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Abstract— We have carried out the characterization of local 

critical current distribution in a 113-m-long multi-filamentary 

coated conductor (CC) based on reel-to-reel scanning Hall-probe 

microscopy (RTR-SHPM). Patterning multi-filamentary 

structure on CCs is a key technology for the reduction of AC 

losses due to magnetization. Recently, this advantage has also 

been expected for the reduction of the magnetization in a coil 

winding which has been recognized as a critical problem for HTS 

magnet applications such as accelerators, MRI, and NMR from 

the viewpoint of field homogeneity and temporal stability. 

However, it has been difficult for the conventional techniques 

such as four-probe method, TAPESTARTM, etc. to make 

diagnostics for multi-filamentary CCs due to the limitation of 

spatial resolution. On the other hand, our measurement has an 

advantage in taking two-dimensional field image. This enabled us 

to confirm that multi-filamentary structure as well as the 

corresponding magnetization reduction were successfully 

achieved in a long-length CC. At the same time, by the estimation 

of local critical current distribution for each filament, it was also 

found that there were still some local defects, which affected the 

global performance of the multi-filamentary CC, even if the 

probability density of such defects was only in the order of 10-5. 

These findings will become crucial information for the 

optimization of fabrication processes of multi-filamentary CCs 

and for their nondestructive quality assurance. 

  

Index Terms— critical current distribution, multi-filamentary 

tape, RE-123 coated conductor, RTR-SHPM. 

 

I. INTRODUCTION 

E-123 (RE: Y, Gd, etc.) coated conductors (CCs) have 

been especially expected for high-field magnet 

applications such as MRI and NMR by taking advantages of 

high critical current density against magnetic field and high 

mechanical strength against the corresponding electromagnetic 

force. On the other hand, the magnetization and its time 

variation of CCs have been recognized as a critical problem in 

such applications from the viewpoint of field homogeneity and 

temporal stability [1]-[3].  
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Patterning multi-filamentary structure on CCs would 

become a promising solution for the magnetization issue. In 

fact, such multi-filamentary CCs have been successfully 

fabricated by several groups [4]-[6]. Although these are 

originally for the reduction of AC losses, recently this 

advantage has also been expected for the compensation of the 

abovementioned problem in high-field applications [7].  

On the other hand, multi-filamentary CCs will have the 

possibility of damage resulting from their patterning processes 

such as striation and from the severe influence from local 

defects because smaller defects block current flow in narrower 

filaments. Therefore, diagnostics by the characterization of 

local critical current distribution is especially important for 

multi-filamentary CCs. However, the conventional technique, 

i.e., TAPESTARTM [8], which is well known as a de facto 

standard method, cannot be directly used for the 

characterization of multi-filamentary CCs because of the lack 

of the spatial resolution along the conductor width. Magneto-

optic imaging (MOI) [4] also has some difficulty in calibration 

required for a quantitative analysis for long CCs. Scanning 

Hall-probe microscopy (SHPM) has shown powerful potential 

for the diagnostics of multi-filamentary CCs; however the 

sample length has been limited to several centimeters at this 

moment [9], [10]. 

In this study, we applied reel-to-reel scanning Hall-probe 

microscopy (RTR-SHPM) [11] to the diagnostics of a 113 m 

long, 4 mm wide CC with 4 filaments. As a result, it was 

confirmed that the multi-filamentary structure as well as the 

corresponding magnetization reduction were successfully 

achieved in such a long-length CC. At the same time, it was 

also found that there were still some local defects, which 

affected the global performance of the multi-filamentary CC, 

although they could not be detected by a TAPESTARTM 

machine. 

II. MATERIALS AND METHODS 

A. Sample: 113-m-long Multi-filamentary CC 

Fujikura Ltd. has developed a multi-filamentary CC by 

scratching its buffer layer along the longitudinal direction [7]. 

Fig. 1 shows the schematic of the cross-sectional structure of 

the CC. The GdBCO layer is divided by non-superconductive 

streaks on the scratches of the buffer layer. Although the 

R 
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filaments are electrically coupled also by the Cu foil, it is 

supposed that the magnetization in a DC state would be 

reduced because current cannot flow across the interface 

between the filaments at zero-resistance. This will address the 

above-mentioned problem of magnetization in high-field 

applications. A 113-m-long, 4-mm-wide, and 4-filamentary 

CC was selected as the sample. 
 

 

 
 

Fig. 1.  Schematic diagram of the cross-sectional structure of the multi-

filamentary CC fabricated by buffer scratching along longitudinal direction 

[7]. 
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Fig. 2.  Illustration of the parameters at the analysis of local critical current 

estimation.  
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Fig. 3.  Fitting results of remanent magnetic field distribution at longitudinal 

position with (a) balanced filamentary critical currents and (b) unbalanced 

filamentary critical currents. Measurement data are plotted as symbols, and 

the solid curves are from equation (1). 
 

B. Measurement of Remanent Magnetic Field Distribution 

RTR-SHPM [11] was used for the characterization of the 

sample. Two-dimensional in-plane distribution of remanent 

magnetic field of the sample was taken by scanning a Hall 

sensor in width direction above the fully-magnetized sample 

traveling in longitudinal direction. Only the component 

perpendicular to the sample’s surface, Bz, was measured. The 

traveling speed was set to be 24 m/h. 

C. Analysis of Local Critical Current Distribution 

As a result of the measurement, Bz could be obtained as a 

function of width position, y, at each longitudinal position, x. 

Using the parameters shown in Fig. 2 where only the 

longitudinal components of the magnetization currents are 

assumed, Bz(y) can be analytically expressed by the Biot-

Savart law for the fully-magnetized sample with assuming the 

critical state model:  
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(1) 

 

where Ick, wk, and yk are local critical current, width, and width 

position of each filament at a longitudinal position, 

respectively. They were dealt as fitting parameters for Bz(y) 

while the distance between the Hall-sensor scan and the 

filaments, z0, was dealt as a known value. The fitting was done 

by the Levenberg-Marquardt method, which had been given as 

a ready-made block in LabVIEWTM, with an appropriate set of 

their initial values. Fig. 3 shows the typical fitting results; the 

equation describes the measured magnetic field distributions 

very well. According to this procedure, local critical current at 

a longitudinal position was estimated for each filament.  

III. RESULTS AND DISCUSSION 

Fig. 4 shows the longitudinal distributions of critical 

currents, Ic, in the sample characterized by the conventional 

techniques: TAPESTARTM and 4-probe method. 

TAPESTARTM shows uniform Ic distribution for this sample. 

Furthermore, 4-probe method also shows Ic = ~200 A for 

every 4.7-m-long section throughout the whole length of the 

sample. It could be confirmed that such a sophisticated multi-

filamentary CC was successfully fabricated by Fujikura Ltd. 

On the other hand, some Ic drops were detected by the 4-probe 

method (e.g., around x = 22, 80, 90 m, etc.) while no obvious 

defects were detected by TAPESTARTM. Furthermore, only 

from these results obtained by the conventional 

characterization techniques, it is difficult to confirm the 

quality of a multi-filamentary CC. 
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Fig. 4.  Longitudinal distributions of critical currents in the sample characterized by the conventional techniques: TAPESTARTM and 4-probe method. 
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Fig. 5.  Characterization results obtained by the RTR-SHPM with the related analyses: remanent magnetic field distribution, local Ic distribution for each filament, 

that for total Ic, and the corresponding global Ic estimated for every 4.7-m-section in a 113-m-long, 4-mm-wide, and 4-filamentary CC. 
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Fig. 6.  Comparison magnetization between the 

multi-filamentary CC and a mono-filamentary CC. 

The magnetic field distribution of the multi-

filamentary CC was obtained by the measurement 

at x = 78.31 m, and that of a mono-filamentary CC 

was estimated by the equation (1) with the same 

critical current. 
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Fig. 7.  Remanent magnetic field distributions around the local Ic drops at (a) x = 22 m, (b) x = 80 m, and 

(c) x = 90 m. 
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(b) 

Fig. 8.  Histogram with the probability density of local Ic distribution of 

Filament 3 shown (a) by linear scale and (b) by semi-logarithmic scale.  
 

 

Fig. 5 shows the results obtained by the RTR-SHPM with 

the related analyses. Two-dimensional distribution of 

magnetic field in the remanent state was successfully obtained 

for such a long multi-filamentary CC; it was confirmed that 4-

filamentary structure and the corresponding reduction of 

magnetization were achieved in this sample. For example, 

when same critical current as the total critical currents of the 

four filaments at x = 78.31 m was assumed for a mono-

filamentary CC, magnetic field distribution could be estimated 

as shown in Fig. 6; reduction of the magnetization by the 

multi-filamentary structure could be confirmed. 

From the remanent magnetic field distribution, local Ic 

value at each filament was obtained as a function of 

longitudinal position. The electric field criterion could be 

estimated by relaxation measurements [12], and was estimated 

to be 10-8 V/m for this measurement condition: 10,000 times 

lower electric field criterion than the typical one of 10-4 V/m.  

It can be seen that each filament has non-negligible local Ic 

drops especially around x = 22, 80, 90 m where Ic drops are 

shown also by the 4-probe-method.  

Fig. 7 shows the magnetic field distributions for such 

locations. The sizes and the locations can be clearly seen in 

the figure; typical size would be ~1 mm. In other words, it is 

necessary to detect such a small defect from a long CC, and 

we could do that.  

Such Ic drops in each filament resulted in those of total Ic, 

and could explain the global Ic drops as shown the lower side 

of Fig. 5. The global Ic was estimated as the current where the 

averaged electric field became 10-4 V/m between voltage tap 

distance by assuming the electric field at each measurement 

position by n-value model with a typical value of 30: 

n

I

I
EE 








=

c

c
             (2) 

where Ec is the electric field criterion used for the 

determination of Ic. 

Furthermore, Fig. 8 shows the histogram of local Ic 

distribution in Filament 3. In the linear plot, minimum Ic looks 

slightly smaller than the average apparently. However, in fact, 

it can be seen in the semi-logarithmic plot that there are 

several positions with even smaller Ic at very small probability 

density in the order of 10-5. This can be clarified only by a 

high-resolution measurement for a long CC. 

In this way, the RTR-SHPM with the related analyses could 

detect local Ic drops for each filament as the origin of the 

global performance reduction of the CC although the 

TAPESTARTM could not detect them. Furthermore, the 

locations of the defects could be specified in less than 

millimeter scale even for a 100-m-long class multi-filamentary 

CC. This will be crucial information to improve the 

fabrication process by investigating the origin by site-specified 

microstructural observation. 

IV. CONCLUSION 

We applied RTR-SHPM to the diagnostics of a long-length 

multi-filamentary CC: 113-m-long, 4-mm-wide, and 4-

filamentary CC fabricated by Fujikura Ltd. As a result, it was 

confirmed that the multi-filamentary structure as well as the 

corresponding magnetization reduction were successfully 

achieved in such a long-length CC. At the same time, it was 

also found that there were still some local defects, which 

affected the global performance of the multi-filamentary CC, 

although they could not be detected by TAPESTARTM; the 

locations of the defects could be specified in less than 

millimeter scale even for a 100-m-long class multi-filamentary 

CC. These findings will become crucial information for the 

optimization of fabrication processes of multi-filamentary CCs 

and for their nondestructive quality assurance. 
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