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Abstract
Two alternative dipole coil cross-sectionwith 6 blocks were found using a
new optimizationalgorithmbasedon geneticoptimizationalgorithmsandthe
conceptof niching.Characteristicof thesealgorithmsis thatanumberof local
optima are found which can then be comparedin detail with respectto the
objectives suchasflexibility, manufacturabilityandsensitivity to tolerances.
The resultsof this investigationswhich led to the selectionof the v6-1 coil
designastheLHC standardcoil arepresentedin this report.

1 Intr oduction

Thesuperconductingdipolesarecharacterizedby thedominanceof thecoil geometryfor thefield dis-
tribution. Therefore,the designcomputationsstartby optimizing the coil geometryin two andthree
dimensions,using analytical integration for computingthe magneticfield. Contradictoryparameters
suchasmaximumdipole field, minimum contentof unwantedmultipolesandsufficient safetymargin
for theconductormustbe optimized. Thekeystoningof theconductorsandthegradingof thecurrent
densitiesbetweenthetwo layerscomplicatethetaskof finding thebestsolution.

The 5 block dipole coil cross-sectionwhich waspreviously optimizedusingonly deterministic
optimizationtechniquesandwhich is describedin the“White Book” [1] projectreport,hasbeensubject
to a numberof changes,e.g. changeof groundplaneinsulation,changeof insulationthickness(from
kaptonplusglassepoxyto all kapton)sions,andchangeof yoke radiusi.e. changefrom separatecollars
with 180mm beamsepartationdistanceto racetrackcollarswith 197beamsepartation.This resultedin
theslightlymodifiedversionpresentedin the“Yellow Book”[2]. Sincethenachangeof cabledimensions
andapartcompensationof thepersistentcurrentmultipolesresultedin theso-calledOctober96version
of the“Yellow Book”. Thisdesignturnedout to betoo inflexible to accommodatefurtheradjustmentsif
they becomenecessaryat a laterstage.In particulara furthercompensationof the

���
term(if required)

would be difficult dueto geometricalconstraints,i.e. copperwedgesbecomingtoo small at the inner
edge. Moreover, the performanceof the magnetswith the 5 block coil versionseemsto indicatethat
theforcedistribution in theinnerblock of theinnerlayerwith its 4 turnsandanadjacentcopperwedge
of large dimensionsis not very favourable. The searchfor an alternative wasthereforedriven by the
following objectives:

� Gainmoreflexibility for furtheradjustmentsif they becomenecessary.

� Aim for symmetricwedgesin orderto avoid assemblyerrorsandto avoid torqueon thewedges
dueto theelectromagneticforces.

� Increasethequenchmargin.

� Lower the
�����

component.

� Find a designwith lesssuperconductingmaterial,usinggeneticoptimizationalgorithmswith the
conceptof niching[3]
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Two alternative solutionswith 6 blockswerefoundusinga new optimizationalgorithmbasedon
geneticoptimizationalgorithmsandtheconceptof niching. Characteristicof thesealgorithmsis thata
number of local optimaarefound which canthenbe comparedin detail. This is importantasnot all
the objectives e.g. flexibility, manufacturabilityandsensitivity to tolerancescanbe consideredin the
objective function.

2 Electromagneticproperties

Two 6 block coil designswerefoundto bepromisingandwerestudiedin detail.They areshown in Fig.
2 and3 The“October96” cross-sectionis shown in Fig. 1. Table1 givesthecablecharacteristicdatafor
theinnerandouterlayer. Table2 givesthemultipolecontentfor thethreedesignswhichwerestudiedin
detail.The saturation inducedfield errors have to beaddedand the effectof saturation on the load
line have to beconsidered [6]. Thepersistentcurrentswerecalculatedby RobWolf [7]. Themulitpole
contentis givenin unitsof �	��
� at a radiusof 10 mm.

Outer Inner
Layer Layer

CableHeight(mm) (ins.) 15.4 15.4
Cableinnerwidth (mm) (ins.) 1.6197 1.9728
Cableouterwidth (mm) (ins.) 1.8604 2.3073
Cableheight(mm) (bare) 15.10 15.100
Cableinnerwidth (mm) (bare) 1.362 1.736
Cableouterwidth (mm) (bare) 1.598 2.064
Radialinsulationthickness(mm) 0.150 0.150
Azimuthalinsulationthickness(mm) 0.130 0.120
Numberof strands 36 28
Diameterof strands(mm) 0.825 1.065
CU/SCRatio 1.90 1.600
Tref (K) 1.90 1.900
Jc(9.0T,Tref) (A/mm**2) 1953.0 1433.3
dJc/dB(A/mm**2 T) 550.03 500.34

Table1: Characteristicdatafor innerandouterlayercables

The V6-1 designhasa ����� which is about0.1 T higherthanin the October96 version. This is
remarkableasit canbeachievedwith 1 turn less.Theexplanationis thereducedpeak-fieldto main-field
ratio in the inner layer. At the sametime the margin in the outer layer blocksis reducedwith respect
to theOctober96 versionbut still higherthanfor theinner layer. The

�����
is considerablyreduced.The

radial forceson the two inner turns(turn 39 and40 for the V6-1 version)arereduced.However, the
margin in theouterlayer is slightly reducedwith respectto theY design.Thev6-3 designwhich uses
3 turnslessthantheY solutionhasan increasedmargin in theouterlayerbut theBssis slightly lower
becauseof limitationsin theinnerlayer.
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V6-3 V6-1 Y
6 Block 6 Block October96

(-3 turns) (-1 turn) (41 turns)
Turns(coil) 38 40 41
Turnsinner 16 15 15
Turnsouter 22 25 26
% on LL outer 81.05 84.92 82.5
% on LL inner 86.15 85.64 86.5
PF/ MF outer 0.83 0.89 0.87
PF/ MF inner 1.03 1.03 1.052
I nom(A) (8.36T) 11879. 11532. 11224.
B ss(T) 9.70 9.76 9.65
L (mH/m) 6.64 7.17 7.47���

(pers) -4.265/ -12.32 -3.817/ -11.03 -4.326/ -12.503���
(pers) 0.193/ 1.611 0.143/ 1.19 0.191/ 1.596���
(pers) -0.025/ -0.599 -0.0198/ -0.479 -0.034/ -0.819���
(pers) 0.003/ 0.201 0.0033/ 0.229 0.0065/ 0.456�����
(pers) 0.0004/ 0.083 0.0002/ 0.035 0.0007/ 0.147���

(geo) 0.943/ 2.727 1.434/ 4.145 0.107/ 0.309� �
(geo) -0.198/ -1.654 -0.1055/ -0.881 -0.192/ -1.605� �
(geo) 0.0122/ 0.249 0.0255/ 0.615 0.0342/ 0.826���
(geo) -0.0087/ -0.609 0.0014/ 0.101 -0.010/ -0.711�����
(geo) 0.0037/ 0.748 0.0029/ 0.598 0.0088/ 1.774

Poleangle(deg) 70.5 70.99 57.4
Polesize(mm) 7.1 7.43 8.7
Fp (N/m) 16400. 17239. 33877.
Symmwedges partly no no

Table2: Characteristicdatafor the threedesigns.Fp = Electromagneticforceparallelto broadfaceof
cableonfirst turn in innerlayer(ROXIE numbering40 in V6-1 design).PF/MF= Peak-field(in thecoil)
to main-field(in theaperture)ratio. Themultipolecontentis givenin unitsof �	��
� ata radiusof 10mm
and17 mm.

3 Randommultipole errors

Therandommultipoleerrorswerecalculatedusing500identicallydistributedrandomerrorsontheblock
positioningandinclinationangles,andtheir radialpositions,between+ and- 0.05mm. Analysisof the
multipole contentof these500 randommagnetsyields a normaldistribution function wherethe mean
valueandthestandarddeviation � canbecalculated.

Themeanrelative valuesarenot theexpectedintrinsic values.This is dueto the fact thata per-
turbationof coil block positionsresultingin a shift towardsthemid-planegivesa higherfield errorthan
a move by thesameamountaway from themid-plane.As anexamplefor thev6-1 solution,a shift of
blockno2 (conductors10-25)towardsthemid-planeby 0.07mmresultsin ana2componentof 0.12198
unitswhereasashift of 0.07awayfrom themid-planeresultsin an ��� componentof -0.12055units.Note
thatthemean

� �
and

� �
in thev6-1andv6-3versionshow thepartcompensationof thepersistencurrent

multipolesandarethereforenot zero.
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Fig. 1: Coil cross-sectionfor the5 block (41 turns)modifiedYellow-Bookdesign,October96solution(Y)

0 10 20 30 40 50 60

ROXIE5.2

23/07/97   16.27
�

V6-1
�

Fig. 2: Coil cross-sectionfor the 6 block (40 turns)design(V6-1). Block numberingasfollows: Block 1 = conductors1-9,

Block 2 = conductors10-25etc.
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Fig. 3: Coil cross-sectionfor the6 block (38 turns)design(V6-3)
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n Meana Meanb � a � b
1 -0.00201 1.10912
2 -0.00257 -0.00678 0.59010 0.57213
3 -0.00998 1.41928 0.24210 0.23534
4 0.00039 -0.00360 0.09055 0.08725
5 -0.00372 -0.10201 0.02939 0.03384
6 -0.00028 0.00017 0.01065 0.01123
7 -0.00014 0.02566 0.00372 0.00388
8 -0.00005 -0.00001 0.00152 0.00103
9 0.00000 0.00140 0.00050 0.00031
10 0.00000 -0.00000 0.00014 0.00014
11 -0.00000 0.00296 0.00004 0.00013

Table4: Meanvaluesand � for v6-1 design.
Relative field errorsat a radiusof 10 mmin unitsof �	��
� .

n Meana Meanb � a � b
1 0.01514 1.14294
2 -0.00562 -0.00689 0.63754 0.59091
3 -0.00793 1.49335 0.26552 0.23994
4 0.00179 -0.00357 0.10185 0.09086
5 -0.00367 -0.18082 0.03218 0.03648
6 -0.00027 0.00022 0.01060 0.01262
7 -0.00009 0.01347 0.00360 0.00429
8 -0.00008 -0.00002 0.00154 0.00112
9 0.00000 -0.00174 0.00049 0.00036
10 0.00000 0.00000 0.00014 0.00014
11 -0.00000 0.00290 0.00005 0.00013

Table5: Meanvaluesand � for v6-3 design.
Relative field errorsat a radiusof 10 mmin unitsof �	��
� .

n Meana Meanb � a � b
1 0.00351 1.81660
2 0.03028 0.03541 0.74091 0.79640
3 -0.01473 0.05473 0.30395 0.31816
4 -0.00220 0.00247 0.11140 0.11018
5 -0.00130 -0.20189 0.03906 0.04095
6 -0.00013 -0.00026 0.01378 0.01421
7 -0.00030 0.03298 0.00466 0.00510
8 0.00004 0.00003 0.00149 0.00153
9 -0.00002 -0.01030 0.00050 0.00071
10 0.00000 0.00000 0.00015 0.00016
11 0.00000 0.00878 0.00005 0.00039

Table6: Meanvaluesand � for theOctober96 design.Relative field errorsata radiusof 10 mmin
unitsof �	��
� .

4 Tuneability

Tables7 and8 show theconvergenceof theoptimizationalgorithmfor eachdesignconsideringtheob-
jective

a) to fully compensateall thepersistentcurrenteffectsat injection(
���

only to 2 units)and

b) no compensationfor any effect resultingfrom persistentcurrents.

This givesa realistic tuning rangeto investigate.The objective function F(X) beingminimised
readsin all cases:

� �"!$#&%$')(+*&����, � � # �.-0/ � ��, � � # �.- �	�	�	� ��, ��� # �.-21 �	�	� ��, � � # � # (1)
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where
, �43 % �43657��83

with
�43

thecalculatedand
��83

thedesiredgeometricalmultipoleerrorsto
partcompensatethepersistentcurrenteffects.For themovementof theblockssomelimits (constraints)
wereintroducedbecauseof mechanicalandgeometricalreasons.During theoptimizationprocesssome
of theselimits arereached,i.e. theconstraintsareactive. Thenumberof active constraintsfor a partic-
ular designis given in the tables.WhentheJacobianmatrix is calculated,consistingof thederivatives
of theobjectivesversusthecoil positions,therankof this matrix givesthenumberof independentbase
vectorsbuilding thedesignspace,i.e. the realnumberof degreesof freedomto tunethemagnet.The
rankis calculatedwith asingularvaluedecompositionof theJacobianandis givenin thetable.

V6-3 V6-1 Y
No. of f. eval. 1501 875 698
F(X) 0.607 0.0557 0.9289�:

* (required) 2.5 2.5 2.59�;
* (required) -0.2 -0.15 -0.219=<
* (required) 0.021 0.022 0.0369�>
* (required) -0.003 -0.0035 -0.00739�:
(achieved) 2.376 2.513 1.859�;
(achieved) -0.241 -0.1602 -0.2429 <
(achieved) 0.0196 0.026 0.059 >
(achieved) -0.01 -0.003 -0.01299�:
-
9�:

* -0.124 0.0135 -0.659 ;
-
9 ;

* -0.041 -0.0102 -0.0329=<
-
9=<

* -0.0014 0.0040 0.0149 >
-
9 >

* -0.0070 0.0005 -0.0056
No. of active
constraints 3 3 4
Rankof J 4 3 3

Table7: Tunability towardsa full compensationof thepersistentcurrentmultipolesat injection

V6-3 V6-1 Y
Tuningtowards 0 0 0
No. of f. eval. 1448 900 628
F(X) 0.331 0.0656 0.3989�:

* (required) 0. 0. 0.9�;
* (required) 0. 0. 0.9=<
* (required) 0. 0. 0.9 >
* (required) 0. 0. 0.9�:
(achieved) -0.095 0.0199 -0.1029�;
(achieved) -0.033 0.0114 0.0169=<
(achieved) -0.0036 0.0044 -0.00119 >
(achieved) -0.005 0.0021 -0.0064

No. of active
constraints 4 3 4
Rankof J 4 3 3

Table8: Tunability towardsa zerocompensationof thepersistentcurrentmultipolesat injection

It canbe seenthat the V6-1 versionis tunablein both directions(c.f. the achieved valuesfor
F(X)). The Y solutionis easierto tunetowards0 compensationthantowardsfull compensation.This
is not surprisingasoriginally the5 block coil designdid not featurepartcompensationof thepersistent
currenteffects.

5 Toleranceson cableand insulation size

Takingthetolerancesinto considerationasgivenin thetechnicalspecificationsi.e. +- 0.05mm for cop-
perwedges,+- 0.006mm bothfor theKaptonwrapandthecablesize,themultipolescanbecalculated
for anoversizedandundersizedcoil (worstcase).Theresultsfor thedifferentdesignsaregivenin Table
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9. All threedesignsfeatureaboutthesamesensitivity, however, v6-1 beingslightly lesssensitive, espe-
cially in the

���
term.

V6-3 V6-1 Y?A@
(coil undersized) 6.40 6.82 5.74?A@
(coil oversized) -4.22 -3.74 -5.40

delta
?+@

10.62 10.56 11.14?AB
(coil undersized) -0.51 -0.356 -0.478?AB
(coil oversized) 0.029 0.111 0.096

delta
?+B

0.539 0.467 0.574?AC
(coil undersized) 0.039 0.042 0.062?AC
(coil oversized) -0.013 0.0052 0.0058

delta
?+C

0.052 0.0368 0.0562?AD
(coil undersized) -0.0107 -0.0013 -0.015? D
(coil oversized) -0.0045 0.0050 -0.0047

delta
? D

0.0062 0.0063 0.0103

Table9: Multipole errorsfor oversizedandundersizedcoils.

6 Mutual inductances

For the calculationof the quenchpropagationthe mutual inductancesof the coils areneeded,i.e. be-
tweenupperouter(UO) andupperinner coil (UI) etc. asgiven in Table10-12. The self inductances
for all 3 designsaregiven in Table2. Theconclusionfrom thequenchsimulationstudiesis that the3
designsarevery similar from theprotectionpoint of view. Themaximumlayervoltagedoesnot follow
the total inductancebut mainly the inner layer inductanceandthe maximumdI/dt, as it is considered
thattheinnerlayersstaysuperconducting(no quenchback).Fromversionsv6-1 andv6-3 thepreferred
oneis v6-1 becausetheouterlayervolumeis larger. Althoughthetotal inductanceis higherin theV6-1
versioncomparedto theOctober96 version,themaximumtemperaturesandmaximumlayer voltages
arelower (ref. Minutesof MagnetBendingWorking Groupno. 8, June4, 1997,LHC/MMS/DP/4915)
[9].

UO UI LI LO
UO 0.602
UI 0.221 0.142
LI 0.140 0.074 0.142
LO 0.327 0.140 0.221 0.602

Table10: Mutual inductancesfor theY (October96)design

UO UI LI LO
UO 0.565
UI 0.215 0.142
LI 0.137 0.076 0.142
LO 0.305 0.137 0.215 0.565

Table11: Mutual inductancesfor theV6-1 design

UO UI LI LO
UO 0.477
UI 0.204 0.157
LI 0.133 0.079 0.157
LO 0.273 0.133 0.204 0.477
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Fig. 4: Forcedistribution in thev6-1 coil

Table12: Mutual inductancesfor theV6-3 design

7 EM-Forcedistribution in the coils

Figures5-7 show the forcesand force distributions for the differentmagnetdesign. Fig. 4 gives an
impressionon the directionof the electromagneticforcesactingon the coil. Fig. 5-7 give the force
componentsper turn for the differentcoils. The x andy componentof the force is displayedtogether
with thecomponentparallelandperpendicularto thebroadfaceof thecable.If thecableis placedin a
radialposition(inclinationangle= positioningangle)theseforcescorrespondto theradialandazimuthal
component.Theparallelforceis definedpositive in theoutwarddirectionandtheperpendicularcompo-
nentpositive away from thepoletowardsthemid-planeof themagnet.

8 Conclusion

Thebestcoil, asfarastunability, margin andsensitivity to tolerancesareconcerned,is theV6-1 version.
Theadvantagesanddisadvantagescomparedto theOctober96 versioncanbesummarisedasfollows:

Theadvantagesarethatoneturn lessresultsin a moreeconomicaldesign.Further, 0.12T more
centralfield atquenchresultsin anincreasedmargin to quenchdueto thereducedpeakfield to mainfield
ratioin blockNo. 6. Thedesignalsofeatureslowerinductance,smallerpersistentcurrenteffects,smaller��� � component,smallerelectromagneticforcesparallelto broadsideson first 2 turns,lesssensitivity to
randomerrorson wedgesandconductordimensions,bettertuneability, andlesssensitivity to conductor
placementerrorson mandrelor collar inner diameter. The 6 block coil alsohasa morehomogeneous
forcedistribution resultingin lessshear-stresson thewedgebetweenblock 5 and6 comparedto thebig
wedgebetweenblock4 and5 in the5 block coil version.

Thedisadvantagesarethatoneadditionalcopperwedgein thestraightsectionandoneadditional
endspacerhasto be fitted into thecoil. The margin to quenchof theouter layer is reduced,although
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Fig. 5: Forceson eachconductorof theV6-1 coil
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Fig. 6: Forceson eachconductorof left: Y coil, right: V6-3 coil
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the limiting factor for the short samplecurrent is still the inner layer. The pole angle is smaller in
theinnerlayerof the6-blockversion,thusresultingin a smallerbendingradiusfor theinnerturn in the
end.Windingtestshaveshown, however, thatthecablecanbebentaroundthecoil endsin theusualway.

Table14givesthepositionof thecoil blocksof thev6-1coil version.Table15givesthegeometric
multipolecontentat17mmin unitsof �	��
� for thecoil in asingleiron yoke, for thebarecoil andfor the
barecollaredcoil pairwith 194separtiondistance.

Block No Radius pos. incl.
of angle angle

turns U V
1 9 43.900 0.157 0.000
2 16 43.900 21.903 27.000
3 5 28.000 0.246 0.000
4 5 28.000 22.020 24.080
5 3 28.000 47.710 48.000
6 2 28.000 66.710 68.500

Table14: Positionof thecoil blocksof thev6-1 coil version.

Singlecoil Bare 2 barecoils
in ctf iron single in comb.

yoke coil collar
B1 0.0725 0.0598 0.06307� � 0. 0. -89.8151���

4.1454 3.9149 15.5482�
� 0. 0. -1.3846���

-0.8813 -1.0384 -0.8337��W
0. 0. -0.0159� �

0.6155 0.7456 0.7091��X
0. 0. -0.0001� �

0.1010 0.1223 0.1161���"Y
0. 0. 0.0000�����

0.5981 0.7247 0.6876��� � 0. 0. 0.0000���"�
0.0758 0.0918 0.0871

Table15: Geometricmultipoleerrorsat 17 mm in unitsof �	��
� for thecoil in a singleiron yoke with
roundcollars(coil testfacility ctf type,outeryoke radius98mm), thebarecoil andfor thebarecollared
coil pair (bothcoilspowered)with 194separtiondistance.Currentof 100A.
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