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Abstract. particle beam feedback system using constant-amplitude, 1000 V, 12 ns pulses has
been built to provide longitudinal and horizonkaddbackior stabilizing 14 nsspacedounches

for use inCESR (CornellElectron StorageéRing). The pulserate is modulated tabtain
proportional amplitude control and the putseival time is modulated toobtain both positive

and negative kicks. Thaveragerepetitionrate islimited by pulsempowerdissipation, but the
instantaneousate may beincreased tofull duty cycle forshort periods oftime to handle
transients. The pulser drives a 50-ohm stripline kicker sedésalent peak power 4000 V

is 10 kW. The characteristics of the pulsadits modulatorwill be describedalong with the
system’s operation.

BACKGROUND AND SYSTEM REQUIREMENTS

CESR (Cornell Electron Storage Ring) may store up to 45 bumeanbsof electrons
and positrons in its preseaperationalconfiguration.The electron angositronbeams
are arranged in trains of up to 5 bunches with a nominal spacing of 289weenead
bunches in a trainThe bunches in @rain have a minimunspacing of 14ns. In high
current operationthe unstablanodes of oscillation othe beammust be suppressed
using feedback.

The feedbacksystem must sense bunahmotion and deliver either deflection or
acceleration independently to edohnch in order to dampll of the possibledipole
multibunch instabilities. The desired peak amplitute handling transients is
approximately 1000 V. For a system delivering a sinewave into a non-resonant kicker, a
10 kW amplifierwould be requiredThe poweravailable in thgresent system with a
linear amplifier is only 400 W (140 V peak) and is obtained by combiningutpits of
a pair of 200 W commercial broadband power amplifiers.
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In the linear feedbackystem,these200 W amplifiers drive a 50-ohm stripline
kicker which is shorted at one er(d). The plates of the kicker arpowered
differentially using a hybrid powedivider driven by the combined amplifieutput.
Horizontal excitation igproduced directlythroughdeflection of the beam at thecker.
Longitudinal or energy excitatioalso usegleflection and requiredispersion at the
kicker so that horizontal deflections translate into accelerationhaypging the orbital
path length (2). Sincthe kicker is driven in the sanfiashion forthe two modesthey
are distinguishablenly by the modulationfrequency.With the kickershorted at one
end, the incident power is completely reflected and must be absorbed by the amplifier.

A higher power driver is desirable, but purchasaalglitionalhigh-poweramplifiers
and combiners is quiteostly, especially since thdigh power combiners would be
custom-built. Because aamplifier must be developed, a uniguw®ncept may be
considered which is mortailored to accelerator feedbadystem parameters. The
feedback system requires short periods of high output power due to transients followed
by longer periods of lower output power as determinethbybeam’s dampingate and
external excitation as well as the gain amuse level of the feedbaclsystem. An
amplifier with the capability ofshort-term high power isuggested. Itan be simpler
and cheaper because its long-tgrawer output is small. In CESBperating with 90
bunches, the average power may be only 10% of the peak power required for transients.

CONCEPT OF FEEDBACK WITH A PULSER

Onetype of amplifier suited to the feedbaskstem uses pair of rate-modulated,
constant-amplitude pulsers, one for each kicker plate. Horizdetigiction is generated
by pulsing one kickeplate or theother, and acceleration igproduced withthe plates
driven in common-mode so theam experiences the potenaalossthe gap between
the kicker plates and tHeeampipe. Because th€ESRfeedback kicker ishorted, the
applied pulse is completely reflected and the reflected pulse is the inverserafidbat
pulse.

To minimize self-cancellation, the maximum alloweallse length is 12 ns as
measured at the 10% pointstbé waveform. Thiscomes fromthe 3 ns transiime of
the shorted kicker, fromthe bunch spacing of 14 ns and frothe approximately
triangular shape of the high-voltage pulse.

Since the pulse energy is small compared td#amnenergy,the discrete nature of
the excitation does not necessarily adversely affeciraémsversébeamsize. (Computer
simulations of feedback by Strohmaalculatedless than 100 um RMS horizontal
motion for 1500 Vpulses.)Due to the balancedbltage excitation omoth plates in the
accelerating mode of operation, one would expect any horizontal deflection moithés
to arise only from imbalances in the pulse amplitude, shape, and timing.

For agiven pulser amplitudehe maximum transient amplituged the achieved

damping rate of the beam determine the maximum pulse rate and duration over which the
maximum rate is required. For the same fixed-pulse amplitude, the overall feedback loop
gain will be limited by the system quiescent noise level, and these parameters will
largely determine an averagewer output foithe pulser. Inthe presence of transient
excitations of the beam, the repetition rate and peak amplitude of the transients will also
determine the average reserve pupserer. CESRdlamping times may be d@ng as 3
ms so the feedbagbulser must beble toprovide full dutycycle for atleast3 ms.
FETs now available canprovide full duty cycle for 10 ms asdetermined by their
transient thermalimpedance. Full dutgycle is here defined as Jfulses per CESR
period of2.56 us. The mairsource of periodic transientsirgection which can occur
every 16.7 ms in CESR.
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FIGURE 1. Beam excitation vs. relative timing of the beam and the pulse.

The horizontal deflection polarity is controlled pylsing either oneplate or the
other. Polarity control for longitudinaxcitation is obtained by timing thmilse sothat
the beamarrives eithewhenthe accelerating voltagecrossthe gap in the kicker is
negative due to the forward wave or positive due to the reflecied. Figure Idepicts
beam acceleration or deflectimersustiming (inferred from measurements dfeam
amplitude versus timing) for the two modes of beam excitation. For these
measurementdhe pulserrate is modulated at either tlsgynchrotron orthe betatron
frequency, as appropriate. Ithe acceleratingmode, the pulsers are driven
simultaneously, whereas only one pulser is drivenhmrizontal mode. The pulse
timing was not modulatedmerelyvaried. Ahorizontal beanpickup was used irboth
cases to sendgeam amplitudevith dispersion athe beam detectarecessary to sense
longitudinal motion. A spectrum analyzer was used to measure the amplitude.

PULSER SYSTEM COMPONENTS

Overview

Figure 2 shows a block diagram of the pulser system. The beam-position monitoring
electronics and digital signal processor (DSP) (3) provide 10-bitwoxs for e+ and
e—, horizontal and longitudinal inputs tbe ratemodulator. The rate modulatosends
synchronousdata to the timing modulator locatedith the pulser. The timing
modulators decode the data and send the appropriately timed trigtjeeptdsers. The
pulser outputs are transmittedth@ kickerusing coaxialcables. Lowpasslters (LPF)
at the kicker inputs reduce the beam power transmitted back to the pulser.
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FIGURE 2. Pulser feedback system block diagram.

Rate Modulator

The rate modulator accepiso, 10-bit errorwords foreachspecies oparticle (e+
and e-) corresponding to horizontal and longitudinal bumchion. Each word is
compared to a 10-bit pseudo-random nundeerated by a 17-bit shift register with
recursion. If the error word is greater than the random number, a trigger is generated. If
both a horizontal and a longitudinal triggare demanded,the horizontal trigger
overrides,since horizontal deflections are expected to be reqlessl frequently. The
trigger information is encoded into a 3-bibrd, one eachfor positrons and electrons,
and is sent tdhe timing modulators along with a separate BB1z clock for each
species.The 3 bits correspond to pulse enable, polarity, andde (horizontal or
longitudinal). The rate modulatoalso controlghe long-termduty cycle of thepulsers,
limiting it gradually t010% ofthe 90pulses pel.56 pus. An analog input is provided
for modulating the pulsers with an external source for diagnostics.

Timing Modulator

The timingmodulatorsaccepttwo sets of synchronousiireebit, parallel data and
their corresponding 36MIHz clocks. The clocks anddata are received by Hewlett-
Packard HCPL-7101 optical isolators, and then the clocks are doubleaviblZ7@sing
S4402 phase-locked loop devices from AMCC. Transmissidheo€lock at half of the



fundamental frequencsllows theuse ofthe TTL in, TTL out, 50-megabaudHCPL-
7101 with the phase-locked loop providing narrowband filtering of the clock.

The data islecoded, registered, and usedsétect the appropriately timed trigger
pulse to be sent to the pulser modules. For example, if the data corresponds to a positive
horizontal pulse, one pulser would put out a pulsethadtherwould not. The timing
modulator also includes fault detection circuitry which inhibits triggers ipthiser duty
cycle limit is exceededThe output triggepulse width is adjustable from 4 &5 ns,
with a nominal value of 5.8 ns required to obtain a 12 ns high voltage pulse as measured
at the 10% points of the waveform (7 ns FWHM).

Pulser Assembly

Eachpulser assembly contains frothree to tenpulser modules (printedircuit
boards) connected to a 9-ohm strip transmission line whose center section is AC coupled
to a 4.5-ohm striplineThe transmission linesare made 0f3.2 mm thick G10
sandwiched betwee.4 mmthick copper of the appropriatgidth. Up toten pulser
modules may be mounted to the 51 nwde, 406 mm long, 9-ohm line. A 600 V DC
power supply andapacitorbank couple tadhe 9-ohmline through a 6uH air-core
inductor. The 5.1-mF capacitor bank provides energy storage for short-term high-power
operation. A regulator board provides a common 60 V DC as well as regutatithe
cascodenodes ofeachpulser moduleThe pulser is packaged in a weldatiminum
enclosure with four separaMl isolated compartmentsr the pulser modulestiming
modulator, regulator, anaapacitor bank. Control, interlock,and power supply
connections between compartments and out ofptiiser enclosurgass through rf
filters.

Four, 20-ohm rf resistors (Florida RF Labs P/N 32-1143-20-5) are diode-coupled to
the 4.5-ohm line to provide a termination for the reflected pulse fn@shorted kicker.

Each terminatiomesistor is in series with pair of UH840 ultra-fast recovendiodes.
The power transistors, rf terminationand all of the copper conductorare water-
cooled.

The UHB40 diode reverse recovery time is an important parasiats, in order to
be properly terminatedhe pulser must not be triggeraghen the reflectedpulses
return. In CESR, the cable length was chosen so thatfleetedpulsesarrive between
trains. Nevertheless, theinimum unforced recoveryime of currently availablediodes
mandateskipping every othetrain. The odd number of trains in CESR ensuhat
every train will bedriven. (Notethat theunforced recovengtime of thediodes is
approximately ten times the recovetiyne on themanufacturer's specification sheet
because this specification applies to foroecbvery.)One option for overcoming this
limitation is to put out an early pulse which ford¢he diodes to recovefThe “recovery
pulse” wouldallow thepulser toexcite successive trains in CESR but would lower its
effective duty cycle capability.

Pulser Module

The pulser moduleconsists of a pre-driver andcascode driver angdower stage
packaged on a printed circtnbard. The design, shown in Figure 3, waslapted from
the CESR gun pulser (4) witkignificant changes to provide much higher doygle
capability. The longepulse width ofthe feedbackpulser compared tthe gun pulser
allows the use of more readily availablgpower devices since the relatively high
inductance of the commonly available package can be toleratagsibg highgate
voltage together with the cascode arrangement.
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Most of theboard area is occupied by thpre-driver. This consists ogéight
74ACT11008AND gates in paralletriving an N-channel stagesing fourparalleled
TNO0606 MOSFETS (packaged in a single 16-g@namicDIP) which, in turn, drives a
P-channel stage consisting fifur TPO606 MOSFETSs in parallelalso in a 16-pin
ceramic DIP). Separate resistors in series egthtransistor’'sgate prevent oscillations
due to interactions between the paralletkxVices.The pre-driver delivers a 20 V,
roughly triangular pulse to the driver transistor.

The driver/power stage is in a cascode configuration. The driveDE181N05, an
extremelyfast, 100 V, REMOSFET in a specidow inductancepackage.The output
stage contains a pair dRFPG30, 1 kVMOSFETSs in parallel. The gates of the
IRFPG30s are biased anaminal 60 V, although this voltage is adjustablepimize
pulse shape and power dissipation. The drains of the IRFPG30s are bdlie8-thm
transmission line, which also serves as a heat sink.

Transformer

The transformer is a tapered stripline device made of copper and G10. It provides an
impedance transformatidrom 4.5 ohms to 50 ohmslhe ground plane is150 mm
wide, 6.4 mm thick OFHC copper with watewoling. Atthe 4.5-ohm endthe G10 is
3.2 mmthick and the signal conductor 192 mm wide.The G10 thicknesdapers to
6.4 mm and the coppewidth to 12.7 mm atthe 50-ohm end,7.3 m away. The
dielectric thickness is tapered because the signal conductor&i-tdten end othe line
has to be wide enough fattaching coolingubes.The entireassembly is packaged
inside an aluminum enclosure for EMI shielding and safety.

The 4.5-ohm end of the transformer is intimately mated thef.5-ohmline in the
pulser assembly. A type-Bbnnector emerges frothe 50-ohm end.The transformer
provides gpeak voltage transformation ratio 8f4:1 for a 12 ns pulse, ledisan the
ideal ratiodue to dispersion androop, so itdelivers a 1080 V pulse out for a 450 V
pulse in. Each transformer output is connected with coealadé to dowpassfilter and
then the kicker.



PERFORMANCE IN CESR
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FIGURE 4. Measured horizontal damping in CESR.

The pulser feedback system has been installed and tested in CESR. Measurements of
beam excitatiorversustiming show that thepulser’'seffect on the beam is as expected
for both horizontal and longitudinahodes. Crosstalketween theéwo modes habeen
measured and found to be acceptable, although additional filterihg sénsed signals
for eachbunch is desirabléelhe feedbackoops have been closefbr both horizontal
and longitudinal modes and they produce stable beams for both positrons and electrons.
As an example, Figure 4 shows the horizontal beam response to tramsitation with
and without feedbacklhe measurementas madeusingnine trains ofpositrons with
one 6 mA bunch per train. Aorizontal beanposition monitorwas observed with a
spectrum analyzer set to zegpan andcentered on a betatr@gideband.The beam is
driven for about 4 milliseconds and then allowed damp. The exponential decay
appears lineawith time on thelog plot so thdime constant is extracted by measuring
the time ittakes the amplitude to change 8y dB. These preliminary measurements
indicate that aduty cycle modulatecpulseracting as a “digital amplifier” is a viable
alternative to linear or CW phase-controlled amplifitos providing particle beam
feedback.

FUTURE DEVELOPMENT

A new signal processofrecently developedor CESR by Meller) incorporates
digital filtering for eachbunch and willfacilitate pulser feedback by reducing both
receiver noise and crosstalk between horizontal and longitudmaldes. Final
installation of fault protection and interface circuits is complete, angulserfeedback
system will soon beommissioned foregularuse in high-energy physicgeration of
CESR.
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