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Abstract

A "compensated correlator filter", described by
Kramer, et al.[l) ha* been used for measurement and
damping of betatron oscillations in the NSLS booster.
The filter consists of a zero-degree power splitter, a
180-degree splitter, a length of 7/8" air dielectric
coaxial cable, and a short length of RG-58 cable.
Connected to a bean position monitor, the output of
the filter is proportional to the difference in
transverse position of each bunch on subsequent turns.
The useful bandwidth of the filter for damping rigid
bunch oscillations extends fron 10 MHz to 250 MHz, In
contrast with the gigahertz bandwidth requirements for
stochastic cooling, for which the filter was
originally proposed. Attenuation of all rotstion
harmonics In this bandwidth is 40-60 dB.

Introduction

The correlator filter, depicted schematically in
figure 1, has been proposed as an alternative to a
stub filter for stochastic cooling [1,2,3]. A signal
V(t) entering the 0-degree splitter is fed to two
transmission lines whose propagation delay times
differ by an amount T. The signal and its delayed
duplicate are then subtracted using a 180-degree
combiner. Ideally, the output is proportional to
V(t)-V(t-T). If T is adjusted to be the rotation
period of a particle beam in a synchrotron and V(t) is
a signal from a beam position monitor, the correlator
filter should give no output for signals which repeat
with period T. Thus a correlator filter can be used
to reject any signals except those fron off-energy
particles or from transversely oscillating particles.
This Is essential to prevent overloading of an active
damping system by signals from bean motions which
require no correction. This filter was originally
proposed for use in stochastic cooling dampers, for
which response in the gigahertz range Is relevant.
This paper reports the application of a correlator
filter to monitoring and damping of horizontal
betatron oscillations of a bunched bean in the NSLS
booster synchrotron[4]. For this purpose, signal
bandwidth to 300 megahertz is more than adequate.
Optimization of filter performance is easily done
based on frequency- doaaln bench measurements. The
perforoar.ee of the optimized filter is sufficiently
close to Ideal that one can describe It* action on a
bean position signal in the tine domain: if the input
is a train of pulses proportional to the position of
each bean bunch, the output is proportional to the
difference In position of each bunch on subsequent
turns; this output can be amplified and used to kick
Che beam. Damping results for the correct phase
advance between monitor and kicker, which can be
calculated simply ueing the transport matrix
formulation of betatron damping following Khelfets[5].

Bench Measurements and Performncs

The correlator flltei built for the NSLS booster
consists of a 105 nanosecond length of KG-318

^ cable(Andrew HJ5-5O), a 10 nanobecond length of RG-58
t cable, an Anzac T-1000 splitter and an Anzac H--81-4
180-degree ;oabitier. The attenuations and delays of
'these components were coapaired In the frequency range
VO-200 MHz using a Hewlett-Packard 3577A network
\
tesearch supported by the U.S. Department of Energy.

analyzer. Figure 2 shows the output of one side of
the T-1000 splitter, normalized to the output of the
opposite side. The upper trace shows amplitude and
the lower trace shows phase. We see that one output
matches the other to within 0.01 dB and 0.1 degree at
0 MHz, and differ* by -0.02 dB and -0.3 degree at 200
MHZ. If all other component* were perfect, the
notches would be at least 53 dB deep. Figure 2
shows the sane measurements for the H-81-4. The
amplitude imbalance ranges fron - 0.25 dB at 10 Mz to
-0.17 dB at 200 MHz. The phase changes from + 2.0
degrees to - 0.5 degrees in the sane ran»e. The phase
error is acceptable, but the amplitude error would
limit notch depth to 33 dB if not corrected. Figure 3
shows the amplitude (upper trace) and phase of the
RG-58 r-able relative to that of the RC-318 cable.
The difference in lengths measured with the
network analyzer was 95.53 nanoseconds, 0.01
nanosecond shorter than the booster rotation
period. The length of the RO-58 cable was adjusted
to 10 nanoseconds so that its attenuation
combined with the slight imbalance of the T-100C would
match the H-81-4 to within about 0.04 dB and give
48 dB notches. The irregularities In attenuation
ratio are caused by several connectors and adaptors in
the RG-58 cable. The performance • of the complete
filter is shown in figures 5 and 6. The spikes in
figure 5 are the rotation harmonics of the booster
beam received from a "sugar scoop" capacitlve pickup
electrode. The spikes in figure 6 are the same signal
passed through the filter. The variations in no'ch
depth are in correspondence with the
irregularities of figure 4. In particular, the
especially good rejection of rotation harmonics at 95
MHz and 148 MHz are caused by the extra attenuation in
the RG-58 cable at these frequencies, which match more
accurately the asymmetry of the H-81-4. The notch
depths have not changed by more than a few dB in the
past months.

Betatron Damping

The betatron damper was constructed using a 5:1
transformer to take the difference of signals on two
plates of a pickup electrode and match to the 50 ohm
Impedance of the filter. The transformer and two 48
picofarad pickup plates give a time constant of 6
nanoseconds. The output of the filter was amplified
66 dB and applied to the bean with a strlpllne kicker.
The active shunt . lapedance of this arrangement is
about 200,000 ohms/meter, and the damping time
constant was 280 microseconds, or 2,900 turns. The
choice of betatron phase advance between monitor and
kicker was made by writing a matrix equation for the
action of the damper on the bean. We will define
(X,X*) to be the phase space coordinates of a bunch
at the kicker corrected by the feedback system and
correlator filter, and (Xo.X'o) are the canonical
coordinates at the sane location but on the previous
turn. M is the transport matrix for a full turn of
the ring starting fron the kicker, g is the feedback
system gain, and K is the transport matrix from the
kicker to the bean position monitor. Without
feedback, we would have

OF THIS OOeiWENT IS ORJHIf l r



If one simply connects the anpllfled pickup elticcrode
signal to the kicker, X
amount proportional Co the
pickup:

1

would be changed by an
beaa dlsplacmant nt Che

:]
Inserting the correlator 'liter between the pickup
and amplifier, the feedback kick becomes proportional
to the difference between XQ and the displacement one

turn earlier:

H
One cusE choose the phase relation between pickup and
klcker(l<,ec adjust K) to optimize the datiplng tern of
the eigenvalue equation

M
Here I ie the unit matrix. The last term on the left

aide, (K~l) K(tr'), gives the action of the
correlator filter. Thia added terra la a special
inotanco of a kicker with "memory" *is treated by

Kheifeto. With a horizontal tune of 2.4, the
signal froa a betatron oscillation is (.lose to the
oonitaua of the filter response, midway between nulls.
Filter response falls off for lower fractional tunes,
since the difference between subsequent turns becomes
a smaller fraction of the full oscillation amplitude.
Tht! falloff is not precipitous; for a fractional tune
of 0.25, the signal reduction is 3 dB. In some cases
it should be possible to use a delay of two rotation
periods in the filter to improve the response for low
tunes. The output of the pickup electrode Is a
bipolar pulse, and the broadband amplifiers
ea s en dally reproduce this waveform. The pulse
stretching of the amplifier and careful timing were
sufficient to insure that the trailing "undershoot"
of the beam signal should not artidanp the
beam. Although the correlator filter did not
attenuate the rotation harmonics by the 130 dB
necessary to cake any orbit' error comparable to the
electronics noise, the 1 ram orbit error in tha
position monitor was reduced to the equivalent of t S
olcron error. Active electronics could be used in
oerles with the filter to get better results.
Perhaps two correlator filtero in setie* could be
uaed; the output would then be

V(t) + V(t - 2T) - 2V(t-T)

This could be accoaodatcd by changing the betatron
phase advance between monitor and kicker, and the notch
attenuations tcould multiply.
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Fig. 1. Schematic of correlator filter as part of
betatron damper.
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Fig. 5. Booster pickup signal input to correlator
filter.
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Fig. 3. Phooe and amplitude inequality of H-81-4 180°
oplitter.
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Fig. 6. Output from correlator filter.
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Fig. 4. Attenuation and phase shift of RG-58 cable
relative to RG-318 cable. Propagation tircea
of cabloo differ by 94.53 n3cc. The phaoe
caaoureEsnt ia relative to thio delay.
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Fig. 7. Response of betatron damper in booster to
external excitation at 400 MeV. 2 msec
per division.
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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or use-
fulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any spe-
cific commercial product, process, or service by trade name, trademark, manufac-
turer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.


