The following reprint: Wikswo JP; Applications of SQUID Magnetometers to
Biomagnetism and Nondestructive Evaluation, Applications of Superconductivity, H.
Weinstock, Ed., 51 figures, pp.139-228, 2000 is made available with kind
permission from Kluwer Academic Publishers.

APPLICATIONS OF SQUID MAGNETOMETERS TO
BIOMAGNETISM AND NONDESTRUCTIVE EVALUATION

J.P. WIKSWO

Vanderbilt University

Department of Physics and Astronomy
Boz 1807 Station B

Nashuille, TN 37235, U.S.A.

Abstract. Since their introduction to biomagnetism in 1970, SQUID mag-
netometers have been used worldwide to measure magnetic signals from the
heart, brain, lungs, liver, nerves, skeletal muscle, stomach, intestines, eyes,
and other organs. The majority of the effort in the field has been by uni-
versity and national-laboratory researchers and by small, high-technology
companies, and has been directed towards the development and promotion
of this technology. While a SQUID clearly is an accepted and productive
research instrument, the application of this technology in routine clinical
diagnosis is only now beginning. The challenge is to identify applications
for which SQUIDs are ideally suited and there is minimal competition from
other technologies. The introduction of high-temperature superconductor
(HTS) SQUIDs has led to a resurgence, for example, in measurements of
the magnetocardiogram by physicists and new searches for applications.
Similar trends are evident in the use of SQUIDs for the nondestructive
evaluation (NDE) of aircraft and other structural systems and materials:
most of the effort is directed towards instrumentation development and
demonstrations in simple systems. Instruments suitable for specific com-
mercial applications are just now being prototyped, and there is a new
generation of HTS SQUIDs for NDE. This chapter presents an overview of
SQUID magnetometers for biomagnetism and NDE, reviews a number of
pertinent applications of SQUIDs, and discusses the criteria for successful
application.
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1. Introduction

Superconducting QUantum Interference Device (SQUID) magnetometers
have been used for measuring the magnetic fields produced by biological sys-
tems since 1970, when David Cohen, Edgar Edelsack and Jim Zimmerman
demonstrated that a superconducting point-contact magnetometer could be
used to record the human magnetocardiogram (MCG) inside of the MIT
shielded room [1]. SQUIDs were introduced to nondestructive evaluation
' (NDE) by Harold Weinstock and Marty Nisenoff in 1985 [2]. Since then,
there have been numerous reviews and conference proceedings and even
several books that describe in detail many of the applications of SQUIDs
to biomagnetism and nondestructive evaluation [3-15]. This chapter is de-
rived largely from a 1994 lecture and the resulting paper [16]. My goal for
this chapter is to update that review and direct it more towards the SQUID
builder, and in doing so provide a self-contained summary of the types of
applications of SQUIDs that have proven successful and would be fruitful
for further investigation. Hence, the references I cite are primarily those
drawn from my 1994 paper, and are used to analyze the capabilities and
limitations of SQUIDs for these applications. I will not discuss marketing
issues; for that the reader is referred to my 1994 paper.

2. The Signals of Interest
2.1. BIOMAGNETIC SIGNALS AND THEIR SOURCES

Biomagnetism is the measurement of the magnetic fields that are produced
by biological systems. These fields are either the result of ionic currents
flowing within the tissue, or by the ferromagnetic, paramagnetic, or dia-
magnetic properties of either the tissue or added tracers or contamination.
In addition to the early MCG studies, the Zimmerman SQUID was used
at MIT to study the magnetoencephalogram (MEG) from electrical activ-
ity of the brain [17]. Cohen and numerous other investigators subsequently
recorded signals from a wide variety of sources within the brain, including
the spontanecus alpha and delta rhythms, spikes associated with epilepsy,
and evoked responses resulting from auditory, visual, tactile, and other
stimulation [3,5]. Biomagnetic signals have also been detected from the
eye as the magnetooculogram and the magnetoretinogram, the stomach
as the magnetogastrogram (MGQG), the small intestine as the magnetoen-
terogram (MENG), skeletal muscle as the magnetomyogram (MMG), pe-
ripheral nerve as the magnetoneurogram (MENG), and the fetal heart and
brain as the fetal magnetocardiogram (FMCG) and magnetoencephalogram
(FMEG). As shown in Fig. 1, the strength of these signals ranges from 10
femtotesla (fT) to more than 10,000 fT, at frequencies from several cycles
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Figure 1. A logarithmic graph of the strength and frequency bandwidth of various
biomagnetic signals. (Adapted from [9])

per minute to a kilohertz.

Clearly, the widest scientific and commercial interest has been directed
towards the MEG and hence this is the area with the most active instru-
mentation development. As shown in Fig. 2, the cortex of the human brain
is filled with nerve cells that have distributed dendritic networks. In the
course of the electrical activity of the brain, currents in these dendrites act
like small electric dipoles. If the dipole is located tangential to the approx-
imately spherical surface of the brain, it will produce an external magnetic
field; collections of 104 dendrites active in a 1 mm? area of cortex can pro-
duce magnetic fields that are measurable outside the surface of the scalp
with a SQUID magnetometer [18]. Figure 3 shows an example of magne-
toencephalogram waveforms recorded with a SQUID magnetometer in an
unshielded environment during an epileptic seizure [19)].

In contrast to the brain, in which magnetic signals are produced by in-
numerable asynchronous sources, the electrical activity of the normal heart
is a highly synchronized yet distributed current source that propagates
through the heart as a wave. From the surface of the chest, as shown in
Fig. 4a, the heart looks like an electric battery, or current dipole, whose
amplitude and orientation varies in time. The peak magnetic field from the
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Figure 2. The magnetic field from the brain. a) A collection of simultaneously active
cortical dendrites whose summed electrical activity produces electric and magnetic fields
similar to that of a current dipole. b) Equivalent dipole sources adjacent to a sulcus
(fissure) in the brain oriented so that the dipole is tangential to the surface of the skull
produce externally detectable magnetic fields in (¢), which produce the characteristic
dipolar pattern of isofield contours in (d). (Adapted from [5})

heart exits the chest on the left side and enters the abdomen lower on the
right; the strength and orientation of the source and hence its magnetic field
vary throughout the cardiac cycle. Inside the heart, as shown in Fig. 4b, the
source is an activation wave front that serves as a two-dimensional battery,
i.e., a current source on the outer surface and a current sink on the inner
one. It can be shown that the battery in Fig. 4a is simply the electrical
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Figure 3. The magnetic field from the brain during an epileptic seizure. Top: Fif-
teen-second segments of an 800-second recording of MEG and EEG waveforms during
temporal-lobe epilepsy with complex partial seizures, measured in an unshielded envi-

ronment (MEG bandwidth dc to 40 Iz, EEG bandwidth 0.16 to 40 Hz). Bottom: MEG
tracings from the entire 143-channel SQUID array. (From [19], with permission)

dipole moment of the wavefront in Fig. 4b [5]. The magnetocardiogram in
Fig. 5 was recorded by the Jiilich group with a first-order HTS 1f SQUID
gradiometer in a magnetically shielded room {20]. The limiting noise with
an LTS SQUID, with a bandwidth of 250 Hz, is a fraction of a picotesla
(pT) and does not come from the SQUID or the magnetic shield, but it is
magnetic noise from the patient [21].

The sign:als from other bioelectric sources are produced in a manner
similar to the MCG and the MEG. A susceptometer can be used to mea-
sure non-invasively the paramagnetic iron stored in the human liver [22].
SQUID systems that involve the sequential magnetization and magnetic
field measurement are proving useful for detecting the magnetic fields from
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Figure J. The magnetocardiogram. a) The magnetic field from the heart at the time of
peek signal. b) The source of the magnetocardiogram is a wave front of activation that is
approximately 1 mm thick and moves with velocity of up to 0.5 meters per second. ¢) A

closeup of the wavefront showing the impressed current density Ji within the wavefront
and the Ohmic current ./ in the tissue on either side of the wavefront. (Adapted from [5])

ferromagnetic particles in biological systems [23] or in vitro immunoassays
[24-27].

2.2. NDE SIGNALS USING SQUIDS

The majority of biomagnetism applications simply record the intrinsic mag-
netic field produced by the biological system. In contrast, the majority of
NDE applications detect the perturbations in an applied magnetic or elec-
tric field that result from some flaw in the sample under test. As a result,
there is a larger number of fundamentally different ways to use SQUIDs in
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Figure 5. Magnetocardiograms recorded inside a magnetically shielded room with a
10-cm baseline electronic HTS gradiometer in a 0.016-250 Hz bandwidth {20]. a} Real-time
signal of a healthy person, signal-to-noise ratio (SNR) is 35. b} Signal averaged over 300
beats, SNR = 400. (From [20], with permission)

NDE than in biomagnetism. Figure 6 shows that SQUIDs can be used in
several different NDE modes [28]. The intrinsic currents in Fig. 6a could be
electrical signals in a printed or integrated circuit or in a superconductor
[13,29-32]. The remanent magnetization in Fig. 6b could be provided by
magnetic inclusions in slices of rock [33], the magnetic-field-sensing mag-
netosomes in biological tissue [34,35], or magnetic tracers used in magnetic
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Figure 6. Modes of SQUID NDE. By scanning the sample beneath the SQUID, it
is possible to image a) intrinsic or applied currents in a circuit or superconductor, b)
remanent magnetization, c) flaw-induced perturbations in applied currents, d) Johnson
noise or corrosion activity in conductors, e} eddy currents and their perturbations by
flaws, f) hysteretic magnetization in ferromagnetic materials in the presence of an applied
stress and/or an applied field, and g) diamagnetic and paramagnetic materials in an
applied field. (From [28], with permission)

decoration of surface flaws [36] or magnetic-relaxation immunoassay [25,26].
The application of current to a sample can be used to detect flaws that have
a differing conductivity from that of the surrounding metal [37-40], as in
Fig. 6c. SQUIDs are sufficiently sensitive that they can be used to image the
current distributions associated with Johnson noise or corrosion in metal-
lic conductors [41,42] (Fig. 6d). If an ac magnetic field is applied to the
sample by a coil or sheet-inducer, as in Fig. 6e, the SQUID can be used
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to image the resulting eddy currents or their perturbation by flaws in the
object [43~-45]. The application of stress to a ferromagnetic material and/or
simultaneously applied ac and dc magnetic fields will alter the magnetiza-
tion (Fig. 6f), such that the SQUID can be used to map the distribution
of stress-related changes in the ferromagnetic state of the material [46).
Finally, the dc magnetic field applied in Fig. 6g can be used to image the
magnetization of diamagnetic and paramagnetic materials [28,33,47]. We
will discuss several of these applications later in this chapter.

3. Instrumentation

The weak field strength, the substantial information content at low fre-
quencies, and the broad measurement bandwidth all suggest that SQUIDs
will remain the magnetometer of choice for biomagnetic measurements in
the immediate future, with the exception of measurements on isolated, one-
dimensional nerve and muscle tissue preparations that can be made with
miniature toroidal pickup coils [48] and possibly the measurement of the
adult MCG using optical [49-51], or giant-magnetoresistance magnetome-
ters [52-57]. As we will see later, the strength of some of the biomagnetic
signals shown in Fig. 1 already places them within the range of sensitivity
provided by high-transition-temperature SQUIDs.

For many applications, the energy sensitivity is utilized to obtain the
highest possible field sensitivity, but in other applications, the field sen-
sitivity can be sacrificed to obtain high spatial resolution [10,13]. For all
of the applications discussed in this chapter, the sample being studied, for
example the human head or a piece of an airplane, is at room temperature
while the SQUID is at either liquid helium or liquid nitrogen temperature.
We will begin this section with a general overview of SQUIDs, then describe
common techniques used for fabricating the SQUIDs for biomagnetism and
NDE, and conclude with a description of a number of commercial SQUID
instruments.

3.1. SQUID MAGNETOMETERS

A SQUID is a Superconducting Quantum Interference Device, and has as
its active element one or more Josephson junctions (Reference [58] provides
more details on SQUIDs). A Josephson junction is a weak link between two
superconductors that can support a supercurrent below a critical value
I.. An rf SQUID uses a single Josephson junction that is connected to
a superconducting loop; an rf current bias is inductively coupled to the
SQUID to measure its impedance. A dc SQUID uses a superconducting
loop with a pair of Josephson junctions, and a dc current is applied directly
to the SQUID to measure the loop impedance, as shown in Fig. 7. In either
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Figure 7. 1. A de SQUID. a) A simplified circuit for a dc SQUID magnetometer. b) The
current-voltage characteristic of a SQUID without feedback with two different values of
flux threading the SQUID loop. The amount of applied flux, ® 4, determines the voltage
across the SQUID, V,, for a particular value of bias current, Ig. As the applied flux varies
between &4 = n®g and P4 = (n + 1/2)Py, the SQUID voltage changes between Viin
and Vinar. €) The V-® curve of a de SQUID, with constant bias current. d) The voltage
response of the SQUID to a modulating flux, ®,,.. The response varies greatly depending
on the value of ® 4. Three possible points are highlighted to illustrate the response of
a SQUID and the feedback needed to “lock” the SQUID to operation at an extreme
value. From top to bottom we see: one cycle of the flux modulation, ®,,, applied to the
SQUID operating at three different locations on the V-® curve, the voltage response of
the SQUID, V,, and the necessary feedback of the flux-locked loop, V3, which applies a
counter flux to the SQUID loop to return the system to an extreme position on the V-A
curve. (From [13], with permission)

type of SQUID, the special properties of the Josephson junction cause the
impedance of the SQUID loop to be a periodic function of the magnetic
flux threading the SQUID, so that a modulation signal applied to the bias
current is used with a lock-in detector to measure the impedance and to
linearize the voltage-to-flux relationship. The net result is that a SQUID
functions as a flux-to-voltage converter with unrivaled energy sensitivity.

While early SQUIDs were made with point contacts [1,59,60], subse-
quent designs used thin-film tunnel junctions and toroidal input and 1f
coils in a toroidal niobium cavity. Hybrid de SQUIDs, such as those pro-
duced for many years by Biomagnetic Technologies, Inc. (BTi), used a pair
of tunnel junctions in a toroidal coupling cavity. Today, the majority of dc
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Figure 8 A schematic drawing of a washer-type dc SQUID. The Josephson junctions are
the pair of x’s below the large octagonal washer, which forms part of the superconducting
loop containing the Josephson junctions, and also serves as a one-turn winding in the
transformer that couples magnetic flux from the input coil to the SQUID. The pickup
coils, which are not shown, are connected to the input coil by the two leads at the upper
left edge of the input coil. The bias current, applied to the upper edge of the washer,
is divided between each side of the washer and the series-connected Josephson junction.
The hole in the center of the washer is typically on the order of 50 pm to 100 pm in
diameter, so that the diameter of the entire washer is usually a fraction of a millimeter.
(Courtesy of Mark Ketchen of the IBM Thomas J. Watson Research Center)

SQUIDs are made using a geometry developed by Mark Ketchen at IBM,
as shown in Fig. 8, in which the SQUID loop is partially formed by a large
washer that couples the SQUID to the external flux transformer. The dc
bias current is applied to one side of the washer, and the other side of the
SQUID loop is grounded. This geometry provides SQUID loops with low
inductance and hence high sensitivity, while allowing efficient coupling to
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Figure 9. A commercial dc SQUID probe. The SQUID sensor is encapsulated near the
end of the circuit board; the dark circle is a toroidal impedance-matching transformer.
The threaded cylinder is the niobium shield that encloses the SQUID sensor and circuit
board. The braided cable is the transmission line that connects the room temperature
electronics to the SQUID. (Courtesy of Quantum Dynamics, Inc., San Diego)

an external flux transformer.

In most LTS SQUID systems in use today, the SQUID is located inside
a small cylindrical, superconducting magnetic shield, as shown in Fig. 9. In
the United States, Quantum Design is the primary supplier for packaged,
user-installable dc SQUIDs. The SQUID assembly is then mounted in a
cryostat that is placed inside a superinsulated, fiberglass, liquid-helium de-
war, as shown in Fig. 10. Superconducting pickup coils, typically configured
as gradiometers that detect the difference in one component of the field be-
tween two points, are located at the bottom of the dewar. The test object,
for example a section of an aircraft wing or a subject’s head, is placed be-
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Figure 10. A typical single-channel SQUID magnetometer used for biomagnetic mea-
surements or NDE. a) A cross-sectional schematic of dewar and the cryostat that supports
the SQUIDs and the pickup coils. (Adapted from [9]) b) A photograph of a six-channel
SQUID system, with the cryostat removed from the dewar. The majority of the dewar
is usually fabricated from fiberglass-epoxy composite, although in some designs the he-
lium reservoir and the dewar top are aluminum. (Courtesy of Robert Fagaly of Tristan
Technologies, San Diego, CA)

neath the magnetometer. A ferritometer for measuring liver iron, or many
NDE systems will have a magnet in addition to the SQUID. The cryostat
and the dewar must minimize helium boil off, eliminate rf interference, and
not contribute Johnson noise or distort any external ac fields.

3.1.1. HTS SQUIDs

HTS SQUIDs are discussed in detail elsewhere in these proceedings [61].
While HT'S SQUIDs will always be noisier than LTS ones, the performance
of HT'S SQUIDs continues to improve. The Jiilich single-layer YBayCu30~
rf SQUID magnetometer with a direct-coupled pickup coil and a flip-chip
flux transformer demonstrated, in a magnetic shield, a field noise at 1 Hz
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of <40 fT/Hz!/? at 77 K and, most notably, a 1/f knce that was be-
low 1 Hz [62]. While technically demanding to fabricate, a 7-mm-diameter,
multilayer, 16-turn multiloop high-temperature SQUID magnetometer can
provide the very respectable white-noise floor of 18 fT/Hz'/? at 1 kHz,
37 fT/Hz'/2 at 1 Hz, and a 1/f knee at 1 Hz [63]. HTS SQUIDs are
clearly suitable for recording the magnetocardiogram (MCG) [20,64] and
for some NDE applications [65-67]. HTS SQUIDs are the basis of the com-
mercial SQUID microscope being manufactured by Neocera of Beltsville,
MD [68-70].

3.1.2. Digital SQUIDs

Some potential applications of SQUIDs to magnetocardiography, partic-
ularly those related to rhythm disturbances, may require only a single
SQUID, or at most several; the frequent need to record the signal from
multiple locations presents an added technical challenge. For NDE, this
has been addressed by scanning the SQUID relative to the sample; for bio-
magnetism, the trend is to use large, multichannel SQUID systems. While
present systems with several hundred SQUIDs are fabricated with individ-
ual SQUIDs with multiple wires connecting each SQUID to room temper-
ature electronics, there is a possibility that digital SQUIDs could simplify
multichannel SQUID systems.

There are two types of digital SQUIDs: room temperature and supercon-
ducting. In the former, the analog feedback loop is replaced with an analog-
to-digital converter, a digital signal processor, and then a digital-to-analog
converter [71-73]. This process linearizes the flux-voltage characteristics,
replaces many of the room temperature subsystems such as the electronic
lock-in amplifier with signal processor code, and avoids interchannel phase
delays arising from differences in component values in the analog circuitry.

With the superconducting digital SQUID, Josephson digital logic pro-
vides the feedback on the same chip as the SQUID sensor [74-77]. There
are many potential advantages to this approach, including the ability to
multiplex the outputs of multiple SQUIDs onto a small number of wires
or transmission lines, and a high slew rate and dynamic range that could
greatly improve noise immunity. Since it will be possible to mass produce
a complete SQUID magnetometer array on an integrated circuit produc-
tion line, and then mount the finished, packaged chips in a small dewar,
the cost of the systems should plummet. This, in turn, could promote the
large-volume production of inexpensive, compact, portable magnetometer
systems. Digital SQUIDs are discussed in more detail elsewhere in these
proceedings [78].
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3.2. REFRIGERATORS

The need for liquid cryogens detracts from the acceptance of SQUIDs in
both the medical and NDE communities. The development of miniature
Joule-Thompson, Gifford-McMahon, and pulse-tube refrigerators offers an
exciting alternative, and presents the possibility of a turn-key SQUID sys-
tem [79]. While mechanical refrigerators present new problems to the SQUID
builder, such as power consumption, expense, size, weight, vibration and
magnetic noise, this approach has been demonstrated successfully in a num-
ber of different systems [44,80-83]. There are possible alternatives that
would be even quieter [84,85]. Figure 11 shows an HTS SQUID and dewar
that are cooled by a Joule-Thompson cooler. Clearly, there will be increased
utilization of refrigerators with SQUID systems.

3.2.1. NOISE REDUCTION

While SQUIDs are exquisitely sensitive magnetometers, practical applica-
tions that fully utilize this sensitivity require the elimination of environ-
mental noise. Figure 12 shows the magnetic field noise as a function of
frequency for a variety of environments ranging from the low field in the
best magnetically-shielded room to the magnetic noise in a laboratory or
hospital that is seven orders of magnitude larger. There are several ways
to reduce noise: magnetic shields, gradiometric pickup coils, and electronic
noise cancelation. The quietest magnetic shield to date is the one fabri-
cated at the Superconducting Sensor Laboratory in Japan, with a shielding
factor of 15,000 at 0.02 Hz [86]. With adequate care, it is now possible to
fabricate magnetic shields that are sufficiently quiet that the limiting noise
is produced by the dewar which contains the SQUIDs {87] or by the object
under test. The lowest system noise measured in the Berlin magnetic shield
was less than 3.5 fT/Hz'/2 in the white-noise region, 35 fT/Hz!/2 at 1 Hz,
and 3 pT/Hz'/2 at 0.1 Hz, consistent with the magnetic fluctuations of the
inner mumetal layer [88]. Romani et al., summarize the noise of various
systems in reference [89].

In general, the magnetic fields produced by distant noise sources are
more uniform than the magnetic fields produced by the source of the de-
sired signals close to the magnetometer. As a result, it is possible to fabri-
cate superconducting flux transformers that measure the difference in the
magnetic field between two nearby points, i.e., a differential magnetometer.
Because of the uniformity of the magnetic noise field, the noise at these two
points is almost identical, and hence the field difference can be orders of
magnitude smaller than the field itself. In contrast, the magnetic field from
the nearby object can be significantly larger at one point than at the other.
If the spacing between the two points is small relative to the spatial extent
of the signal source, the differential magnetometer acts as a gradiometer,
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Figure 11. A cryocooled HTS SQUID magnetometer. a) A G-10 SQUID cryostat with
a Joule-Thompson cooler and plastic gas lines connected to a compressor. b) The noise

spectra of an rf SQUID in liquid nitrogen, and cooled by pulse-tube and Joule-Thompson
refrigerators. (From [83], with permission)

measuring the spatial gradient of the magnetic field. Since the field from a
magnetic dipole falls off with distance as 1/73, while its gradient falls off as
1/r, a gradiometer in general will be less sensitive to distant noise sources
than to a nearby signal source. Figure 13 shows several configurations of
SQUID pickup coils, including magnetometers, first and second-order dif-
ferential magnetometers, and radial gradiometers [90,91].

Axial gradiometers that measure dB,/0z can be readily fabricated by
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Figure 13. Various SQUID pickup-coil configurations. a} Magnetometer. b) First-order
axial gradiometer. ¢} Symmetric second-order axial gradiometer. d) Second- order asym-
metric gradiometer designed for increased face-coil sensitivity. e) Radial first-order gra-
diometer. f) Radial second-order gradiometer. g) A first-order pair of planar gradiome-
ters. h) A third-order planar gradiometer formed by connecting two opposing planar
second-order gradiometers. (Adapted from [90] and [91]}

hand-winding superconducting wire on a carefully machined cylindrical
substrate (Fig. 13b); with manual adjustment of the small superconducting
tabs, this type of gradiometer can be balanced to a part in 10® (possibly
107), i.e., the contribution of the distant noise source can be reduced by
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a factor of 10° to 107 relative to that of the nearby signal source, for a
common mode rejection of 120 - 140 db. Signals from noise sources that are
close enough to produce a measurable gradient in their magnetic field can
be reduced by using a second-order differential magnetometer (Fig. 13c)
that in effect measures the second spatial derivative of the noise from the
distant noise source. If the baseline of the gradiometer is long with respect
to the distance between the lowest pickup coil and the signal source, the
output of the SQUID will be a good approximation of the field at the lowest
coil. One limitation of the gradiometric pickup coils in Figs. 13b and 13c
is that signal energy is shared not only between the primary pickup coil
and the transformer within the SQUID, but also with the balance coils.
This effect can be reduced using the asymmetric gradiometer in Fig. 13d,
for which as much inductance as possible is concentrated in the pickup
coil that is closest to the signal source [90,92]. It is difficult to mass pro-
duce axial gradiometers, except by wrapping a flexible, planar coil around
a cylindrical substrate, a technology that has yet to be extended to high
temperature superconductors.

The first- and second-order radial gradiometer in Figs. 13e and f mea-
sure 0B,/Or and 0%B,/0r? and provide excellent localization of discrete
sources, but may lead to images that are difficult to interpret or decon-
volve. A planar gradiometer that measures 9B,/0z is shown in Fig. 13g.
A four-by-four array of long-baseline gradiometers that measure 0B,/0z
and @B, /0z have been incorporated into a system for recording the mag-
netic field components of the human magnetocardiogram that are parallel
to the chest wall [93]. Figure 13h shows a high-order gradiometer that is
matched to the signature of a flaw as would be detected by a SQUID eddy-
current system [94]. The greatest advantage of the planar gradiometers in
Figs. 13e-h is that they can be mass-produced with thin-film technology
using either low- or high-temperature superconductors, and can either be
fabricated on the same substrate as the SQUID, or coupled to the SQUID
as a “flip-chip.” Their disadvantages are that it can be expensive (in terms
of substrate cost) to fabricate long-baseline differential magnetometers, and
the shorter baseline planar gradicmeters are less sensitive to deep sources
than are long-baseline axial gradiometers.

The Neuromag helmet MEG system [95] shown in Fig. 14 uses a pair
of orthogonal planar gradiometers that measure 9B,/0z and 8B,/dy to
provide a vector representation of the approximate strength and direction
of an effective current source beneath the gradiometer. While this configu-
ration localizes the current source, indicates its direction, and rejects noise
from distant sources, it also has limited sensitivity to sources that are deep
within the brain. When these gradiometers are used in conjunction with
a magnetometer at the same location, three orthogonal source representa-



Figure 14. The Neuromag helmet SQUID system for recording the MEG. Top: The con-
figurations of the three SQUID sensors at each site and their orthogonal sensitivity distri-
butions. Bottom: The array of the 102 triple-SQUID units. The average spacing between
sensors is 34 mm, and the distance between the pickup coil and the room-temperature
surface of the helmet ranges between 17 to 19 mm. (From [95], with permission)

tions are obtained.

An alternative approach to eliminate magnetic noise is to use one or
more reference magnetometers distant from the desired signal source that
is coupled to a set of coils which cancel external fields over the entire mea-
surement region or, more simply, apply a canceling magnetic flux directly
to the SQUIDs or the SQUID pickup coils. The CTF and BTi helmet
systems use a number of reference magnetometers and a variety of numer-
ical algorithms to reduce the effect of external noise fields on the recorded
magnetoencephalogram. The possible approaches include direct feedback,
simple off-line subtraction, or adaptive signal processing. Depending upon
the spatial variation of the noise field and the characteristics of the primary
magnetometers or gradiometers, it may be necessary to utilize first-order
reference gradiometers as well. A straightforward approach to noise cance-
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lation is to use three SQUID magnetometers to measure three orthogonal
components of the noise field and five more to measure the independent
first-order field gradients of the noise. The CT¥F systems use a proprietary
calibration process and algorithm to determine fixed weighting coefficients
that are then used to combine the outputs of 64, 140 or 151 first-order gra-
diometer signal channels and 28 gradiometer reference channels to form a
large array of second- and third-order synthetic gradiometers [72,96]. The
data in Figs. 15 and 16 show that this approach is successful and can be
used to measure auditory evoked responses in an unshielded environment.
While the performance of the system is better in a magnetic shield than
in an open laboratory environment, this instrument represents a significant
accomplishment in electronic noise rejection in that this sensitivity of the
system in an open laboratory is approaching the limit of brain noise.

There are two possible limitations to the synthetic gradiometer ap-
proach as presently implemented: the coeflicients are fixed to form third-
order gradiometers that rely solely on the rapid field fall-off from distant
sources, and substantial capital is tied up in the reference channels, which
contribute SQUID noise to the synthetic gradiometer output, but do not
contribute any signal. (While the SQUID noise for the primary and refer-
ence sensors should be uncorrelated and hence would add in quadrature,
it still represents a net loss in sensitivity. Note that this also occurs in a
similar manner with standard gradiometers, in that the signal energy that
is coupled into the reference coil is not coupled to the SQUID; the use of
asymmetric pickup coils as in Fig. 13d can minimize this effect but not elim-
inate it [90,92]). The solution to the first problem might be to use adaptive
weighting coefficients, but it is not clear how stable such a system would
be for time-dependent noise sources with differing spatial characteristics.
A possible solution to the second problem is to place all of the SQUID sen-
sors adjacent to the field source, for example, the scalp in a MEG helmet
system, and use numerical cross-correlation and inverse techniques to solve
for the location of all effective signal sources [97]. The sources outside the
helmet are assumed to be noise and are simply ignored, and those inside of
the helmet are assumed to be signal. While conceptually elegant, this ap-
proach is not yet fully proven. We will discuss one approach to this, termed
synthetic aperture magnetometry (SAM), in a later section.

It is important to recognize that the design problems are somewhat
different for HTS SQUIDs, since there is not yet an HTS wire that can
be attached to a separate SQUID sensor with a persistent-current con-
tact. Hence, the pickup coils and the SQUID either have to be fabricated
as an integral unit, or as adjacent planar structures in a flip-chip geom-
etry (Fig. 17a). As a result, it has proven difficult to fabricate extended,
non-planar gradiometer pickup coils. This limitation can be addressed by
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Figure 15. Noise of the 64-channel CTF MEG system in a shielded room with three
different orders of electronic gradiometers [72]. (Courtesy of Jiri Vrba of CTF)
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Figure 16. An auditory evoked field experiment in an open environment using the CTF
64-channel MEG system. The second and third gradient signals are synthesized from
signals from multiple first-order gradiometers. The auditory response occurs during the
shaded, vertical bar. (Courtesy of Jiri Vrba of CTF)

electronic gradiometry [98], since it is much easier to fabricate a pair of
HTS SQUIDs that each uses a large washer to directly couple the magnetic
field to the SQUID. The outputs of two nearby HTS SQUID magnetometers
can be subtracted by a differential amplifier to form a differential magne-
tometer [99,100], as in Fig. 17b, but this approach requires that the feed-
back loop of each SQUID maintain lock independently. Examples of MCGs
recorded with an HTS electronic SQUID gradiometer were shown in Fig. 5.
The three-SQUID gradiometer is a more elegant approach to this problem
[101,102]. As shown in Fig. 17c, the three-SQUID gradiometer uses a ref-
erence SQUID and two sensor SQUIDs. The reference SQUID feeds back
to the other two input circuits and cancels at each sensor SQUID the field
sensed by the reference SQUID. Even if the reference SQUID is noisy, its
noise is coupled equally to the two sensor SQUIDs, which can be very sen-
sitive, and the differential amplifier removes any common-mode noise intro-
duced by the reference SQUID. Appealing aspects of this approach are that



162

4
-
RS

SENSOR SENSOR
SQUID / SQUID
REFERENCE
SQUID

d)

W

SENSOR(,
SQUID ﬁ}
REFERENCE/

Figure 17. Three approaches to high-T¢ gradiometers. a) Planar gradiometer with
thin-film gradiometer pickup coil, either on the same substrate as the SQUID or as
a flip chip. b) Two SQUIDs whose outputs are subtracted electronically {99,100]. c-d)
Three-SQUID gradiometers {101,102] with c¢) a SQUID and d} with a flux gate as a
reference magnetometer. (Adapted from a drawing by Roger Koch of the IBM Thomas
J. Watson Research Center)

FLUX GATE

wéjj




163

the reference magnetometer can be a flux gate magnetometer (Fig. 17d),
only the SQUIDs need to be superconducting, and the SQUIDs can even be
in separate dewars. When fields from distant sources must be detected, for
example from submarines or mines, it is possible to achieve long-baseline
gradiometers without large dewars. Thus, two high-T, SQUIDs and a flux
gate with a clever feedback system can provide a very high sensitivity, high
temperature SQUID gradiometer with a high degree of balance and no need
for superconducting wires.

3.3. SQUID SYSTEMS FOR BIOMAGNETISM

Although a single SQUID magnetometer can be used to map the spatial
variation of the magnetic field from a repetitive, evoked process in the
brain, such studies are tedious and prone to errors in determining the
location of the SQUID pickup coils relative to the subject’s brain. Fur-
thermore, single channel SQUIDs are of little use in studying the spatial
distribution of asynchronous electrical activity such as the alpha rhythm, or
the interictal spikes that occur between seizures of epilepsy patients. This
limitation was first addressed with a 5-channel SQUID system produced
for Sam Williamson by BTi in 1983; subsequently, BTi introduced a pair
of 7-channel magnetometers that could study signals occurring on oppo-
site sides of the head. Unfortunately, the 7-channel systems covered only
a small fraction of the cortex, and provided insufficient data for accurate
localization and characterization of many sources. BTi then introduced a
37 channel system, and they subsequently developed a dewar that could
be operated with the SQUIDs located above the helium reservoir so that
it could be placed beneath the subject’s head; thus a pair of 37-channel
systems could be operated simultaneously above and below a reclining sub-
ject’s head. Elsewhere, the University of Twente developed a 19-channel
system [103]; a research group at the Institute of Radio Engineering and
Electronics of the Russian Academy of Sciences in Moscow formed a com-
pany, Cryoton, that built a 19-channel system [104,105]; and Philips [106]
in Hamburg built a double SQUID system with 31 channels in each dewar.
Flat-bottomed dewars for the MCG are used in 37- and 63-channel systems
built at the PTB in Berlin [21], in a 256-channel system developed at the
Superconducting Sensor Laboratory (SSL) in Japan [107}, and a 67-channel
system (with 11 additional reference channels for noise reduction) built by
BTi. The Instituto Technologie Avanzate Biomedicine (ITAB) in Chieti,
Italy has built a planar system with 55 sensing channels and 22 reference
channels (19 located 9 cm above the sensing plane and a triplet at 16 cm
above the plane) to perform software noise compensation; all of the SQUIDS
are magnetometers with a square-shaped, 9 x 9 mm?, integrated pickup
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coil [108]. Such systems can provide very low noise, for example the BTi
system has a noise of 5 - 6 fT/Hz!/2, while the ITAB one has 4 fT/Hz!/2
for individual SQUIDs, and less than 7 fT/Hz'/? after compensation.

The real advance with SQUIDs for measuring the MEG came with the
introduction of helmet-shaped dewars that have a hundred or more SQUIDs
and cover much of the head. The advantage of these systems is that they
provide partial or full head coverage so that you can do measurements that
acquire data from multiple regions at the same time. They also reduce
the length of time required for measurements. The potential advantage of
using multiple signal channels for imaginative digital signal processing to
eliminate noise is just now being realized [109], as we will discuss in more
detail later. There are three companies that are marketing whole-head MEG
systems: Biomagnetic Technologies, Inc., of San Diego, CA; CTF Systems,
Inc., of Port Coquitlam, British Columbia, Canada; and Neuromag, Ltd,
of Helsinki, Finland. Each has approximately a dozen whole-head systems
installed worldwide.

The Neuromag system developed at the Helsinki University of Tech-
nology and being sold by Instrumentarium/Picker has 122 channels in the
form of pairs of orthogonal, planar, thin-film gradiometers [95]. The use
of a pair of orthogonal planar gradiometers provides excellent localization
and visualization of current dipoles close to the scalp; a 306-channel sys-
tem has just been introduced that has 102 sensor sites, each with a pair of
orthogonal gradiometers as well as a magnetometer that can detect deeper
sources than gradiometers, as was shown in Fig. 14. At present, the Neuro-
mag system does not have reference SQUIDs distant from the scalp surface,
which have been shown to be highly effective in reducing external noise,
particularly when using magnetometers as the primary signal sensors.

CTF’s standard whole-head system has between 64 and 151 channels,
as shown in Fig. 18, with first-order gradiometers connected to SQUIDs
with digital feedback, and with digital signal processing and 27 reference
gradiometers to synthesize third-order gradiometers [72,96]; the more ad-
vanced systems that have been installed have 143 or 153 channels with
additional reference SQUIDs; the intercoil spacing is about 3.1 to 3.2 c¢m,
and the spacing between the 2-cm diameter pickup coils and the inner
surface of the helmet is less than 17 mm. A 262-channel system, with an
average inter-channel spacing of 2.3 cm, is under development [109].

BTi has as a standard product a whole-head system with 148 SQUID
magnetometers and 11 reference channels for noise reduction, shown in
Fig. 19. The SQUIDs and the pickup coils are located in the vacuum space
outside the helium reservoir so that the system can achieve a spacing of 1.6
cm or less between the pickup coils and the inner surface of the helmet. The
system is designed to cover the exposed cortex with an average interchan-
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Figure 18. The CTF whole-cortex SQUID system. Top: A subject having her magne-
toencephalogram recorded with the 143-channel CTF unit installed in Vienna. Bottom:
The form that holds the 2-cm diameter, 5-cm baseline, first-order gradiometer coils in the
140 channel system. There is less than 17-mm spacing between the sensor coils, within
liquid helium, and the outer dewar surface. (Courtesy of Jiri Vrba of CTF)
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Figure 19. The BTi multichannel SQUID systems. Top: A 61-channel system designed
for recording the magnetocardiogram. Bottom: The 148-SQUID helmet system for the
MEG. (Courtesy of Gene Hirschkoff of BTi)

nel spacing of 2.9 cm, with 2-cm diameter coils. Because of the relatively
close spacing between the coils and the head, and the use of magnetometers
rather than gradiometers, the BTi system should have substantially better
sensitivity to deep sources than do other gradiometer-based systems with
the pickup coils in the helium. BTi is also developing an advanced system
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which has 248 channels plus 17 broadly distributed references channels, all
of which are radial magnetometers [110]. The coils-in-the-vacuum technol-
ogy has also been used for a system designed for mapping the MCG, as
shown in Fig. 19.

In addition, other groups have developed multichannel systems, such
as the 256-channel SSL helmet system [111], and Kanazawa Institute of
Technology (KIT) and Yokagowa 64- and 160-channel, whole-head systems
for supine subjects [112]. ITAB is completing a helmet system that consists
of 153 sensing channels and four orthogonal triplets located at about 7 cm
from the sensing surface, to be used to form software gradiometers. The
sensing channels are spread over a surface covering the whole head, with
an average inter-channel spacing of about 3.2 cm [108].

The real limitation of helmet systems arises from their fixed geometry:
the CTF helmets come in two sizes, one for a standard Japanese head and
other for a standard Canadian head. The design of the Neuromag system
was based on military studies of the distribution of head sizes of adult
males in the Finnish army. As a result of variation in the size and shape of
the subjects’ heads, and the cryogenic difficulties encountered with build-
ing large, concave dewars, the source-to-pickup coil separation is typically
larger by a centimeter or more over what can be achieved with simple,
several-channel systems. As a result, the signal amplitude is reduced, and
more importantly, the high spatial frequencies present in the magnetic field
close to the scalp are selectively attenuated by the increased distance. This
in turn reduces the spatial resolution of the instrument [113]. To counter
this, BTi utilizes magnetometers rather than gradiometers in its helmet
systems, so that each sensor has increased sensitivity to deep or distant
sources as compared to a gradiometer configuration, and Neuromag had
recently added magnetometers to its sensor array.

There is no agreement yet as to the maximum number of channels re-
quired for an MEG helmet system. CTF believes that high density ar-
rays with more than 250 channels will be particularly useful when using
advanced analysis techniques, such as Synthetic Aperture Magnetometry
(SAM) or minimum norm methods [109]. The issue is the extent to which
the information gained by the additional channels is offset by the increased
cost and complexity. I believe that the users of the helmet systems, par-
ticularly those who study pediatric subjects or do extensive mathematical
processing of the data, will eventually address the limitations posed by the
increased and variable coil-to-source spacing, possibly by developing al-
ternative approaches, such as segmented {114,115] or otherwise adjustable
helmets, but this does present problems with dewar cost, increased tangen-
tial separation between the channels at the edges of adjacent segments, and
multiple cryogen transfers.
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The helium consumption of the present helmet systems is also signifi-
cant, between 8 and 20 liters per day, due to the large surface areas where
the coil-to-room-temperature spacing must be kept small, the thermal leak
that arises from the six to ten wires required to operate each de SQUID,
and from the size of the neck tube in some dewar designs. This in turn can
be offset by the use of closed-cycle refrigerators, with an increase in capital
cost that offsets the reduced operating expenses.

It is important to recognize that these systems are becoming quite com-
plicated and expensive: Typical systems will have two to three hundred
channels of SQUID electronics, and various electroencephalogram and other
signal channels that create a great deal of costly and bulky hardware. These
systems also generate a tremendous amount of data quite quickly, which in
turn makes demands upon data processing, display, and storage. While the
CTF system is presently unique among the helmet systems in that it can be
used in an unshielded environment, other systems require a magnetically-
shielded room; the performance of the CTF system is improved within a
shield. Helmet systems cost between one and two million dollars, and the
cost of the shield can increase this by another half million dollars. Thus, the
helmet systems are just that: major systems with all the inherent problems
of systems integration and escalating costs; the SQUIDs and their electron-
ics probably contribute only 10% of the total cost! Just as MRI systems
utilize superconducting magnets that are becoming increasingly invisible
to the customer or the patient, MEG systems are using SQUIDs that will
become less significant to the product than the overall clinical capabilities
of the modality and the user-friendliness of the software that analyzes the
data. This is good, if the technology is ever to be widely accepted.

3.4. SQUID SYSTEMS FOR NDE

Several companies build SQUID systems specifically for NDE, designed ei-
ther for use in the laboratory or in the field. In contrast to biomagnetism,
where system sensitivity and total number of channels are of the greatest
importance, for NDE sensitivity is not generally an issue, since the strength
of the signal can most often be controlled by the strength of an applied field
or current. Multiple channels would be convenient, but are not generally
necessary because the signals are regular rather than stochastic. The pri-
mary challenge for SQUID NDE systems is spatial resolution, which affects
the ability of the system to identify small flaws and discriminate between a
flaw and adjacent structural details or spatial variations in material prop-
erties,
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3.4.1. SQUIDs for Laboratory NDE

The spatial resolution of SQUIDs has been increasing steadily for the past
decade. The greatest advances in SQUID resclution came with the devel-
opment of several scanning SQUID microscopes, in which an HTS or LTS
SQUID is positioned within a few microns of a cryogenic sample, or several
tens of microns from a room temperature one. These systems and many of
the measurements done with them are reviewed in detail elsewhere [13].

The first high resolution SQUID used for NDE and biomagnetism, Mi-
croSQUID, was built for me by BTi and Quantuin Design, and has four,
3-mm pickup coils 1.5 mm from room temperature [116]. The Strathclyde
group has also built a high-resolution system for NDE [117]. Quantum
Magnetics (QM) developed a five-channel High Resolution Scanning Mag-
netometer (HRSM) that is designed to scan a corrosion cell in an un-
shielded environment [118,119]. The system is equipped with a custom-
made fiberglass-epoxy translation stage. The stepper motor controller and
the data acquisition process are controlled by a desktop computer.

Our group at Vanderbilt has developed several other SQUID systems
for laboratory NDE measurements {7,120,121]. The most recent one is op-
timized for the measurement of the spatial and temporal dependence of the
magnetic fields associated with hidden corrosion in aircraft lap joints [122].
The system, shown in Fig. 20, uses a Conductus, three-axis vector gra-
diometer, and includes a magnetic shield, a scanning stage with a custom
sample-handling system, a computer control system, and custom scanning
and analysis software. Such a laboratory instrument requires a significant
effort in devising the experimental procedures required for SQUID mea-
surements on corroding systems, including sample design for calibration
studies, kinematic techniques for accurate repositioning of multiple sam-
ples, moisture delivery systems such as tubing, wicks and valves, techniques
for gas venting, effective seals and sealants, sample preparation procedures
that minimize magnetic contamination, sample chambers for lap joints that
provide controlled temperature and humidity, and techniques for identifi-
cation and minimization of magnetic contamination. We will present data
obtained with this system in a later section.

3.4.2. SQUIDs for Field Deployment
Tristan Technologies, Inc., transiently Conductus Instrument and Systems
Division San Diego, has developed a number of specialized NDE systems,
such as a 6-channel NDE system with 1 mT ac and 0.1 T dc magnets and
a small dewar that can be held by a robot moving within a nuclear reactor.
The SQM Technology electromagnetic microscope has an ac source coil
and a pickup coil on the end of a flexible thermal link connected to a closed-
cycle refrigerator [44,82]. A 2-mm diameter, differential plckup consists of
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Figure 20. A schematic drawing of the Vanderbilt Corrosion SQUID system. The SQUID
is supported in the center of the shield by a framework of G-10 and aluminum. The kine-
matic design of the frame simplifies the adjustment of rotation and tilt of the pickup coils
with respect to the scanning coordinate system. The shield is mechanically isolated from
the scanning system to prevent contact-induced vibrations. (From [122], with permission)

two counterwound, semicircular loops. Current oscillation in a 10-turn, 10-
mm diameter superconducting source coil concentric with the pickup, in-
duces eddy currents in conductive objects under test. A 16-mm coil is for
compensation. Axisymmetric currents induced in unflawed test pieces gen-
erate a null response in the gradiometer pickup; flaws break symmetry and
produce a signal.

The greatest progress in the development of field-deployable HT'S SQUID
systems has been made by Dr. Joachim Krause and his group at the Insti-
tut fiir Schicht-und Ionentechnik (ISI) of the Forschungszentrum Jiilich in
Julich, Germany. Figure 21 shows the mobile cryostat developed for them
by ILK, Dresden, and the scanning system in use on an aircraft fuselage
[67]. The Tristan hand-held high-T, system in Fig. 22 is an example of a
compact, portable SQUID system that could be field-deployed.
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Figure 21. The Jiilich field-deployable NDE system. a) A schematic drawing of the
Mobile Cryostat ILK 4. b) A photograph of the cryostat with the tail and lower flange
removed to show the sapphire cold finger and the SQUID. c¢) and d) The cryostat and
scanning system in use on an aircraft fuselage. (Adapted from [67], with permission)

4. Modeling of Sources and the Inverse problem

When a SQUID is used to map the magnetic field above a nearby, two-
dimensional source, such as a current distribution or a magnetized sheet,
there is in general a readily-interpretable correlation between the magnetic
field and the underlying sources. For complex three-dimensional sources
such as the brain or a complex object undergoing non-destructive evalu-
ation, SQUIDs do not usually present as their immediate output a three-
dimensional image that is readily interpreted and correlated with the struc-
ture of the object being imaged. This difference between SQUID imaging
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Figure 22. A hand-sized liquid nitrogen dewar developed by Tristan Technologies,
Inc. that has a single high-T. SQUID in it. It has an 8-hour hold time when vertical
and a 4-hour hold time in any other orientation. (Courtesy of Robert Fagaly, Tristan
Technologies, Inc.)

and many other medical and NDE imaging modalities such as x-rays, MRI,
and ultrasound arises because the magnetic fields that are detected by
SQUIDs obey Laplace’s equation, and as a result, there is no unique solu-
tion to the three-dimensional inverse problem of determining the source of
the magnetic field from the field itself. For this reason, magnetic measure-
ments with SQUIDs on three-dimensional sources have come to rely heavily
on mathematical modeling. In this section, we will describe several types
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of models that are used for both biomagnetism and NDE.

4.1. MODELING OF BIOMAGNETIC FIELDS

Much of the MEG work to date has been done by looking at biological
signals from sources that are highly localized in space, and hence are suit-
able for analysis as a single electric dipole. In these situations, the observed
field pattern is simple and is strongly suggestive of a dipolar source, but
with unknown strength or depth. As an example, cognitive science studies
benefit from determining the location of the cortical neurons that respond
first to a particular auditory or visual stimulus. The potential for MEG to
locate such sources was clearly demonstrated in the early studies by Sam
Williamson and Lloyd Kaufman at New York University {123-126]. If one
uses the rather drastic simplification that the head can be modeled as a
sphere, information about the depth of the source can be obtained directly
from a map of the component of the magnetic field that is perpendicular
to the scalp: in this approximation, the effective source dipole lies midway
between the maximum positive and negative values in the MEG map, at
a depth that is v/2/2 times the spacing between the two extrema shown
in the isofield pattern in Fig. 2d. While this approximation was used ex-
tensively in early MEG studies and it still provides useful results for some
regions of the head, such as over the visual cortex at the back of the head,
more advanced models that account for the non-spherical shape of the inner
surface of the skull are more uniformly applicable. Because of the high con-
ductivity of the scalp and the low conductivity of the skull, such simplistic
models have not proven useful for the electroencephalogram. As shown by
Fig. 23, the ability to localize sources from the MEG is improved by using
more realistic models of the head that include the shape of the head sur-
face, and the inner and outer surfaces of the skull; typical accuracies for a
single-sphere model are on the order of 0.5 cm at the cortical surface, and
2.5 cm near the center of the head, whereas an accuracy of 0.23 and 0.5
cm can typically be achieved using a realistic three-layer model [127,128].
It is worthwhile to note that while there have been a number of studies to
ascertain the localization accuracy of the MEG, the accuracy of the com-
peting, conventional imaging techniques is not widely studied - one study
demonstrated that MRI images of the head had an average 1 to 1.5 mm
distortion due to field gradients [129}, dependent in part upon the pulse
sequence and field gradients used.

The fundamental limitation of dipole models is that some sources either
are not dipolar, or are distributed over such a large area that the dipole
moment conveys only a fraction of the information about the nature of the
source. A detectable interictal spike from an epilepsy patient may be the
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Figure 23. Error in dipole localization for head volume-conductor models of increasing
anatomical realism [128]. a) A series of computational meshes defining major conduc-
tivity barriers in the head: the head surface, the outer and inner surfaces of the skull.
These meshes are used for boundary integral computations of the head surface poten-
tial and magnetic field distributions due to current dipoles at arbitrary locations and
orientations within the head. b) A series of assumed dipole sources relative to an MRI
anatomical rendering. The input data from the forward model simulated a 127-channel
SQUID system with a 10:1 signal-to-noise ratio. The bar graphs illustrate the error for
each source location for three models: the sphere that best-fits the inside of the head, a
single-surface model representing the inner surface of the skull, and the full three-layer
model. (Courtesy of John George of Los Alamos National Lab)

result of the simultaneous activation of as much as 6 cm? of cortical sur-
face [130,131]. The temptation is then to attempt to solve the generalized
inverse problem of determining the distribution of cortical currents that
produced the magnetic field. Unfortunately, this problem has no unique
inverse solution, and can be solved only with the addition of physiological
constraints or mathematical regularization. A variety of approaches have
been taken. Figure 24 shows the output of the Los Alamos MUlItiple Slg-
nal Classification (MUSIC) algorithm [132]. Figure 25 compares the three
types of minimum norm solutions; the success of the FOCUSS (FOCal Un-
derdetermined System Solution) algorithm demonstrates that a series of
carefully designed constraints, including that the number of active gen-
erators not exceed the number of measurements, can produce reasonable
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Figure 24. The Los Alamos MUIltiple Slgnal Classification (MUSIC) algorithm [132].
Slices of the MRI anatomy with superimposed, as brighter regions, the values of the
cortically constrained MUSIC metric - a functional measure derived from MEG in a
series of slice images. MUSIC allows assessment of the distribution of probability of a
dipole source by systematically scanning a predefined grid. By adding constraints based
on the location and orientation of the local cortical surface, the MUSIC metric becomes
more diagnostic, with sharper peaks corresponding to (relatively) localized regions of
neural activity. This figure illustrates a region of the occipital lobe of the brain and
suggests several discrete areas of activation. (Courtesy of John George of Los Alamos
National Laboratory)

reconstructions for certain types of source distributions [133]. More recent
FOCUSS results [134] are shown in Fig. 26. Synthetic aperture magnetome-
try (SAM) is a recently introduced technique, illustrated in Figure 27, that
uses adaptive beam-forming techniques to estimate the source power and
uncorrelated noise variance at specified coordinates in the head [135]. As
described by Steve Robinson, SAM is not an inverse solution, as it does
not fit all source parameters to account for the measured data. Instead,
SAM behaves as “spatially selective noise reduction.” For each coordinate
selected inside the head, SAM attenuates all signal except for that of the
selected coordinate. Thus, external magnetic noise and brain noise have
negligible effect on the estimated source strength. A tomographic image of
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Figure 25. Reconstructions achieved with different techniques for an extended source
at different depths [133]. Each column illustrates a different depth source, and each row
illustrates a different reconstruction method (minimum norm, unbiased minimum norm,
and FOCUSS (FOCal Underdetermined System Solution) solutions; the top row is the
simulated current distribution. Each sub-image is normalized by dividing each element
by the maximum value in the image. (Courtesy of Irina Gorodnitsky of the University of
California, San Diego)

source current is built by “scanning” coordinates within the head [97]. The
appeal of this approach is that it offers stable and reproducible functional
images, albeit with a reduction in time resolution as compared to the raw
MEG, without requiring the use of dipole models. It is important to note
that the competing functional techniques, positron emission tomography
(PET) and functional magnetic resonance imaging (fMRI), have response
times substantially less than the MEG and are considered the gold stan-
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Figure 27. Differential current-density maps of the language center, obtained with
synthetic-aperture magnetometry. Upper: Region of focal suppression of source activity,
slightly superior to Broca’s area. Lower: A region of activation at the posterior, apparently
due to the cerebellum. Data are from one, unaveraged six-minute collection. (Courtesy
of Steve Robinson and Jiri Vrba of CTF)

dards of noninvasive functional imaging. There should be a large number of
applications of this technique to cognitive and clinical MEG studies [136].

There are other numerical approaches to MEG inverse imaging, such
as the minimum-norm least-squares (MNLS) approach [137,138]. Work on
improved inverse calculations should prove to be a fruitful area of research
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for years to come.

4.2. MODELING FOR NDE

Modeling has proven useful in SQUID NDE to assess the various contri-
butions to the observed signals. For example, Fig. 28 shows how SQUIDs
can be affected by the structural details of the system under test, and how
properly-configured gradiometers can separate the flaw signature from that
of the underlying structure [94]. Models have also demonstrated that cance-
lation plates can be used for removing edge effects when current is injected
into some conducting shapes {139].

Qther models have been used to study the magnetic signature of cracks
in metal plates and tubes, the effects of excitation frequency and detec-
tion phase on the detectability of subsurface cracks in aircraft aluminum
[38-40,43,45,140--143], and to examine the factors that affect the probabil-
ity of detection of cracks in aircraft [144-147].

5. Applications

Now that we have described how SQUIDs are built, where the signals come
from, and how signals can be interpreted, we can look at applications of
SQUIDs to biomagnetism and NDE. We will not present an exhaustive list,
but instead will describe a number of specific applications that most clearly
present unique capabilities of SQUIDs.

5.1. APPLICATION: BIOMAGNETISM

The earliest biomedical application of a SQUID magnetometer was to mea-
sure the magnetic field of the human heart, recorded as the magnetocar-
diogram (MCGQG) [1]. As we will discuss later, there have yet to be definitive
demonstrations of the clinical utility of the MCG and it is not widely used
outside the research setting. In contrast, there are a number of research
groups and clinical facilities that are actively pursuing studies of the mag-
netoencephalogram (MEG) for both basic research in neuroscience and for
clinical medicine. A promising application is the measurement of the mag-
netic field from the spontaneous electrical activity of the gastrointestinal
tract, recorded from the stomach as the magnetogastrogram (MGG) and
from the small intestine as the magnetoenterogram (MENG). There are a
number of in vitro laboratory applications as well. We now touch on each
of these.
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Figure 28. Simulations of the magnetic signature of a small region of hidden corrosion in
an F-15 lower wing splice. a) Schematic cross-section of the splice. b) The finite element
mesh describing one-quarter of a section of wing splice. A uniform current is applied
parallel to the x-axis. c) The magnetic signature of the flaw alone. d) The magnetic field
from the wing structure and the flaw. The peak-to-peak signal arising from the edges
of the various plates in the splice is 400 times larger than that of the flaw. e) and f)
The simulated output of two SQUID gradiometers configured to reject large-scale spatial
variations such as from the wing structure and selectively detect fields from localized
flaws. (Adapted from [94])
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5.1.1. Cognilive Science

The first significant application of SQUIDs to neuroscience was to map the
location of regions of cortex activated by a specific stimulus [123,124]. These
and other studies have shown that many such cortical current sources are
highly dipolar, and hence can be interpreted with simple models. Examples
of the use of SQUIDs in neuroscience include providing a noninvasive, tono-
topic map of the response of the auditory cortex to auditory stimulation at
different frequencies [125], studies of tonal memory [148,149], brain activ-
ity during eye blinks [150] and picture naming [151], mapping of the visual
field on the retina onto the cortex {126], and mapping of the hand and
face to the cortex. As shown in Fig. 29, the application of a nonmagnetic
mechanical stimulator to various points on the hand allows the SQUID to
map the locations on the brain that correspond to the hand locations [152].
Similar studies on subjects who had one arm amputated showed that the
signals from the face and shoulder for the amputated side had moved closer
together, and overlapped into the space that would have otherwise corre-
sponded to the hand, providing the first direct demonstration of cortical
plasticity in humans, and proving that some phantom sensations from the
amputated limb arise from the cortex [153].

5.1.2. Clinical applications

A wide variety of clinical applications of biomagnetism have been examined
in neurology, including studies of epilepsy, stroke, trauma, and the recording
of signals from the spinal cord, nerves, and skeletal muscle. The practical
aspects of such measurements are reviewed elsewhere [154]. One of the prob-
lems with the acceptance of magnetometry as a clinical tool is the length
of time that it has taken to demonstrate clinical utility. This is hard in any
single field, and biomagnetism is being applied to many different ones. More
importantly, because the technique represents a significant departure from
existing clinical techniques, and few clinical centers will purchase an expen-
sive and unproven instrument, corporate involvement has been required in
developing clinical applications. Even so, there are several dozen research
or clinical centers worldwide that are active in biomagnetic recordings. For
example, there are about twenty-five sites with BTi whole-head or cardiac
or Magnes I or Il systems, some of which are clinically oriented with regular
patient flow of 3 to 5 patients a week, and others that are more research
oriented and have possibly only 2 to 3 subjects a week with long periods
of setup or evaluation between acquisitions. If these sites together produce
between 50 to 60 recordings made per week on patients and normal vol-
unteers, there could be perhaps 2500-3000 recordings per year using BTi
instrumentation [110]. Given the instrumentation produced by other firms,
at least 4,000 MEGs and MCGs should be recorded annually worldwide.
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Figure 29. Demonstrations of noninvasive mapping of hand stimulation sites onto the
cortex [152]. Top: Sites of mechanical stimulation; Bottom: the sites of cortical response.
(Courtesy of Christopher Gallen, formerly of the Scripps Institute, and Gene Hirschkoff

of BTi)
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The first application that has been clinically proven and recognized for
third-party reimbursement is the presurgical functional mapping for brain
tumors, arteriovenous malformations, and epilepsy, in which the MEG is
used to identify key regions of functioning cortex before they are inadver-
tently removed or otherwise damaged during surgery. This procedure is
now accepted by a number of insurance companies - in part because there
is a 20% morbidity rate for the 100,000 intracranial surgeries performed
each year, and the MEG is proving useful for reducing the risk. Presurgical
mapping can be considered a routine, reimbursed procedure that is used
regularly in eight or more clinical MEG centers in the US and one in Japan.
However, it does not appear that the need for presurgical mapping is suf-
ficiently great on its own to justify the MEG as a successful commercial
instrument [110].

Clinical applications that are still in the process of being proven include
the use of the MEG to provide a more definitive diagnosis of stroke, head
trauma, and transient ischemic attack (TTIA) in the brain, and the use of the
MCG to localize and classify cardiac arrhythmias. Promising applications
that are just now being examined include the use of SQUIDs for fetal heart
monitoring [155,156], for measuring the fetal MEG [157], studies of the
signals from the spinal cord and peripheral nerves [158-160], the diagnosis of
bowel function disorders [161], and the study of schizophrenia and metabolic
brain disorders such as uremic or hepatic encephalopathy. I will now discuss
some of the applications in more detail.

Studies of the brain. Because patients with epilepsy often exhibit elec-
trical spiking in the interictal period between seizures, substantial effort
has been directed toward using the MEG to localize the site of origin of the
spikes, which is believed to coincide with the site of origin of the seizure.
Early studies by groups in Rome and at UCLA demonstrated the validity
of this approach {162,163]; Fig. 30 shows how a helmet MEG system can
quickly localize the source of the spikes, and also shows how the mirrored
activity on the left side of the brain of the subject being studied lags after
the activity on the right side [164].

A potentially important application is the use of the MEG to diagnose
head trauma and damage from transient ischemia [165-167]). The activity
of the normal brain is dominated by alpha waves in the 8-13 Hz range. Pa-
tients with neurological disorders often show slowing of the EEG, and also
show extensive, large amplitude, abnormal low-frequency magnetic activity
(ALFMA) in the theta and delta range. The MEG ALFMA examination is
quite sensitive to demonstrating pathophysiology in these patients. Many
patients who suffer mild traumas have normal MR and CT examinations,
but significant post-concussive psychological changes. As an example, the
circles in Fig. 31a correspond to the locations of ALFMA activity at 2.5
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SPIKE DISTRIBUTION

Figure 30. Top: Spatial distribution of one interictal spike displayed on the sensor array;
only about half of the measured signals are shown in this projection. The two traces on
each sensor unit illustrate the two orthogonal derivatives of the magnetic field measured
at that location. Middle: Field patterns during a single time moment of one spike. The
sensor array is viewed from the left, from above, and from the right. The shadowed
areas indicate magnetic flux emerging from the head; the isocontours are separated by
400 fT/cm. The arrows indicate the sites and orientations of the two equivalent current
dipoles required to account for the field pattern. Bottom: Dipole moments as a function
of time in both hemispheres. Each trace corresponds to one unaveraged spike, whose
distribution was explained by the two-dipole model. (From [164], with permission)
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MEG Spike Zone

Figure 31. Examples of the use of the MEG recorded with the BTi 37-channel Magnes'™
system for clinical diagnosis and treatment [167]. a) Sites of abnormal low frequency mag-
netic activity in a 65-year-old woman with transient facial numbness and slurred speech.
b) Magnetic source imaging of focal slow-wave activity, indicated by the dots in one of
several different slices of the MRI scan, in an 18-year-old boy 3 months after a severe
beating. c) Magnetic determination that the location of the central sulcus that contains
the somatosensory cortex was at A and not B, thereby allowing surgical resection of
the tumor. d) Magnetic determination that the source of recurring, intractable epilep-
tic seizures was a previously unnoticed vascular malformation far from the site of two
previous resections. (Courtesy of Jeff Lewine and BTi)

Hz in a 65-year-old woman who had three episodes of facial numbness and
slurred speech within the four hours prior to her admission to the hospital.
Her clinical symptoms resolved by the time she went to the hospital 10
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hours after the last episode. Computerized tomography and magnetic reso-
nance imaging could find no abnormalities. Magnetic source imaging with
MEG found multiple sites of ALFMA slow-wave activity that confirmed
the suspicion of multiple middle cerebral artery transient ischemic attacks
(TTIAs) that were undetectable with other imaging methods or the EEG.
The patient was treated to reduce the risk of stroke.

In the example shown in Fig. 31b, an 18-year-old boy suffered a severe
beating at school 3 months prior to the examination and showed a serious
decline in school performance. There was no evidence of traumatic injury
on EEG, CT or MRI, yet psychological tests supported the explanation of
brain trauma instead of an aversion to school for fear of repeated attack.
The MSI study demonstrated dense bilateral focal slow-wave activity that
confirmed serious brain injury.

Surgeons are very reluctant to perform operations that may cause a
hemiparalysis because this significantly compromises the quality of a per-
son’s life. The data in Fig. 31c are from a 58-year-old combat veteran who
had a tumor, and the issue was whether the tumor could be resected. The
groove in the brain known as the central sulcus contains the motor cortex,
but it was not possible to discern from anatomical images whether point A
or point B was the central sulcus. Without this identification, no surgeon
would operate. The only technique that could identify that noninvasively
was the MEG, which showed that the motor signals from the hand were at
A; hence this was the central sulcus. Given this data, a surgeon agreed to
perform the surgery.

As a final neurological example, Fig. 31d shows an MRI image of the
cortex of a 5-year-old male with intractable partial-complex seizures. Two
prior surgical interventions in the inferior frontal cortex failed to alleviate
the epilepsy. Functional mapping by MEG and Transcutaneous Magnetic
Stimulation (TMS) showed that the resection zone could not be extended
more posteriorly without compromise of the motor cortex. However, the
MEG showed that the epileptic activity was arising from a region far re-
moved from the prior resection zones. Re-examination of the patient’s MRI
data showed a small vascular malformation in this region that had been
previously overlooked. Surgical intervention in this area has controlled the
patient’s seizures. There are obviously many other potential applications
of the MEG to clinical neuroscience, for example the study of migraine
headaches [168].

Cardiac Studies. The magnetocardiogram, shown for example in Figs. 4
and 5, has a waveform that is similar to that of the electrocardiogram
(ECG). To first order, the electrical activity of the heart produces a spatial
distribution of the electric field on the torso surface that is dipolar, with the
electric (current) dipole moment, termed the electric heart vector, pointing
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Figure 32. 'Two hypothetical, cup-shaped cardiac activation wavefronts that would have
identical electrical fields, as determined by the shape of the rim of the cup, but differing
magnetic fields, as determined by both the shape of the rim and the circulating currents
within the wavefront. {Adapted from [170])

toward the lower left within the chest. The magnetic field recorded outside
the chest is, to first order, that of this electric dipole, i.e., it encircles the
electric dipole. Hence the time variation of the magnitude and orientation
of the electric dipole moment of the heart produces corresponding, but
orthogonal, variations in the magnetic field [3,169).

Although the various waves of the ECG and MCG have differing orienta-
tions throughout the cardiac cycle, simple measurements of the two signals
do not demonstrate any advantage for either technique in the detection of
a variety of clinical disorders. It is, however, theoretically possible for the
MCG to contain information not present in the ECG. The pair of depo-
larization wavefronts shown schematically in Fig. 32 are indistinguishable
electrically, but would have different magnetic field distributions, associ-
ated with action currents which would have a component of current that
flows around the heart as a result of the fiber structure of the heart [3,170].
While this early prediction simply stated that these circulating currents
might arise as a result of the cardiac fiber architecture, it was subsequently
shown that the electrical anisotropy of the cardiac tissue could result in
the magnetic signals containing information about off-diagonal elements of
the anisotropy tensor that are not present in the electric potentials [171].
The identification of such sources from the body-surface potential maps
and magnetic maps will require a mathematical model that is sufficiently
detailed that the error associated with the effects of the heterogeneities and
anisotropies within the thorax will be smaller than the as-yet not detected
contribution from swirling currents. Until this is accomplished, it will be



188

impossible to state whether or not the differences between the ECG and
MCG that have been observed for some time [172,173] are the result of
electrically silent sources or simply differences in the spatial sensitivity to
the primary cardiac sources and the secondary thoracic ones [174].

Despite the first-order similarity of the ECG and the MCG, there are
several promising areas of MCG research, particularly now that multichan-
nel MCG SQUID systems are becoming more common. A detailed and
excellent review of cardiomagnetism is presented in reference [175], and a
briefer update in reference [176].

The MCG can also be used to localize noninvasively the site of origin
of cardiac arrhythmias, such as those responsible for atrial or ventricu-
lar tachycardias, in advance of a catheter ablation procedure to remove
the source of the abnormal activity. Currently, the invasive catheterization
procedures used to localize an arrhythmogenic focus require several hours
of concentrated effort by a large staff, are costly in both personnel and sup-
plies, are not without risk to the patient, and can result in a significant X-
ray exposure to the patient and particularly to the physicians. Possibly the
MCG could mitigate some of these problems. However, advanced, multi-
electrode mapping catheters may prove more useful [177,178], since the
ablation of the site of the tachycardia beat sti(ﬁl requires invasive catheteri-
zation. Furthermore, some cardiac arrhythmias are normally silent, and can
be provoked experimentally only during catheter stimulation and with the
administration of drugs. Thus, the unanswered question is to what extent
does the noninvasive MCG study simplify or shorten the catheterization
procedure required for the ablation.

While many of the most exciting MCG studies are as yet only published
in conference proceedings, there are a number of intriguing preliminary
results that bear further examination, in particular in the estimation of
risk for cardiac arrhythmias and the detection of ischemic heart disease. In
addition to the summaries by Stroink [175,176], recent work is described in
references [160,179-188|. There is one word of caution in interpreting the
relative information content and diagnostic capabilities of the ECG and
MCG: it is important that the multi-channel MCG be compared to the
comparable body-surface potential map, with both measurements covering
comparable thoracic areas and with the data being processed similarly.
Once differences are documented, it will be important to obtain a clear
understanding of the mechanism by which the MCG could convey more
information than the ECG. Likely candidates for such mechanisms are the
fiber architecture and anisotropy of cardiac tissue, and the reduced filtering
effect of thoracic conductivity heterogeneities on the MCG relative to the
ECG. As stated by Stroink [176], this will require careful measurements
and mathematical modeling.
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SQUID

Figure 33. A schematic view of a SQUID gradiometer positioned above the fefa.l heart.
(Adapted from [16})

SQUID magnetometers can also be used to record the fetal magnetocar-
diogram (FMCG), as has been studied in detail by Ron Wakai at the Uni-
versity of Wisconsin in Madison [155]. Figure 33 shows a SQUID placed over
the fetal heart. Note the substantial distance between the SQUID and the
heart. Figure 34 shows a vector FMCG recorded at Vanderbilt [189, 190].
In the upper FMCG trace, the X component shows both maternal and fetal
signals. The orthogonal Y component shows very strong maternal signals
interspersed by smaller fetal signals, whereas the Z component shows negli-
gible maternal contamination and clear fetal signals. The net result is that
it should be possible to build compact SQUID instruments for recording
the fetal magnetocardiogram in the hospital, possibly with digital SQUIDs.
Because of the small size of the fetal heart and its depth below the SQUID,
it is unlikely that mapping of the FMCG over the abdomen will produce
much more than a dipolar map, so that it may be sufficient to use a vector
SQUID magnetometer such as the one used to obtain Fig. 34 to record three
orthogonal FMCG components [169,189,190], which could then be used to
correct at least in part for the effects of the variable and often unknown
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Figure 34. A fetal vector magnetocardiogram. Raw data filtered with a passband of
0.3 to 80 Hz. The three orthogonal gradiometers have a 15-cm baseline. The maternal
signal dominates in channels X and Y, while the fetal signal is predominant in channel
Z. (Courtesy of William Drake)

fetal orientation, and could provide excellent separation of maternal and
fetal signals, and clear identification of fetal P, QRS, and T-waves [190].
The challenge will be to develop sufficiently-sensitive SQUIDs and suitable
noise-rejection algorithms so that signal-to-noise ratios are high enough
that the entire P-QRS-T complex can be clearly resolved without signal
averaging, which could then make the fetal MCG an invaluable tool for
the diagnosis of fetal cardiac arrhythmias and overall fetal cardiovascular
stress. The even greater challenge for SQUID magnetometry is recording
the fetal magnetoencephalogram (FMEG). It has already been shown that
a SQUID can record, with signal averaging, the fetal auditory evoked re-
sponse [191]. Advanced multichannel SQUID arrays and adaptive signal
processing should provide much-improved signal-to-noise ratios, and may
eventually allow recording of the spontaneous fetal MEG.

Another application of SQUIDs to cardiac studies is the use of a high
resolution SQUID to map the spread of current through thin slices of car-
diac tissue, which will provide information about the electrical properties
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of the three-dimensional, anisotropic cable-like behavior of the heart [192].

Gastroenterology. The magnetoenterogram (MENG) and the magneto-
gastrogram (MGG) are new applications of SQUIDs that are being pursued
by William Richards, Alan Bradshaw and other members of our group at
Vanderbilt. The electrogastrogram, the electrical signal from electrical ac-
tivity in the stomach, was first recorded in the 1930’s. David Cohen first
detected the magnetogastrogram, the magnetic equivalent, twenty years
ago. While it is relatively easy to use electrodes on the surface of the ab-
domen to record electrical signals from the stomach, the multiple layers of
fat and muscle between the small intestine and the abdominal surface make
it virtually impossible to record noninvasively the electrical activity of the
small intestine. As with the brain, these intervening layers serve as a harsh,
spatial low-pass filter that smears and attenuates the electric signals, but
this tissue has little effect on the magnetic fields. Hence, we have been able
to use SQUIDs to record the magnetoenterogram, which does not have an
equivalent electrical recording. Figure 35 shows typical magnetogastrogram
and magnetoenterogram data [193].

Our signals, recorded for the first time in humans in 1992 {194,195,
may be of potentially great clinical significance in diagnosing electrical dis-
orders of the stomach and intestine, such as arrhythmias, angina, ischemia,
and infarct: Death often occurs within two days of an intestinal infarct,
and the SQUID may provide an early, noninvasive diagnosis. These studies
are described in a number of recent publications [161,196-198]. The vector
MENG and vector MGG offer additional advantages, in that the vector na-
ture of the field from electrical activity in differing regions of the abdomen
can be utilized to separate the different contributions to the signals and
even characterize propagation of activity in the stomach [199].

While the magnetogastrogram and the magnetoenterogram are mea-
sures of the electrical activity of the gastrointestinal system, SQUIDs can
also be used to track the associated mechanical activity through the motion
of magnetic tracers or marked capsules with temporal and spatial resolu-
tions of milliseconds and millimeters [200].

Liver Iron Susceptometry. SQUIDs have been shown to be useful for
the assessment of elevated liver iron stores in patients with iron overload.
Fischer [22] reviews the subject in detail. Recent work suggests that these
measurements can be made with permanent magnets and an HTS gra-

diometer and SQUID [201].

5.1.3. Laboratory and Other In Vitro Applications

In contrast to humans, SQUID measurements on laboratory animals and
isolated tissue preparations require much higher spatial resolution, and
hence smaller pickup coils and closer coil-to-sample spacing than can be
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Figure 35. Magnetic recordings of the basic electrical activity of the human gastroin-
testinal tract obtained with a 6l-channel BTi SQUID system {193]. The upper traces
show the 3 cycle-per-minute signals from the stomach, termed the magnetogastrogram
(MGG), while the lower traces show the 10- to 13-cycle-per-minute signals from the small
intestine, the magnetoenterogram (MENG). (Courtesy of Alan Bradshaw)

provided with a conventional biomedical SQUID. For example, early mea-
surements of the variety of magnetic signals during epileptic seizures in rats
were made with a SQUID whose pickup coil was larger than the brain of
the rat [202]. I have reviewed elsewhere our high-resolution biomagnetic
measurements [10], which are summarized in Fig. 36. Figure 37 shows the
magnetic field that was evoked upon electrical stimulation of a thin slice of
rat hippocampus in a dish placed beneath a MicroSQUID magnetometer
[203]. These data demonstrate that biomagnetic recordings on the scale of
millimeters require low-noise SQUIDs, particularly since the measurements
must be made with a kHz bandwidth.

Magnetopneumography, the measurement of the relaxation rates of the
magnetic contamination in the human lung, utilizes a transient magnetic
field to magnetize microscopic ferri/ferromagnetic particles, so that a mag-
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Figure 36. Representative data from the high resolution MicroSQUID magnetometer
at Vanderbilt. a) Magnetic field (25 pT contours) and b) current densities recorded 6 ms
after the stimulus in a slice of canine cardiac tissue {192]. ¢} Simultaneous four-channel
recordings of two different single motor units in the human thumb {204]. d) Magnetic
field from a 94-hr chick embryo [205]. The embryo is the hook-shaped line. e) Simulta-
neous, three-channel recording of the magnetic field from the basic electrical rhythm of
isolated prairie dog small intestine [195]. f} The induced magnetization distribution from
a 50-um thick slice of pyroclastic rock in a 285-uT applied field with the locations of the
magnetic (circles) and biotite (triangles) inclusions [33] (2 mA/m contour spacing). g)
The time-course of the uptake of a 900-u¢ sample of superparamagnetic microspheres by
a rat liver [206] in a 171-u4T applied field. The applied field in (f} and (g) was provided
by Helmholtz coils outside the cryostat. (From [16], with permission)
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Figure 87. The spatial variation of the magnetic field that was evoked by stimulation
of a slice of rat hippocampus. Each tracing lasts for approximately 90 ms. The recording
locations are separated by 2 mm. The peak-to-peak amplitude of the largest signal is 15
pT, recorded in a 1-kHz bandwidth. (Adapted from [203], with permission)

netometer can measure the relaxation of this magnetization with time [23].
This concept has been extended to a promising laboratory immunoassay
that utilizes the difference in the relaxation rates of magnetic nanoparti-
cles that are free to rotate in a carrier liquid and those that are physically
bound by an immunological reaction to a fixed substrate [25,26]. SQUIDs
are critical to this approach, in that the sensitivity of the SQUID is required
to detect small number of nanoparticles, and hence provide the most sen-
sitive possible immunoassay. The primary advantage of this technique over
fluorescent or radiological immunoassays is the fact that the binding is mea-
sured directly through the response of the particle following removal of the
magnetic field, and it is not necessary to wash out the unbound fluorescent,
or radiological tracer.

5.2. APPLICATIONS: NDE

The greatest challenge for SQUID NDE is that there are a large number
of conventional eddy current techniques that are inexpensive, technically-
simple, easy-to-use, and widely accepted. Because of their cost, complexity,
and unfamiliarity, SQUIDs will be considered for only those applications
where existing techniques are inadequate. As a result, many potential appli-
cations for SQUIDs present a number of significant technical, economic, and
even political difficulties, independent of those that are presented by the
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Figure 38. A schematic representation of an aircraft lap joint that would be well suited
for SQUID NDE and not suitable for ultrasonic or eddy-current tests.

SQUIDs themselves. Many of the most promising applications appropriate
for SQUID NDE at this time may well be those that involve systems where
the economic or personal risk of an undetected failure is great, or where
the value of the individual item being tested is high. Consistent with this,
there are several applications of SQUIDs to NDE that have been examined
in great detail: aging aircraft, including the detection of cracks and corro-
sion damage in aircraft aluminum, such as lap joints and wheels, and the
detection of hidden corrosion in aircraft lap joints; the detection of cracks
and altered stress states in ferromagnetic materials, including steel plates
in nuclear reactors and reinforcing rods in concrete; the detection of fault
currents in integrated circuits and multichip modules; and the detection of
flaws in wires prior to their being drawn to a finer gauge.

5.2.1. Aircraft NDE

In contrast to other major industrial systems, airplanes are to a large ex-
tent nonmagnetic, being fabricated primarily out of aluminum alloys. In
addition, aircraft fleets in the United States and elsewhere are aging, and
aging aircraft are prone to fatigue and stress-corrosion cracking [207, 208].
Some of these flaws are difficult to detect with conventional eddy current,
ultrasound, or x-ray techniques. In the typical aircraft lap joint shown in
Fig. 38, there are three to five layers of metal. If there is no sealant or
bonding between the layers, one cannot use ultrasound to find second- and
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Figure 39. A schematic representation of a current-carrying sheet used to induce planar
eddy currents in a metallic sample. In practice, the sheet inducer would normally be
attached to the SQUID, so that the SQUID and inducer could be scanned relative to the
sample. (Adapted from [210])

third-layer corrosion or cracks. The metal can be sufficiently thick such
that, because of the skin depth of eddy currents, conventional eddy-current
techniques cannot find the deep flaws and the deep cracks. To give some
idea of the nature of the problem, 7075-T6 is a typical aircraft aluminum.
Eddy-current detection of a flaw that is 1 cm into a wing structure would
require that the eddy-current instrument operate at frequencies as low as
100 Hz, where it is very difficult to obtain adequate sensitivity with con-
ventional eddy-current instruments. SQUIDs work well at 100 Hz, or 10
Hz, or even dc [38,39], and hence are well suited for very low frequency
eddy-current measurements. The preliminary data obtained so far suggests
that SQUID NDE may live up to its promise of great sensitivity with high
spatial resolution [40,41,43,45,82,143].

A SQUID technique that has undergone extensive development at Van-
derbilt for aircraft NDE is the use of a sheet conductor carrying an al-
ternating current to induce planar eddy currents in the test sample [209],
shown in Figure 39. The advantage of this technique over other inducer
geometries is that the uniformity of the induced currents simplifies interpre-
tation of the resulting magnetic images and thereby should provide a more
direct, quantitative means for identifying cracks and determining their size.
Furthermore, the use of phase-sensitive detection and analysis techniques
allows the SQUID to be used for depth-selective detection that can distin-
guish the signature of a subsurface crack from the larger signal from an
adjacent rivet [45, 210, 209].
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One of the major problems in crack detection arises from the often un-
known orientation of the crack. Application of currents from two orthogonal
directions allows oriented, depth-selective eddy-current imaging. Figure 40
shows data recorded at Vanderbilt from a section of simulated aircraft wing
that has cracks in both layers, neither layer, lower layer, upper layer; we
found very clear signatures that were related to the depth and size of the
crack [45]. In Fig. 40, the test sample is made of two layers of 7075-T6 alu-
minum panels bolted together by four 6-mm-diameter aluminum flat-head
pins and nuts. Each panel is 25 x 25 mm? and 3-mm thick. The crack de-
fects beneath the surface are simulated by 6-mm-long EDM slots beneath
the fasteners. Adjacent to fastener #2 are 6-mm slots in both the top and
bottom layers. Fastener #1 has a slot in the bottom layer and fastener #3
has a slot in the top layer. Fastener #4 is without slots and is used to
determine the signature of the hole and fastener alone. The induced eddy
current is disturbed by both the pins and slots. The lower portion of Fig. 40
shows surface plots of the magnetic field obtained at various phase angles
and for induced currents parallel and perpendicular to the slots. The field
has been squared for better visualization.

At a phase angle of 0° with the current perpendicular to the slots (left
column), the signal is largest from fastener #2 (with slots in both layers),
and smallest for pin #4 (without slots). With the current parallel to the
slots, the signals from all four fasteners are equivalent, in that none of
the cracks contribute to the magnetic image. At a phase angle of 85°, the
signature of the fasteners changes from dipolar to quadrupolar, as a result
of the reversal of the direction of the induced currents at a particular phase
angle and depth within the sample. At that phase angle, each signal has four
peaks: the sharper peaks reflect the contribution of the current densities
near the surface, while the broader peaks reflect the contribution of the
current densities below the surface, as predicted by theory [211, 212]. At
the phase angle of 95%, the signal for fastener #1, with the second-layer
crack, is larger than that of cracks #3 or #4, thereby demonstrating the
ability of the depth-selective technique to distinguish between cracks in the
upper (#3) and lower (#2) layers.

One issue in SQUID NDE that has yet to be examined in detail is
feature extraction. The challenge is to devise automated techniques that
can identify and quantify a flaw, rather than rely solely on the ability of a
inspector to recognize a particular signature as that of a flaw. Neural nets
are one approach that has been examined for the identification of cracks in
steel [213]. Another is to use the rotational assymetry of a crack adjacent
to a rivet in an airplane wing or fuselage to separate the signature of the
crack from the larger signature of the hole. Figure 41 demonstrates that the
peak-to-peak signature depends upon the angle that the current makes with
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Figure 40. SQUID images of the cracks beneath rivets obtained at Vanderbilt with the
MicroSQUID magnetometer and a sheet inducer. Top: the experimental setup (not to
scale). Fastener #2 has a crack in both layers, while #1 has one in the second (lower)
layer, and #3 in the first (upper) layer only. Fastener #4 has no cracks. Bottom, left
column: The magnetic images for current induced perpendicular to the cracks for three
different phase angles of the magnetic field relative to the current in the inducer. Bottom,
right column: current parallel to the cracks. See text for additional details. (Adapted
from [45])
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Figure {1. An example of the use of oriented imaging to distinguish between a circular
hole, a hole with a slot, and a slot alone. Left: The test sample. Middle: The maximum
amplitude recorded from each feature of a magnetic map as a function of the orientation
of the applied current. Right: The ratio of the maximum to minimum amplitude from the
middle figure. There is clear discrimination between the three types of flaws. {Adapted
from [210})

respect to a crack. This can be used to provide a self-referencing technique
to correct for varying (and unknown) liftoff between the SQUID and the
sample [210].

As shown in Fig. 42, an application of SQUIDs that has already been
demonstrated in an aircraft maintenance facility is the detection of cracks
in aircraft wheels, which are subject to enormous stress and heat during
takeoff and landing [67]. In this measurement, the data demonstrate that
the SQUID sensor is superior to other conventional NDE techniques.

5.3. NDE ON STEEL

Although the sensitivity of SQUIDs is generally not required for measuring
magnetic fields outside of ferromagnetic samples, there have been several
interesting studies using SQUIDs for NDE on steel. Harold Weinstock has
measured the response of ferromagnetic materials to stress [2,46], and has
shown that a SQUID can remotely detect changes in the flux expelled from
the sample as it is stretched multiple times, as indicated in Fig. 43. This
may have applications to the nondestructive testing of steel structures.
The Strathclyde group has done a great deal of work on steel plates
{91,117,215] and has shown that they can detect flaws induced in a steel
plate both thermally and in the manufacturing process, as shown in Fig. 44,
They can find hidden, simulated fatigue cracks in a ship hull plate, shown
in Fig. 45. In this measurement, a fatigue crack was artificially induced in
a standard issue UK Admiralty steel hull plate. The crack grew from the
underside in the view shown in (a), with the tip finally visible over a 137-
mm length near its center. Note that the crack was uneven; it developed
most near the ends of the loading bar where the stresses were highest, and
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Figure 42.  SQUIDs for detecting cracks in airplane wheels. a) Sketch of an Airbus
aircraft wheel, with typical crack positions. b) Automated aircraft wheel testing unit,
the SQUID mounted on a robot. ¢) Map of the in-phase SQUID response of the outer
wheel surface (x—ams angle around the circumference of the wheel; y-axis: axial height
in mm). The nine vertical stripes are the magnetic signal from the ferromagnetm keys for
attaching the brake drum, and signals between them are from artificial flaws. d) and e)
Two in-phase signal tracks recorded at different axial heights in one rotation of the wheel.
The signals from artificial flaws and a removed key are evident. (Adapted from [67], with
permission)

toward higher lateral distances because of the alignment of the three-point
loading machine. The eddy-current map of the cracked plate in (b) was
made with an induction-coil current of 5.25 mA peak-to-peak at 175 Hz
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Figure 43. The test setup (upper) and typical data (lower) from SQUID measurements
on the effects of cyclic stress on the magnetic field outside of a steel sample. (From [46],
with permission)

(skin depth about 0.5 mm), giving a field of about 6 uT at the surface
of the plate. The stand-off distance was 3.6 mm. A lock-in amplifier was
used for demodulation of the SQUID signal. In (c), the static field map
of the cracked plate was obtained with a polarizing field of 20 mT and a
stand-off of 4.1 mm. For current injection into the plate, the inversion in (d)
of the magnetic map of current flow around the artificially induced crack
was for a 190-Hz, 1.73-A peak-to-peak current injected diagonally across
the plate between the points shown in (a); a lock-in amplifier was used
for demodulation. From these data, we see that it may be possible to use
SQUIDs to look deep into steel plates and find cracks that would not be
readily detectable otherwise. A group at Hitachi has also used SQUIDs to
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Figure {4. Field map of a mild steel plate with heat-treated regions and a manufacturing
flaw. A surface plot of the static field above a sample of mild steel as rolled from the
mill, without surface finishing [214]. Two spots were heated dull red with an oxyacetylene
torch, then allowed to cool slowly in air. The experimental scanning stand-off was about
5 mm, and the polarizing field was about 10 mT. One spot feature is larger in amplitude
than the other because that spot was heated slightly more. Also visible is a linear feature
along the plate which was caused by an inconsistency in manufacturing, visible on the
plate surface as a series of faint bubble-like marks along the direction the plate was rolled.
(Courtesy of Sandy Cochran and Luke Morgan of the University of Strathclyde)

study ferromagnetic materials [216].

There is a need to detect noninvasively the condition of reinforcing
steel in airport runways, bridges and buildings. For example, currently the
accepted way to determine the integrity of the steel reinforcing rod in an
aircraft runway is to core it. A similar problem exists with the detection of
failures of the steel cables that are used to prestress highway bridge beams.
The Jiilich group has demonstrated a multichannel SQUID and flux-gate
system that uses a yoke magnet to apply a magnetic field to the cable, and
five magnetometers that measure the stray field produced by a fracture in
the cable [217]. Figure 46 shows the principle, implementation and results
obtained with the system. Obviously, there are relative advantages and



203

Sub—

surfoce
Crock tip erack
showing

. Current lead
25 attachment

Figure 45. SQUID measurements on an artificially-cracked steel hull plate [215]. a) A
fatigue crack was artificially induced in a standard issue UK Admiralty steel hull plate.
b) Eddy-current map of the cracked plate. c) Static field map of the cracked plate in
a 20-mT polarizing field. d) Inversion of the magnetic map of current flow around the
crack. A 190-Hz, 1.73-A peak-to-peak current was injected diagonally across the plate
between the points shown in (a). (Courtesy of Sandy Cochran and Luke Morgan of the
University of Strathclyde)

disadvantages with both flux gates and SQUIDs, in terms of sensitivity,
stability, cost, and ease of use, that would determine whether SQUIDs or
flux gates would be used in practice.

There are other possible applications of SQUIDs for the NDE of steel.
Detecting corrosion underneath the lagging in pipes is quite a challenge,
particularly when the insulation, termed lagging, is asbestos. There is con-
cern about finding long-term degradation of material in nuclear and con-
ventional power plants.
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Figure 46. The magnetic measurement of leakage flux from broken steel cables in
prestressed concrete. a) The principle of the measurement. b-c) Photographs of the
SQUID/flux gate system in use. d) Signals from five magnetometers as they are scanned
along two cables, one of which is ruptured, in a highway bridge. (Adapted from [217],
with permission)

5.4. NDE ON DIAMAGNETIC AND PARAMAGNETIC MATERIALS

Because SQUID magnetometers can achieve their full sensitivity in the
presence of strong applied magnetic fields, they are well suited for imaging
of plastics and other materials that are generally considered nonmagnetic,
but in fact have a measurable diamagnetic susceptibility. Two- and three-
dimensional magnetic susceptibility imaging offers potential advantages for
imaging composites with dilute magnetic tracers, and for magnetic imag-
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ing of materials such as plastic, titanium or aluminum. One example of this
approach involved the mapping of the remanent magnetization and mag-
netic susceptibility of a 50-um slice of volcanic rock to allow identification
of which component of the matrix is responsible for various aspects of the
magnetic properties of the bulk composite [33].

In an application that clearly requires the sensitivity of the SQUID, we
have used our MicroSQUID magnetometer to image plexiglass [47], which
is a diamagnetic material, as shown in Fig. 47. We found that it is also
possible to image water, titanium and non-metallic composites magnetically
[28]. As demonstrated in Fig. 47, it is possible to detect minute amounts
of paramagnetic tracer trapped in flaws on a surface of test blocks [36],

allowing the detection of flaws with volumes as small as 2 x 10712 m*>,

5.5. CORROSION STUDIES

In terms of basic studies on corrosion, SQUIDs are ideal because you can
map dc or ac currents without having to contact the sample. Relative to
the sensitivity of a SQUID, it takes substantial electric current to dissolve
an airplane - approximately 300 coulombs of charge are required to cor-
rode away a 0.1-mm-thick layer of aluminum from a 1-cm? sample, which
would correspond to a current of 160 nA flowing for 80 years. SQUIDs
can easily detect nanoamps! Despite the potential of SQUIDs for research
into the prevention of corrosion of aircraft aluminum, there have been only
limited published studies regarding the application of SQUIDs to corrosion
research. Several years ago, a group at MIT demonstrated that SQUIDs
could be used to measure corrosion noise in a zinc sample immersed in
concentrated hydrochloric acid [218-221], but these studies effectively uti-
lized the SQUID as a low-impedance, low-noise ammeter incorporated into
a conventional electrochemical measurement system, and did not explore
the ability of SQUIDs to make measurements that would otherwise be im-
possible with conventional techniques.

A 5-channel high-resolution scanning system was then constructed by
Quantum Dynamics to examine corrosion in simulated lap joints. Hibbs
et al. used this system to show that SQUIDs can detect filiform corro-
sion underneath the paint covering aircraft aluminum and can map the
corrosion in a simulated lap joint exposed to concentrated sodium hydrox-
ide [222,223,119]. They pointed out that the observed magnetic fields were
significantly smaller than would be expected from Faradaic considerations
alone. Recently, a German group has shown that an HTS SQUID can be
used to detect corrosion in aluminum aircraft components [224], but it is
unclear whether HTS SQUIDs will have sufficient sensitivity at the very
low frequencies required to map corrosion activity.
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Figure 47. Magnetic susceptibility images. (a-b) A 25.4-mm square sample of plexi-
glass containing five 1.8-mm diameter holes was magnetized in a 110-uT applied field
and scanned at a distance of 2.0 mm. The images show the distribution of diamagnetic
material. (Adapted from [47]) (c-d) A nickel NDE sample containing EDM slots with
dimensions of about 100 um was surface decorated with paramagnetic microspheres. The
magnetic field was mapped 2.0 mm from the sample with a 174-uT applied field. The
images display the location and size of surface defects, including one (upper left) that
was the result of a previously undetected scratch. (Adapted from [36])

Our group at Vanderbilt has conducted a number of studies that are
defining the capabilities of SQUIDs for quantitative measurements of cor-
rosion [42,225-228]. We have shown that a SQUID can image the temporal
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and spatial variation of corrosion in aircraft aluminum, distinguish between
the time course of corrosion in 2024 and 7075 aluminum, detect crevice and
stress-corrosion cracking, detect corrosion of aluminum in salt solutions as
dilute as one part per million NaCl, and map the distribution of corro-
sion activity from the opposite side of aluminum samples as thick as one
centimeter. Figure 48 shows examples of one of these measurements.

More recently, we have used the SQUID system shown in Fig. 20 to im-
age hidden corrosion in a simulated splice joint in aircraft aluminum(122],
with typical data shown in Fig. 49. Expanding upon this type of mea-
surement, our group is conducting a pair of studies of corrosion in aircraft
aluminum. The first is designed to determine the quantitative relationship
between corrosion activity and magnetic field, and utilizes samples with
a carefully controlled geometry [229]. The second involves nondestructive
measurements of corrosion in lap joints removed from aging KC-135 and
Boeing-707 aircraft [230]. Other applications under consideration include
the magnetic measurement of filiform corrosion under paint, exfoliation cor-
rosion within thick aircraft wing planks, and the effectiveness of corrosion
prevention compounds in preventing hidden corrosion.

The preliminary work using SQUIDs to monitor currents from either
exposed or hidden corrosion demonstrates that SQUIDs are well-suited for
the periodic, non-destructive analysis of corrosion test specimens where the
corrosion activity is not directly accessible to a potentiostat, e.g., corrosion
that is hidden under a thick coating or one or more layers of metal, such
as in an aircraft lap joint. In fact, while numerous techniques (such as x-
rays, ultrasound, thermal-wave, visual, and eddy-current measurements)
can detect the accumulated metal loss associated with long-term corrosion
in aircraft structures, SQUIDs may be the only instrument that can detect
nondestructively the instantaneous currents associated with hidden corro-
sion. However, before the full capability of SQUID magnetometers can be
utilized for obtaining the rates of hidden corrosion, research is required to
establish from fundamental principles the factors governing the relationship
between corrosion currents and their magnetic fields.

While SQUIDs appear to be a powerful technique for studying corrosion
in the laboratory, one must be careful not to assume that transition of
this technique to the flight line will be easy. Because properly prepared
and treated aircraft do not corrode rapidly, the magnetic fields associated
with corrosion in aircraft aluminum are weak relative to the geomagnetic
field, environmental magnetic noise, the magnetic field from ferromagnetic
fasteners, and the magnetic fields resulting from thermoelectric currents
associated with temperature gradients and galvanic fields associative with
contact between dissimilar metals [122]. Each of these other field sources
can be controlled in a laboratory environment either through magnetic
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Figure /8. Active pitting corrosion mapped with MicroSQUID [225]. (a) A schematic
of the active in-situ corrosion system, with 7075 aluminum alloy in a solution of 3.5%
NaCl + 5ppm Cut*. (b) The maximum magnetic field as a function of time during
pitting corrosion. The first 300 minutes represents pit initiation followed by an increase
in magnetic field magnitude signifying the onset of the pit development phase. (¢) Images
of the magnetic field as a function of time. (Courtesy of Yu Pei Ma)



Figure /9. Examples of data obtained with the Vanderbilt corrosion SQUID system.
Top: Rapid corrosion of aircraft aluminum. The lower surface of a 7-cm diameter, 1.2-mm
thick, disk of 7075-T6 aluminum was exposed to a 0.5 M NaOH solution for 33 hours. The
images present the change in the z-component of the magnetic field due to electrochemical
corrosion for the first 18 hours of the experiment. All data were subtracted from the first
(dry sample) image. The magnetic activity is localized to the area of the sample and
presents a complex spatial and temporal structure. Bottom: Slow corrosion of aircraft
aluminum. a) Photomicrograph of the lower (hidden) surface of a 3-inch square sample
of 7075 aluminum that was exposed to a corrosive solution typical of an aircraft lap joint.
The dark gray area in the upper center of the photograph corresponds to non-corroded
aluminum. b) The magnetic activity of the sample after 2 hours of corrosion, showing
the more active regions in white and less active regions in dark gray. (Photo by J. Dante
and D. Peeler, Air Force Research Laboratory, Dayton, Ohio) (Adapted from [122])

shielding, the use of the stationary magnetometer or gradiometer, or proper
sample preparation and degaussing techniques. There will be, of course,
certain types of samples, such as ones with large ferromagnetic fasteners,
for which it may be difficult to separate the corrosion signal from that due
to other sources. However, at present it seems unlikely that this technique
can be extended to measurements of corrosion signals in intact aircraft
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on the flight line. Even so, there is ample research that can be conducted
with a laboratory SQUID instrument that is not possible with any other
measurement technique.

5.6. OTHER APPLICATIONS OF SQUIDS TO NDE

5.6.1. NDE of Integrated Circuits

Scanning SQUID microscopes {SSMs), reviewed in detail in reference [13],
can be used to detect short circuits in electronic integrated circuits and mul-
tichip modules (MCM). The Wellstood group continues to develop HTS mi-
croscopy [68,69]. Neocera [70] has recently introduced a commercial SQUID
SSM with 50-um raw spatial resolution, and 20 pT/Hz!/? sensitivity at
frequencies above a few hundred Hz. This system is optimized for non-
destructive detection of package-level shorts through the device packaging
and multiple metalization layers, and can detect, at a distance of 100 nm,
a current of 10 nA with a 1-sec averaging time. Figure 50 shows examples
of images of a faulty MCM, and demonstrates the capabilities of both a
cryocooled HTS SSM and image deconvolution techniques for this appli-
cation. As the technology matures, there will undoubtedly be additional,
commercially-viable applications of SSMs.

5.6.2. Flaws in Wires

Weinstock et al., have recently demonstrated that a SQUID can detect
imperfections in wire stock prior to it being drawn into a fine wire [37]. They
used a scanning SQUID to image the field perturbation associated with a
300 pm hole drilled partway into 500-pum diameter copper and aluminum
wires carrying 16 mA at a kilohertz. A similar approach was used to detect,
in composite superconducting wires at room temperature, the magnetic
field fluctuations that are associated with conductivity anomalies that result
from sausage-like discontinuities in individual strands of the conductor.
The sensitivity of the technique is limited by the linearity of the wire.
Fortunately, superconducting wire is sufficiently stiff that this approach can
be readily applicable to quality control during manufacture or acceptance
testing of composite superconducting wire, while it may be somewhat more
difficult to utilize this in the soft-wire industry. There could be significant
financial or practical benefits from finding flaws in wire stock before drawing
it to a finer gauge or in stranded superconductor wire prior to the winding
of expensive magnets.

6. Criteria for Successful Applications

SQUID magnetometers have been in use for biomagnetic measurements for
thirty years, and for nondestructive testing about half that time. SQUIDs
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Figure 50. SQUID imaging of integrated circuits obtained by a cryocooled HTS SSM
with a working distance of 340 ym between the SQUID and the multilayer circuits within
the intact, room-temperature package [70]. a) A prototype of the Neocera HTS SSM
developed specifically for imaging integrated circuits. b) An optical photograph of a
multichip module (MCM) package. The hand-drawn circle indicates the region where a
short was localized with thermography. ¢) The raw magnetic image obtained from a scan
of the component of the magnetic field perpendicular to the area of the sample in (b).
The wide white line corresponds to the region of zero field in the z direction, which to a
first approximation corresponds to the path of localized current; the magnetic field is of
opposite sign on either side of this line. d) The image of the current found from this field
using inverse spatial filtering. The spatial resolution measured across the serpentine path
of current has a full-width at half-maximum of 75 pm or £38 um. e) Comparison of the
data obtained from the SSM when overlaid with the circuit drawings allowed the location
of the circuit fault to be located with an accuracy of better than £40 gum. The computed
current path is shown in white on top of the background metalization. (Courtesy of Lee
Knauss of Neocera, Inc.)

can provide outstanding sensitivity and spatial resolution, but at a signifi-
cant fiscal and technical cost. Hence SQUID magnetometers are very good
for certain types of measurements, and not terribly good for others. The
primary challenge in the successful application of a SQUID to a new prob-
lem is to identify as quickly as possible whether SQUIDs would be preferred
over another approach. Possibly the most important factor in making this
determination is a clear understanding of both the nature and importance
of the phenomena being studied and the capabilities of competing tech-
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nologies, whether those are other types of magnetometers, or a completely
different measurement methodology.

Successful application often requires a detailed understanding of the
properties of the system being studied and sources of both signal and noise,
such that the sensitivity of the magnetometer may not be the limiting
factor. As an example, for many NDE applications, the signal strength
is determined by an applied field or current, and one might assume that
as large a signal as desired could be obtained simply by applying more
current. Hence, while the SQUID is more sensitive than magneto-optical
techniques, the magneto-optical imager (MOI) can provide excellent images
by inducing a stronger current in the sample [231]. Furthermore, in practice,
for some materials the signal-to-noise ratio of the image is limited not
by SQUID noise or the maximum current that can be applied, but by
spatial variations in the material properties or structure of the sample [139].
While this suggests the possible utility of using SQUIDs to map subsurface
heterogeneities in metals [232], it also indicates that for materials with
intrinsic conductivity heterogeneities, some flaws may be difficult to detect
with SQUIDs, just as some aluminum alloys are not well-suited for NDE
with ultrasound due to scattering from precipitates.

In assessing the competition, one must ask “What are the capabili-
ties and limitations of other measurement techniques that do not require
the use of superconductivity?” The very best applications of SQUIDs are
those for which there is no competition. After twenty years of work, our
group has identified several niche areas where SQUIDs offer capabilities
that cannot be approached by other measurement techniques: other than
by magnetic imaging with SQUIDs, there is no technique capable of deter-
mining the spatial distribution and temporal behavior of hidden corrosion
activity within aircraft lap joints. There are no clinical techniques, other
than magnetoenterography, that can noninvasively diagnose electrical, and
hence ischemic, disorders of the human small intestine. SQUID microscopes
may be the only technique suitable for high resolution magnetic analysis
of thin geological specimens. There are, of course, other applications for
which SQUIDs are uniquely suited.

Another class of SQUID applications offers only a differential benefit
over other techniques. Fetal magnetocardiography has competition from
ultrasound measurements and limited electrical measurements, so the ben-
efits of fetal magnetocardiography will be determined in part by the relative
cost of the technique as compared to the other diagnostic modalities, and
the clinical utility of the additional information provided by the FMCG.
The cost-benefit ratio is determined by engineering, and as SQUID magne-
tometers and cryogenic refrigerators become more sophisticated, the costs
of these systems should decrease and the benefits rise. As another example,
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clinically cardiology has the benefit of eighty years of diagnostic experi-
ence with the electrocardiogram, which has been used with many millions
of patients worldwide. The clinical magnetocardiogram is in its infancy.
The benefits of the magnetocardiogram over the electrocardiogram are at
present still differential: only when there has been demonstrated a clear
clinical advantage of the MCG over the ECG and there is a favorable cost-
to-benefit ratio, will the technique become widely accepted.

For both the MCG and the MEG, the first two decades of research were
limited to SQUID magnetometers with one or at most several recording
channels. With the introduction of multi-channel SQUID arrays, such as the
helmet systems for MEG, and the large-array, flat-bottomed system for the
MCG, has it been possible to acquire enough high-quality data from a single
subject to both learn new science and demonstrate the full capabilities of
the technique. Hence one of the criteria for successful application of SQUID
magnetometry is that the level of technical sophistication required must rise
to the level required to compete with other modalities, some of which are
both highly developed and extremely expensive.

The greatest effort in biomagnetism worldwide has been directed toward
magnetoencephalography, for which there appear to be clear, albeit differ-
ential, benefits, While several dozen helmet systems have been installed
worldwide, the technique is not yet universally accepted by the medical
community. In part, the MEG has been an example of technology push
rather than market pull. The physicists and engineers and businessmen
promoting the MEG are working hard for the technique to be accepted.
Were the differential benefits of the technique over other diagnostic proce-
dures greater, or the cost-benefit analysis more favorable, the MEG would
have become more widely accepted long ago. However, just because the
cost-benefit analysis and the differential benefit are not as great as one
might hope, there is still ample reason to pursue the development and
commercialization of this technology.

In examining the competition to MEG, it is important to be aware that
other techniques are developing just as SQUID magnetometry is being ad-
vanced (Obviously, the same considerations apply to other SQUID appli-
cations) [233]. In the past several years, there have been great advances in
quantitative multielectrode electroencephalography [234-237], as well as in
positron emission tomography (PET), magnetic resonance imaging (MRI),
functional magnetic resonance imaging (fMRI), and single photon electron
computed tomography (SPECT). Each of these techniques provide differ-
ent diagnostic information and different spatial and temporal resolutions
as shown in Fig. 51. One must remain aware of the competition, lest a com-
peting technology advance sufficiently to render your technique obsolete!

The challenge is to identify those specific clinical measurements where
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Figure 51. An approximate comparison of the spatial and temporal resolution of various
brain-imaging modalities. The dotted boxes for MEG and EEG reflect the differences

between localizing (solid) and imaging (dotted) resolution. (Adapted from [109])

the MEG provides information that is sufficiently important to justify the
cost. One of the first examples of this limitation is the use of the MEG
for a presurgical localization of critical cortical areas prior to the recession
of tumors. This is now a proven technique, and is accepted for insurance
reimbursement, but is not a sufficiently large clinical problem to justify
massive investments in MEG facilities at more than a small number of
centers.

An example with potentially favorable economics is the use of MEG
to identify the focus of epileptic activity prior to surgical resection [110].
For medically-intractable epilepsy that might be treated surgically, it is
important to determine whether there a single focal source, or at most
several sources, that could be treated surgically [238]. At present, the sur-
gical treatment of epilepsy is preceded by a detailed invasive study that
costs between $40,000 and $50,000, in which electrodes are surgically im-
planted in the brain and monitored continuously for several days to deter-
mine the exact source of the epileptic seizures. Ideally, a noninvasive MEG
study would be sufficiently precise so that an invasive study would not be
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required. While there are only six thousand or so epilepsy surgeries per-
formed in the US annually, the potential cost savings are significant. There
are 25 to 40 epilepsy centers in the United States, most of whose patients
would be potential customers for a non-invasive MEG study that might
replace the more costly invasive one. However, for this to become an ac-
cepted technique, sufficient clinical data must be acquired to demonstrate
the utility of the approach, and, most importantly, to obtain the required
certification for reimbursement by insurance companies. In the case of the
MEG, this might require a multi-center clinical study involving hundreds of
epilepsy patients. Should such studies prove successful, MEG systems may
be installed in the majority of the medical centers with major programs in
epilepsy surgery.

The future of SQUID magnetometers is bright. The technology is contin-
uing to develop in a manner that will improve performance and reduce both
cost and technical complexity. The most obvious examples of the improving
technology are the clinical systems with hundreds of channels, pulse-tube re-
frigerators, thin-film SQUID arrays, ultra-high-resolution scanning SQUID
microscopes, and even digital SQUIDs. Applications for which SQUIDs are
unique or have a clear advantage are being identified, explored, and in-
troduced into the mainstream scientific literature. An important measure
of success in the acceptance of SQUIDs as a measurement tool would be
their full integration into a scientific or engineering discipline, such that
the owners and users of the SQUIDs are not low temperature physicists
or engineers, but geologists, biophysicists, physicians, or quality-assurance
personnel. To reach that point, it is crucial that SQUID builders either
work closely with such individuals, or attempt to make original contribu-
tions to those fields. It is not sufficient to build a marvelous SQUID device
and expect the world to accept it! As magnetoencephalography has shown
most clearly, the SQUID may be only a small part of a complete operating
system: the success of the technique will be determined not in the arena
defined by SQUID builders, but in the many different arenas that could
benefit from a technology.
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