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OUTLINE OF COLLIDER RI? SYSTEM

Yongxiang Thao

Abstract

The Colllder HF must fulfil two main requirements.One Is to raise the energyof

theprotonbeamsfrom 2 TeV to 20 TeV. To accomplishthis the klystron amplifier chain

and the acceleratingcavIty, as well as thoseconventionalcontrol loopsare used.The

otherrequirementis to ensurethebeamquality and inhIbit InstabIlities or Increasesof

beamemittance.This note gives an outhne of those major concernsas well as their

remedies.The material is organizedalong with the "remedIes" in order to give a clear

image for the engineeringdesign. Successivelydiscussedare the acceleratorsystem.

the fast feedbackloop, the feedforwardand slow loop, andthe active dampingsystem.

Also addressedare somespecialrelatedproblems.



OUTLINE OF COLLIDER RI? SYSTEM

YongxiangZhao

ThIs note Is Intendedto clari& themain works concerningcoffider HF and tries to

bridge the physical designto engineering.Since the choice of the cavity is not yet

decided,westill havesomeuncertaintiesat thIs moment.

1. OVERVIEW

Themain requirementsfor collider rf are two folds. The first is to raisethe proton

beamenergyfrom 2 to 20 TeV. Including compensatingfor synchrotronradiation loss

arid otherparasiticlosses.The secondIs to maintain thebunchingof the beamduring

thefull processfrom Injectionby HEB until collision. CorrespondIngly,the engineering

attention Is also divided into two folds, the acceleratorsystem and thoseconcerning

Instabilities andincreaseof beamemittance.

The acceleratorsystemis the major expense.The problemshereare clear and the

work concernedIs moreor lessof routine,providedthe main components,suchascav

ities andklystrons, havebeenspecified.

The instabilities, on the other hand, have more varieties due to its complexity.

Fig. 1 showsschematicallythe main problemscombiningwith thepossibleremedies.As

onecan see,oneproblem may have or needmore than oneremedy,while oneremedy

may cure or alleviatemore than oneproblem.

For example,transientbeamloading effect, injection error and fundamentalCBI

coupledbunch instability aredifferent problems,but theyall canbe overcome,or at

leastalleviated, by virtue of fast feedback.Similarly, a feedforwardsystemusing the

main klystron as the source,in priciple. cando the samejob, thoughboth havetheir

advantagesandrestrictions.
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However, the most troublesomeproblemregardinglongItudinal HOM hIgh order

mode instability needsboth passiveandactivedamping. Neithercandampenoughto

ensurethe stability. Passivedamping is performedby optimizing the cavIty designto

reduce the number of HOMs and their impedance.Obviously, it is necessaryand

Important.A HOM freecavity would completelysolvethis problem,but It is not realistic

to date.Thereforean activedamperhasto be employedto compensatethegrowth rate.

The transverseHOM Instability Is also of concern.An active dampingsystem

IncludInga transversekicker Is thus needed.Sincetransversekicker seemsusuallynot

necessaryto apply very hIgh powerand most likely It will be assignedto the Beam

InstrumentationDepartment,we will not discussIt here. The sameis the problem

regardingtransverseinjection error, which canbe overcomeby the samemeasure.

Thereareotherconcernsof rf, saybroadbandimpedance,which mainly relatedto

singlebunchInstability, andrf noise,’11whIch may causeemlttancegrowth. By general

consensustheyare less Importantin our Collider and thus not discussedherei
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2. ACCELERATOR SYSTEM

The acceleratorsystemcan be further divided into two folds, the high power sub

system and low level subsystem.Both associatewith someinterfaces.A schemeis

shownIn Fig.2. Thefollowing arebrief descriptions.

2.1 High powersubsystem

High powersubsystemIs the most costly part. It consistsof a seriesof high power

components:the klystron amplifier, circulator, dummy loads, transmissioncompo

nentsincludingwaveguide,magIcteeetc., andthe cavity.

The klystron assemblyrequiressupportingsystems.which include: high voltage

powersupply, magnetpowersupply, cooling subsystem,heatersupply, ion pumpsup

ply. monitor andInterlock.

The cavity, obviously. is of most concern. Since the issue regardingnormal con

ducting or superconductingcavity Is underinvestigation,wewill not detailhere.

2.2 Low level RI? subsystem

The low level HF Is essentiallya networkconsistingof a few loopsin addItionto the

amplifier chain.Conventionallytherearethreeloops:

a. Cavity tuning loop, which ensuresthe cavity operatesat desireddetuningangles

In differentstagesinjection, accelerating,storage,andautomaticallyadjustingin pace

with variationof the environmentcondition;

b. Amplitude control loop, which ensuresthe amplitudeis rampedasprogramed,it

also reducesthe amplitudenoiseand fluctuation;

c. Phasecontrol loop, which ensuresthe phasestability as well as phaseramp

requiredat differentstages.

Although aboveloopsusually do not causeproblems,onehasto keepan eyeon the

possiblecoupling instability betweenloopswhenthebeamcurrentis quite large.

Nevertheless,extraloops are necessaryto be employedto damp possibleinstabili

ties. The fast HF feedbackloop, feedforwardandslow loop, which makeuseof main

klystron for Its powersource.Besides,theHOM activedamperis also a loop, but phys

ically It is separatewith its own amplifier chain and cavity or kicker, and can be

regardedasan independentloop. We’ll discusstheseissueslater.
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2.3 Tuning loop

One scenario being consideredIs to maintain the cavity exactly on resonanceno

detuning, thus avoiding CBI’s driven by the fundamentalmodeseelater. Convention

ally, the resonantstatusis monitored by comparingthe phasedifferencebetweencav

ity voltageand Its generatorcurrent. That theyare In phasemeansin resonance.The

problemarisesdueto the fact that whenthebeamis on, thevoltagewill changein both

amplitudeandphaseeven thoughthe cavity is tuned in resonantstatus.The issueis

how to keepthis statuswhenother factorslike temperaturecausethecavity to drift off

resonance.Thetuning loop shownin Fig.3will solve this problem.

Moreover, the conventionalscenariorequiresthat the cavity shouldbe detunedto

different angleat different stages injection, acceleratingand storagewith the beam

loading being takenInto account.This detuninganglecanbe controlledby the phase

shifter PS3in Fig. 3. A brief explanationis asfollows.

The cavity voltageis determinedby:

V = = lg+IbRshcOsj?cseC 2-1

The detuning angle.‘b.,. is the phasedifferencebetweenvoltageand the total cur

rent. Thereforewe haveto measure‘tot first, which is the vector sum of 4 and ‘b. 4 is

the generatorcurrent that can be picked up from the inlet waveguideby virtue of a

directionalcoupler. ‘b is thefundamentalharmoniccomponentof thebeamcurrent,so

a filter is necessaryto filter out all othercomponentspickedup from thebeammonitor.

Beforesummationof thesetwo currents,wehaveto makesurethesedatahavingsame

scaleand thosephasesareassociatewith thesamereference,thus a set-upfor calibra

tion is employed.It hasto consistat leasta variableattenuatorand a phaseshifter.

Herewe usetwo phaseshifters PSi and PS2for convenience.

Themicrowavevectorsummercanbe either a powercombineror a hybrid. The later

hasthe advantageof good matchingperformance,but has3dB extra loss.The phase

comparatorcanbe a standardLLRF set-up.

The phasesampleof the cavity voltagehasa phaseshifter P53in series,which can

be presetatzero degreewhenthe cavity is on resonance,meanwhileadjustthe current

signal to zero the output of the phasecomparator.Thenthe loop will maintain the cav

ity on resonance.To detunethe cavity In an angle 0. simply set the PS3 at 0 degree,
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Fig. 3 Tuning ioop
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which can be controlled by program, and the loop will keepthe cavity fixed at this sta

tus.

2.4 The consequenceof trip

There are thousandsof parts of the collider machine. Reliability is of course

extremelyimportant. Any single part failure must not result in shut off the whole

machine.For example,two klystrons per ring is not safe, becauseif any one klystron

fails thebeamcan not be sustainedby the oneand will be forcedto shut off. From the

point ofview of engineering,four or moreklystrons per ring would bepreferable.

Another Issuearisesfrom the fact that whenone cavity is "shutoff" for any reason

that its powersourceis turnedoff, this doesnot meanthe cavity Is really stoppedrun

ning becausethe beamalwaysexists and will excite the cavity with an abnormalvolt

agewhich in turn will influencethebeam.For normal conductingcavity, beamcurrent

is lessthan the generatorcurrent so this excitedvoltagemay not causeserious conse

quence.However, In superconductingcavity, the beamcurrent is much larger thanthe

generatorcurrent. In normal operation. this current is compensatedby fast feedback.

Oncethetrip occurs,theklystron is shutoff and so thecompensatingcurrent, the cav

ity will be excitedby thebeamonly. It implies thevoltagewill be evenlargerthannor

mal which maybe beyondthe tolerablerange.The possibleconsequencesarearcingin

cavity, outgassingor quench, or at least influence the beam due to the voltage of

undesiredphase.

In order to solve this problem,the possibleremedyis as follows. First, one should

reducethe loadedQ in sucha rangethat thepossibleestablishedvoltageexcitedby the

beamaloneshould not exceedthe arcingthreshold.Secondly,once a trip occurs,the

rest cavities at normalconditionsshould havetheir drive signaladjustedsuchthat the

total voltagesensedby the beamremainsin a tolerablerange.The latter canhardlybe

performedby a simple loop, instead,it may requirecomputercontrol in cooperation

with the loops, and thus complicatesthe system.

Another concernis the consequenceof the occurrenceof thequenchof a supercon

ductingcavity. Analysis131indicatestherewill be a largeamountof heatproducedat the

cavity wall due to the beamexcitation,which maybe beyondthe manageablepower of

the cryogenicsystemand thus may force the beamto shut off. Thereforethe cryo-sys

tem andcavitiesshould be designedto minimize the probability of a quench.
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3. FAST FEEDBACK SYSTEM

Fastfeedback,sometimestermedasdirect HF feedback,meansall theloop is oper

atedat microwavefrequencywithout transducer.All the characterof feedbackat low

frequencyis applicableto microwave,especiallythoseadvantagesof negativefeedback.

The physical structureIs rather simple, as illustrated schematicallyon Fig.4. A few

concernsaredescribedasfollows.

3.1 Basicprinciple and functions

Theioop Is shownschematicallyon Fig.4 a. Onecanseethat the cavity voltage is

VZeffAVin+I& 34

whereZff Is the effective impedance,which canbe expressedas:

3-2

whereA is transmissionfunction definedby: A = Ig/Vj hasunit of mho, B is thefeed

backfactorwhereB = VF/Vc.Z is the cavity impedance,and G is the openloop gain.

Note that at the diagramFig.4a, thefeedbackblock B Is connectedat thetop of the

cavity ratherthanatbottom, becausethe outputsignalfrom thecoupling loop for feed

backis proportionalto the cavity voltage,or VF=BVC.

zc zc
Zeff=

l-l-ABZ = l+G

Fig.4 Fast feedback ioop
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When G is large enough, the effective Impedancewill be reducedsignificantly.

Physicallyit implies that as thebeamcurrentinducesa voltagein the cavity, the feed

backwill causean extra currentto the cavity, which has oppositephaseto compen

satesthe beamcurrent. This is also true even if the beamcontainsa harmonicwith

frequencyother thanthe drive signal I.e. Vd,. with 360 MHz, because4 and Vdp are

independentvariables. Of course, it is true only if the frequencyis withIn the loop

bandwidth,especiallynotethat the klystron is a narrow bandamplifier. Nevertheless,

thefollowing functionsareachievable.

a The transientbeamloading effect will be reduced,becauseany changeof beam

currentwill be compensatedby theinducedextracurrent.However,onehasto becare

ful due to the fact that this extracurrentwill berespondedafter a group delaytime of

thefeedbackloop. In Collider, the delaytime is of theorder of 1 microsecond[4] There

fore, whena batchof beamsuddenlyappearsor disappears,thecompensatingcurrent

will occurafter 1 j.tS or so.

However, it is not too bad in consideringthe batch length being about36 pS. The

compensationis still effectivemostof thetime, exceptat the headand thetail. Besides,

we would think that 1 jiS ineffective time is not a big concern.The main concernof

transientbeamloading is that it causesphaseshift in the cavity. The total amountof

shift due to 1 iS beamloading is prettysmall.

b The growthrate offundamentalmodedriven ITIStabIIi4J canbe reduced.This issue

comeswhenthe revolution frequencyis very low, and the fundamentalresonantband

width may coverquite a fewsidebandfrequencies,that maycausecoupledmodeinsta

bility. Thegrowth rateis formulatedby

1

____________

- = Re{Zf -Zf } = kAZ 3-3
I 2Qj32E/e + -

where 10 is the DC beamcurrent 0.072 amp, i is momentumcompaction9. 1x105,

f is the frequencyconcernedhereis 3.6x108seC1,8 is synchrotrontune 0.0022for

injection and0.0012 for storage,I is relativisticvelocity 1, Eis theenergyof beam

2 to 20 TeV, e is the chargeof proton, andk is theproductascanbe seenfrom 3-3.

The last term AZ is the differenceof real impedanceat frequenciesf andf, defined

as:
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f+ =f+nf0+f5 3-4a

f. =f-nf0--f5 3-4b

Theserefer to two sidebandfrequenciesasidethecavity frequencyf.Note therevo

lution frequencyJ0 =3.341 kflz and synchrotronfrequencyf 7.57 Hz for injection,

4.13 Hz for storageare low enough,thereinvolves quite a few harmonicswithin the

cavity resonantscopeif a normal conductingcavity is employed. It can be seenfrom

aboveequationthat If the cavity is tuned at resonance,in principle it will be stable,

becauseAZ is zero due to the symmetry of the resonantcurve. However, detuning Is

often required.One hasto estimatethegrowth rate.AssumingR/Q=115, Q =io4, with

cavity numberN=24, it turns out that the largestAZ occursat n = 5 5th harmonIc,

andgrowthrate 1/15 = 5.8 seC’.

Obviously, thefast feedbackcircuit will reducethe impedancefor C times and thus

reducethe growthratewith the samefactor.

3.2 The restrictionof groupdelay

The group delay Is the main restriction for the application of fast feedback.This

Issuebecomesmore importantbecausethe klystron is in the gallerywhile the cavity is

in the tunnel, ofwhich the distanceis significant. Thereforethe physical lengthof the

loop, includIngtransmissionwaveguldeand return cable,is prettylong, that limits the

possiblegain of the loop. On physicalillustration, the transmissionline will causedif

ferent phase delays for different frequencies.Therefore when the frequencydiffers

enoughfrom the centerfrequency,the negativefeedbackwill turn to positive feedback,

which, of course,may causeself-oscillation.Consequently,the gain of the ioop hasto

be reducedto keepthe systemstable.

For quantitativeanalysis,one can make useof well known Nyquest’scriterion. It

saysthat thelocusof the openloop gain function i.e. G shouldnot involve point - 1,0

on the complexplane.Accordingto 3-2, assumingKL and AIIL are the factorsof the

open loop gain andphasedelay,both of them arefunction of frequency,wehave:

G = ABZC = KL f 3-5

In principle, theloop includesthe cavity, but for convenienceherewe divided it into

two parts, sayAB. theloop excludingthe cavity, andZ, the cavity impedance.The lat

ter canbe expressedas:
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Z = R$hcos4ec 3-6

where% is the cavity detunedangleand R5h the shunt impedanceat resonance.Thus:

G = KLJRShcos$e’ 37

According to Nyquest’scriterion, theamplitudeof the openloop gain,should be less

than 1 when the total angleA4+ reaches180°. By generalconsensus,for an enough

safetymargin it should not exceed±135°.A high Q cavity can produceamaximum±90

degreephaseshift, i.e. %,,ax= ±90°, thereforethe critical phaseshift due to the loop

itself, $L’ when the loop gain reducedto 1, should be less than45°, or m/4. On the

other hand, A4L canbe expressedby the group delayof the ioop and frequencyshift,

i.e.:

A4L = ‘r8Aw 3-8

The total group delaytg is contributedby the transmissionline and the amplifier

chain,especiallyIclystron, of which thegroupdelayIs of the order of 350 nS. Note that

the cavity is not takeninto accountin this group delay. Once is known, from 3-8

and3-7 the critical frequencyshift and the maximumgain aredeterminedby:

AOmax = " 4’tg 3-9

and KLJRcos4 Si 3-10
= AU

Since the bandwidthof the amplifier is usually much wider than the cavity, 01jf

canbe regardedas constant.SubstitutingAw_ into:

cos4 = [1 + 2QtAo/o2]_/’2 2QLAW/w’ 3-11

then equation3-10 yields:
2Qit Q

0= 0 sh41
= 4f0’r

-1

This formula indicatesthe maximumloop gain allowedfor feedback.In our casefor

different gallery locations, the total loop delay rangesfrom 800 to 1390 nS. The ioop

gain rangesfrom 4.7 to 8.2 for 5-cell normal conductingscenario,from 7.9 to 13.7 for

1-cell scenario,and from 55 to 95 for superconducting1-cell scenario.6’

3.3 The equalizer

The significance of the loop gain is that it determinesthe efficiency of the feedback
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loop. The last paragraphindicatesthe ioop gain is limited by the group delay. In the

casethat the klystron is distantfrom the cavity, it is of bIg concern.In orderto reduce

thegroupdelay,developmentof an equalizeris ongoingatSLAC In order to compensate

the groupdelayofthe klystron.51’

FIg.5 showsschematicallythebasicfunctionof an equalizer,of which the phasefre

quencyperformanceis a reverseof that of the klystron. Thereforethe total phaseper

formanceis lesssensitivewith frequency,thus reducethe total groupdelaytime and

Increasethe allowed ioop gain.

The equalizer Is often used for compensationin control loops. To synthesizethe

aboveperformanceonemayhavemanyalternatives.However,frequencyconvertersare

necessaryIn orderto processthe signal at lower frequency,thenthe loop Involvesnon

linear componentsand is, in the strict sense,no longera purelinear system.

The equalizermay be set up

amplifier. It may compensatethe
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Fig.5 The Function of Equatizer
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pensationof the delaydueto the transmissionline is alsopossible.

One more point is worthy of note. In a normal linear system,the group delay is

regardedasthe delayof energypropagation.This doesnot apply in this case.Theneg

ativevalue of group delay, shown in Fig.5b, is correct only in the sensethat it com

pensatesthe phasedeviationwith frequencyatthe definition of:

5 = 3-13

The signalpropagationtime, of course,cannot benegative.On thecontrary,the inser

tion of the equalizerwill inevitably causea certain amountof extra delay.Therefore,

oncethe batcharrivesto thecavity, the compensatingcurrentcannot responseimme

diatelyuntil the feedbacksignalpassingthrough the whole loop and reachesthe cavity

again.This delaytime takesabout 1 i’S or so. Also this compensatingcurrentwill still

excitethe cavity thesametime after thebatchdeparture.This phenomenonof delay,in

principle, will not exist in feedforwardsystem,describedin section4.

3.4 The asymmetryof thecavities

Whena klystron feedstwo or morecavities,which sharethe samefeedbackloop, It

is of concernhow much degradationwill happendue to the asymmetryof the cavities

aswell asthe feedingand couplingstructures.F. Pedersenhasanalyzedthetwo cavity

case.51It is of interestto know the behaviorwith more cavities sinceup to 16 cavities

per klystron hasbeenproposed.

Fig. 6 illustrates theschemefor analysis.From the schematic,it follows that:

V =

V = 1b1giYce

‘gi = AJVdT-VF 3-14

=

VFI =

whereV is the total cavity voltagewhich thebeamsees.We assumebeamcurrent4 is

equalfor all cavities. V is input drive voltage.Sinceat this loop 4 and are two inde

pendentvariables,thevoltagecanbe solvedas:
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+

Vdr

V=Z,,Ib+KVd,. 3-15

Zb Is the impedanceseenby the beamand K Is the amplifier gain with feedbacktaken

into account.

AssumingV6, = 0 andsolving the abovelinear equationsetyields L8:

nZ 1+A
Zb= 1+ABZ01+a

3-16

where:

- AA1 .

ci = iEAa1Ab1+Aa1Az+Ab1Az+AaAb1Az 3-18

As denotethe relativeerrors,that

Z1 =Z01-i-Lsü,

and

A =ABZ {!A A .l+A .aib,

A1A0 l+A11, ELsair 0 3-19

B1 = B0 l+Abj, EAbt = 0

A=A0

3-17

VF

Fig.6 Feedback loop with a few cavities in parallel
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B = riB0- >B 320

For thesymmetriccase,A = a = 0, equation3-16 reducesto:

nZ0 -

____

= 1+ABZ0 - l+G
3-21

This is the sameas 3-2 for single cavity excepthere the Z is total cavity imped

ance.For less thanperfectsymmetry,equation3-16 applies,andboth the numerator

and the denominatorcontain correctionterms. Since normallyaccl, it is ignorable.

while A contains a large factor ABZ0 = G, and may causesignificant affection to the

feedbacksystem.

If we set the criteria that the correctionfactor Is lessthan 20%, which corresponds

to a phasedeviation lessthan ±11°, and themagnitudedeviation less than±20%, then

the criterion canbe given as:

‘I

JAH ABZ 1 A .A . <0.2 3-22
at In

or IAamA6mI
< IABZOI

3-23

whereA1,,, Abm arethe maximumerrors.Evidently thecrIterion 22 is conservative.

The aboveequationsshowthat the maximumerror limit requireddoesnot depend

on the number it On the contrary,from statistics,the largerthe ri, the smaller the A,

providing 3-23 is satisfied.Besides,wefoundthat theasymmetryof thecavitiesis less

important thanthat of the couplingsor thepower dividersasthe error term At is not

enteredin equation 3-22. As shown in 3-17, It entersonly in 3rd and 4th order

minor terms and thus is ignored.

Nevertheless,it should not be concludedthat one may pay less attention to the

symmetrizationfor multi-cavity operation.This usually requiresmulti-stagesof power

divider and their errorsare cumulated,sothat to realizethe criterion 3-23 needsmore

cautiousness,thoughthe criterion itself is to someextentconservative.

For thetwo cavity caseit reducesto the sameresult obtainedby Pedersen51.
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4. FEEDFORWARD SlID SLOW LOOP SYSTEM

The term "feedforward" Is sometimesconfusedwith feedbackif the loop Is not so

obvious. Fig.7 showstwo loops to which the klystron amplifier chainservesasa com

monpart, while backwardsignal splits into two branchesto play different roles. Oneis

termed"feedforwardbranch",of which thejob is to compensatethebeamloading. This

loop hasa oneturn delay, I.e. a revolutionperiodor 290 i’S.

The otherbranchwe term "slow loop" branchin order not to be confusedwith nor

mal feedbackloop, though in generalsenseIt Is. Its job is to damp the synchrotron

oscillation dueto eitherinjection error or the fundamentalmodeinstability. In order to

get enoughinformation aboutthe synchrotronoscillation, it Is necessaryto deal with

the signal in a whole circle. This Is a pretty slow process,becauseit should takemany

revolution turns. The huge sizeof collider ring makesthis circle unusuallylong, say

132 to 242 mS, correspondingto synchrotronfrequencyof 7.57 to 4.13Hz respectively.

Therefore,thepossibility to speedup the signalprocessis of concern.

A brief descriptionaboutthethreejobs follows.

4.1 Compensationof beamloading

In principle, a feedforwardsystemcan completelycompensatethe beamloading,

providing all the error can be perfectly controlled. Fig.7 shows schematicallythe com

PHASE INFO

Fig.7 Feedforward and slow loop

AMPLITUDE CONTROl
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CAVITY
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SIGNAL PROCESSOR
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PU

BEAM

PHASE REFERENCE
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pensationprocess.The beammonitor picks up the Information of both amplitudeand

phase.After oneturn delay, strictly speaking,it should subtractthe group delay time

of the amplifier chain unth cavity and the time differencebetweencavity andpick-up,

the signal acts to the vectormodulator,so that a reversecurrentwill beon the cavity at

thesametime when the beamcomes.

Unlike the HF feedbackloop mentionedbefore, thereIs no restriction by the long

transmissionlIne. In principle It can compensatethe beamloading Immediately and

completely.Although, there Is no responseat first turn, It Is not likely important. In

caseit is of real concern e.g. the beamcurrent Is too large this may be remediedby

HEB injection forecast,that the forecastedsignal acts on the vectormodulator to exe

cutecompensationjust as thebeamis injected.

The advantageof feedbackloop is that the compensationis always self adjusting,

and theparametersof the feedbacknetwork arenot necessarilyvery precise,exceptto

control the phase to avoid positive feedback.While for feedforward system, all the

parametersshouldbe carefully calibratedandcontrolled.Any error or fluctuation may

result in imperfectcompensation.

Although the principle can be applied to bunch by bunch compensation,It is not

realisticdueto thenan-owbandwidthof thesystem.Thereforethetransientbeamload

ing would be compensatedon a slow process,for examplebatchby batchbasis.The

slow variation within a batch can also be compensated.In fact, since a batch lasts

34 i’S, it should beno problemto detectthevariation.

In order to compensatecompletely, one has to take both magnitude and phase

information, which may be detectedby a demodulator,and then exert on the vector

modulatorafter oneturn delay. For the collider ring, thebeamcurrentI is almost 900

in advanceof the cavity voltage as shown in Fig.8. If the cavity is not detuned, i.e. 1g
andV are in phase,the compensatingcurrent 81 shouldbe 900behind 1g’ or 8V is 90

behindVth correspondinglyW is always In phasewith Ig. This can be easily doneby

virtue of a 900 hybrid as shown in Fig.7. In this case,the vector modulator functions

just as a amplitude modulator or a variable attenuatorwith no phase modulation

needed.The amplitude SI is modulated in pacewith the beamcurrent. Specifically, SI

will vanish during thebeamgap.

However, in the caseof a detunedcavity, Fig.8b, SV should not be exactly 900

behindV, and thus thephaseinformation should be embeddedon thecompensation

signal.
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Fig.8 The current Vector diagram

As to the circuIt, thedelayline canbeeither analogue,like SAW surfaceacoustical

wave device,or digital. The latter is certainly betterandpreferablefor its flexibility. The

analogueis rather difficult for such a long time delay as 290 i’S. The vectormodulator

alsohas different approaches.The detail will not bediscussedhere.

4.2 Dampingof the injection error1’101

Injection error meansthat the bunchInjected to collider from HEB is not exactlyat

the centerof thebucket.This is a longitudinal error andwill causesynchrotronoscilla

tion. The transverseinjection error meansthe bunch is off axis and will causebetatron

oscillation. It is anotherissueand won’t discusshere.

The synchrotronoscillation canbe dampedby the slow ioop as shownin FIg.7. It is

well known, if the oscillation is actedby an externalforcewith samefrequencybut a 90

degreephasedifference, it will be dampedas in the following equation.

d24 2 4-1

A dampingschemeis illustrated on Fig.9. It will beexplainedshortly. The phase$
canbe detectedby beammonitor. Note that the deviationA$ = $-$has only a constant

differencewith $. Be remindedthis is not the phase measuredat synchrotronoscilla

tion period, the latter is much complexto be detected.For clarification, the solution of

the aboveequationis:
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-a/2
= t,nsm1v0ste 4-2

which is also illustrated in Fig.9c. Without damping, a = 0. What the beammonitor

candetectis $, while theremainingparameters$m’ ° and iy areunknownunlessone

tracesa whole synchrotronoscillation circle, which is 0.13 to 0.24 second,as the syn

chrotronfrequencyis aslow as 7.57 to 4.13 Hz. This is a long time, however,we need

to know the phasew right at that momentand thenmakea 90 degreeshift.

To realize the phasedetectionand the shift onehasto employ DSP digital signal

processorand FIR finite-length impulse responsefilter. This issuehasto be studied

further.
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Fig.9 The illustration of instability and damping
a The wave form of Vc, b The phase of an individual bunch,
c The same bunch at synchrotron phase space,
d The damping waveform at different phase stage,
e The trace at phase space of an instability without damping,
f The damping voltage at the vector diagram.
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4.3 Dampingof low order CBI CoupledBunchInstability

To beginwith, let’s illustrate the physicalphenomenonof the consideredinstability

anddefinethe term "low order".

Thereare 17424x 6 bucketsalongthe collider ring. Thedesignedoccupancyrateis

one for six buckets,or the bunch number is 17424. Though thereare only 15840

bunchesdue to gapsbetweenbatches,It doesn’tmatterfor generalanalysis.Thereare

17424multi-bunchcoupleddipolemodes,evenmoreif one takesinto accountquadru

poleand highermodes.The latterare less importantin the Colilder by generalconsen

sus. For dipole mode one can regard the bunch as a solid and ignore its internal

motion.

For an Ideal beam,if all 17424bunchesare ifiled and locatedright at the synchro

tron phase,then its frequencyspectrumconsistsof only 60 MHz and its harmonics,

especially360 MHz, which interactswith the cavity. When gapsexist, or the bunches

arenot uniform, the spectrumwill consistall harmonicsof the revolution frequency.

For dipole modes,thebunchbehavesasa solid but its positionmay deviatefrom their

ideal phase.

Fig.9 ifiustratesthe dipole modeinstability. Fig.9 a showsthe cavity voltagewave

form without dampingvoltageadded.Flg.9 b showsthephaseof a bunch,of which its

masscenter Is at $ synchrotronphase in stablecondition. When the mass center

deviatesfrom 4, a synchrotron oscillation occurs, the bunch swings about $, as

denotedby the dotted line in Fig.9 b. Its trace Is Illustrated on the phasespaceat

flg.9 c. The letters a, b, c, d show differentstates.Wheninstability occurs, Its phase

tracelooks like Fig.9 e. Obviously, A$ getsbiggerand bigger, andonceit goesoutside

thebucket,particlesarelost. The dampingvoltageSV shouldbe in quadraturewith the

a$ and Its waveformis shown in Fig.9 d with different bunch states.Note that since

the synchrotronfrequencyis only a few hertz,In comparisonwith the if frequency,360

MHz, the statesa, b, c, d, can be regardedas quasi-staticones.Each of thesestates

should, as shown in Fig.9d, correspondto a damping voltage wave with different

phaserelatedto the original voltageshownin Fig.9a. Fig9 f showsthe corresponding

vectordiagram.Thevectorof the harmonicgradientof the bunchcurrentswingsabout

the vertical vector. Correspondingly,the dampingvoltage8V is addedto V so that the

locus of the total cavity voltageshouldbe a circle, the dottedcircle shown in Fig.9f, of

which themagnitudeis exaggerated.Sincethe amplitudemodulationof the cavity volt

ageis not important in this case,onemay employ only a phasemodulation,which can
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be easilyperformedby a phasemodulatorinsertedin the amplifier chainas shownin

Fig.7.

In the abovesituation,the beamhasphasemodulation,and Its spectrumspreads

with spectrallines at the following frequencies:

f = n+pMfø+f 4-3

where f0 Is the revolution frequency,f5 is synchrotronfrequency,M is the numberof

bunch, i.e. 17424, and n denotesthe mode numberwith 0 nc 17424, while p is an

integerwith -oo <pc + oo The frequencynear the fundamentalis p = ±6 in the col

lider case,orj.1 = 6 Mfrj, thenwehave:

f = fj±nfo±f3 4-4

"Low order" simply meansa is low enoughthat f is within the bandwidth of the

fundamentalmodeof the cavity, so that its Impedanceis high enoughto drive an insta

bility. Meanwhile It must be also within the bandwidthof the Idystron, of which the

bandwidthis narrowin commonsensebut still wider than the cavity. Thereforeone

canmakeuseof theldystron aspowersourceto dampthis instability, similar aswedid

for theinjection error mentionedabove.

Although Injection errorand CBJ arequite different issues,the remedyto cure them

is much the same.Becauseboth needsignalpick-up, filter, phasedetector,signalpro

cessorincluding a 90 degreephaseshifter, and finally modulatingthe drive signal to

perform a dampingforce. The slow loop branchshown in Fig.7 doesthesejobs. Never

theless,therearesomedifferenceaslisted below.

First, for injection, phaseerrorsof differentbatchesare incoherent.For low order

modecoupledbunchinstability, on theotherhand,they arecoherent.This canbeseen

from Fig. 10 a and b. Fig.10c relatedto high orderCBI will bediscussedin nextsec

tion. The dots symbolizediscretebunchesrather than àontinuousbeam.The offset

from theaxis Indicatesthephaseerror. It is also the outputsignalasa time function of

a fixed monitor, which detectsthe longitudinal positiondeviation. Fig. 10 a shows the

situation of the injection error, which is assumedconstantwithin a batch, though it

may not be exactly true. Becausethe time gap betweentwo injectionsis about9 min

utes, thereshouldbe enoughtime to damp the precedingbatchbeforethe next injec

tion. Thereforein the figure only onebatchhasphaseerror, therest areassumedright

at synchrotronphase Thosebatches,like number5 and 7 in Fig. 10a, having not

beenifiled are left blank. On the otherhand, Fig. 10 b showsthe coherencein the low

order CBI. Note that the curve is like a "snapshot",i.e. the phaseerrorsof all bunches
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at the samemoment The figure shows a sinelike pattern.Sinceeachbunchis slowly

oscillatingwith synchrotronfrequency7.57 to 4.13 Hz, tifis patternwill changevery lIt-

tie in the nextturn.

Secondly,uncorrectedinjection errorswill leadto emittancegrowth aftera few syn

chrotronperiods.CBI’s cangrow in amplitudeto thepoint of causingthe moreserious

problemof beamloss. Therefore,its damping rate must be greaterthan the growth

rate, otherwisethe magnitudemay grow without limit. For Injection errorsthereIs no

suchthreshold,althoughcritical dampingis preferable.

For engineeringdesign,It is Instructiveto distinguishandquantitatethoseparame

ters concerningphasesand frequencies.There are three different frequenciesand

relatedphaseswhich shouldnot be confused.

First, the phaseerror A4 detectedfrom the beammonitor Is the phasedeviation

about synchrotron phasewhich is measuredwith respectto the rf frequency,i.e.

II III’ , ,, ,
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Fig.10. The phase error signal detected by beam monitor,

a Injection error, b Low order CBI, c High order CBI
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360 MHz. The local frequencyapplied to the phase detectormay be different from

360 MHz, assometimeshigher frequencyis preferablein order to rise the phasesensi

tivity. The outputof the detectoris thephaseA$ in equation4-2, which shouldalways

bemeasuredat 360 MHz. Normally, its reasonablerangemaybe ±15 degrees.

Second,the amplitude of this detectedsignal, as shown in Fig. 10b, variesin a

rateof the order of a few times the revolution frequency.The curvesshown in Fig. 10

are in a revolution circle, say 291 pS. Fig. 10 a shows eight batches,each involves

2057 bunchesand lasts about 33 p.S. Fig. 10 b shows a low order mode with a = 5.

This correspondsto a frequencyof 5 x 3.44 kHz. Thewaveformshownis a uniform sine

wave. It may not be so regularif the instability involves morethanone modesimulta

neously.Anyhow, this frequencyrangeis comparablewith thebandwidthof thecavity.

Also, It Is associatedwith the speedrequirementfor the digital signal processor.We

may deal with them by either averagingor distributing them to different memories.

More aboutthe signalprocess‘will be discussedlater.

The third frequencyconcernsthe synchrotronoscillation. This is a very low fre

quencyk = 7.57 to 4.13 Hz. In orderto performdamping,onehasto know iy and

and thenmakea 900 phaseshift. This Is followed by a properscaleto producea volt

age,which modulatesthebias of the phaseshifter, which modulatesthe outputphase

ofthe klystron. This is equivalentto addinga quadraturevoltageon the original voltage

asshownin Fig.9 1.

In order to get the informationof phaseiy andamplitude $m onehas to trace an

individual bunch a whole synchrotronoscillation circle, i.e. 0.13 to 0.25 second.That

involves 450 to 830 revolution turns, If onesamplesthe $ of an individual bunchonce

eachrevolution period,thenthereare450 to 830 datapoints.Moreover,we have 17424

bunches.If onewants to makedamping on bunchby bunch basis,This implies 450

times 17424 datapoints.For a batchby batchbasis,onehasto dealwith 450 times 8

datapoints.How to dealwith thosedatais an issueof signalprocessing.To simplifr it,

a downsamplingtechniquemay bepossible.This techniqueis currently beingdevelop

ing in sLAcJ"1 It seemsalso necessaryin the Collider. especiallyfor damping high

order modes.This will be describedin the next section.
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5. ACTIVE DAMPING SYSTEM

In the last sectionwe’ve discussedlow order modedamping by virtue of the main

accelerator’sklystron. It Is activedamping.HoweverIt cannot damphigh ordermodes,

to which the damperneedsa wide bandwidth.So thererequiresanotheractivedamp

ing systemwhich is almost Independentwith the acceleratorsystem.This systemis

discussedbelow.

5.1 High order mode

Oneof the most seriousconcernsof the collider RB’ is that of the high order mode

coupledbunchinstabilities.The reasonsareasfollows.

The collider has17424bunchesIn a ring. Thereare 17424modes,denotedby num

ber a see equations4-3, 4-4. We’ll limit our discussion on longitudinal dipole

modes. If quadrupoleandhighermodesarealso takeninto account,therewill be even

more. Fortunatelythe latter areless Important, and will be ignoredIn thIs discussion.

Nevertheless,to takecareof thousandsmodesis by anymeansa big Issue.

The abovementionedmodesarethe modesassociatedwith the beam.On the other

hand,a cavity mayhavealso a lot of high ordermodes;Any high ordermodeof thecav

ity will cover someof thesebeammodes.Resonancemay occurand causetrouble of

instability.

To avoid thesekind of instabilities known asCDI coupledbunchinstability, there

aretwo approaches.Oneis to depressthehigh ordermodesin the cavity. ThatIs pas

sive damping. Another is to kick the bunch back to its desiredphase,wheneverthe

phaseis out of order asan instability occurs.That is knownas activedamping. In the

caseof our collider, both passiveand active damping arenecessary,but only active

dampingis discussedhereafter.

Fig. 10 c showsthe phasedeviationof the bunchesalongwith therevolutioncircle.

This figure refers to a = 15. As mentionedabovethe maximum a can be 17423. This

figure gives an idea of how the phaseerror A4 of an individual bunchis relatedto the

adjacentbunches.Its waveform may also be other than a sine wave if two or more

modes exist simultaneously.The higher the mode, the largerthe A4 changebetween

bunchto bunch.This phasevariation is relatedto the speedrequirementof the signal

processorasmentionedbefore,aswell asthebandwidthof the kicker.
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In order to figure out how muchbandwidthis required,let’s checkFig. 10 c again.

Eachbunchpassingthroughthe "pick up" will inducea pulsesignalon it. or a ringing

signaldependingon thepick-up structure1.This signalshoulddecayadequatelybefore

thenext bunchcomesin order not to be mixed up with the subsequentsignal induced

by the nextbunch.Thosesignalswill be uniformly spacedIf the bunchesareuniform.

However,whenan instability occurs,the phasesof thosesignals differ from bunchto

bunch as shown In Fig.10c. Its waveform implies a phasemodulation.Thereare a

wavelengthsalongthe whole ring. Thereforethe phasedifferenceof adjacentbunch is

My = a/M x 2m. Here M=17424.

As far as the bandwidth is concerned,since we hope to kick all possiblemodes,

attentionIs paid to themode,ofwhich A$ changesmost rapidly. It Is themodeofwhich

A changesits sign everyadjacentbunch, that is A = it, or a =M/2. Let’s denoteit it-

mode. Sincethe bunchspacingis 5 meters,or 16.7nSec,the phasechangesit in 16.7

nSec implies a frequencyof 30 MHz. The rest of the modeshave less speedymodula

tion. Especiallythosevery low modes,of which the bandwidth required is less than

that of theklystron amplifier and thus canbehandledeasierasmentionedat proceed

ing paragraph.

Note that this it-mode is not the "highest" mode. it-mode correspondsto a = M/2,

andA = it. Whenn > M/2, thenA > it, but it is equivalentto A-2it, ofwhich the abso

lute valueis less than it. e.g. A = 1500 is equivalentto A = -30°. Thereforeit-mode

associatesthe maximumbandwidth.

The maximum bandwidthrequiredis 30 MHz. This meansboth the kicker and the

powersourceshaveto coverthis bandwidth.

In brief, the large numberof bunchesintroducesa variety of possiblemodes,the

narrowspacebetweenbunchesintroduceswide bandwidthrequirement.Thosearebig

concernsaboutthe activedampingof high order modeCDI.

5.2 The schemeof the activedamper

In generalconsiderationthereare two approachesto damp the CBI. Oneis in the

frequencydomain,andanotheris in the time domain.

In frequencydomain, onehasto analyzethe spectrumof thebeamsignalpickedup

1. Seelater"Signalpick up subsystem"in paragraph5.3,
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Fig.1 1 The scheme of active damping system

by themonitor and thenmakenecessaryprocessingto synthesizethecorrectionsignal

anddrive the kicker. The philosophyof this approachis to dealwith the total bunches

asa whole systemanddisregardtheindividual bunch.Thepossibleadvantageis that it

canbe appliedin generalcaseno matterhow manybunchesexist.

In time domain, one views the beamon a bunchby bunch basis.From the beam

monitor onepicks up thephasedeviation information of all individual bunches.Signal

processingis usedto form a seriesof correctingsignals to drive the kicker, which in

turn kick the bunchesone by one. The philosophyof this approachdisregardswhat

modesare in the beam,but dampit whenevera bunchis out of order.

A schemeon the basisof time domainapproachis illustrated on Fig. 11. Threesub

systemsare divided. The function of each part is very similar with the slow ioop in

Fig.7, but thehardwaresare quite different. Following aresomemajor concerns.

5.3 The concernsaboutthe active damper

The following representsomeconcernswhich are necessaryto be clarified before

the engineeringdesign.

5.3.1. Powerrequirement
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The minimum voltagerequiredto drive thekicker is that the dampingrateequalsto

the growth rateof the mostunstablemode.It canbe expressedas21’131

= 2-fVRFCOS4Söl 5-1

whereAw = l/t refersto the growth rateof most unstablemode,and 64 is the detect

ablebeamphaseerror. In order to provide enoughsafe margin, one usuallychooses

threeto five times of abovevalue.Above factorsdependon whatkind of cavity is chosen

and the sensitivity of the pick up system.An estimatefor the scenarioof normal con

ducting cavitiesin the34 kV range12’

Thepowerrequiredis:

lV
= 5-2

k

where Zk is the impedanceof the kicker. Obviously, high impedanceis preferable.

AssumingZk = 2 kQ, at aboveestimatedvoltagethepowerrequiredis 290 kW. This is a

big problem.To reducethis large powerrequirement,onemust employ better passive

damperfor the cavity to reducethe HOM impedancesand reducethe requiredactive

dampingvoltage.

For the scenario of a superconductingcavity, the problem is much alleviated

becausethe high order modescanbemoreeasilyreduced.

5.3.2. The powersource

As the power and the bandwidthareboth pretty high, It is a big challengefor the

power source.From the point of view of high power,the electrontube is better. While

concerningbandwidth, a solid statedevice is preferable.For presenttechnology,both

approacheshavedifficulties satising our requirements.

As to solid stateamplifier, 30 MHz is not a problem. MPD MicrowavePowerDevice

Inc. canprovide 10 kW CW assemblyat anexpenseabout$100 perwatt. Higherpower

will be difficult.

As to electron tubes, both klystron and klystrode have problems meeting the

30 MHz requirement,if it is not impossible.A twt travellingwave tube in principle can

meetthis requirement,but nowadaysfew companiesare interestedin developingthis
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device.

Thereforeeffort must be on limiting the powerrequirementno morethan 10 kW or

so. In order to do so onemust Increasekicker impedanceashigh aspossible,and raise

the sensitivity of the phaseerror detection.Of course,passivedampingto reducethe

modegrowth rateto a reasonablelow level, is also very important.

From this point of view, the scenarioof superconductingcavity which requiresless

poweris also preferable.

5.3.3. Selectionof the kicker frequency

As a bandwidthof 30 MHz is determined,thehigherthe centerfrequencythebetter,

becauseless relativebandwidthwIll easeboth kicker structureand the powersource.

However, the upper limit is restrictedby the bunchlength, which must be much less

than thewavelength.The bunchlength is about 12 cm, by generalconsensusthe high

estacceptablefrequencyis 800 MHz.

Onemoreconcernis that thekicker shouldnot coverharmonicsof the fundamental

beamfrequency,I.e. ax 60 MJjz. Otherwisethe kicker will be excitedby the beamand

causesinterference.

Another considerationis the band should cover all possiblemodes.This restricts

the selectionof the center frequencyof the active damper.The 0-mode i.e. n = 0 is

always associatedwith the frequencieswhich arethe harmonicof 60 MHz, while the it-

modewith thosejust in between.Thereforethe possiblecandidatesof the centerfre

quenciesare:555, 585, 615, 645, 675. 705, 735, 765, 795 Mit. Let’s assume765 MHz

for thetime being.

5.3.4. The structureof the kicker

In principle, a pick-up structurecanalso be usedasa kicker. Therearemanypos

sible structures for longitudinal kicker, like stripline kicker, series-drift tube

kicker1141,[151, etc. In ourcase,asthe impedanceis of majorconcern,a cavity structure

would haveadvantageand is worthy of attention.

As is well known, for a given structurethe impedanceand bandwidthproduct is

proximatelya constant.For a cavity the impedance-bandwidthproductis:
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RAf= QLAf= Lf0COt 5-3

It is clear that Increaseof bandwidth will reduce the impedance.Assuming

= 765 MHz, R/Q = 150, Af 3dB bandwidth= 60 MHz, or 1dB bandwidth= 30 MHz,

then the impedanceR = 1.9 kQ. This gives an evaluationof the impedanceof a cavity

structurekicker.That of a strlpline structureis much lpwer.

For stripline structure, One may apply multi-section in seriesto increaseimped

ancebutmeanwhilereducethebandwidth,andcomplicatethe structure.

Another approachis to employ a few kickers. It increasesthe impedancebut mean

while increasesthe spacerequirementin the tunnel and the complexity of the power

distribution.

One may also employ a broadbandimpedancetransformerto replacethe simple

couplerof thecavity, as is donein broadbandklystrons.This can increaseEM product

2 to 3 times.

It is also possibleto employ a travelingwave structure,similar as usedin the twt

traveling wavetube.This in principlecanreachhigh EMproduct,but this issuemay

needa largeamountof R & D work.

Hence,the kickerstructureis an importantconcernandhasto bestudiedfurther.

5.3.5. Signal pick up subsystem

Thejob of the signalpick-up subsystemis to provide thephaseinformation A4 of all

individual bunches.

First, weareconcernedaboutthefrequencychoice. In priciple, onecan chooseany

harmonicof 60 MHz, which is determinedby thebunchspacing.Theupperlimit is also

restrictedby the bunchlength.

From equation5-1, it is clear that the moresensitivethedetectablephase,theless

the requireddampingvoltage. A$ is measuredby the time deviationfrom the reference

synchronousbunch.

= 5-4

Sincethebunchesarevery short in comparisonwith the rf wavelength,the pick up

is not necessarilyoperatedat rf frequencyi.e. 360 MHz. In fact, a higher frequencyis
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preferable.For example,a At correspondingto A4 = 2° at frequency360 MHz is equiva

lent to A$ = 6° at frequency1080 MHz = 3 x 360MHz. Therefore,if a phasedetector

worked at 1080 MHz can tell the phasedifference of 1 degree,It is equivalentto the

phasedifferenceof 1/3 degreeat 360 MHz. That meansthe phasesensitivityhasbeen

enhancedby 3 times. Referringto Fig. 11, ii 1080 MHz is chosen,the local oscillatoras

well as all the subsystemare working in this frequency,except the "low passfilter",

which allows only the demodulatedsignalpassingthrough.

The structureof the pick up is also of concern.If the pick up is composedof only

one electrode,it producesonepulse eachbunch passingthroughit. However,a phase

comparatorusually requiresa sinesignalor a train of pulses.A pulsepassingthrough

a resonantcIrcuit canproducea ringing signal,but resonantcircuit hasmemorythat If

the decayis too long. Information from the nextbunchwill bemixed in. SLAC B-factory

developeda combgenerator,which Is composedof a train of coupling elementsperiodi

cally spaeedJ161The signals Inducedby thoseelementsare combinedto the common

outlet so asto form atrain of pulseswithout memory.

The multi-elementsstructurereferredto a combgeneratoris especiallyuseful in the

casethat thebunchesareclosebut needto bedistinguished,anda fast responseto the

signal is necessary.

Sincein the Collider thebunchspacingIs only 16.7 ns, thecombgeneratoris wor

thy of attention.

5.3.6. The mechanismof kick and digital signal processor

For low ordermodedamping, theklystron is usedasthepowersource.Both voltage

andcurrentareat 360 MHz, so thevectordiagramIs applicable.This is not the casefor

high ordermodedamping.Thekicker worksat a frequencyotherthan360 MHz, how to

control its phaseandamplitudeis of importantconcern.

The beamcontainsharmonicsof ax 60 MHz andother frequencieswhen the beam

is nonuniform.The outputsignalfrom thepick-upsubsystemis only theinformationof

the phasedeviation from uniformity. However,our purposeis to deal with them in a

bunchby bunchbasis,so we haveto identify eachbunchandprocessthe information

individually. Sincethereare17 thousandsbunches,a farm of DSPsdigital signalpro

cessorshasto be employed.Should we use17 thousandsDSPs?it is ridiculous. But

how many is enough?This is a matter of how to organizethe signal and compromise
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betweenthe possibleprocessingspeed,reliability and thenumberof DSPs.

Be remindedthat the signalprocessorwill haveto havethe function of a 900 phase

shift, thesameasdiscussedin section4.

How to specifytherequirementsfor the signalprocessorIs anotherimportant issue.

How to dealwith thetremendousdataintroducesanotherissuetermeddown-sam

pling, which will discussnext.

5.3.7. Down-sampling[11]

Imaginethereare 17 thousandsbunches,onepicks up thephaseinformation every

buncheachturn andcumulatesthe datafor a synchrotronoscillation circle, sayabout

450 to 830 turns. One then analyzesthe datato figure out the synchrotronphasew
individually, followed by a transfernetwork to performa 900 shift andsynthesizesthe

necessarydampingvector. This information is usedto modulatethevectormodulator

andthendrive thekicker with properamplitudeandphase.

Shouldwe need 17 thousandscircuit branchesto dealwith eachbunch individu

ally? Shouldwesampleall thesignal everyturn? Canwe simplify the architectureand

sampleless signal to do the samejob?This is the issueof downsampling.

To do so let’s review someconcepts.All the buncheshave the samesynchrotron

oscillation frequencyexceptfor minor perturbations.In principle, a pure sinewavecan

be completelydeterminedby asfew as two samplesper circle samplingtheorem.This

suggeststhepotentialthat wecanusemuchlesssampledsignal to do the requiredjob.

Another characterof the collider is that the synchrotronoscillation is pretty slow,

0.13 to 0.24 second.The real time treatmentshouldnotbe a problem.

Thosequestionsandconsiderationsneedfurtherstudy.
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