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Abstract

Therehas beensignificant effort devotedto the developmentof superconductingdipole magnets
requiredfor the SuperconductingSuperColliderSSC.The 40-mmaperturedipole magnetdevelopment
program,a forerunnerof the current50-mmdesign,hasprovidedan excellentprototypicalplatform to
conductmagnetresearchanddevelopment.’Thesemagnetshavebeenthoroughlyevaluatedandare well
understood.Less well understoodare the systemdynamicsencounteredwhen thesemagnetsare
configuredtogetherasanacceleratorlens.
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1.0 INTRODUCTION
The 40-mmdipole string test, located at Fermi NationalAcceleratorLaboratoryFNAL, consists of

five superconductingdipole magnets in a string configuration.The intent of the string testis to obtain
datafor model verification andinformationon the magnitudesof pressuresand voltagesencounteredin a
string environment.Theseresultsprovide importantdatarelevantto the Accelerator SystemString Test
ASSD using the 50-mm dipole magnet design. The first phaseof this testis plannedfor completion in
October 1992. This discussionpresentsa summaryanalysisof the electricalperformancecharacteristics
encounteredduring quench testing of the 40-mmstring. The results provide an indication of how well
individual magnetsperformed during spontaneousquenching by a single magnet, and during system
quenchesinduced by simultaneously firing the strip heaters. Evaluation of the data illustrates the
importance of maintainingconsistencyin the magnet design. Variations in the designbetweenmagnets
usedin a string configuration can have a dramaticimpacton systemperformance.

2.0 CONFIGURATION

2.1 Method

The string is composedof five 40-mm dipole magnetsthat include D-0017,D-0026, D-0019,D-0027,
and D-0201. After the superconductingmagnets are wired together in a series configuration, they are
cooledto a nominaloperatingtemperatureof 4.35 K. Figure 1 illustratesthe string configuration and data
acquisitionsystem usedto collect quench data. A high-current, DC power supply is used to provide a
maximum of 6600 A of current to the string. An energy dump is not usedwith the string. The energy
contained in the magnetic field of the magnets during a string quench is dissipated into the magnet
windings.

Eachdipole magnetconsistsof four superconductingcoils. The differential voltage acrosseachcoil is
monitored by the quenchprotection monitor system.There are four strip heaters for eachmagnet that are
positioned along the length of the outer coils in a quadrantconfiguration. The strip heatersin opposing
quadrantsare connectedtogetherelectrically, as illustrated in Figure 2. Eachsetof strip heatersis wired
in a seriesconfiguration betweenmagnetsto a heater firing unit. This configuration protects the magnet
by providing a levelof redundancythat ensuresthat the outer coils quench despitea failure in oneof the
heater firing units seeFigure 2.

When the power supply is on and there is current in the string, the quench protection systemactively
monitors the coil voltages. When a voltage acrossa coil exceedsa predetermined threshold, the quench
protection systemswitches the high-current power supply from the string using an Silicon Controlled
Rectifier SCR, and commandsthe heater firing units to discharge their stored energiesinto the magnet
strip heaters.The power supply is phasedback to zero current.

The voltages generated in each of the four coils of the five dipole magnets,along with the string
current amplitude, are collectedby the data acquisition systemupon detectionof an event that causesthe
strip heatersto fire. Eachdata acquisition channel contains a circularbuffer that allows for collection of
both pre- and post-eventdata. The data acquisition system collectsdatafor 0.5 secbefore the eventand
for 1.5 secafterthe eventat a samplingrate of 1 KHz. When a quench event is either detectedor initiated,
the quench protectionsystem issuesa signal that triggers the transient recorders.When the transient
recordersare filled, the data acquisition systemdownloadsthe contentsof the recordermemoryand stores
the data in a disk file for lateranalysis.



2.2 Background

Beforereviewingthe data,it is important to discusstheindividual characteristicsof the magnets.The
evaluation ofexperimentaldata also providesthe necessarybackgroundfor determination of the analysis
requirementsfor the ASST. Analysis of the electrical quench data provides an opportunity to evaluate
how well the superconducting dipole magnetsoperate when severalmagnetsare tied together into a
system.Thesecharacteristics provide a "string personality" profile that can be compared against the data
when interpretingresults.As illustrated in Figure 2, heaterfning units #1 and #2 drive the strip heaters in
DM017 and D-0026.Heater firing units #3 and #4 drive the strip heaters in D-0019,D-0027,andD-0201.
One of the strip heaters in D-0017 failed, leaving only three strip heaters functional in DM017 and
DM026, Thesemagnetsdo not quenchas uniformly or as quickly asa typical magnetbecauselessenergy
is depositedon the outer coils due to a larger percentageofsuperconductingcablein the windings.

From single magnet testing results,dipole D-00l9 exhibitedthe smallestoperatingmargin of any of
the magnetsin the string. Wheneverthe strip heaterswere fired, D-0019wasthe first magnetto propagate
a quench condition. In addition, one of the voltage tap connectionson DM019 was lost during cooldown.
The upper coils ofD-0019were monitoredtogetherseeFigure 4 c.

TIP.02855

FIgure1. FunctIonal Electrical Configuration for the String Test Conducted at FNAL
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D-0027wasuniquein that nothing particularlyunusualaboutit wasnoted,exceptfor onespontaneous
training quench. The end clamps on the magnetwere loosenedand retightenedbefore the magnet was
installed into the string.This could havecausedthe training quench. Magnet DM027 can be usedas the
nominalbenchmarkmagnetfor comparisonwith the other string magnets.

The strip heatersusedin D-0201 had significantdesign differences compared to the other magnets.
More upton insulationwas used between the strip heatersand the coils. The additional insulation
significantly retardedthedepositionof energy from the strip heatersto the coils. Sincethe Brookhaven-
style heatersof D-0019,D-0027,andDM201 were tied together in series,it was not possibleto tune the
strip heaters in D-020l without adverselyaffecting the other magnets.This meantthat DM201 would not
quenchasefficiently oras effectively astheotherstring magnetsdue to the longertime requiredfor the
quench to develop and propagate.The energy stored in the magnetic field of D-0201 was mostly
dissipatedin the other magnetsduring quench conditions becauseD-0201 did not significantly participate
in the quench event.

3.0 DETAILED ANALYSIS OF A SPONTANEOUSQUENCH
Data-processingalgorithms were developedto analyzeand plot the string data. This sectionpro

vides an in-depth analysisof a spontaneousquench on the lower outer coil of D-0027that occurredon
October 8, 1991.Figure 3 a plots the string currentdecay.Figure 3 b is the calculatedderivativeof the
currentdecayand is necessaryin calculatingcoil resistance.Figures4 a through4 e plot the resultant
voltage signals from all the magnetsfor eachcoil. The coils in the graphsarereferredto asUpperInner
UI, Upper Outer UO, Lower Inner LI, and Lower Outer LO. The marker at t =0 is the time at
which the quench protection monitor announced an event. The actual quench was detected
15 msec before the strip heaters were energized.

T1P02856

Figure 2. StrIp Heater Configuration for the String Test. Note that D-OO1 7 end D-0026 have
only three strip heaters functioning.
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Figure 3a. String Current 1t for the Spontaneous Quench on October 8, 1991.
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Figure 3b. The dLldtof String Current Decay from the Quench on October 8,1991. This result is a
convolution of the data in FIgure 3a with a finite impuise response low pass filter
designed using a Kaiser window.2 Filtering was required for reducing the noise introduced
from quantization error.
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Figure 4{a. Coil Voltage for 0-0017. Note that at t 0 au the voitages are going negative, indicating an

inductive voltage with little or no resistive component.
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Figure 4b. Coil Voitage for 0-0026.
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Figure 4c. Coii Voitage for 0-0019. The quarter-coil voitage tap iocated between the upper-inner and the

upper-outer colis faiied during cooidown. 1 9U represents the differentiai voltage across both
upper-quarter coiis.
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Figure 4d. Coil Voltage for 0-0027. The iower-outer coii experienced a training quench. The large voitage
that deveioped during the quench was unexpected and is attributed to the differences in the strip
heaters between dipole magnets.
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Figure 4e. CoIl Voitage for 0-0201. Note that au the voitagee that are initiaiiy deveioped are Inductive.
Much of the stored energy is dissipated in other magnets.

The temperatureof the conductorin the region wherethequenchoriginatedis an importantquantity.
Damageto the kapton insulationand degradationof the superconductoroccur if the temperaturerises
abovea critical value. The maximumtemperatureof the quenchingregionis relatedto the integralover
the time of the currentsquared.This integral, dividedby 106, is theMUTS integral.1The MIITS for this
quenchevent is determinedover the interval of currentdecaybeginningwhen the lower-outercoil of
D-0027 startedto developa resistivevoltage.Figure4 d illustratesvoltagesdevelopedin D-0027during
the quench.The MIITS is determinedby

MIITS = l06 i2t dt = &65, 1

where t0 = -15 msec.

Thecoil voltageis a combinationof the inductivevoltageresultingfrom changein currentin a coil and
a resistivevoltageresultingfrom currentpassingthroughthe copperin thesuperconductorwire. The coil
voltageVt is given by

Vt = Vift + VRt. 2

The inductive voltageis determinedby the inductanceof thecoil and the rateof changeof currentin
the coil and is given by

di
VLt=L, 3
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with the resistivevoltagedeterminedby

di
VRO = it Rjt = Vt -L . 4

Note that R t indicatesthat the resistanceis a time-varyingquantity and is dependenton quench
propagationandcoil heating.The resistanceofthe coil is given by

r di

VRO
[Vet -L

1t
5

Figures 5 a through 5 e illustrate the coil resistancefor eachmagnetduring a spontaneousquench
event.The coil resistanceis dependentupon the specific superconductingcableusedin eachmagnetand
its temperature.Given the cableresistanceas a function of temperatureand length, it is possible to
estimatethe integratedtemperatureacrosseach coil. This information can lead to estimatesof stress
inducedby the differential temperaturebetweencoilscontainedin eachmagnet.3

To serveasa checkon the resistancecalculations,the currentdecayofthe string is approximatedby

-Ro_* O.00I

1t = it-O.001 e’ L 6

whereRt representsthe sum of resistancesof all the coils, and L is the combinedinductanceof the
string. Figure6 shows the differencebetweenthe currentcalculatedin Eq. 6 and thecurrent1t plotted
in Figure 3 a. The residualerror is attributedto the additionalresistancein thepowerbus, leads,etc.,
that contributeto energydissipationin the system.Errorsin the measuredcoil inductanceandchangesin
inductancedueto coresaturationalsocontributeto this error.

Knowing the resistanceof eachcoil, it is possibleto determinehow the energyis being dissipatedin
the string.The total energystoredin the string is given by

WL=}Li02. 7

whereL is the string inductanceand 10 is the stringcurrentbeforea quenchoccurs.For = 6600 A from
Figure 3a, the energystoragein the string is WL 5 MI. The energydepositionfor eachcoil is
determinedby

Wç = f Rct. 12t dt, 8
to

where to representsthe time at which resistancein the coil is detected.Figures 7 a through 7 e
illustrate how energystoredin the string is beingdissipated.
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Figure 5a. Coil Resistance of 0-0017 as the Quench Propagates through the Magnet. The difference In the
coii resistance between the lower-outer coii and the upper-outer coil is due to a defective strip
heater.
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Figure 5c.Coii Resistance for 0-0019.
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Figure 5d. Coui Resistances of 0-0027 UndergoIng a Spontaneous Quench. The higher resistance in the
lower-outer coIl compared with the upper-outer coil Is due to the higher temperature the
lower-outer coIl experienced during quench.
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Figure 5e. Coli Resistances for 0-0201.
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Figure 7a. Energy Dissipation of D-001 7. The lower-outer coil is not quenching as It should when the strip

heaters are fired.
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Figure 7e. Energy Dissipation of 0-0201. The iower energies dissipated in the outer coils of D-0201
indicate that the strip heaters are not effective in forcing the magnet to participate significantly
in the quench. Compare with the data of D-0026 in Figure 7 b.

4.0 RESULTS

Fifteen quenchesoccurringbetweenAugust 26, 1991, andNovember7, 1991, were studied.Fourof
the quencheswerespontaneous;the remainderwere inducedby firing the strip heaters.All of the magnets
exhibited training quenchesas the string was broughtup to its maximumoperatingcurrentof 6600 A.
Dataon the training quenchfor D-0019 were lost. Table 1 summarizesthe quenchdatacollected.As
canbe seenin the spontaneousquenchdataillustratedin Figure8, the energydissipatedin the quenching
dipole wasapproximately2 MI exceptfor the spontaneousquenchof D-0201. Also note that theenergy
dissipatedby D-0201 during the peak 2-MI quenchesis very low. When D-0201 experienceda
spontaneousquench,the peakenergydepositedin the magnetwasa little lessthan 1.3 MI. This illustrates
how D-0201 actedasa "donor" in driving up the MUTS and peakvoltage of the magnetsundergoinga
spontaneousquench.
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Figure 8. Energy Distribution for Four Spontaneous Quenches from W27 to 1WS/Ol see Table 1.

Figure 9 illustratesthe strip heater-firedquenchevents.As notedpreviously,D-0201 dissipatesthe
leastamountof energy of all the magnetsbecauseof the ineffectivenessof the strip heaters.D-0019
dissipatesthe mostenergybecauseit operateswith the lowestmarginof all the magnets.
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TABLE 1. SUMMARY OF THE ELECTRICAL QUENCH DATA COLLECTED FROM THE STRING TEST. There
were problems with the power supply that caused Event ito occur. The power supply was
eventually replaced. The quench start times were measured with respect to the time the heater
firing units discharged their energies into the strip heaters. Peak voltage lathe highest potential
observed with respect to ground.

PEAK
EVENT DATE CURRENT QUENCH QUENCH PEAK

NUMBER 1991 A TYPEIL.OCATION MIITS START SEC VOLTAGE
1 August26 5980 Stflp heater 5.54 0.077 618

2 August27 6159 D0026-UO 8.83 -0.025 1070
3 August 29 6302 D0201-LO 9.16 -0.027 362
4 August 30 6379 D0027-LO 9.2 -0.026 957
5 August30 6434 Strip heater 5.72 0.067 669
6 September 4 6522 Strip heater 5.58 0.066 511

7
8

9

September 6

October 1

October 1

6551
5528

5961

Power supply

Strip heater

QDC4 lead trip

5.27

5.45

5.19

0.068

0.085

0.077

489
449
639

10 October 8 6562 D0027-LO 8.65 -0.015 858

11 October 10 6507 Strip heater 5.49 0.069 548

12 October 15 6601 Strip heater 5.32 0.069 385
13 October16 6601 Strip heater &41 0.069 687
14 October 18 6601 Strip heater 5.37 0.07 705

15 November 7 6601 Strip heater 5.29 0.066 408

5.0 CONCLUSION
The first phaseof thestringtestwascomposedof only two magnets.4Datacollectedduring thatphase

providedthe information neededto properly plan the operationsfor the five-dipole string. The results
from the five-dipole string testprovided significant datafor the ASST. Severalmodifications in the
designand integrationof theASST string test were influencedby theseresults.Most importantly, the
experiencegainedat FNAL providesus with the experiencewe needto configurefive dipolesfor the
ASST with reducedrisk. The algorithmspresentedhereenabledus to accuratelyaccessthe performance
of theFNAL string. Theyalso illustrate theproblemsthat can arisewhen componentsof the systemdo
not exhibit uniform operation.Thesealgorithmsareundergoingfurtherdevelopmentandwill be applied
to thedataobtainedfrom theASST.
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