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LTS Gradiometers Based-on Superconducting Imaging Surface Design

Andrei N. Matlashov, Robert H. Kraus, Jr., Michelle A. Espy
Los Alamos National Laboratory,Los Alamos NM, 87545 USA

Abstract-Gradiometer-like devices can be built using a su-
perconducting imaging surface design. Such devices behave
similarly to conventiotud wire-wound gradiometers for nearby
magnetic sources. A large gradiometer array cart be built by
placing SQUID magnetometers close to the surface of a large
superconducting plane. The most attractive advantage of such a
gradiometer array is the ability to change a baseline for all
channels simultaneously by mechanically moving the supercon-
ducting imaging surface relative to the sensor array. This can
easily be accomplished even when the gradlometer array is cold.
We builtj experimentally tested, and simuIated both first- and
second-order gradiometer-like devices with adjustable baseline
using the superconducting imaging surface design. First-order
radial gradiometer sensors were made by placing planar magne-
tometers parallel to and near the superconducting imaging sur-
face. A second-order electronic gradiometer was realized by
subtracting the output from two of the first-order gradiometers
described above.

I. INTRODUCTION

The superconducting imaging surface (S1S) design is based
on the Meissner effect. A magnetic source placed near an
infinite superconducting planar surface produces image cur-
rents on the surface of the superconductor. This nulls the
orthogonal magnetic field component on the surface. The
magnetic field at a SQUID magnetometer placed near the
superconducting surface is a superposition of both the source
and its image. The resuking signal is equivalent to the signal
that would result from a radial gradiometer without the S1S.
The equivalent baseline is equal to twice the distance from the
magnetometer to the superconducting imaging surface. This is
true for finite imaging planes where the separation between
both SQUID magnetometer and sources and the imaging
plane are much smaller than the distance to the edge of the
imaging surface. The theoretical basis for the superconduct-
ing imaging surface technique for both planar and spherical
surfaces is presented in [1]. In this paper we consider only a
planar superconducting imaging surface.

Using a sufllciently large superconducting imaging surface
with a magnetometer sensor, one can build a device that be-
haves very similarly to a conventional wire-wound gradi-
ometer for nearby magnetic sources. The gradiometric base-
line of such a system can readily be changed by varying the
distance between the superconducting surface and the mag-
netometer. This technique provides a method for building
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large gradiometer arrays with adjustable baselines (for all
channels simultaneously). Adjusting the gradiometer array
baseline allows the sensitivity to nearby magnetic sources to
be tuned for specific situations. Furthermore, signrds recorded
with several different baselines can be used to separate
sources placed at different distances from the array.

II. SEPARATION OF BURIEDMAGNETICSOURCES

Fig. 1 shows two conventional wire-wound gradiometers
with different baselines connected in a scheme that can be
used to separate magnetic dipoles placed at different depths,
D. Assume that there is just one magnetic dipole M, that is
placed close to a sample surface. The output gradiometer
voltages, VI and V2, are different as a result of the different
baselines. The output voltage VI is scaled by amplifier SA,
and then routed to a differential amplifier, DA, along with
V2. The scale amplifier gain is adjusted to null the output
voltage of the differential amplifier, Vom. In our case, the
two-gradiometer system is adjusted to minimize sensitivity to
the magnetic field generated by very shallow dipoles in the
sample. The output signal for deeper magnetic dipole sources
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Kg. 1. Separation of buried magnetic dipoles using two gmdiometers with
different baselines. The gradlometers have output voltage VI and V2 as a
response on a shallow dipole M (black bold arrow). VI compensates V2 in
tbe output of a differential amplifier DA. Moving M in deeper areas (whhe
arrows) generates the output voltage VOUT.DO is the depth at which the
system has tbe highest sensitivity.
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increases and reaches a maximum at some depth Do that de-
pends on gradiometer baselines B1 and Bz. This behavior is
qualitatively shown in Fig, 1. It means that such a two-
gradiometer system has the highest sensitivity to magnetic
sources placed at around depth Do. Changing gradlometer
baselines B1 and B2 enables the experimenter to adjust the
depth at which the sensitivity curve is maximal, Do, up or
down. Data recorded for different Do allows separation of
magnetic dipole sources at different depths.

This method of separating sources was realized using gra-
diometer-like devices based on superconducting imaging sur-
face, Of course, such systems do not allow simultaneous de-
tection of signals with a variety of baselines. Such a system
can be constructed, in principle, by using an array of sensors
at varying distances from the imaging surface. Nevertheless,
multiple measurements can be made with different baselines
and digital subtraction of these data sets to construct the depth
sensitivity plots.

III.EXPERIMENTALSETUP

We placed two planar niobium tlin-filrn SQUID magne-
tometers under a 240 mm diameter lead disc to create two
first-order gradiometers based on the superconducting imag-
ing surface design. The magnetometers have 8x8 mm2 pick-
up loop and 0.83 nT/@o field sensitivity [2]. The distance
between magnetometer pick-up loop centers along the x-axis
was 38 mm. The magnetometers were placed parallel to and
at minimum distance of 22 mm from the lead disc. This dis-
tance could be increased up to about 90 mm using three fiber-
glass rods, that extend from a room-temperature dewar flange
into the helium bath. Each rod length could be precisely ad-
justed using 120 mm stainless steel pivot with 8-36 thread.
Both of the planar magnetometers and the lead disc were
horizontal and parallel to the dewar flat bottom.

A magnetic source, together with its image from the super-
conducting imaging surface, produces a field at the planar
magnetometers equivalent to the first-order axial gradient
ABtiAz (“A” is used in place of the traditional “N’ to empha-
size that these sensors are “differencing” sensors, not true
gradiometers). Two output signals from such gradiometers
were input to scale amplifiers and then to a differential ampli-
fier to form the tangential electronic gradiometer. The power
line ambient noise was used to balance the tangential gradi-
ometers by adjusting the scale amplifier gains. This procedure
reduced both 60 Hz and 180 Hz harmonic output from the
differential amplifier by factors of more than 100. The
AB~Ax sensitivity of the planar gradiometer, combined with
the superconducting imaging surface, yields a A2B~AxAz
sensitivity.

The test magnetic field was generated by a straight 220 mm
wire placed in parallel to the lead disc and magnetometer
lops. The wire was moved down from the magnetometers at a
distance from about 26 mm to 180 mm. The ends of the test
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Fig.2.Output signals vs. deptlx 1- gradiometer output signal at 90 mm
distance to the S1S,2 and 3- gmdiometer and magnetometer output signals
at 22 mm to the S1S respectively, 1C, 2C and 3C - calculated values. The
field sensitivity is 0.6 V/nT.

signal wire were connected to two vertical wires, that went
vertically down and then horizontally to complete the test
signal loop. The lower horizontal part of the test loop was at
470 mm below the magnetometers. The test current was 2 mA
peak-to-peak at 134 Hz frequency. The test wire was pre-
cisely oriented to equalize signal amplitudes (with opposite
phase) from the two magnetometers. The experimental setup
was placed inside a one-layer magnetically shielded room [3].

III.EXPERtMENTALAND CALCULATEDRESULTS

We experimentally investigated the dependence of the
magnetometer and electronic gradiometer output signals as a
function of distance from the test signal wire to the SQUID
magnetometers. We acquired data for three different distances
from the lead disc to the magnetometers, equivalent to three
different baselines along the z-axis (the equivalent baseline is
twice the sensor-to-imaging plane separation). Signal ampli-
tudes were also calculated for these arrangements. The cal-
culated signal amplitudes took into consideration both the
“primary” source wire as well as the return wire, assuming
both wires were infinite length. Fig. 2 shows both the experi-
mental and calculated results for 22 mm and 90 mm distances
between the sensors and the S1S. We found very good agree-
ment between experimental and calculated data for the source
distances up to about 120 mm.

We tested the method, described above, to separate signals
from sources buried at different depths using digital manipu-
lation of recorded data. We subtracted the magnetometer data
(output from the magnetometers, AB-JAz, as a function of
source distance) for two different z-baselines. Prior to sub-
traction, the data at the two different baselines were normal-
ized at the first wire position (first data point). The normali-
zation was performed to compensate for the effect of baseline
on absolute magnitude of the “gradient” data. The same
procedure was repeated for the electronic gradiometer
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Fig.3. Dlfferenccs between signrds recorded with different distances to the
S1S (22 mm and 90 mm, e.g. z-baseline), one signal was scafed to null the
sensitivity to the closest test wire position (D=26mm): 1- gradlometer, 2 –
magnetometer, IC and 2C - calculated results. The field sensitivity is0.6
VlnT.

(A2B~AxAz) data. The result of this procedure is shown in
Fig. 3 and Fig. 4. Curves 1 and lC in Fig. 3 show the differ-
ence of the experimental and calculated gradiometer data,
respectively. Curves 2 and 2C plot the difference of the ex-
perimental and calculated magnetometer data, respectively.

As one can see from the Fig, 3, curve 2 has sharper ex-
trema than curve 1 in both experimental and calculated re-
sults. Thk extrema is placed at around 40 mm distance from
the sensors position. The second curve has a broader extrema
centered at around 50 mm depth. Using a magnetometer .ar-
ray and a movable S1S, it will be possible to change both the
position and shape of the extrema of the sensitivity distribu-
tion as a function of the source depth.

IV. CONCLUSION

We have investigated first- and second- order gradiometer-
like devices that are based on the superconducting imaging
surface technique. We have tested a new concept in variable
baseline gradiometry based on this technique. Adjusting
baselines is made possible by movement of the S1S and en-
ables analysis of data that provide enhanced information
about the spatial distribution of sources. This technique pro-
vides the potential to build devices that have an enhanced
sensitivity to sources “buried” at specific depths below sam-
ple surfaces. This may be very attractive for non-destructive
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Fig. 4. Differences behveen signals recorded with three different distances to
the S1S(22 mm, 55 mm and 90 mm). Signafs, which correspond to 22 mm
distance were scafed to null the sensitivity to the closest test wire position
(D=26mm): 1 and 2- gmdiometer and magnetometer outputs respectively
for the signat difference at 22 mm and 90 mm distances, 3 and 4- gmdi-
ometer and magnetometer outputs respectively for tbe signat difference at 22
mm and 55 mm distances.

evaluation applications and possibly for biomagnetic applica-
tions, as well.

The superconducting imaging surface technique can be
used to build LTS or HTS gradiometer arrays with simultane-
ously adjustable baselines. In present paper we used LTS
materials, although S1S technique can be also realized using
HTS materials [4]. In the case of HTS, this technique pro-
vides the only easily constructed radial gradiometers.
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