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Abstract

The Dispersion Matched Steering (DMS) method is
studiedin detail in the context of a curved mainlinac. In
theabsencef cavity tilts (rotationsin theYZ plane),DMS
providesa uniqueandstablesolutionwith negligible emit-
tancegrowth. If cavity tilts areabout300 urad, the algo-
rithm is notvery robust. The emittancegrowth throughthe
entire linac for positronsis about5 nm, if the systemis
strictly static and statisticalaveragingcan be usedto im-
prove beampositionmeasurementshis growth is mostly
eliminatedif the dispersionandits derivative at injection
canbe adjusted. If anticipatedgroundmotion, beamand
klystron jitter, beamposition measurementesolutionare
introduced(i.e. dynamicalcase),the emittancepresera-
tion goalis currentlynot achiezedby DMS alone. Mitiga-
tion stratgiesareoutlined.

INTRODUCTION

Trans\erse emittancepreseration from the damping
ring to the interactionpointis a critical item on the list of
challengedor the InternationalLinear Collider (ILC)[1].
TheLow EmittanceTranspor{LET) problemhasbeenthe
main focus of the ILC AcceleratorPhysics(APY) group.
Basicsteeringmethodsaimedat preservingher.m.strans-
verse emittancethrough a misalignedlinac are by now
well-developed[2, 3, 4]. Neverthelessnumerousdetails
still needto be studiedin orderto meetthe challenging
goalof limiting thetotalverticalemittancedilution to afew
nanometeri alinacthatfollowstheearths curvature[5].

This paperdiscusseghe performanceof the Disper
sion MatchedSteeringalgorithm[g, focusingon (i) con-
vergenceandrobustnessn the presencef tilted and mis-
alignedcavities (ii) theimpactof dynamicalperturbations,
suchasbeamijitter at injection, klystron jitter, vibrations,
and groundmotion. Although it reportson detailedsim-
ulationsof the ILC main linac (ML), our resultsare also
relevantto thebunchcompressorayhereemittancepreser
vationis moredifficult becausef lower beammomentum.
Thelatticeusedherecorrespond$o anearlyversionof the
ILC ReferenceDesignReport[4. Althoughthe ML lat-
tice hasbeenrefinedsince,basicfeaturessuchasbetatron
phaseadvance curvatureandacceleratingradienthavere-
mainedunchanged.Alignmenttolerancesare assumedo
be thoseagreeduponin the ILC/APY group, exceptthat

*Work by Fermi ResearchAlliance, LLC underContractNo. DE-
AC02-07CH1135%ith the United StatedDepartmentf Enegy.
T lebrun@fnal.ge

a suney monumentplacementerror of 200 um every km
hasbeenintroduced. In this study only emittancepreser
vation in the vertical planeis considered.This emittance
atinjectionis only 20 nm. Couplingbetweerthe horizon-
tal andvertical planes(e.g. from quadrupolerotations)is
ignored.

In the absenceof acceleratingstructuremisalignments,
wakefields,groundmotion etc., an estimatefor the emit-
tancegrowth after optimum steeringcan be obtainedus-
ing analyticalmethods[2 To accounfor sucheffects,one
mustresortto numericaltechniquesWe usethe CHEF[8]
framawvork, which has been bench-markd sucessfully
againstother codesused within the LET collaboration,
therebyproviding independentonfirmationof previousre-
sults.

DISPERSION MATCHED STEERING

“Ballistic Alignment”[6] is a straightforvard beam-
basedalignmenttechniqueproposedfor linear colliders
wherebeamposition monitor (BPM) offsetswith respect
to the beamline and quadrupolecentersare determined.
Partial focusing,i.e., “quad-shunting’is a complementary
way of determiningtheseoffsets. However, in both cases,
onemustassumehatthe magneticcenterdoesnot depend
on the excitation of thesemagnets. This is unfortunately
notalwaystrue.

An alternatve methodis basedon the measuremerdand
minimization of the residualdispersion(D,), which can
be estimatedbasedon beampositiondifferencegesulting
from momentumchanges.For a straightlinac, this is re-
ferredto asthe DispersionFreeSteeringmethodastheop-
timum D, vanishes Steeringtowardssucha null quantity
is advantageousinceno absolutescaleis involved. The
caseof a curvedlinac is more complicatedbecauset re-
quiresknowledgeof boththe optimum D, andthe“scale”
of the BPM. The latter is definedas the ratio betweena
changein position and the correspondingchangein the
readout[3.

In this study the salientfeaturesof DMS are:

e Steeringis donesectionby section,to keepcorrec-
tionslocal. Thelengthof a DMS sectionis 20 dipoles
(~ 3.3 betatronwavelengths). The overlap between
sectionds 10dipoles.A completesteeringterationis
donewhenthelast,mostdownstreanDMS sectionis
tuned.

1This is a minor refinementwhich doesnot invalidateary previously
reachedtonclusions.



e The acceleratinggradientsin a given DMS section
for the on-momenturmand off-momentumbeamsare
equal. This implies that an upstreamdevice in the
mainlinac,or thebunchcompressaqiis usedio change
thebeameneny.

e The Ap/p usedto measureD,, shouldbe assmallas
possibleto avoid non-linearities. BPM scaleerrors
andklystron outputpower stability seta lower bound
onits value. A preliminaryvalueof Ap/p of 2to 3%
hasbeenchosen.

e The momentumis varied by changingthe accelerat-
ing voltage.Operationallyit is simplerto changethe
phasebutthis affectsthemomentunspread Theissue
deseresfurtherstudy

e The relatve magnitudesof the BPM to quadrupole
centeroffsets(175um ) andthe dispersionmeasure-
menterror(4 pm) areusedto establisithe weighting
in theDMS algorithm’sobjective function (wy andw;
usedin equation(2) of ref. [5]).

e To avoid numericalnstabilities,asuitablesubspacef
the linear responsamatrix associatedvith small sin-
gularvaluesis suppressed.

e No uncertaintyis assignedo the designedpr “target
lattice” D,, function.

e Multiple pulsesarerequiredto averageovertransients
(dynamicalperturbations).To improve corvergence,
only half of the calculatedchangeto eachdipole cor-
rectorssettingis appliedat eachiteration. Theprocess
stopswheneitherthe differencebetweentwo succes-
sive changess belaw thresholdor if aspecifiedmax-
imum numberof iterationsis reached.

¢ In thedynamiccasea pulseto pulse,r.m.s.BPM res-
olution of 0.5 um is assumedGaussiandistributed)?

e BPM scaleerrorsaresupportedn thesoftwarebut set
to zerofor theresultsshavn below.

CAVITY DISPLACEMENTSAND TILTS

If the cavities are perfectlyaligned,onesolutionstands
outasstraightforvardandrobust: eachdipole correctoro-
catedvery closeto its associatedjuadrupolesxactly com-
pensate$or the quadrupoledisplacementThis solutionis
“hyper-local;’ thebeamis on axisatthe cavities, andin the
absencef highermultipole momentsn thesemagnetghe
emittanceis presered? Thisis nottrueif residualD, is
generatedby misalignedcavities: onemusttheneitherpre-
corrector post-correcthesekicks. Experienceshows that
linearopticsremainsadequatéo determinghecorrections.

Not all aspectof the LET calculationarelinear In par
ticular, the transportmatricesthroughcavities can be ex-
pandedin termsof A~v/~, where~ is the usualLorentz
boostfactor and A~ is the boostin a singlecavity. Here,
keepingonly the first order was found insufficient at 5
GeV/c, with a nominal ILC gradientof 31.5MeV/m. (A

2Understaticassumptionsfluctuationsin BPM readingscanbe aver-
agedout by simply requiringenoughpulses.This is not simulated.
3This hasbeenstudiedandfoundto benota concern.

1.5 nm discrepang in final emittancebetweenMerlin[5]
and CHEF was tracedto thatissue.) This promptedthe
CHEFteamto document@andfurtherimprove the propaga-
torsthroughsuchcavities.

In addition,nonlinearitiesn wakefieldkicks maybesig-
nificantin somesituations.Currently only thedipolemode
is usedn estimatingatrans\ersekick from thewake poten-
tial. Wakefieldsarisingfrom the presencef couplersare
ignored.Systematierrorsarethereforehardto quantify.

PERFORMANCE OF DMSON THE
POSITRON MAIN LINAC

Satic case

A machineatrest,with perfectlystablebeamis consid-
ered. In the absenceof misalignmentsemittancegrowth
throughthe entireML is lessthanafractionof anm. With
realisticmisalignmentsandno steeringabeamwith 20nm
emittanceatinjectiontypically emegesfrom theendof the
curved linac with an emittanceof 150 um. The unwanted
trajectoryexcursionsreachseseralmm (up to 1 cm). To
protectthe machine steeringwill be commissionedising
bunchesawith low bunchchageor withoutbunchcompres-
sion. In this case,shortrangewakefield¢ are neglected.
Reasonabl@erformances thenobtainedvia DMS alone:
the calculatedaverageemittancegrowth is about2.5 nm.
Whenthe nominalintensitybunches(2 x 10'° positrons,
300 um long) are propagatedhroughthe correctedinac
a typical - and unacceptable emittancegrowth of ~ 6
to 10 nm (shawn in figure 1) is obsened. Sincethisis a
staticsimulation little improvementis achievedwith mul-
tiple completeDMS iterations.RerunningDMS atnominal
chageis requiredto reducefurther the emittancedilution
(notshawnnin thefigure). OnecanalsoreadjustD, and Dj,
at injection; the performanceaeachedwith this non-local
correctionis adequate.

Dynamic Case

To illustrate the difficulty of controlling the DMS pro-
cedureunderrealistic conditions,i.e. with dynamicper
turbationsFigure2 shovsthe LET performancaunderthe
following assumptions:

e TheBPM resolutionis 0.5um.

¢ For eachiterationon a DMS section,five successie
pulsesareusedfor every positionmeasurementThis
is donefor both on and off momentumconditions.
New dipole correctorsettingscan be appliedin be-
tweenDMS iterations. Following the tuning of each
DMS sectionstheprocedures pausedor 30seconds.

e Groundmotioncorrespondso amoderatehquietsite,
suchasthe NUMI tunnelat Fermilab

e Beamijitter atinjectionof aboutl um in vertical posi-
tion and0.1x radiansn angle.

4Multi-bunch, e.g. long rangewakefieldsarenot consideredat all in
this study



Emittance, projected, corrected for dispersion
= a) Average, 1st iter., No Wake
b) Average, 1st iter, with wake
- ¢) Worst machine, 1nd iter, with wake
+ d) Average, 2nd iter, with wake, Dy, Dy’ Optimum
— e) Worst, 2nd iter, with wake, Dy, Dy' Optimum
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Figure 1: Static LET performance:the averageover 99

misalignedmachineinstanceof the vertical, normalized,
emittancecorrectedor dispersion.Also shown is the per

formancefor the worst machine,amongthe setfor which

theaverageasbeenestimated.

e Pulse-to-pulsélystron outputpower fluctuationsare
neglected.
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Emittance, projected, corrected for dispersion,
after 1st complete iteration d
71 » a) Static No Wake

b) Static with Wake

c) Dynamic No Wake
d) Dynamic with Wake
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Figure 2: The dynamic performanceis comparedto the
staticcase.

CONCLUSION

Theperformancef the DispersionMatchedSteeringal-
gorithm appliedto emittancepreseration in the ML has
beenstudied.In the staticcase emittancedilution satisfies
the ILC requirements.This conclusionagreeswith previ-
ousindependenstudies.In the dynamiccase DMS alone
is likely to beinadequateFurtherstudyof its performance

underrealisticdynamicconditionsis needed.Shouldthe
DMS algorithmproveinadequatethefollowing mitigation
strat@iesaresuggested:

e Implementa 5Hz feedbackrajectorystabilization[9
for upstreamsections,while DMS tuning in down-
streamsections.

e Estimatethe cavity misalignmentsby instrumenting
the High OrderMode couplers[1(.

e Reducethe cavity alignmenttoleranceslf not possi-
ble,investigatehe possibility of having somecavities
onmovers.

e To bettercharacterizeavity kicksin the critical first
DMS section,considerusinga dedicatedow enegy
(~ 0.5 GeV) injector, with associatedransferline
into the5 GeV bunchcompressomotethatlow emit-
tanceand shortbunchesare not neededhere,asone
simply would investigateand mitigate predominantly
dispersve effects.

e Mitigate quadrupolevibrationsby improving support
stabilization.
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