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Abstract
In orderto achievealuminosityin excessof

�������
cm�	� s��
 at theLHC, special

high gradientquadrupoles(HGQ) arerequiredfor the final focusingtriplets.
Thesemagnetsmustprovide a field gradientof 200T/m over a 70 mm bore,
with a sufficient margin in order to withstandthe heavy heatload, up to 40
Wattspermagnet,dueto secondaryparticlesfrom beam-beamcollisions. At
the sametime, due to large and rapidly varying valuesof the � -function, a
high field quality is required.To meetthesesevereconstraints,adesignbased
on a 2-layer, cos(2 ) coil operatingin superfluidhelium at 1.9 K hasbeen
proposed.A magnetmodelprogramaimedat validatingandoptimizing the
designis underway. This paperreportstheresultsof a magneticanalysisand
optimizationof theHGQ coil endscarriedout with ROXIE. In particular, the
useof anew interfaceallowing efficient datatransferbetweenROXIE andthe
mechanicaloptimizationpackageBEND is described.

1 Intr oduction

Fermilab,LawrenceBerkeley NationalLaboratoryandBrookhavenNationalLaboratoryhave formeda
consortiumto provide componentsfor theLargeHadronCollider (LHC) to bebuilt at CERN.TheU.S.
contribution includeshalf of thehigh gradientquadrupoles(HGQ) for theinnerfocusingtriplets.These
magnetsmustprovide a field gradientof 200T/m over a 70 mm bore,with a sufficient margin in order
to withstandtheheavy heatloaddueto secondaryparticlesfrom beam-beamcollisions[1]. At thesame
time,dueto largeandrapidly varyingvaluesof the � -function,ahighfield quality is required[2].

Thefirst designiterationof theHGQ coil endsconsistedof a magneticanalysisandoptimization
of thepositionof theconductorgroupsin thereturnend[3] followedby adetailedmechanicaldesignof
boththereturnandtheleadendparts[4]. Thisdesignhasbeenadoptedfor theHGQS01model.For the
HGQS02model,however, thesecond-woundconductorgroupin theoutercoil is shiftedoutwardsby 2
cmwith respectto its originalposition.Thisdecisionhasbeentakenafteranew magneticanalysisof the
baselinedesign[5] hasshown that thepeakfield in thecoil endis higherthanpreviously indicatedand
thattheshortsampleperformanceof HGQS01is limited by thepeakfield in thereturnend.Themodified
geometryallows to reducethe peakfield with only minor changesof the end parts. No significant
degradationof thefield quality is observed.

Themainnew featureof theHGQS03coil configuration,ascomparedto thefirst two HGQ mod-
els,is thedesignof thejoint connectingtheinnerandoutercoil in theleadendof eachquadrant.HGQS01
andHGQS02featureanexternalspliceplacedoutsidetheradialboundaryof thecoil, thereforerequiring
the useof specialendcolletsfor mechanicalsupport. HGQS03featuresan internalsplice[6] entirely
containedwithin theradialboundaryof thecoil. Thegoal is to provide a bettermechanicalsupportand
to simplify themagnetassemblyby replacingtheendcolletswith collarsover thewholelength. In this
note,a magneticfield analysisof the new leadendconfigurationis presented.The returnendconfig-
uration in HGQS03is identical to that of HGQS02: its magneticfield analysishasbeenpresentedin
[7].
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2 Computer model

Thecomputermodeldetailswill bedescribedusingtheHGQS03leadendasanexample.Thefour main
conductorgroupsin HGQS03have thesamegeometryasin HGQS02.They have beenoptimizedusing
BEND [8]. Theinternalsplicegeometry, which hasbeenoptimizedusingLEAD, is shown in Figure1.
The � axis is directedoutwardsfrom themagnetbody, andits origin is chosenfollowing [4]. The lead
conductorat thepoleof theinnercoil is rampedupto theoutercoil radiusstartingat � =-137.83mm. The
rampendsat � =-23.53mm. From this point the conductorcontinuesstraightuntil � =0, thenit is bent
back180degreestowardsthemagnetbody. In theoutercoil, only a 180degreeturn is needed,which
startsandendsatat � =0. Thesplicelengthis 137.83mm. Theiron yoke startsat � =-150mm.

TheROXIE modelof thecoil is built by extrusionalongthe � axis,startingfrom a2D cross-section
modelshown in Figure2. In eachlayer, theblocksandconductorsarenumberedfrom midplaneto pole,
startingwith theouterlayer. For themainconductorgroups,theBEND coordinatesfiles which specify
thecross-sectionsof eachconductorat 50 locationsalong � have beentransferredto ROXIE usingthe
BEND-ROXIE interface. The geometryof the internal splicehasbeendefinedusing the “additional
bricks” featurein ROXIE. The ROXIE block/conductordefinitionsand the BEND definitionsfor the
correspondingconductorgroupsare reportedin table 1. Figure 3 shows the resultingmodel of the
HGQS03leadend.Theleadendmodelfor theexternalspliceconfigurationis reportedfor comparison
in Figure4. A straightsectionextendingfrom the edgeof the iron yoke for 1.5 m in the negative �
directionis alsoincludedin themodel.

The field calculationis basedon the Biot-Savart law. The iron yoke is regardedasa magnetic
mirror of circularshape(inner radius9.256cm) with infinite permeability. For theROXIE calculation,
eachconductorhasbeensubdividedin currentfilaments,onefor eachstrand.Thetotalnumberof strands
is 38 in theinnerlayer, 46 in theouterlayer. For boththeleadandthereturnendcalculations,a straight
sectionextendingin thenegative � directionfor 1.5m from thestartof theiron yoke towardsthemagnet
bodyis alsoincludedin themodel.

Table1: Block andturndefinitions.

ROXIE BEND No. turns Description
Blk Turn Conn.blk Endtype Group
1 1 1 1 Straightto quadrantsplice
2 2 to 15 4 2 q2ol311 14 ����� wound,outer, left
3 16 5 3 q1or01 1

�����
wound,outer, left

4 17 to 30 2 7 q2ol212 1 � ��� wound,outer, right
5 31 3 8 q1ol01 1 � ��� wound,outer, right
6 32 10 12 1 Straightto coil spilce(outer)
7 33 to 42 12 4 q2il19 10 ����� wound,inner, left
8 43 13 5 q1il01 1 � ��� wound,inner, left
9 44 to 45 13 6 q1il02 2

� ���
wound,inner, left

10 46 6 13 1 Straightto coil splice(inner)
11 47 9 1 Straightto quadrantsplice
12 48 to 57 7 10 q2il28 10 ����� wound,inner, right
13 58 to 60 8,9 11 q1ir03 3

�����
wound,inner, right
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Fig. 1: HGQ internalsplicegeometry[6].
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Fig. 2: Coil cross-sectionmodel(first quadrant).Axis scaleis in mm.
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Fig. 3: ROXIE-BEND modelof HGQS03leadend.

Fig. 4: ROXIE-BEND modelof theexternalspliceconfiguration.
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3 Peakfield

The 3D peakfield is obtainedby calculatingthe magneticfield on eachstrandat the longitudinalcuts
which specify the geometry. Sincethe critical currentdensityis given without compensationfor the
self field, the influenceof the self field of eachstrandis neglectedin the peakfield calculation. The
contribution of the iron yoke is not taken into account. However, previous calculations[3] show that
the distancefrom the edgeof the iron yoke to the coil end (150 mm) is sufficient to ensurethat its
contribution to thepeakfield canbeneglected.

OuterLayer InnerLayer
Block Turn �! #"%$'&�( Block Turn �! )"*$'&�(

# # T/kA # # T/kA
1 1 0.420 7 42 0.608
2 15 0.571 8 43 0.602
3 16 0.534 9 45 0.629
4 30 0.544 10 46 0.639
5 31 0.544 12 57 0.609
6 32 0.534 13 60 0.639

Table2: Field loadline coefficientsin theHGQS03leadend.
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Fig. 5: Field loadline along- for thepeakfield conductorsin eachlayer(HGQS03).

Thelinearcoefficientsfor themaximumfield in eachblock of theleadendasfunctionof current
arereportedin table2. Theloadline coefficientsfor themaximumfield in themagnetbodyatlow current
are0.576T/kA for theouterlayerand0.687T/kA for theinnerlayer. Figure5 shows thefield loadline
along � for thepeakfield conductorsin the innerandouterlayers. They arenot significantlydifferent
from thoseobtainedfor theexternalspliceconfiguration[7]. Figure6 shows thefield loadline along �
in theleadconductors.Themagneticfield decreasesrapidlyalongtheinnercableramp.With respectto
therespective peakfield conductorsin theleadend,themargin in theturnaroundsectionof thespliceis
0.033T/kA for theoutercable,0.102T/kA for theinnercable.A low field is achievedin thesplicearea.

4 Field quality

The field quality in the endregionsis describedin termsof integratedmultipole components,defined
accordingto thefollowing expression:
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Fig. 6: Field loadline along- in coil spliceconductors(HGQS03).
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This expansionis only valid if the integration interval covers the whole end region, i.e. if the
startingpoint �%Z is sufficiently inside the magnetbody and the end point �*[ is sufficiently far away
from the coil termination. In general,the expansionfor the 3D field in the endregionswould require
additionalterms(pseudo-multipoles).However, thepseudo-multipolecomponentsintegrateto zeroand
canthereforebeeliminatedprovidedthatthelongitudinalfield componentvanishesat theboundariesof
theintegrationinterval.

As for themagnetstraigthsection,it is convenientto expresstheintegratedmultipolecomponents

N� � , NT � in theendregionsin “units” of
��� � � of themainintegratedquadrupolefield N� P / 2�Q /10\R� :

N] P /32 Q / 0 R� J N� P / 2�Q /10\R�N� P / 2�Q /10\R�
^ ��� � (2)

N_ P / 2�Q /10`R� J NT P /�2 Q / 0 R�N� P /32 Q / 0 R�
^ ��� � (3)

Themagneticlength a  of theinterval 4 �%Z�<��*[%F is definedasthelengthwhichwouldprovideanequivalent
integratedquadrupolefield in themagnetbody:

a P / 2�Q /10;R JbN� P / 2�Q /10`R� &�� � (4)

� � is thequadrupolefield componentin thestraightsection.The integratedmultipoleshave beenob-
tainedfrom 50 line integralsof the transversefield, calculatedalonglines parallelto the � -axis,at the
referenceradiusof 1 cm andequallyspacedazimuthalangles.The integrationrangeis [-35,+25] cm.
This ensuresthat the longitudinalcomponentof themagneticfield at theboundariesof the integration
intervals is negligibly small andthat the field integral canbe expandedaccordingto equation1. Each
field integral hasbeenevaluatedby addingup the contributionscalculatedat 1 mm intervals along � .
Themagneticlengthcalculationis basedonatransferfunctionin themagnetbodyof 0.1822T/m/kA, as
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obtainedfor a 2D analysiscarriedout underthesameassumptions(conductorsalignedto thecoil outer
radius,circular iron yoke of inner radius9.2564cm andinfinite permeability)[9]. The resultsfor the
magneticlengthandtheaveragemultipolecomponentsin theHGQS03leadendarereportedin table3.
The correspondingintegratedmultipolesfor HGQS02andHGQS01arealsoreportedfor comparison:
ascanbeseen,from thefield quality standpoint,thenew configurationis substantiallyequivalentto the
previousones.Theintegratedmultipolesin thereturnendareidenticalto thoseof HGQS02[7], andare
reportedin Table4.

Table3: Integratedharmoniccoefficients in the HGQS03leadend. The integrationinterval startsat - =-35 cm andendsat- =+25cm. Thecorrespondingvaluesfor HGQS02andHGQS01arereportedfor comparison[7, 5].

Parameter HGQS03 HGQS02 HGQS01a  (cm) 41.54 41.39 40.72
N] � 10000 10000 10000
N]dc 0.594 0.657 0.597
N] 
 X -0.0033 -0.0032 -0.0032
N] 
 � -0.000014 -0.000015 -0.000015

N_ � 43.82 38.54 42.8

N_ c -0.041 0.020 0.025

N_ 
 X -0.0006 -0.0011 -0.0011

N_ 
 � 0.000004 0.000007 0.000006

Table4: Integratedharmoniccoefficientsin thereturnendof HGQS03/HGQS02[7], andcorrespondingvaluesfor HGQS01

[5]. Theintegrationinterval startsat -fehgDi1j cm andendsat - =+25cm.

Parameter HGQS03/HGQS02 HGQS01a  (cm) 32.50 31.78
N] � 10000 10000
N] c 0.140 0.048
N] 
 X -0.0040 -0.0041
N] 
 � -0.000017 -0.000017

In orderto analyzethecontributionsto theintegratedharmoniccomponentsfrom differentpartsof
thecoil end,andto comparedifferentconfigurations,it is convenientto split theintegrationin asequence
of shortconsecutive intervalsalong � : 4 �*kd<��*kml 
 FH<�CnJ � <�o , with �%kDJp�%ZnAq8;CDr � ?�s , stJu8��%[Orq�*Z�?�&�o .
For this purpose,the integratedmultipole componenentsaremostconvenientlyexpressedin termsof
“units” of

��� � � of theintegral of themainquadrupolefield � � in thestraight sectionextendedover the
samephysicallength:

v ] �
P /*w Q /*wyx{z|R J

�
� � s N� �

P /%w Q /*wyx{z}R ^ ��� � (5)

v_ �
P /*w Q /*wyx{z|R J

�
� � s NT �

P /*w Q /*wyx{z|R ^ ��� � (6)
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It shouldbenotedthatsincetheintervals 4 �%k~<��%k�l 
 F donot in generalsatisfytherequirementof vanishing

longitudinalfield at theirboundaries,theFourierexpansion1 for the N� �
P /*w Q /%w�x'z�R

componentsis only valid
at theradiusW�X . Therelationbetweenthe

v ] � ,
v_ � componentsandthe N] � , N_ � componentsis obtainedas

follows: from 1 and5,

N� �
P / 2�Q /*0;R J

�
k M�


N� �
P /*w Q /*wyx'z�R Ju� � s ��� � �

�
k M�


v ] �
P /*w Q /*wyx{z}R

(7)

At thesametime, from 2 and4,

N� �
P / 2�Q /*0`R Ju� � a  ��� � � N] �

P / 2�Q /10;R
(8)

Finally, from 7 and8,

N] �
P / 2�Q /10`R J s

a  
�
k M�


v ] �
P /*w Q /*wyx'z�R

(9)

The
v ] � and

v_ � componentsin theHGQS03andHGQS02leadendarereportedin Figure7 to 12.
They have beencalculatedwith s =2 mm,using3 integrationpointsin eachinterval.

If thequantities
v ] �
P /%w Q /%w�x'z�R

areregardedascontinuousfunctions
v ] � 8��9? , equation9 canberewritten

asfollows:

N] �
P / 2�Q /10;R J

�
a  

/10
/ 2

v ] � 8��9?�G9� (10)

In orderto carry out a beamtrackinganalysiswherethe local variationof thefield is taken into
account,a 3D expansionof the local (longitudinalandtransverse)field in termsof pseudo-multipoles
is needed.Theexpansionis bestobtainedfrom thefield values ��K8 W�X <�1kd<��*��? calculatedon a cylindrical
surfaceinsidethe magnetbore [10]. Thesedatahave beencalculatedfor W X J �

cm, at 50 different
anglesand1 mmaxial spacing,andareavailableuponrequest.
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Fig. 7: Contributionsto theintegratednormalquadrupole.
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Fig. 8: Contributionsto theintegratednormaldodecapole.
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Fig. 9: Contributionsto theintegratednormal20-pole.
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Fig. 10: Contributionsto theintegratedskew quadrupole.
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Fig. 11: Contributionsto theintegratedskew dodecapole.
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Fig. 12: Contributionsto theintegratedskew 20-pole.
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