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General
In beamtransfersbetweenthe boosterrings andinto theSupercolliderit will

generallybe necessaryto positioneachinjectedbeamtraininto specificbucketsin the
receivingring. Thesimplestandcheapestmethodof arrangingflexible bucket

synchronizationbetweentwo adjacentacceleratorrings is throughchoiceof theratio of

harmonicnumbersof thetwo rings. Such a methodimposesno constraintson thedetails
of theaccelerationcycle.

Coarse Synchronization Through Choice of Harmonic
Consider the relative positions of the RE bucketswhen the beam in ring 1 is available

for transfer to ring 2 in the figure below. Assume that the two frequenciesarelocked at

60 MHz, corresponding to a bunch spacingandRE wavelengthof 5 meters. The two RE
harmonic numbers areh1 and h2. Thecollider RE frequency will be 6 times higher, but
only every sixth bucket wifi be used,so that when "ring 2" is the collider ring, the
harmonic h2 will be the "beam" harmonic in the collider, not the RE hannonic. Let the

synchronization objective be to position bucket A in ring 1 alongsidebucket B in ring 2 at
the point of transfer. Let time t =0 sometimewhen bucket B in ring 2 is at the transfer

point andbucket A in ring 1 is at some arbitraryazimuth:

ring 2
harmonic h2



At : = T2, which is therevolutionperiodin ring 2, bucketB is back at thetransfer
point,butbucketA will havemovedr bucketpositions,wherer is the remainderin the
division h2/hi. Thatis, expressh2 as

/z2 = ‘2i hii-r 1

where‘21 is theintegerpartof theratio h2jhl. Thenafterhi revolutionsof ring2, the
bucketA will havevisitedeachof thehi possiblebucketpositions,providedthat h1 andr
do nothaveacommonfactor. Thuswithin theperiodh1 ‘2, bucketA in ring 1 will match
up at the transferpoint with bucketB in ring 2, whichis therequiredconditionfor beam
transfer.

If hi is aprime number,thentheconditionthatr andhi haveno commonfactoris, of
course,satisfied,but sucharequirementwould be too restrictive-i.e.,sufficient butnot
necessary.

The condition that r andhi haveno commonfactor leadsto a secondcondition,
namely thathj andh2 haveno commonfactor also,asconsiderationof equation1 can
easily show. This secondconditionthathi and/z2 haveno commonfactor is certainly
necessaryand we suspectthat it is alsosufficient for this synchronizationmethodto work.
Thepresentdesign,however,doesnot meetthis requirementin any of thethreetransfers,
ascanbe seenfrom thetable below.

SynchronizationTimes
For theinjectorchaindescribedin thememorandum"Parametersasof 8/9/89" the

maximumrequiredsynchronizationtime h1 T2 for eachinter-ring transferis listed below.
We assumethatthenominalharmonicslistedwill be adjustedslightly to avoidhaving
commonfactorsin anytransfer.

nominal cycle
Ring 2xRm h Ttsec hiT2sec timesec

LEB 500 100 1.67 0.0014 0.1
MEB 4,120 824 13.7 0.030 4
HEB 10,800 2,160 36.0 0.63 60
SSC 87,120 17,424 290.4 - -

We notethatthemaximumsynchronizationperiodhiT2 in eachring is only about
1 percentor lessof thecycle timeofthatring.

We shouldnotethat in normaloperationall of thebucketsin theLEB arefull, so that
no coarsesynchronizationis required,in which casetheno-common-factorcondition on hj

andh2 neednot be applied. However,in orderto allow operationof theLEB with only
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everynth bucketfull, orevenwith just onebucketfull, it will probablybe necessaryto

apply theno-common-factorcondition.

The synchronizationtechniquejust describedprovidesonly the"coarse"

synchronization,i.e., it positionsbucketA in ring 1 to be roughlyoppositebucketB in

ring 2. However,thereis still theproblemof the"fine" synchronization,i.e., theprecise

centeringof bucketA on bucketB. The fine synchronizationis to be accomplishedthrough

phaseslippageof up to one-halfan RF period. We will return to this problemafter
consideringthephase-slippagetechniquein amoregeneralcontext.

An Alternative Method of Synchronization
An alternativemethodof adjustingtherelativepositionsof theRE bucketsin thetwo

rings involvedin abeamtransferis to utilize phaseslippageproducedby a shift in theradio
frequencyin oneor both rings. It turnsout, however,that for coarsesynchronizationthis
methodis muchslowerand hasthefurtherdisadvantageof exposingthe beamto dangers
associatedwith themomentumshift involved.

The fractionalchangein revolution periodLITTJ’ associatedwith afractionalchangein
momentumzip/p is

41’ lAp-r--a -i-’
whereais thecompactionfactor,and ythetotal beam-particleenergyin units of theproton

restmass. Therefore,to shift bucketA in ring 1 to anygiven positionin ring 1 requiresat
mosta shift of onehalf therevolutionperiod. The correspondingnumberof turns is
1/2a - 1/’y2zip/p, andthetotal synchronizationtime requiredfor thefrequency-shift

methodis

2a

For illustration,usingzip/p = i0 we arrive at thefollowing estimatesfor these

synchronizationtimes:

Ring a 7 TA,sec

LEB 8.3 x iO-3 12.8 0.38
MEB 2.9 x 10 213.2 2.4
HEB 1.2 x io- 2132.2 15.
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Thus,therequiredtimesfor coarsesynchronizationusingthefrequencyshift method
correspondingto zip/p of i0- arefor eachring comparableto thenominal cycle time of

thatring andthus wouldsignificantly increasethefilling time of theSSC.

Fine Synchronization
For fine synchronizationrelativephaseshifting of up to one-halfan RB periodis

required. This is astandardproblemin all existingbooster/mainring systems.At the
Fermilabbooster-mainring transfer,thephasematchis approachedadiabatically. At a time

well in advanceof thedesiredtransfertime, therelativephasesandfrequenciesof the two

RE systemsaremeasured.Then afrequencyexcursionof theboosterRE canbe calculated
which canproducetheidealphaseandfrequencymatchat transfer. The processis
continuallymonitoredsoasto correctsmall deviations.

if thefine synchronizationis delayeduntil thelastpossiblemoment,theminimum
requiredtimesfor fine synchronizationin eachring canbe obtainedby dividing the
maximumcoarsesynchronizationtimes aboveThy by theharmonicnumber

Ring TSh msec

LEB 3.8
MEB 2.9
HEB 6.9

Suchperiodsfor fine synchronizationwould be acceptablefor theMEB andHEB

extractionscenarios,butnotfor theLEB becauseoftheconcomitantvariationof the beam
energyat least0.3 percentfor theLEB runningat 10 Hz, asSam Pennerhaspointedout.

SSC Filling Time
The filling time of theSSC is dominatedby therampingtime of the HEB. Consider

thefollowing filling scenario:

1 The LEB is loadedvia multi-turninjection from thelinac in 20 or30 p.sec.

2 The MEB is loadedwith 7 beamtrainsfrom theLEB, eachLEB train containing
about98 bunches.The sevenLEB trainsareseparatedin the MEB by 6 gapsof
about2 emptybucketseachdueto therise time of theMEB injectionkicker
magnet. The fall time mustbe lessthantheMEB abortgap, whichin this caseis
126 emptybuckets2.1 issec.
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3 TheHEB is loadedwith 3 beamtrains from the MIEB, eachMED train containing
686 filled bucketsand6 MEB-injection-icickergaps. Such a loadingproduces

2,058 filled bucketsin theFIEB, plus 18 MEB-injection kickergaps,plus
2 HEB-injection-kickergaps6 empty bucketseachandan abortgapof
54 empty buckets0.90p.sec.

4 The SSCis loadedwith 8 beamtrains from theHEB, resulting in 16,464filled

buckets,plus 144MEB-injection-kickergaps,plus 16 HEB-injection-kicker
gaps,plus7 SSC-injection-kickergaps9 empty bucketseachand an SSC
abortgapof 513 emptybuckets8.5ssec.

This scenarioproducesa filling factor of 94.5percentin theSSC. The filling factor could
be increasedto 96.2percentby addinga specialtrainof 3 LEB batchesto be accelerated

throughtheinjectorchain,therebyshorteningtheSSCabort gapto 204empty buckets
3.4j.tsec. However,this small additionwould lengthentheSSCfilling time by about

12.5percent.
The total filling time correspondingto thefour-stepscenariolisted abovecanbe

expressedin termsof therampingtimesof thecyclestj, tM, t1.j of theLED, MEB, and
HEB, respectively:

FTssc=7x3x8Q+3x8tM+8tIi

which for rampingtimes of 0.1 sec,4 sec,and 120 sec,respectively,e.g., evaluatesto:

FTssc = 16.8 + 96 + 960 seconds

= 0.28 + 1.6 + 16 minutes.

Thus, therampingtimesof the LEB and theMEB couldbe appreciablylengthenedwithout
significanteffecton thetotal filling time of the SSC.

It mustbe kept in mind,however,that otherconsiderations,suchasbeamquality
degradationduringinjection,makeit desirableto haveshort cycle times,especiallyat low
energies.
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