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Summary of HEB Magnet Ramp Rate Studies

G. SnitchierandR. Jayakumar

SuperconductingSuperCollider Laboratory
2550 BeckelymeadeAve.

Dallas, TX 75237

Abstract

A significantamountof ac loss andramprate quench sensitivity datawas generatedin the ASSTCDM
program,the GeneralDynamicsmodel magnetprogram, andthe Westinghousemodelmagnetprogram.
Severalmodelsweregeneratedto explain theramp ratebehavior.A summaryof relevantdataandmodelsis
presented.
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1.0 INTRODUCTION

The High EnergyBoosterHEB is abipolar machinerampingat 62 A/s. It requireseight bipolar cycles
to fill thecollider ring. A single bipolarcycle is shownin Figure 1 andincludes203 s of ramptime and29 $

of stop timeperhalf cycle.

C

0

7

5

3

1

-1

-3

-5

-7
0

Time a

Figure 1. Baseline HEB bipolar ramp cycle.

TheHEB rampcycle is consideredto be dynamicwhencomparedto colliderring operationin which the
dipole magnetsendureonly a 4 A/s rampto operationalcurrent.The HEB magnetsmay require a more
robustdesignspecificallyfor ac operation.The ac loss mechanismsincludehysteresisandeddy current
terms. The superconductorhysteresismagnetizationcan be approximatedby bulk superconductor
magnetization

Ms=!&Jcdf[lfJ 1

andiron magnetizationMh is the standardM vs. H loop. Theenergydissipatedis

Q=- .I"MdB. 2
p0

The eddycurrentlossesfor strandandconductorare relatedto the eddycurrenttime constantandthe eddy
currentmagnetizationis

wherethe strandthe time constantis1

3
dt

The powergeneratedis

4
2Pet2x

Wei1a’dV
/1° . dt
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The well knownexpressionfor Rutherfordcablethe powerper unit length generatedis andscaling laws
canbe derivedfrom Morgan’sformula.2

6
60R dt

A baseline trade study was conductedusing information from the 40-mm CDM prototypeprogram,
magnetizationdata,and sampledatafrom Brookhavenand KEK.3’4 SeeTable 1. Thebaselineaverageheat
load for the HEB cycle was 11.5 Wattsincludingpausestates.5

Table 1. Baseline ac loss estimate per meter of dipole magnet.

SC HYSTERESIS IRON HYSTERESIS STAND EDDY CABLE EDDY
J J J/AIS J/AIS

128 25 0.18 0.08

2.0 RAMP RATE SENSITIVITY

The primary ramp patternutilized in mostSSCLmagnetsinglemagnettestprocedureswas asawtooth
rampfrom zeroto quenchcurrentat severalrampratesfrom 1 A/s to 300A/s. This rampcycle was selected
becauseit was easyto implementandwasjustified by thermalarguments.The longestthermaltime constant
in thex-y planeof adipole magnetwas approximately100 s. In addition, thereis a thermaltime constant
associatedwith the annularflow of helium which is in the rangeof 200-400s. The only additional thermal
informationgainedby establishinga pre-conditioningrampcycles would be the annularflow pre-heating.
The quenchcurrent as a functionof ramp rate hasbeenstudied in severaldipole magnetprograms.In
Figures2, 3, and 4, the FNAL prototypemagnetsmade with IGC, Oxford, andSuperconcable quench
performanceis presented,respectively.6There is acleardistinctionbetweenthe IGC magnetperformance
whencomparedto the magnetsconstructedby othermanufacturers.The Brookhavenrampratestudiesfor
the glass-epoxyandall polyamidemagnetareshownin the Figures5 and6, respectively.7

The shortmagnetrampratebehavioris distinctivefrom the longmagnetprograms.The rampratequench
sensitivity for the FNAL 40-mm aperturemagnetprogramis plotted in Figure 7. These magnetsare
interpretedas low loss type A magnetsin a pool boiling environment.Seethe discussionin section4.1.8
TheFNAL-and SSCL-built 50-mmshort magnetsareshownin Figures8 and9. In general,thesemagnets
revealvaguely typeB behaviorassumedto be associatedwith trappedcurrents.

The GeneralDynamicsandWestinghousemodel magnetprogramsprovided additional anduniqueac
information.The GeneralDynamicsmodelmagnets,labeledDSD, were fabricatedwith the all polyamide

material XMPI9 and cured above a temperatureof 225°C. The original developmentof XMPI for
acceleratormagnetswascarriedout atBrookhavenwith greatcarefor the temperatureandpressureprofiles.
This implementationandthe selectionof cable from a vendorwhich typically yields type B magnetsyielded
mediumloss andramp sensitivemagnetsshownin Figure6.
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Figure 2. FNAL magnets constructed with IGC cable.
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Figure 3. Ramp rate performance of the FNAL magnets made wIth Supercon cable.
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Figure 4. Ramp rate performance at the FNAL. magnets made with Oxford cable.
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FIgure 5. Ramp rate performance of the BNL glass-epoxy magnets.
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Figure 6. Ramp sensItIvity of the 40-mm FNAL serIes model magnets.
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FIgure 8. Ramp sensItivity of the 50-mm FNAL serIes model magnets.
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Figure 9. Ramp sensitivity of the post ASST 50-mm FNAL and SSCL model.
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FIgure 10. Ramp sensitivIty of the DSD series model magnets.

The GeneralDynamics magnetswere fabricatedwith FNAL-style curing to a fixed size using
Brookhaveninsulation andcuring temperaturesbelievedto be near250°C.The curing pressureswere
higher than nominal becausethe cross-sectionwas magneticallydesignedusing ASST glass-epoxy
dimensionswhich are smallerthanthe XMPI two 50% overlapcabledimensions.As a consequenceof
some or all of the aboveparameters,the DSD magnetswere the most ramp sensitivemagnetsobservedin
anyof the SuperCollider developmentprogramsas shownin Figure 10.l2
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Figure 11. Ramp sensitivity of the DSB series model magnets.
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The Westinghousemodel magnetprogramwas uniquefor two reasons:One, themagnetwas constructed
usinga coil-on-coil wind and curetechniquesimilar to HERA magnets13andtwo, therewas a conscious
effort to implementall-ebonalcable in DSB7O3.Thecoil-on-coil curing procedurerequirestwo curecycles
on the innercoil. This may increasethe risk of ac sensitivity by increasingthe heattreatmenttime. DSB7OI
appearsto be a high loss magnetbasedon ramp rate data shown in Figure 11 and no EIEO ac loss
measurementswereavailablebecausethe measurementswere outsideto high-voltageprotectioncircuits.’4
DSB7O2hadsignificantly lower ramp ratesensitivity thanDSB7O1 andthis maybe associatedwith more
control over curing pressures.15DSB7O3 is a uniquetype B magnetwhich is assumedto be directly
associatedwith the high interstrandresistanceenforcedby the ebonalcoatingon thestrands.16

3.0 AC LOSS MEASUREMENTS

The ac loss integral techniqueor energy-in-energy-outEIEO was developedat FNAL.1718 In
summary,the energyloss is defmedas

Vt1td:=- Vtdt - L1t_Li0]dI 7

where the termsin the bracketare the "correctedvoltages"plotted in Figures2-4. Reference4 hasmore
informationon thetechniqueusedto analyzethe voltageand currentdata.The datais acquiredby HP3458A
meterswith a datarate of 5.8 Hz. Generally,five monopolarloops are performedto provide a limited
statisticalbasisfor the areain VI loop. The waveformis shownin Figure 12.

Long time constantswere observedin the VI loopsfor DSD1O2,DSD1O3,andDSD1O4magnets.A
sampleof the long time constantbehavioris plottedin Figure13.19 Tn the 50 A/s casenotice that the turn
aroundvoltageat0.5 andS kA hasan exponentialcharacterwhich appearsto be aneddycurrentinductance
ioop dischargingand chargingin the oppositedirection. Long time constantswere also observedin
magneticmeasurementsof the DSD modelmagnets.20

In Figure 14, there is a plot of loss vs. ramp rate. It is clearly non-linearas a function of ramp rate.We
interpretthis effect as the lowering of the areain the VI loop at fasterramp ratesdueto the eddycurrent
chargeup time. In an attemptto quantify the non-linearbehavior, a secondfit was madeto the first three
datapointswhich is labeledfit b.

A summaryofall magnetsmeasuredat FNAL and SSCL is listed in Table 2. The authorstook the liberty
to classifythe magnetsas type A, high loss magnets,or typeB, low lossandtrappedcurrent magnets.In
some casesthe criteria for A vs. B is poorly defined. Only the DSD magnetsare known to havethe
significantly non-linearac loss behavior.

5000A
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Figure 12. Ramp waveform.
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Figure 13. DSD1O3 Vi loop at SONs.
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Table 2. Ac loss measurements per unit meter of magnet.

MAGNET CABLE VENDOR
HYSTERESIS

LOSS J
EDDY LOSS

J/A/S TYPE

FNAL 15m
DCA311 Supercon 49.6 0.80 B
DCA312 IGC 49.27 4.20 A
DCA314 IGC 50.60 2.38 A
DCA315 IGC 51.27 3.31 A
DCA318 Oxford 48.2 0.50 B
DCA319 Oxford 47.53 0.62 B
FNAL 1.5 m
DCA323 64.00 0.41 B
DCA324 61.33 0.41 B
DCA328 66.67 0.42 B
DCA329 64,67 0.42 B
GD 1.8 M
DSD1O2 IGC 180 22.86 A
DSDIO3 IGC 117 37.2 A
DSD1O4 IGC 129 39.8 A
WEC 1.8 m
DSB7O2 IGC 187 1.15 A
DSB7O3 IGCebonal 192 0.58 B

4.0. MODELS

4.1 Thermal Models
A fmite elementthermalmodel was developedusingANSYS to computethe quenchcurrentsbasedon a

AT associatedwith atransientheatload. In someof the model cases,an approximationfor global heating
has beenimplementedby introducinga changingbathtemperature.Tb, from resultsof a finite element
thermal model,21-22andis expressedas

Tb=0.306P[1_EXP[ 8

wherethe exponentialterms representthe coil to bypassandcoil to annularflow time to steadystatetime
constants.The linear term is the global heatingof the He dueto eddycurrents.The constantterm is the
global heatingdueto hysteresis.The power/meterof magnetstraightsectiongenerationis defmedas

P
= 1.361o_3÷6.321o_452

where is the scalingfactorfor measuredinterstrandeddycurrentlossesrelativeto an initial estimateof
0.08 Js/Am in Table 1 of ReferenceS which is the valuefor half of abipolar cycle to 6.5 kA. Table 2 in
Reference3 is a reductionof the observedlossesin a monopolarrampfrom 500 to 5000 and returningto
500 A. The scalingfactor can be derivedfrom

EI’-0.l8
f= 10

whereE is the eddycurrent loss in Table2 of ReferenceS.For example,the largestloss magnet,DCA312,
has a scaling factor of 74 and a typical type B magnethas a scalingfactor of 8.9. There is harmonic
evidenceDCA31 2-DCA315 could havesignificantasymmetryin azimuthalheat loading which may impact
the azimuthal temperatureprofile. An ANSYS model was performedwith head loading information
providedby Ogitsu23andno significantchangein resultantprofile was evident.24
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4.2 Strand Stability Model

A model for the critical current of a superconductingstrandunderchangingcurrentand magneticfield
conditionswas developedby R. Mints.

In this work,25-26the electric field parallelEparandperpendicularEpeipto the strandassumedto be
a uniform matrix of superconductingfilamanetsand normal conductingmaterial are calculatedfor
conditionsof a transportcurrent It = 0, dB/dt 0, b dl: Id: 0, dB/dt = 0 andc It 0 , dB/dt 0.
The realmagnetcaseof dltldt 0 anddBIdt 0 is obtainedby linearly summingcasesb andc. The
relationsfor the casea are obtainedin a similarway as in Reference3. For the casea, the saturated
region of supercurrentsEpar 0 are bananashapedregionsat the edgesof the strandwith thickness
which dependson dB/dtandthe critical currentdensityandacharacteristictimeconstantthatdependsupon
the normalmatrix transverseresistivity. The azimuthalcomponentof the supercurrentdueto the fact that the
filamentsare twistedthencirculateclosedthroughthe matrix Epar= 0, Eper 0 . For this caseEparis
negligible or smallcomparedto Eperp. It is pointedout that the rate for the operatingramp rate of the
magnet, the assumptionof uniform matrix is poor. For the caseb and c, the penetrationof the
supercurrentsis cylindrically symmetricso that thesecurrentsflow in a shell, so thatMaxwell’s equations
canbe solvedmoredirectly to get the electric fields. In the caseb parallelelectric field is much largerthan
the perpendicularcomponent.The casec is obtainedby combining a and b, so that the spatial
distribution of the supercurrent saturatedregionis a shiftedshell, so that valueofEpardependsupon the
azimuthalpositionaroundthe strand.For thelimiting cased ofd4Idt 0 anddBldt 0 which respresents
strandsin the coils of amagnet,the resultsof b andc are linearly addedto obtainEpar.

Electric fields obtainedas abovefor cased are usedto calculatethe critical currentof a strandunder
rampingconditions.The field valueis comparedwith thestability condition,

Epar Ph/Ax5jfj 1Idjdt} II

whereA andP areareaandcooledperimeterof the strand,Xs is the volume fractionof superconductor,h is
theheattransfercoefficient,jl is aparameterdescribingsuperconductingcritical surfaceandj is the critical
currentdensity.

1.5 m+ 1-4n,3 1 / 1-0.5 im -.43 Urn ÷ In 1-iS] = a 12

wherea= dlq/dt / dL/dt, /3 = 3,u0/8NkR,dlldt = 3ltLtsh/lVkR2kJl1Jc 1/djcldt

N is the numberof turns andB = Nk L The critical currentis calculatedfor differentvaluesof a and/3 and
for /3 cc 1 a seriousdegradationof critical current occurs for a cc 1. For SSCconductorsa serious
degradationof critical currentwould occurfor 25 A/s if h is less than0.1 W/m2IC. The model showsthat
critical currentdrops initially with increasingramp rateandthen decreasesmore slowly as ramp rate is
increased.Thisis similar to the B typemagnetbehavioralthoughthe modelpredictsmuchlargerslopesor a
severedegradationfor heattransfercoefficientexpectedin SSCmagnets.

4.3 Eddy Current Stability Model
This eddycurrentloop model28consistsof oneeddycurrentloop of two adjacentparallel strandswhich

chargeanddecayaccordingto the equation:
dcD

--ri
‘e dt e 13
at L -

The loop resistance,r, is the sumof the contactresistance,re, and the current sharing resistance,
r5 prrr.B.Tzrrr.B.T.Jt4A wherexis the current sharingfunctionwhich varieslinearly as a functionof

T between0 and 1 in the current sharingregion andhasthe valueof zerobelow currentsharingand the
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valueof one abovethe critical currentfor a given total current,I,, magneticinduction, B, andtemperature,
T. x is computedby usingthe MorganJc surfaceanda binary searchsubroutineto find the beginningof
currentsharingandcritical currents.The routine thendetermines

O;TT3

zrrr,B,T,1=
T_

;T TTC . 14

t;TT

The electrical circuit is thencoupledto a simplerepresentationof the thermaldomainseenby the strand
carrying thetransportplus eddycurrent.The strandtemperatureis governedby

Al dT
-9---=A1pJ2xrrr.BTIt-hP1qT- Tb IS
rep t

where the Joule heating term has the current sharingfunction. The local temperaturedomain, T, is
consideredto be the strandpluslocal helium which is currentsharingovera length,1q.The externaldomain
is consideredto be adjacentstrandsandthe temperatureis labeled,Th.

The pulsing eddycurrent modelwas abandonedbecausethetime constantrequiredto havea stablepulse
was too smallwhencomparedto the specialramp studiesperformedon the ASSTmagnets.Thesestudies
were labeledSchermerramps,SnitchierV-ramps, andOgitsu-Krzywinskirampsfr7

4.4 Trapped CurrentModels

The trappedcurrentmodelsweredevelopedto explainthe long time constantbehaviorwhich clearly
could not be associatedthermaltime constants.The trappedcurrentmodelsfall into two classes:1 Turck
modelsand2 diamondmodels.The Turck modelsare well describedin Reference27 and will not be
discussedin this paper.

Thesecondclassof modelsaddressopposedpairsof strandswhich carry trappedcurrents.The trapped
currentcould be causedby anet enif occurringat the endturn region or by disturbancesassociatedwith
local low interstrandresistances.There are uncompletedmodels from Wake, Snitchier, Swenson,
Akhmetov,Kovachev,Carr, andprobablyothersatthe time of this publication.

As an example,asimpleLR circuit modelcan be constructed.The trappedandtransportcurrentcan be
computedatany timeby

16

wherev is the emf, rt is the resistancebetweenthe two strands,L is the total inductanceof the two strand
circuit, andR is the transportstrandramprate.The parametersselectedfor the calculationin Figure 15 is

L = 600 x 20 x l0 andrt = 80 x iO. The inductancefor one loop is computedto be 20 x i0 so
thereare600 loopsactive in this model.
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FIgure 15. Trapped Current Model.

4.5 Field Harmonic Models and Quench Localization

The dynamicmagneticfield harmonicsprovideda usefultool for understandinghigh lossbehavior.In
particular,DCA312 was successfullymappedout for local areasof high eddycurrent.Theseaxial positions
in the magnetwere then mappedout for azimuthalcontributionsto identify the sourceof the high eddy
currentcontributions.29The quencheswere thenlocalizedby aquenchantenna.3°

The datafrom thesetwo programswere thenusedto developan autopsyprogramwhetethe interstrand
resistanceswere measuredin extractedsectionsof collared coil.31 The measurementsby Kovachev
demonstratedthat adjacentstrandshad a muchlower interstrandresistancethannormal strandcrossings.
There is work in progressto studythe adjacentstrandresistancesand developa model to describethis
effect.32

5.0 UNRESOLVED ISSUES

At the terminationof the Supercolliderprojecttherearestill manyunansweredquestions.The trapped
current modelsappearto be the mostpromisingexplanationbut no fmal conclusionsor programto verify
the modelsare available.The typeA behaviorcan be mitigatedby a higherinterstrandresistancebut, higher
interstrandresistancescan drive type B behavior.A well plannedstudy of controllableresistancesshouldbe
implementedwith furtherstudiesof strandcoatings:ebonal,chromium,solder,or othermore innovative
resistancebarriers.
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