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by
GeorgeBourianoffSSCL

Introduction
This paperwill attemptto summarizetheactivitiesrelatedto acceleratorsimulationat the

SSC laboratoryduring therecentpast.The work presentedherewill largely be the work of others
and specific contributorsare identified in theacknowledgments.The majority of the work was
done by the Machine Simulation and CorrectionGroup with contributions from individual
machinegroupsandtheAcceleratorTheoryGroup.

The paperwill be organizedinto threebasicareasasfollows. The first sectiondeals with
operationalsimulations.As thenameimplies,theresultspresentedheredeal with simulatingvar
iousroutineacceleratoroperationssuchasinjection,extractionandcorrection.The topic or cor
rection includes many specific operationssuch as chromaticcorrection,decoupling,and orbit
smoothingaswell ascorrectorfailure simulations.Specific examplesthat will be discussedhere
arelocal chromaticcorrectionof thelow betainsertionof thecollider, experimentaldetermination
of local couplingstrengthsin LEP, andresultsof steeringcorrectorfailure simulationsin thecol
lider.

The secondsectiondealswith performancepredictionof a specified lattice designThis
involvesrunningthetracking kernelof thecodeto evaluatetheperformanceof a specificconfigu
ration. This is usually doneaspart of a family of runs to investigateparametricdependenciesby
incrementallychangingone parameterand observingtheresults. The effectsareusually quanti
fied by etherthe linear apertureor dynamicaperture.The specific resultsto be discussedhere
include theeffectof higherordermultipoleson linearapertureandtheeffectof powersupplyrip
ple on emittancegrowthin thecollider.

The third areadiscussesdevelopmentandapplicationof advancedtechniquesto particle
tracking. The goal is to extendthe scopeof problemsthatmay be attackedwith tracking codes
beyondthecurrentrange.Oneapproachis to applythecomputationalpowerofthecurrentgener
ation of parallelprocessorsto acceleratorphysicssimulation,while theothertechniqueis to uti
lize high order mapsto extendtherangeof simulations.Both approachesarebeingexploitedat
theSSC.The recentdevelopmentsin parallelprocessingwill be describedhereandmappingtech
niquesarediscussedseparatelyin apaperby Yiton Yanin theseproceedings.

Operational Simulation

LOCAL CHROMATICITY CORRECTIONS

The first exampleof operationalsimulationto be describedhereis describedmorefully in
Ref. [1] in this proceedings.It discussesthe local chromaticcorrectionsmadeto correctfor the
effect of the strong focusingquadrupolesin the low betainsertionand the simulationsdoneto
supportthateffort.

The naturalchromaticityof thecollider is approximately-170 units of chromaticityfrom
the arcs.For equal to 0.5 m, eachIR conthbutesan additional -50 units of chromaticityand



correspondingly-100 units for of 0.25 m. The currentdesigncalls for 4 families of sextupole
correctorslocatedadjacentto the IR regions to be used to correctpart or all of the IR induced
chromaticity.The simulationsdescribedherewereusedto quantitativelyevaluatetherelativeper
formanceof thedifferentoperationalscenariosthat werepossiblewith theavailablesetof sextu
poles.

The simulationeffort requiredevaluating a three dimensionalarray of parametersand
thereforeconsistedof a greatnumberof individual cases.The possibleoptics configurationsof
thelow betaIRs areshownin Table 1. These6 casesconstituteone of thethreedimensionsmen
tionedabove.

- Case

I

n* ‘I’

0.25m 0.25 m

II 0.25m 0.50m

IV 0.25m 8.OOm

V 0.50m 0.50m

VU 0.50m 8.OOm

X 8.0Gm 8.0Gm

Table 1: OpticsConfigurationsStudied

The seconddimensionof this threedimensionalparameterspacespecifiestheamountof
chromaticitycorrectedby thelocal correctionschemewith theremainingchromaticitycorrected
by theglobalscheme.For example,thecurveslabeledlocal 50+50 indicatethat50 units ofchro
maticityarecompensatedby eachof the local correctorfamilies.The curvesmarkedlocal_0+Odo
not use the local correctorsto correctany first order chromaticitybut use them to balancethe
chromaticcontributionsof the two IRs when they areoperatedasymmetrically.A full discussion
and analysisof this situationis containedin Ref[1].

The last dimensionof theparameterspacedefinesthedistributionof errorsin the lattice.
The local chromaticcorrectionschemerequiresprecisephaserelationshipsbetweenthevarious
membersof acorrectionfamily andhenceis sensitiveto the magnitudeand disthbutionof errors
in thelattice. The dynamicaperturecalculationsweredonewith variouscombinationsof errorsin
thearcsandIR regionsto study this dependence.

The results of this study are summarizedin Figures 1 to 4. Theseshow the 1000 turn
dynamicapertureas a function of betatronamplitudeand momentumoffset This set of curves
displaysonly oneof thesix opticsconfigurations0.25m+8.OOm.The othercaseswerecalculated
but arenot shownhere.Thecurvesshowthat the localschemeshavealargermomentumaperture
relativeto theglobally correctedcase. -

The brief summaryof this work given hereis meantonly to givean overviewof thescope
andcontentof theeffort. A completeanalysisarid discussionarecontainedin Ref[1].
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COUPLING MEASUREMENTSAT LEP

A secondexampleof operationalsimulationscould equally well be discussedunderthe
secondsectionof this reportdealing with performancepredictionsinceit dealswith both topics.
Theexampleto be discussedis the measurementof local couplingcoefficientsat LEP by analyz
ing turn by turn BPM dataandcomparingthemeasuredresultsto simulationresults.The motiva
tion for this effort is that therandomskewquadrupolecomponentof theSSC dipoles will cause
thebetatronmotionto be stronglycoupledandinterferewith routineacceleratoroperations.Stan
dardtechniquesof decouplingusing theclosesttuneapproachwill not be ableto control thedevi
ations of theeigenplanesin thearc andit is thereforenecessaryto detectandcorrectthe coupling
locally.

The theoreticalfoundation for this procedureis containedin Ref.[2:1. However, there
existedoperationalquestionsaboutonesability to measurethe neededparametersto therequired
accuracyin an operationalenvironment.The descriptionof the experimentalprocedures,signal
processing,supportingsimulationsand measuredresults are summarizedhere and more fully
describedin Ref.[3].

The basicformalism for local decouplingcontainedin Ref.[2] is summarizedherefor the
sakeof completeness.The basicgoalis to block diagonalizetheonce-aroundtransfermatrix M.

1
LCD.]

whereA, B, C, and D areall 2X2 submatrices.It hasbeenshownin RefI3J that M may be diago
nalizedby thetransformation.
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AA andAD, theeigenvaluesof thematrix M + K arerelatedto thegeneralizedbetatrontunesRA
and P.D as shown above. In what follows, the nominally horizontal vertical motion will be
labeledA D.

At a fixed point in the lattice of a coupledmachine,the A betatronoscillationswill be vis
ible in the y motion and the D oscillationswill be visible in x. The A betatronmotion may be
readilydistinguishedfrom the D betatronmotion on the basisof their characteristicfrequencies.-
Thex andy motion at a fixed point andat theA betatronfrequencymaybe written

x = gcos

y = gecos-W+4’

where -

= [RAll+?RAl212+122

A12
= -atani

- aA/QRA12

whereWA is the phaseadvanceper turn of the A betatronmotion. It canbe seenfrom Eq. 5 that
two constantseA and CDA define thestateof local couplingfrom x to y at a given locationin the
lattice. Two additionalconstantscouldbe definedin orderto parameterizethecouplingfrom y to
x but it will be assumedherethat this couplingis essentiallyrecriprocalsincetheeigenplanesare
approximatelybut not exactly perpendicular.Further discussion of this is containedin the
accompanyingRef.[3].

Theexperimentalprocedurecalledfor a betatronsignalto be generatedin thehorizontal
planewith the injectionkickers.The constantse and 4A were determinedby Fourieranalyzing
theX and Y motion at eachBPM. The Fourier transformsof theappliedsignalsmay be written
as.

,N-l
1

__

{X}k = _çxiexP_z N
6

where

{X} = DiscreteFouriertransformof X

N = Numberofdiscretetime samplesturns

X = Outputof HorizontalBPM at turn j



Let theindexkxmn be definedto be the k valueat which themaximummagnitudeof { X
occurs.The noiseis definedto be theaveragevalueof all Fouriercomponentswith theexclusion
ofk = The signal to noiseratioof theactualdataobtainedat LEP is quite good,with 99 per
centlying above10.0.

The complexfunction {X}k is convertedto polar form

‘Xk
Imax

eA=
p

Ykyjnax

{X}k - Pxe

and theamplituderatio EA andphasedifferenceGAareextractedateveryBPM. Theseare thetwo
piecesof informationnecessaryto performthedecouplingcalculationbasedon experimentaldata
andreferencedin Eq. 5.Theactualmathx elementsneededfor computingthecorrectorstrengths
RAil andRA12 areobtainedby invertingEq. 5.

RA12 - eAAsincbA

a
RAil = ecos4A +RAl2

8

The experimentaleffortconsistedof measuringthelocal couplingparametersandcompar
ing them to simulatedvaluesdeterminedfrom a computationalmodelof LEP. The experimentally
measuredresultsareshownin Figures5 and 6.

Local coupling Exp 3

0 100 200 300 400 500 600

Figure5. MeasuredCouplingCoefficient

Phase Difference Exp 3

= ktxkmax4Yxkmax
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Figure6. Measuredphasefactors
The notationof experiment3 in thesefiguresdistinguishesthemfrom otherdatain which



- the betatronoscillationswere generatedby methodsdifferent from firing the injection kickers.
The functionsin thegraphsare theamplituderatio 8A andphasedifferencebA definedin Eq. 7.

This situationwassimulatedusing theteapotsimulationcodemodifiedto producean out
put file identical in structureto the outputof the Beam Orbit Measurementsystemof thereal
experiment.This datawas processedin thesamefashionandby thesamecode and usedto pro
ducetheplots in Figures5 and 6. Theactualexperimentalfield and alignmenterrorsthat contrib
ute to the experimentallymeasuredcoupling areof courseunknown.Thesimulationcodeusesa
Monte Carlo algorithmto generatean error distribution with whatarebelievedto be thecorrect
statisticalaveragesRef.[4]. In this case,thecoupling is producedby a small systematica1 com
ponentof 0.01 units in thearc dipolesanda randomrotationof 2 mradin themain arc quads;the
latter is dominant.

The simulatedlocal couplingcoefficientsare shownin Figures7 and8. A direct compari
son of thesetwo figures with Figures 5 and6 experimentaldataindicatesthat thecoupling char
acteristicsof thesimulationagreecloselywith thecouplingcharacteristicsof theexperiment.The
simulationdatais a little "cleaner"thantherealdataand thepeakcoupling valuesin the IR‘s is
approximately50 percent larger in the experimentalcase.However, thecoupling in the arcs is
within 20 percentoftheexperimentalcase.Overall,theagreementbetweenexperimentandsimu
lation is quite goodand we may useit as a basecaseon which to apply the local decouplingalgo
rithm to estimateits effectiveness.This direct comparisonof simulatedresultsto measuredresults
also servesto verify thesimulationcodein its treatmentof basicoptics andthetreatmentof error
sourceswhich createtheneedfor operationalcorrection.

Simulated Local Decoupling Simulated Phase Difference
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Figure7 Simulationof Experiment3 Figure8 Simulationof Experiment3



CORRECTORFAILURE SIMULATIONS

A third exampleof operationalissuesthat are being addressedthroughsimulationis the
impactof thefailure of oneormoresteeringcorrectorson couideroperation.Eachring of thecol
lider will contain approximately1000 independentlypoweredsteeringcorrectors.The specified
meantime to failure of one of the thousandcorrectorpowersupplies is 29 hours.The question
addressedin this study is what is theprobability that failure of onecorrectorwill causebeamloss
or significantdegradationof the beam.Beam loss will probablyresult in quenchingof one or
moresuperconductingmagnets,resultingin a downtime of perhapshalf a day.

The simulations used the working collider lattice as of Aug 11. This lattice had all
assignederrorsalignmenterrors,randomandsystematicfield errorsasspecifiedin theLevel 3B
Specifications.It alsousedthefull setof correctorsasspecifiedincluding44 skew quadrupolesto
correct thecoupling. Thestudy wasdoneat collision energy20 TeV with tunesof 123.285for
v and 122.265 for Vy. The distributions of horizontaland vertical strengthssteeringcorrector
strengthsfor this caseareshownin Figures9 and 10. Thecorrectorstrengthshavea roughly nor
mal distribution with peakvaluesof 1.83 and 2.49 Tesla-metersfor thehorizontaland vertical
casesrespectively.

Distributionof Horizontal CorrectorStrengths

Ifrizental corrector strength

Figure9. Strengthx 0.1 in Tesla-meters

The simulationwasdoneby successively"turning off" correctorsbeginningat thestron
gestand proceedingto lessstronglypoweredcorrectors.Turning off thestrongestcorrectorshas
thestrongesteffect. The correctorsare groupedin blocks of 10 for this study sothesimulations
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Distribution of Vertical CorrectorStrengths

0.15 0.2

aredoneby turning off the 11th strongest,21ststrongest,ect.
Theresultsof this processare given in Table 2 in tabularform. Thetop row of Table 2 givesthe
standandeviationof theclosedorbit, the maximumexcursionof theclosedorbit and the linear
aperturefor thereferencecasethecasewhereall correctorsarefunctioning.
Thestudywasdonefor both on momentumand off momentumparticlesasindicatedby the last
two columnsin Table 2. Thesecolumnscontainentriesof "all"," yes" or "no" for particles lost.
Theentry"yes" meansthat somebut not all theparticleswere lost andis furtherquantifiedin Fig
ure 11.

Thefigure showstherelationshipof correctorstrengthto theminimumbetatronamplitude
at which particles are lost. The corrector strengthis specified by rank in the distribution of
strengthsandis on the vertical axis. The betatronamplitudeis expressedin tennsof beamspot
size1 a = 0. 144mm.From this graph,it is possibleto determinewhatfractionof thecorrectors
will effect the coreof the beamarbitrarily definedhereto be madeup of thoseparticleswith
betatronamplitudelessthan3cx. It canbe seenfrom Fig. 11 that if any of thestrongest20 percent
of correctorsfail, particleswill be lost in thecoreof the beam.Sincethereare 470 correctors,the
20thpercentilerankingcorrespondsto the47th corrector.From table 2, it can be seenthat failure
of this correctorwill producea..rmsclosedorbit distortionof 2.5mmand a peakclosedorbit devi
ation of 12.0mm.
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Figure 10. Strengthx 0.1 in Tesla-meters



case a0y Max y0
Linear

Aperture
Particlelost

dp=0.0
Particlelost
dp=O.0005

Reference
case

0.1137mm 0.5187mm 0.917mm No No

1st All All

11th All All

2lth All All

31th 2.201mm 15.49mm Yes Yes

41th 1.947mm 13.62mm 0.148mm Yes Yes

51th 2.544mm 12.21mm Yes Yes

61th 1.73mm 11.86mm 0.17mm Yes Yes

71th 1.67mm 9.80mm 0.43mm Yes Yes

81th 150mm 9.85mm 0.61mm Yes Yes

91th 1.42mm 9.48mm 0.81mm Yes Yes

100th 1.097mm 7.55mm 0.73mm No No

Table2: Effect of CorrectorFailure

The functionaldependenceshownin figure 11 is characterizedby apronounceddip which
makes the function non single valued for certainvaluesof the correctorstrength.This may be
explainedby taking into accountthe betafunction at the correctorlocation. It turnsout that the
strengthor thecorrectorsis correlatedwith thelocal betafunctionby the opticalpropertiesof the
lattice. If onedefinesa parametercalledeffectivestrengthequal to thecorrectorstrengthtimesthe
squarerootof beta,thefunctionalrelationshipcanbe displayedasin Fig 12. It canbe noticedthat
apeakin thecurveoccursat the80thpercentilewhich is correlatedto theobserveddip in Fig. 11

Thelostparticleamplitudemaynow be plottedagainsteffectivestrengthasshownin Fig
ure 13. The effectivestrengthcorrespondingto the top 20 percentof thecorrectorsis indicated
and clearly correspondsto the 3a point. Using effective strengthas an independentcoordinate
eliminatesthedoublevaluednatureof thefunction shownin Figure11.

The figures and discussionhere pertain to the vertical motion of theAug 11 lattice. The
analysishasbeenrepeatedfor thehorizontalmotion in this lattice andtheentireprocessrepeated
for two otherlattice configurations.The basicresultis that thereis a 20 percentchancethat the
failure of 1 correctorwill resultin lossof all or a significantfractionof thebeam.This meansthat
giventhe29 hour MTF approximatelyoncea week, thebeamwill be lost due to correctorfail
ure This is unacceptableandindicatesthat correctorreliability mustbe improved.



Vertical corrector percentage vs Amplitude of lost particle
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Effective strength vs Amplitude of lost particle
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PerformancePrediction
The secondmajor areaof activity is perfonnanceprediction. As the name implies, this

activity will simulatethe performanceof a given lattice configuration,normally comparingthe
performanceof a family of lattices differing only in one parameter.The simulationdoesnot in
generalrequireany of thecorrectioncapabilitiesbuilt into theTEAPOTcodedescribedin refer
ence5 andcanbedoneusingonly thetrackingkernelof TEAPOTon aparallelprocessororother
mainframecomputer.Thesesimulationstend to be muchmore computationalyintensivethanthe
simulationsdescribedin thefirst sectionbecausea set of latticesmustbe trackedfor a sufficient
numberof randomseedsfor a sufficient numberof turns. As an example,thecalculationof the
effectof higherordermultipoleson colliderperformancerequiredtenseedsfor five casesto gen
eratetherequiredstatistics.Eachrun requiredapproximately20 hourson an HP70RISC station
leading to a total 1000hoursof computationon a high performanceworkstationarray.

HIGHER ORDER MULTIPOLES

The first exampleto be discussedis the impact ofhigherordermultipoleson collider per
formance.The problem is framed in termsof calculatingthe linear aperturefor 5 separatecases
which correspondto the HOM levels exceedingthelevel 3B specificationsby factors of 2 or 4.
The specified levels ofrandomand systematicfield errors for thedipolesmagnetsin thecollider
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arecontainedin the level 3b specificationsand shownin Table 3. The strengthsin the table are

Order Systematican Systematicbn Randoman Randomb

1 0.04 0.04 1.25 0.50

2 0.032 -2.0 0.35 1.15

3 0.026 0.026 0.32 0.16

4 0.02 0.08 0.05 0.22

5 0.016 0.016 0.05 0.02

6 0.013 0.02 0.01 0.02

7 0.01 0.01 0.01 0.01

8 0.008 0.02 0.0075 0.0075

Table 3: SpecifiedHigher Order Multipole Strengths

Teslatimes 10 measuredat 1 cm.
The simulationconsistedof increasingthevaluesof systematic1,3 andb4 by factorsof 2

and tenrelativeto the enthesin the table. The lattice usedwas the Mar31 lattice with tunes of
123.765and 122.2791 for v, andv, respectively.Two setsof 17 particleswereloadedwith initial
betatron amplitudesranging from 0.4mm to 8.4mm la- 2lo. The two sets had different
momentawith oneset being on momentumand theotherhaving aop/p of 0.0005.Theparticles
were trackedfor 1024 turnsand tuneversusamplitudeplots suchas shownin figure 14 werepro
ducedfor eachsetof particles.
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Figure 14. Horizontaltuneversusamplitudefor OctX 2 case
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The linear aperturesfor the5 casesbasedon 10 randomseedseachwere computed.The



resultsfor onecaseis shownin table4.

seed Ov <.005 5v cOOS smear<5%
@o, = 0.0

smear<5%
@öp =0005

Linear
Aperture

1015 7.7 mm 5.8 mm 6.86mm 6.86mm 5.8 mm

2701

3455 7.7 mm 5.8 mm 6.05 mm 5.65 mm 5.65 mm

4011 7.6mm 6.3mm 1.6mm 2.8mm 1.6mm

5176 6.1 mm 5.1 mm 5.65mm 5.24mm 5.1 mm

6869 6.5 mm 5.6mm 5.24mm 5.24mm 5.24mm

7531 7.3 mm 6.1 mm 6.45 mm 6.05 mm 6.05 mm

8999 7.7 mm 6.4 mm 6.45 mm 7.26 mm 6.4mm

9204 >8.0mm 6.0mm 5.65 mm 2.82mm 2.82mm

10975 > 8.0mm 6.1 mm 6.86mm 6.05 mm 6.05 mm

MEAN 7.4mm 5.9 mm 5.64mm 5.33 mm 4.96mm

STDDEV a66mm 039mm 1.61mm 1.57mm 1.64mm

Table 4: Octupole X 2 Case

The smearis looselydefinedto be the turn to turn variationof a quantityproportionalto
the linear invariantexpressedasa percentagean exactquantitativedefinition can be found in
Ref.[6]. It is thereforea measureof thenonlinearity of the motion and is hencean increasing
function of amplitude.The entry in thetable definestheradius at which thesmearexceeds5 per
centwhich is somewhatarbitrarily definedasthepoint at which nonlinearitylimits machineper
formance.The linearapertureis definedto be thesmallestof the4 radii shownin table4. A mean
and standarddeviationfor the 10 seedsis computedfor eachof the5 casesstudied.
The results,shownin Figure15, indicatethat themachineperformanceasquantifiedby thelinear
aperturewould not be affectedif thedipolemagnetsexceedingthespecificationsby afactor of 10
in thedecapolecomponentand a factor of 2 in theoctupolecomponent.

A similar calculationwas performedto accesstheimpactof 15 and b9 componentsin all
quadrupolesandseparatelyin thethpletquadslocatedin thelow betainsertions.The emphasison
b5 and l9 is dueto two factors,thefirst being that they areby far thelargestof themultipolecom
ponentsand thesecondbeing thatthey are"allowed" multipolesandcan in principle be improved
by rearrangingconductors.
This setof simulationswascarriedouton alattice thatincludesclosedorbit steeringdipolesin the
JR region thatproducea crossingangle of 135 prad. l’his is relevantto thepresentsimulation
sincethe non zero crossingangle will causethe beam to traversethe triplet quadsoff axis and
thereforeseestrongernonlinearfields, adverselyaffectingthedynamicaperture.
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Table5 showsthedependenceof short
of b5 in different setsof quadrupoles.

term dynamicapertureon thepresenceor absence

systematicb5 op/p =0 Op/p=104 Op/p=4 io-4
b5 =1.40573in all 45cm quads 9 10 9

b5=Ointhplets 12 12 12

bS=Ointripletsandscmquads 12 12 11

b5=Oinallquads 12 12 11

Table 5: Effect of b5 -

Therepresentationin Table 5 is basedon classifyingall quadrupolesinto 1 of 3 groups.
Thereare4cmarcquads,ScmtuningquadsinthelRregionsand5cmthpletquadsinthelR
region.The first row hasb5 in all quadsat the specifiedlevel. By comparingthe first and second
row of Table5 to theotherrows, it maybe deducedthat the b5 componentin thetriplet quadshas
the 3cr impacton thedynamicaperture.Comparingtheotherrows showsthat the b5 componentis
insignificant in theotherquadrupoles.
The impactof bS in thethpletmaybe furtherquantizedby varying this parameterincrementally
between0.0 and thespecifiedvalueof 0.574andlook for existenceof a threshold.Theresultsof
this investigationareshown in Table 6. Thevalueof b9 was set to zero for thepurposesof this
study. Thetablerevealsathresholdat a b5 valueof about0.3 units. Theexistenceofsuchnonlin
earthresholdsis notsurprisingbut their exactlocationin parameterspaceis in generalnotknown
and their mappingconstitutesone of the most importantresultsof computersimulationof non
linearsystems.
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The fact that the linear aperture goesto zero in somecasesabove is indicative of resonance

behaviorandcouldprobablybe remediedby shifting thetuneslightly. This remainsto be demon
strated.

RIPPLE

A secondimportantexampleof performancepredictiondealswith thecalculationof the
effect of powersupply ripple on beamemittance.This is a very difficult problem to simulate
directly becausevery small effectsaccumulateoververy long timesin a very nonlinearsystem.

Thereare 10 powerfeedpoints in eachmain collider ring at which power is transmitted
from the surfaceto thering. The superconductingdipoles and quadrupolesare connectedas a
seriesstring on superconductingbuses.Thesecomponentsall haveinductance,capacitanceand
resistanceand form a transmissionline impedanceto the propagationof theAC currentcompo
nentstheripple.Thedetailedanalysisof this transmissionline will not be describedherebut the
resultsof thatanalysishavebeenincludedin theperformancepredictionasfollows.

The strongestAC ripple componentsof the dipole magneticfield expressedin terms of
58/B is shownin Table7 asa functionoffrequency.

The rippleamplitudesaregiven at injection energyfield amplitudesand collision energy
field amplitudes.Thefield amplitudesareexponentiallydampedasa functionof distancefrom the
feedpoint.The exponentialdampinglength expressin units of cell lengthsis jiven in the fourth
columnof table7. Thecolumnmarkedrelativeinfluenceis simply theproductof decaylengthby
the amplitudeat injection energynormalizedto the most influential frequency.Thefrequency
sensitivityof theparticlemotionin theacceleratorhasnot beenincludedin this numericalfactor.

The ripple simulationwas doneusing a superpositionof componentsat 4 frequenciesat
120, 720, 1440 and 2880hz. Thesefrequencieswere selectedby considerationsof beamdynam
ics. The numberof frequencieswas limited to 4 by thememory availableon the Intel 1SP0860
parallelcomputerwherethecalculationswereperformed.

Table 6: Effect of varyingb5 in the triplet quadrupoles



Table 7: Ripple Amplitudes max and half-widths for Injection and Collision
Energies

Thestudy included3 casesconsistingof onewithoutrippleandwithout synchrotronoscillations,
one without ripple but with synchrotronoscillationsand one with ripple and with synchrotron
oscillations.The rippleamplitudewasincreasedby afactorof 10 over thevaluesshownin Table

in orderto producean observableeffect.
Figure 16 showstheemittancesof avery fat beamassmallerthanthesimulatedbeamby a factor
of approximately6. This wasalsodoneto exaggeratetheeffect and makeit observable.It canbe
seenfrom figure 16 that thereis a barelyobservableemittancegrowth after50,000turns for the
exaggeratedsimulationcase.Thepresentsimulationused256 particlesin theMar_31_lattice.
The difficulties associatedwith simulatingtheeffect of powersupply ripple demonstrateone of
the most difficult aspectsof simulatingthe SSC collider operation,namely the accumulationof
very small errorsof theorderof 1 part in l0 over manytunis orderof 10. Themagnitudeof
the physicaleffect is just 4 ordersof magnitudelargerthanround-offerror and henceio8 t-rns
would be theabsolutemaximumnumberof turnspossibleto simulateassumingthat errorsaccu
mulatelike the squarerootof the numberof turns. in additionto roundoff errors,one mustcon
sidertheeffectofnumericalerrorswhich couldhaveavaluegreaterthantheripple currentas well

Freq.hz
Injection

SB/B
Collision

SB/B
Decay

Length-cells
Ret.

Influence

60 l.OOe-7 2.76e-8 99 3.85e-1

120 4.35e-7 2.52e-8 59 1.

180 5.43e-7 l.41e-8 46 9.73e-1

240 9.48e-8 1.26e-8 38 1.40e-1

300 l.80e-8 2.28e-9 34 2.38e-2

360 l.24e-7 8.66e-9 27 1.30e-2

420 4.89e-9 9.33e-10 27 5.13e-3

480 l.55e-8 l.50e-9 26 1.57e-2

540 1.81e-9 5.34e-10 25 1.76e-3

600 4.97e-9 6.22e-lO 23 4.45e-3

660 4.57e-10 1.35e-10 22 3.91e-4

720 1.70e-7 1.08e-8 22 l.46e-1

1440 2.OOe-8 1.26e-9 15 1.17e-2

2880 2.75e-9 1.72e-10 11 1.18e-3



as otherphysicaleffectsof comparablemagnitudebeingleft out of thesimulation.
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Basedon theseconsiderations,it mustbe concludedthat a direct simulation of the emit
tanceblowup dueto powersupplyripple is beyondthecapabilitiesofpresentday generalsimula
tion codesand computers.The most fruitful numericalapproachappearsto be write a special

purposecodeto analyzethis effect in theabsenceof all others. -

4dvancedTechniques
Thediscussionaboveillustratesoneof thelimits to tracking codes.A morecommonlimit

is imposedby theCPU time andelapsedtime requiredto calculatea givenresult.Usinga widely
acceptedelementby elementtracking codesuchasTEAPOTon a large lattice suchasthe SSC
collider will require15 hoursof CPU time on a largemainframesupercomputerto tracka reason

ablenumberof particlesfor 100,000turns. Onesuchrun will typically requirea weekto complete
in a timeshareenvironment.It is very desirableto be ableto perform many suchruns with a much
quickerturn aroundtime. Hencenewhardwareandsoftwaremethodsmustbe pursuedto accom
plish this.

SPACECHARGE CODE

A decisionwas madein 1990 to apply thepowerof MassivelyParallelProcessingto the
applicationsdiscussedhere.To this end, theSSCacquireda 64 nodeISPC/860distributedmem
ory parallel computermanufacturedby Intel. The basic experienceand performanceof this
machinefor particletracking withoutspacechargeeffectsis containedin reference7. Theprinci
ple result is that the tracking calculationcan be done at approximately 10 double precision
MFOPSpernodeat very high parallelefficiency for a rateslightly fasterthana Cray YMP if all
64 nodesareusedin onecalculation.

The basictrackingcodehasbeencombinedwith an electrostaticparticlein cell moduleto
include the spacechargeeffectsin a self consistentmanner.This representsa substantialexten
sion to thephysicaldomain of theproblem.Thephysicalmodelandsometrackingresultsfor the
LEB is describedin reference8.

The implementationof thespacechargealgorithm in a distributedmemoryprocessoris
considerablymoredifficult thantheimplementationof thebasictrackingroutinessincethe treat
mentof collective effects necessitatesa greatdealmore inter nodecommunicationthanthe case
of non-interactingparticles.The spacechargetracking code hasbeensuccessfullywritten and
testedon theparallelprocessorandis describedin reference9.

The executionof the spacechargecodeis very time consumingfor severalreasons.One
reasonis that many particlesmustbe trackedin order to produceacceptablefluctuationlevels in
the electrostaticfield calculation.A secondreasonis that the spacechargecalculationmustbe
doneat intervalsthat aredeterminedby numericalstability requirementsof thePlC solver.These
intervals turn out to be considerablyless than the inter elementspacing for the LEB and for
plannedbeamintensities.A third reasonfor slowerexecutionis that therearesimplymanymore
calculationsto do. Theforgoingconsiderationsapply to any computer,serialorparallel. An addi
tional considerationfor distributedmemory parallel machines is that the spacechargecode
requires a great deal more internode communicationthan the non interacting particle code.
Although an exactcomparisonis aifficult, theexisting implementationof thespacechargecodeis
approximatelyafactorof 10 slowerthanthe noninteractingparticleversion.This implementation
of the spacechargecodeachievesa parallelefficiency of 50 to 60 percenton 32 nodeswhich is



- similar to efficienciesobtainedin fluid dynamiccalculationsand otherapplicationsinvolving the
solutionofpartialdifferential equations.

PARTICLE VISUALIZATION SYSTEM

Theprimary new developmentrelatedto parallelprocessingis a high performance,inter
active graphicalinterfaceknown as the particlevisualizationsystemPVS. This systemcan be
operatedsynchronouslywith thespacechargesimulationso that it is possiblttostep thesimula
tion time stepby time stepor elementby elementdisplayingthe resultsat eachiteration.ThePVS
is written for a Silicon GraphicsCrimson workstationin C. The control panelof the PVS is
shownin figure 17.

Figure 17 Controlpanelfor ParticleVisualizationSystem

The buttonmarkedPLUS will advancethesimulationanddisplay one framewhereasthe
buttonmarkedminuswill causeonly thedisplayto backuponeframe.Thebuttonmarkedforward
causethe simulation to proceedat its fastestrate until the end of file is encountered.Various
parametersof thedisplay canbe adjustedfrom thesliderbarsat thebottomof thecontrolpanel.

The PVS candisplayseveralwindows simultaneouslygivingdifferent viewpoints.Figure
18 showsthe particlesbunchviewed from insideand outsidethe ring. Within eachwindow, the
viewpoint orientationandzoomrangecanbe adjustedwith themouse.In addition,it is possibleto
selecta viewing framethat is stationarywith respectto the ring, translatingwith the bunchor
rotating ataspecifiedratewith respectto eitherof theabovereferenceframes.Therearealsosev
eral options for how muchof the beamlineis displayedalong with theparticlebunch. Figure 19
showsan interior view of the bunchinternal to theLEB with and without beamlineelements.In
eithercase,theinsetwindow giving detailedspecificationsof the magneticelementtroughwhich
theparticle is tracking can be displayed.The amountof informationdisplayedin a given frame
determinesthe speedat which displayscan be generatedand canbe adjustedto theneedsof the
particularsimulation.
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