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1.  The Problem.
The 1T/s ramp rate planned for SIS300 is substantially faster than any other high field superconducting accelerator.  Although a few fast ramping dipoles have been made previously, I am not aware of any prior fast ramp field quality measurements*.  Thus the measurements made on Dipole 001 are something of a world first.   The measured error terms are much too large for a superconducting accelerator, primarily because of errors in the coil and iron geometries.  Clearly these errors can be eliminated in future models.  However, there is also an irreducible minimum error coming from the magnetization of the superconductor itself.  To bring out this error from the measurements, we take the differences in field quality between ramping up and ramping down.  
The cable used for Dipole 001 was designed to have a low enough magnetization for field shape and ac losses.  Measurements on short samples of the cable used showed that the cable parameters were  broadly in agreement with the design.  Field harmonics have been computed by ROXIE and OPERA, using these measured parameters.  They are of two kinds: 

a) dc hysteresis terms caused by persistent current flowing within the superconducting filaments; they depend on B but not on dB/dt


b) eddy current terms caused by currents flowing between filaments in the individual wires and between wires in the cable; they depend mainly on dB/dt and only weakly on B (via magnetoresistance in the copper).
Generally speaking, there is reasonable agreement between the computed and measured hysteresis terms (a).  We understand this effect and we know that it can be reduced by making finer filaments as planned.  But the measured eddy current terms (b) are larger than predicted.  This finding is consistent with the measurements of ac loss, where the hysteresis loss per cycle agrees well with theory, but the measured eddy current loss is about 1½ times the computed value.  For the losses, we can bring the computed value into line with measurement by taking Ra, the ‘adjacent’ resistance between strands of the cable equal to half its measured value [1].  For the harmonics, it is not possible to make theory agree with measurement by simply changing Ra [2], although it might be possible to get agreement by making Ra vary over the winding.  Such variability is also indicated by the presence of a large eddy current term for the skew quadrupole, which should be forbidden by symmetry.
Although these error terms are not disastrous, they are too large for comfort.  At injection field and 1T/s, we typically have ~ 7.4 units of sextupole, ~ 1.8 units of decapole and 1.7 units of skew octupole [3].  It is worrying that we do not fully understand these errors and cannot calculate them, because it means that we cannot guarantee that a production magnet will meet specification – the errors might be better, or they could be worse.
2. Recommendation.

Our best theory at present is that variation in mechanical stress during manufacture has caused Ra to vary over the winding so that, at some points, Ra is well below its minimum acceptable value.  Arup Ghosh has pointed out that such an effect was measured in SSC magnets [4] and inferred from the field shapes of LHC magnets [5].  Unfortunately the only way of measuring Ra variation in a magnet is to cut it up, which we do not wish to do with our only model!   Nevertheless, it seems that the best way forward is to assume that this variation is occurring in Dipole 001 and to try another magnet with higher nominal Ra in the hope that the overall increase will bring Ra at the minimum points up to an acceptable level.  

We therefore propose that new coils should be made with Ra ~ 200an increase of Work by Arup Ghosh [6] has shown that this increase can be achieved in our existing Staybrite coated cable by suitable heat treatments.  The specific design of test coil is not so important.  All we need to establish is whether we can compute the harmonics for a given conductor in a known configuration.  Because it is available now, I would therefore recommend that Dipole 001 be used as the test vehicle.  The fact that it only produces 4T does not matter because our main worries about harmonics are at the injection field.  In the same coil, it would also be useful to check the effect of omitting cooling holes in the Kapton insulation.  
For the longer term, we should bear in mind that Staybrite has generally been used to obtain lower inter-strand resistances than we need.  Early work at CERN showed that nickel has a higher Rc than Staybrite and is not so variable, so we might hope that Ra will behave similarly.  Unfortunately, CERN measured only two cables and did not measure Ra, because it was clear that the Rc was too high for their purpose.  However, it may be just right for our purpose.  Furthermore, the nickel coating should be more robust and it is commonly used in the copper wire industry.  I therefore recommend that we start immediately an R&D programme on cable with nickel coated strands, to measure what Ra can be achieved and how it may be adjusted by heat treatment.  If this work succeeds, a third test coil should be made using nickel coated wires.

There will undoubtedly be a need for more models and it is clearly desirable to move to testing models of the SIS300 magnet as soon as possible, but the field error work should not wait until these models are available because the result will determine the preferred cable design, which needs to be sorted out quickly.  

3.  Historical Note

It may be useful to look at the experience of other projects in the area of test coils.  All superconducting accelerator projects to date have started by making a series of research model magnets, followed by a set of pre-production prototypes.  The research models have usually been shorter than the final magnets and have been used to develop the technology to the point where a winding configuration can be defined which matches the required specification in all aspects – field quality, ac losses, training performance etc.  The pre-production prototypes, which are full size, are then used to develop production techniques to a level where each production magnet can be guaranteed to meet the specification.  Pre-production prototypes should not change the basic design in any significant way, all changes should have already been worked through in the research models.

The Hera project benefited greatly from the experience at Fermilab; two of the principal magnet designers initially spent ~ 6 months at Fermilab working on magnets.  Although their design turned out differently, the Hera magnets did not push the technology any further than the Fermilab ones, indeed the ramp rate is much slower.  Nevertheless, it was still necessary to make ~ 12 research models at DESY before embarking on the pre-production prototypes [7].
At a rough estimate ~ 100 model magnets were made for SSC in the three collaborating laboratories BNL, FNAL and LBL [8]. 

RHIC has a lower field than Hera and a very modest ramp rate.  However it was still necessary to make ten 1 metre models before proceeding to the pre-production prototypes [9].

LHC made new demands on the technology: higher fields and helium 2 operation.   To develop a suitable magnet design, it was necessary to build 23 single aperture models and 11 double aperture.  Many of the models were re-assembled and tested again, making about 50 research models in total [10].  The ramp rate (and hence the cable design) was no more challenging than earlier accelerators, although CERN did carry out a very thorough R&D programme on all aspects of the conductor.  

The ramp rate of 1T/s required by SIS300 is 100 times greater than Hera and 15 times greater than LHC.  So we are pushing the technology substantially and there is no reason to believe that SIS300 will require fewer model magnets than previous projects – at least 10 and probably 20.  For the field shape problem in particular, we will need to accumulate some statistics before we can make a reliable prediction of the field quality in production magnets. 

In the 6 years of my association with the project we have so far tested one model.  Without doubt this rate needs to accelerate substantially if the project is to become reality in the foreseeable future.
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* Note: The situation for high field magnets like SIS300 is different from low field superferric magnets like the Nuclotron, in which the field shape is iron dominated and thus not much affected by superconductor magnetization. 
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