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Abstract

A new portable NMR sensor with a novel one-sided access magnet design, termed NMR-MOLE (MObile Lateral Explorer), has been
characterised in terms of sensitivity and depth penetration. The magnet has been designed to be portable and create a volume with a
relatively homogeneous magnetic field, 15,000 ppm over a region from 4 to 16 mm away from the probe, with maximum sensitivity
at a depth of 10 mm. The proton NMR frequency is 3.3 MHz. We have demonstrated that with this approach a highly sensitive, por-
table, unilateral NMR sensor can be built. Such a design is especially suited for the characterisation of liquids in situations where uni-

lateral or portable access is required.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Portable one-sided access (OSA) nuclear magnetic reso-
nance probes have been built and used successfully by sev-
eral groups. These probes can be categorised into two
classes: The first group operates in a strong magnetic field
gradient [1-3], whereas the second uses a region of more or
less homogeneous fields [4-11]. Both approaches have their
strengths and weaknesses. This paper demonstrates a com-
plete OSA NMR system based on the second class, and
more specifically akin to that proposed by Fukushima
and Jackson [4]. The focus here is on the overall system
design and performance.

In order to create a volume with a uniform magnetic
field at some distance from the magnet, it is necessary to
tailor the field in a special way, typically using overlapping
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fields from several coils or permanent magnets [4]. This
makes the whole magnet arrangement bulkier and results
in weaker polarising fields than in the case of magnet sys-
tems which tolerate field gradients, where in the simplest
case one bar magnet is sufficient [1]. However, the measure-
ment of a NMR signal in a strong magnetic field gradient
results in a very broad frequency spectrum, which reduces
the signal-to-noise ratio. This breadth requires the rf pulses
to be very short, with high consequent power, in order to
achieve the desired frequency bandwidth. Liquids with fast
diffusion can usually not be characterised with such probes,
because of the fast signal decay in the magnetic field gradi-
ent. The second class of probes therefore has a significant
advantage in measuring the true 7 of liquids.

For the measurement of liquid or moisture content more
than a few millimetres inside a sample the second class of
probes is more suitable. Although for this class the polaris-
ing field, and therefore sensitivity, is smaller than if using a
gradient, this loss is compensated by an increased sensitive
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volume and by less diffusive attenuation. Furthermore, the
frequency spectrum is very narrow compared to the first
class of probes and this enables an additional enhancement
of signal-to-noise ratio via appropriate bandpass signal fil-
tering. One important source of external noise in OSA
NMR is the occurrence of frequency spikes due to radio
signals or other electronic equipment. For a spectrum with
a width of a few tens of kHz it is relatively easy to find a
gap in the noise spectrum, compared to a broad spectrum
with a width of hundreds of kHz, making this second class
of probes less susceptible to external noise.

In this paper we report first experiments on a portable
NMR probe termed NMR-MOLE, which is based on a
novel OSA magnet design [12]. NMR-MOLE stands for
MObile Lateral Explorer, with the name gaining inspira-
tion from the NMR-MOUSE, but with the feature that
the MOLE works with a much lower magnetic field gradi-
ent, making it easier to sample proton NMR signals from
liquid state molecules. The term MOLE can also stand
for MObile Liquid Explorer to reflect this capability. The
ability to characterise liquids will be demonstrated in this
paper, and as an example for possible applications we will
monitor the curing process of fresh cement paste. This
shows that the NMR-MOLE could become a useful tool
for applications where it is important to measure moisture
content of large, immovable samples, such as a layer of
poured concrete on a building site, or other liquids in large
containers.

2. Magnet design

The magnet array is based on a barrel magnet with a
central magnet positioned to provide a region of homoge-
neity [4]. Our array shown in Fig. 1(a) uses a set of discrete
magnets spaced equally on a circle, tilted by an angle alpha
to the normal of the ring plane. Adjusting the angle alpha
gives the opportunity to alter the position or the strength of
the homogenous region [12]. The size of the homogenous
region can further be increased by choosing appropriate
dimensions of the central magnet [13]. Using discrete mag-
nets instead of a continuous ring provides an inexpensive
solution when using an angled array, although a compro-
mise is made on field strength.

Given a practical rf bandwidth of 50 kHz a magnet
array was designed to give a homogenous field of 76.7
mT centred at 15 mm from the array surface. To keep
the dimensions of the magnet array a practical size and
allowing a reasonable distance between the magnets, an
array of 8 magnets was placed on a radius of 58.4 mm
inclined at an angle of 11.5°. The diameter of the magnet
array was 162mm. The homogenous region was, in
approximation, a sphere of diameter 20 mm, although the
volume that contributes to the overall signal will depend
on the sensitivity of the rf coil.

The magnet array consisted of cylindrical bar magnets
(Macmill International, Nigbo, China) with length
50 mm, diameter 36 mm and a residual induction of

Fig. 1. (a) A schematic drawing of the bar magnet arrangement used to
create a homogeneous magnetic field in a region outside the array. The
ring magnets are spaced equally on a circle, with a further bar magnet
positioned on the central axis. (b) A photograph of the assembled magnet
array with optimised field homogeneity. See text for details.

approximately 1.3 T. These magnets were placed inside a
Perspex block, which had been fitted with matching holes
to produce a firm fit for the magnets. A central magnet
of diameter 44 mm and length 4.5 mm was chosen to
achieve the desired homogeneity. For the magnetic field
calculations, the bar magnets were modelled as uniform,
cylindrical current distributions. The calculations were per-
formed in MATLAB using the Biot-Savart law [14].

The magnetic field of the assembled array was measured
using a Gaussmeter (Lake Shore Cryotonics Inc., Wester-
ville, Ohio). Its probe was attached to a home-built, com-
puter controlled three-axis positioning device. Fig. 2
shows a two-dimensional field map of the optimised mag-
net array, both calculated (a) and measured (b). The maps
compare well, considering the variation in residual induc-
tion of real magnets. The measured field plots show the
homogenous region as an oblate spheroid with an equato-
rial diameter of around 23 mm and a polar diameter of
around 11 mm. This will be the region for which the rf coil
will be designed in the next section. With the housing and rf
coils the homogeneous region was 10 mm from the surface
of the assembly. The assembled probe, weighing 6 kg and
with a total diameter of 200 mm, is shown in Fig. 1(b).
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Fig. 2. The calculated (a) and measured (b) two-dimensional maps of the
axial magnetic field strength B. (given in mT) are shown for the magnet
array displayed in Fig. 1(b). The orientation of the maps is such that the
vertical direction is along the array axis, and the horizontal direction is
parallel to its surface, with the lower end of the maps corresponding to the
top surface of the magnet array. The white contour lines mark the
boundary of the region where the Larmor frequency is within the 50 kHz
bandwidth of the rf coil. (¢) A map of the magnetic field gradient g (in
T m™') is shown for the same orientation, with the contour line marking
the g =0.2 Tm™' boundary. The length of the scale bar is 10 mm in all
images.

Although the 50 kHz frequency range (15,000 ppm over
the sensitive volume) does not enable any chemical shift
resolution on protons, it is still possible to characterise
liquid samples through a measurement of the transverse
relaxation time 75, provided that the magnetic field gradi-
ent g = |grad(|B|)| does not cause significant diffusive atten-
uation. In a spin-echo experiment with echo time 7., the
signal attenuation E(T.) of a liquid with diffusion coeffi-
cient Dy is given by

E(Te) :R(Te)D(Te)a (1)

where the relaxation term is R(T.) = exp(—T./T>), and the
diffusion term D(T.) = exp(—2/3y*¢*T>D;) [15]. For a typ-
ical liquid with 7, =2 s and Dy =2x 10" m? s, it is easy
to show that the diffusion term starts to dominate if
g>02Tm™ ' for an echo time of 0.5ms or larger. For
such a liquid, the sensitive volume is then given by the re-
gion of the specified frequency range, and where
g<02Tm". Fig. 2(c) shows a two-dimensional map of

the magnetic field gradient along with the g=02Tm!

contour line. From the three-dimensional field map we find
this volume to be 6200 mm?>, which roughly corresponds to
a cylinder with a height of 10 mm and a diameter of
28 mm.

3. RF coil design

Particular care was taken with the design of the rf coil,
because the sensitivity of the NMR method critically
depends on its performance. As described above, the mag-
net array produces a homogeneous polarising field B.
orthogonal to the array surface. Therefore, the rf coil needs
to create a magnetic field B, parallel to the surface, a field
which can be achieved using a so-called figure-eight mean-
der coil [16], which consists of two bundles of parallel wires
of length L. They are separated by a distance d, with
straight return paths to each side of the bundle as shown
in Fig. 3(a). The magnetic field above the centre of two par-
allel wires carrying the current / can be calculated using the
law of Biot-Savart [14]:
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Fig. 3. (a) A schematic drawing of the figure-eight coil. It consists of two
parallel wires with length L. They are separated by a distance d, with
straight return paths to each side of the central legs. The current direction
is indicated by arrows. (b) Photograph of a 14-turn figure-eight coil with
d=20mm manufactured on PCB. The size of the board is
72 mm X 50 mm.
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where R_ = \/22 + (x —d/2)” and R, = \/22 + (x + d/2)’

are the distances of the point to each of the two wires. Figs.
4(a) and (b) shows B, for different values of d along the
lines x = 0 and z = 10 mm, respectively. It is evident from
the curves and Eq. (2) that the overall field strength
decreases along the central line with increasing d. This de-
crease in field strength is traded against an increase in field
homogeneity (and thus sensitive rf volume), as the position
of the field maximum increases. It is therefore necessary to
find a suitable compromise between the required field
strength and field homogeneity in the region of homoge-
neous polarising field, taking account of the return legs
and a finite number of turns. Because the direction of the
current in the return legs is opposite to the central wires,
the return legs will lead to an overall reduction in magnetic
field strength in the region of interest. In order to keep this
reduction small, the return legs should be as distant as pos-
sible from the central wires. The geometry of the magnet
array restricts the separation of the return legs to a maxi-
mum of 70 mm. At this distance, the return legs reduce
the strength of the rf field by approximately 10% in the re-
gion of interest, with no significant change in field homoge-
neity (cf. Fig. 4).
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Fig. 4. The calculated magnetic field strength B, of a figure-eight coil as a
function of z above the centre of the coil (a), and as a function of x at a
distance of 10 mm above the coil (b). The field strength is shown for
d=4mm (—), 10 mm (---), 20 mm (- - -), 30 mm (-----) and 70 mm (------- ).
The calculated field strength of the coil shown in Fig. 3(b) is shown as a
solid bold line (—).

The coil sensitivity can be increased by increasing the
number of turns, which results in a spiral-like rectangular
pattern for the figure-eight coil. In order to calculate the
effect of a finite number of turns on the field profile, the
configuration with the best homogeneity (d = 20 mm) was
compared to a configuration of two bundles of 14 parallel
wires, with a separation of 0.5 mm between neighbouring
wires and a bundle separation of 20 mm. The difference
between both configurations is less than 3% in the region
of interest, showing that the calculations using a single turn
are a very good approximation.

Planar coils can be manufactured easily and very accu-
rately on printed circuit board (PCB). A number of proto-
type figure-eight coils with different numbers of turns and
bundle separations ranging between 8 and 33 mm was
manufactured and tested. In the end it turned out that a
14-turn coil with d =20 mm showed best overall perfor-
mance on the magnet array, confirming the results of the
calculations. The calculated magnetic field strength of this
coil, normalised by the number of turns and including the
return legs, is displayed in Fig. 4.

This coil (shown in Fig. 3(b)) was tuned to the resonance
frequency of 3.27 MHz by connecting a number of fixed
non-magnetic chip capacitors (ATC, Huntington Station,
NY) to form a balanced tank circuit [17]. This circuit con-
tains tuning capacitors of equal size on both sides of the
coil in order to reduce the dielectric coupling to the sample,
which leads to improved sensitivity compared to a standard
circuit.

The specific values of the tuning and matching capaci-
tors C; and C,, not only determine the resonance frequency
vo of the circuit, but also its bandwidth Av and the quality
factor Q = vo/Av, which in turn enters the signal-to-noise
ratio as Q'/2. Therefore, in terms of signal strength, a high
Q is desired. But in practice there is an upper limit for Q,
because the pulse ringdown time of the coil scales with
O/ vy [16]. For the liquid state applications considered here,
circuit dead times of under 100 ps are acceptable. With the
values of C;=58 pF and C,, =60 pF we obtain Q =65
and a pulse ringdown time of 60 ps. Above and in Fig. 2
we pointed out that the resulting frequency range of
50 kHz covers a large part of the homogeneous polarising
field volume. In a perfectly homogeneous field, an increase
in Q would in theory result in a signal increase by a factor
of QI/ 2, But due to the frequency spread of the sample in a
slightly inhomogeneous field, a higher value of Q will
reduce the frequency bandwidth and therefore the excita-
tion volume, which will result in a net signal loss.

4. Experimental

All experiments were performed at magritek using a Kea
spectrometer (magritek Limited, Wellington, New Zea-
land). Unless stated otherwise, a large bottle of tap water
was used as a sample. All initial adjustments were carried
out using a spin-echo pulse sequence with echo time
7= 1 ms. For the concrete experiment a bag of Portland
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type GP cement (Golden Bay Cement, New Zealand) was
obtained from a local hardware shop. Two pastes with dif-
ferent water cement ratios were made up by mixing 75 g
cement with the appropriate amount of tap water (30 g
and 45g, respectively). The samples were stirred for
1 min and then transferred to the magnet. The signal was
measured at room temperature every 10 min over a period
of 20 h using a CPMG sequence with 7, = 0.5 ms. The rep-
etition time was 2 s, which was long enough for the spins to
recover, and the signal was averaged over 64 transients.
For each experiment 64 echoes were acquired with subse-
quent Fourier transform and magnitude calculation. The
intensities Iy and 7T, values were calculated by performing
a least-squared fit to the peak area with a single exponen-
tial fit function. After 20 h, the samples were weighed again
to record the loss of moisture, which was below 10% of the
original water content over that period.

5. Results and discussion

In order to perform spin-echo and CPMG experiments,
it is essential to adjust the 180° pulse length for a given
transmitter power. This was done by measuring the signal
strength resulting from a 7T,—t—2T,—t spin-echo pulse
sequence, where T}, denotes a rf pulse of duration T,
Fig. 5(a) shows the integral of the phased spectrum with
increasing pulse duration for two transmitter powers.
Although a simple surface coil cannot be expected to pro-
duce a homogeneous rf field over a large sensitive region, a
clear oscillation in the signal intensity can be recognised,
the zero crossings corresponding to multiples of 180° puls-
es. It can also be noticed that the peak amplitude decreases
as the pulse duration increases. There are two reasons for
this behaviour: First, the phase spread across the sensitive
volume increases due to rf inhomogeneities, causing the
spectrum to become distorted. The second reason for a
decrease in overall signal intensity with increasing pulse
duration is the reduced spectral bandwidth, as discussed
earlier.

A spin-echo spectrum with optimised pulse durations
was recorded in order to characterise the sensitivity.
Fig. 5(b) shows the spectrum of the sample and the empty

>

Fig. 5. (a) The integral of the phased spectrum with increasing pulse
duration for a transmitter power of 50 W (+) and 150 W (x). The pulse
duration where the first maximum occurs denotes the 90° pulse length. (b)
Spectrum of a large water sample (solid line) and empty probe (dashed
line) with 8 signal averages. The full line width of this spectrum is
approximately 40 kHz and reflects the frequency bandwidth of the rf
pulse. To avoid this frequency selection and measure the true frequency
spread, the integrated intensity of a spectrum recorded at a series of
different excitation frequencies is shown as symbols. (c) Signal intensity as
a function of sample thickness (symbols), and sensitivity (solid line) as a
function of distance from the probe surface. (d) CPMG echo signal decay
from a large water sample with echo time 7. = 0.5 ms. The measured data
points are shown as symbols, and the line represents a monoexponential
curve fit with 7, = 1.7 s. Note that the signal decay deviates slightly from a
monoexponential decay due to diffusive attenuation. See text for details.

probe using 8 signal averages, yielding a frequency domain
signal-to-noise ratio of 27 per single scan. The full line width
of the spectrum is approximately 50 kHz (corresponding
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to 15,000 ppm), which is too broad to resolve any chemical
shift on protons. However, it does not reflect the true fre-
quency spread in the sensitive volume either, because its
width is limited by the bandwidth of the rf pulses. In order
to obtain the frequency distribution of the sample in the
sensitive volume, which is not limited by the rf bandwidth,
a series of 41 spectra was recorded with excitation frequen-
cies ranging between 3.17 and 3.37 MHz. The integrated
intensity of each spectrum is plotted as discrete points in
Fig. 5(b). The half-width of this spectrum is around
30 kHz with a wide base, which is consistent with our pre-
vious estimates about the field distribution in the magnet
array and the frequency range of the tank circuit. Of course
a small sample positioned in the centre of the sensitive vol-
ume should produce a much narrower line. This has been
confirmed experimentally, down to a linewidth of 1.5 kHz
for a water sample with a cubic volume of (4 mm)?> (data
not shown).

In order to measure the depth of the sensitive volume, a
profile was measured by recording the spin-echo signal
intensity of a stack of soft rubber sheets. Each sheet had
a thickness of 1.55 mm. Fig. 5(c) shows the signal intensity
as a function of stack height, starting from the probe sur-
face, as well as the increase in signal between subsequent
measurements. The sensitive region extends from 4 to
16 mm above the surface of the magnet array, with maxi-
mum sensitivity at 10 mm away from the probe surface.

The inability of this system to resolve chemical shift
means that different ways of characterising samples had
to be explored with the NMR-MOLE. It has been shown
that the spectrum of relaxation times or of self-diffusion
coefficients can yield a lot of information about the molec-
ular mobility in the sample, which can then be used for
characterisation [18-21]. A fast and simple way to measure
the transverse relaxation time 75 is to acquire a number of
spin-echoes in a CPMG train with pulse spacing t [22,23].
Water has a fairly large 7, value of several seconds,
depending on the amount of dissolved oxygen and miner-
als. The echo signal is expected to decay mono-exponen-
tially with increasing time. Fig. 5(d) shows the peak area
of the spectrum of a large water sample for a CPMG exper-
iment with echo time 7, = 0.5 ms, along with a mono-ex-
ponential fit line. The slight deviation from the mono-
exponential decay suggests that background gradients
cause an additional diffusive attenuation. This is in agree-
ment with our calculations following Eq. (1) and gives us
an estimate of the range of relaxation time values that
can be measured accurately. A fit of these data yields an
effective relaxation time 7%, which is weighted by diffusion
as well as relaxation. From the experimental data we
obtain a value of 7%, = 1.7 s, a limit above which diffusion
starts to dominate signal decay of the CPMG experiment
with 7, = 0.5 ms. In other words, the signal decay will be
dominated by relaxation instead of diffusion, as long as
the sample’s largest T, value is below 1.7 s.

Having demonstrated the capability of the NMR-
MOLE to perform basic NMR experiments, we will now

show an application where both the portability and one-
sided access are important. The curing process of wet con-
crete is very complex, involving several timescales [24-26].
Concrete is a composite material made up from a filler and
a binder. The binder is usually a cement paste, which glues
the particles of the filler together. It is the properties of this
cement paste which controls the properties of the concrete.
During the hydration process and the first few hours of
curing, the water content of the mixture hardly changes,
but the chemical reaction reduces the mobility of the water
molecules. This should be reflected in the 75 values of the
water.

Fig. 6(a) shows the measured values of 7, and I, for
both cement paste samples. The sample with the higher
water content gives a larger overall signal with higher 75
values, but the time evolution is similar for both samples.
In order to enhance the rate of change in 75 values, the
absolute value of the derivative is displayed in Fig. 6(b).
A total of four stages of the hydration and curing process
can be distinguished. The first stage occurs within 15 min
after the addition of water and is characterised by fairly
high T, values, which reflects free water in the sample. Dur-
ing the so-called dormancy period, the paste is in a plastic
state which allows the concrete to be transported and
placed without major difficulty. This stage II lasts for about
1-2 h, and the T, values are fairly constant during that
period. For the next 5-6 h (stage III), the paste starts to
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Fig. 6. (a) The measured values of 7, (filled symbols) and 7, (open
symbols) for two cement paste samples with water/cement ratio 0.4
(squares) and 0.6 (triangles). The four stages of hydration are marked by
differently shaded areas. (b) The rate of change in 7, values for both
samples.
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harden due to chemical bonding of water molecules to cal-
cium silicates, which is reflected in a dramatic drop in 75.
The signal intensity I, is constant during these first three
stages, but starts to decrease with a steady rate at the same
time as the rate of change in 7, slows down. This marks the
end of stage III and the beginning of stage IV. All these
results are consistent with a recently published and exten-
sive NMR diffusion and relaxation study on cement hydra-
tion [27]. As mentioned above, the loss of water due to
evaporation is less than 10%, which is much smaller than
the measured loss of NMR signal intensity. These unac-
counted water molecules, which are still in the sample,
but invisible with NMR, are those that have undergone
tight chemical bonds to form crystals in the curing paste.
The remaining signal can therefore be used as a measure
for the wetness of the paste.

6. Conclusions

The use of a relatively homogeneous magnetic field in
one-sided-access NMR proves remarkably effective in the
examination of liquid state samples. For water samples,
standard one-sided access probes [1,2], incorporating
strong magnetic field gradients on the order of 10 Tm™",
will experience significant signal attenuation inconsistent
with the actual 7>, even for the shortest practical CPMG
pulse spacing. For example with a pulse spacing of 0.1
ms, the effective 7% of water under 10 Tm™' is 10 ms. By
contrast, our magnet system has a volume of 6200 mm?
within a contour of G=0.2 Tm™! and unperturbed water
signals may be easily observed.

Even allowing for the reduced B, field consequent on
designing a region of field uniformity, the large homoge-
neous field sample volume allows for a superior signal-to-
noise ratio performance, albeit at the expense of some loss
of spatial resolution associated with the larger sensitive vol-
ume. We would argue however, that where one simply
wishes to achieve maximum sensitivity from an extended
sample at a distance on the order of 5 mm or greater from
the probe surface, then the homogeneous field class of OSA
probes provides the optimal solution.
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