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Abstract - This note presents the results of final optimization of the 2D magnetic design of 2-in-1 11 T Nb3Sn dipole magnet for VLHC. A comparison of major parameters of double bore magnetic design with the single bore magnetic design as well as with Fermilab common coil design and LHC main dipole design is also presented.

I. INTRODUCTION

The conceptual design and main geometrical parameters for the Nb3Sn double aperture dipole magnet for VLHC were described in [1]. It was found that in order to keep the fringe field at the acceptable level of 50 mT, the yoke outer diameter has to be equal or larger than 500 mm. The field quadrupole component can be significantly reduced if the beam to beam distance is in the range of 160-180 mm. 

At the next stage of the design development the iron yoke was split onto three parts, combined with the relevant technological elements (slots, notches, etc.) and finally optimized with respect to field quality. This note presents the results of final optimization of the 2D magnetic design of 2-in-1 11 T Nb3Sn dipole magnet for VLHC. A comparison of main parameters of the double bore magnetic design with the single bore magnetic design [2] as well as with the Fermilab common coil design [3] and LHC main dipole design [4] is also presented.

II. CONCEPT OF THE IRON YOKE SPLIT

The iron yoke was split vertically onto three pieces in order to allow assembly of two coils in one yoke and prestress them at room temperature the same way as the single aperture magnet [5]. 

In order to minimize the reduction of prestress in the coil after cooling down, the open vertical gap between two yoke pieces is used. The width of the gap can vary depending on the tolerances of iron yoke laminations, coils and spacers.  In the single aperture magnet design this gap is not to be set and controlled precisely since it does not introduce a magnetic resistance on a path of magnetic flux since the split coincides with the vertical symmetry plane. 

In the double aperture magnet design, the vertical planes of geometrical symmetry of coils do not coincide with the magnetic field symmetry. It means that there is a transverse magnetic flux through the vertical split, which is sensitive to the gap width. This problem is solved in the proposed design by making the yoke split partially parallel to the flux lines. 

Figure 1 shows the arrangement of such a split in the two-aperture dipole. As it can be seen, the split crosses only a small amount of flux lines in the vertical plane distanced from the magnet apertures. Another advantage of this split is that there are only two gaps to be controlled that can be provided by two clamps.     

[image: image1.wmf]
Figure 1: Iron yoke with a split along the flux line.

III. EFFECT OF THE TECHNOLOGICAL ELEMENTS

Figure 2 shows the OPERA 2D model of the yoke with introduced slots for clamps and assembling tooling. One can see that there is a flux compression under the clamp slot. As a result, this flux compression leads to the deviation of multipole field components from the optimized level as shown in Figure 3. 

[image: image2.wmf]
Figure 2: Iron yoke cross-section with the design and technological elements.
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Figure 3: Quadrupole and sextupole field components versus the bore field.

IV. YOKE OPTIMIZATION 

A. Optimization of Correction Holes

The deterioration of field quality requires a re-optimization of the position and size of the correction holes. Figure 4 presents the yoke with the holes optimized to minimize the quadrupole and sextupole field components.  Figure 5 shows the quadrupole and sextupole variations during the excitation.  

[image: image4.wmf]
Figure 4: Iron yoke cross-section with optimized field correction holes.
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Figure 5: Quadrupole and sextupole field components versus the bore field.

Further reduction of the quadrupole component was achieved by increasing the yoke outer diameter to reimburse for the amount of the iron spanned by the slots. The results of calculation of quadrupole and sextupole field components as a function of the bore field for the yoke OD of 520 mm are shown in Figure 6. The increase of the yoke OD by 20 mm reduced the quadrupole component by factor of five.
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Figure 6: Quadrupole and sextupole field components versus the bore field.

B. Optimization of the Yoke Split Shape 

One can find from Figure 4 that the split, parallel to the flux line passing through the bore center, can be approximated with three straight lines and two arcs. This split geometry was introduced in the OPERA 2D model to calculate its influence on the field quality. The gap thickness was chosen 0.5 mm per quadrant where it is vertical and 0.1 mm for the horizontal gaps. Figure 7 presents the magnetic flux distribution in the yoke cross-section with the above split geometry. One can see that the adjacent flux lines are parallel to the split along its length.  

[image: image7.wmf]
Figure 7: Flux distribution in the iron yoke with optimized split geometry.

V. SENSITIVITY ANALYSIS

In order to determine a sensitivity of field quality to the gap size, several cases with different gap width were analyzed. Figure 8 shows the calculated quadrupole and sextupole field components versus the gap width at two current levels when the multipoles are maximal and minimal. As it can be seen, the average slope of these curves are b2/s=-0.36 units/mm for the quadrupole component and b3/s= 0.21 units/mm for the sextupole one. 
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Figure 8: Quadrupole versus the gap width. 
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Figure 9: Sextupole versus the gap width.

COMPARISON WITH LHC AND COMMON COIL DESIGNS

The main parameters of the double bore magnet design described above were compared with the single bore magnet design [4] and double bore common coil design [5] being developed at Fermilab for VLHC, and with the double bore LHC main dipole magnet [3]. The results are summarized in Tables 1 and 2.

Table 1. Parameters of Fermilab single and double bore Cos-theta designs and Common coil design.

Magnet 

parameter
Cos-theta
Common coil


Single bore
Double bore
Double bore

Beam separation, mm
-
150-200
~ 260

Iron yoke OD, mm
400
520
550

Iron area, cm2 
1370
1735
~ 2000

Transfer function @11T, T/kA
0.55
0.56
0.78

Stored energy @11T, kJ/m
260
2 x 259
2 x 210

Inductance @11T, mH/m

1.31
2 x 1.34
2 x 2.15

Table 2. Parameters of the Fermilab 2-in-1 Cos-theta and Common coil dipoles, and LHC main dipole.


Cos-theta
LHC
Common coil

Superconductor
Nb3Sn
NbTi
Nb3Sn/NbTi

Nominal field, T

11-12
8.4
10-11

Operation temperature, K
4.3
1.9
4.3

Bore diameter, mm
43.5
56
30

Beam separation, mm
150-200
194
262

Iron yoke OD, mm
520
 550
550

Coil area, cm2 
2 x 22.33
2 x 39.94
2x(11.1+15.6)

Transfer function @11T, T/kA
0.56
0.73
0.78

Stored energy, kJ/m/T
2 x 23.8
2 x 29.8
2 x 210

Inductance @11T, mH/m

2 x 1.34
2x3.8
2 x 2.15

The comparison of the single and double bore designs having the same coil cross-section shows that:

· the yoke OD and the iron yoke area in the double bore magnet increase only by 30% and 27% respectively

· the transfer function increases in the double bore magnet by 2% with respect to the single bore magnet 

· the horizontal components of the Lorentz force compensate each other keeping the load applied to the skin at the same level

· field quality is practically the same in both magnet designs. 

The comparison of the cos-theta and common coil designs developed at Fermilab shows that the cos-theta design provides:

· larger bore diameter at smaller coil cross section and iron yoke OD

· higher field at the same critical current density of Nb3Sn strands

· lower horizontal Lorentz forces and thinner skin thickness

· smaller inductance at higher stored energy

· larger flexibility to the beam separation

As it follows from the Table 2, the developed 2-in-1 magnet design has noticeable advantages with respect to the LHC main dipole design too. The most important advantages are the higher maximum field at higher operation temperature, smaller coil and yoke cross-section areas, smaller yoke OD.

VI. CONCLUSIONS

The magnetic design of the double bore cos-theta dipole magnet for VLHC has been optimized taking into account magnetic and mechanical considerations. The iron yoke cross-section with the vertical split partially parallel to the flux lines has been analyzed and found to be satisfactory from the magnetic design point of view. Multipole deviations due to the gap width variation within +/-1 mm do not exceed -/+0.36 units for quadrupole and +/-0.21 units for sextupole. The deviations of quadrupole and sextupole field components can be easily corrected by introducing and optimizing the 2.5 holes per quadrant. The split yoke cross-section is to be further mechanically analyzed. Figure 10 presents the AutoCad drawing of one quadrant of the magnet cross-section with all major dimensions.
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Figure 10: Drawing of the first quadrant cross-section.
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Sheet1

		R=250mm

						I=16kA						I=20kA

		Gap, mm		B0, T		b2		b3		B0,T		b2		b3

		0		9.13		0.78		0.17		11.12		-0.91		-0.45

		0.1		9.13		0.76		0.18		11.12		-0.92		-0.44

		0.5		9.13		0.62		0.27		11.12		-1.01		-0.36

		1		9.12		0.43		0.37		11.11		-1.13		-0.27

		R=260mm

						I=16kA						I=20kA

		Gap, mm		B0, T		b2		b3		B0,T		b2		b3

		0

		0.25				0.23		0.44				-0.05		0.02

		0.5				0.13		0.5				-0.14		0.07

		1				-0.03		0.61				-0.33		0.16

		80/260 no gap

		0.6141848		10000		-0.1204344		5.22E-02		-4.86E-02		-3.30E-03		-1.16E-02		5.23E-03		3.11E-03		-7.94E-02		2.42E-03		9.58E-02

		2.456699		10000		-0.1134662		4.62E-02		-4.81E-02		-3.93E-03		-1.28E-02		4.68E-03		2.61E-03		-7.97E-02		1.85E-03		9.69E-02

		3.683874		10000		-9.48E-02		3.24E-02		-4.85E-02		-1.74E-03		-1.26E-02		4.34E-03		2.45E-03		-7.97E-02		2.24E-03		9.64E-02

		4.88793		10000		-8.38E-02		0.1532825		-4.90E-02		1.98E-02		-1.31E-02		5.22E-03		2.89E-03		-7.97E-02		1.90E-03		9.74E-02

		7.080777		10000		-4.33E-02		0.6018423		-5.02E-02		0.1325307		-1.34E-02		1.02E-02		2.85E-03		-8.12E-02		1.80E-03		0.1024772

		9.152265		10000		0.1705964		0.499713		-6.64E-02		0.17093		-1.38E-02		1.15E-02		2.73E-03		-8.37E-02		2.47E-03		0.105424

		11.16065		10000		-0.2180467		9.29E-02		-0.1006398		0.1758883		-1.46E-02		8.85E-03		3.16E-03		-8.47E-02		2.64E-04		0.1057916

		80/260 (split2.op2) gap=0.5

		0.6141049		10000		-0.2140163		7.62E-02		-4.54E-02		-4.59E-03		-1.17E-02		4.86E-03		2.45E-03		-7.94E-02		1.64E-03		9.70E-02

		2.456366		10000		-0.2433444		6.90E-02		-4.49E-02		-4.60E-03		-1.28E-02		4.65E-03		2.73E-03		-7.96E-02		1.58E-03		9.66E-02

		3.683372		10000		-0.2337013		5.56E-02		-4.61E-02		-3.15E-03		-1.31E-02		4.48E-03		2.65E-03		-7.97E-02		1.60E-03		9.69E-02

		4.887114		10000		-0.1774842		0.1778876		-4.92E-02		1.55E-02		-1.30E-02		5.73E-03		2.53E-03		-7.96E-02		1.85E-03		9.77E-02

		6.006053		10000		-0.2258658		0.475383		-5.40E-02		7.88E-02		-1.33E-02		8.29E-03		2.99E-03		-8.01E-02		1.61E-03		0.1001053

		7.077747		10000		-0.2258729		0.616911		-6.02E-02		0.126688		-1.38E-02		1.03E-02		3.00E-03		-8.09E-02		1.29E-03		0.1024029

		9.147558		10000		0.14		0.4979455		-7.50E-02		0.1661113		-1.42E-02		1.15E-02		2.67E-03		-8.37E-02		2.39E-03		0.105396

		11.15611		10000		-0.13		6.75E-02		-9.98E-02		0.1749621		-1.84E-02		9.36E-03		4.32E-03		-8.71E-02		9.62E-04		0.1082607

		80/260 (split4.op2) gap=0.5

		0.6141106		10000		-0.210528		8.24E-02		-4.48E-02		-4.42E-03		-1.16E-02		4.09E-03		2.90E-03		-7.84E-02		6.31E-05		9.61E-02

		2.45639		10000		-0.2374551		7.32E-02		-4.51E-02		-4.63E-03		-1.33E-02		4.93E-03		2.76E-03		-7.94E-02		1.69E-03		9.68E-02

		3.68345		10000		-0.223995		5.61E-02		-4.62E-02		-3.46E-03		-1.28E-02		4.81E-03		2.73E-03		-7.96E-02		1.70E-03		9.69E-02

		4.887896		10000		-0.1538265		0.1355905		-4.89E-02		1.10E-02		-1.27E-02		5.34E-03		2.59E-03		-7.98E-02		1.72E-03		9.77E-02

		6.008372		10000		-0.1435532		0.2648104		-5.11E-02		6.30E-02		-1.33E-02		7.61E-03		2.76E-03		-8.06E-02		1.73E-03		9.96E-02

		7.08065		10000		-0.1331975		0.3065366		-5.72E-02		0.1049528		-1.36E-02		9.34E-03		2.54E-03		-8.17E-02		1.82E-03		0.1015416

		9.149681		10000		0.215385		9.24E-02		-7.37E-02		0.1423056		-1.41E-02		1.02E-02		2.40E-03		-8.47E-02		2.96E-03		0.104476

		11.15714		10000		-0.1820319		-0.3105562		-0.1017914		0.1507665		-1.51E-02		1.02E-02		3.86E-04		-8.89E-02		4.48E-03		0.1076292

		base

		0.6141786		10000		-0.1003476		6.17E-02		-4.76E-02		-2.58E-03		-1.28E-02		3.17E-03		-3.40E-04		-8.03E-02		2.33E-03		9.60E-02

		2.456649		10000		-8.98E-02		5.58E-02		-4.76E-02		-4.10E-03		-1.24E-02		4.38E-03		2.77E-03		-7.98E-02		2.04E-03		9.69E-02

		3.683687		10000		-8.25E-02		3.48E-02		-4.80E-02		-2.02E-03		-1.28E-02		4.60E-03		2.82E-03		-7.94E-02		2.09E-03		9.64E-02

		4.888984		10000		-8.40E-02		4.67E-02		-4.86E-02		1.79E-02		-1.28E-02		5.33E-03		2.62E-03		-8.00E-02		2.09E-03		9.74E-02

		6.009807		10000		-8.29E-02		0.3170274		-5.19E-02		8.18E-02		-1.31E-02		7.98E-03		2.77E-03		-8.04E-02		1.89E-03		9.97E-02

		7.0809		10000		-0.2893479		0.4415588		-6.40E-02		0.1291173		-1.39E-02		9.92E-03		2.60E-03		-8.13E-02		1.41E-03		0.1021344

		9.141479		10000		-1.189564		0.2025302		-0.1106796		0.1649187		-1.62E-02		1.04E-02		2.54E-03		-8.44E-02		-1.62E-04		0.1049345

		11.12594		10000		-3.530589		-0.4427272		-0.1951791		0.169385		-1.86E-02		5.20E-03		-9.82E-04		-8.60E-02		-1.74E-03		0.1061099

		yoke5

		0.6141253		10000		-0.1145325		5.71E-02		-4.83E-02		-3.67E-03		-1.33E-02		3.21E-03		2.99E-03		-7.88E-02		2.67E-03		9.72E-02

		2.456439		10000		-9.87E-02		4.93E-02		-4.86E-02		-3.86E-03		-1.33E-02		4.66E-03		2.32E-03		-7.95E-02		2.18E-03		9.66E-02

		3.683519		10000		-8.65E-02		3.13E-02		-4.85E-02		-2.13E-03		-1.29E-02		4.34E-03		2.59E-03		-7.95E-02		2.16E-03		9.66E-02

		4.888244		10000		-5.98E-02		7.25E-02		-4.95E-02		1.85E-02		-1.29E-02		5.44E-03		2.71E-03		-7.99E-02		2.09E-03		9.74E-02

		6.007534		10000		3.73E-02		0.3226003		-5.38E-02		8.27E-02		-1.30E-02		8.06E-03		2.81E-03		-8.04E-02		2.08E-03		9.97E-02

		7.077291		10000		0.2389098		0.4456731		-6.47E-02		0.1305132		-1.34E-02		1.00E-02		2.65E-03		-8.12E-02		2.66E-03		0.1019914

		9.13401		10000		0.7878833		0.1974548		-0.1057769		0.1683471		-1.45E-02		1.08E-02		2.18E-03		-8.44E-02		4.05E-03		0.1048507

		11.12236		10000		-0.9135618		-0.4281158		-0.1727932		0.1687537		-1.98E-02		1.05E-02		3.29E-03		-9.11E-02		-3.47E-04		0.1110513
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Sheet1

		R=250mm

						I=16kA						I=20kA

		Gap, mm		B0, T		b2		b3		B0,T		b2		b3

		0		9.13		0.78		0.17		11.12		-0.91		-0.45

		0.1		9.13		0.76		0.18		11.12		-0.92		-0.44

		0.5		9.13		0.62		0.27		11.12		-1.01		-0.36

		1		9.12		0.43		0.37		11.11		-1.13		-0.27

		R=260mm

						I=16kA						I=20kA

		Gap, mm		B0, T		b2		b3		B0,T		b2		b3

		0

		0.25				0.23		0.44				-0.05		0.02

		0.5				0.13		0.5				-0.14		0.07

		1				-0.03		0.61				-0.33		0.16

		80/260 no gap

		0.6141848		10000		-0.1204344		5.22E-02		-4.86E-02		-3.30E-03		-1.16E-02		5.23E-03		3.11E-03		-7.94E-02		2.42E-03		9.58E-02

		2.456699		10000		-0.1134662		4.62E-02		-4.81E-02		-3.93E-03		-1.28E-02		4.68E-03		2.61E-03		-7.97E-02		1.85E-03		9.69E-02

		3.683874		10000		-9.48E-02		3.24E-02		-4.85E-02		-1.74E-03		-1.26E-02		4.34E-03		2.45E-03		-7.97E-02		2.24E-03		9.64E-02

		4.88793		10000		-8.38E-02		0.1532825		-4.90E-02		1.98E-02		-1.31E-02		5.22E-03		2.89E-03		-7.97E-02		1.90E-03		9.74E-02

		7.080777		10000		-4.33E-02		0.6018423		-5.02E-02		0.1325307		-1.34E-02		1.02E-02		2.85E-03		-8.12E-02		1.80E-03		0.1024772

		9.152265		10000		0.1705964		0.499713		-6.64E-02		0.17093		-1.38E-02		1.15E-02		2.73E-03		-8.37E-02		2.47E-03		0.105424

		11.16065		10000		-0.2180467		9.29E-02		-0.1006398		0.1758883		-1.46E-02		8.85E-03		3.16E-03		-8.47E-02		2.64E-04		0.1057916

		80/260 (split2.op2) gap=0.5

		0.6141049		10000		-0.2140163		7.62E-02		-4.54E-02		-4.59E-03		-1.17E-02		4.86E-03		2.45E-03		-7.94E-02		1.64E-03		9.70E-02

		2.456366		10000		-0.2433444		6.90E-02		-4.49E-02		-4.60E-03		-1.28E-02		4.65E-03		2.73E-03		-7.96E-02		1.58E-03		9.66E-02

		3.683372		10000		-0.2337013		5.56E-02		-4.61E-02		-3.15E-03		-1.31E-02		4.48E-03		2.65E-03		-7.97E-02		1.60E-03		9.69E-02

		4.887114		10000		-0.1774842		0.1778876		-4.92E-02		1.55E-02		-1.30E-02		5.73E-03		2.53E-03		-7.96E-02		1.85E-03		9.77E-02

		6.006053		10000		-0.2258658		0.475383		-5.40E-02		7.88E-02		-1.33E-02		8.29E-03		2.99E-03		-8.01E-02		1.61E-03		0.1001053

		7.077747		10000		-0.2258729		0.616911		-6.02E-02		0.126688		-1.38E-02		1.03E-02		3.00E-03		-8.09E-02		1.29E-03		0.1024029

		9.147558		10000		0.14		0.4979455		-7.50E-02		0.1661113		-1.42E-02		1.15E-02		2.67E-03		-8.37E-02		2.39E-03		0.105396

		11.15611		10000		-0.13		6.75E-02		-9.98E-02		0.1749621		-1.84E-02		9.36E-03		4.32E-03		-8.71E-02		9.62E-04		0.1082607

		80/260 (split4.op2) gap=0.5

		0.6141106		10000		-0.210528		8.24E-02		-4.48E-02		-4.42E-03		-1.16E-02		4.09E-03		2.90E-03		-7.84E-02		6.31E-05		9.61E-02

		2.45639		10000		-0.2374551		7.32E-02		-4.51E-02		-4.63E-03		-1.33E-02		4.93E-03		2.76E-03		-7.94E-02		1.69E-03		9.68E-02

		3.68345		10000		-0.223995		5.61E-02		-4.62E-02		-3.46E-03		-1.28E-02		4.81E-03		2.73E-03		-7.96E-02		1.70E-03		9.69E-02

		4.887896		10000		-0.1538265		0.1355905		-4.89E-02		1.10E-02		-1.27E-02		5.34E-03		2.59E-03		-7.98E-02		1.72E-03		9.77E-02

		6.008372		10000		-0.1435532		0.2648104		-5.11E-02		6.30E-02		-1.33E-02		7.61E-03		2.76E-03		-8.06E-02		1.73E-03		9.96E-02

		7.08065		10000		-0.1331975		0.3065366		-5.72E-02		0.1049528		-1.36E-02		9.34E-03		2.54E-03		-8.17E-02		1.82E-03		0.1015416

		9.149681		10000		0.215385		9.24E-02		-7.37E-02		0.1423056		-1.41E-02		1.02E-02		2.40E-03		-8.47E-02		2.96E-03		0.104476

		11.15714		10000		-0.1820319		-0.3105562		-0.1017914		0.1507665		-1.51E-02		1.02E-02		3.86E-04		-8.89E-02		4.48E-03		0.1076292

		base

		0.6141786		10000		-0.1003476		6.17E-02		-4.76E-02		-2.58E-03		-1.28E-02		3.17E-03		-3.40E-04		-8.03E-02		2.33E-03		9.60E-02

		2.456649		10000		-8.98E-02		5.58E-02		-4.76E-02		-4.10E-03		-1.24E-02		4.38E-03		2.77E-03		-7.98E-02		2.04E-03		9.69E-02

		3.683687		10000		-8.25E-02		3.48E-02		-4.80E-02		-2.02E-03		-1.28E-02		4.60E-03		2.82E-03		-7.94E-02		2.09E-03		9.64E-02

		4.888984		10000		-8.40E-02		4.67E-02		-4.86E-02		1.79E-02		-1.28E-02		5.33E-03		2.62E-03		-8.00E-02		2.09E-03		9.74E-02

		6.009807		10000		-8.29E-02		0.3170274		-5.19E-02		8.18E-02		-1.31E-02		7.98E-03		2.77E-03		-8.04E-02		1.89E-03		9.97E-02

		7.0809		10000		-0.2893479		0.4415588		-6.40E-02		0.1291173		-1.39E-02		9.92E-03		2.60E-03		-8.13E-02		1.41E-03		0.1021344

		9.141479		10000		-1.189564		0.2025302		-0.1106796		0.1649187		-1.62E-02		1.04E-02		2.54E-03		-8.44E-02		-1.62E-04		0.1049345

		11.12594		10000		-3.530589		-0.4427272		-0.1951791		0.169385		-1.86E-02		5.20E-03		-9.82E-04		-8.60E-02		-1.74E-03		0.1061099

		yoke5

		0.6141253		10000		-0.1145325		5.71E-02		-4.83E-02		-3.67E-03		-1.33E-02		3.21E-03		2.99E-03		-7.88E-02		2.67E-03		9.72E-02

		2.456439		10000		-9.87E-02		4.93E-02		-4.86E-02		-3.86E-03		-1.33E-02		4.66E-03		2.32E-03		-7.95E-02		2.18E-03		9.66E-02

		3.683519		10000		-8.65E-02		3.13E-02		-4.85E-02		-2.13E-03		-1.29E-02		4.34E-03		2.59E-03		-7.95E-02		2.16E-03		9.66E-02

		4.888244		10000		-5.98E-02		7.25E-02		-4.95E-02		1.85E-02		-1.29E-02		5.44E-03		2.71E-03		-7.99E-02		2.09E-03		9.74E-02

		6.007534		10000		3.73E-02		0.3226003		-5.38E-02		8.27E-02		-1.30E-02		8.06E-03		2.81E-03		-8.04E-02		2.08E-03		9.97E-02

		7.077291		10000		0.2389098		0.4456731		-6.47E-02		0.1305132		-1.34E-02		1.00E-02		2.65E-03		-8.12E-02		2.66E-03		0.1019914

		9.13401		10000		0.7878833		0.1974548		-0.1057769		0.1683471		-1.45E-02		1.08E-02		2.18E-03		-8.44E-02		4.05E-03		0.1048507

		11.12236		10000		-0.9135618		-0.4281158		-0.1727932		0.1687537		-1.98E-02		1.05E-02		3.29E-03		-9.11E-02		-3.47E-04		0.1110513
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Sheet1

		R=250mm

						I=16kA						I=20kA

		Gap, mm		B0, T		b2		b3		B0,T		b2		b3

		0		9.13		0.78		0.17		11.12		-0.91		-0.45

		0.1		9.13		0.76		0.18		11.12		-0.92		-0.44

		0.5		9.13		0.62		0.27		11.12		-1.01		-0.36

		1		9.12		0.43		0.37		11.11		-1.13		-0.27

		R=260mm

						I=16kA						I=20kA

		Gap, mm		B0, T		b2		b3		B0,T		b2		b3

		0

		0.25				0.23		0.44				-0.05		0.02

		0.5				0.13		0.5				-0.14		0.07

		1				-0.03		0.61				-0.33		0.16

		80/260 no gap

		0.6141848		10000		-0.1204344		5.22E-02		-4.86E-02		-3.30E-03		-1.16E-02		5.23E-03		3.11E-03		-7.94E-02		2.42E-03		9.58E-02

		2.456699		10000		-0.1134662		4.62E-02		-4.81E-02		-3.93E-03		-1.28E-02		4.68E-03		2.61E-03		-7.97E-02		1.85E-03		9.69E-02

		3.683874		10000		-9.48E-02		3.24E-02		-4.85E-02		-1.74E-03		-1.26E-02		4.34E-03		2.45E-03		-7.97E-02		2.24E-03		9.64E-02

		4.88793		10000		-8.38E-02		0.1532825		-4.90E-02		1.98E-02		-1.31E-02		5.22E-03		2.89E-03		-7.97E-02		1.90E-03		9.74E-02

		7.080777		10000		-4.33E-02		0.6018423		-5.02E-02		0.1325307		-1.34E-02		1.02E-02		2.85E-03		-8.12E-02		1.80E-03		0.1024772

		9.152265		10000		0.1705964		0.499713		-6.64E-02		0.17093		-1.38E-02		1.15E-02		2.73E-03		-8.37E-02		2.47E-03		0.105424

		11.16065		10000		-0.2180467		9.29E-02		-0.1006398		0.1758883		-1.46E-02		8.85E-03		3.16E-03		-8.47E-02		2.64E-04		0.1057916

		80/260 (split2.op2) gap=0.5

		0.6141049		10000		-0.2140163		7.62E-02		-4.54E-02		-4.59E-03		-1.17E-02		4.86E-03		2.45E-03		-7.94E-02		1.64E-03		9.70E-02

		2.456366		10000		-0.2433444		6.90E-02		-4.49E-02		-4.60E-03		-1.28E-02		4.65E-03		2.73E-03		-7.96E-02		1.58E-03		9.66E-02

		3.683372		10000		-0.2337013		5.56E-02		-4.61E-02		-3.15E-03		-1.31E-02		4.48E-03		2.65E-03		-7.97E-02		1.60E-03		9.69E-02

		4.887114		10000		-0.1774842		0.1778876		-4.92E-02		1.55E-02		-1.30E-02		5.73E-03		2.53E-03		-7.96E-02		1.85E-03		9.77E-02

		6.006053		10000		-0.2258658		0.475383		-5.40E-02		7.88E-02		-1.33E-02		8.29E-03		2.99E-03		-8.01E-02		1.61E-03		0.1001053

		7.077747		10000		-0.2258729		0.616911		-6.02E-02		0.126688		-1.38E-02		1.03E-02		3.00E-03		-8.09E-02		1.29E-03		0.1024029

		9.147558		10000		0.14		0.4979455		-7.50E-02		0.1661113		-1.42E-02		1.15E-02		2.67E-03		-8.37E-02		2.39E-03		0.105396

		11.15611		10000		-0.13		6.75E-02		-9.98E-02		0.1749621		-1.84E-02		9.36E-03		4.32E-03		-8.71E-02		9.62E-04		0.1082607

		80/260 (split4.op2) gap=0.5

		0.6141106		10000		-0.210528		8.24E-02		-4.48E-02		-4.42E-03		-1.16E-02		4.09E-03		2.90E-03		-7.84E-02		6.31E-05		9.61E-02

		2.45639		10000		-0.2374551		7.32E-02		-4.51E-02		-4.63E-03		-1.33E-02		4.93E-03		2.76E-03		-7.94E-02		1.69E-03		9.68E-02

		3.68345		10000		-0.223995		5.61E-02		-4.62E-02		-3.46E-03		-1.28E-02		4.81E-03		2.73E-03		-7.96E-02		1.70E-03		9.69E-02

		4.887896		10000		-0.1538265		0.1355905		-4.89E-02		1.10E-02		-1.27E-02		5.34E-03		2.59E-03		-7.98E-02		1.72E-03		9.77E-02

		6.008372		10000		-0.1435532		0.2648104		-5.11E-02		6.30E-02		-1.33E-02		7.61E-03		2.76E-03		-8.06E-02		1.73E-03		9.96E-02

		7.08065		10000		-0.1331975		0.3065366		-5.72E-02		0.1049528		-1.36E-02		9.34E-03		2.54E-03		-8.17E-02		1.82E-03		0.1015416

		9.149681		10000		0.215385		9.24E-02		-7.37E-02		0.1423056		-1.41E-02		1.02E-02		2.40E-03		-8.47E-02		2.96E-03		0.104476

		11.15714		10000		-0.1820319		-0.3105562		-0.1017914		0.1507665		-1.51E-02		1.02E-02		3.86E-04		-8.89E-02		4.48E-03		0.1076292

		base

		0.6141786		10000		-0.1003476		6.17E-02		-4.76E-02		-2.58E-03		-1.28E-02		3.17E-03		-3.40E-04		-8.03E-02		2.33E-03		9.60E-02

		2.456649		10000		-8.98E-02		5.58E-02		-4.76E-02		-4.10E-03		-1.24E-02		4.38E-03		2.77E-03		-7.98E-02		2.04E-03		9.69E-02

		3.683687		10000		-8.25E-02		3.48E-02		-4.80E-02		-2.02E-03		-1.28E-02		4.60E-03		2.82E-03		-7.94E-02		2.09E-03		9.64E-02

		4.888984		10000		-8.40E-02		4.67E-02		-4.86E-02		1.79E-02		-1.28E-02		5.33E-03		2.62E-03		-8.00E-02		2.09E-03		9.74E-02

		6.009807		10000		-8.29E-02		0.3170274		-5.19E-02		8.18E-02		-1.31E-02		7.98E-03		2.77E-03		-8.04E-02		1.89E-03		9.97E-02

		7.0809		10000		-0.2893479		0.4415588		-6.40E-02		0.1291173		-1.39E-02		9.92E-03		2.60E-03		-8.13E-02		1.41E-03		0.1021344

		9.141479		10000		-1.189564		0.2025302		-0.1106796		0.1649187		-1.62E-02		1.04E-02		2.54E-03		-8.44E-02		-1.62E-04		0.1049345

		11.12594		10000		-3.530589		-0.4427272		-0.1951791		0.169385		-1.86E-02		5.20E-03		-9.82E-04		-8.60E-02		-1.74E-03		0.1061099

		yoke5

		0.6141253		10000		-0.1145325		5.71E-02		-4.83E-02		-3.67E-03		-1.33E-02		3.21E-03		2.99E-03		-7.88E-02		2.67E-03		9.72E-02

		2.456439		10000		-9.87E-02		4.93E-02		-4.86E-02		-3.86E-03		-1.33E-02		4.66E-03		2.32E-03		-7.95E-02		2.18E-03		9.66E-02

		3.683519		10000		-8.65E-02		3.13E-02		-4.85E-02		-2.13E-03		-1.29E-02		4.34E-03		2.59E-03		-7.95E-02		2.16E-03		9.66E-02

		4.888244		10000		-5.98E-02		7.25E-02		-4.95E-02		1.85E-02		-1.29E-02		5.44E-03		2.71E-03		-7.99E-02		2.09E-03		9.74E-02

		6.007534		10000		3.73E-02		0.3226003		-5.38E-02		8.27E-02		-1.30E-02		8.06E-03		2.81E-03		-8.04E-02		2.08E-03		9.97E-02

		7.077291		10000		0.2389098		0.4456731		-6.47E-02		0.1305132		-1.34E-02		1.00E-02		2.65E-03		-8.12E-02		2.66E-03		0.1019914

		9.13401		10000		0.7878833		0.1974548		-0.1057769		0.1683471		-1.45E-02		1.08E-02		2.18E-03		-8.44E-02		4.05E-03		0.1048507

		11.12236		10000		-0.9135618		-0.4281158		-0.1727932		0.1687537		-1.98E-02		1.05E-02		3.29E-03		-9.11E-02		-3.47E-04		0.1110513
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Sheet1

		R=250mm

						I=16kA						I=20kA

		Gap, mm		B0, T		b2		b3		B0,T		b2		b3

		0		9.13		0.78		0.17		11.12		-0.91		-0.45

		0.1		9.13		0.76		0.18		11.12		-0.92		-0.44

		0.5		9.13		0.62		0.27		11.12		-1.01		-0.36

		1		9.12		0.43		0.37		11.11		-1.13		-0.27

		R=260mm

						I=16kA						I=20kA

		Gap, mm		B0, T		b2		b3		B0,T		b2		b3

		0

		0.25				0.23		0.44				-0.05		0.02

		0.5				0.13		0.5				-0.14		0.07

		1				-0.03		0.61				-0.33		0.16

		80/260 no gap

		0.6141848		10000		-0.1204344		5.22E-02		-4.86E-02		-3.30E-03		-1.16E-02		5.23E-03		3.11E-03		-7.94E-02		2.42E-03		9.58E-02

		2.456699		10000		-0.1134662		4.62E-02		-4.81E-02		-3.93E-03		-1.28E-02		4.68E-03		2.61E-03		-7.97E-02		1.85E-03		9.69E-02

		3.683874		10000		-9.48E-02		3.24E-02		-4.85E-02		-1.74E-03		-1.26E-02		4.34E-03		2.45E-03		-7.97E-02		2.24E-03		9.64E-02

		4.88793		10000		-8.38E-02		0.1532825		-4.90E-02		1.98E-02		-1.31E-02		5.22E-03		2.89E-03		-7.97E-02		1.90E-03		9.74E-02

		7.080777		10000		-4.33E-02		0.6018423		-5.02E-02		0.1325307		-1.34E-02		1.02E-02		2.85E-03		-8.12E-02		1.80E-03		0.1024772

		9.152265		10000		0.1705964		0.499713		-6.64E-02		0.17093		-1.38E-02		1.15E-02		2.73E-03		-8.37E-02		2.47E-03		0.105424

		11.16065		10000		-0.2180467		9.29E-02		-0.1006398		0.1758883		-1.46E-02		8.85E-03		3.16E-03		-8.47E-02		2.64E-04		0.1057916

		80/260 (split2.op2) gap=0.5

		0.6141049		10000		-0.2140163		7.62E-02		-4.54E-02		-4.59E-03		-1.17E-02		4.86E-03		2.45E-03		-7.94E-02		1.64E-03		9.70E-02

		2.456366		10000		-0.2433444		6.90E-02		-4.49E-02		-4.60E-03		-1.28E-02		4.65E-03		2.73E-03		-7.96E-02		1.58E-03		9.66E-02

		3.683372		10000		-0.2337013		5.56E-02		-4.61E-02		-3.15E-03		-1.31E-02		4.48E-03		2.65E-03		-7.97E-02		1.60E-03		9.69E-02

		4.887114		10000		-0.1774842		0.1778876		-4.92E-02		1.55E-02		-1.30E-02		5.73E-03		2.53E-03		-7.96E-02		1.85E-03		9.77E-02

		6.006053		10000		-0.2258658		0.475383		-5.40E-02		7.88E-02		-1.33E-02		8.29E-03		2.99E-03		-8.01E-02		1.61E-03		0.1001053

		7.077747		10000		-0.2258729		0.616911		-6.02E-02		0.126688		-1.38E-02		1.03E-02		3.00E-03		-8.09E-02		1.29E-03		0.1024029

		9.147558		10000		0.14		0.4979455		-7.50E-02		0.1661113		-1.42E-02		1.15E-02		2.67E-03		-8.37E-02		2.39E-03		0.105396

		11.15611		10000		-0.13		6.75E-02		-9.98E-02		0.1749621		-1.84E-02		9.36E-03		4.32E-03		-8.71E-02		9.62E-04		0.1082607

		80/260 (split4.op2) gap=0.5

		0.6141106		10000		-0.210528		8.24E-02		-4.48E-02		-4.42E-03		-1.16E-02		4.09E-03		2.90E-03		-7.84E-02		6.31E-05		9.61E-02

		2.45639		10000		-0.2374551		7.32E-02		-4.51E-02		-4.63E-03		-1.33E-02		4.93E-03		2.76E-03		-7.94E-02		1.69E-03		9.68E-02

		3.68345		10000		-0.223995		5.61E-02		-4.62E-02		-3.46E-03		-1.28E-02		4.81E-03		2.73E-03		-7.96E-02		1.70E-03		9.69E-02

		4.887896		10000		-0.1538265		0.1355905		-4.89E-02		1.10E-02		-1.27E-02		5.34E-03		2.59E-03		-7.98E-02		1.72E-03		9.77E-02

		6.008372		10000		-0.1435532		0.2648104		-5.11E-02		6.30E-02		-1.33E-02		7.61E-03		2.76E-03		-8.06E-02		1.73E-03		9.96E-02

		7.08065		10000		-0.1331975		0.3065366		-5.72E-02		0.1049528		-1.36E-02		9.34E-03		2.54E-03		-8.17E-02		1.82E-03		0.1015416

		9.149681		10000		0.215385		9.24E-02		-7.37E-02		0.1423056		-1.41E-02		1.02E-02		2.40E-03		-8.47E-02		2.96E-03		0.104476

		11.15714		10000		-0.1820319		-0.3105562		-0.1017914		0.1507665		-1.51E-02		1.02E-02		3.86E-04		-8.89E-02		4.48E-03		0.1076292

		base

		0.6141786		10000		-0.1003476		6.17E-02		-4.76E-02		-2.58E-03		-1.28E-02		3.17E-03		-3.40E-04		-8.03E-02		2.33E-03		9.60E-02

		2.456649		10000		-8.98E-02		5.58E-02		-4.76E-02		-4.10E-03		-1.24E-02		4.38E-03		2.77E-03		-7.98E-02		2.04E-03		9.69E-02

		3.683687		10000		-8.25E-02		3.48E-02		-4.80E-02		-2.02E-03		-1.28E-02		4.60E-03		2.82E-03		-7.94E-02		2.09E-03		9.64E-02

		4.888984		10000		-8.40E-02		4.67E-02		-4.86E-02		1.79E-02		-1.28E-02		5.33E-03		2.62E-03		-8.00E-02		2.09E-03		9.74E-02

		6.009807		10000		-8.29E-02		0.3170274		-5.19E-02		8.18E-02		-1.31E-02		7.98E-03		2.77E-03		-8.04E-02		1.89E-03		9.97E-02

		7.0809		10000		-0.2893479		0.4415588		-6.40E-02		0.1291173		-1.39E-02		9.92E-03		2.60E-03		-8.13E-02		1.41E-03		0.1021344

		9.141479		10000		-1.189564		0.2025302		-0.1106796		0.1649187		-1.62E-02		1.04E-02		2.54E-03		-8.44E-02		-1.62E-04		0.1049345

		11.12594		10000		-3.530589		-0.4427272		-0.1951791		0.169385		-1.86E-02		5.20E-03		-9.82E-04		-8.60E-02		-1.74E-03		0.1061099

		yoke5

		0.6141253		10000		-0.1145325		5.71E-02		-4.83E-02		-3.67E-03		-1.33E-02		3.21E-03		2.99E-03		-7.88E-02		2.67E-03		9.72E-02

		2.456439		10000		-9.87E-02		4.93E-02		-4.86E-02		-3.86E-03		-1.33E-02		4.66E-03		2.32E-03		-7.95E-02		2.18E-03		9.66E-02

		3.683519		10000		-8.65E-02		3.13E-02		-4.85E-02		-2.13E-03		-1.29E-02		4.34E-03		2.59E-03		-7.95E-02		2.16E-03		9.66E-02

		4.888244		10000		-5.98E-02		7.25E-02		-4.95E-02		1.85E-02		-1.29E-02		5.44E-03		2.71E-03		-7.99E-02		2.09E-03		9.74E-02

		6.007534		10000		3.73E-02		0.3226003		-5.38E-02		8.27E-02		-1.30E-02		8.06E-03		2.81E-03		-8.04E-02		2.08E-03		9.97E-02

		7.077291		10000		0.2389098		0.4456731		-6.47E-02		0.1305132		-1.34E-02		1.00E-02		2.65E-03		-8.12E-02		2.66E-03		0.1019914

		9.13401		10000		0.7878833		0.1974548		-0.1057769		0.1683471		-1.45E-02		1.08E-02		2.18E-03		-8.44E-02		4.05E-03		0.1048507

		11.12236		10000		-0.9135618		-0.4281158		-0.1727932		0.1687537		-1.98E-02		1.05E-02		3.29E-03		-9.11E-02		-3.47E-04		0.1110513
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		split4





		0.6141786		0.6141786

		2.456649		2.456649

		3.683687		3.683687

		4.888984		4.888984

		6.009807		6.009807

		7.0809		7.0809

		9.141479		9.141479

		11.12594		11.12594



b2

b3

B0, T

b2, b3, 10^-4

Quadrupole and sextupole vs. bore field

-0.1003476

0.06172927

-0.08979013

0.05580544

-0.08253986

0.03478787

-0.0839787

0.04667831

-0.08289395

0.3170274

-0.2893479

0.4415588

-1.189564

0.2025302

-3.530589

-0.4427272



		

		split4





		0.6141253		0.6141253

		2.456439		2.456439

		3.683519		3.683519

		4.888244		4.888244

		6.007534		6.007534

		7.077291		7.077291

		9.13401		9.13401

		11.12236		11.12236



b2

b3

B0, T

b2, b3, 10^-4

Quadrupole and sextupole vs. bore field

-0.1145325

0.05712347

-0.09868524

0.04934919

-0.08645122

0.03131688

-0.05984181

0.07246992

0.03729095

0.3226003

0.2389098

0.4456731

0.7878833

0.1974548

-0.9135618

-0.4281158



		

		split2

		split4





		0.6141848		0.6141848

		2.456699		2.456699

		3.683874		3.683874

		4.88793		4.88793

		7.080777		7.080777

		9.152265		9.152265

		11.16065		11.16065



b2

b3

B0, T

b2, b3, 10^-4

Quadrupole and sextupole vs. bore field (no gap)

-0.1204344

0.05217476

-0.1134662

0.04616852

-0.09484547

0.03240993

-0.08377111

0.1532825

-0.04334095

0.6018423

0.1705964

0.499713

-0.2180467

0.09286495



		0.6141049		0.6141049

		2.456366		2.456366

		3.683372		3.683372

		4.887114		4.887114

		6.006053		6.006053

		7.077747		7.077747

		9.147558		9.147558

		11.15611		11.15611



b2

b3

B0, T

b2, b3, 10^-4

Quadrupole and sextupole vs. bore field (gap=0.5mm/quadrant)

-0.2140163

0.07622535

-0.2433444

0.06901769

-0.2337013

0.05555957

-0.1774842

0.1778876

-0.2258658

0.475383

-0.2258729

0.616911

0.14

0.4979455

-0.13

0.0675071



		0.6141106		0.6141106

		2.45639		2.45639

		3.68345		3.68345

		4.887896		4.887896

		6.008372		6.008372

		7.08065		7.08065

		9.149681		9.149681

		11.15714		11.15714



b2

b3

B0, T

b2, b3, 10^-4

Quadrupole and sextupole vs. bore field (gap=0.5mm/quadrant)

-0.210528

0.08237827

-0.2374551

0.07316963

-0.223995

0.05611288

-0.1538265

0.1355905

-0.1435532

0.2648104

-0.1331975

0.3065366

0.215385

0.09236218

-0.1820319

-0.3105562




