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Abstract

We have developed a time domain transverse feedback system
with the high bandwidth needed to control transverse instabili-
tieswhenthe CESR et e~ collider isfilled withtrainsof closely
spaced bunches. Thissystem is based on paralld digita proces-
sors and a stripline driver. It is capable of acting on arbitrary
patterns of bunches having a minimum spacing of 14 ns. Sev-
eral simplifyingfeatures have been introduced. A singleshorted
stripline kicker driven by one power amplifier is used to con-
trol both counter-rotating beams. The desired feedback phase
is achieved by sampling the bunch position at a single location
on two independently sel ectable beam revolutions. The system
adaptsto changes in the betatron tune, bunch pattern, or desired
damping rate through theloading of new parametersintothedig-
ital processorsviathe CESR control system. The feedback sys-
tem also functions as a fast gated bunch current monitor. Both
vertical and horizontal 1oops are now used in CESR operation.
The measured betatron damping rates with the transverse feed-
back system in operation are in agreement with the analytical
prediction and a computer simulation developed in connection
with thiswork.

I. INTRODUCTION

The Cornell Electron Storage Ring (CESR) is being up-
graded to allow collisionsof short trains of electron and positron
bunches [1]. CESR is now operating with nine trains of two
bunches each. We plan to operate with nine trains of as many
as five bunches in the near future. A transverse coupled bunch
instability [2] in CESR requiresthe use of active feedback. Be-
forethe present work, atime-domain horizontal feedback system
based on acoaxial cabledeay lineand ferrite kicker magnet was
used to stabilizethe beam [3]. The use of bunch trainsrequiresa
redesigned transverse feedback system with higher bandwidth.

We chose to build a time domain feedback system because
of the large number of coupled bunch modes that need to be
damped. The minimum bunch spacing compatiblewith efficient
injectionfixesitssamplingrateat 71.4 MHz. Wefurther required
that the feedback system accomodate adynamic beam motion of
+3 mm and arbitrary changes in tune, produce an error signal
normalized to beam current, and provideadamping rate of 1000
s™L

Transverse feedback damping operates by sensing the beam
position and applying a defl ection to the beam proportiond toits
sensed position after its betatron phase has advanced by = /2 +
nm. Because of signal processing delays the deflection cannot
be applied to the beam on the same turn asthe positionis sensed.
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Theerror signal must bedelayed by at |east oneturn. The2.56 us
revolution period of CESR impliesade ay-bandwidth product of
approximately 500 for the error signal. It isdifficult to achieve
this product by purely analog means, so we chose to delay the
error signal digitally, and toimplement the current normalization
and other signal processing functionsdigitally as well.

I1. SIGNAL PROCESSING

Figure 1 shows ablock diagram of one digital feedback loop.
The beam position signal is derived from the button electrodes
used by the CESR orbit measurement system. The signalsfrom
opposite pairs of eectrodes are summed in hybrid combiners.
Theremainder of thesignal processing isdoneoutsidethe CESR
tunnel for access to the el ectronics during storage ring operation.
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Figure 1. Block diagram of one digital feedback loop.

The receiver for the beam signal consists of a GaAs SPDT
switch that serves as a fast gate, a diode rectifier which traps
the signal as a charge on a capacitor, and an FET switch which
discharges the capacitor before the next time the GaAs switch
closes. Five paradle channels are are needed (a sixth isleft un-
used) because of the limited sampling rate of a commercially
available 10 bit ADC.

The remainder of the signal processing occursin five parallel
channels. The sum and difference of the receiver signals from
opposite pairs of electrodes are formed by a pair of operationa
amplifiers. These contain information about the bunch current
and the product of the bunch current and beam displacement, re-
spectively. These sum and difference signals are then digitized
by apair of 10 bit ADCs.

The position of the beam is reconstructed from the digitized
sum and difference signals. The eight most significant bits of
the sum word and the 10 bits of the difference word form an 18
bit address for a lookup table that stores a 12 bit beam position
word. Thecontentsof thelookup table can betailoredto produce



adamping rate that is any desired function of bunch current. It
can aso be used to compensate the position nonlinearity of the
button el ectrodes, although we have not made use of thisfeature.

We delay the position word by an integer number of turnsin
FIFO memory and subtract it from the current position. The re-
sulting number is the 10 bit error word, which isinsensitive to
static displacements and has a partially suppressed response to
low frequency motions such as synchrotron oscillations. An-
other FIFO memory is used to delay the error word by an inte-
ger number of turnsbeforeit isused to deflect the beam, withthe
number of turnschosen to providethecorrect 7/2 + n betatron
phase advance. Both of these delays are established in software
and can be easily modified to accomodate changesin the storage
ring optics, tunes, or feedback hardware location. A 10 bit DAC
common to al five channels convertsthe error wordto avoltage.

Thedigita signal processor isconstructed of cards which plug
into a VME backplane. Four feedback 10ops are needed for the
horizontal and vertical stabilization of the electron and positron
beams. For each of these loops a motherboard is used to pro-
vide the internal timing signals and data paths. Each mother-
board hol dsfive daughterboards, each of which performsthesig-
nal processing functions described above. Each daughterboard
in turn holds a board which contains the analog sum and differ-
ence circuits and the associated pair of ADCs. Figure 2 shows
a photograph of the feedback motherboard assembly containing
the five daughterboards and ADC boards. A microprocessor in
the VME crate runs the program which is used to enable or dis-
ablechannels, load thelookuptables, and initiaizethe system so
that it startsin awell-defined state. This program also calculates
the current in each bunch by scaling and averaging the datafrom
the 10 bit sum word. This current measurement is used in the
CESR control room display and the automated injection proce-
dure. An Xbusto VME interfaceis used for communication be-
tween the control system and the feedback microprocessor. Ex-
ternal signalsfromthe CESR ultrafast timing system are used by
the feedback processor to generate its own internal timing.

I11. RF ELECTRONICS

To drive the stripline kicker, we require a wideband RF am-
plifier with aflat phase response, the ability to drive a shorted
linestably, and tolerance for some beam induced power reaching
its output. After a survey of commercialy available amplifiers,
we chose a 200 W amplifier witha 0.25 to 150 MHz band'. Be-
cause thelowest transverse mode frequenciesfall below thisam-
plifier’srange, we upconvert the DAC output in a modulator. A
trigger supplied by the digital feedback motherboard generatesa
14 nslong bipolar pulsewithinthe modulator. Thisbipolar pulse
isthen multipliedby the DAC output in adoublebalanced mixer.
The modulator outputisused to drivethe power amplifier. There
issomeringinginthe mixer, so animproved modul ator based on
afast four quadrant multiplier has been designed. A prototype
of thismodul ator does not display thisringing and hasimproved
frequency response.

A 180° 3 dB hybrid? located at the stripline kicker splitsthe
amplifier output into a differentia drive for the kicker. The hy-
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Figure 2. Feedback motherboard with five digital processor
daughterboards. Each daughterboard holdsan ADC board at its
eft.

bridis protected from the beam induced power fromthe stripline
by matched |ow-passfilters. To avoid high frequency resonances
in the striplines, thefilters need to be purely resistive. They are
implemented as water-cool ed ferrite-loaded coaxia lines.

V. STRIPLINE KICKERS

We use stripline kickers because of their high bandwidth.
Each kicker containstwo el ectrodeswhich act as50 2 transmis-
sionlines. Each electrode isshorted at one end, which spoilsthe
directionality of the kicker, and alowsthe use of asinglekicker
driven by asingle RF amplifier for bothe* and e~ beams. The
transverse deflection, voltage induced by the beam at the kicker
terminal's, and the beam impedance of the shorted kicker are the
same as those of akicker with striplinesterminated in their own
characteristic impedance [4].

The stripline el ectrodes are formed from OFHC copper shest,
and have alip on each sideto improvefield uniformity and me-
chanical rigidity. Two flat copper ground electrodes are placed
in the midplane between the striplinee ectrodes. These have the
effect of conducting asubstantia fraction of thebeam image cur-
rent, which reduces the longitudinal coupling of the kickers to
the beam, and hence their beam impedance, whileleaving thein-
tended transverse coupling unaffected. The striplineand ground
plane eectrodes are cooled by water flowing in 5/16 in. O.D.
copper tubing welded along their length.

The stripline electrodes and ground plane el ectrodes are as-
sembled on one of the endplates of the kicker vacuum chamber.
Thisendplate a so contains the cooling water tubes and onetype
HN RF vacuum feedthrough for each stripline electrode. Ce-
ramic spacers maintain a vacuum gap between the end of the
stripline electrode and an extension of the beam pipe into the
kicker chamber. Thisgap is designed to produce a 10 pF shunt



capacitance to prevent arcing in the RF feedthroughs and exter-
nal RF componentswhen CESR is operated with high bunch cur-
rents. This shunt capacitance is the limitation on the bandwidth
of the kicker.

At the other end of the kicker the stripline and ground plane
electrodes are welded into a square frame which is surrounded
by berylliumcopper springfinger contacts. Duringassembly this
frame dlides into a square ground contact on the other chamber
end flange. The assembly processisshowninFig. 3.

Figure 3. Stripline kicker during assembly. The RF
feedthroughs are on the lower endplate in this photograph.

The aperture between the el ectrodesislarger thanthethewide
axisof CESR beampipe sothat synchrotronradiationdoesnot in-
tercept the electrodes. Stainless steel transitionsfrom the square
opening of the kicker chamber to the approximately eliptical
beampi pe are provided with water-cool ed copper absorberstoin-
tercept thesynchrotronradiation at agrazingangle. The stainless
steel vacuum chamber hasits own ion pump.

V. OPERATION

All four loops (et and e~, vertical and horizontal) of the
digital transverse feedback system have been in operation since
November, 1994. It isroutingly used to stabilize bunch trains
in high energy physics operation. Both the digital current nor-
malization and digital phase adjustment have proven successful.
In open-loop tests the shorted striplinekickers produced the cal -
culated deflection for both et and e~ beams, and the measured
damping rate agrees with the calculated rate. Figure 4 shows a
control room display of the amplitude of the f, — f;, (182 kHz)
horizontal coupled bunch mode as a function of time. The hori-
zontal feedback has been momentarily gated off, then on again,
restoring rapid damping of theinstability.

Table 1 summarizes the digital feedback parameters.
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Table 1: Feedback parameters in current operation

L Striplineelectrode length 116 cm
w Striplineelectrode width 175cm
b Striplineelectrode gap 12.0cm
Ze Striplineimpedance 50
k StriplineHOM loss factor 0.018 V/pC
Vieak Max. amplifier voltage 143V
p Beam momentum 5.3GeV/e
BBy Betafunction at kicker 25.6,18.2m
ZmazYmae | DYN. rangeref. to pickup 5,5mm
Qg 0ty Measured damping rate | 2.4,0.58 ms™!
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