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Introduction

Over the pastseveralmonths,measurementsof AC losseshave beenperformedat FNAL on
several1.5mSSCmodeldipolemagnets.Initial measurementson magnetDS0315,thelast40mm
diameterbore short model magnet,were aimed at evaluatingthe measurementsystemand
determiningsuchfactorsasmeasurementreproducibility and accuracy.Latermeasurements,on
magnetsDS0315 and DS0314, offeredreasonablyaccuratedataregardingthe lossesin these
magnetswhenoperatedundervariousunipolarandbipolarramp conditions.The latestextensive
round of measurements,performedon magnetDSA324, offer evidenceof substantiallylarger
lossesin the50mm boremagnetsundervariousramptypes,while at the sametime demonstrating
evidenceofvery good reproducibilityand sensitivityof themeasurementsystem.Thisreportwill
describein detail themeasurementsystem,recentmeasurementsand their results,andavenuesfor
future investigations.

MeasurementSystem

The techniqueemployedat FNAL for measuringhysteresisandeddycurrentlossesdiffers from
previoustechniquesemployedhereandelsewhere.Previousmethodseitherrequiredtheanalog
integrationof theproductof themagnetvoltageandcurrent1’2’3, or calorimetricmeasurementsof
theheatproducedby theselossmechanisms4’5.The former methodssufferedfrom problemsof
drift of the analogintegrationcircuitiy, andrequiredtheuseof a "bucking" coil in serieswith the
magnet,to subtractoff the largeinductive componentfro themagnetvoltagesignal. The latter
methodsrequirevery careful control and knowledgeof the various heatloadsin the cryogenic
system,and elimination of any heat leaks that are present.Even former digital integration
techniques6still requiredtheuseof a buckingcoil, andwerethereforeproneto errorsinducedby
theextracircuitry this techniquerequires,andnoisethat can be pickedup in sucha coil from the
electromagneticenvironment.

The measurementsystemin use at FNAL comprisestwo fast, integratingdigital voltmeters
Hewlett-Packardmodel3457A,which simultaneouslyrecordthevoltageacrossthetotal magnet
coil, and themagnetcurrentvia a l2kA shunt.The DYM’s are triggeredsimultaneouslyby a
function generatorWavetekmodel 75, which outputsa burst of pulsesto the externaltrigger
input oftheDYM’s. A readingis initiatedfor eachpulsereceived.Simultaneousexternaltriggering
of the two voltmetersensuresthat the magnetvoltage andcurrentaremeasuredat preciselythe
sameinstantof time. Passivelow-passfilters 100 Hz or 4 Hz areusedon the inputs of the
DVM’s to suppress720Hznoisethat resultsfrom thefiring patternof the SCR’sin theTransrex
magnetpowersupplies.An IBM-PC typecomputerwith 80386processoroperatingat20MHz is
usedto control thedataacquisitionprocess,utilizing the OPIB bus for datatransferand instrument
control.Figure 1 indicatestherelevantcomponentsof theAC lossmeasurementsystem.Magnet
voltageandcurrentare digitally integratedoffline to yield energyloss perclosedcurrentcycle,
usingdataanalysissoftwarewritten in Fortranandrun on theFNAL centralVaxcluster.Datacan



also be analysedusing a complementaryprogram, written in compiled Basic, on the PC.
Agreementbetweenthesetwo analysisprogramsis typically betterthan 1 Joulec .5 %, the
discrepancybeing ascribedto differencesin real numberhandlingbetweenthe two computer
systems.In addition to energyloss results,the Fortrandataanalysisprogram alsoprovide the
capability to plot various voltage/current/timerelationships.

MeasurementProcedure

During a typical AC lossmeasurementrun, themagnetis cooledto 4.2K by insertionin abath of
boiling liquid Helium. The magnetis poweredusing a single Transrex500-5 unipolar power
supply; bipolaroperationcan be achievedusing a current-reversingswitch developedfor the
FermilabDO low-B insertionproject.The power supplyis controlledusing a DEC jWax through
CAMAC andOPIB busses.The DVM’s aretriggeredat a frequencyof 4.5 Hz , correspondingto
a DVM integrationtime of 10 power-linecycles,anda sufficientnumberof readingsto capturea
completerampcycle aretaken.Individual readingsarestoredin theinternalmemoryof theDVM’s
in FIR mode,andreadout by thePC,

A standardunipolarrampconsistsof a5 seconddwell at 500 A, alinearly ascendingrampto 5000
A, a 5 seconddwell at 5000A, thenalinearly descendingrampto 500 A. This cycle is performed
at least 10 times for eachramp rate studied,measurementsbeing initiated on the 4th and
subsequentcycles.Unipolarcyclesarestudiedat rampratesfrom 30 to 300 A/second.

Standardbipolar ramp cyclesconsistof a5 seconddwell at 0 A, then a linearrampto 5000A, a5
seconddwell at5000 A, then a linear rampto 0 A. After a 5 seconddwell at 0 A dictatedby the
operationalcharacteristicsof thebipolarswitchingcircuit, thecurrentis reversedandthemagnetis
rampedto -5000 A. After a 5 seconddwell at -5000A, the magnetis then rampedto 0 A. This
bipolarcycle is alsoperformedat least 10 times, with databeing takenon the4th andsubsequent
cycles,at rampratesrangingfrom 60 to 300 A/sec.

AC Loss Measurements- Magnet DSO31S

MagnetDS0315,a l.5m model dipole, was the last FNAL-built short 40mm magnetandwas
testedextensively.Completetest resultsandconstructiondetailsareavailableelsewhere7’8.This
magnetwas usedduring the developmentof thedigital AC loss measurementtechnique,and
provided a benchmarkfor measurementreproducibility,etc. The resultsof the first round of
measurementswere reportedearlier9.For example,throughmeasurementsperformedon this
magnet,it wasfoundthatabuckingcoil wasnot necessaryfor thesuccessofthedigital integration
technique.Measurementswith andwithout thebuckingcoil differedby lessthan5%, whichwas
the sameasthemeasurementreproducibility at that time. It wasalsofound that low-passfilters
wereneededto eliminatethe720Hz noisefrom thepowersupplies.A discontinuityin thecurrent
versustime relationshipwas seenwhen operatingwith two powersuppliesin parallelthestandard
testconfiguration,which led to errorsin themagnetvoltageintegration.Therefore,it wasdecided
to useonly onepowersupplyfor all subsequentAC lossmeasurements,eliminatingthis possible
sourceof error. We alsoexperimentedwith different integrationtimes anddatasamplingrates,
fmally settlingupon a datarateof 4.5 Hz and a 10 power-linecycle integrationtime. It shouldbe
notedthat thisintegrationtime doesnotrefer to the integrationof themagnetvoltageandcurrent,
but to the time that the voltmeter integratesthe input reading,eliminating random noise
contributions,while taking into accountany actualchangesin the inputsignal.

The secondroundof AC lossmeasurementsyieldedreliablequantitativeresults.Undera standard
unipolarcycle from 500 to 5000 A, thehysteresisloss identifiedas thelossat zeroramp rate
was measuredas60 Joules,with a ramp ratedependenceof0.22 Joules/Alsec.Theseresultsare



plottedin Figure2. In Figure 3 theresultsof a similar measurement,from 50 to 5000A, aregiven.
Note thatboth thehysteresisloss andeddycurrentlosshaveincreasedin this case,asaresultof
thelargerrangein currentfor thisparticularcycle.In thelattercasethehysteresislossis now about
66 Joules,with a rampratedependenceof0.26Joules/A/sec.

Underoperationwith a standardbipolarrampcycle, spanningthecurrentrange± 5000A, we find
a significantly largerenergyloss percycle.From Figure4 we fmda hysteresislossof about188
Joules,abouta factor of 3 increase,with a ramp ratedependenceof about0.35 Joules/A/sec.
Theseresultsare in very good qualitative agreementwith expectations;we expecta greater
hysteresisloss in the iron yoke under bipolar operation,and an increasein the eddy current
dependenceby a factor ofabout2.

Measurementswere alsoperformedfor a different bipolar cycle, suppliedby the SSCL, and
designatedbipolarHEB cycle#1. This particularrampwasslightly morecomplexthanthoseused
previously;it includeddwells at ± 640 A, ± 6400 A, andat 0 A. Energylossesover this cycle
were studiedfor ramp ratesfrom 90 to 339 A/sec.Due to themuch largercurrentrangein this
cycle, it wasexpectedthatboth thehysteresislossesandeddycurrentlosseswould be largerthan
for the standardbipolarcycle. From Figure5 we seethat this is indeedthecase- the hysteresis
losshasincreasedto 212 Joules,while therampratedependenceis now 0.56Joules/Alsec.

AC Loss Measurements- Magnet DS0314

The secondmagnetto undergoAC lossmeasurementswasmagnetDS0314,alsoa 1.5mmodel
magnetwith a 40mmbore.This magnet,thoughbuilt beforeDSO315, wastestedlater duetopoor
initial quenchperformancewhichrequireddisassemblyandcorrection.The constructiondetailsare
similar to thoseof DS0315,and completeperformanceresultshavebeenpresentedin an earlier
notet0.

Due to time constraints,the only AC loss measurementsperformedon this magnetwere the
standardunipolarrampratestudy.Resultsof thesemeasurementsweresomewhatdiscouraging,as
the scatterin thedatawasquite large. This wasattributedto electricalnoisein themagnetvoltage
signal, perhapsdue to poor shielding of the signal leads,and inductive pick-up.Even so, the
resultsobtainedfrom afit to thedatayield a hysteresislossof about85 Joules,andan eddycurrent
dependenceof about0.23Joules/A/sec.Thesefiguresarein relatively goodagreementwith those
obtainedfrom measurementson magnetD50315.

AC Loss Measurements- Magnet DSA324

MagnetDSA324is thefifth shortmodelmagnetwith a 50mmbore to be built at FNAL, andthe
third suchmagnetto undergocold testing. Details of its design and performancehave been
previouslydocumented11’12.It wasthefirst 50mm magnetto be measuredfor AC losses.Since
more time was availablethan normally,variousspecialtestswereperformedon this magnetin
additionto thenow standardunipolarandbipolarrampratestudies.

StandardMeasurements

Figure6 indicatestheresultsof a standardunipolarrampratestudy.The muchhighef hysteresis
loss of this magnetis clearly evident, as is the larger ramp rate dependence.This magnet
experiencesa hysteresisloss in this cycleof 109 Joules,about70% morethan a 40mmmagnet.
This is not unreasonable,asthehystersisloss scaleswith thevolumeof thesuperconductor,which
is greaterin a 50mmmagnet.Likewise, theramp ratedependenceof 0.70 Joules/A/secis also
significantly higher thanthat of a 40mm magnet;increasedamountsof copperfrom thelonger,



wider cableis most likely thecausehere.It shouldbe notedthatmagnetDSA324showedapoorer
dependencebetweenramprateandquenchcurrent,i.e., thedegradationin quenchcurrentoccurred
at lowerrampratesthanfor other50mm and40mmmagnets.This wasattributedto thecableitself,
which showeda lowerstrandto strandresistivity. This propertywould alsocontribute to larger
eddycurrentlosses.

The other standardtestperformedon this magnetwas thebipolarrampratestudy. The resultsof
thesemeasurementare presentedin Figure 7. The hysteresisloss for the bipolar cycle has
increasedto 300 Joules,while the eddy current losseshaveincreasedsubstantiallyto 1.69
Joules/A/sec.As in the caseof the 40mm magnets,bipolar operationleads to a much larger
hysteresisloss in theiron, again an increaseof aboutafactor of3. The increasein theeddycurrent
portion is alsocloseto thefactor of 2 that we expect. The scatterin thebipolardatais typically
about20 Joules,correspondingto a 2-4 % deviation.

OtherMeasurements

It hadbeennotedduringpreviousAC lossmeasurementsthat an irregularityin themagnetvoltage
signalswasoften observedat pointscorrespondingto about4800-4900A. It wasunknownat the
time whetheror not this was due to currentfluctuationsfrom the power supply,or noisefrom
outsidesources.It wasalsonot known whetheror not this occurredat somefixed value of the
magnetcurrentor at somefixed percentageof themaximumcurrent.To isolatethis problem,a
unipolarrampratestudy wasperformed,identicalto thestandarduiñpolarramp,exceptthatthe
maximumcurrentwas4500 A insteadof 5000 A. Analysis of themagnetvoltagefor this cycle
failed to revealany irregularity, indicating that thecurrentfluctuationsofthepowersupply were
confined,for example,to theregime between4750 and5000A. A plot ofthe lossasa functionof
ramp rate is given in Figure 8, which showsa hysteresisloss of 93 Joules,anda ramp rate
dependenceof 0.69 Joules/A/sec.Thesevaluescomparevery favorablywith thosefrom the
standardunipolar run for this magnet;the hysteresisloss has decreasedin proportion to the
decreasein currentrange.Note also that the scatterin thedatais substantiallylessin this case,
owing to thefact thatirregularitiesin themagnetvoltage,dueto currentfluctuationsabove4500A,
havebeeneliminated.

Anothersetof runswereperformedwherethecurrentrangewas identicalto thestandardunipolar
run, but thevaluesof ‘mm and‘max werechangedto 0 and4500A, respectively.This run couldbe
compareddirectly to the standardunipolarrun; anydifferenceswould resultfrom thechangein
currentendpoints,but rot currentrange.Resultsarepresentedin Figure9. From thisplot wesee
that this runproducedhysteresislossesandeddy currentlossesalmostidentical to the standard
unipolar run, 111 Joules and 0.82 Joules/A/sec.,respectively.Both of these values agree
extremelywell with thosefrom thestandardunipolarrun, to within ourexperimentalerror. Any
effectson thehysteresislossfrom differencesin minimumcurrentareovercomeby thefact that the
superconductoris eventuallyexposedto fields in excessof thepenetrationfield.

A third set of non-standardruns wereperformed,with ‘mm andIn now changedto 0 and 5000
A. respectively.Figure 10, a plot of the data from this run, showsthat the hysteresisloss has
increasedto 132 Joules,while the ramp rate dependencehas similarly increased,to 0.80
Joules/A/sec.Thesevaluesagreewell with our expectationsbasedupon the increasein thecurrent
range,from 4500A to 5000 A. Note too, that thescatterin thedatais somewhatlargerthanfor the
previousruns,due to theirregularcontributionfrom powersupplynoiseabove4500 A.

The final setof runsweredesignedto determinethedependenceof thehysteresislosson thefield
change.It is known thatfor fields less thantheso-calledpenetrationfield the lossasafunction
of field strengthvariesquadratically.Above thispenetrationfield, thelossscaleslinearly’3. In a
single strandof superconductor,this transitionis quite distinct; in a compositecable,ormagnet
coil, thetransitionis expectedto be lessobvious,dueto thefact that notall of thesuperconducting



filamentsareexperiencingthesamefield strengthat the samecurrentlevel. To investigatethis
phenomenon,severalrunswereperformedat a fixed ramprate50 A/sec.,to increasinglyhigher
final currents100,200, 300, 500, 750, and 1000 A. The hysteresislosseddycurrentlosses
havebeensubtractedout is shownin a log-logplot in Figure11. The changein dependenceupon
currentrangeor field strengthis clearly evident.The regionaboveabout 400 A appearsto havea
slopeequalto unity, while theregionbelow 400 A hasahigher slope,approximatelyequalto 2.
This behavioragreeswell with our expectations,and lends credenceto our beliefthat we are
indeedperformingreliableandrealisticmeasurementsof AC losses.

Conclusions/ Remarks

Throughvarious measurementson severaldifferent 1.5mmodel magnets,we havebeenableto
satisfactorilyevaluatetheperformanceofthedigital integrationtechniquefor measuringAC losses.
We fmd thatthetechniquedevelopedat FNAL hasbecomea reliablemeansfor determiningthe
lossesin a superconductingmagnetundertransientoperatingconditions.Themeasuredlossesfor
thevariousmagnetsseemreasonable,andthedependenceof thelosson variousparametersagree
with expectations.Theoneelementof this study thatis lacking atpresentis a thoroughcomparison
of themeasurementresultswith analyticalornumericalcalculations.This comparisonis vital to a
completeevaluationof themeasurementsystem’sabsoluteaccuracyand systematicerrors. Any
future work on AC lossesshouldentail a sincereeffort to performcalculationsof AC losseson
50mm short1.Smmodeldipoles,underthestandardrampcyclesbothunipolarandbipolar.

Additional experimentalwork shouldbecenteredaroundmeasurementsof additional50mmmodel
magnets,so that somebasisfor comparisonbetweenvarious magnetsandtheftotherperformance
characteristicstraining, ramprate behavior,etc.,couldbe obtained.The measurementof only
oneshort 50mm magnetleavesus statisticallylacking. Additionally, this measurementprocess
should at some future time be extendedto a full length 50mm bore prototype magnet.
Measurementson along magnetwill help confirm thebeliefthatthelossshouldscalelinearly with
length,andalsohelp determinethecontributionsof endeffectsto theoverall losses.
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Energy LOss as a Function of Ramp Rate
Magnet DS0315

r

;r’.

a
*1

C

.tn.
*0

0

200

150

100

50

0
0 100 200

Ramp Rate
300

A/see
400

Figure 2



Energy Loss

100

as a Function of Ramp Rate
Magnet D50315

300 400
Ramp Rate

Figure

ti’.

Ii

F.

Ui
U

‘S
to
14
4,

.00

150

100

50

0
0 200

A/sec

3



Energy Loss as a Function of Ramp Rate
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Energy Loss as a Function of Ramp Rate
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Energy Loss as a Function of Ramp Rate
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Energy Loss as a Function of Ramp Rate
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