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Measurements at Twente on RHIC Wire  

1.  Introduction

This note should have been written in 2002!  It presents my analysis of the magnetization measurements made by Andries den Ouden on RHIC wire [1].  Some numbers from the analysis were used in our paper 'Cored Rutherford cables for the GSI fast ramping synchrotron' at 'ASC 2002.

Version 2 comes about because Arup Ghosh has kindly pointed out two shortcomings in version 1.  Firstly, there was an error in my formulae for effective transverse resistivity et.  The coupling magnetization in eq (1) and all formulae related to it should correctly be defined over the volume enclosed by the filament boundary radius afb in Fig 1, rather than the wire radius aw as used previously.  Thus we need to multiply the measured magnetization by (aw / afb)2  to calculate the effective transverse resistivity et and then divide  by (aw / afb)2  to calculate magnet losses (per volume of wire).  All my previous reports have omitted this factor but, because it is applied twice, (multiplying and then dividing) the losses have been calculated correctly. So I will not revise the old reports, but will use this new formulation in future.  The error only becomes apparent when we start to compare et derived from magnetization measurements with et calculated from copper resistivity and wire geometry.

Secondly, Arup points out the strong influence of size effect on resistivity in the calculation of et [6].  I have therefore re-worked my calculations to include Arup's corrections, although in a slightly different form. 

With these corrections, I no longer find any fortuitous agreement between the measured and calculated values of et(B).   In addition Juris pointed out a typo in eq (5), where 0.76x10-11 should have been 0.76x10-10, but these numbers have now changed with the new calculation of magnetoresistance.  As usual, changes for version 2 are shown red (except equations - if anyone knows how to do that, please tell me). 
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Fig 1: wire cross section showing the filament boundary radius
2. Calculation of  et(B) from Magnetization Data
The later sheets of Appendix 19-1(2) present the raw data of magnetization signal versus field for various sweep rates, with and without the sample inside the search coil.  Note that, according to a later email (Bennie ten Haken 19 Jul 02) all the data is 4% too low, so a calibration factor has been used.  Most of the data is over the range (1T, but one set is for (4T.  The magnetization signals must first be corrected for slight mismatches in the search coils, which give a slope to the hysteresis loops. 

In sheet ‘M vs B`’ of App 19-1(2), magnetization is plotted against B`(= dB/dt) for 9 different fields in the range 0.1T to 0.9T.  Note that the experimental data is defined as magnetization per unit volume of wire (of radius aw) and we therefore must convert to magnetization within the filament boundary (of radius afb) using:
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 Using the relationship:
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the time constant is calculated at each field, and from it the effective transverse resistivity et
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Fig 1 plots this resistivity against field.   Fitting the data of Fig 1: with a straight line we have:


 et (B)= 9.7(10 -11  + 7.1(10 -11 B
(4)

with et in m and B in Tesla.   Note that this result differs from that in version 1 simply by the factor  afb2 / aw2 = 0.574.
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Fig 1: Measured effective transverse resistivity vs field. 
3. Calculation of  et(B) from Copper Resistivity  

All this section is based on [6], but formulated slightly differently.  The sheet ‘Rhoet’ of App 19-1(2) calculates et(B)  in a three part calculation.  Firstly, the local increase in resistivity of copper between the filaments due to size effect is calculated from 
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where is the resistivity of bulk copper, l is the electron mean free path and s is the spacing between the filaments.
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thus
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Appendix 19-3(2) re-works the calculations of [6], showing that the filament spacing  s is given by 
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where mL  is the local matrix:superconductor ratio immediately around the filaments.  Thus for this wire we find s = 1.04m.

We now calculate the resistivity of the bulk copper in the wire, noting that the measured resistivity  is a weighted average the of bulk copper   and  'size effect' copper L  .
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where m  is the matrix:superconductor ratio for the entire wire.  Using the Excel Solve function, various values of   are tried in eq (7) and (9) until  coincides with the measured RRR.

Secondly, the magnetoresistivities of Landare calculated from [6]:
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where:
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and
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Appendix 19-2(2) compares these expressions with the published data of Fickett, showing they are a pretty good fit.

Finally two different curves of et(B) are calculated according to the two alternative assumptions of Carr [2] that the NbTi filaments are in good contact etg  or bad contact etb with the copper.  Because this wire has a central copper core, we take the filling factor fb to include all copper within the filament boundary.  In each case, an additional conduction path through the outer jacket is included [3].
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Fig 2 plots these calculated curves.  It may be seen that the 'good contact' model seems to fit best at low fields, but gets worse at high field.  Perhaps, as suggested by Arup, this caused by the (superconducting) Nb barrier becoming resistive.  If this is so, we have no way of knowing whether the linear extrapolation of the measured values is valid up to high field - there might be a kink.  Furthermore, as pointed by Juris Kaugerts, the coupling currents in twisted wires flow mainly parallel to the applied field, whereas the fits of eqs (10) to (12) are for transverse field.  The only data I have been able to find [5] says that in magnetoresistance is less in parallel field than perpendicular - which would reduce the gradients of both calculated lines.  So once again we have to conclude that calculating et(B) is fairly uncertain business and the only way of knowing is to measure it! 
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Fig 2: Calculated effective transverse resistivity compared with measured.

4. Calculation of Jc(B) from Magnetization Data



In the sheet '4T magnetization' of Appendix 19-1(2), the data to (4T is first corrected for slope, then has the eddy component subtracted using (3) and finally has the 4% magnetometer calibration factor applied.  Fig 2 plots the resulting steady state magnetization (per unit volume of wire).  In plotting Fig 2, data from the four quadrants of the hysteresis loop has been superposed into one quadrant.   As discussed in Report 8(2) the difference between even and odd quadrants is due to the reversible magnetization term, which does not contribute to loss.  I therefore take the irreversible magnetization as being the mean of the even and odd quadrants, as shown by the blue line in Fig 2.  As usual, the irreversible magnetization is related to current density by:
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The blue line in Fig 3 shows the current density I have fitted using a modified Kim Anderson formula: 
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where:  
Jo = 4.16(10 10 Am -2

Bo = 0.155 T



Ao = 5.0(10 9 Am -2


A1 = -7.0(10 8 Am -2 T -1
This data may be used in calculating hysteresis loss.
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Fig 3: Magnetization corrected to zero B` (four quadrants superposed)

Appendices

Appendix 19-1(2): Analysis of the Twente Magnetization Data

Appendix 19-2(2): Copper Magnetoresistance

Appendix 19-3(2): Size Effect and Wire Resistance
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