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I will discussa model for the quenchingof magnetssubjectedto distributed
transientheating. Distributed means that the energy deposition occurs over a
volume of the winding large comparedto a minimum propagatingzone. Such
heating can occur due to various AC-loss mechanismsas the magnetcurrent is
changed,or dueto nuclearinteractionsif particlesarelost from the beam. Transient
meansthat the time is short enoughthat the temperaturerise is determinedby
energydepositionand heatcapacity. At long times,by contrast,,thetemperaturerise
dependsupon the rateof energy depositionandtheeffectiveheatconductanceto a
reservoir of helium. For the presentSSC Collider dipole, with steel collars, the
diffusion time to transferheat from windings to helium passagesis about40 sec.
Emergencyramp-downtakes20 secto accomplishand, therefore,canbe considereda
transient. I wish to discusstheconditionsunderwhich a magnetcan quenchduring
ramp-down.

A quantitativecalculation of magnetheatingdue to AC loss is appallingly
difficult and, I believe, unnecessary.Rather, I presenta simpler discussionbased
partly on experimentaldataand partly on quite generalargument Figure 1 shows
curvesof variousenergyquantities,on a log scale,as a function of magnetcurrent.
The solid curves marked Aj and A2 show, qualitatively, the amount of energy
required to raise two "typical" windings from bath temperatureto critical
temperature. For a 4-cm collider dipole at operating conditions,the temperature
margin at the high field point is 0.35K, assuming"standard"SSC conductor. The
operatingcurrentis about95% of critical current, sothat a temperaturerise of 0.35K
will causea decreaseof 5% in plateaucurrent. When the magnetis at zerocurrent
and field, the temperaturemargin is 5.0K. The variation in enthalpy with
temperaturemargin dependsupon the materialsincluded in the calculation. For
the momentlet us consideronly curve At, which illustratesthe casefor a mixture
of NbTi andcopperand is modeledon Figure 5.7 of Wilson1. Theenthalpymargin
at operatingcurrent is less than 1000 jIm3 and, becausethe enthalpyis a strong
function of temperature,the enthalpymargin varies rapidly with magnetcurrent,
increasingby a factorof 100ascurrentdecreasesto zero.

CurveB illustratestheenergydepositiondueto AC lossesduringrampup. I
havemadeno attemptto depict thecorrectfunctional form of this curve. The only
thing that matters is that it is monotonicallyincreasing,so I havesimply drawn a
straight line. The magnetwill quench at the current wherecurves Bi and At
intersect. Curve B2 illustratesthe casefor a fasterramprate, chosensuchthat the
magnetquenchesat the operatingcurrent. Curve C1 illustratesthe case in which
the magnet is rampeddown at the samerate as was usedin B2, so that the total
energydepositionis the samefor the two cases. It is dearthat C1 lies well below At
and, therefore,cannotcausea quench. If the magnetis rampeddownat thehigher
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rate representedby curve C2 it will just quenchat zero current;even higher ramp
rateswould be requiredto quenchthemagnetat a current&eater thanzero.

LBL has measuredthe dependenceof quench current on ramp rate for
various short magnetsover the pastyears. In detail, the resultsdependupon the
parametersof thestrandandcable in themagnets. Themost relevantmeasurement
is for the 5-cm bore Cable Test Magnet2,which uses"standard"SSC wire in a 28-
strandinner cable and 36-strandouter cable. This magnetshowsa 5% decreasein
quenchcurrentat a chargingrate of 200 A/sec. correspondingto curve B2 during
chargingor C1 during discharge. As alreadypointedout,the enthalpyalongcurve
Aj increasesby a factorof 100 asthecurrentdecreasesfrom operatingto zeroandthe
magnetseemsto be safewith plenty of margin for error. The specifiedemergency
dumprateis 330A/sec,ratherthan200 A/sec Evenif all theAC loss is dueto eddy
currents,theenergydepositionwould increaseonly a factor of 1.65 andtherewould
still be plentyof margin.

In the abovediscussion,a large part of the energy margin at zero current
resultedfrom thestrong temperaturedependenceof theenthalpyof solid materials.
Curve A2 illustrates a "worst case", in which energy absorptioncapability is
dominatedby liquid helium, which fills the 15% void spacethat is estimatedto
occurin thepresentdipole winding. It is assumedthat thehelium is immobile and,
therefore,absorbsenergyat constantdensity. Theenergyabsorptioncapacityat all
currentsis increasedbut thevariation with temperatureis lessdramaticbecauseC
for helium is almost independentof temperature. Even so, the ratio of energy
margin at zero currentto that at operatingcurrent is at leastaslargeas the ratio of
temperaturemargins,which is 14.

One can complicate this model at will, adding the heat capacitiesof the
helium that surroundsthebore tubeand of theportion of collar and yoke to which
heatcan diffuse during the transientheating. None of this appearsto changethe
aboveconclusion: for the presentstrand,andfor the"wide cable"projectedfor use
in a 5-cm-boredipole, thereis plenty of marginagainstquenchingduringchargeor
dischargeat specifiedrates.

Without a model for the complex thermal processesoccurring within the
magnet,a measurementof quenchcurrentvs ramp rate doesnot yield a value for
energy dissipation. Despite the fact that chargeor dischargewill not produce
quenching during accelerator operation, it would still be useful to have
experimentalresultson energyloss vs. rampratefor a magnetof "baseline"design,
using standardstrandand cable. It is important to check that AC losseswill not
havean impacton thecryogenicsystemfor thecollider. Further,the resultscan be
scaledto producea betterestimatefor lossesin the HEB; thepresentestimate3was
madeby scalingfrom the Tevatron. The requisitemeasurementsare bestmadeby
determiningthe temperaturerise asa magnetis cycledin a bath of Helium U. The
Supercon group at LBL was, as of several years ago, able to perform such
experimentson a routine basis.

What benefitwould be gainedby separatingthe inner andouter coil layersby
"flshbone", providing an additional volume of helium in contact with the coil?.
The lime constantfor heatto diffuse from the windings to this heliumwill be a few
tensof milliseconds,becauseof the low thermaldiffusivity of theKapton ground
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wrap. The helium enthalpy will thus not help in the event of rapid transient
heating,suchas causedby a suddenshowerof particles. For steadystatepower
dissipation it seemsunlikely that the addition of a small amount of helium in
narrow channelswill add to the overall heat removal capability of the system
Finally, as alreadyargued,the availableenthalpyis alreadymorethan sufficient to
accommodateAC loss during ramping. I thus see no evident gain by adding
"fishbones";on the downside,there is additional expenseandsomeconcernabout
changingthe mechanicalstructureof the magnets.
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Figure 1. Energymarginandenergyreleaseasa function of magnetcurrent On the
horizontal axis, ‘c is thecritical currentand1op is the operatingcurrent. The vertical
axis has a log scale;tic marksrepresentfactorsof ten in energy. CurvesA1 andA2
illustrate the variation in energy margin- that,is, the amountof energy per unit
volume neededto raise thesuperconductorto its critical temperature.Curve Ai is
typical of a winding containingonly superconductorand other solid materials,
while thewinding in CurveA2 hasliquid helium trappedin voids totalling 15% of
the volume. Curve B1 shows theenergydepositionduring ramp up at a low ramp
rate; for curveB2 , the ramprate is fast enoughto causethe magnetto quenchat the
operatingcurrent. CurveCi showsthe energydepositionduring ramp-down,with
the ramp rate the sameas in B2. CurveC2. shows the energy deposition during
ramp-downat a,much higher rate, in which the magnet is heatedto its critical
temperatureat zerocurrentandfield.
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