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Abstract

Nonlinearmagneticerrorsreducehestableregion of theparticlemotionthere-
by decreasingheperformancef thecollider. A carefulanalysisof thesources
of magnetidield errorsis mandatoryanda statisticalmodelof field imperfec-
tion is demandedo identify the causeshatgive riseto theseerrorsandto im-
plementcorrectve stratgiesalreadyattheproductionlevel. Sortingstratgies
for theimprovementof the dynamicapertureof the LHC arealsodiscussed.

1 Intr oduction

Thesingleparticlebeamdynamicin superconductinpadroncollidersis dominatedby nonlinearerrors
in the main magnets. Nonlinearfields induceinstability in particle trajectorieslimiting the region of
stablemotionandtherebydecreasinghe accumulatedntensityandthe luminosity of the collider. This
phenomenotis particularlyharmfulduringtheinjection plateauwhenthe beamsizeis maximum.

Therearethreemainsourcef field imperfectionsn asuperconductinghagnetpnamely thenon-
idealgeometryof the coils, the persistenturrentsandtheiron saturation.Theiron saturations almost
irrelevant at the excitation level of the injection plateau. The persistenturrents,mostly determinedoy
the sizeof the superconductinglamentadopted are estimatedseparatelyandtheir effect is eventually
cancelledoy an appropriateoptimisationof the cross-sectiogeometry In the following sectionswe
will only concentrat@ur attentionon the non-idealshapeof coils,andon the possiblecureto reduceits
effectin the LHC dipoleswith two-in-onedesign.

The nominalshapeof the coils alreadyintroducesignificantsystematiccomponentsn the mag-
neticfield. In addition,the mechanicatolerancegproducerandomdeviationsof multipolar harmonics
from magnetto magnet. Coil deformationdueto the assemblyprestressr to the thermalshrinkage
duringthe cool-davn arealsoa potentialsourceof field errorswhich mustbe knovn andpossiblycon-
trolled.

The planeof this paperis the following. In Sections2 and 3 we evaluatethe magneticerrors
inducedin the LHC maindipolesby the geometricaimperfectionsof thecoils. In Section4 we suggest
possiblecorrectve actionsbasedon the useof an appropriatesetof shimsduring the assemblyof the
coils. In section5 we suggeshow we canreducethe effect of randomerrorsby anappropriatesortingof
the main dipolesduring the installationandwe presentestimateof the possibleimprovementof beam
stability. In Section6 we drav someconclusions.

2 Systematicand random field-shapeerrors dueto coil geometry

Let usconsiderthe LHC dipole with the 5-block coil designshavn in Fig.1. We expectto obsere sys-
tematicfield-shapeerrorsevenwhentheconductorsarein theirnominalposition. Theharmonicexpected
atinjectionareshavn in Tablel. They resultfrom anoptimisationwherethe crosssectionof thecoilsis
iteratively modifiedasto minimiseor cancelthe effect of persistenturrentson the 'allowed’ harmonics
bs, bs, by andby. On the otherhand,errorsin coil positioningwithin mechanicalolerancegyenerate
field-shapemperfectionsrandomlyvarying from dipole to dipole. To computein a roughmannerthe
field variation,we useasimplifiedandnotfully consistentiescriptiorof the coil displacementWe vary
in anindependenmannertheradialandthe azimuthalpositionof eachblock of superconductingables
with a Gaussiardistribution with zeroaverageandan appropriatevalue of ther.m.s. displacementin
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Fig. 1: Five blockscoil cross-section.

Table1: Systematierrorsexpectedatinjectionin the LHC dipoles.Unit 10~ atthereferencaadiusof 17 mm.

nominal | geometric| pers.current
bs | —11.76 0.29 —12.05
bs 0.16 —1.59 1.75
by 0.53 0.83 —0.30
bg 0.52 —0.70 0.18
b11 1.77 1.77 -

Table 2 we presentsix columns. The first two give the randomerrorscomputedwith ROXIE [1] as-
suminganr.m.s. displacemenbf theblocksof 50 um andadistribution cutat 1 o. The corresponding
distributionsof themultipolarcomponentsreshavnin Fig. 2. In thethird andfourth columnsof Table2
we reportthe randommultipolarerrorsextrapolatedrom the harmonicameasuredn the HERA dipoles
andin thelasttwo columnswe shawv the estimatedvariationsof the field errorsexpectedfrom vendor
to vendor[2]. Indeed,the resultsof our simple estimateof the randomerrorsare consistentwith the
extrapolationgrom the resultsof Hera,exceptfor high ordercomponentsThis discrepang is likely to
be dueto the limited precisionof the magneticmeasuremergystemratherthanto a structuralreason.
The errorsgivenin the lastfour columnsof Table2 are usedin the computertracking simulationsof
Section5. They do notreducein adramaticmannerthe beamstability.

Loosermechanicatolerancegenerateargerrandomfield errors:in Table3 we shav therandom
errorobtainedassuming.m.s.displacementsf 50 pm andof 100 ym andadistribution cutat3 o.

Anothersourceof magneticerrorsvaryingfrom dipoleto dipoleis relatedto theimperfectshape
of the collars. To estimatethis effect in a propermannerwe needa statisticalmodel of the possible
collar deformationsyhichis nonyetavailable. We canhowever, evaluatethe orderof magnitudeof the
inducedfield imperfectionby an’ad hoc’ model. We assumesomehav arbitrarily thatall the collarsof
agivendipole have the sameshapewith somedeformationocalisedin a preciseazimuthalsectorof the
cross-sectionWe alsoassumehatthe deviation is aslarge asthe allowed mechanicatolerance.

Someof the magneticerrorsinducedby the considerednodesof collar deformationsareshavn
in dashedn Fig. 2. Our analysisis by far non-exhaustve. However, it is alreadysufiicient to shav that
the magneticerrorsdueto collar toleranceshave the sameorderof magnitudeasthe randomerrorsof
Table?2. It is interestingto notethatfor low orderharmonicsj.e. belov n = 4, the effect of the collar
deformationsseemdo be the leadingsourceof randomerrors;for high order harmonics,instead,this
effectbecomesmallerandsmaller

128



100 E 100 £
/5 B /5 B
50 F 50 F
25 E 25 E
0 E 0 F
—-8.5772 —8.57 —8.368-8.566—-8.564
b1 distribution al distribution
100 E 100 E
75 75
50 50
25 B 25 B
0 El I o R L 0 El I i B | |
-4 =72 0 7 4 -4 =7 0 7 4
b2 distribution a? distribution
100 E 100 B
75 ? 75 %
50 E 50 £
25 F 25 F
0 S e I N l 0 E AR ) IR, !
-2 0 7 -2 0 2
b3 distribution ad distribution

b4 distribution a4 distribution

Fig. 2: Multipolar errorsdistribution for 500 realizationof randomblocksdisplacementéwhite backgroundpndfor maximal
collar displacementédarkbackground).
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Table2: Randomerrorsexpectedin the LHC dipolesassumingnechanicatoleranceof 50 um cutat1 o. Unit 10~* atthe
referenceadiusR,ey = 17 mm.

statistical | extrapolations| uncertainty
model from Hera

n Ob,, Oap, Ob,, Oap, Ob,, Oap,
31064 |0.65 | 144 0.43 | 0.87 | 0.84
41 0.40 | 0.41 | 0.49 0.49 | 0.34 | 0.49
510.24 | 0.25 | 0.65 0.33 | 0.42 | 0.42
6 |0.15 | 0.15 | 0.28 0.14 | 0.57 | 0.57
710.09 | 0.08 | 0.25 0.25 - -
8 | 0.05 | 0.05 | 0.21 0.22 - -
9 (0.03 |0.03|0.22 0.29 - -
10 |1 0.02 | 0.02 | 0.24 0.24 - -
11 | 0.01 | 0.01 | 0.20 0.20 - -

Table3: Randommultipolarerrorscalculatedrom ROXIE assumingnechanicatolerance®f 50 ym andof 100 um cutat3
o. Unit 10~* atthereferenceadiusR,.y = 10 mm.

50 um 100 um
n Ob,, Oa,, Ob,, Oa,,
31 1.23 | 1.21 | 2.42 | 2.40
410.76 | 0.79 | 1.49 | 1.55
51044 | 047 | 0.85 | 0.92
6| 0.26 | 0.27 | 0.51 | 0.53
710.17 | 0.16 | 0.31 | 0.31
810.09 | 0.08 | 0.18 | 0.16
91 0.05 | 0.05 | 0.09 | 0.09
10 | 0.03 | 0.03 | 0.05 | 0.05
11 | 0.02 | 0.01 | 0.03 | 0.03

3 Errorsinducedby stresses

Collaring, assemblingandthermalstressesnducea non-ngligible deformationof the coil conductors
in the LHC dipoles. The deformationscanbe computedby a finite elementcodelike ANSYS [3], and
programlike ROXIE canbe usedto evaluatetheinducedmultipolarerrors.

We performedthis analysison the LHC dipole with two-in-oneandfive blocksdesign,andwe
computedhemagneticerrorsatthreesuccessie stagesiuringthemagneproductionj.e. in thecollared
coil, in theyokedwarmmagnetandfinally in thecold magnetatinjection.

In Tah 4 we give the expectedvariationsof the multipolar componentsat the three stagesof
interest.In the threesituationsconsideredthe expectedmechanicatieformationsarenon-ngjligible in
size, consequenththey inducea quite substantialvariation of the multipolar In addition, evenif the
deformedshapeis quite differentfrom a situationto another theinducedmultipolarvariationis similar
in size,atleastfor the allowed oddharmonics.The evenharmonicsjnsteadyary quite considerably

This resultis qualitatively confirmedby the availablemagnetiomeasurementsf afew 10 m long
prototypedipoles[4]. We arenotyet ableto predictwith precisionthe absolutevalue of the measured
multipolesdueto our imperfectknowledgeof the mechanicatharacteristicef the prototypemagnets.
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Table4: Variationof the multipolesexpectedrom coil deformationsUnit 10~ atthereferencaadiusof 17 mm.

COLLARED | ASSEMB. | COOLED
b2 +1.62 +2.42 +9.79
bs +7.11 -+7.00 +6.08
ba —0.03 —0.04 —-0.21
bs —0.77 —-0.33 —0.49
bg —0.05 +0.04 +0.15
by +0.31 +0.18 +0.15
bs - - —0.01
bg —0.08 +0.03 +0.03
bio - +0.06 +0.36
b11 —0.12 —0.06 -

Butwe seethattheallowedharmonicsneasure@tthevariousstage®f dipolecompletiondo notchange
very much,in agreementvith our computersimulations.

4 Shimming ascorrective action

A possiblewayto reducehefield-shapemperfectionof amagneiconsistsn changinghecoil geometry
by asetof shimsselectedad hoc’ [5]. Weinvestigatehis possibilityin theLHC dipoleusingacomputer
modelbasedon ROXIE.

Ouraimis to find the rangeof tunability of the multipolesandto verify if in this rangethe depen-
denceontheshimsizeis still linear

Weassumehatshimsupto 200 pm thicknesaninsertedn themid-planeandin thepoleof both
theinnerandtheoutercoils. We alsoassumehatwe canvary the sizeof thefour copperwedgesy the
sameamount.In this rangethe variationof the multipolarcomponentss linearwith thevariationof the
thicknessln Table5 we shav thechangeof multipolesdueto shimsof 100 um. In thefirstfour caseshe
shimswereaddedn theinnermidplane,nnerpole,outermidplaneandouterpolerespectiely, while in
thelastthreecasesheshimswereaddedo thewedgedetweertheblocks.In all casesve assumedhat
the changeof the coil geometryis uniform alongthe azimuth. The shimshave a significanteffectson

Table5: Effect of shimson multipolarerrors.Notethatwed; is in the outerlayerweds andweds arein theinnerlayer Unit
10~ atthereferenceadiusof 17 mm.

b3 bs b7 by b1
tmid | —3.17 | —0.88 | —0.24 | —0.05 | —0.03
tpor | +1.90 | —0.43 | +0.18 | —0.10 0.01
Omia | —1.31 | —0.19 | —0.02 - -
Opor | +1.49 | =0.05 | —0.02 - -
wed; | —0.38 | +0.04 | +0.02 - -
weds | —1.53 | +0.15 | +0.22 | +0.10 | +0.01
weds | +2.41 | +0.36 | —0.25 | —0.02 | +0.03

the allowed harmonicsat the sametime. However onecanacton a singleharmonicsby anappropriate
setshims. For a full control of themwe may have to introducethe shimsalreadyin the nominal coil
designin ordermale possiblepositive or negative change®f the block size. To acton even multipolar
errorsa left-right asymmetricsetof shimsis to be used. The correspondingariationof the multipolar
errorsis reportedn Table6. Theeffectonlow orderharmonicslik e thenormalquadrupoleandoctupole
is significantbut unfortunatelynotindependent.
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Table6: Effectof left-right asymmetricshimson multipolarerrors.Unit 10~* atthereferenceadiusof 17 mm.

innercoil | outercoil

b +1.80 +2.85
b3 +0.80 +1.02
by +0.15 —0.22
bs —0.04 —0.23
bg —0.03 +0.05
by —0.01 +0.10
bs - -
b - —0.05
bio - —0.03
b11 - -

Although from a practicalpoint of view only the upperpole shimsseemto be easilyrealizable
afterthebuilding of thecoil, aneffective controlof thelower multipolarerrorsrequireshe possibility of
usingshimsalsoin themidplane.

5 Local Compensationof Random Err ors by DipolesSorting

In generalrandomfluctuationsof the magnetiamperfectionsdueto constructingolerancesffect sub-
stantiallythe stability of the particlemotion. Unfortunatelyit may be very difficult if notimpossibleto
correcteachindividual magnet.The sortingstrat@iesareconsideredan appropriatg¢ool to compensate
the destabilisingeffect of the randomerrorsof the superconductingnagnetsin large hadroncollid-
ers[6, 7]. It hasbeenshavn thatinstalling at appropriatdocationsalongthe acceleratothe magnets
with large randomerrors,canprovide to a large extenta self compensatiorf their detrimentaleffects
therebyimproving thedynamicaperture.

Thetechniquegproposedor thesortingof themainLHC dipolesarebasednlocal or quasi-local
cancellatiorof therandomerrorsby pairingthe magnetswith similar errorsin magnitudeandsignand
placingeachpair in a stratgic positionalongthe azimuthof the acceleratof8, 9, 10]. The stratgies
developedwerefirst testedon a simplified modelof the LHC whereonly randomerrorswereincluded
in themaindipolesandtrackingwasperformedconsideringonly the shorttermdynamicaperturg1000
turns)in the 4D motion. The mostpromisingtechniquesverethenappliedto a realisticmodelof the
LHC whereall multipolar errorswereincludedin the dipolesandthe dynamicaperturewascomputed
including the synchrotronmotion, power suppliesripple in the main quadrupolesLong term effectsin
beamstability wereconsideredy trackingparticlesup to 10° turnsandanalysingthe survival plots by
meansof the extrapolatinglaws for thelong term estimate®f the dynamicaperturg11, 12].

Pairing at zerophaseadwance Takinginto accounthattwo adjacentlipoleshave opticalfunctions
not too dissimilar and the phaseadwancebetweenthemis almostnggligible, one can obtain a local
compensatiorschemeby placing in adjacentpositiontwo errorsequalin strengthbut with opposite
signs.Indeedthis schemas usedfor the correctionof thesystematids; andbs errorsin theLHC dipoles
by meansof spoolpiecescorrectors.In the LHC the schemas only partially effective sincethe phase
adwancebetweertwo dipolesis approximatelyl 5 degrees.

Pairing at 180 and360 degrees.In absenceof strongdeviation from the linear motion, a better
cancellationschemeof equaland oppositerandomerrorscan be obtainedby placing the magnetsat
positionseparatedby 360 degreesor equivalently 180 degreesfor errorsalsoequalin sign. In the LHC
eachcell containg dipolesandthephaseadwanceis 90 degreessothatpositionsseparatetdy 24 magnets
correspondo a phaseadwanceof 360 degrees. Furthermoreowing to the regularity of the cells, these
positioncorrespondo thesamedocationin the cell thereforethe opticalfunctionsareequal.

Mix edtechniquesilt is possibleto definesortingproceduredasecn morethanoneof the previ-
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ousstrat@ies. The pairing of two adjacentmagnetanbeimproved by a compensatiomt 360 or 180
degrees.In this casel dipolesarepaired.

Furtherimprovementof thesetechniquecanbe obtainedoy the minimisationof dynamicalquan-
tities suchas perturbatre estimationsof tune shifts or resonancelriving termsby meansof random
permutationsof the previously generatedairs of dipoleé9’ 1314 |n the following we presentthe
effect of mixedtechniqueon LHC modelsof increasingcomplexity.

5.1 4D Analysis of the LHC motion

We initially appliedthe sorting algorithmsdescribedabove to the LHC version2, with the injection
optic, available at thattime. The lattice was madeof 8 octants,eachof themcarrying 16 dipolesin
the dispersionsuppressoregion and 144 dipolesin the arcs. Eacharcis composedf 24 FODO cells
eachcarrying6 dipoles. The overall numberof dipolesis 1280. The setof 376 chromaticsectupoles
is consideredn the simulations. We assumehat the magnetswill be installedasthe productiongoes
on, thereforeonly a limited numberof dipoleswill be storedandavailablefor sorting. We appliedthe
sorting stratgieson groupsof 144 dipoles. We alsoassumedhat only randomerrorsareincludedin
the main dipolesandwe calculatedthe dynamicaperturewith shortterm tracking (1000 turns)on 4D
motion. Two extremecasesvereanalysedn detail: dipoleswith only randombs, anddipoleswith the
full setof randomerrors.

We generated 00 randomrealizationof the multipolar errorsandcalculatethe dynamicaperture
by trackingbeforeandaftersortingthe dipoles. The characteristicsef thedistribution of the DA andthe
resultsof thesortingstratgiesarereportedn Table7. Theaveragevalueover 100 realizationss denoted
by D andtheR.M.S.by op. Theimprovementof the DA dueto the sortingof the caseswith aninitially
smallvalueof the DA aredenotedas’WorstCases'in Table7. The effect of sortingon the DA canbe
putin evidenceby plotting therelative gainin DA asafunctionof the DA of theunsortedealizationsof
theerrors,asshavn in Figs.3 and4. It appearslearlythattherealizationswith aninitially smallvalue
of theDA aremoreefficiently correctecandin theworstcaseghe DA is morethandoubled. Theresults
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Fig. 3: Relative gainasafunctionof the DA of theunsortedsequencef randomerrorsfor 100 realizations.Only randombs.

of thesestudiesshav thatthe sortingstratglieswe developedarevery effective in the casewherethere
is adominantmultipolee.g. the casewith only randombs. In the generalcase whereall randomerrors
up to 11-th orderwereincluded,the improvementin dynamicaperture althoughreducedwith respect
to the previous simplified casejs still significantatleastfor the realizationof the randomerrorswhich
have a smalldynamicaperturebeforesorting.
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Fig. 4: Relatve gainasafunctionof the DA of theunsortedsequencef randomerrorsfor 100 realizations All randomerrors.

Table7: Characteristicef the DA distribution over 100 randomrealizationof the multipolarerrors.4D motionLHC v2.

| D | op | Gain| WorstCases
bs randomerrors.
unsorted| 27.8 | 4.77 -
sorted 40.9 | 4.55 | 48% 91%
Randomerrorsupto 11-th order
unsorted| 17.0 | 0.97 - -
sorted 18.2 1 0.54 | 7% 17%

5.2 Long terms and 6D checks

Therobustnesof the sorting stratgies developedwastestedon a realisticand morerecentmodel, the
LHC version4.3. Extensve trackingsimulationswere performedincluding all multipolar errorsin the
maindipolesandquadrupolesboth systemati@andrandom,couplingwith the longitudinalmotionand
power suppliesripple in the main quadrupoles.Furthermorea morerealistic value of 48 dipoleswas
assumedo beavailablefrom the storageareas.Thecharacteristicef thecorrespondindpA distribution
beforesortingaregivenin Tah 8. Owing to the large amountof CPU time neededsorting stratgies
wereappliedonly to thefiveworstcasesAlthoughtheabsolutegainin DA is small,in all caseghevalue
obtainedaftersortingis closeto the averagevalueof the distribution of DA for the unsortedrealization
which accountgo saythattheworstrealizationscanatleastbe correctedo averagerealizations.

The extrapolationof the survival plots allows to estimatethe long term behaiour to a numberof
turnsaslarge as10°. The plotsof the DA vs the numberof turns N obtainedfrom trackingup to 10°
turnsareinterpolatedJsingtheempiricalformula[:La

B

(1)

to obtainDA estimatest 10° turns.

Table8: Characteristicef the DA distribution over 30 randomrealizationsof the multipolarerrors.6D motionLHC v4.3.

D(103) UD(103) D(105) UD(105)
13.36 0.49 11.89 0.49
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Table9: DA valuescalculatecat 102, 10°, 10° turnsfor the 5 worstrealizationsof therandomerrorsbeforeandaftersorting.

D(10%) | D(10°) D(10°)
tracking | tracking | extrapolation
unsorted
#1 12.20 10.37 9.61
#4 12.35 11.22 10.93
#9 12.33 11.23 10.81
#19 | 12.26 10.90 10.35
#29 | 12.02 10.57 9.71
sorted
#1 13.11 11.59 11.02
#4 13.36 12.08 11.69
#9 12.91 11.76 11.29
#19| 12.74 11.70 11.42
#29 | 13.23 11.42 10.89

This analysisshavs thatthegainin DA persistsandanexampleof the comparisorof thesurvival
plot for arealization(seed#1) of therandomerrorsis shavn in Fig. 5. The valuesof the DA for these
5 casesheforeandaftersorting,is givenin Table9.

6
z 10%

10k

D (o beam)

Fig. 5: Interpolationof survival plot for the realizationseed#1. The leftmostcurwe is the survival plot beforesorting, the
rightmostaftersorting.

6 Conclusions

The geometricalcoil imperfectionsof the LHC dipole play an essentialole in the determinationof
randomandsystematidield-shapamperfections.The numericalanalysisof the randommultipolesdue
to the variation of the coils and collars geometrywithin the allowed tolerancesshaws thatlow order
multipolesmaybe moreaffectedby the collarimperfectionsjnstead high ordermultipole maybemore
affectedby the positioningerrorsof theindividual blocks. The deformationof the conductorgesulting
from mechanicabndthermalstressesnodify significantlythe systematianultipolesalreadypresenin
the nominaldesign.Methodsto reducethe multipolescanbe basedon the useof setof shimsby which
onecanvary the coil geometry Shimsof oneor two hundredof um sizearealreadyadequatdor our
needs.However, we would like to suggesin the nearfuture slight changesf the collar geometryso
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to prevent at leastthe increaseof the systematidield-shapeerrors. The effect of the randommultipolar
errorson thedynamicaperturevasinvestigatedvith extensve trackingstudies.Sortingstratgieswere
appliedto realisticLHC modelsandthey have shavn to be effective in thosecasesvherethe dynamic
aperturas significantlyinfluencedoy therandomerrors.
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