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MODELING OF PROXIMITY COUPLING BETWEEN SUPERCONDUCTING FILAMENTS IN 

SUPERCONDUCTING DIPOLE MAGNETS 

M. A. Green 

Lawrence Berkely Laboratory 
University of California 
Berkeley, California 94720 

There is strong experimental evidence for superconducting current 
coupling between filaments in fine filament multifilamentary Nb-Ti which 
has been proposed for the SSC. The coupling between the fine filaments 
appears to be a Type II superconducting coupling. As a result, a.c. loss 
and magnetization can increase as one reduces the filament size in a fine 
filamentary conductor. This paper present~ a computer model which fits 
experimental data for proximity superconducting coupling between filaments 
in a superconductor matrix. Using this moJel, one can predict the effect 
of proximity coupling on the field uniformity of a dipole magnet for the 
sse. 

BACKGROUND 

The field generated by circulating currents flowing within the 
superconductor of a superconducting dipole was observed as early as 
1970.1 This magnetic field was observed to be rich in higher multipoles 
even though the coil configuration in which the circulating currents 
flowed did not generate higher multipoles when it was powered by_ a 
transport current. It was recognized from the very beginning that these 
higher multipoles would adversely affect the operation of a 
superconducting storage ring at injection if the.field at injection was 
low enough .. 

The sse requires very uniform magnetic fields in its dipole magnets 
at injection, better than 1 part in 10,000 (1 unit), over its useful 
aperture of 10 mm in radius.2 Cost considerations dictate that the 
injection induction for the SSe dipoles be low (about 0.33 T when the full 
field of the sse magnet is 6.6 T). At an injection induction of 0.33 T, 
the circulating currents in the superconducting filaments generate a field 
error of 17 to 20 units when the average superconductor filament diameter 
is 20 microns.3 The magnitude of the field generated by circulating 
currents goes down as the filament diameter goes down. It was thought 
that reducing the filament diameter would go a long way toward reducing 
the field generated by the circulating currents. 

Two effects have made the reduction of filament diameter as a means 
of reducing the circulating current field less attractive. The first is 
the qso-called" surface current which can be attributed to an extension of 



the lower critical field Hcl· The Hcl effect places a lower limit on 
the field generated by magnetization or circulating currents. The second 
effect which has been observed is coupling due to a form of Type II 
tunneling between filaments within the strands. As spacing between 
filaments is reduced, the magnetization observed increases as the 
filaments carry the circulating currents which are coupled across the 
filaments by superconducting currents. Unlike a.c. loss coupling between 
filaments, the proximity effect coupled currents do not decay with time. 

This paper explains a computer modeling method which has been used to 
predict how proximity coupling will affect the magnetic field in an sse 
dipole at injection. Computer results generated using the LBL-SCMAG04 
computer code are presented. 

BASIC THEORY, MAGNETIZATION AND DOUBLET STRENGTH 

The field generated by circulating currents in a single filament of 
superconductor can be represented by the classical hydrodynamic doublet 
equation4 which takes the following form in the complex plane:S 

... re ia 
H (Z) = 2~i(Z - Zc)2 

·----... 
( 1 ) 

where H11*(Z) is the complex conjugate of the field H11 (Z) at a point 
Z. This field is generated by a current doublet with a strength r and a 
doublet angle a at a location Zc. ris the product of the circulating 
current I and the average distance between the current d. The doublet 
angle a is the angle of the magnetic flux line through the conductor 
(mostly due to the magnetic field generated by the transport current) 
minus ~12. Both rand a are functions of the previous flux history of 
the superconducting filament. 

Equation 1 can be used as it is or it can be expanded in a Taylor 
series about the origin Z = 0. This series will take the following 
general form (with no iron): 

II* 

H ( Z) = 
01> 

L: 
N=l 

II N-1 
a N z 

II 

the general form of the multipole coefficient a is as follows: 
N 

(2) . 

II - rei Q N z -( N+ 1 ) 
aN = z~i c ( 3) 

which applies for all multipoles N (N = 1 is dipole, N = 2 is quadrupole 
and so on). The radius of convergence is jZcl . 

One can extend the 
permeable circular iron 
the method of images to 
further in Reference 5. 
doublets is included in 

theory to the case where there is an infinitely 
shell which has its center at Z = 0. One can use 
do this calculation. The method is described 
The power series expansion of the image currents 

the SCMAG04 code. 

The doublet strength factor is proportional to the superconductor 
magnetization. On the filamentary level, the relationship between the 
doublet strength factor rand magnetization takes the following form: 

2 
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(4a) 

where Of is the filament diameter (m); Mf is the superconductor 
filament magnetization (Am-1); and rf is the product of the doublet 
current I and the doublet distance d. On the strand level, the 
relationship between magnetization and r is as follows: 

(4b) 

where Os is the strand diameter (m); Ms is the superconducting strand 
magnetization (Am-1); and rs is the strand doublet strength factor 
(Am). 

The magnetization of the superconductor in an sse dipole has several 
sources: 1) There is magnetization due to bulk current circulation within 
the filaments. These currents are responsible for a.c. losses at the 
filamentary level when the field in the filament changes. These a.c. 
losses per cycle are frequency independent. 2) There is magnetization due 
to Hc1·6 This magnetization is maximum at Hcl• and it is zero when 
H = 0 or as H approaches Hc2· This magnetization generates no a.c. 
loss. 3) There is magnetization due to coupled eddy currents across the 
filaments. These currents are proportional to dB/dt, and they are 
inversely proportional to the square of the twist pitch of the strand.7 
These currents generate an a.c. loss per cycle which is frequency 
dependent. 4) There is magnetization due to superconductirig tunneling 
between filaments. This magnetization is dB/dt independent, and it does 
generate a.c. losses per cycle which is frequency independent. 5) There 
is magnetization due to eddy current coupling due to coupling between 
strands of a cable. This coupled eddy current magnetization behaves like 
coupled eddy current magnetization between filaments. The SCMAG~4 code 
calculates the magnetization and field which are generated by the first 
four items. 

The first two items on the magnetization list occur at the 
filamentary level so that Mf in ~quation 4a is the sum of these two 
items. For a fully penetrated superconductor with a constant Jc, the 
bulk current magnetization Mfl will take ~he following approximate form: 

2 
- -- 0 J [1 - &] - 311' f c ( 5) 

where Of is the filament diameter; Jc is the critical current density 
of the superconductor in filament (this should come from magnetization 
measurements rather than short sample measurements); and & is the 
fraction of the filament current carrying capacity which carries transport 
current or coupled currents. The second filamentary term is the Hcl 
effect magnetization Mf2 which has the following form in the SCMAG~4. 
code: 

fN[(H - Hcl/2)¢] Hcl 
M - H - -:------...:::..:.~-~ 

f2 - cl RN[(Hc 2 - Hcl/2)¢] for H > H cl 

for H ~ Hcl the magnetization Mf2 = H where Hc2 is the upper 
critical field; Hcl is the lower critical field; and 0 = A/(2.07 x 
lQ-15) where A is the penetration depth of the conductor. 

3 

(6) 
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Figure 1 shows magnetization curves generated by the SCMAG~4 code 
for a conductor with a copper to superconductor ratio of 1.4 and various 
filament sizes from 2 microns to 20 microns. There is no coupling at the 
strand level shown in Figure 1. One will note that the curves are 
skewed. This skewing is the same for all filament diameters. The skew is 
observed in magnetization loops which are generated when the field change 
goes through zero.8,9 The skewed behavior can be attributed to Hcl 
currents and vortex currents.6 This skew does not die out until the 
field on the filament reaches Hc2· 

Items 3 and 4 on the list of contributing magnetizations occur at the 
strand level. To first order, these two magnetizations can be summed to 
get Ms in Equation 4b. The magnetization due to coupled eddy current 
takes the following form provided the conductor has some twist and the 
rate of flux change is moderate.? 

0 

where L is the twist pitch of the superconductor; B is the rate of flux 
change; and Pe is the effective transverse resistivity of the matrix 
which is defined as follows: 

where Pt is the interfilament resistivity which is defined as: 

p = t 
6.56 X 10-16 

W + PM 

where W is the interfilamentary spacing; PM is the matrix material 
bulk resistivity including magnetoresistivity; and Ds is the strand 
diameter. The proximity coupling magnetization takes the following 
approximate form: 10 

where Ds and Jc are previously defined; r is the copper to 
superconductor ratio; and £ is a function of W, H and Pt· The value 
of c derived for use in the SCMAG04 code was fit to the Brookhaven 
National Laboratory measure~ magnetization data.l1 A value c which 
fits the data is as follows: 

11 -1/2 -12 
c = 7.18 X 10 (B + 0.5)(W(pt) - 7.8 X 10 ) 

(7) 

(7a) 

(7b) 

(8) 

(8a) 

or zero, whichever is larger. The expression given in 8a does not predict 
the onset of proximity coupling very well, but it is useful in the region 
where Ms2 becomes important to the total magnetization.l2 

Figure 2 shows magnetization curves generated by the SCMAG04 code 
for a conductor which exhibits proximity coupling between filaments. The 
proximity coupling is pronounced for filament spacings below 0.8 ~icrons. 
The 0.8 micron spacing case exhibits a little coupling near zero 
induction. Compare this curve with the 5 micron diameter filament in 
Figure 1. 4 
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THE EFFECT OF PROXIMITY COUPLING ON THE SSC FIELD AT INJECTION 
I 

The SCMAG04 code was used to calculate the multipole components of 
the magnetization field generated within the LBL-NC-7 configuration of the 
SSC dipole shown in Figure 3. This figure shows the direction of the 
magnetic flux lines within the coil which determines the doublet angle ~ 
in various parts of the coil. Figure 3 shows that the flux lines change 
direction in coil 5 of the magnet and that the field is lowest in coils 5 
and 6 of the magnet. Since proximity coupling is strongest at low fields, 
it is these outside coil blocks which have the largest effect on the 
proximity coupling magnetization seen in the good field region of the 
magnet. 

IRON BOUNDRY 

li 

0 5 10 15 20 

millimeters 

XBL 876-2494 

Figure 3. SSC Dipole 
Configuration 
LBL-NC-7 Showing 
Coils, Iron and 
Magnetic Flux Lines 

Figure 4 shows the ratio of se'xtupole to dipole at a radius of 10 mm 
as a function of central induction and filament spacing. The multipole 
ratio is presented for the central field going down from 6.6 T to zero and 
back up again. In a superconductor without proximity coupling, most of 
the 5 micron filaments are fully penetrated by the flux change at a 
central field of 0.08 T going up. One can see in Figure 4 that when the 
filament spacing is 0.2 microns, flux penetration of the second flux 
change does not occur until the central induction change reaches about 
0.5 T going up. The shape of the 0.2 micron spacing curve is very 
different when the field goes up as compared to when the field goes down. 
This difference reflects what is happening in the low field region of the 
magnet. 

Figure 5 shows the sextupole component at sse injection as a function 
of filament diameter D and the ratio of filament spacing W to diameter for 
a Residual Resistance Ratio (RRR) 100 copper matrix conductor. The dashed 
line indicates what the sextupole ratio would be with no proximity 
coupling. This curve does not approach zero even when the filament 
diameter approaches zero. This is due to the Hcl surface current effect. 
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From Figure 5, one can see that the proximity effect curves depart 
from the dashed line when the filament spacing W drops below 0.8 to 
1 micron. This calculation is consistent with the Brookhaven measurements 
of a proximity coupled superconductor.ll, 12 Figure 5 presents the · 
superconductor selection dilemma of the sse. One wants to reduce 
magnetization by reducing filament diameter, but one wants to maintain a 
high-transport current Jc which means the superconducting filaments have 
to be continuous and smooth.9 A good-quality, high Jc conductor has a 
relatively small spacing between filaments as compared to the filament 
diameter (WID should be in the 0.1 to 0.2 range). 
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