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INTRODUCUON AND SUMMARY

The feasibility of constructing air-core toroidal bending magnets for use as
detectors for the SSC is summarized and a design is described and analyzed. The
requirement that a bending length of 4 T-m be provided in a toroid which encloses a
calorimeter is achieved using criteria which are more conservative than those of
operating superconducting toroids.

The design and construction is clearly feasible.

The superconducting toroids which have been built for thermonuclear fusion
experiments serve as reference designs. Detector magnets, by comparison, offer
considerably more freedom in available design options and many of the variants have not
been consideredor included in this study. A conceptual design effort and a conductor
development effort are recommended,and a suggested list of further work is provided.
Additional effort may producesubstantial improvements to the design.

The magnets described here require a construction time of 3.5 years and a Title I
design phase ol.S years. The recommended efforts are aimed at improving the performance
and reducing the cost. The construction period would probably not be shortened. A table
of componebtweights is provided to be used for cost estimates.

MAGNET REQUIREMENTS AND GEOMETRY

The toroid surrounds a calorimeter nominally 6 m in diameter and 15 m in length.
If the necessarybending power is 4 T-m the required volume of toroidal magnetic field
has the form of Fig. 1.

Fig. 1. Required Field Volume

A rectified, intermediate form of this volume may be produced using the following
arrangements, and designatedas shown.
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Fig. 2. Central Toroid with End Plug

Fig. 3. Central Toroid with End Cap

Both arrangementsare evaluated.For reasonsexplained later, the arrangementin
Fig. 2 is preferred on the basis of magnet structural considerationsalone and the Fig.
3 configuration is preferred when the chosen superconductor bending radius and
compatibility with the calorimeter support are the major factors. On balance, the
recommendedarrangementis the Central Toruswith End Caps.

TOROIDAL COIL MECHANICS

The Lorentz force Fig. 4 on an element of an ideal thin toroidal shell is a
magnetic pressurenormal to the shell and directed outward, away from the field volume.
The force sum may be consideredas having two components;an axial force separatingthe
torus and, for each sector, a radial centering force. The axial force is a function of
the inner and outer radius and the field strength. It is independentof the shape of the
pathbetweenradii [1 and Appendix Aj. The centeringforce is shape-dependent.
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Fig. 4. Idealized Toroid

The sum of all forces is zero; the magnetic loads of a superconducting torus may therefore
be supported by cold structure alone. External supports to the warm environs are requiredfor
gravity loads, seismic effects and the relatively minor loads resulting from interactionbetween
nearby imperfect toroids. Imperfect here meanstoroids with gaps and, hence, leakagefields.

Structurally efficient toroidsareshapedsuch that they are stresseduniformly throughout the
structural volume with little or nà bending. If a toroid is composedof an array of structurally
independent planar coils a bending-free shape is obtained if the productof the curvatureandline
pressureIs constantbetweenr, and r2 [2,3,4J. If the conductorMtructureis arranged such that it
is capable of supporting tensile forces in both the toroidal andpoloidal directions a shell structure
then a constant tension surface may be consideredprovided that the aspectratio r11r1 is low enough.

Efficient structures are however,at oddswith the field requirements for a detector Fig. 5.
Their utility is in understanding the distortion of all other shapeswhich, under load, deform such
as to approach these minimum energy, ideal shapes.
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The centeringforce tendsto buckle the centralsupportingcylinder at r1. This tendencyis
aggravatedif the conductorsat r, and r2 are not tied togetherstructurally along their respective
axial lengths,i.e., the forceat r1 is radially inward and theforce at r2 is radially outward.Thetoroid
containswire chambersandelectronicswithin thefield volume andpathwaysfor maintenanceaccess
are required. Additionally, the magnet enclosesa calorimeter which requires exit paths for
instrumentleads.The toroid must, thereforeincludegapsat severalazimuthalpositionsand along
its length.Thesegapsfurtheraggravatethe buckling tendencysincethe loadsapplied to the central
cylinder are now localized as linear bandsof force which indent the cylinder.

In summary,the configurationchosento demonstratefeasibility is a planar-endtorus with
largegapsbetweencoil windings and an "open" interior with no structuralconnectionsbetweenthe
inner and outerconductorpaths exceptat the end faces.

Interior supports, corner radii or reinforcement and reduced gap size are simple
improvementsto this structuralworst-case. -

CONDUCTOR SELECTION

Thevarious choicesleading to a conductorselectionneednot be optimal,but theresulting
conductorshouldmeet therequirementsdependablywithout throwing undueburdenson otherparts
of the system. The logic for thesechoicesis describedbelow, and summarizedin Table 1.

Table 1. ConductorChoicesUnderlined

1. NbTivsNb3Sn

2. Subatmospherictemperatures?Yes or flQ

3. Pool boiling vs forced flow
* 15 or 21-rn horizontallengthsof conductorin high field region
* small-scaleexperimentsmore dependablyextrapolated
* higher voltagewithstandcapability

4. Cablevs load-bearingsubelements
* greaterstability margin

5. Q sheathvs two
* helium access
* cost

6. All copper in MF strandsvs some all-copperstrands
* usedevelopedSSC strandsCu/SC = 1.8
* needadditional copperfor quench protectiononly
* separatecopperless costly
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The superconductormaterialselectedwas N’bTi, sinceit was consideredthat Nb3Sn is not
yet really commercial. It also seemedbetter not to be restricted by its strain sensitivity. The
operating temperatureof 4.5 K was selectedhigh enoughthat the refrigeratorneednot operate
at subatmosphericpressuresand be at risk to inleakageof contaminants,even though this choice
reducessomewhatthecritical currentof the superconductor.

Conductors are usually classified as "poo1 boiling," in which any heatproducedin the
winding is removedby boiling of the liquid helium in which it is immersed,or "forced flow," in
which the heatis removedby flowing helium confinedwithin the conductor. In the caseof high
performancepool-boiling coils, as the coil becomeslarger it becomesmore difficult to reliably
extrapolateits cooling andperformancefrom small-scaletestson heattransferand bubbleremoval.
Also, thehelium is dependeduponfor voltagewithstandduring dump,just when it is being heated,
and this limitation is more important as the magnetsize and stored energy increase. In our
particular geometry the long thin horizontal legs tend to give less effective natural circulation.
Finally, thedifferentorientationof the octantswith respectto gravity meanthat with a pool-boiling
design neither the octantwindings nor their dewarscould be identicaL A forced-flow design was
chosen.

Forced-flowconductorscan be classifiedaccordingto whethertheir internal current-carrying
memberswill support major transverseloads, or whether these loads are borne mainly by the
sheath. The latter "cable-in-conduit" configuration was selected,primarily becauseof its large
cooling surface and stability margin, but also becauseit is consideredless expensive. An
arrangementwith multiple sheathscan offer larger hydraulic diameterand lower pressuredrops,
but a singlesheatharrangementis nearlyaseffectiveandwasselectedto lower costs and to permit
direct accessto the helium through a singlesidewall. -

Becausethe conductorsheathis capturedby a structurewith somewhatdifferent thermal
expansion,becauseof the applicationof transversemagneticloadsand their transmissionfrom one
conductor to another this is the largest load, and becauseof the internal pressureand
temperaturegradientsduring quench,the conductoris an important and highly loadedstructural
member. This is summarizedin Table 2. Initial handcalculationsof stressin the sheathshowed
combinedstressabove 150 ksi even with the corner,outer radius only twice the wall thickness.
Thereareseveralwaysto reducethesheathstress,andfuturework shouldexaminethem carefully.

The conductorwould look very similar to the conductorof Fig. 6, which was used
successfullyin thecoil of Fig. 7. Part of an internationalprogramfor coil developmentcalled the
LargeCoil Task LCT [5], this coil was installedwith five othercoils to form a toroidal array, as
shown in Fig. & This toroid was the prior art nearestto the toroids investigatedherein. It had
six different coils of 23. x 3.5-rn bore, which reached9-T peak field with 946 MJ total stored
energy,2.4 to 3.9 kA/cm2 in a winding pack andoverall currentdensityin the noseregionsof 1.5
to 1.8 kAlcm2.
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FIG. 6.Conductorproduced by Airco for thc Wcstinghouse-LCTcoil, showing the 6 x 34

multilhlamentary Nb$n strands, the protective foil wrap, and the JBK-75 sheath with
longitudinal closureweld.

rt

FIG. 7.Wcstinghouse.LCTcoil being lowered into the vacuumvessel.



FIG. 8.LCF vacuumvesselbefore installation of lid, showing the six coils mountedagainstthe
bucking post.



Table 2. SheathLoads

After fabricationof conductorandcoil, the conductorsheathmustwithstandthesimultaneousloads
due to

* thermalshrinkageon cooldown -

SS vs Al: E = 415 - 290 x io = 1.25 x iY longitudinal compression.
o>34ksi

* unequalheatingdue to quench-

moderatedby inducedcurrents.

* magneticloads -

2000 psi overall, vs 7250 for ALCATOR DC’. Sheathstressis 150 ksi, but is
reducthleby epoxy potting, squareoutercorners,or reducedsize.

* quenchpressure-
controllableby conductordesign and flow path length.

Yield streisat 4.2 K

Annealed 316 LI’I or 304 LN z150 ksi McHenry & Reed; Nitronic 40 200 hi
WestinghousePhaseI Report

Thefinal choiceslisted in Table 1 concernthe individual strandscomprisingthe conductor
cable. The strandsfor the outerlayer of the SSC dipole magnetsare most attractive,becausethey
arewell developedandcharacterized,andof suitablediameter0.0255 in., residualresistivity ratio
89, and critical currentdensityin theNbTi 242 kA/cm2, 2420A/mm2 for satisfactorycurrentand
stability. However,at their copperto superconductorratioof 1.8 theywould not providesufficient
copper to keep temperaturesand pressuresat safe levels in caseof the quenchof a coil with so
much energy stored in the field. Therefore, a cable was selectedwith pure copperstrandsin
addition to themultifllamentaiyME superconductingstrands.It is much lessexpensiveto provide
copperin separatestrandsthanin a composite,and its resistivity ratio can be larger. In order to
reducethe risk of damageof the NbTi andto easethe fabricationof coolantconnections,enough
of the copperstrandswould be put around the MF cablecore to completely cover it.

Figure9 is a sketchof theconductor,at a crosssectiontaken througha helium connection.
The hole for helium accessis drilled during fabricationof the magnet,after the conductoritself is
completed,at any point along the conductorwhereaccessis needed. This eliminatesthe needof
fabricatingtheconductorin short accuratelengths,or of predictinghow much theconductorlength
will increaseduring coil fabrication. The cable itself is not disturbed,except that in "drilling" the
hole, for examplewith an end mill while the cablespaceis pressurizedwith dry gas,one is allowed
to cut into theoutercopperstrandsas the foil sheathis penetrated,sincethis would not affect the
performanceof the coil. Cableendsand the electricaljoints they necessarilyentail are rare, their
numberbeing determinedonly by shipping and material handling considerations.
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FORCED FLOW CONDUCTOR -

SECTION ThROUGH HELIUM PENETRATION

SHEATH

PROTECTIVE
FOIL WRAP

DRILLED HOLE

* MFSTRANDS
o Cu STRANDS

ORNL-DWG 8911-2780 FED

___TOHEUUM

S

FIG. 9. Conductorcrosssection,takenat a helium exit. Sheath,allowancefor electricalinsulation,
and helium tube shown to scalewidth acrossflats including insulation, 1.3 in.. Cable
region and electricalbreakare shown schematically.
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As indicatedin Fig. 9, an "electricalbreak" is requiredat eachhelium connection,since the
helium is brought to thewinding in metal tubeswhich areat groundpotential. Thesebreaksmay
be ceramicor fiberglass-epoxy,but in eithercasethedetailsof the designmust be proper, straining
of the insulatoravoided,and leak checkingcarefully done. The weld joining the helium tubesand
the conductorsheathmust also be carefully designedand executed. Although not as massiveas
the sheathseamweld, melt-throughof the foil is still a consideration,both becausethis weld is
done after the sheathis tightenedabout the cable and becausethe geometrymay not be well
suitedto the useof automatedwelders. Earlier tests[6] but with smaller tubesindicate that the
sheathis not appreciablyweakenedby the combinationof a drilled hole reinforced by a welded
tube; when pressurizedwith a cryogen, the rupture still occurredat a corner rather than at the
drilled hole.

Helium inlets and outlets alternatealong the conductorwith the flow paths in parallel.
Thus a flow path is from inlet headerthrough a tube and an electricalbreak to a drilled sheath
penetration,acrossthe strandsto fill the cable interstices,it then splits and flows both directions
down the cable to the adjacentpenetration,where it joins flow from theotherdirection and exits
through the electrical breakand exit header. Eachpenetrationrepresentsa halt of the winding
line while the insulation is removedlocally, the hole fixtured and drilled, the preformedelbow
welded on and leak checked,and new insulationapplied. Thereforeto control costs the number
of penetrationsshould be minimized and the length of flow path maximized. Conductorstability
is not a factor, the only limitations on flow-path length are gross heat removal and increasein
sheathstressdue to the quench-inducedpressurerise which occurs while the magneticload still
exists. The pressurerise is decreasedby the additional copperin the cable, and the steady-state
heatto be removedby the cable flow is kept low by good thermalisolation or by auxiliary flow
pathsin the structureand by having few electrical joints in the strandsand cable.

Airco first developedthe fabricationof the conductorof Fig. 6 using Nitronic 40 as the
sheathmaterial. This strong stainless200 hi yield strengthat 20 K usuallyhaspropertiessuitable
for cryogenicservice,but wasabandonedbecausethe peculiarfabricationsequencerequiredfor the
sheathof the Nb3Snconductorruined its toughness. TheNbTi conductorneedsno post-sheathing
heattreatment,and Nitronic 40 is the materialof choice.

Joiningof the individual strandswith butt welds is establishedtechnology. The technology
of joining the full conductorsend-to-endwas developedfor the WestinghouseLCT coil. Although
quite tediousand thereforeexpensive,the processprovides a helium connectionat the joint, is
reasonablycompact,and provedreliable in service. Testdataindicated1.3 x i0 ci at 2 T and 2.6
x i0 ci at 6 T for an 18-kA, 486-strandcable. Theseare acceptablevalues,and would give about
2 W per joint in our case. This is a pessimisticestimate,sincewhenusedwith a NbTi cable the
conductanceper unit areaof suchjoints should be still higher.

Table3 describesthe conductorfor theend toroid,wherethe field at the conductoris 6 T.
This conductorwas given more considerationthan the 2-T conductorfor the central toroid, since
if the 6-T caseis feasiblethe 2-T caseis also feasible--ifdesired,one could simply usethe same
conductor,althoughthe optimal 2-T conductorwould have less superconductorand morecopper.
Both valuesof the fifth entry of Table 3 are for thebenefit of the cryogenicsystem,and thevalue
chosenfor the pressurehas little influenceon the conductor. A ratherlargecurrent40 kA was
desiredto keepthe quenchvoltagedown and theconductorsize appropriatefor fabricationof such

9



a large coil. The disadvantagesof the largecurrent are a factor of two extrapolationfrom past
experience,a largerminimum bend radius estimatedat 50 cm, and a larger spanfor the sheath
walls which act as eccentrically loadedcolumnswhen restraining the magneticcrushing loads.
Although the40 kA is feasible,subsequentstudiesmay determinethat a different value is optimal.

Table 3. Forced-FlowConductorfor SSC Toroidal Detector

Tvoe
Cable-in-conduit,with NbTi multifilamentarystrandssurroundedby some copperstrands

Sheath- Nitronic 40 stainlesssteel, formed from 0.1-in, strip; formed and seamwelded
Helium Penetrations- madeat any location asneeded,during fabricationof the coil
Field-6T
Helium - 4.5 K, 5-atm, single-phase
Current - 40 kA
CableSpace- 25-35% helium, remainderstrands
Overall Cu/SC - 9.1
Current Density - over the‘active" cablespace- 21.0 kAJcm2

over the cable space- 5.86
over theconductor- 3.74

Strands
MF NbTi: SSC"outer layer" strands

Cu/SC - 1.8
RRR - 89.0
j-250kA/cm2overtheNbTi,at5Tand42K
Diameter- 0.0255±0.001in.
Twist - 2 per inch, clockwise
Number -401

Copper:

Diameter- 0.051 in.
Number - 262
Material - OFHC
Temper - seller’s option
RRR - 89.0

At OperatingConditions

Stability margin= 250 mJ/cm3of strands
Limiting current/operatingcurrent- 1.1
Operatingcurrent/criticalcurrent 0.50
Pressurerise if whole 100-rn length quenches- 150 atm 2200 psi
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The copperto superconductorratio is given in Table 3 for interest only, as long as the
areasof copperand superconductorare suitable this ratio is of little consequenceand should be
considereda dependentvariable. The currentdensityover the conductor3.7 kAJcm2 happensto
be similar to that for the WestinghouseL coil 3.9 design value, 5.1 achieved. In the table
"cable space"refers to the total areainside the sheath,and "active cablespace"is the areaof the
MF strandsand their associatedhelium. This distinction is madebecausealthough the quench
pressurecalculationassumedall thecoppercarriedcurrentduring a quench,thestabilitycalculation
assumedthat the time spanfor recoverywas so short that the only effective copperwas that of
the ME strands. This latter may not be true, since the strandswill not be deliberatelyinsulated,
but it is conservative.

The stranddataof Table 3 was simply taken from the SSC strand specifications,and the
numberof strandsset to give the desiredtotal areaof NbTi. The table shows MF and copper
stranddataas thoughtheywereindependenL Actually somecopperstrandswould be addedwith
the MF strandsto give a suitablenumberfor cabling, probably 486 6 x 34, Thesestrandswould
be worked to have the samediameteras the ME strandand similar mechanicalproperties. The
remainingcopperwould be in strandswhosediameterand temperwould be suitable for cabling
about this core cable.

The stability margin is defined as the largest sudden input of heatper unit volume of
conductor that the magnet can withstandwithout quenching. The stability margin required for
dependableoperationis an unsettledpoint. The detectortoroid is quite different from the SSC
dipoles: very high current densitiesarenot essential,substantialmechanicalheat inputs are not
avoidable,and the loss of a single coil octant is not tolerable. Thus its stability marginmust and
can be much higher than for the dipoles. Table 4 showsthe basis for choosinga stability margin
of 150 mi/cm3 asa designcriteria.

Table 4. RequiredStability Margin

* In stability tests on the Westinghouse-Lacoil unpotted,Nb3Sn, it withstood a sudden
heatinput of at least 1000 mi/cm3of strands25 K and recovered. It neverspontaneously
quenched.

* TheEURATOM-LCT coil potted,NbTi was thoughtto have a stability marginof about
100 mi/cm3, and neverspontaneouslyquenched.

* The Swiss-LCF coil potted, NbTi had a still lower stability margin, and spontaneously
quenchedsix times.

* Potted,glued,and friction-held LCT coils showedacousticemission---somecoincidentwith
conductormotion.

* Recent attempts at measuringthermal effects of epoxy cracking indicate t70 mJ/cm3.
Yanagai,Cryogenics, July 1989.

* Chooseto designto q > 150 mi/cm3.
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The last portion of Table 3 shows the operatingconditions. The limiting current" is the
currentat which the stability margin abruptlydecreases,by perhapsan order of magnitude. The
1.1 currentratio shown is uncomfortablysmall, but it should be little trouble to increaseit in the
next iteration. The 0.5 ratio is conservative. The pressurerise was calculatedassumingthat the
whole length of flow patheitherquenchesinitially or by "thermohydraulicquenchback"very soon
thereafter thus the listed pressurerepresentsan upper limit. It is thought that substantial
reductionscould be obtainedin costs of conductorand magnet fabrication if the stability and
quenchpressurecharacteristicswerebetterknown by conductortestsand comparisonswith theory
before the toroid design were finalized.

Figure 10 showsgraphicallythe tradeoffs [7,8] involved in apportioningthe allowed space
amongvarious constituents. The upperboundaryis fixed by the NbTi, the left boundarylimiting
currentby the heat-inducedflow, and the right by the sheathstrength. Sincethecalculationsare
approximate,the designershould not approachtoo closelyany of the boundaries.

The quenchpressurecalculationassumedfor simplicity that the currentdid not decrease
in the time requiredfor the pressureto reacha maximum. However,in ourcasewe haveprovided
an aluminum structurerather than steel, and it closely surroundsthe winding. With electrical
continuity providedby welding even if the structuraljoints are bolted then a closedpath of
conductingmetalexists into which currentcaninductively transferfrom the winding whenthedump
breakersactuate. The effect dependson the inductivecoupling coefficient and on the L1R time
constantsof the structureand the coil circuit. Fig. 11 shows the measuredand calculatedresults
for a dump of the WestinghouseLCF coil [9], which inadvertentlyhad its aluminumstructurewell
shorted. The abruptdrop of 25% in current50% in resistivepower dissipationis quite useful
for reducing the maximum pressureand temperaturereached on quench. If we limit the
temperatureto 120 K in order to limit strains due to unequal heating, and assume the
WestinghouseLCT valuesfor the coupling and L/R of the structure,the requireddump voltage
is only 720 V Table 5, which is consideredmodestfor a forced-flow coil.

Table 5. QuenchProtection

Issuesare hot-spot temperature,quenchpressure,and maximumdump voltage.

With 1.35 GJ in the centraltorus, 25% of the 40-kA operatingcurrenttransferringto the
structure,a dump resistor of 18 mfl, all turns in series,and with immediatedetectionand
dump,

= 120 K designchoice.

P, 150 atm for lOO-m flow path. Impactsallowed path length

Vd=720V

= 67 $

Next designiterationcould reduceT, raiseV4, and probablyshould reduceareaof copper
strands.
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WINDING THE CFANTS

As shown earlier, the conductor is to be placed in cavities formed in the aluminum
structure. The octantstructuremay be placed on a turntablewhoseaxis of rotation itself can be
rotatedaboutan axis coincidentwith the "SSC beamaxis." This requiresa largewinding machine
the MFTF useda convertednavalgun turret,but the conductorpayoutspool can then be fixed
and a traveling winder is not required. If the shapeof a turn stays a rectanglewith small-radius
corners,the bendsat thecornerswill spring back and perhapsalsocreepso that overbendingwill
be necessary. Sharpbendsmadeon an insulatedconductorwill alsobe hard on thetapeinsulation,
so that either an outersacrificial tapelayerwill be needed,or the taping machine will be located
to apply the tape after the bendsare made. Standardpractice is to tensionthe conductorto
producethe bendingas the structure Le., mandril is rotated. One or more follower rollers
applying radial pressurewould probablybe required,as would removablesmaller-radiusbending
blocks. An alternatemethodwould be to bendtheconductorwith two setsof 3-pointbendingjigs
that move alternatelyalong the conductorin crabwisefashion. One set moveswhile the other
holds the bend, thus avoiding the tendencyof the conductor to "flap" with each application and
removalof the bending load, An advantageof this method is that eachof the pressure"points"
is a finite-areapad which doesnot slide acrossthe insulationwhile loaded. This should causeless
trauma to the insulation than the line pressureof a roller or the mandril itself.

Although for simplicity a singlecavity for theoctantwinding was considered,in practicethe
cavity probably would be divided by radial teeth into severalsmaller cavities. When the winding
is completethe outer shell of the structurewould be installed and mechanicallyfastenedto the
mandril at theendsof the octantand at everytooth. This subdivisionallows fewer turns percavity,
thus holding them more securely and preventingthe accumulationof azimuthally compressive
magneticloads from one section to another. It also allows the inner and outer shells of the
structureto act as a single cross section with a much larger momentof inertia, much like a
honeycombstructure,and so to betterwithstandbuckling loads.

In a toroidal magnet,the circumferentialwidth available for the winding is approximately
proportional to major radius, although the numberof conductorscontainedmust be the same.
Thus if the toroid windings were of equaldepth at the inner and outer legs r1 and rb thenat the
outer leg only aboutrJr2 of thecircumferencewould be covered,and theremainderwould be gaps.
For all threeof our toroids the ratio rJr2 is largeenoughfrom 2 to 6 that the wastedspaceis
appreciable. To reducethis wastewe would usethe end flanges for transition regions and have
a smallernumberof layersat r2 than at r1, with more turnsper layer. Therearecertainrestrictions
to be met, so that there is no net currentazimuthally around either end flange to avoid stray
fields and that the electricalleadscanalways be run asopposingpairs. However,thereareample
suitablecombinations.Figure 12 is a model showingseveralcases;the 6 to 1 caseis also feasible.

TOROID DIMENSIONS

For both configurationsconsideredhere, the radial build of the central torus is the same
and beginswith a radiusof 3 m at the first surfaceof the innermostdewarwall. Vacuum gapsof
8 cms areinterposedbetweenthe liquid-nitrogen-tracedsuperinsulation,thedewarwarm walls and
the cold structure;the gapdimensionsare chosento permit easy assemblyand provide reasonable
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a.

Photo showing some winding arrangementsfor use with diffcrent rjr1 values.
a obverse;b reverse. C-rig!:: showsa completed3/2 segment;C-left shows the
first layer beforebeing covetedby the second. A and B show the first half of 4/2
and6/4 segments.D showsa completed2/1 segment.Sequentialnumbersshowthe
winding direction. Gaps in C and D are for structural teeth.
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FIG. 12.



constructiontolerances.The structuralthicknessesare iniLial estimatesbasedon a factorof at least
two on thecritical pressurefor buckling for compressedcylinderssuchas theouterdewarwalls and
the central structural cylinder. The resulting outer radius is 73 m when all componentsand
tolerancesare included. A listing of dimensions along with a schematicdiagram is provided
Table 6. This list, when readasshown appliesto a central toruswith a forward plug torus. The
dimensionsof an end cap largeforward torus are given in the samepair of tablesby combining
radii 1 through 12 of the plug toroid with radii 15 through26 of thecentraltorus. The axial length
of the central torus is 15 or 26 m dependingon the configuration and the end toni areeach3 m
long. The torus is divided into octants.

STRUCTURALMODELS

Thetabulateddimensionsof Table6 werethenusedto constructNASTRAN finite-element
structural models.The code usedto generatethe model also computesthe magneticfield at the
coil surfaces;theresultingLorentz forcesarc then appliedas pressureloadson the elementswhich
comprisethe model. The elementsCQUAD4 within the cylindrical portionsof thestructurevary
in thickness.Thecoil conductorsareplacedin groovesor pocketsrunning axially along thecylinder
surface.At the longitudinal sides of thesepockets the thicker cylinder forms a wall. This feature
provides a ldteral tangentialsupport for the coil winding during assemblyand, aswell, for a fault
condition correspondingto any uneven distribution of current in any of the coils which would
producea lateral load.At both thepocketwalls and inner-octantjoints the elementsare not only
thicker but include oftset centroidal planes in order to properly compute the plate bending
moments.

The coil structuralmaterialis an aluminumalloy designated2219-1B7.Aluminum is chosen
for theeconomyin forming and machiningit offers and its goodelectricalconductivity; it mayserve
asa currentpath in theeventof a quench.This alloy is well documentedand mechanicalproperties
at cryogenictemperaturesappearin the Handbookon Materials for SuperconductingMachinery.
Thestrengthsareadequatefor this application.A summaryof propertiesis included below. This
material was used.for the structureof an LCT coil and has performedwell. The dewar walls are
sized basedon austeniticstainlesssteelssince field welds are required for assemblyand these
materialsmaybe easilyfusedto producevacuum-tightjoints. This choicemay be modified however
if a radiation"thin" designis desired.Theoctantjoints may be bolted using A-286 fasteners40%
CW andaged.

The models were evaluatedusing MSC NASTRAN version 658 on the Cray-I "D"
Machineat the National MagneticFusionEnergyComputerCenterNMFECC at theLawrence
Livermore National Laboratory LLNL. The models were generatedon an IBM Personal
Computer which is also a terminal connectionto the NMFECC via the CTSSLINK software
package.The output files are processedusing both LLNL and PPPLsoftware to producegraphic
outputaswell as numericaltabulation of stressand displacementvalues,The basis of the models
and a few important results are presentedin the following tables.

14



JAOLE 1W DIIIEUSIOIIS - CEIITRRI. TORUS
Jut;! Ltn, III 1pm, of OUnt

,., ::.
loading Lengtb 4 TnIa-fl.tors

* NI of Syga’ 30,IIeØp-tunis

Iochs ht,rsIcold
r. . di r dr I dr

3.OOQ 0.020 110.110 ,.I.701.. 3.000 0.020
3.028 0.080 131.898 ‘3.150 3.010 0.072

;

3.10$
;.lao
3.21.0

0.000
0.080
0.200

122.041. * 3.150
125.197 3.150
120.341 7.314

3.092
3.172
3.247

0.080
0.015
0.19?

, 3.460
3.530

0.010
0.025

i36.22O. 2.740
139.961 0.984

3.446
3.516

0.04?
0.025

3.555 0.080 139.94$ 3.150 3.540 0.005
* 3.635

3.715
0.000
0.086

143.094 3.150
146.244 3.150

3.625
3.705

0.060
0.08?

3.795 0.025 149.394 4.984 3.795 0.025
. 3.820 0.31$ 150.318 12.190 3.820 0.315

4.134 1.935 162.768 76.194 4.134 1.93$
6.070 o.sOo 230.162 19.689 6.070 0.500
6.570 0.04U15L650 1.515 1.570 0.040

. 6.610 0.090 260.225 3.150 6.610 0.063
6.690 0.080 263.375 3.150 6.673 0.080
6.770 0.030 261.524 3.150 6.753 0.010
6.850 0.025 269.674 0.984 6.822 0.025
6.815 0.010 270.650 2.740 6.947 0.061
6.944 0.150 273.399 5.906 6.917 0.149
7.01% 41.080 219.304 3.150 . 1.066 0.090
7.174 0.090 282.454 3.150 1.156 0.000
7.254 0.000 285.603 3.150 7.236 0.090
7.334 0.124 288.153 *1.124 1.334 0.120
7.454 0.000 293.477. 0.000 7.454 0.000

bjt¾te uil.o

III of Syst.s 30 11194.p-turn

TA&..t ro

TOQOIO

1081.E Dr DIMEUSIONS - FDRVAR0 TORUS C
Radlil Un, $idplauie of Octat
lislit

I fl,tmsIcoIdI
di r Er r Er

* 0.790 0.018 30.109 0.709 0.100 0.018 I
2 0.790 0.050 31.417 1.96? 0.710 0.040 2
3 0.948 0.04.5 33.381 2.551 0.846 0.015 3

0.913 0.050 35.945 1.969 0.911 0.048 4
S 4.963 0.199 31.913 7.843 0.959 0.191 5
6 1.163 0.206 45.187 8.109 1.150 0.206 6
7 1.370 0.025 53.929 0.980 1,314 0.025 7
$ 1.395 0.050 54.913 1.969 1.389 0.052 0

1.445 0.065 56.882 2.559 1.441 0.065 9
10 1.510 0.050 51.441 1.169 1.506 0.054 10
II 1.560 0.025 61.40? 0.984 1.560 0.025 II
32 1.50$ 0.131 62.394 5.141 1.505 0.131 IL
IS ,.- 1.115 0.322 67.534 12.172 1.115 0.322 13

.11. rl 2.037 0.168 00.207 6.603 2.037 0.160 14
IS 2.205 0.040 86.015 1.575 2.205 0.040 IS
16 1 2.245 0.450 88.390 1.96? 2.245 0.044 16
I? 2.295 0.065 10.350 2.559 2.299 0.065 II
tO 2.360 0.050 12.917 1.969 2.354 0.046 II
IS 2.430 0.023 94.886 0.980 2.400 0.025 I?
20 2.435 0.103 95.870 4.074 2.425 0.103 20
it 2.539 0.149 99.961 5.882 2.52? 0.149 21
22 l 2.699 0.050 105.066 1.969 2.678 0.051 22
23 2.739 0.065 107.835 2.559 2.731 0.015 23
24 2.804 0.050 110.314 1.969 2.797 0.057 24
25 1 2.054 0.047 112.362 1.050 2.854 0.047 25
26 2.901 4.000 114.213 0.000 2.901 0.000 21

Forie.A locus Erti C.r

outte
CADIUS or

14’31Q OLW&?1/
I,,?

0t4St vasU
q&cuuM GAP

21350141104
MACUUSA &P

*suPItc coLDucTae

t’,flt

7

ouflz &utt’, ft 24 Zc.

a-



Table 7. SummaryCharacteristicsand Results for DetectorToroids

CentralTorus

Total Ampere-turns MAt 30.08
Field-Radiusproduct T-m 6.016
Nominal Bending Length T-m 4 @ 90
Dewar Inner Radius m 3jy3
Dewar Outer Radius m 7.46
Length m 21.0
Stored Energy shell OJ 1.29
Toroid Inductance H 1.61
Axial SeparatingForce m tons 7590
CenteringForce/Octant in tons 4020

ConductorCurrent kA 40
ConductorConduit Square mm 333
Turn Length nom. rect. m 49
Numberof Turns 752
ConductorLength km 36.8
Coil Radii

CenterlineInner m 3.495
CenterlineOuter in 6.911
SurfaceInner qi. in 3.460
SurfaceOuter CyL in 6.876

PeakSurfaceField T 1.91
Coil Cavity CurrentDensity kA/sq.cm. 2.9
Turns/Layer/Octant 47
Numberof Layers 2
Angle Subtended,conductor deg 0.5514
Angle Subtended,coil cay. deg 30.528
Angle Available, local suppt. deg 4.611
Correspondingarc length in 0.2784

Angle Subtended,oct.struct. deg 38.160
Angle Subtended,oct.joint deg 6.84
Warm AccessManholeSize inches 20 x 27
StructureThicknesses:

Inner Cylinder m 0.20
Outer Cylinder m 0.15
Inner Cyl. Joint m 0.40
Outer Cyl. Joint m 0.30
PlanarEnd Face m 0.15
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Table 7. Summary Characteristics and Results for Detector Toroids contd

Central Torus
NASTRAN ElementStresses:

Hoop Stressat z=0
Inner Cyl. ksi -3.0
Outer Cyl. ksi +2.0

Cyl. BendingStress
Inner ksi -5.4
Outer ksi +6.1

Max. Bending Stress
at Inner Corner

@ centerlineof joint ksi +23.0
@ centerlineof oct. ksi +25.2

Radial Displacements:
Inner Cyl.,octantcenter mm -1.1
Outer Cyl.,octantcenter mm -3.1
Axial Displacement:
Maximum, at end facectr. mm +/-17.0

StressConcentrationdue to manho’e
k membrane 2.8
k fiber stress 2.5

Note:
For theshortercentraltorususedwith theendcapconfigurationthenominal length is 15 m

and the stressvaluesare nearly identical to thoselisted above.The axial separatingforce is the
same.The alteredparametersare:

Stored Energy OJ 0.92
Inductance H 1.15
CenteringForce/Octant in tons 2870

ForwardTorus Hut Type

Total Ampere-turns MAt 30.72
Field-Radiusproduct T-m 6.144
Nominal BendingLength Tin 10.5 @ 10
Dewitt Inner Radius in 0.78
Dewar Outer Radius in 2.90
Lengthmagnetic m 3.00
StoredEnergy shell GJ 0.18
Toroid Inductance H 0.23
Axial SeparatingForce in tons 7490
CenteringForce/Octant in tons 1550
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Table 7. SummaryCharacteristicsand Results for DetectorToroids contd

ForwardTows Plup Type

ConductorCurrent kA 40
ConductorConduit Square mm 333
Turn Length nom. rect. in 8.6
Numberof Turns 768
ConductorLength km 6.6
Coil Radii

CenterlineInner m 1.266
CenterlineOuter m 2.486
SurfaceInner Cyl. in 1.163
SurfaceOuter Cyl. in 2.434

Peak SurfaceField T 5.89
Coil Cavity CurrentDensity kA/sq.cm, 2.7
TurnslLayer/Octant 16
Number of Layers 6
Angle Subtended,conductor deg 1.640
Angle Subtended,coil cay. deg 31.187
Angle Available, local suppt. deg 4.940
Correspondingarc length m 0.100

Angle Subtended,oct.struct. deg 38.984
Angle Subtended,oct.joint deg 6.00
Warm AccessManholeSize inches 10 x 18
StructureThicknesses:

Inner Cylinder m 0.20
Outer Cylinder in 0.15
Inner Cyl. Joint m 030
OuterCyL Joint in 0.30
PlanarEnd Face m 0.15

NASTRAN ElementStresses:
Hoop Stressat z=0

Inner Cyl. ksi -8.2
Outer Cyl. ksi +5.2

Cyl. BendingStress
Inner ksi +8.9
Outer ksi +9.4

Max. BendingStress
at Inner Corner

@ centerlineof joint ksi +38.1
@ centerlineof oct. ksi +363
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Table 7. SummaryCharacteristicsand Results for DetectorToroids contd

Forward Torus Plup Type
Radial Displacemcnts:
Inner CyL,octantcenter mm -0.95
Outer Cyl.,octantcenter mm +133

Axial Displacement:
Maximum, at end face ctr. mm 5.0

ForwardTorus End-CapType

Total Ampere-turns MAt 30.72
Dcwar Inner Radius m 0.78
Dewar Outer Radius in 7.46
StoredEnergy shell GJ 0.47
Axial SeparatingForce in tons 19300
CenteringForce/Octant in tons 2665

StructureThicknesses:
Inner Cylinder in 0.20
Outer Cylinder m 0.15
Inner Cyl. Joint m 030
Outer Cyl. Joint m 0.30
PlanarEnd Face in 030

NASTRAN ElementStresses:
Hoop Stressat z=O

Inner Cyl. hi 8.4
Outer Cyl. hi

Cyl. BendingStress
Inner ksi 10.43
Outer ksi

Max. BendingStress
at Inner Corner

© centerlineof joint hi 86.6’
@ centerlineof oct. hi 98.7’

Radial Displacements:
Inner CyL,octant center mm -1.17
Outer Cyl.,betweenoctants mm -4.97

Axial Displacement:
Maximum, at end facectr. mm +1-37.8

Note: Asterisk ‘ indicatesvalue aboveallowed limit.
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The higheststressin a toroid is usually at the inner corner.For the threeconfigurations
examined,all with sharpcorners,this peakstressexceedsallowed limits for the end cap torusalone.
Theend facethicknesschosenfor this model is in fact, too thick, and overbendsthe innercylinder.
This stress can easily be reduced by the addition of tie plates in azimuthal planes which
interconnecttheend faces.Theaxial separatingforce is then reactedby tensionin the plate aswell
as the parallel path through the annulardisk and cylinders. The load and moment which pass
through the cornercan be reducedsubstantiallyby using this additional structure.

A more completedescriptionof the finite-clementmodel and results is provided in an
appendix.

The objectivehere was the demonstrationof feasibility. The initial estimatesof needed
thicknesswerechosento producea feasibleresult in the first analysis.This hasbeendone.There
is however, considerableroom for improvement.

The resultsin Table7 can be comparedwith theshortsummaryof materialpropertieslisted
in Table 8 below.

Table 8. Propertiesof the StructuralAluminum

Alloy: Aluminum 2219-T87
Form: Plate,over 2" thick
Specification:MIL-A-8920A, ASTM B209

Testint TemperatureKI
Property

Elastic Modulus,Min.,Mpsi
Longitudinal 10.2 10.6
Transverse 10.7 9.4

PoissonsRatio 0.33 031R

Thermal Expansion;RT to 4K -0.396%

Density gms/cusm.,mtonslcu.m. 2.85

Ultimate TensileStrengthhi
Longitudinal Avg. 68.5 98.1

Mm. 66.0 83.6
Transverse Avg. 68.1 96.3

Mm. 64.3 863
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Table 8. Propertiesof the Structural Aluminum eontd

TensileYield Strength0.2% hi
Longitudinal Avg. 55.6 743

Mm. 53.4 71.0
Transverse Avg. 55.4 71.2

Mm. 53.7 68.8

Elongation,percent,2 inches.
Longitudinal Avg. 9.7 10.4

Mm. 63 4.7
Transverse Avg. 83 8.6

Mm. 5.0 4.8

Reductionin Area, percent
Longitudinal Avg. 19 15.9

Mm. 15.1 13.4
Transverse Avg. 13.2 12.5

Mm. 9.6 11.1

TensileNotch ToughnessIC=10 hi
Longitudinal Avg. 66.8 85.0

Mm. 63.9 80.6
Transverse Avg. 55.7 65.5

Mm. 51.7 63.6

FractureToughnessK,, Mm., ksi,sq.rt.inches
Bend SpecimensT-S 36.2 47.2
CompactSpecimensT-S 26.1 33.1

Weld Metal, Plate, Pulse ‘FIG Weld, 2319 filler, as welded
UTS Mm. 38.2 46.4
YS Mm. 18.0 233

Thematerialsdatasuggestthat a machinedand boltedstructurebe designedwith particular
attention to stressrisers. Welding, if at all necessary,must be restrictedto lower stressareas.

MAGNETIC FIELD SHAPE CONSIDERATIONS

A plot of magneticflux is shown in Fig. 13. The field in the actual toroid is shown in
Fig. 14. Note that the influence of the gap extendsbeyond its edge. The structuralworst-case,
i.e., largegaps, is also the magneticallyworst leakiestcase. Furtherwork should reducethegap
size and improve the field confinement. Figure 15 illustratesthe field improvementas the gap is
reduced. The leakagecan alsobe reducedby addingcoil turns on both sidesof thegap and/orby
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Fig. 13
Magnetic flux Contours

C
S

F.
F



1.9
1.8
1.7
1.5
1.5
1.4
1.3
1.2
1.1

B
0.8m

* 0.7
0.5
0.5
0.4
0.3
0.2
0.1

0
-0.1
-0.2

CENTRAL TORUS NI=3*1 O7,
Z - 0.0

END TORI

RADIUS m

Fig. 14
Field strengthvs radius

at z=0 for
a = 0.00 deg. at gap midplane
b = 4.52 deg. at gap edge
c = 22.5 deg. at midplaneof octantcoil

NI=O

0 2 4 5



4DlU5 rn

TootoA1 IEt.D 54
At eApcEP4ttQL%’4e
PaR GA.P 414c,t.E5 51-loWg

Fig. 15
Field strengthat gapcenterline

vs. radius
for gapanglesof 0,5, 10, and 15 deg.

GAP, ,° FI.AMEJt AOD1
cbApe 10° 7rG

GAP. 15°

2

0

4
-J

0
‘Li
p..

1-
tO

2 4 Co



placing iron shimsbetweencoils. The iron maybe incorporatedinto the octantjoints or madepart
of the dewar shell.

Plots of central toroid stray field at the locations of the windings of the end plug toroid
were usedto estimatethe forces betweentoroids, since theseloads must be carried to a warm
support. The results, Table 9, are small, evencomparedto gravity loads.

Table9. EstimatedForceson an End Plug torus Due to the StrayField
of the Central Torus

Radial tO toroid in stableequilibrium with 15 tonnesinward per octant

Axial 11 tons net, toward the Z 0 plane

Azimuthal tO unstableequilibrium

NOTE: Forceson end cap toroid were not estimated.

ASSEMELY

We assumeit is feasibleto fabricatethe 24 octantsin the factory, completewith structure,
coil, and dewar, and ship them to the SSC site. In the hall, an assemblysuperstructureis
envisioned,usedonly during initial erectionand then removed,on which completedoctantsare
stacked.The sequenceis symmetricabout a vertical planecontainingthe axis of the toroid and
proceedsfrom the ground on up. The assemblymight be on tracks such that a torus could be
moved away from the beamline to facilitate detectormaintenance.As eachoctant is positioned,
its structuraljoints to adjacentoctantsarebolted and locked,the field welds joining thedewarsare
made,and appendagesare attached. A table of weights and componentsizes is provided in an
appendix.

COMMENTARY

No technically insurmountableproblemswhich would precludeconstructionof a toroidal
detectorhavebeenfound in this study. It would be the largestsuperconductingtoroid ever built
and a major engineeringeffort requiringa dedicateddesign and constructionteam.

This initial conceptis necessarilyincompleteand a list of engineeringtasksfor a "next step"
is provided below.

1. Evaluate the effects on the structure,the conductor,and fabrication costs, of
subdividingthe winding crosssectionazimuthallyand treatingtheend flange, inner
cylinder,outercylinder, andteethjoining them asa hollow platebeam. Initially use
threeunequallyspacedteeth, with the two end cavities being smaller azimuthally
than the two centralcavities.
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2. Evaluatefabricationof the octantstructureasa thick inner cylinder with machined
winding cavities and a cover cylinder, and also as two rolled cylinders separatedby
extrudedrectangularbars fastenedwith radial through-bolts.

3. Evaluatethe additionof structuralplateswithin thetoroidal field volume. Initially,
one per octant in an azimuthal plane connectedto the cylinders and end faces.

4. Establish the minimum size and the locations of all warm accessopenings.

5. Evaluatearrangementsfor reducing thedifference betweenthe warm gapsand the
gapsbetweenwindings.

6. Performa buckling analysis of the modified structuralmodel.

7. Analyze the structureduring the intermediatestagesof assembly.

& Performa formal fault analysis.

9. Designan octant joint in more detail.

l0. Analyze the dewar structureusing FEM.

11. Evaluateforces betweentoroids, conceptualizea supportstructureto grade.

12. Evaluateconductor-in-conduitconstructionwith reducedbendradius.

13. Make a Preliminary Design of a coil leadarrangement.

REFERENCES

"The PureTensionShapeof a Thick Torus,’ D. W. Weissenburger,U. R. Christensen,
J. Bialek; PrincetonPlasmaPhysicsReport PPPL-1353,July 1977.

2. U.S,Patent3,736,439; "Moment-Free Toroidal Magnet Design," J. File, R. G. Mills,
G. V. Sheffield and P. Bonanos;May 29, 1973.

3. "Bow-ShapedToroidal Field Coils," P. Bonanos;PrincetonPlasmaPhysicsReport PPPL
1790, May 1981.

4. "Optimal Shapeof a Toroidal Solenoid,"V. D. Shfranov; SovietPhysics-TechnicalPhysics
Vol. 17, No. 9, March, 1973. Translatedfrom ZhurnalTekhnicheskoiFizild Vol. 42, Nr. 9.

22



5. "The lEA Large Coil Task; Developmentof SuperconductingToroidal Field Magnets for
Fusion Power," ed. by D. S. Beard et at; compiled by P. N. Haubenreichet al.; Fusion
Engineeringand Design Vol. 71&2, 1988.

6. "Internal PressureEffects in the Airco-LCT ConductorSheath,"J. N. Luton, J. A. Clinard,
J. W. Lue, and W. H. Gray, Proceedingsof the 9th International Conferenceon Magnet
Technology,Zurich, Switzerland,September9-13, 1985.

7. "RationalDesignof High-CurrentCable-in-ConduitSuperconductors,"L Dresner;presented
at the IAEA Specialists’Meetingon SuperconductingMagnetsand Materials,Tokyo, Japan,
September4-6, 1989.

8. "High-Field, High-Current-Density,StableSuperconductingMagnetsfor FusionMachines,"
J. W. Lue, L Dresner,and M. S. Lubell; [ProceedingsJ7th International Workshopon
Stellarators,OakRidge,Tennessee,April 10-14,1989 IAEA TechnicalCommitteeMeeting.

9. "A Study of Eddy-CurrentEffects in the Structure of the WestinghouseL Coil,"
J. N. Luton et al.; IEEE Trans. Magn. MAG-23:1497-1500,1987.

ACKNOWLEDGEMENTS

Thanksaxegiven to I. Zatz ofPPPLfor steeringPB. throughthemazeof NASTRAN manuals,to
M. Pclovitzof PPPLfor his flux contourplot, to B. Nelsonof ORNL for the field plots and B. Popeof
MSU for the plot showingtheeffect of gapangle.

The text was typedby SandraVaughanof ORNL andP.B.

23



ApncndixA

Toroidal Coil Mechanics
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Anpcndix C

Magnctic flcld Plots
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Appendix D

Coil and Structure
Wcights and Sizcs

to be supplied



Appendix E

CostData - Fusion Magncts



TAIU I! WDfflING PACK LESS COROIJCTOS COST TAIlI 2: WINDING PACK IICUJIIIIC COtlr*JCTOR COST

CQPPU MAGNETS MJPERCOIIDUCTItC HAGIIETS UNIT COSTS COPPtR HAGNETS SUPUCONDUflIPE MACNETS UNIT COSTS

TAM Ifl pI $ Il/kg T*iu Iz. pluj 3 26/kg
PLT 11 $ 271kt P11 IF - $ 36/it
JET TE $ 39kg

TAM mU phiu $ SO/Kg
JET PF $ Il/kg JET IF S Silks
TAM aaII plug $ 12/ki flY PF $ 54/kg
TAM ttnraI tell $ SOkg TAfl ctntrsI cell $ SI/ki
DIII PP

- $ 6*/kg DIII PP $ 7/kg
IFTF * *7/k 1Ff! TP $ I6AI

Till TV S 76Ag DIII IF $ 93/kg
0 * GD production $ $2/kg Frascatti nu cisc. S 102/ks

DII! YE S $3Ik Nfl soleuojds $ 10$/kg
Pnscnti flU at. S ti/kg TFTh SIC PF $ 127/ks

Alcator DC? TV .st. $ 96/kg PD! if $ 141/kg
lIFT! YFY $ I li/kg La - GD praducttoa 2 168/kg

TEll SIC PP 2 lung TFTh Ai PF ppt 1y IL $ 197/kg
* GD rtpnt 1211kg Zephyr TF nt. $ 211/kg

HiT 12 1 $ I3O/k NEil Y/Y 220/k
POX TE 2 145/4

- ç repeat $ 246/k1
TPTh - I&I%f PF S 117/4 Alcator DCI TV nt. $ 2ooAg
Zephyr if eat. S 2OSIk MIT 12 1 $ 336/ki

tCp - w PT.dUCflOl% $ 215/ks LC? - I production $ 469/Itt
tO W ripest $ 420/kg

. U r.psn $ 775/K,

TaLE 3: CONWCTCq COSTS

MAGNET 1n S GRADES 1/kA-. $AA...t

NFTF s.Ienoid. 3.3 T 1 *.4Q $ 7.55
HFTF TI? 7.4 T $ 19.40 3 2.ii

LcP - CD repeat I T 3 1 23.70 $ 2.96
AIc.tor OCT nt. to T I $ 25.70 3 2.57
HIT *2 T io t I $ 36.70 5 3.67.

LCP - U np.at It 1 $ 34.30 3 1.30


