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ABSTRACT

A 17-rn-long SSC R&D dipole magnet instrumented with quench heatersandnumerous voltage
taps has beentested. These voltage taps enable1 accuratelocalizationof the quench start,
2 detailedstudiesof quench development,and 3 detennination of coil temperaturerise during a
quench. The hot-spot temperatureis determined by measuringthe resistanceof the conductor in the
vicinity of the heaterand is plotted versusnumberof MIITs. Measuredtemperaturesare are found to be
in good agreementwith predictions basedon the assumption that the conductoris heatedadiabatically.
Finally, a limit to be imposedon the number of MIFFs to operate the magnetsafely is determined.
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A primaryconcern when building a 17-m-long
superconducting dipole magnet is protection of its
coil duringa quench: How fast will thequench
propagate?How much energywill be dissipated
in the coil? How hot will the conductor get?



The first two questions were addressedin a
previous paper,I1I which presentedstatistical
studies of propagation velocities and of the num
ber of MUTC over the several long SSC dipole
prototypes testedin the last two years.12’31 Even
though the quenchesdeveloped much fasterthan
was ever seenor predicted before, the mechanism
was reproducible from magnetto magnet,11]
depending only on the fraction of short sample.
We also established a neat correlation between
the number of MUTs and the inverse of the propa
gation velocity, illustrating the benefit of this fast
quench developmentin reducingtheoverall ener
gy dissipated in the coil. This paperaddresses
the third question and establishesthe correlation
betweenthe number of MIFFs and the maximum
temperature reachedby the conductor during a
quench, also called the hot-spot temperature.

The temperatureincreaseduring a quench is
central to the issue of safety. The temperature
has to be limited to avoid failure of the Kapton
insulation and degradation of the superconductor
critical current. These effects both occur at a tem
peratureof about 1000 K.141 The SSCprototypes
are currently operated with a maximumallowance
of 800 K.

MEASURING THE HOT-SPOT
TEMPERATURE

The best way to measurethe temperatureof
a copper-stabilizedconductor is to usethe con
ductor itself as a temperature sensor. The resis
tivity of copper, PCu’ is a well-tabulated function
of three parameters: the copper residual-resistiv
ity ratio, RRR; the temperature,T; and the mag
netic field, B. [5 Let us consider a length L of con
ductor, carrying a current I. Onceit hasswitched
to the normal resistive state, the conductor sam
ple exhibits an apparent resistanceRa

U
R0

-

where U is the voltage acrossthe sample. If the
copper RRR and the magnetic.field are known, an
estimation of the conductor temperature, T,
assumedto be uniform along the length L of the

sample, is obtained by solving the implicit equa
don in T

pcuRRR,T,B=19, I

where rCuS is the copper-to-superconductorratio,
and S is the conductor cross-sectionalarea.
Monitoring U and I during a quench then enables
us to determine the temporal evolution of T.

Since we are interested in the hot-spot tem
perature, we have to monitor a voltage acrossa
length of conductorsurrounding the hot spot. Un
der normalconditions, the maximum temperature
of a quenching coil is reachedat the point where
the quench. originated. The quench start locations
axe not knownin advancefor spontaneous
quenches,but they are well defined for spot-
heater induced quenches. A simple experiment is
to equip a magnetcoil with spot heaters closely
surroundedby two voltage taps. This has been
done on a few full-length SSC dipole prototypes,
including DDOQ17, which we will now discuss.

Figure 1 showsa cross section of the Brook
haven-designcollared coil. The coil consistsof
four separately wound parts joined during assem
bly: two inner upper and lower and two outer
upper and lower quartercoils. The inner quarter
coils contain sixteen turns and threecopper
wedges;the outer quartercoils contain twenty
turns and only one wedge. Turnsare counted
starting from the midplane of the coil. The char
acteristics of the inner- and outer-layer cables
wound in DDOO17 are given in Table 1.

TABLE 1.
SelectedDDOO17 Cable Characteristics

Quarter Coil Sm2 rç,j RRR

Lowerinner 11.79 10-6 1.59 81
Lower outer 9.89 10-6 1.62 83

Between10 and 295 K.

To establish the temperature-versus-M11T5
correlations, the coil was equipped with six sets
spot heater + two voltage taps: two on the
pole turn andtwo on the midplane turn of the
lower inner quarter coil one about 2 m from each
end,and two on the pole turn of the lower outer
coil oneat each end, in the middle of thecurved
sections. The length L betweenthe two voltage
taps is 25.4 cm for the inner-coil spot-heatersand
11.5 cm for the outer-coil spot-heaters. The RRR
measurementsprovidedin Table 1 were

‘me numberof M11Ts is the integral over time:

MIIT5= 7fth&r, A2sec

whereI is the current.
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Figure 1. SSC Dipole cross section C358.

made after testing, by warming up the whole mag
net to a temperature of 12-13K and circulatinga
current of about 10 A. The measurementswere
highly reproducible from one setof spot-heater
taps to another. The magnetic field on thecon
ductor, of course,depends on the coil turn and
layer, and on the current. Numericalcomputa
dons of the transfer functions B = fff for theturns
of interest are given in Table 2.

TABLE 2.
Transfer functions for the turns of interest

Innercoil turn 16 B = 0.7505 + 0.9470iO- I
Innercoilturn1 B=O.7l83+0.906410-s!
Outer coil turn 20 B = 0.6266+ 0.7555 lO- I

An importantpart of magnetDDOO17 testing
was devoted to spot-heater quenching, varying the
current at quench, and successivelyfiring different
heaters. Figures 2 and 3 show typical recordsof
the current I and thevoltage U monitoredduring a
quench inducedat 6500A by one ofthe inner-coil
turn-i heaters. The apparent resistancecan then
be calculated for any time, and the temperature can
be estimated by solving Eq. 1, where the correct
value ofB for the given value of! hasbeen intro
duced. The time, t,, result is plotted as a continu
ous curve in Figure 4. As expected,it appears
that after about 300 milliseconds the temperature
reachesa kind of plateau. Theundulation for
times greater than 400 millisecondscan be attri

buted to calculation errors,since current and
voltage then arc both fairly small. This plateau
value defines the maximum temperature, Tmn,
reachedby the coil during the quench. In our
example, the number of MIIT5 is 7.39 and the max
imum temperatureis 157 K.

Figure 2. Current decayduring a quench induced
at 6500A on turn 1 of the inner coil.

Figure 3. Voltage evolution acrossthe spot-
heater taps during a quench induced at 6500A on
turn 1 of the inner-coil.

The continuous curve of Figure 5 showsthe
resultof the temperaturecomputation for a
quench inducedat 6500A on turn 20 of the outer
coil. The shapeof the curve is similar to Figure 4:
afterabout 250 milliseconds, the temperature
reaches a very stable plateau. Nevertheless,the
value of this plateau is much higher than for the
inner layer. At the samecurrent as in the previ
ous example, the number of MIITs is 8.39, andthe
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maximum temperature is 289 K. The higher value
of Mm’s tells us that the quench propagates
slower in the outer coil than in the inner coil,
which is understandable becausethe field on the
outer layer is much less than the field on the inner
layer. More MifFs give,of course,a higher
temperature.Also contributing to thehighertem
peratureis the fact that theouter-layerconductor
hasabout 15 percentlesscopperthan the inner
layerconductor,but, asit carries thesamecur
rent, it dissipates22.5 percentmoreJoulepower.
The interestingconclusionof this comparisonis
that, from the safetypoint of view, the limiting
conductoris in theouterlayer.
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Figure 4. Evolution of thehot-spottemperature
during a quench induced at 6500A on turn 1 of the
innercoil.

In Figure 6 we haveplotted, as a function of
the numberof MIITs, the maximumtemperatures
measuredfor all the spot-heater quenches
inducedin DDOOI7. Thisplot confinnsthat for a
given number of MIFFs the temperaturerise is
higher for an inducedquench in the outer-coil than
for an inducedquench in the innercoil about 100
K more for MIITs between8 and 9. It also ap
pearsthat, for quenchesin the innercoil, pole-turn
and midplane-turninducedquenchesare indistin
guishable. This tells us that the4 percentlower
field on the turn-i conductordoesnotgreatly
affect the overall powerdissipationseen by this
conductorascomparedwith that seentn the pole
turn. Thereis indeeda slight differencein the
numberof MIIT5 asa functionof currentfor these
two spot-heaterlocations-ata given current,the
numberof MITTs producedby a turn-i induced
quenchis a few percenthigherthan for aturn-16
inducedquench-showingthat the propagationof
a quenchinitiated in themidplaneturn is presum
ably slowerthan thepropagationof a quenchmm
aS in thepole turn. Nonetheless,the main

conclusionthat can be drawnfrom Figure6 is that
for both conductorlayers the temperaturerise
during aquenchremainswell below the limit of
800 K and that the safetyof themagnetcoil is
ensuredfor KniTs numbersless than 9.
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Figure 5. Evolution of the hot-spot temperature
during a quench induced at 6500A on the outer
coil turn 20.

PREDICTIONS AND MEASUREMENTS
COMPARED

To analyticallypredict the correlationof tem
perature-WITs,we write the heat-balanceequa
tion for a small volumeofconductornearthe hot
spot

CTf 1y PcuRRRT.B7...llt1 2

where C is the specificheat per unit volume of
conductorand H is the power transferredto the
surroundingmedium,either by thermalconduction
along the conductor or to the conductor insulation
and the helium. An overestimation of the hot-
spot temperatureis given by neglectingH, e.g.,
by considering that the conductor nearthe hot
spot behavesadiabatically,EJ and by assuming
that themagneticfield remainsconstant,equals
to its valueB0 at t = 0. IntegratingEq. 2 over
time yieldsan implicit equationin Tma

T0

____

CT
j dT l+r PcuRRR,T,Bo=

Tin,-’

dtI2t = MIIT5, 3
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where To is the initial temperature. In fact, since
we know I as a functionoft, we can solveEq. 3
for eachvalueof time and thus predict the tempo
ral evolution of the hot-spot temperature.
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Figure 6. Temperature-versus-MIllscorrelations

The dashed curvesin Figures4 and 5 show
two examplesof computationcomparedwith the
measuredtemperaturesalreadypresented.For
the induced quench in the inner layer, Bo hasbeen
chosento be constant,equalto 7 T. The outer-
layercomputationrequiresmorecare. As the
outer-layer spot-heaters are locatedat the ends
of the coil, in the middleof the turn-20 curved
sections,they sit outsideof the iron yoke and see
a very reducedfield. In ourcomputation,we have
thus chosen to takeB0 = 0. In both cases,predic
tions and measurementsare in good agreement.
This implies that the hypothesisof justified, at
least at the observed time scale. In other words,
the amount of heat transferredto the surrounding
mediais small comparedwith the Joule heating,
or the time requiredby the heat to be transferred
to or to be diffusedthrough the surrounding
mediumis largecomparedwith 300 milliseconds.
Theexistenceof a plateauin the temporal
evolution of the temperaturewas already a clue
that H could be neglected.

With more confidencein our hypotheses,we
return to Figure 6. The continuous anddashed
curves are the temperature-versus-MIIT5corre
lations, for the inner- and theouter-layerspot-
conductors,aspredictedby Eq. 3, using the
samevaluesof Bo asabove. Thedatapointsand
theanalyticalpredictionsare in fairly good agree
ment. Equation3 thus furnishesa reliable
basisfor predicting temperature-versus-MIIT5
correlations. Such agreementsbetweenhot-spot
temperaturemeasurementsand predictionshave
alsobeenseenon a shortHERA model dipole.171

CONCLUSION

To concludeour safetyanalysis, it just
remainsto determine how the limit of 800 K on
the peak temperaturetranslatesinto a MIlTs
number. Iterationsof Eq. 3 give 14 for the
inner-coil turn-l6 conductor with B0 = 7 1’ and
10 for the outer-coilturn 20 with E = 5.6 ‘F. A
limit of 10 on the number of Mitts thus ensures
that the conductor never getshigher than 800 K,
whereverthe quenchoccurs.

The useof spotbeatenwith two close volt
age tapshasenabledus to accuratelymeasure
thecoil temperatureincreaseduringa quench.
Themeasurementsappearin good agreement
with estimationsassumingadiabaticheating of
the conductor. We extrapolated that the number

g 10 of Mills has to be limited to ten to limit the peak
temperatureto 800 K.
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