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Some Thoughts on Wire Design for SIS300
1.  Introduction
This report is intended to provides some background information for discussions about the form of the wire to be chosen for SIS300.  At the Oct 05 ECOMAG meeting in Frascati, I think we came to some important conclusions about this wire:

a) Single stacking produces the lowest filament distortion but stacking the enormous numbers of rods required (23000 for 3.5m filaments and 45000 for 2.5m) is not a practical process.  So we probably have to accept the distortion of a double stack process and make the filaments proportionately finer.

b) Cu-0.5%Mn is good for suppressing proximity coupling and has a resistivity which is much higher than pure Cu, but not too high (in my view Cu-15%Ni has a too high resistance – and too low thermal conductivity).

c) Cu-0.5%Mn is much better matched to Cu in deformation characteristics than is Cu-15%Ni.

d) Only the minimum amount of CuMn needed to minimize coupling should be used in the wire, elsewhere pure Cu should be used because it improves stability and quench protection.

The measurements on IGC wire B944-2 analysed in [1] show that CuMn is effective in raising the effective transverse resistivity to the level that we need for SIS300, and that this resistivity can be calculated to reasonable accuracy using the methods of Duchateau et al [2], which are copied in Appendix 29-4. 
Here I calculate the effective transverse resistivity for four different wire designs using the methods of [2].  I then check on dynamic stability to see if there is enough copper close enough to the filaments, and finally I calculate the losses in a SIS300 dipole using each of the 3 wire designs.

I am grateful to Giovanni Volpini for recently pointing out an error in my Mathcad formulae for the area of a shell around the outside of a hexagon in version 1.  This version 2 corrects that error, plus an error in the distortion factor [1] and adds some further considerations about the choice of parameters.  New items are shown red in the text and highlighted pink in the Mathcad appendices.  
2. Methods of Calculation

Appendices 29-1, -2, -3 and -4 present the calculations of wire geometry, effective transverse resistivity and dynamic stability for three different wire designs.  
2.1 Wire Geometry:  In section 1, I build up the wire geometry starting from hexagonal rods of NbTi coated with CuMn, stacking these for extrusion into an intermediate bundle and then stacking them again for extrusion to the final wire.  Although I schematically follow the extrusion process, all dimensions are calculated for the wire at its final size of 0.85mm diameter.  The filament diameter is chosen to be equivalent to a round filament of 3.5m.  From [1], I take a measured distortion factor of 1.23, which implies an actual diameter of 2.84m or, for the same area, a hexagon of 2.71m across flats. 

Of course the filaments and bundles of filaments do not fit precisely into the extrusion container, so I use the trick of defining the container to have the same internal area as its contents – which implies some distortion to fit.  Having fixed the filament diameter and wire diameter, the matrix/superconductor ratio depends only on the number of filaments.  For Appendices 29-1, -2, -3, I choose 34,225 filaments, in groups of 185(185, which gives a matrix/superconductor ratio of 1.6:1.  This ratio is somewhat higher than we have talked about, but I found it difficult to get lower ratios while keeping enough copper near to the bundles and in the outer jacket.  Similarly, the number of filament in each bundle and the number of bundles in the wire are chosen arbitrarily, although in practice one is restricted to certain ‘magic numbers’ which fit nicely into the extrusion container.  We need to discuss both these points with the manufacturers.
How much Cu and CuMn can be put in each location is limited by the ratio‘s/d’ (where s is filament or bundle spacing and d is filament or bundle diameter).  Note that s/d is mainly determined by manufacturing considerations (stability during extrusion and ‘sausaging’ during wire drawing).   Based on some informal conversations, I have taken a provisional working range for s/d  to be between 0.15 and 0.3.  But I stress that this is a provisional assumption, which needs to be refined by detailed discussions with the manufacturers.  In this version 2, I have added a criterion on s/d at the final extrusion stage, where s/2  is now the thickness of the outer jacket.  The outer jacket is important not only for extrusion and drawing the wire, but also for compacting the cable, when it serves as a cushion to shield the filaments from damage.  Where the outer jacket consists of concentric shells of Cu and CuMn, I have defined  s/d  for the two shells together.  For manufacturing, the might imply making a composite tube by a separate operation of tube extrusion.  
In all cases I fix s/d  for the outer layer to be the assumed minimum of 0.15, so that any extra copper might be put as close to the filaments as possible.  In Appendix 29-4, I reduce the number of filaments, allowing the matrix ratio to rise, and place the extra copper close to filaments up to the maximum allowed by s/d < 0.3 at the second stage of extrusion.  
In calculating the dimensions, I use my own nomenclature where d is the distance across hexagon flats and A is area; subscripts n, m, c refer to NbTi, CuMn subscripts i, o and r refer to inner, outer and core dimensions, and subscripts 1, 2 and 3 refer to the first, second and third extrusions.   When calculating the effective transverse resistivity I change to the nomenclature of [2].  
2.2 Effective Transverse Resistivity:  To preserve continuity from previous work, I continue to work in terms of effective transverse resistivity rather than the time constants favoured by Duchateau et al.  The two are of course equivalent.  In [2], the time constants of all regions in the wire are added to get the overall time constant, which is equivalent to adding the reciprocals of the resistivities to get the effective resistivity of all the regions in parallel.

The resistivity of Cu-0.5%Mn is taken from [3] to be 25(10-9 m.   Magnetoresistance of copper is calculated from the fits of Fickett [4] as described in my report 19.  I choose a resistivity ratio RRR = 100, but this can be changed when we get more measurement data.  For convenience of handling in Mathcad, I make all the resistivities to be functions of B.  Following Fickett’s data, they are not quite linear.  At the end however, for comparison with previous work and also for use in the Excel spreadsheet for magnet losses, I make a straight line fit to the function ef(B). 
I define arbitrarily the copper core to be 0.1mm diameter and calculate ec exactly according to [2].  Resistivity across the filamentary region is not so easy because here we have filaments surrounded by a CuMn barrier and grouped into bundles which are immersed in a ‘sea’ of copper.  This is not quite the same as Duchateau et al, who treat the simpler case where each filament (surrounded by its barrier) is immersed in the sea of copper.  Because I can’t think of a better way to calculate the bundle case however, I just use the Duchateau formulae.  Referring to section 2.3 of App 29-1, it is interesting to compare the formula: 
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with the two extreme cases defined by Carr [5] of good contact and poor contact between the filaments and matrix:
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As will be seen later, the values found for (1) always indicate poor contact with a CuMn barrier, which shows that the resistivity of CuMn is sufficient for our purposes.
In section 3.3 and App 29-3, I propose a wire in which the bundles of filaments are enclosed in copper, with a CuMn barrier around the outside.  The matrix thus becomes a honeycomb structure with a web of CuMn barriers as shown in Fig 1(a).  Calculating the resistivity of this material is simplified when there is poor contact to the filament bundles because we do not need to consider the current paths through the filaments.  I simplify further by treating it as a series of squares as shown in Fig 1(b).  In section 2.3 of App 29-3, I calculate the resistance between opposite faces of the dotted square shown in Fig 1(b) and then convert to an effective resistivity.
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Fig 1: (a) part of the ‘honeycomb’ matrix formed by putting CuMn barriers around the pure Cu enclosing bundles of filaments  (b) approximation as an array of square bundles.

The effective resistivity of the outer barrier and copper jacket are calculated exactly as [2], with the addition of an outer barrier in wires B and C.  Finally the reciprocals of all these resistivities are added to get the overall resistivity in parallel.

2.3 Dynamic Stability:  I share with many others the feeling that it is important to have copper in close proximity to the NbTi filaments in order to promote stability against magnetic and mechanical disturbances.  Ideally the copper should be right against each filament, but this is not desirable for reasons of proximity coupling and filament distortion.  So the obvious place to put copper is outside each bundle of filaments.  This raises the question of whether the copper is close enough to stabilize all filaments in the bundle.  I estimate this by considering each bundle as a ‘macro filament’ and then applying the classical dynamic stability criterion to that macro filament.  Eq 3 defines a characteristic distance [6] for the heat to be conducted out of the filament faster than it is being generated.
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consider each bundle to be a 'macro filament'

and apply the criterion for dynamic stability
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In section 3 of App 29-1,2,3 I calculate dst  using an estimated thermal conductivity k  for the overall macro filament and a local value for , the filling factor of NbTi in the local sea of copper.  For a round filament, a runaway instability can occur when the (round) macro filament diameter dr > 4(2dst .  Putting in a safety factor, I say that dynamic stability is satisfied when the hexagon width of the macro filament dh < 4dst.

3 Results for the Chosen Wires

I calculate for four wires, the first one like B944-2 with CuMn around each filament and three others with additional CuMn barriers at the later stages of extrusion. 

3.1 Wire A:  Fig 2 illustrates the build up of wire A.  The NbTi is enclosed in a CuMn barrier, drawn down to hexagonal rod, cut into lengths and stacked inside a copper container which is then drawn down to hexagonal rod.  These rods are then stacked in another copper container and drawn down to round wire.  The  s/d ratios at first and final extrusions are fixed at 0.15 which, for the chosen filament number of 185(185, makes s/d  at the second extrusion = 0.21 and the thickness of copper shell around each bundle of 185 filaments = 4.5m.       
[image: image7.emf]
Fig 2: Build up of wire A

App 29-1 presents details of the calculation

3.2 Wire B:  Fig 3 illustrates the build up of wire B.  The bundles of filaments are as for A, but they are then stacked into a copper container which is lined with a CuMn barrier.  The  s/d ratio for this composite Cu+CuMn shell is fixed at 0.15.
[image: image8.emf]
Fig 3: Build up of wire B 
App 29-2 presents the calculation
3.3 Wire C:  Fig 4 illustrates the build up of wire C.  The filaments are as for A, but they are then stacked into a copper container with a CuMn barrier around the outside.  When these bundles are re-stacked into the final wire, they produce a ‘honeycomb’ structure of barriers which ensures that there is no unimpeded copper path across the filamentary region.  For the barrier thickness, I choose 1m.  Although we have not put a separate outer barrier in place, the outer CuMn layers of the bundles join to form a continuous barrier between the filamentary region and the outer jacket, so I include this as an outer barrier region.  
[image: image9.emf]
Fig 4: Build up of wire C

App 29-3 presents the calculation
3.4 Wire D:  Because the restrictions on s/d  for the outer jacket have reduced the amount of copper near to the filaments (where I believe it is beneficial for stability), in this version 2 I run a fourth wire in which I reduce the number of filaments far enough to allow  s/d to be the maximum of 0.3 at the second stage of extrusion.  This puts as much copper as possible near to the filaments.

3.5 Comparison of the four  wires:  Table 1 lists the s/d factors, filling factors and effective transverse resistivities for all 4 wires.
Table 1: Filling factors and effective transverse resistivities
	
	wire(
	A
	B
	C
	D

	numbers of filaments 
	
	185(185
	185(185
	185(185
	172(172

	s/d at 1st extrusion
	
	0.15
	0.15
	0.15
	0.15

	s/d at 2nd extrusion
	
	0.21
	0.21
	0.21
	0.3

	s/d at 3rd  extrusion
	
	0.15
	0.15
	0.15
	0.15

	percentage NbTi in the wire
	nt
	38.4%
	38.4%
	38.4%
	33.2%

	percentage CuMn in wire
	m
	12.4.0%
	14.4%
	18.0%
	16.2%

	percentage Cu in the wire
	c
	49.3%
	47.2%
	43.6%
	50.7%

	percentage Cu near to filaments
	cnt
	23.5%
	23.5%
	17.9%
	24.8%

	matrix:superconductor ratio
	
	1.61
	1.61
	1.61
	2.02

	resistivity across the core 
	ec(0)
	1.1(10-8m
	1.1(10-8m
	1.1(10-8m
	1.1(10-8m

	resistivity across the filamentary region
	 ef (0)
	5.7(10-10 m
	5.8(10-10m
	2.6(10-9m
	2.1(10-9m

	around the outer barrier 
	eb (0)
	
	2.3(10-8m
	7.4(10-8m
	7.3(10-8m

	around the outer Cu jacket 
	eo(0)
	2.3(10-9m
	3.5(10-9m
	2.5(10-9m
	2.5(10-9m

	overall transverse resistivity  for the wire   
	et(0)
	4.4(10-10m
	4.6(10-10 m
	1.11(10-9 m
	1.01(10-9 m

	gradient of et vs B
	m
	0.90 (10-10 m.T-1
	0.85 (10-10 m.T-1
	1.8 (10-10 m.T-1
	1.5 (10-10 m.T-1

	dynamic stability parameter
	4dst
	0.115mm
	0.115mm
	0.100mm
	0.127mm

	width of hexagonal bundle
	dci2
	0.042mm
	0.042mm
	0.042mm
	0.041mm


The effective transverse resistivity is presented in our usual way:


ef(B) = ef(0) + mB
We may compare the calculated resistivity for wire A with the measurement on a similar wire [7], which gave ef(0) = 4.15(10-10m, in good agreement with calculation.   But the measured magnetoresistance term  m = 1.9(10-10m is about twice the calculated value.  Unfortunately we have no magnetoresistance data for CuMn and I assumed none in the calculation, but perhaps the ferromagnetic Mn is giving us a large effect.
It may be seen that the additional barrier in wire B has made very little difference to the resistivity.  This is because the resistivity of the current path around the outer jacket is already rather high, so making it higher has little effect on the overall resistivity.  Nevertheless, both wires A & B have much higher resistivity than the straight copper wires, where ef(0) is ~ 1(10-10m.
By putting the CuMn barriers round each cluster, Wires C and D attack the main conduction path across the wire, which is through the filamentary region.  It may be seen that, in this way, a further factor 2½ increase in ef(0) may be achieved, with a factor 2 increase in the magnetoresistance term.  The limit imposed on  s/d  at final extrusion stage reduces the amount of copper near to the filaments in wire C.  I therefore run wire D, which has a reduced filament count enabling more copper to be used at the second extrusion stage, where it is close to the filament bundles.  This extra copper should improve the stability, but of course it does increase the matrix:superconductor ratio and reduce the filling factor.

Finally, the last two rows of Table 1 show that the size of the bundles of filaments in all wires is less than the dynamic stability parameter.  This should mean that all wires are stable, but I still have the intuitive feeling that those with more copper close to the filaments will be better in this respect.     
4. Loss in a SIS300 Dipole.
App 29-5 calculates the loss per metre of a SIS300 dipole at 1T/s using each of these four wires.  The method and all other parameters are as described in my Rep 20(1).  Table 2 presents the results and Table 3 the key parameters used in the calculation.  

It may be seen that hysteresis loss dominates throughout and that wire B gives no significant reduction in coupling loss.  Wire C has produced a significant saving in filament coupling loss – some 13% or 11.6 joules per cycle.   If we are able to produce coatings with higher Ra the percentage saving would be greater.
Table 2: Loss per metre in a SIS300 dipole using the four wires.

	
	loss per cycle (Joules)

	
	A
	B
	C
	D

	transverse crossover
	3.2
	3.2
	3.2
	3.2

	transverse adjacent
	21.3
	21.3
	21.3
	21.3

	parallel adjacent
	0.2
	0.2
	0.2
	0.2

	filament coupling
	20.2
	20.0
	8.6
	9.7

	hysteresis
	43.2
	43.2
	43.2
	43.2

	delta hysteresis 
	1.1
	1.1
	1.1
	1.1

	total hysteresis
	44.2
	44.2
	44.2
	44.2

	total magnet
	89.2
	89.0
	77.6
	78.7


Table 3: Key parameters of the SIS300 dipole

	cable half width 
	c       m
	7.64E-03

	cable half thickness 
	b       m
	8.44E-04

	cable twist pitch
	p       m
	1.00E-01

	number of strands
	N
	36

	wire radius
	aw     mm
	0.4125

	cable filling factor
	c
	0.880

	wire filling factor
	w
	0.847

	 matrix ratio
	mat
	1.61

	filament diameter
	df m
	3.5

	wire twist pitch
	pw mm
	6.0

	 max magnet current
	Iext      A
	5954

	 max aperture field
	Bext     T
	6.00

	crossover resistance 
	Rc     
	20(10-3

	adjacent resistance 
	Ra     
	100(10-6

	 min magnet field 
	Binj     T
	1.6

	 min magnet current
	Iinj      A
	1588

	ramp rate
	dB/dt  T/s
	1.0

	 cooking factor transverse Rc
	ftc
	1.00

	 cooking factor transverse Ra
	fta
	2.00

	 cooking factor parallel Ra
	fpa
	1.00

	 cooking factor hysteresis
	fh
	1.00

	crossover resistance
	Rc       
	2.00E-02

	adjacent resistance
	Ra      
	1.00E-04

	Modified Kim Anderson 
	J0    Am-2
	3.50E+10

	Modified Kim Anderson
	B0    T
	0.149

	Modified Kim Anderson
	A0
	5.00E+09

	Modified Kim Anderson
	A1
	-7.0E+08


5. Concluding Remarks

All the wires looked at here would be acceptable for SIS300.  The resistivity calculation for Wire A really tells us nothing new because we already have the measured value for B944-2.  Nevertheless, the agreement does give some confidence in the calculations for B and C.  Furthermore, the calculation tells us that we are close to the limiting condition of ‘poor contact’ between filament and copper – so there will be no benefit from making the barrier next to the filament thicker or going to a higher resistance material like CuNi.  What is new for wire A is the dynamic stability calculation which shows that some copper next to the bundles of filaments is really useful in improving stability.

The extra barrier in wire B brings only a very small benefit for the overall resistivity and I don’t think it is worth it.

Wire C brings a substantial improvement in resistivity for a modest increase in CuMn content and I recommend that this configuration is discussed further with the manufacturers.   Wire D gives virtually the same resistivity, with the stability benefit of more copper close to the filament bundles, but with the penalty of a rather high matrix to superconductor ratio.  
I don’t believe that it will be possible to make any of these wires with our original target ratio of 1.4:1. 
The most important unknown in all these calculations is the allowed range of  s/d.   My recommendation therefore is that the manufacturers interested in this project should be asked to agree on upper and lower limits for  s/d, both for a simple copper shell and also for a concentric Cu / CuMn shell.  Within these working limits, the magnet designers will then be able to re-run the calculations presented here in order to optimize the trade-offs between loss, stability and filling factor.  In that way we should be able to arrive at the best possible wire design for SIS300. 
For all the wires, hysteresis loss is still the largest single component.  Double stacking gives us the possibility of going to even finer filaments.  Perhaps we need to debate again what our target filament size should be.   Remember that our 3.5m target came from the limitation of proximity coupling in a pure copper matrix.  With CuMn next to the filaments, this limitation no longer applies.
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Appendices
App 29-1: Wire A; with no additional CuMn barriers 
App 29-1: Wire B; with CuMn barrier inside the outer copper jacket
App 29-3: Wire C; with CuMn barrier around second stage bundles
App 29-4: Wire D; with CuMn barrier around second stage bundles and more copper next to the bundles.
App 29-5: ‘Coupling current losses in composites and cables: analytical calculations’, copied from [2]

App 29-6: Hysteresis and coupling losses of different wires in SIS300  
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