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In this paper we discuss even multipolar components of the Large Hadron Collider dipole in relation to the
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strongly affected by the shape of the magnetic iron yoke. In order to optimize the normal quadrupole and
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dependence of the even multipoles on the insert shape shows a good agreement with simulations based on
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magnets. Data relative to even multipoles in pre-series magnets are presented, both at room temperature
and at the operational temperature of 1.9 K. Comparison with target values required by beam dynamics is
discussed.
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Abstract

In this paperwe discussevenmultipolarcomponentsof
the LargeHadronCollider dipole in relationto the manu-
facturingfeaturesandtarget valuesrequiredby beamdy-
namics.Dueto thetwo-in-onecollar geometry, systematic
componentsareinducedby themutualinfluenceof thetwo
aperturesandarestronglyaffectedby theshapeof themag-
neticiron yoke. In orderto optimizethenormalquadrupole
andoctupoleharmonics,a new designwaschosenfor the
ferromagneticinsertbetweentheiron yokeandthecollars.
Threedifferentinsertshapeswereselectedandinstalledin
a full scaleprototype. The measureddependenceof the
even multipoleson the insert shapeshows a goodagree-
mentwith simulationsbasedon a magnetostaticcode. A
final designof the inserthasbeenworked out andimple-
mentedin pre-seriesmagnets.Datarelative to even mul-
tipoles in pre-seriesmagnetsarepresented,both at room
temperatureand at the operationaltemperatureof 1.9 K.
Comparisonwith targetvaluesrequiredby beamdynamics
is discussed.

1 INTRODUCTION

The LHC main dipole featurestwo-in-one austenitic
steelcollarsthatbreakthe left-right symmetryof the iron
laminationsaroundeachaperture(seeFig. 1). This in-
ducesunwantedsystematiceven multipolesthat must be
minimizedthrougha carefulshapingof the ferromagnetic
materialaroundthecollars. In this paperwe presentmea-
surementsandsimulationsthathavebeencarriedout to op-
timize this shapeand the final design. We also give the
statusof the even multipoles in the measuredpre-series
dipolesboth at 300 K and underoperationalconditions.
Due to the left-right symmmetryof the whole dipole, the
two apertureshaveoppositeleft-right asymmetry, andeven
systematiccomponentsareexpectedto haveoppositesigns
in the two apertures.Thereforethe signsof datarelative
to the secondaperturehave beenchangedto make them
homogeneousto thoseof thefirst aperture.

2
���

AND
���

OPTIMIZATION IN
PROTOTYPES

Themeasuredvaluesof ��� and ��� atroomtemperaturein
thefirst threeassembledLHC dipoleprototypesareshown
in Table1. Valuesareexpressedin 	�
�� � unitsof themain
dipole field. A systematicnon-zeroaverageof the even
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Figure1: Cross-sectionof themainLHC dipole

Table1: ��� and ��� multipolesat roomtemperaturefor the
first threeLHC dipole prototypes,with their averageand
standarddeviation ( ������ "!#	%$ mm,	�
&� � units).
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multipoleswasfound: ��� is around4 units,and ��� around3 
)( , units.This wasdueto a mismatchbetweenmagnetic
andmechanicaldesign,andit is well beyondtoleranceson
systematicsperarcof 45	6( 7 for ��� [1].

To recover a field quality within the specificationswith
aminimal impacton themagnetdesignandon theproduc-
tion costs,we proposedto changethe shapeof the ferro-
magneticinsertplacedbetweenthe iron yoke andthecol-
lars (seeFig.1). Whenthe iron is not saturated,the insert
effect on the field multipolesonly dependson the shape
that facesthe apertures,which freezesthe boundarycon-
ditions for the geometryof the field lines. Therefore,we
investigatedmodificationsof thelower insertprofile.

The insertalsohasan importantrole in the trasmission
via the yoke to the collarsof the forcesgeneratedby the
shrinking cylinder, and in the centeringof the two half
yokes.Theproposedmodificationsshouldnothaveadetri-
mentaleffect for theseaspects.More detailscanbefound
in [2] and[3].

Simulationspointedout that the mostsensitive regions
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Figure 2: Insert modificationstestedon the prototypes
MBP2A2

Table2: Measuredvs. computedsensitivity to insertmod-
ifications. A confidencelevel of 2 9 is given for the er-
ror. SeeFig.2 for themodificationnomenclature.( � �:�� !
	+$ mm, 	�
 � � units).
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of theinserton ��� and ��� aretheonesshown in Fig.2. The
choiceof the final insert designwas basedon an exper-
imental validation of the sensitivity table calculatedwith
theBEM-FEM moduleof ROXIE [4]. Thedipoleprototype
MBP2A2 wasbuilt with differentyokesections:it wasas-
sembledwith three3m long sectionsfeaturingthe three
modificationsshown in Fig.2. Therestof themagnetwas
assembledwith the standardinsert. This provided a sec-
tion with thenominaldesignto beusedto calculatethe � �
and � � changesinducedby eachmodification. In Table 2
we comparemeasuredandcomputedsensitivities. A very
goodagreementis foundwithin theerrorbandof themea-
surements(95 % confidencelevel). Thesemodifications
havea negligible effecton theoddharmonics[3].

In Fig.3 wegivethefinal insertdesignusedin thedipole
pre-series.Weshortenedby14mmthesidetoeof theinsert
andwedrilled an8mmradiussemiholein thecenterof the
elliptical part that facesthemagnetapertures.Thesemod-
ificationsintendedto decrease��� by ,)( 7 unitsandincrease
� � by 
*( /+0 units, thuscompensatingmostof theoffsetsof
Table1.

3 RESULTS ON PRE-SERIES MAGNETS

Magneticmeasurementsof theaverage� � and � � in the
straightpartof ninepre-seriesdipolesat 300K areshown
in Table3. Measurementsin operationalconditionsat 1.9
K of six dipolesaregivenin Table4.

The straightpart of the cold massmeasuredat 300 K
featuresaround1 unit of ��� and0.0 unitsof ��� (seeTable
3), i.e. our correctionhasbeensuccessful.The cooling
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Figure3: Final insertchosenfor thepre-seriesdipoles

Table3: Measured��� and ��� in thestraightpartof ninepre-
seriesdipolesat300K (average4 two standarddeviations)

��� ���
Collaredcoil 3 
)( ,%'@4F
)( .%/ 
*( 
+,G4F
)( 
%.
Coldmass 
*( 7+,@4A
*( 0+/ 
*( 
�	H4F
)( /&	

down at 1.9 K reduces� � by oneunit in the straightpart,
leaving � � unchanged(seeTable4, secondandfifth lines).
This is probablydueto thestrongpre-stresslossfrom 300
K to 1.9 K [5] that inducesdeformationsthatdo not obey
to a left-right symmetrywith respectto theaperture,dueto
the two-in-onecollars. At injection,both ��� and ��� in the
straightpartarecloseto zero.

Theoverallcontributionof theheadswasnot includedin
theoptimizationsincethefinal designof headlaminations
wasnot yet finalized. This contribution (seeTable4, third
column)is around1.5unitsfor � � andnegligible for the � � ,
bringingthetotalvaluesat injectionto 1.3and0.0unitsre-
spectively (seeTable4, fourth column).This is well inside
theallowedrangesof 45	<( 7 unitsand 4I
)( 0 unitsallocated
by thebeamdynamics(seeRef. [1]).

Due to the symmetryof the coil, persistentcurrentdo
not giveany contribution to evenmultipoles:therefore,the
non-negligible shift observedin ��� and ��� from injectionto
high field is dueto iron saturation.For ��� , onehasaround
-1.8 units, bringing the averageat high field at -0.5 units
(seeTable4, 3rd line). This is within theallowedrangeof
45	<( 7 unitsat high field. Saturationgives0.2unitsof � � at
high field (Table4, 6th line), that arewithin the rangeof
4I
)( 0 units allocatedat high field. Both saturationeffects
arein agreementwith simulations[3].

Thereproducibilityof theeffectof cool-downandof sat-

Table4: Measured��� and ��� in six pre-seriesdipolesat1.9
K (average4 two standarddeviations)
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urationis givenin Table5. Here,we evaluatethestandard
deviationsof thedifferencesbetweencold massandinjec-
tion, andbetweeninjectionandhighfield in eachmeasured
pre-seriesmagnet. Thesestandarddeviations are small
comparedto theallowedranges.If thesepreliminarydata
areconfirmed,during the productioneven multipolescan
be steeredthroughmagneticmeasurementsat 300 K per-
formedat themanufacturers.

Table 5: Measuredstandarddeviations of the impact of
yoking (cold mass- collaredcoil), cool-down (injection -
cold mass)andsaturation(highfield - injection)on ��� , ���

��� ���
Yoking 0.19 0.04
Cool-down 0.21 0.03
Saturation 0.10 0.03

4 MAGNETIC SHIMMING

Betweenthe insertandthe collars,andbetweenthe in-
sert and the iron yoke, one has shims of 0.3 mm and
0.5 mm thicknessrespectively. The first one is madeof
non-ferromagneticmaterial,whilst the secondone is fer-
romagnetic. During the assemblyphaseof cold mass
HCMBB A001-01000002,the shim betweeninsert and
iron yokehasbeenremoved,andthethicknessof theshim
betweeninsertandcollarshasbeenincreasedto 0.8 mm
of non-ferromagneticmaterial.This modificationhasbeen
implementedto test the possibility of simplifying the as-
semblyprocedure[7]. From a mechanicalpoint of view,
themodificationhasshown no drawbacks:quenchperfor-
mancesof the cryodipolewere extremelygood, showing
no problemsin thestraightpart[8].

Indeed,accordingto measurements,theupwardshift of
0.5mm of theinsertdecreases� � in thestraightpartof 1.8
units. Moreover, theeffect of saturationis reducedby 0.5
unitswith respectto thenominalpre-seriesdesign.These
resultsarein agreementwith simulationscarriedoutby M.
Aleksa[9]. This testhasshown thata modificationof the
insert shim thicknesscanbe a usefulandcostlesstool to
steer ��� during the production.The impacton ��� is negli-
gible.

5 CONCLUSIONS

We presenteddataandsimulationsrelative to evennor-
mal multipoles in the main dipolesof the Large Hadron
Collider. First resultsof prototypesshowed a systematic
valueof � � farbeyondtolerances.To recovertolerableval-
ues,a modificationof the ferromagneticinsertplacedbe-
tweenthe iron yoke and the two-in-onecollars hasbeen
proposed,thus minimizing the impact on magnetdesign
and costs. Three modificationshave been worked out
throughsimulationsandhave beentestedon a prototype.
Good agreementbetweenmeasurementsand simulations

hasbeenfound.A final insertdesignto minimize ��� and ���
hasbeenselected.

Data on seven pre-seriesmagnetshave shown that the
� � correctionhasbeensuccessfulat 75-80%. Evaluation
of the contribution of headsandof iron saturationshows
that they are not negligible. Available measurementsof
� � in operationalconditionsshow that it is within the al-
lowedrangeof 45	6( 7 unitsbothat injection(1.3units)and
at high field (-0.5 units). The � � optimizationhasreduced
its valueto a fractionof unit in thestraightpart. Measure-
mentsat1.9K show thatit is well insidetheallowedrange
of 4I
*( 0 unitsbothat injection(0.0 units)andat high field
(0.2units).

A modificationof the insertpositionhasbeentestedin
oneof thepre-seriesmagnet,showingsomeimpacton ��� in
agreementwith simulations.Thisactioncouldbeaneffec-
tiveandcostlesswayof steering��� duringtheproduction.
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