Report on field quality in the main LHC dipole 

collared coils: January-February 2004
E. Todesco, AT-MAS-MA

This report gives data relative to field quality measured in collared coils during the period January 1– February 29 2004, comparison to beam dynamics targets and status of the holding points. Updated graphs can be found in the LHC-MMS field quality observatory http://lhc-div-mms.web.cern.ch/lhc-div-mms/MMSPAGES/MA/Obs.html.

  EDMS n. 459212
The dashboard

· Available measurements: 319 collared coils, 252 cold masses, 83 cryodipoles
.

· In these two months, 44 collared coils: 12 from Firm1, 7 from Firm2 and 25 from Firm3.

What’s new

· Second octant of collared coils has been completed.

· Production rate has slowed down to 22 collared coils per month. This is mainly due a reduction of production rate in Firm3, which is now at 2.9 collared coils per week. This slow down has been caused by a problem in the procedure of the coil assembly, and it has been solved in early March
. Firm1 and Firm2 are at 1.4 and 0.8 collared coils per week respectively.
· Length of feedback loop: The minimal delay between collared coil magnetic measurements and cold test is 2.5 months (obtained for 3038).
· Cold tests: the rate of magnetic measurements at 1.9 K has considerably slowed down in these two months. This is due not only to the foreseen winter shut-down, but also to the efforts that are being made to recover the backlog of magnets that have still to be tested, which is around 100 units: most of these magnets will not be magnetically measured. Results of last year show that it will not be possible to measure the magnetic field of all dipoles at 1.9 K at CERN. A discussion about the size and the strategy of the sampling has been started. More information can be found in http://fqwg.web.cern.ch/fqwg/hmmm/hmmm.html
· Coil size: The situation at Firm1, where large coil sizes had to be compensated by non-nominal shims of larger thickness up to 0.2 mm, is improving. In these two months we only had some cases of shims 0.05 mm thinner in the inner layer.
· Switch to cross-section 3: the addition of 0.125 mm insulation (X-section 3) in the coil mid-plane is the baseline, and all manufacturers are producing X-section 3. 
· Trends in main field: collared coil data of the more recent production confirm that the difference between firms is disappearing, as shown in the previous report. 
· Trends in odd multipoles: we have small positive trends in b3 b5 and b7. 
· Trends in skews: the improvement of the situation for the systematic a4 in Firm2 observed in the previous report is confirmed. 
· Assembly faults: two collared coils have been de-collared for field anomalies indicating a movement of the upper block of the inner layer (block 6 according to the standard numbering). The expected movement have been found: in the first case (3135) this was due to the outer shim that was sliding between the inner layer and the collars. In the second case (1099) the movement was due to a bad quality of the coil, as it has been observed for 2032. More details in Section 10.
1. Measured magnets and assembly data

· 44 new collared coils have been measured (collared coils 276th to 319th), plus 5 ‘old’ ones.
· 12 of Firm1 (1090-1100, 1104), plus a re-measurement of 1082 
· 7 of Firm2 (2063,2069-73,2081), plus 3 re-measurements: 2032, 2047, 2051
· 25 of Firm3 (3067, 3102, 3127-45, 3047-49, 3053), plus one re-measurement: 3504 
· Among the double measurements, 1082, 2051, 2047 were de-collared for reasons not related to field anomalies, 3504 denotes magnet 3004 after substitution of the damaged aperture, and 2032 has been repaired after the detection of an assembly error thanks to magnetic measurements. 
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Fig. 1: Number of magnets measured at CERN at 1.9 K and at the manufacturers at room temperature at different stages of assembly procedure
· Cross-section: all the 44 collared coils have X-section 3. Total number of magnets with cross-section 1 and 2 is 34 and 138 respectively, plus one hybrid case
: thus, we will have at most 19 magnets with cross-section 2 in the second octant. We have 146 collared coils with X-section 3.

· Shims are nominal in Firm2 and in Firm3. The situation of coil size is improving in Firm1: nominal shims are used for outer layer and thinner shims of 0.05 mm are used for the inner layer. 
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Fig. 2: Thickness of the polar shims used in the collared coils
2. Estimated coil waviness

· Coil waviness estimated from the variation of the multipoles along the axis is below 30 microns. The general situation of this parameter is very good in all firms.
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Fig. 3: Estimated coil waviness in the straight part of the measured collared coils (black dots: aperture 1, blue dots: aperture 2).
3. Magnetic length and transfer function

· Magnetic lengths of collared coils 275th to 319th are well within targets (see Fig. 4). The spread in magnetic length is very low (3 units).
· Firm3 is producing collared coils whose magnetic length is 4 units smaller than Firm1. Firm2 values are in between.
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Fig. 4: Magnetic length of the measured collared coils (black dots: aperture 1, blue dots: aperture 2)

· We still have a few collared coils from Firm1 with rather low main field (see Figs. 5 and 6). This is not due to non-nominal shims. 

· In the last months, the spread in transfer function between firms is getting smaller.

· The introduction of cross-section 3 has shifted down the main field by less than 5 units.
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Fig. 5: Main field in the straight part of the collared coils (black dots: aperture 1, blue dots: aperture 2) and average over all collared coils (solid lines).
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Fig. 6: Main field in the straight part of the collared coils (black dots: aperture 1, blue dots: aperture 2) and best estimate of systematic (solid lines). Data are reduced to nominal shims and separated according to different cross-sections.
· The spread of the integrated transfer function in all collared coils is 7.3 units (one sigma), i.e. within the target of 8 units. 
· Cold mass data show that the difference between firms gets smaller after the assembly of the iron yoke (see http://fqwg.web.cern.ch/fqwg/031111/031111.html). This is confirmed by measurements at 1.9 K. Therefore, we can expect that in operational conditions the main field spread is further reduced with respect to the 7.7 units observed in collared coils. 
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Fig. 7: Integrated transfer function (black dots: aperture 1, blue dots: aperture 2) and average over all collared coils (solid lines)
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Fig. 8: Integrated transfer function (black dots: aperture 1, blue dots: aperture 2) and best estimate of systematic (solid lines). Data are reduced to nominal shims and separated according to different cross-sections.
4. Summary of systematics

· [image: image11.emf]0.594
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Best estimates of skew and even normal systematics are given in Fig. 9, with an error at 95% confidence limit (two sigma). All the multipoles are within specifications. Details are given in sections 6 and 7.
Fig. 9: Best estimate for systematic skew multipoles and even normal multipoles (markers) versus beam dynamics limits (red line). An error of two sigma (95% confidence limit) is associated to the best estimates of systematics.
· Best estimates for systematic odd normal multipoles are shown in Fig. 10. In the left part, raw data are plotted. This gives the actual situation for global values relative to all manufactured collared coils, which are slowly moving towards optimal ranges: b3 is now at the edge of the target and b5 is larger than the upper target of 0.3 units. 

· In the right part of Fig. 10, data are reduced to nominal shims and separated according to the three cross-sections (34 collared coils have cross-section 1, 138 have cross-section 2, 146 have cross-section 3, plus one hybrid). With cross-section 3, b3 is within targets, 1.45 units below the upper limit (i.e., 1.85 units at high field), and also b5 is within targets, 0.11 units below the upper limit (i.e., 1.01 units at injection). Finally, b7 is 0.25 units larger than the limits (i.e. 0.30 units at injection). A small positive drift is being observed for these three normal odd multipoles, see also Section 8.
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Fig. 10: Best estimate for systematic odd normal multipoles (markers) versus beam dynamics limits (red line). An error of two sigma (95% confidence limit) is associated to the best estimates of systematics. Raw data (left) and data reduced to nominal shims and separated according to different cross-sections (right).

5. Summary of systematic differences between firms

The relevant systematic difference between firms in the main field is disappearing. The more relevant signature of Firms is in b7.

· Normal 14th pole: b7 at Firm2 is 0.40 units lower than Firm2 and Firm1. This difference is three to four times the natural sigma within the same manufacturer measured in cross-section 3. Firm2 is within targets, whereas both Firm1 and Firm3 are outside.

We observe a small systematic difference between firms (from one to two times the natural sigma within the same manufacturer) in the following cases.

· Normal decapole b5: Firm1 has a systematic b5 of 0.6 units larger than Firm2-3. This difference is two times the natural sigma within the same manufacturer. Firm2 and Firm3 are within targets, whereas Firm1 is outside.

· Skew sextupole a3: Firm3 has a systematic a3 of 0.46 units, against –0.41 units in Firm2, Firm1 being at -0.16 units. This difference is two-three times the natural sigma within the same manufacturer. All Firms are within targets

· Skew octupole a4: Firm2 has a systematic a4 of 0.34 units, against 0.0 units in Firm3 and Firm1. This difference is equal to the natural sigma within the same manufacturer. Firm1 and Firm3 are within targets, whereas Firm2 is outside.

Systematic differences between firms are small or negligible in a2, b2 b3 and b4. 
6. Systematic skew multipoles

· Systematic skew multipoles a2, a3 and a4 are within beam dynamics limits (see Figs. 11-13). We have a large margin for the a3, whereas beam dynamics limits are tighter for a2 and a4. 

· In the production of these two months, the reduction of the a4 values observed in Firm2 is confirmed (see Fig. 12). The average a4 in the production of these two months in Firm2 is 0.41 units. 

· The introduction of cross-section 3 produced no effect on a2 and a4, as expected.
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Fig. 11: Average a2 in the straight part of the collared coils (black dots: aperture 1, blue dots: aperture 2), best estimate for systematic in each aperture (solid lines), and beam dynamics limits for the systematic (red lines) based on correlations with 83 cryodipoles.
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Fig. 12: Average a3 in the straight part of the collared coils (black dots: aperture 1, blue dots: aperture 2), best estimate for systematic in each aperture (solid lines), and beam dynamics limits for the systematic (red lines) based on correlations with 83 cryodipoles.
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Fig. 13: Average a4 in the straight part of the collared coils (black dots: aperture 1, blue dots: aperture 2), best estimate for systematic in each aperture (solid lines), and beam dynamics limits for the systematic (red lines) based on correlations with 83 cryodipoles.
7. Systematic even multipoles
For each multipole being subject to beam dynamics specifications, we present two separated plots for the systematic per aperture, plus a plot of the systematic per beam, i.e. the average of both apertures (that should be zero due to two-in-one symmetry).

7.1 Normal quadrupole
· The systematic per aperture is within specifications in both apertures (see Figs. 14 and 15).
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Fig. 14: Average b2 in the straight part of the aperture 1 collared coils (black dots), best estimate for systematic per aperture (black line), and beam dynamics limits for the systematic (red lines) based on correlations with 83 cryodipoles.
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Fig. 15: Average b2 in the straight part of the aperture 2 collared coils (blue dots), best estimate for systematic per aperture (blue line) and beam dynamics limits for the systematic (red lines) based on correlations with 83 cryodipoles.

· The systematic normal quadrupole per beam is within specifications (see Fig. 16).
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Fig. 16: Average b2 in the straight part of collared coils ((black dots: aperture 1, blue dots: aperture 2), best estimate for systematic per beam (soild line) and beam dynamics limits for the systematic (red lines) based on correlations with 83 cryodipoles.
7.2 Normal octupole
· The systematic per aperture is within specifications in both apertures (see Figs. 17 and 18).
· The systematic per beam is also within specifications (see Fig. 19).
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Fig. 17: Average b4 in the straight part of the aperture 1 collared coils (black dots), best estimate for systematic per aperture (black line), and beam dynamics limits for the systematic (red lines) based on correlations with 83 cryodipoles.
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Fig. 18: Average b4 in the straight part of the aperture 2 collared coils (blue dots), best estimate for systematic per aperture (black line) and beam dynamics limits for the systematic (red lines) based on correlations with 83 cryodipoles.
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Fig. 19: Average b4 in the straight part of collared coils (black dots: aperture 1, blue dots: aperture 2), best estimate for systematic per beam (black line) and beam dynamics limits for the systematic (red lines) based on correlations with 83 cryodipoles.

8. Systematic odd multipoles
8.1 Normal sextupole
· Data not reduced to nominal shims and not separated according to different cross-section show a negative trend due to the introduction of cross-section 2 (at collared coil 30th) and 3 (around collared coil 140th, see Fig. 20).

· The introduction of cross-section 3 has brought b3 in the upper half of the target range (see Fig. 21). Some collared coils of Firm1 feature a rather low b3 due to non-nominal shims.

· In cross-section 3, b3 values show a low spread for Firm2 and Firm3 (standard deviation of 0.7 to 0.8 units), whilst for Firm1 data have a larger spread (standard deviation of 1.7 units). The spread in Firm1 is partly due to non-nominal shims: when this effect is subtracted, the standard deviation goes to 1.4 units.

· Average b3 in cross-section 3 is at -4.0, -4.0 and -3.0 units in Firm1, 2 and 3 respectively  (reduced to nominal shims), showing a small difference between Firms.
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Fig. 20: Average b3 in the straight part of the collared coils (black dots: aperture 1, blue dots: aperture 2), best estimate for systematic (solid lines), and beam dynamics limits for the systematic (red lines) based on correlations with 83 cryodipoles.
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Fig. 21: Average b3 in the straight part of the collared coils (black dots: aperture 1, blue dots: ap. 2), best estimate for systematic (solid lines), and beam dynamics limits for the systematic (red lines) based on correlations with 83 cryodipoles. Data reduced at nominal shims and separated according to cross-section type.
8.2 Normal decapole

· Data not reduced to nominal shims and not separated according to different cross-sections show a negative trend due to introduction of cross-section 2 (see Fig. 22, from 35th to 140th) and then due to the introduction of cross-section 3 (same Figure, after 140th).

· Indeed, when data are separated according to cross-sections and reduced to nominal shims, one finds that the average b5 in all cross-sections is stable after a transient due to low statistics (see Fig. 23); there is a small positive trend in the data of last months (collared coils 200th to 318th, see Fig. 23, where average b5 increased of 0.12 units).

· Magnets with the cross-section 3 should feature 1.02 units of b5 at injection. This places b5 on the upper edge of the target range.

· Spread of b5 for cross-section 3 is between 0.23 and 0.32 units, i.e. well within the specification.

· Average b5 for cross-section 3 is at 0.39, -0.38 and –0.33 units in Firm1, 2 and 3 respectively. Therefore, the high value of this multipole in Firm1 is confirmed: this feature was present already in cross-section 1 and 2.
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Fig. 22: Average b5 in the straight part of the collared coils (black dots: aperture 1, blue dots: aperture 2), best estimate for systematic (solid lines), and beam dynamics limits for the systematic (red lines) based on correlations with 83 cryodipoles.
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Fig. 23: Average b5 in the straight part of the collared coil (black dots: aperture 1, blue dots: aperture 2), best estimate for systematic (solid lines), and beam dynamics limits for the systematic (red lines) based on correlations with 83 cryodipoles. Data are reduced to nominal shims and separated according to different cross-sections.

8.3 Normal 14-th pole

· Firm2 has a very low average b7 (0.74 units, i.e. 0.40 units less than Firm1 and Firm3) and a rather high spread, as it is observed in cross-section 2: this is one of the few cases where a non-negligible difference between Firms is observed. Indeed, Firm2 is the only Firm producing collared coils with b7 within targets.

· Cryodipoles with the cross-section 3 should feature 0.30 units of b7 at injection. This would place b7 above the target, at the limit of the previous target (see Fig. 31).

[image: image27.emf]-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

0 50 100 150 200 250 300

Collared coil progressive number

b5 straight part (units)

Firm 1

Firm 2

Firm 3

Collared coil

Data reduced to 

nominal shims

upper limit for systematic

lower limit for systematic

X-section 1

X-section 2

AT-MAS & MTM

aim of X-section

 correction

X-section 3


Fig. 24: Average b7 in the straight part of the collared coils (black dots: aperture 1, blue dots: aperture 2), best estimate for systematic (solid lines), and beam dynamics limits for the systematic (red lines) based on correlations with 83 cryodipoles.
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Fig. 25: Average b7 in the straight part of the collared coils (black dots: aperture 1, blue dots: aperture 2), best estimate for systematic (solid lines), and beam dynamics limits for the systematic (red lines) based on correlations with 83 cryodipoles. Data are reduced to nominal shims and separated according to different cross-sections.
9. Random multipoles

· The standard deviation of magnetic length, main field, bending strength, and multipoles are shown in Fig. 26. They are separated according to the three cross-sections. We repeat considerations made in the previous report: one can observe that cross-section 1 showed an important out of target in b3 and b5, whereas cross-section 2 and 3 are all within tolerances. Please note that these data are not reduced to nominal shims. In general, the spread in cross-section 3 is similar to the spread in cross-section 2.
· In cross-section 3, the spread in b3 is of 1.4 units but goes down to 1.05 units when the contribution of non-nominal shims is taken out.
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Fig. 26: Random component in the measured collared coils, separated according to different cross-sections.

· We give an estimate of the actual spread due to the geometric component in the first two arcs. We assume that the first arc is made up with X-section 1 and 2, and that the second arc is made up with cross-section 3 plus 20 magnets with X-section 2 of Firm3  (see Fig. 27). Random b3 is 2.1 and 1.75 units in the first and in the second arc respectively. The second value has bettered with respect to the estimate given in the previous report (1.9 units). It must be pointed out that the random strongly depends on the selection of the magnets to be installed in the arc.
· These values are reduced by 18% when the yoke is assembled, and then one has to add the random components due to persistent currents (0.5 units). Summing in quadrature, one obtains 1.55 units in the second arc, not far from the target of 1.4 units. 
· All the other random components are safely within targets.
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Fig. 27: Estimate of random component in the first and second arc due to collared coils.
10. Holding point results
In these two months, two collared coils have been not approved and de-collaring has been asked for assembly faults.

10.1 The folded shim in 3135
Collared coil 3135 has shown anomalies in high order multipoles of a few tenths of units, but corresponding to 4 to 8 sigma (yellow alarms), in position 19 and 20 (i.e., the head non-connection side and the straight part close to it). A measurements with the short mole 125 mm long has shown that the field anomaly was due to a section 375 mm long, therefore corresponding to larger anomalies in multipoles with respect to what observed with the 750 mm mole. The analysis of the inverse problem has shown that this anomaly could be due to an inner movement of block 5 and 6 of 0.5 mm and 1.0 mm respectively. 
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Fig. 28: Expected movements of block 5 and 6 in collared coil 3135 in the section showing field anomalies.

A de-collaring has been asked, and it has been found that in that section showing field anomalies the outer shim was sliding between the inner pole and the collars, thus pushing block 6 inward of 0.8 mm (see Fig. 29). Since the coil was correctly glued, the adjacent block 5 was partially following this movement, as suggested by the magnetic measurements. More details are given in the visit report AT/MAS 7324 by E. Todesco and C. Vollinger and in the crisis unit web site http://lhc-div-mms.web.cern.ch/lhc-div-mms/MMSPAGES/MA/crisis.html This is the fourth assembly error detected with magnetic measurements.
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Fig. 29: Sliding of the outer shim between inner layer and collars and effect on block 5 and 6.
10.2 Bad curing in 1099
Collared coil 1099 showed field anomalies of about 5 sigma in a6, b8 and other higher order multipoles. Since the pattern was very similar to what observed in 2032 and 3135 (inner radial shift of block 6), a measurement with the short mole has been performed. Results have shown that the field anomaly was covering at most 125 mm of the longitudinal length (i.e. one position of the short mole), and it could be due to an inward shift of block 6 of 0.5 mm. A second zone with field anomalies has been detected towards the non-connection end.
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Fig. 30: Detachment of block 6 in coil 1099.
A de-collaring has been asked, and it has been verified that in the foreseen longitudinal position the two conductors of block 6 were not glued to the copper wedge (see Fig. 30). This case is therefore very similar to the 2032 case. More details can be found in the visit report by C. Vollinger AT-MAS 7365. This is the fifth assembly defect found through magnetic measurements.
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Appendix A: collared coil assembly data

Table I: Magnet number, collared coil progressive number used in figures, and cross-section  (data available on April 1 2004) for Firm1 and Firm2.

Table II: Magnet number, collared coil progressive number used in figures, and cross-section  (data available on April 1 2004) for Firm3.








� These numbers refer to complete measurements available in Oracle databases


� Minutes of the Group Leader Meeting of Accelerator Technology Department, 8th and 22nd March 2004. 


� Magnet 2032, previously cross-section 2, has been de-collared for an assembly error and has been reassembled with mid-plane shim, thus becoming cross-section 3. Magnet 3004, previously cross-section 1, broke during cold test and one aperture has been replaced with cross-section 2 – the magnet name has been changed to 3504. 
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