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INTRODUCTION

The main sources of instabilities in the Advanced Photon Source (APS) storage 
ring are expected to be higher-order modes (HOMs) of the accelerating cavities 
and the resistive wall impedance of the small insertion devices beam tubes (12 
mm vertically). Extensive efforts are being made to reduce the Qs of HOMs.(l) 
The maximum operating current of the ring will be 300 mA. At this current, 
analysis of measurements on cavity prototypes (2,3) shows that the transverse 
growth rates will be less than 500/sec above radiation damping. The longitudinal 
growth rate due to HOMs is predicted to never exceed the radiation damping of 
213/sec. The largest transverse resistive wall growth rate is calculated to be 
2720/sec when 54 evenly spaced rigid bunches are used to produce 300 mA.(4) 
There will be 26 additional unstable modes. The sum of these growth rates is 
17,163/sec. Thus, it is clear that an effective transverse damping system will be 
needed and that the strength of this damper will be dominated by the resistive wall 
modes. A longitudinal damper system will also be built This will provide 
damping about 2/3 times that due to synchrotron radiation.

The most serious disturbances which can initiate instabilities will take place 
at injection. Typically, each bunch in the ring will be accumulated by injecting 
1/5 of the final charge five times. A standard mode of operation is used in this 
paper in which there will be 54 evenly spaced bunches around the ring. During 
the ring filling process, the highest growth rates will occur when the last fifth of 
a bunch is injected into the last bunch. The largest expected vertical excursion of 
1/5 of a bunch is about 5 mm. Anything larger will cause the bunch to scrape in 
the insertion device sections. Thus, the average excursion of the last bunch will 
be 1 mm. For longitudinal motion, it is expected that the maximum fractional 
energy excursion will be 1% for the injected bunchlet Thus, the largest average 
excursion of the last bunch will be 0.2% of 7 GeV. The harmonic number of the 
APS storage ring is 1296. Only a small fraction of the 1296 buckets will ever be 
filled. To help alleviate bandwidth-related problems in the damper system, bunch 
spacing will never be more frequent than every second bucket Since the bucket 
frequency is 352 MHz, bunch repetition rates are limited to 176 MHz, and 
amplifier bandwidths are kept to 88 MHz.

♦Work supported by the U.S. Department of Energy, Office of Basic Energy Sciences,
under contract no. W-31-109-ENG-38.



SYSTEM OVERVIEW

Figure 1 shows an overview of the damper systems. Three stripline units will 
be used: one as a pickup, one as a transverse damper, and one as a longitudinal 
damper. They will each contain four strips with two strips located symmetrically 
about the vertical center plane at the top of an elliptical beam tube and two 
located at the bottom.

Each pickup stripline signal will be split into two parts by a diplexer. Power 
below 800 MHz will pass to the transverse hybrid/pulse shaper section while 
power above 800 MHz will pass to the phase detector system. A set of low pass 
Gaussian-like filters and wide-band hybrids will be used to produce Ax, Ay, and 
£  intensity signals for each bunch. These will pass through a gain control and 
limiting section. The primary function of the £  signal will be to generate a timing 
signal. All three signals will be digitized up to a 176-MHz rate by 8-bit ADCs 
and all will be occasionally sampled by a relatively slow VME system. The Ax 
and Ay signals will be stored in a fast, dual-ported memory that will be able to 
store up to 375 turns of data in five groups. One port of the memory will be used 
to write data into memory from the ADCs and to pass data to the next group. The 
other port will be used to pass data to a transversal filter (DSP). At any one time, 
each group will pass the data from the same bunch from earlier turns to the filter. 
The filter will be a combined digital-analog system to produce the sum of five 
products of weights times position signals. The resulting analog signals will be 
used to generate rf drive signals for the 150-W power amplifiers. These will drive 
the transverse damper stripline.

The high frequency output of the diplexer will be combined by a power 
splitter, and then split to supply signals to a 3rd and 7th harmonic bunch phase 
measurement systems. The reason for two different systems is that the range of 
phase variation of the injected bunch will exceed 360° in the 7th harmonic system; 
however, the 7th harmonic system will be useful for keeping the phase noise low 
during normal operation. Thus, the 3rd harmonic will be used at injection, and 
the 7th harmonic will take over after the injection transients have been damped.

Each system will contain a Gaussian-like filter centered at the harmonic. The 
bandwidth of the 3rd harmonic filter will be 524 MHz, and that of the 7th 
harmonic will be 352 MHz. Harmonic multiplier outputs of the accelerating 
cavity 352 MHz will be mixed with the filter outputs. After low-pass filtering, 
gain and limiting sections, the signal is treated in the same way as in the case of 
the transverse processing. It passes through memory, filter, rf generator, and to 
the four power amplifiers and strips of the longitudinal damper.

A very important part of the system will be a relatively slow feedback system 
which will keep the average Ax, Ay, and AG> signals near zero. This is necessary 
to prevent the damping system from introducing unwanted motion and thus 
increasing apparent beam size and emittance. To accomplish this, a processor in 
a VME crate will read position and phase data and generate corrections



continuously. In the transverse case, electronic attenuators in the signals coming 
from the four strips will be adjusted. For the phase detectors, the reference phase 
will be adjusted by electronic delays.

STRIPLINES

Figure 2 shows one quadrant of a stripline unit cross section. This is what 
will be used for the pickup and longitudinal kickers. Each strip will be 50 ohms 
when all four strips carry identical in-phase signals. The transverse kicker cross 
section is similar except it is optimized for vertical kicking. The impedance of 
each strip is 50 ohms when the four strips carry equal amplitude signals, but the 
top set is 180s out of phase with the bottom set.

The pickup stripline will be placed in the diagnostics straight section. The 
strips will be 8.4 in long, 1/4 wavelength at 352 MHz. The kickers will be put 
in a 10.81-in space located just before the second dipole in each sector originally 
intended for expansion bellows. Now two of these locations will accommodate 
this function and 1 = 6.5-in long strips.

The longitudinal kicker constant (5) as applied to our case is
K,, = 5E/eVk = 2v0sin(col/c), (1)

where 8E is the change in beam energy, Vk is the amplitude of the kicker voltage, 
and a> refers to the driving frequency. v0 is the voltage at the center of the 
stripline urat when 1 volt is put on each stripline electrode, and the beam tube 
body of the unit is grounded. Using 352 MHz, K,, = 1.30.

For the transverse case, the magnitude of the kicker constant as applied to our 
case is

Kx = Apc/eVk = 2Eylsin(col/c)/col/c). (2)

Here Ap is the change in transverse momentum when 180° out-of-phase signals 
of amplitude Vk are applied to opposing pairs of strips. Ey = 39.5 volts/m is the 
electric field at the center of the stripline in the transverse kicker geometry when 
+1 volt is put on each of the top electrodes, -1 volt on the bottom, and the body 
of the unit is grounded. Most of the damping power will be used to control 
resistive wall instabilities. The bandwidth needed for this is heavily dependent on 
the bunch pattern. In the case of evenly spaced bunches, the driving frequency 
will be restricted to about 27 times the revolution frequency. This is 7.3 MHz, 
resulting in Kx = 13. At 88 MHz, Kx = 12.8. In the x-direction, -  12 at 7.3 
MHz.

POWER AMPLIFIER REQUIREMENTS

To calculate the required amplifier power, three things need to be known. For
the transverse case, these are the maximum transverse velocity at the kicker



location, the growth rates of the unstable modes, and the transverse kicker 
constant. For the longitudinal case, these are the maximum fractional energy 
deviation, the growth rates, and longitudinal kicker constant.

For the transverse case, the value of the vertical B function in the insertion 
devices is about 10, and at the kicker location it is 13 m. This gives a velocity 
amplitude of v = 26310 m/sec at the kicker for a 1-mm vertical displacement 
amplitude inside the insertion device. We will make an estimate of how much 
kick, Av, will be needed to cancel the resistive wall growth effect. The injected 
particle will participate in all modes equally. Of these, 27 modes will have an 
average growth rate 1/TG = 635.7/sec. Only half of the transverse velocity will 
participate in growth. The other half participate in naturally damped modes. 
Using Av/v = Tq/Tq, where T0 = 3.68 ps is the revolution frequency, one gets Av 
= 30.8 m/sec.

In order to put the above estimate on a solid quantitative footing, the damping 
process was simulated. The coordinates of each particle were expressed in terms 
of the 54 normal modes with resistive wall growth and decay constants. The 
amplitudes of the normal modes were calculated in terms of the initial coordinates 
and velocities of each particle. One fifty-fourth of a turn later, the coordinates 
and velocities of all particles were calculated. The velocity of the particle at the 
damper was reduced by some maximum velocity Avm or by a velocity less than 
Avm such that its transverse velocity went to zero. Using the resulting new set of 
velocities and coordinates, the normal mode amplitudes are recalculated and a new 
set of velocities and coordinates is calculated, 1/54 of a turn later. The next 
particle is then kicked, etc. The process is typically continued for 1500 to 3000 
turns until it is obvious whether the injection disturbance will be damped or not. 
In this way it was found that Avm = 33 m/sec is just sufficient to damp the beam 
with a 5-mm injection amplitude for the injected bunchlet Using Ap = ,ym0Avm 
and y=  13697 for APS in Eq. (2), one gets VK = 59 volts. This gives a power of 
35 watts into a 50-Q stripline. Four 150-watt amplifiers are being procured to 
have a factor of two safety factor. This safety factor goes to four if the charge of 
each bunchlet is reduced by a factor of two near the end of the APS fill cycle.

For the longitudinal case, there is a zero predicted growth rate. To be on the 
safe side, four 250-W amplifiers will be used to drive one strip each of a stripline 
unit to provide damping. We will calculate how much damping these can provide. 
Using the kicker constant K,, = 1.3 in Eq. 1, one gets 5E = 205.5 e-volts. Using 
the 0.2% energy excursion amplitude at injection, one gets AE0 = 14 MeV for the 
energy oscillation amplitude. Assuming that only one growth mode is present, 
only one 1/54 of this needs to be damped, or AE = 259 KeV. Using (8E/AE) = 
(T„/Tg) one gets 1/Tg = 215.4/sec. A simulation gives 1/Tg = 134/sec. The 
synchrotron radiation damping rate 1/TS = 213/sec, and this is just enough to 
cancel the predicted growth rate due to cavity HOMs. Therefore, the 250-W 
amplifiers will provide damping 2/3 above 1/TS.



The bandwidth of the amplifiers is determined by the 176-MHz bunch rate. 
In the worst case, adjacent bunches are 180° out of phase with respect to each 
other as they pass a kicker. Thus, the drive signal will need to change phase also. 
This defines a half period of 1/176 MHz. The frequency is thus 176/2 = 88 MHz. 
It is better to use a larger bandwidth. Simulations indicate that a 132-MHz, 3-dB 
bandwidth with a Gaussian-type response can result in only a few percent 
variation in kick amplitudes for a constant input amplitude. For the longitudinal 
case, a 35-kHz to 150-MHz constant delay and gain amplifier will be purchased. 
A filter on the input will be used to achieve an overall Gaussian response. The 
35 kHz is picked to accommodate the horizontal fractional tune of 0.22 (the 
revolution frequency is 271.6 kHz). For the longitudinal, the operating frequency 
will be 352 MHz, and the amplifier will be of constant delay and gain from 200 
to 500 MHz. Again, a Gaussian filter will be used. If it turns out to be practical, 
delay and gain errors as a function of frequency in the amplifiers will also be 
compensated for by filters.

TRANSVERSAL FILTER

The main goal of the digital signal processing (DSP) is to develop a 
transversal filter to process the incoming data. The filter should be adaptive in 
order to deal with changes in the beam. Specifically tune shifts could warrant an 
update to the filter. The main goal of the filter is to provide the proper phase and 
amplitude shift to the incoming signal that will produce the desired output for the 
kicker. Any DC offset must also be minimized. The input signal is of the form

Xj[n] = D. • cos(2rcnv+<})()+Ej, O)

where i is the bunch number, n is the turn number, v is the fractional tune, <J) is 
the reference phase, and D and E are constants. It is desired for the filter to 
produce some output x'j[n] such that

x'.[n] = Dj • F • sin^Ttnv+^j+A^J. (4)

F is known a priori and so is A<t>. The value of A(j) is related to the change in the 
betatron phase from the pickup to the kicker. It is possible to synthesize x'j[n] 
independently from Xj[n] if <j>| is known accurately enough. This would allow for 
perfect DC offset cancellation (E, in Eq. 3). The problem is that Df in Eq. 3 is 
not known and must be derived from multiple measurements of Xj[n]. At least 
two measurements would be required and probably more would be used in 
practice. Unfortunately, it will take too long to solve for Dj and synthesize x';[n]. 
This leaves some sort of real-time filtration of x^n] to produce x'j[n].



x'Jn] = S  bjxi[n“j]> (5)
j«0

where N is the number of filter weights. The filter operates on data from past 
turns as well as the present turn (assuming N>1). Each bunch in the ring will 
have to be dealt with separately, but will use the same filter. The value for N has 
not yet been chosen, but it will be no greater than five.

The goal now is to design the filter weights (the bjS in Eq. 5) in order to 
model Eq. 2. The filter must effectively implement the gain, the phase shift (this 
also includes transforming the cosine to a sine), and the DC offset rejection. 
Some sort of bandpass filter with a given phase shift will be required. A simple 
form of this is just a sine wave in the filter coefficients. Take the weights to be

bj = K • sin(2jijv+6). (6)

Using Eqs. 3 and 6, Eq. 5 becomes
N - l

x'.[n] = D. • K sin(27tjv+0) [cos(27t(n-j)v+<(>.)+EJ. V )
j«0

If Eq. 7 is simulated using a digital computer, it is seen that the chosen filter 
effectively accomplishes the desired goal. We are currently seeking effective 
techniques to determine K and 0 in Eq. 6. These values will be calculated offline 
and updated periodically to keep up with changing accelerator parameters.

ELECTRONICS DETAILS

A simulation of the signal from one stripline passing through 30 feet of cable 
and a 264-MHz low-pass Gaussian filter produces a peak voltage of 65.8 volts. 
In the transverse pulse shaper hybrid system, diplexers will protect the subsequent 
electronics from excessive power. Electronic attenuators will be used to keep the 
average Ax and Ay signals at zero. A set of wide-band hybrids will be used to 
produce the Ax, Ay, and sum signals. These will then be shaped into a positive 
and negative lobed signal by a 264-MHz Gaussian low-pass filter. The peak sum 
signal output will be about 84 volts. The Ax and Ay signals will be 4.23 volts for 
1 mm displacement.

It is assumed that the analog-to-digital converter (A/D) is 256 bit with a range 
of ± 1 volt. A limiter/amplifier with output range of about ± 1 volt will be used. 
With a gain of 3.7, the digital granularity would be 2 bits per micron. A 
programmable attenuator would allow this to vary to 1 bit per 16 microns. 
Assuming an overall noise figure of 7, the FWHM noise will be 1/3 bit when the 
granularity is 2 bits per micron. Thus, beam motion could be kept to about 0.5 
microns.

The transversal filter will take the form



The sum signal will be split in two. One leg will be attenuated by about 50 
dB, limited, and digitized in the same way as the A signals. The other leg will be 
used to generate precise timing signals for the A/D converters.

For the phase detector system, the four stripline signals are combined, 
attenuated, and split. One part is passed through a 2.464-GHz band pass filter of 
352 MHz bandwidth. This will be mixed with the seventh multiple of accelerating 
frequency. An electronically controlled phase shifter will keep the average of the 
mixer output at zero. After filtering and limiting, the phase information is 
digitized. With a gain of 30, the sensitivity will be 0.3 degrees per bit at 2.464 
GHz. This is a resolution of 0.34 ps. Noise FWHM will be one bit. Since the 
bunch lengths are of the order of 60 ps, this will be more than adequate.

When a 1/5 bunch gets injected with no charge as yet present in the bucket, 
the phase at 2.464 GHz will vary over a range of ± 225*. The phase detector 
output will then yield incorrect polarity information. This may be remedied by 
using a second, 3rd harmonic system. Its output would range over ± 96% and thus 
no incorrect polarity information would result

Figure 3 represents a functional description of the memory. It is shown in a 
configuration which would typically be used for damping synchrotron oscillations. 
There are five 49152-byte, dual-port memories (ECL). Each memory can store 
up to 75 turns of information containing 648 buckets. As shown, 28 turns are 
stored. As each new bucket of information is digitized by the A/D, the address 
to which it is to be written in the first memory block is read using one port on all 
blocks of memory. These axe stored in registers for all but the last memory block. 
The A/D information is also written into a register. Then all five registers are 
written into the next memory group at the memory address which was just read. 
For the next bucket, the next memory location is treated the same way, etc. After 
28 turns (in this case) the process is restarted at location 1 in each of the five 
memory groups. The second port is used to read out information from the same 
location within a memory section, and therefore for the same bunch for five earlier 
turns. The number of turns of delay will be determined by the number of turns 
stored per memory section. The shortest possible delay will be one turn, and this 
is usually what will be used for transverse motion.

Most of the 648 buckets will be empty. For the longitudinal case, these will 
be filled with numbers obtained from memory. The numbers will be chosen so 
that full rf drive is supplied to the class AB amplifiers. This is necessary because 
the amplifiers derive their bias from the drive signal. It takes about one 
microsecond for this drive to build up or decay. Thus, during the relatively brief 
times when buckets are filled, full rf drive will be available, even if some of the 
bunches call for near zero drive.

The numbers read from memory will be latched into a buffer whenever a 
bucket is filled, or when a number has been written into memory for AB 
operation. The latch output goes to the digital multiplier. This will be a look-up 
table. Each table will consist of a 256 x 12-bit memory. Each location will



contain the product of a weight times the 8-bit bunch information number equal 
to its address. The multiplier outputs will go to 12-bit digital-to-analog 
converters. The resulting five outputs will be added by an analog adder and used 
to generate drive signals for the power amplifiers. To change a filter weight, the 
RAM is reloaded with new numbers. The memory multipliers and adder 
constitute the transversal filter.

The analog adder outputs will be limited such that the power amplifiers never 
saturate, i.e., they will never exceed the power for which they are rated. In the 
longitudinal case, this signal will be the input to an as yet undesigned device. 
This device will put out a 352-MHz signal proportional to the input. The signal 
phase will reverse when the polarity reverses.

For x and y, the transversal filter outputs will be combined to generate the 
amplifier drives. Both x and y signals will enter 0/180° hybrids. The outputs of 
the hybrids will be split and added by op-amp adders to produce the final 
amplifier drive signals.

Extensive damping simulations were done which were essentially the same as 
what was described earlier but took noise, signal quantization, signal limiting, and 
the transversal filter into account In one simulation of vertical damping, the 
maximum drive power was limited to 50 watts. The quantization was 2 bits per 
micron, and noise which varied randomly over 1 bit was added. The beam 
damped down into a range of ± 0.25 microns. Then the simulation was repeated 
without noise. The beam damped down as rapidly, but the final beam noise was 
twice as great as when noise was put into the feedback circuits. This is because, 
without noise, the ADC resolution is limited to 0.5 pm, but with noise, the 
effective resolution improves, on average.
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