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Abstract
After measuringthe magneticfield of a model or prototypesuperconduct-
ing magnetfor the Large HadronCollider (LHC) an inversefield problem
is formulatedin order to explain the origin of the contentof unwantedmul-
tipole terms.Theinverseproblemsolvingis doneby meansof a least-squares
minimizationusingtheLevenberg-Marquardalgorithm.Althoughtheunique-
nessof the resultsremainsuncertain,useful insightsinto the causesof mea-
suredfield imperfectionscan be deduced. A model dipole magnet,a main
quadrupoleprototypeanda combineddipole-sextupolecorrectormagnetare
givenasexamples.

1 The inversefield problem

Severalmodelandprototypemagnetshave beenbuilt in commondevelopmentprogramswith industry
andnationallaboratories[1]. Theirmeasuredfield distribution exhibitsmultipolecomponentswhichare
due to perturbationsof the coil block arrangementsin the manufacturingprocess.In order to reduce
theserandomerrorsit is necessaryto know wherethey comefrom, thusallowing to specifyappropriate
tolerancesfor theconstruction.Thepaperdiscussestheinversefield calculationproblemassociatedwith
thisquestion.

Thefunctionto beminimizedin theinversefield computationproblemyields
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subjectto upperand lower boundsfor the designvariables243537682439682�3;:=<.> �@? <+ABA � where( *� � 	�� , 0 *� � 	�&� arethe calculatedand
( � , 0 � arethe measuredmultipoles. 	� is the vectorof the design

variablesfor the inverseproblem. The � � areweighingfactorsin orderto compensatefor thedifferent
numericalvaluesof theresiduals.Thedesignvariablesarethepossibleperturbationsof thecoil blocks,
whichdeterminethecontentof themultipolecomponents.Theperturbationsaredueto tolerancesin the
manufacturingof theconductors,theinsulation,thecoil blocksandthewedges.In additionpositioning
errorsmayoccurdueto theoutwardelectromagneticforcesandtheinitial prestressthatmustbeapplied
to avoid tensilestressover thewholecrosssection.Becauseof thenon-symmetricnatureof thegeomet-
rical coil positioningerrorsa high numberof designvariablesresultsfor the inversefield problem. It
hadthereforeto beassumedthatthepositioningerrorsholdfor anentirecoil blockratherthanindividual
conductors.
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Theoptimizationprocedureconsistsof analgorithmfor finding theminimumvalueof anuncon-
strainedobjective functionasthereareno nonlinearconstraintsto beconsideredasis often thecasein
designoptimization.Thetreatmentof upperandlowerboundsfor theperturbations(designvariables)is
derived from anexterior point penaltyfunctionmethoddescribedin chapterx. Becauseof thefact that
therearefar moredegreesof freedomthanobjectivestheproblemis ill-posed. Thereforea regulariza-
tion term �������C � � 2 � � is addedto Eq. (1) to makesurethatthecoil-blockdisplacementsstayassmallas
possible.

As a minimization algorithmthe Levenberg-Marquardmethodis appliedwhich wasoriginally
developedfor nonlinearregressionproblemsusingleast-squaresobjective functionsandcantherefore
efficiently beappliedto theminimizationof thedistancefunction. Thealgorithmsis describedin chap-
ter x. Thenumberof functionevaluationsarebetween800and1200.

2 The superconductingdipole model magnet

Table1. shows themultipolecontentmeasuredfor theMBSMS15V1 coiltestfacility whichhasthecoil
designof theV6-1 coil andis mountedin a singleapertureiron yoke. Themeasurementis given for a
currentof 4000A whereno iron saturationoccursin the yoke andthe influenceof persistentcurrents
canbeneglected.Thesecondcolumnshows the”intrinsic” termsasexpectedfrom theidealcoil block
arrangement.Thedesignvariablesfor theminimizationproblemaretheazimuthalandradialdisplace-
mentsof eachcoil block thusresultingin 48 designvariables.In additiontheposition(off-centring)of
themeasurementcoil is regardedasadesignvariable.

Measured Intrinsic
n Normal Skew Normal Skew
1 - - - -
2 0.644 0.565 - -
3 2.17 -0.407 1.41 -
4 -0.0187 -0.0340 - -
5 -0.115 -0.0218 -0.105 -
6 0.00046 0.0050 - -
7 0.0297 0.00676 0.025 -
8 -0.00022 0.00028 - -
9 0.00146 0.00053 0.00144 -
10 0.00025 0.00096 - -
11 0.00211 0.00066 0.0029 -

Table1: Measuredandintrinsic multipole contentof the main dipole modelmagnet,relative errorsin
unitsof

?ED%FHG
at10 mm,current4000A

Figure1 shows thedisplacementsof thecoil blocksfoundby theLevenberg-Marquardalgorithm
after about800 function evaluations. Becausethereare far moreunknowns thanresidualswe cannot
expectuniquesolutionsto the problem. The algorithmhasthereforebeenstartedwith different initial
guessesin orderto confirmthesolutions,but thedifferencesbetweenthesesolutionsdiffer only slightly.
Thebiggestazimuthaldisplacementsarein theorderof 0.05deg, all otherdisplacementsareto scale.
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Fig. 1: Coil block displacementof themaindipole

3 The main quadrupole magnet

Thelatticequadrupolesaredevelopedin closecollaborationbetweenCERNandCEA,Saclay, in France.
Thepresentcollaborationagreementforeseesdesignandmanufactureof two quadrupoleprototypesby
CEA, Saclaytogetherwith thedevelopmentof thetoolingfor a laterseriesproduction.Themainparam-
etersof thesemagnetswhich feature,asthedipoles,two aperturesin onecommonyoke, area nominal
gradientof 252T/m, a magneticlengthof 3.05m, a nominalcurrentof 15060A, aninnercoil aperture
of 50 mm andan operationaltemperatureof 1.8 K. A designreporthasbeenpublishedin [7]. Before
having beenassembledinto theircommonyokethetwo coil-collarassembliesof thesecondmagnethave
undergonemagneticmeasurementsat roomtemperature.Table2 givesthemeasuredmultipoledistribu-
tion in thestraightpartof oneof theseassemblies[8] togetherwith theexpected(intrinsic) values.

Measured Intrinsic
n Normal Skew Normal Skew
1 - - - -
3 0.27 0.36 - -
4 0.01 -0.21 - -
5 -0.03 0. - -
6 -0.23 -0.02 0.107 -
7 0.01 0. - -
8 0. 0. - -
9 0. 0. - -
10 -0.01 0. -0.0087 -

Table2: Measuredmultipolesin thestraightpartof oneapertureandintrinsic valuesasexpectedfrom
thecoil design,relative errorsin unitsof

?ED FHG
at10 mm,current10000A

For thecomputationscertainconstraintsontheblockdisplacementswereintroduced:At thepoles
thecollar insertsrepresenta limitation to any azimuthalmotion.Theblocksadjacentto thehorizontalor
verticalplanesmove togetherazimuthally;thismotionmaybedifferentfor thetwo layers.In thiswaya
differenceof elasticmoduli in thecoil layersis accountedfor. Eachblockis allowedto movein theradial
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Fig. 2: Coil-blockdisplacementof a quadrupoleprototype,biggestvectorrepresentsa 0.25mmdisplacement

directionresultingin atotalnumberof 32designvariablesfor theinversefield problem.Theresultof the
inverseproblemcomputationcanbeseenin Fig. 2. Thearrow lengthof themostimportantdisplacement
correspondsto 0.25mm in block no. 24. All otherdisplacementarrows areto scale.Theseresultsalso
allow to checkthe needfor a mandrelinsidethe coil aperturein the final collaring phase(in fact, the
coil assemblymandrelwasextractedbeforethefinal compressionof thecollars).Thedisplacementsin
Fig. 2 show no significantinsidemovementof inner layerblocks,indicatingthat theadoptedcollaring
procedureseemsacceptable.

4 The combinedsextupole-dipolecorrector magnet

Eachcell in theLHC latticecontainsin additionto thedipolebendingmagnetsandthequadrupolesa
correctionmagnet.This magnetincorporatesa sextupolecoil for correctionof thechromaticityof the
machineandadipolecoil for correctionof theorbit of theparticlesin themachine.To make themagnet
ascompactaspossible,the dipole coil hasbeenplacedaroundthe sextupolecoil reducingthe overall
lengthof the magnetto 1.3 m. A prototypehasbeenbuilt andtested[9] to seeif the conceptof su-
perimposedcoils (andfields)wouldgive theexpectedperformance.Theresultsshowedthat,aftersome
training,themagnetcouldproduceall combinationsof sextupolefieldsanddipolefieldsupto thedesired
sextupolegradientof 4000T/m2anddipolefield of 1.5T. It appearedhowever thatthefield qualitywas
notasgoodasonecouldexpectfrom thecalculations,cf. table3.

Deformationdueto theLorentzforce loadingdoesnot seemto be thecause:themeasuredfield
precisionsareaboutthesamewhethermeasuredontheindividualfieldsor onthecombinedfieldswhere
the Lorentzforcesaremuchhigher. The measuringcoil could not be centeredvery preciselyandthis
might causesomeof the lower multipolesin thesextupolefield. In particularthedipoleaswell asthe
quadrupolecomponentin thesextupolefield caneachcomefrom a badly centeredmeasuringcoil but
not bothat thesametime becauseeachcorrespondsto a differentcenteringerror. Thehorizontaldipole
field shouldhave no vertical ”normal” component.However, theappearanceof this componentin the
measuredresultscanbeexplainedby a known error in theazimuthalpositionof oneof themeasuring
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coils. The precisionof the magnetcoil assemblywasexpectedto be within 0.05 mm andthis could
not explain themeasuredmultipoles.Theinverseproblemapproachhasbeenappliedto seewhich coil
positionswouldcorrespondto themeasuredfield quality.

All blockswerefreeto move in theazimuthalandtheradialdirectionsresultingin a totalnumber
of 56 designvariablesfor theinverseproblem.Theproblemhasbeensolvedin two steps.Thefirst step
wasmadeassumingthat themeasuringcoils wereperfectlycenteredin themagnet.In thesecondstep
thepositionof themeasuringcoil insidethemagnetwasalsotreatedasadesignvariable,increasingthe
numberof unknowns to 58. In thesecondstepthedisplacementsof thecoil blocksfoundby thealgo-
rithm areslightly smaller. Theresultsof thesecondstepareshown in Figure3 for boththesextupoleand
thedipole. Themeasuringcoil wasprobablyoff centerby 0.038mm in thehorizontaland0.031mm in
theverticaldirection.

Themaximumerrorsin theblock positionsof themagnetarea radial displacementof 0.12mm
of block 1 anda tangentialdisplacementof 0.3deg. in block 7. Themeasuredquadrupolecomponents
canbepartly explainedby theoff centerof themeasurementcoil andpartly by theinwarddisplacement
of blocks1 to 6 of thesextupole,which alsoexplain themeasuredoctupole.Therealsoseemsto bea
systematicwideningof thesextupolecoils.

Measured Intrinsic
n Normal Skew Normal Skew
1 - 10650. - 10650.
2 -70.5 -58.3 - -
3 3640. 4.6 3640. 2.87
4 1.8 -0.5 - -
5 -0.8 -2.2 - 0.11
6 -0.1 0.2 - -
7 - - - 0.026
8 - - - -
9 -0.22 - 0.074 -0.03

Table3: Measuredandintrinsicmultipolecontentof thecombinedsextupole- dipolecorrectormagnets.
Units in

?ED%FHGKJ
at a radiusof 10 mm. Currentfor thesextupole3200A percoil segment,for thedipole

360A percoil segment.Becauseof thenestedcharacterof thecoil thefield componentsarenotgivenin
relative unitsasfor theotherinverseproblems.

5 The causeof training quenchesin a modeldipole

Fig. 4 shows the first coupleof quenchesfor a long dipole modelbuilt in industry [13]. It shows a
typical “training” characteristicwith subsequentquenchesbeingalwaysslightly higherthanbefore.The
enormouselectromagneticforcespushtheconductorsinto a morestablepositionwithin themechanical
structure.Thesemovementscantriggerthetrainingquench.In themodelmagnetpresented,8 quenches
occurredbelow thenominaldesignfield of 8.4T. Thefollowing quencheswereabove thenominalfield.
Measurementsof the field quality beforeandafter thecryogenictests[14] show that thecoil wasdis-
placedafter theassemblyof themagnetandthequenchespushedtheconductorstowardstheir nominal
position. This can be seenfrom the field componentsgiven in Table 1 wherethe field components
measuredbeforeandafter thecryogenictestarelisted togetherwith the intrinsic valueswhich arethe
calculatednominalerrors.Thefield quality is actuallygettingbetterafterthetests.Theinverseproblem
solvingconsistsof usingoptimizationroutinesto find thedistortedcoil geometrieswhich exactly pro-
ducethe multipole contentmeasuredandthereforecalculatethe sourcesof the low training quenches,
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Fig. 3: Coil block displacementof thecombineddipole-sextupolecorrectormagnet
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Fig. 4: Trainingquenchesof dipolemodelmagnetbuilt in industry.

i.e. themovementsof thecoil blocksduringexcitationof themagnet.

Before After Intrinsic
n b a b a b a
2 0.378 -0.634 0.463 -0.229 0.2478 0.
3 -2.072 0.0944 -1.246 0.117 -0.9008 0.
4 -0.055 0.1506 -0.028 0.118 0.1105 0.
5 0.247 0.0348 0.1699 0.0128 0.0178 0.
6 0.0183 0.0062 0.0104 0.0115 -0.00183 0.
7 0.0316 -0.0064 0.0339 -0.0029 0.00534 0.
8 -0.0008 -0.0002 0.0005 0.0007 0.00002 0.
9 -0.0011 -0.0007 -0.0015 -0.0017 -0.00013 0.

10 0. 0.0011 -0.0002 0.0016 -0.00002 0.
11 0.0092 0. 0.0090 0. 0.00935 0.
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Fig. 5: Displacementof coil blocksbefore(a) andafter (b) thecold testwith trainingquenches.Thecomparisonof the two

statesindicatethemovementsthatmight have triggeredthequenches.The displacementswerecalculatedfrom inversefield

calculationsusingfield qualitymeasurementsat roomtemperaturebeforeandafterthetest.Theradialdisplacementof block5

(left) is 0.183mm,all otherdisplacementsareto scale.Thebiggestmovementoccurredin block5 whichwasshiftedoutwards

by 0.07mm.

Magneticfield measurementsbeforeandafter crygonictestandintrinisic field errorsascomputedfor
nominaldimensionsandconductorlocation(in unitsof

?ED%FHG
at radius10 mm)

Fromthecalculatedcoil block displacementsbeforeandafterthetest,therelative movementof thecoil
block duringthetestcanbeestimated.Thedisplacementsareshown in Fig. 5.

6 Conclusions

The inverseproblemapproachto analyzethemeasuredfield quality in thedifferenttypesof supercon-
ductingacceleratormagnetshasturnedout to bea powerful tool to tracebacktheorigin of construction
imperfectionsin a non destructive way. It is an extensionof the optimizationmethodsusedto design
thesemagnets.Althoughthehighernumberof ’design’variablesmakestheproof for theuniquenessof
theresultsdifficult, thecomputationsprovide anhelpful insightaboutthepossiblesourcesof unwanted
multipolecomponentsin themagnets.Themagnitudesfoundfor theblock displacementsturnedout to
becomparableto themechanicaltolerancesexpectedin themagnetcoil fabrication.Thisallows realistic
predictionsconcerningthecontentof theunwantedmultipolecomponentsto beexpectedin LHC.
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