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Abmaa

A summaryof thecablepoduccd for the 199040 DUD
Dipole Program is presented. Thecabledesignparametersfor
the SO DUD Dipole Program arc discussed, as weU as portionsof
the SSC specification draft. CansidcraliOllS leadingto the final
cablc-configuration and the resultsof preliminary trials arc
included. The first iteration of a strandmappingprogram to
automate cable strand mapsis introduced.

Iotroduetigo

Early in 1990the dccisioo was made to change the
aperture of the SSCDipoleMapet &om40 mm to 50 DUD. A
significant improvement in fieldquality,II a 10mm radius,
results from the increasing of theoriginal 40 DUD bore cross­
section. In addition, themagnetwas made much less sensitive
to RMS variations associated withconducur placement.because
the individualconductorelements arc nowfurther from the 10
DUD reference radius than in the 40 mm design. Fortunately,as
a result of the apertureincrease, Idditiooaloperatingmargin
along the load line, was inccJrponted into the design. With this
shift in magnet design.wewerefaced withthe task of
developing an optimumcabledesignwhichhad the least
possible schedule impact onthe program. This work went go in
parallel withourcablingobligatiOllS to the 40 nunDipole
Program.

40mm CablingSUJJJml!I)'

Table 1 shows thesummary of the 40 IDOl Dipol~cable
manufactured during 1990. This cable was fabricated to support
the ongoing magnetperformance investigatigos in the40 IDOl
plan, anddoes not includecablemade forconductor reseaJCh
anddevelopment purposes. The cables listedin Table 1 were
manufactured to meetspecifie:atioD SSC-MAG-M4142,
revision 3, and representmarerial from three different
superconducting wiremanufaetuR:rS.

Table 1. 1990 SSC Prc-ProductioD Cable (4Omm).
Made to spccificatigo 'SSC-MAG-M4142; minimumIc values:
Outer ...786OA, 1.3:11nDc:r= 7860A, 1.5:11nner...7231 A

SSC-Q-O-OOOI3 0Jfa' 676 8479
SSC-Q-O-OOOI4 0Jfa' 686 8479
SSC-Q-S-OOOlS 0Jfa' 1373 8015
SSC-2-I-00023 0Jfa' 700 not available
SSC-2-I-00024 0Jfa' 701 not available

er :l~
SSC-I-S-00009 1.31nner ~~('

[8(99)
SSC-I-S-OQOI0 1.31nner --,~ (8368)
SSC-I'()'()()()11 1.3 Inner 980 (8603)
SSC-I-Q-OOOI6 1.3 Inner 1087 [8638]
SSC-I-I-OQOO3 1.5Inner 987 [7791]
SSC-I-HXlOO4 1.5 Inner 595 [7791]
SSC-I-I-OQOOS 1.5 Inner 1290 [7791]
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CablingMachine Difficultjcs

Problemsassociatedwith the prototype cablingmachine
were encounteredduring the manufacturing of thesecables,and
certain modifications were madein order to producehighquality
cable. Damage to the cable was determined 10 be a resultof
problems with the poweredTurIt's-head.1 In one run, copper
slivers seen betweeD the strandsin the cable werefoundto be
caused by a slight differencein the diametersof the power
driven top andbottom rollersof the TurIt's-head. DiscoMecting
thedriveshafton die top rollerallowedit to nvelat the same
speed as the bottom roUer, eliminating the sliverproblem.

During another run, it wasdiscoveredthat the side
rollers, whichare not powered.weretravelling at differentrates
causingfilamentbreakageat the majoredgeof the cable.
Misalignment of themajoredgeside rollerput itspointof
conw:t too close to the centerof the top (POwered) roller.
Becausethis side roller was drivenby a smallerdiameteron the
top roller, it traveUed slowerand s~tched thestrandsas they
were pulledacross its surface. To alleviatethisproblem. the
surface of the side rollers were narrowerto reduce the possible
contact area. andrealigned in the Turk's-head.

DerivationofSO mm CableConfiguration

Majorchanges in the stranddesign were discowtted by
the SSC SO mmDipole Task Fon:e becauseof the complications
and schedulesetbacksunavoidable duringa ~timization
period. Even a slightchangein strand diamcrer could involvea
lengthystudy andredesigneffort. The criticalcurrentof the
wire is determinedby the beattreatments and subsequent cold
drawing of the material throughout theprocess. Ftnal strand
size andextruded rod diameterdetermine the available strain
space in which to fit the desirednumberof beattreatments. Heal
treatment time andtemperature alsodepend. in pan.uponthe
availablestrain space in whichto work. If this strain space is
varied,strand oprimizarioo couldinvolvevarialigos of beat
treatment time, temperIlUI'e, number, andplacement withinthe
process. A strand diameter changewould alsoaffectthe
procedure as far b8ck as themonofilamentary lllge. If the
filamentdiametern:mainsat 6 microns. and themultifilament
biDet siJJc is fixed, then the hex size of the IDClIdiIamcnt Il
res1ack and thenumberof fJ1aments in the billetwill change.

Even if thetechnical problemsassociaIr:d with such a
raiesign effort arc ignoral. theschedule delays due to lead times
make major strand changes undesiJable. ~dy,1ead times
forcondUdOr delivery are around 10months. This wouldmean
that no wire for SO DUD magnetswould beavailable until 10
monthsaftera contract has beenawarded. Thisdoes not include
spedficatioD revisigos, cablingmats, windingtrials,etc.

These argumentsagainstsignificantchangesin the
supcrconducting strand left the focusgo the cableconfiguration.
Issues of coil prestreSS anddistributionof stresses acrossdie
cable width suggested that thecoil cross-section be
approximately scaled in area from the 40 DUD designto the SO
DUD design. This would maintain the stress distributionacross
the cable face preventingany unfamiliarstress distributions
across the cable. This was felt to bea conservative approach



which would avoid any increasedtrainingin the SO mmdesign
from that obrainedin the 40 mmdesign. A by-productmthis
decision was an improved margin between the maxirmm
operating currentand the Ic, whichresultedfrom the Idditional
conductor in the aoss-section. This topic is more fully
discussed elsewhere.2

The widercable led to some concern aboutwinding
problemsand other potentialdifficulties withsuchcable.
However, it was reported to the task force that magncuhavein
the past, been built successfullyusing widecable. During 1989,
Lawrence Bc:rlceley Laboratory built a 9T testmagnet using wide
cable made from SSC wire. This cable was simplya scale-up
version of SSC 40 mmcable using a 28 strandInnerand a 36
strand Outer. Inaddition. the Europeans(Ensaldo builtand
Cern tested) had successfullyproducedmagnetswithcable m
similar dimensionsto what was beingconsidered.

Innereabie

A direct scale-upfrom the 40 DUD designresulted in
evaluation of a 28 strand Inner cable design. However,
concerns over conductorstabilityfacilitated a re-thinking of the
copper to superconductorratio needed. It wasfelt tha1 a 1.3:I
Cu/SC ratio for Innerconductorwasinsufficient for quench
stabiHty, and that highercopperratios be considered. Because
SSC Inner with a 1.5:1Cu/SC has beenmade successfully in
the past, thischoice became advantageous in terms of
manufaeturability. However, in orderfor a 1.5:1 cable to reach
the desired quench field of 7.261'withoutreducingthe operating
temperature, 30 strands arc ncededinsteadof 28.3 Calculations
by G. Morgan show that 1.5:1Cu/SC Inner wouldgi¥e the
desired 10%field margin in a 30 strandcable,"andthe
additionalcopper would aid in quench stability. TheTaskforce
chose to conservatively recommend a 30 strandInnercable with
1.5:I conductor. Cabling and windingtrials were usedto fine
tune the parameters.

OuterCabie

36 strandOutercable wasinitiarcd bydirectscaling to a
SO nun bore. Initiallythe task force discussedthe possibilityof
increasingthe Cu/SCratio in the Outer conductorto 2.0: I ar
higher. This would best match the Inner coil marginaDd have a
small cost savings by reducing the amountof NbTIaDoy used.
These ideas were subscquendyrejectedas it wasdetermined to
be a significanttask and not worth the small teclmicalaDd
economical advantages. An interest in keeping this CCDduetar
equivalent to the SSC quadrupolestrand wasalso exprased in
discussions. Therefore, 36 strand, 1.8:I Outercable was
rcc:o~ed by the taskforceto meet the SO mID dipole
reqwrements.
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Figure I. Variationof the sclttUpOle unit with slopefactor.
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:;0 avn O*' Mametiza,tion

1be effect of varying6dd dependence of aitical cwrcnt
density (Jc) for different cableproduction batcheson the low
fieldmagnetiDtion inducedSClUUpole componentin the dipole
magnethas been calculllCd. Themodel is basedon using an
empiricalfannulaS far the c:riIical currentwhich is derived from
cablemeasurements. Sincethespecification of the cable will
comrol the critical currentat one specificfield, the cable to cable
variation is modelled by a flClor whichchanges the slope of Jc
vs D in the fannula. The Jc, D,T dependenceis then given as

Jc =PI(I + (P2 u+P3g2+P4 u
3)/(I+

P5 v»

«(I+P6 V)/(I+f7v+P8v~ F

where F =(I + (I- BI6)*slope factor), u =T-4.22K,
v=B-ST

The sextupole momentis modelledas beingonly due to
an "effective"bulk magnetizalion and surface magnetiDtion is
not taken into account for this studyon relativescxtupolevalues.
Thebulk magnetizationis calcu1ated using the expression

M =(213p)*(IDo*Jc*d)*(I-(Jnc»

whered is the filamentdiamele2', J is the operatingcurrent
density.The local magnetization is calculatedfar the local
conductar field by scgmenting the coil into 3000elementsand
integratingover filamentspersegment Thementation of the
localfield in the conductor is takeninto ICCOUIIt in obtaining the
orientationof current dipole.Thescxtupolevalue is obtained
usingstandanf6 expressions for the IICtual persistentCl1ITCI1t and
its image far the SSC dipoleyoke iron (modelledwith infinite
permeability).

The variation of the IatUpole unit with slopefactor'is
shown in Figure I. It is evidentfrom the curve thatthe effect is
quite linear with the near·zero fieJd Jc. As the SSC specification
for the RMS value of the sextlJpole is 0.8 units. it may be
concludedthat that a variatiOll m15%in low field Jc due to
cabledifferences is ICCICptabIc.

Cablinc aM CoD Wmdinc Trials

A series of trials~ performed in ClIder to optimizethe
resultingcable in terms mda:tricaland mechanical
characteristics. R. ScaDlan aDd J. Royet' cover suchcable
oplimiZlUion far a genericset mRutherfard type cables. Early
windingexperiments with the 30strand Inner cable suggested
tha1 a tighta' lay pitch (see fi&. 2) be used to increase the
flexibilitymthe cable in the "bard bend"direction. As a result
of reducing the lay pitdt from92 am to 86 am, the width was
forced to incIQse from 12.191012.34am. These changes
improved the case of windinglDner coils.

The36 strand Outercable experienced a slightlydifferem
problem in its initial fabricatiOD. Thesurfacequalityof thecable
wasnot as uniform as it should be. The sttands did not lay flat
in thecable faces (referred to as "pop-outs"),leaving a "spongy"
cable. Such cable can be proneto collapse (loss of cable fcrm)
or possible training when usedin a magnet. To allcviale this
problem, the compaction wasincreased. Thus, the midthickncss
dimension was decreased from 1.166 am to 1.156 mm.
Subsequentelectrical tests performed at BNL on these trial
cableshave shown that this incrcascd compactionstill gives
acceptabledegradation figures, around 3.8%.

so nun0* Specification

Figure 2 shows a scbematic of the SO mID cables which
is included in SpecificationDrafts SSC-MAG-M-4147 (Inner)
and SSC-MAG-M-4I48 (C>u1r:r). Thechanges in the cable
specifications from the 40 IDD designto the SO mID design all
relateto the inc:rcascd DUmberof strandsin the cable: 36 strands



Figure 2. Schematic illustrationof SO mm SSC dipole cables,
InnerandOuter

for Outer and30 strands fer Inner. Thedimensional parameters
areillustratedin Figure 2. Thecable critical cumnt (Ie)
minimum is specified to be 10,lS1A for Outer and 9990A for
Inner. Details of the samplingrequirementsandtesting
techniquesarefound in these cable specifications andin SSC­
MAG-T-9001.
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cable map based on individual strand lengths JDd their critical
currents is now being incorponucd into the cable manufacturing
procedme. This PASCAL prognm reads an input file
containing strand identification. length, and Ic, Theoperator is
prompted for cable configuration, weld location infonnation,
and various cable manufacturing data such as the lengthneeded
for stanup and sampling. The operator is also asked for the
minimum andmaximumIe values desired in thecable before
degradation effects. Theprogram brings the cable Ic asclose to
the mean of this window as possible, without substantially
inc:rcasing the numberof welds. Strand placement is also based
on weld location specificalionsanda 2 percent allowancefor the
difference between strand length andcable length. (This cabling
allowancefactor is a "rule of thumb" for 40 mmcable
fabrication. A new cabling allowancefaettlr for theSO mmcable
is being investigated.) Although revisions are inevitable,the
first iteration of thisprognm bas already proved invaluableas I
tool for cable manufacturing. In the future, the strand mapping
program will help to narrow magnet-to-magnetperformance
variations.
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Presendy, 30 and 36strand cable is being produced for
the SO mmAperture Dipole Magnet Program. Currentschedule
plansreq~ enough SOmm cable to supply thirty-three 1.8
metermodel dipole magnets as well as fifteen full size oollider
dipole magnets in 1991. This experience will give us a good
base to work from as we move towards low and highrateSSC
dipole production.

86mm
94mm

PITCH

IN£R CABLE
OUTER CABLE

IISOMETRIC SKETCH I
note: al I dimensions
are In mill imeters.
not to scale.

midpoint thickness
I •458:t .006

30 strands or NbTI wire
wire dia. : .808:t.0025
cable to be lert lay
Isame as lert hand screw thread I
with a pitch or 86 :t 5mm

Sqand MAPJIine Pmmm
One way to enhancemagnetperformanceandlimit the

variabilitiesofproduetion is to Rpick and eboose" the individual
strands when making a cable. Doneeffectively, this can
increasethe average Ie for an inventoryof cable andnarrow the
windowof variation betweencables in this inventory. Until
recendy, this procc:dme called "strand mapping", bas beendone
by band based on piecelcngth. A computer program to
automate strand mappingand increase our ability to composea

I OUTER CABLE I
II 68 +.

002or.4X R .127:t .0127 • - .0000
Ino bur~~ermitted

1 .260 REF J --, \ [ 1.054
...l-...1.-J rer

1.01· :t.l·

mi dpo i nt th i1kne1s
1.156:t .006

36 strands or NbTI wire
wire dia. : .648:t.0025
cable to be lert lay
Isame as lert hand screw thread I
with a pitch or 94 * 5mm
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