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Abstract

After measuringthe magneticfield of a model or prototype superconduct-
ing magnetfor the Large Hadron Collider (LHC) an inversefield problem
is formulatedin orderto explain the origin of the contentof unwantedmul-
tipole terms. Theinverseproblemsolvingis doneby meansf aleast-squares
minimizationusingthe Levenbeg-Marquardalgorithm. Althoughtheunique-
nessof the resultsremainsuncertain,usefulinsightsinto the causef mea-
suredfield imperfectionscan be deduced. A model dipole magnet,a main
gquadrupoleprototypeand a combineddipole-sa&tupole correctormagnetare
givenasexamples.

1 Theinversefield problem

Several modeland prototypemagnetshave beenbuilt in commondevelopmentprogramswith industry
andnationallaboratorieg1]. Theirmeasuredield distribution exhibits multipole componentsvhich are
dueto perturbationf the coil block arrangement the manufcturingprocess.In orderto reduce
theserandomerrorsit is necessaryo know wherethey comefrom, thusallowing to specifyappropriate
tolerancesor theconstruction.The paperdiscussetheinversefield calculationproblemassociatevith
this question.

Thefunctionto beminimizedin theinversefield computatiorproblemyields

min z(X) =min»_p; - ((f:(X))? + (g:(X))?) (1)
=1
with theresiduals
fi(X) = b} (X) = b; )
g(X)=a}(X) —a (3)

subjectto upperandlower boundsfor the designvariablesz; < x; < zy,, 1 = 1,..n where
b*(X),a(X) arethe calculatedandb;,a; arethe measurednultipoles. X is the vectorof the design
variablesfor theinverseproblem. The p; areweighingfactorsin orderto compensatéor the different
numericalvaluesof theresiduals.The designvariablesarethe possibleperturbation®f the coil blocks,
which determinehe contentof the multipolecomponentsThe perturbationsredueto tolerancesn the
manugcturingof the conductorstheinsulation,the coil blocksandthewedges.In additionpositioning
errorsmayoccurdueto the outward electromagnetiforcesandtheinitial prestresshatmustbeapplied
to avoid tensilestressover thewhole crosssection.Becausef the non-symmetrimatureof the geomet-
rical coil positioningerrorsa high numberof designvariablesresultsfor the inversefield problem. It
hadthereforeto beassumedhatthe positioningerrorshold for anentirecoil block ratherthanindividual
conductors.
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The optimizationprocedureconsistf analgorithmfor finding the minimumvalueof anuncon-
strainedobjectie function asthereareno nonlinearconstraintdo be consideredsis oftenthe casein
designoptimization.Thetreatmenbf upperandlower boundsfor the perturbationgdesignvariables)s
derived from an exterior point penaltyfunctionmethoddescribedn chapterx. Becausef the factthat
therearefar moredegreesof freedomthanobjectivesthe problemis ill-posed. Thereforea regulariza-
tionterm>"" | ¢; - 72 is addedo Eq. (1) to make surethatthe coil-block displacementstayassmallas
possible.

As a minimization algorithmthe Levenbeg-Marquardmethodis appliedwhich was originally
developedfor nonlinearregressionproblemsusingleast-squaresbjective functionsand cantherefore
efficiently be appliedto the minimizationof the distancefunction. The algorithmsis describedn chap-
terx. Thenumberof functionevaluationsarebetweerB00and1200.

2 The superconducting dipole model magnet

Tablel. shavs the multipole contentmeasuredor the MBSMS15V1 coiltestfacility which hasthecaoill

designof the V6-1 coil andis mountedin a singleaperturaron yoke. The measuremeris givenfor a
currentof 4000A whereno iron saturationoccursin the yoke andthe influenceof persistenturrents
canbengjlected. The secondcolumnshaws the ”intrinsic” termsasexpectedfrom the ideal coil block
arrangementThe designvariablesfor the minimizationproblemarethe azimuthalandradial displace-
mentsof eachcoil block thusresultingin 48 designvariables.In additionthe position (off-centring) of

themeasuremertoil 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 10~* at 10 mm, current4000A

Figurel shavs thedisplacementsf the coil blocksfoundby the Levenbeg-Marquardalgorithm
after about800 function evaluations. Becausahereare far more unknawvns than residualswe cannot
expectuniquesolutionsto the problem. The algorithmhasthereforebeenstartedwith differentinitial
guessem orderto confirmthe solutions but the differenceetweerthesesolutionsdiffer only slightly.
Thebiggestazimuthaldisplacementarein the orderof 0.05deg, all otherdisplacementareto scale.
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Fig. 1: Coil block displacemenof themaindipole

3 The main quadrupole magnet

Thelatticequadrupolesredevelopedin closecollaboratiorbetweenCERNandCEA, Saclayin France.
The presentollaborationagreementoreseeslesignandmanufctureof two quadrupoleprototypeshy
CEA, Saclaytogethemwith thedevelopmeniof thetooling for alaterseriesproduction.Themainparam-
etersof thesemagnetsvhich feature asthe dipoles,two aperturesn onecommonyoke, area nominal
gradientof 252 T/m, a magnetidengthof 3.05m, a nominalcurrentof 15060A, aninner coil aperture
of 50 mm andan operationakemperaturef 1.8 K. A designreporthasbeenpublishedin [7]. Before
having beenassemblethto theircommonyoke thetwo coil-collarassembliesf thesecondnagnehave
undegonemagnetianeasurementat roomtemperatureTable2 givesthe measureanultipole distribu-
tion in the straightpartof oneof theseassemblie§8] togethemwith the expectedintrinsic) 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: Measurednultipolesin the straightpart of oneapertureandintrinsic valuesas expectedfrom
the coil design relative errorsin unitsof 10~* at 10 mm, current10000A

For thecomputationgertainconstraintontheblock displacementwereintroduced:At thepoles
thecollarinsertsrepresenalimitation to any azimuthalmotion. Theblocksadjacento the horizontalor
vertical planesmove togetherazimuthally;this motionmay bedifferentfor thetwo layers.In thisway a
differenceof elasticmoduliin thecoil layersis accountedor. Eachblockis allowedto movein theradial
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Fig. 2: Coil-block displacemenbf a quadrupolegrototype biggestvectorrepresenta 0.25mmdisplacement

directionresultingin atotal numberof 32 designvariabledfor theinversefield problem.Theresultof the
inverseproblemcomputatiorcanbeseenn Fig. 2. Thearrov lengthof themostimportantdisplacement
corresponds$o 0.25mm in block no. 24. All otherdisplacemenarrons areto scale. Theseresultsalso
allow to checkthe needfor a mandrelinsidethe coil aperturein the final collaring phase(in fact, the
coil assemblymandrelwasextractedbeforethe final compressiorof the collars). The displacement
Fig. 2 shav no significantinsidemovementof innerlayer blocks,indicatingthatthe adoptedcollaring
procedureseemsacceptable.

4 The combinedsextupole-dipolecorrector magnet

Eachcell in the LHC lattice containsin additionto the dipole bendingmagnetsandthe quadrupolesa
correctionmagnet. This magnetincorporatesa sextupole coil for correctionof the chromaticityof the
machineanda dipole coil for correctionof the orbit of the particlesin the machine.To make themagnet
ascompactaspossible the dipole coil hasbeenplacedaroundthe sextupole coil reducingthe overall
lengthof the magnetto 1.3 m. A prototypehasbeenbuilt andtested[9] to seeif the conceptof su-
perimposecoils (andfields)would give the expectedperformanceTheresultsshavedthat, aftersome
training,themagnetouldproduceall combination®f sextupolefieldsanddipolefieldsupto thedesired
sextupolegradientof 4000T/m2 anddipolefield of 1.5T. It appearedhowveverthatthefield quality was
notasgoodasonecouldexpectfrom the calculationscf. table3.

Deformationdueto the Lorentzforce loadingdoesnot seemto be the cause:the measuredield
precisionsareaboutthe samewhethemmeasurean theindividual fieldsor onthecombinedieldswhere
the Lorentzforcesare much higher The measuringcoil could not be centeredvery preciselyandthis
might causesomeof the lower multipolesin the sextupolefield. In particularthe dipole aswell asthe
guadrupolecomponenin the sextupolefield caneachcomefrom a badly centeredmeasuringcoil but
not both atthe sametime becauseachcorrespondso a differentcenteringerror The horizontaldipole
field shouldhave no vertical "Tnormal” component.However, the appearancef this componenin the
measuredesultscanbe explainedby a known errorin the azimuthalpositionof oneof the measuring
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coils. The precisionof the magnetcoil assemblywas expectedto be within 0.05 mm andthis could
not explain the measurednultipoles. The inverseproblemapproacthasbeenappliedto seewhich coll
positionswould correspondo the measuredield quality.

All blockswerefreeto move in theazimuthalandtheradialdirectionsresultingin atotal number
of 56 designvariablesfor theinverseproblem.The problemhasbeensolvedin two steps.Thefirst step
wasmadeassuminghatthe measuringcoils were perfectlycenteredn the magnet.In the secondstep
the positionof the measuringoil insidethe magnetwasalsotreatedasa designvariable increasinghe
numberof unknavnsto 58. In the secondstepthe displacementsf the coil blocksfound by the algo-
rithm areslightly smaller Theresultsof the secondstepareshavn in Figure3 for boththe sextupoleand
thedipole. The measuringcoil wasprobablyoff centerby 0.038mm in thehorizontaland0.031mmin
theverticaldirection.

The maximumerrorsin the block positionsof the magnetare a radial displacemenof 0.12mm
of block 1 andatangentialdisplacemenbf 0.3 deg. in block 7. The measuredjuadrupolecomponents
canbe partly explainedby the off centerof the measuremertoil andpartly by theinward displacement
of blocks1 to 6 of the sextupole,which alsoexplain the measuredactupole. Therealsoseemdo bea
systematiavideningof the sextupolecoils.

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: Measuredandintrinsic multipole contentof thecombinedsextupole- dipolecorrectormagnets.
Unitsin 1047 ataradiusof 10 mm. Currentfor the sextupole3200A per coil segment,for the dipole
360A percoil sgment.Becausef the nesteccharacteof the coil thefield componentgarenotgivenin
relative unitsasfor the otherinverseproblems.

5 The causeof training quenchesn a modeldipole

Fig. 4 shaws the first coupleof quenchedor a long dipole model built in industry[13]. It shavs a
typical “training” characteristiovith subsequermjuencheseingalwaysslightly higherthanbefore.The
enormouslectromagnetiforcespushthe conductorsnto a morestablepositionwithin the mechanical
structure.Thesemovementsantriggerthetrainingquench.n themodelmagnetpresented quenches
occurredbelov thenominaldesignfield of 8.4 T. Thefollowing quenchesvereabove the nominalfield.
Measurementsf the field quality beforeand after the cryogenictests[14] shav thatthe coil wasdis-
placedafterthe assemblyof the magnetandthe quenchepushedhe conductordowardstheir nominal
position. This canbe seenfrom the field componentsyiven in Table 1 wherethe field components
measuredeforeandafter the cryogenictestarelisted togetherwith the intrinsic valueswhich arethe
calculatechominalerrors. Thefield quality is actuallygettingbetterafterthetests.Theinverseproblem
solving consistsof usingoptimizationroutinesto find the distortedcoil geometriesvhich exactly pro-
ducethe multipole contentmeasuredandthereforecalculatethe sourcesof the low training quenches,
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Fig. 3: Coil block displacemenof thecombineddipole-sextupolecorrectoragnet
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Fig. 4: Trainingquenche®f dipolemodelmagnetbuilt in industry

i.e. themovement=f the coil blocksduring excitationof 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 | O.
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| O.
7 | 0.0316 | -0.0064| 0.0339 | -0.0029| 0.00534 | O.
8 | -0.0008 | -0.0002| 0.0005 | 0.0007 | 0.00002| O.
9 | -0.0011| -0.0007| -0.0015]| -0.0017| -0.00013| O.
10 0. 0.0011 | -0.0002| 0.0016 | -0.00002| O.
11 | 0.0092 0. 0.0090 0. 0.00935 | O.
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Fig. 5: Displacemenbf coil blocksbefore(a) andafter (b) the cold testwith training quenchesThe comparisorof the two
statesindicatethe movementsthat might have triggeredthe quenches The displacementsvere calculatedfrom inversefield
calculationausingfield quality measurementat roomtemperaturdeforeandafterthetest. Theradialdisplacementf block 5
(left) is 0.183mm, all otherdisplacementareto scale.Thebiggestmovementoccurredn block 5 whichwasshiftedoutwards
by 0.07mm.

Magneticfield measurementiseforeand after crygonictestandintrinisic field errorsas computedfor
nominaldimensionsandconductordocation(in unitsof 10~* atradius10 mm)

Fromthe calculatectoil block displacementbeforeandafterthetest,the relative movementof the coil
block duringthetestcanbeestimatedThe displacementareshavn in Fig. 5.

6 Conclusions

The inverseproblemapproachto analyzethe measuredield quality in the differenttypesof supercon-
ductingacceleratomagnetdasturnedout to be a powerful tool to tracebackthe origin of construction
imperfectionsin a non destructre way. It is an extensionof the optimizationmethodsusedto design
thesemagnets Althoughthe highernumberof 'design’variablesmakesthe proof for the uniqguenessf
theresultsdifficult, the computationgrovide an helpful insightaboutthe possiblesourcef unwanted
multipole componentsn the magnets.The magnitudesoundfor the block displacementsurnedoutto
becomparabldo themechanicatolerancegxpectedn the magnetoil fabrication.This allows realistic
predictionsconcerninghe contentof the unwantedmultipole components$o be expectedn LHC.
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