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Abstract

Electron cloud can cause beam losses and emittance
growth in proton or positron storage rings. If the electron
density exceeds acertain threshold value, astrong head-tail
instability manifests itself, characterized by a rapid beam-
size blow-up with arise time comparabl e to the synchrotron
period. However, even for densities below the coherent-
instability threshold, the electron-cloud can give rise to a
significant emittance growth. We identified the mechanism
for this incoherent growth as one caused by the combined
effect of the beam particles synchrotron motion and thelon-
gitudinal variation of the tune shift, which is proportional
to the pinched el ectron-cloud distribution aong the bunch.
This can give rise to the periodic crossing of a resonance,
in analogy to halo formation in space-charge dominated
beams, or eventualy, if the tune shift is sufficiently large,
to the crossing of bunch regions where the single-particle
motion islinearly unstable.

INTRODUCTION

Beam losses, transverse emittance growth and single-
bunch instabilitiesinduced by electron cloud have been ob-
served in several existing proton and positron rings. In ad-
dition to the fast head-tail instability, occurring above a cer-
tain electron-cloud density threshold and inducing a beam
blow-up with arise time comparable to the synchrotron pe-
riod, thereis evidence of another regime for which an inco-
herent emittance growth is present even at moderate cloud
densities. This effect, which for along time has been ne-
glected and confused with noise in the simulations or in the
measurements, may be relevant over long term storage. In
particular, it may explain observations of poor beam life-
time of the LHC proton beam in the CERN SPS and can be
a concern for proton machines with long store times, like
the CERN LHC, where synchrotron radiation damping is
not very effective.

Two mechanisms are identified as possible causes of in-
coherent emittance growth [1], namely the periodic cross-
ing of resonances and the crossing of linearly unstable
regions, both driven by the combined effect of the syn-
chrotron motion and the electron-cloud induced tune shift,
which strongly depends on the longitudinal (and trans-
verse) position inside the bunch. The following section
presents the electron cloud evolution during the passage of
apositively charged bunch and describes the two proposed
mechanisms for emittance growth.
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We have investigated the diffusion processes[2] with the
HEADTAIL code [3], used at CERN for electron-cloud
effects studies, and MICROMAP [4], developed at GSI
for space-charge simulations and recently modified to take
into account incoherent electron-cloud effects. HEAD-
TAIL computes the interaction between a single bunch and
the electron cloud viaa 2D PIC module, in afinite number
(1-100) of locations (“kicks") around the ring, using the
smooth focusing approximation to transport the beam be-
tween the points of interaction. This model, whichisvalid
for studies of electron cloud induced instabilities [5], does
not resolve the actual betatron motion and, if a small num-
ber of kicks is used, it leads to an artificial excitation of
resonances. The MICROMAP code, instead, can include a
more realistic machine lattice and an arbitrarily large num-
ber of cloud kicks, but it models the electron cloud field
through a very simplified analytical model. Both codes
are run considering a weak-strong approximation for the
cloud-beam interaction, to speed up the simulations. The
electron cloud potential, which is z-dependent, is computed
only at thefirst bunch passage and then used for the succes-
siveinteractions. Asdiscussedin [1, 2], thismodel isvalid
for the study of incoherent effects which do not involve a
very strong modification of the beam transverse shape.

Results of the benchmark between HEADTAIL and MI-
CROMAP are presented in the following. The short-term
agreement between the two codes, gives us confidence to
use MICROMAP for afirst study of long term emittance
growth and beam losses, using arealistic model for the SPS
and larger number of cloud kicks. Preliminary results will
be discussed and compared with experimental observations
in the SPS with LHC type beam.

RESONANCE CROSSING AND
DIFFUSION PROCESSES

During the passage of a proton (or positron) bunch
through an electron cloud, the cloud electrons are attracted
by the beam electric field and their density strongly in-
creases near the beam center (“pinch” effect) [6] by up to 2
order of magnitudes. This givesrise to an incoherent parti-
cle tune shift, which depends on the longitudinal and radial
position within the bunch.

Figure 1 shows the electron-cloud density evolution dur-
ing a bunch passage in a field-free region of LHC, at in-
jection energy, for an initially uniform electron distribu-
tion, simulated with HEADTAIL code. Electrons located
within the beam rms size perform linear oscillations in
the transverse bunch potential, yielding a high local elec-
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Figure 1. Simulated electron cloud density evolution during the passage of a bunch in LHC as a function of position z.
Thebunchtail isfor z < 0. Left: Evolution onthe vertical axisin alogarithmic scale (color code), Right: Cloud density at
the beam center, averaged inside a circle of variable radius. Coordinates are normalized by the transverse and longitudinal
beam size (respectively o, and o, and by theinitial density at the bunch center p. ¢ .

tron density peak after their first quarter of oscillation,
which then repeats every half electron oscillation period.
Superimposed on these periodic peaks, there is a grad-
ual increase of the central electron density due to elec-
trons which start further away from the beam and perform
nonlinear oscillations under the influence of the nonlinear
beam field. In the second half of the bunch passage, the
potential of the beam decreases and some of the trapped
electrons may be released toward larger amplitudes. Be-
cause of the the high peaks in the electron density p.,
the beam particles experience a large incoherent tune shift
AQ(r,z) = pe(r,z)mr,R%/v/Qo, Where r, is the clas-
sical proton radius, R is the machine circumference ra-
dius, v is the relativistic factor and Qg is the unperturbed
tune, which strongly depends on their longitudinal and
transverse position. As a consequence, resonance islands
change their size and location as afunction of z [7].

The combined effect of synchrotron motion and the vari-
ation of the transverse tune shift with longitudinal position,
can induce the periodic crossing of resonances [1]. Parti-
cles can get trapped inside an island and, as the island po-
sition changes along the bunch, they can be transported to
larger (smaller) amplitudes [8]. A “scattering” mechanism
similar to the one discussed for space charge dominated
beam [9], appliesin the electron cloud case, leading to halo
formation and beam emittance increase. Compared with
space charge, the electron cloud tune shift is positive, there
isno front-back symmetry and the transverse distribution is
highly non-uniform. Moreover, in addition to possible | at-
tice errors and non linearities, the electron cloud itself can
excite resonances because of its non-linear beam compo-
nents. Resonances can aso be excited by the the electron
cloud density variation along the ring or between beamline
elements (i.e. itismainly localized in specia elementslike
dipoles) and, in simulations, by the finite number of kicks
used in the model.

In Fig. 2 the Courant-Snyder invariant (action) of atest
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Figure 2: Horizontal Courant-Snyder invariant of a proton
at alarge synchrotron amplitude as a function of number
of turns, from a HEADTAIL simulation. The synchrotron
period is about 170 turns.

beam particleisplotted, as obtained from HEADTAIL sim-
ulations. The periodic jumps in the action, at twice the
synchrotron frequency, are a clear signature of the “scat-
tering” regime. An evidence of the key role played by the
synchrotron motionisgivenin Fig. 3, which illustrates how
the emittance growth quickly stops after asmall initial blow
up, when the synchrotron motion is frozen. Figure 3 also
shows the growth dependence on the number of kicks used
inthesimulations. In particular, by changing the number of
cloud-beam interaction points from 1 to 10, areduction in
the emittance growth is observed, since different (less) res-
onancelinesare excited. Figure 4 illustrates the resonances
(up to 5th order) excited by applying 1 or 10 electron-cloud
kicks per turn.

Also a second effect may arise, namely the crossing of
linearly unstable regions [1]. This may happen in case the
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Figure 3: Simulated emittance growth for 1 and 10
electron-cloud kicks per turn, with and without synchrotron
motion, for an electron density of 2 x 10!t m=3 inthe LHC.
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Figure 4: Tune diagram with the resonance lines excited
by applying 1 (left) and 10 (right) electron-cloud kicks per
turn. Inred is plotted LHC working point.

incoherent tune spread overlaps the half-integer stopband.
Figure 5 shows the phase-space trajectory for particles at
different positions =z aong the bunch (i.e. experiencing a
different electron-cloud tune shift) and the corresponding
frequency spectra, obtained form simulations without syn-
chrotron motion. In this example, only one cloud kick per
turn isassumed and the electron cloud density is 2 orders of
magnitude higher than the expected value. Thelinear insta-
bility leads to the emergence of a hyperbolic fix point near
the bunch center. The longitudinal position where it occurs
depends on the tune shift induced by the el ectron cloud and,
for a fixed tune shift and distribution, can be obtained an-
aytically from the eigenvalues of the transfer matrix M
computed by taking into account the lattice focusing and
the electron cloud effect. In particular the particle motion
becomes unstable when T'r(M) > 2. Asshown in Fig. 5,
for particles in the tail of the bunch, which experience a
larger tune shift, the motion appears to be chaotic. In the
following, it will be presented another example, from MI-
CROMAP simulationswith arealistic SPSlattice, in which
the half-integer resonance is approached.
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Figure 5: Vertical phase space trgjectory and frequency
spectrum of particles at different z positions, from HEAD-
TAIL simulation without synchrotron motion. The initial
average electron density is p. = 10 m~3 and only 1
cloud kick per turn is assumed.

CODE BENCHMARK

HEADTAIL and MICROMAP have been benchmarked,
with the purpose of justifying the use of the latter and of
quantifying the effect of the PIC noise on the emittance
growth. We considered an artificial simple model of a
round beam and a transverse Gaussian electron distribu-
tion of constant rms size o, equal to afraction of the beam
size 0. The electron density increases linearly along the
bunch, giving zero tune shift at the bunch head (» = —20,)
and a maximum tune shift AQ,,.... a the tail of the bunch
(z = 20,). Only one interaction point is assumed, the
synchrotron motion is linearized. Both codes always use
the weak-strong approximation to model the interaction be-
tween the cloud and the bunch. The parameters of the sim-
ulations here presented refer to the LHC at injection en-
ergy [2]. The horizontal and vertical tunes are respectively
64.28 and 59.31, while the synchrotron period is about
170 turns. Assuming an initial average cloud density of
2.8 x 10! m—3, the estimated peak maximum tune shift is
AQmaz ~ 0.13.

Figures 6 (a), (b) and (c) show results of the benchmark,
for different values of maximum tune shift AQ ... and
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Figure 6. Simulations with HEADTAIL (red) and MI-
CROMAP (black), of vertical emittance vs. number of
turns in LHC. A Gaussian electron cloud, a linearly in-
creasing density and one interaction point are assumed in
(@), (b) and (¢). In (a) thecloud rms sizeiso, = 0.10, and
the maximum tune shift is AQ = 0.1, in (b) 0. = 0.503
and AQ = 0.04,in(c) 0. = 0.250, and AQ = 0.04. Fig-
ure (d): Vertical emittance vs. number of turnsin LHC, for
the HEADTAIL pinched distribution (red) and for the an-
alytical approximation (black). Charge conservation is as-
sumed and the initial cloud rmssizeissetto o, g = 0.650,
(fit in the horizontal plane).

cloud rmssize o... For large electron-cloud sizes, the emit-
tance evolution curves from the two codes are nearly iden-
tical (Fig. 6 (8) and (b)). If the cloud size is four times
smaller than the beam (Fig. 6 (¢)) - which is closer to the
real case, with a highly spiked electron distribution - there
are some differences in the slope, but the behavior stays
gualitatively the same. The small differences are dueto the
roughness of the transverse PIC grid, which does not accu-
rately resolve but smoothers the electron density, therefore
generating alower tune shift than expected.

Figure 6 (d), instead, shows the the emittance growth
computed with HEADTAIL, using the electron potential
from the PIC simulation of a pinching electron cloud, and
with MICROMAP, using an approximated model. Namely,
in MICROMAP the actual longitudina electron cloud dis-
tribution, taken from the PIC, isimplemented at the trans-
verse center of the beam, while in the transverse plane
the cloud is approximated by a bi-Gaussian distribution
whose rms size at each z-location is computed assuming
peo? = const. Result of the comparison shows that the
emittance growth is qualitatively the same, but differ in ab-
solute rates by up to afactor of 2 or 3. We explain this dis-
crepancy observing that in the analytical case the assump-
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tion of charge conservation leads to an underestimation of
the electron cloud pinch and associated tune shift, since it
does not take into account the increasing of the total num-
ber of electrons within 103, due to the arrival of electrons
from the outer regions. A more accurate modeling needsto
be developed to account for this feature.

SPSSIMULATIONSWITH REAL
LATTICE

Since it allows a more accurate model of the acceler-
ator structure, the code MICROMAP is used to simulate
electron cloud incoherent effects in CERN SPS. The pur-
pose of these simulation is to compare with observation in
the machine. In autumn 2004 the SPS working point has
been changed for the operation with LHC type beam. In
particular horizontal and vertical tunes have been switched
from (26.185,26.13) to (26.13,26.185). Figure 7 shows
the beam loss reduction when running with a higher verti-
cal tune.

We tracked with MICROMAP 1000 proton macroparti-
cles through the full SPS optics (as from a MAD-X file),
including 744 beam-electrons interaction points (one per
dipole magnet). A maximum tune shift of AQ 4. = 0.13
is assumed, which is the value corresponding to the esti-
mated electron cloud density in the SPS. In these prelim-
inary simulations space charge is not included and a large
chromaticity £ ~ 1 isused. Figure 8 shows alarger emit-
tance growth, beam losses and bunch shortening if the ver-
tical tuneislower, in qualitative agreement with the obser-
vation in SPS[10]. The diffusion mechanisms associated
with the electron cloud pinch may thus explain the reduced
beam lifetime, which concernsin particular the bunchesin
the last part of the train.
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Figure 7. Relative beam losses vs. time for differ-
ent run in SPS. The purple curve is for working point
(26.13,26.185). Courtesy G.Arduini, [10]

Other simulations with MICROMAP, assuming a full
lattice model for SPS with LHC beam and 744 electron
kicks per turn, have been performed by further changing
the working point. The case presented in Fig. 9, which
shows the phase space tragjectory of a particle which ex-
perience the maximum electron cloud density, the nominal
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Figure 9: Horizontal phase space of a particle which expe-
rience a maximum tune shift of AQ = 0.13. The simula-
tionswith MICROMAPR, full lattice, 744 kicks per turn, are
for LHC type beam in SPS at injection energy. Synchrotron
motion is frozen.

horizontal tune has been increased to ), = 26.38, so that
the maximum tune shift of AQ = 0.13 leads the particles
to the half integer.

Also here, asfor Fig. 5, the presence of the two islands
which illustrates the rise of alinear instability isvisible.

SUMMARY

The electron cloud, which “pinches’ toward the beam
center during the passage of a bunch, causes incoherent
emittance growth by two mechanisms. As for the space-
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charge dominated beams, the tune shift variation along the
bunch and the particles’ synchrotron motion causes phe-
nomena of resonance crossing and scattering. Moreover,
if the tune shift is such as to reach the half-integer stop-
band, there may also be crossing of linearly unstable re-
gions. These mechanisms are likely to also happen in other
two-stream problems, e.g. beam-beam or beam-plasmain-
stabilities.

We started a benchmark of the HEADTAIL code, used
for electron-cloud studies, with MICROMARP, originaly
written for space-charge problems and adapted to model
the electron cloud, finding very good agreement in the sim-
plified case. MICROMAP was then used to study electron-
cloud effects in SPS with LHC beam, assuming a realistic
model of the accelerator structure and an analytical simpli-
fied electron cloud density evolution. Results are consistent
with the observed improvement of the SPS beam lifetime,
if the machineisoperated with higher vertical tune. A mea-
surement campaign in SPSis planned for summer 2006, in
order to carefully compare simulation predictions with the
observed beam emittance, intensity and bunch length evo-
[ution.
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