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Abstract

In orderto achieve aluminosityin excessof 10%* cm~2s~! attheLHC, special
high gradientquadrupolegHGQ) arerequiredfor the final focusingtriplets.
Thesemagnetanustprovide a field gradientof 200 T/m over a 70 mm bore,
with a sufficient maigin in orderto withstandthe heary heatload, up to 40

Watts per magnet,dueto secondanparticlesfrom beam-beantollisions. At

the sametime, dueto large and rapidly varying valuesof the g-function, a
high field quality is required.To meetthesesesereconstraintsa designbased
on a 2-layer cos(?) coil operatingin superfluidhelium at 1.9 K hasbeen
proposed.A magnetmodel programaimedat validating and optimizing the
designis underway. This paperreportsthe resultsof a magneticanalysisand
optimizationof the HGQ coil endscarriedout with ROXIE. In particular the
useof anew interfaceallowing efficient datatransferbetweerROXIE andthe
mechanicabptimizationpackageBEND is described.

1 Intr oduction

Fermilab,LawrenceBerkeley NationalLaboratoryandBrookhaven NationalLaboratoryhave formeda
consortiumto provide componentgor the Large HadronCollider (LHC) to be built at CERN.The U.S.
contritution includeshalf of the high gradientquadrupole¢HGQ) for theinnerfocusingtriplets. These
magnetsnustprovide a field gradientof 200 T/m over a 70 mm bore,with a sufficient magin in order
to withstandthe heary heatload dueto secondaryarticlesfrom beam-beancollisions[1]. At thesame
time, dueto large andrapidly varying valuesof the g-function,a highfield quality is required[2].

Thefirst designiterationof the HGQ coil endsconsistedf a magneticanalysisandoptimization
of thepositionof the conductorgroupsin thereturnend[3] followed by a detailedmechanicatlesignof
boththereturnandtheleadendparts[4]. This designhasbeenadoptedor theHGQS01model.For the
HGQS02model,however, the second-wundconductorgroupin the outercoil is shiftedoutwardsby 2
cmwith respecto its original position. This decisionhasbeentakenafteranev magneticanalysisof the
baselinedesign[5] hasshawn thatthe peakfield in the coil endis higherthanpreviously indicatedand
thattheshortsampleperformancef HGQSO01is limited by thepeakfield in thereturnend. Themodified
geometryallows to reducethe peakfield with only minor changesof the end parts. No significant
degradationof thefield quality is obsered.

Themainnew featureof theHGQSO03coil configurationascomparedo thefirst two HGQ mod-
els,is thedesignof thejoint connectingheinnerandoutercoil in theleadendof eachquadrantHGQSO01
andHGQS02featureanexternalspliceplacedoutsidetheradialboundaryof the coil, thereforerequiring
the useof specialendcolletsfor mechanicasupport. HGQSO03featuresan internal splice [6] entirely
containedwithin theradialboundaryof the coil. Thegoalis to provide a bettermechanicakupportand
to simplify the magnetassemblyby replacingthe endcolletswith collarsover thewholelength. In this
note,a magneticfield analysisof the new leadend configurationis presented.The returnend config-
urationin HGQSO03is identicalto that of HGQSO02: its magneticfield analysishasbeenpresentedn
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2 Computer model

Thecomputemodeldetailswill bedescribedisingthe HGQS03leadendasanexample.Thefour main
conductorgroupsin HGQSO03have the samegeometryasin HGQS02.They have beenoptimizedusing
BEND [8]. Theinternalsplicegeometrywhich hasbeenoptimizedusingLEAD, is shavn in Figurel.
The z axisis directedoutwardsfrom the magnetbody, andits origin is choserfollowing [4]. Thelead
conductoratthe poleof theinnercoil is rampedup to theoutercoil radiusstartingat z=-137.83mm. The
rampendsat z=-23.53mm. From this point the conductorcontinuesstraightuntil z=0, thenit is bent
back180 degreestowardsthe magnetbody In the outercoil, only a 180 degreeturn is neededwhich
startsandendsatat z=0. Thesplicelengthis 137.83mm. Theiron yoke startsat z=-150mm.

TheROXIE modelof thecoil is built by extrusionalongthe z axis,startingfrom a2D cross-section
modelshavn in Figure2. In eachlayer, theblocksandconductorsaarenumberedrom midplaneto pole,
startingwith the outerlayer For the mainconductorgroups,the BEND coordinatediles which specify
the cross-sectionsf eachconductorat 50 locationsalong z have beentransferredo ROXIE usingthe
BEND-ROXIE interface. The geometryof the internal splice hasbeendefinedusing the “additional
bricks” featurein ROXIE. The ROXIE block/conductordefinitionsandthe BEND definitionsfor the
correspondingconductorgroupsare reportedin table 1. Figure 3 shaws the resultingmodel of the
HGQSO03leadend. Theleadendmodelfor the externalspliceconfigurationis reportedfor comparison
in Figure4. A straightsectionextendingfrom the edgeof the iron yoke for 1.5 m in the negative 2
directionis alsoincludedin themodel.

The field calculationis basedon the Biot-Savart law. Theiron yoke is regardedas a magnetic
mirror of circularshapginnerradius9.256cm) with infinite permeability For the ROXIE calculation,
eachconductohasbeensubdvidedin currentfilaments ,onefor eachstrand.Thetotal numberof strands
is 38in theinnerlayer, 46in theouterlayer For boththeleadandthereturnendcalculationsa straight
sectionextendingin thenegatie z directionfor 1.5m from the startof theiron yoke towardsthe magnet
bodyis alsoincludedin themodel.

Tablel: Block andturn definitions.

ROXIE BEND | No. turns| Description

Blk | Turn | Conn.blk | Endtype | Group

1 1 1 1 Straightto quadransplice

2 2to15 4 2 g20l311 14 2"4 wound,outer left

3 16 5 3 glor01 1 15t wound,outer left

4 | 17t030 2 7 g2ol212 1 25 wound,outer right

5 31 3 8 glol01 1 25t wound,outey right

6 32 10 12 1 Straightto coil spilce(outer)
7 | 33to42 12 4 q2il19 10 2nd wound,inner, left

8 43 13 5 qlilo1 1 2nd wound,inner, left

9 | 44to45 13 6 qlilo2 2 1% wound,inner, left

10 46 6 13 1 Straightto coil splice(inner)
11 47 9 1 Straightto quadransplice
12 | 48t057 7 10 q2il28 10 274 wound,inner, right

13 | 58t0 60 8,9 11 qlir03 3 1%t wound,inner, right
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Fig. 1: HGQ internalsplicegeometry[6].
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Fig. 2: Coil cross-sectiomodel(first quadrant) Axis scaleis in mm.
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Fig. 3: ROXIE-BEND modelof HGQSO03leadend.
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Fig. 4: ROXIE-BEND modelof the externalspliceconfiguration.
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3 Peakfield

The 3D peakfield is obtainedby calculatingthe magneticfield on eachstrandat the longitudinal cuts
which specify the geometry Sincethe critical currentdensityis given without compensatiorior the
self field, the influenceof the self field of eachstrandis ngglectedin the peakfield calculation. The
contritution of the iron yoke is not taken into account. However, previous calculationg[3] shav that
the distancefrom the edgeof the iron yoke to the coil end (150 mm) is sufficient to ensurethat its
contrikution to the peakfield canbe neglected.

OuterLayer InnerLayer
Block | Turn | B™** /I || Block | Turn | B™** /]
# # T/IKA # # T/KA

1 0.420 7 42 0.608
15 0.571 8 43 0.602
16 0.534 9 45 0.629
30 0.544 10 46 0.639
31 0.544 12 57 0.609
32 0.534 13 60 0.639
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Table2: Field loadline coeficientsin theHGQS03leadend.
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Fig. 5: Field loadline alongz for the peakfield conductorsn eachlayer(HGQS03).

Thelinear coeficientsfor the maximumfield in eachblock of theleadendasfunctionof current
arereportedn table2. Theloadline coeficientsfor themaximumfield in themagnebodyatlow current
are0.576T/KA for theouterlayerand0.687T/kA for theinnerlayer Figure5 shawvs thefield loadline
along z for the peakfield conductorsn theinnerandouterlayers. They arenot significantly different
from thoseobtainedfor the externalspliceconfiguration[7]. Figure6 shavs thefield loadline alongz
in theleadconductorsThe magnetidield decreasemapidly alongthe innercableramp. With respecto
therespeciie peakfield conductorsn theleadend,the magin in theturnaroundsectionof the spliceis
0.033T/KA for theoutercable,0.102T/KA for theinnercable.A low field is achieredin thesplicearea.

4 Field quality
Thefield quality in the endregionsis describedn termsof integratedmultipole componentsdefined
accordingo thefollowing expression:
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This expansionis only valid if the integrationinterval coversthe whole endregion, i.e. if the
starting point z,, is sufficiently inside the magnetbody and the end point z, is sufficiently far away
from the coil termination. In general the expansionfor the 3D field in the endregionswould require
additionalterms(pseudo-multipoles)However, the pseudo-multipoleomponentsntegrateto zeroand
canthereforebe eliminatedprovidedthatthelongitudinalfield componenvanishesat the boundarieof
theintegrationintenal.

As for themagnetstraigthsection|t is corvenientto expresgheintegratedmultipole components
By, A, in theendregionsin “units” of 10~ of the mainintegratedquadrupoldield BL7*:

». [Z :Zq]

~ Br?

plrmal = —— . 10 2)
Bgzprzq]
A[an’Zq]

&gfpyzq] — W . 104 (3)
B2 Ps2q

ThemagnetidengthL,, of theintenal [z, z,] is definedasthelengthwhichwould provide anequialent
integratedquadrupoldield in the magnetody:

L=l = BB, (4)

B, is the quadrupoldield componenin the straightsection. The integratedmultipoleshave beenob-
tainedfrom 50 line integrals of the trans\ersefield, calculatedalonglines parallelto the z-axis, at the
referenceradiusof 1 cm and equally spacedazimuthalangles. The integrationrangeis [-35,+25] cm.
This ensureghatthe longitudinalcomponenof the magneticfield at the boundarief the integration
intenals is ngyligibly smallandthatthe field integral canbe expandedaccordingto equationl. Each
field integral hasbeenevaluatedby addingup the contritutions calculatedat 1 mm intervals along z.
Themagnetidengthcalculationis basedn atransferfunctionin themagnetodyof 0.1822T/m/kA, as
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obtainedfor a 2D analysiscarriedout underthe sameassumptiongconductorsalignedto the coil outer
radius,circulariron yoke of innerradius9.2564cm andinfinite permeability)[9]. The resultsfor the

magnetidengthandthe averagemultipole componentsn the HGQSO03leadendarereportedn table 3.

The correspondingntegratedmultipolesfor HGQS02andHGQSO0larealsoreportedfor comparison:
ascanbeseenfrom thefield quality standpointthe new configurationis substantiallyequivalentto the
previousones.Theintegratedmultipolesin thereturnendareidenticalto thoseof HGQS02[7], andare
reportedin Table4.

Table 3: Integratedharmoniccoeficientsin the HGQS03leadend. The integrationintenal startsat z=-35 cm and endsat
z=+25cm. Thecorrespondingaluesfor HGQS02andHGQSO01arereportedfor comparisori7, 5].

Parameter] HGQS03 | HGQS02 | HGQS01

L, (cm) | 4154 41.39 40.72
by 10000 10000 10000
bg 0.594 0.657 0.597
bio -0.0033 | -0.0032 | -0.0032
b -0.000014| -0.000015| -0.000015
as 43.82 38.54 42.8
ae -0.041 0.020 0.025
a10 -0.0006 | -0.0011 | -0.0011
a14 0.000004 | 0.000007 | 0.000006

Table4: Integratedharmoniccoeficientsin the returnendof HGQS03/HGQS027], andcorrespondingaluesfor HGQS01

[5]. Theintegrationinterval startsat z = —25 cmandendsat z=+25cm.
Parameter] HGQS03/HGQS0Z2 HGQSO01
Ly, (cm) 32.50 31.78
by 10000 10000
be 0.140 0.048
bio -0.0040 -0.0041
bis -0.000017 -0.000017

In orderto analyzethecontritutionsto theintegratedharmoniccomponentérom differentpartsof
thecoil end,andto compardifferentconfigurationsit is corvenientto split theintegrationin asequence
of shortconsecutie intenalsalongz: [z;, ziy1],i = 1, N, with z; = 2, + (1 — 1)A, A = (2, — z,)/N.
For this purpose the integratedmultipole componenentsare mostcorveniently expressedn termsof
“units” of 10~* of theintegral of the mainquadrupoldield B, in the straight sectionextendedover the
samephysicallength:

En[zi,zi+]] _ BlABn[zi,zi+1] ) 104 (5)
2
anol = BiAAﬂ,[Z“Zi“] -10* (6)
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It shouldbe notedthatsincetheintenals [z;, z;11] donotin generakatisfytherequiremenof vanishing

longitudinalfield at their boundariesthe Fourierexpansionl for theBn[z"’zi“] componentss only valid

attheradiusry. Therelationbetweertheb,,, a,, componentsandthe by, G, componentss obtainedas
follows: from 1 and5,

N N
Bn[zp,zq] _ Z Bn[zi,ziﬂ] _ BQA10_4 Z l—)n[zi,ziJrl] @)
=1 i=1

At thesametime, from 2 and4,

Bn[zpyzq} _ BQLm10_4bAn[zpan] (8)

Finally, from 7 and8,

=

bjn/ [ZP7ZQ] _

A 7 lza,2ig1]
m p bn (9)

Theb,, anda,, componentén the HGQS03andHGQS02leadendarereportedn Figure7 to 12.
They have beencalculatedvith A=2 mm, using3 integrationpointsin eachinterval.

If thequantitieslf)n[zi’Z"+ 1l areregardedascontinuousfunctionsb,, (z), equationd canberewritten
asfollows:

~ | 2Zp,2 1 2q _
b, el —/ " b(2)dz (10)
L, Zp

In orderto carry out a beamtrackinganalysiswherethe local variationof thefield is taken into
account,a 3D expansionof the local (longitudinalandtranserse)field in termsof pseudo-multipoles
is needed.The expansionis bestobtainedfrom thefield valuesé(rg, 6. z;) calculatedon a cylindrical
surfaceinside the magnetbore[10]. Thesedatahave beencalculatedfor ro = 1 cm, at 50 different
anglesand1 mm axial spacingandareavailableuponrequest.
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Fig. 7: Contritutionsto theintegratednormalquadrupole.
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Fig. 9: Contritutionsto theintegratednormal20-pole.
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Fig. 10: Contritutionsto theintegratedskew quadrupole.
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Fig. 11: Contrihutionsto theintegratedskew dodecapole.
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