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Magnetization of SSC CuMn Wire Type B944-2 
1.  Introduction

The note presents my analysis of some further magnetization measurements made at Twente on the SSC fine filament wire with a CuMn matrix.  In these further measurements, the field was ramped up to 4T with a wider range of dB/dt.   This allows us to calculate the magnetoresistance part of et(B) and also Jc(B) up to 4T.  By comparing the magnetization Jc(B) with the transport current Jc(B), we can estimate the filament distortion.

Version 3 is really an exercise for me in preparation for thinking about new wires for SIS300.  In the new section 3, I present my own version of the calculation of et(B) done by Juris Kaugerts about a year ago – I get a similar answer!

Version 4 makes use of the RRR measured by Arup Ghosh in calculating et.  Version 5 calculates et(B) using a value of 2.1(10-8m for CuMn resistivity as measured by Hem Kanithi . 
2. Analysis of the data

Appendix 25-1(4) presents my analysis of the data provided by Andries den Ouden as attachment SSC-CuMn2 Mar05.xls to his email of 15 Mar 05.   The sheets named  '0.016Ts' etc are the data supplied by Andries, with a little re-formatting.   The sheet 'M vs B`’ summarizes data in the 4 quadrants of the hysteresis loop, using linear interpolation to get M at the chosen field levels.  

The sheet 'sumry' summarizes, at each field, the mean of magnetization in each of the 4 quadrants.  These values are plotted as a function of B` = dB/dt in Figs 1 and 2.   It may be seen that we now have excellent data for fitting straight lines and that the extrapolation to zero B` is rather short.
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Fig 1: Mean magnetization vs B` at low fields
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Fig 2: Mean magnetization vs B` at high fields

 In the sheet ‘sumry’, the Excel functions ‘slope’ and ‘intercept’ are used to fit the data.  The sheet ‘Rhoet’ then calculates the effective transverse resistivity from:
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using geometry data from the sheet ‘geom’, which is based on data from Hem Kanithi (email from Juris Kaugerts 22 Mar 05).   Fig 3 shows the resulting et(B).
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Fig 3: Effective transverse resistivity et(B) calculated from slopes of Figs 1 and 2 
It may be seen that, apart from some small squiggles at low field, the magnetoresistance term is linear with field.  In the sheet ‘Rhoet’, I fit this curve to find:


et = (4.15 + 1.9 ( B) ( 10 -10 .m
(2)

So the zero field resistivity is the same as calculated in report 25(1) but the magnetoresistance term is about twice that of pure copper.
Extrapolating the magnetization to zero B` and using:
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I calculate Jc(B)and fit it with the modified Kim Anderson formula:
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to find:
Jo = 4.0(1010 Am-2



Bo = 0.26T



Ao = 2.2(109 Am-2



A1 = -2.5(108 Am-2 
I then compare this Jc(B) with the transport current measurements made by Arup Ghosh [1], where I taken Arup’s Ic data, but used the geometry data of Kanithi to calculate Jc.   To the external field of the transport current measurement, I add a self field (calculated as in Appendix 4 of Rep 15):
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(5)
Fig 4 plots the  Jc(B) values calculated from magnetization Jcm(B) and transport current Jct(B).   Table 1 lists the ratio Jcm(B) / Jct(B)  at different fields.   Here I should say something about fitting eq (4).  It turns out that the Excel solver which I used for this purpose produces a whole family of fits, depending on where you start etc – they all look rather similar.  I therefore selected the fit which made the ratio  Jcm(B) / Jct(B)  more or less the same at all fields.   Any other choice produces a ratio which is lower at low field and higher at high field, or vice versa – so this seems like a reasonable strategy.
Table 1: The ratio between  Jc(B) values calculated from magnetization and transport current 

	B (T)
	1.069
	1.226
	1.390
	1.821
	2.273
	2.739
	3.213
	3.692
	4.174

	ratio Jcm(B) /Jct(B) 
	1.24
	1.24
	1.25
	1.25
	1.25
	1.24
	1.22
	1.21
	1.19


Although the transport current was measure up to 8T, it is only valid to take the ratio over the range of the magnetization measurements, up to 4T.  Over this range, the average ratio is 1.23.
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Fig 4:  Jc(B) calculated from magnetization and transport current.
3 Calculation of et(B)
Fig 5 shows the cross section of this wire, as supplied by Hem Kanithi. 


[image: image9]          
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Fig 5: Cross sections of wire B944-020-20 (supplied by Hem Kanithi)

Appendix 25-2 uses the method of Duchateau et al [2] to calculate the transverse resistivity; the relevant parts of this paper are reproduced in App 25-3.   As may be seen from Fig 5, the filaments are clustered in 114 bundles of about 40 m diameter, within which the matrix is totally CuMn, and these bundles are immersed in a sea of copper.  The theory of Duchateau et al does not exactly fit this situation because it assumes that the filaments are uniformly dispersed through the copper.  However, perhaps on average, the resistivity comes out about the same.  
For uniformity of style with my previous reports, I have chosen to work in terms of resistivities rather than time constants.  Thus we have components of effective transverse resistivity coming form the core ec, from the filamentary region ef , from the resistive shell  es  and from the outer jacket  eo.  The total effective resistivity comes from adding these current paths in parallel.
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The resistive shell is really intended by Duchateau et al to represent a barrier inside the outer jacket, but in this case I use it to represent the resistance between the filament bundles and the outer jacket caused by the CuMn coating around each bundle.  This representation may be controversial but I think it is better than ignoring it.  

In order to include magnetoresistance, I use the fit of Fickett [3], described in Rep 19, with a cutoff at very low fields to avoid the numerical singularity.  The resistivity of CuMn is taken to be 2.1(10-8m, as measured by Hem Kanithi (ref email from Juris Kaugerts 10 Aug 06)
From the photos and data supplied by Hem Kanithi [4], with the nomenclature shown in Fig 5,  I obtain the following dimensions:


rc = 0.056mm
rf = r1 = 0.265mm
r2 = 0.325mm  
s/df = 0.16


df = 2.6 m
sf  = 0.42 m

(where sf = separation between filaments and df = filament diameter)   

So each filament is coated with a layer of CuMn of thickness sf /2.  From [1] I take a measured RRR of 102 which, at zero field yields the following components of effective transverse resistivity: 


across the copper core 
ec = 5.6( 10-9 m


through the filamentary region 
ef = 8.5 ( 10-10 m

around the outer jacket
eo = 1.3 ( 10-9 m
It may be seen that adding the CuMn barriers has increased the effective resistivity across the filamentary region to about 5 times that of the copper.  Combining these paths in parallel, I find an effective transverse resistivity of et = 4.70 ( 10-10 m, which should be compared with the measured value of et = 4.15 ( 10-10 m.

Finally, putting the transverse magnetoresistance term, I find the field variation shown in Fig 6.  It may be seen that the calculated variation with field is smaller than measured and I have no explanation for this.  The magnetoresistance calculation, based on Fickett’s data is for currents flowing transverse to the field, whereas the coupling currents are thought to flow parallel to the field.  However, the longitudinal magnetoresistance of copper is less than the transverse [5], which give an even smaller calculated variation with field.  
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Fig 6: Variation of each component of effective transverse resistivity with field

4 Concluding Remarks

The good news is that adding Mn has increased the residual matrix resistance by about a factor 4 and the magnetoresistance by a factor 2, to give an effective transverse resistivity of:  
et(B) = (4.15 + 1.9 ( B) ( 10 -10 .m 
It seems that the method of Duchateau et al allows us calculate the zero field resistivity with an error of 13%.    The calculated variation with field is less good but, for the time being, it is all we have.  Perhaps with more experimental data, we can derive a ‘cooking factor’ for magnetoresistance which can then be used in designing new wires for SSI300. 
The bad news is that there seems to be significant filament distortion, as evidenced by the ratio 1.23 between  Jc(B) calculated from magnetization and transport current.    Table 2 compares this number with the previous results of Reports 15 and 23
Table 2: Filament distortion results to date.
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	wire
	2A212
	3N7
	RHIC
	K2 001T4
	G2001T6
	B944-2

	Ratio Jcm/Jct
	1.40
	0.94
	0.92
	1.15
	1.10
	1.23


It may be seen that the single stack wires still come out the best for distortion and doubly stacked wires need finer filaments to achieve the same losses.  For example, this wire with 2.6m diameter filaments has the same magnetization (loss) as a 3.5m filament wire made in the style of 3N7.   Nevertheless, it may still be more feasible to make a double stack with finer filaments than the equivalent single stack. 
4. List of Appendices
Appendix 25-1:  Analysis of the Twente Magnetization data on SSC CuMn matrix wire B944-02-20 sample 2
Appendix 25-2:  Calculation of et  for SSC CuMn wire IGC type B944-2 
Appendix 25-3:  Part of  ‘Coupling current losses in composites and cables: analytical calculations’ by Duchateau J-L, Turck B, Ciazynski D, [1] 
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