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Comments on Fully Keystoned Cables for SIS300

1. Introduction

These comments are written in response to suggestions [1] [2] that fully keystoned cables could be used for SIS300 dipoles.

2. Degradation of Critical Current

Making a keystone angle squeezes the inner edge of the cable and this reduces the critical current.  Royet and Scanlan [8] tried to quantify the effect in terms of the inner edge packing factor, defined by
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Although the data presented in [8] seems to be defective, the general philosophy of eq (1) seems to be sensible.  I have therefore made a survey of data that I could easily find in the literature and reduced it to a common format as presented in Table 1.  Appendix 1 is a little Mathcad sheet that I used to calculate the parameters shown in Table 1.  

Col 2 of Table 1 gives the overall packing factor of the cable defined by
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Strictly speaking, I guess the 1/Cos factor should also appear in (1), but to be consistent with everyone else, I leave it out.  The inner/outer edge compaction factors, used in [3] are defined by
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The Ic degradation is the reduction in critical current of cabled wires compared with uncabled wires.  It may be measured from Ic of the whole cable (with a self field correction) or from the Ic of single wires extracted from the cable.  Interestingly, the single wires show a degradation ~ 5% - 10% worse than the whole cable.  Commenting on this, Maix [5] suggests that there is continuous current sharing between strands in the cable to avoid partially the edge where self field is highest.  If this is true, then a truly undamaged cable should carry ~ 5% - 10% more current than the sum of the individual wires.  Presumably the effect depends on interstrand resistance.

The last two rows of Table 1 list parameters for the SIS300 used in [2], not fully keystoned and fully keystoned. 

Fig 1 plots the degradation versus the inner edge packing factor i.

Table 1: Some Cables from the literature.

	keystone angle 
	overall packing factor o
	inner edge packing factor i
	inner edge compaction factor fi
	outer edge compaction factor fo
	Ic degradation
	measurecable or strand 
	ref-erence

	1.06
	0.931
	1.030
	0.762
	0.934
	11%
	C
	[3]

	1.06
	0.899
	1.005
	0.780
	0.953
	4%
	C
	[3]

	1.06
	0.882
	0.970
	0.810
	0.981
	1%
	C
	[3]

	1.20
	0.901
	0.957
	0.821
	0.978
	-0.8% 
	C
	[4]  A12

	1.56
	0.901
	0.985
	0.797
	1.002
	1.5%  
	C
	[4]  A16

	2.22
	0.900
	1.041
	0.76
	1.045
	4.8%  
	C
	[4]  P22

	1.12
	
	0.95
	
	
	-2.5% to -7%
	C
	[7]

	1.0
	
	0.97
	
	
	-3% to 5%
	C
	[7]

	2.23
	0.926
	1.031
	0.762
	0.994
	-8%  
	C
	[5]

	2.4
	0.90
	1.027
	0.765
	1.006
	1.5% to 4.9%
	S
	[6]  A

	2.4
	0.95
	1.091
	0.72
	0.961
	3.7% to 9.6%
	S
	[6]  A

	3.6
	0.90
	1.112
	0.706
	1.067
	2.8% to 6.5%
	S
	[6]  A

	3.6
	0.95
	1.192
	0.659
	1.021
	3.5% to 12.6%
	S
	[6]  A

	4.8
	0.90
	1.198
	0.655
	1.118
	2.9% to 10.5%
	S
	[6]  A

	4.8
	0.92
	1.235
	0.636
	1.098
	1.7% to 15%
	S
	[6]  A

	0.89
	0.90
	0.951
	0.825
	0.968
	
	
	[2]

	1.606
	0.93
	1.067
	0.736
	0.993
	
	
	[2]
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Fig 1: Ic Degradation versus inner edge packing factor:

 blue line shows average of data from [4] vertical bars show the existing and fully keystoned LHC cables 

It may be seen that the existing LHC cable is rather safe and unlikely to have suffered significant degradation – I have no data on this point, but am hoping to get some.  The proposed fully keystoned cable is in a region where results are very variable.  Looking at Fig 1, we might guess that the degradation may lie somewhere between 0% and 10%.

3. Compaction at the Outer Edge

Most of the worry about keystoning has been concerned with the degradation of Ic, but I would like to suggest another thing to worry about.  Fig 2 shows two cross sections of cables from [4].  There seems to have been some spring-back of the cable during sample preparation, so I have superposed the red lines, which are my calculation of the outer edge width from the (incomplete) data published in [4].  It may be seen that, if the spring-back were to be pushed in, the outer strands of cable A12 would just touch.  But for cable P-22 there is no spring back and there is a big space between strands at the outer edge.  Thus we must conclude that this cable would not be a satisfactory building brick for the ‘Roman Arch’ of the Cos dipole construction. 

[image: image5.wmf]Cable TST

-

A12

Cable TST

-

P22

Cable TST

-

A12

Cable TST

-

P22


Fig 2 Cross sections of two cables from [4] showing the inner and outer edges.

Ii et al [6] mention the question of looseness, saying:


‘In comparing among them, at the thin edge, the larger the angle becomes, the more heavily the strand deforms.  On the other hand, at the thick edge, the strands were slightly deformed and there is space among them.  Such a local low packing factor and unsteady strand lay create a lack of mechanical stability and affect the quality of dipole coils.  It was expected that some strands at the thick edge would be pressed into an oval shape (bigger vertically) to fill the space, but this did not occur.’  

In an attempt to quantify looseness at the outer edge, I have introduced the ‘outer edge compaction factor fo’ in Table 1.  If , fo > 1 there is a gap and if fo = 1, the outer strands are just in contact at the crossover points.  However I would suggest that, for reasonable mechanical stiffness, having the strands just in contact on points is not enough and that there should be some appreciable compaction at the outer edge.

4. Wire Properties

Several authors agree that degradation is expected to follow some general law like the blue line of Fig 1, but suggest the wire properties must also have an influence on where this line sits on the i axis.   One factor that would seem to be important is the thickness of copper jacket around the filamentary core.  In [9] it is suggested that the ratio   r/D (where r = jacket thickness and D = wire dia) could be a key parameter.  Unfortunately, as pointed out by Juris Kaugerts, a later test run [7] on many samples from many vendors showed no correlation at all with r/D

5. Concluding Remarks

From existing data, it is difficult to make an exact prediction about the properties of a fully keystoned LHC cable.  Nevertheless, the trend is clear and unambiguous.

a) The critical current will be lower than the existing partially keystoned cable  (if the blue line of Fig 1 applies, it will be ~10% lower).

b) Mechanical rigidity at the outer edge will be less than the existing cable.

So unless the benefits outlined in [2] are thought to be very substantial, I would recommend staying with the existing LHC cable profile.   If fully keystoned cable is to be pursued, we need to embark immediately on an R&D programme to determine the effect on degradation and mechanical stiffness.

Finally, it is worth repeating the interesting result that the Ic of a truly undamaged cable should exceed the sum of the individual wires.
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Appendices

Appendix 26-1: Dimensions of  Keystoned Cable
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