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This paper reports the fabrication and test of a high-7. SQUID planar gradiometer which is patterned from

YBCO thin film deposited on a SrTiOgz bicrystal substrate. The measurement of noise spectrum at 77K shows that the
white noise at 200 Hz is about 1x10~4®(/+v/Hz. The minimal magnetic gradient is measured and the results suggest

that the minimal magnetic gradient is 94 pT/m. The planar gradiometer is used in non-destructive evaluation (NDE)

experiments to detect the artifacts in conducting aluminium plates by performing eddy current testing in an unshielded

environment. The effect of the exciting coil dimension on the NDE results is investigated. By mapping out the induced

field distribution, flaws about 10mm below the plate surface can be clearly identified.
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1. Introduction

Superconducting quantum interference devices
(SQUIDs) are the most sensitive sensors in detect-
ing magnetic flux and have been widely used in many
noninvasive applications.!!! The very high magnetic
field sensitivity down to 1 fT/Hz'/2, wide band-
width from DC to hundreds of kHz and large dy-
namic range of over 100dB possessed by SQUIDs make
them attractive as sensors in non-destructive evalu-
ation (NDE),[?~% magnetocardiography (MCG),["=*!
geophysical measurement and other applications. In
many practical applications, environmental noise can
suppress the usable dynamic range of SQUID devices
and hence deteriorate the performance of the sys-
tem. To solve this problem, one may utilize a SQUID
gradiometer such as the planar gradiometer or elec-
tronic gradiometer.'®Y) Up to now, a wide variety
of different designs of first- and second-order high-T;
SQUID gradiometers have been demonstrated.'2—14
A first-order planar gradiometer can be made from a
single layer of high-T, thin film with two symmetric

pickup loops directly coupled to a SQUID. A number
of researches have experimentally demonstrated suffi-
cient sensitivities of magnetic field measurements us-
ing high-T; gradiometers for NDE, and even for MCG
signal in unshielded environments.['>~17 In this pa-
per, we report the fabrication and characterization of
a YBCO first-order planar gradiometer and its ap-
plication in NDE. Using this gradiometer, we have
measured the field distribution due to induced eddy
currents in NDE measurements. The results show
that flaws 10mm below the surface in conducting alu-
minium plates and other structures can be clearly
identified. Additionally, the effect of excitation coil
on the result is also discussed.

2. The design and fabrication of
first-order planar gradiometer
As mentioned above, in order to make SQUID

measurements more stable and measure very weak
magnetic signal such as MCG signals in a magneti-
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cally unshielded environment, gradiometers are com-
monly used. For conventional low-T,. devices, a gra-
dient pickup coil can be made by using thin super-
conducting metal wires and coupled to a SQUID. For
high-T, oxide superconductors, however, there is no
wire suitable for making gradient coils at present, and
hence the use of planar gradiometers is the choice of
an alternative approach.

We have designed a first-order planar gradiometer
on bicrystal substrate. Figure 1(a) shows the scheme
of the gradiometer. Two pickup loops (1 and 2) are
the flux antennae that have the loop areas of Ay, As
and the inductances of L1, Lo respectively. The two
loops are connected to each other by a common cen-
tral stripe (3). The de-SQUID (4) is directly coupled
to the central stripe line. In a symmetrical situation,
we assume that Ly = Lo = L, and A1 = Ay = A,. It
is obvious that the flux (@) through the SQUID hole
is proportional to the field gradient of the two pickup
loops as shown in the following formula:

P =bA,(Lm/La) - (0B/0x) = bAeg - OB/0x, (1)

where b is the baseline between the two antennae, Ly
is the mutual inductance between the antennae and
the SQUID hole, and Acg is the effective area of the
gradiometer. For the purpose of making a SQUID of
such design on a 10mmx10mm STO bicrystal, we
designed a layout as shown in Fig.1(a). The outer di-
mension of the gradiometer is 8mmx8 mm. The line
width of the antennae is 1000 pum, the area of cen-
tral SQUID hole is 4 pmx90 pm, and the junction
The baseline
for this gradiometer, taken as the distance between

width is 4 pm, as shown in Fig.1(b).

the geometric centres of the right-hand and left-hand

antenna, is about 6 mm.

(2) (b)

Fig.1. Layout of (a) the complete gradiometer sensor and
(b) the DC SQUID at the inner part of the sensor (the
dashed line indicates the grain boundary).

The gradiometer we fabricated was based on

YBCO thin films. The substrate used was
10mmx10mmx0.5mm (100) SrTiOg bicrystal with
a symmetric misorientation angle at the grain bound-
ary of 24°.
on the substrate epitaxially by pulsed laser deposition

A thin YBCO layer was grown in situ

(PLD) technique. The deposition was carried out at
40 Pa oxygen pressure and at a substrate tempera-
ture about 800°C. It was confirmed by x-ray diffrac-
tion that the film was of single phase and grown epi-
taxially with the c-axis perpendicular to the surface
of the film. After the deposition, a thin layer of Au
(~80nm) was sputtered on electric pad areas. The su-
perconducting transition temperature of the film, as
determined in transport measurement, is above 88K.
The gradiometer was then patterned with the junc-
tions at the grain boundary by using standard lithog-
raphy and ion milling method. In order to reduce the
heating effect during ion-milling which could degrade
the superconducting properties around the junction
area. The ion-current used was kept to a relatively
low level.

3. Characterization of the gra-

diometer

The characterization of the magnetometer was
carried out at 77 K by mounting the sample in a
measurement probe which was immersed into a liquid
nitrogen dewar. Figure 2 shows the temperature de-
pendence of the resistance and the I-V characteristics
measured at 77 K in a p-metal shielded space. The
data of the I-V curve show that the device does not
exhibit zero resistance at 77 K. It appears that there is
a resistance which is in series with the junctions. The
value of the resistance may be estimated by taking
the slope near the zero voltage in Fig.2(b). We note
that this value is the same as the residual resistance
The I-V curve after
the subtraction of the residual resistance is shown in
the inset of Fig.2(b). Clearly, the device exhibits a
RSJ-like I-V curve with a critical current (I.) about
25 pA and a normal resistance (Ry) about 1.4Q). The
product of I. R, is about 35 pV. The voltage response

value in the inset of Fig.2(a).

to external magnetic flux is illustrated in Fig.3. The
transfer coefficient of the modulation system is about
20 ‘LLV/ @().
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Fig.2. (a) The resistance versus temperature characteristics of the devices. (b) Current versus voltage characteristics at 77
K of the central SQUID. The inset shows the data after subtraction, the value of the resistance is estimated by taking the

slope near the zero voltage in Fig.2 (b).
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Fig.3. The modulation curves of the same gradiometer at
different bias. The I, is 5p¢A on the bottom line. For the
other lines I, is increased by 5uA one by one from the
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The gradiometer worked in a flux-locked loop con-
figuration with a 50 kHz modulation frequency F'. The
modulation field was supplied by a small coil wound
with copper wire attached on the top of the device.
After the loop being locked, the output voltage was
recorded by a spectrum analyser. Shielding against
external interference fields was provided by three lay-
ers of p-metal foil which were wrapped up around the
dewar. The flux noise spectrums Sy of the gradiome-
ter is shown in Fig.4(a). As shown, the white noise at
200 Hz is about 1x10~*&,/v/Hz.
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Fig.4. (a) The flux noise spectrum of the gradiometer shielded by three layers of y-metal foil. (b) The flux noise spectrum
of the gradiometer in unshielded environment. The dashed line represents the noise spectrum when the AC current in the
exciting coil is switched off while the solid line represents the noise spectrum when the AC current is on the exciting coil

which was applied 83Hz and 0.2V alternating voltage.

We have also measured the noise spectrum in an
unshielded environment and the results are presented
in Fig.4(b).
NDE experiment. Exciting coil for generating eddy

It was performed in a dewar used for

current was mounted outside the dewar and attached
on the bottom surface. The dashed line represents
the noise spectrum when the AC current in the excit-

ing coil is switched off while the solid line represents

the noise spectrum when the AC current is switched
on. The AC current was generated by connecting the
coil to an alternating voltage source at frequency 83
Hz and amplitude 0.2V. From the Fig.4(b), we can see
that two lines are nearly coincident. When we injected
the exciting current, there was only added frequency
multiplication component of 83Hz in noise spectrum,
whereas white noise level was almost identical. In pre-
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vious NDE experiments,>?! we used a SQUID mag-
netometer instead of a gradiometer, and found that it
was rather difficult to lock in an unshielded environ-
ment due to external noise. The above results suggest
that the gradiometer can effectively suppress the un-
wanted noise and work in an unshielded environment.

In order to measure the gradient field sensitively
of the gradiometer, we designed an experiment in
which a rectangular coil of 10 cmx20 cm was used.
We made one side of the coil to approach the gra-
diometer, and measured the output of the gradiome-
ter. When the coil was passed with a 40 A current
and one side was near to the gradiometer which was
4 cm away from the device, SQUID electronics gave
an output signal of 3.2 mV. Because another side of
the coil was far away from the gradiometer, so we
could consider the impact of the side near the device
only. Therefore we could calculate that the magnetic
gradient of the coil in the gradiometer was 5nT/m.
Considering the transfer coefficient was 201V / @y and
the amplifying factor of SQUID electronics was about
30000, we calculated that the minimal magnetic gra-
dient was about 94pT/m, which could be measured
by the gradiometer.

4. Eddy-current NDE using high-

T. gradiometer

Since SQUIDs are extremely sensitive magnetic
flux-voltage transformers, they can be used as sensors
in the field of eddy current NDE. In some NDE ap-
plications, the use of SQUIDs is the best or even the
unique method for electromagnetic field measurement.
To carry out the NDE investigation by using high-T¢
SQUIDs, we have made an experimental testing setup
that was described in details elsewhere.)’ When a
SQUID device was used, the exciting coil was made in
a double-D shape in order to minimize the effect on the
SQUID device. Here, we used a SQUID gradiometer,
and hence the exciting coil was a round coil. Before
starting to perform eddy current NDE measurement,
a small AC current was applied to the exciting coil.
By moving the exciting coil slowly around the device
so that the output of the gradiometer is minimum.

Firstly we carried out measurements by us-
ing exciting coils with different dimensions to op-
timize the spatial resolution. @~ We piled up six
180mmx 180 mmx2mm aluminium plates on the
sample stage which could move horizontally in z and

y directions. In the middle of them, the third plate
from top was made up of two 90 mm x 180 mm x 2 mm
plates. The top surface of the plates was about 11 mm
away from the bottom of the gradiometer. During
measurements, a 2 V/113 Hz AC voltage from a lock-
in amplifier was applied to the round coil, which
produced eddy current signals in aluminium plates.
The gradiometer detected the eddy current signals,
which were collected through the lock-in amplifier and
recorded by a computer. Figure 5 shows the results
for three coils with different dimension of 4mm, 22mm,
30mm, and the number of turns is 10, 18, 10 respec-
tively.
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Fig.5. The scanning curves obtained by using different ex-
citing coils. Curve a The diameter of exciting coil is 4mm.
Curve b the diameter of exciting coil is 22mm. Curve c the
diameter of exciting coil is 30mm. For clarity, each curve
is displaced vertically by 80mV.

As for the large exciting coil, the magnetic field in the
interesting area could be regarded approximately to be
uniform, therefore the eddy current was also uniform
except for the flaw region in the aluminium. When one
of the pick-up loops of the gradiometer passed on the
flaw, there would be a positive (or negative) voltage,
but when another pick-up loop passed, there would be
a voltage signal of opposite sign, as shown in curve b or
curve c. For the small exciting coil, we suggest that
the eddy current signal was local, and the magnetic
field caused by the eddy current could be considered
as a point source. When the gradiometer moved on the
flaw, the eddy currents from the two sides of the flaw
could be regarded as two point sources. However, the
distance between the two point sources was less than
the baseline of the gradiometer, so the change of the
magnetic gradient was very small. Curve a in Fig.5
shows experimental results for the small exciting coil.
From the curve b and the curve ¢, we can see that
the signal using the medium-coil is clearer than that
using the large-coil. However, the position resolution
is similar for the two coils. The stronger signal using
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the medium coil is probably caused by the stronger
field, and subsequently larger eddy current produced
by medium coil that has 18 turns as compared to the
10 turns of the large coil. From the above results we
believe that the spatial resolution is primarily decided
by the baseline. As for the exciting coil, it is better
to choose a coil of dimension larger than the baseline
of the gradiometer in order to eliminate the influence
caused by the shape of the coil. On the other hand,
the coil dimension should not be too large so that the
strength of the magnetic field at the centre is not too
small.

Secondly, we investigated the effect of the flaw
depth by placing the aluminium plate with a flaw in
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different layers. We put the sample on the moving
stage and adjusted the flaw parallel to the central slit
of the driving coil. During measurement, the medium-
coil was adopted and the voltage of the driving coil was
the same as that in the anterior experiment. The mea-
surement results are shown in Fig.6, in which z repre-
sents the layer at which the flaw plate was placed. We
can see that besides the edge effects, there is clearly a
slit effect for the samples. Figure 6(a) shows the real
part of the signal and Fig.6(b) shows the imaginary
part of the signal. The thickness of each aluminium
plate is 2mm, thus flaws about 10mm below the top
plate surface can be clearly identified.
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Fig.6. The scanning curves obtained for the flaw of different depths. (a) The real part of the signal. (b) The imaginary

part of the signal. z shows the position of the flaw. For clarity, each curve is displaced vertically by 20mV.

Finally, we replaced the flaw plate with another
one, in this plate an ‘E’-like cut was made to construct
a known crack. On the top of the flaw plate we put
one layer of aluminium plate without crack. To distin-
guish the shape of the crack, we made the plates move
in x and y directions in a zigzag style. The baseline
was perpendicular to the three slits in the ‘E’ like cut.

The contour mapping of the amplitudes of the eddy
current signals from the measured samples was plot-
ted according to the position. As shown in Fig.7, the
three slits can be clearly discerned in the mapping.
The distance between the two slits is 10mm in the
sample, thus we know that the spatial resolution of
the gradiometer is 10 mm at least.
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Fig.7. Photograph (a) and NDE contour line graph (b) of an aluminium plate with an artifact structure. The structure

shows an ‘E’ like configuration.
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5. Conclusions

In summary, we have fabricated a HT'S gradiome-
ter based on YBCO thin films. The gradiometer was
made on a SrTiOj3 bicrystal substrate and operated
at 77K. The response to the field modulation and the
noise characteristics has been investigated. We have
carried out eddy current NDE measurement by us-

ing this gradiometer. The data shows that flaws hid-
ing 10 mm below the surface in conducting aluminium
plates can be clearly identified in an unshielded envi-
ronment. We have also studied the effect of exciting
coil dimensions on the results. It appears that an ex-
citing coil with a dimension larger than baseline length
could give clear image of cracks.
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