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Abstract

Electron clouds can adversely affect the performance of
accelerators, and are of particular concern for the design
of future low emittance damping rings. Studies of the im-
pact of electron clouds on the dynamics of bunch trains
in Cesr have been a major focus of the Cesr Test Accel-
erator (CesrTA) program. In this paper, we report mea-
surements of coherent tune shifts, emittance growth, and
coherent instabilities carried out using a variety of bunch
currents, train configurations, beam energies and transverse
emittances, similar to the design values for the ILC damp-
ing rings. The measurements will be compared with simu-
lations which model the effects of electron clouds on beam
dynamics, to extract simulation model parameters and to
quantify the validity of the simulation codes.

INTRODUCTION

In this paper, we will describe some of the recent ex-
perimental measurements [1, 2] performed at CesrTA [3],
and the supporting simulations, which probe the interaction
of the electron cloud with the stored beam. These experi-
ments have been done over a wide range of beam energies,
emittances, bunch currents, and fill patterns, to gather suffi-
cient information to be able to fully characterize the beam-
electron-cloud interaction and validate the simulation pro-
grams. The beam conditions are chosen to be as close as
possible to those of the ILC damping rings, so that the
validated simulation programs can be used to predict the
performance of these rings with regard to electron-cloud-
related phenomena.

EXPERIMENTAL HARDWARE AND
TECHNIQUES
The principal experimental methods [4, 5, 6] used to

study the dynamics of the beam in the presence of the elec-
tron cloud are:

e bunch-by-bunch tune measurements using one or
more gated BPM’s, in which a whole train of bunches
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is coherently excited, or in which individual bunches
are excited;

e bunch-by-bunch frequency spectral measurements of
self-excited bunch trains, using a high-sensitivity, fil-
tered and gated BPM, and a spectrum analyzer;

e damping time measurements of individual bunches in
trains excited in dipole and head-tail modes, using a
high-sensitivity, filtered and gated BPM, a spectrum
analyzer, a transverse kicker and an RF-cavity phase
modulator; and

e bunch-by-bunch, turn-by-turn beam size measure-
ments of self-excited bunch trains, using an x-ray
beam size monitor [6].

COHERENT TUNE MEASUREMENTS

A large variety of coherent tune shift data have been
taken, covering a wide range of beam and machine con-
ditions. The contribution to the bunch-by-bunch tune shifts
from drift and dipole beamline elements have been com-
puted from the electric field gradients of the charge distri-
butions predicted by the electron cloud simulation codes.
The ringwide average tune shifts were then calculated by
taking a beta-weighted average of the tune shifts per beam-
line element, and compared with measurements.

Quite good agreement [7, 8, 9, 10] has been found be-
tween the measurements and the computed tune shifts,
using either of the buildup codes POSINST [11] or
ECLOUD [12]. This agreement, which is found for the
same set of simulation parameters applied across a wide
variety of machine conditions, both constrains many of the
model parameters and gives confidence that the models do
in fact predict accurately the average density of the electron
cloud measured in CesrTA.

To help characterize the photoelectrons which seed the
cloud in CesrTA, and to allow accurate extrapolation to
other radiation environments, a new simulation program,
SYNRAD?3D [13], has been developed, which predicts the
distribution and energy of absorbed synchrotron radiation
photons around the ring, including specular and diffuse
scattering in three dimensions, for a realistic vacuum cham-
ber geometry. The output from this program can be used as
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input to the cloud buildup codes, thereby eliminating the
need for any ad-hoc assumptions in these codes about the
photon distributions. Tune shifts computed from buildup
simulations with input from SYNRAD3D agree well with
measurements (see Fig. 1).
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Figure 1: Measured tune shifts (black points) vs. bunch

number, for a train of 10 0.75 mA/bunch 5.3 GeV positron
bunches with 14 ns spacing, followed by witness bunches.
Red points are computed (using POSINST) based on di-
rect radiation and an ad-hoc assumption about the scat-
tered photons. Blue points are computed using results from
SYNRAD3D as input to POSINST.

INSTABILITY THRESHOLD
MEASUREMENTS

Using a high-sensitivity, filtered and gated BPM, and a
spectrum analyzer, bunch-by-bunch frequency spectra have
been collected for a variety of machine and beam condi-
tions, to detect signals of single-bunch instabilities which
develop along trains of positron bunches. Under conditions
in which the beam is self-excited via the electron cloud,
these frequency spectra exhibit the vertical m = =+1 head-
tail (HT) lines, separated from the vertical betatron line by
approximately the synchrotron frequency, for many of the
bunches along the train. The amplitude of these lines typi-
cally (but not always) grows along the train. Two examples
of how the power in these lines varies along the train are
shown in Fig. 2.
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Figure 2: Vertical head tail lines, peak power vs. bunch
number. Top: Data set 166: 2.1 GeV. Chromaticity: (H,V)
= (1.33, 1.16). Bunch current = 0.74 mA. Bottom: Data
set 265: 4 GeV. Chromaticity: (H,V) = (1.3, 1.4). Bunch
current = 1.1 mA.

By measuring the coherent tune shifts along the train at
the same time, the electron cloud density can be determined
directly from the tune shifts using the approximate relation

AQ. +AQ
(pe) T Yo L,

in which (8) is the average beta function, C is the ring
circumference, v is the beam Lorentz factor, and . is the
classical electron radius. Alternatively, the corresponding
density can be obtained from a simulation which is adjusted
to predict the measured tune shifts. An example for the
conditions of data set 166 is shown in Fig. 3.

By comparing this figure with the top plot in Fig. 2, we
can conclude that the onset of the HT lines occurs at a ring-
wide initial (i.e., before the “pinch”) beam-averaged cloud
density of around 8 x 10'* m~3 for 2.1 GeV beam energy.
Using this same method, the corresponding threshold den-
sity at 4 GeV was determined to be about 2 x 10*2 m~3.

Other observations from systematic studies are:

e The betatron lines exhibit structure which varies along
the train. The vertical line power grows along the train
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Beam averaged cloud density vs. bunch number
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Figure 3: Data set 166: Average initial (i.e., before the
“pinch”) electron cloud density vs. bunch number, com-
parison between estimate from measured tune shifts (red),
and simulation (black) from POSINST.

and has a fine structure that is not understood.

e The onset of the HT lines depends strongly on the ver-
tical chromaticity, the beam current and the number of
bunches

e For a 45 bunch train, the HT lines have a maximum
power around bunch 30; the line power is reduced for
later bunches.

o There is a weak dependence of the onset of the HT
lines on the synchrotron tune, the single-bunch verti-
cal emittance, and the vertical feedback.

e Under identical conditions, HT lines also appear in
electron trains, but the onset is later in the train, de-
velops more slowly, and is much weaker, than for
positrons.

e Under some conditions, the first bunch in the train also
exhibits a head-tail line (m = —1 only). The presence
of a “precursor” bunch can eliminate the m = —1 sig-
nal in the first bunch. The implication is that there may
be a significant “trapped” cloud density near the beam
which lasts long after the bunch train has ended, and
which is dispersed by the precursor bunch. Indications
from RFA measurements and simulations indicate this
“trapped” cloud may be in the quadrupoles [15] and
wigglers [14].

e The HT line structure observed for the last bunch in
a 30 bunch train varies strongly as a function of the
current in that bunch. But the frequency of the ver-
tical betatron line of this bunch is only very weakly
dependent on the current in the bunch.

MODE GROWTH RATE
MEASUREMENTS

To measure the damping or anti-damping effects at-
tributable to the electron cloud, we have made measure-
ments in which we actively excite a single bunch in a train,
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and measure the rate at which the bunch damps after the ex-
citation is turned off. These bunch-by-bunch damping rate
measurements can be made for the m = 0 (dipole mode)
of motion, and for the m = +£1 (head tail modes).

To date, measurements of bunch-by-bunch damping
rates have only been made for two sets of conditions. Gen-
erally, the damping rate for motion of bunches in the train
lessens as the electron cloud builds up. The vertical dipole
and head-tail modes become unstable at approximately the
same bunch within the train, although the data is sugges-
tive of the head-tail modes becoming unstable at a slightly
earlier bunch than when the dipole mode destabilizes. An
example is shown in Fig. 4.
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Figure 4: Vertical damping rate vs. the bunch number of
a 30-bunch-long train of positrons at 2.1 GeV. Chromatic-
ity: (H, V) =(0.58, 2.13) and the vertical feedback setting
is 20% of full scale. Top: m = 0 mode. Bunch cur-
rent = 0.72 mA; estimated single bunch damping rate of
200 s~!. Bottom: m = —1 head-tail mode. Bunch cur-
rent = 0.75 mA; estimated single bunch damping rate of
110s 1.

MEASUREMENTS OF EMITTANCE
GROWTH ALONG BUNCH TRAINS

Using an x-ray monitor [6], bunch-by-bunch beam po-
sition and size measurements have been made on a turn-
by-turn basis for positron beams. From the beam size mea-
surements, the evolution of the beam emittance along trains
of bunches has been measured.
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Beam centroid motion and vertical emittance are ob-
served to grow along the train. The growth pattern is a
strong function of the bunch current (see Fig. 5). Often, the
first bunch in the train has an anomalously large size, which
correlates with of the observation of a vertical head-tail line
in the spectrum of this bunch, as discussed above.
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Figure 5: Bunch-by-bunch beam size and rms motion at 14
ns spacing and 2.1 GeV. Top: bunch current 0.5 mA/bunch
(128 turns). Center: bunch current 1 mA/bunch (4096
turns). Bottom: Bunch current 1.3 mA/bunch (4096 turns).

In Fig. 6, the bunch-by-bunch beam size and rms motion
are shown for a measurement with a 14 ns train, at 4 GeV,
with 1.1 mA/bunch. The conditions for this measurement
are exactly the same as those for the bunch-by-bunch fre-
quency measurement whose head-tail line growth is shown
in the bottom plot of Fig. 2. The m = 1 vertical head-tail
line starts growing at bunch 18 and peaks around bunch 22.
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Comparing with Fig. 6, the vertical emittance growth starts
at bunch 17 and reaches a plateau around bunch 22. Thus
the onset and development along the train of the verti-
cal head-tail line is very similar to the onset and develop-
ment along the train of vertical emittance growth. This is
what one would expect if the vertical emittance growth was
driven by coherent head-tail motion.
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Figure 6: Bunch-by-bunch beam size and rms motion at
14 ns, 4 GeV, with 1.1 mA/bunch.

Other key observations are:

e The threshold for beam size growth along the train
is not very sensitive to the chromaticity or the bunch
spacing, although the maximum beam size along the
train is larger for a smaller chromaticity. This depen-
dence on the chromaticity is in contrast to the behav-
ior of the head-tail lines, which are quite sensitive to
chromaticity.

e Beam size growth along the train is also not very sen-
sitive to the initial beam size or the feedback gain.

COMPARISONS WITH ANALYTIC
ESTIMATES AND SIMULATIONS

The analytic theory discussed in [17] was used to es-
timate the head-tail instability threshold in the coasting
beam approximation. At 2.1 GeV, the analytical estimate
of the threshold density is 1.3 x 10'2 m™—2, about 60%
higher than the measured threshold of 8 x 10*! m=3. At
4 GeV, the analytical estimate of the threshold density is
2.65 x 1012 m—3, about 30% higher than the measured
threshold of 2 x 10?2 m—3,

Numerical simulations using PEHTS [16] have been
done to refine the estimates of the threshold density at both
2 and 5 GeV. These simulations [17] show both vertical
emittance growth, and the presence of head-tail lines in the
beam’s dipole motion spectrum, above the threshold den-
sity. The simulations show that dipole feedback is not able
to suppress the emittance growth. The effects of disper-
sion, and a realistic lattice with 83 beam-cloud interaction
points, were also studied. The threshold densities found for
the realistic lattice (about 1.2 x 10'2 m~3, see Fig. 7, top)
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were about 50% higher than the analytical estimates (for
the same beam parameters).

Numerical simulations using CMAD [18] were also
done for 2 GeV beam energy. These simulations use a re-
alistic lattice, with beam-cloud interaction points at every
lattice element. As with PEHTS, they show both vertical
emittance growth, and the presence of head-tail lines in the
beam’s dipole motion spectrum. For the same cloud density
above the head-tail threshold, CMAD and PEHTS predict
the same level of vertical emittance growth after 500 turns,
within a factor of 2 (see Fig. 7).
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Figure 7: Evolution of the beam size at 2 GeV, using realis-
tic lattices. Top: PEHTS simulation [17]. Bottom: CMAD
simulation

For the realistic lattice, PEHTS was also used to estimate
incoherent emittance growth below the head-tail threshold.
At an electron-cloud density of 0.8 x 102 m~2 in the 2
GeV case, the beam size growth rate is about 7.4 x 106
oy /turn. While this is less than the radiation damping rate
of 4.6 x 10_50y /turn, it could still result in some modest
(~ 20%) growth in the equilibrium vertical emittance. Ex-
perimental studies to look for such emittance growth are
planned for the future.
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