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Abstract:

In the R&D effort towards a post-LHC, 100 TeV hadron collider, Fermilab is developing a prototype for a 10-12 T 2 layer block-type dipole magnet operating at 4.5 K using Nb3Sn superconductor with the React and Wind technology in the inner layer and NbTi superconductor in the outer layer. An initial magnetic design was proposed, demonstrating that accelerator dipole grade field quality can be achieved with the block type design without the use of auxiliary coils. Iron saturation effects and end field quality were analyzed resulting in an initial proposal for the design of the iron yoke and the magnet ends. The first iteration magnetic design analysis was based on a first iteration, non optimized mechanical design. With the first results of the mechanical analysis available, a second iteration magnetic design could be performed. New design elements, required in a mechanically optimized coil, were introduced into the magnetic design version 1 and a new magnetic field optimization performed. This note presents the results of this effort, which resulted in several possible coil cross-sections described in the following. In addition to the magnetic designs using a cold iron yoke, another approach, namely a so called warm yoke design is presented. A warm yoke design appeals by its reduced cold mass and simplifications of the mechanical design. On the other hand, as will be shown in the following, it results in a noticeable increase of superconductor if the design goal of 11 T is to be met.

1) MAGNETIC DESIGN - VERSION 1
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Coil design, version 1(
), as obtained with ROXIE, is shown in Fig.1a. The 2 layer, 4 block design consists of 37 turns per quadrant and aperture. Field quality and short sample field in the magnet straight section are given in Table 1 - Table 4. The characteristic data for the ends are given in Table 5 - Table 6. As can be seen in the tables the magnet reaches 11 T bore field with the high order magnetic harmonics below one unit. The calculations refer to an operating temperature of 4.2 K. The coil generates a sextupole component of –2 units, which is compensated by iron saturation effects. After implementation of the iron geometry not only the harmonics but also the peak fields change. Therefore the results in Table 1 and Table 2 are not representative of the magnetic performance of the fully assembled magnet. The magnetic parameters for an optimized iron geometry (see Figure 1, Table 3 and Table 4) show that the real iron yoke shape leads to a different balance of peak field, such that the critical current in inner and outer layer converge. Furthermore b3 and b5 change, such that b3 is reduced below 1 unit. In the optimized iron geometry, compensation of the sextupole due to saturation at high current is obtained by adjusting the inner profile of the yoke in the pole region, and by introducing a 60 mm hole at the mid-plane of each aperture. To control the low current

multipole:
b3
b5
b7
b9
b11

units (10-4)
-2.00
-0.08
0.10
0.42
0.20

Table 1: Harmonics in the magnet straight section with iteration 1 magnetic design, as obtained with ROXIE for a circular iron yoke (id=80 mm) and a linear B-H relation (µr=1000).
Bmax inner
Bmax outer
Imax inner
Imax outer
Bbore short sample
I short sample

12.555 T
6.842 T
15.44 kA
15.07 kA
11.694 T
15.07 kA

Table 2: Peak fields in inner and outer layer, critical currents in inner and outer layer, short sample limit main bore-field and short sample limit current.
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Figure 1: Optimized iron geometry and field lines (1 kA).
saturation sextupole, a thin (1.5 mm) iron strip is inserted between the outer coil and the collar, resulting in a large positive shift of the sextupole, which rapidly decays as the strip saturates at higher excitation levels. The effect on the decapole is small in this design due to the large width of the insert, which covers the whole outer coil to simplify manufacturing. Control of the skew quadrupole due to coupling between the two apertures at high current is achieved by adjusting the yoke radius and the separation between apertures. Higher order harmonics show little dependence on current.

multipole:
b3
b5
b7
b9
b11

units (10-4)
0.6
0.4
0.1
-0.4
0.2

Table 3: Harmonics in the magnet straight section with iteration 1 magnetic design, as obtained with OPERA2D for the iron yoke geometry shown in Figure 1 at 14 kA.
Bmax inner
Bmax outer
Imax inner
Imax outer
Bbore short sample
I short sample

11.93 T
6.735 T
15.18 kA
15.63 kA
11.156 T
15.18 kA

Table 4: Peak fields in inner and outer layer, critical currents in inner and outer layer, short sample limit main bore-field and short sample limit current after optimization of iron yoke geometry. The mutual interference of the apertures results in an additional skew quadrupole moment of -0.9 units.
The following assumptions apply to the short sample limit calculations presented above: 

· The Nb3Sn conductor in the inner layer reaches a critical current density of 2000 A/mm2 at 12 T and 4.2 K. The critical current is degraded by 10% as a result of strain inflicted on the conductor during the React and Wind approach.

· The outer layer NbTi conductor uses a high Fe content NbTi composite from OST with a 5 % cabling degradation. 

· Experimental conductor critical current data do not account for the self-field of the conductor in the measurement and the critical current for a given (back-ground) field appears to be lower than it is. This results in a small critical current margin (~ 1%).

A preliminary optimization of the end geometry resulted in an acceptable configuration, although the critical field margin in the outer coil ends is low (1 %). In this design option the yoke is terminated 10 cm before the end of the straight section. The upper inner-coil block (# 4 in Fig. 1a) extends 10 cm further to 20 cm from the yoke termination before bending around its “natural” radius. The outer coil blocks’ straight section extends 15 cm out of the yoke and the remaining inner coil blocks take the bend at 10 cm from the end of the yoke. The end field errors are below one unit with the exception of the skew quadrupole (a2), which is nevertheless small compared to the a2 caused by alignment errors of the main quadrupoles in an accelerator.

multipole:

b3
b5
b7
b9
b11

units (10-4)
Vs1
0.4
-0.9
0.1
-0.4
0.0

multipole:

a2
a4
a6
a8
a10

units (10-4)
Vs1
-21.8
0.5
0.5
0.0
0.0

Table 5: Harmonics in the magnet end, as obtained with ROXIE. The harmonics indicated in the table are in units of 10-4-meter, averaged over the ends, normalized to the straight section bore-field and multiplied by the magnetic length of the end (21 cm).

Bmax inner
Bmax outer
Imax inner
Imax outer
Margin inner
Margin outer

Vs1
11.344
6.718
17360
15720
20 %
1 %

Table 6: Peak fields and critical currents in magnet end. End margin refers to the short sample limit field in the straight section (Table 4).
2) NEW DESIGN REQUIREMENTS FOR MAGNETIC DESIGN VS TWO

The preliminary results of the mechanical analysis of the coil-package(
) during assembly, cool-down and magnet excitation include a number of design elements introduced to achieve minimized coil displacement and stress. Among them are: an interlayer sheet (steel, > 3 mm thick) and outer coil spacers (Cu, > 3 mm thick), together forming a mechanical grid to protect the outer coil from horizontal forces emanating from the inner coil. It was the aim of the iteration 2 magnetic design to account for the design elements listed above: the outer coil-block in design 1 had to be split, introducing an outer coil spacer, the vertical gap between layers had to be increased from 2 to 5 mm.


[image: image3.wmf]5

3

4

2

1


Figure 2: ANSYS model of coil-package after mechanical design optimization. 1: inner coil-block, 2: outer coil block, 3: interlayer protection sheet, 4: outer coil spacer, 5: iron shim.
3) MAGNETIC DESIGN VS 2 – 37 TURNS VS 38 TURNS

The horizontal shift of the outer coil away from the bore causes a loss in transfer function. The splitting of the outer coils increases the total outer coil height, causing an increase in negative sextupole (b3). Furthermore the field on top of the outer coil is high, such that an increase in outer coil height can reduce the outer coil critical current to such an extent that additional conductor located in that remote area cannot “repair” the magnet performance. This aspect of the design is illustrated in the following: Two design options were investigated – a design with the same number of turns as design 1 (37 turns) and a design with one more turn in the lower outer coil-block (38 turn design) to compensate for the decrease of bore field. A multipole optimization with ROXIE was performed for both designs (Figure 3 ). The higher harmonics and peak fields of the design options calculated with ROXIE are given in Table 7 & Table 8 . Table 8 reveals that the additional turn in the outer layer (38 turn design) does not increase the magnet performance. On the contrary, it raises the height of the outer coil to a higher field region, thus increasing the outer layer peak field. A more refined analysis reveals that the second highest field spot, which becomes the outer layer peak field spot as soon as the outer coil remains sufficiently below the high field region on the top, lies along the inner edge of the lower outer coil block (referring to Figure 3).
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Figure 3: ROXIE plot of one quadrant of one aperture, second iteration magnetic design: left: 37 turn design, right: 38 turn design.

multipole:
b3
b5
b7
b9
b11

37 turn
units (10-4)
-2.00
-0.03
0.13
-0.43
0.19

38 turn
units (10-4)
-1.82
0.01
0.06
-0.41
0.19

Table 7: Harmonics in the magnet straight section with iteration 2 magnetic design, as obtained with ROXIE before iron geometry optimization. Coil designs (37 and 38 turns) shown in Figure 3.

Bmax inner
Bmax outer
Imax inner
Imax outer
Bbore short sample
I short sample

37 turn
12.037 T
6.641 T
14.86 kA
14.41 kA
11.16 T
14.41 kA

38 turn
12.113 T
6.718 T
14.63 kA
14.05 kA
11.13 T
14.05 kA

Table 8: Peak fields in inner and outer layer, critical currents in inner and outer layer, short sample limit main bore-field and short sample limit current before optimization of iron yoke geometry.
Some of the designs presented in the following address this issue by covering this region as much as possible with the outer coil spacer. The magnetic performance of the 37 turn and the 38 turn design are similar. The inner coil kept essentially the same shape as in version 1. Mainly for field quality reasons there is not much room for modifications of the inner layer design. To obtain acceptable levels of field quality (reducing negative b3) both design options required a shift of the outer coil blocks toward the mid-plane (as compared with magnetic design 1). Unfortunately this reduces the thickness of the mid-plane spacer. A mechanical analysis of the effect of a reduced mid-plane spacer was performed. The results are presented in chapter 4.

4) MECHANICAL ANALYSIS OF BOTTOM OUTER COIL SPACER EFFECT 

The effect of a reduced outer coil mid-plane spacer thickness was investigated with the mechanical ANSYS model presented in [3]. The outer coil mid-plane spacer, together with the two upper spacers in the outer coil, forms part of the stress management that protects the outer coil from horizontal inner coil Lorentz-forces. Since the horizontal force level is lower in the mid-plane than on top of the coils the mid-plane spacer plays a less eminent role. Simulations showed in fact that even a 2x0.5 mm thick mid-plane spacer would be able to support the forces and thus contribute to stress management. Finally, a simulation of the mechanical performance without outer coil mid-plane spacer showed, that not only this mechanical design also fulfills the requirements, but that it additionally results in reduced inner coil bending due to the softened horizontal support in the mid-plane. With strong horizontal forces pushing the top of the inner coil away from the bore the inner coil tends to bend even with horizontal pre-stress and rigid yoke support, with the top displaced further outwards than the mid-plane region. By weakening the reaction against the horizontal Lorentz-forces in the mid-plane the mid-plane region of the inner coil can follow the displacement of the (strongly supported) top part, thus reducing the bending. The price which has to be paid for the improvement of the inner coil positioning is that the outward movement of the inner coil mid-plane region increases. However the horizontal shift of the inner coil inner mid-plane edge during magnet excitation in the case of no outer coil mid-plane spacer is 36 µm, which is acceptable. Figure 4 shows plots of the horizontal coil displacement before and after excitation for the 2x1 mm outer mid-plane spacer and for the case without outer coil mid- 

plane spacer. The figures reveal the reduced bending of the inner coil in the case of reduced horizontal inner coil support in the mid-plane (withdrawing the outer coil mid-plane spacer). Table 9 shows that the inner coil bending is reduced in the case without outer coil mid-plane spacer. With the mid-plane region of the inner coil moving by 6-8 µm further outwards in the case without spacer the inclination is reduced by 50%. 

outer mid-plane spacer

        (
horizontal displacement of inner coil in mid-plane-region during excitation
inclination of inner coil at maximum Lorentz-force (difference in horizontal position between top and mid-plane)

vert. edge(
bore-side
out-side
bore-side
out-side

2x1mm
+30 µm
+28 µm
20 µm
11 µm

no
+36 µm
+36 µm
10 µm
4 µm

Table 9: Comparison of inner coil bending with and without outer mid-plane shim. Both cases calculated with identical pre-stress parameters.
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Figure 4: Horizontal displacement in [mm] of coil-blocks in one quadrant in cold conditions under pre-stress (left) and after application of Lorentz-forces (right). Top: with 2x1 mm thick outer coil mid-plane spacer, bottom: without outer coil mid-plane spacer. Displacements in the plots are exaggerated.

outer mid-plane spacer

         (
peak von Mises stress in coils
horizontal stress on outer vertical edge of outer coil
vertical bending stress in the mid-plane region of the inner coil


inner layer
outer layer



2x1mm
140 MPa
85 MPa
-72 MPa
+/-60 MPa

no
140 MPa
80 MPa
-81 MPa
+/-28 MPa

Table 10: Comparison of stress state of coils at full excitation with and without outer mid-plane shim. Both cases were calculated with identical pre-stress parameters.
Table 10 shows that the improvement of the inner coil shape appears as well in the stress distribution, with the bending stress in the inner layer mid-plane region reduced by 50%. The peak stress is not affected by the outer coil mid-plane spacer because the peak stress regions are located elsewhere. The weakening of the mechanical protection grid, on the other hand, results in a 10 MPa increase of  horizontal stress in the outer layer. 

5) 2D MAGNETIC DESIGN of COIL CROSS-SECTION VS 2

After the proof of principle, which was the main purpose of design iteration 1, more refined coil cross-sections had to be designed to address the issues raised in the mechanical analysis. Different options were investigated as part of the effort related to the second iteration magnetic design (options 2A-2E). The outer coil design in version 2A allows the implementation of the mechanical support grid consisting of interlayer sheet and outer coil spacers. It does not reach the design field. The outer coil in design 2B is split into two equal parts to simplify the optimization of the ends. Design 2B doesn’t reach the design field either. Design 2A and 2B basically retain the same inner coil characteristics as design iteration 1. The main feature in design 2C is a split of the large inner coil-block to allow separate fine tuning of sextupole (b3) and decapole (b5) harmonic content and to simplify end optimization. The sextupole content in the bore field is raised by conductors placed in the 60( region, whereas the decapole content requires conductor in the 36( region. The upper inner block in the previous designs covered both regions simultaneously, making it difficult to tune b3 and b5 separately. Design 2D follows the same concept but unlike 2C the 11 T design field is reached. Finally design 2E explores the possibility of a hard-bend outer coil. 

The 11 T bore field and 30 mm bore size results in peak-fields of ~7 T in the outer layer. At 4.2 K this is close to the technological limit of NbTi superconductor. In fact, some of the above introduced designs do not reach the design goal of 11 T. It is believed that the designs presented here have stretched the 2-layer hybrid concept to its limits. Piling up conductors in either layer will not result in noticeable gain of bore-field.

The designs presented in the following were investigated to different degrees of detail. The shape of the iron yoke has not been re-optimized since design 1, thus some designs still bear harmonics exceeding the unit after implementation of the real iron yoke shape. We believe that these imperfections can be resolved easily. Design 2B has been investigated in more detail, including end optimization. The question of the termination of the iron yoke with respect to the ends is still open – at the present stage this distance is 10 cm, but it is believed that it could be reduced to between 5-10 cm. Except 2E, all version 2 designs make use of a larger outer coil cable to raise the critical current in the outer layer (Table 11). With experimental data obtained in the 10-stack program the inner layer conductor size (at 4.2 K, 25 MPa) was modified with respect to the magnetic design 1.



inner layer cable


outer layer cable


Cu/Sc,(,#
0.85
0.7 mm
40
1.3
0.808 mm
38/40


width
height
insul thickn
width
height
insul thickn

Version 1
15.2
1.5
0.1/0.075
15.6
1.55
0.1/0.075

Version 2
15.166
1.448
0.103
16.2
1.55
0.1/0.075

Table 11: Cable dimensions (at 4.2 K, 25 MPa) for insulated inner layer (S2-insulation) and insulated outer layer (Kapton insulation) used in the magnetic field calculations.

5.1) 2D MAGNETIC DESIGN of COIL CROSS-SECTION VS 2 –OPTION A
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Figure 5: ROXIE plot of one quadrant of one aperture, 2nd iteration magnetic design: version A.


multipole:
b3
b5
b7
b9
b11

Vs2A
units (10-4)
-1.99
-0.02
0.18
-0.46
0.19

Table 12: Harmonics in the magnet straight section with iteration 2 magnetic design, as obtained with ROXIE before iron geometry optimization. Coil design (35 turns) shown in Figure 5.

Bmax inner
Bmax outer
Imax inner
Imax outer
Bbore short sample
I short sample

Vs2A
11.54 T
6.826 T
14.92 kA
15.95 kA
11.023 T
14.92 kA

Table 13: Peak fields in inner and outer layer, critical currents in inner and outer layer, short sample limit main bore-field and short sample limit current before optimization of iron yoke. 
multipole:

b3
b5
b7
b9
b11

Vs2A
units (10-4)
-0.6
0.14
0.11
0.46
0.28

Table 14: Harmonics in the magnet straight section at 15 kA with iteration 2A magnetic design, as obtained with OPERA2D using the iron yoke geometry of version 1 design.

Bmax inner
Bmax outer
Imax inner
Imax outer
Bbore short sample
I short sample

Vs2A
11.526 T
6.835 T
14.96 kA
15.9 kA
10.4 T
14.96 kA

Table 15: Calculated peak fields in inner and outer layer, critical currents in inner and outer layer, and short sample limit bore-field after implementation of version 1 iron yoke geometry.
5.2) 2D MAGNETIC DESIGN of COIL CROSS-SECTION VS 2 –OPTION B
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Figure 6: ROXIE plot of one quadrant of one aperture, 2nd iteration magnetic design, version B.

multipole:
b3
b5
b7
b9
b11

Vs2B
units (10-4)
-1.97
0.099
0.45
-0.57
0.12

Table 16: Harmonics in the magnet straight section with iteration 2 magnetic design, as obtained with ROXIE before iron geometry optimization. Coil design version 2B shown in Figure 6.

Bmax inner
Bmax outer
Imax inner
Imax outer
Bbore short sample
I short sample

Vs2B
11.894 T
6.868 T
15.35 kA
15.72 kA
11.38 T
15.35 kA

Table 17: Peak fields in inner and outer layer, critical currents in inner and outer layer, short sample limit main bore-field and short sample limit current before optimization of iron yoke geometry.
multipole:

b3
b5
b7
b9
b11

Vs2B
units (10-4)
0.25
0.09
0.045
-0.57
0.12

Table 18: Harmonics in the magnet straight section at 15 kA with iteration 2B magnetic design, as obtained with OPERA2D implementing version 1 iron yoke geometry. The mutual interference of the apertures results in an additional skew quadrupole moment of 4.1 units.
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Figure 7: Version 1 iron geometry with version 2 coil design.


Bmax inner
Bmax outer
Imax inner
Imax outer
B short sample
I short sample

Vs2B
11.875 T
6.858 T
15.41 kA
15.77 kA
10.74 T
15.41 kA

Table 19: Calculated peak fields in inner and outer layer, critical currents in inner and outer layer, and short sample limit bore-field after implementation of version 1 iron yoke geometry.

A second iteration optimization of the end geometry resulted in an improved critical field margin in the outer coil ends (8.5 %). As in design 1 the yoke is terminated 10 cm before the end of the straight section. The end peak fields occur in the upper inner block and the bottom outer block. Therefore the upper inner-coil block (as in version 1) extends further to 17.5 cm from the yoke termination before bending around its “natural” radius. The outer coil blocks’ straight section extends 13 cm out of the yoke and the remaining inner coil blocks take the bend at 10 cm from the end of the yoke. The end field errors are below one unit with the exception of the skew quadrupole (a2). In a 10 m long magnet the integrated straight section harmonics would in general exceed the end harmonics given in Table 18.

multipole:

b3
b5
b7
b9
b11

Vs2B
unit-meters
0.38
-0.82
0.19
0.06
0.01

multipole:

a2
a4
a6



Vs2B
unit-meters
-2.78
-0.08
0.44



Table 20: Harmonics in the magnet end, as obtained with ROXIE for the end geometry shown in Figure 8. The harmonics indicated in the table are in units of 10-4-meter, averaged over the ends, normalized to the straight section bore-field and multiplied by the magnetic length of the ends (19.8 cm).

Bmax inner
Bmax outer
Imax inner
Imax outer
Margin inner
Margin outer

Vs2B
11.17 T
6.67 T
18.05 kA
16.79 kA
 20 %
8.5%

Table 21: Peak fields and critical currents in magnet end. End margin refers to the short sample limit field in the straight section (including iron).
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Figure 9: Version 2b end design.
5.3) 2D MAGNETIC DESIGN of COIL CROSS-SECTION VS 2 –OPTION C
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Figure 8: ROXIE plot of one quadrant of one aperture, 2nd iteration magnetic design version C.

multipole:
b3
b5
b7
b9
b11

Vs2C
units (10-4)
-2.22
-0.21
0.18
-0.38
0.18

Table 22: Harmonics in the magnet straight section with iteration 2 magnetic design, as obtained with ROXIE before iron geometry optimization. Coil design 2C shown in Figure 8.

Bmax inner
Bmax outer
Imax inner
Imax outer
Bbore short sample
I short sample

Vs2C
11.903 T
6.983 T
14.62 kA
15.08 kA
11.04 T
14.62 kA

Table 23: Peak fields in inner and outer layer, critical currents in inner and outer layer, short sample limit main bore-field and short sample limit current before implementation of version 1 iron yoke geometry.
multipole:

b3
b5
b7
b9
b11

Vs2C
units (10-4)
5.5
0.07
-0.19
0.4
-0.19

Table 24: Harmonics in the magnet straight section at 15 kA with iteration 2C magnetic design, as obtained with OPERA2D for version iron yoke geometry. The mutual interference between the apertures generates a skew quadrupole moment of 6.4 units.

Bmax inner
Bmax outer
Imax inner
Imax outer
B short sample
I short sample

Vs2C
11.695 T
6.807 T
15.35 kA
16.05 kA
10.82 T
15.35 kA

Table 25: Calculated peak fields in inner and outer layer, critical currents in inner and outer layer, and short sample limit bore-field after implementation of version 1 iron yoke geometry.
5.4) 2D MAGNETIC DESIGN of COIL CROSS-SECTION VS 2 –OPTION D
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Figure 9: ROXIE plot of one quadrant of one aperture, 2nd iteration magnetic design version D.

multipole:
b3
b5
b7
b9
b11

Vs2D
units (10-4)
-1.78
-0.26
0.38
-0.4
0.18

Table 26: Harmonics in the magnet straight section with iteration 2 magnetic design, as obtained with ROXIE before iron geometry optimization. Coil design shown in Figure 9.

Bmax inner
Bmax outer
Imax inner
Imax outer
Bbore short sample
I short sample

Vs2D
12 T
6.931 T
14.98 kA
15.37 kA
11.06 T
14.98 kA

Table 27: Peak fields in inner and outer layer, critical currents in inner and outer layer, short sample limit main bore-field and short sample limit current before optimization of iron yoke geometry.
multipole:

b3
b5
b7
b9
b11

Vs2D
units (10-4)
4.78
0.17
-0.4
0.4
-0.18

Table 28: Harmonics in the magnet straight section at 15 kA with iteration 1 magnetic design, as obtained with OPERA2D for the iron yoke geometry developed for version 1. The interference between the apertures generates a skew quadrupole moment with 5.8 units.

Bmax inner
Bmax outer
Imax inner
Imax outer
Bbore short sample
I short sample

Vs2D
11.915 T
6.891 T
15.28 kA
15.59 kA
11.013 T
15.28 kA

Table 29: Calculated peak fields in inner and outer layer, critical currents in inner and outer layer, and short sample limit bore-field after implementation of version 1 iron yoke geometry.

5.5) 2D MAGNETIC DESIGN of COIL CROSS-SECTION VS 2 –OPTION E
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Figure 10: ROXIE plot of one quadrant of one aperture, 2nd iteration magnetic design version E.

multipole:
b3
b5
b7
b9
b11

Vs2E
units (10-4)
0.258
-0.394
0.283
-0.376
0.19

Table 30: Harmonics in the magnet straight section with iteration 2 magnetic design, as obtained with ROXIE before iron geometry optimization. Coil design shown in Figure 9.

Bmax inner
Bmax outer
Imax inner
Imax outer
Bbore short sample
I short sample

Vs2E
12.125 T
7.062 T
14.56 kA
14.65 kA
11.21 T
14.56 kA

Table 31: Peak fields in inner and outer layer, critical currents in inner and outer layer, short sample limit main bore-field and short sample limit current before optimization of iron yoke geometry.
multipole:

b3
b5
b7
b9
b11

Vs2E
units (10-4)
2.45
0.32
-0.3
0.39
-0.2

Table 32: Harmonics in the magnet straight section at 15 kA with iteration 2E magnetic design, as obtained with OPERA2D for the iron yoke geometry of version 1. The mutual interference between the apertures induces 5.6 units of skew quadrupole moment.

Bmax inner
Bmax outer
Imax inner
Imax outer
Bbore short sample
I short sample

Vs2E
11.935T
6.864 T
15.2 kA
15.74 kA
11.023 T
15.2 kA

Table 33: Calculated peak fields in inner and outer layer, critical currents in inner and outer layer, and short sample limit bore-field after implementation of version 1 iron yoke geometry.
5.6) 2D MAGNETIC DESIGN of COIL CROSS-SECTION VS 2 – FINAL TABLE

Vs
1
2A
2B
2C
2D
2E

Bore field at 4.2 K          (T)
11.16
10.4
10.74
10.82
11.01
11.02

Short sample limit current  (kA)
15.2
14.96
15.41
15.35
15.28
15.2

Limiting layer
in
in
in
in
in
in

Nr. of turns inner coil
18
18
18
18
18
19

Nr. of turns outer coil
19
17
17
19
19
18

Nr. of blocks
4
5
5
6
6
7

Mid-plane spacer thickness in outer coil               (mm)
2.2
1.3
0
0
0
0.8

Table 34: Comparison of design options for the common coil dipole model.

6) WARM YOKE DESIGN

In appeared that the effect of the iron yoke on the magnetic field in the bore is small in the block-type designs discussed above. The large coil surface together with the rectangular shape of the coil drives the iron yoke boundary away from the bore such that the iron contribution to the bore field, which is typically 20 % in the case of cos type magnets, is reduced to less than ~10%. In a warm yoke design the iron is outside of the cold mass and thus far from the bore having only negligible impact on the bore-field. The advantages of a warm yoke design are generally believed to be simplifications in the mechanical design and reductions in material cost. The former stems from the fact that brittle magnetic iron is not a good structural component. Furthermore its thermal contraction coefficient being smaller than that of other typical magnet materials results in design complications because of the dimensional mismatch between the iron yoke and other magnet components after cool-down. The reduced effect of the iron yoke on the bore field in this particular magnet, together with the above mentioned simplifications in the mechanical design make a warm yoke design an interesting alternative to the cold yoke approach. In addition the warm yoke design is a possible candidate for a coil-test fixture (“coil test facility”), which ideally operates without iron and uses an as simple as possible mechanical design. 

The following presents a possible warm yoke magnetic design. The aim has been to maintain the design goal of 11 T and retaining the basic features such as a 2-layer hybrid design and a 30 mm diameter bore. As will be shown, the compensation of field loss due to the removal of the iron takes a heavy toll in terms of number of turns. The number of turns in the above presented design is increased by 50% compared to the cold yoke designs. Several reasons explain the reduced efficiency of the additional turns. The coils of the cold yoke design are relatively big (at least compared to similar coils of the cos type). Additional turns are positioned further away from the bore, resulting in reduced efficiency. Filling the gaps close to the mid-plane, which appear in the cold yoke design, can result in a strong increase of transfer function – unfortunately to the detriment of field-quality. For example the cancellation of the positive sextupole moment produced by conductor close to the mid-plane requires conductor on top of coils, where as a consequence of the larger distance from the bore, the efficiency is low and thus the amount of required conductor high. Then, piling up conductor in the outer layer would not result in significant field gain because this region has a high magnetic field, limiting the overall performance of the magnet. The high field region can be pushed further up by lifting the inner coil. The coil design presented in the following shows all the above mentioned aspects.

6.1) STRAIGHT SECTION MAGNETIC DESIGN 

A possible coil configuration reaching 11 T without iron contribution is shown in Figure 11. As mentioned in the introduction this design has approximately 50 % more turns than a comparable cold yoke design. The problems encountered in the design were numerous. The top of the outer coil is in a high field region. To avoid growing of the outer coil into the high field region a hard bend outer coil configuration was chosen. In this way additional conductor can be added without pushing the coil into a high field region. As well for peak field minimization reasons the mid-plane block of the outer layer is moved outward. The second highest peak field occurs on the bore-side edge of this block. In addition the hard bend outer coil configuration improves the capability of the outer coil to withstand the horizontal Lorentz-forces from the inner coil. 

multipole:
b3
b5
b7
b9
b11

units (10-4)
-0.06
-0.04
0.13
-0.17
0.05

Table 35: Harmonics in the magnet straight section, as obtained with ROXIE.
Bmax inner
Bmax outer
Imax inner
Imax outer
Bbore short sample
I short sample

12.296 T
7.054 T
13.99 kA
14.7 kA
11.53 T
13.99 kA

Table 36: Peak fields in inner and outer layer, critical currents in inner and outer layer, short sample limit main bore-field and short sample limit current at 4.2 K.
The most efficient way to compensate for the loss of bore field due to the removal of the iron yoke is to place conductor in the inner layer mid-plane region. Unfortunately this demands a massive pile-up of conductor on top of the inner coil to compensate the sextupole component generated by the additional mid-plane turns. As a result of the decreased efficiency of turns placed far away from the bore many more turns are required for sextupole compensation that is required for the generation of the field errors. On the other hand the extra turns on top of the outer coil do not contribute strongly to the bore field, but they help to reduce the peak field on top of the outer layer. The magnetic performance of the coil shown in Figure 11 is listed in Table 1 and Table 2.

[image: image17.png]



Figure 11: Cross-section of 1 aperture of common coil dipole with warm yoke design.
The implementation of the coil shown in Figure 11 into a double aperture configuration with an outer iron shield (inner diameter: 250 mm) does not noticeably modify the field quality, with the exception of a skew quadrupole of –57 units, which appears as a consequence of the mutual interference between the coils of both apertures. The bore field is reduced by a considerable amount (-0.5 T), but it is believed that iron inserts in the center of the magnet can de-couple the upper and lower aperture parts of the coil, such that the initial (1-aperture) field level can be restored.  The magnetic performance of the coil shown in Figure 12 is listed in Table 37 and Table 38. An iron insert between the apertures can not only improve the field quality in the straight section but also reduce the peak field in the coil ends. A simulation with OPERA2D has shown that an iron insert between the apertures can reduce the outer coil peak field by 9%. The peak field in the inner-most layer of the outer coil is reduced to ~6.5 T in the case of an iron insert. Since this block is the most critical in the ends this margin could allow an end design.


[image: image18.wmf]
Figure 12: Cross-section of 2 aperture common coil dipole with iron shield (ID=250 mm).

multipole:
b3
b5
b7
b9
b11

units (10-4)
-0.15
0.04
0.12
-0.17
0.05

Table 37: Harmonics in the magnet straight section of the 2 aperture case with a far iron shield, as obtained with ROXIE. The mutual interference between the apertures generates a skew quadrupole moment of –57 units. The iron shield inner diameter is 250 mm.
Bmax inner
Bmax outer
Imax inner
Imax outer
Bbore short sample
I short sample

11.86 T
6.82 T
13.19 kA
13.6 kA
10.99 T
13.19 kA

Table 38: Peak fields in inner and outer layer, critical currents in inner and outer layer, short sample limit main bore-field and short sample limit current at 4.2 K.
The attempt to optimize the ends was not pursued any further.




Figure 1a: Coil cross-section, as obtained with ROXIE. Only one quadrant of one aperture is shown.
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