , sy)
determined by emittance and beta function. The interac-
tion between a microbunch (ith) and the cloud electrons is
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FIG. 1. Density and velocity distributions of electron cloud for
8 ns bunch spacing. (a),(b) The electron densities and the ve-
locity distributions, respectively. The crosses and dots in (a) re-
fer to the average density and to the local density near the beam.
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expressed by two equations [9],
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where the force FG�x� is expressed by the Bassetti-Erskine
formula [10] normalized so that FG ! x�jxj2 as x ! `.
Equation (2) shows that the electrons oscillate near the
beam center with the angular oscillation frequency

v2
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sy�sx 1 sy�
, (3)

where l � Nb��2sz� denotes the line density of the posi-
tron bunch. For KEKB (sx � 420 mm, sy � 60 mm,
sz � 4 mm), ve � 2p 3 45 GHz.

The simulation is performed by successively solving the
motion of positron microbunches and macroelectrons using
Eqs. (1) and (2), respectively. The simulation is quite simi-
lar to that of ion instabilities [9]. A series of microbunches
corresponds to a bunch train in the ion problem. Main dif-
ferences are the narrow longitudinal spacing of the positron
microbunches, the variation of their longitudinal positions
due to synchrotron motion, and the higher oscillation fre-
quency in the bunch potential.

The electron cloud is represented by macroparticles.
The distribution of these macroparticles is assumed to be
Gaussian with a size of �3 mm, which is 8 or 50 times
larger than the horizontal and vertical rms beam sizes, re-
spectively. Usually the initial macroelectron velocities are
set to zero, but they can be varied in order to study the
dependence on this parameter. We represent a positron
bunch by about 1000 microbunches and the electron cloud
by 10 000 macroparticles. An unperturbed fresh electron
distribution is generated on each revolution.

Figure 2 shows the transverse amplitudes of micro-
bunches distributed over the longitudinal phase space, for
two cases. For easy visualization, we use a multiple air-
bag model for the longitudinal microbunch distribution, in
which the microbunches are initially distributed on con-
centric circles in the longitudinal phase space, character-
ized by the position z and the relative energy deviation
Dp�p. Figure 2(a) depicts the deformation of the positron
bunch without synchrotron oscillations. Clearly visible is a
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FIG. 2. Bunch shape deformation due to the interaction with
electron cloud. The positions of the microbunches are plotted
after 100 turns for a cloud density of 1 3 1012 m23. (a),(b)
Cases without and with synchrotron oscillations, respectively.
The synchrotron tune for case (b) is Qs � 0.015.
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transverse oscillation along the bunch, the frequency of
which is consistent with Eq. (3). The figure is reminiscent
of the BBU observed in linear accelerators. Including also
the synchrotron oscillation, the beam breakup changes its
appearance and now resembles a head-tail instability. Fig-
ure 2(b) shows the bunch shape deformation with syn-
chrotron oscillations for a synchrotron tune Qs � 0.015.
We find a correlation of transverse amplitude and lon-
gitudinal phase space position, which is characteristic of
head-tail motion. Note that the magnitude of the oscilla-
tion amplitudes is reduced by the synchrotron motion.

The conventional head-tail effect caused by a short range
wake force [11] results in damping of the dipole (l � 0)
mode and a growth of higher order (l $ 1) head-tail modes
for positive chromaticity, and roughly the opposite behav-
ior for negative chromaticity. For zero chromaticity, the
beam is stable at low current. Above a certain current
threshold some head-tail modes are coupled and strongly
excited. This is called the strong head-tail instability. The
simulation reveals exactly the same dependence for the
electron-cloud wake.

Excitation of the higher order head-tail mode is observed
as a blowup of the vertical size of the positron bunch. We
quantify this blowup by computing the root mean square
of all microbunch amplitudes,

p
�y2

p�. Figure 3 shows the
growth of this quantity for the BBU mode, without syn-
chrotron motion, in 3(a), and for the head-tail mode oscilla-
tion with a synchrotron tune Qs � 0.015, in 3(b) and 3(c).
The latter two examples were calculated for Q0

x,y � �4, 8�
and �0, 0�, respectively. We now use a Gaussian distribu-
tion for microbunches in the longitudinal phase space. The
three curves refer to different cloud densities. The growth
rate is of the order �0.1 ms for the BBU mode, as illus-
trated in 3(a). The behavior with synchrotron motion is dif-
ferent for positive and for zero chromaticity. At Q0

x,y �
�4, 8� the growth time is about 1 ms for the two lower elec-
tron densities, whereas at Q0

x,y � �0, 0� it is much slower.
For the highest density, r � 1 3 1012 m23, the growth at
both chromaticities is about the same and extremely fast,
with a rise time of the order of 0.2 ms. Our interpretation
is that there is a threshold value for the electron-cloud den-
sity above which we observe the strong head-tail instability.
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FIG. 3. Growth of the vertical rms amplitude of the micro-
bunches. The three curves are results for electron-cloud densities
of 2 3 1011, 4 3 1011, and 1 3 1012 m23. The growth is faster
for higher density. (a) Obtained without synchrotron oscillations.
(b),(c) Chromaticities Q0

x,y of �4, 8� and �0, 0�, respectively, with
synchrotron motion and Qs � 0.015. The dashed lines indicate
the natural beam size.
All simulated growth times are much shorter than the
radiation damping time (40 ms) except for the two cases
of zero chromaticity and lower cloud density. The growth
tends to slow down for large amplitudes at several sy . We
attribute this to the nonlinearity of the forces between beam
and electrons, which will also lead to filamentation and
emittance growth.

Our picture of the two-stream instability is that the cloud
electrons oscillate incoherently at first, but, gradually, they
and the positron bunch (the microbunches in the simula-
tion) develop a coherent oscillation due to their interaction.
After the bunch passage the coherence of the electrons is
lost, and on the next revolution the further distorted posi-
tron bunch impresses an enhanced coherent motion on the
newly formed electron cloud, which in turn increases the
oscillation along the bunch.

The force from the electron cloud may be represented
by an effective short range wake field with a characteristic
frequency as in Eq. (3). The strength of the wake force
can be obtained by the same method as in Ref. [3]. The
order of magnitude of the wake force may also be esti-
mated analytically. For example, considering a flat beam
with sx ¿ sy , we decompose the electron cloud into infi-
nitely thin vertical slices, each producing the same vertical
electric field, and study a two-particle model with a charge
of Nbe�2 for both head and tail. We assume that the head
particle has a finite length lhead 	

p
2p sz�2, and a uni-

form charge distribution. The tail particle is considered
to be pointlike and to follow immediately after the head.
Head and tail are vertically displaced with respect to each
other by a small offset Dy ø sy . From the resulting force
on the tail we can then estimate the effective wake field.
Electrons near the beam are attracted by the field of the
head and perform linear or nonlinear oscillations during its
passage. Because of the relative displacement of head and
tail, these oscillations induce a net electron transfer from
below to above the vertical position of the trailing par-
ticle. The electron charge transfer is maximum if velhead
is equal to an odd multiple of p�2, reflecting the effect
of linearly oscillating electrons within about 62sy from
the beam. At intermediate times, the net charge transfer
amounts to the number of electrons which originally oc-
cupy a vertical stripe of thickness �2Dy, i.e., about twice
the displacement.

In this two-particle model, the integrated wake field per
revolution experienced by the tail of the bunch is of the
order

W0 	 8prL�Nb . (4)

On each turn the tail particle experiences a deflection of

Dy0
tail �

reW0Nb

2g
�yhead 2 ytail� , (5)

where y0 denotes the vertical slope of the trajectory. This
estimate is valid if the distance between head and tail is
large compared with sxsy��Nbre�, where re denotes the
classical electron radius. This is usually the case. Unlike
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an ordinary wake field, the wake W0 decreases inversely
with the population of the bunch considered. However, the
population of the previous bunches also enters, indirectly,
in the value of r, so that for equal bunch populations there
is no dependence on Nb . Indeed, assuming that the equi-
librium density r is equal to the average neutralization
density Nb��phxhyLsep�, where hx and hy are the horizon-
tal and vertical chamber half apertures and Lsep the bunch
spacing (in meters), our wake estimate can be rewritten as
W0 	 8L��hxhyLsep�, which depends only on geometric
quantities.

On the other hand, if the bunch length is short compared
with sxsy��Nbre�, so that only electrons in the linear part
of the beam field contribute to the charge transfer, the wake
field can be estimated as W0 	 4prLrelhead��sxsy�.

The growth rate for the BBU mode, without synchrotron
motion, can be estimated in the two-particle model using
the saturated wake field of Eq. (4):

1
t

	
2prrec�by�

g
. (6)

For KEKB parameters (�by� � 10 m) the BBU growth
time evaluates to about 100 ms, in good agreement with
the simulation of Fig. 3(a). Modifying the theory for the
single-bunch instability due to ionization electrons [1] can
give an alternative estimate [2].

Inserting our wake field estimate, Eq. (4), into the stan-
dard expression for the regular head-tail growth time [11],
we can estimate the growth rate of the l � 1 head-tail
mode as

1
t�1� 	

64
3

r�by�reszQ0
y

T0ag
, (7)

where a is the momentum compaction factor. For Q0
y � 8

this equation predicts a growth time of about 0.5 ms, again
in reasonable agreement with the simulation.

Finally, we can calculate the threshold of the strong
head-tail instability for the two-particle model. Following
Ref. [11], the threshold is reached when the parameter
NbrejW0jby��8gQs� is equal to 2. This translates into a
threshold value for the electron-cloud density of

rthr �
2gQs

preLby
, (8)

which evaluates to 7 3 1011 m23, and agrees surprisingly
well with the simulated threshold.

We have studied a single-bunch head-tail instability
caused by the photoelectron cloud. The instability depends
on the electron-cloud density near the beam. For the KEKB-
LER this density is estimated to be about �1012 m23.
Simulated instability growth times are of the order of 0.1–
1 ms and consistent with analytical estimates. The typical
equilibrium density of the electron cloud for present
KEKB parameters is close to the threshold of the strong
head-tail instability. In operation with bunch trains, the
electron cloud is built up along each train and it is cleared
by sufficiently large gaps between subsequent trains. The
3824
saturation of the oscillation amplitudes at �10sy , found
in the simulation, indicates that the beam is not lost, but
that the instability will mainly increase the beam size. The
beam size blowup should increase along a bunch train, in
parallel with the buildup of the electron cloud at the center
of the vacuum chamber. In particular, the instability may
cause a beam size blowup as observed at KEKB. It could
also explain similar observations at PEP-II [12] and at the
CERN SPS [13]. The instability can be suppressed by
reducing the electron density near the beam. Therefore,
coating of the vacuum chamber and weak magnetic fields
are potential cures.

In our simulation, the positron bunch was represented
by a large number of microbunches with a fixed trans-
verse beam size. In reality the transverse sizes of the
slices will vary under the action of the electron cloud,
and other incoherent effects may also become important
[14,15]. Therefore, more realistic studies of this instability
should be performed, e.g., via particle-in-cell simulations
[16].
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