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Abstract

In this paperwe discussaven multipolar component®f
the Large HadronCollider dipole in relationto the manu-
facturingfeaturesandtarget valuesrequiredby beamdy-
namics.Dueto thetwo-in-onecollar geometrysystematic
componentsireinducedby the mutualinfluenceof thetwo
apertureandarestronglyaffectedby theshapeof themag-
neticiron yoke. In orderto optimizethenormalquadrupole
and octupoleharmonicsa new designwaschoserfor the
ferromagnetiénsertbetweertheiron yoke andthecollars.
Threedifferentinsertshapesvereselectedandinstalledin
a full scaleprototype. The measureddependencef the
even multipoleson the insert shapeshowvs a good agree-
mentwith simulationsbasedon a magnetostaticode. A
final designof the inserthasbeenworked out andimple-
mentedin pre-serieanagnets.Datarelative to even mul-
tipolesin pre-seriesnagnetsare presentedboth at room
temperatureand at the operationaltemperatureof 1.9 K.
Comparisorwith tarmgetvaluesrequiredby beamdynamics
is discussed.

1 INTRODUCTION

The LHC main dipole featurestwo-in-one austenitic
steelcollarsthat breakthe left-right symmetryof theiron
laminationsaroundeachaperture(seeFig. 1). This in-
ducesunwantedsystematiceven multipolesthat mustbe
minimizedthrougha carefulshapingof the ferromagnetic
materialaroundthe collars. In this paperwe presentmea-
surementsindsimulationghathave beencarriedoutto op-
timize this shapeandthe final design. We also give the
statusof the even multipolesin the measuredpre-series
dipoles both at 300 K and under operationalconditions.
Due to the left-right symmmetryof the whole dipole, the
two aperturehave oppositdeft-right asymmetryandeven
systematicomponentareexpectedo have oppositesigns
in the two apertures.Thereforethe signsof datarelative
to the secondaperturehave beenchangedio make them
homogeneouw thoseof thefirst aperture.

2 by AND by OPTIMIZATION IN
PROTOTYPES

Themeasuredaluesof b, andb, atroomtemperaturén
thefirst threeassembled HC dipole prototypesareshown
in Tablel. Valuesareexpressedn 10~ * units of the main
dipole field. A systematicnon-zeroaverageof the even
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Figurel: Cross-sectiolof themainLHC dipole

Table1: b, andb, multipolesat roomtemperaturdor the
first threeLHC dipole prototypes,with their averageand
standardieviation (R,; =17 mm,10~* units).

bo by
MBP2N2- Al | 4.0 | -0.40
MBP2N2- A2 | 3.7 | -0.40
MBP201- A1 | 3.8 | -0.26
MBP201- A2 | 4.8 | -0.14
MBP2A2- Al | 4.4 | -0.26
MBP2A2- A2 | 4.6 | -0.08
Average 4.2 | -0.26
Std. Dev. 0.4 ] 0.13

multipoleswasfound: b, is around4 units,andb, around
—0.3 units. Thiswasdueto a mismatchbetweermagnetic
andmechanicatesignandit is well beyondtolerance®n
systematicperarcof +1.9 for b5 [1].

To recover afield quality within the specificationswvith
aminimalimpactonthe magnetesignandon the produc-
tion costs,we proposedo changethe shapeof the ferro-
magneticinsertplacedbetweentheiron yoke andthe col-
lars (seeFig.1). Whentheiron is not saturatedtheinsert
effect on the field multipolesonly dependson the shape
that facesthe apertureswhich freezesthe boundarycon-
ditions for the geometryof thefield lines. Therefore we
investigatednodificationsof thelower insertprofile.

Theinsertalsohasanimportantrole in the trasmission
via the yoke to the collars of the forcesgeneratedy the
shrinking cylinder, and in the centeringof the two half
yokes. Theproposednodificationsshouldnothave adetri-
mentaleffect for theseaspects More detailscanbe found
in [2] and[3].

Simulationspointedout that the most sensitve regions
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y=22.7mm
x=32.1mm
r=8.1mm

L=4.0mm

Figure 2: Insert modificationstestedon the prototypes
MBP2A2

Table2: Measuredss. computedsensitvity to insertmod-
ifications. A confidencelevel of 2o is given for the er-
ror. SeeFig. 2 for themodificationnomenclature(R,..; =
17mm, 10~* units).

0ba 0by
TriangleComp. -1.22 —0.04
TriangleMeas. | -1.15+ 0.30 | 0.00 £ 0.06
Circle Comp. -1.56 0.04
Circle Meas. -1.84+0.24 | 0.06 0.14
ToecutComp. -3.43 0.29
ToecutMeas. | -3.09 £ 0.26 | 0.29 £ 0.06

of theinserton b, andb,4 aretheonesshavn in Fig.2. The
choice of the final insert designwas basedon an exper

imental validation of the sensitvity table calculatedwith

the BEM-FEM moduleof ROX I E [4]. Thedipole prototype
MBP2A2 washuilt with differentyoke sectionsit wasas-
sembledwith three 3m long sectionsfeaturingthe three
modificationsshavn in Fig.2. Therestof the magnetwas
assembledvith the standardnsert. This provided a sec-
tion with the nominaldesignto be usedto calculatethe b,

andb, changesnducedby eachmodification. In Table 2

we comparemeasured&ndcomputedsensitvities. A very
goodagreements foundwithin the errorbandof the mea-
surementg95 % confidencelevel). Thesemodifications
have angjligible effectontheoddharmonicq3].

In Fig. 3we givethefinal insertdesignusedin thedipole
pre-seriesWe shortenedby 14mmthesidetoeof theinsert
andwe drilled an8 mm radiussemiholein the centerof the
elliptical partthatfacesthe magnetaperturesThesemod-
ificationsintendedto decreasé- by 3.9 unitsandincrease
b4 by 0.26 units, thuscompensatingnostof the offsetsof
Tablel.

3 RESULTSON PRE-SERIESMAGNETS

Magneticmeasurementsf the averageb, andb, in the
straightpartof nine pre-serieslipolesat 300K areshown
in Table3. Measurements operationakconditionsat 1.9
K of six dipolesaregivenin Table4.

The straightpart of the cold massmeasuredat 300 K
featuresaroundl unit of b, and0.0 units of b4 (seeTable
3), i.e. our correctionhasbeensuccessful. The cooling

z =56 mm
= y=22.7 mm
x=32.1mm

r=8.1mm

Figure3: Final insertchoserfor the pre-serieglipoles

Table3: Measured, andb, in thestraightpartof ninepre-
seriedipolesat300K (averaget two standardleviations)

ba I
Collaredcoil | —0.34 £ 0.82 | 0.03 £ 0.08
Cold mass 0.93+0.62 | 0.01+0.21

down at 1.9 K reducesh, by oneunit in the straightpart,
leaving b, unchangedseeTable4, secondandfifth lines).
Thisis probablydueto the strongpre-stressossfrom 300
K to 1.9K [5] thatinducesdeformationghatdo not obey
to aleft-right symmetrywith respecto theaperturedueto
the two-in-onecollars. At injection, both b, andb, in the
straightpartarecloseto zero.

Theoverall contribution of theheadsvasnotincludedin
the optimizationsincethefinal designof headlaminations
wasnot yetfinalized. This contribution (seeTable4, third
column)is aroundl.5unitsfor b, andnegligible for the by,
bringingthetotal valuesatinjectionto 1.3and0.0unitsre-
spectvely (seeTable4, fourth column). This is well inside
the allowed rangesof +1.9 unitsand+0.6 unitsallocated
by thebeamdynamicg(seeRef. [1]).

Due to the symmetryof the coil, persistentcurrentdo
not give ary contributionto evenmultipoles:thereforethe
non-ngjligible shift obsenedin b, andb, from injectionto
high field is dueto iron saturation.For b3, onehasaround
-1.8 units, bringing the averageat high field at -0.5 units
(seeTable4, 3rdline). This is within the allowed rangeof
+1.9 unitsat high field. Saturatiorgives0.2 units of b, at
high field (Table 4, 6th line), that are within the rangeof
£0.6 units allocatedat high field. Both saturationeffects
arein agreementvith simulationg3].

Thereproducibilityof theeffect of cool-davn andof sat-

Table4: Measured, andb, in six pre-serieslipolesat1.9
K (averaget two standarddeviations)

ba Straight Heads Total
Inject. | —0.15+0.62 | 1.454+0.44 | 1.30+ 0.60
Highf. | —2.214+0.62 | 1.70+0.22 | —0.52 + 0.60
by Straight Heads Total
Inject. | —0.05+0.20 | 0.05+0.06 | 0.00+ 0.18
Highf. 0.16+£0.20 | 0.05+£0.06 | 0.21 £0.18
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urationis givenin Table5. Here,we evaluatethe standard
deviationsof the differencesdetweencold massandinjec-
tion, andbetweerninjectionandhighfield in eachmeasured
pre-seriesmagnet. Thesestandarddeviations are small
comparedo the allowedranges.If thesepreliminarydata
are confirmed,during the productioneven multipolescan
be steeredhroughmagneticmeasurementat 300 K per
formedatthe manufcturers.

Table 5: Measuredstandarddeviations of the impact of
yoking (cold mass- collaredcoil), cool-davn (injection -
cold mass)andsaturation(high field - injection)on bs, b,

I by
Yoking 0.19| 0.04
Cool-davn | 0.21 | 0.03
Saturation | 0.10 | 0.03

4 MAGNETIC SHIMMING

Betweenthe insertandthe collars,and betweenthe in-
sert and the iron yoke, one has shims of 0.3 mm and
0.5 mm thicknessrespectiely. The first oneis madeof
non-ferromagnetienaterial, whilst the secondoneis fer-
romagnetic. During the assemblyphaseof cold mass
HCMBB_A001-01000002,the shim betweeninsert and
iron yoke hasbeenremoved,andthethicknessof the shim
betweeninsertand collars hasbeenincreasedo 0.8 mm
of non-ferromagnetienaterial. This modificationhasbeen
implementedto testthe possibility of simplifying the as-
semblyprocedureg[7]. From a mechanicapoint of view,
the modificationhasshavn no drawbacks:quenchperfor
mancesof the cryodipolewere extremely good, shaving
no problemsin the straightpart[8].

Indeed,accordingto measurementshe upward shift of
0.5mm of theinsertdecreases; in the straightpartof 1.8
units. Moreover, the effect of saturationis reducedoy 0.5
unitswith respecto the nominalpre-serieglesign. These
resultsarein agreemenvith simulationscarriedoutby M.
Aleksa[9]. Thistesthasshovn thata modificationof the
insertshim thicknesscan be a useful and costlesstool to
steerb, duringthe production. The impacton b4 is negli-
gible.

5 CONCLUSIONS

We presentediataandsimulationsrelative to evennor-
mal multipolesin the main dipolesof the Large Hadron
Collider. First resultsof prototypesshaved a systematic
valueof b, far beyondtolerancesTo recovertolerableval-
ues,a modificationof the ferromagnetidnsertplacedbe-
tweenthe iron yoke and the two-in-onecollars hasbeen
proposed thus minimizing the impact on magnetdesign
and costs. Three modificationshave beenworked out
throughsimulationsand have beentestedon a prototype.
Good agreemenbetweenmeasurementand simulations

hasbeenfound. A final insertdesignto minimize b, andb,
hasbeenselected.

Data on seren pre-seriesmagnetshave shavn that the
by correctionhasbeensuccessfuat 75-80%. Evaluation
of the contribution of headsand of iron saturationshowvs
that they are not negligible. Available measurementef
by in operationalconditionsshow thatit is within the al-
lowedrangeof +1.9 unitsbothatinjection (1.3 units)and
at high field (-0.5 units). The b4 optimizationhasreduced
its valueto afractionof unit in the straightpart. Measure-
mentsat 1.9K shaw thatit is well insidethe allowedrange
of 0.6 unitsboth atinjection (0.0 units)andat high field
(0.2 units).

A modificationof the insertpositionhasbeentestedin
oneof thepre-seriesnagnetshaving somempacton b, in
agreementvith simulations.This actioncouldbeaneffec-
tive andcostlesavay of steeringb, duringthe production.
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