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Field Errors in RHIC Dipoles due to Superconductor Magnetization  

1. Introduction

At injection field, magnetization in the superconducting cable can produce significant errors in the aperture field.   This magnetization comes from persistent currents within the superconducting filaments, coupling currents between filaments within each wire and coupling currents between wires within the cable.  Because the cable coupling is anisotropic, the magnetization must be expressed as a vector sum of components in the two principle directions, perpendicular and parallel to the broad face of the cable. Magnetization has been calculated for 5 different cables and 2 synchrotron cycles.  This magnetization, expressed as a table of values versus field transverse and parallel to the cable was supplied to Mr Eddie Moore of Vector Fields Ltd for input to PC Opera.  Field shapes were then calculated at injection field for each cable and each cycle.  To normalise these results addition, field shapes were also calculated for a cable with zero magnetization.  Finally, for comparison with similar calculations at GSI using Roxie, field shape was calculated for cable 5 with magnetization due to persistent currents within the superconducting filaments only.  The field errors are quantified as harmonic terms in a Fourier series. 

2. Calculation of Magnetization

Appendix 1 presents all the formulae used to calculate magnetization of the cable as two independent components, transverse and parallel to the broad face of the cable.  For the Opera field calculation, these two components are added vectorially.  Note that, to retain the familiar unit, magnetization is expressed in terms of Tesla.  To compare with the loss measurements detailed in Reports 1-4, note that the instantaneous loss power per unit volume Pv may be expressed as:
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 From Appendix 1, it may be seen each of the rate dependent magnetization terms may be expressed in terms of a characteristic time constant, which gives a convenient way of calculating the magnetization tables for input to Opera.  Current density for the persistent current magnetization is calculated as in Report 1, using magnetization data supplied by Arup Ghosh.

Appenndix 2 reproduces in full the input data supplied for Opera.  Using the formulae of Appendix 1, a table of transverse and parallel is constructed for each cable and cycle.  We assume, to fair approximation, that all cables in the winding are aligned radially, so that the transverse direction is azimuthal and the parallel direction is radial.

As a reminder, the cables and cycles used are reproduced in Tables 1 and 2.  Because we are only concerned with injection here, cycles 2 and 4 are the same.

Table 1: Parameters for the synchrotron cycles

	cycle
	f
	Bi
	Be
	B`
	Ti
	Te
	Tr
	Tc
	1/Tc

	
	=Bi / Be
	T
	T
	T/s
	s
	s
	s
	s
	Hz

	2
	0.1
	0.2
	2
	4
	1.5
	0
	0.45
	2.4
	0.4167

	3
	0.05
	0.175
	3.5
	1.75
	1.5
	1
	1.9
	6.3
	0.1587

	4
	0.05
	0.2
	4
	4
	1.5
	1
	0.95
	4.4
	0.227


Table 2: Key parameters of cables used 

	parameter
	
	core 5
	core 6
	core 8
	core 9
	core 10
	unit

	cable half width 
	a
	4.87
	4.87
	4.87
	4.87
	4.87
	mm

	cable half thickness 
	b
	0.583
	0.583
	0.583
	0.583
	0.583
	mm

	cable twist pitch
	p
	74
	74
	74
	74
	74
	mm

	crossover resistance
	Rc
	2100
	8000
	8000
	8000
	8000
	

	adjacent resistance
	Ra
	48
	200
	200
	200
	200
	

	wire transverse resistivity
	t
	5.7E-10
	5.7E-10
	5.7E-10
	6.1E-09
	6.1E-09
	m

	wire twist pitch
	pw
	6.0E-03
	4.0E-03
	4.0E-03
	5.3E-03
	5.3E-03
	mm

	wire coupling time const
	
	1.0E-03
	4.5E-04
	4.5E-04
	7.3E-05
	7.3E-05
	s

	filament diameter
	df
	6.0E-06
	6.0E-06
	2.0E-06
	6.0E-06
	2.0E-06
	m


3. Results of the Computations

Appendix 3 presents the results.  Field shape is analysed in terms of a Fourier series around a quadrant of radius 30mm.  Both Br and Bare analysed in this way and both give essentially the same harmonic content, as expected.  The following note is provided by Vector Fields:

From the Fourier analysis in 2d we get the following expansion of B(:
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where 
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So this gives
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For the case when (=0 then B(=By and  r=x so the above equation then becomes
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So to get the coefficients in terms of a Taylor series expansion in By, as used in accelerators, one takes:
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   where in this case x0=30mm.

Table 3, summarises the results of Appendix 3, listing the harmonic terms at radius 30mm as a fraction of the central field.  For each cycle, we take a 'base case', for which the cable has no magnetization and the errors come solely from coil shape and the iron.  In addition to the five cables chosen, we also present for cycle 2 a cable core 5*, which has the properties of cable 5 but no coupling magnetization, ie the magnetization comes solely from hysteresis within the filaments.

Table 3: Harmonic terms at radius 30mm

	Cycle 2

	case
	cable
	A1/Bo-1
	A3/Bo
	A5/Bo
	A7/Bo
	A9/Bo
	A11/Bo
	A13/Bo

	base
	none
	-4.13E-05
	-8.46E-04
	-8.01E-04
	-1.73E-04
	2.62E-05
	-3.37E-04
	-2.44E-04

	1
	core 5
	-3.44E-03
	-5.19E-03
	-1.73E-03
	-5.97E-04
	2.04E-04
	-4.33E-04
	-9.34E-05

	2
	core 6
	-2.91E-03
	-4.04E-03
	-1.20E-03
	-4.94E-04
	8.06E-05
	-4.49E-04
	-1.46E-04

	3
	core 8
	-1.21E-03
	-2.27E-03
	-1.00E-03
	-3.05E-04
	8.82E-05
	-3.77E-04
	-1.89E-04

	4
	core 9 
	-2.33E-03
	-3.59E-03
	-1.29E-03
	-4.70E-04
	5.81E-05
	-4.32E-04
	-1.68E-04

	5
	core10
	-6.93E-04
	-1.89E-03
	-1.08E-03
	-2.74E-04
	7.32E-05
	-3.57E-04
	-2.10E-04

	11
	core5*
	2.63E-03
	-4.10E-03
	-1.34E-03
	-5.78E-04
	-1.16E-05
	-5.24E-04
	-2.13E-04

	Cycle 3

	base
	none
	-4.23E-05
	-8.46E-04
	-8.01E-04
	-1.73E-04
	2.62E-05
	-3.37E-04
	-2.44E-04

	6
	core 5
	-3.32E-03
	-4.85E-03
	-1.45E-03
	-5.70E-04
	1.23E-04
	-4.57E-04
	-1.18E-04

	7
	core 6
	-3.24E-03
	-4.35E-03
	-1.20E-03
	-5.36E-04
	4.92E-05
	-4.70E-04
	-1.47E-04

	8
	core 8
	-1.23E-03
	-2.17E-03
	-9.57E-04
	-2.99E-04
	5.95E-05
	-3.81E-04
	-2.00E-04

	9
	core 9 
	-3.01E-03
	-4.16E-03
	-1.24E-03
	-5.18E-04
	4.31E-05
	-4.59E-04
	-1.57E-04

	10
	core10
	-9.68E-04
	-1.98E-03
	-9.96E-04
	-2.83E-04
	5.19E-05
	-3.71E-04
	-2.11E-04


With the exception of the 9th order, all terms are negative, which is probably to be expected, given that the coupling and persistent currents always act in such a way as to oppose the local field.  It is interesting to plot the error terms versus the loss power (during ramping), as calculated in Report 4.  Figs 1 to 3 show the first three error terms allowed by symmetry: dipole, sextupole and decapole.  Similar plots for the higher order terms may be found in Appendix 3.  Not surprisingly, we see in all cases a linear relationship between loss and error.  Not only are the low loss cables good for error, they also give a better field shape.  However, even the best cables produce a sextupole error which is double the base case with no superconductor magnetization.
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Fig 1: 1st order error (dipole) error term at r = 30mm versus loss power
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Fig 2: 3rd order error (sextupole) error term at r = 30mm versus loss power
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Fig 3: 4th order error (decapole) error term at r = 30mm versus loss power
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