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Abstract—The applicability of the scanning permanent magnet
method to the crack detection in a high-temperature supercon-
ducting (HTS) film is investigated numerically. To this end, a
numerical code is developed for analyzing the shielding current
density in an HTS film with a crack. In the code, the virtual
voltage method is applied to the solution of the initial-boundary-
value problem of the shielding current density. The results of
computations show that the crack position can be accurately
determined by scanning an HTS film in two opposite directions.

Index Terms—Critical current density, high temperature su-
perconductors, integrodifferential equations, surface cracks.

I. Introduction

As is well known, the critical current density jC is one of
the most important parameters for engineering applications of
high-temperature superconducting (HTS) films. In this sense,
contactless methods have been desired for measuring jC of
HTS films.

Ohshima et al. [1], [2] proposed the permanent-magnet
(PM) method for measuring jC of an HTS film. While bringing
a permanent magnet closer to an HTS film, they measured
the electromagnetic force acting on the film. Consequently,
they found that the maximum repulsive force FM is roughly
proportional to jC. This tendency implies that jC can be
estimated from the measured value of FM. This is the basic
idea of the PM method.

Although the PM method can be applied not only to the
jC-measurement [1] but also to the crack detection [2], it is
extremely time-consuming. This is mainly because FM must
be determined at each measurement point. For the purpose of
resolving this problem, Hattori et al. [3] have improved the
PM method. In the improved method, the magnet is moved
along the film surface and, simultaneously, the electromagnetic
force Fz acting on the film is measured. As a result, the jC-
distribution can be successfully determined from the measured
Fz-distribution. Throughout the present study, the improved
method is called the scanning PM method. However, it is
not clear whether or not cracks can be detected by using the
scanning PM method.

The purpose of the present study is to numerically investi-
gate the applicability of the scanning PM method to the crack
detection in an HTS film.

II. Governing Equation

In the scanning PM method, a cylindrical permanent magnet
of radius R is moved along the surface of an HTS film of
thickness b. In terms of the Cartesian coordinate system,
the symmetry axis of the permanent magnet is expressed as
(x, y) = (xA, yA).

We first assume that the HTS film has a rectangular cross
section Ω of length l and width w. Moreover, we assume that
the film contains a crack whose cross section is a line segment
connecting two points (xc, yc ± Lc/2) in the xy plane. In other
words, the crack of length Lc is assumed to be parallel to y-
axis. For this case, the boundary ∂Ω of Ω consists of the outer
boundary C0 and the inner boundary C1.

Under the thin-plate approximation, there exists a scalar
function S (x, t) such that j = (2/b)(∇S × ez) and its time
evolution is governed by the following equation [4]:

µ0∂t(ŴS ) + ez · (∇ ×E) = −∂t⟨B · ez⟩. (1)

Here, B/µ0 and E are the applied magnetic field and the
electric field, respectively, and ⟨ ⟩ denotes an average operator
over the thickness. In addition, Ŵ is the operator defined by

ŴS ≡ 2S (x, t)
b

+

"
Ω

Q(|x − x′|) S (x′, t) d2x′,

where Q(r) = −(πb2)−1[r−1 − (r2 + b2)−1/2]. As the J-E
constitutive relation, the power law [5]-[7] is adopted.

The boundary conditions to (1) are assumed as follows:

S = 0 on C0,
∂S
∂s
= 0 on C1,

∮
C1

E · t ds = 0,

where s is an arclength along C1 and t denotes a unit tangential
vector on C1. The initial condition to (1) is assumed as follows:
S = 0 at t = 0.

By solving the initial-boundary-value problem of (1), we
can determine the time evolution of the shielding current
density. Throughout the present study, the physical and ge-
ometrical parameters are fixed as follows: l = 30 mm, w = 10
mm, b = 1 µm, jC = 1.5 MA/cm2, and yA = yc = 0 mm.



Figure 1. Dependences of the electromagnetic force Fz on the magnet
position xA for the case with xc = 3 mm and xA(t) = x+(t).

III. Numerical Results

On the basis of the virtual voltage method [4], a numerical
code has been developed for analyzing the shielding current
density in an HTS film. In this section, the influence of a crack
on the scanning PM method is assessed by means of the code.
In the PM method, an HTS film is scanned with a permanent
magnet in two directions. Specifically, the movement of the
magnet are assumed as xA(t) = ±(vt − l/2) ≡ x±(t), where
v is the magnitude of the scanning velocity. Throughout the
present study, v is fixed as v = 2 mm/s.

Let us first investigate the influence of a crack on the
electromagnetic force Fz acting on the film. Dependences of
Fz on xA are shown in Fig. 1. This figure indicates that,
for −2 mm . xA . 11 mm, two Fz-xA curves overlap
with each other. Otherwise, two curves show quite differ-
ent behaviors. This result suggests that the force difference
∆Fz(Lc)(≡ Fz(Lc) − Fz(0)) changes violently near the crack.

Dependences of ∆Fz on xA are numerically determined for
two types of the magnet movement and are depicted in Fig.
2. We see from this figure that two ∆Fz-xA curves intersect
with each other. If xA-coordinate of the intersection point is
denoted by x∗c, we get x∗c = 3.01 mm for the case with Fig. 2.
Note that the crack position is assumed as xc = 3 mm for this

Figure 2. Dependences of the force difference ∆Fz on the magnet position
xA for the case with xc = 3 mm and Lc = 4 mm.

Figure 3. Dependence of the relative error ε on the crack position xc for the
case with Lc = 4 mm.

case. Thus, the estimated value x∗c of the crack position agrees
well with its assumed value xc. This result indicates that the
crack position can be determined by scanning an HTS film in
two opposite directions.

Next, we investigate the accuracy of the crack position
estimated by the above method. As a measure of the accuracy,
we use the relative error defined by ε ≡ |x∗c− xc|/l. The relative
error is evaluated as a function of the crack position and is
depicted in Fig. 3. We see from this figure that the relative
error ε takes only 0.5% or less.

From the above results, we can conclude that the crack
position can be accurately detected by scanning an HTS film
in two opposite directions. Incidentally, for the case where the
crack-edge distance is small enough to satisfy |xc − l/2| < 2R,
the crack position cannot be determined at all. This is mainly
because two ∆Fz-xA curves never intersect with each other.
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