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Abstract

In this paper a measurement method that allows the determination of the crit-
ical current density of superconducting tape from field mapping measurements
is presented. This contact-free method allows obtaining characteristics of the
superconductor as a function of the position and of the applied flux density.
With some modifications, this technique can be used for reel-to-reel measure-
ments. The determination of the critical current density is based on an inverse
calculation. This involves calculating the current distribution in the tape from
magnetic measurements. An YBaCuO tape has been characterized at 77 K. A
defect in this superconductor has been identified. Various tests were carried out
to check the efficiency of the method. The inverse calculation was tested theoret-
ically and experimentally. Comparison with a transport current measurement
was also performed.

1. Introduction

The quality control of superconductors after their fabrication is of high im-
portance for their producers. Particularly, during the fabrication of supercon-
ducting tapes of great sizes, it is often the case that a defect is localized on
one segment of the tape [1]. The manufacturer has to verify therefore the
quality and the capacities of the tapes he produces, before sending them out
to the customer. The control method has to be, obviously, a nondestructive
one. Characterization methods by field mapping measurements are therefore
very suitable. Indeed, these measures are contactless, thus non destructive.
In addition, measures acquisition is fast enough for being used in reel-to-reel
measurements [2].
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Field mapping consists in measuring a map of the flux density produced
by a sample. The data obtained by this measurement can be used in different
ways. First, simply by viewing the flux density map, inhomogeneities can be
identified, signs of defects in the superconductor. Then it is possible to approx-
imate the results by a magnetic field distribution model in order to obtain a
value of the critical current density. Finally, by using a technique called ”in-
verse calculation” it is possible to directly visualize the current distribution,
and to study how it flows in the superconductor. One advantage of this method
is that it allows a spatial characterization of the sample, which is difficult to
do with an electrical measurement. In addition, by using a magnet to magne-
tize the superconductor, it is possible to perform measurements without contact
and hence non-destructive. This last feature allows checking the quality of a
superconductor before its use.

The field mapping is a measurement technique that has been known for
many years. Four main measurement methods have been developed:

• The magneto-optical imaging (MOI) [3, 4, 5]: it uses a Faraday active
film to visualize the value of the magnetic flux density. This film changes
the polarization of the light according to the value of the perpendicular
component of the imposed flux density. This measurement method is
very fast. It provides a good spatial resolution but the magnetic field
values obtained are not very accurate (the component of the magnetic
field parallel to the film alters the measure [3]).

• The Scanning Hall probe (SHP) [6, 2, 7, 8, 9]: it consists in fixing a
Hall effect sensor on a moving table. The sample can be magnetized by
an external magnetic field source (permanent magnet or electromagnet).
This method provides a good spatial resolution and a high accuracy on
the values of the magnetic flux density but is not as fast as the MOI.

• The magnetoscan (MS) [10, 11, 12]: it is similar to the SHP except that a
magnet is fixed directly above the Hall effect sensor. This magnet allows
magnetizing the sample. The advantage is that the used magnet is smaller
than in the previous method. Nevertheless, it moves with the Hall-effect
sensor, which results in a slight variation of the value of the flux density
applied to the sample.

• The Hall probe array technique (HPA) [13, 14, 15, 16, 17]: An assembly
of several Hall effect probes allows to measure the magnetic field simul-
taneously at several points. This technique is very fast but the spatial
resolution is very mediocre because the sensors are separated by about 0.6
mm.

Concerning the magnetization of the superconductor, three methods are pos-
sible. The first consists in imposing a transport current to the sample, with or
without external applied magnetic flux density [8, 7]. This method requires
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electrical contacts with the sample. It can therefore damage the superconduc-
tor. A second rest on a trapping of magnetic field in the superconductor thanks
to a coil or a permanent magnet [9]. A residual imposed flux density can be
kept to obtain the field dependence of the characteristics. It is not possible to
convert this experiment in a reel-to-reel measurement because the variation of
the flux density imposed to the tape is no longer produced by the movement of
the tape but by the variation of the field produced by the coil. The tape must
stay motionless. A third method consists in cooling the superconducting tape
in zero field, and then to apply a flux density. Currents tending to expel the
magnetic field then start circulating in the tape. In [14] and [6], the authors use
this technique to visualize the distribution of the magnetic field as a function of
position across the width of the tape, for different applied flux densities. They
approximate the results by a magnetic field distribution model to obtain the
value of the critical current density. In [14], Grimaldi et al. achieve to get the
value of the critical current density as a function of the position along the length
of the tape, but only when the magnetic field is in complete penetration.

We designed an experimental field mapping appartus that is, in our view,
the best compromise between speed and accuracy and that allow determining
as precisely as possible the critical current density. In addition, this device can
be used with some modifications in reel-to-reel measurements. Regarding the
measurement method, we chose to use the SHP because it presents a good accu-
racy in field measuring and spatial positioning while being fast enough to make
reel-to-reel measurements [2]. The tape is cooled in zero field and magnetized
by permanent magnets. This magnetization process allows applying a constant
a constant flux density to the superconducting tape. It has the advantage to
not require power supply and can be used in reel-to-reel measurements. More-
over, the value of the applied flux density can be easily changed by varying the
distance between the tape and magnets.

We modified the calculation method used in [14] in order to be able to
compute the critical current density even when the prenetration of the magnetic
field is not complete. This is a key improvement because tapes are often used
in these conditions. In addition, the use of SHP rather than HPA, allowed us
to obtain a better spatial resolution.

The critical current calculation method is similar to the one used in [18]
except that we used a 1D inversion rather the 2D. Indeed, we shown that current
densities values obtained by 1D inversion are more accurate (see section 4.2).

In order to check the reliability of the method we inversed the flux density
produced by a known current distribution. A comparison of the calculation
results with the search current distribution allowed us to evaluate the accuracy
of the inverse calculation. Then, a transport current of known value has been
imposed to a superconducting tape. After measurement and inversion of the
flux density map, we compared the value of the obtained current with the one
that was actually circulating in the tape. This step allowed us to verify the
effectiveness of the assembly of the measuring apparatus and of the inverse
calculation.

The characterization of the tape by our method was then performed. The
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Figure 1: Representation of the measurement layout.

value of the critical current density was thus obtained as a function of the
position on the tape and of the flux density. A comparison between these results
and those obtained by a 2D inversion has been done in order to validate the
assumptions made in the 1D inversion. Finally, we compared these results with a
measurement of the critical current density carried out by the transport current
technique in different points of the tape.

2. Presentation of the method

2.1. General description

The aim of the method is to determine the critical current density of the
superconducting tape as a function of the position according to the length of the
tape and as a function of the flux density. The superconducting tape is cooled
in zero field into liquid nitrogen (77 K) and then approached to permanent
magnets. A map of the flux density of size m x n is then measured thanks to
a SHP device as close as possible above the tape. m and n are respectively
the number of points measured in the width and in the length of the tape
(Fig. 1). Only the component Bz of the flux density perpendicular to the tape
is measured. Bz, represents the sum of the induction Bzm, produced by the
magnets and of the one produced by the tape Bzt. A 1D inverse calculation is
then performed. For this, the superconducting tape is supposed to be infinitely
thin. We therefore consider that it is traversed by a surface current density
expressed in A/m. Each line of measures (Fig. 1) is treated independently.
For each line, we dispose of the measurement of Bz, as a function of y. The
inverse calculation allows determining, starting from Bz(y), the value of jx

as a function of y, marked as jx(y), with jx being the x component of the
current density flowing through the tape. The curve jx(y) is then fitted using a
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Figure 2: Representation of the grid used for the inverse calculation.

current repartition model (Bean model [19] in the case of full penetration state
or Brandt model [20] in the case of incomplete penetration state). jc being a
parameter of the model, we obtain a value of jc. The operation is repeated for
each measurement line. A jc(x) characteristic is thus obtained. By repeating
this operation for different applied flux densities (i.e. for different distances
between the tape and magnets), the field dependence of the jc(x) characteristic
is obtained.

2.2. The 1D inverse calculation

The inverse calculation is a very important part of our method. It allows
calculating the distribution of currents in the tape, starting from the measure-
ment of the flux density. We used the method described in [21]. The calculation
area is divided, according to y, in rectangles of width dy and of infinite length,
as shown in Fig. 2. We will assume that, in each rectangle, there is a current
flowing, which is constant and oriented along x. The induction produced by the
current circulating in the rectangle located at y = yl and z = 0 on the point
located at y = yk and z = zm, can be calculated thanks to the Biot-Savart law:

Bzt(yk, yl) =
jx(yl)

107
.ln

(

(yk − yl −
dy

2
)2 + z2m

(yk − yl +
dy

2
)2 + z2m

)

(1)

Bzt(yk, yl) = jx(yl).f(k, l) (2)

with :

f(k, l) =
1

107
.ln

(

(yk − yl −
dy

2
)2 + z2m

(yk − yl +
dy

2
)2 + z2m

)

(3)
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The total flux density Bzt at the point located at y = yk and z = zm can
be calculated thanks to:

Bzt(yk) =

p
∑

l=1

jx(yl).f(k, l) (4)

n and p are respectively the number of calculation points and the number of
measured points. We can write a system on a matrix form:









Bzt(y1)
Bzt(y2)

...

Bzt(yn)









=









f(1, 1) f(1, 2) ... f(1, p)
f(2, 1) f(2, 2) ... ...

... ... ... ...

f(n, 1) ... ... f(n, p)

















jx(y1)
jx(y2)
...

jx(yp)









(5)

Bzt = F.jx (6)

To obtain the repartition of the current in the superconductor, we just have to
invert the matrix F and to multiply it by the vector Bzt, which is built on the
basis of the effectuated measurements. Bzt is the flux density produced by the
tape. It is obtained by subtracting Bzm to Bz where Bzm is the flux density
produced by the magnets and Bz is the measured flux density. To determine
Bzm two methods are available to us. The first is to perform a measurement
of the flux density without superconducting tape. So the measured field map
corresponds to Bzm. The second solution is to fit Bz by a 5th order polynomial.
Indeed, this polynomial approximates well the edges of the flux density mea-
surements, dominated by the effect of permanent magnets. Despite its relatively
high order, it doesn’t fit the superconductor effect, at the center of the curve,
even when this part is taken into account during the fitting calculations. So,
the result obtained by the 5th order polynomial fit of Bz is very close to Bzm
(Fig. 3). They are considered equal. We tested both methods and shown that
they are equivalent. We chose to use a 5th order approximation. This method
is faster because it does not require further measurements.

However, it is not possible to inverse directly F. Indeed, the problem is ill-
posed, and F is not well conditioned. This is why we have chosen to regularize
the system by using the well-known Tikhonov regularization [22, 23]. The choice
of the regularization parameter was made via the classic method of the plot of
the ”L curve”.

2.3. Experimental apparatus

The experimental apparatus (Fig. 4) is composed of three parts: the perma-
nent magnets which impose the magnetic flux density to the superconducting
tape, the support for the tape and the flux density measurement system. 5
NdFeB permanent magnets of size of 100x50x10 mm3 each, were placed side
by side and installed on an iron plate, to build an assembly with a surface of
500x50 mm2. They allow imposing a flux density varying from 7 to 180 mT to
a superconducting tape long of 300 mm, all with an inhomogeneity of less than
3 %. The superconducting tape is fixed on a G11 epoxy plate and covered with
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Figure 3: Comparison between the total measured magnetic fieldBz, the flux density produced
by the magnets Bzm, the fit of Bz by a 5th order polynomial and the flux density produced
by the tape Bzt. We note that the polynomial and Bzm are very close. We consider them
equal.

a plastic sheet. Everything can be moved vertically, for varying the distance
between the tape and the magnets in order to change the flux density imposed
to the tape. The flux density mapping system is, for its part, composed of an
Hall effect probe, fixed on a moving table. This system achieves a spatial res-
olution of 2.5 µm and has a flux density precision measurement which is less
than 0.1 mT. The Hall effect probe is encapsulated in a small Teflon cube. This
cube is in contact with the plastic sheet during the measurements. This allows
maintaining the zm distance constant.

3. Validation of the method

3.1. Validation of the inverse calculation method

In order to verify the inverse calculation method, a certain pattern of currents
repartition was presupposed in a conductor (Fig. 5). We calculated the flux
density which this current should produce, using the Biot-Savart law, at the Hall
effect sensor (at an altitude of zm = 420 µm). We added a noise of + or - 10
µT to this result. The obtained result, noted as Bzth, represents a theoretical
measure. The advantage of disposing of a theoretical measure, contrary to the
real measure, is that we know precisely the repartition of the current that we
aim to determine, by using the inverse calculation method. Hereby, we will be
able to check the efficacity of the method. The obtained result by inversing
Bzth is presented in Fig. 5. The result is satisfying. As we can notice, the
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Figure 4: Photograph of the experimental apparatus.

inversed curve corresponds properly to the curve we were searching for. Some
undulations appear, due to the regularization.

3.2. Experimental validation of the method

The experimental validation of our method was effectuated by imposing a
transport current Itr to a superconducting tape, using a power supply. The flux
density map was measured with our experimental device and the repartition of
the current was calculated with the help of the inverse method. By integrating
this result along the width of the tape, we can obtain the value of the current
Iinv. It is therefore possible to evaluate the good functioning of our method,
by comparing Iinv to the value of the current Itr, which was effectively flowing
through the tape. The experimental tests were made at 20, 40, 60 and 80 A,
at increasing current, and then at 60, 40, 20 and 0 A, at decreasing current.
Results of the field inversion are presented in Fig. 6.

Firstly, we can note that the repartition of the current is close to the one
obtained by the theoretical calculations, in [20]. The shape of the center of
the curve is almost identical to the theoretical calculations. However, on the
edges, the constants flat parts which should appear are missing. Moreover, the
maximal value (or the minimal, in the case of the decreasing current) should
remain constant regardless to the current value, which is not our case. In order
to verify the values of current obtained with our method, the table 1 allows
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Figure 5: Comparison between the theoretical curve of the current distribution (jth) and that
obtained by inversion of the flux density map (jcalc). The jcalc curve corresponds properly
to the jth curve despite some undulations due to the regularization.

Table 1: Comparison between the values of the current imposed experimentaly to the tape
and the values values obtained after inversion of the flux density map.

Increasing current
Imposed current Itr (A) 20.0 40.0 60.0 80.0
Current obtained by inversion Iinv (A) 17.7 35.0 53.5 73.9
difference (%) 11 12 11 7

Decreasing current
Imposed current Itr (A) 60.0 40.0 20.0 0.00
Current obtained by inversion Iinv (A) 56.3 38.4 19.9 1.84
Difference (%) 6 4 0.5

comparing the values of Itr and Iinv. We note that the values are close one to
another. The biggest difference is of 12 %, which is very acceptable. We can
therefore conclude that this method allows us to obtain an accurate value of the
current flowing through the superconducting tape.

4. Test of the method

4.1. Experimental results

The method has been tested on an YBaCuO tape of 30 cm long, 4 mm wide
and cooled into liquid nitrogen. Measurements were carried out on the 20 cm
located at its center in order to overcome the sides effects (in the inverse calcu-
lation, the tape is assumed to be infinite). The resolution in the length direction
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rents.

is 1 cm, which corresponds to 21 measurement lines. Each measurement line has
a length of 60 mm with a resolution of 0.1 mm, which corresponds to 601 mea-
surement points per line. Measurements were made for tape-magnets distances
equals to 47.5, 77.5 and 107.5 mm, which corresponds to averages imposed flux
densities (Bapp) equals to 38, 18 and 10.5 mT. This values are the imposed flux
densities averaged over the tape width.

The plot of the current distribution for the calculation line located at the
middle of the tape is shown in Fig. 7. We can see that for the measurements
performed at Bapp = 18 and 38 mT, the current has completely penetrated the
superconductor. This is not the case for the measure at 10.5 mT where the
current has only partially penetrated.

We also note that the curves obtained have the same shape as those ob-
tained by Brandt, in theoretical calculations [20]. In addition, the current value
decreases as the applied magnetic flux density increases. This is due to the
decay of the critical current when the flux density increases [24, 25]. Due to the
complete penetration of the current, curves at 18 and 38 mT have been fitted
by the Bean model. With respect to the curve measured at 10.5 mT, it has been
approximated by the results of the calculations of Brandt [20], because these
ones takes into account the incomplete penetration. Thanks to the good spacial
resolution along the tape width, we were able to fit our data with models in
a better way than if we had only a few points of measurement (like in HPA).
Fits of curves are shown in Fig. 7. This operation was carried out for the 21
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Figure 7: Distribution of the currents induced in the superconducting tape jx by the perma-
nent magnets for different applied flux densities Bapp and their fit using the Brandt model
(10.5 mT) and the Bean model (18 and 38 mT).

measurement lines. This allowed us to determine jc(x). The results are shown
in Fig. 8.

We note that, overall, the critical current density decreases with the increase
of the flux density. Some points do not satisfy this assertion, between curves
at 10.5 and 18 mT. One possible explanation is that the tape does not respond
well to the Bean model. Indeed, it is possible that two reactions are opposed.
As the flux density is increased, it is plausible that the value of the currents
flowing in the tape increases, while penetrating further into the tape. But at
the same time, the value of the critical current decreases. So we see a gradual
increase of the current at low flux densities, until the decrease of jc becomes
predominant and decreases the value of the currents. This explanation is only
an assumption and has to be verified.

Moreover, we note that the critical current density strongly decreases at
x = 30 mm. This decrease appears very clearly in the three curves. So we are
in the presence of a defect in the superconducting tape.

4.2. Comparison between 1D and 2D inversions

When the 1D inverse calculation is performed, three assumptions are made:
the superconducting tape is infinitely thin, infinitely long and currents circulate
only along the x axis. To check the validity of these last two assumptions, we
compared the results with those obtained using a 2D inverse calculation. Indeed,
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Figure 8: Critical current density jc obtained by field maping, for differents applied flux
densities Bapp, as a function of the position x on the tape.

for this calculation, the current can flow along the y axis and is of finite length
along x. The 2D inversion process used is the CG-FFT method described in [26].
For this calculation, it was not necessary to make a regularization. The field
mapping measurements of size 21x601 described in section 3.1 were interpolated
to obtain a flux density map of size 300x300. The increase in the number of
points along the x axis is required for the 2D inversion in order to increase the
spatial resolution. The decrease of the number of points along the y axis allows
to decrease the computation time.

The current density distribution map jx(x, y) obtained by the 2D inversion
of the flux density at 10.5 mT is presented Fig. 9. The overall shape of the
current distribution is similar to the one that we obtained with the 1D inversion
i.e. the current changes direction between each side of the tape. We also note
that we can see clearly the defect that we located at x = 30 mm.

The results of this inversion were approximated, as before, to obtain jc as a
function of x. The jc(x) curves obtained by 2D and 1D inversion are shown in
Fig. 10. They have the same shape. The strong decrease of jc at x = 30 mm
is also present in the curve produced by the 2D inversion. Note however that
overall, jc values obtained by this method are lower than with the 1D inversion.
With other numerical simulations and experimental tests on known transport
currents, we already noticed that the value of currents obtained by 2D inversion
were inferior to those we were searching for. This is this problem, which led us
to use a 1D inversion. Indeed, we show that this latter method provides more
accurate values.
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the tape obtained by 1D invesion, 2D inversion and transport measurement.

4.3. Comparison with the current transport measurement method

The conventional method for measuring the critical current density of a
superconductor is the transport current method. We performed measurements
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Figure 11: Normalized electric field E/Ec as a fuction of the current density jx for differents
applied flux densities Bapp. These curves were measured by the current transport method.

by this method to verify the results obtained by field mapping. The critical
current density has been determined using the 1 µV/cm standard criterion .
The results obtained by measuring the 20 cm of tape previously tested are
presented Fig. 11. We note that the critical current density obtained is greatly
superior to that we obtained by field mapping.

We also carried transport measurements of jc as a function of the position on
the tape by moving 2 voltage leads spaced from 1 cm along the superconductor.
The electrical contact is ensured here by pressure of the voltage leads. These last
measurements were performed in self field. The jc(x) curve (Fig. 10) shows once
again that the values are much higher than those obtained by field mapping.
We also note that the previously identified defect appears and is located in the
same position. This proves that our field mapping apparatus effectively detect
defects. We also note that at the end of the tape (at x = 100 mm) the critical
current density decreases. This is due to the welding of a voltage lead that we
have made to perform the measurements of Fig. 11. The heat generated by the
welding process has degraded the properties of the tape.

The superiors jc values obtained by transport measurements can be ex-
plained by a difference of criterion between the two methods. Indeed, we as-
sumed that the behavior of the superconductor corresponds to the Bean model
(Brandt calculations are based on the Bean model), but this is not exactly the
case. Superconductors obey to a power law (7) and high temperature supercon-
ductors have a relatively low n exponent. However the Bean model corresponds
to an infinite n value. The critical current density is usually defined as the
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current density required to obtain an electric field of 1 µV/cm. This value is an
arbitrary criterion. Nevertheless, in our new method, we are never considering
this criterion. The definition of the critical electric field of our method is rather
”the maximum electric field that allows the current flowing through the tape
for a few hours (time of measurement) without observable attenuation”. This
difference of critical electric field gives, according to the power law, a difference
in critical current values.

E

Ec
=

(

j

jc

)n

(7)

5. Conclusion

A field mapping apparatus for measuring the critical current of supercon-
ducting tapes has been developed and implemented. This method, in addition
to being contactless, allows measuring the critical current density as a function
of the position on the tape for different applied magnetic fields. It is based
on the measurement of a map of the flux density and on an inverse calculation.
Permanent magnets were used in order to induce currents in the superconductor.

We made several tests to check the efficiency of the method. First we inversed
the flux density produced by a known current. A comparison of the calculation
results with the search current distribution allowed us to evaluate the accuracy
of the inverse calculation. Then we imposed a transport current of known value
to a superconducting tape. After measurement and inversion of the flux density
map, we compared the value of the obtained current with the one that was
actually circulating in the tape. In addition, a comparison between 1D and 2D
inversions was made.

A superconducting YBaCuO tape was characterized at 77 K by this method.
The value of the critical current density was obtained as a function of the posi-
tion on the tape for three values of external applied flux densities. A defective
area having a lower critical current density has been detected.

A comparison with the conventional transport current method was per-
formed. The default localized by the field mapping method also appears in
these measures. However, the value of the critical current density obtained is
very different. This is due to a different critical electric field between the two
methods.
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