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Abstract

The lateral current distribution and the magnetic self-field induced by a
transport current were measured independently in three multifilament
Bi-2223/Ag tapes with qualitatively different filament layouts. The current
and field data from these two experiments, magnetic knife and scanning Hall
probe, are compared with each other after straightforward ‘forward’ or
‘inverse’ current-to-field calculations. Both datasets show the critical current
to be maximal in the central part of the tapes, while the comparison
demonstrates that the drop of the critical current distribution at the tape edges
is an intrinsic material property and is not caused by the tape’s magnetic
self-field. Small differences between the datasets reveal the effect of filament

bridging.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The main goal of this work is to determine the local lateral
critical current distribution in three Bi-2223/Ag tapes at
77 K. Two tapes have a filament layout which is typical
for commercial conductors, but different degrees of filament
bridging.  The third sample has a columnar filament
arrangement and serves as a model system. Over the last
decade, several strategies have been developed to study the
local current distribution in tape-like HTS conductors. Two
types of experiment can be distinguished: either the magnetic
self-field generated by the current distribution is measured
(see e.g. the review [1]) or current is confined to a selected
part of the sample and the local critical current is measured
directly. The latter experiment can be destructive [2] or non-
destructive [3]. We use both a confinement and a magnetic type
of experiment: the magnetic knife (MK) [3] yields the current
distribution directly, while a Hall probe mapping system
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(HPMS) [4] measures the self-field profile above the current-
carrying tapes (figure 1). As demonstrated in [4] and discussed
below, the two types of experiments are complimentary in
the sense that they characterize the current distribution under
different geometrical and electro-magnetic constraints, so that
a comparison between them yields extra information. Just like
in [4], we used the MK data to calculate the expected self-field
profile (forward calculation) and compared this to the actual
self-field measured by the HPMS. However, in addition we also
followed the inverse procedure, deducing the transport current
distribution starting from the HPMS data (inverse calculation),
and compare the result with the MK data.

In general, one cannot expect that the comparison between
MK and HPMS data will yield identical results, since quite
different experimental conditions apply to both. The first
difference is the role of self-field suppression of J.. In the
HPMS experiment, the tapes are saturated with a transport
current and the external field is zero. The perpendicular
component of the self-field is maximal at the tape edges,
which locally reduces the current-carrying capacity. In the
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Figure 1. Schematic representation of the magnetic knife (MK, left)
and scanning Hall probe (HPMS, right) experiments. The MK
restricts the current to a narrow longitudinal channel and measures
the lateral current distribution directly. The HPMS maps the
perpendicular component of the self-field generated by a transport
current. Both can be compared after forward or inverse calculation.

MK experiments, a relatively high external magnetic field is
applied to most of the tape and the transport current is limited
to a narrow region, so that self-field effects are negligible.
Therefore, the critical current distribution measured by the
MK will correspond to intrinsic variations of J., while the
distribution deduced from the HPMS data will reflect both
intrinsic and field-induced variations [5].

The second main difference has to do with current
‘meandering’ and filament bridging. In the MK experiment,
the current is forced to flow through a narrow channel in the
axial direction of the tape (y-direction, see figure 1), while the
transport current in the HPMS measurements is free to flow
also in the x-direction and can thus ‘bypass’ weaker spots by
redistributing itself within and between filaments.

2. Experimental details

2.1. Samples

We used three multi-filamentary Bi-2223/Ag tapes in this
work. The cross-sectional micrographs of the multifilament
samples are shown in figures 2-4. The properties of the tapes
are given in table 1.

Sample A, figure 2, is a typical Bi-2223/Ag multifilament
tape with high spatial density of filaments and numerous inter-
filamentary superconducting bridging; in sample B, figure 3,
bridging is minimized due to a lower superconducting filling
factor. Sample C, figure 4, has a special architecture of two
separated columns, each containing eight stacked filaments.
From the point of view of current distribution in the tapes, the
geometry of sample B is the best defined one, since the current

Table 1. Characteristic parameters of the samples.

No. of

Sample Size (mm) filaments /. (A) Note

A 0.25 x 3.7 x 50 55 54 High density of
filaments, filamentary
bridging, not twisted
Low fill. factor, slight
bridging expected,
not twisted

16 filaments in

2 columns 2 x 8,

not twisted

B 0.3 x 4.15 x 50 37 16

C 0.25 x 3.4 x50 16 17

can barely meander between adjacent filaments (in contrast to
samples A and C) and super-currents preferentially flow along
individual filaments.

2.2. Direct critical current distribution determination—
magnetic knife method

The MK [3] uses a step-like external magnetic field profile
to suppress super-currents over most of the tape width and
measures the critical current in the remaining low-field channel
(figure 1). The amplitude of the applied field in our
experiments is 0.427 T, except for an approximately 1 mm wide
region, where magnetic field crosses zero and changes polarity
to —0.427 T with a gradient of ~AB/Ax = 1.12 Tmm™".
The critical current is measured by the standard four-probe
method using the electric field criterion E. = 1 uV cm™,
The distance between the voltage taps is ~10 mm. The length
of the iron cores that shape the step profile (20 mm along
the tape) is long compared to the voltage tap distance. The
external magnetic field profile is moved from one tape edge to
the other with steps of Ax = 50 um. For each step, the critical
current /., of the low-field channel is measured. These ‘raw’
I.m(x) data then have to be processed with a de-convolution
procedure. With the standard fast Fourier transform (FFT)
routines implemented in the Matlab software package, we
used the convolution theorem according to which convolution
in the ‘time’ domain corresponds with multiplication in the
‘frequency’ domain and vice versa, [6]:

I.m(x) = /—00 J.(xNt(xYF(x — x")dx’

FFT(I.m) = FFT(J.t) - FFT(F) 1
JS = J.t = IFFT [w] :
FFT(F)

The de-convoluted quantity is the critical sheet current density
JCS (x), i.e. the critical current per unit tape width. It is equal
to the total thickness (in the z-direction) 7 (x) of the filaments
at position x, multiplied by the average critical current density
Jo(x). The kernel F(x) describes the external magnetic field
profile 1o H (x) combined with the normalized overall J.(B)
dependence of the tape:

F(x) = flroH ()] f(B) =J:(B)/J:(0). (2)

The functions poH(x) and f(B) in (2) are measured
separately and expressed by analytical formulae.
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Figure 2. Cross-sectional micrograph of the Bi-2223/Ag tape A, which is typical for commercial conductors. The thickness of the tape is

stretched unproportionally to show the filament layout.

Figure 3. Cross-sectional micrograph of tape B with less filaments and a lower superconducting fill factor. The thickness of the tape is

stretched unproportionally to show the filament layout.

Figure 4. Cross-sectional micrograph of the columnar tape C, used as a test sample. The thickness of the tape is stretched unproportionally to

show the filament layout.

2.3. Indirect current distribution determination—magnetic
field mapping

The HPMS set-up is equipped with a Hall sensor that measures
the component of magnetic field perpendicular to the sensor
surface, B, figure 1. The active area of the sensor is 50 ;«m by
50 pm; its sensitivity is ~170 mV T~!. For the magnetic self-
field measurements, the samples were supplied with a transport
current corresponding to the full critical current (determined
with the four-point method using an electric field criterion
E. = 1 pVem™). The field was mapped above the tape
at a distance z of about two to three times the tape thickness
(z ~ 0.5 mm).

For the calculation of the inverse problem (see below),
the z-component of the self-field Bgg ;(x) was determined at
25 spatial points across the tape. This resolution is sufficient
to resolve the current distribution across the tape, especially
when considering the excellent measurement precision of
the magnetic self-field component perpendicular to the tape
(relative uncertainty better than 0.5%), which is much higher
than the typical precision of magneto-optical methods.

2.4. Forward calculations

The magnetic field profiles corresponding to the measured MK
critical current profiles were calculated in a forward way using
equation (3), which gives the perpendicular component H, of
the field generated by a current / flowing uniformly distributed
in an infinitely long strip of width w. The thickness of the strip
is assumed to be negligibly small in comparison with all other

dimensions [7].
1 r
H.o=———1n (—) 3)
2rw r

r1 2 are the distances from the strips edges to the point where
the field is calculated (figure 5). The calculation model consists
of N such narrow strips placed in parallel. Each point of the

850

Hy, 7 2H;
r;=, I ; noooy | 11; S \[ I,
a) w b) I

Figure 5. Schematic representation of the thin strip model used in
the forward and backward current-to-field calculations. The left
picture represents the self-field due to a uniformly distributed
current, while the right model gives a non-uniform current
distribution as a sum of ‘sub-strips’.

magnetic self-field profile is then calculated as the sum of N
contributions of all the sub-strips.

Using the same expression (3), we also modelled the tapes
as a single strip, i.e. as having a constant lateral critical current
distribution, and compared the results with the measured
HPMS profile and with the forward calculation using the MK
distribution.

2.5. Inverse calculations

The calculation of the inverse problem is based on generation
of an inverse matrix relating to the mesh of the currents
and the mesh of the measured field data, applying Tichonov
regularization; see references [8—12] for details. The number
of elements of the calculated JCS vector, describing the sheet
current distribution that corresponds to the measured HPMS
self-field profile, was 25. This number has to be the same
as the size of the vector Bgp.(x). Note that this method
does not simply yield the best matching result in terms of a
least squares criterion, but also discriminates in terms of the
fewest possible oscillations in the current distribution vector
elements. Thus, the algorithm is robust in the sense that it
keeps the solution ‘physically feasible’ even in the presence
of measurement errors and noise.
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Figure 6. Sample A: (a) the magnetic self-field profiles measured by the HPMS, calculated from the MK current distribution data and
calculated assuming a uniform sheet current; (b) the lateral critical sheet current distributions, measured with the MK, calculated from the

HPMS self-field data and assuming a uniform sheet current. Sample B:

(c) self-field profiles obtained by the HPMS, calculated from the MK

data and from assuming uniform current; (d) critical sheet current distributions obtained by the MK, calculated from the HPMS data and
assuming uniform current. Sample C: (e) magnetic profiles obtained by HPMS, by forward calculation from MK data and J. = constant
model calculation; (f) local lateral critical current distributions obtained by MK, by inverse calculation from HPMS and J. = constant model.

3. Results and discussion

As explained in the introduction, the results of the MK and
HPMS experiments can be compared in two ways. First, as
in [4], we compared the magnetic self-field profiles Bgg . (x)
calculated from the MK current distribution with the ones
actually measured by the HPMS. These comparisons are
shown in figures 6(a), (c) and (e) for tapes A, B and C
respectively. Also added (as narrow dashed lines) are the
self-field profiles corresponding to a uniform lateral current
distribution. Clearly, for all three tapes the HPMS-measured
and MK-calculated self-field profiles both deviate significantly
from the simple model calculations corresponding to a uniform

current distribution. More subtle deviations can be observed
between the HPMS and MK profiles.

We can quantify these subtle differences by defining the
relative root mean square difference between two self-field
profiles as

N 2
o = | DB w - BEG)?
2 N
Zi:l Bglsg/ls(xi)z

comparing MK with HPMS data and MK with uniform current
distribution data, yielding the following. Sample A: ABgp ; =
8.22% (MK versus HPMS) and 26.33% (MK versus constant
model). Sample B: ABgg; = 3.14% (MK versus HPMS) and
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28.71% (MK versus constant model). Sample C: ABgg, =
6.88% (MK versus HPMS) and 27.42% (MK versus constant
model).

Compared to the estimated measurement uncertainty of
0.5%, the deviation is significant, especially for tapes A and
C, and the best quantitative match is obtained for tape B. It
can clearly be seen that the deviation of the constant current
distribution model profile is significantly higher compared to
MK measurement.

The differences between both experiments are even clearer
in the critical sheet current profiles Jcs(x), comparing the
measured MK data with the inverse HPMS calculations and
constant current distribution model calculations. These profiles
are shown in figures 6(b), (d) and (f). Again, we can quantify
the deviations between both datasets in terms of a relative RMS
difference

2
Zthl <JCS,MK(xi) . JCS.HPMS (Xi)>
Zfi] J(:SYMK()Ci)2 .

This gives the following. Sample A: AJCS = 23.71%
(MK versus HPMS) and 37.38% (MK versus constant model).
Sample B: AJCS = 20.69% (MK versus HPMS) and 39.24%
(MK versus constant model). Sample C: AJCS = 36.63% (MK
versus HPMS) and 47.38% (MK versus constant model).

The match is better for the tapes A and B with the
‘standard’ filamentary layout than for the ‘columnar’ test
sample C.

More can be learned from comparing the shape of the self-
field and sheet current profiles. In figures 6(a) and (b), one
can see that for sample A even the small discrepancies in the
magnetic field profile result in clear discrepancies in the current
distribution. Yet, the rough shape of the JCS profile (maximum
in the central part, decrease of the sheet current at the edges) is
reproduced by both MK and HPMS.

In sample B, figures 6(c) and (d), the measured and
calculated self-field profiles are practically identical and the
shapes of the sheet current distribution are remarkably similar
(maximum left of centre; gradual decrease towards the right
and, just as for tape A, suppression at the edges), especially
considering the complexity of experiments.

The columnar filament architecture in sample C is not a
standard one, but was realized for model purposes [13]. Fig-
ures 6(e) and (f) show that the results of the two experimen-
tal methods clearly differ (in particular, the inverse calculation
starting from the HPMS data does not yield zero current in be-
tween the columns), although both clearly resolve the critical
current asymmetry between the left and right columns.

In general, three important conclusions can be drawn.
First, in these multifilament Bi-2223/Ag tapes the self
magnetic field has only a minor influence on the current
distribution. This can be deduced from the fact that more
or less the same shape of the lateral current distribution is
observed, regardless of the experimental method used (in the
MK data the effect of the self-field is negligible, contrary
to the HPMS experiment). Therefore, both experiments
characterize the intrinsic current distribution and material
properties, consistent with the results reported in [14].

Second, discrepancies between MK and HPMS are
especially obvious in samples A and C, which have a higher

AJCS =

(6))
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degree of filament bridging. Because of bridging, lateral
components of the current become more important and current
paths can change significantly depending on the experimental
technique used. The relatively good match between HPMS and
MK in Sample B thus indicates weak filament bridging.

Third, the assumption of the homogenous current
distribution, often used in simple models for the interpretation
of AC loss data, is shown to be invalid in typical Bi-2223/Ag
tapes. Since the detailed transport AC losses are essentially
due to the details of self-field penetration, the comparison
between the measured Bgg profiles and the ones calculated with
auniform JCS show that this assumption might lead to important
discrepancies. The shape of the measured current profiles show
the main correction to be the intrinsic drop of local current at
tapes’ edges.

Apart from this extra information obtained by combining
the MK and HPMS experiments, the good overall match can
be seen as a validation of the experimental and calculation
methods.  In particular, the data shown in figure 6(d)
demonstrate that the inverse calculation method can be used
with some confidence to obtain current density profiles from
HPMS self-field data. Note that the HPMS method, although
indirect, is more versatile than the MK experiment. The MK
measures only currents in the immediate vicinity of the local
critical current /., (x): for lower currents no detectable voltage
is generated, while higher currents re-distribute throughout the
Ag sheath. In contrast, the HPMS can also be used to measure
the distribution of transport currents well below or above /., as
well as DC or AC magnetization currents [8, 9].

4. Conclusions

All investigated Bi-2223/Ag tapes show a significant suppres-
sion of the local critical current at their edges. This is not due
to self-field effects, but rather an intrinsic consequence of the
deformation process. This typical effect invalidates the sim-
ple model assumption of uniform critical current distribution,
which is often used in the interpretation of AC loss data.

The comparison between lateral current profiles obtained
with the direct magnetic knife method and the indirect
scanning Hall probe method provides information concerning
the importance of lateral current components. Specifically, it
can be used to compare the degree of inter-filament bridging
between samples.

The HPMS method in combination with the inverse
calculation routine proves to be effective and reliable. It is not
restricted to critical current measurements only, but can be used
in a wide range of temperatures and currents while the speed
of the experiment makes it also suitable for measurements in
the AC regime. The relatively simple infrastructure, handling
and data evaluation make it a technique which is accessible for
most laboratories working in the field of superconductivity.
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