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To:  Robert Lambiase at Brookhaven National Laboratory (BNL)

	I am delighted to see that the BaBar Dedector Superconducting Magnet is finding a second life at BNL after its useful service at SLAC.  It was one of the more fun projects I was involved in during my career.  I worked on BaBar on a part-time basis after I had officially retired from full-time employment at SLAC.  As such I became the electrical engineer responsible for the design of the magnet power supply system, and the installation of the magnet dump resistor with its associated DC circuit breaker.  I became deeply involved in understanding and tuning the magnet Quench Detector trying to make it work properly.  I also designed the Bucking Coil and its power supply system.  The Bucking Coil, which I understand you will not be using, was needed to obtain a field-free region outside one end of the magnet.
	I am writing this so you can perhaps benefit from my experiences, and to save you the need to “reinvent the wheel”.  I admit to some “paternal feelings” towards one of my creations, and to taking delight in its continued usefulness.
	A few months ago, with permission from SLAC, I sent you a box with all my records and files about BaBar.  In the following I will add some comments about the magnet and the power supply system.  I will also make a proposal that I be of some assistance to you in restoring the system at BNL, if you so desire.  I think this could save you time and money.

The BaBar Superconducting Magnet
	The magnet, as you know, was built by Ansaldo in Genoa, Italy.  Italy was part of the BaBar international collaboration, and Ansaldo had prior experience building superconducting magnets, having done so for DESY (If I am right).  The BaBar magnet has a 2-layer cylindrical coil, of something over 300 (I think that is correct) turns, wound inside an aluminum cylinder about 2.5cm wall thickness.  The conductor consists of niobium embedded in a high conductivity aluminum matrix, about 2cm x 4cm in cross section.  Everyone was of the opinion that the magnet was an extremely rugged design.  I don't think that it ever quenched, nor did it require any training that I know of.  At Ansaldo, with the coil  inside its cylinder but without the iron structure around it, the coil was tested superconducting but at less that 2000 Amperes.  At SLAC, with all the iron including the end-caps installed, the magnet was routinely operated at 4,600 Amperes.  Ansaldo had done detailed calculations to insure that the coil mechanical suspension was more than adequate to prevent catastrophic off-center forces from damaging the magnet..
	Perhaps the weakest part of the magnet, as I recall, was in the design of the current input leads, always one of the more difficult problems in superconducting magnet design. The leads are cooled by boil-off from the circulating liquid helium, but I believe it became necessary to provide some additional direct cooling.
	The engineer at SLAC in charge of all the mechanical installation details, including the helium cooling, was Wes Craddock.  I believe that Wes will be more than happy to share with you some of his experiences, and the wisdom he obtained from them.

The Magnet Power Supply
	When the United States in the 90's terminated the construction of a large proton accelerator in Texas, all the equipment they had bought was made available to other labs.  SLAC acquired two power supplies originally intended for testing the superconducting magnets they were going to design and build in Texas.  We thought that maybe we could use the power supplies and the BaBar solenoid became a good candidate.  The power supplies were built by Dynapower in Burlington VT, and as I recall were rated 300 KW each, 6,000 Amperes at up to 50 Volts DC, with primary and secondary taps for lower output voltages, and were larger than we really needed.  The power supplies were 12-pulse SCR controlled, 2 quadrant operation (positive current only, positive or negative voltage).  The latter feature meant that a charged magnet could be actively discharged by reversing the voltage and returning power to the line.  To prevent lockup of the conducting SCR's a bank of SCR's had been connected across the output to act as a triggered free-wheeling diode when incoming AC power was lost.  The filter capacitor used two banks of electrolytic capacitors connected back to back for bipolar operation.
	At SLAC we used one of these two power supplies for BaBar, and kept the other one as a spare.   I decided to use the 20VDC tap, thus having more than enough voltage for charging the magnet at 8 VDC (di/dt of  4 Amperes/second) plus 5.5 VDC for DC cable drop (13.5 VDC total).  I further recommended that since we really did not need controlled discharge with reverse voltage, that we replace the triggered-freewheeling SCR's with a bank of diodes.  All the output filter electrolytic capacitors were then reconnected into a unipolar bank with appropriate damping (Prague circuit).  The power supply was thus changed from a two-quadrant int a into a  one-quadrant SCR controlled rectifier.  Simpler, more reliable, and with lower output ripple.  In actual operation we did not use the “constant current” regulating mode that was built into the power supply.  Instead the power supply was used in the “constant voltage” mode, in which the control signal to set the current was generated by a SLAC built regulator, the same as used elsewhere throughout the accelerator.  This regulator provides the necessary voltage to obtain the desired di/dt to charge the magnet, and the voltage to maintain a steady current once the set-point was reached.
	Interlocks and  turn-on sequence were controlled by an Allen Bradley PLC that never gave us any trouble.  We took the PLC that was inside the power supply, expanded and modified it, and wrote our own program stored in a memory that did not require battery backup.  You should have a copy of this program in one of the folders I sent you.

Transductors:
	A zero-flux transductor rated 8,000 Amperes, also made by Dynapower, was built into the power supply, and used to both measure and control the total output DC current.	
	In the installation at SLAC Magnet current was monitored by two transductors.  The one inside the power supply measured the total current in the magnet plus that in the dump resistor (~65 milliohms) connected across the magnet.  A second transductor, placed around the leads between the magnet and the dump resistor measured only the magnet current.  This second transductor was used to set the magnet strength.  During charging, with 8 VDC across the magnet, the current from the power supply exceeded the current in the magnet by about 125 Amperes, i.e. the current in the dump resistor.  The transductor inside the power supply was used to set a not-to-exceed safe magnet current limit of about 4,800 Amperes since the power supply was operated in the “constant voltage” mode.  This provided protection in case of error by the operator.
	The second transductor used for measuring the true magnet current was “stolen” from the spare power supply.  These high current transductors are not cheap (~$12,000 each), yet they are the most essential device for setting the magnet strength.  At some point we decided to buy a 3rd transductor so that we would have a spare and minimize potential downtime.  Early on we had experienced a failure in the output stage of one of the transductors, a failure that I was able to diagnose and repair. We never again had a transductor failure, so the spare never had to be used.   Actually I was very impressed with the reliability and long term stability of the Dynapower zero-flux transductors.  At one point I did a calibration test to compare the 3 transductors we had, and found out that after several years of use the 3 devices still agreed within a few parts in a million.
	I believe that at BNL you have all 3 Dynapower transductors.

Dump Resistor.
	There is nothing complicated about this device.  It is just a piece of iron in a metal enclosure, measuring about 65 milliohms end to end, big enough so that with about 25 megajoules discharged into it over an hour's time the temperature rise is tolerable.  By design no fan cooling was needed.  At SLAC the Dump Resistor inside its box was installed some 30ft away from the magnet, permanently connected to the magnet terminals with several air-cooled 635MCM flexible cables in a tray, in such a way that the 2nd transductor measured only the magnet current.  The centerpoint of the dump resistor was used for grounding the magnet circuit through a wirewound resistor of about 100 Ohms and rated over 100 watts (I don't remember the exact details).  Center point grounding was used to reduce the voltage stress during a fast magnet dump, during which the initial voltage across the magnet terminals and the dump resistor would be about 300 Volts, thus + or – 150 Volts from each terminal to ground.  The voltage across the grounding resistor was always monitored during normal operation to detect a potential ground fault in the magnet or any of the associated wiring, and with up to 8 VDC magnet charging voltage.  I don't remember that we ever encountered a ground fault.

DC Circuit Breaker
I don't remember the name of the manufacturer of the DC breaker.  The breaker came with the equipment we got from Ansaldo.  The apparatus performed well, and gave us no troubles.  Its rating for 600 VDC was certainly adequate, since the maximum voltage we expected was about 312 VDC (4,800A x 65 mohms), across the dump resistor and magnet when disconnected  from the power supply. Since it was a DC breaker it had blowout blades to divert for the arc currents from the main contacts and  magnetic arc-chutes to extinguish the arcs.  We bought spare silvered main contacts just in case we ever would have to replace them, but we never had to do so.  You should have gotten these spare contacts.  The tripping energy source is derived from a spring wound up by a motor in the breaker.   A DC battery, kept alive with a trickle charge current, provided current to a relay that had to be closed to actuate the latch that would trip the breaker.  This round-about way of tripping a breaker is of course common when it is desired to open a breaker fast and deliberately.  You should have received the spare battery we had bought.
	While in use with BaBar at SLAC the breaker was accidentally opened at 4,600 Amperes several times, with no serious consequences.  It was opened routinely at currents below 1,500 Amperes to safely speed up discharge of the magnet when experimenters needed access to the experimental equipment.

Quench Detector
	This part of the system never really worked properly.  To my knowledge we never had a real magnet quench, but we had many false triggers from the quench detector. The problem was simply that the quench detector, although designed to work well with a steady unchanging voltage across the magnet, was too sensitive to anything other than very slow changes in the magnet voltage.  	
	Fortunately the BaBar magnet is extremely rugged, and if it ever did quench, it was not damaged.  At Ansaldo the coil and cylinder assembly was tested only up to one or two thousand amperes, without the iron frame around it, and they could not have used the quench detector because it couldn't work.  At SLAC we energized the magnet only after the assembly was complete with the iron frame.  We brought up the magnet current over several days, a few hundred amperes at a time, to take many cryogenic and mechanical measurements at intermediate points before reaching the design current of 4,600 Amperes (we actually went up to 4,800 Amperes, but operated the magnet at 4,600 Amperes).  During these tests the magnet underwent a number of “fast discharges” initiated by the quench detector.  A “fast discharge” is one in which the magnet DC circuit breaker is opened, and the current decays through the Dump Resistor with an L/R time constant of about 30 seconds.  A “slow” discharge” is one in which the magnet power supply is turned off, and the magnet current decays through the leads connecting it to the power supply (about 1.25 milliohms for the installation at SLAC) and the freewheeling diodes inside the power supply.  At SLAC a “slow discharge” proceeded initially with an  L/R time constant of about 26 minutes, and faster when the current was below 500 Amperes.
 	To reduce the inconvenience caused by “a fast discharge”, namely the time lost because of the need to cool down the magnet and make up for the helium boiled off during a “fast discharge”, we found it necessary to desensitize the Quench Detector to the point that it was almost useless and ineffective.  During these commissioning tests we also had to restrict the magnet charging rate to about 2 A/s, i.e. 4 volts across the magnet.  Thus it would take about 40 minutes to bring the magnet to rated current of  4,600 Amperes.  A faster di/dt (i.e. a higher voltage) would occasionally trigger the quench detector and initiate a “Fast Discharge”.  It would have been helpful if the magnet control program at SLAC had allowed us to gradually increase di/dt, thereby slowly increasing the magnet voltage.  On the other hand a slow increase in voltage instead of a step increase would have solved only half of our problem, because turning off the power supply for any reason results in a sudden voltage drop that would actuate the quench detector and turn what should have been a “Slow Discharge” into a “Fast Discharge”.

How the Quench Detector works, and the cause of the problem.
	The basic concept for a quench detector is straight forward and well proven.  A tap point is chosen on the magnet, preferably at the midpoint of the coil.  The voltage at this tap on the magnet is compared to the voltage at a tap on a voltage divider network also across the magnet.  It is the old idea of a balanced bridge network, which will result in zero voltage across the two tap points regardless of the input voltage.  A signal across the tap points will appear only if one of the arms in the bridge is changed.  The problem with the BaBar Quench Detector is that the voltage at the tap for the midpoint of the coil is frequency dependent, and is compared against the voltage from a linear frequency independent resistive voltage divider.  I discovered this problem by monitoring the voltage across the bridge output when the magnet current was being changed.  At the start of any di/dt, either up or down, a large transient signal would appear, lasting several seconds, and then decay to zero.  Simply filtering the transient would have rendered the Quench Detector so slow as to be ineffective.  The Ansaldo Quench Detector tries to do some sort of filtering by looking for two different signals that were used to open the DC breaker to initiate a “fast discharge” (or “magnet dump” as it is sometimes called).  One is the “IST” value (German for “actual value”), an unusually large voltage from the bridge.  The other is the “integrated sum” of a repeated but lower level signal or steady state signal.  I don't think this worked very well.
	The BaBar magnet coil is not a simple coil in which the midpoint between the 2 layers is a point of symmetry.  The two coils are wound inside an aluminum cylinder to which they are tightly coupled electrically.  Moreover one layer is more tightly coupled to the cylinder than the other.  Think of a 2-winding transformer with a one-turn short-circuit around it.  Ansaldo calculations accounted for heating caused by eddy current losses in the cylinder during charging and discharging the magnet, but they did not analyze the effect on the voltage at the tap.  In addition to the difference in the coupling of the two coils to the cylinder there is a slight difference in the number of turns between the two layers, but that is not a problem because this effect could be balanced out in the voltage divider network.
	I analyzed the problem using coupled coil theory, and came up with a mathematical model that bore out my suspicions.  You have a copy of the memo I wrote about it.  Mutual and leakage inductances can be calculated from magnet and coil dimensions.  It should be possible to come up with an RC voltage divider network that would replicate the behavior of the coil.  If such a network were used instead of a simple resistive divider it would be possible to eliminate the transient signal across the taps on the bridge when the power supply voltage is changed.  
	I requested access to the BaBar magnet at the end of a maintenance shutdown to do some measurements and experiment with changes in the voltage divider network for the Quench Detector..  I would have needed maybe a full day to come up with a good answer.  I got no sympathy!  During a BaBar maintenance shutdown  the pressure to get the magnet back up and running after completing all the other work inside the detector was such that they would not allow me the time to do a careful analysis.  I was however able to make some slight intuitive changes in the voltage divider network, short of just brute force filtering,   Although I did not have the opportunity to optimize the network, the changes I made allowed us to increase the sensitivity of the Quench Detector so that it was functional.  In routine operation we were thus able to charge the  magnet at 2A/s (a 4 VDC step), and to turn off the power supply to initiate a slow discharge without triggering the Quench  Detector into a Fast Discharge.

 A  proposed solution to the problem.
	I believe that the Quench Detector should be completely rebuilt.  The basic concept of monitoring the voltage at the tap between the two layers and comparing it to the voltage from a tap on a special voltage divider network is correct and should be retained.  It should be implemented in a better way.  I think the following should be done:
1.-  Design a network that properly balances the bridge.  As a starting point the mathematical model derived from coupled coils theory can be used.  It should be possible to design an RC network that will behave in a similar way to the coil.
2.-  The instrumentation amplifier in the existing Quench Detector is way out of date.  It consists of individual operational amplifiers connected as instrumentation amplifiers.  Much better modern instrumentation amplifiers are available with all the amplifiers in one package, and with superb common mode rejection capabilities.  
3.-  Eliminate the IST and INT features.  They will be unnecessary with a properly functioning RC voltage divider bridge network.
4.-  Tests of the Quench Detector could be conducted somewhere between  2,000 and 3,000 Amperes.  At this current one can superimpose a saw-tooth current wave of 0.1 Hertz and 10 Apk-pk by superimposing a 0.1 Hertz square wave 2 Volt pk-pk voltage onto the DC voltage required to maintain the 2,000 to 3,000  Amperes in the magnet.  This  2 VDC square wave will produce variations of 1.0 A/s in the magnet that will not cause excess heating.  The input voltage to the Quench Detector can then be monitored, and the bridge balanced for minimum output signal.
5.-  Similar instrumentation amplifiers should be designed to monitor the voltage drop across the two DC power leads.  To provide redundancy Ansaldo installed more than one set of taps for each of these power leads.  I suggest that each set be provided with a monitor, as these power leads are an extremely critical part of the magnet.  These amplifiers must have extremely good common mode rejection, because they monitor small voltages with occasionally high common mode voltages.  
6.-  Although in normal operation the input voltage to the Quench Detector instrumentation amplifiers is limited to a few volts, during a Fast Discharge the common mode voltages can be +/-150 VDC, or 300 VDC for a ground fault on one of the magnet terminals.  The inputs to the Quench Detector instrumentation amplifiers must be protected to survive these events.
7.-  Since the DC circuit circuit breaker for the magnet dump requires power for fast opening, the battery that provides this power should be provided with a continuous trickle charge, and should be checked regularly.

What I can and would like to do for you
 	I have described an overview of the Power Supply and the BaBar magnet protection system.  There is more to be said.  I think it would be very useful if the two of us could get together for one or two days for a discussion.  I could save you a lot of time by learning from my experiences.   However I would hope to be reimbursed for expenses:  Travel  California to BNL, and two days lodging and meals.  I also think that an honorarium of $1000 would be appropriate.   I am convinced it would be cost effective to BNL
	I would also love to work with you on the design of the instrumentation amplifiers and the network for the Quench Detector.  I could do this work from home as an independent contractor on an hourly basis.  My rate would be $80/hour for hours actually worked.  I estimate that it could involve a maximum of 200 hours, depending on details.  Although retired, I am still listed on the SLAC employee roster as an “occasional employee”, limited to 20 hours/week.  Perhaps BNL would prefer a contractual agreement with SLAC in which they pay SLAC for my services.  I am flexible.  I any case, I would love to work on this project.
	Let's keep in touch.
					Martin M Berndt

