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Abstract
The program CMAD is being used to study single bunch

instabilities induced by electron clouds. In the results pre-
sented in this paper, we studied the motion of the bunch
centroid, the emittance evolution and motion of single test
particles within the bunch. A series of studies were per-
formed with varying cloud densities. The spectrum of cen-
troid motion which showed indications of head tail mo-
tion was closely examined. The emittance evolution of the
beam was computed. The trajectories of single test parti-
cles were analyzed qualitatively.

INTRODUCTION

CMAD is a two species Particle-in-cell (PIC) program
capable of studying interactions between beams and elec-
tron clouds [2]. A comparison between results from
CMAD and other similar codes has been carried out [1] for
some simple cases. In this paper, we have performed sim-
ilar simulations with several additional features included.
All of them represent the parameters and conditions that
occurred in CesrTA during experiments being carried out
to study the influence of electron clouds on the dynamics
of positron beams. Several features such as head tail mo-
tion and beam emittance calculations show similar features
as to what has already been observed [3].

In observations, we have typically used trains varying
from 20 to 45 bunches with a 14 ns spacing. Depending
upon its properties, each bunch creates a certain amount
of cloud and as a result the lagging bunches experience a
higher cloud density compared to the leading ones. CesrTA
instrumentation has the ability to observe the turn by turn
position and the beam size of each of the bunches. CMAD
tracks a single bunch and so in order to simulate the effect
of different bunches along the train, we need to perform a
set of independent calculations with varying prespecified
cloud densities. The cloud densities seen by the different
bunches can be estimated from build up codes or by the
observed tune shifts. The tune shifts calculated from build
up simulations have agreed well with observed tune shifts
[4]. CMAD starts with a uniform distribution of electrons
while work is underway to have the program be able to use
any distribution as an initial condition.

In the results presented in this paper, we used a 2.08GeV
beam, which is the energy most of the experiments have
been performed so far. In these simulations, particles are

∗Work supported by DOE grant DE-FC02-08ER41538, NSF grant
PHY-0734867

tracked across the full lattice, where each element of non-
zero length in the lattice consists of a cloud-beam “interact-
ing point”. Thus, the simulation takes into account the vari-
ation of the beam size based upon the beta function and dis-
persion all around the ring. In the model, the bunch had 96
slices, and the charge from each slice was distributed over
a 128 × 128 grid, with 300000 macro particles (positrons)
and 100000 macro electrons. The bunch current used was
1mA, corresponding to 1.6 × 1010 positrons. The bunch
length was 12.2mm, vertical emittance was 20pm and hor-
izontal emittance 2.6nm. The relative energy spread was
8.12 × 10−4. The betatron tunes were 14.57 (horizontal)
and 9.62 (vertical). The synchrotron tune was 0.055. The
chromaticities were 0.6 (horizontal) and 2.3 (vertical) in
units of dQ/(dp/p). Overall, care was taken to match the
parameters as closely as possible to the machine conditions
that existed during the time of one of the observations made
at CesrTA.

MOTION OF BUNCH CENTROID

In this section, we show the behavior of the centroid mo-
tion for varying cloud densities. The bunch initially had
no offset. Nevertheless, the finite number of macro parti-
cles, however large, are enough to trigger a self excitation
of the centroid motion, that increases with cloud density.
A very similar trend in the self excitation has been seen in
measurements. Of course, the mechanism of the initial per-
turbation in the beam offset is different in experiments, ie
it is not numerical. The self excitation is produced by non-
linear coupling between the two transverse degrees of free-
dom. In addition, the effect of longitudinal motion would
also play a role due to the presence of dispersive coupling
between the longitudinal and horizontal motion.

Figure 1 shows the horizontal bunch displacement with
respect to the initial beam size. We do not see a signifi-
cant variation in oscillation amplitude with cloud density.
For lower cloud densities, of the order of 1 × 1010/m3

shown in Fig 1a we do not see any significant self exci-
tation. For cloud densities an order of magnitude higher,
ie ∼ 1 × 1011/m3 shown in Fig 1b there is a clear indica-
tion of self excitation. In the next level of cloud densities,
Fig 1c, we see that the all bunches get excited to about the
same amplitude, but the transient state to reach the final
amplitude of oscillation is longer in duration for the lower
densities within this category of electron densities.

Figure 2 shows the vertical bunch displacement with re-
spect to the initial beam size. for the same values of cloud
densities. These show that the extent of self excitation
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Figure 1: Motion of vertical bunch centroid for varying
cloud densities.

clearly grows with cloud density. In some cases, we also
see stages of damping induced by the electron clouds. The
oscillation clearly becomes more chaotic as the cloud den-
sity increases. It is expected that the horizontal motion is
more stable than the vertical given that the horizontal size
of the beam is larger by about a factor of 100.

Figures [3,4] show the spectrum of the centroid motion
of the bunches under varying cloud densities. In Fig 4, we
see that the betatron tune is gradually shifted with increas-
ing cloud densities. The synchrotron sidebands are clearly
noticeable, indicative of headtail motion. We clearly see
the first order sidebands, which are spaced from the beta-
tron peak by the value of the synchrotron frequency. These
represent the so called m = ±1 mode. Additionally, sec-
ond order sidebands, spaced by twice the synchrotron fre-
quency value from the betatron peaks are visible at higher
cloud densities. These are representative of the m = ±2
mode of the headtail interaction. We also see that the beta-
tron tune splits with one component remaining at the “un-
shifted” tune. This splitting has not been observed in exper-
iments, which is likely because the simulations currently
do not model the evolution of the electron density in the
vicinity of the beam accurately enough. We are currently
working toward a more realistic model to account for the
density evolution of the cloud during the bunch passage.
Figure 3 shows the spectrum of the horizontal motion. We
see the presence of synchrotron sidebands, although they
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Figure 2: Motion of horizontal bunch centroid for varying
cloud densities.

are weaker. The tune shift is not visible simply because it
is too small and the resolution of the spectra, resulting from
512 turns is not fine enough. It may be noted that while in
simulations we are able to isolate the horizontal and vertical
motion well enough, observed signals from BPMs always
contain a mixture of features of motion from both the trans-
verse planes. Nevertheless, these signals have revealed the
same essential features shown by simulations.

Figure 5a shows a summary of the heights of the left and
right sidebands along with the heights of the vertical beta-
tron peaks for different cloud densities. We see that a tran-
sition in the relative height of at least one of the sideband
peaks occurs at cloud densities of 3.5× 1011 and 4× 1011.
For cloud densities beyond these values, we see that both
the sideband heights remain relatively close to the betatron
peak heights. Figure 5b shows the position of the beta-
tron and both the sideband peaks in tune space. We see the
gradual shift in betatron tune. Additionally, we see that the
sideband peaks are consistently spaced away from the beta-
tron peak by the value of the synchrotron frequency. It has
been observed at KEK [5] that, due to coupling between
lower and higher order headtail modes, the sidebands be-
longing to the two orders would drift toward each other
and even combine into one. On the other hand, our sim-
ulation results are consistent with what has been observed
at CesrTA under the same conditions. It is likely that the
mode coupling described above would become observable

FTR02 Proceedings of ECLOUD10, Ithaca, New York, USA

Oral Session

204



-20

-18

-16

-14

-12

-10

-8

 0.5  0.6  0.7  0.8  0.9  1

log
(F

ou
rie

r a
mp

litu
de

)

fractional tune

vertical spectrum

qy +qs-qs

qx

-20

-18

-16

-14

-12

-10

-8

 0.5  0.6  0.7  0.8  0.9  1

log
(F

ou
rie

r a
mp

litu
de

)

fractional tune

vertical spectrum

qy +qs-qs

qx

-20

-18

-16

-14

-12

-10

-8

 0.5  0.6  0.7  0.8  0.9  1

log
(F

ou
rie

r a
mp

litu
de

)

fractional tune

vertical spectrum

qy +qs-qs

qx

-20

-18

-16

-14

-12

-10

-8

 0.5  0.6  0.7  0.8  0.9  1

log
(F

ou
rie

r a
mp

litu
de

)

fractional tune

vertical spectrum

qy +qs-qs

qx

Figure 3: Spectrum of vertical bunch motion for vary-
ing cloud densities. From top to bottom (a)6e10 (b)3e11
(c)6e11 (d)8e11 electrons per m3

at higher bunch currents and cloud densities. This is yet to
be confirmed as to what the conditions at CesrTA should
be to observe such a mode coupling.

CALCULATION OF EMITTANCE
GROWTH RATE

Figure [6] shows the horizontal emittance growth rate
of the bunches. We clearly see that the emittance growth
rate increases with increased cloud density. The horizon-
tal growth rate is very small. At such small values, one
might need to factor in a contribution to numerical noise.
Nevertheless, we clearly see that the growth rate increases
with increased cloud density. Figure [7] shows the vertical
emittance growth rate. The vertical emittance undergoes
a higher growth rate due to its smaller initial value. One
would expect a smaller contribution from numerical noise
in this case. In general, we need to perform simulations
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Figure 4: Spectrum of vertical bunch motion for vary-
ing cloud densities. From top to button (a)6e10 (b)3e11
(c)6e11 (d)8e11 electrons per m3

with varying computational parameters, such as grid spac-
ing, macro particles, and extent of the cloud to get a better
quantitative idea of a possible contribution from numerical
noise on emittance growth.

Despite the uncertainty in estimating the emittance
growth rate, we see a definite increase in this quantity in
correspondence with the height of the sidebands which is
consistent with observations from X-ray beam size moni-
tors (BSMs) at CesrTA. However, it must be noted that the
BSMs measure the beam size after the beam has reached
a quasi-equilibrium state, while in simulations we are, in
the first 500 turns still looking at a transient state, with
the emittance still growing linearly. In order to make a
closer comparison between experiments and simulations,
one needs to calculate the quasi equilibrium emittance.
This would require including the effect of radiation damp-
ing and quantum excitations and tracking the beam for
several damping times. The damping time of the CesrTA
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Figure 5: Plots showing relative heights of betatron and
sideband peaks (above) and relative position of the peaks
in tune space

2GeV configuration is about 21000 turns.

MOTION OF INDIVIDUAL PARTICLES

We have observed the motion of individual test particles
in order to study their confinement properties for varying
cloud densities and also how their oscillation frequency
varies with change in oscillation amplitude. Although it
would be difficult to determine these quantities experimen-
tally. probing into such details with the help of simulations
can provide a lot of insight into the underlying physical
processes and the mechanisms that drive the beams unsta-
ble in the presence of electron clouds.

In Figs 8 and 9, we show the transverse phase space tra-
jectory of particles of particles initially at x = 0.1 × σx,
y = 0.1×σy and z = 0.1×σz . The small initial offset en-
sures that coupling between the three degrees of freedom,
if present affects the dynamics of the particle motion. The
variation of the tune with oscillation amplitude for various
cloud densities can in principle be estimated with the help
of such single particle trajectories.

The horizontal motion, shown in Fig 8 indicates that mo-
tion in this plane is fairly regular and lies on the invariant
ellipse. On the other hand, in Fig 9 which shows motion
in the vertical plane, we clearly see that the particles stray
away from the ellipse as the electron density increases. We
plan to extend the analysis of single particle trajectories be-
yond just phase space traces. For example, one could do a
frequency spectrum analysis to look for evidence of linear
and nonlinear coupling between the respective degrees of
freedom, the oscillation frequencies of the so called radial
and angular modes for each degree of freedom and several
other details associated with single particle motion can also
be examined.

CONCLUSION

We have made a systematic study of the influence of
electron clouds on the dynamics of positron beams at Ces-
rTA. We have looked into the motion of the beam at dif-
ferent levels of resolution. This included the centroid mo-
tion, the emittance evolution and motion of individual par-
ticles within the beam. The spectrum of the centroid mo-
tion was studied carefully. The spectra of the centroid mo-
tion had prominent synchrotron sidebands off the betatron
tunes, indicating head-tail motion. The height of the side-
bands increased with increasing cloud density and this was
accompanied by the appearance of higher order sidebands,
especially in the spectra of the vertical motion. Work is
underway to examine the motion of individual slices and
how they differ according to position along the length of
the bunch.

A summary of synchrotron sideband heights for various
cloud densities revealed that there was transition in the side
band intensity at a density of about 3− 4× 1011. This has
been consistent with observation. It should be noted that in
experiments, there is a noise floor that buries the sideband
peaks at lower cloud densities, but these are still visible in
simulations, where the data has far less noise.

The beam emittance calculation clearly showed that the
rate of growth of the emittance grew with increased cloud
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Figure 6: Emittance growth rate for varying cloud densi-
ties and a summary of sidebands heights along with the
betatron peak heights
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density. The growth was always linear, ie, a transition to an
exponential growth rate was not seen under the given con-
ditions. The simulations were not performed long enough
to see see at what values the emittances saturated. It is
likely that the final emittance is determined by the influ-
ence of radiation damping and quantum excitations, cou-
pled with the electron effect. These additional features are
yet to be included in the simulations. It would be challeng-
ing to be able to be able observe transient effects in experi-
ments, although such a comparison would be very informa-
tive, especially with regard to estimating the contribution of
numerical noise in the simulations. If numerical noise is a
prominent factor, it will be sensitive to computational pa-
rameters such as grid size and number of macro particles.
The dependence on these parameters needs to be examined
more closely in future. Calculation of the single particle
motion showed that the horizontal motion was fairly regu-
lar over a range of cloud densities while the vertical motion
became increasingly chaotic with increased cloud density.

In conclusion, we state that CMAD has been able to re-
produce several features of the dynamics of positron beams
also observed in experiments. Study was performed for a
parameter set corresponding to one set of observations at
CesrTA. We need to extend this study to other conditions
at which observations have been made and will be made in
future. At the same time work needs to be done to include
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Figure 7: Emittance growth rate for varying cloud densi-
ties and a summary of sidebands heights along with the
betatron peak heights
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Figure 8: Single particle trajectory in horizontal phase
space
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Figure 9: Single particle trajectory in vertical phase space

more features in CMAD in order to get a closer quantitative
agreement with observations.
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