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(57) Abstract: Apparatus for determining magnetic properties of materials comprises a portable probe (1), an equipment trolley (2)
w={ holding cryogenics and electronics and connecting cables (3). The probe (1) comprises a drive coil (4) and a correction coil (5), the
w={ drive coil (4) being disposed symmetrically with respect to an inner second-order gradiometer sensor coil (8). Electrical connectors
B in the form of 2-metre long Belden (1192A) microphone cables (3) are used to connect the apparatus on the equipment trolley (2) to
& the drive coil (4), the correction coil (5) and the sensor coil (8). The drive coil (4) is driven so as to generate a sinusoidally varying
& magnetic field. The electronics comprise a flux-locked loop (9), a SQUID controller (10), a data acquisition module (11) , which
e\ captures and processes the signals and a computer (12). A liquid-nitrogen dewar (13) is supported on the equipment trolley (2) and
houses a sensitive SQUID detector (14) and a transfer coil (15) made from copper. Possible applications of the apparatus include
an intra-operative tool for sentinel lymph node detection in the treatment of breast cancer, and a non-destructive evaluation tool for
detecting voids and defects in aluminium and applications in the aeronautics industry.
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MAGNETIC SENSORS

FIELD OF THE INVENTION

The present invention relates to arrangements for sensing magnetic properties of
materials, and, in particular, to arrangements exhibiting high sensitivity and which can

therefore sense extremely small magnetic fields.

BACKGROUND OF THE INVENTION

Sensitive, high-precision methods for measuring magnetic signals (arising irom
magnetic parameters of one or more entities) are of widespread technological interest 1n
fields as diverse as security tagging, targeted drug delivery, non-destructive evaluation in
engineering, and geomagnetic surveying. “Magnetic signals” in this context derive 1rom
one or more entities, the magnetic parameters (or properties) of which differ significantly
from their environment. Typical examples of enfities that would possess a set of
characteristic magnetic parameters are a soft magnetic security tag embedded 1n an 1tem of
clothing, clinically introduced magnetic nanoparticles 1n a human body organ, an air-filled
void 1 a metallic matrix and naturally occurring magnetic minerals in rocks. |

The most sensitive methods currently used to measure magnetic signals depend on
superconducting quantum interference device (SQUID) technology, which imposes design
constraints on the method, and places limits on possible applications. In particular, there 1s
the requirement that the SQUID be kept at very low temperatures, such as 4.2 K, the
temperature of liquid helium, in the case of “low-temperature” SQUIDs, or 77 K, the
temperature of liquid nitrogen, in the case of “high-temperature” SQUIDs. This
requirement presents a major design consideration when most of the magnetic signals of
interest arise in materials at room temperature or above.

In a typical sensing arrangement, a SQUID and a signal transduction circuit, i the
form of a sensor coil coupled to a transfer coil, are arranged within a single cryostat
containing liquid helium or liquid nitrogen. The sensor coil 1s arranged to sense the
magnetic field to be measured, and the transfer coil 1s positioned proximate the SQUID.

The current induced in the sensor coil is supplied to the transfer coil, and the magnetic
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field associated with the current in the transfer coil 1s sensed by the SQUID. The transfer
coil typically has a substantially greater number of turns than the sensor coil, and this
provides a means of amplitying the signal.

Such an arrangement provides the advantage of minmimising resistance noise 1 the
signal transduction circuit.

However, a major problem 1n such an arrangement 1s that, unless the material under
investigation 1s located within the cryostat, the very small magnetic fields being measured
must permeate the wall of the cryostat in order to be sensed by the sensor coil. In such
cases, the sensor coil is separated from the magnetic signal source by a distance of
typically a centimetre or more to accommodate the vacuum and/or radiation shields
surrounding the cryogenic liquid, and this necessarily degrades the signal quality.
Furthermore, since the cryostat assembly is bulky and not easily manoeuvrable, it is
difficult to locate the signals both flexibly and with reasonable accuracy.

It would therefore be desirable to provide an arrangement which can measure
extremely low magnetic fields associated with the magnetisation of a matenal by using a
SQUID but without requiring either that the material be located within the cryostat or that
the resulting extremely low magnetic fields penetrate the wall of the cryostat containing
the SQUID.

Noise considerations have meant that i1t has generally been regarded as essential
that both the sensor coil and the transfer coil be positioned within the cryostat. Such
arrangements ensure that the resistance of the coil 1s extremely low, or even zero n the
case of a superconducting coil, thereby reducing noise levels associated with higher-
resistance coils. Making the entire transduction circuit superconducting eliminates all

thermal (Johnson) noise.



10

15

20

25

30

CA 02606331 2007-10-26

WO 2006/117530 PCT/GB2006/001575

SUMMARY OF THE INVENTION

In accordance with a first aspect of the present invention there 1s provided
apparatus for determining magnetic properties of materials, comprising: means for
applying an alternating magnetic field to a sensing region containing a material; means for
sensing a change in a magnetic parameter of the material resulting from the applied
alternating magnetic field and for generating a sensor output signal in response thereto;
means for conveying the sensor output signal to a remote superconducting quantum
interference device (SQUID); and means for receiving an output signal from the SQUID
indicative of the sensed magnetisation.

The magnetic parameter would normally be the magnetisation of the matenal. In
this way, the magnetic response indicated by the magnetic signals 1s normally due to the
induced magnetisation of the material, the magnitude of which is determined by the
magnetic parameter characterising that response, namely the magnetic susceptibihity of the
material. However, it should be noted that other magnetic responses may be present, such
as those due to induced current flow in an electrically conducting material. While not being
per se determined by a magnetic parameter (being rather determined by an electric
parameter, the electric conductivity of the material), these are nevertheless magnetic
responses.

By using such an arrangement to measure the change in the magnetic parameter
resulting from an applied alternating magnetic field, the problems resulting from noise can
readily be mitigated, since the desired signal resulting from the imduced change in the
magnetic parameter, e.g. magnetisation, will have the same frequency as that of the applied
magnetic field and can therefore readily be distinguished sufficiently from any noise to
provide measurements with an acceptable signal-to-noise ratio. The noise may be both
intrinsic random noise and noise at known fixed frequencies of interference.

Thus, the apparatus preferably further comprises noise-reduction means for
reducing the effects of noise generated in the conveying means. This 1s preferably n the
form of means for separating from the SQUID output signal a component which results
from noise generated in the conveying means, thereby to select the desired component of
the SQUID output signal resulting from the sensor output signal. The SQUID can be used

in conjunction with an electronic circuit known as a flux-locked loop (FLL), to produce an
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4
output signal linearly related to the magnetic field. The noise-reduction means may be n
the form of means for separating from the linearised SQUID output signal a component
which 1s correlated with the applied field, substantially rejecting the noise which 1s
uncorrelated with the applhied field.

The alternating magnetic field may be applied at a single frequency, in which case
the separating means preferably comprises means arranged to select only that component
of the SQUID output signal having a frequency substantially equal to that of the apphlied
alternating magnetic field. However, the alternating magnetic field may alternatively be
applied at a plurality of frequencies, or even a continuous spread of frequencies, in which
case the separating means is arranged to select only that component of the SQUID output
signal having a frequency or frequencies substantially equal to at least one of the plurality
of frequencies, or a frequency within the continuous spread of frequencies, of the applied
magnetic field. In either case, the separating means can take the form of a lock-n
amplifier or digital cross-correlator tfor each component.

The alternating magnetic field may be applied at a plurality of frequencies 1n
sequence or simultaneously, or swept across a continuous spread of frequencies, in which
case the separating means is arranged to select only components of the SQUID output
signal having an instantaneous frequency or frequencies substantially equal to at least one
of the frequencies of the applied magnetic field.

Means are preferably additionally provided for detecting a phase shift between the
applied alternating magnetic field and the sensed magnetisation. The phase shift can also
be measured as well as detected. This 1s particularly useful when studying magnetisation 1n
liquids, in which there is typically a phase lag between the applied field and the resulting
magnetisation, and a knowledge of the phase lag provides useful information relating to the
material. It 1s also useful in discriminating between magnetic and electric properties.

The magnetic response, while normally being determined by a magnetic parameter
such as the magnetic susceptibility of the material, can be confused with the magnetic
response due to an electric parameter such as the electric conductivity of a metal, via the
magnetic field generated by electrical eddy currents. Measurement of the phase shift can be
used to distinguish these two sources, since the induced electrical eddy current 1s
proportional to rate of change of the applied field, while the induced magnetisation 1s

proportional to the magnitude of the applied field.
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The field-applying means and the sensing means are conveniently disposed on a

portable probe. This enables measurements to be made in a wide range of environments.

~ Furthermore, the portable probe is preferably arranged to be selectively disconnected from

the conveying means, since this enables different probes which are suited to different
applications to be selectively connected to the same conveymg means.

The frequency of the applied magnetic field is preferably within the range 150 Hz
to 20 kHz, and preferably substantially 2 kHz. The use of frequencies lower than 150 Hz
does not provide enough data in a given time for suitable signal-averaging techniques to be
applied, and also give rise to a reduced coupling between the sensing means and the
SQUID and poorer discrimination against mains frequency interference. Furthermore, the
use of frequencies above 20 kHz typically requires undesirably high voltages to be applied
to the field-applying means because of the high inductive impedance, and such high
frequencies are recognised as being unsuited to medical applications. The frequency 1s
preferably chosen so as not to be a multiple of the local mains frequency. The value of
2 kHz 1s particularly suited to medical applications.

Means are preferably provided for varying the amplitude of the applied alternating
magnetic field, and means are preferably provided for varying the spatial distnbution
profile of the applied magnetic field. These options enable a wide range of measurements
to be made with the apparatus, such as depth profiling. Varying the amphitude may be used
as a control of sensitivity.

The means for applying an alternating magnetic field is conveniently in the form of
a drive coil, and means are preferably provided for applying to the two terminals of the
drive coil respective alternating voltages which are in antiphase with each other. This
arrangement provides the advantage of reduced electrostatic interference resulting from the
drive voltages on the supply lines, since the voltages 1n the two supply lines at any instant
are substantially equal and opposite. Furthermore, the resulting voltage applied to the
drive coil is twice the amplitude of the voltages on the supply lines.

Means are preferably provided for generating a correcting magnetic field for
causing the sensor output to be substantially zero in the absence of a magnetic matenal
within the sensing region. “Sensor output” in this context refers to the ac amplitude of the
linearised output signal from the SQUID / FLL. This may take the form of a correction
coil, which is preferably supplied with current, thereby to create a magnetic field in the

correction coil which opposes the magnetic field created by the drive coil. The current 1s
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preferably set so that the magnetic field from the correction coil which hinks the sensor coil
balances the magnetic field from the drive coil which links the sensor coil. Alternatively,
this may take the form of a correction signal supplied direct to the SQUID wvia a dedicated
transter coil.

The sensing means preferably comprises a sensor coil, which preferably compnses
a central region containing substantially one half of the total number of turns of the coil and
two side regions each containing substantially one quarter of the number of turns of the coil
and wound in opposition to the turns of the central region. Such an arrangement gives rise
to a zero output in response to a homogenous magnetic field in the region of the sensor.

The above arrangement of sensor coil constitutes a second-order gradiometer.
However, first-, second- or even higher-order gradiometers may be appropriate, depending
on the application and environment.

More precisely, the sensing means preferably comprises a sensor coil circuit 1n
which more than one coil is connected in series to form a gradiometer. The simplest first-
order gradiometer configuration consists of two coils of equal size and number of turns,
axially displaced and connected in opposition to each other. Such an arrangement gives
rise to a zero output in response to a uniform magnetic field in the region of the sensor. A
second-order gradiometer also has a zero response to a uniform field gradient. Depending
on the application and environment, first-, second- or even higher-order gradiometers may
be appropriate. In general, higher order gradiometers have reduced sensitivity to remote
sources of field.

When the field-applying means comprises a drive coil and the sensing means
comprises a sensor coil, the drive coil 1s preferably arranged substantially coaxially about
the sensor coil and substantially at the centre thereof.

Relative movements between the drive coil(s) and sensor coil(s) in the portable
probe can create false indications of magnetic responses, because of the extreme sensitivity.
Small movements can occur due to applied forces, including the varying effect of gravity on
the probe as it 1s tilted, and due to thermal expansion. A variety of measures are preferably
employed to mitigate such effects:

- Use of a material for the probe structure having high stifiness

and low coefficient of thermal expansion, such as Macor

(machinable ceramic).



CA 02606331 2007-10-26
WO 2006/117530 - - PCT/GB2006/001575

]

- Design of structure shape for stiffness, in particular to give good
support for relatively heavy copper drive coils.
- Application of a flexible layer of thermal msulation, to avoid hot
spots created by contact with user’s hand or with patient.
5 - Use of certain symmetrical arrangements of coils where overall
thermal expansion of the structure has no net effect, for instance
a single drive coil attached centrally to an odd order
gradiometer.
- Addition of extra coils to compensate specific distortions, for
10 instance additional small sensor coils mounted close to a drive
coil can nullify the effect of small movements of the dnve coil
along the axis of the sensor coils. :
The invention extends to arrangements in which the field-applying means and the
sensing means comprise a plurality of probes. Such probes could have different
15 characteristics, e.g. arranged to generate different strengths of magnetic field, and/or could
be arranged in the form of a portable array, which would enable the spatial vanation of
magnetisation to be measured.
The means for conveying the sensor output signal to the remote SQUID preferably
comprises a length, preferably greater than one metre and preferably about 2 metres, of low-
20 resistance electromagnetically self-shielding cable. The length of 2 metres 1s advantageous
in allowing reasonable flexibility of use, and the low resistance serves to mimimize thermal
noise. The cable is preferably screened to minimize electrostatic and radiofrequency
interference and has four conductors, twisted along their length, instead of the conventional
two conductors, thereby allowing signal and return paths to be interleaved so as to minimize
25 magnetic coupling of interfering fields. A preferred cable is Belden 1192A microphone
cable. The means for conveying the drive current to the drive coil 1s preterably the same or
similar type of cable, in this case to avoid generating interference.
In accordance with a further aspect of the present invention there is provided a
method of measuring magnetic properties of a material comprising: applying an alternating
30 magnetic field to a sensing region containing the material; sensing the resulting change 1 a
magnetic parameter of the material and generating an output signal 1n response thereto;

conveying the output signal to a remote superconducting quantum interference device
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(SQUID); and receiving an output signal from the SQUID indicative of the sensed
magnetisation.

The method preferably further comprises the step of reducing the effects of noise
generated in the step of conveying. This noise may take the form of thermal noise and also
environmental noise, such as mains pick-up. This step may take the form of separating
from the SQUID output signal a component which results from noise generated in the step
of conveying; and thereby selecting the desired component of the SQUID output signal
resulting from the sensor output signal. The noise reducing step may take the form of
separating from the linearised SQUID output signal a component which 1s correlated with
the applied field, substantially rejecting the noise which is uncorrelated with the applied
tield.

The alternating magnetic field may be applied at a single frequency, 1n which case
the step of separating preferably comprises selecting only that component of the SQUID
output signal having a frequency substantially equal to that of the applied alternating
magnetic field. However, the alternating magnetic field may alternatively be applied at a
plurality of frequencies, or even a continuous spread of frequencies, in which case the step
of separating selects only that component ot the SQUID output signal having a frequency
or frequencies substantially equal to at least one of the plurality of frequencies, or a
frequency within the continuous spread of frequencies, of the applied magnetic field.

The method preferably further comprises the step of applying a correcting magnetic
field to the sensing region or directly to the SQUID for causing the output signal to be
substantially zero in the absence of a magnetic material within the sensing region.

The method can advantageously be applied to materials at non-cryogenic
temperatures such as room temperature.

Thus, in the preferred embodiments of the present invention, a sensitive, high-
precision method for measuring magnetic signals using a room-temperature sensor coil
coupled into a SQUID is provided, with the following advantages:

The apparatus is in the form of a susceptometer/relaxometer, which measures
changes in magnetic parameters resulting from an applied alternating magnetic field. This
permits greater freedom in selective sensing than is possible with arrangements which
simply measure the intrinsic magnetisation of materials. For example, such arrangements
do not permit the determination of depth-versus-concentration profiles of magnetic

materials. Preferred embodiments of the present invention provide such a depth selectivity
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through the ability to drive the applied magnetic field at a range of strengths and spatial
distribution profiles which, when coupled to the measured parameters, can be
deconvoluted to determine the depth-versus-concentration profile. Furthermore, the
susceptometer/relaxometer methodology allows a distinction to be made between spatially
and/or temporally static and dynamic magnetic entities, which gives rise to the possibility
of many applications not currently achievable, such as the study of magnetically tagged
pharmaceuticals to determine bio-distribution pathways and pharmacokinetics.

Furthermore, methods according to the preferred embodiments of the present
invention use a SQUID coupled to a signal transduction circuit which contains a room-
temperature sensor coil which is light and highly manoeuvrable, and preferably portable,
and which can be positioned in close proximity to the matenal being measured. In
addition, the signal transduction circuit comprises a sensor coil and drive coil assembly and
a transfer coil and SQUID assembly, the two assemblies beimng connected by a low-
resistance, electromagnetically self-shielding electrical cable, so that the assemblies may
be separated by a distance of several metres. This makes 1t feasible to use such methods to
scan for magnetic signals on large irregularly shaped objects, which would otherwise not
be possible.

Furthermore, the preferred methods use a combined sensor coil and drive coil probe
which optimally locates the sensor coil in relation to the applied magnetic field so as to
maximise the signal received in the sensor coil, to maximise the longitudinal extent of the
region being sampled and to maximise the transverse spatial resolution.

Furthermore, the preferred method uses a probe which can be positioned remotely
from the other components of the signal transduction circuit, which permits a high degree
of flexibility and a thereby a wide range of applications. An example of an application
involving the use of two different probes would be the use of the first probe to conduct a
low-spatial-resolution survey of a large object (e.g. looking for magnetic parameters due to
defects in a large steel object), and subsequently, once a region of interest has been located
and marked, the second probe could be used which 1s optimised for a high-spatial-
resolution survey of that region.

The preferred methods also permit room-temperature sensor coil geometries of a
scale and complexity that would be unfeasible with conventional mstruments. Thus, in a
preferred embodiment, the probe is in the form of a segmented array of sensor coils which

may be operated either in concert to provide a large-area scan, or individually and
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sequentially to allow signal triangulation and three-dimensional depth-profile imaging. In
another embodiment, the probe is in the form of a minmiaturised and/or axially symmetric or
concentric arrangement of sensor coils arranged to deliver optimal spatial resolution in the
transverse plane.

In accordance with yet a further aspect of the present invention, there is provided a
probe for detecting magnetic properties of matenals, comprising: a rod having a
longitudinal axis and an exterior surface about the longitudinal axis; a sensor coil wound
circumferentially on the rod about its longitudinal axis; a former assembly disposed on the
rod circumferentially about the longitudinal axis of the rod; and a drive coil wound
circumferentially on the former assembly about the longitudinal axis of the rod, wherein
the drive coil is spaced by the former assembly a distance from the exterior surface of the
rod.

Preferably, the probe comprises: a winding surface for supporting the drive coil
having an axis which is perpendicular to a plane in which the drive coil 1s supported,
wherein the axis of the winding surface and the longitudinal axis of the rod are co-axial.

There may be at least one arm disposed between the winding surface and the
surface of the rod.

In one embodiment of the present invention, the sensor coil comprises a central
region containing substantially one half of the total number of turns of the coil and two
side regions each containing substantially one quarter of the number of turns of the coil
and wound in opposition to the turns of the central region. Preferably, the sensor coil is 1n
the form of a second-order gradiometer.

In an alternative embodiment of the invention the sensor coil comprises a first set
of windings arranged on the rod each side of a second set of windings, wherein the first
and second sets of windings are arranged each side of the former assembly. The first set of
windings 1s a pair of windings. The second set of windings is a second pair of windings
which is positioned on the same longitudinal axis between the first pair of windings. The
first set of windings (outermost pair) are arranged symmetrically each side of the drive
coil/former assembly.

Advantageously, one of each pair of the second set of windings 1s disposed each
side of the former assembly. The second set of windings (innermost pair) are arranged

symmetrically each side of the drive coil/former assembly.
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The first set of windings may be in the form of a first order gradiometer and the
second set of windings may also be in the form of a first order gradiometer.
Preferably, the first set of windings should be comnected to the second set of
windings in such a way that a signal generated by the second set of windings is subtracted
5 from a signal generated by the first set of windings, thereby generating a signal from the
sensor coil which compensates for longitudinal movement of the drive coil along the rod.
Mechanical distortion of the probe (for example by thermal or mechnical
variations) can alter the coupling between the drive and sensor coils. Since the nominal
arrangement between the sensor and drive coils 1s centrally symmetric, thermal expansion
10 of the drive coil or the rod has no net effect on the output signal oif the sensor coil.
Secondly, when the sensor coil comprises a second set of windings between a first pair of
windings, this second set of windings can be used as a compensation coil of the sensor coil
to reduce the effect of movement of the drive coil along the longitudinal axis of the rod.
This i1s done by connecting the first and second sets of windings so that the signal
15 generated by the second set of windings is subtracted from the signal generated by the first
set of windings, thereby generating a compensated signal for the sensor coil. This can be
achieved by connecting to the windings in series down the length of the rod, whilst
alternating the direction of winding of each of the windings 1n turn.

In one embodiment of the invention, each set of windings in the first pair of

20 windings is centred at £30 mm along the rod from the drive coil/former assembly and has

32 turns in each set of windings. Each set of windings in the second pair of windings 1s

centered at 15 mm along the rod from the drive coil/former assembly and has 20 turns 1n
each set of windings. The former assembly is dimensioned to ensure that the drive coil has

a diameter of 60 mm.

BRIEF DESCRIPTION OF DRAWINGS

Preferred embodiments of the present invention will now be described 1n detail
30 with reference to the accompanying drawings, in which:
Figure 1 i1s a schematic block diagram of one embodiment of a sensitive, high-

precision method for locating and characterising magnetic signals;
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Figure 2 is a perspective drawing of a non-limiting example of a sense-coil/driving-
coil probe in accordance with the embodiment of Figure 1;

Figure 3 is a cross-sectional engineering drawing of the probe of Figure 2;

Figure 4 is a schematic block diagram of an alternative embodiment of a sensitive,
high-precision method for locating and characterising magnetic signals;

Figure 5 is a perspective drawing of a non-limiting example of a sense-coil/driving-
coil probe in accordance with the embodiment of Figure 4;

Figure 6 is a cross-sectional engineering drawing of the probe of Figure 5;

Figure 7 is a graph of an output signal of the present invention in accordance with
the embodiment of Figure 4 as a function of longitudinal displacement of the probe from a
test sample of 1.7 mg of 5 nm diameter iron oxide nanoparticies;

Figure 8 is a graph of the output signal of the present invention in accordance with
the embodiment of Figure 4 as a function of lateral di splacement of the probe (at a constant
longitudinal displacement of 10 mm) from a test sample of 1.7 mg of 5 nm diameter 1ron
oxide nanoparticles; and

Figure 9 is a graph of the ratio of the output signal of the present invention in
accordance with the embodiment of Figure 4 measured at drive frequencies of 1012.5 Hz
and 2025 Hz, as a function of longitudinal displacement of the probe from two test
samples, one comprising 1.7 mg of 5 nm diameter iron oxide nanoparticles, and another

comprising a 4.0 mg mass, 10 mm by 10 mm area aluminium metal sheet.

DETAILED DESCRIPTION OF THE DRAWINGS

Referring to Figure 1, an instrument according to one embodiment of the present
invention comprises of a hand-held probe 1, an equipment trolley 2 holding cryogenics and
electronics, and electrical cables 3 connecting the two. The hand-held probe 1 is made of
PEEK (poly-aryl-ether-ether-ketone), a semi-crystalline thermoplastics material. PEEK 1is
a tough, low-density material which can be sterilized by autoclave, gamma irradiation or
ethylene oxide. Its melting point 1s 343 °C.

Referring to Figures 2 and 3, the probe 1 is in the form of a hand-held rod, like a
thick pen with a diameter of about 20 mm. A drive coil 4 and a correction coil 5 are

attached to an outer former assembly 6 attached like a halo near the sensing end 7. The
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drive coil 4 is symmetrically disposed with respect to an inner second-order gradiometer
sensor coil 8. The sensor coil 8 1s wound from polyurethane-coated copper wire, and parts
are glued with epoxy adhesive.

The sensor coil 8 is a second-order gradiometer comprising a set of three sub-coils
8a, 8b and 8c wound on a cylindrical bobbin 9 which fits inside the drive coil 4, which
itself is wound on a cylindrical bobbin 6. The central sub-coil 8b comprises one half of the
total number of turns of the sensor coil 8, and each of the two outer sub-coils 8a and 3¢
comprises one quarter of the total number of turns, each would in opposition to the turns of
the central sub-coil 8b.

The drive coil 4 is positioned at the central point of the sensor coil 8, and the
correction coil 5, also wound on the cylindrical bobbin 6, 1s driven so as to apply a
compensating field, thereby enabling the signal at the sensor coil § arising from the drive
coil 4 to be nullified, thereby maximising the sensitivity and precision of the probe 1.

The electrical cables 3 are low-resistance, electromagnetically self-shielding
electrical cables, such as Belden 1192A microphone cables, sheathed in PVC (poly-vinyl
chloride) and are of diameter 6.2 mm and length around 2 m. The cables 3 are sufficiently
long to enable the equipment trolley 2 to be maintained at a distance {rom the probe 1 to
reduce mains frequency magnetic interference at the probe 1. Three cables 3 are used to
connect the drive coil 4, the correction coil 5 and the sensor coil 8. There are some
soldered connections, protected by polyolefin heat-shrink sleeving.

The drive coil 4 is driven with a 2 kHz sine wave current at a peak of up to 2 A
(rms current 1.4 A). The voltage across the coil 1s about 12 V rms. The power dissipated
in the coil is up to 1.7 W. The drive coil 4 generates a magnetic field varying sinusoidally
at a frequency of 2 kHz. The magnetic field strength at the tip 7 of the probe 1 has a value
of about 0.5 mT rms. This gives a maximum rate of change of field of 8.35 T s, which is
below the control level of 20 Ts™ set by the Radiation Protection Division of the UK
Health Protection Agency, and which thereby avoids peripheral nerve stimulation. By way
of comparison, the maximum field obtained in contact with the flex of an electric kettle 1s
around 4 mT rms.

The correction coil 5 1s also supplied with a 2 kHz sine wave current, but in
antiphase with the current supplied to the drive coil 4. The position of the correction coil 5
along the probe 1 is adjusted until the output signal from the sensor coil 8 1s zero in the

absence of a sample near the end of the probe 1. However, adjustment is likely to be
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achieved in practice by a combination of positional adjustment, manual current adjustment
and computer-controlled fine adjustment.

The drive electronics are designed to avoid generating a static magnetic field
component, i.e. they do not generate a dc current. The electronics are powered from the
mains supply and comprise a flux-locked loop 10, a SQUID controller 11, a data
acquisition module 12, which includes a lock-in amplifier and which captures and
processes the signals and a notebook personal computer 13.

A cryostat in the form of a liquid-nitrogen dewar 14 is supported on the equipment
trolley 2. The dewar 14 houses a sensitive SQUID detector 15 and a transfer coal 16. The
transfer coil 16 is made from copper, the resistance of which at 77 K 1s so low that 1t 1s an
insignificant contributor to the total resistance of the signal transduction circmit. However,
the transfer coil 16 could alternatively be made from a superconducting material.

Referring to Figure 4, an instrument according to a second embodiment of the
present invention comprises of a hand-held probe 51, an equipment trolley 52 holding
cryogenics and electronics, and electrical cables 53 connecting the two. The hand-held
probe 51 is made of Macor, a machinable glass ceramic made by Corning. It 1s very stiff
(Young’s modulus 67 GPa, shear modulus 25 GPa), has a low coefficient of thermal
expansion (9.3 x 10/ K) and can be machined to a tolerance of better than 15 um. Macor
is rated for continuous operation at temperatures up to 800 °C, and 1s highly resistant to
chemical attack by both acid and alkali.

Referring to Figures 5 and 6, the probe 51 is in the form of a hand-held rod 59, like
a thick pen with a diameter of 15 mm. A drive coil 54 1s attached to rod 59 like a halo near
a sensing end 57. The drive coil 54 is symmetrically disposed with respect to a set of coils
wound on rod 59. First coils or windings 58a, 58b form a first-order gradiometer. Second
coils or windings 58c, 58d, which act in opposition to coils 58a, 58b, have a smaller
number of tumns and act to compensate for the effect of any movement of the drive coil 54
along the axis away from the ideal symmetrical position. First coils 58a, 58b and second
coils 58c, 58d are wired in series to form a sensor coil 58. Preferably the sensor coil 58 1s
wound from a single length of insulated wire to avoid joints. The wire runs along the shaft
to and between the coils in a machined slot as a twisted pair. The sensor coil 58 1s wound
from polyurethane-coated copper wire, and parts are glued with epoxy adhesive.

A cryostat in the form of a liquid-nitrogen dewar 64 is supported on the equipment

trolley 52. The dewar 64 houses a sensitive SQUID detector 65, a transfer coil 66 and a
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correction coil 55. The dewar 64 1s shielded against radio-frequency interference with
layers of aluminium foil. Additionally the SQUID and coils are mounted within a magnetic
shield consisting of a cylinder of high-temperature superconductor. The transier coil 66 i1s
made from copper, the resistance of which at 77 K is about one seventh of that at room
temperature, so it makes only a small contribution to the total resistance of the signal
transduction circuit. The electronics are powered from the mains supply and comprise a
flux-locked loop 60, a SQUID controller 61, a data acquisition module 62, the power
amplifier 67 and a notebook personal computer 63. The data acquisition module 1s used for
simultaneous waveform generation and capture, under control of the notebook computer.
Phase-sensitive digital cross-correlation is performed in software on the computer, which
generates visual and audible outputs indicating the strength of the magnetic response.

The electrical cables 53 are the same specification as the electrical cables 3 of the
first embodiment of the invention described above. The type of cable (protessional quality
microphone cable) 1s selected for its excellent electric and magnetic screening, low
resistance per unit length and superior flexibility. The same cable type 1s used for carrying
the energizing current from the power amplifier 67 to the drive coil 54, for carrying the
signals from the sensor coil 58 to the dewar 64 on its way to a transter coil 66, and for
carrying a correction signal from the data acquisition module 62 to the dewar 64 on its way
to the correction coil 55. In the case of the output drive, this i1s to reduce generation of
interference, in the case of the input signals to reduce acceptance of interference.

The drive coil 54 1s driven by power amplifier 67, which acts as a voltage-to-
current converter and has a balanced ditterential output. The advantage of using a current
drive is that the magnetic field produced 1n the drive coil 54 does not depend on coil or
cable impedance, and especially on the change of resistance with temperature. The
advantages of using a balanced differential output are that the voltage at the probe 1s
halved, the dissipation in the power amplifier 1s reduced and generation of electrostatic
interference i1s eliminated. The waveform 1s a synthesised sine wave, frequency 2025 Hz,
which 1s generated by the notebook computer 63 using the data acquisition module 62. The
peak drive current is 2 A.

The correction coil 55 1s driven via a series resistor from the data acquisition
module 62. Only a small current 1s required as the coil 1s positioned close to the SQUID.
The correction waveform 1s locked to the drive waveform, 1.e. the coil 1s driven at the same

frequency and at a fixed phase relationship. The amplitude and phase of the correction
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waveform are adjusted to give zero output in the absence of magnetic materials 1n the
Sensing region.
PRODUCT EXAMPLES
Two examples of application of the present invention which make use of the
sensitive and high-precision location and characterisation of magnetic signals are discussed

below.

An intra-operative tool for sentinel lymph node detection in the treatment of breast cancer

The sentinel node is the first lymph node to receive drainage ifrom a cancer-
containing area of the breast. If the sentinel node is normal, then it is likely that the cancer
has not spread, so no further surgery is required and side-effects are avoided. For this
reason, intra-operative sentinel node detection and biopsy is the standard of care for breast
cancer treatment. The bulk of lymph drainage from the breast is to the axilla (armpit area).
The lymph nodes are typically 8 to 10 mm in diameter and not more than 20 mm deep
(30 mm would be unusual). The pattern of drainage and location of lymph nodes vanes
between individuals.

Currently, sentinel node detection is typically performed by injecting a blue dye
and a radioactive tracer into the skin over the tumour. The fluid takes about 2 minutes to
reach the sentinel lymph node, and a radioactivity detector can then be used to pick out its
approximate location. Once an incision is made, the blue dye can be seen staining the
lymph node, delineating the tissue to remove. The main problem with radioisotopes n
surgery is the radiation dose received by both the patient and the surgeon. As well as this,
regulations may require surgeons to undergo special training in their use, and require them
to perform a certain frequency of such procedures to maintain their certification. A
separate problem is the requirement for the dye. If it becomes necessary to cut near the
injection site, the blue dye can make it difficult for the surgeon to see what he or she 1s
doing, and can conceal bleeding.

The product example of the invention, in this case, would be an intra-operative tool

for sentinel lymph node detection in the treatment of breast cancer. Regulatory-approved



10

15

20

23

30

CA 02606331 2007-10-26

WO 2006/117530 PCT/GB2006/001575

17

magnetic nanoparticles (such as the 5 nm iron oxide nanoparticles commonly used as
intravenous magnetic resonance imaging contrast agents) would be injected
subcutaneously into a tumour, and given a few minutes to drain into the lymph. The
surgeon would then use apparatus of the preferred embodiment of the present invention to
detect and locate the accumulated magnetic nanoparticles in the sentinel node. In this way
the magnetic particles would serve the same function and replace the use of radioisotopes.
The product could be designed to produce an audible tone of increasing pitch and volume
as the density of nanoparticles in the sensing volume increases. This would mean that the
surgeon would not have to look at a display to locate peak response. In use the probe
would be covered with a disposable plastic sheath, so there would be no direct contact with
the patient.

Although the product usage just described would still involve the use of the blue
dye, the method would allow for a further innovation 1n the use of e.g. a fluorescent dye
that would only become visible under ultra-violet light illumination, and which could be
coated onto the magnetic nanoparticles themselves.

Referring to Figures 7 and 8, in both cases the data were collected in accordance
with the embodiment of Figures 4, 5 and 6 of the invention, and using a drive coil
frequency of 2025 Hz. The test sample was chosen to be analogous in size and magnetic
nanoparticle concentration to that of a magnetically impregnated sentinel lymph node. It
comprised a cylindri:cal gelatine capsule of length 12 mm and diameter 4 mm packed with
cotton wool, mto which a solution of 5 nm diameter 1ron oxide nanoparticles, with a total
mass of iron of 1.7 mg, was dispersed. This test sample was mounted with its cylindrical
axis perpendicular to the cylindrical axis of the probe.

The data in Figure 7 show the output signal measured in volts and normalised to the
mass 70 of iron in the test sample as a function of the separation 71 between the test
sample and the tip of the probe along the cylindrical axis of the probe. The data 1llustrate
an advantageous feature 72 of the invention, namely that the output signal strength varies
approximately linearly with separation up to a separation of approximately 12 mm. The
linearity is advantageous because it means that the signal strength varies in a measurable
and reliable manner which a user can learn to recognise easily, thereby facilitating the
location of a lymph node in the above product example. Furthermore, the 12 mm extent of
this linear feature i1s advantageous because it means that lymph nodes within 12 mm of the

skin are detectable using the probe, which exceeds the figure of merit of 10 mm, 1.e. the
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maximum distance from the skin that sentinel lymph nodes are found, when the probe tip 1s
pressed nto the skin.

The data in Figure 8 show the output signal, obtained in accordance with the
embodiment of Figures 4, 5 and 6 of the invention, measured in volts and normalised to the
mass 80 of iron in the test sample as a function of the lateral displacement 81 of the probe
(at a constant longitudinal displacement of 10 mm). More precisely, in a Cartesian
coordinate system in which x is the cylindrical axis of the test sample, xy is the plane 1n
which both the test sample and probe cylindrical axes lie, and the centre point of the test
sample is at x = 0 mm and y = 0 mm, the probe was moved so that its tip travelled from x =
-25 mm to x =+ 25 mm at constant y = 10 mm. The cylindrical axis of the probe was kept
parallel to the y axis throughout.

The data in Figure 8 illustrate an advantageous feature 82 of the invention, namely
that the output signal strength falls off rapidly beyond a lateral displacement of
approximately +/- 5 mm. This rapid fall off is advantageous because it means that the
lateral resolution is sufficiently good that a user of the probe can reasonably be expected to

detect and locate sentinel 1lymph nodes using the probe.

A non-destructive evaluation tool for detecting voids and defects in aluminium

An extremely important application of non-destructive evaluation is in the detection
and monitoring of cracks, defects and voids in large metal structures. One of the standard
methods applied is to pass a current through the object, or a part of the object, and momtor
the change in point-to-point electrical resistance of the object, looking out for the
characteristic increases in resistance associated with cracks, fractures or other defects.
However, most such methods are limited to surveys of the surface or near-surface regions
of the object.

The product example of the invention, in this case, would be a non-destructive
evaluation tool that would operate without the need to pass any current through the object,
and which would be operated while not in contact with the object. The tool could be tailor-
made to suit any particular application: for example in oil pipelines comprising cylindrical
steel sections of a given wall thickness, the sense-coil/driving-coil probe could be designed

to deliver an external magnetic field sufficient to penetrate the entirety of the wall
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thickness. Alternatively it could be designed to selectively probe the near-surface region
of the structure.

By way of illustration, an aspect of the above product example wherem 1t 1s
possible to distinguish between magnetic signals due to the induced magnetisation of a
magnetic material, and the magnetic responses due to induced current flow 1n an
electrically conducting material 1s now described.

Figure 9 shows the ratio of the output signal of the present invention, according to
the embodiment described with reference to Figures 4, 5 and 6, measured at drive
frequencies 90 of 1012.5 Hz and 2025 Hz of two test samples as a function of longitudinal
displacement 91 of the probe from the sample. Two test samples were used: one
comprising 1.7 mg of 5 nm diameter iron oxide nanoparticles (denoted ‘magnet’ in Figure
9) and another comprising a 4.0 mg mass, 10 mm by 10 mm area aluminium metal sheet
(denoted ‘metal’ in Figure 9).

The data in Figure 9 illustrate an advantageous feature 92 of the invention, namely
that for separations between sample and probe tip of up to approximately 10 mm, the
magnetic response due to a magnet and a metal sample can be distinguished by comparing
the ratio of the signals measured at two different frequencies. This distinguishing feature 1s
advantageous because it means that changes in the drive frequency between two or more
frequencies can be used to distinguish between magnetic responses due to both magnetic
and metallic sources.

Furthermore, it will be noted that the data in Figure 9 refer to the ratios in the
amplitudes of the measured magnetic signals, and that invention of the embodiment
described in conjunction with Figures 4, 5 and 6 also measures the phase shift of the
magnetic signals relative to the drive signal. At a drive frequency of 2025 Hz the phase
was -8° for the magnetic sample and +81° for the metallic sample. At a drive frequency of
1025.5 Hz the phase was -44° for the magnetic sample and +46° for the metallic sample.
Thus, the difference in phase shift between the magnetic signals from the magnetic and
metallic test samples remains approximately 90°, irrespective of the drive frequency. This
constancy of the phase difference is advantageous, as it provides a rationale for resolving

signals arising from a combination of magnetic and metallic sources.
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A further example of a suitable application of the present invention would be in the
aeronautics industry, where large metallic objects such as aeroplane wings are typically
made of strengthened aluminium. In such a case it is very important to be able to detect
flaws and weaknesses due to defects such as voids. The invention is ideally suited to this
problem in that it can be operated as a high sensitivity susceptometer, capable of detecting

the change in magnetic susceptibility between the aluminium matrix and the air-filled void.

It will of course be understood that the present invention has been described above
purely by way of example and modifications of detail can be made within the scope ot the

imvention.
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1. Apparatus for determining magnetic properties of materials, comprising:

a superCOnducting quantum interference device (SQUID) located within a

5 cryostat;

means for applying an altermating magnetic field to a sensing region
containing a material;
means for sensing a change in a magnetic parameter of the material resulting
from the applied alternating magnetic field and for generating a sensor output signal
10 In response thereto;
means for conveying the sensor output signal to the SQUID which is located
remotely from the means for sensing a change in a magnetic parameter of the
matenal; and
means for receiving an output signal from the SQUID indicative of the sensed
15 magnetisation,
‘ characterised in that the means for sensing a change in a magnetic

parameter of the material is not located within a cryostat.

2. Apparatus as claimed in claim 1, wherein the magnetic parameter COmprises

20 magnetisation.

3. Apparatus as claimed in claim 1 or claim 2, further comprising noise-reduction

means for reducing the effects of noise generated in the conveying means.

25 4. Apparatus as claimed in claim 3, wherein the noise-reduction means comprises

means for separating from the SQUID output signal a component which results
from noise generated in the conveying means, thereby to select the desired

component of the SQUID output signal resulting from the sensor output signal.

30 5.  Apparatus as claimed in claim 4, wherein the alternating magnetic field is applied at
a single frequency and the separating means is arranged to select only that

component of the SQUID output signal having a frequency substantially equal to
that of the applied alternating magnetic field.

09/03/2007

P rawiAL

TN e 8 G VO, VIV A M b il A Lt s Y 8 vruarrere S 8 S S A vty v A o S AR § A A YR, B W AT | 8 Y T S S A L e e L
-

B A e v A Sy £ M e = v SR S AR AL S . LR e

b, b= N =ty e P

S A ] S A, L § W S A S Y S LA G A 8 —rmy




CA 02606331 2007-10-26

22 LUNF. .. ndN

6.  Apparatus as claimed in claim 4, wherein the alternating magnetic field is applied at
a plurality of frequencies and the separating means is arranged to select only that
component of the SQUID output signal having a frequency or frequencies

5 substantially equal to at least one of the plurality of frequencies of the applied
magnetic field.

7. Apparatus as claimed in claim 5 or claim 6, wherein the separating means
comprises a phase-locked loop.
10
8.  Apparatus as claimed in any preceding claim, further comprising means for

detecting a phase shift between the applied altemating magnetic field and the

sensed magnetisation.

15 9.  Apparatus as claimed in any preceding claim, wherein the field-applying means and

the sensing means are disposed on a portable probe.

10. Apparatus as claimed in claim 9, wherein the portable probe is arranged to be

selectively disconnected from the conveying means.
20

11.  Apparatus as claimed in any preceding claim, wherein the means for applying an
alternating magnetic field is arranged to provide such a field at a frequency within
the range 150 Hz to 20 kHz.

25 12. Apparatus as claimed in claim 11, wherein the frequency is substantially 2 kHz.

13.  Apparatus as claimed in any preceding claim, further comprising means for varying

the amplitude of the applied alternating magnetic field.

30 14. Apparatus as claimed in any preceding claim, further comprising means for varying

the spatial distribution profile of the applied magnetic field.
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Apparatus as claimed in any preceding claim, wherein the means for applying an

alternating magnetic field coinpn'ses a dnive cotl.

Apparatus as claimed in claim 15, further comprising means for applying to the two
terminals of the drive coil respective alternating voltages which are in antiphase

with each other.

Apparatus as claimed in any preceding claim, further comprising means for
generating a correcting magnetic field for causing the sensor output to be

substantially zero in the absence of a magnetic material within the sensing region.

Apparatus as claimed in claim 17, when dependent on claim 15 or claim 16,

wherein the correcting magnetic field generating means comprises a correction coil.

Apparatus as claimed in claim 18, further comprising means for supplying said
correction coil with current which is substantially in antiphase with the current in
the dnive coil, thereby to create a magnetic field in the correction coil which

opposes the magnetic field created by the drive coil.

Apparatus as claimed in claim 18 or claim 19 when dependant on claim 9, wherein

the correction coil is disposed on the portable probe.

Apparatus as claimed in claim 18 or claim 19 when dependant on claim 9, wherein

the correction coil is disposed proximal to the means for receiving an output signal
from the SQUID.

Apparatus as claimed in any preceding claim, wherein the sensing means comprises

a sensor cotl.

Apparatus as claimed in claim 22, wherein the sensor coil comprises a central
region containing substantially one half of the total number of turns of the coil and
two side regions each containing substantially one quarter of the number of turns of

the coil and wound in opposition to the turns of the central region.
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Apparatus as claimed in claim 22 or claim 23, wherein the sensor coil 1s in the form

of a second-order gradiometer.

Apparatus as claimed in claim 22, wherein the sensor coil comprises first coils

arranged each side of a region of second coils.

Apparatus as claimed in claim 25, wherein the region of second coils, comprises

two coils.

Apparatus as claimed in any one of claims 1 to 14, wherein the field-applying
means comprises a drive coil and the sensing means comprises a sensor coil, the
drive coil being arranged substantially coaxially about the sensor coil and

substantially at the centre thereof.

Apparatus as claimed in any preceding claim, wherein the field-applying means and

the sensing means comprise a plurality of probes.

Apparatus as claimed in claim 28, wherein the plurality of probes comprises two

probes having different characteristics.

Apparatus as claimed in claim 28 or claim 29, wherein the plurality of probes are in

the form of a portable array.

Apparatus as claimed in any preceding claim, wherein the means for conveying the
sensor output signal to the remote SQUID comprises a length of low-resistance

electromagnetically self-shielding cable.

32. Apparatus as claimed in claim 31, wherein the length of the cable is greater than

30

one metre.

33. A method of measuring magnetic properties of a material comprising:
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applying an alternating magnetic field to a sensing region containing the
material;

sensing the resulting change in a magnetic parameter of the material and
generating an output signal in response thereto;

5 conveying the output signal to a remote superconducting quantum

interference device (SQUID) located within a cryostat; and

receiving an output signal from the SQUID indicative of the sensed
magnetisation,

characterised in that the change in the magnetic parameter of the material is

10 sensed by means which is not located within a cryostat.

34. A method as claimed in claim 33, wherein the magnetic parameter comprises

magnetisation.

15 35. A method as claimed in claim 33 or claim 34, further comprising the step of

reducing the effects of noise generated in the step of conveying.

36. A method as claimed in claim 35, wherein the step of reducing the effect of noise

comprises separating from the SQUID output signal a component which resuits
20 from noise generated in the step of conveying; and

thereby selecting the desired component of the SQUID output signal resulting
from the sensor output signal.

37. A method as claimed in claim 36, wherein the alternating magnetic field is applied
25 at a single frequency and the step of separating comprises selecting only that

component of the SQUID output signal having a frequency substantially equal to
that of the applied alternating magnetic field.

38. A method as claimed in claim 36, wherein the alternating magnetic field is applied
30 at a plurality of frequencies and the step of separating comprises selecting only that
component of the SQUID output signal having a frequency or frequencies

substantially equal to at least one of the plurality of frequencies of the applied
magnetic field.
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39. A method as claimed in any one of claims 33 to 38, further comprising the step of
applying a correcting magnetic field to the sensing region for causing the output
signal to be substantially zero in the absence of a magnetic matenial within the

5 sensing region.

40. A method as claimed in any one of claims 33 to 39, wherein the material is at a

non-cryogenic temperature.

10 41. A method as claimed in any one of claims 33 to 40, wherein the material is at room

temperature.

42. A probe for detecting magnetic properties of materials, comprising:
a rod having a longitudinal axis and an exterior surface about the longitudinal
15 ax1s;
a sensor coil wound circumferentially on the rod about its longitudinal axis;
a former assembly disposed on the rod circumferentially about the
longitudinal axis of the rod; and
a drive coll wound circumferentially on the former assembly about the
20 longitudinal axis of the rod, wherein the drive coil is spaced by the former assembly
a distance from the exterior surface of the rod,
characterised in that the sensor coil comprises a first set of windings

consisting of a pair of windings arranged on the rod symmetrically each side of the

former assembly.

25
43. A probe as claimed in claim 42, wherein the former assembly comprises:

a winding surface for supporting the drive coil having an axis perpendicular
to a plane in which the drive coil is supported, wherein the axis of the winding
surface and the longitudinal axis of the rod are co-axial.

30

44. A probe as claimed in claim 42 or claim 43, wherein the sensor coil comprises a
second set of windings constituting a central region containing substantially one

half of the total number of turns of the coil and the first set of windings comprises
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two side regions each containing substantially one quarter of the number of turns of

the coil and wound in opposition to the turns of the central region.

45. Apparatus as claimed in any one of claims 42 to 44,' wherein the sensor coil 1s in the

5 form of a second-order gradiometer.

- 46. A probe as claimed in claim 42 or claim 43, wherein the sensor coil further
compnises a second set of windings, wherein the first set of windings is arranged
symmetrically on the rod each side of a second set of windings, wherein the second

10 set of windings is arranged symmetrically each side of the former assembly.

47. A probe as claimed in claim 46, wherein the second set of windings comprises a
second plurality of windings disposed each side of the former assembly and the first
set of windings comprises a first plurality of windings disposed each side of the

15 second set of windings and the second set of windings comprises fewer windings

than the first set of windings.

48. A probe as claimed in claim 46 or 47, wherein the first set of windings is in the

form of a first order gradiometer and the second set of windings is in the form of a

20 first order gradiometer.

49. A probe as claimed in any one of claims 46 to 48, wherein the first set of windings
1s connected to the second set of windings in such a way that an output signal of the

sensor coil comprises a signal generated by the second set of windings subtracted

25 from a signal generated by the first set of windings.

50. A probe as claimed in claim 49, wherein the ratio of the number of turns in the
second set of windings to the number of turns in the first set of windings is such
that the change in coupling between the drive coil and the sensor coil due to axial

30 displacement of the drive coil with respect to the sensor coil is minimised.
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