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 
Abstract — Combining scanning Hall-probe microscopy 

(SHPM) with finite element method (FEM), we have investigated 
three-dimensional current distribution at a silver diffusion joint of 
RE-123 coated conductor (CC). This research aims at the 
understanding of electromagnetic behaviors in a jointed CC and 
at the establishment of an analysis model for it. Two-dimensional 
distribution of sheet current density in a jointed sample was 
visualized by a SHPM measurement with a spatial resolution of a 
few hundred micrometers. Then, it was found that such a 
distribution included information about current transfer between 
the jointed pieces. Furthermore, the experimental results were 
successfully reconstructed by a three-dimensional FEM analysis. 
We believe that these will be very important findings for the 
establishment of jointing processes on CCs and for the designs of 
practical applications which need such processes. 
 

Index Terms — coated conductor, current distribution, finite 
element method, joint, scanning Hall-probe microscopy 
 

I. INTRODUCTION 

HE second-generation high temperature superconducting 
(HTS) tapes such as RE-123 (RE: Y, Gd and so on) coated 

conductors (CCs) have been developed steadily [1]-[3], and 
electric power applications comprising CCs have been studied 
strenuously in particular [4]-[7] from their potential of AC 
losses reduction [8]-[10] 

On the other hand, jointing processes on CCs will be 
indispensable for such applications considering their 
maintenance and large scale. Of course, an important 
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requirement for a joint is low contact resistance. For example, 
silver diffusion method has been proposed as a low-resistance 
jointing method [11]. A method for low resistance by removing 
stabilization layer has also been reported [12]. Furthermore, 
there are some papers discussing contact resistance of CCs 
jointed by soldering [13], [14]. 

However, we should also understand further electromagnetic 
behaviors beyond contact resistance to improve a jointing 
process itself as well as to predict its influence on an 
application. Above all, to clarify current transfer between 
jointed pieces is important because it is an origin of contact 
resistance and local heat generation. This means that we need to 
investigate three-dimensional current distribution at a joint. 

In this study, we have investigated current distribution in a 
jointed sample of GdBCO CC. We devised a special 
configuration for the joint, and then we could estimate current 
transfer between the jointed pieces from two-dimensional 
current distribution obtained by scanning Hall-probe 
microscopy (SHPM). Furthermore, the experimental results 
were reconstructed very well by a numerical analysis of 
three-dimensional finite element method (FEM). 

II. METHOD 

A. Sample 

Fig. 1 shows a schematic and a photograph of the sample. 
The sample was prepared from two pieces of GdBCO CC with 
different widths: 5-mm-wide piece and 2-mm-wide piece. The 
two pieces in contact with each other’s silver surface were 
jointed by silver diffusion method. There were two reasons for 
the different widths. In case of a joint between multifilamentary 
CCs, physical interference of the filaments should be avoided 
from the point of view of coupling loss. Considering the 
processing accuracy, it will be reasonable to utilize a piece with 
narrower filaments on one side. The sample corresponded to a 
basic configuration for that. This was one reason. The other 
reason was to estimate current sharing ratio for each piece at the 
joint. If we can do that as a function of longitudinal position, we 
can estimate current transfer between the pieces. The principle 
will be described below. 
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Fig. 1.  The schematic and the photograph of the jointed sample of GdBCO CC. 
Two pieces with different widths were jointed by means of silver diffusion 
method. 
 

B. Measurement for Sheet Current Density Distribution 

A SHPM system [15], [16] was utilized to visualize current 
distribution in the sample. Distribution of self-field around the 
sample induced by a transport current was measured by 
scanning a Hall-sensor. As a result, in-plane distribution of 
perpendicular component of the magnetic field, Bz, was 
obtained. If we assume in-plane current distribution in the 
sample, i.e., sheet current density in xy-plane, J, the distribution 
of J can be derived analytically from that of Bz by solving an 
inverse problem of Biot-Savart law. Roth et al. have already 
reported a method for that, and x and y components of J, Jx and 
Jy, are expressed in Fourier space as follows [17]: 
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where 
xJ

~ , 
yJ

~  and 
zB

~  are the Fourier transformations of Jx, Jy 

and Bz, respectively. The variables kx and ky are the components 
of the wavenumber k, and k is the absolute value of k. The 
constant zlift-off is the distance from the current sheet to the 
measurement point of Bz. According to the increment of zlift-off, 
spatial harmonics of 

zB
~  are weakened especially at large k. Eqs. 

(1) and (2) indicate that such harmonics should be 

amplified by the term of off-liftkze  to restore the magnetic field just 
at the current sheet. However, at very large k, the harmonics are 
weakened down to a noise level of the measurement. This 
means that we should give up the information of such large k. 
We used a Hanning window, w(k), as a low-pass filter: 
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The parameter kcut-off is the cut-off wavenumber, and the 
corresponding cut-off wavelength, cut-off (= 2 / kcut-off), 
determines the spatial resolution of the obtained distribution of 
J. In this way, in-plane distribution of sheet current density in 
the sample can be obtained by a SHPM measurement as a 
superposed distribution of the jointed pieces. 

C. Numerical Analysis 

A commercial FEM software (PHOTO-Series EDDY) was 
used for an electromagnetic analysis for the sample. Only the 
1-m-thick superconducting layer and the 20-m-thick silver 
layer of the GdBCO CC were considered for the analysis model, 
and then its nonconductive substrate was not included there. 
For the superconducting layer, we considered the following 
electric field versus current density (E-J) characteristics based 
on the percolation transition model [18], [19]: 
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where FF = 1.0 x 10-7 m is the resistivity at uniform flux flow, 
and Jcm,= 1.8 x 1010 A/m2, J0 = 9.1 x 1010 A/m2 and m = 4.0 are 
the parameters describing the shape of the distribution of local 
critical current density. The software was customized to be able 
to deal with the E-J equation. Furthermore, we used a 
time-dependent model for the analysis. The transport current 
was increased to an intended value by 1 second, and was kept 
for 3 hours. This was the same condition as the measurement. 
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Fig. 2.  Theoretical results of the current distribution in the cross-section of the joint of the sample. The results were obtained for different current sharing ratios. The 
shape of the total distribution changes depending on the current sharing ratio. This means that we can estimate the current value for each piece from a SHPM 
measurement. 
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D. Estimation of Current Sharing Ratio 

We can only obtain superposed distribution of sheet current 
density of the jointed pieces by a SHPM measurement. 
However, according to a theoretical analysis, information of 
current sharing ratio should be included in the total distribution 
of sheet current density. Fig. 2 shows the theoretical results. 
The analysis was carried out for the cross-section at the joint of 
the sample, and the results were obtained for different current 
sharing ratios at a total transport current of 25 A. When all the 
current flows in the 5-mm-wide piece, i.e., in Condition (I), 
almost no interaction between the two pieces can be seen. On 
the other hand, when the current becomes larger in the 
2-mm-wide piece, shielding current is induced in the 
5-mm-wide piece. In Conditions (II) and (III), for example, 
current flows in negative direction in the 5-mm-wide piece just 
under the 2-mm-wide piece carrying positive transport current. 
This is to shield the magnetic field generated by the 2-mm-wide 
piece. However, the shape of the distribution of the shielding 
current in the 5-mm-wide piece is slightly different from that of 
the transport current in the 2-mm-wide piece. For example, the 
shielding current is induced also outside the region of 

mm 1mm 1-  y in the 5-mm-wide piece while the transport 

current can flow only within such region in the 2-mm-wide 
piece. This comes from the distance between the 
superconducting layers of the two pieces. As a result, the total 
distribution of sheet current density becomes different shape 
depending on the current sharing ratio. Even if considering the 
resolution of a SHPM measurement, i.e., applying (3) with 
cut-off = 400 m, such information can remain: local maximum 
and minimum values around mm 1y . Then, if we plot a 

difference of the sheet current density between y = 0.8 mm and 
y = 1.2 mm, Jx, as a function of the current of 2-mm-wide 
piece, I2mmw, we can obtain the following relationship at a total 
transport current of 25 A: 

 
A/m1380

A/m  350
A 252mmw


 xJ

I .         (5) 

By this principle, we can estimate the current sharing ratio at 
the joint. In other words, we can evaluate current transfer 
between the two pieces from the SHPM measurement result. 

III. RESULTS AND DISCUSSION 

A. Results from the SHPM Measurement 

Fig. 3 shows the results from the SHPM measurement. 
Two-dimensional distribution of magnetic field was measured 
at a transport current of 25 A, and then the corresponding 
distribution of sheet current density was obtained with the 
special resolution of 200 m: cut-off = 400 m. The x and y 
components and the absolute value of sheet current density are 
shown in the figure. It can be seen that current flows largely 
along the edge of the sample as in the case of a single 
superconductor. As a result, one may recognize that current 
transfers from the 5-mm-wide piece to the 2-mm-wide piece 
intensively on the end of the 5-mm-wide piece: around x = 14 
mm. However, as stated above, this distribution corresponds to 
the superposed one of the two jointed pieces. Therefore, more 
discussion will be needed to understand the current transfer. 
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Fig. 3.  Results from the SHPM measurement. Two-dimensional distribution of 
sheet current density, J, was obtained from that of measured magnetic field, Bz. 
Jx and Jy are x and y components of J, respectively. The measured region is 
shown in Fig. 1. 
 

B. Current Transfer between the Jointed Pieces 

For the estimation of the current transfer between the jointed 
pieces, it is necessary to separate the total transport current into 
those of the two pieces. According to the above-mentioned 
theoretical analysis, some information about the current sharing 
ratio should be included in the results of the SHPM 
measurement. Fig. 4 shows one-dimensional distributions of 
longitudinal component of sheet current density obtained for 
several longitudinal positions: x = 3, 5, 7, 9, 11 mm. The 
positions are also indicated in Fig. 3. It can be seen that the 
shapes of the distributions are different from each other 
depending on the position: difference between the local 
maximum and minimum values around mm 1y . As stated 

above, the current sharing ratio can be estimated by (5). Fig. 5 
shows the result. The current in the 5-mm-wide piece, I5mmw, 
and that in the 2-mm-wide piece, I2mmw, are plotted as a function 
of longitudinal position. Contrary to the appearance of the 
current distribution shown in Fig. 3, it was found that current 
transfers from the 5-mm-wide piece to the 2-mm-wide piece by 
using almost all the length of the joint. Furthermore, I2mmw 
increases linearly with respect to the longitudinal position. This 
means that current transfers uniformly across the joint length. 
Therefore, it can be concluded that a decent joint process was 
performed on this sample. In this way, we could estimate 
current distribution in a jointed sample beyond 
two-dimensional distribution. 
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Fig. 4.  One-dimensional distributions of sheet current density at several 
longitudinal positions. These distributions are extracted from the 
two-dimensional one shown in Fig. 3. 
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Fig. 5.  Current sharing at the joint estimated from the SHPM measurement as a 
function of longitudinal position. This means current transfer from 5-mm-wide 
piece to 2-mm-wide piece. 
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Fig. 6.  Results from the 3D FEM analysis. The spatial resolution was matched 
with that of the SHPM measurement by applying (3). The total distribution of 
sheet current density agrees well with that of the SHPM measurement shown in 
Fig. 3. 
 

C. Results from 3D FEM Analysis 

To confirm the validity of the above-mentioned discussion 
and to understand further electromagnetic behaviors in the 
sample, we also carried out a three-dimensional FEM analysis. 
Fig. 6 shows the results. Current distributions in the 5-mm-wide 
piece and the 2-mm-wide piece are shown in the figure. The 
superposed distribution of both pieces is also shown for the 
comparison with the experimental result. It can be seen that 
current in the 2-mm-wide piece gradually increases by using all 
the length of the joint as discussed in the experimental results. 
Furthermore, it should be noted that current flows in negative 
direction in the 5-mm-wide piece just under the 2-mm-wide 
piece. This is the shielding current against the magnetic field 
induced by the 2-mm-wide piece. As a result, almost all the 
information of the current in the 2-mm-wide piece disappears in 
the total distribution of the two pieces, and then the sample 
pretends to be a single superconductor. On the other hand, 
irregularity around mm 1y  still remains in the total 

distribution. This comes from slight difference between the 
current distribution in the 2-mm-wide piece and the shielding 
current in the 5-mm-wide piece due to the distance between the 
superconducting layers of the two pieces. Including these 
features, the total distribution agrees very well with the 
experimental one shown in Fig. 3. Therefore, it can be 
concluded that we could confirm the validity of the discussion 
in this paper and that we could establish an analysis model at a 
joint of CC. 

IV. CONCLUSION 

We have investigated three-dimensional current distribution 
at a silver diffusion joint of GdBCO CC. Two-dimensional 
distribution of sheet current density in the sample was 
visualized by a SHPM measurement. Then, it was found that 
such a distribution included information about current transfer 
between the jointed pieces, and current transferred from one 
piece to the other by using almost all the length of the joint. 
Furthermore, the experimental results were successfully 
reconstructed by a three-dimensional FEM analysis. We 
believe that these will be very important findings for the 
establishment of jointing processes on CCs and for the designs 
of practical applications which need such processes. 
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