SLAC—PUB—5636December 1991(I)QUENCH PROTECTION IN THESLAC˚LINEAR˚COLLIDER˚FINAL˚FOCUS˚TRIPLET*RICHARD L. TAYLORStanford Linear Accelerator Center, Stanford University, Stanford, CA 94305a n d J. J. Pearce High School, 1600 North Coit Rd., Richardson, TX 75080AbstractDuring the testing phase of the implementation of the superconductingfinal focus for the SLAC Linear Collider, one of the triplets began quenchingat a relatively low current. The process of superconductor quenches isdiscussed, as well as systems used to protect against a quench and the detailsof the quench we experienced.

* Work supported by Department of Energy contract DE—AC03—76SF00515.

2I.IntroductionThe SLAC Linear Collider (SLC) shoots 50˚GeV electrons and positrons ateach other so that the SLC Large Detector (SLD) can study the results. Toincrease the number of collisions, the 1˚mm beams are focused to a spot about2˚mm in diameter. The final focus of each beam for the SLAC Linear Colliderconsists of a triplet of superconducting quadrupole magnets.1,2Figure 1: SLC.Superconducting magnets can run very large currents, and they thereforecan produce extremely large fields and gradients, but they pose specialproblems uniquely related to their superconductivity. A �quench� is a suddenchange from a superconducting state to a normally resistive state, a changewhich can produce potentially catastrophic results in large current systems.Such systems must have circuits to detect the onset of a quench, and theremust be fast-acting protection devices that can save the magnets. A quenchthat occurred during the testing phase of the SLD superconducting final focusprovides an illustration of the peculiarities of running a superconductingmagnet system.II.The Superconducting Final FocusThe final focus triplet consists of three superconducting quadrupolemagnets, referred to as Q1, Q2, and Q3. Q1 is the magnet nearest theinteraction point (IP) where the beam is focused so that the beam enters thetriplet in Q3 and exits from Q1. The coils of the magnets are all connected i n series, so all of the quadrupoles have the same strength, but the current in Q2

3is reversed so that its field has the opposite sign, as is necessary for magneticfocusing.Figure 2: Final Focus configuration.A cross section of one of the quadrupoles is shown in figure 3. The centralaperture through the quad is 5.0˚cm, and a 4.6˚cm diameter beam pipe extendsthrough this aperture, out of the page in the figure. Superconducting wirescarry sheets of current along the beam pipe, coming out of the page on the topand bottom of the figure and going into the page along the sides. Each sheet ofcurrent is, in fact, 48 ribbon-shaped superconducting cables, each typicallycarrying about 4000˚A.Figure 3: Quad cross section.The superconducting cable itself is made of 23˚superconducting wiresbundled together into a flat ribbon 7.8˚mm wide and averaging 1.2˚mm thick.Each individual superconducting wire consists of 570 filaments of 19˚mmdiameter NbTi type˚II superconductor immersed in a 0.68˚mm diametercopper matrix. The entire triplet is housed in a single liquid helium cryostatthat maintains their temperature just above absolute zero, at about 4.3˚K.Figure 4: Cross section of SLC triplet cryostat #6508A3.In spite of the large current, the superconductor itself generates no heat,since i2R is 0. But there are myriad ways that heat can enter the system fromthe outside environment. The liquid helium container that holds themagnets is surrounded by a vacuum contained by a copper vapor shield. The

4vapor shield is kept cool byhelium gas boiloff that is returning from coolingthe magnets, and it is further vacuum insulated from the outsidecontainment vessel.3 Each vacuum space is filled with 10 to 20 layers ofsuperinsulation. With this elaborate cryostat system isolating the magnets,the major heat loss is limited to the 5000˚A leads that connect the magnetswith their power supply, and even these leads are cooled bycold helium gasto keep the heat load to a minimum.III.Quenches in Superconducting MagnetsOne of the special problems associated with using superconductingmagnets is that there might be some sudden change that could cause thesuperconductors to undergo a transition to a normal resistive state, a quench.Then suddenly and unexpectedly there would be thousands of amperes ofcurrent in a wire with non-zero resistance. With i2R no longer equal to zero,a great deal of heat would be produced, concentrated in a very small area. Thetemperature there might rise enough to destroy the wire�a catastrophicevent.The superconducting cable itself is highly stable against small, highly localtransient quenches, due to the wire�s construction from many filaments ofNbTi surrounded by copper. Tiny points along the NbTi may go normal, butthe current can continue through other filaments and through the copper,which can conduct heat away as well. This quenched point of NbTi, cooledand with a reduced current density, can then return to its superconductivestate. The danger occurs when the quench appears rapidly over many

5filaments, so that the the copper matrix is not able to transmit the heat awayquickly enough.When the quench occurs over several fibers, temperature rise issubstantial. The heat from this section of wire can then cause a nearby sectionto quench, too. Then the resistance from that additional quench causes afurther rise in temperature, which causes the section near it to quench, whichproduces more heat, and so on and on. The quench can travel along the wirewith the speed of sound, turning the whole coil resistive. With increasedresistance the power supply can no longer maintain the current, and themagnetic field must collapse, releasing its energy and possibly destroying themagnet.A quench may be initiated bya number of events. Exceeding the criticalcurrent density for a particular magnetic field strength, for example, orchanging the current too rapidly can bring on a quench. At the magnetic fieldstrength in which our quadrupole magnets are operated, the critical currentfor the superconducting cable is approximately 7100˚A, well above the typicaloperating current in the SLC final focus of 4250˚A.When superconducting magnets such as these are first manufactured, theywill not sustain a current near the critical value for the wire, quenchingprematurely. However, if the current is repeatedly ramped up to the point ofa quench, it is found that the quench current increases, then levels off at avalue near the critical current for the wire. Apparently, the currents and re-sulting fields produce forces on the coils, which then move slightly,producing a quench. As this continues with higher and higher currents, the

6coils settle down into �niches,� where substantial movement can no longeroccur. The process of increasing the quench current through repeated ramp-ings-to-quench is referred to as �training,� and this is an essential part of thepreparation of new superconducting magnets. The quadrupoles used in theSLC superconducting triplets underwent from 15 to 25˚training quenches,reaching consistent quench currents in excess of 6500˚A.4IV.Quench ProtectionThe total inductance of the three series connected magnets is 4˚mH. At atypical operating current of about 4250˚A, the energy stored in the magneticfield is E = 12

I2L » 36˚KJ. This much energy concentrated in a small region ofwire would be devastating to the system. So in actual operation thesuperconducting magnet system must be protected against the results of anunexpected quench. There must be circuits that somehow sense the onset of aquench, and they must react very rapidly before any damage can be done.And, of course, there must be devices which can somehow prevent a rapidrise in temperature and which can dissipate the stored energy of the magnetssafely.There are several ways that trouble might be detected in thesuperconducting system. Sensors could look for a rise in temperature or anincreased pressure in the helium vapor, for instance. Or changes in voltagesor changes in the level of liquid helium in the cryostat could be used. In theSLD superconducting final focus, protection devices are triggered by a changein the level of liquid helium, by the voltages across individual leads, or by animbalance in the voltage across the different magnets.

7The level of liquid helium is determined by a superconducting �dip stick,�a superconducting wire that extends into the liquid. A constant current ispassed through this wire, and, since it is a superconductor, its resistance iszero as long as it is completely covered in liquid helium. The extent to whichits resistance is different from zero, then, tells how much of the �dip stick� isout of the liquid helium, and the voltage across it, therefore, gives anindication of the level. While a change in liquid helium level would not givea fast enough warning to aid in protection against a quench, this sensor doesserve to protect the magnets from problems that may occur in the cryogenicsystem by initiating a slow ramp down of the magnet current.Each lead that brings current into the cryostat must have one end at roomtemperature and the other end in liquid helium. Due to the lead�s resistance,a voltage is developed between the two ends, and this voltage depends on thetemperature of the returning vapor that is being used to cool them. Thesevoltages are monitored, both to detect cryogenic problems that would lead to aslow ramp down of the current and to detect the onset of a quench.With a 4000˚A current, the total voltage across the triplet is typically a fewmillivolts, due primarily to the resistance of the leads that extend out of theliquid helium. But the voltage across Q1 and Q3 should just match thevoltage across Q2. (The center member of the triplet is twice as long, and hastwice the inductance of the other two.) Even a small section of thesuperconducting wire going normal dramatically alters this balance ofvoltage, and that change is the most reliable signal that a quench is beginningand that protective measures should be invoked.

8The SLC superconducting final focus relies on two methods of protection.A primary danger is that, with a small portion of the superconductor systemgoing normal, all of the energy in the magnet will be concentrated at thatpoint and produce a high temperature that will destroy the wire. Manysuperconducting systems, including the SLC�s final focus, have heaters builtinto the magnets, in strips laid in along the wires. These �quench heaters� canbe energized to force the entire magnet to go normal, spreading out theenergy over a much greater area. This process takes about 40 to 50˚ms.Figure 5: Power supply circuit.Of course, as soon as a quench is detected, the power supply must bedisconnected from the triplet. To make this possible, the power supply isconnected to the magnets through a silicon controlled rectifier, or SCR, a fast-acting switch. (See Figure˚5.) An SCR, after being turned on bya momentarysignal at its gate, behaves like a normal diode and conducts as long as currentcontinues to flow through it. But when the current drops near zero, the SCRturns off and will not conduct again until it is given an additional signal atthe gate. So, at the detection of a quench, a bank of capacitors is fired whichapplies 400˚V backwards across the SCR, shutting off current, turning off theSCR, and effectively isolating the magnet from the power supply. Firing theSCR occurs in about a millisecond after detection.However, just disconnecting the power supply does not save the magnets.The magnetic field must collapse, and, if the magnets were completelydisconnected, the energy stored in them would dissipate as heat generated byeddy currents inside the magnets� wires. This heat could destroy the magnets.

9Instead, an alternate path is provided through a 0.015~W resistor, R2 i n Figure˚5, where the energy can be safely dumped.The SCR turnoff is fast, and nearly all the energy is dumped safely outsidethe magnets. The quench heaters, on the other hand, are slower, and, bymaking the magnets go normal, they dump most of the energy in themagnets themselves. The cryogenic system is then relied upon to remove theheat by the boiling of liquid helium. The resulting drop in the liquid level i n the cryostat requires some time to recover before the magnets can be re-energized. The SCR turnoff, then, is seen as the primary protection system,and the quench heaters provide a backup. Quenches have occurred, however,when either of these systems was the only one operating, and the magnetswere still well protected.V.A Quench in the Superconducting Final FocusThe final focus requires two sets of superconducting triplets, of course, onefor each beam, electrons and positrons. But since the magnets are unique andirreplaceable, four sets of three magnets were in fact manufactured for SLACat the magnet lab at Fermilab. With one set of magnets kept in reserve, threecomplete, functioning triplets were built, providing a spare in case onemalfunctioned.Before being installed, each triplet was tested, aligned, and surveyed offbeam. During the testing of �Triplet˚2�, it was found that a quench wouldoccur whenever the current in the magnets was brought to about 4050˚A(–˚10˚A over approximately 25˚quenches). Further tests showed that the cause

10was inside the cryostat, associated with Q1, and probably due to a faultysoldered splice between two superconducting cables. The final focuscommissioning program continued with �Triplet˚3,� and thesuperconducting final focus was installed on schedule. Triplet˚2 was opened,and the splice was found, verified to be bad, and repaired. It has now beentested to a nominal 5500˚A, and serves as the spare.Figure 6: Voltage across Q1a and Q1b during ramp-up.When the triplet is energized, the power supply ramps the current upwardat about 30˚A/s. Figure˚6 is a graph, produced byan automatic monitoringsystem, that shows the sudden increase in voltage across Q1a and across Q1b,two of the four coils (each corresponding to one of the four poles of thequadrupole) in quadrupole Q1. Each of the four coils has an inductance ofabout 0.25˚mH, and the increase in current is producing an induced EMF, V˚=L˚didt

˚» 7.5˚mV in each coil. An interesting feature is that, unlike mostinductors, there is no iR drop reducing the measured voltage�the resistanceequals zero, after all.Figure 7: Voltage across (a) quenching coil Q1a and(b) superconducting coil Q1c.Figure˚7, on the other hand, records the onset of a quench that occurred i n coil Q1a. (The quench actually started in a splice just outside the magnet itself,but the voltage measurements were across the coil and splice together.) Thecurrent had been ramped to 4047˚A and remained at that current for a fewseconds. With constant current, the voltage across the coil was zero. But a

11gradual rise in voltage indicates an increasing resistance in the coil due to aquench. In order to study the quench in this magnet, the voltage was allowedto rise to 2.0˚V, at which point the capacitor bank was fired. This reversevoltage turned off the SCR and removed the power supply from the circuit,forcing current through the 0.01˚W dump resistor.In figure˚7b, the voltage across coil Q1c is seen to respond. As Q1a begins togo resistive, the voltage available to Q1c drops slightly. But when the SCRfires, the rapid drop in current induces a negative voltage in the coil. SinceVc˚= -4.1˚V, the current must be decreasing at di/dt˚= Vc/Lc˚» 16˚000˚A/s. Andof course the voltage across Q1a, the quenching coil, drops by the sameamount, since it has the same inductance. But Q1a already had a voltageacross it due to its resistance, 2.0˚V, so its voltage at this point is less negativethan in Q1c, -2.1˚V.Since the voltage rise in Q1a due to the increasing resistance reaches 2.0˚Vwhen the current attains 4000˚A, the resistance of the normal section must beRa˚= Va/i˚= 0.5˚mW. But the resistance continues to rise as the quench movesalong the wire, and so, the voltage is seen to rise in Q1a.As soon as the SCR fired, current was diverted to the 0.015˚W dumpresistor, R2. A current of 4000˚A through the resistor implies a voltage acrossit of about 60˚V. The voltage drop in the resistance must be supplied by theinduced EMF in the coils, so this 60˚V must be the initial voltage across themagnet, as well. The current could then decay with a time constant of t˚=L/R˚» 4˚mH/15˚mW˚» 0.3˚s. (This would be modified slightly due to theresistance of the leads and the voltage across the diode, D2, but these

12contributions are relatively small.) The exponential decay can be seen in bothcoils. After 50 to 100˚ms, the rate of decay is seen to change, as the quenchheaters fire and the resistance is increased.If the SCR had not fired, the current would have to decay through the0.7˚mW resistor, R1, and the time constant would instead be nearly 6˚s. Sincethe danger to the magnets is the increased temperature from the energydelivered by the current, DE˚= �˚P˚dt˚= �˚i2R˚dt, it is important to keep the timeas short as possible, implying that the external resistance should be large.However, if the resistance is too large, the initial voltage across it, Vo˚= ioR,and thus the voltage across the magnet, would be so large that dielectricbreakdown would be a danger. R2 is picked to moderate these extremes.Table˚1 has a summary of values and calculations.

13VI.ConclusionsA quench that occurred in the superconducting final focus at the SLACLinear Collider serves to illustrate the behavior of inductors in a changing DCcircuit. This is particularly nice, since superconducting coils are perfectinductors. In addition, the quench is an interesting example of the operationof superconducting magnets, and the systems that are designed to protectthem.Table 1:Summary of Values and CalculationsNominal current:Io = 4047 ACharging rate:˚didt

= 30 A/sInductance of individual coil, e.g.:La = 0.25 mHEnergy stored in triplet:E = 12

I2L » 36 KJInduced EMF across a coil during charging:V˚= L˚didt

˚» 7.5˚mVEMF induced across a coil during quench, read from graph:Vc = —4.1 VInitial decay rate of current:di/dt = Vc/Lc » 16˚KA/sResistance of quenching section of Q1a as the SCR fired:Ra = Va/i = 0.5˚mWVoltage induced across magnets:VL » VR2 = ioR2 » 60 VTime constant for decay:t = L/R » 4˚mH/15˚mW » 0.3˚s

14VII.AcknowledgementsThe superconducting final focus was precisely aligned and indulgentlypampered byJim˚Ferrie. Bill˚Burgess designed and implemented the uniquecryogenic system. Al˚McInturff, from Fermilab, provided insight and expertisein superconductor quenches. Hank˚Cutler is responsible for the power supplyand the quench detection system. Special thanks must go to Bill Ash wholeads the Superconducting Final Focus group and who has inspired andbroadened my teaching and my science. The whole group has been extremelyhelpful during my stay at SLAC.References1.SLC Design Handbook, Stanford Linear Accelerator Center, Stanford, CA94305, December˚1984.2.R. Erickson, T. Fieguth, and J. J. Murray, �Superconducting Quadrupolesfor the SLC Final Focus,� SLAC—PUB—4199, January, 1987; also Proceedingsof the 1987 IEEE Particle Accelerator Conference, Washington, D.C., March16—19, 1987, p˚142.3.Ash, W, �B˚Factory Final Focus System Using SuperconductingQuadrupoles,� SLAC—PUB—5127, October˚1989. Invited talk presented atthe Workshop Toward Establishing a B˚Factory, Syracuse, NY, 1989.4.A. D. McInturff, J. A. Carson, H. E. Fisk, and R. A. Erickson, �The MagneticProperties of the SLAC Intersection Region Superconducting Quadrupole

15Triplets,� SLAC—PUB—1478, revised May˚1988; also Tenth InternationalConference on Magnet Technology, Boston, MA, September 23—26, 1987.

16Figure CaptionsFigure 1:SLC.Figure 2:Final Focus configuration.Figure 3:Quad cross section.Figure 4:Cross section of SLC triplet cryostat.Figure 5:Power supply circuit.Figure 6: Voltage across Q1a and Q1b during ramp-up.Figure 7:Voltage across (a)˚quenching coil Q1a and (b)˚superconducting coilQ1c.

17SLAC—PUB—5636December 1991(I)QUENCH PROTECTION IN THESLAC˚LINEAR˚COLLIDER˚FINAL˚FOCUS˚TRIPLET*RICHARD L. TAYLORStanford Linear Accelerator Center, Stanford University, Stanford, CA 94305a n d J. J. Pearce High School, 1600 North Coit Rd., Richardson, TX 75080AbstractDuring the testing phase of the implementation of the superconductingfinal focus for the SLAC Linear Collider, one of the triplets began quenchingat a relatively low current. The process of superconductor quenches isdiscussed, as well as systems used to protect against a quench and the detailsof the quench we experienced.Submitted to The Physics Teacher.

* Work supported by Department of Energy contract DE—AC03—76SF00515.

18