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ABSTRACT

5SC-N-665

The transitionof a superstabilizedconductorto the normal resistivestateis accompaniedby a
redistributionof current which, due to the sizeof the normalmetal matrix, is long comparedwith the ther
mal propagationand greatly affectsthepropagationvelocity. To simulateadiabaticpropagation,a 2-rn
sampleof ALEPH conductor,suspendedin a vacuumandindirectly cooledat its extremities,was tested.
Quencheswere inducedby heaters,and velocitieswere measuredusing voltage taps. Resultsare
presentedof testsat different currentsand underdifferent magneticfields. Theseresultsare in good
agreementwith theoreticalpredictions.

INTRODUCTION

In composite,multifilament conventional
superconductors,normal zonepropagationis a
strictly thermalphenomenon.It occurscloseto
the transitionfront, wherea fraction of thepower
dissipatedin the normal zoneis transmittedby
conductionto the supeiconductingzone,which in
turn heatsup and goesinto transition. In super-
stabilizedsuperconductors,like that developed
for the ALEPH solenoidt1]wherea conventional
compositeis enclosedin a largesectionof alum
inum, an electromagneticdiffusion phenomenonis
added. Indeed,close to the transitionfront, the
currentpreviouslycarriedby the filaments is
expelledtoward thecopperof the compositeand
toward thealuminum. Given the largesectionof
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the aluminum,thecurrentneedsa cenain amount
of time and spaceto diffuse itself. Thetransition
front thus leavesa wakeof electromagneticdiffu
sion, along which the dissipatedpowerdensity
per unit volume progressivelydecreases.

Thequestionthen arisesof how the current
redistributionaffectsthe propagationvelocity. In
previous papersl2’3’41we havedevelopeda theo
retical model for thepropagationof thenormal
zone alonga layer of superstabilizedconductors
representativeof the ALEPH solenoidshown in
Figure 1. In this indirect cooling configuration,the
annularring and the layerinsulation introduce a
high thermal resistancebetweenthe helium and
the conductors. Our model thereforeassumes
that, at the scaleof the propagationphenomenon,
the amountof heattransferredto thehelium is
negligible and thus that the layer of conductors
can be consideredadiabatic. Treatingthe compo
site materialasa homogeneousmedium, and
assumingthat thecurrentdiffusion throughthe
copperof the compositeis instantaneousat the



scaleof thediffusion through the aluminium,we
solve the equationsof electromagneticbehavior
and establisha generalformula for thevelocity.
Reference5 providesa summaryof our theoretical
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Figure 1. Cut awayview of the ALEPH solenoid.

This paperreportsthe resultsof the experi
mental testsof our analyticalformula. So far,
propagationvelocitiesalong superstabilized
conductorshaveonly beenmeasuredin helium
bathl61 or in a 1-m boremodel solenoidwherethe
transverseeffectspredominate.t7]Our goal was
to recreateasclosely aspossiblethe assump
tions of our theoreticalmodel. Among them are
1 a constant-velocitypropagationmode and
2 the hypothesisof adiabaticity. To beable to
demonstratethe existenceof a constantpropaga
tion velocity, we considereda 2-m-long sampleof
ALEPH conductor. To simulateadiabaticbehav
ior, we operatedthe samplein a vacuumand
reducedasmuch as possiblethe thermalcontact
betweenthe conductorand themechanicalsup
ports. Thewhole test setupwas placed inside a
largesuperconductingcoil to be able to generate
on the samplea magneticfield comparableto the
one seenby the conductorin the real solenoid.
The quencheswere inducedby heaters,and the
propagationwas monitoredby voltage tapsand
temperaturesensorsregularly spacedalong the
sample.
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Threekinds of influenceswere studied: the
operatingcurrent, the externalmagneticfield, and
the initial energydeposition. While the current
and the field dramaticallyaffect the velocity, the
amountof energyput into the heaterto inducethe
quenchdoesnot influence the subsequentpropa
gation. As expected,thepropagationvelocity
doesnot dependon the initial conditions. In the
following, we limit our presentationto the first
two influences.

DESCRIPTION OF THE EXPERIMENTAL
SET UP

To constrainthe magneticforces, the con
ductor sampleis wound around a stainless-steel
mandrelof externaldiameter0.72 m determined
by the boreof the externalcoil and fastenedby
sevenepoxy staples. Two layersof Kapton each
2-mm thick insulatetheconductorfrom the man
drel. Thequestionis now what is the thermal
coupling betweenthe conductor,the Kapton, and
themandrel,and doesit influencethe propagation
velocity? When theexternalfield is nil, the con
ductorloop tendsto expandin its own field, only
held by the staples;we then expectthe conductor
to behaveadiabatically. Underan externalmag
netic field, the circulationof thecurrentsin the
externalcoil and in thesamplehavebeen
designedso that the conductorloop contracts
onto the mandrel. In suchcases,it is morelikely
that part or all of theKapton wifi be involved in
the propagationprocess. For the mandrel,how
ever, temperaturesensorslocated in holes drilled
at its peripheryrecordno variationduring quench
testing. Adding this observationto the fact that it
takesmore than 100 hours to cool down the
mandrel,while theconductoris cold in less than
50 hours,we concludethat the thermalresistance
betweentheconductorand the mandrelis high
enoughto be consideredas infinite at the scaleof
the propagation.

The sampleis cooledby thermalconduction
alongthe conductorusing two helium exchangers.
The locationand the mountingof theseexchangers
areshown in Figure 2. Eachconsistsof a copper
tube 10mmi.d., 12 mm o.d., brazedon a 20-cm-
long and 3-cm-thickcopperplate.Thecopperplate
is solderedon the previouslytinned conductor. At
both extremitiesof thesample,bendingconsidera
tions havemadeit necessaryto removethe alumi
num from the conductor.Theconductoris thensol
deredon a 2-cm-thickcopperplate,which plays
the role of stabilizerand improvestheheat
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transferbetweenthe sampleand the exchangers
one extremityalso includesa splice between
composites.To avoidcirculation of current
throughthehelium pipesand to ensureelectrical
insulation to ground, insulatingsleeveshave been
installedat appropriatelocationsin therefrigera
tion circuit. Themandrelhasno specificrefriger
ation andonly coolsdown through its weakther
mal coupling to theconductor.The whole setupis
surroundedby a shieldat 20 K.

Figure 2. Experimentalsetupfor measuringthe
propagationvelocity along a sampleof ALEPH
conductor.

During testing, the operatingpressureis
regulatedto 1.2 iO Pacorrespondingto helium
temperatureof 4.4 K. Nevertheless,the sample
temperaturestabilizesaround 5.1 K, 0.7 degrees
higher thanthe cold source. This indicatesresid
ual thermal contributions,which can be estimated
to be around70 mK.181 We havenot beenable to
identify the origin of theseresidualthermalcontri
butions,but we canverify that their influenceon
the velocity measurementsis negligible. Indeed,
we can bracketthe temperaturegradientinduced
alongthe sampleby suchthermal contributions.
An upperlimit is setby assumingthat the70 mK
arepunctuallyreceivedin themiddleof thesam
ple, which leadsto a gradientof 0.3 K. A lower
limit is determinedby assumingthat thepower is
uniformly receivedalongthe sample,which leads
to a valueof 0.15 K. Thetemperatureprofiles
correspondingto thesegradientsare very flat and
thus should not invalidateour measurements.

As shown in Figure 2, thesampleis
equippedwith a spot-heater,temperaturesen
sors,and voltage taps. The heater,locatedat one
extremityof the sample,consistsof a flat bifilar
coil 38 x 30 r’m2, wound with constantanwire,
and gluedto theconductorwith Eccobond.The
heaterresistanceis 38.4 0 and hardly depends

on the temperature. The temperaturesensorsare
calibratedAllen Bradleyresistors,which have
been chosenfor theirhigh sensitivity at low tem
peraturesand their stability under low magnetic
fields.t91 In orderto decreasethe responsetime,
thecarbon insulationof the sensorsis filed to
barethe activepiecegraphite. The active piece
is theninsertedand glued with Eccobondinto a
coppersleeve,which is solderedwith indium on
theconductor. The responsetime has been
measuredto be of theorderof 1 millisecond.18
Thereare ten voltage taps regularly spacedalong
the sampleoneevery20cm 1.2cmfrom the
superioredgeof the conductor. The voltagetaps
consistof a copperwire threadedinto a counter
bore 2-mm diameter,3-mmdeepthat has been
drilled into the aluminium. Thewire is held in
position by a brassscrewsolderedwith tin. Each
bore is threadedwith one wire, exceptthe bore
located at the sampleextremityoppositethe
heater,which hasbeenchosenasthe reference
for the voltage,and hasnine wires. Thesenine
wires are eachpairedwith one of the otherwires;
the twistedpairs go into differential amplifiers. In
the following, weonly considerfour voltagetaps
andone temperaturesensor. Their locations
reckonedfrom thereferencetapare341 mm, 744
mm,1046mm, and 1250mmfor the taps; 1345 mm
for the sensor. The tapsare numberedstarting
with theone oppositethe reference.

Theexternalfield is createdby a supercon
ducting magnetwith a i-rn bore, equippedwith an
internalcryostat. Thecryogeniccircuits for the
magnetand the sampleare dissociated. The
vacuumin the internal cryostatis maintained
around l0 Pa.

TEST RESULTS

Unexpectedbehaviorof the sampletempera
ture appearedduring testing. As we said, when
the currentis nil, the conductortemperatureT5
stabilizesaround5.1 K. During the rampingof the
current,eddy currentsare inducedin the stabilizer,
which overheatthe conductor. Theydisappear
oncea constantcurrenthasbeen established;the
conductorthen coolsoff and stabilizesagainat a
constanttemperature. However, this constant
temperatureis higher than 5.1 K, increasingline
arly with thecurrent squared.The slopeof the
temperatureincreasealso dependson the external
field Be. Expressionsfor T = fI can befound in
Table I. This showstheexistenceof additional
heating,presumablyof Jouleorigin. An evaluation
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of the resistanceR; producingthis heatingis given
by

T5f-T5I=0
R;= Rib!2

where I is the currentand Rth is the thermal
resistancebetweenthe conductorand the
exchangers.From the geometryof the exchang
es,Rth can be evaluatedaround 10 1/W. The
slope of T versusI when8e = 0, then gives

RJ=4.l l0-Q.

This valueis typical of a weld betweensupercon
ductors. We thenconcludethat the additional
heatis generatedin the splice locatedat the
extremityof our sampleseeFigure 2. Thefact
that the initial temperatureof the sampleis higher
thanexpectedis not a problem,sincewe can
measureit. Of course,our comparisonbetween
experimentaldataand theoreticalcalculationswill
rely on thesemeasuredtemperatures.

TABLE 1.
SelectedParametersfor theAnalytical

Calculations

Critical temperaturesK
Tc=93-0.5B

Tci=9.5_0.5B+

Field on the sample1’

1 -i-O.9--O.09BB
2435

BnçB+104I BB+5105I

SampletemperatureK

T50T = 5.1 +2.4 10’8 P
T51 T = 5.3 +4.3 10-8 j2
T51.55‘F = 5.55 +2.8 10-8P
T52.l ‘F = 5.25+4.75 10-8P

Figures3a and 3b featuretypical recordsof a
voltagechannelchannel1 and of the nearby
temperaturesensor. The currentat quenchis
2500 A, andthe externalfield is nil. Theheateris
fired at t = 375 ms, and the pulselasts m = 100
ms. The temporalevolutionof thevoltagecan
clearly be divided into four phasesthat are delim
ited on Figure3a: 1 For : i, the voltage is
nil; thequenchhasnot yet reachedtap 1, and the
conductorbetweentap I and the referencetap is
still superconducting.2 For : t r, the
voltage risesrapidly; the quenchhasnow reached

I

tap I and propagatestowardsthe referencetap.
3 For 12 : S t, the voltage decreasesprogres
sively; thewhole conductorhasnow switchedto
the nàrmal resistivestate,but the current hasyet
to completeits redistribution through the super-
stabilizer,causingthe decayof the apparent
resistance. 4 For : 13, the voltage startsto
rise again,but very slowly; thecurrentis now
redistributed,but as a resultof the Jouleheating
the aluminumresistivity increases,causingthe
increasein the apparentresistance,

2
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Figure 3a. Typical voltage evolution during a
quenchinducedat 2500A B = 0 T.

Thesedifferent phasescan be correlated
with the temporalevolution of thetemperature
shown in Figure 3b. For instance,at : = tj, the
temperatureis about9 K, which correspondsto
the transition temperatureof theconductorat
2500 A and thus con-elateswith the passageof
the transition front neartap 1. Also, at t = t., the
temperatureis about15 K, which, for the given
purity of aluminum,correspondsto theendof the
residualresistivity plateau;for temperatures
greaterthan 15 K, the sampleresistancethus
increases.

From thesedata we concludethat thermal
propagationis fast comparedwith electromag
netic diffusion, as predictedby themodel. One
canevenverify that the times 2 and 13 are coher
entwith thecharacteristictimes definedin Ref. 4
for thesetwo phenomena.

To illustratehow the propagationvelocity is
determined,considerFigure4. Thecurrentat
quenchis 1115 A, and the externalfield is nil.
The four tracescorrespondto the voltages

lime see
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betweenthe referencetap and the four tapsmen
tioned earlier. They rise in sequence.As expect
ed, the quench,initiated at one extremityby the
heater,gently propagatesalong the sample
successivelyhitting the different taps. The velo
city is simply measuredby dividing the length
betweentwo successivetaps by the difference in
time betweenthe takeoffsof the two voltages.
The four voltage tracesallow threedifferent velo
city measurementsand thus enableus to seeits
evolution along the sample. It appearsthat the
velocitiesmeasuredbetweentaps 1 and 2 are
systematically15 to 20 percent lower than the
velocitiesmeasuredbetweentaps 2 and 3 and
betweentaps 3 and 4, which areconsistent. We
are not able to explain this discrepancy. The
saxnpledoesnot indicate any obvious damagebe
tweentaps 1 and 2. If the constant-velocity
propagationmodehad not beenreached,we
would expectthevelocity to increaseover eachof
the threelengthsof conductor. Consideringthat
the off-valueis measuredalong20.4 cm of con
ductor, when the two velocitiesin agreementare
measuredalonglengthsof 30.2 cmand40.3 cm,
we decided,In the following, to only retain these
two values. Figure5 showsa summaryplot of
thesevelocitiesversusthe currentat quenchfor
all the testsrun in a nil externalfield. Thedata
points lie on the samecurvewith a small disper
sion.
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Figure 3b. Typical temperatureevolutionduring a
quenchinducedat 2500A B = 0 1’.

Testshavebeenrun for four externalfield
values: 0 T, 1 T, 135 T, and2.1 T. Foreachfield
value, the currentin the samplewasprogressively
increasedfrom 1000 A to the critical current,in
incrementsof 500 A. Eachrun, which providestwo
velocity measurements,was systematicallydoub
led. This gives us aboutfour hundreddatapoints.

Thedataare summarizedin Figure 6 as a function
of thecurrent; the size of the plotting symbols
representstheerror bar. As in Figure 5, and for
eachfield value,thedata pointslie on the same
gentle curve.
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Figure 4. Exampleof determinationof thepropa
gationvelocity for a quenchinducedat 1115 A B
=01.
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COMPARISONBETWEEN THEORY AND
EXPERIMENT

The last stepof our study is to comparethe
experimentaldata with the theoreticalpredictions.
Thedetailsof our analyticalformulacanbe found
in Ref. 5. We neverthelessneedto specify the
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the conductoras barein the absenceof external
field, but associatedwith the 4mmof Kapton in
the presenceof field. Computationresultsare
alsoplotted in Figure 6. Predictionsand
measurementsappearin good agreement.

TABLE 2.
ComparisonBetweenPredictedand Measured

Critical Currents

Binax
T

PredictedCritical
Current A

MeasuredCritical
CurrentA

0 7750 7500
1 6050 6000
1.55 5300 5100
2.1 4700 4500

geometricaland physicalcharacteristicswe usein
our calculation. Theoverall sizeof thesuper-
stabilizedconductoris 34.15 x 3.45 mm2, The
compositeis a 14-strandcable5.75 x 1.36 mm2.
The stranddiameteris 0.8 mm; the copper-to-
superconductorratio is 1.8 to 1. Thecopperand
aluminum residualresistivity ratios are respec
tively 200 and2200. Critical currentmeasure
mentshavebeenmadeat 4.2 K on six strandscut
from the sameconductorusedin theexperiment.
The parametrizationof Tcj given in Table 1 has
been establishedassumingthat thecritical current
is a linear function of the temperature.Also in
Table 1 areformulasfor the peakfield, Bmn, and
theavengefield, B5y, on theconductor. The
externalfield is given by the transferfunction of
theexternalcoil; theown field is computednu
merically. At a given current, the critical temper
aturesare calculatedusing the peakvalue,while
the resistivitiesand the thermalconductivitiesof
thematerialsare calculatedusing the avenge
value. Lastly, the table shows linear approxima
tions of l’g = fi for the four valuesof B.

An ob ious verification beforeanalyzingthe
dataof Figure7 is to comparethecritical currents
actuallymeasuredin theexperimentwith the
short samplepredictions. For a given external
field value, the short-samplecurrentis the
solutionof the implicit equation

Tcj[I,BmaxJ] = T5I.

As shown in Table 2, thesevaluesare in good
agreement.

With moreconfidencein ourmaterialproper
ties, we turn to velocities. The datain Figure 6
show that for low currents,the values measured
underexternalfield arelower than thevalues
without field. This is unexpectedsinceTc, Ta,
and the enthalpyper unit volume are decreasing
functionsof themagneticfield; the velocity should
thus increase. This is in fact the casewhen
velocities underfield arecompared.So, some
thing, under theeffect of the field, must slow
down the propagation. Oneexplanationis that,
whentheexternalfield is nil, the conductorloop
tendsto expandunderits own field, so that the
thermalcontactbetweenthe conductorand the
Kapton insulationis poor,while underan external
field, the loop contractsonto the mandrel, so that
the contactbetweentheconductorand the Kapton
is greatly improved. This leadsus to conclude
that, in the absenceof magneticfield, theKapton
doesnot interferewith thepropagationprocess;
underan externalfield, partor all of it is involved.
In our analyticalcalculations,we then consider
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Figure 6. Comparisonbetweenpredictionsand
measurements.

CONCLUSION

We haveexperimentallydemonstratedthe
existenceof a constantpropagationvelocity of the
normalzone along superstabilizedconductors,
and we haveverified that this velocity is in accord
with the analytical law we had previouslyestab
lished. Our model of thecurrentredistribution
throughthe superstabilizeris thus justified. The
next step towardsa completeunderstandingof
thequenchingof the ALEPH solenoidwould now
be to investigatethe transversepropagation.
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