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Conductivity Tomography for Non-Destructive
Evaluation Using Pulsed Eddy Current With

HTS SQUID Magnetometer
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Abstract—In standard eddy current nondestructive evaluation,
the depth of investigation is restricted to a limited range around
the skin depth of the chosen excitation frequency. We developed
a pulsed eddy current NDE technique which allows simultaneous
analysis of the sample at all depths. The advantage of SQUID
magnetometers over induction coil sensors is that the field does not
decay as rapidly as its time derivative, allowing for a broader range
of investigated depths. Using rectangular excitation pulse trains,
eddy currents are induced in the samples. The generated magnetic
response field is recorded in off-time between the transmitter
pulses by an HTS SQUID magnetometer. The early time data of
the transient signal corresponds to the upper layers of the sample,
while the late time data deliver information from deep layers. The
transient responses are averaged over a number of alternating
excitation pulses in order to enhance the signal-to-noise ratio
and to eliminate drift. Scan measurements of different aluminum
samples are presented. From the measured data, a 3D apparent
conductivity image of the sample is calculated by applying a
technique known from geophysical data interpretation. From this
tomographic conductivity image of the sample, the position and
depth of flaws in the material is readily determined.

Index Terms—Pulsed eddy current, SQUID, tomography.

I. INTRODUCTION

EDDY current testing is one of the most common techniques
for Non-Destructive Evaluation (NDE) of metallic mate-

rials [1], [2]. Usually, eddy currents are induced at a single ex-
citation frequency. Consequently, the response signal only con-
tains information from depths down to about the standard pen-
etration depth, , with denoting the frequency
and and the electrical conductivity and permeability of the
material, respectively. It is difficult to obtain selective informa-
tion on structures at a given examination depth by analyzing
the phase information of the response signal [3]. Using a pulsed
eddy current (PEC) technique, this difficulty may be overcome
[4].

The excitation pulse can be considered as a large number
of single sinusoidal tests at various frequencies, each corre-
sponding to a different standard penetration depth. When an-
alyzing a single pulse response, one can get information from
shallow layers (high frequency signal components) and from
deep layers (low frequency components) simultaneously.
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Conventional PEC techniques use induction coil sensors
which measure the derivative of the magnetic field, i.e., .
The field derivative decays much faster and, therefore, reaches
the noise level much earlier than the transient of the-field
itself. This means that, compared to a coil, a magnetometer
sensor potentially can record the transient data at later times.

It has been demonstrated that PEC testing using a Super-
conducting Quantum Interference Device (SQUID) is feasible
[5]. However, a lock-in technique which is used in single fre-
quency eddy current testing in order to improve the signal-to-
noise (S/N) ratio [6], cannot be applied in pulsed eddy current.
High-performance pulsed eddy current testing requires a data
acquisition technique with an effective cancellation of the en-
vironmental noise and of low frequency, quasiconstant, signal
drift. Recently, we have conducted PEC experiments for NDE of
metals with a High Temperature Superconductor (HTS) SQUID
in conjunction with a commercial LAPTEM® (Geoinstruments,
Ltd.) data acquisition unit [7]. We demonstrated that, in the case
of absolute coil excitation, the recorded PEC data may be in-
verted, using the formula for the impulse response of a homo-
geneous half-space [8], to obtain quasitomographic images of
the so-called apparent conductivity of the medium [9].

In this paper, we present new experiments and extended fea-
tures of the tomographic analysis of SQUID PEC data, espe-
cially the application to the case of differential excitation.

II. EXPERIMENTAL

The measurement principle is as follows: a square wave
excitation current of alternating polarity with intermediate
current-off-times is fed to an excitation coil located above the
sample under test. Directly above the excitation coil, a SQUID
magnetometer measures the magnetic field above the sample.
The experimental setup is shown schematically in Fig. 1.

The samples consisted of stacked aluminum plates with 1.5
mm thickness. Two types of cracks, a long one and a small crack
of 10 mm length, were used to investigate the transient signal of
the flaw at different depths.

An HTS radio-frequency (rf) SQUID with a coplanar res-
onator [10] in a liquid nitrogen bath cryostat is positioned as
close as possible to the coil and the sample. The SQUID is in-
ductively coupled to a readout electronics with microprocessor-
controlled automatic adjustment of the working point. The slew
rate of the magnetometer is high enough2 mT / s to follow
the very sharp variations of the excitation field.

A commercial data acquisition unit LAPTEM was used to
supply the excitation current and to synchronously record the
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Fig. 1. Setup of the pulsed eddy current transient measurements using a
SQUID sensor. The LAPTEM transmitter generates a square wave excitation
current. During the excitation off time, the transient magnetic field response is
measured by the SQUID and stacked in the receiver.

transient magnetic field response from the sample (bandwidth
40 kHz). This unit, designed for geophysical exploration

using the Transient Electro-Magnetics (TEM) technique,
performs stacking of several alternating measurements syn-
chronously to the power line frequency. Thus, power line
interference and low-frequency drift are efficiently suppressed.

Two types of excitation coils were used: an absolute coil, in-
ducing circular currents in the sample, and a differential coil,
which creates D-shaped currents in opposite directions. The ad-
vantage of a differential coil is that the excitation field in the
middle of the coil is minimum, and the sensor device, being
placed at its center, does not require a large dynamic range, al-
lowing stronger excitation currents.

It is known that for very short excitation pulses, a so-called
’run-on’ effect has to be taken into account. As eddy currents in
the sample are induced not only by pulse switch-off ramp but by
the switch-on ramp as well, the field run-on and run-off induce
eddy currents in opposite directions. If the pulse length is too
short, these two signals may compensate each other. Recently,
we showed that, under appropriate conditions, the ’run-on’ ef-
fect may even lead to a sign reversal of the transient signal [11].
The pulse period therefore was chosen to be 20 ms.

III. SIGNAL ANALYSIS TECHNIQUE

From geophysical literature [8], we obtained the formula for
the impulse response of a homogeneous half-space upon pulsed
excitation with an absolute coil lying on the surface. The vertical
magnetic field (perpendicular to the half-space) at a timeafter
switching off a current in the loop is given by:

(1)

with denoting the electrical conductivity of the half-space,
the coil radius, and . In case of a differential

excitation, the geometry at the center is best represented by the
expression for a single wire excitation [8], yielding a field

(2)

Fig. 2. Normalized magnetic field response as a function of time after
current-off, calculated using (1) for absolute coil excitation, (2) for wire
excitation of a homogeneous half-space, and (3) for absolute coil excitation of
a sheet. Parameters of the calculations: conductivity� = 20 MS/m, coil radius
a = 1 cm, lateral displacement from wirey = 1 cm, plate thicknessd = 1 cm,
offsetz = 1 cm. The late-time decay exponent is indicated.

Fig. 3. Magnetic field response to a pulsed excitation with an absolute coil,
measured on stacks of aluminum plates of different thickness (symbols). For
comparison, the lines were calculated using (3).

Finally, the expression for the impulse response of an ideal
sheet (thickness, conductivity ) to absolute coil excitation is
given by [12]

(3)

The characteristic depth for a response at time, the so-called
diffusion depth [8], [12] is similar to the expression for the skin
depth, (4), with . For different geometries, Fig. 2 depicts
the decay with time, calculated using (1)–(3).

(4)

IV. M EASUREMENTS ANDTOMOGRAPHICANALYSIS

A. Stack of Flawless Plates, Absolute Excitation

Using absolute coil excitation, stacks of aluminum
plates (1.5 mm thickness each) were examined with the SQUID
PEC. Fig. 3 shows the measured magnetic field responses.
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Fig. 4. Apparent conductivity� of the sample, as derived using (3) from the
measurement data depicted in Fig. 3.

Fig. 5. Thicknessd of the sample, as derived using (3) from the measurement
data depicted in Fig. 3. The inversion data is valid only if the derived thickness
is smaller than the diffusion depth for a given response time (dash).

The measured data were inverted by inserting the measured
values in (1) and solving for the apparent conductivity, see
Fig. 4. In conjunction with (4), the time scale is converted to
a spatial scale, the diffusion depth. Note that for short times,
the apparent conductivity approaches the real conductivity of
22 MS/m, independently measured by a calibrated meter. Steep
decays of the apparent conductivity appear at values ofclose
to the total thickness of the stacks, respectively.

When assuming that the conductivity is constant, (3) can al-
ternately be solved for the thickness, see Fig. 5.

B. Stack of Plates With a Flaw, Absolute Excitation

Using absolute coil excitation, a stack of 4 aluminum plates
(1.5 mm thickness each), with a large flaw (plate cut across) in
one of the layers, was examined with the SQUID PEC system.
All measured data and tomographic B-scan images of the ap-
parent conductivity derived by inversion of (1) are found in [7].
As an example, Fig. 6 depicts the apparent conductivity image
of the stack with the flaw in the second layer.C.

C. Stack of Plates With a Flaw, Differential Excitation

Using differential (double-D) coil excitation, a stack of 4 alu-
minum plates (total thickness 6 mm), with a 10 mm long crack

Fig. 6. Tomographic B-scan-image of the apparent electrical conductivity as a
function of position and depth, for a sample of 4 stacked aluminum plates, with
a crack in the second layer. White lines indicate contours of the sheets (dotted)
and the crack (solid).

Fig. 7. Tomographic C-scan-images for different response times,
corresponding to different diffusion depths.

in the fourth layer, was examined with SQUID PEC. The PEC
measurements were recorded at every point of a 5 mm5 mm
grid above the stack ( mm, mm). Using (1),
we corrected the data for time decay. For each different response
time, corresponding to a different diffusion depth, we obtained
a distinct quasitomographic C-scan image, see Fig. 7. These im-
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ages may be interpreted as horizontal cuts of the sample at dif-
ferent depths. Similarly, B-scans have also been derived.

Even though the absolute value of the apparent conductivity
may not be isolated due to the differential excitation, the im-
ages may be analyzed for deviations from homogeneity. A clear
signature of the 10 mm long flaw, with a differential image at
either crack end, appears at a response time of 350s and van-
ishes around 2.8 ms. These times correspond to diffusion depths
of 2.1 and 6.0 mm, respectively. The real depth of the crack was
from 4.5 to 6.0 mm. The tomographic data allows to locate the
crack, however, the crack onset is underestimated.

V. CONCLUSION

We performed pulsed eddy current testing of metallic struc-
tures using an HTS SQUID magnetometer sensor in conjunction
with absolute or differential coil excitation. It was shown that a
signal analysis in analogy to inversion techniques known in geo-
physical exploration can be applied to PEC data of NDE sam-
ples. When using an absolute excitation coil, the spatial distribu-
tion of the sample’s apparent electrical conductivity
can be derived from the measured magnetic field transients. The
obtained tomographic conductivity image of the sample allow to
localize flaws in the material. When using a differential excita-
tion, the tomographic inversion may also be applied, with the
only drawback that the absolute quantity of apparent conduc-
tivity may not be derived. However, the crack position, orienta-
tion, length and depth may be extracted from the tomographic
PEC data. This imaging feature might become a convenient tool

for NDE inspectors as it simplifies the evaluation of their mea-
surements.
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