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Introduction:


Studies were performed on the first production “Q2” element for the LHC IR inner triplets (LQXB) to determine the peak voltage to ground during a spontaneous quench during normal operating conditions.  Each LQXB consists of two MQXB quadrupoles (referred to as Q2a and Q2b) electrically connected in series.  These studies consisted of “manual” trips of the LQXB01, i.e. phasing back the power supply, firing the quench heaters and measuring the voltages across the 1/8 coil segments of each MQXB.    These voltages are compared to voltages predicted from a quench simulation model [1] and can then be used to predict the peak voltages during operating conditions.  This peak voltage to ground will be used in the determination of test voltages for the production magnets [3].

We have previously studied the quench protection of a single MQXB magnet, and found the peak voltage to ground to be ~120 volts [2].   This agrees well with the simulation predictions.     A trivial extension of the model determines that the voltage to ground during the nominal operations of all four heaters in a LQXB magnet to be less than 150 volts [1,2].  During the test campaign for LQXB01, the first production magnet, manual trips were performed at various excitations currents and various heater configurations.   Of particular interest is the case where three out of the four heaters in the LQXB magnets are working.   The “3 out of 4 heaters” covers a possible failure mode of one heater circuit.  In this case an asymmetry of resistive voltage growth would result in a voltage imbalance and hence a larger voltage to ground.
Measurements:


From the simulations, it can be shown that the peak voltage is always very close to an inner/outer coil voltage splice.  This is because most of the resistive voltage is generated in the outer coils because of the quench heaters, while the inner coils mostly generates inductive voltage.   On LQXB01, voltage taps are located at each inner/outer coil voltage splices, at the splices between quadrants and at the magnets leads.  

The peak voltage is then determined by making plots of the voltage from one LQXB terminals, to each of the 16 1/8 coil voltage taps in the Q2a-Q2b series connection.   For the case of the “3 out of 4” heaters, the peak voltage always occurs near the inner-to-outer splice, in the magnet with two operating heaters and in the quadrant which is electrically connected to the other Q2 magnet (i.e. the Q2 with only one heater operating).  Figure one shows the measured voltage to ground from this location, as a function of time for a manual trip at 12kA.  (12 kA corresponds to the peak operating gradient of the LHC IR’s)   Here t=0 corresponds to the phasing back of the power supply and firing of the heaters.   The heaters become effective approximately 25 ms after they are fired.  At approximately 80 ms the inner coils develop resistive voltage.  This resistance can be attributed to the “quench back” phenomena, i.e. quenches generated by eddy currents generated by the sudden collapse of the magnetic field. 
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Figure 1.  Peak voltage during a 12 kA manual trip. 
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Fig. 2.  Peak voltage as a function of excitation current.  
As shown in figure 1, the peak voltage to ground is ~350 volts, and occurs about 120 ms after the heaters are fired and the power supply is turned off.  Figure 2 shows the peak voltage to ground as a function of excitation current.  The measurement at 12 kA is compared to the computer simulation and as shown, is in very good agreement with the computer model.     
Calculation of Peak Voltage during Operation:


The peak voltages were measured using a manual trip from our test facility.   Some corrections need to be made to determine the peak voltage to ground from a spontaneous quench in operation.   The computer model is used to estimate the size of these corrections.   First of all, one must consider the effect of the voltage/resistance of the spontaneous quench.  Quenches that occur in the inner coils, or quenches that start in the magnet with one heater only will tend to minimize the peak voltage to ground excursion.  But even in an outer coil, the increase in voltage to ground is not dramatic, not more than 20 volts.  This is because the heaters are effective, and very quickly dominate the resistance growth.  The added resistance from the quench is also counterbalanced globally by a slight increase in global inductive voltage.   

Corrections must also be made for expected variation in magnet and heater performance between the Q2a and Q2b, in particular  RRR, quench back start time, and heater efficiency.   Expected variation in RRR during the production run from magnet to magnet are expected to be small, less than 10 percent, in which case this effect is negligible.   The quench back start time, based on a global change in dB/dt and inter and instra strand resistance, shows very little variation from coil to coil, and is predicted to be a small effect.   

The heater efficiency is a noticeable effect.  The simulation predicts an 80 voltage increase in the coil to ground voltage with a 5 ms difference in the onset of resistive voltage growth.   This 5 ms difference can occur directly from the heater efficiency or could be a function of the heater power supply.    In LQXB01, we observed a 2 ms difference in the heater firing.   Although it is difficult to tell from the quench traces, this voltage delay seems to account for the difference in the heaters developing resistance.  Assuming a linear relationship between voltage and delay, this would result in 32 Volts increase in the peak voltage to ground.  Taking this voltage into consideration, the 349 V measured voltage is in excellent agreement with the simulations, which predicts 350 volts for a manual trip with a 2 ms heater firing asymmetry. 


Note that this added voltage is a consequence of the heater power supplies and not of the magnet itself.  This added voltage could be eliminated by rearranging the heater supplies so that one supply services one heater on each MQXB magnet.  Thus the “true” voltage to ground is less by about 30 volts.  This happily offsets the aforementioned ~20 volt increase in voltage to ground from a spontaneous quench.  

We therefore conclude that the predicted voltage for a spontaneous quench with one heater missing is ~350 volts.

Conclusion:

This result, which validates the quench model, means that our original prediction of 450 V was very conservative.  This will have an impact on the required withstand voltage of coil to ground during cryogenic operation, which should be ~1200 V and not the previously stated 1400 V.   
This result will no impact on the magnet construction or on the room temperature test voltages in air, which will continue to be 5000 volts.
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