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Abstract - Two types of passive correctors for correction of multipoles induced by coil magnetization in the Fermilab 11 T Nb3Sn dipole model have been proposed. This note presents the results of comparison of correction capability of thin pipe and strip type ferromagnetic correctors placed within magnet bore.

1. INTRODUCTION

Fermilab is developing a high field dipole magnet based on the Nb3Sn strand for future Very Large Hadron Collider [1]. Persistent magnetization currents in superconducting strands disturb the field in magnet bore at injection contributing to all multipole field components allowed by the coil symmetry (dipole, sextupole, decapole etc. for dipole coils). This effect is proportional to the critical current density in superconducting filaments, the effective filament diameter and the coil volume. A high critical current density, required to reach a high magnetic field at relatively small coil cross-section area, and a large effective filament size in commercially available now Nb3Sn strands lead to a quite high coil magnetization effect.  This effect is much higher for Nb3Sn magnets than for NbTi accelerator magnets. The works aimed on the reduction of the effective filament diameter in Nb3Sn strands have been started. However, the required reduction of effective filament diameter by factor of 5-10 can lead to a significant increase of the strand cost. The attempts to compensate the coil magnetization effect in the superconducting accelerator magnets using specific features of magnet design were undertaken.  A method used the passive superconducting coils placed in the magnet bore was proposed and tested on short NbTi dipole model [2-4]. Although this technique was never practically used in accelerators utilized the NbTi magnets, it could be very interesting and important for high field Nb3Sn accelerator magnets. 

Recent interest to the passive correction of coil magnetization effect in Nb3Sn dipole magnet has led to the proposal of two new correction schemes. One of them is based on the thin ferromagnetic pipe placed inside the magnet bore to correct multipole components due to a difference in saturation (magnetization) in pole and mid-plane areas of pipe at low field. It was explicitly described in [5]. The main idea of another corrector type is to put the ferromagnetic strips in certain places within the magnet bore adjusted to produce multipoles with the same value as magnetization multipoles but with opposite sign so they cancel each other [6]. This note presents the results of comparison of the correction capability of those two correction schemes for compensation of the coil magnetization effect in the Fermilab Nb3Sn dipole model [1,7].

2. RESULTS AND DISCUSSION

The coil magnetization effect was calculated using OPERA 2D code. Superconductor magnetic properties were described by the B-H curve [6] obtained from the magnetization measurement of the internal tin (IGC) Nb3Sn strand with the effective filament size of ~100 microns. Magnetic properties of the compensation pipe and strips were represented by the B-H curve corresponding to the HGQ (or MI) iron yoke. 

Both the correction pipe and the correction strips were installed on the magnet beam pipe with the outer radius of 19.75 mm. For the correction pipe its correction strength was tuned by changing the pipe thickness. The correction strips have more free parameters for optimization, such as, number of strips, strip thickness, width and azimuthal position. The optimal number of strips and the optimal azimuthal strip positions were determined in [6]: two strips with 33.5-44.5 degrees (first strip) and 57.5-72.5 degrees (second strip) azimuthal position. Correction strength of the strip corrector was tuned also by changing the strip thickness.

The results of calculation of sextupole b3 and decapole b5 field components at low fields in second magnet excitation cycle before and after correction with correction pipe and correction strips are presented in Figure 1 and 2. Correction strip parameters were optimized to compensate (minimize) simultaneously b3 and b5. Taking into account that correction pipe has only one free parameter - its thickness, it was optimized for  maximum compensation of b3 or b5. The effect on the other non-optimized harmonics (b5 or b3) in each case is also reported.
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Figure 1: Sextupole field component before and after correction versus bore field. 
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Figure 2: Decapole field component before and after correction versus bore field.

As it can be seen from the above plots, optimized correction strips allow one to reduce the coil magnetization contribution in b3 to (2 units (or by factor of 10), and in b5 to (1 unit (or by factor of 3) for magnetic fields in the bore >1 T.  One can also see that the strip corrector significantly increases the magnet dynamic range even at quite large effective filament diameter in the Nb3Sn strand.

The optimized 0.23 mm thick correction pipe allows one to restrict the sextupole field component b3 only to (5 units in the same field range as above, but the decapole component b5 at the same time significantly deteriorates.  And vice versa, an optimal compensation of b5 using the 0.06 mm thick pipe does not allow one to achieve the desirable reduction of b3. 

REFERENCES

[1] G. Ambrosio, et.al, "Development of the 11 T Nb3Sn Dipole Model at Fermilab", MT-16, Tallahassee, FL, 1999.

[2] B.C. Brown, H.E. Fisk and R. Hanft. IEEE Trans. on Magnetics, MAG-21, No. 12, 1985, p.979.

[3] M.A. Green, IEEE Transaction on Magnetics, MAG-23, No.2, 1987, p.506.

[4] M.A. Green, “Passive Superconductor a Viable Method of Controlling Magnetization multipoles in the SSC Dipole”, IISSC Supercollider 1, Plenum Press, New York, 1989, p.351.

[5] S. Caspi, “Reduction of Magnetization Induced Harmonics in Superconducting Magnets”, LBNL, SC-MAG-691, October 12, 1999.

[6] V.V. Kashikhin and A.V. Zlobin, “Correction of Coil Magnetization Effect in Nb3Sn High Field Dipole Magnet Using Thin Iron Strips”, Fermilab, TD-99-048, October 15, 1999. 

[7] G. Ambrosio et al., “Magnetic Design of the Fermilab 11 T Nb3Sn Short Dipole Model”, MT-16, Tallahassee, FL, 1999.







_1006157894.xls
Chart1
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Sheet1

		Coil magnetization effect

		4.45E-01		10000		1.12E-10		34.00891		2.20E-11		0.3021722		7.41E-12		1.61E-01		3.04E-12		-6.72E-02		2.05E-12		1.53E-01

		6.16E-01		10000		1.08E-10		0.110212		2.10E-11		3.033045		7.16E-12		-0.3882702		2.78E-12		7.41E-02		2.09E-12		1.28E-01

		1.22E+00		10000		1.18E-10		-21.39203		2.08E-11		2.548985		7.27E-12		-0.5958597		2.61E-12		5.75E-02		1.90E-12		9.34E-02

		2.45E+00		10000		1.13E-10		-10.2824		2.19E-11		0.718801		8.50E-12		-0.2099466		2.92E-12		-4.04E-02		1.95E-12		8.92E-02

		3.68E+00		10000		1.22E-10		-5.37633		1.99E-11		0.3020317		7.61E-12		-9.26E-02		2.93E-12		-6.61E-02		1.95E-12		9.12E-02

		4.89E+00		10000		1.09E-10		-3.068409		2.14E-11		0.1766952		7.42E-12		-4.76E-02		2.31E-12		-7.54E-02		1.77E-12		9.38E-02

		7.07E+00		10000		1.06E-10		-1.147108		1.84E-11		0.2217388		7.03E-12		-1.65E-02		2.66E-12		-8.27E-02		1.95E-12		0.100444

		9.09E+00		10000		1.07E-10		-1.295252		2.22E-11		0.2234105		7.60E-12		-6.52E-03		2.90E-12		-8.94E-02		2.27E-12		0.1032911

		10.9691		10000		1.14E-10		-3.022323		2.32E-11		0.1795032		7.48E-12		-1.15E-03		2.56E-12		-1.03E-01		1.95E-12		0.1090159

		Compensated coil magnetization by two strips 0.23mm HGQ Steel

		0.4491046		10000		1.07E-10		113.0496		2.28E-11		-5.63466		8.58E-12		1.12E+00		2.79E-12		-0.5304605		2.26E-12		-0.502535

		0.6134114		10000		1.01E-10		61.53146		2.22E-11		-1.759526		7.19E-12		0.6292365		3.14E-12		-0.3830263		2.16E-12		-0.3217539

		1.222133		10000		1.23E-10		9.196866		2.28E-11		-0.6403452		7.72E-12		2.27E-01		2.47E-12		-3.70E-01		2.02E-12		-9.62E-02

		2.450939		10000		1.11E-10		3.359233		1.86E-11		-1.178791		7.26E-12		0.3772214		3.32E-12		-0.3707217		2.12E-12		2.44E-02

		3.680059		10000		1.06E-10		2.995811		2.04E-11		-0.9854814		7.56E-12		0.332316		3.48E-12		-0.323519		1.95E-12		5.98E-02

		4.887144		10000		1.11E-10		2.957169		1.87E-11		-0.7981595		7.12E-12		0.2805296		2.46E-12		-0.2827065		1.90E-12		7.51E-02

		7.072865		10000		1.09E-10		2.845679		2.09E-11		-0.4570582		6.81E-12		0.211577		3.25E-12		-0.2339285		2.05E-12		9.07E-02

		9.090661		10000		1.13E-10		1.749307		2.08E-11		-0.3086004		7.34E-12		0.1705928		3.01E-12		-0.2093649		2.30E-12		9.67E-02

		10.97069		10000		1.10E-10		-0.5330782		2.08E-11		-0.2608522		7.34E-12		1.44E-01		2.82E-12		-0.2020678		1.87E-12		1.02E-01

		Coil magnetization effect at low field   b3       B3, mT										b5		B5, mT

		0.07336181		10000		9.70E-11		385.8949		2.831		-53.79707		-3.95E-01		10.93834		3.49E-12		-4.171929		2.10E-12		-0.1428348

		0.1319663		10000		1.08E-10		316.9379		4.183		-40.47836		-5.34E-01		4.447974		3.11E-12		-2.63151		2.24E-12		0.1433822

		0.202529		10000		1.08E-10		198.796		4.026		-15.4038		-3.12E-01		2.906258		3.30E-12		-1.414877		2.19E-12		0.2387841

		0.4453423		10000		1.12E-10		34.00891		1.515		0.3021722		1.30E-02		1.61E-01		3.04E-12		-6.72E-02		2.05E-12		1.53E-01

		0.6156771		10000		1.08E-10		0.110212		0.006786		3.033045		1.87E-01		-0.3882702		2.78E-12		7.41E-02		2.09E-12		1.28E-01

		1.222958		10000		1.18E-10		-21.39203		-2.616		2.548985		3.12E-01		-0.5958597		2.61E-12		5.75E-02		1.90E-12		9.34E-02

		2.450322		10000		1.13E-10		-10.2824		-2.52		0.718801		1.76E-01		-0.2099466		2.92E-12		-4.04E-02		1.95E-12		8.92E-02

		3.678726		10000		1.22E-10		-5.37633		-1.978		0.3020317		1.11E-01		-9.26E-02		2.93E-12		-6.61E-02		1.95E-12		9.12E-02

		Compensated coil magnetization by two strips, 0.15mm HGQ steel

		0.4402501		10000		1.06E-10		94.27271		2.32E-11		-3.762321		8.15E-12		0.9409921		2.87E-12		-4.25E-01		1.95E-12		-0.2796374

		0.6144946		10000		1.10E-10		40.16368		2.04E-11		-8.40E-02		7.59E-12		0.2896662		3.32E-12		-2.27E-01		1.91E-12		-0.172555

		0.9171948		10000		1.17E-10		5.768101		2.12E-11		1.13E+00		7.16E-12		-0.1233152		2.99E-12		-1.77E-01		2.12E-12		-8.16E-02

		1.222311		10000		1.12E-10		-1.401722		2.14E-11		0.533456		7.18E-12		-6.72E-02		2.68E-12		-2.24E-01		2.12E-12		-3.52E-02

		1.835863		10000		1.09E-10		-2.323323		2.15E-11		-0.2969917		7.68E-12		0.1087145		2.16E-12		-2.56E-01		2.07E-12		1.75E-02

		2.450671		10000		1.12E-10		-1.286493		2.20E-11		-0.5180938		7.66E-12		0.1721096		2.54E-12		-2.58E-01		1.77E-12		4.47E-02

		3.679561		10000		1.11E-10		0.1385398		2.23E-11		-0.5396703		7.01E-12		0.1856377		2.66E-12		-2.36E-01		1.90E-12		7.01E-02

		4.886572		10000		1.07E-10		0.8951263		2.37E-11		-0.4605014		7.46E-12		0.1679644		2.93E-12		-2.13E-01		1.86E-12		8.10E-02

		7.07228		10000		1.16E-10		1.475466		2.20E-11		-0.2221842		7.52E-12		0.1336381		2.47E-12		-0.1828393		2.00E-12		9.37E-02

		9.090079		10000		1.21E-10		0.7029329		2.14E-11		-0.1246044		8.16E-12		1.10E-01		2.92E-12		-0.1686301		1.89E-12		9.89E-02

		10.97011		10000		1.13E-10		-1.380576		2.10E-11		-0.1134306		8.11E-12		9.49E-02		2.52E-12		-0.1666636		2.02E-12		0.1021343

		Ring 0.23mm HGQ

		3.69E-01		1.00E+04		1.08E-10		165.1997		2.28E-11		-24.16628		8.07E-12		5.602824		3.24E-12		-0.8698972		2.13E-12		0.6884227

		5.52E-01		10000		1.20E-10		66.61668		2.07E-11		-11.54612		7.33E-12		3.555846		2.87E-12		-0.5062127		2.15E-12		0.4785317

		1.22E+00		10000		1.07E-10		3.143984		1.93E-11		-3.083603		7.41E-12		0.8535911		3.04E-12		-0.2317834		2.11E-12		0.2158459

		2.45E+00		10000		1.17E-10		-4.880238		1.98E-11		-1.62E-01		7.42E-12		-2.34E-02		2.65E-12		-7.56E-02		1.64E-12		1.02E-01

		3.68E+00		1.00E+04		1.14E-10		-3.332308		2.23E-11		0.1378256		7.17E-12		-7.23E-02		3.14E-12		-6.85E-02		2.19E-12		9.43E-02

		4.89E+00		1.00E+04		1.10E-10		-1.990608		2.20E-11		0.1410502		7.56E-12		-4.91E-02		2.46E-12		-7.37E-02		2.30E-12		9.72E-02

		7.07E+00		1.00E+04		1.14E-10		-0.6260979		2.12E-11		0.2312142		7.63E-12		-2.31E-02		2.79E-12		-7.91E-02		2.08E-12		0.1059701

		9.09E+00		1.00E+04		1.07E-10		-0.9610554		2.12E-11		0.2385418		7.44E-12		-1.46E-02		2.78E-12		-8.79E-02		1.97E-12		0.1075911

		10.96801		1.00E+04		1.15E-10		-2.779488		2.28E-11		0.1943271		7.73E-12		-1.81E-02		3.09E-12		-9.62E-02		2.09E-12		9.57E-02

		0.215 perm strips

		0.43		10000.00		0.00		111.88		0.00		-6.88		0.00		1.172795		3.23E-12		-0.578301		1.91E-12		-0.5647098

		0.61		10000.00		0.00		61.72		0.00		-2.24		0.00		0.6314867		3.08E-12		-0.3128602		1.88E-12		-0.3387422

		1.22		10000.00		0.00		7.88		0.00		-0.84		0.00		0.2085065		2.91E-12		-0.3130023		2.13E-12		-9.20E-02

		2.451094		10000		1.09E-10		0.7707244		2.12E-11		-1.150397		7.61E-12		0.3410379		3.13E-12		-0.3144736		1.97E-12		3.80E-02

		3.680008		10000		1.04E-10		-0.2564329		2.04E-11		-0.7526693		7.33E-12		0.2410982		2.70E-12		-0.239291		1.97E-12		7.45E-02

		4.886621		10000		1.11E-10		-0.6522136		2.09E-11		-0.3756076		7.37E-12		0.1294936		2.60E-12		-0.1708232		1.92E-12		8.81E-02

		7.07184		10000		1.08E-10		-7.55E-02		2.14E-11		2.29E-02		8.47E-12		4.74E-02		2.80E-12		-0.1285506		2.08E-12		9.90E-02

		9.089599		10000		1.07E-10		-0.4661332		2.13E-11		6.80E-02		7.65E-12		4.28E-02		2.90E-12		-0.1250608		1.85E-12		0.1022707

		10.96964		10000		1.15E-10		-2.335696		2.06E-11		5.08E-02		7.85E-12		3.65E-02		2.68E-12		-0.1259045		2.10E-12		9.96E-02

		0.15mm HGQ ring

		0.36		10000.00		0.00		58.82		2.39E-11		-19.98394		7.67E-12		3.599883		3.11E-12		-1.010067		2.03E-12		0.2301532

		0.62		10000.00		0.00		17.63		2.29E-11		-14.1987		7.52E-12		3.22E-02		2.47E-12		0.3825524		1.88E-12		-1.46E-02

		1.22		10000.00		0.00		-10.24		2.32E-11		-1.410927		7.78E-12		0.2390204		2.38E-12		-0.2020313		2.00E-12		0.1375058

		2.45		10000.00		0.00		-8.83		2.05E-11		3.35E-02		7.94E-12		-0.151335		2.89E-12		-9.25E-02		2.19E-12		7.78E-02

		3.678191		10000		1.09E-10		-5.430582		2.02E-11		0.1418628		7.21E-12		-0.1293581		2.73E-12		-8.36E-02		2.05E-12		8.15E-02

		4.885293		10000		1.10E-10		-3.38801		2.16E-11		0.1234199		7.19E-12		-8.77E-02		2.48E-12		-8.51E-02		1.92E-12		8.82E-02

		7.070874		10000		9.85E-11		-1.501787		2.12E-11		0.2155395		7.60E-12		-4.94E-02		2.80E-12		-8.67E-02		1.89E-12		0.1002328

		9.088576		10000		1.05E-10		-1.614468		2.21E-11		0.2274643		7.66E-12		-3.51E-02		2.92E-12		-9.38E-02		1.86E-12		0.1029998

		10.96849		10000		1.13E-10		-3.308799		2.06E-11		0.1846495		7.14E-12		-3.09E-02		2.69E-12		-0.1067956		1.86E-12		9.79E-02

		0.14mm perm strips

		0.4352661		10000		1.05E-10		98.88304		2.33E-11		-3.540334		7.69E-12		1.048604		2.79E-12		-0.3880427		2.08E-12		-0.2899888

		0.6154326		10000		1.15E-10		41.32126		2.23E-11		-0.2097116		8.22E-12		0.2912631		2.84E-12		-0.180601		1.88E-12		-0.1768739

		1.222041		10000		1.05E-10		-2.467609		2.16E-11		0.4101634		7.02E-12		-8.34E-02		3.12E-12		-0.1871119		1.85E-12		-3.12E-02

		2.450754		9999.999		1.10E-10		-3.020307		2.15E-11		-0.5029995		7.03E-12		0.1479089		2.80E-12		-0.2189076		1.98E-12		5.43E-02

		3.679548		10000		1.12E-10		-2.014807		2.20E-11		-0.3914641		7.21E-12		0.126074		2.72E-12		-0.1799077		2.11E-12		8.02E-02

		4.886254		10000		1.21E-10		-1.484614		2.08E-11		-0.186546		7.71E-12		6.94E-02		2.86E-12		-0.1386563		2.05E-12		9.01E-02

		7.071627		10000		1.07E-10		-0.4465347		2.17E-11		9.20E-02		6.64E-12		2.56E-02		2.81E-12		-0.1130904		2.18E-12		9.94E-02

		9.089399		10000		1.10E-10		-0.753531		2.13E-11		0.1222707		7.53E-12		2.59E-02		2.48E-12		-0.1130177		2.01E-12		0.1025794

		10.96944		10000		1.17E-10		-2.56845		2.23E-11		9.18E-02		6.70E-12		2.49E-02		2.54E-12		-0.117376		2.05E-12		0.1009438

		0.14mm perm pipe

		0.4284458		10000		1.06E-10		86.75948		2.46E-11		-14.89449		6.91E-12		3.369654		2.77E-12		-0.6648013		2.00E-12		0.4688185

		0.6084997		10000		1.07E-10		29.53496		2.23E-11		-7.406814		7.38E-12		1.822581		2.76E-12		-0.41761		2.22E-12		0.3092913

		1.219675		10000		1.12E-10		-10.11685		2.07E-11		-1.821052		7.03E-12		0.3539445		3.14E-12		-0.2426774		1.88E-12		0.1447327

		2.450082		10000		1.14E-10		-9.579362		1.97E-11		0.1893489		7.79E-12		-0.1628348		2.93E-12		-9.46E-02		2.03E-12		7.84E-02

		3.679644		10000		1.15E-10		-5.92577		2.18E-11		0.2880319		7.55E-12		-0.1394862		2.72E-12		-8.01E-02		2.01E-12		8.10E-02

		4.886458		10000		1.12E-10		-3.507432		1.94E-11		0.2099241		7.77E-12		-8.39E-02		2.72E-12		-8.16E-02		1.77E-12		8.91E-02

		7.071343		10000		1.18E-10		-1.321769		2.14E-11		0.2333563		6.91E-12		-3.46E-02		2.61E-12		-8.77E-02		1.87E-12		0.1018409

		9.089063		10000		1.14E-10		-1.433733		2.20E-11		0.2360804		7.15E-12		-2.33E-02		2.87E-12		-9.45E-02		2.11E-12		0.1047105

		10.96906		10000		1.08E-10		-3.14017		1.94E-11		0.188986		8.11E-12		-1.88E-02		2.70E-12		-0.1109933		1.76E-12		0.1032959

		0.45mm steel pipe

		0.167111		10000		9.02E-11		804.7279		3.20E-11		-60		9.17E-12		22.03289		3.58E-12		1.129791		2.26E-12		3.64819

		0.5919698		10000		1.12E-10		107.1586		2.39E-11		-21.60379		7.24E-12		4.870408		2.80E-12		-0.5466322		2.01E-12		0.5817083

		1.208701		10000		1.12E-10		20.60169		2.33E-11		-7.787866		7.34E-12		1.817515		3.14E-12		-0.3767467		2.20E-12		0.2890964

		2.445116		9999.999		1.16E-10		-1.795409		2.21E-11		-0.8772814		7.41E-12		5.21E-02		2.69E-12		-7.48E-02		1.98E-12		0.1104656

		3.677007		10000		1.14E-10		-2.704644		2.10E-11		-2.22E-02		7.28E-12		-9.04E-02		2.82E-12		-5.93E-02		1.78E-12		9.47E-02

		4.884651		10000		1.12E-10		-1.887349		1.99E-11		8.90E-02		7.60E-12		-7.23E-02		2.52E-12		-6.66E-02		1.93E-12		9.61E-02

		7.070045		10000		1.11E-10		-0.7403406		2.19E-11		0.2208926		8.26E-12		-4.13E-02		2.82E-12		-7.43E-02		2.11E-12		0.104859

		9.087535		10000		1.11E-10		-1.107705		2.10E-11		0.2353528		7.69E-12		-2.85E-02		2.78E-12		-8.44E-02		2.06E-12		0.1064953

		10.96712		10000		1.11E-10		-2.939564		2.03E-11		0.199106		7.52E-12		-3.09E-02		2.72E-12		-9.44E-02		1.91E-12		9.60E-02

		0.06mm steel pipe

		0.4148037		10000		1.08E-10		85.79649		2.42E-11		-3.888933		7.63E-12		2.11E+00		2.78E-12		-2.18E-01		2.36E-12		0.4989223

		0.6130484		10000		1.24E-10		15.7919		2.14E-11		-7.73E-01		7.35E-12		5.91E-01		2.96E-12		-9.70E-02		1.93E-12		2.56E-01

		1.220878		10000		1.15E-10		-15.38648		2.34E-11		9.58E-01		7.43E-12		-2.04E-01		2.87E-12		-8.09E-02		2.11E-12		1.12E-01

		2.44966		10000		1.17E-10		-9.011135		2.06E-11		0.4590204		7.91E-12		-0.1707775		2.70E-12		-7.70E-02		1.81E-12		8.10E-02

		3.678456		10000		1.19E-10		-4.987807		2.13E-11		0.2551012		6.86E-12		-0.1015105		2.75E-12		-8.07E-02		1.83E-12		8.66E-02

		4.885425		10000		1.08E-10		-2.897413		2.01E-11		0.1702818		7.71E-12		-6.06E-02		2.99E-12		-8.37E-02		2.04E-12		9.22E-02

		7.071058		10000		1.14E-10		-1.085617		2.04E-11		0.2319585		7.50E-12		-2.89E-02		3.17E-12		-8.59E-02		1.83E-12		0.1032803

		9.088815		10000		1.15E-10		-1.267165		2.12E-11		0.2364776		7.50E-12		-1.88E-02		2.84E-12		-9.34E-02		2.07E-12		0.1057595

		10.96881		10000		1.18E-10		-3.008957		2.10E-11		0.1884131		8.11E-12		-1.48E-02		2.17E-12		-0.1078976		1.88E-12		9.94E-02
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Sheet1

		Coil magnetization effect

		4.45E-01		10000		1.12E-10		34.00891		2.20E-11		0.3021722		7.41E-12		1.61E-01		3.04E-12		-6.72E-02		2.05E-12		1.53E-01

		6.16E-01		10000		1.08E-10		0.110212		2.10E-11		3.033045		7.16E-12		-0.3882702		2.78E-12		7.41E-02		2.09E-12		1.28E-01

		1.22E+00		10000		1.18E-10		-21.39203		2.08E-11		2.548985		7.27E-12		-0.5958597		2.61E-12		5.75E-02		1.90E-12		9.34E-02

		2.45E+00		10000		1.13E-10		-10.2824		2.19E-11		0.718801		8.50E-12		-0.2099466		2.92E-12		-4.04E-02		1.95E-12		8.92E-02

		3.68E+00		10000		1.22E-10		-5.37633		1.99E-11		0.3020317		7.61E-12		-9.26E-02		2.93E-12		-6.61E-02		1.95E-12		9.12E-02

		4.89E+00		10000		1.09E-10		-3.068409		2.14E-11		0.1766952		7.42E-12		-4.76E-02		2.31E-12		-7.54E-02		1.77E-12		9.38E-02

		7.07E+00		10000		1.06E-10		-1.147108		1.84E-11		0.2217388		7.03E-12		-1.65E-02		2.66E-12		-8.27E-02		1.95E-12		0.100444

		9.09E+00		10000		1.07E-10		-1.295252		2.22E-11		0.2234105		7.60E-12		-6.52E-03		2.90E-12		-8.94E-02		2.27E-12		0.1032911

		10.9691		10000		1.14E-10		-3.022323		2.32E-11		0.1795032		7.48E-12		-1.15E-03		2.56E-12		-1.03E-01		1.95E-12		0.1090159

		Compensated coil magnetization by two strips 0.23mm HGQ Steel

		0.4491046		10000		1.07E-10		113.0496		2.28E-11		-5.63466		8.58E-12		1.12E+00		2.79E-12		-0.5304605		2.26E-12		-0.502535

		0.6134114		10000		1.01E-10		61.53146		2.22E-11		-1.759526		7.19E-12		0.6292365		3.14E-12		-0.3830263		2.16E-12		-0.3217539

		1.222133		10000		1.23E-10		9.196866		2.28E-11		-0.6403452		7.72E-12		2.27E-01		2.47E-12		-3.70E-01		2.02E-12		-9.62E-02

		2.450939		10000		1.11E-10		3.359233		1.86E-11		-1.178791		7.26E-12		0.3772214		3.32E-12		-0.3707217		2.12E-12		2.44E-02

		3.680059		10000		1.06E-10		2.995811		2.04E-11		-0.9854814		7.56E-12		0.332316		3.48E-12		-0.323519		1.95E-12		5.98E-02

		4.887144		10000		1.11E-10		2.957169		1.87E-11		-0.7981595		7.12E-12		0.2805296		2.46E-12		-0.2827065		1.90E-12		7.51E-02

		7.072865		10000		1.09E-10		2.845679		2.09E-11		-0.4570582		6.81E-12		0.211577		3.25E-12		-0.2339285		2.05E-12		9.07E-02

		9.090661		10000		1.13E-10		1.749307		2.08E-11		-0.3086004		7.34E-12		0.1705928		3.01E-12		-0.2093649		2.30E-12		9.67E-02

		10.97069		10000		1.10E-10		-0.5330782		2.08E-11		-0.2608522		7.34E-12		1.44E-01		2.82E-12		-0.2020678		1.87E-12		1.02E-01

		Coil magnetization effect at low field   b3       B3, mT										b5		B5, mT

		0.07336181		10000		9.70E-11		385.8949		2.831		-53.79707		-3.95E-01		10.93834		3.49E-12		-4.171929		2.10E-12		-0.1428348

		0.1319663		10000		1.08E-10		316.9379		4.183		-40.47836		-5.34E-01		4.447974		3.11E-12		-2.63151		2.24E-12		0.1433822

		0.202529		10000		1.08E-10		198.796		4.026		-15.4038		-3.12E-01		2.906258		3.30E-12		-1.414877		2.19E-12		0.2387841

		0.4453423		10000		1.12E-10		34.00891		1.515		0.3021722		1.30E-02		1.61E-01		3.04E-12		-6.72E-02		2.05E-12		1.53E-01

		0.6156771		10000		1.08E-10		0.110212		0.006786		3.033045		1.87E-01		-0.3882702		2.78E-12		7.41E-02		2.09E-12		1.28E-01

		1.222958		10000		1.18E-10		-21.39203		-2.616		2.548985		3.12E-01		-0.5958597		2.61E-12		5.75E-02		1.90E-12		9.34E-02

		2.450322		10000		1.13E-10		-10.2824		-2.52		0.718801		1.76E-01		-0.2099466		2.92E-12		-4.04E-02		1.95E-12		8.92E-02

		3.678726		10000		1.22E-10		-5.37633		-1.978		0.3020317		1.11E-01		-9.26E-02		2.93E-12		-6.61E-02		1.95E-12		9.12E-02

		Compensated coil magnetization by two strips, 0.15mm HGQ steel

		0.4402501		10000		1.06E-10		94.27271		2.32E-11		-3.762321		8.15E-12		0.9409921		2.87E-12		-4.25E-01		1.95E-12		-0.2796374

		0.6144946		10000		1.10E-10		40.16368		2.04E-11		-8.40E-02		7.59E-12		0.2896662		3.32E-12		-2.27E-01		1.91E-12		-0.172555

		0.9171948		10000		1.17E-10		5.768101		2.12E-11		1.13E+00		7.16E-12		-0.1233152		2.99E-12		-1.77E-01		2.12E-12		-8.16E-02

		1.222311		10000		1.12E-10		-1.401722		2.14E-11		0.533456		7.18E-12		-6.72E-02		2.68E-12		-2.24E-01		2.12E-12		-3.52E-02

		1.835863		10000		1.09E-10		-2.323323		2.15E-11		-0.2969917		7.68E-12		0.1087145		2.16E-12		-2.56E-01		2.07E-12		1.75E-02

		2.450671		10000		1.12E-10		-1.286493		2.20E-11		-0.5180938		7.66E-12		0.1721096		2.54E-12		-2.58E-01		1.77E-12		4.47E-02

		3.679561		10000		1.11E-10		0.1385398		2.23E-11		-0.5396703		7.01E-12		0.1856377		2.66E-12		-2.36E-01		1.90E-12		7.01E-02

		4.886572		10000		1.07E-10		0.8951263		2.37E-11		-0.4605014		7.46E-12		0.1679644		2.93E-12		-2.13E-01		1.86E-12		8.10E-02

		7.07228		10000		1.16E-10		1.475466		2.20E-11		-0.2221842		7.52E-12		0.1336381		2.47E-12		-0.1828393		2.00E-12		9.37E-02

		9.090079		10000		1.21E-10		0.7029329		2.14E-11		-0.1246044		8.16E-12		1.10E-01		2.92E-12		-0.1686301		1.89E-12		9.89E-02

		10.97011		10000		1.13E-10		-1.380576		2.10E-11		-0.1134306		8.11E-12		9.49E-02		2.52E-12		-0.1666636		2.02E-12		0.1021343

		Ring 0.23mm HGQ

		3.69E-01		1.00E+04		1.08E-10		165.1997		2.28E-11		-24.16628		8.07E-12		5.602824		3.24E-12		-0.8698972		2.13E-12		0.6884227

		5.52E-01		10000		1.20E-10		66.61668		2.07E-11		-11.54612		7.33E-12		3.555846		2.87E-12		-0.5062127		2.15E-12		0.4785317

		1.22E+00		10000		1.07E-10		3.143984		1.93E-11		-3.083603		7.41E-12		0.8535911		3.04E-12		-0.2317834		2.11E-12		0.2158459

		2.45E+00		10000		1.17E-10		-4.880238		1.98E-11		-1.62E-01		7.42E-12		-2.34E-02		2.65E-12		-7.56E-02		1.64E-12		1.02E-01

		3.68E+00		1.00E+04		1.14E-10		-3.332308		2.23E-11		0.1378256		7.17E-12		-7.23E-02		3.14E-12		-6.85E-02		2.19E-12		9.43E-02

		4.89E+00		1.00E+04		1.10E-10		-1.990608		2.20E-11		0.1410502		7.56E-12		-4.91E-02		2.46E-12		-7.37E-02		2.30E-12		9.72E-02

		7.07E+00		1.00E+04		1.14E-10		-0.6260979		2.12E-11		0.2312142		7.63E-12		-2.31E-02		2.79E-12		-7.91E-02		2.08E-12		0.1059701

		9.09E+00		1.00E+04		1.07E-10		-0.9610554		2.12E-11		0.2385418		7.44E-12		-1.46E-02		2.78E-12		-8.79E-02		1.97E-12		0.1075911

		10.96801		1.00E+04		1.15E-10		-2.779488		2.28E-11		0.1943271		7.73E-12		-1.81E-02		3.09E-12		-9.62E-02		2.09E-12		9.57E-02

		0.215 perm strips

		0.43		10000.00		0.00		111.88		0.00		-6.88		0.00		1.172795		3.23E-12		-0.578301		1.91E-12		-0.5647098

		0.61		10000.00		0.00		61.72		0.00		-2.24		0.00		0.6314867		3.08E-12		-0.3128602		1.88E-12		-0.3387422

		1.22		10000.00		0.00		7.88		0.00		-0.84		0.00		0.2085065		2.91E-12		-0.3130023		2.13E-12		-9.20E-02

		2.451094		10000		1.09E-10		0.7707244		2.12E-11		-1.150397		7.61E-12		0.3410379		3.13E-12		-0.3144736		1.97E-12		3.80E-02

		3.680008		10000		1.04E-10		-0.2564329		2.04E-11		-0.7526693		7.33E-12		0.2410982		2.70E-12		-0.239291		1.97E-12		7.45E-02

		4.886621		10000		1.11E-10		-0.6522136		2.09E-11		-0.3756076		7.37E-12		0.1294936		2.60E-12		-0.1708232		1.92E-12		8.81E-02

		7.07184		10000		1.08E-10		-7.55E-02		2.14E-11		2.29E-02		8.47E-12		4.74E-02		2.80E-12		-0.1285506		2.08E-12		9.90E-02

		9.089599		10000		1.07E-10		-0.4661332		2.13E-11		6.80E-02		7.65E-12		4.28E-02		2.90E-12		-0.1250608		1.85E-12		0.1022707

		10.96964		10000		1.15E-10		-2.335696		2.06E-11		5.08E-02		7.85E-12		3.65E-02		2.68E-12		-0.1259045		2.10E-12		9.96E-02

		0.15mm HGQ ring

		0.36		10000.00		0.00		58.82		2.39E-11		-19.98394		7.67E-12		3.599883		3.11E-12		-1.010067		2.03E-12		0.2301532

		0.62		10000.00		0.00		17.63		2.29E-11		-14.1987		7.52E-12		3.22E-02		2.47E-12		0.3825524		1.88E-12		-1.46E-02

		1.22		10000.00		0.00		-10.24		2.32E-11		-1.410927		7.78E-12		0.2390204		2.38E-12		-0.2020313		2.00E-12		0.1375058

		2.45		10000.00		0.00		-8.83		2.05E-11		3.35E-02		7.94E-12		-0.151335		2.89E-12		-9.25E-02		2.19E-12		7.78E-02

		3.678191		10000		1.09E-10		-5.430582		2.02E-11		0.1418628		7.21E-12		-0.1293581		2.73E-12		-8.36E-02		2.05E-12		8.15E-02

		4.885293		10000		1.10E-10		-3.38801		2.16E-11		0.1234199		7.19E-12		-8.77E-02		2.48E-12		-8.51E-02		1.92E-12		8.82E-02

		7.070874		10000		9.85E-11		-1.501787		2.12E-11		0.2155395		7.60E-12		-4.94E-02		2.80E-12		-8.67E-02		1.89E-12		0.1002328

		9.088576		10000		1.05E-10		-1.614468		2.21E-11		0.2274643		7.66E-12		-3.51E-02		2.92E-12		-9.38E-02		1.86E-12		0.1029998

		10.96849		10000		1.13E-10		-3.308799		2.06E-11		0.1846495		7.14E-12		-3.09E-02		2.69E-12		-0.1067956		1.86E-12		9.79E-02

		0.14mm perm strips

		0.4352661		10000		1.05E-10		98.88304		2.33E-11		-3.540334		7.69E-12		1.048604		2.79E-12		-0.3880427		2.08E-12		-0.2899888

		0.6154326		10000		1.15E-10		41.32126		2.23E-11		-0.2097116		8.22E-12		0.2912631		2.84E-12		-0.180601		1.88E-12		-0.1768739

		1.222041		10000		1.05E-10		-2.467609		2.16E-11		0.4101634		7.02E-12		-8.34E-02		3.12E-12		-0.1871119		1.85E-12		-3.12E-02

		2.450754		9999.999		1.10E-10		-3.020307		2.15E-11		-0.5029995		7.03E-12		0.1479089		2.80E-12		-0.2189076		1.98E-12		5.43E-02

		3.679548		10000		1.12E-10		-2.014807		2.20E-11		-0.3914641		7.21E-12		0.126074		2.72E-12		-0.1799077		2.11E-12		8.02E-02

		4.886254		10000		1.21E-10		-1.484614		2.08E-11		-0.186546		7.71E-12		6.94E-02		2.86E-12		-0.1386563		2.05E-12		9.01E-02

		7.071627		10000		1.07E-10		-0.4465347		2.17E-11		9.20E-02		6.64E-12		2.56E-02		2.81E-12		-0.1130904		2.18E-12		9.94E-02

		9.089399		10000		1.10E-10		-0.753531		2.13E-11		0.1222707		7.53E-12		2.59E-02		2.48E-12		-0.1130177		2.01E-12		0.1025794

		10.96944		10000		1.17E-10		-2.56845		2.23E-11		9.18E-02		6.70E-12		2.49E-02		2.54E-12		-0.117376		2.05E-12		0.1009438

		0.14mm perm pipe

		0.4284458		10000		1.06E-10		86.75948		2.46E-11		-14.89449		6.91E-12		3.369654		2.77E-12		-0.6648013		2.00E-12		0.4688185

		0.6084997		10000		1.07E-10		29.53496		2.23E-11		-7.406814		7.38E-12		1.822581		2.76E-12		-0.41761		2.22E-12		0.3092913

		1.219675		10000		1.12E-10		-10.11685		2.07E-11		-1.821052		7.03E-12		0.3539445		3.14E-12		-0.2426774		1.88E-12		0.1447327

		2.450082		10000		1.14E-10		-9.579362		1.97E-11		0.1893489		7.79E-12		-0.1628348		2.93E-12		-9.46E-02		2.03E-12		7.84E-02

		3.679644		10000		1.15E-10		-5.92577		2.18E-11		0.2880319		7.55E-12		-0.1394862		2.72E-12		-8.01E-02		2.01E-12		8.10E-02

		4.886458		10000		1.12E-10		-3.507432		1.94E-11		0.2099241		7.77E-12		-8.39E-02		2.72E-12		-8.16E-02		1.77E-12		8.91E-02

		7.071343		10000		1.18E-10		-1.321769		2.14E-11		0.2333563		6.91E-12		-3.46E-02		2.61E-12		-8.77E-02		1.87E-12		0.1018409

		9.089063		10000		1.14E-10		-1.433733		2.20E-11		0.2360804		7.15E-12		-2.33E-02		2.87E-12		-9.45E-02		2.11E-12		0.1047105

		10.96906		10000		1.08E-10		-3.14017		1.94E-11		0.188986		8.11E-12		-1.88E-02		2.70E-12		-0.1109933		1.76E-12		0.1032959

		0.45mm steel pipe

		0.167111		10000		9.02E-11		804.7279		3.20E-11		-60		9.17E-12		22.03289		3.58E-12		1.129791		2.26E-12		3.64819

		0.5919698		10000		1.12E-10		107.1586		2.39E-11		-21.60379		7.24E-12		4.870408		2.80E-12		-0.5466322		2.01E-12		0.5817083

		1.208701		10000		1.12E-10		20.60169		2.33E-11		-7.787866		7.34E-12		1.817515		3.14E-12		-0.3767467		2.20E-12		0.2890964

		2.445116		9999.999		1.16E-10		-1.795409		2.21E-11		-0.8772814		7.41E-12		5.21E-02		2.69E-12		-7.48E-02		1.98E-12		0.1104656

		3.677007		10000		1.14E-10		-2.704644		2.10E-11		-2.22E-02		7.28E-12		-9.04E-02		2.82E-12		-5.93E-02		1.78E-12		9.47E-02

		4.884651		10000		1.12E-10		-1.887349		1.99E-11		8.90E-02		7.60E-12		-7.23E-02		2.52E-12		-6.66E-02		1.93E-12		9.61E-02

		7.070045		10000		1.11E-10		-0.7403406		2.19E-11		0.2208926		8.26E-12		-4.13E-02		2.82E-12		-7.43E-02		2.11E-12		0.104859

		9.087535		10000		1.11E-10		-1.107705		2.10E-11		0.2353528		7.69E-12		-2.85E-02		2.78E-12		-8.44E-02		2.06E-12		0.1064953

		10.96712		10000		1.11E-10		-2.939564		2.03E-11		0.199106		7.52E-12		-3.09E-02		2.72E-12		-9.44E-02		1.91E-12		9.60E-02

		0.06mm steel pipe

		0.4148037		10000		1.08E-10		85.79649		2.42E-11		-3.888933		7.63E-12		2.11E+00		2.78E-12		-2.18E-01		2.36E-12		0.4989223

		0.6130484		10000		1.24E-10		15.7919		2.14E-11		-7.73E-01		7.35E-12		5.91E-01		2.96E-12		-9.70E-02		1.93E-12		2.56E-01

		1.220878		10000		1.15E-10		-15.38648		2.34E-11		9.58E-01		7.43E-12		-2.04E-01		2.87E-12		-8.09E-02		2.11E-12		1.12E-01

		2.44966		10000		1.17E-10		-9.011135		2.06E-11		0.4590204		7.91E-12		-0.1707775		2.70E-12		-7.70E-02		1.81E-12		8.10E-02

		3.678456		10000		1.19E-10		-4.987807		2.13E-11		0.2551012		6.86E-12		-0.1015105		2.75E-12		-8.07E-02		1.83E-12		8.66E-02

		4.885425		10000		1.08E-10		-2.897413		2.01E-11		0.1702818		7.71E-12		-6.06E-02		2.99E-12		-8.37E-02		2.04E-12		9.22E-02

		7.071058		10000		1.14E-10		-1.085617		2.04E-11		0.2319585		7.50E-12		-2.89E-02		3.17E-12		-8.59E-02		1.83E-12		0.1032803

		9.088815		10000		1.15E-10		-1.267165		2.12E-11		0.2364776		7.50E-12		-1.88E-02		2.84E-12		-9.34E-02		2.07E-12		0.1057595

		10.96881		10000		1.18E-10		-3.008957		2.10E-11		0.1884131		8.11E-12		-1.48E-02		2.17E-12		-0.1078976		1.88E-12		9.94E-02
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		0.4453423		0.4402501		0.3627931		0.4352661		0.4284458

		0.6156771		0.6144946		0.6161623		0.6154326		0.6084997

		1.222958		1.222311		1.21862		1.222041		1.219675

		2.450322		1.835863		2.448656		2.450754		2.450082

		3.678726		2.450671		3.678191		3.679548		3.679644

		4.885575		3.679561		4.885293		4.886254		4.886458

		7.071235		4.886572		7.070874		7.071627		7.071343

		9.089027		7.07228		9.088576		9.089399		9.089063

		10.9691		9.090079		10.96849		10.96944		10.96906

				10.97011
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0.15mm steel strips

0.15mm steel pipe
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0.14mm permalloy pipe
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b3 (sextupole) vs. central field (second ramp)
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-1.380576
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		1.222958		1.222311		1.21862		1.222041		1.219675

		2.450322		1.835863		2.448656		2.450754		2.450082

		3.678726		2.450671		3.678191		3.679548		3.679644

		4.885575		3.679561		4.885293		4.886254		4.886458

		7.071235		4.886572		7.070874		7.071627		7.071343

		9.089027		7.07228		9.088576		9.089399		9.089063

		10.9691		9.090079		10.96849		10.96944		10.96906

				10.97011



w/o correction

0.15mm steel strips

0.15mm steel pipe

0.14mm permalloy strips

0.14mm permalloy pipe

B0, T

10^-4 units

b5 (decapole) vs. central field (second ramp)

0.3021722

-3.762321

-19.98394

-3.540334

-14.89449

3.033045

-0.08401243

-14.1987

-0.2097116

-7.406814

2.548985

0.533456

-1.410927

0.4101634

-1.821052

0.718801

-0.2969917

0.03353187

-0.5029995

0.1893489

0.3020317

-0.5180938

0.1418628

-0.3914641

0.2880319

0.1766952

-0.5396703

0.1234199

-0.186546

0.2099241

0.2217388

-0.4605014

0.2155395

0.09198743

0.2333563

0.2234105

-0.2221842

0.2274643

0.1222707

0.2360804

0.1795032

-0.1246044

0.1846495

0.09176867

0.188986

-0.1134306



		





		0.4453423		0.4402501		0.4148037		0.3692306		0.167111

		0.6156771		0.6144946		0.6130484		0.5515775		0.5919698

		1.222958		0.9171948		1.220878		1.215175		1.208701

		2.450322		1.222311		2.44966		2.4463		2.445116

		3.678726		1.835863		3.678456		3.677706		3.677007

		4.885575		2.450671		4.885425		4.885008		4.884651

		7.071235		3.679561		7.071058		7.070554		7.070045

		9.089027		4.886572		9.088815		9.088196		9.087535

		10.9691		7.07228		10.96881		10.96801		10.96712

				9.090079

				10.97011



w/o correction

0.15mm steel strips

0.06mm steel pipe

0.23mm steel pipe

0.45mm steel pipe

B0, T

10^-4 units

b3 (sextupole) vs. central field (second ramp)

34.00891

94.27271

85.79649

165.1997

804.7279

0.110212

40.16368

15.7919

66.61668

107.1586

-21.39203

5.768101

-15.38648

3.143984

20.60169

-10.2824

-1.401722

-9.011135

-4.880238

-1.795409

-5.37633

-2.323323

-4.987807

-3.332308

-2.704644

-3.068409

-1.286493

-2.897413

-1.990608

-1.887349

-1.147108

0.1385398

-1.085617

-0.6260979

-0.7403406

-1.295252

0.8951263

-1.267165

-0.9610554

-1.107705

-3.022323

1.475466

-3.008957

-2.779488

-2.939564

0.7029329

-1.380576



		0.4453423		0.4402501		0.4148037		0.3692306		0.167111

		0.6156771		0.6144946		0.6130484		0.5515775		0.5919698

		1.222958		0.9171948		1.220878		1.215175		1.208701

		2.450322		1.222311		2.44966		2.4463		2.445116

		3.678726		1.835863		3.678456		3.677706		3.677007

		4.885575		2.450671		4.885425		4.885008		4.884651

		7.071235		3.679561		7.071058		7.070554		7.070045

		9.089027		4.886572		9.088815		9.088196		9.087535

		10.9691		7.07228		10.96881		10.96801		10.96712

				9.090079

				10.97011



w/o correction

0.15mm steel strips

0.06mm steel pipe

0.23mm steel pipe

0.45mm steel pipe

B0, T

10^-4 units

b5 (decapole) vs. central field (second ramp)

0.3021722

-3.762321

-3.888933

-24.16628

-60

3.033045

-0.08401243

-0.7734911

-11.54612

-21.60379

2.548985

1.129031

0.9578153

-3.083603

-7.787866

0.718801

0.533456

0.4590204

-0.1616728

-0.8772814

0.3020317

-0.2969917

0.2551012

0.1378256

-0.02224191

0.1766952

-0.5180938

0.1702818

0.1410502

0.08899992

0.2217388

-0.5396703

0.2319585

0.2312142

0.2208926

0.2234105

-0.4605014

0.2364776

0.2385418

0.2353528

0.1795032

-0.2221842

0.1884131

0.1943271

0.199106

-0.1246044

-0.1134306




