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Introduction





The third R&D magnet based on the Fermilab low-beta quadrupole design was recently collared. This magnet was instrumented with an inner and outer beam gauge and three active pole tip gauges in two of the four quadrants (A & C). The gauges were calibrated at both 300K and 4.2K, using standard techniques. The active gauges were read out using the room temperature measurement system during the collaring and keying procedure. In this note we discuss the results from these measurements.











Results





The signals from the strain gauges were recorded at various points during the collaring and keying procedure. Data were taken after the magnet was assembled (i.e., collars stacked on the coils), while pressure was being applied to the collars via the collaring press, while keys were being inserted, after all the keys were inserted and all external pressures removed, and after the assembly mandrel was removed. The room-temperature calibrations were used to transform strain measurements into coil stresses. For strains  recorded after the peak collaring stress was achieved, hysteresis corrections have been applied to the data. This has the effect of reducing the equilibrium the value of stresses that would otherwise be calculated from the application of the room temperature calibrations. 





The stresses measured by the strain gauges in RD#2 are shown in Figure 1 for various stages during the collaring cycle. The structure of the curves is due to the step-wise increase in collaring press pressure, in 1500 psi pump pressure intervals. Two measurements are taken at each value of collaring press pressure, in order to ascertain measurement reproducibility.  Consequently, measurements 3 & 4 are taken with the collaring press at 1500 psi, 5 & 6 with the press at 3000 psi, 7 & 8 at 4500 psi, 9 & 10 at 6000 psi, and 11 & 12 at 7500 psi, the ultimate collaring pressure. Though the strain gauges show a monotonic increase with increasing collaring press pressure, the first and second derivatives  varied with gauge type and also with absolute stress. The greatest changes are seen in the beginning of the cycle, while the lowest changes are seen between 6000 and 7500 pump psi. The middle two sets of readings show consistent changes with changes in pump pressure. In this region the pole tip gauges in quadrants A  and C show an increase of about 1300 and 2800 psi, respectively, per 1500 psi increment in collaring press pump pressure. Further analysis will be perfomed to investigate this apparently anomalous behavior.





The data for coil stresses during keying, immediately after keying, and after the mandrel is removed are given in Table I. The data for conditions 3 & 4 , which reflect relaxation of the coils and removal of external forces, have been corrected for hysteresis effects in both the beam and pole tip gauges. From an examination of the data in Table I, we can conclude that the coils in quadrant A are  at somewhat lower stress than those in quadrant C. The ratio of quadrant A stress to quadrant C stress is found to be 0.88 for beam gauge data and 0.75 for pole tip gauge data. The pole tip gauges in both quadrant appear to show similar equilibrium readings, with a maximum peak-to-peak variation of 800 psi.  What is somewhat disturbing is the ratio between stresses measured with pole tip gauges and those measured with the beam gauges. The average pole tip gauge reading in quadrant A, for example, is about twice as high as the average of the inner and outer beam gauges there. A similar ratio applies to quadrant C. 





The moduli of the coils in RD#2 have been measured to be about 1.3 - 1.4 x 106 psi for the outer coil and about 2.0 - 2.2 x 106 psi for the inner coil. The ten-stacks recently used in beam gauge calibrations have had moduli on the order of 1.1 - 1.2 x 106 psi. The difference between this modulus and that of the coils is not negligible. Once the coil moduli were known, the inner and outer beam gauges were re-calibrated at room temperature using a ten-stack with a modulus of 1.7 x 106 psi (the highest available). Strain gauge data were then re-calculated using these new calibrations, and are shown in Table II and Figure 2. We now find that the quadrant A/quadrant C ratio for beam gauge average and pole tip average is nearly identical, at 0.77 and 0.75, respectively. Also, the ratio of pole tip gauge stress and beam gauge stress  is improved - the pole tip gauges now read only a factor of 1.3 higher than the beam gauges’ average. Since the beam gauge average includes the outer gauge, while the pole tips in general do not seem as sensitive to the outer coils’ stresses, it is perhaps more appropriate to compare the pole tip average stress and inner beam gauge stress in each quadrant. When this is done we find agreement on the order of 93 - 98 %. 





Based on the consistency between the quadrant A and Quadrant C ratios, and ratios between inner beam gauge results and pole tip results, it would appear that the data using the higher modulus ten-stack calibration is more accurate, and more representative of the actual coil stresses. With this in mind, one might quote an average inner coil stress of about 7900 psi and average outer coil stress of 3625 psi. These are to be compared to the average stress measured by all pole tip gauges of 7600 psi. One might legitimately argue that the “high modulus” calibrations used here are underestimating the inner coil pre-stress, and overestimating the outer coil pre-stress. One then might state that the numbers quoted above provide a lower limit on pre-stress of the inner coil and an upper limit on pre-stress of the outer coil. A lower limit on the pre-stress of the outer coil is provided by the data using the “low modulus“ calibration, or about 2250 psi.








Measurement Reliability





There were no gauge failures or irregularities experienced during the data taking for RD#2, unlike in some previous cases. Whereas pole tip gauges had previously shown erratic behavior during the collaring procedure, there was no evidence of such behavior this time. In this magnet assembly Kapton( tape has been used to insulate the pole tip gauges from the pole faces of neighboring collars, thereby reducing possible electrical interference. It has apparently eliminated the problem. 





Two of the pole tip gauges did show excessively high stresses while the collaring press was at maximum pressure - however their behavior at lower applied pressures and upon  release of external pressure and removal of the mandrel, was consistent with the other pole tip gauges and beam gauges. 





The
