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Abstract – The coil magnetization effect in superconducting accelerator magnets deteriorates the magnetic field quality in the bore at low fields and thus reduces the operation field range for SC magnets and complicates the machine correction system. This note describes the method of calculation of the coil magnetization effect in the Nb3Sn high field accelerator magnets using OPERA 2d code.  Results are compared with the analytical calculations.

1. Introduction

The most widely used method of calculation the coil magnetization effect is analytical simulation of contribution made by magnetization of every particular strand into the field at a reference radius. Several practical implementations of this method, based on different approaches are described in [1], [2]. However, they do not allow accurate simulation of non-linear iron magnetization effects as well as complicated yoke geometry that limits their capabilities. This note describes the details of calculation of coil magnetization effect in the Nb3Sn High Field Dipole Magnet developed at Fermilab for VLHC using analytical approach and OPERA 2D code. In both cases real magnetic properties of Nb3Sn superconducting strand are used.

2. Method description and verification

The finite element code OPERA2D was used for simulation of the coil magnetization effect in this study. It allows taking into account the complicated geometry and real magnetic properties of all the magnetic elements. The coil magnetic properties were characterized by magnetization of a reference Nb3Sn strand, 1 mm in diameter with critical current density of 1600 A/mm2 at 12 T and 4.2 K and copper to non-copper ratio of 0.85, measured at Fermilab [3]. Figure 1 presents averaged magnetization curves per strand volume for the first (virgin) and consequent field cycles. The effective filament diameter, derived from the curve was about 120 (m. In order to assign the integral cable magnetic properties for the OPERA 2D model, the magnetization curve of the reference strand was transformed into a B(H) curve according to the expression:
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where (str is an average packing factor of strands in the cable. 
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Figure 1. Superconductor magnetization as a function of applied field.

The method based on the finite-element code was verified by comparison with the analytical calculations. The geometry of the Fermilab’s single-bore high-field dipole magnet [4] was used for this purpose. The strand packing factor was (str = 0.88. The analytical simulation of the coil magnetization effect was done in assumption of constant iron yoke permeability of (=1000 and simple iron yoke shape with the inner radius R using the following expression
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where

z=x+iy, 
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z

=x-iy,

M(z) is superconducting strand magnetization shown in Figure 1,

( is coil packing factor (fraction of strand in the coil cross-section),

((z) is the angle between vector M and axis Y,

S is the cross-section area of the magnetic element.

For the dipole symmetry (an=(b2k (0. 
Figure 2 shows the finite-element model with distribution of magnetization within the coil and Figures 3 and 4 present sextupole and decapole curves for the first and second field cycles. 
One should notice that reduction of the critical current density and therefore magnetization due to transport current in the cable is not taken into account. This effect is negligibly small at low fields, where the coil magnetization causes maximum problems but starts playing a role at intermediate fields [5].
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Figure 4.2.2. Model for simulation of the coil magnetization effect.
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  Figure 3. Multipole distributions in the first cycle as functions of the bore field.
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Figure 4. Multipole distributions in the second cycle as functions of the bore field.

The maximum difference between analytical and numerical solutions is about 5 % at 1 T field for the first cycle curve and about 1 % for the second cycle curve. Since most of superconducting magnets normally operate on the second cycle curve, it was considered as good enough verification of the method based on the finite-element code. If necessary, a higher accuracy can be achieved by introduction a packing factor, variable across the cable.

References:

1. B. C. Brown, H.E. Fisk and R. Hanft, “Persistent current fields in Fermilab Tevatron magnets”, IEEE Transactions on Magnetics, Vol. MAG-21, No. 2, March 1985, pp.979-982.

2. M. A. Green, “Control of fields due to superconductor magnetization in the SSC magnets”, IEEE Transaction on Magnetics, Vol. MAG-23, No.2, March 1987, pp.506-509.

3. C. Boffo, “Magnetization measurements at 4.2 K of multifilamentary superconducting strands”, Fermilab preprint, TD-99-074.

4. G. Ambrosio, N. Andreev, T. Arkan, E. Barzi, S. Caspi, D. Chichili, V.V. Kashikhin, P.J. Limon, T. Ogitsu, J. Ozelis, I. Terechkine, J.C. Tompkins, M. Wake, S. Yadav, R. Yamada, V. Yarba, A.V. Zlobin, “Conceptual design of the Fermilab Nb3Sn high field dipole model”, Proceedings of the 1999 Particle Accelerator Conference, New York, 1999, pp.174-176.

5. M.N. Wilson, Superconducting magnets, Clarendon Press, Oxford, 1983.

1
4

_1074610064.unknown

_1075813796.xls
Chart2

		0.3167736		0.3167736		0.3167736		0.3167736

		0.6156155		0.6156155		0.6156155		0.6156155

		0.918089		0.918089		0.918089		0.918089

		1.22294		1.22294		1.22294		1.22294

		1.52903		1.52903		1.52903		1.52903

		1.835764		1.835764		1.835764		1.835764

		2.450038		2.450038		2.450038		2.450038

		3.678132		3.678132		3.678132		3.678132



b3 FEM

b3 analytical

b5 FEM

b5 analytical

B, T

b3, 10-4

b5, 10-4

102.4522

63.77

-4.384776

-3.58

0.4927114

-5.01

2.94598

2.39

-20.6934

-20.9

3.44745

3.25

-21.09926

-21.4

2.501286

2.58

-17.96715

-17.4

1.741364

1.76

-14.82385

-13.8

1.250359

1.26

-10.05778

-9.06

0.6861279

0.71

-5.13918

-4.38

0.2570043

0.27



First cycle 

		

		Sc with Jsc(12T)=1600 A/mm^2 and Deff=100 mkm

		First cycle w/o correction

		B, T		b1		b2		b3		b4		b5		b6		b7		b8		b9		b10		b11

		0.3019632		10000		1.19E-10		-98.72522		1.95E-11		9.391161		6.89E-12		-2.519873		2.53E-12		0.5749704		1.85E-12		2.50E-01

		0.6062554		10000		1.12E-10		-63.97442		2.09E-11		5.644254		7.12E-12		-1.681026		3.18E-12		2.74E-01		2.28E-12		0.1987131

		0.9125191		10000		1.17E-10		-41.03303		2.03E-11		3.122972		7.58E-12		-0.9678307		2.65E-12		0.1245052		1.98E-12		0.1552302

		1.219704		10000		1.15E-10		-28.85765		1.75E-11		2.059234		7.48E-12		-0.6488265		2.94E-12		5.66E-02		1.87E-12		0.1360692

		1.527107		10000		1.13E-10		-21.55981		2.13E-11		1.468168		7.61E-12		-0.4686931		2.68E-12		1.62E-02		1.81E-12		0.1258808
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		10.98571		10000		1.19E-10		-2.69673		2.00E-11		0.1414133		7.42E-12		-8.32E-03		2.55E-12		-1.01E-01		1.98E-12		0.1080545

		B, T		b3_FEA		b3_analit		error		b5_FEA		b5_analit		error

		0.3019632		-98.7252		-129.20		0.134		9.39116		11.50		0.101

		0.6062554		-63.9744		-60.10		0.031		5.64425		5.20		0.041

		0.9125191		-41.0330		-37.20		0.049		3.12297		3.20		0.012

		1.219704		-28.8577		-25.80		0.056		2.05923		2.10		0.010

		1.527107		-21.5598		-19.10		0.060		1.46817		1.50		0.011

		1.834566		-16.7248		-14.70		0.064		1.08800		1.10		0.005

		2.449519		-10.7192		-9.30		0.071		0.62542		0.67		0.034

		3.67801		-5.2287		-4.43		0.083		0.24331		0.26		0.033

		4.884876		-2.9366						0.12599

		7.070624		-1.0859						0.17455

		9.092227		-1.1791						0.17828





First cycle 

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0



b3_FEA

b3_analitical

b5_FEA

b5_analitical

B, T

b3

b5

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



Second cycle

		

		Sc with Jsc(12T)=1600 A/mm^2 and Deff=100 mkm

		Second cycle w/o correction

		B, T		b1		b2		b3		b4		b5		b6		b7		b8		b9		b10		b11

		0.3167736		10000		1.09E-10		102.4522		2.24E-11		-4.384776		7.94E-12		1.10902		2.96E-12		-0.4792364		2.50E-12		2.17E-02
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		First cycle w/o correction

		B, T		b1		b2		b3		b4		b5		b6		b7		b8		b9		b10		b11

		0.3019632		10000		1.19E-10		-98.72522		1.95E-11		9.391161		6.89E-12		-2.519873		2.53E-12		0.5749704		1.85E-12		2.50E-01
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		3.67801		10000		1.15E-10		-5.228711		2.00E-11		0.2433146		8.11E-12		-9.76E-02		2.79E-12		-6.81E-02		1.82E-12		0.1042833

		4.884876		10000		1.07E-10		-2.936619		1.97E-11		0.125988		7.00E-12		-4.93E-02		3.24E-12		-7.95E-02		1.89E-12		0.100905

		7.070624		10000		1.13E-10		-1.085934		2.18E-11		0.1745477		8.26E-12		-1.99E-02		2.65E-12		-8.82E-02		1.77E-12		0.1033628

		9.092227		10000		1.02E-10		-1.17913		2.03E-11		0.1782815		7.08E-12		-1.01E-02		2.73E-12		-9.48E-02		2.09E-12		0.1065691

		10.98571		10000		1.19E-10		-2.69673		2.00E-11		0.1414133		7.42E-12		-8.32E-03		2.55E-12		-1.01E-01		1.98E-12		0.1080545

		B, T		b3_FEA		b3_analit		error		b5_FEA		b5_analit		error

		0.3019632		-98.7252		-129.20		0.134		9.39116		11.50		0.101

		0.6062554		-63.9744		-60.10		0.031		5.64425		5.20		0.041

		0.9125191		-41.0330		-37.20		0.049		3.12297		3.20		0.012

		1.219704		-28.8577		-25.80		0.056		2.05923		2.10		0.010

		1.527107		-21.5598		-19.10		0.060		1.46817		1.50		0.011

		1.834566		-16.7248		-14.70		0.064		1.08800		1.10		0.005

		2.449519		-10.7192		-9.30		0.071		0.62542		0.67		0.034

		3.67801		-5.2287		-4.43		0.083		0.24331		0.26		0.033

		4.884876		-2.9366						0.12599

		7.070624		-1.0859						0.17455

		9.092227		-1.1791						0.17828
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Second cycle

		

		Sc with Jsc(12T)=1600 A/mm^2 and Deff=100 mkm

		Second cycle w/o correction

		B, T		b1		b2		b3		b4		b5		b6		b7		b8		b9		b10		b11

		0.3167736		10000		1.09E-10		102.4522		2.24E-11		-4.384776		7.94E-12		1.10902		2.96E-12		-0.4792364		2.50E-12		2.17E-02

		0.6156155		10000		1.17E-10		0.4927114		2.52E-11		2.94598		7.46E-12		-0.3888849		2.77E-12		6.93E-02		1.89E-12		0.1255568

		0.918089		10000		1.06E-10		-20.6934		2.09E-11		3.44745		7.63E-12		-0.7093642		2.58E-12		0.1142037		1.68E-12		0.1459003

		1.22294		10000		1.16E-10		-21.09926		1.95E-11		2.501286		8.13E-12		-0.5999038		2.88E-12		6.08E-02		1.86E-12		0.1359665

		1.52903		10000		1.09E-10		-17.96715		1.96E-11		1.741364		6.98E-12		-0.4560314		2.92E-12		2.01E-02		2.53E-12		0.1269767

		1.835764		10000		1.13E-10		-14.82385		2.12E-11		1.250359		7.85E-12		-0.3489069		3.10E-12		-7.43E-03		1.84E-12		0.120126

		2.450038		10000		1.20E-10		-10.05778		2.26E-11		0.6861279		7.66E-12		-0.213211		2.87E-12		-4.17E-02		1.96E-12		0.1114003

		3.678132		10000		9.79E-11		-5.13918		1.99E-11		0.2570043		7.09E-12		-9.64E-02		2.97E-12		-6.79E-02		1.73E-12		0.1040427

		4.884841		10000		1.14E-10		-2.833987		2.29E-11		0.1386973		7.35E-12		-5.10E-02		2.72E-12		-8.02E-02		2.24E-12		0.1011615

		7.070357		10000		1.10E-10		-1.002445		2.20E-11		0.1849137		7.18E-12		-2.15E-02		3.04E-12		-8.84E-02		2.19E-12		0.103603

		9.091626		10000		1.22E-10		-1.100917		1.95E-11		0.1881563		7.28E-12		-1.16E-02		2.85E-12		-9.52E-02		2.14E-12		0.1068252

		10.98504		10000		1.12E-10		-2.60736		2.21E-11		0.1485315		7.34E-12		-1.18E-02		2.86E-12		-9.87E-02		2.15E-12		0.1089508

		B, T		b3_FEA		b3_analit		error		b5_FEA		b5_analit		error

		0.3167736		102.452		63.77		0.233		-4.384776		-3.58		0.101

		0.6156155		0.493		-5.01		1.218		2.94598		2.39		0.104

		0.918089		-20.693		-20.90		0.005		3.44745		3.25		0.029

		1.22294		-21.099		-21.40		0.007		2.501286		2.58		0.015

		1.52903		-17.967		-17.40		0.016		1.741364		1.76		0.005

		1.835764		-14.824		-13.80		0.036		1.250359		1.26		0.004

		2.450038		-10.058		-9.06		0.052		0.6861279		0.71		0.017

		3.678132		-5.139		-4.38		0.080		0.2570043		0.27		0.025

		4.884841		-2.834						0.1386973

		7.070357		-1.002						0.1849137

		9.091626		-1.101						0.1881563

		10.98504		-2.607						0.1485315
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Plots
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