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Field Errors of HGG Model Magnets

 In this note I compare random and systematic errors measured in the HGQ model magnets to calculated values.

Expected systematic and random field errors were published in [1]. Systematic values of the allowed harmonics of the magnet design are computed based on various assumptions about radial positioning of the coil conductors. Random errors are estimated based on a monte-carlo simulation of geometrical errors.

Random Errors

Tables 1 and 2 give the expected normal and skew random errors from [1] at a reference radius of 17 mm. 

Table 1
[image: image1.emf]n Block Turn Measurement Total

3 1.62E+00 3.03E-01 1.36E-01 1.66E+00

4 9.97E-01 6.24E-02 1.21E-01 1.01E+00

5 4.29E-01 8.75E-02 1.03E-01 4.50E-01

6 2.08E-01 6.82E-02 8.35E-02 2.34E-01

7 9.20E-02 2.17E-02 6.67E-02 1.16E-01

8 4.06E-02 1.50E-02 5.07E-02 6.66E-02

9 1.59E-02 5.33E-03 4.02E-02 4.36E-02

10 6.78E-03 2.42E-03 3.07E-02 3.15E-02

11 2.86E-03 1.23E-03 2.25E-02 2.27E-02

12 1.18E-03 5.16E-04 1.69E-02 1.70E-02

13 5.38E-04 2.16E-04 1.23E-02 1.24E-02

14 1.03E-03 5.83E-07 9.32E-03 9.38E-03

Normal Random Errors (17 mm R

ref

)


Table 2
[image: image2.emf]n Block Turn Measurement Total

3 1.59E+00 3.21E-01 1.36E-01 1.63E+00

4 9.33E-01 2.47E-01 1.21E-01 9.73E-01

5 4.30E-01 9.29E-02 1.03E-01 4.52E-01

6 1.87E-01 3.49E-02 8.35E-02 2.08E-01

7 9.31E-02 2.21E-02 6.67E-02 1.17E-01

8 3.74E-02 6.01E-03 5.07E-02 6.33E-02

9 1.55E-02 5.42E-03 4.02E-02 4.34E-02

10 6.47E-03 2.92E-03 3.07E-02 3.15E-02

11 2.93E-03 1.30E-03 2.25E-02 2.28E-02

12 1.17E-03 7.92E-04 1.69E-02 1.70E-02

13 5.07E-04 1.90E-04 1.23E-02 1.23E-02

14 0.00E+00 0.00E+00 9.32E-03 9.32E-03

Skew Random Errors (17 mm R

ref

)


For n(7 the random errors are dominated by geometrical errors during magnet production while for higher order harmonics, measurement errors dominate. A comparison of these results with measurements of model magnets 2-9 is given in Figure 1. Measurements of magnet 1 are excluded as a probe of smaller radius was 

[image: image3.emf]random variations in field harmonics (HGQ02-9)
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Figure 1
used. Signal size is proportional to Rn, so we expect larger measurement uncertainty for measurements of magnet 1 than of the rest of the magnets. Several obvious conclusions can be made.

· The shape of the measured skew harmonic random error leads one to believe there is little contribution from measurement uncertainty for n<13. I.e. that is where there appears to be a change in the slope of the measured uncertainty versus harmonic number.

· The shape of the calculated random errors due to geometrical errors during production agrees well with measurements for all the harmonics for which an estimate was given. They are however too large indicating that the size of the geometrical uncertainties introduced during production was smaller than that used in the monte-carlo (by approximately a factor of 5).

· There are random uncertainties in the allowed harmonics not accounted for in the calculation.

The first conclusion doesn't surprise me. I've thought for a while that we're had better than 0.01 unit reproducibility in the measurements for all the harmonics we've looked at routinely (n(10). The second says we built magnets better than we originally thought we would.
 The last conclusion is also not surprising. It indicates that there are mechanical defects during manufacturing that produce correlated positioning errors in all blocks [2]. The calculation studied random errors of individual blocks.

Figure 2 shows the same calculations compared to the last 5 model magnets which were manufactured with greater precision the the early models. We see that the calculation is about the same factor of 5 larger than the measured values; but that the random variations in the allowed harmonics is smaller. I would conclude from this that what we actually controller better in the later magnets were things that produced correlated errors in current blocks rather than the random positions of individual blocks. This is perhaps also not unexpected.

[image: image4.emf]random variations in field harmonics (HGQ05-9)
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Figure 2
Systematic Errors

In Table 3 is a comparison of the average of the measured allowed harmonics through b14 for magnets 5-9 with estimates of the systematic from [1]. There is little difference in the expected b14; all positioning algorithms appear to give the same result indicating that it's a product of the design geometry. Comparison of the measured values of b6 and b10, tend to favor algorithm 3. 

Table 3
[image: image5.emf]allowed 
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1 2 3 4 5

HGQ05-9

b

6

-1.13 -0.64 -0.15 -0.13 -0.013 -0.25

b

10

-0.045 -0.024 -0.003 0.003 -0.001 -0.006

b

14

-0.008 -0.009 -0.011 -0.010 -0.011 -0.010
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Conclusion

There is no noticeable effect of measurement uncertainty on harmonics measurements for n<13.

Geometrical errors introduced during magnet production were smaller than assumed in the predictions of [1].

In addition to random errors in block position, there are position errors correlated among blocks which produce additional random errors in allowed harmonics. These correlated position errors were smaller in later magnets than in early ones. Individual random errors were probably not.

[1] Sabbi, G., A Zlobin, "Field Errors in the HGQ Straight Section", TD Note TD-97-012, June, 1997.

[2] Sabbi, G., private communication.










� The simulation assumed tolerances of 0.05 mm for block radial positioning; 0.08(, block azimuthal position (inner layer); 0.06(, block azimuthal position (outer layer).
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