CBN-99-21QUENCH PROTECTION FORSUPERCONDUCTING IR MAGNETS IN CESR*

G. Codner+, G. Dugan, W. Lou# , J. WelchLaboratory of Nuclear Studies, Cornell University, Ithaca, NY 14853AbstractAnalysis and design details are provided on quenchprotection for the Cornell Electron Storage Ring (CESR)Phase III interaction region (IR) superconducting magnets.The proposed scheme extracts much of the stored energythereby reducing thermal stress on the magnets andmitigating liquid helium loss. Protection is somewhatcomplicated by the fact that each cold mass consists ofquadrupole, skew quadrupole and dipole windings, and thateach cryostat contains two magnet units.1 INTRODUCTIONThe CESR (Cornell Electron Storage Ring) Phase IIIUpgrade includes a low beta interaction region thatincludes several superconducting (SC) magnets [1]. Thereare two (2) magnet assemblies comprised of two (2)magnet units per assembly. Each unit includes a mainquadrupole, a skew quadrupole and a dipole magnet. Thethree magnets in each unit are integrally wound into assmall a space as possible. This paper describes quenchdetection and protection for these magnets.2 APPROACHThe CESR SC IR magnets are designed to survivequenches without damage, even without active protection.However, it is prudent to minimize stress on the magnetsby detecting quenches and dumping as much of the energyas is practical into an external load. Furthermore,diverting this energy reduces the amount of liquid heliumthat would be boiled off in the event of a quench, therebysaving time and money. Since it is not necessary todivert all of the stored energy, the simple approach ofusing a fast, electro-mechanical D.C. switch is used.CESR quench detection uses the coil voltagecomparison method. Since the voltage across a windingthat is quenching is relatively low (the voltage across thequench resistance is mostly canceled by L dI/dt of thecoil), the rate of change of current must be detected,assuming the current regulation loop is slow. Thesimplest way to do this is to sense the voltage acrossanother coil in the same magnet. Assuming bothwindings do not quench simultaneously, the changingcurrent due to the quench induces a voltage across the non-quenching coil._______________________*Work supported by the National Science Foundation+email gcodner@lns.cornell.edu#Now with ADC Telecommunications, Shelton, CT2.1˚˚CalculationsFundamental calculations were performed [2] to determinethe quench resistance as a function of time, therelationship between deposited energy and coil temperatureand to find the optimal value of the dump resistor Rd foreach magnet. A trade-off must be made between extractedenergy and magnet lead voltage. Rd was chosen such thatthe maximum internal and external voltages during aquench are equal.For the CESR SC IR magnets, a normal zone boundedin two dimensions after a time ta is applicable. Themagnet’s time-dependent resistance during the early part ofa quench may be roughly approximated by [3]:

RQ(t) = 3Lt5tQ6 for0 ≤ t < ta L 15ta2t3 − 15ta3t2 + 3ta5 ( ) tQ6 fort ≥ ta

(1)where ta and L are parameters determined by the physicalcharacteristics of each magnet coil whereas tQ depends ont h e p h y s i c a l m a g n e t p a r a m e t e r s a n d t h e i n i t i a l s t o r e d e n e r g y . T a b l e 1 l i s t s c u r r e n t l y p r e d i c t e d o r m e a s u r e d values of these parameters for the three types of magnets.Table 1: Calculated CESR SC IR Magnet ParametersMagnetTypeta[sec]tQ[sec]L§[henry]Io[amps]

Main Quad0.0670.450.2441225

Skew Quad0.0240.120.115325

Dipole0.0470.180.024200§measured2.2˚˚Spice ModelingA circuit model was used to explore the behavior of thedetection method and to perform the calculations done in[2] based on the latest information available includingmeasured magnet data, the actual detection circuitry andtime delay of the quench switch. These parameters wereused in a PSpice model that simulates the growth inquench resistance with time and the action of the detectioncircuitry and quench switch. The model may also includepower supply behavior, for example, fast currentregulation.

CBN-99-21

L1L2RqRdVcV1V2

+-L3Vdcquenchswitch

Figure 1: Equivalent circuit of CESR SC IR magnet andquench protection for a quench in coil L2 ( t h e q u e n c h switch is shown in its protection state).T h e P S p i c e m o d e l i n c l u d e s t h e e f f e c t s o f c o u p l i n g b e t w e e n w i n d i n g s a s o p p o s e d t o a s i m p l e r m o d e l t h a t considers the total inductance to be split into equal partsfor each winding. It was found that coupling was not veryimportant in its effect on quench detection and that thesimple model is adequate for these calculations.Figure 1 shows an equivalent circuit of a magnet duringa q u e n c h . L1 a n d L 2 a r e c o i l s t h a t a r e s e n s e d f o r c o m p a r i s o n . A q u e n c h i n L 2 i s r e p r e s e n t e d b y t i m e - dependent resistor R q . The quench switch opens after aquench is detected placing R d in series with the magnet.In the simple model L3 represents any other coils in seriesw i t h t h e m a g n e t , f o r e x a m p l e , t h e o t h e r t w o c o i l s i n a quadrupole magnet. The model with coupling uses eachcoil explicitly.T h e s t a n d a r d m e t h o d o f s e n s i n g c o i l v o l t a g e s u s e s a c o m m o n p o i n t b e t w e e n t w o c o i l s . H o w e v e r , a q u e n c h that starts at this common point would propagate in bothd i r e c t i o n s a w a y f r o m t h a t p o i n t s o i n t h a t c a s e t h i s method of detection would fail or produce a long delay.Therefore, we will compare voltages of opposite facingcoils of the quads. The dipole is still susceptible to somequenches that would not be detected in a timely manner,however, the stored energy is low and the consequences ofdelayedquenchdetectioninthatcaseareminimal.2.3˚˚Calculation ResultsTable 2 lists dump resistor values and quench protectiondelay times. Figure 2 shows the current waveform for themain quad with a total delay time of 0.19 second due toTable 2: Dump resistor values and protection timesMagnetTypeDumpResistor[ohm]ProtectionDelay[seconds]

Main Quad0.240.19

Skew Quad0.700.13

Dipole0.110.16 the chosen detection threshold, quench propagation timeand quench switch actuation time of 100 ms. Table 3lists calculated results for the three types of magnets.time [seconds]00.51.01.52.005001,0001,500

Current [amperes]Figure 2: CESR SC IR main quad predicted current.time [seconds]00.51.01.52.00-400400

Voltage [volts]internal quenchresistance voltagelead voltageFigure 3: CESR SC IR main quad predicted voltagesTable 3: Calculated energy and voltageMagnetTypeStoredEnergy[kJ]ExtractedEnergy[kJ]PeakVoltage[volts]

Main Quad183107300

Skew Quad6.11.9198

Dipole0.480.1519

3 DESIGNFigure 4 is a block diagram of the quench detection andprotection system. There are two magnet assemblies inCESR, one in the East IR and one in the West IR. Eachmagnet assembly contains two units, each unitcomprising a main quad, a skew quad and a dipole magnet.Each magnet has leads brought out from superconductingregions for sensing magnet coil voltages. With the senseleads attached to superconducting regions and with littlecurrent flow in these leads, the desired 0.5 volt detectionthreshold is reasonably high. For the main quad, thisthreshold gives a detection delay time approximately equalto the quench switch delay time.

CBN-99-21

Magnet Unit

13coilvoltagesenseQuench DetectorBoards (x6)

MainQuadSkewQuadDi-pole

UPSQuench!QuenchDetectorReady

Status andMetering Signals(serial interface)x13QuenchDetector Chassis (x2)

Front PanelLead Drop Boards (x6)

12cold lead sense

Magnet Assembly (x2)InterfaceBoard

ResetQuenchSwitchStatus

testCESR ControlSystem

to power supplies and quench switches

cold lead sensecoil voltage sense x131213

Note: xN = quantity N Figure 4: CESR Superconducting Interaction Region Magnet Quench Detection System.The coil sense leads enter the quench detection chassisthrough connectors rated at 600 volts. Current limitingresistors are placed in series with each lead which thenconnect to isolation amplifiers on the detector boards.The AD202 isolation amplifier has a common mode rangeof – 1 0 0 0 v o l t s , b u t a m a x i m u m d i f f e r e n t i a l v o l t a g e o f only –5 volts so the input must be clamped.Appropriate coil voltages are subtracted and applied tow i n d o w c o m p a r a t o r s w i t h – 0 . 5 v o l t t h r e s h o l d s . T h e comparator outputs are latched until reset by the CESRcontrol system. A quench detected in one magnet of aunit opens the quench switches for all three magnets inthat unit and also turns off the power supplies for all sixmagnets associated with that side of the IR.Electrically actuated D.C. contactors are used as quenchprotection switches and stamped, stainless steel resistorsare used for dump resistors. There is one quench switchand one dump resistor per magnet.To reduce the number of nuisance quench detections, theq u e n c h d e t e c t o r c h a s s i s a r e p o w e r e d f r o m a c o m m o n Uninterruptible Power Supply (UPS) allowing the systemto operate through line transients and power outages.Each quench detection chassis also houses monitoringe l e c t r o n i c s f o r t h e v a p o r - c o o l e d m a g n e t l e a d s . E x c e s s voltage drop in a lead activates the quench switches toprotect the magnet leads from over dissipation.4 CONCLUSIONAn approach for quench detection and protection of CESRsuperconducting interaction region magnets has beendescribed. A design has been presented based on thepredicted behavior of these magnets. When the magnetsare fully tested, actual coil voltages and currents duringquenches will be measured to test the calculationspresented here.5 ACKNOWLEDGEMENTSThanks to Mike Comfort, Ted Vandermark and RonYaeger at Wilson Lab for their expertise and to theNational Superconducting Cyclotron Laboratory atMichigan State University.6 REFERENCES[1]J.J. Welch, G. Dugan, E. Nordberg, D. Rice, "TheSuperconducting Interaction Region Magnet System for the CESRPhase III Upgrade", Cornell University, PAC97[2]G. Dugan, "Quench Protection Considerations for CESRSuperconducting IR Quadrupoles," CBN 97-27,http://www.lns.cornell.edu/public/CBN/1997/.[3]M.N. Wilson,

Superconducting Magnets, p. 214, Oxford:1983.