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STATUS REPORT ON FIELD QUALITY IN THE MAIN LHC DIPOLES

E. Todescol. Bottura,S. Pauletta,V. RemondinoS. Sanfilippo,W. ScandaleCERN, Gene/a, Switzerland

Abstract

We givethe presenstatusof thefield quality in themain
LHC dipoles. Specialemphasiss given to the collared
coil data: a few tensof coils have beenbuilt, allowing a
first analysisof the variability betweenproducersandes-
timatesof the randompart. Effectsof the corrective ac-
tionsimplementedo fine tunethe systematiceomponents
of low-ordermultipolesarepresentedCorrelationsof col-
lared coil datato the magneticfield measurements op-
erationalconditionsare discussed Comparisorto specifi-
cationsimposedby beamdynamicsallows to pin out the
mostcritical requirementshatwill have to be metduring
the LHC dipole production.

1 INTRODUCTION

Themagnetidield of themainLHC dipolesis measured
in threeconditions.Measurementsf the superconducting
coils in the collars(collaredcoil) at 300K provide a first
indication of the field quality, and a powerful instrument
to detectassemblyerrorsor faulty componentsThen,the
magnetidield of the cold masg(collaredcoils plustheiron
yoke and the shrinking cylinder) is measurecdat 300 K.
Both measurementare carried out at the manugcturers
premises.The cryomagnets finally testedat CERNat 1.9
K andunderthe nominalcurrentcycle. This providesthe
final assessemenf field quality andof correlationwith the
previousmeasurementd].

Here,we presentlatarelative to 34 collaredcoil, 10cold
massesnd 7 cryomagnets.n the early phaseof the pro-
duction,a wide rangeof thicknessof the spacerdetween
collarsandcoil poles(shims)hasbeenusedto compensate
out of tolerancein the coil geometryaiming at a nominal
pre-stress. The successie magnetshave beenbuilt with
a narraver rangeof shim thickness,and during the pro-
ductionwe aim at usingnominal shims. Therefore,mea-
surementslataarereducedo nominalshimsusingthe ap-
proachdefinedin Ref.[2]. This helpsto definestratejies
to steerthe magnetproduction. At a later stage,unmodi-
fied datawill be usedto optimizethe magnetinstallation
for beamoperation.

2 SYSTEMATICS

Magnetic measurement®f prototypesand first pre-
seriesmagnetsshaved that the systematicpart of b3 and
bs were out of toleranceof about+3 units and +1 units
respectiely [3]. The origin of this discrepang is rather
well understoodi.e. somechangesn the magnetstructure
after the definition of the coil cross-sectionthe influence
of coil deformationg4], and somevariationsin the tar

gets[5]. To recover nominalvaluesfor thesemultipoles,
across-sectiororrectionhasbeenimplemented6]. Cop-
perwedgesof the internallayer have beenmodified by at
most0.4 mm, keepingthe samecoil shapeto avoid costly
changesn thetoolingsandin the collars. The correction
hasbeenbasedon measurementsf 9 collaredcoils and
of 4 cryomagnets.Two collaredcoils with the new cross-
section(magnets29 and 31 in Figs. 1-3) have beenbuilt.
The obtainedshift in field harmonicds shavn in Table 1.
Measurementaregivenwith atwo sigmaerror. Themulti-
polarvariationdueto toleranceonthe coppemwedgeg+30
microns)is associatetb modelestimatesOnefindsagree-
mentbetweersimulationsandexperimentaldata.

Table 1: Differential effect of cross-sectiortorrectionin
thecollaredcoil on low-orderallowed multipoles

Obs Obs b
Model 3.6+1.0 | 1.3+0.3 | 0.15+0.10
Measurements 4.1 +0.3 | 1.2+0.2 | 0.35+0.13

The measuredvaluesof the allowed low-order multi-
polesin the straightpart of 34 collared coils are shovn
in Figs. 1-3. Differentmarkersare usedto singleout the
threemanuficturers andthe two aperturesare plottedfor
eachmagnet.The bestestimatefor therunningsystematic
is shown asa solid line. Sinceeachfirm will produceone
third of the dipoles,the systematids definedasthe aver
ageof thethreemanufcturersaverages.Comparisonsare
givento theallowedrangefor the systematiddashedine),
deducedy extrapolatingthe beamdynamicgargetsin op-
erationalconditionsto the straightpart of the collaredcoil
throughcorrelationgdiscussedn Section4.
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Figure 1: Averagebs in the straightpart of the collared
coil versugnagnenumber:valuesof thethreemanufctur
ers(onemarker peraperture andrunningsystematigsolid
line) versusallowedrangefor the systematiqdashedine)
Thegraphof b3 (seeFig. 1) shavsanupwardtrendfrom
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magnetl to magnetl5of upto 7 units. Thistrend,common
to all manufcturersis relevantsincetheallowedrangefor
thesystematid; is 6 units. Thechangeof thecross-section
hasbeencarriedout whenthe averagehadalreadydrifted
by 3 units,andthereforethenen magnetdeaturea system-
aticbs in theupperpartof theallowedrange.No systematic
differencedetweermanubicturersareobsened.

2.5
8 ,t .
2r e .
1.5 F g
T :
05 " s
E syst. Xsec 2
OF limits for systematic
—-0.5 [
F eFirm 1 TF\'rm 2 xFirm ‘3 ‘
1o 10 20

magnet number

Figure 2: Averagebs in the straightpart of the collared
coil versusnagnenhumber:valuesof thethreemanufctur
ers(onemarker peraperture andrunningsystematigsolid
line) versusallowedrangefor the average(dashedine)

The control of b5 (seeFig. 2) is critical sincethe vari-
ability (1.5 units peak-to-peak)s large comparedto the
allowed rangefor the systematic(0.6 units). No drift is
obsened in the production,but there are differencesbe-
tweenthe manufcturersafter the first 10 magnets.Man-
ufacturerl hasan averageof 1.8 units, whilst firms 2 and
3 arearoundl unit. If the samedifferencewill be pre-
senedin new cross-sectiomagnetsthesystematids will
bearound-0.1,i.e. in theupperpartof theallowedrange.
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Figure 3: Averageb; in the straightpart of the collared
coil versugnagnenhumber:valuesof thethreemanufctur
ers(onemarker peraperture andrunningsystematigsolid
line) versusallowedrangefor the average(dashedine)

The controlof systematid- is alsorathercritical, since
thespreadf thismultipoleis closeto theallowedrangefor
the systematidseeFig. 3). Also in this case a difference
betweenmanuficturerds obsened after the first 10 mag-

nets: manufcturer3 hasan averageb; of about0.4 units,
whilst b7 in firms 1 and2 arearound0.7 - 0.8 units. After
the correction,somechangesn the correlationto field in
operationakonditionsandin beamdynamicstargetshave
shifteddownwardandreducedheallowedrange.Thebest
estimatefor the systematich; is now out of the allowed
rangeby a smallamount(+0.1 units), if the differencebe-
tweenfirm 2 andfirm 1,3 arepresered(seeFig. 3).
Datarelative to thenew cross-sectioshav thatthemea-
surementsrenow within or closeto the allowedrangefor
low-ordermultipoles(seeFigs. 1-3). The effect on thein-
tegratedmainfield is shawvn to be negligible, asdesigned.
More statisticsis neededto determinethe averageof the
new productionandif additionalcorrectionsarenecessary
LHC dipoles have a two-in-one collar structure that
breaksthe left-right symmetry giving rise to systematic
even normal multipoles. Thesecomponentsare analysed
in Ref. [7]: datashaw thatthe modificationof the iron
laminationamplementedn the pre-serieslipoleshasbeen
successfuandthatboth b, andb, arewithin targets.

3 RANDOMS

The standarddeviation of the measurednain field and
harmonicsin the collaredcoil is shovn in Fig. 4 (mark-
ers) for eachmanufcturer The solid line representshe
allowedbudgetfor therandomcomponentin sectioné we
will shaw thatthe mainsourceof therandomss alreadyin
the collaredcoil, andthereforethe comparisorof collared
coil standarddeviationsto beamdynamicsbudgetis sig-
nificant. Measuredvaluesare closeor within the bounds
alreadyin this early stageof the production. The only ex-
ceptionis bz, dueto thedrift thathasbeenobsenedin the
first 15 magnetsTherandombs of the successie magnets
is within thetargetof 1.5units. In the samefigurewe also
plottedthe standarddeviation of the multipolesof the dis-
tribution of all magnets.Also in this case this quantityis
closeor within targetswith theexceptionof 3. Thismeans
thatthe allowedbudgetfor the randompartcould be com-
patiblewith an installationscenariowheremagnetsof all
manufctureraremixedin thearcs.
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Figured: Standarddeviation of magnetidength(Z.), main
field (B), integratedmainfield BL), andlow-ordermulti-

polesin the collaredcoil (markers)versusheamdynamics
targets(solid line)
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4 CORRELATIONS

Correlationsbetweenfield harmonicsmeasuredn the
collaredcoils andin operationalconditionsdeterminethe
possibility of steeringthe productionthrough magnetic
measurementsarriedout at the manufcturerg8, 9, 10].
Experimentadatarelative to b; areshowvn in Fig. 5. One
obsenesvery good correlationswith a slopebetween0.8
and 0.9. This value of the slopeis dueto the rescaling
of multipolesby afactor1/x = 1/1.2 sincein the LHC
dipolesthe mainfield is enhancedby theiron yoke of 20 %.
Thedeterministigpartof therelationbetweerharmonicsn
the collaredcoil andin the cold massis

™ = KbEC + D,

whereD,, is negligible for multipoleswith n > 3 (se€{8]).
The effect of cooling down, of persistenturrents,of iron
saturationand of Lorentz forcescan be approximatedat
first orderasadditionaloffsets.
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Figure5: b3 in the straightpart of the collaredcoil versus
b3 atinjectionandathighfield

The 7 magnetghathave beentestedcold featurea wide
rangeof b3 thatis mainly dueto differencein shimthick-
ness.In aproductionphasevhereonly nominalshimswiill
be possiblyused the expectedrangeof allowedmultipoles
will bemuchsmaller In thiscasetheabove graphcouldbe
misleading shaving a poor correlation.Indeed,the quan-
tity relevantto the dependencef field harmonicsn oper
ationalconditionson themeasurements the collaredcoll
is the standarddeviation of the differenceb?” — kb (see
Table2). Comparisoraregivenwith thestandardieviation
of the harmonicsin the collaredcoil. Datashow thatthe
variability of the collaredcoil is muchlargerthanthevari-
ability dueto coolingdown, persistenturrents saturation
and Lorentzforces,in agreementvith previous estimates
[11]. To steeffield harmoniconehasto comparehesesig-
masto the allowed rangesfor the systematicsFor b3 and
b7 therangeis muchlargerthanthe sigma(6 unitsagainst
0.4, and 0.4 units against0.03 respectiely). The caseof
bs is lessconfortable sincethe rangeis 0.6 units andthe
correlation(onesigma)is 0.2: this quantityshouldbecare-
fully monitoredduringthe production. Sincecollaredcoil
datagive only estimatesof the geometriccomponentnd
no indicationon persistencurrents,correlationso opera-
tional conditionsmustespeciallyrely on a carefulcontrol
of themagnetizatiortableproperties.

Table2: Sigmaof integratedmainfield andbs, b5, b7 in the
collaredcoil, andof differencesdbetweernrescaleccollared
coil andoperationaktonditions(seeEg. 4)

BL | b3 b5 bz
Collaredcoll 90| 19| 045]| 0.19
Injection- « collaredcoil | 4.3 | 0.4 | 0.14| 0.03
High field - « collaredcoil | 3.6 | 0.2 | 0.15| 0.02

5 CONCLUSIONS

We presentedneasurementsf the magnetidfield of the
main LHC dipole, andcomparisorto beamdynamicstar
gets. Systematicvaluesof b3 andbs in the first magnets
wereout of theallowedrangesA changen the coil cross-
sectionhasbeenmplementedFirstdataof 2 collaredcoils
with thenew cross-sectioshav thatwe arecloseto accep-
tanceranges.Comparisorbetweenexperimentaldataand
allowedrangedor the systematicshow thatbs will bethe
mostdifficult componento control, sinceits randomvari-
ationis large comparedo theacceptanceange.

Therandompartof themultipolesis within targets,with
the exceptionof b3 that hasshavn a large upward trend.
Measurementshaw thatwe arecloseto a situationwhere
the standarddeviation of all magnetds within the budget
allowedfor therandomcomponentTherefore amixing of
the threemanufgcturersinside the ring could be tolerable
for beamdynamics. This shouldbe confirmedby a wider
sampleof measurementat 1.9K.

We presentedhe dependencef themagnetidield mea-
suredin operationalconditionson the collared coil mea-
surementsThis relationshavs a goodreproducibility; the
collaredcoil is showvn to bethemainsourceof variablity in
themagnetidield. Comparisono allowedrangedor beam
dynamicsshaw thatcorrelationdor b5 arethe mostcritical
for the steeringof the production.
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