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1. Introduction

MSDA001-0 is a conventional dipole magnet to be used as an extraction septum magnet at the Muon Delivery Ring for the g-2 experiment. This magnet is the first of the three magnets of the MSDA series.
As specified by the magnet design documents, this magnet should have an integrated strength of 1.9 T·m over the magnet length of ~ 2.2 m. The good field area width is 4” with a field homogeneity of ±1 %. The minimal distance between edges of circulated and extracted beams is 2.87”. The fringe field for the circulating beam should be less than 2 % of the integrated magnet strength, ~0.038 T·m. The major parameters of the magnet specification are listed in Table 1. 
Table 1. The major parameters of the MSDA magnet series.
	Parameters
	Unit
	Value

	Magnet gap
	mm
	63.0

	Peak field
	T
	0.857

	Integrated strength
	T·m
	1.91

	Effective length
	m
	2.229

	Copper conductor
	mm
	10.4×10.4

	Cooling hole diameter
	mm
	5.8

	Coil section (pancake) number of turns
	
	6

	Number of section/magnet
	
	6

	Total number of turns
	
	36

	Current
	A
	1167

	Voltage
	V
	54

	Resistance
	
	0.046

	Power
	kW
	63

	Number of water cooling circuits
	
	12

	Water pressure drop
	MPa
	0.462



The major objectives of the measurements on MSDA001-0 include: (1) verifying that the magnet can carry the operation current safely without over heating; (2) checking the uniformity of magnetic field in the field region; (3) checking the distribution of fringe field in the field-free region; (4) understanding the effect of beam tube on field quality. 

2. Measurements Overview 

All the measurements were performed on the north end of Stand A of IB1. The magnet was mounted in such a way that the lead-end (LE) pointed north and the dipole field pointed west. In this report, the coordinate system is defined as follows: (i) positive “Z” points north and positive “X” points west; (ii) the center of the magnet core is used as the reference of Z=0 and the point (X=0, Y=0) is at the center of the magnet aperture. With such definition, the magnet core runs from Z=-108 cm (return-end, or RE) to Z=108 cm (LE). The definition of the coordinate system is illustrated in Figure. 1.
Four types of measurements were performed. Thermal study was done first to monitor the peak magnet temperature with a maximum current (1300 A) slightly higher than the specified operational current (1167 A). Hall probe measurements were done primarily to study the distribution of fringe field in the field-free region. As will be described in Section 4, Hall probe was also used to check the possible influence from welding in the beam tube. 2-wire stretch wire (2WSW) measurements were done to study the field strength at multiple positions in the field region and in the field-free region. Harmonic measurements were done to study the strength and filed uniformity in the field region. Details of each measurement will be described in the corresponding section.
[image: ]
Figure 1. Definition of the coordinate system.

3. Thermal Study

Seven RTD sensors were placed on the magnet at the following locations (Figure 2): water inlet tube; water return tube on east and west side; on the two coils on the east and west side, at both RE and LE.
[image: C:\Users\peili\Pei\Magnet Test\MSDA\MSDA001-0 report\RTD.tif]
Figure 2. Position of the RTD sensors on the magnet

Three magnet currents were used in the thermal study: 1200, 1300 and 1000 A. At each current, the magnet dwelled until equilibrium was reached. The results are shown in Figure. At 1300 A, the maximum temperature of the magnet is about 41.5 ºC. This was also confirmed by measurement with a thermal camera. During the measurements, the inlet water pressure was kept at about 160 psi and the outlet pressure at 36 psi. 
[image: C:\Users\peili\Pei\Magnet Test\MSDA\MSDA001-0 report\thermal.tif]
Figure 3. Temperature profile of different parts of the magnet during thermal study.

4. Hall Probe Measurement

A three-axis Hall probe (THM1176-LF) was used to measure the fringe field in the field-free region. At RE, the probe was positioned at (X=-2” and 0, Y=-4.9”) and measurements were done at multiple positions along Z. At LE, the probe was positioned at (X=2” and 0, Y=-4.9”). Around the magnet center, the probe was positioned at (X=0, Y=-4.9”, Z=0 and -7 cm) and (X=-2”, Y=-4.9”, Z=0). Y=-4.9” is the nearest position the probe can be placed without touching the magnet. Also, these measurements could be done only without beam tube. The results at 1200 A are shown in Figure 4. The maximum fringe field observed is 1.5×10-2 T, smaller than 2% of the peak field of 0.87 T specified in the design. Moreover, since the fringe field distribution only peaks around the two ends of the magnet shelf and is of the order of 10-3 T or lower in the major part of the beam path, the integrated fringe field is expected to be much lower than the 2% of the integrated field strength.
Also, since the beam tube has a welding in the field region at Z=0, a high field Hall probe (THM1176-HF) was used to check the influence of the welding on field. The probe was positioned at (X=0, Y=0) and measurements were taken between Z=-10 cm and Z=10cm. At 1200 A, the magnetic field is 0.86±0.0006 T within the tested region (Figure 5), suggesting that the welding almost does not affect the field.
[image: C:\Users\peili\Pei\Magnet Test\MSDA\MSDA001-0 report\Hall_FF_result.tif]
Figure 4 Fringe field in the field-free region at 1200 A measured by Hall probe.
[image: C:\Users\peili\Pei\Magnet Test\MSDA\MSDA001-0 report\Hall_field region_1200A.tif]
Figure 5. Magnetic field distribution at 1200 A around the welding of the beam tube in the field region.  The welding is at Z=0. The Hall probe was positioned at (X=0, Y=0).



5. 2WSW measurements
2-wire stretch wire (2WSW) measurements were done in both the field region and the field-free region to measure the strength of the integrated field strength and fringe field strength. The measurements in the field-free region were done only without beam tube with the 2WSW positioned at (X=0 and 2”, Y=-5”). It should be noted that the 2WSW consists of two parallel wires separated by 1” from each other and the position of 2WSW refers to the position of the midpoint of the two wires. In field-free region, Y=-5” (0.5” below the magnet shelf) is the nearest position the 2WSW setup can be placed at. In the field region, with beam tube, measurements could only be done at (X=0, Y=0). Without beam tube, measurements were done at (X=0, Y=0, ±1” and ±2”).
The results of the field-free region are shown in Figure 6. The maximum integrated fringe field is 4×10-3 T·m, much smaller than the 3.8×10-2 T·m in the specification and consistent with Hall probe results.
[image: C:\Users\peili\Pei\Magnet Test\MSDA\MSDA001-0 report\2WSW_ff.tif]
Figure 6. 2WSW results in the field-free region without beam tube.
The results from the field region are shown in Figure 7 and Figure 8. Beam tube does not have notable influence on the field. At 1200 A, the integrated field strength are 1.935 and 1.938 T·m, with and without beam tube respectively. According to Figure 7, within Y=±1.5”, the field uniformity is about 0.1%. Note that, as described above, 2WSW measurements made at nominal Y=±1” actually reach Y=±1.5”. For similar reason, the 1.5% field drop at Y=±2” is probably because that 2WSW at these positions actually pick up fields beyond the specified good field region of 4’’. 
[image: C:\Users\peili\Pei\Magnet Test\MSDA\MSDA001-0 report\2WSW_field region_no beam tube.tif]
Figure 7. Integrated strength in the field region without beam tube by 2WSW.
[image: C:\Users\peili\Pei\Magnet Test\MSDA\MSDA001-0 report\2WSW_field region_ beam tube.tif]
Figure 8. Integrated strength in the field region with beam tube. Top, at (X=0, Y=0). Bottom: along X=0 at multiple Y positions.
6. Harmonic Measurements
The probe DL870630 was used for the harmonic measurements. The probe has a nominal coil length of 90” and outer diameter of 1”. In addition to supporting the probe from its two ends, special bearings were fabricated to provide extra support at the center of the probe. Harmonic measurements were made both with and without beam tube up to 1200 A. Furthermore, since the effective coil length of the probe is close to the full length of the magnet, three piece-wise measurements were made to cover the full magnet length: the first one had the probe centered with the magnet core and the two others covered half of the magnet core plus the tail region, either from LE or RE. 
The strength results are shown in Figure 9. For the measurements made with the probe centered with the magnet, the strength with and without beam tube are both 1.95 T·m, showing little influence of the beam tube. Based on the measurement results, about 1175 A is needed to reach the specified strength of 1.91 T·m. The sum of LE and RE measurement is only slightly higher (<1%) than the center measurement, which means that the center measurement results are representative.
The harmonic terms up to j=7 are listed in Table 2. These harmonic terms are calculated for reference radius rref = 25.4mm. Higher order harmonic terms are not shown here and not used for field uniformity calculation because those signals are comparable to the measurement uncertainty. The calculated field uniformity plots within Y=±2” are shown in Figure 10. Without beam tube, the maximum field nonuniformity is less than 0.2%. With beam tube, the maximum field nonuniformity is less than 0.3%. In both cases, the field homogeneity is better than 1% as specified in the design.

Table 2. Harmonic terms (at rref = 25.4mm). Without (top) and with (bottom) beam tube.
	
	280 A
	360 A
	760 A
	1100 A
	1200 A

	
	Bj
	Aj
	Bj
	Aj
	Bj
	Aj
	Bj
	Aj
	Bj
	Aj

	2
	2.94E-4
	-7.30E-5
	3.58E-4
	-6.80E-5
	3.82E-4
	-5.61E-5
	3.92E-4
	-5.01E-5
	4.03E-4
	-5.04E-5

	3
	3.95E-5
	-8.44E-4
	4.18E-5
	-8.35E-4
	3.89E-5
	-7.89E-4
	3.97E-5
	-7.64E-4
	3.81E-5
	-7.47E-4

	4
	4.93E-5
	-2.22E-5
	3.99E-5
	-1.56E-5
	3.53E-5
	-2.42E-5
	3.32E-5
	-2.87E-5
	3.15E-5
	-2.93E-5

	5
	-3.27E-5
	5.63E-4
	-3.35E-5
	5.60E-4
	1.16E-6
	5.60E-4
	-2.46E-5
	5.53E-4
	-2.48E-5
	5.45E-4

	6
	-1.43E-5
	1.43E-5
	4.62E-5
	-2.27E-5
	-4.34E-5
	-1.32E-5
	1.87E-5
	-2.63E-5
	8.79E-6
	-5.25E-7

	7
	1.91E-5
	-8.73E-5
	-3.10E-5
	3.77E-5
	5.62E-5
	-1.46E-4
	3.96E-5
	-5.57E-5
	2.46E-6
	-6.12E-5



	j
	280 A
	360 A
	760 A
	1100 A
	1200 A

	
	Bj
	Aj
	Bj
	Aj
	Bj
	Aj
	Bj
	Aj
	Bj
	Aj

	2
	2.54E-4
	-1.14E-4
	3.13E-4
	-1.10E-4
	3.45E-4
	-1.01E-4
	3.59E-4
	-9.60E-5
	3.73E-4
	-9.45E-5

	3
	3.57E-5
	-7.59E-4
	3.79E-5
	-7.62E-4
	3.86E-5
	-7.46E-4
	4.00E-5
	-7.31E-4
	3.99E-5
	-7.15E-4

	4
	7.99E-5
	5.73E-5
	8.17E-5
	4.90E-5
	7.37E-5
	4.30E-5
	6.45E-5
	4.04E-5
	6.38E-5
	3.24E-5

	5
	-1.50E-5
	4.97E-4
	6.34E-5
	5.33E-4
	-2.27E-5
	5.49E-4
	-4.98E-5
	5.28E-4
	-2.16E-5
	5.09E-4

	6
	1.01E-4
	-1.92E-5
	-1.60E-5
	6.27E-5
	-3.42E-5
	1.21E-5
	3.57E-6
	-3.78E-5
	1.78E-6
	-2.13E-5

	7
	-3.16E-5
	3.67E-5
	1.53E-4
	-3.25E-4
	1.19E-4
	-2.22E-5
	6.95E-5
	9.89E-5
	2.37E-5
	1.22E-5





[image: C:\Users\peili\Pei\Magnet Test\MSDA\MSDA001-0 report\Harm_strength.tif]
Figure 9. Integrated strength measured by harmonic probe.
[image: C:\Users\peili\Pei\Magnet Test\MSDA\MSDA001-0 report\Harm_fied shape.tif]
Figure 10. Calculated field homogeneity along X=0, from Y=2” to -2”. Harmonic terms up to j=7 are used in this calculation.



7. Summary
In summary, the measurements of the first magnet of the MSDA series MSDA001-0 have been successfully completed. In the thermal study, the peak temperature of the magnet is 41.5ºC at 1300 A. Both Hall probe measurements and 2WSW verify that the integrated fringe field is much smaller than 2% of 1.91 T·m. Harmonic measurements show that a current 1175 A is needed to reach the desired 1.91 T·m strength and the field homogeneity within in Y=±2” is better than 0.3%, comparing with 1% specified in the design. The results of various magnetic measurements suggest that the beam tube has minimal impact on the field quality of the magnet. As a conclusion, the measurements result show that this magnet has met its design specifications.
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