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Abstract:

1. Cables 
For the design of the dipole, two different cables were selected; the OST-cable used in the HD2 magnet, and a modified NED cable; both Nb3Sn cables.  Both are rectangular, suited to fit the block design approach.  Data for the two cables can be found in table 1.
Table 1.  Data for the two cables used for the designs.  Width and the thickness include insulation. 
[image: image2.emf]Cable

Width (mm)

Thickness 

(mm)

# of strands

Strand diameter 

(mm)

Insulation (mm) Cu/Sc 

OST 22.22 1.62 50 0.8 0.11 1

NED 27.12 2.495 40 1.25 0.11 1.25


The critical surface for Nb3Sn can be expressed with the Kramer scaling law:
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The two constants C and B*c2 can be adjusted to fit measured values.  These values are given in table 2, for each cable at 1.9 and 4.2 K.  Note that this is the superconductor current density, calculated only over the cross section of the superconducting filaments in the cable.  To get the more practical current density over the whole cable, a constant κ has to be multiplied, called the filling factor.  The filling factor is 0.349 for the OST cable and 0.322 for the NED cable.  The current density calculated over the whole cable area, including insulation, is called engineering current density:



[image: image4.wmf]2

*

2

1

)

,

(

÷

÷

ø

ö

ç

ç

è

æ

-

=

c

c

B

B

B

T

C

j

e

k

.
(2)
The critical surfaces for the NED and OST cable can be found in figure 1, and the engineering critical current densities can be found in figure 2. For the NED cable, measured values at 4.2 K are shown in table 5, as well as extrapolated values at 1.9 K.
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Figure 1:  Critical current densities in the superconductor part of the OST and NED cable, at 1.9 and 4.2 K.
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Figure 2: Engineering critical current densities for the OST and NED cable, at 1.9 and 4.2 K.
Table 2. The C and B*c2 values, corresponding to Kramer’s scaling law for each cable and temperature.
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 C [A sqrt(T)/mm

2

]

47441 42317 35461 32357

B*

c2

 [T] 27.93 26.09 27.92 25.38


Table 5.  Measured critical currents at 4.2 K for the NED cable, and corresponding critical current densities. jc_sc is the current density in the superconductor, while jc is the engineering critical current density.  At 1.9 K, the values are extrapolated.
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A simplified fitting function is the following:
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Although simpler, this function aligns to the real critical surface very well, see [].  κ is still the filling factor, with the same values as before, b is the upper critical field at jc=0, and c is a scaling constant.  The values for b and c are, at 1.9 K: b=23.6 T, c=4.5e9 A/mm2 for the OST cable and b=23.5 T, c=3.48e9 A/mm2 for the NED cable.  This fitting function was used for comparing the proposed cross-sections to analytical scaling laws. 
2. Electromagnetic design
The design requirements were a block-type design with a 50 mm aperture radius.  The aim was to get a 15 T operational field at 1.9 K, with a margin of 80-90%, i.e. a short sample field of 16.5 to 18 T Using the semi-analytical scaling law [], one finds that for a cable with 2500 A/mm2 current density at 12 T and 4.2 K, and a filing ratio of 0.3, to get 16.5 to 18 T one needs a coil width of 60 to 90 mm (see Fig. ?)..
2.1. Designs without an iron yoke

The design procedure started with the optimization of the field quality.  First the case without the iron yoke was considered, to speed up the optimization.  Since the iron yoke only have a small impact on the first couple of multipoles, these effects can corrected later on. 
The blocks have been arranged following the shape of a cos coil. With a 100 mm aperture and a 75 mm coil, the height of the sector is approximately 100 mm, thus requiring four layers of a cable of 22-27 mm width. Making one block per layer would give 8 free continuous parameters (the vertical and horizontal position of each block) to use to optimize the first 5 low-order harmonics. We found that this freedom was not enough, and therefore we decided to split each layer in two blocks, possibly with the exception of the top one. This provides 7-8 blocks. In principle each block has two independent continuous parameters, plus a discrete variable (the number of cables, i.e.i its width). This makes 14-16 continuous parameters; indeed the blocks on the same layer should have the same vertical position, thus reducing the number of free continuous parameters to 11. These are enough to cancel the five low-order multipoles b3 to b11. 
A typical design is shown in figure 3, together with the block numbering.  Note that the peak field is located in the third layer, on block number 6. After the stress calculations were done, it was realized that this block cannot be too big, due to the large accumulated forces which will have a squeezing effect on block 5 (see Section 3). Therefore, after this was realized, block number 6 was systematically made smaller.  This can be seen in the development of the coils cross-sections, which are displayed in figures 4 through 8.  A total of 8 designs were made with the OST cable, (see Figs. 4 and 5), and 15 designs were made with the NED cable (see Figs. 6-8).  The stress problem in the third layer was understood after OST design 7 and NED design 5.  The subsequent designs all have smaller block number 6. 
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Figure 3: Magnetic field map of OST-design 5.
[image: image11.png]i

0 20 40 60 80 100120140160
X (mm)



[image: image12.png]i

0 20 40 60 80 100120140160
X (mm)




[image: image13.png]i

0 20 40 60 80 100120140160
X (mm)



[image: image14.png][«

20 40 60 80 100120140 160
X (mm)




Figure 4: OST designs 1-4
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Figure 5. OST designs 5-8
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Figure 6. NED designs 1-6
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Figure 7. NED designs 7-12
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Figure 8. NED designs 12-15

Data relative to the short sample values of field, current, and ratio λ between peak field and central field, without iron yoke, can be found in Table 6 (OST cable) and in Table 7 (NED cable).  In these tables, the Ncon is the total number of conductors, or turns of cable, in each quadrant of the coil.  The weq is called the equivalent width, i.e. the width of the 60° coil having the same area A as the block coil, defined as


[image: image34.wmf]r

r

A

w

eq

÷

÷

ø

ö

ç

ç

è

æ

-

+

º

1

2

3

1

2

p

,
(4)

where r is the aperture radius. The equivalent width ranges from   The ratio weq/r is called the aspect ratio, and ranges between 60 mm and 120 mm. For comparison, the HD2 and D20 coils have an equivalent with of around 45 mm, and the LHC dipole of 30 mm. The large amount of coil is needed to get a 16.5-18 T short sample. The aperture radius is 50 mm for all designs, but on the midplane has a distance to the centre of 60 mm to leave some room for a mechanical structure as in the HD2 design.  All of these solutions have b3 to b11 within one unit.  The values of the multipoles and the position of the blocks can be found in appendix A.
Table 6: OST design data.
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Table 7: NED designs data
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  The short sample field monotonously increases with the area of the coil, therefore also with the equivalent width.  The short sample field and the critical current densities are plotted versus the equivalent width in figure 9 and figure 10 for the OST-designs and in Figure 11 and 12 for the NED-designs.  The analytical benchmark relative to the cost coil, given by


[image: image37.wmf]÷

÷

ø

ö

ç

ç

è

æ

-

+

=

1

1

4

2

lg

k

g

k

c

b

c

B

ss

,
(4)
for the short sample field, and
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for the critical current density is also shown. The block designs provide around 1-2 T less short sample field than the corresponding cos design using the same quantity of cable, and around 50 A/mm2 in current density.
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Figure 9. Short sample field in the bore for the OST-designs, at 1.9 K.
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Figure 10. Short sample engineering current density for the OST-designs, at 1.9 K.
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Figure 11. Bss for the NED-designs, at 1.9 K.
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Figure 12. Enginering jc for the NED-designs, at 1.9 K.
2.2. Designs with an iron yoke
To get a more accurate picture, an iron yoke has to be added.  The simulation was done in Roxie. Only the designs that were interesting from a stress point of view will be displayed. These are NED designs 9-14 (see Section 3). By adding a cicrculn iron yoke, the first multipoles are slightly altered; b3 by about 15 units and b5 by about 2.  The effect on the other multipoles is negligible.  This can easily be reoptimized in Roxie, by a Newton method.  The new values for jc, Bss and Bp are displayed in table 8.  The peak value Bp is plotted versus the equivalent width in figure 13.  The peak field is located on the inner block in the third layers for all NED designs; see appendix A for all complete field maps.
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Table 8.  Data for NED designs 9-14, with the effect of an iron yoke.
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Figure 13.  Peak field in the coil, Bp, shown for the interesting NED designs with the effect of the iron yoke.  The extrapolated values of the NED cable are displayed as a reference. 
The operational field usually corresponds to 80% of the critical current, to have a safety margin.  The field approximately depends linear to the current, so estimation of the field, current and current densities at 80% and 90% of the critical current are displayed in table 9.  Also the current corresponding to 15 T is displayed; this value has been taken from the simulation in Roxie and is accurate.  The last line shows the safety margin at 15 T, to see how well the design meets the design requirement.
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Table 9. Estimation of the field, current and current density at 80% and 90% of the critical current. 
3. Stress analysis

Since Nb3Sn is a brittle material, unlike the strong Nb-Ti, stress analysis is crucial to determine the physical viability for a certain design.  The stress should not exceed 150 MPa anywhere in the conductors, at operational field (about 80% of the short sample field).  The stress analysis was done in the ANSYS software.  Two analyses per coil were made; one simulating that the whole coil is glued together, whereas the other had sliding in the horizontal direction between each layer.
3.1. OST-design 5

The first coil that was selected for stress analysis was the OST-design 5, due to the compactness of the design and the straight right side of the coil, the later making the winding procedure easier.  Figure 14 shows the stress distribution in the x-direction, at short sample field, in this case the critical current density is 530 A/mm2.  Here the sliding condition is applied, meaning the blocks can slide without friction in the x-direction.  There is a mechanical constraint at the right side of the outer blocks (1, 3, 5 and 7) disallowing these blocks to move.  This constraint simulates the effect of the collars, holding the coil in place.  The sliding condition is in much sense the worse case, since there is nothing holding back the inner blocks, resulting in a squeezing effect on the outer blocks.  The most critical area is block 4 and 5 in the third layer, where we have the peak stress, in this case reaching over 300 MPa.  Figure 15 shows the stress distribution in the y-direction for the same design.  Figure 16 and 17 show the stress distribution in the same coil with the glued condition.  We see that the accumulated stress is lower in block 5, below 130 MPa in the x-direction.  The real case will be somewhere between the two scenarios analyzed, with friction between the layers, but since sliding represent the worst scenario regarding the accumulated forces, the stress design will be done mostly with the sliding condition in focus.  
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Figure 14.  Stress distribution on OST-design 5, in the x-direction with the sliding condition, at the critical current.
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Figure 15.  Stress distribution in the y-direction for OST-design 5, horizontal sliding, at critical current.
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Figure 16. Stress distribution on OST-design 5, in the x-direction with everything glued, at the critical current.
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Figure 17. Stress distribution in the y-direction for OST-design 5, everything glued, at critical current.

3.2. OST-design 7
We saw that the peak stress in OST 5 was well above the limit of 150 MPa.  The first idea to tackle this problem was to see if the stresses could be decreased if the current density was lower.  To lower the current density, the coil area is increased.  Therefore, the biggest coil was selected; OST 7, with a critical current density of 375 A/mm2.  The stress is proportional to the square of the current density, so in theory this could work.  Figure 18 shows that this is not the case; we have stresses well above 300 MPa.  The biggest problem is yet again in the third layer, in block 5.  Despite the lower current density, we have about the same magnitude of stress.  A plausible explanation could be that when the area is increased, there are also more conductors and the accumulated Lorentz forces for every conductor add up.  Another reason could be that the peak field located on block 6 is increased as well.  Therefore, the next scheme of action is to make block 6 smaller, in that way we have less conductors pushing on block 5.  This approach was adopted for OST-design 8 and for NED-design 6 and onward.
[image: image50.png]1 ANSYS 11.0
DEC 15 2008
18:06:19
soLuTION

AVRESlat
448E-03
3858409
215407
~.385E409
-.342E409
-.299E409
-.256E409
-.213E409
- 170409
-.127E409
-.840E+08
-.409E+08
2158407

EE]

I000EECEN





Figure 18.  Stress distribution on OST-design 7, in the x-direction with horizontal sliding, at the critical current.
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Figure 19.
3.3. NED-design 9

In NED-design 9, conductors have been moved from the middle of the third layer, and formed a new block in layer four, adding up to eight blocks in total.  The effects can be seen figure 20; now the peak stress is considerably lower, at 200 MPa at short sample limit.  At operational field this stress should decrease with a factor ~ 0.82, which will put the design within the acceptable stress limit of 150 MPa.  In this design also the iron yoke is added, we then have a critical current density of 374 A/mm2 and a peak field of 17.5 T.  Figure 21 shows the stresses in the y-direction, which usually do not cause any problem.  That is the case here as well, with all stresses under 125 MPa.  The stresses at 80% of the critical current in x-direction are shown in figure 22, placing the design under 135 MPa everywhere. 
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Figure 20.  Stress distribution on NED-design 9, in the x-direction with horizontal sliding and iron yoke, at the critical current.
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Figure 21. Stress distribution on NED-design 9, in the y-direction with horizontal sliding and iron yoke, at the critical current.
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Figure 22.  Stress distribution in NED-design 9, in the x-direction with horizontal sliding and iron yoke, at 80% of the critical current: 299 A/mm2.

While this scheme proved successful, the next step is to try to increase the coil area further, to push the field strength as high as possible.  NED designs 10-14 were designed with this goal in mind.
3.4. NED-design 11
The first idea was to increase sector 1 and 3, since this area generally is a low stress region, from experience.  This was done in design NED 10 and NED 11.  The result from the biggest one, NED 11, is displayed in figure 23.  Note that going from a straight right border to the step-like shape is causing a peak stress in the corner of block 5.  This peak in the corner was also present with the gluing condition applied.  Except the peak, the stresses stay below 250 MPa, which is at the limit of what is acceptable if the stresses at operational field should stay around 150 MPa.  The stresses in the y-direction is not of any concern, if one neglects the peak stress in the corner, see figure 24.  

NED-design 10 had similar stress distribution and magnitudes as NED-design 11.  
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Figure 23. Stress distribution on NED-design 11, in the x-direction with horizontal sliding and iron yoke, at the critical current.
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Figure 24.  Stress distribution on NED-design 10, in the y-direction with horizontal sliding and iron yoke, at the critical current.

3.5. NED-design 12
The following design, NED 12, had the same numbers of conductors as NED 11, but with the straight right side approach from NED 9, to see if this type of design is still successful at higher fields.  From figure 25 we see that the stress magnitude is about the same as for NED 11, but in this case we do not have the concentrated peak stress in the corner.  The stress in the y-direction was under 125 MPa everywhere.
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Figure 25.  Stress distribution on NED-design 12, in the x-direction with horizontal sliding and iron yoke, at the critical current.
3.6. NED 13

If one has a straight right edge, it seems that high peak stresses can be avoided, judging from the experience of NED 9 and NED 12.  This approach was followed with NED 13, but here all four outer blocks were extended, to give a larger coil area and higher field.  The result can be seen in figure 26.  The stresses have now increased, with the highest value of 307 MPa in block 7.  This is just above what is acceptable considering the operational field.  However, the stress in the glued coil is more uniform spread and stays below the acceptance limit, see figure 27.  This is good to keep in mind, since the real case will be between the two.  Stresses in y-direction are not of any concern in either case.  
[image: image58.png]1 ANSYS 11.0
DEC 2 2008
14:38:07

NODAL SOLUTION

637E-03
L307E409
_332E407
-.307E+09
-.273E408
-.239E409
-.206E409
-.172E409
-.138E409
-.104E+09
-.708E+08
-.370E+08
-.332E407

I000R000N &





Figure 26.  Stress distribution on NED-design 13, in the x-direction with horizontal sliding and iron yoke, at the critical current.
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Figure 27. Stress distribution on NED-design 13, in the x-direction with gluing condition and iron yoke, at the critical current.

3.7. NED 14 – Adapted for hybrid coil approach

We note that the peak stress is in the most outer area of the coil.  One idea to avoid the peak stress in the brittle Nb3Sn is to use Nb-Ti in the high stress, low field region to the right.  NED 14 is similar to NED 13, but the right part of the coil is split in two; forming 12 blocks instead of 8.  The idea is to use Nb-Ti in block 1, 4, 7 and 10, and Nb3Sn in all the other blocks.  See figure 28 for the stress distribution.  Here the middle blocks, which are made of Nb3Sn, are in the region of 260 MPa or less, and the high region of 300 MPa are concentrated in the Nb-Ti blocks.  The glued coil is showed in figure 29.
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Figure 28.  Stress distribution on NED-design 14, in the x-direction with horizontal sliding and iron yoke, at the critical current.

[image: image61.png]ANSYS 11.0

DEC 10

2008

112237
NODAL SOLUTION

STE
suB
TIE:
%

RaT:

(a75)

PoverGraphics

EFACET-

1

AVRESlat
DI =. 4478-03

am

208E+09

X =.190E+08

I000EECEN

2088409
_1a2E409
1578409
_132E409
1078403
_B17E408
_s65E+08
_313E408
_6laE407
- 1o0E+08




Figure 29. Stress distribution on NED-design 14, in the x-direction with gluing condition and iron yoke, at the critical current.

The stress values for each design can be found in table 8 and 9, at short sample field.  The peak columns are referring to concentrated peak stresses, considerably higher in a small region than everywhere else, as the stress in the corner in NED 11.  These peak stresses only existed in NED 10 and NED 11, due to the step like right side.  The uniform column indicates the highest value of the stress, but spread over a larger, more uniform area.  In table 10 and 11 the current have been scaled to 80 % of the critical current, hence showing the approximate values at operational field.
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NED 9

92 70

16.6 374 - 160 - 200

NED 10

135 91

17.6 301 390 216 285 254

NED 11

157 101

17.8 276 522 227 287 256

NED 12

157 101

17.8 276 - 174 - 260

NED 13

199 118

18.5 242 - 195 - 307

NED 14

213 123

18.5 238 - 208 - 300
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Table 10.  Stress values for the analyzed NED designs in the x-direction, at short sample field.
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NED 9

92 70

16.6 374 - 110 - 125

NED 10

135 91

17.6 301 253 125 244 117

NED 11

157 101

17.8 276 272 80 243 120

NED 12

157 101

17.8 276 - 127 - 122

NED 13

199 118

18.5 242 - 125 - 116

NED 14
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18.5 238 - 113 - 107

Short sample field Stress values y-direction (Mpa)


Table 11.  Stress values for the analyzed NED designs in the y-direction, at short sample field.
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NED 9

92 70

13.3 299 - 102 - 128

NED 10

135 91

14.1 241 250 138 182 163

NED 11

157 101

14.2 221 334 145 184 164

NED 12
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14.2 221 - 111 - 166

NED 13
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14.8 194 - 125 - 196

NED 14
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Table 12.  Stress values for the analyzed NED designs in the x-direction, at 80% of short sample field.
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NED 9

92 70

13.3 299 - 70 - 80

NED 10

135 91

14.1 241 162 80 156 75

NED 11
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NED 12
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Table 13.  Stress values for the analyzed NED designs in the y-direction, at 80% of short sample field.

appendix A: magnetic Field maps
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Figure 30.  Magnetic field map for NED 9.
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Figure 31.  Magnetic field map for NED 10.
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Figure 32.  Magnetic field map for NED 11.

[image: image69.png]Time(s): 1.





Figure 33.  Magnetic field map for NED 12.
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Figure 34.  Magnetic field map for NED 13.
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Figure 35.  Magnetic field map for NED 14.
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