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Field Error in Dipole 001 to Superconductor Magnetization  

1. Introduction

This report repeats the calculations in Rep 6-2 of field errors coming from magnetization in the superconducting cable, using the best cable data we have for Dipole 001, ie the data used to calculate losses in Rep 22(1).   This cable 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. 

The calculated magnetization, expressed as a table of values versus field transverse and parallel to the cable, was supplied to John Simkin and Eddie Moore of Vector Fields Ltd for input to PC Opera.  Field errors, expressed as harmonic terms, were then calculated at two ramp rates and two fields.  To quantify the effect of the cable, field errors were also calculated with zero superconductor magnetization.  Note that the coil shape used for these calculations is the ‘ideal’ RHIC dipole shape supplied by Ramesh Gupta for Report 1 onwards, it does not include the geometrical errors caused by Dipole 001 cable being thicker than standard. 

2. Calculation of Magnetization

Appendix 24-1 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, unlike Rep 6-2, magnetization is expressed in A.m-1.  To compare with the loss calculations detailed in earlier reports, note that the instantaneous loss power per unit volume Pv may be expressed as:
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Key parameters of the cable are listed in Table 1.

Table 1: Parameters of the Dipole 001 Cable

	cable half width
	c
	4.87E-03
	m

	cable half thickness
	b
	5.83E-04
	m

	cable twist pitch
	p
	7.40E-02
	m

	crossover resistance
	Rc
	6.25E-02
	ohm

	adjacent resistance
	Ra
	6.40E-05
	ohm

	number of strands
	N
	30
	

	wire radius
	aw
	0.3240
	mm

	radius of filament boundary
	afb
	0.2455
	

	cable filling factor
	c
	0.826
	

	wire filling factor
	
	0.872
	

	matrix ratio
	mat
	2.240
	

	filament filling factor
	f
	0.309
	

	wire transverse  resistivity  intercept
	Cet
	1.24E-10
	ohm.m

	wire transverse  resistivity gradient
	met
	9.00E-11
	ohm.m/T

	wire twist pitch
	pw
	4.00E-03
	m

	filament diameter
	df
	6.02E-06
	m

	Modified Kim Anderson J c(B) parameter 
	Jo
	3.50E+10
	Am -2

	Modified Kim Anderson J c(B) parameter
	Bo
	0.149
	Tesla

	Modified Kim Anderson J c(B) parameter
	A0
	5.00E+09
	Am -2

	Modified Kim Anderson J c(B) parameter
	A1
	-7.00E+08
	Am -2T -1

	cooking factor transverse Rc
	ftc
	1.00
	

	cooking factor transverse Ra
	fta
	2.00
	

	cooking factor parallel Ra
	fpa
	1.00
	

	cooking factor hysteresis 
	fh
	1.00
	


Appendix 24-1 lists the formulae used and checks the numbers for one row in Case 1 of Appendix 24-2 which lists the magnetization parallel and transverse to the cable as a function of B and B`.  Remember that, for any given ramp rate in the aperture B`a, the local B` follows the local B.  This data was used as a look up table in Opera..

Four cases have been calculated, as listed in Table 2.

Table 2: The Four Cases

	case
	1
	2
	3
	4

	central field Ba
	0.5 T
	0.5 T
	2T
	2T

	central ramp rate dBa/dt
	1T/s
	2T/s
	1T/s
	2T/s


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.

Appendix 24-3 presents the data supplied by Vector Fields for the harmonic content (in Tesla) at a radius of 30mm.  Sheet "sum'ry" of Appendix 24-3 summarizes the data and presents it as fraction of the central field.  Table 3 reproduces that data, expressing all the harmonic terms in units of 10-4. 

Table 3: Harmonic content at 30mm radius as a fraction of central field in units of 10-4

	Case 
	1
	2
	3
	4

	dB/dt
	1
	2
	1
	2

	Ba
	-0.4996
	-0.4996
	-1.9979
	-1.9980

	
	no s/c
	with s/c
	change 
	no s/c
	with s/c
	change 
	no s/c
	with s/c
	change 
	no s/c
	with s/c
	change 

	A1/Ba-1
	0.01
	-7.89
	-7.91
	0.01
	-8.00
	-8.02
	0.01
	-0.82
	-0.83
	0.01
	-0.71
	-0.72

	A3/Ba
	-8.47
	-26.02
	-17.55
	-8.47
	-26.63
	-18.16
	-8.53
	-10.85
	-2.32
	-8.53
	-10.93
	-2.40

	A5/Ba
	-8.04
	-13.52
	-5.48
	-8.04
	-13.49
	-5.45
	-7.93
	-8.73
	-0.81
	-7.93
	-8.76
	-0.83

	A7/Ba
	-1.74
	-5.13
	-3.39
	-1.74
	-5.17
	-3.43
	-1.64
	-2.14
	-0.50
	-1.64
	-2.15
	-0.51

	A9/Ba
	0.30
	-0.96
	-1.26
	0.30
	-0.92
	-1.22
	0.29
	0.09
	-0.21
	0.29
	0.09
	-0.20

	A11/Ba
	-3.36
	-4.33
	-0.97
	-3.36
	-4.41
	-1.05
	-3.36
	-3.51
	-0.15
	-3.36
	-3.53
	-0.16

	A13/Ba
	-2.46
	-2.67
	-0.21
	-2.46
	-2.61
	-0.15
	-2.46
	-2.50
	-0.04
	-2.46
	-2.49
	-0.03


It may be seen that the superconductor magnetization has made significant changes to the sextupole, decapole and 14 pole terms, and has also affected the dipole term, ie the tracking of the magnet.   The greatest effect is at low field, in line with the loss calculations that hysteresis has the strongest effect, but ramp rate does not seem to have a strong effect.

4. Checks Using 'Extreme' Input Data

In order to provide a check on the calculation and also get a feel for how the magnetization affects the field error, four additional sets of cases were run with 'extreme' data sets in which each component of the magnetization was multiplied by zero, 1 or 2.  Table 4 lists the input data and resulting harmonics.   Case O is the base data set described above and data sets A, B, C and D are the extremes.  Columns two and three give the multiplying factors for Mp (parallel) and Mt (transverse).   Columns 5 to 8 give the calculated harmonics for the four cases as described above.   After the data sets A - D are listed four linear combinations of the harmonics resulting from these data.  At this low level of field error, we may reasonably expect the results to obey linear superposition.  Thus if we add the harmonics from data A+B, we might expect to find the base case O - and to a good approximation this is so.  Similarly the other superpositions give answers as expected.  I suggest this gives some reassurance that OPERA is calculating correctly.

Table 4: Harmonics calculated using 'extreme' data sets

 (harmonic terms are change produced by superconductor expressed as 10-4 of central field ).

	
	
	
	Case 
	1
	2
	3
	4

	
	
	
	dB/dt
	1
	2
	1
	2

	extreme
	
	
	Ba
	-0.500
	-0.500
	-1.998
	-1.998

	data 
	Mp
	Mt
	harmonic
	
	
	
	

	O (base)
	1
	1
	A1/Ba-1
	-7.908
	-8.018
	-0.830
	-0.718

	A
	0
	1
	
	6.342
	8.002
	0.498
	0.779

	B
	1
	0
	
	-14.255
	-16.025
	-1.640
	-1.809

	C
	1
	2
	
	-1.580
	-0.008
	-0.024
	0.370

	D
	2
	1
	
	-21.992
	-23.904
	-2.155
	-2.211

	A+B=O
	1+0
	1+0
	
	-7.913
	-8.023
	-1.142
	-1.031

	O+A=C
	1+0
	1+1
	
	-1.566
	-0.016
	-0.332
	0.060

	O+B=D
	1+1
	1+0
	
	-22.162
	-24.043
	-2.471
	-2.528

	2A+B=C
	1
	2
	
	-1.571
	-0.020
	-0.644
	-0.252

	A+2B=D
	2
	1
	
	-22.168
	-24.047
	-2.782
	-2.840

	O (base)
	1
	1
	A3/Ba
	-17.547
	-18.159
	-2.316
	-2.398

	A
	0
	1
	
	-0.274
	0.371
	0.054
	0.215

	B
	1
	0
	
	-17.297
	-18.546
	-2.012
	-2.064

	C
	1
	2
	
	-17.817
	-17.839
	-2.622
	-2.737

	D
	2
	1
	
	-34.461
	-36.372
	-4.675
	-5.002

	A+B=O
	1+0
	1+0
	
	-17.571
	-18.175
	-1.958
	-1.848

	O+A=C
	1+0
	1+1
	
	-17.821
	-17.789
	-2.262
	-2.183

	O+B=D
	1+1
	1+0
	
	-34.844
	-36.705
	-4.328
	-4.462

	2A+B=C
	1
	2
	
	-17.844
	-17.805
	-1.904
	-1.633

	A+2B=D
	2
	1
	
	-34.868
	-36.721
	-3.970
	-3.912

	O (base)
	1
	1
	A5/Ba
	-5.483
	-5.453
	-0.807
	-0.831

	A
	0
	1
	
	0.007
	-0.144
	0.231
	0.247

	B
	1
	0
	
	-5.504
	-5.504
	-5.504
	-5.504

	C
	1
	2
	
	-5.451
	-5.576
	-0.855
	-0.943

	D
	2
	1
	
	-10.738
	-10.542
	-1.839
	-1.905

	A+B=O
	1+0
	1+0
	
	-5.497
	-5.648
	-5.273
	-5.257

	O+A=C
	1+0
	1+1
	
	-5.476
	-5.597
	-0.576
	-0.584

	O+B=D
	1+1
	1+0
	
	-10.987
	-10.958
	-6.311
	-6.336

	2A+B=C
	1
	2
	
	-5.490
	-5.792
	-5.042
	-5.010

	A+2B=D
	2
	1
	
	-11.001
	-11.152
	-10.778
	-10.762

	O (base)
	1
	1
	A7/Ba
	-3.395
	-3.429
	-0.503
	-0.507

	A
	0
	1
	
	0.040
	0.096
	-0.122
	-0.138

	B
	1
	0
	
	-3.453
	-3.453
	-3.453
	-3.453

	C
	1
	2
	
	-3.340
	-3.320
	-0.456
	-0.425

	D
	2
	1
	
	-6.712
	-6.843
	-0.880
	-0.872

	A+B=O
	1+0
	1+0
	
	-3.413
	-3.357
	-3.575
	-3.591

	O+A=C
	1+0
	1+1
	
	-3.355
	-3.333
	-0.624
	-0.645

	O+B=D
	1+1
	1+0
	
	-6.848
	-6.882
	-3.956
	-3.960

	2A+B=C
	1
	2
	
	-3.373
	-3.261
	-3.696
	-3.729

	A+2B=D
	2
	1
	
	-6.866
	-6.810
	-7.028
	-7.044

	O (base)
	1
	1
	A9/Ba
	-1.263
	-1.221
	-0.205
	-0.200

	A
	0
	1
	
	0.048
	0.057
	0.019
	0.025

	B
	1
	0
	
	-1.320
	-1.320
	-1.320
	-1.320

	C
	1
	2
	
	-1.203
	-1.203
	-1.203
	-1.203

	D
	2
	1
	
	-2.517
	-2.444
	-0.426
	-0.421

	A+B=O
	1+0
	1+0
	
	-1.272
	-1.263
	-1.301
	-1.295

	O+A=C
	1+0
	1+1
	
	-1.215
	-1.164
	-0.186
	-0.175

	O+B=D
	1+1
	1+0
	
	-2.583
	-2.541
	-1.525
	-1.520

	2A+B=C
	1
	2
	
	-1.223
	-1.206
	-1.282
	-1.271

	A+2B=D
	2
	1
	
	-2.592
	-2.583
	-2.621
	-2.615


5.  Dependence on Ramp Rate

Table 5 explores the dependence on ramp rate, which seems to be less than expected.  The columns (2-1)/2 and (4-3)/3 list the percentage change in each harmonic between ramp rates 1T/s and 2T/s.   For comparison, the lower rows list the percentage change in magnetization (transverse and parallel) between 1T/s and 2T/s.  It may be seen that the closest correspondence is with magnetization at 1/10 the aperture field.  In this regard, it is worth remembering that the direction of magnetization varies through 360( over the winding, so that a large fraction of the contribution to aperture field cancels out.  For example, in case 1 the cable magnetization changes A1 by only 3x10 -4T, whereas the magnetization (indicating the change of field in the winding) is ~ 25 times greater.  Perhaps most of the change in M due to ramping may also be cancelling out.

The final row of Table 5 lists the change in calculated loss (from Report 22(1)) when B` changes from 1T/s to 2T/s.  Loss depends on the product B. M , but the total loss is a scalar addition of all the terms up and there is no cancellation, so we would expect the change in loss to be greater than the change in harmonics.

Table 5: Change of harmonics with ramp rate.

	Case 
	1
	2
	(2-1)/2
	3
	4
	(4-3)/3

	dB/dt
	1
	2
	
	1
	2
	

	Ba
	-0.4996
	change
	-1.9979
	change

	A1/Ba-1
	-7.91
	-8.02
	1%
	-0.83
	-0.72
	-13%

	A3/Ba
	-17.55
	-18.16
	3%
	-2.32
	-2.40
	4%

	A5/Ba
	-5.48
	-5.45
	-1%
	-0.81
	-0.83
	3%

	A7/Ba
	-3.39
	-3.43
	1%
	-0.50
	-0.51
	1%

	A9/Ba
	-1.26
	-1.22
	-3%
	-0.21
	-0.20
	-3%

	A11/Ba
	-0.97
	-1.05
	8%
	-0.15
	-0.16
	10%

	A13/Ba
	-0.21
	-0.15
	-30%
	-0.04
	-0.03
	-25%

	Mt @ Ba/2
	-7028
	-8884
	26%
	-4256
	-6005
	41%

	Mp @ Ba/2
	-5731
	-6291
	10%
	-2905
	-3304
	14%

	Mt @ Ba
	-7304
	-11012
	51%
	-4977
	-8244
	66%

	Mp @ Ba
	-4603
	-5609
	22%
	-2275
	-2841
	25%

	Mt @ Ba/10
	-8969
	-9450
	5%
	-6006
	-6395
	6%

	Mp @ Ba/10
	-8645
	-8802
	2%
	-5735
	-5855
	2%

	loss from 22-3 
	11.04
	12.81
	16%
	29.70
	35.80
	21%


6.  Extrapolation to 3T/s

Unfortunately we chose (many months ago) to make the calculation at 1 and 2T/s, whereas the BNL measurements were at 0T/s and 3T/s.  However, the fact that linear superposition seems to work so well in Table 4 leads me to believe that we can estimate the calculated harmonics at 0T/s and 3T/s from the data at 1 and 2 T/s.  The sheet '3T per s' in Appendix 24-3 uses linear extrapolation to estimate the harmonic terms at zero ramp rate and at 3T/s.  Because the harmonics were calculated at a radius of 30mm and measured at r = 25mm, a factor (r2/r1)n-1 has also been included.  Table 6 summarizes the results and compares with the measured value, scaled from Fig 7 of [1].

Table 6: Estimated harmonics in steady state and at 3T/s (units of 10-4).

	Case 
	1**
	BNL
	2**
	BNL
	3**
	BNL
	4**
	BNL

	dB/dt
	0
	
	3
	
	0
	
	3
	

	Ba
	-0.500
	
	-0.500
	
	-1.998
	
	-1.998
	

	A1/Ba-1
	-7.80
	
	-8.13
	
	-0.94
	
	-0.61
	

	A3/Ba
	-11.76
	-4.0
	-13.04
	-8.8
	-1.55
	-0.55
	-1.72
	-1.5

	A5/Ba
	-2.66
	
	-2.62
	
	-0.38
	
	-0.41
	

	A7/Ba
	-1.13
	
	-1.16
	
	-0.17
	
	-0.17
	

	A9/Ba
	-0.30
	
	-0.27
	
	-0.05
	
	-0.05
	


7.  Concluding Remarks.

There were some initial glitches with the way OPERA calculates the magnetization at each node, but these are now fixed.  Linear superposition of the extreme cases seems to show that the results are internally consistent.  However the ramp rate dependence seems to be less than expected intuitively.  It should be remembered that ramp rate dependent magnetization does not follow the same pattern as hysteresis.  Ramp rate magnetization is greatest in those regions of the winding where dB/dt is greatest, ie where B is greatest – but hysteresis magnetization is greatest where B is smallest.   Thus the addition of ramp rate component of magnetization is not expected to increase the field error pro rata with the change in magnetization – it could even decrease the error.   Nevertheless, the change in field error with ramp rate does seem very small.

Unfortunately, we did not compute at 0T/s and 3T/s, as measured at BNL.  Nevertheless, the observation that linear superposition works well for the ‘extreme’ cases seems to validate the uses of linear extrapolation of the computed data to B` = 0T/s and 3T/s.  However, this extrapolated data does not agree well with the BNL measurements, particularly in steady field.  I have no explanation for the disagreement.
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9.  Appendices

App 24-1: Magnetization of cable for Dipole001 field error calculations
App 24-2: Magnetization data for input to OPERA
App 24-3: Summary of Computed Harmonic Terms
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