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Abstract

The optimum copper-to-NbTiCu/Nb ratio in a superconduc
ting cableinside a dipole is estimatedby computing themini
mumpoint-depositionenergyrequiredto quenchthe cable. The
copperin the narrow gaps betweenthe closely packedNbTi fil
amentsmay not conduct well heatandelectricity’ andhasbeen
takencareof. We also try to usethe quenchcurrentdensity in
steadof the critical currentdensitywhich is definedarbitrarily.’
The numericalsolutions of the time-dependentequationis ap
proximatedby analytic solutionsof the time-independentequa
tion with the introduction of the conceptof minimum propagat
ing zone MPZ.3 For the SSC cable, the 3-dimensionanalysis
producesanoptimum Cu/Nb ratio of 1.71, which agreeswith
the experimentalmeasurementsdoneat BrookhavenBNL.4

1 Introduction

Insidea dipole magnet,there is only limited spaceavailable
for the superconductingcable. More NbTi inside the cableim
plies highercritical currentand thereforeless likely to turn nor
inal in the eventof a heatdeposition. However,this alsoimplies
less copper to conduct the heat andany excesscurrent when
part of the cable becomesnormal. On the other hand, more
copper and less NbTi will leadto a lower critical current. As a
result, optimizing the ratio Cu/Nb ratio is an important issue
in designinga magnet.This is doneby computingthe minimum
energy depositionrequiredto quenchthe cable.

2. One-dimensionAnalysis

The superconductingtableis madeup of strands.We assume
that a strandis narrow enoughdiameter- 0-808 cm so that
uniform thermaldistributioncan beestablishedeasily acrossthe
crosssection.The temperatureprofile 9z along thestrandcan
he determinedby the one-dimensionheat-flowequation

Ceir9A7
=

[ucIit + AC9 - P119,

whereA and P are the crosssectionalareaandperimetriccir
cuinferenceof the strand, and A. andA are the fractions of
copperandNbTi respectively.Theeffective volumespecificheat
of the copper-NbTicomplexis

C.ff9 = [A.CCIC + Ac5I -
where, at 9, = 4.2 K, the volumespecificheatsof Cu and NbTi
arerespectivelyCe,. = 1.6* 10 j/m3K andC.. = 6.8* to3 j/m’K.
Below - 10 K, the electric resistivity of copper in a magnetic
tlix le,isity B in teslas is3
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= ooo32D + * 1.7* ir5 Qm, 2.3

wherethe residualresistivity ratio RftR of copper is takemi as
100. The thermalconductivity of copperis assumedto have a
fixed valueof 350 wm/K exceptin numericalcomputations.We
believethat aconductivity thatvarieswith temperaturewill not
affect the optimum computedCu/Nh ratio. When the strand
becomespartly normal, the power generationper unit volmune
is.

.c2t
A

G8 =

wherej° is theoperatingcurrentdensity in the NbTi filaments,
9, is the temperaturewhen NbTi becomespartly normal, and
9 is the critical temperaturewhen NhTi becomescompletely
normal. The rate at which heatis transferredper unit areaat
the strand’ssurfaceto the exterior bathof temperature9 is

H9 = h9 - 9 , 2.5

where it is called theheattransfercoefficient and is assumedto
be time andtemperatureindependent.For cooling by nucleate
pool boiling of He, Is-S * io wnr2K’. Insidea dipolemagnet
or in the experimentalmeasurementsat BNL where the He is
almost stagnant,Is -_ 2000 wmn’I.

We havestudied the time evolution of a concentratedhg
turbance. If the initial energy of the disturbanceis small, the
disturbancetemperatureprofile spreadsout, approachesa criti
cal temperatureprofile slowly, andsubsideseventually asshown
in Fig. 1a, If the energyin thedisturbanceis big enough,the
disturbancealso spreadsout until it reachesa critical profile.
After that, however,the temperatureriseseverywhereresulting
in a quenchas shown in Fig 1b. Theseresults inspire us to
study propagatingsolutionsinstead. The propagatingsolution

‘2
which containsthe least energy is called the MPZ.3 So far the

- / computationis entirely numericalandextremelytedious. The
propagatingzonesare thereforeapproximatedby analytic solti
tions of the time-independentheat-flow equation,which satisfy
all boundaryconditionsexceptfor the continuityof the temper
aturegradientat theendsof the zones.5This approximationis
justified becausewe expect that the concentratedheatdeposi
tion, as it spreadsout, will try to adjustitself so as to satisfy the

2.2 time-independentequationasmuchas possiblestartingfrom the
centerof the deposit. We find that the energy in the approxi
mateMPZ gives the correctorder-of-magnitudeestiutateto the
minimum energyrequiredto causea quench by solvingthe time-
dependentequation.

The energy required to set up a MPZ for tIn SSC’ snmiiple
C358A at bath temperature4.35 K is shownin Fig. 2 as a fistic
tion of Cit/Nh ratio.7Here, nosurfaceccshilig hasIwrit assimuirfl
For the SSCdipoles,we areinterestedin theoperatingcurrentof

when 9 > 9 > 9

when 9

2.4
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Fig. 1. Time evolution of a gaussian point disturbance,which ap
prouAesfirst a critical temperatureprofile, andthena subsidesor
b divergesdependingon the sizeof the disturbance.

6.5 IcA. The optimized Cu/Nb ratio is therefore0.54 . We very
RRII, the thermal conductivity, and bath temperature. The
energy-contentcurve of the MPZ does change,but themazi
mum remainsat Cu/Nh ratio of 0.54. Whensurfacecooling is
introduced,themaximumdoes shift to larger Cu/Nb ratio as
depictedin Fig. 3. However, for a meaningfuleffective surface
heat transfer coefficient Is - 2000 wmK’, the shift is Sn
imal. In fact, the energy content curve is not alteredby very
notch’.

3. Effective Cu/Nb Ratio

Experimentalmeasurementsmadeat BN14 shows that at
6.5 kA, the most stableSSC cable should haveCu/Nb ratio as
largeas 1.6 or I.?, which definitely doesnot agreewith our re
sult- However, if we examinethe cross sectionof the C358A
strand,we find that the NbTi filamentsarenot distributeduni
formly everywhere. Instead, we find a copper core of radius
- 0.085 mm, then an annular band extendingout to radius
-0.325mmcontaininga matrix of NbTi andcopper,andfinally
a copperjacket up to a radiusof 0.404 mm. Inside the annu
lar hand, the superconductorfilamentsare very closely packed
hexagonally. The filamentshavea diameterof d 5 cm hut the
spacingbetweenfilaments is only s -0.5 szn The mean-free-
pathof electronsat cryogenictemperaturesis muchbigger than
0.5 pm, so that the copper its betweenthe filamentsmay not
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Fig. 2 Energy contentsof the one-dimensionalMPZ for variousoper
ating currents.
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Fig. 3. Energycontentof MPZ with surfacecooling.

contributeto thermalconductivity andelectricalconductivity.’
Therefore, what we havebeencomputing is somethingrelated
to effective Cu/Nb ratio rg, when only the copper in the inte
rior core andtheexteriorjacketarecounted. The actualCmi/Nh
ratio r is given by

r=rm+r, , 31

where the lots! Cu/Nh ratio rg in time annularmatrix is given by

2T3f 2
n=-1+-i -1. 32,r di

It is surprisingto find Eq. 3.1 independentof the sizeof the
innercoppercoreandthe diameterof the strand.What we need
to do now is to replacethe fraction of copper Ar,. in Eqs. 2.1
and2.4 only by the effective one, i.e., Ar,. -. r,g/1 + r,ff. For
our sample,r = 0.334. Repeatingthe computation, we get tue
new optimum Cu/Nb ratio r = 0.84 as shown in Fig. 4. This
result, however, is still far from the experimentalobservation.

4. Three-dimensionAnalysis

The BNL measurementswere donewith, two calilesg,iie over
the otl,er instead of a single strand.1 It may mutt I ,.. si I It
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Fig. 4. Energycontentof one-dimensionalMPZ using J or ,1, with
interfilamerut copperneglected.
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tins way will have roughly time santevalue ft sr cal tIE’s wit., s hf’
ferent Cu/N1 ratios. Becausewe rare about whether a cable
will quenchor miot. it may he mnort* reasonableto I Ise iristenEl
the quenchcurrent ‘ which is largerthan Jr. The .xin’rimneu.tal
measurenient°of 1,/I. as a function of Cu/N ratio is shown

in Fig. 5, from which we obtain approximatelydashedline for
the quenchcurrentdensity

J[1 + ar-1] , 5.1

which holds at leastfor r from 1.0 to 1.8, with a - 0.2 . The
new result shownas dashesin Pig. 6 depictsan optimum Cu/Nb
ratio r - 1.71, which agreesratherwell with experimentalmea
surements in view of the roughnessof the computation. If we
apply Eq. 5.1 to the one-dimensionanalysis,the result shown

2 asdashesin Fig. 4 givesanoptimnum r - 0.10 only, still very far
from the experimentalobservations.

for the cross section of the cable complex to cometo thermal
equilibrium. As a result, we needto computethe energyinside
a S-dimensionalMPZ. We proceedexactly as before using the
3-dimensionaltime-independentheat-flow equationandobtain
solutions that satisfy theequationeverywhereexceptfor a dis
continuity of the temperaturegradient at the edgeof the MPZ.
We assumea unique transversethermalconductivity Is1 in all
directions, thus reducingthe problem to a 2-dimensionalone.2
We expect Is1 to be - 5% of the longitudinal conductivity Is0.
As is shownin Fig. 5, however, the ratio k1/k0 is very insensi
tive to theoptimum Cu/Nb ratio r - 1.25of the 3-dimensional
MPZ. Here the interfilainent copper hasbeenneglected.

5. Uncertainty of Ciltical Current Density
Fig. 6. Energycontent of three-dimensionalMPZ using .J or .J with

The critical current density Jr as a function of temperature interfilanient copperneglected.

and field strength used in the above computationshad been
taken from the measurementsby Morgan on thecableC3SSA
whichcontains23 strandswith aCu/Nb ratio 1.3 - This J is References
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1-1g. 5. Plot of ratio of quenchcurrent I to critical current 4 versus
‘u/Nb ratio.
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