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1. General Comments

The report presents a comprehensive study of the possibility of using UNK type dipoles for SIS300.  It is well written and addresses every aspect of the problem.   It is clear that 6T will require a 2 layer coil design and, given the rather good performance of UNK dipoles, there would seem to be little doubt that this type of design could be used for SIS300.  The UNK dipoles seem to suffer very little ramp rate sensitivity and, although they have only achieved 6T at lower ramp rates, it seems very likely that they will reach 6T at the required ramp rate of 1T.sec-1.   However I do not think that the design as it stands will ever have enough temperature margin for reliable fast ramping to 6T over the 5(108  cycles envisaged for SIS300.  This point is addressed in section 2 below.

I have to admit some surprise at the very small ramp rate dependence of the UNK dipoles with oxide coated wires, as shown in Fig 3.5 of the proposal.  On the face of it, this excellent performance goes against all my warnings of  ramp rate sensitivity coming from non uniform current distribution between wires in the cable.  There is absolutely no sign of the 'type B' behaviour experienced in the SSC booster dipoles and reproduced in Fig 1 below [1].  For SSC, type A magnets showed no reduction in quench current until a rate of ~25A/s was reached, after which the quench current decreased more or less linearly with ramp rate.  Type B magnets however suffered a rapid drop in quench current at quite small ramp rates.  
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Fig. 1: Quench current of SSC magnets as a function of ramp rate [1].

 In general, it was found that magnets with small inter-strand resistance were Type A and with those large inter-strand resistance were type B.  For example the Type A magnet in Fig. 2 had Rc = 9  and Type B had Rc = 80 .  The proposal does not give a value of Rc for the magnets in Fig 3.5, but it is likely that the oxide cable will have a value of Rc even higher than SSC type B.  

I have no explanation for the difference in behaviour between UNK and SSC.  It would be nice to know so that we can avoid doing anything to provoke type B behaviour, but in the meantime, I guess we should rejoice that it seems to be absent.  (I have asked Arnaud Devred for his views, but no reply yet).   

2. Temperature Margin

Fig 7.18 of the proposal shows that, at the operating field of 6T, the peak field is 6.6T and the operating current is 4.4kA (rough numbers scaled from the graph).  At 4.25K, the critical current is 5.4kA and at 4.4K it is 5.05kA.  The generation or current sharing temperature g is given by [2]:
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where o is the bath temperature.  At 6.6T, I estimate c for NbTi to be 6.5K, applying eq (1) to either 4.4K or 4.25K bath temperature, we find g = 4.67K.  This is somewhat less than the 'critical temperature' shown in Fig 7.17, which I assume means current sharing temperature.  I do not understand the difference, but it may be related to the peak field, which looks like 6.6T in Fig 7.18, but is shown as 6.483T in Fig 7.16.  

Later in Fig 8.2, we find a maximum helium temperature of 4.6K, to which must be added the temperature drop through the winding and across the cable.  Clearly we will need more temperature margin than this; even if the dipoles work perfectly, there will be other perturbations.  For example, I still remember the first Helios dipole, which would quench if the bath temperature went slightly above 4.4K.  Two regular causes of such temperature rises were very hot weather (increases the refrigerator discharge temperature) and 'plating' of the refrigerator heat exchangers by small amounts of solid air.  Suffice to say that operating a synchrotron with insufficient temperature margin is pure misery! 

Even the LHC dipoles, which are generally regarded as pushing to the absolute limit, work at an operating current  which is 69.6% of the short sample critical current, corresponding to a temperature margin of  1.1K.  For SSC, the design temperature margin was 0.6K.  I have asked Arup for the same data on RHIC.

Looking at Fig 7.18, I wondered if the performance of that cable could be improved.   The cable is based on 0.57mm strands, with details given in Table 7.3.   With 28 wires and a matrix / superconductor ratio of 1.39 / 1, the area of NbTi is 2.99mm2.   The best we can hope for in fine filament NbTi is ~2700A.mm-2 at 5T and 4.22K.  I estimate that this translates to 1620A.mm-2  at 6.6T at 4.4K, giving a critical current of 4.83kA.  However there will be some loss in Ic from distortion during the cabling process, if we take this to be 5% we find a cable Ic of 4.60kA, which is rather less than the 5.05kA shown in Fig 7.18.  So I conclude that there is no hope of further increases in cable critical current.

If the critical current cannot be increased, the only way of gaining temperature margin is to change the coil cross section.   For an 'ideal' winding with no iron we have:
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where Je is the engineering current density and t is the winding thickness on the median plane.  Practical winding shapes approximate to this simple formula and, very roughly, we can assume that the iron adds an image current; so that the field for a given Je is directly proportional to t.   Thus to gain temperature margin we must use thicker winding, which means a wider cable.

For example, with a cable 11mm wide, 6T should be produced with a current of ~3.4kA, which would give g = 5.1K.  It is worth noting that SSC dipoles, designed to produce 6.6T used cables of width 12.2mm and 11.7mm for the inner and outer coils respectively.   

SSC and LHC both use different cables for the inner and outer coils, which brings some gains in efficiency, allowing further modest increases in margin.  Generally speaking, the benefits of 'grading' the winding to suit the local field, increase with increasing field, so it may be worth thinking about different cables for the inner and outer coils in SIS300.

It is also possible to get some improvement in margin by increasing the packing factor of the winding, ie reducing the space occupied by insulation.  An obvious ways of doing this is to use a higher operating current, ie thicker strands and thicker cable.  Using all-Kapton insulation could also allow the insulation thickness to be reduced somewhat.

To conclude these remarks on temperature margin, I would assert that the existing UNK does not have sufficient margin for routine operation at 6T and cannot be given enough margin by any forseeable improvement in wire performance.  I have here given some rough calculations of the widths of cable needed to get enough margin, but more detailed work on the various trade-offs and cost benefits will be needed in order to get the best design.  This work should be the starting point of any programme to develop magnets for SIS300.  There is absolutely no point in building any prototypes, or even making any coil designs, until the final cable size is firmly established.

3.  Detailed Comments

Following are some more specific points which come to mind on reading the report.  Because they are mainly criticisms, I would just emphasize that where I say nothing I agree!

Section 2.2:  I could never see the reason for 'zebra' cable (perhaps the only attractive feature is the name!).  In zebra cable there are 3 different types of crossover: oxide on oxide, oxide on solder and solder on solder.  Thus there are 3 different types of circulating current loop which carry different currents.  As good engineering design usually tries to stress all components equally, I can see no benefit in zebra - much better to choose the right value of Rc and make all strands the same.

Fig 2.5 seems to show that zebra magnets do better at low 
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, but Fig 2.4 does not - are they the same magnets?

What is Rc for the oxide cables in Fig 2.5?

Section 3.1:  The alloy chosen has slightly more Ti than Western manufacture, usually Nb-48wt% Ti, but I don't think this is a significant difference.

Section 3.5.2:  Increasing the copper resistivity may reduce stability.  Twisting tightly reduces matrix losses well below hysteresis, so the further reduction to be obtained by increased resistivity will be a small fraction of the total and I would suggest it is not worth it. 

Section 4.1: equation 5.3 differs from mine by a factor 2, ie I find a numerical factor  1/120, which agrees with many others, for example [3] and [4].  

It's difficult to check equation 5.4 without a definition of (.

Section 4.2: this section says the outer layer is Kapton coated with epoxy, whereas section 4.9 says the outer layer is glass fibre - which is it?

Section 4.4.1.2: the rapid rate of change of Rc for oxide layers as a function curing temperature and time would seem to be a problem for quality control in mass production.

Section 4.9: says that the insulation is 2 layers 20m Kapton whereas section 4.2 says 30m Kapton - which is it?  Table 4.7 implies an insulation thickness of 142m, which does not seem to fit any of the described layers of Kapton etc - how is 142m made up?

Using a glass fibre wrap has the advantage of allowing a lower cure temperature than with an all Kapton wrap, but it does take up a bit more space, ie reduces Jeng.

The labelling '= 1000W/(m2K) on Fig 4.3 does not seem to correspond with the values of the curve.  My own data for Kapton says k=0.03Wm-1K-1, which indicates 30Wm-2 at 0.1K for a 100m thick layer.  It would be helpful to know more about the experimental data presented.  

Presumably the difference between experiment and theory represents the thermal contact resistance.  It is a lot less than I had feared in my assessments.

Section 5.6: it's good to see a survey of steels.  I had myself wondered whether silicon steel might be useful for reducing losses near the ends.

Section 6: it's good to remember all these other cryogenic losses - the first time I have seen it done for SIS200/300.

Section 7.4: Table 7.3 if the line 'field enhancement' means ratio of peak field to aperture field, then a value of 9.4% is rather high.  The comparable figure for SSC was 4.7%.  At 6T it is important to watch the peak field very closely because it can have a bad effect on temperature margin.  Looking at Figs 7.5, 7.6 and 7.7, I have the feeling that the end turns are rather short (in the beam direction).  Making them longer would reduce the field peaking.

Section 7.5.1:  Presumably the helium flow through the fishbone spacer is very much less than along the coil inner surface.  Of course less flow is needed at the outer layer, but it would be nice to see a calculation of both these flows and an optimization of channel sizes to get the right cooling for each layer.

Section 7.6:  bent dipoles do not cause any problem at CERN, but of course the bend is much less.  We need to ask BNL about the RHIC experience.

Section 10:  Fig 10.1, why not connect the two power supplies in series?

Section 11.2:  this scheme seems like a good way of avoiding cold diodes, at the price of many current leads from 300K to 4K.   However, if we can rely on the power supply to produce its normal ramp down rate in the event of a quench, these quench leads can be designed to carry current for a short time only and can therefore have a low heat leak. 

Section 12.5: I feel it is essential to test the coils and measure the field quality at the design ramp rate of 1T/s (or even higher) not the 0.3T/s proposed.

Sections 14 and 15 and also 'R&D of Superconducting Wire':  As noted above, I feel that the first step must be to redesign the coil with enough margin for 6T.  There is no point in starting the proposed programme until this has been done because it will certainly change the cable size and maybe the wire diameter.
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