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Abstract

Measurements of electron cloud density using three de-
tector types are compared under the same beam conditions
at the same location in the Cornell Electron Storage Ring
(CESR). Two of the detectors sample the flux of cloud elec-
trons incident on the beam-pipe wall. The Retarding Field
Analyzer (RFA) records the time-averaged charge flux and
has a retarding grid that can be biased to select high energy
electrons. The Shielded Button Electrode (SBE) samples
the electron flux without a retarding grid, acquiring signals
with sub-nanosecond resolution. The third detector uses
resonant microwaves and measures the electron cloud den-
sity within the beam-pipe through the cloud-induced shift in
resonant frequency. The analysis will include comparison
of the output from POSINST and ECLOUD simulations of
electron cloud buildup. These time-sliced particle-in-cell
2D modeling codes — simulating photoelectron production,
secondary emission and cloud dynamics — have been ex-
panded to include the electron acceptance of the RFA and
SBE detectors in order to model the measured signals. The
measurements were made at the CESR storage ring, which
has been reconfigured as a test accelerator (CESRTA) pro-
viding electron or positron beams ranging in energy from
2 GeV to 5 GeV.

INTRODUCTION

The Cornell Electron Storage Ring (CESR) has a circum-
ference of 768 m and supports positron or electron beams
with energies from 2 GeV to 5 GeV. Bunch populations can
be as high as 1.6 x 10!! particles/bunch (10 mA/bunch) with
total beam populations of 3.8 x 10'? particles/beam.The
storage ring has been used as part of a test accelerator pro-
gram (CESRTA) that includes the measurement of electron
cloud (EC) density and mitigation techniques. A number of
devices have been installed for EC density measurements at
the locations shown in Fig. 1.

The subject of this paper is a comparison of the mea-
surements made with different devices at the same location.
Section 15E, shown in Fig. 2, includes a retarding field
analyzer (RFA), a shielded button electrode (SBE) and con-
nections for resonant microwave measurements. The RFA
and the SBE sample the flux of electrons onto the wall of
the beam-pipe, while resonant microwaves are sensitive to
the EC density within the beam-pipe volume.
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Figure 1: This sketch of the CESRTA storage ring shows the
location of electron cloud detectors, including the group at
15E used in this study.
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Figure 2: The 15E section of the CESR storage ring contains
an SBE, an RFA and a resonant section of beam-pipe.

RETARDING FIELD ANALYZER

Figure 3 shows the conceptual layout of the RFA [1].
Cloud electrons can enter the detector through an array of
small holes in the beam-pipe wall. Nine positively biased
collectors are arranged horizontally. The current is time
averaged to give a DC current measurement. There is a grid
between the holes and the collectors which can be negatively
biased to prevent lower energy electrons from impacting
the collectors. In a typical measurement, the currents are
measured as a function of the grid bias voltage in order to
gain information about the energy distribution of the cloud
electrons. A plot of such a measurement is given in Fig. 4
showing that most of the electrons are of relatively low en-
ergy, but there are some electrons at the central collectors
with energies above 200 eV.

SHIELDED BUTTON ELECTRODE

The SBE also has a pattern of holes that allow electrons to
enter the detector, shown in Fig. 5, but the collector provides
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Figure 3: An array of holes in the beam-pipe wall allows
cloud electrons to enter the detector. A retarding grid can
be biased to suppress electrons with energies below the bias
voltage. The array of collectors is arranged horizontally to
record the transverse dependence of the current.
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Figure 4: Data from the RFA shows the current versus trans-
verse position for values of the retarding voltage from -100
to 200V. The beam is a 45-bunch train of 5.3 GeV positrons
with 14 ns spacing at 1.25 mA/bunch. Collector 1 is toward
the outside of the ring.

Collector current density (nA/mm?)

time-resolved measurements [2, 3]. The collector is of the
same design as the buttons used in the beam position monitor
(BPM) system, except that it is located behind the array of
holes. The depth to diameter ratio of 3:1 (used for both the
SBE and the RFA) is effective in suppressing the direct beam
signal. The collector is biased at +50 V and the signal is
capacitively coupled to +20 dB of amplification and a digital
oscilloscope.

Figure 6 shows data from the SBE with two equally pop-
ulated bunches of 5.3 GeV positrons spaced at 28 ns. The
signal from the first bunch comes primarily from photo-
electrons since the 2562 ns revolution time of the storage
ring is long compared to the lifetime of the electron cloud.
The arrival of the second bunch produces a signal from the
photo-electrons, but also accelerates into the detector some
of the electron cloud produced by the first bunch.

SIMULATION CODES

Two simulation codes are used in the analysis of data taken
with these devices. Both are particle-in-cell time-sliced
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Figure 5: The SBE also has an array of holes that allow
electrons to enter the detector. There is no retarding grid
and the collector is biased at +50 V.
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Figure 6: Data from the SBE with two bunches of 5.3 GeV

positrons at 3 mA/bunch (4.8 x 10'° ¢*/bunch) spaced by
28 ns.
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codes that model the buildup of the electron cloud. The
models include the simulation of photo-electron generation,
the effect of electrostatic fields by the beam and the cloud, as
well as detailed modeling of the interaction of the electrons
with the vacuum surface.

The POSINST simulation code [4] was developed at
Lawrence Berkeley National Laboratory (LBNL) and the
Stanford Linear Accelerator (SLAC) beginning in the 1990s.
It has been used in understanding EC effects in PEP-II at
SLAC, the Large Hadron Collider (LHC) at CERN and the
Advanced Photon Source at Argonne National Laboratory as
well as in the design of the damping ring for the International
Linear Collider (ILC) [5-7]. The parameters of POSINST
are used in fitting the EC buildup model to the data measured
with the RFA [8]. This requires that the detector response is
included in the model.

The ECLOUD code [9] was developed at CERN in the
1990s for simulating EC buildup at the CERN LHC, SPS,
and PS. It has also been used at CESRTA [3, 10] and in
the design of the ILC damping ring [7]. The parameters of
ECLOUD are used in fitting the EC buildup model to the
data measured with the SBE. A model of the SBE detector
response is included when matching the modeled signal to
the data.
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Both simulation codes require as input the synchrotron
radiation photon rate and absorption site distribution on the
vacuum chamber wall. We have used the simulation code
SYNRAD [11] to calculate photon rates based on the CESR
lattice and ring geometry. In addition, we used the SYN-
RAD?3D [12] code to obtain the photo-electron production
site distribution, since it includes photon tracking, absorp-
tion, and scattering on the beam-pipe wall, both diffuse and
specular, based on beam-pipe geometry and surface rough-
ness parameters.

An important difference between the ECLOUD and
POSINST codes is in the algorithm for generating secondary
electrons. In ECLOUD, each macroparticle-wall collision
produces a single secondary macroparticle, whose charge is
scaled by the secondary yield. In POSINST, each collision
can generate up to nine secondary macroparticles (depend-
ing on the secondary yield), each with its own energy and
emission angle. Another difference between the codes is that
ECLOUD provides for different quantum efficiency values
for scattered and unscattered photons.

RESONANT MICROWAVES

An alternate technique for measuring EC density is the
use of resonant microwaves [13—15]. When microwaves
are coupled into the beam-pipe the response will often be
resonant, especially near the cutoff frequency of the beam-
pipe. At 15E, reflections produced by the longitudinal slots
at two ion pumps generate standing waves between them.
Microwaves are coupled into and out of the beam-pipe using
the buttons of a BPM between these pumps. The resonant
response is shown in Fig. 7. An EC density within the beam-
pipe will shift the resonant frequencies slightly, as given by
Eq. 1.
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With a short train of bunches in the storage ring, this
shift will be periodic. With a fixed drive frequency near
resonance, the periodic shift in resonant frequency will pro-
duce phase modulation sidebands at the revolution frequency
above and below the drive frequency. A sketch of the mea-
surement setup is shown in Fig. 8. In the case of 15E, five of
the numbered resonances of Fig. 7 are excited and the phase
modulation sidebands are measured for each resonance.

MEASURING EC DENSITY

Each of these techniques has challenges in obtaining an
absolute EC density from the measured data. The signals
from the RFA and SBE do not have a simple relation to the
EC density, so modeling is necessary to infer the density
from the measurements.

There are many physical parameters in the ECLOUD and
POSINST simulations that are used for the SBE and RFA
respectively. These include the photon distribution, quantum
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Figure 7: At 15E, reflections from the longitudinal slots at
two ion pumps generate a resonant response when the beam-
pipe is driven with microwaves at the BPM between them.
The five labelled resonances are used in the measurement of
EC density.
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Figure 8: This sketch shows the configuration of instruments
used in making resonant microwave measurements.

VBFZ-2000
Bandpass Filter
1730 — 2270MHz

efficiency, secondary yield as a function of energy, and the
angular and energy distributions of the emitted electrons.
Changes in each parameter affect the simulated signal in
ways that have considerable overlap, so that it can be difficult
to optimize individual parameters. As shown in the Fig. 9
and Fig. 10, the optimized model provides an approximate
agreement with the measurement. As a result, fitting the
simulation parameters to the data is not straightforward.
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Figure 9: The POSINST simulation output is plotted along
with the measured collector currents versus retarding voltage
on the RFA. The 8 mA simulation matches the scale of the
data, but not the energy distribution.

The microwave measurement of EC density has its own
challenges. As described in Ref. [13], a number of steps are
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Figure 10: This detail of the ECLOUD simulation output is
plotted along with the measured signal from the SBE. The
fit to the measured data looks reasonable at 8 mA/bunch, but
at lower bunch currents the simulated signal is larger than
the data.

needed to relate an EC density to the measured sideband am-
plitudes: the EC induced frequency shift becomes a phase
shift, but a convolution with the damping time of the res-
onance is needed; the Fourier components of the resulting
phase modulation are calculated with their corresponding
modulation sideband amplitudes. In addition to the mea-
sured sideband amplitudes, additional measurements or esti-
mates need to be made in order to carry out the calculations:
the Q of the resonances, the EC density versus time, and the
EC density versus position within the resonant section of
beam-pipe [16].

The EC density can vary considerably over the length
of the resonant section. While the RFA and the SBE mea-
surements are localized to within a few centimeters of those
detectors, the microwave measurement is an average over its
length, weighted by E2. An estimate for the change in EC
density versus position is needed to relate the measurements
at the three detectors.

We use the approximation that the EC density will be
proportional to the synchrotron radiation photon rate. This
ignores the effects of magnetic fields and the possible satu-
ration of the cloud at high photon rates. Figure 11 shows the
relative photon rates predicted by SYNRAD for positrons
and electrons. The photon rates are normalized to the rate
at the longitudinal center of the resonance. Since the RFA
and SBE are localized measurements, their values can be
scaled by their relative photon rates for comparison. The
microwave resonant region and its center are shown at the
bottom of the plot, along with the positions of the RFA, SBE
and the longitudinal center of the resonance.

This EC density approximation can be used to calculate a
correction to the microwave measurements in order to obtain
the EC density at the center of the resonant section. If the
EC density is either constant or changing linearly along the
resonant length, Eq. 1 is unchanged. If the change in EC
density is not linear with longitudinal position, a correction
is needed. For the 15E resonances, this correction is only a
few percent. Once the value at the center of the resonance
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has been obtained, it can be scaled to find the EC density
values at the RFA and SBE.
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Figure 11: The relative photon rates from positron and elec-
tron beams are shown normalized to the rate at the center of
the microwave resonance at 15E.

COMPARISON

For this comparison, data was taken in the 15E aluminum
chamber with a 20-bunch train of positrons at 5.3 GeV having
bunch currents of 2, 4, 6 and 8 mA (total currents from 40
to 160 mA). At each current step, data was taken with the
three detectors.

Using the approximation that the EC density is propor-
tional to the photon rate, the measurements are scaled to the
position of the SBE. For the microwave measurements, the
EC density versus time from the ECLOUD simulation is
used to calculate the Fourier spectrum.

The EC density versus time for both simulations at
8 mA/bunch is shown in Fig. 12. The growth and decay rates
are similar, although the peak EC density from ECLOUD
is lower by about 40%. In Fig. 13 the peak EC densities
at four currents are plotted for the simulations and for the
microwave measurements. The density derived from the
ECLOUD simulation is lower than the POSINST and mi-
crowave values by about 40% over this current range. The
densities given by microwave measurements vary depending
upon the resonance used over a range that is also about 40%.

FUTURE WORK

Verification of the models in both the POSINST and
ECLOUD simulations should continue over a wide range
of beam energies, bunch populations, magnetic fields and
vacuum chamber surfaces. This will ensure that results are
applicable to a variety of accelerators and provide robust
predictions. Work on resonant microwaves should include
improvements in the measurement of Q, the microwave E?
electric field distribution and the compensation for changes
in EC density with position.
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Figure 12: The EC density versus time from POSINST and
ECLOUD at 8 mA/bunch are plotted with both scaled to the
location of the SBE.
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