
. ~uR- 9$s=3756
.

.’ .-
Approved for public release;
distribution is unlimited.

Title:

Author(s):

Submitted tc

Los Alamos
NAT IO N AL LABORATORY

FIRST RESULTS FOR A SUPERCONDUCTING
IMAGING-SURFACE SENSOR ARRAY FOR
MAGNETOCARDIOGRAPHY

“.,~y:r%;y:’ fT~.
-.. >&J

Robert H. Kraus, Jr., Edward R. Flynn,
Michelle A. Espy, Andrei Matlachov,
William Overton, Charles C. Wood, Mark
v. Peters, and Patrick Ruminer, P-21
Biophysics Group

Proceedings for the Biomag 98
Conference, Sendai, Japan, August 28 –
September 2, 1998

Los Alamos National Laboratory, an affirmative actiotiequal opportunity employer, is operated by the University of California for the
U.S. Department of Energy under contract W-740S-ENG-36. By acceptance of this article, the publisher recognizes that the U.S.
Government retaina a nonexclusive, royalty-free license to publish or reproduce tha published form of this contribution, or to allow
others to do so, for U.S. Government purposes. Los Alamos National Laboratory requests that the publisher identify this article
as work performed under the auspices of the U.S. Department of Energy. The Los Alamos Ntilonal Laboratory strongly supports
academic freedom and a researcher’a right to publish; as an institution, however, the Laboratory does not endorsa the viewpoint
of a publication or guarantee its technical correctness,

Form 836 [10/96)



DISCLAIMER

This repoti was,.prepared as an account of work sponsored
byanagency of the United States Government. Neither
the United States Government nor any agency thereof, nor
any of their employees, make any warranty, express or
implied, or assumes any legal liability or responsibility for
the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or
represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute
or imply its endorsement, recommendation, or favoring by
the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible
in electronic image products. Images are
produced from the best available original
document.



,.
“

e -- “-– .
.

“-

.

First Results for a Superconducting Imaging-Surface Sensor Array for
Magnetocardiography

R.H. Kraus, Jr., E.R. Flynn, M. A. Espy, A. Matlachov, W. Overton, C.C. Wood,
M.V. Peters, and P. Ruminer

Los Alamos National Laboratory, Los Alamos, New Mexico, 87545

Introduction
A completely new multi-channel SQUID gradiometer system, the superconducting imaging-surface gradiome-

ter, based on a novel Los Akirnos concept, has been fabricated and tested. A 12-chrmnel planar system using this de-
sign has demonstrated higher performance and lower noise than conventional gradiometer sensor systems. The system
also provides additional shielding of background fields, costs less, and uses simpler fabrication techniques than con-
ventional gradiometers. The sensor density and extent can readily be extended, and the geometry of this system is
ideal for magnetocardiography (MCG) and related applications.

Current biomagnetic measurements predominantly use gradiometers for almost all applications from magneto-
encephalography (MEG) to magnetocardiography (MCG) and magnetoenterography (MEnG), even inside a shielded
room. Gradiometer baselines are tuned to provide maximal sensitivity to sources of interest while eliminating as much
of the ambient field as possible. Conventional wire-wound gradiometers are, however, both difficult to fabricate with
the required precision and difficult to mount in a sensor system. Furthermore, wire wound gradiometers introduce
electrical limitations that increase the inherent sensor noise. The superconducting imaging-surface method simplifies
gradiometer design considerably.

The principal application of this new system is in MCG. MCG was first reported in 1963 by Baule and McFee
[1] using room temperature pickup coils with several million turns and a ferrite core. The SQUID was first used for
MCG measurements by Cohen et al [2] in 1969 at MIT. SQUIDS (Superconducting Quantum Interference Devices)
rapidly supplanted room temperature pickup coils for detecting very weak magnetic fields, and are now being used in
an ever growing number of applications from biomagnetism and nondestructive testing to geophysical assay and in-
telligence. Although the extraordinary sensitivity of SQUIDS lowers the threshold for magnetic field sources one can
detect, it also increases the sensitivity to noise from ambient field sources requiring the use of shielded rooms[2] and
gradiometers[3]. Typical SQUID gradiometers consist of sets of superconducting pickup loops wound in opposition to
be sensitive to the derivative (difference) of the field component in a specific direction while canceling the uniform
component of the field. Winding gradiometer coils requires extraordinary precision to optimize background field can-
cellation (balance) and to prevent introducing field distortions. The superconducting imaging method avoids this diffi-
culty.

Theory
Fig. 1 depicts both a conventional axial gradiometer coil and a superconducting imaging-plane gradiometer.

Fig. la illustrates the currents in a conventional gradiometer coil caused by a magnetic dipole source. Fig. lb illus-
trates how the superconducting imaging-plane gradiometer responds to both nearby sources and uniform ambient
fields. A magnetic source, M,Oum.,causes Meissner currents in the superconductor that can be represented by an im-

age ‘ource, Mtig, identical to Mw- except with oppo-
site sign of the field component perpendicular to the
imaging plane and located behind the imaging plane.

The SQUID magnetometer, shown on the source side of
the imaging plane, measures the flux resulting from the
superposition of fields from both M,OU,C.and Mi~& This
superposition of field at the SQUID magnetometer is
identical to a gradiometer coil with one loop located at
the magnetometer, and the second coil spaced behind
the imaging plane at a distance equal to twice the mag-
netometer-imaging plane separation. The super-
conducting surface also provides a natural shield from
ambient magnetic fields. Magnetic field lines, B~X~,are
excluded from the superconductor and ambient field
lines wrap around the superconductor as shown in Fig.

Figure la. (left) Depiction of conventional wire-wound gradi-
ometer concept connected to SQUID.
Figure lb. (right) Superconducting image-plane gradiometer
concept showing a “real” magnetic source, M~O-, and an “im-
age” source, Mi~~. Detailed description presented in text.
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lb, providing a measure of shielding from ambient fields
●

for sensors relatively close to the plate.
.’ - The theory for superconducting imaging gradi-

ometry was first described by van Hulsteyn, et al. [4]. He

showed that analytic expressions can only be derived for
unconstrained geometries (e.g. those without end). An

analytic imaging expression for the planar 12-channel
image-surface system must therefore assume an imaging
surface of infinite extent. This assumption is justified for
magnetic sources where the source-to-imaging-surface
distance is much less than the distance from the source to
the edge of the imaging surface. Thus, sources that are
much closer to the imaging surface andfor the sensor than
to the real edge of the imaging surface should be ade-
quately described by the analytic formalism of van
Hulsteyn.

Figure 2. Photograph of Button SQUID (right) and mounting
fixture (left).

The theory holds only for ideal superconductors, consequently any material defects and impurities that would
cause significant flux trapping will distort the source image, resulting in an imperfect gradiometer. Therefore, careful
consideration must be given to the choice, fabrication, and final treatment of the imaging surface.

Results
Initial confirmation of the imaging principle was attained using a single channel SQUID with a pickup coil, lo-

cated in front and behind a five cm diameter lead imaging surface. A gradiometer response was observed for a small
source passed in front of the coil with a rejection factor of -350,000 for uniform fields in a large Helmholtz coil using
an analog lock-in amplifier [5].

We have now constructed a planar SQUID-array system utilizing 12 thin-film button SQUIDS that were spe-
cifically designed for this effort by Conductus, Inc. in collaboration with and under contract to Los Alamos [6] for use
in image-surface systems (Fig. 2). The resulting design integrated both the SQUID circuit and the superconducting
pickup loop on a single monolithic device using a niobium lithographic technique. The SQUIDS have extremely low
noise characteristics that are both stable over time and relatively insensitive to RF. This button SQUID-magnetometer
combined with the source imaging of the superconducting plane generates total fields equivalent to a gradiometer as
described above. The result is ‘a radial gradlometer that
is entirely lithographically produced, relatively simple
and inexpensive to fabricate, and simple to install into
sensor arrays. In the present system, noise levels of
12ff/#Hz at 10 Hz and 10fI’/dHz at 100 Hz were ob-
served with the system located within a shielded cham-

ber. Noise levels of -lpT/~Hz were observed un-
shielded in our very (electrically) noisy laboratory.

The SQUID-magnetometers are co-planar and
spaced at 2-cm intervals in two rings around a center
point as shown in Fig. 3. The inner circle has four sen-
sors and the outer circle, eight. The sensors are mounted
on cryogenically rated fiberglass tubes that are rigidly
held in place by a spacer disk. This disk maintains the
separation and relative parallelism between the sensors

and the superconducting disk (the dark layer visible in
Fig. 3) between the two fiberglass disks. Some meas-
urements included two additional sensors on the “back”
side of the imaging surface located directly opposite
two of the 12 sensors on the “front” (source) side of the
imaging plane, one on the inner circle and one on the
outer circle. The various configurations of the 12-
channel system allowed us to test the essential aspects

of the imaging-surface concept including button
SQUID-magnetometer performance, imaging surface
materials (lead and niobium), and experimental valida-
tion of imaging theory.

Figure 3. Photo of 12 SQUID magnetometer array mounted
above superconducting (lead) imaging surface.
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A. Button SQUIDS

The button SQUIDS are located 2 cm from the
25cm diameter imaging plate resulting in 4 cm baseline-

equivalent image-surface gradiometer. The 12-channel

system has performed reliably with all channels func-
tional. Performance measurements have been made in a
shielded can and in the open laboratory environment.
Data was acquired using the PC-SQUID multichannel
electronics designed by Conductus for these SQUIDS.

The integrated structure has proven to substantially

reduce noise over other magnetometer coils. The field
noise we observe for a typical lithographed sensor is 2 .0 9. . . . . . . *.II W. 4..

to 3 ff/~Hz, extremely- I_ow for a ‘large area SQUID ‘“- ‘“- “- “- ‘“”rm~(&) “-- “-- ““m-
agnetometer. The transfer function, on the order of

300 pvoltd~o, eliminates the need for a low-
Figure 4. Measured SQUID magnetometer sensitivity
(dashed) plotted with theoretical gradiometer performance

temperature matching transformer. The integrated lithe- from ref. [41$
graphed design also results in a small and simple disc
containing the entire assembly, as seen in Fig. 2. Four small soldering pads on both sides of the fiberglass (G-10) disk
connect the SQUID device and a heater to the room temperature electronics.

B. System Measurements

The theoretically expected shielding factor for this system can be easily estimated as 25/2 = 12.5, the aspect ratio

of imaging radius to sensor baseline. Thus, background noise in an unshielded environment will only be screened by
about a factor of ten and will likely dominate the noise spectra, as we have observed. A phantom was constructed con-
sisting of 12 sets of three orthogonal magnetic dipoles that can be activated by an external signal generator. To veri~
the imaging theory, the phantom source field was measured at the sensors as a function of phantom distance from the
sensor array. Selected sets of these data are shown in Fig. 4 where the measured field at the sensors is plotted as a
timction of phantom source distance from the imaging plane and compared with the theoretical imaging gradiometer
falloff with distance. The phantom was placed slightly off-center of the pattern of SQUID sensors. The inner ring of
sensors were designated SQUID channels 1-4 and the outer ring were channels 5-12 (the labels visible in Fig. 3 do not
correlate with the SQUID channel numbers). The data plotted in Fig. 4 are for SQUIDS 1, 3, and 7. SQUIDS 1 and 3
are on the inner ring, closest to the phantom. SQUID 7 is on the outer ring, further away from the phantom. The data

from these channels, as well as all other working channels agree very well with predicted values, indicating the system
is behaving as a gradiometer in accordance with theory. Further we observed no deviation from the analytic expres-
sions, for our constrained geometry, even for sources many centimeters away from the imaging surface. Qualitatively,
we observed significant deviation from the gradiometric behavior predicted by the analytic formulas only when the
phantom source was both near the edge of the imaging plate and spaced away from the surface

The same measurements shown in Fig. 4 were made for both lead and niobium imaging plates and the same result
was obtained for most sensor locations. For one case, however, the plot of measured field as a function of phantom
source distance clearly diverted from theory. The noise characteristics and frequency response of the SQUID appeared
normal leading us to attribute the variation to an imperfection in the niobium. Inspection of the niobium showed no
observable defect in the plate. We conclude that there is no basic difference between type I and type II superconductor
performance for this configuration, however there appears to be a greater sensitivity of niobium to inclusions and
stresses. The measurements required to determine the observed differences between the lead and niobium imaging
surfaces are outside the scope of this effort. Measure-

ments without an imaging plane were difficult because
. . . ,.,,.,.,..................7............ ........................................ ..

the reduced shielding made it difficult to keep the “m
SQUIDS locked. These measurements could not be “m

~ 120C

made in the shielded can because the field from the ~
phantom coil was severely distorted by eddy current ~‘~

.: :.:.’.!,’ ~

and remnant effects of the shielding can. ~ .,:.. ;

We also measured the imaging characteristics of 6 ‘w
SQUIDS located on the “back” side of the 12-channel 4W
planar imaging surface. SQUIDS located behind the ‘W

imaging surface sense background fields that would be 0~
2 4 6 8 10 12 14

used for software or analog background cancellation. Z(cm)

These measurements were performed to determine
background sensor sensitivity to phantom sources, and Figure 5. Plot of “point-dipole” shielding factor described in

text.
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tile symmetry of the sensor sensitivity to uniform fields (sensors on the front and back of the imaging plane should
●

measure the same for a uniform field). Any sensitivity of the background SQUIDS to phantom fields would have the
●“ ‘ undesirable effect, when software or analog background cancellation was implemented, of canceling a portion of the

signal of interest. The symmetry of the sensor sensitivity to uniform fields will be used for developing the analog and
software algorithms for background field cancellation and compared with theory at a later date. All measurements

reported used the lead imaging plane. Two sensors, B 1 and B2, were installed on the back side of the imaging plane.
B 1 was installed immediately opposite sensor F1 (channel 1) on the inner circle of the 12-channel array, and B2 was
installed opposite sensor F5 (channel 5) on the outer circle. The sensitivity ratios between sensors on the iiont and
back of the imaging plane, B l/Fl and B2/F2, are plotted as a function of phantom source distance from the front side
of the imaging plane in Figure 5. As expected, the sensitivity of B 1 and B2 to the phantom source increases as the

separation from the imaging plane increases allowing more field to wrap around the imaging plane to sensors B 1 and
B2. Figure 5 clearly shows that sources close to the imaging plane are shielded from the background sensors by more
than a factor of 1000. Measurements of the source shielding from the background sensors will be used as an additional
correction for software background subtraction.

Measurement of the symmetry of sensor sensitivity to uniform fields followed theoretical predictions on the basis
of first principles. The field measured in sensors B 1 and B2 were equal to the field measured in sensors F1 and F2,

respectively, for all field amplitudes and frequencies measured. This observation is dependent on the same imaging
characteristics for both sides of the imaging plate and would not hold for geometries other than flat plate. It does con-
firm, however, the fact that the 12-channel imaging plane is operating according to theoretical expectation.

Finally, the system was placed in the uniform field region of a large double Helmholtz coil [7] and the rejection
factor for uniform (i.e. distant) fields was measured to be a factor of 11 for the SQUIDS on the inner circle and 8 for
those on the outer. These observations very closely match expectations based on first principles.

Conclusion
We have completed fabrication and preliminary testing of a 12-channel SQUID array using the superconducting

image-surface gradiometer concept. Sensor response to “point dipole” magnetic sources, and uniform fields used to
simulate ambient magnetic fields followed predicted values to high precision. Edge effects were not observed for
sources, within 5cm of the center of the imaging surface independent of whether the source is close or far from the
surface. The superconducting imaging-surface also reduced uniform ambient fields at the SQUID sensors by ap-
proximately a factor of ten. Finally, a high degree of symmetry was observed between sides of the imaging surface for
uniform fields. This symmetry, together with the very small sensitivity of sensors on the back side of the imaging sur-
face to sources close to the front side provides an excellent circumstance for implementing either digital or analog
background rejection.

Our goal is to implement a higher density array with the superconducting imaging surface, together with back-
ground rejection, and utilize this system for MCG and other biomagnetic studies.
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