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An interactive,graphicalsimulationhasbeendevelopedwhich
is beingusedto designoperationalproceduresandcorrectional
,rithxns for the SSC. All algorithmsuseonly measurablequan
.ies to calculatecorrectorstrengths.andthus aresuitablefor

correctinga real accelerator.This strategyhasbeensuccessfully
applied to establishmentof first turn, global orbit correction.
global decoupling, and systematicmultipole correction. In all
cases,severaldifferent sourcesof error were includedin the sim
ulations, in order to take into account the effects of collusion
betweenerrors,

Introduction

The SSC vill be a large. complex accelerator.Eachring will
contain approximately3800 dipoles in 288 cells. There will be
nearly 700 beamposition monitors and orbit correction dipoles
per ring. Hall an hour will be neededto fully load both rings,
making errorsin this procedureextremelycostly. Recoverytime
from a quenchwill be a minimum of 30 minutes. Largesystem
atic multipoleerrorsfrom persistentcurrentsin thedipoles must
be correctedquite accuratelyusing beam measurements.Time
decayof systematicmultipoles.asobservedin the Tevatron.may
be largeandmustbe correcteddynamically. Dynamiccorrection
of the tune andchromaticity up the ramp will be necessary.Es
pecially during commissioning,correctionsmust be madein the
presenceof other errors, not yet corrected,which will compli
cate the correction process. Ta light of thesecomplications.it
‘viii be necessaryto make many correctionsautomatically,and
it is imperativethat we understandhow correctionswill interact
anddevelop algorithmsnow which can handlethe complexSSC
environment.

To this end we aredevelopingsimulationsof SSC operations.
The initial focus has beenon commissioning.with simulation
of tune correction,orbit correction,global decouplingandnon
linear chromaticitycorrection. Efforts aremade to makethese
simulationsasrealistic aspossible,All simulationsuseonly quan
tities which ,vill be atailablein the realaccelerator,with realis
tic measurementerrors. Manysourcesof errors,both systematic
and random,are included in the simulations,so that collusion
betweenerrors is properly takeninto account.

The simulationsuse interactive, highly graphical interfaces.
which economicallypresentthedesignerwith diverseinformation
which is usefulduring designfor debuggingpotential correction
algorithms and during operationfor diagnosingfailuresof both
the algonthmsand the measurementand correction devicesin
the machine. We haveendeavoredto maketheseinterfacesuni
form across the various correction algorithms. Eventually we

:vlsion variouslevels of automation,from fully automatedcor
rection to low-level manualcontrol, with the level controlledby
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the user, so that when an automatic algorithm fails, the user
can step down through levels of manualoperationto seewhat
went wrong andcorrect it. Initially most algorithmshave been
implementedwith a level of automationsuitableto our confi
dencethat the underlyingalgorithmwill be successful,andmore
automationaddedas our confidencein and experiencewith the
algonthmincreases.We seea similar processtakingplaceduring
commissioningandoperations.where the proceduresdeveloped
throughexperiencewith the operationof the machinewill be an
essentialpart of all correctionalgorithms.

Orbit Correction

Establishinga 8rsc turn will be one of the earliest tasks in
commissioningthe SSC. We have simulatedboth first-turn and
global orbit correction,using the san’ecorrection algorithmilJ.
The algorithm usedemploys local, three-correctorbumps. Ad
vantagesof sucha schemeare: it works on anarbitraryregionof
the accelerator,andthus it can be used for local, first-turn, and
global orbit correction:effects of the algorithm areconfinedto
the regioaof interest:andthe algorithmis stablein regionswith
no beamposition monitors. This implementationallowsthe goal
orbit to be any arbitrarytrajectory,and permits monitors and
correctors to be weighted. The latter is very usefulfor instance
when monitors are unreliable, andfor prohibiting the program
from setting correctorsto currentslargerthan theywill in reality
be ableto deliver.

The graphicalinterface to orbit correction is shown in Fig
ure 1. On the right is a bird’s-eye view of the SSC. with the
highlightedareaindicating which portion of the machine’sbeam
position monitor readingsaredisplayedon the left. The region
of interest can be changedby zoomingor panningon either the
bird’s-eyeview or the3PM display. The buttons below the dis
playsallow the userto correctthe highlightedregionandreinject
beam,to find the closedorbit of the machine,to savethe current
stateof the simulation,andvariousother tasks.

This algorithm was successfulin producing correctedorbits
for particlesinjectedon-axis,on-momentumaroundthe SSClat
tice. in simulationsof machinescreatedusing several random
seeds.Errors introducedinclude: randomdipole steeringerrors
and quadrupolemisalignments: dipole misalignments: random
multipole errors: errors which producelinear coupling such as
quadrupolerotationsandrandomskewquadrupoleerrors in the
dipoles: and systematicmultipoles which have been fully cor
rected, Simulationswith systematicmultipole errorswhich have
been90% correctedhave beenperformedalso, to date without
randommultipoleerrors. The beamposition monitors were mis
aligned with respect to their quadrupoles.and had finite res
olution. For the 900 injection lattice, alter a first turn orbit
wasfound, global correctionyielded r.m.s. orbits in accordwirh
theoreticalestimates. The results of this simulation were used
to setcorrectorstrengthspecificationsandto providecorrected
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Figure 1. Dependenceof the numberof accurateiterations on the approximation
amplitude, for tous pendulum swing amplitudes.

machinesfor the study of other corrections. Furtherstudieswill

include injection errors,brokenmonitorsandcorrectors.and the
designof economicalinteractionregioncorrectorconfigurations.

Decoupling

The simulationof globaldecouplingwasdoneusingtwo fam
ilies of skew quadrupolecorrectors.with one member of each
family in each straight section. The correction procedureis a
familiar one, usedin the Tevatron.CESR. andthe SPS[2]. The
two tunesarebrought closerand closer togetherby setting the
strengthsof the two skew quad families to minimize the tune
separation. This procedureis iterateduntil the tunesareclose
enoughto satisfy the user. This simulation is written in terms
of an integratedcontrol system,in which measuringthe tunes.
plotting them as a function of quad strength.andsubsequently
changingthe maznetsettings. can all be done from within the
context a singleinterface. A n-pical display is shownin Fizure
2. Theplot of tunesvs. quadstrengthis generatedautomatically.
with the horizontal scaleadjustableby the user. Zooming and
panningfunctions areavailable. The new quadrupolestrengthis
set with themouse,by selectingthe point on the plot wherethe
tunesareclosest together.The differencebetweenthe two tunes
is displayedas the mousemoveshorizontally acrossthe plot.

Couplingerrorswere introducedinto the90° SSCinjectionlat’
dcc by rotating and inisaligning all quadrupolesincluding the
interactionregionquadrupolesandaddingrandom quadrupole
andskew quadrupoleerrorsto the dipoles. which were also mis
aiiined. rotated,and had normal and skew randomsextupole
errors added. After the orbit was corrected using the scheme
describedin the previoussection.the decouplingprocedurewas
appliedto four machines.generatedusing four different random
seeds.After oneiterationon the correctorsettings,the resulting
coupling coefficientsmet the SSC specifications.i.e. they were
all less than 0.005.

Further work in this areawill includestudiesof the collision
lattice andinclusionof systematicskew quadrupoleerrorsin the
dipoles Thepiacementof thecorrectorsin this study is not ideal
for collision optics, so an alternativeplacementviil be studied.
Local decounlingschemesmay be necessary.and should be in-
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Fig. 2. Decouplingdisplay during correction. The dotted line
indicatedthecurrentskew quadrupolesetting,while the
solid line is the user-controlledcursorusedto select the
new setting.

Non-linearChromaticity Correction

The SSC will suffer from very strongsystematicmultipoles
due to persistentcurrents,and thesemust be correctedfor suc
cessfuloperationof the machine. It should be possibleto dead-
reckona largefraction of the correctionperhaps90% basedon
warm measurementsof the magnetsandmeasurementsof thesu
perconductor.However, evena residualerror of 10% will cause
very large momentum-dependenttune shifts as shown in Fig
ure 3. Tn the figure. the tune shift is plotted out to the needed
momentumapertureof ±0.1%. andthe vertical scalegoesfrom
0.05to 0.55. Thedesignrequirementon the tuneshift is chat the
tunesstay within the dottedboxes. The operationalprocedure
in this caseinvolves changingthe machine1ff to movethebeam
off-momentumand measuringthe tune for at least five different
momentumvalues. Initially the changein momentummust be
very small ±0.0025% in order to keep the tune 5hift small
andthebeamin themachine, After correctionfor this small mo
mentum offset, the momentumoffset is increasedin sevensteps
until correction of the tune shift to S 0.005 is achievedat the
largestrequiredmomentumoffset of ±0.1% [31*
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Fig. 3. Chromaticity correctiondisplay before correction,for a
4 cm magnetapertureand 1 TeV injection energy. The
tunesarerequired to stay inside the dottedboxes.

The correction procedureuses sensitivity functions for the

correctorswhich are determinedfrom simulationsof the ideas
machine. To computethesefunctions.systematicsextupole.oc
tupole. anddecapolecorrectorsareset to known strengthseach
order independentlyin the ideal, linear lattice, and the tune
shift with momentumis measuredandfit to apolynomial which
is first order in momentumoffset for the sextupolecorrectors.
secondorder for the octupolecorrectors.andthird-orderfor the
decapolecorrectors. Thesepolynomialsarethen consideredto
he part of the model of the machine,in muchthe sameway as
thebetafunctionsare. andareinputs to a simulation whichuses

a more realisticmodel- including orbit errors,tune measurement
errors,and, in future, randommultipoleerrors.

For all systematicerrorcorrectionschemesstudied,this proce
durewassuccessfulin correctingthe momentumdependenttune
shift to within the requiredtolerance.

FutureWork

We now have the necessarytools to makea full simulation of

the initial steps in commissioningthe SSC. includingsystematic

multipole errorswhichareonly 90% corrected.randommultip&e

errorsin the dipoles.andmisalignmentsandrotationsof dipoles

and quadrupoles. This processbegins with achievingthe first
turn orbit, followed by globalorbit correction. Theseoperations

complete.the machineis then decoupledandthe chromaticity is
corrected. The correct sequenceof operations.andthe number
of iterationsnecessarywill be determinedby the simulation.

The algorithms describedabove are the beginningof an ef

fort to simulatemany SSCoperationsin an environmentas close

as feasibleto the real machine. Two paths remain to be fol
lowed. The first is the developmentof more and more realistic

simulations,with the addition.of equipmentfailures, worst-case
multipole errors, injection errors, time-dependentdrifts in sys
tematic errors, errorswhich are neitherentirely systematicnor

entirely randomsuch as thosecausedby variationin supercon
ductor from different manufacturersor temperaturevariations

aroundthe ringi. and the like. The secondpath is the devel
opment oi more operationalproceduressuch as beta function
measurementand correction, tune and chromaticity correction
up the SSC ramp. and correctionof the orbit andcoupling dur
ing the transition to collision optics. Of coursethesepathsare
not completelyindependentsincethe additionof more andmore
errorswill necessitatethe developmentof new algorithmsto cor
rect them.

In this work we emphasizethe eventualuseof thesecorrection
algorithmsin thecontrolssystemof the SSC. Currently. thepro
gram architectureis being redesignedandreimplementedto be
hardwareandsoftwareindependentso that it will be relatively
straightforwardto keep pace with current technologyadvances
betweennow andthetime whenthe controlssystemof theSSC is
implemented.Thecurrentmodelingcoreis Teapot[4]. but we are
convertingthe simulationsto usea standarddataformatso that
other modeling programscan be substituted15!. We also plan
to investigatethe use of the SSC databaseas the final sourceof
information aboutthe accelerator,andto useit to storevarious
machinemodels16!.

Conclusions

Realisticsimulationsof severaloperationalprocedureswhich
will be necessar for commissioningthe SSC have beensuccess
fully performed. Theseproceduresrangefrom thosewhich are
familiar androutine onexisting acceleratorssuchasorbit correc
tion anddecouplingto thosewhicharemoreunusualandspecific
to the SSCsuchas non-linearchromaticitycorrection:all will be
crucial to the successfuloperationof the SSC. Thesesimulations
are highly graphical.and sincetheir only inputs arequantities
whichcan be measuredin the accelerator,they areespeciallywell
suitablefor eventualusein the control room of thereal machine.
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