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Reference harmonics table version 3.0 for the MQXB[1] updated the body harmonics values from the previous version 2.0 based on measurements from the model magnets HGQ05-08, but made no changes in the end harmonics tables, as the end field data had not yet been analyzed.  Since then measurements of HGQ09 have been made and the end harmonics in HGQ06-09 have been analyzed and presented[2,3].  This note compares the measured mean and rms distributions of the body harmonics including HGQ09 with reference table 3.0, and present new reference tables for the lead and return ends.  No changes are made to the body table at high field and one change is made to injection table.  Significant changes are made to the table for the ends.  The resulting reference harmonics table is called version 3.1.

Figures 1 and 2 show the measured mean and rms variations of the body harmonics measured at 6 kA (109 T/m) for the series HGQ05-09, and compares them with the uncertainty range and random errors in reference table V3.0.  The measured harmonics for the ensemble of 5 magnets are consistent with the error table and no change is indicated from the addition of HGQ09 data. 

Table 1 shows the measured lead end harmonics in HGQ06-09[3].  These magnets have the end configuration[4] that is planned to be used in the prototype and production magnets, while earlier models used a different end configuration.  The data are compared with the design calculation, which includes non-zero values for normal and skew 12-pole and normal 20-pole.  The measured mean values for these allowed (in the lead end) multipoles are of the same order as the design values, but in each case somewhat smaller in absolute value.  The magnet-to-magnet variation is small compared with the difference between the measured and computed mean values.  The systematic shifts are presumably related to the additional shimming placed at the mid-plane in the ends to control the prestress.  The mean values entered in the reference harmonics table for these three non-zero harmonics are the measured averages, rounded to the nearest 0.05 units: b6 = 3.10 units, a6 = -0.35 units, and b10 = -0.05 units.  

Figure 3 shows the average values of the measured lead end harmonics, where the allowed harmonics have been shifted by the mean values entered in the error table.  The uncertainty ranges in the new reference table are indicated by horizontal bars.  These have been chosen on a purely empirical basis to encompass the measured mean plus at least the one sigma error on the mean, to have a common value for both normal and skew harmonics of a given order, and to progress “smoothly” towards smaller values with increasing harmonic order.

Figure 4 plots the measured rms variation of the lead end harmonics about their average values.  The error bars are /√(2Nmagnets), a crude estimate of the error on the measured rms.  The random error values for reference harmonics table V3.1 are indicated by horizontal bars.  Similar to the uncertainties, these have been chosen empirically to have a common value for normal and skew moments of the same order, which is roughly equal to the average of the two and which is no more than one error bar below the maximum of the two, and with the rule that the values must decrease monotonically with increasing harmonic order.  

Table 2 shows the new reference harmonics table for the lead and return ends expressed as average values of the harmonics through the ends.  The values for the lead end have been derived from the measurements of HGQ06-09 as discussed above.  Similar data have not been taken over this series for the return end, so the return end reference table must be derived from the lead end data.  For the unallowed multipoles, the values of the mean, uncertainty and random error are taken to be the same as for the lead end.  For b6, the design value is 0.1 units.  To generate the entry for the reference table, it is shifted by an amount related to the measured shift of ‑0.4 units in b6 at the lead end.  It is assumed that the shift arises from local shimming of the ends, which covers the same length in both ends.  Since the return end is shorter, the effect on the average b6 is larger by the ratio of magnetic lengths, resulting in an expected shift of –0.5 units.  Thus a value of –0.4 units is entered as the expected mean in Table 2.  Due to the lack of confirming data from the model series, the uncertainty is increased to 0.3 units.   Since the design value of b10 is the same at the lead and return ends, the measured lead end b10 is applied at the return end, but the uncertainty is increased to be equal the difference between the lead end measured and design values.  Warm measurements of the return ends of HGQ06-09 are planned, and if these data are not consistent with the values derived from the lead end measurements, a revised harmonics table will be issued.

The standard method of expressing end harmonics is as integrated values in unit-meters.  Table 3 shows the version 3.1 end harmonics table in these terms, and compares it with the old table.  The value of A2 is taken from the design calculation.  For the allowed harmonics which were included in the previous table, the new uncertainties and random errors are considerably smaller in the new table.  The most important difference, however, is that non-zero entries are now included for all multipoles.

In the previous error table, the injection value of b6 in the body was the calculated value.  Averaged over the 8 model magnets tested, the shift in b6 due to superconductor magnetization is –1.2 units, with an rms variation of 0.4 units[6].  These values are entered in the V3.1 harmonics table for the mean and random error respectively. 

Table 4 presents the new reference harmonics table for the MQXB quadrupole, including both body and ends.  Here the magnetic length of each section is also included.  The relative importance of the ends is estimated in the final column, which is the ratio of ends to body of (mean + uncertainty + 4*random), weighted by the magnetic lengths.  The ends, while not dominant, are hardly negligible.
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Table 1.
Measured lead end harmonics for HGQ06-09.  The harmonics are an average over an interval starting from “z” as shown in the table and ending beyond the end of the magnet.  The 3 cm difference in starting point between the measurement and the calculation is not believed to significantly effect the comparison between the two[5].
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Table 2.
Reference harmonics table version 3.1 for the ends, expressed as average harmonics through the ends.
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Table 3.
Reference harmonics table version 3.1 for the ends, expressed as integrated harmonics through the ends, and compared with the previous version.
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Table 4.  Reference Harmonics Table V3.1 for the MQXB magnet.
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Figure 1.
Mean value of body harmonics for HGQ05-09, compared with the uncertainty range for Reference Table V3.0.  The error bars are the rms/√Nmagnets. 
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Figure 2.
RMS variation of body harmonics for HGQ05-09.  The filled (open) symbols are the rms about the mean (about zero).  The error bars show ±45% confidence bounds, and the horizontal lines show the rms values in Reference Table V3.0.
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Figure 3.
Measured mean values of lead end harmonics for HGQ06-09 relative to the mean in reference harmonics table V3.1.  The error bars are the rms/√Nmagnets.   The horizontal lines represent the uncertainty range in table V3.1.
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Figure 4.
Measured rms variation of lead end harmonics for HGQ06-09.  The error bars are rms/√(2Nmagnets), and the horizontal lines show the random error values in reference table V3.1.
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