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Fabrication and Performance of Nb3Sn Rutherford-type Cable with Cu Added as a Separate Component

M. Coccoli, R. M. Scanlan, M. Calvi, S. Caspi, L. Chiesa, R. Hafalia, H. C. Higley, D. R. Dietderich, S. A. Gourlay, A. Lietzke, A. D. McInturff, and G. Sabbi

Abstract— From the standpoint of overall conductor cost, it is desirable to minimize the amount of Cu that is co-processed with the superconductor during strand fabrication.  We are investigating several approaches for fabricating multistrand cables in which the Cu is added at the final, i.e. cabling, stage of manufacture.  These include (1) mixed strand Rutherford-type cables with pure Cu strands cabled together with superconductor strands that have a low volume fraction of Cu, (2) Cu added as a core to a Rutherford-type cable,  and (3) Cu strip added to the surface of the cable.  Results on fabrication of several alternate types of Nb_3Sn cables are presented.  The more promising types of mixed strand and cored cables are being evaluated in short sample and small magnet tests.  These results will be presented and performance compared with conventional Rutherford cables where the Cu is an integral component of the superconductor strand.  

Index Terms—Nb3Sn, Rutherford-type cables, mixed strand cables,  copper added as a separate component, magnet protection.

I. INTRODUCTION
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he  addition of copper as separate strands at the cabling step has been utilized in the past as a method for grading conductors, in order to provide the normal metal shunt path for magnet protection [1]-[3].  Recently, another incentive for utilizing this approach was realized as a result of conductor cost studies performed as part of the HEP Conductor Development Program [4].  The labor cost factor for wire fabrication depends directly on the volume of wire being produced.  Thus, if the copper necessary for magnet protection can be added after wire fabrication is complete, wire costs will be reduced significantly.  

Several alternative methods have been proposed for adding copper at the cabling stage.   These include (1) adding pure Cu strands to the cable, (2) adding Cu as a core in the cable, or (3) wrapping Cu strip around the finished cable.  However, a number of questions must be answered before this approach is adopted for use in accelerator magnets.  These include manufacturability, effectiveness in magnet protection, and overall conductor cost.  These questions are being addressed, and the progress to date will be discussed. 

II. Cable Manufacturing Tests

A. Mixed Strand Cables

Two approaches to mixed strand cables are being evaluated.  In the first approach, pure copper strands are substituted for superconductor strands in the Rutherford-type cable.  In the second approach, pure copper strands are cabled together with fine superconductor strands in a round “first stage” cable; then, strands of this first stage cable are cabled into a Rutherford-type cable.  The main difficulty in the first approach is in matching the elongation of the two types of strands which occurs during the compaction of the Rutherford cable.  In an attempt to match the elongation properties of the pure Cu strands to the superconductor, a range of Cu tempers, from fully annealed to fully cold worked, were evaluated.  None of these cables appeared suitable for magnet winding.  An alternate approach of using slightly smaller diameter Cu wires was found to be more successful.  In this approach, the pure Cu strands are nested in the cable and experience only a small amount of deformation and elongation (Fig. 1.). 

Fig. 1  Cross section of mixed strand cable with 14 superconductor and 7 pure Cu strands.  The superconductor strands contain 30 % copper outside the diffusion barrier.  

The other approach requires the development of fine diamater superconductor wires (typically 0.2-0.3 mm diameter).  Several efforts are underway to develop cost-effective fine wires of Nb3Sn superconductor [5], [6]. As soon as these fine wires are available, this approach will be evaluated as well.  One problem that is being addressed with the small amount of fine wire available is the degree that the first level cable can be compacted.  Since the overall cable compaction is the product of first stage and second stage compaction, it is important to be able to achieve a high degree of compaction in the first stage, without causing degradation in the strand Jc.  An uncompacted, round cable is only about 78 % dense; in order for this approach to be cost-effective, we believe that densities of greater than 90 %, are necessary.  This density, together with low Jc degradation, has not yet been achieved.

B. Cu added as a core

Initial tests used pure Cu and, as in the case with pure Cu strands, it was not possible to match the elongation properties of the strands and core to the extent necessary to produce an acceptable cable.  However, two alternative designs have been successful; both utilize a bimetallic core of copper and stainless steel (SS).  The stainless steel serves two purposes, one mechanical and one electrical.  It resists elongation and thus improves the mechanical stability of the cable.  Also, it provides a high resistance barrier and thus increases the interstrand resistance value for the cable.  The first design utilized a SS/Cu/SS bimetallic strip, and a cross section of the cable is shown in Fig. 2. 
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Fig. 2 Cable with stainless steel (0.13 mm), copper (0.25 mm), stainless steel (0.13 mm) core.
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Fig. 3  Cable with copper (0. 21 mm), stainless steel (0.044 mm), stainless steel (0.044 mm), copper (0.21 mm) core.  

Although the cable shown in Fig. 2 is acceptable from the mechanical standpoint, a more desirable configuration from the electrical standpoint is to have the Cu component on the outside and the stainless steel component on the inside of the strip (Fig. 3).  This arrangement provides a high resistance path between top and bottom strands in the cable, thus reducing eddy currents.  However, it provides good coupling between adjacent strands in the cable and thus is effective for magnet protection.  Long lengths (40-50 m) have been made for both types of cored cables.  Since the mechanical and electrical properties of the Cu/SS/Cu cable both are superior, this version has been selected for evaluation in the small scale coil test program.  

C. Cu added as wrapped strip

The third option for adding copper is to wrap the completed cable with Cu strip [7].  In order to evaluate the electrical properties, short lengths of cable have been wrapped with Cu strip and the interstrand resistance measured [ ].  Although this approach is satisfactory from the electrical standpoint, several mechanical property issues must be evaluated.   First, a technique must be developed to wrap a long length of cable with a tight wrap.  Second, the coil winding characteristics and coil impregnation must be evaluated.  Finally, the electromagnetic performance in a coil must be tested.  

III. Interstrand resistance measurements

Interstrand resistance measurements have been made on a prototype mixed strand cable, and on two types of external Cu strip wrapped cables.  The complete results are reported in reference [8], and will be summarized here.  The power losses due to fiels sweep were measured using a calorimetric method (helium boil-off), and compared with the losses for a baseline cable that employed a stainless steel core to reduce interstrand coupling.  Compared with the baseline, both mixed strand and Cu-wrapped cables showed higher losses (lower interstrand resistance).  However, the values (6.7-8.1 microOhm) were still within the acceptable range for accelerator magnets.  Also, a direct comparison was made between the mixed strand cable and a control cable made with the same type and same number of strands.  The mixed strand cable has shown a lower coupling loss.  To justify the measurement result a formula has been taken from the formalism of the Electrodynamics of Superconducting Rutherford Cables [9]:
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where Pc is the power loss due to a field sweep 
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 normal to the wide surface of the cable, Lp,s is its the half pitch length, w is its the width, Rc is the crossover resistance and Ns the number of strands. 

This formula has been applied for comparison to the two measured cables. And redefined as follows [10]:
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where
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The mixed strand cable has fewer diamond path current loops, because of the fewer superconducting strands. The density of the loops scales with the number of superconductor strands.  Thus, if the losses are calculated on the basis of number of superconductor strands (14 in the mixed strand cable vs 21 in the control), the mixed strand results agree with the all superconductor strand control cable.  The result of the comparison:
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This evaluation takes into account the face-on power loss due to crossover resistance only, because it is dominating the losses due to field ramping.

Loss measurements have not yet been made for the cored cables; however, since the diamond path loops will be dominated by the high resistance of the stainless steel component, the losses should be comparable to the losses measured for the cable with the thin stainless steel core and well known to be almost negligible.  These losses are well in the acceptable range for accelerator magnet operation.

IV. Magnet fabrication results

The mixed strand cable shown in Fig. 1 has been used to wind a coil for evaluation in the Subscale Magnet Test Facility  (SMTF) [11].  Although the cable properties were acceptable immediately after cabling, the properties deteriorated with subsequent handling operations (respooling, cleaning, insulating).  The tendency for strands to pop out of the cable required that the coil winding tension be reduced from 18 kg to 9 kg.  Even so, it was necessary to re-set popped strands occasionally during the coil winding operation.  In an attempt to improve cable quality, several additional trials of mixed strand cables were made with increased compaction to help set the strands in the cable.  However, as the compaction was increased, the pure Cu strands began to elongate and pop out of the cable.  The only advance in the mechanical quality has been achieved with the insertion of a SS strip as a core in the cable. This cable has been wounded in a coil tested in the SMTF. The quality of the coil has been certainly better in this second attempt of fabrication, but the magnet performances were not satisfactory as explained in the next paragraph. From these tests, we conclude that the mixed strand cables are not yet acceptable for routine coil fabrication.  

Initial tests with the copper/SS cored cables indicate that these cables have improved mechanical properties compared with the mixed strand cables. There is no tendency for popped strands, since the strands have uniform mechanical properties.   Also, the core provides additional tensile strength, so that the cored cables can actually withstand higher winding tensions than the standard cables.  The only limitation at this time appears to be with the “hard way” bending.  The hard way bending is adequate for the flat racetrack coils being fabricated for the SMTF; however, there may be a problem with the cored cables for cosine theta type coils.   

V. Magnet Test Results

The first mixed strand coil was tested in the SMTF together with a standard cable coil that had been tested previously to a current of 10 kA.  Short sample tests performed on the wires used in this mixed strand cable predicted a magnet current of 9.5kA at the short sample limit.   The first training quench occurred at 3.8 kA.   In subsequent ramps, the magnet quench current remained at roughly this level.  The current ramp rate was increased from 0.1 A/s to 200 A/s with little change in the quench current.  The lack of dependence of the quench current suggested some study and, eventually, a complete inspection of the coil. Analysis of the quench locations indicated that 9 (out of a total 10) quenches originated in the mixed strand coil.  It was not possible to identify the exact location of these quenches, since the coil was not instrumented with multiple voltage taps.  However, quench velocities could be measured, and were found to be relatively low.  This suggests that the origin of these quenches is a relatively small section of cable, surrounded by undamaged cable with a high current margin.  

A full evaluation of the mixed strand cable has not been possible in this degraded coil, so another coil has been wound and tested. The results has been more promising than for the first magnet, but not satisfying if the considerable efforts for the cable design and fabrication are taken into account. In summary the cable had a poor mechanical quality and allowed a diffused epoxy impregnation cracking. The continuation of the studies will therefore move to the option for adding the copper as a core and delays the study on mixed strand cables to magnet technologies where high field ramp rate are needed.    

VI. Quench Velocity Study

A. Model adopted for the quench speed study


[image: image7]
Fig. 4  Simplification of the schematic layout of the stationary model used for the quench propagation.

In Fig. 4 an electrical model of a cable with copper added as a separate component is presented. The superconducting trends are modeled with a single wire with a linear resistance R which contains information of the superconducting filaments in parallel with the copper in which is embedded. The second wire represents the copper strands and it is joined with the previous via a contact conductance G. It is of interest to understand the redistribution of the current from the copper strand into the superconducting strands in the quench front line z0 in which the left side is above the critical temperature and the right one is below. In this simple stationary picture the equation which governs the phenomenon is:
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in which the Itot is the total current which is flowing in the cable and I is the current in the copper stand. If the current flowing in the copper strand in z0 is I0 and the cable is considered infinite in the right side (no bordering effects) than the solution of the differential equation is:
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where:
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This calculation gives a qualitative and simple interpretation of the results of the more sophisticated computer simulation previously described. The quench propagation velocity increases when the contact resistance increases, because the characteristic length z0 of current redistribution is increasing as well. 

B. Summary of simulation results

The dominant mechanism of quench propagation in this type of cable is the heating produced in the pure copper in the region in which the superconductor is still at zero resistance.

The result of such situation is that the typical quench speed is higher for a cable with a fraction of copper added as a separate component. Such a deduction has been found also in [12]. In Fig. 5 the results of simulations performed by means of the software described above are shown. It can be easily seen how the quench speed is computed to be a factor of ten higher for a copper cored cable.
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Fig. 5  The impact on the quench speed of a copper fraction added as a separate component

The influence of the critical factor G has been investigated by means of sets of simulations where the variable was G itself. The results, summarized in Fig. 6, show that the transition from the superconducting state to the normal one propagates faster for a lower contact conductivity, i.e. a higher contact resistance. 

[image: image13.png]


Fig. 6  . The impact on the quench speed of the contact conductance between the two strands of the simulation model.

C. Advantages of the RRR of the Added Copper

Because of its well controllable RRR, the separately added copper can play an important role. The peculiarity is that in the design stage of a cable, the presence of copper added at the cabling stage represents a degree of freedom more than classically. Particularly, as it is well known that a reasonable RRR for a superconducting magnet strand might be well below 200, a fraction of copper added separately can be chosen with RRR much higher and, thus, reduce the peak temperature in the coil. 

Also, a high RRR, thus a low thermal resistivity at low temperatures, enhances the capability of the cable to dissipate the energy coming from sources external to the superconductor. This has been seen, and this fact is under investigation, in the mixed strand coil tested at LBNL.

VII. Conclusion

A conclusion section is not required. Although a conclusion may review the main points of the paper, do not replicate the abstract as the conclusion. A conclusion might elaborate on the importance of the work or suggest applications and extensions. 
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