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Introduction

We are developing a detailed model to predict the peak voltage to ground for the Q2 magnet.  In the meantime, we present a conservative estimate of the peak voltage directly using data from the 1.9 m model magnet program and simple scaling rules.  

MQXB  in the LHC IR Inner Triplet

The Q2 will consist of two 5.5 m long USLHC quadrupoles (MQXB) connected in series.  In the LHC inner triplets, the Q2 in turn is connected in series to other magnets. However, by use of a bypass diode and/or SCR’s, the voltage across the Q2 will be effectively decoupled from other magnets in the string.   So we need only consider the Q2 voltage to ground.  During normal operation, when a quench is detected anywhere in the string, the power supply will shut off, all heater circuits will be fired for full coverage of all 8 Q2 outer coils.  The voltage across the entire Q2 magnet circuit will be zero or nearly so (depending on the bypass scheme, but probably less than 20 volts).  

The voltage to ground in the Q2 circuit can deviate significantly from zero volts.  This is because the resistive and inductive voltages along the series’d coils are not uniformly distributed.  For example, the strip heaters will preferentially make the outer coils more resistive than the inner coils.  Variations in the coil copper resistance (RRR), variations in strip heater efficiency as well as the location of the initial spot heater quench will further change the voltage balance. 

Our Study

During the 1.9 m model program several types of data were recorded including “heater studies” to evaluate the protection efficacy of the strip heaters. For a description of the magnet quench protection studies see the following references [1,2].  Unfortunately there is no data event with all the characteristics of the “typical” Q2 operation, namely, a spot heater event with all heater circuits activated.  

The following model program data were used for these studies:

1) spot heater events.  Spot heater in one outer coil was energized causing a short section of the outer coil to quench.  Upon quench detection (300 mV), the power supply was turned off and one heater circuit was energied (two heaters in series, covering in total ½ of each of the four outer quadrants).  Heaters develop resistive voltage at about 30 ms after the quench is detected.

2) Manual trip events.  At t=0, the power supply is turned off and the strip heaters are fired.  Approximately 30 mS later the heaters make the outer coils resistive.  We took data with two different strip heater configuration, a)  one heater circuit covering ½ of all four quadrants (same strip heater configuration used in spot heater events) and b)  one asymmetric heater circuit giving full coverage to one quadrant, ½ coverage to two quadrants and no coverage to one quadrant.  These two types of heater configurations are again explained in reference 2.

Rules for using data in simulation

1) Use data from 12 kA spot heater and manual trip events.  We have the most complete data set from magnet 8, which happens to have a heater most like the one in the full scale magnets. 

2) Using the coil inductances, verified with data, extract the 1/8 coil (4 inner and 4 outer) coil resistance as a function of time.

3) Assume that resistance growth and inductance scales with length, for manual trip events.  This is a good approximation because the resistance is dominated by the strip heater whose coverage scales with length.

4) Resistance due to the spot heater does not scale with length, the spot heater contribution is found by comparing the resistive growth from a coil with a spot heater event (i.e. spot heater plus strip heater) vs. an outer coil with only the strip heater firing.  This “added” resistance is superimposed over the data attributed to the length-scaled strip heater-induced resistance. 

5) Variations in RRR are simulated by simply multiplying the overall coil resistance vs. time profile by a scale factor.   To estimate the scale factor, we look at the adiabatic MIITs tables, as a function of RRR.  The MIIT’s corresponding to the time and current at the peak voltage  (usually around 15 MIIT) gives a temperature scale and this is used to scale the resistance.   What is the RRR variation expected? While there is a large variation of RRR from model magnet to model magnet, the measured variation of RRR within an outer coil is less than 15 percent.    We expect this 15 percent variation to be typical since coils used in a given Q2 magnet are likely to be made from the same cable lot and made with the same curing cycle.  We estimate that a 15 percent variation in RRR corresponds to less than a 10 percent variation in the coil resistance at time of peak coil voltage.

6) Variation in strip heater effectiveness are performed by simply delaying or advancing the resistance growth during the resistance summing step. (see 7 below).  Typical heater uncertainties are quite low on the order of 5 ms between heaters on the same magnet.      

7) To generate a “Q2” magnet under so called normal conditions, we take resistance as a function of time traces, from manual trip events with full quadrant coverage (as discussed above)  .  Electrically Q2 looks like 8 inner and outer pairs bussed in series, so there are 16 resistance trace as a function time.    With this collection of resistance as a function of time, inductances,  and a starting current of 12 kA, we let the resistance evolve, in discrete time increments  (i.e. for each time increment, we add up the sum of the resistance form each of the coils in our ersatz magnet.  We calculate L/R in this small time regime and let the current decay.  

8) We then reconstruct the total voltage across each coil as a function of time.  

Results
We simulate a spontaneous quench starting in Q2a coil 1 outer.  We allowed the starting time of the strip heater in this coil to vary by 10 ms.  We allowed the RRR of Q2a and Q2b outer coils to vary by 15 percent.  (this again corresponds to a resistance scale variation of 10 percent).  The voltages across each coil is shown in figure 1.  The cumulated voltage across each coil  is shown in figure 2 

As shown, the peak voltage across any coil is around 250 volts, the peak voltage to ground is also less than 250 volts.

Finally, we consider a case where only one heater circuit is activated in Q2a.  This would occur if one for the circuits power supplied failed, or if one of the heater circuits was opened. As shown in figure 3, the voltage to ground is less approximately 450 volts.  

We consider these assumptions to be conservative and thus set an upper limit for normal operations.   Note these estimates are considerably lower than previous estimates.  This is primarily due to a lower expectation of the RRR variations and a better accounting of the resistive voltage due to firing two full heater circuits.
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Figure 1   Coil voltages for Simulated Q2ab
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Figure 2 Voltage to ground for simulated Q2ab: running sum of coil voltages from one end of the Q2ab electrical circuit
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Figure 3.  Voltage to ground for case where Q2a has one heater circuit and Q2b has the normal two circuits.   Peak voltage is approximately 450 volts.

