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Coupled-bunch instabilities: eigenmodes and impedances

For anevenfill patternthebunchmotioncanbeeasilyprojectedinto theeven-fill eigenmode(EFEM)
basis. For  coupled harmonic oscillators (bunches) there are normal modes.

Longitudinal modal eigenvalues are given by

Real part of the eigenvalue is the exponential growth rate, imaginary part - undamped natural
frequency.

Growth rate is proportional to beam current. Above some threshold current the system is unstable.

Two waysto fight the instabilities:lower the impedancevia passive or active techniquesor apply
feedback damping

Formfactor definesroll-off of thealiasedimpedanceduetonon-zerobunchlength.
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Coupled-bunch instabilities: parametric dependencies

For a constant driving impedance instability growth rate is:

• Proportional to

• Proportional to

• Proportional to , thus scales as

• Shorterbunchlengthincreasesform factor athigh frequencies,thusphysicalimpedancesat
those frequencies become more important.

Why are the absolutevaluesof the growth ratesimportant?If we are using feedbackto control
coupled-bunch instabilities couldn’t we just raise the gain till the beam is stable?

To answer these questions we need to look at the limitations of such feedback systems.
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Limits on achievable LFB control

Instability growth rates

• Maximum stableloop gain - dependson controller
design, total loop delay.

• Maximum usableloop gain - gain that providesthe
largestdamping.Dependsonthesameparametersas
the maximum stable gain, but is significantly lower.

• Feedbacksystemsin PEP-II(bothLER andHER)
are currently running near maximum usable gain
to control fundamental-driven modes.

• Noisefloor attheADC - dependsonRF-drivennoise
level, front-end electronics design

• Transientsensitivity - effectof injectionandRF transientson longitudinalcontrol.Thesensitivity
can be reduced by increasing kicker voltage.

For a conventional system the minimum group delay is one turn.

From experimentalmeasurementsat multiple machineswe determinedthat for a downsampled
systemthe controllableratio of the oscillationfrequency to the growth rate( ) is in the range
from 15-30. Note that higher synchrotron frequency allows control of faster growth rates.
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Effects of the gap transient

DifferentbunchesseedifferentRFvoltageslopesand,therefore,havedifferingsynchrotrontunesand
bunch lengths - normally a negligible effect.

In the LFB front-endthe transientappearsasconstantDC offsetsof individual bunches.This has
several consequences:

• Amplitude of the gap transient cannot exceed the full-scale peak-to-peak range of the LFB phase
detector (30 degrees@RF for 6th RF harmonic detection).

• Largest expected gap transient amplitude sets the feedback front-end gain since we need to
properly detect AC motion for the bunches at the extremes of the transient.

• Phase detector gain rolls off as  where  is the detection harmonic

In theback-endof theLFB theeffectsof thegaptransientarelesssevere.Themaineffect is thegain
roll off in thekicker at theextremesof the transient,however theeffect is smallerdueto the lower
back-end center frequency.

Mφ( )cos M
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Synchronous gap transient: an example

PEP-II Low Energy Ring at 1553 mA

Four RF cavities are powered and two are parked.

Synchronousphasetransientincludeseffectsof both
activeandparkedcavities.Cavitiesparkedbetween2
and3 revolution harmonicsaddoscillatorybehavior
to the transient.

Overall transientis 23.5degreespeak-to-peak- this
leaves little room for phase drifts.

Bunchesat thebeginningof thetrainareoffsetby 14
degrees! That correspondsto almost 20 dB gain
reduction.

In this configurationwe keep the tail of the train
closerto zerodegreessothatthefeedbackgainat the
tail ishigher. Sincethedriving termis largeratthetail
of the train we need more gain there.
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Bunch-by-bunch feedback technology for Super-PEP-II

We have starteddesignof a general-purposefeedbacksignal processor(Gboard).The processor
envisioned as a single VME64X module will support:

• Transverse bunch-by-bunch control at KEKB, PEP-II, SuperKEKB, Super-PEP-II and others

• Longitudinal bunch-by-bunch control at KEKB, PEP-II, SuperKEKB, Super-PEP-II, et al

• Transient diagnostics features (e.g. instability growth/damping rate measurements)

• Fast bunch and beam instrumentation (e.g. bunch by bunch current monitor, tune monitor, gap
transient/synchronous phase measurement)

• Bunch spacings down to 0.66 ns - sampling at 1.5 GHz.

The basebandprocessingchannel is useful for transverse processingusing two pickups (e.g.
quadrature pickups) or single pickup approaches (filter adjusts phase shift of kick)

Thefastsamplingratecanimplementtwosample/bunchprocessingfor trueI&Q frontendprocessing
which would improve operational stability of bunch-by-bunch feedback systems.

This core function is generalpurpose,andre-configurableinto a variety of signalprocessingand
instrumentfunctions- thereconfigurableXilinx FPGAsdefinetheexactalgorithm.With the1.5GHz
samplingratethis corefunctionwould beapplicableto severalotheracceleratorprocessingneeds,
including NLC damping rings, numerousexisting and proposed light sources,and several
recirculating linac proposals.
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Gboard Processing Channel Specifications

The basicstructureof the processingchannelis a high speedmultiplexed parallelprocessor, with
singleinputandoutputchannels.Thearchitectureis optimizedto docyclic processing,asin astorage
ring, wherethecomputationof theoutputfor channelN dependson thepasthistoryof channelN.
However, the re-configurableXilinx gate arrayscould supporta variety of functions,including a
prompthigh-speedfeedback/feedforwardchannel,consistentwith thepipelinedelayin theA/D and
processing stages.

• Support arbitrary even harmonic numbers

• Independent processing for all bunches on all turns - required for transverse feedback

• Diagnostic memory capable of holding 20 ms of data at the full rate

• Support downsampled processing - reuse the hardware to get longer filters

• Support downsampling for diagnostics for studying slow events

• Support long FIR or IIR filters

For theAdvancedB Factorywith 476MHz RFfrequency theGboardwouldsupportlongitudinaland
transversebunch-by-bunch processingusing 2 samplesper bunch to eliminatesensitivity to gap
transients and beam or reference phase shifts.

With theRF frequency of 952MHz theGboardwould utilize traditionalamplitude(transverse)and
phase (longitudinal) detectors to observe bunch motion.
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Bunch-by-bunch feedback summary

Design work has been started on a high-speed processing channel necessary for
controlling longitudinal and transverse coupled-bunch instabilities in the proposed
1035-1036cm-2s-1 machines.

Longitudinal bunch-by-bunch feedback has a fundamental loop delay limit on the
controllable instability growth rates.

In the design of the new machines careful attention must be paid to keeping the
longitudinal growth rates below that limit.

A similar limit exists for the transverse coupled-bunch feedback systems, however
the limit is less severe due to the high betatron oscillation frequency.

Synchronous phase transient reduces the effective feedback gain for parts of the
bunch train and is best kept low.
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Fundamental impedance of RF cavities and instabilities

Consider only the fundamental mode of the RF cavity - non-negligible impedance only near

The growth rate is proportional to the difference of
impedancerealpartattheuppersynchrotronsidebandof the
appropriaterevolution harmonicandthe lower sidebandof
the opposite rev. harmonic.

Whencavity detuningis near peakof the cavity
impedance (real) excites eigenmode -1.

For PEP-II beamloading is high enoughthat RF cavities
must be detunedbeyond first revolution harmonic. The
worst-casegrowth ratefor mode-1 is 30 ms-1. Compare33
µs growth time to 185µs synchrotron period!

Unlike higher-order mode resonancesthe fundamental
mode cannot be suppressedby passive measuresand
requires active feedback.
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PEP-II fast impedance control loops: topology

The most importantelementsof
the impedance controlling
feedbackloops are shown. The
direct feedback loop uses the
cavity vector sum signal (a
complex signal), scaled in
magnitudeand rotatedin phase
as an input to a reference
summingnode.Thecombloop(a
periodicIIR filter) usesthedirect
loop output via the comb filter,
scaledandrotated,asasumming
input.

The overall action of this
feedbacktopologyis to keepthe
combined direct and comb
outputs exactly equal to the
station reference - any error
signalis amplifiedvia theklystronandcavity path.Theoverall stationcavity magnitudeandphase
aresetvia this reference.Many otherimportantelements(suchaslead/lagcompensationto improve
the loop stability margin, an integrator for high DC gain, etc.) are not shown.
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PEP-II low-level RF feedback: impedances and growth rates

Two feedbackloopsareusedin PEP-II to reduce
the fundamentalimpedanceacting on the beam:
direct and comb.

Direct loop is aproportionalfeedbacklooparound
thecavity. Closingthedirectfeedbackloopreduces
the effective impedanceseenby the beam and
lowersthegrowth rates.However theratesarestill
too high.

To reducethegrowth ratesfurtherweaddthecomb
filter with narrow gain peaks at synchrotron
sidebands.

Expectedgrowth ratesshown hereare computed
using a linear transferfunction model of the RF
feedback system.

According to the linear model the growth rate
reductionis two ordersof magnitude,from 30 to
0.35 ms-1
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PEP-II low-level RF feedback: impedances and growth rates

Two feedbackloopsareusedin PEP-II to reduce
the fundamentalimpedanceacting on the beam:
direct and comb.

Direct loop is aproportionalfeedbacklooparound
thecavity. Closingthedirectfeedbackloopreduces
the effective impedanceseenby the beam and
lowersthegrowth rates.However theratesarestill
too high.

To reducethegrowth ratesfurtherweaddthecomb
filter with narrow gain peaks at synchrotron
sidebands.

Expectedgrowth ratesshown hereare computed
using a linear transferfunction model of the RF
feedback system.

According to the linear model the growth rate
reductionis two ordersof magnitude,from 30 to
0.35 ms-1
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PEP-II low-level RF feedback: impedances and growth rates

Two feedbackloopsareusedin PEP-II to reduce
the fundamentalimpedanceacting on the beam:
direct and comb.

Direct loop is aproportionalfeedbacklooparound
thecavity. Closingthedirectfeedbackloopreduces
the effective impedanceseenby the beam and
lowersthegrowth rates.However theratesarestill
too high.

To reducethegrowth ratesfurtherweaddthecomb
filter with narrow gain peaks at synchrotron
sidebands.

Expectedgrowth ratesshown hereare computed
using a linear transferfunction model of the RF
feedbacksystem.Accordingto thelinearmodelthe
growth ratereductionis two ordersof magnitude,
from 30 to 0.35 ms-1

PEP-II residual impedances:

LER: 256 kΩ with 6 cavities

HER: 900 kΩ with 26 cavities
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Super-PEP-II RF studies

Several assumptions:

• RFsystemis operatedwith
zero loading angle -
cavities are always tuned
for minimal reflected
power.

• RF is set up with a large
overvoltagefactor, so that
synchronousphaseangle

is close to . A
reasonable assumption
given the short proposed bunch lengths.

• Generator couples 500 kW into each cavity

I will consider two advanced B factory parameter sets (LER only):

RF frequency, MHz Maximum beam current, A RF voltage, MV Beampower,MW

476 11 35 22.5

952 23 31 19.8

U0

Synchronous particles

Trf

t

τs

Erf

TrevφB 180°
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Can we keep cavity detuning below one revolution harmonic?

We startfrom answeringthe following question:cananRF systembedesignedso that thecavities
that aredetunedby lessthana revolution harmonicat the highestbeamcurrent?Doing so greatly
reduces the requirements to the RF feedback and bunch-by-bunch feedbacks.

Cavity detuning is given by the following formula

For a given beamcurrent we will aim for low and andhigh gap voltage.Considera
superconducting cavity with the following parameters:

, ,

Thenat 11 A beamcurrentthe detuningis 94 kHz - below the revolution frequency of 136 kHz.
However at 23 A even this low-frequency cavity hasto be detunedby 138 kHz. At 952 MHz the
detuning is doubled.

At first it would seemthat for the machinethe RF systemcan run with small
detuning.

However in additionto generatingthenecessarygapvoltagetheRF systemmustrestoretheenergy
that the beam loses via synchrotron radiation, HOM and resistive wall losses.
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Beam power requirements

Unfortunatelyat2.5MV cavity voltagetheRFsystemcanonly provide6-7MW to thebeam.Since
at 11 A lossesare22.5 MW the outlinedparameterset is unacceptable.Two ways to correctthe
situation while keeping the detuning low:

• Couple three times the power into each cavity (1.5 MW)

• Lower the cavity voltage- needto alsodrop R/Q. Need , - energy
storage cavity?

Conclusion: For either 11 A or 23 A case cavity resonance will cross at least one synchrotron
sideband unless cavities with very low R/Q are used. Strong RF feedback will be necessary to
control the excitation of coupled-bunch instabilities.

V c 0.7MV= R Q⁄ 8.85=
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RF parameters for the 476 MHz design

Will consider two cavity options

• Normal conducting cavities with RF feedback

• Superconducting cavities with RF feedback

• Energy storage cavity without RF feedback (parameters modeled after KEK-B ARES cavities)

Cavity parameters (by A. Novokhatski)

Cavity type , Unloaded Q Cavity voltage, kV

PEP-II-Large (NC) 74.9 637

KEKB-SC with tapers 44.9 778

ES (NC) 7.4 521

R Q⁄ Ω

3 10
4⋅
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Operating parameters at 476 MHz

Clearly the longitudinal driving impedance is much smaller with the energy storage cavities.

Only direct loop - expect approximately 5-10 times impedance reduction from the comb loop.

Parameter PEP-II-Large (NC) KEKB-SC ES (NC)

Wall power dissipation , kW 90 0.007 165

Beam power , kW 410 500 335

Detuning at 11 A beam current, kHz 615 302 74.4

Coupling factor 5.5 74224 3

Loaded quality factor

Loaded shunt impedance , kΩ 340 605 204

Direct feedback gain 4.2 13 0

Peak driving impedance , kΩ 71 48 3.7

Number of cavities 55 45 67

Total driving impedance , MΩ 3.93 2.17 0.25

RF voltage, MV 35

Beam power, MW 22.5

Pc

Pb

β
Ql 4.6 10

3⋅ 1.4 10
4⋅ 2.8 10

4⋅
Rl

Rmax

Nc

RmaxNc
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RF parameters for the 952 MHz design

Will consider two configurations

• Normal conducting cavities with RF feedback

• Superconducting cavities with RF feedback

Cavity parameters (by A. Novokhatski)

Cavity type , Unloaded Q Cavity voltage, kV

New PEP-II (NC) 66.4 628

PEP-SC 31.6 783

R Q⁄ Ω

3 10
4⋅

10
9
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Operating parameters at 952 MHz

Not a big change in the residual impedance relative to 11 A/476 MHz case.

Parameter PEP-II-Large (NC) PEP-SC

Wall power dissipation , kW 99 0.01

Beam power , kW 401 500

Detuning at 11 A beam current, kHz 2316 839

Coupling factor 5.1 48956

Loaded quality factor

Loaded shunt impedance , kΩ 329 613

Direct feedback gain 2.3 10

Peak driving impedance , kΩ 110 63

Number of cavities 49 40

Total driving impedance , MΩ 5.4 2.5

RF voltage, MV 30.8 31.3

Beam power, MW 19.7 20

Pc

Pb

β
Ql 5 10

3⋅ 2 10
4⋅

Rl

Rmax

Nc

RmaxNc
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Options for improving impedance control

Thenumbersaboveonly includedwidebanddirectfeedbackloop.Addingthecombfeedbackwecan
lower the impedance by a factor of 5-10.

Doing all of theabove (directandcombloops)would only reproducethefeedbacktopologyusedin
PEP-II with appropriate technical improvements. What else can we do to control the impedance?

Some ideas:

• Reducefeedbackloopgroupdelayby placingklystronsandLLRF verycloseto thecavities(factor
of 2 in delay/gain?)

• Impedanceshapingfeedbackloop - only suppressthe impedancethat drives coupled-bunch
instabilities (single-sideband comb filter).

• Cavities with lower R/Q to get the detuning under one revolution harmonic.

• Energy storage cavities?

Ways to alleviate the effect of the driving impedance:

• Momentum compaction as low as possible

• Pushthegapvoltageashighaspossiblewithoutaddingextracavities. Impedancescaleswith ,

growth rates with

Nc

1 V rf( )⁄ 1 Nc( )⁄∼
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Single sideband comb filter

Currently the comb filter has a symmetric response
aroundeachrevolution harmonic.Thepositive sideband
peak reducesthe real part of the impedanceexciting
eigenmode . Thenegativesidebandpeakincreasesthe
real part of the impedance exciting eigenmode .

Idea:reshapecombfilter spectrumto suppressthelower
sideband.

Issues: feedback stability margins, synchrotron tune
shifts from larger residual reactive impedance.

As a side effect new processingtopology
would allow to implementcross-termsin
the equalizer filter.
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Single sideband comb filter

Currently the comb filter has a symmetric response
aroundeachrevolution harmonic.Thepositive sideband
peak reducesthe real part of the impedanceexciting
eigenmode . Thenegativesidebandpeakincreasesthe
real part of the impedance exciting eigenmode .

Idea:reshapecombfilter spectrumto suppressthelower
sideband.

Issues: feedback stability margins, synchrotron tune
shifts from larger residual reactive impedance.

As a side effect new processingtopology
would allow to implementcross-termsin
the equalizer filter.
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Summary

Proposed Super-PEP-II designs will operate above dipole coupled-bunch
instability thresholds in all three planes. A coupled-bunch feedback channel
capable of sampling at 1+ GHz is a must to support longitudinal and transverse
feedback at ~1 ns bunch spacings!

In the longitudinal direction strong coupled-bunch instabilities will be excited by
the fundamental impedance of the RF cavities.

Using existing RF feedback topologies around the klystron-cavity system will
reduce the driving impedances to 250-500 kΩ - similar to the current PEP-II
impedances, but at 10-20 times the beam current.

We need to explore options for cavity detuning under one revolution harmonic in
the 476 MHz, 11 A storage ring. This would bring a dramatic reduction in the
residual impedances as demonstrated by the energy storage cavity example.

For the Super-PEP-II with 952 MHz RF frequency and 23 A currents better
feedback mechanisms than exist now will be needed to control the impedance.
Some headroom might be gained from optimizing the accelerator parameters for
lower growth rates.
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